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ELECTRICAL CONDUCTORS AND DEVICES FROM PRION-LIKE PROTEINS
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FIELD OF THE INVENTION

The present invention relates generally to the fields of genetics and cellular
and molecular biology, electronics, and nanotechnology. More particularly, the invention
relates to amyloid or fibril-forming proteins and the genes that encode them, and
especially to prion-like proteins and protein domains and the genes that encode them.

The invention further relates to fibril-forming proteins that have been genetically or
chemically modified to create fibrils that as-electrical conductors, fuses, and electronic

circuits.

DESCRIPTION OF RELATED ART

Nanometer-scale structures are of great interest as potential building
blocks for future electronic devices. One significant challenge is the construction of
nanowires to enable the electrical connection of such structures. Biomolecules may
provide a solution to the difficulty of manufacturing wires at this scale because they
naturally exist in the nanometer size range. Biomolecules that self-assemble have the
potential to individually pattern into structures to aid the mass production of

nanostructures.

The intrinsic properties of biomolecules are generally unsuitable for
conducting electrical currents; therefore they are usually combined with an inorganic
compound that acts as a conductor. This conductivity is achieved through a hierarchical
assembly process where the first step is to form a regular scaffold by using biological
molecules followed by a second step where the inorganic components are guided to

aggregate selectively along the scaffold.
-1-



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

The first biomolecular templates used for microstructures were
phospholipid tubules (Schnur, J. M., et al., Thin Solid Fi ilms, 152: 181-206 (1987)), and
since then other self-assembling rod-like structures have been assessed for their strengths
and weaknesses as nanostructural templates, including DNA, bacteriophages, and
microtubules. These materials have many positive characteristics as nanostructure
materials. DNA has good recognition capabilities, mechanical rigidity, and amenability
to high-precision processing. Recent studies using DNA as a template for gold plating
produced wires with ohmic conductivity [resistance, R = 86 Q and a linear current—
voltage (I-V) curve] (Harnack, O., et al., Nanosci. Lett., 2: 919-923 (2002)); however,
DNA is unstable under conditions (pH 10—12 and temperatures >60°C) necessary for
industrial metallization. Bacteriophages are expected to have similar chemical and

thermal constraints, and they do not readily polymerize to form continuous fibers.

Proteins are an attractive alternative material for the construction of
nanostructures. Their physical size is appropriate and they are capable of many types of
highly specific interactions; indeed, as many as 93,000 different protein—protein
interactions have been predicted in yeast (Begley, T. J., et al., Mol. Cancer Res., 1: 103-
112 (2002); Uetz, P., et al. Nature, 403: 623-627 (2000); Marcotte, E., et al., Nature, 402:
83-86 (1999)). Moreover, proteins provide an extraordinary array of functionalities that
could potentially be coupled to electronic circuitry in the building of nanoscale devices.
Protein tubules have the advantage of a high degree of stiffness and greater stability than
DNA. In addition they exhibit good adsorption to technical substrates like glass, silicon
oxide, or gold. Various protein tubules such as microtubules and rhapidosomes
(Fritzsche, W., et al., Appl. Phys. Lett., 75: 2854-2856 (1999); Kirsch, R., et al., Thin
Solid Films, 305: 248-253 (1997); Pazirandeh, M. & Campbell, J. R., J. Gen. Microbiol.,
139: 859-864 (1993)) have been assessed, but all have important limitations such as
relatively high resistance once metallized (of the order of 200 kQ) (Fritzsche, W., et al.,
supra), morphology that cannot withstand metallization under industrial conditions, or
undesired aggregation once metallized (Kirsch, R., et al., supra). Therefore, there isa

need to explore alternative biomaterials.

Prions (protein infectious particles) have been implicated in both human
and animal spongiform encephalopathies, including Creutzfeldt-Jakob Disease, kuru,

Gerstmann-Strassler-Scheinker Disease, and fatal familial insomnia in humans; the
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recently-publicized “mad cow disease” in bovines; “scrapie,” which afflicts sheep and
goats; transmissible mink encephalopathy; chronic wasting disease of mule, deer, and elk;
and feline spongiform encephalopathy. See generally S. Prusiner ez al., Cell, 93: 337-348
(1998); S. Prusiner, Science, 278:245-251 (1997); and A. Horwich and J. Weissman, Cell,
89: 499-510 (1997). A currently-accepted theory is that a prion protein (PrP) can exist in
at least two conformational states: a normal, soluble cellular form (PrPC) containing little
B-sheet structure; and a “scrapie” form (PrP%%) characterized by significant B-sheet
structure, insolubility, and resistance to proteases. Prion particles comprise multimers of
the PrP>° form. Prion formation has been compared and contrasted to amyloid fibril
formation that has been observed in other disease states, such as Alzheimer’s disease.

See J. Harper & P. Lansbury, Annu. Rev. Biochem, 66: 385-407 (1997). More generally,
the prion protein has been loosely classified (despite "some significant differences") as
one of at least sixteen known human amyloidogenic proteins that, in an altered
conformation, assemble into a fibril-like structure. See J.W. Kelly, Curr. Opin. Struct.

Biol., 6: 11-17 (1996), incorporated herein by reference.

There is growing patent and journal literature relating to scientists efforts
to develop diagnostic, therapeutic, and prophylactic advances in the area of prion disease.
For example, Fishleigh et al., U.S. Patent No. 5,773,572 describes synthetic peptides that
have at least one antigenic site of a prion protein, and suggest using such peptides to raise
antibodies and to create vaccines. Prusiner et al., U.S. Patent No. 5,750,361 describes
prion protein peptides having at least one a-helical domain and forming a random coil
conformation in aqueous medium, and suggests using such a peptide to assay for the

scrapie form of prion protein (PrP%).

Weiss et al., J. Virology, 69(8): 4776-83 (1995) state that isolation of PrP©
from organisms has been a time-consuming and labor-intensive process. The authors
purport to describe the synthesis of Syrian golden hamster prion protein as a fusion with
glutathione S-transferase (GST) to enhance solubility and stability of PrPS, and the
release of PrP® from the fusion protein via thrombin cleavage. The authors report that
only the cellular isoform PrPC, and not the infectious PrP%° isoform, was produced. [See
also Volkel et al., Eur. J. Biochem, 251:462-471 (1998); Meeker et al., Proteins:
Structure, Function, and Genetics, 30: 381-387 (1998) (Describing system to overexpress

a fusion between the small, minimally soluble serum amyloid A protein and the bacterial
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enzyme Staphylococcal nuclease; and Zahn et al, FEBS Lett., 417(3): 400-404 (1997)
(reporting expression of human PrP proteins fused to a histidine tail to facilitate

refolding).]

Prusiner et al., U.S. Patent Nos. 5,792,901, 5,789,655, and 5,763,740
describe a transgenic mouse comprising a prion protein gene that includes codons from a
PrP gene that is native to a different host organism, such as humans, and suggest uses of
such mice for prion disease research. The ‘655 patent teaches to incorporate “a strong
epitope tag” in the PrP nucleotide sequence to permit differentiation of PrP protein
conformations using an antibody to the epitope. The patents describing these native,
mutated, and chimeric PrP gene and protein sequences are incorporated herein by
reference. Mouthon ez al., Mol. Cell. Neurosci., 11(3):127-133 (1998) report using a
fusion between a putative nuclear localization signal of PrP and a green fluorescent

protein to study targeting of the protein to the nuclear compartment.

Weissmann et al., U.S. Patent No. 5,698,763, describes a transgenic mouse
in which the PrP gene has been disrupted by homologous recombination, allegedly
rendering the mouse non-susceptible to spongiform encephalopathies. Use of PrP anti-
sense oligonucleotides to treat non-transgenic animals suffering from an incipient

spongiform encephalopathy also is suggested.

Cashman ef al., International Publication No. WO 97/45746, purports to
describe prion protein binding proteins and uses thereof, e.g., to detect and treat prion-
related diseases or to decontaminate samples known to contain or suspected of containing
prion proteins. The authors also purport to describe a fusion protein having a PrP portion
and an alkaline phosphatase portion, for use as an affinity reagent for labeling, detection,
identification, or quantitation of PrP binding proteins or PrP5“’s in a biological sample, or

for use to facilitate the affinity purification of PRP binding proteins.

In addition, there has been significant research in recent years concerning
the biology of prion-like elements in yeast. [See, e.g., V. Kushnirov and M. Ter-
Avanesyan, Cell, 94: 13-16 (1998); S. Lindquist, Cell, 89: 495-498 (1997); DePace et al.,
Cell, 93: 1241-1252 (1998); and R. Wickner, Annu. Rev. Genet., 30:109-139 (1996) (all
incorporated herein by reference).] Although the two yeast prion-like elements that have
been extensively studied do not spread from cell to cell (except during mating or from

mother-to-daughter cell) and do not kill the cells harboring them, as has been observed in
-4-
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the case of mammalian PrP prion diseases, certain heritable yeast phenotypes exist that
display a very “prion-like” character. The phenotypes appear t0 arise as the result of the
ability of a “normal” yeast protein that has acquired an abnormal conformation to
influence other proteins of the same type to adopt the same conformation. Such
phenotypes include the [PSI"] phenotype, which enhances the suppression of nonsense
codons, and the [URE3] phenotype, which interferes with the nitrogen-mediated
repression of certain catabolic enzymes. Both phenotypes exhibit cytoplasmic inheritance
by daughter cells from a mother cell and are passed to a mating partner of a [PSI"] or
[URE3] cell.

Yeast organisms present, in many respects, far easier systems than
mammals in which to study genotype and phenotype relationships, and the study of the
[PSI] and [URE3] phenotypes in yeast has provided significant valuable information
regarding prion biology. Studies have implicated the Sup35 subunit of the yeast
translation termination factor and the Ure2 protein that antagonizes the action of a
nitrogen-regulated transcription activator in the [PSI'] and [URE3] phenotypes,
respectively. Inboth of these proteins, the above-stated “normal” biological functlons
reside in the carboxy-terminal domains, whereas the dispensable, amino-terminal

domains have unusual compositions rich in asparagine and glutamine residues.

It is the amino-terminal domains of these proteins (e.g., no more than
about residues 2-113 of Sup35 and about residues 1-65 of Ure2) that have been
implicated in conferring the [PSI"] and [URE3] phenotypes in a prion-like manner. King
et al., Proc. Natl Acad Sci USA, 94:6618-6622 (1997), purportedly expressed the N-
terminal 114 residues of SUP35 (with a cleavable polyhistidine tag for purification) and
reported that this peptide spontaneously aggregates to form thin filaments showing a -
sheet-type circular dichroism in vitro. Deletion of the amino termini of Sup35 and Ure2
in yeast eliminates the [PSI"] and [URE3] phenotypes, respectively. In contrast, over-
expression of these proteins, or of their amino-terminal fragments, can induce the [PSI'
or [URE3] phenotype de novo. Once cells have acquired the [PSI] or [URE3] phenotype
in this manner, they continue to pass the trait to their progeny, even after the plasmid
containing the over-expressed element is lost. [See Derkatch et al., Genetics, 144:1375-
1386 (1996).]
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Interestingly, the Sup35 protein contains similarities to mammalian PrP
proteins in that Sup35 is soluble in [psi-] strains but prone to aggregate into insoluble,
protease-resistant aggregates in [PSI"] strains. In experiments using a fusion between the
Sup35 amino terminus and green fluorescent protein (GFP, a protein that fluoresces green
on exposure to blue light), it has been shown that the fusion protein is freely distributed in
[psi-] cells but aggregated in [PSI'] cells. Seg, e.g., Glover et al., Cell, 89: 811-819
(1997); and Patino et al., Science, 273: 622-626 (1997). Chaperone proteins or “heat
shock proteins,” such as the protein Hsp104 in yeast, have been implicated in the
conformational conversion of Sup35 protein that is associated with the [PSI"] phenotype
[see, e.g., J. Glover and S. Lindquist, Cell, 94: 73-82 (1998); V. Kushnirov and M. Ter-
Avanesyan, Cell, 94:13-16 (1998); ¥.0.Chermnoff et al., Science, 268: 880-883 (1995)],
and may be implicated in the conformational conversion of PrP. See, e.g., E. Schirmer
and S. Lindquist, Proc. Natl. Acad. Sci. USA, 94: 13932-13937 (1997); S. DebBurman ez
al., Proc. Natl. Acad. Sci. USA, 94: 13938-13943 (1997).

As the foregoing discussion of literature indicates, there has been
significant investigation into the biology of mammalian prions and prion-like yeast
proteins for the purposes of developing a basic understanding of prion biology and
developing effective measures for diagnosing, treating, and preventing mammalian prion
diseases. Practical applications, including taking advantage of the structural
characteristics and self-aggregating properties of prions and prion-like proteins, in
addition to the immediate medical implications of diagnosing, treating, and preventing

spongiform encephalopathies and other amyloid diseases, are lacking.

SUMMARY OF THE INVENTION

The present invention relates to materials and methods involving prion-
like fibers. For example, embodiments of the invention are directed to nanowires, fuses,
circuits, and semiconductors constructed using modified prion-like elements as a scaffold,

as well as methods of making and using them.

In one embodiment of the invention, an electrical conductor is provided
comprising a fibril haw}ing a first location separated from a second location and an
electrically conductive material disposed on the fibril between the first location and

second location to conduct electricity along the fibril from the first location to the second
-6-
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location. The locations can be, but need not be, the ends of the fibril. In many practical
applications, the first location may correspond with a contact beteen the electrical
conductor and one element of an electrical circuit, and the second location may
correspond to a contact with a second element of the circuit. In a preferred variation, the
fibril used to make the electrical conductor comprises polypeptide subunits coalesced into

an ordered aggregate, as described herein in detail.

Compared to other biological materials that have been contemplated for
use in nanodevices, the fibrils described for use herein (e.g., for making electrical
conductors) are characterized by chemical and thermal stability. In particular, the fibrils
comprise polymers of polypeptide monomers which, as described below in detail, may
exist in a soluble state or an aggregated fibrous state. For the purposes of this invention, a
fibril that is characterized by chemical and thermal "stability" if it retains its fiber state for
at least 60 minutes under conditions that may be encountered in industrial manufacturing

processes and have a tendency to denature at least some proteins, nucleic acids, or other

biological polymers. Exemplary conditions include elevated temperatures, extreme acidic

or basic conditions, the presence of chemical denaturants, elevated salt conditions, and
the presence of organic solvents. For example, fibrils for use in manufacturing an
electrical conductor of the present invention preferably are chemically stable in the

presence of:

denaturants such as urea (0-2M, more preferably 0-4M, more preferably O-
6M, more preferably 0-8 M) or guanidiniumchloride (0-1M, more preferably 0-2 M);

salt solutions such as 0-1M or more preferably 0-2.5 M NaCl, KCl, sodium
phosphate, or other halide salts;

industrial acids (e.g., aqueous solutions with pH between 4 and 7, or more

preferably 3 and 7, more preferably 2 and 7, and more preferably 1-7 or 0.1-7;

basic solutions with pH in the range of 7-9, or more preferably 7-10 or 7-
11 or 7-12 or 7-13;

organic solvents such as 100% ethanol;

extreme cold such as temperatures between 0-10°C, more preferably -10
to 0°C, -20 to 0°C, -30 t0 0°C, -40 to 0°C, -50 to 0°C, -60 to 0°C, -70 to 0°C, or -80 to
0°C;

-7 -
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heat such as temperatures between 50-60 °C, and more preferably 50-70°C,
50-80°C, 50-90°C, 50-98 °C, or 50-100 °C;

more generally, temperature ranges spanning both extreme cold and heat,

e.g., thermal stability from -80°C to 98°C or any subranges thereof.

The techniques described herein can be used to make electrical conductors
in a wide range of lengths and diameters. For example, electrical conductors may range
in length from 0.05 to 10,000 pm in length, with every discrete length and range of
lengths therebetween specifically contemplated, such as lengths 0f 0.06,0.1,0.2, 0.5, 0.8,
1, 10, 50, 100, 200 to 300 pm or more. Similarly, fibers may range in diameter from 1, 5,
9, 10, 20, 50, 75, 100, 150 to 200 nm, 300nm, 400nm, or 500nm or more, with every
diameter therebetween specifically contemplated as an embodiment of the invention.
Diameter is influenced first by the diameter of the protein fibril used to make an electrical
conductor, and second, by the amount ant thickness of electrically conductive material
disposed on its surface. In one embodiment, the aforementioned electrical conductor is
provided wherein the clectrical conductor is characterized by a length of 60 nm to 300

pm, and a diameter of 9 nm to 200 nm.

Tn another embodiment, the aforementioned electrical conductor is
provided wherein at least one of the polypeptide subunits comprises a SCHAG amino
acid sequence. Thus, the number of SCHAG amino acid sequences comprising an
electrical conductor of the present invention can represent 0, 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, or 100% of the total polypeptide subunits in the electrical conductor. Ina
preferred embodiment, 90-100% of the polypeptide subunits comprise a SCHAG amino

acid sequence.

Tn one embodiment of the invention, the aforementioned electrical
conductor is provided wherein the SCHAG amino acid sequence includes at least one
amino acid residue having a reactive amino acid side chain. It is possible that the
SCHAG amino acid sequence, although containing at least one amino acid with a reactive
amino acid side chain at the primary structure level, does not contain an amino acid with
a reactive amino acid side chain that is surface exposed at the tertiary and/or quaternary
structure level (e.g., when associated with fibrils). Accordingly, another embodiment of

the invention provides the aforementioned electrical conductor wherein the SCHAG
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amino acid sequence includes at least one substitution of an amino acid residue having a

reactive amino acid side chain.

Similarly, the number of amino acid substitutions may depend on the
spatial relationship between the reactive amino acid'side chains exposed to the
environment and the length between the same or similar amino acid side chains of
neighboring polypeptides in the fibril. Accordingly, a number of amino acid substitutions
sufficient to reduce the gaps between amino acids with reactive side chains between
neighboring polypeptides of the aforementioned electrical conductor is contemplated,
thereby enabling a continuous connection along the length of the electrical conductor. It
is also contemplated that the number of amino acid substitutions is inversely proportional
to the amount of electrically conductive material required to provide the continuous

connection along the length of the electrical conductor.

Tn a related embodiment, the aforementioned electrical conductor is
provided wherein the reactive amino acid side chain is exposed to the environment of the
fibril to permit attachment of the electrically conductive material thereto, and wherein the
electrically conductive material is attached to the fibril at the reactive amino acid side
chain. Similarly, another embodiment of the invention provides the aforementioned
clectrical conductor wherein the reactive amino acid side chain of the substituted amino
acid is exposed to the environment of the fibril to permit attachment of the electrically
conductive material thereto, and wherein the electrically conductive material is attached

to the fibril at the reactive amino acid side chain.

SCHAG amino acid sequences are rich in asparagine and glutamine
residues. Thus, although many different amino acid sequences can comprise a SCHAG
sequence, approximately 30% or more of the amino acid residues of SCHAG sequences
may comprise asparagines and/or glutamine residues. Accordingly, in another
embodiment of the invention, the aforementioned electrical conductor is provided
wherein at least 30%, 35%, 40%, 45%, 50%, 60%, or more of the SCHAG amino acid

sequence comprises asparagine or glutamine residues.

Tn another embodiment, the aforementioned electrical conductor is
provided wherein the SCHAG amino acid sequence comprises an amino acid sequence at
least 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 97.5%, 98%, 99%, or 100% identical

to a sequence selected from the group consisting of SEQ ID NOs: 2, 4, 17, 19, 21,22,23,
-9.
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24,25, 26,27, 28,29, 30,31, 32, 33, 34, 35, 36, 46, 47, and 50 and aggregation domain
fragments thereof. Aggregation domain fragments are those fragments of the
aforementioned sequences which contain enough of the original sequence to self-

aggregate into fibers as described herein.

In yet another embodiment, the aforementioned electrical conductor is
provided wherein the SCHAG amino acid sequence is selected from the group consisting
of: a) an amino acid sequence that is at least 60%, 65%, 70%, 75%, 80%, 85%, 90%,
95%, 97.5%, 98%, 99% or100% identical to amino acids 2 to 113 of SEQ ID NO: 2; and
b) an amino acid sequence that is at least 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,
97.5%, 98%, or 99% or 100% identical to amino acids 2 to 253 of SEQIDNO: 2. Ina
related embodiment, the aforementioned electrical conductor is provided wherein the
SCHAG amino acid sequence comprises at least one substitution of an amino acid residue

having a reactive amino acid side chain and wherein the reactive amino acid side chain is

exposed to the environment of the fibril to permit subsequent attachment of an electrically

conductive material thereto.

As exemplified herein, specific amino acid sequences and amino acid
substitutions are contemplated by the present invention. In one embodiment, the
aforementioned electrical conductor is provided wherein the SCHAG amino acid
sequence comprises the amino acid sequence of SEQ ID NO: 2, with the proviso that
amino acid 184 of SEQ ID NO: 2 has been substituted for by an amino acid selected from
the group consisting of cysteine, lysine, tyrosine, glutamate, aspartate, and arginine. In
another embodiment, the aforementioned electrical conductor is provided wherein the
SCHAG amino acid sequence comprises the amino acid sequence of SEQ ID NO: 2, with
the proviso that amino acid 2 of SEQ ID NO: 2 has been substituted for by an amino acid
selected from the group consisting of cysteine, lysine, tyrosine, glutamate, aspartate, and
arginine.

Electrically conductive materials contemplated by the present invention
include, but are not limited to, materials that comprise metal atoms and semiconductor
materials. Thus, in one embodiment of the invention, the aforementioned electncal
conductor is provided wherein the electrically conductive material comprises a material
selected from the group consisting of a metal atom or a semiconductor material.

Exemplary materials that comprise metal atoms are pure metals and metal alloys,

-10-
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inorganic compounds that contain metals, and organometailic compounds and complexes
comprised of one or more metal atoﬁs attached to or complexed with an organic
compound that can form a covelent bond with a polypeptide. Any conducting metal atom
is suitable for practicing the invention, including but not limited to gold, silver, nickel,
copper, platinum, aluminum, gallium, palladium, iridium, rhodium, tungsten, titanium,
zinc, tin, alloys comprising the same, and combinations thereof. Additional metal atoms
are also contemplated. The present invention further provides an electrical conductor
wherein the semiconductor material is selected from the group consisting of GaAs, ZnS,

CdS, InP and Si.

In one embodiment of the invention, the aforementioned electrical
conductor is provided wherein the fibril is gold-toned. It is contemplated by the present
invention that an electrical conductor described herein may possess a range of resistances
from close to 0 ohms to 5000 ochms and every value in between. For example, resistances
fnay range from 1, 5, 10, 20, 50, 75, 100, 150, 200, 250, 500, or 1000 Q. In still another
embodiment, the aforementioned electrical conductor is provided wherein the fibril is
characterized by a resistance range of 0-100 Q and linear I-V curves at useful power
levels. Further, an electrical conductor is provided wherein the fibril is characterized by a
resistance range of 0-100 Q and linear I-V curves between 0 to 0.3 x 10° A and between
0-30x 10° V.

A related aspect of the present invention is a method of making electrical
conductors described herein, and methods of making electrical circuits, fuses, or devices

comprising the electrical conductors.

For example, in one embodiment, a method of making an electrical
conductor is provided comprising steps of: (a) making a fibril with first and second
separated locations; and (b) disposing on the fibril an electrically conductive material in
an amount effective to conduct electricity along the fibril from the first location to the

second location.

Procedures for making the fibril (step (2)) are described below in detail.
For example, such procedures comprise providing a solution or suspension of
polypeptides that have the ability to coalesce into ordered aggregates, and incubating the
solution or suspension under conditions to form fibrils from the polypeptides. A number

of physical and chemical variations of such procedures are contemplated. In one
-11-
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embodiment, the method comprises rotating the solution or suspension to increase
turbulence and surface area, thereby promoting fibril formation. In a preferred variation,
the fiber formation further comprises contacting the fibrils with additional soluble or

suspended polypeptide under conditions to extend the length of the fibrils.

The step (b) of disposing electrically conductive material can be performed
in any manner by which an electrical conductor such as a metal can be disposed onto a
fibril, such as chemical attachment, plating techniques, vapor deposition, combinations
thereof, and the like. In one embodiment, step (b) comprises disposing a substrate on the
fibril, and disposing a first electrically conductive material on the substrate. The substrate
serves as a linker between the fibril and the first electrically conductive material, although
the substrate can itself have electrical conducting properties. Thus, in one variaﬁon, the
disposing the substrate comprises attaching a compound comprising a metal atom to a
reactive amino acid side chain of a polypeptide in the fibril. For instance, the substrate
optionally comprises gold particles with surface-accessible cross-linking groups. For
example, a substrate exemplified herein is Nanogold, an organic, gold-atom containing
compound which contains gold atoms and can contribute to electrical conducting
properties, and which was attached to exposed cysteine residues of a prion fibril. The
Nanogold served as sites for subsequent attachment of silver and/or gold attachment. In a
related embodiment, a second electrically conductive material is disposed on the first

electrically conductive material.

As described herein, various electrically conductive materials are
contemplated for use with the electrical conductors of the present invention. In one
embodiment, the aforementioned method is provided wherein the disposing the first
electrically conductive material comprises attaching a compound comprising a metal
atom to the substrate. Further, the aforementioned method is provided wherein the first
electrically conductive material comprises silver ions. In yet another embodiment, the
aforementioned method is provided wherein the disposing the second electrically
conductive material comprises attaching a compound comprising a metal atom to the first
electrically conductive material. In still another embodiment, the aforementioned method

is provided wherein the second electrically conductive material comprises gold ions.

In a related embodiment, the aforementioned method is provided wherein
the substrate comprises gold particles with surface-accessible cross-linking groups, the
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first electrically conductive material comprises silver ions, and the second electrically
conductive material comprises gold ions. In a related embodiment, the aforementioned
method is provided wherein the fibril is characterized by a resistance in the range of 0-

100 Q and a linear current-voltage (I-V) curve.

-

As described elsewhere herein in greater detail, some embodiments of the
invention involve use of chaperone proteins, such as Hsp104, to modulate fiber
formation, including for purposes related to manufacturing electrical conductors or other
useful nanodevices comprised of fibers of the invention. (Although this aspect of the
invention is often described with respect to Hsp104, the description should be understood
to apply to Hsp104 variants, species orthologs, and other proteins exhibiting similar

activity.

Depending on the reaction conditions selected, the Hsp104 can be used to

promote fiber formation or elongation, or alternatively, to promote fiber disassembly.

‘Both aspects of Hsp104 activity are useful for manufacturing processes. For example, for

fiber growth, inclusion of Hsp104 under conditions in which Hsp104 promotes or
accelerates fiber growth increases efficiency by decreasing manufacturing time.
Moreover, contolled placement of the Hsp104, e.g., by tethering Hsp104 to a solid
support, facilitates controlled growth of the fibers.

Fiber-destroying activity of Hsp104 can be harnessed to eliminate fiber
impurities following formation of an electrical conductor. For example, after coating
fibers with electrically conductive material, it may be desirable to depolymerize any
fibers that received zero or insufficient electrically conductive material, to eliminate them

as impurities and/or to recycle the SCHAG polypeptides used to make the fibers.

Thus, in yet another variation, the invention provides a method of making
an electrical conductor comprising: (a) making a fibril with first and second separated
locations by providing a solution or suspension of polypeptides that have the ability to
coalesce into ordered aggregates (optionally rotating the solution or suspension to
increase turbulence and surface area, thereby promoting fibril formation), and incubating
the solution or suspension under conditions to form fibrils from the polypeptides; and (b)
disposing on the fibril an electrically conductive material in an amount effective to
conduct electricity along the fibril from the first location to the second location, wherein

the solution or suspension of polypeptides further includes a chaperone protein capable of
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binding and stimulating aggregation of the polypeptides, in an amount and under
conditions effective to stimulate aggregation of the polypeptides to form fibrils. Preferred
conditions include, in the solution, an adenosine nucleotide that promotes aggregation-
stimlutory activity of the chaperone protein. For example, the adenosine nucleotide is
preferably a non-hydrolyzable adenosine triphosphate (ATP) analog, wherein the solution
is substantially free of ATP. The method also works with ATP, so long as the
stoichiometry of the polypeptide to the chaperone protein favors aggregation.

In one preferred variation, the chaperone protein is attached to a solid
support, such as a bead, a silicon wafer, a plate, or other solid surface. It is contemplated
that controlled placement of the chaperone protein can lead to controlled location for
catalysis of fibril synthesis. Moreover, attachment to a solid support, e.g., by use of
complementary binding partners, facilitates removal and (optionally) re-use of the
chaperone protein. Examplary binding partners include antibody (or fragments thereof)
and antigen; biotin and streptavidin; glutathione-S-transferase and glutathione; a
polyhistidine or other tag and an affinity matrix, such as nickel ions; and the like. Tags
can be attached to the N-and C-terminus of the Hsp104 chaperone without eliminating

activity, and the same is contemplated for other chaperones.

In one variation, the chaperone protein comprises an amino acid sequence
at least 90% indentical to an amino acid sequence selected from the group consisting of:
SEQ ID NOs: 67, 69, 71, and 73. Other percentages, €.g., at least 70%, 80%, 92%, 94%.,
95%, 97%, 98%, 99%, or 100% identity, are contemplated. Variants from naturally
occurring (wildtype) chaperones are tested for characteristic nucleotide binding,

oligomer-catalyzing, and aggregate-disassembly activity.

In yet another embodiment, such methods optionally further comprise a
step (c) of de-polymerizing ordered aggregates from step (a) that lack electrically
conductive material in an amount effective to conduct electricity. Such methods are
useful for eliminating impurity from the electrical conductor or device made therefrom,
for recycling, and the like. For example, in one variation, the de-polymerizing comprises:
contacting the solution or suspension with a chaperone protein and adenosine
triphosphate (ATP), wherein the chaperone protein binds to polypeptide aggregates
lacking electrically conductive material and de-polymerizes the aggregates in the
presence of ATP, and wherein the chaperone protein and ATP are used at concentrations
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effective to de-polymerize amyloid aggregates in the composition. Preferably, the
depolymerizing is performed for a time effective to completely depolymerize ordered
aggregates that lack electrically conductive material. A preferred chaperone protein
comprises an amino acid sequence at least 95% identical to SEQ ID NO: 67, wherein the
chaperone protein retains aggregate binding and ATP-dependent depolymerization
activity of the Hsp104 amino acid sequence of SEQ ID NO: 67.

Tn still another embodiment, the invention is an in vitro method of de-
polymerizing amyloid aggregates, comprising: providing a composition suspected of
containing an amyloid aggregate; and contacting the composition with a chaperone
protein and adenosine triphosphate (ATP), at concentrations effective to completely de-
polymerize amyloid aggregates in the composition. Any composition can be
decontaminated according to this method of the invention. A chaperone protein is
selected, through screening, that disassembles the target aggregates in the composition.
In some embodiments, the amyloid comprises aggregates of a polypeptide that comprises
a SCHAG amino acid sequence at least 90% identical to a sequence selected from the
group consisting of SEQ ID NOs: 2,4, 17, 19, 21, 22, 23, 24,25, 26,27, 28,29, 30, 31,
32, 33, 34, 35, 36, 46, 47, and 50 and aggregation domain fragments thereof. In some
embodiments, the amyloid comprises aggregates of a polypeptide that comprises a
SCHAG amino acid sequence selected from the group consisting of SEQ ID NOs: 2, 4,
17,19, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 46, 47, and 50 and
aggregation domain fragments thereof. Other specific amyloids described herein can be
targeted too (e.g., aggregates of a polypeptide that comprises a SCHAG amino acid
sequence is selected from the group consisting of: (a) an amino acid sequence that is at

least 90% identical to amino acids 2 to 113 of SEQ ID NO: 2, and

b) an amino acid sequence that is at least 90% identical to amino acids 2 to
253 of SEQ ID NO: 2.

As with methods described above, exemplary chaperone proteins comprise
an amino acid sequence at least 90% identical to an amino acid sequence selected from

the group consisting of: SEQ ID NOs: 67, 69, 71, and 73.

Compositions comprising the chaperone proteins are themselves an aspect
of the invention. For example, the invention includes a composition comprising a

polypeptide attached to a solid support, wherein the polypeptide comprises an amino acid
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sequence at least 95% identical to a chaperone protein such as the Hsp104 amino acid
sequence set forth in SEQ ID NO: 67, and wherein the polypeptide attached to the solid
support retains chaperone protein activity, such as an Hsp104 activity of promoting
assembly of a SCHAG amino acid sequence into ordered aggregates. Preferably, the
polypeptide is attached in a manner that it can form active multimeric structures with like
polypeptides, either attached 6r unattached to the same solid support. Thus, using
Hsp104 as an example, the polypeptide froms a hexameric complex, and a hexamer is
attached to the solid support. In preferred variations, the composition further comprises

an adensosine nucleotide or nucleotide analog that binds to the polypeptide.

As noted above, a variety of techniques exist for attaching a protein to a
solid support. For example, in one variation, the polypeptide includes a peptide tag that
binds to a binding partner on the solid support (e.g., a polyhistidine tag, wherein the solid
support comprises nickel ions). In another variation, the solid support comprises an
antigen binding fragment of an antibody that recognizes the tag. In yet another variation,
an amino acid of the polypeptide is covalently attached to the solid support. Attachment
at the N-terminus, the C-terminus, or any other residue of the chaperone protein that

permits the bound chaperone complex to retain activity.

In yet another embodiment, the invention includes a method of converting
amyloidogenic polypeptides into oligomeric‘intermediat.es in vitro comprising steps of: a)
contacting a solution of polypeptides that comprise a SCHAG amino acid sequence with
Hsp104 and a nucleotide selected from ATP and non-hydrolyzable ATP analogs, at a
stoichiometric relationship effective to promote oligimerization of the polypeptides; and
b) incubating the polypeptides with the Hsp104 under conditions that promote formation
of oligomeric intermediates. As exemplified herein, one working stoichiometric
relationship between the polypeptides and Hsp104 is about 250:1. Other ratios are

expected to work and determined through screening as taught in the examples.

In still another embodiment, the invention is a method of converting
amyloidogenic polypeptides into amyloid fibrils in vitro cofnprising the steps of: (a)
contacting a solution of polypeptides that comprise a SCHAG amino acid sequence with
Hsp104 and a nucleotide selected from ATP and non-hydrolyzable ATP analogs, at a
stoichiometric relationship effective to promote fibrillization of the polypeptides; and b)
incubating the polypeptides with the Hsp104 under conditions that promote formation of
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amyloid fibrils. Again, an exemplified stoichiometric relationship between the

polypeptides and Hsp104 is about 250:1.

In still another embodiment, the invention is a method of converting
amyloid fibrils into amyloidogenic polypeptides in vitro comprising the steps of: (a)
contacting one or more amyloid fibrils with Hsp104 and ATP at a stoichiometric
relationship effective promote defibrillization of the one or more amyloid fibrils; and (b)
incubating the one or more amyloid fibrils with the Hsp104 under conditions that promote
defibrilization of amyloid fibrils. As exemplified herein and determined, higher
chaperone protein ratios promotes defibrilization. An exemplified stoichiometric
relationship between the one or more amyloid fibrils or aggregation domains thereof and

Hsp104 is about 15:1.

In still another aspect, the invention includes all variety of electrical
devices that can be synthesized with an electrical conductor of the invention. Such
devices include everything from nanoscale wires, wires attached to substrates, fuses,
circuits, and the like to larger and more complicated devices such as microchips,
computers, consumer electronics, medical devices, laboratory tools, and the like that

comprise electrical conductors, fuses, or circuits of the invention.

For example, in one embodiment, a fuse is provided comprising an
electrical conductor, a first electrode attached to the first position, and a second electrode
attached to the second position, wherein the electrical conductor electrically connects the
first electrode to the second electrode. In a preferred variation of the fuse, the electrical
conductor is constructed to fail to conduct electricity when exposed to an electrical
current above a first amount, which can be described as the failure amount or overload
amount of power. By "first amount" is simply meant an amount of electrical power
(current x voltage) above which a fuse is designed to fail. In one variation, the electrical
conductor destructs when exposed to an electric current above the first amount, thereby

eliminating electrical conductivity across the fuse.

In another embodiment of the present invention, an electrical circuit is
provided comprising a source of electricity, one or more circuit elements, and electrical
conductors disposed between the source of electricity and the one or more circuit
elements, wherein at least one of the electrical conductors is an electrical conductor of the

invention. For example, the elecirical conductor comprises a fibril and an electrically
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conductive material disposed on the fibril to conduct electricity along the fibril from a
first position on the fibril such as the source of electricity to a second position on the
fibril, such as one of the circuit elements. The electrical conductor also may be disposed
between two circuit elements. Exemplary circuit elements includes any circuit
component selected from the group consisting of a capacitor, an inductor, a resistor, an
integrated circuit, an oscillator, a transistor, a diode, a switch, and a fuse. The one or
more circuit elements may be passive circuit elements, active circuit elements, or

combinations thereof.

The présent invention is also directed to employing unique features of
prion biology in a practical context beyond fundamental prion research and applied
research directed to the development of diagnostic, therapeutic, and prophylactic
treatments of mammalian prion diseases (although aspects of the invention have utility in
such contexts also). Likewise, the present invention also relates to the construction of

novel prion-like elements that can change the phenotype of a cell in a beneficial way.

In one aspect, the invention provides a polynucleotide comprising a
nucleotide sequence that encodes a chimeric polypeptide, the polynucleotide comprising:
a nucleotide sequence encoding at least one SCHAG amino acid sequence fused in frame
with a nucleotide sequence encoding at least one polypeptide of interest other than a
marker protein, or a glutathione S-transferase (GST) protein, or a staphylococcal nuclease
protein. In a preferred embodiment, the polynucleotide has been purified and isolated. In
another preferred embodiment, the polynucleotide is stably transformed or transfected

into a living cell.

By “chimeric polypeptide” is meant a polypeptide comprising at least two
distinct polypeptide segments (domains) that do not naturally occur together as a single
protein. In preferred embodiments, each domain contributes a distinct and useful
property to the polypeptide. Polynucleotides that encode chimeric polypeptides can be
constructed using conventional recombinant DNA technology to synthesize, amplify,
and/or isolate polynucleotides encoding the at least two distinct segments, and to ligate
them together. See, e.g., Sambrook et al., Molecular Cloning - A Laboratory Manual,
Second Ed., Cold Spring Harbor Press (1989); and Ausubel et al., Current Protocols in
Molecular Biology, John Wiley & Sons, Inc. (1998); both incorporated herein by
reference.
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In some embodiments, the chimeric polypeptide comprises a SCHAG
amino acid sequence as one of its polypeptide segments. By “ SCHAG amino acid
sequence” is meant any amino acid sequence which, when included as part or all of the
amino acid sequence of a protein, can cause the protein to coalesce with like proteins into
higher ordered aggregates commonly referred to in scientific literature by terms such as
“amyloid,” “amyloid fibers,” “amyloid fibrils,” “fibrils,” or “prions.” In this regard, the
term SCHAG is an acronym for Self-Coalesces into Higher-ordered AGgregates. By
“higher ordered” is meant an aggregate of at least 25 polypeptide subunits, and is meant
to exclude the many proteins that are known to comprise polypeptide dimers, tetramers,
or other small numbers of polypeptide subunits in an active complex. The term “higher-
ordered aggregate” also is meant to exclude random agglomerations of denatured proteins
that can form in non-physiological conditions. [From the term “self-coalesces,” it will be
understood that a SCHAG amino acid sequence may be expected to coalesce with
identical polypeptides and also with polypeptides having high similarity (e.g., less than
10% sequence divergence) but less than complete identity in the SCHAG sequence.] It
will be understood than many proteins that will self-coalesce into higher-ordered
aggregates can exist in at least two conformational states, only one of which is typically
found in the ordered aggregates or fibrils. The term “self-coalesces” refers to the
property of the polypeptide to form ordered aggregates with polypeptides having an
identical amino acid sequence under appropriate conditions as taught herein, and is not
intended to imply that the coalescing will naturally occur under every concentration or
every set of conditions. In fact, data exists suggesting that trans-acting factors, such as
chaperone proteins, may be involved in the protein’s conformational switching, in Vivo.)
Aggregates formed by SCHAG polypeptides typically are rich in B-sheet structure, as
demonstrated by circular dichroism; bind Congo red dye and give a characteristic spectral
shift in polarized light; and are insoluble in water or in solutions mimicking the
physiological salt concentrations of the native cells in which the aggregates originate. In
preferred embodiments the SCHAG polypeptides self-coalesce to form émyloid fibrils
that typically are 5-20 nm in width and display a “cross-B” structure, in which the
individual B strands of the component proteins are oriented perpendicular to the axis of
the fibril. The SCHAG amino acid sequence may be said to constitute an “amyloidogenic
domain” or "fibril-aggregation domain" of a protein because a SCHAG amino sequence

confers this self-coalescing property to proteins which include it.
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Exemplary SCHAG amino acid sequences include sequences of any
naturally occurring protein that has the ability to aggregate into amyloid-type ordered
aggregates under physiological conditions, such as inside of a cell. In one preferred
embodiment, the SCHAG amino acid sequence includes the sequences of only that
portion of the protein responsible for the aggregation behavior. Many such sequences
have been identified in humans and other animals, including amyloid B protein (residues
1-40, 1-41, 1-42, or 1-43), associated with Alzheimer’s disease; immunoglobulin light
chain fragments, associated with primary systemic amyloidosis; serum amyloid A
fragments, associated with secondary systemic amyloidosis; transthyretin and
transthyretin fragments, associated with senile systemic amyloidosis and familial amyloid
polyneuropathy I; cystatin C fragments, associated with hereditary cerebral amyloid
angiopathy; B-microglobulin, associated with hemodialysis-related amyloidosis;
apolipoprotein A-1 fragments, associated with familial amyloid polyneuropathy III; a 71

amino acid fragment of gelsolin, associated with Finnish hereditary systemic amyloidosis;

islet amyloid polypeptide fragments, associated with Type II diabetes; calcitonin

fragments, associated with medullary carcinoma of the thyroid; prion protein and
fragments thereof, associated with spongiform encephalopathies; atrial natriuretic factor,
associated with atrial amyloidosis; lysozyme and lysozyme fragments, associated with
hereditary non-neuropathic systemic amyloidosis; insulin, associated with injection-
localized amyloidosis; and fibrinogen fragments, associated with hereditary renal
amyloidosis. See J.W. Kelly, Curr. Op. Struct. Biol., 6: 11-17 (1996), incorporated
herein by reference. In addition, several other SCHAG amino acid sequences of yeast
and fungal origin are described in detail below. Also, the Examples below set forth in
detail how to use the SCHAG sequences specifically identified herein or elsewhere in the
literature to screen databases or genomes for additional naturally occurring SCHAG
amino acid sequences. The Examples also provide assays to screen candidate SCHAG
sequences for prion-like properties. In addition, the Examples provide assays to rapidly
screen random DNA fragments to determine whether they encode a SCHAG amino acid

sequence. Such screening assays are themselves considered aspects of the invention.

In addition, SCHAG amino acid sequences include those sequences
derived from naturally occurring SCHAG amino acid sequences by addition, deletion, or

substitution of one or more amino acids from the naturally occurring SCHAG amino acid
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sequences. Detailed guidelines for modifying SCHAG amino acid sequences to produce
synthetic SCHAG amino acid sequences are described below. Modifications that
introduce conservative substitutions are specifically contemplated for creating SCHAG
amino acid sequences that are equivalent to naturally occurring sequences. By
“conservative amino acid substitution” is meant substitution of an amino acid with an
amino acid having a side chain of a similar chemical character. Similar amino acids for
making conservative substitutions include those having an acidic side chain (glutamic
acid, aspartic acid); a basic side chain (arginine, lysine, histidine); a polar amide side
chain (glutamine, asparagine); a hydrophobic, aliphatic side chain (leucine, isoleucine,
valine, alanine, glycine); an aromatic side chain (phenylalanine, tryptophan, tyrosine); a
small side chain (glycine, alanine, serine, threonine, methionine); or an aliphatic hydroxyl
side chain (serine, threonine). Alternatively, similar amino acids for making conservative
substitutions can be grouped into three categories based on the identity of the side chains.
The first group includes glutamic acid, aspartic acid, arginine, lysine, histidine, which all
have charged side chains; the second group includes glycine, serine, threonine, cysteine,
tyrosine, glutamine, asparagine; and the third group includes leucine, isoleucine, valine,
alanine, proline, phenylalanine, tryptophan, methionine, as described in Zubay, G.,

Biochemistry, third edition, Wm.C. Brown Publishers (1993).

Also contemplated are modifications to naturally occurring SCHAG amino
acid sequences that result in addition or substitution of polar residues (especially
glutamine and asparagine, but also serine and tyrosine) into the amino acid sequence.
Certain naturally occurring SCHAG amino acid sequences are characterized by short,
sometimes imperfect repeat sequences of, e.g., 5-12 residues. Modifications that result in
substantial duplication of such repetitive oligomers are specifically contemplated for

creating SCHAG amino acid sequences, too.

In another variation of the invention, the SCHAG amino acid sequence is
encoded by a polynucleotide that hybridizes to any of the nucleotide sequences of the
invention; or the non-coding strands complementary to these sequences, under the

following exemplary moderately stringent hybridization conditions:

(2) hybridization for 16 hours at 42°C in an aqueous hybridization

solution comprising 50% formamide, 1% SDS, 1 M NaCl, 10% Dextran sulphate; and
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(b) washing 2 times for 30 minutes at 60°C in an aqueous wash
solution comprising 0.1% SSC, 1% SDS. Alternatively, highly stringent conditions

include washes at 68°C.

Also provided are purified and isolated polynucleotide comprising a
nucleotide sequence that encodes at least one SCHAG amino acid sequence, wherein the
SCHAG-encoding portion of the polynucleotide is at least about 99%, at least about 98%,
at least about 95%, at least about 90%, at least about 85%, at least about 80%, at least
about 75%, or at least about 70% identical over its full length to one of the nucleotide
sequences of the invention. Methods of screening for natural or artificial sequences for

SCHAG properties are also described elsewhere herein.

A preferred category of SCHAG amino acid sequences are prion
aggregation domains from prion proteins. The term “prion-aggregation domain” is
intended to define a subset of SCHAG amino acid sequences that can exist in at least two
conformational states, only one of which is typically found in the aggregated state. In one
conformational state, proteins comprising the prion-aggregation domain or fused to the
prion-aggregation domain perform their normal function in a cell, and in another
conformational state, the native proteins form aggregates (prions) that phenotypically
alter the cell, perhaps by sequestering the protein away from its normal site of subcellular
activity, or by disrupting the conformation of an active domain of the protein, or by
changing its activity state, or bay acquiring a new activity upon aggregation, or perhaps
merely by virtue of a detrimental effect on the cell of the aggregate itself. A hallmark
feature of prion-aggregation domains is that the phenotypic alteration that is associated
with prion formation is heritable and/or transmissible: prions are passed from mother to
daughter cell or to mating partners in organisms such as in the case of yeast Sup35, and
Ure2 prions, perpetuating the [PSI'] or [URE3] prion phenotypes, or the prions are
transmitted in an infectious manner in organisms such as in the case of PrP prions in
mammals, leading to transmissible spongiform encephalopathies. This defining
characteristic of prions is attributable, at least in part, to the fact that the aggregated prion
protéin is able to promote the rearrangement of unaggregated protein into the aggregated
conformation (although chaperone-type proteins or other trans-acting factors in the cell
may also assist with this conformational change). It is likewise a feature of prion-

aggregation domains that over-production of proteins comprising these domains increases
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the frequency with which the prion conformation and phenotype spontaneously arises in

cells.

Prion aggregation amino acid sequences comprising amino terminal
sequences derived from yeast or fungal Sup35 proteins, Ure2 proteins, or the carboxy
terminal sequences derived from yeast Rnql proteins are among those that are highly
preferred. Referring to the S. cerevisiae Sup35 amino acid sequence set forth in SEQ ID
NO: 2, experiments have shown that no more than amino acids 2-113 (the N domain) of
that sequence are required to confer some prion aggregation properties to a protein,
although inclusion of the charged “M” (middle) region immediately downstream of these
residues, e.g., thru residue 253, is preferred in some embodiments. The N domain alone
is very amyloidogenic and immediately aggregates into fibers, even in the presence of
2 M urea, a phenomenon that is desirable in embodiments of the invention where
formation of stable fibrils of chimeric polypeptides is preferred. When the N domain is
fused to the highly charged M domain, fiber formation proceeds in a slower, more orderly
way. The M domain is postulated to shift the equilibrium to permit greater
“switchability” between aggregated and soluble forms, and is preferably included where
phenotypic switching is desirable. Referring to the S. cerevisiae Ure2 amino acid
sequence set forth in SEQ ID NO: 4, experiments have shown that no more than amino
acids 2-65 of that sequence are required to confer prion aggregation activity to a protein.
Referring to the S. cerevisiae Rnql amino acid sequence set forth in SEQ ID NO: 50,
experiments have shown that no more than amino acids 153-405 of that sequence are
required to confer prion aggregation activity to a protein. Moreover, sequences differing
from the native sequences by the addition, deletion, or substitution of 1, 2,3, 4, 5, 6, 7, 8,
9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, or more amino acids, especially the addition
or substitution of additional glutamine or asparagine residues, but which retain the
properties of prion- aggregation domains as described in the preceding paragraph, are
contemplated. Also, orthologs (corresponding proteins or prion aggregation domains
thereof from different species) comprise an additional genus of preferred sequences
(Kushinov et al., Yeast 6:461-472 (1990); Chernoff et al., Mol Microbiol 35:865-876
(2000); Santoso et al., Cell 100:277-288 (2000); and Kushinov et al., EMBO J 19:324-31
(2000)). By way of example, Sup35 amino acid sequences from Pichia pinus and
Candida albicans are set forth in Genbank Accession Nos. X56910 (SEQ ID NO: 46) and
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AF 020554 (SEQ ID NO: 47), respectively. Polypeptides of the invention include
polypeptides that are encoded by polynucleotides that hybridize under stringent,
preferably highly stringent conditions, to the polynucleotide sequences of the invention,
or the non-coding strand thereof. Polypeptides of the invention also include polypeptides
that are at least about 99%, at least about 98%, at least about 95%, at least about 90%, at
least about 85%, at least about 80%, at least about 75%, or at least about 70% identical to

one of SCHAG amino acid sequences of the invention.

As set forth above, in some aspects of the invention, the nucleotide
sequence encoding the SCHAG amino acid sequence of the polypeptide is fused in frame
with a nucleotide sequence encoding at least one polypeptide of interest. By “in frame” is
meant that when the nucleotide is transformed into a host cell, the cell can transcribe and
translate the nucleotide sequence into a single polypeptide comprising both the SCHAG
amino acid sequence and the at least one polypeptide of interest. It is contemplated that
the nucleotide sequences can be joined directly; or that the nucleotide sequences can be
separated by additional codons. Such additional codons may encode an endopeptidase
recognition sequence or a chemical recognition sequence or the like, to permit enzymatic
or chemical cleavage of the SCHAG amino acid sequence from the polypeptide of
interest, to permit isolation of the polypeptide of interest. Preferred recognition
sequences are sequences that are not found in the polypeptide of interest, so that the
polypeptide of interest is not internally cleaved during such isolation procedures. It will
be understood that modification of the polypeptide of interest to eliminate internal
recognition sequences may be desirable to facilitate subsequent cleavage from the
SCHAG amino acid sequence. Suitable enzymatic cleavage sites include: the amino acid
sequences -(Asp),-Lys-, wherein n signifies 2, 3 or 4, recognized by the protease
enterokinase; -Ile-Glu-Gly-Arg-, recognized by coagulation factor X,; an arginine residue
or a lysine residue cleaved by trypsin; a lysine residue cleaved by lysyl endopeptidase; a
glutamine residue cleaved by V8 protease, and a glu-asn-leu-tyr-phe- gln-gly site
recognized by the tobacco etch virus (TEV) protease. Suitable chemical cleavage sites
include tryptophaﬁ residues cleaved by 3-bromo-3-methyl-2-(2-nitrophenylmercapto)-
3H-indole; cysteine residues cleaved by 2-nitroso-5-thiocyano benzoic acid; the
dipeptides -Asp-Pro- or -Asn-Gly- which can be cleaved by acid and hydroxylamine,

respectively; and a methionine residue which is specifically cleaved by cyanogen bromide
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(CNBr). In another variation, the additional codons comprise self-splicing intein
sequences that can be activated, e.g., by adjustments to pH. See Chong et al., Gene,

192:27-281 (1997).

Additional codons also may be included between the sequence encoding
the prion aggregation amino acid sequence and the sequence encoding the protein of
interest to provide a linker amino acid sequence that serves to spatially separate the
SCHAG amino acid sequence from the polypeptide of interest. Such linkers may
facilitate the proper folding of the polypeptide of interest, to assure that it retains a desired
biological activity even when the protein as a whole has formed aggregates with other
proteins containing the SCHAG amino acid sequence. Also, additional codons may be
included simply as a result of cloning techniques, such as ligations and restriction
endonuclease digestions, and strategic introduction of restriction endonuclease

recognition sequences into the polynucleotide.

In still another variation, the additional codons comprise a hydrophilic
domain, such as the highly-charged M region of yeast Sup35 protein. While the N
domain of Sup35 has proven sufficient in some cases to effect prion-like behavior,
suggesting that the M region is not absolutely required in all cases, it is contemplated that
the M region or a different peptide that includes hydrophilic amino acid side chains will
in some cases be helpful for modulating prion-like character of chimeric peptides of the
invention. Without intending to be limited to a particular theory, the highly charged M
domain is thought to act as a “solublization” domain involved in modulating the
equilibrium between the soluble and the aggregate forms of Sup35, and these properties
may be advantageously adapted for other SCHAG sequences. |

By “polypeptide of interest” is meant any polypeptide that is of
commercial or practical interest and that comprises an amino acid sequence encodable by
the codons of the universal genetic code. Exemplary polypeptides of interest include:
enzymes that may have utility in chemical, food-processing (e.g., amylases), or other
commercial applications; enzymes having utility in biotechnology applications, including
DNA and RNA polymerases, endonucleases, exonucleases, peptidases, and other DNA
and protein modifying enzymes; polypeptides that are capable of specifically binding to
compositions of interest, such as polypeptides that act as intracellular or cell surface
receptors for other polypeptides, for steroids, for carbohydrates, or for other biological
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molecules; polypeptides that comprise at least one antigen binding domain of an
antibody, which are useful for isolating that antibody’s antigen; polypeptides that
comprise the ligand binding domain of a ligand binding protein (e.g., the ligand binding
domain of a cell surface receptor); metal binding proteins (e.g., ferritin (apoferritin),
metallothioneins, and other metalloproteins), which are useful for isolating/purifying
metals from a solution containing them for metal recovery or for remediation of the
solution; light-harvesting proteins (e.g., proteins used in photosynthesis that bind
pigments); proteins that can spectrally alter light (e.g., proteins that absorb light at one
wavelength and emit light at another wavelength); regulatory proteins, such as
transcription factors and translation factors; and polypeptides of therapeutic value, such as
chemokines, cytokines, interleukins, growth factors, interferons, antibiotics,

immunopotentiators and immunosuppressors, and angiogenic or anti-angiogenic peptides.

However, specifically excluded from the scope of the invention are
chimeric polynucleotides that have heretofore been described in the literature. For
example, excluded from the scope of the invention are polynucleotides encoding a fusion
consisting essentially of a SCHAG domain of a characterized protein fused in-frame to
only: (1) a marker protein such as a fluorescing protein (e.g., green fluorescent protein or
firefly luciferase), an antibiotic resistance-conferring protein, a protein involved in a
nutrient metabolic pathway that has been used in the literature for selective growth on
incomplete growth media, or a protein (e.g., p-galactosidase, an alkaline phosphatase, or a
horseradish peroxidase) involved in a metabolic or enzymatic pathway of a chromogenic
or luminescent substrate that results in the production of a detectable chromophore or
light signal that has been used in the literature for identification, selection, or quantitation;
or (2) a protein (e.g., glutathione S-transferase or Staphylococcal nuclease) that has been
used in the literature as a fusion partner for the express purpose of facilitating expression
or purification of other proteins. Notwithstanding this exclusion of certain products from
the invention, the inventors contemplate novel uses of such specifically excluded products
as aspects of the present invention. Moreover, polynucleotides that include a SCHAG
sequence, and sequence encoding a polypeptide of interest, and a sequence encoding a
marker protein such as green fluorescent protein are considered within the scope of the
invention. Also, notwithstanding the above exclusion, polynucleotides that encode

polypeptides whose SCHAG properties are described herein for the first time, fused to a
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marker protein, are considered within the scope of the invention. Also, purified fusion
polypeptides that have been described in the literature and examined only irn vivo, but
never purified, are intended as aspects of the invention. For example, isolated fibers
comprising polypeptides encoding a fusion protein consisting of essentially one or more -
SCHAG sequences fused to a marker protein, e.g., GFP are contemplated. Several such

examples are provided in Example 5.

The encoding sequences of the polynucleotide may be in either order, i.e.,
the SCHAG amino acid encoding sequence may be upstream (5') or downstream (3') of
the sequence, such that the SCHAG amino acid sequence of the resultant protein is
disposed at an amino-terminal or carboxyl-terminal position relative to the protein of
interest. In the case of SCHAG amino acid sequences identified or derived from
sequences in nature, the encoding sequences preferably are ordered in a manner
mimicking the order of the polypeptide from which the SCHAG amino acid sequence was
derived. For example, the yeast Sup35 protein has an amino terminal SCHAG domain
and a carboxy-terminal domain containing Sup35 translation termination activity. Thus,
in embodiments of the invention where the SCHAG amino acid encoding sequence is
derived from a Sup35 protein, this sequence preferably is disposed upstream (5') of the
sequence encoding the at least one polypeptide of interest. In embodiments wherein the
fibril-aggregation amino acid encoding sequence is derived from the sequence set forth in
Genbank Accession No. p25367 (SEQ ID NO: 29) (where the prion-like domain is C-
terminal), this sequence is preferably disposed downstream (3°) of the sequence encoding
the at least one polypeptide of interest. In an embodiment comprising sequences
encoding two or more polypeptides of interest, the SCHAG encoding sequence may be
disposed between the two polypeptides of interest.

To the extent that such sequences are not already inherent in the above-
described polynucleotides, it will be understood that such polynucleotides preferably
further comprise a translation initiation codon fused in frame and upstream (5") of the
encoding sequences, and a translation stop codon fused in frame and downstream (3') of
the encoding sequences. Also, it may be desirable in some embodiments to direct a host
cell to secrete the chimeric polypeptide. Thus, it is contemplated that the polynucleotide
may further comprise a nucleotide sequence encoding a translation initiation codon and a

secretory signal peptide fused in frame and upstream of the encoding sequences.
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In preferred embodiments, the polynucleotide of the invention further
comprises additional sequences to facilitate and/or control expression in selected host
cells. For example, the polynucleotide includes a promoter and/or an enhancer sequence
operatively connected upstream (5') of the encoding sequences, to promoter expression of
the encoding sequences in the selected host cell; and/or a polyadenylation signal sequence
operatively connected downstream (3') of the éncoding sequences. Since concentration is
a factor that may influence the aggregation state of encoded chimeric polypeptides,

regulatable (e.g., inducible and repressible) promoters are highly preferred.

To facilitate identification of cells that have been successfully 4
transformed/transfected with the polynucleotide of the invention, the polynucleotide may
further include a sequence encoding a selectable marker protein. The selectable marker
may be a completely distinct open reading frame on the polynucleotide, such as an open
reading frame encoding an antibiotic resistance protein or a protein that facilitates
survival in a selective nutrient medium. The selectable marker also may itself be part of
the chimeric polypeptide of the invention. In one embodiment, a visual marker such as a
fluorescent protein (e.g., green fluorescent protein) is used that is distributed in the cell in
a different manner when the protein is in the prion form than when the protein is in the
non-prion form. In either case, cells comprising the selectable marker can be sorted, e.g.,
using techniques such as fluorescence activated cell sorting. Thus, this marker, in
addition to permitting selection of transformed or transfected cells, also permits
identification of the conformational state of the chimeric polypeptide. In another
embodiment, the marker has two components: 1) a function that is changed when the
protein is in a prion form and 2) a visual or selectable marker for that function. An
example is the glucocorticoid receptor, GR and a reporter gene. GR is a transcription
factor that binds to a specific DNA sequence to activate transcription. When this DNA
sequence is fused to the coding sequence for an easily detected protein such as p-
galactosidase or luciferase GR function can be easi1y> assayed by the induction of the -

galactosidase or luciferase proteins.

Optionally, the polynucleotide of the invention further includes an epitope
tag fused in frame with the encoding sequences, which tag is useful to facilitate detection
in vivo or in vitro and to facilitate purification of the chimeric polypeptide or of the

protein of interest after it has been cleaved from the SCHAG amino acid sequence of the
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chimeric polypeptide. (An epitope tag alone is not considered to constitute a polypeptide
of interest.) A variety of natural or artificial heterologous epitopes are known in the art,
including artificial epitopes such as FLAG, Strep, or poly-histidine peptides. FLAG
peptides include the sequence Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys (SEQ ID NO: 5) or
Asp-Tyr-Lys-Asp-Glu-Asp-Asp-Lys (SEQ ID NO: 6). [See generally Brewer,
Bioprocess. Technol., 2: 239-266 (1991); Kunz, J. Biol. Chem., 267: 9101-9106 (1992);
Brizzard et al., Biotechniques 16: 730-735 (1994); Schafer, Biochem. Biophys. Res.
Commun., 207: 708-714 (1995).] The Strep epitope has the sequence Ala-Trp-Arg-His-
Pro-Gln-Phe-Gly-Gly (SEQ ID NO: 7). [See Schmidt, J. Chromatography, 676: 337-345
(1994).] Another commonly used artificial epitope is a poly-His sequence having six
consecutive histidine residues. Commonly used naturally-occurring epitopes include the
influenza virus hemagglutinin sequence Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala-Tle-Glu-
Gly-Arg (SEQ ID NO: 8) and truncations thereof, which is recognized by the monocional
antibody 12CAS5 [Murray et al., Anal. Biochem., 229: 170-179 (1995)] and the sequence
(Glu-GIn-Lys-Leu-Leu-Ser-Glu-Glu-Asp-Leu-Asn) (SEQ ID NO: 9) from human c-myc,
which is recognized by the monoclonal antibody 9E10 (Manstein ez al., Gene, 162: 129-
134 (1995)).

In another embodiment, the polynucleotide includes 5' and 3' flanking
regions that have substantial sequence homology with a region of an organism's genome.
Such sequences facilitate introduction of the chimeric gene into the organism's genome

by homologous recombination techniques.

Tn yet another aspect, the invention provides a polynucleotide comprising a
nucleotide sequence that encodes a chimeric polypeptide, the chimeric polypeptide
comprising an amyloidogenic domain that causes the polypeptide to aggregate with
polypeptides sharing an identical or nearly identical domain into ordered aggregates such
as fibrils, fused to a domain comprising a polypeptide of interest; wherein the
amyloidogenic domain comprises an amyloidogenic amino acid sequence of a naturally
occurring protein and further includes a duplication of at least a portion of the naturally
occurring amyloidogenic amino acid sequence, the duplication increasing the
amyloidogenic affinity of the chimeric polypeptide relative to an identical chimeric
polypeptide lacking the duplication. By way of example, if the naturally occurring

protein comprises a Sup35 protein of Saccharomyces cerevisiae that is characterized by
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the partial amino acid sequence PQGGYQQYN (SEQ ID NO: 10), which sequence exists
as multiple imperfect repeats, the duplication preferably includes the amino acid sequence
PQGGYQQYN and/or an imperfect repeat thereof, such as a repeat wherein one or two
residues has been added, deleted, or substituted. An exemplary sequence containing the
NM regions of yeast Sup35, with two additional repeat segments, is set forth in SEQ ID
NOs: 16 and 17.

In a related aspect, the invention provides a polynucleotide comprising a
nucleotide sequence that encodes a chimeric polypeptide, the chimeric polypeptide
comprising an amyloidogenic domain that causes the polypeptide to aggregate with
identical polypeptides into fibrils, fused to a domain comprising a polypeptide of interest;
wherein the amyloidogenic domain comprises amyloidogenic amino acid sequences of at

least two naturally occurring amyloidogenic proteins.

In yet another related aspect, the invention provides a polynucleotide
comprising a nucleotide sequence of the formula FPBT or FBPT, wherein: B comprises a
nucleotide sequence encoding a polypeptide that is encoded by a portion of the genome of
the cell; F and T comprise, respectively, 5' and 3' flanking sequences adjacent to the
sequence encoding B in the genome of the cell; and P comprises a nucleotide sequence
encoding a prion-aggregation amino acid sequence, wherein P is fused in frame to B.
Using such polynucleotides and conventional homologous recombination techniques [see,
e.g., Ausbel et al. (1998), Volume 3, supra], one can perform homologous recombination
in a living cell to convert a protein-encoding gene of the cell to a prion gene of the cell, as
described in greater detail below. Alternatively, strains can be constructed wherein the
endogenous protein-encoding gene is deleted and a prion version of the gene is added

back into the cell, either on a plasmid or by integration into the host genome.

The homologous recombination technique is itself intended as an aspect of
the invention. For example, the invention provides a method of modifying a living cell to
create an inducible and stable phenotypic alteration in the cell, comprising the steps of:
transforming a living cell with the polynucleotide described in the preceding paragraph;
culturing the cell under conditions that permit homologous recombination between the
polynucleotide and the genome of the cell; and selecting a cell in which the
polynucleotide has homologously recombined with the genome to create a genomic
sequence comprising the formula PB or BP.
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More generally, the invention provides a method of modifying a living cell
to create an inducible and stable phenotypic alteration in the cell, such as a method
comprising steps of: identifying a target polynucleotide sequence in the genome of the
cell that encodes a polypeptide of interest; and transforming the cell to substitute for or
modify the target sequence, wherein the substitution or modification produces a cell
comprising a polynucleotide that encodes a chimeric polypeptide, wherein the chimeric
polypeptide comprises a SCHAG amino acid sequence fused in frame with the
polypeptide of interest. Such modifications can be performed in several ways, such as (1)
homologous recombination as described in the preceding paragraphs; (2) knockout or
inactivation of the target sequence followed by introduction of an exogenous chimeric
sequence encoding the desired chimeric polypeptide; or (3) targeted introduction of a
SCHAG-encoding polynucleotide sequence upstream and in-frame with the target
sequence encoding the polypeptide of interest; (4) subsequent cloning or sexual

reproduction of such cells; and/or other techniques developed by those in the art.

The foregoing aspects of the invention relate largely to polynucleotides.
Also intended as part of the invention are vectors comprising the polynucleotides, and

host cells comprising either the polynucleotides or comprising the vectors. Vectors are

~ useful for amplifying the polynucleotides in host cells. Preferred vectors include

expression vectors, which contain appropriate control sequences to permit expression of
the encoded chimeric protein in a host cell that has been transformed or transfect with the
vectors. Both prokaryotic and eukaryotic host cells are contemplated as aspects of the
invention. The host cell may be from the same kingdom (prokaryotic, animal, plant,
fungi, protista, etc.) as the organism from which the SCHAG amino acid sequence of the
polynucleotide was derived, or from a different kingdom. In a preferred embodiment, the
host cell is from the same species as the organism from which the SCHAG amino acid

sequence of the polynucleotide was derived.

In yet another embodiment, the invention includes a host cell transformed
or transfected with at least two polynucleotides encoding chimeric polypeptides according
to the invention, wherein the at least two polynucleotides comprise compatible SCHAG
amino acid sequences and distinct polypeptides of interest. Such host cells are capable of
producing two chimeric polypeptides of the invention, which can be induced in vitro or in

vivo to aggregate with each other into higher ordered aggregates. As explained in greater
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detail below, such aggregates can be advantageously employed in multi-step chemical
reactions when the two or more polypeptides of interest each participate in a step of the
reaction. Experiments using fluorescence resonance energy transfer (FRET) have

demonstrated the efficacy of heterogeneous polypeptide aggregation into co-polymers.

In addition, the chimeric polypeptides encoded by any of the foregoing
polynucleotides are intended as an aspect of the invention. Purified polypeptides are
preferred, and are obtained using conventional polypeptide purification techniques. For
example, the invention provides a chimeric polypeptide comprising: at least one SCHAG
amino acid sequence and at least one polypeptide of interest other than a marker protein, a
glutathione S-transferase (GST) protein, or a Staphylococcal nuclear protein. As
described above, the SCHAG amino acid sequence may be directly linked (via a peptide
bond) to the polypeptide of interest, or may be indirectly linked by virtue of the inclusion

of an intermediate spacer region, a solubility domain, an epitope to facilitate recognition

and purification, and so on.

As explained herein in detail, polypeptides of the invention are capable of
existing in a conformation in which the polypeptide coalesces with similar polypeptides
into ordered aggregates that may be referred to as “amyloid,” “fibrils,” “prions;” or
“prion-like aggregates.” Such ordered aggregates of polypeptides of the invention are
intended as an additional aspect of the invention. Such ordered aggregates tend to be
insoluble in water or under physiological conditions mimicking a host cell, and
consequently can be purified and isolated using standard procedures, including but not
limited to centrifugation or filtration. In a preferred embodiment, the SCHAG amino acid
sequence is an amino acid sequence that will self-coalesce into ordered “cross-p” fibril
structures that are filamentous in character, in which individual B-sheet strands of
component chimeric proteins are oriented perpendicular to the axis of the fibril. In a
highly preferred embodiment, the polypeptide of interest is disposed radiating away from
the fibril core of SCHAG peptide sequences, and retains one or more characteristic
biological activities (e.g., binding activities for polypeptides of interest that have specific

binding partners; enzymatic activity for polypeptides of interest that are enzymes).

In still another embodiment, the invention provides a composition
comprising an ordered aggregate of at least two chimeric polypeptides of the invention,
wherein the at least two chimeric polypeptides have compatible SCHAG amino acid
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sequences and distinct polypeptides of interest. By “compatible” SCHAG amino acid
sequences is meant SCHAG amino acid sequences that are either identical or sufficiently
similar to permit co-aggregation with each other into higher ordered aggregates. In a
preferred embodiment, the two or more polypeptides of interest retain their native
biological activity (e.g., binding activity; enzymatic activity) in the ordered aggregate.
Such aggregates can be advantageously employed in multi-step chemical reactions, as

described in detail below.

The invention further includes methods of making and using

polynucleotides and polypeptides of the invention.

For example, the invention provides a method comprising the steps of:
transforming or transfecting a cell with a polynucleotide of the invention; and growing
the cell under conditions which result in expression of the chimeric polypeptide that is
encoded by the polynucleotide in the cell. In a preferred embodiment, the method further
includes the step of isolating the chimeric polypeptide from the cell or from growth
medium of the cell. In one variation, the method further comprises the sfep of detaching
the SCHAG amino acid sequence of the protein from the polypeptide of interest. As
described above in detail, the detachment may be effected with any appropriate means,
including chemicals, proteolytic enzymes, self-splicing inteins, or the like. Optionally,
the method further includes the step of isolating the protein of interest from the SCHAG

amino acid sequence.

In a related embodiment, the invention provides a method of making a

protein of interest, comprising the steps of: transforming or transfecting a cell with a

polynucleotide, the polynucleotide comprising a nucleotide sequence that encodes a

chimeric polypeptide, the chimeric polypeptide comprising an amyloidogenic domain that
causes the polypeptide to aggregate with identical polypeptides into hi gher-ordered
aggregates such as fibrils, fused to domain comprising a polypeptide of interest; growing
the cell under conditions which result in expression of the chimeric polypeptide in the cell
and aggregation of the chimeric polypeptide into fibrils; and isolating the chimeric
polypeptide from the cell or from growth medium of the cell. Ina preferred embodiment,
the isolating step comprises the step of separating the fibrils from soluble proteins of the
cell. In a highly preferred embodiment, the method further comprises the steps of
proteolytically detaching the amyloidogenic domain of the chimeric protein from the
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polypeptide of interest; and isolating the polypeptide of interest. Preferably the detached
polypeptide of interest maintains one or more of its biological functions, e.g., enzymatic
activity, the ability to bind to its ligand, the ability to induce the production of antibodies

in a suitable host system, etc.

In yet another aspect, the invention provides a method of modifying a
living cell to create an inducible and stable phenotypic alteration in the cell. For example,
such a method comprising the step of transforming or transfecting a living cell with a
polynucleotide according to the invention, wherein the polynucleotide includes a
promoter sequence to promote expression of the encoded chimeric polypeptide in the cell,
the promoter being inducible to promote increased expression of the chimeric polypeptide
to a level that induces aggregation of the chimeric polypeptide into higher-ordered
aggregates such as fibrils. In one preferred embodiment, the method further comprises
the step of growing the cell under conditions which induce the promoter, thereby causing
increased expression of the polypeptide and inducing aggregation of the chimeric
polypeptide into aggregates or fibrils in the cell. In a highly preferred embodiment, the
host cell lacks any native protein that contains the same SCHAG amino acid sequence
that might co-aggregate with the chimeric polypeptide. For example, the SCHAG amino
acid sequence comprises an amino terminal domain of a Sup35 protein, and the host cell
is a yeast cell that comprises a mutant Sup35 gene that expresses a Sup35 protein lacking
an amino terminal domain capable of prion aggregation. In such host cells, the chimeric
polypeptide can be expressed at a high level and induced to aggregate without
concomitant precipitation of the host cell's Sup35 protein into the aggregfltes, which could

be detrimental to host cell viability.

In yet another aspect, the invention provides methods for reverting the
phenotype obtained according to the method described in the preceding paragraph. One
such method comprises the step of overexpressing a chaperone protein in the cell to
convert the polypeptide from a fibril-forming conformation into a soluble conformation.
In a preferred embodiment, the chaperone protein comprises fhe Hsp104 protein of yeast,
or a related Hsp100-type protein from another species. Examples include the ClpB
protein of E. coli and the At101 protein of Arabidopsis. [See generally Schirmer et al.,
Trends in Biochemistry, 21: 289-296 (1996), incorporated herein by reference.] The
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over-expression is achieved, e.g., by placing the gene encoding the chaperone protein

under the control of an inducible promoter and inducing the promoter.

Another such method for reverting the phenotype comprises the step of
contacting the cell with a chemical denaturant at a concentration effective to convert the
polypeptide from a fibril-forming conformation to a soluble conformation. Exemplary
denaturants include guanidine HCI (preferably about 0.1 to 100 mM, more preferably 1 -
10 mM) and urea. In another variation, the cell is subjected to heat or osmotic shock for a
period of time effective to convert the polypeptide’s conformation. Both over-expression
of Hsp104 and growth on guanidine-HCI containing medium have proven effective for
inducing phenotypic reversion of chimeric NM-GR prion constructs described in the

Examples herein.

In yet another aspect, the invention provides materials and methods for
identifying novel SCHAG amino acid sequences. One such method comprises the steps
of joining a candidate nucleotide sequence “X” to a nucleotide sequence encoding the
carboxyl terminal domain of a Sup35 protein (CSup35), especially a yeast Sup35 protein,
to create a chimeric polynucleotide of the formula 5’-XCSup35-3 or 5’-CSup35X-3’;
transforming or transfecting a host cell with the chimeric polynucleotide; growing the
host cell under conditions in which the host cell loses its native Sup35 gene, such that the
chimeric polynucleotide becomes the only polynucleotide encoding CSup35; growing the
resultant host cell under conditions selective for a nonsense suppressive phenotype; and
selecting a host cell displaying the nonsense suppressive phenotype, wherein growth in
the selective conditions is correlated with the candidate nucleotide sequence X encoding a
SCHAG amino acid sequence. Additional methods steps and alternative methods are
described in detail below in the Examples. In one variation, the Csup35 is substituted by

a different protein domain for which selection on the basis of inactivation is possible.

Many of the foregoing aspects of the invention relate, at least in part, to
embodiments that involve chimeric polynucleotides and polypeptides, wherein properties

of SCHAG amino acid sequences are advantageously employed through attaching them

. to other sequences using recombinant molecular biological techniques. In another

variation of the invention, the advantageous properties of SCHAG amino acid sequences
are exploited by making SCHAG sequences with sites that are modifiable using organic
chemistry or enzymatic techniques.

-35.



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

For example, in one embodiment, the invention provides a method of
making a reactable SCHAG amino acid sequence comprising the steps of identifying a
SCHAG amino acid sequence, wherein polypeptides comprising the SCHAG amino acid
sequence are capable of forming ordered aggregates; analyzing the SCHAG amino acid
sequence to identify at least one amino acid residue in the sequence having a side chain
exposed to the environment in an ordered aggregate of polypeptides that comprise the
SCHAG amino acid sequence; and modifying the SCHAG amino acid sequence by
substituting an amino acid containing a reactive side chain for the amino acid identified as
having a side chain exposed to the environment in an ordered aggregate of polypeptides
that comprise the SCHAG amino acid sequence. By “reactive” side chain is meant an
amino acid with a charged or polar side chain that can be used as a target for chemical
modification using conventional organic chemistry procedures, preferably procedures that
can be performed in an environment that will not permanently denature the protein. In
preferred embodiments, the amino acid containing a reactive side chain is cysteine,
lysine, tyrosine, glutamate, aspartate, and arginine. The identifying step entails any
selection of a SCHAG amino acid sequence. For example, the identifying can simply
entail selecting one of the SCHAG amino acid sequences described in detail herein; or
can entail screening of genomes, proteins, or phenotypes of organisms to identify
SCHAG sequences (e.g., using methodologies described herein); or can entail de novo

design of SCHAG sequences based on the properties described herein.

Proteins comprising the SCHAG sequence are capable of coalescing into
higher-ordered aggregates. The polypeptides of such aggregates have amino acids that
are disposed internally (in close proximity only to other amino acids in the aggregate),
and other amino acids whose side chains are exposed to the environment of the aggregate
such that they contact molecules in the environment. In the method, the analyzing step
entails a prediction or a determination of at least one amino acid within the SCHAG
sequence that is exposed to the environment of an aggregate of the proteins, meaning that

it is an amino acid that will likely contact chemical reagents that mixed with the
aggregates.

Amino acids in a SCHAG amino acid sequence having side chains
exposed to the environment in ordered aggregates of polypeptides comprising the

SCHAG amino acid sequence can be identified experimentally, for example, by structural
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analysis of mutants constructed using site-directed mutagenesis, e.g., high throughput
cysteine scanning mutagenesis, as described in detail below in the Examples.
Alternatively, specific amino acids in a SCHAG amino acid sequence can be predicted to
have side chains that are exposed to the environment in ordered aggregates of
polypeptides comprising the SCHAG amino acid sequence based on structural studies or
computer modeling of the SCHAG amino acid sequence. The step of modifying the
amino acid sequence entails changing the identity of an amino acid within the sequence.
For the purposes of such a method, the act of inserting a reactive amino acid within the
amino acid sequence, at a position essentially adjacent to the position of the identified
amino acid, is considered the equivalent of substituting that amino acid for the identified
amino acid. In other words, for the purposes of making a reactable SCHAG amino acid
sequence, the term “substituting” should be understood to include inserting an amino acid
within the amino acid sequence, at a position essentially adjacent to the position of the

identified amino acid.

Tt is contemplated that some naturally-occurring SCHAG amino acid
sequences will fortuitously include one or more reactive amino acids whose side chains
are exposed to the environment in polypeptide aggregates. Use of such naturally
occurring SCHAG reactive amino acids is contemplated as an additional aspect of the
invention. Moreover, modification of naturally occurring SCHAG amino acid sequences
that contain an undesirable number of reactive amino acids to eliminate one or more

reactive amino acids is contemplated.

In a preferred embodiment, the method further comprises a step of making
a polypeptide comprising the reactable SCHAG amino acid sequence. Substitution of
such amino acids with amino acid residues containing reactive side chains can be carried
out in the laboratory by, e.g., site-directed mutagenesis of a SCHAG-encoding
polynucleotide or by peptide synthesis of the SCHAG amino acid sequence. In another
preferred embodiment, the invention additionally comprises the step of making a polymer
comprising an ordered aggregate of polypeptide monomers wherein at least one of the
polypeptide monomers comprises a reactable SCHAG amino acid sequence. For
example, polypeptide monomers comprising the reactable SCHAG amino acid sequence
are seeded with an aggregate or otherwise subjected to an environment favorable to the

formation of an ordered aggregate or “polymer” of the polypeptide monomers. In yet

-37-



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

another preferred embodiment, the invention further comprises the step of contacting the
reactive side chains with a chemical agent to attach a substituent to the reactive side
chains. The substituent itself may be a linker molecule to facilitate attachment of one or
more additional molecules. The substituent may be attached using a chemical agent.
Attachment of a substituent depends on the nature of the substituent, as well as the
identity of the reactive side chain, and can be accomplished by conventional organic
chemistry procedures. Exemplary procedures for modifying the sulfhydryl group of a
cysteine residue that has been introduced into a SCHAG amino acid sequence are
described in greater detail below in the Examples. In preferred embodiments, the
substituent is an enzyme, a metal atom, an affinity binding molecule having a specific
affinity binding partner, a carbohydrate, a fluorescent dye, a chromatic dye, an antibody, a
growth factor, a hormone, a cell adhesion molecule, a toxin, a detoxicant, a catalyst, or a
light-harvesting or light altering substituent. In a preferred embodiment, the reactive
amino acid that has been introduced into the SCHAG sequence will be substantially
‘absent from the rest or the SCHAG amino acid sequence, or at least substantially absent
from those portions of the sequence that are exposed to the environment in ordered
aggregates of the polypeptide. This absence may be a natural feature, or may be the result
of an additional modification step to substitute or delete other occurrences of the amino
acid. Designing the reactable SCHAG amino acid sequence in this manner permits
controlled chemical modification at the reactive sites that have been designed into the

sequence, without modification of other residues.

In yet another embodiment of the invention, the invention further
comprises the steps of contacting the polypeptides comprising the reactive side chains
with a chemical agent to attach a substitutent to the reactive side chains, thereby
providing modified polypeptides, and making a polymer comprising an ordered aggregate
of polypeptide monomers, wherein at least some of the polypeptide monomers comprise
the modified polypeptides. Exemplary procedures for making a polymer comprising an
ordered aggregate of modified polypeptide monomers are described in greater detail

below in the Examples.

In yet another embodiment, the invention provides a method of making a
reactable SCHAG amino acid sequence, wherein the SCHAG amino acid sequence is

modified to contain exactly one, two, three, four, or some other specifically desired

-38-



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

number of the reactive amino acids. An exemplary method comprises the steps of (a)
identifying a SCHAG amino acid sequence, wherein polypeptides comprising the
SCHAG amino acid sequence are capable of forming ordered aggregates; (b) analyzing
the SCHAG amino acid sequence to identify at least one amino acid residue in the
sequence having a side chain exposed to the environment in an ordered aggregate of
polypeptides that comprise the SCHAG amino acid sequence; (c) modifying the SCHAG
amino acid sequence by substituting an amino acid containing a reactive side chain for the
amino acid identified as having a side chain exposed to the environment in an ordered
aggregate of polypeptides that comprise the SCHAG amino acid sequence; (d) analyzing
the SCHAG amino acid sequence to identify at least a second amino acid residue in the
sequence having an amino acid side chain that is exposed to the environment in an
ordered aggregate of polypeptides that comprise the SCHAG amino acid sequence; and
(¢) modifying the SCHAG amino acid sequence by substituting an amino acid containing
a reactive side chain for at least one amino acid identified according to step (d), wherein
the amino acid substituted in steps (c) and (d) differ, thereby making a reactable SCHAG
amino acid sequence with at least two selectively reactable sites. This méthod can be
further elaborated to create SCHAG amino acids sequences with more than two
selectively reactable sites. By introducing two or more different reactive amino acids, a
SCHAG sequence is created with two or more sites that can be separately
reacted/modified. It will be appreciated that the method also can be performed to
introduce the same reactive amino acid for each identified amino acid, to create two or

more identical reactive sites in the SCHAG sequence.

Tn another embodiment of the invention, the invention provides
polypeptides comprising 2 SCHAG amino acid sequence that has been modified by
substituting at least one amino acid that is exposed to the environment in an ordered
aggregate of the polypeptides with an amino acid containing a reactive side chain, as well
as polynucleotides that encode the polypeptides. In a further embodiment, a substituent 1s
attached to the reactive amino acid of the modified polypeptide of the invention or
reactable SCHAG sequence. In a highly preferred embodiment, the SCHAG amino acid
sequence is modified to contain exactly one, two, three, four, or some other specifically
desired number of the reactive amino acids, thereby providing a SCHAG amino acid

sequence which is modifiable at controlled, stoichiometric levels and positions. To
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achieve this goal, modifications to remove undesirable, native reactive amino acids from
a naturally occurring SCHAG sequence are contemplated. Polypeptides comprising a
naturally occurring SCHAG amino acid sequence characterized by one or more reactive
amino acids, that have been modified by substituting or eliminating a natural reactive
amino acid, are considered a further aspect of the invention, as are polynucleotides that

encode the polypeptides.

In still another variation, the invention provides various living cells with
two or more customized, reversible phenotypes. For example, the invention provides a
living cell that comprises: (a) a first polynucleotide comprising a nucleotide sequence
encoding a polypeptide that comprises a prion aggregation domain and a domain having
transcription or translation modulating activity, wherein the living cell is capable of
existing in a first stable phenotypic state characterized by the polypeptide existing in an
unaggregated state and exerting a transcription or translation modulating activity and a
second phenotypic state characterized by the polypeptide existing in an aggregated state
and exerting altered transcription or translation modulating activity; and (b) an exogenous
polynucleotide comprising a nucleotide sequence that encodes a polypeptide of interest,
with the proviso that the sequence encoding the polypeptide of interest includes a
regulatory sequence causing differential expression of the polypeptide in the first
phenotypic state compared to the second phenotypic state. Exemplary prion aggregation
domains are described with respect to Sup35, Rnq1, and Ure2. The first polynucleotide
may itself be an endogenous (native) polynucleotide of the cell, such as the native yeast
Sup35 sequence in a yeast cell, which comprises a prion aggregation domain fused to a
translation termination factor sequence. Alternatively, the first polynucleotide may be
introduced into the cell (or a parent cell) using genetic engineering techniques. The term
“exogenous polynucleotide” is meant to encompass any polynucleotide sequence that
differs from a naturally occurring sequencé in the cell as a result of human genetic
manipulation. For example, an exogenous sequence may constitute an expression
construct that has been introduced into a cell, such as a construct that contains a promoter,
a foreign polypeptide-encoding sequence, a stop codon, and a polyadenylation signal
sequence. Alternatively, an exogenous sequence may constitute an endogenous
polypeptide-encoding sequence fhat has been modified only by the introduction of a

promoter, an enhancer, or other regulatory sequence that is not naturally associated with
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the polypeptide-encoding sequence. Introduction of a regulatory sequence that is
influenced by the aggregation state of the polypeptide encoded by the first polynucleotide
is specifically contemplated. In one preferred variation, the cell further comprises a
nucleotide sequence that encodes a polypeptide that modulates the expression level or
conformational state of the polypeptide that comprises the prion aggregation domain.
Such a polynucleotide facilitates manipulation of the cell to switch phenotypes.
Polynucleotides encoding chaperone proteins that influence prion protein folding
represent one example of this latter category of polynucleotide. In one specific variation,
the invention provides a living cell according to claim 97, wherein the first polynucleotide
comprises a nucleotide sequence encoding a polypeptide that comprises a prion
aggregation domain fused in-frame to a nucleotide sequence encoding a translation
termination factor polypeptide; and wherein the regulatory sequence comprises a stop

codon that interrupts translation of the polypeptide of interest.

In another variation, the invention provides a living cell comprising: (2) a
polynucleotide comprising a nucleotide sequence encoding a polypeptide that comprises a
prion aggregation domain fused in-frame to a nucleotide sequence encoding a translation
termination factor polypeptide; and (b) an exogenous polynucleotide comprising a
nucleotide sequence that encodes a polypeptide of interest, with the proviso that the
sequence encoding the polypeptide of interest includes at least one stop codon that
interrupts translation of the polypeptide of interest; wherein the living cell is capable of
existing in a first stable phenotypic state characterized by translational fidelity and
substantial absence of synthesis of the polypeptide of interest and a second phenotypic
state characterized by aggregation of the translation termination factor, reduced

translational fidelity, and expression of the polypeptide of interest.

The invention also provides polymers or fibers of ordered aggregates
comprising polypeptide subunits wherein at least one of the polypeptide subunits }
comprises a reactable SCHAG amino acid sequence. By the term “fibril” or “fiber” is
meant a filamentous structure composed of higher ordered aggregates. By “ polymer” is
meant a highly ordered aggregate that may or may not be filamentous. In another
embodiment, the polymer or fiber is modified or substituted by attaching a substituent to
the reactable SCHAG amino acid sequence of the polypeptide subunits. Also

contemplated are polymers or fibers that comprise more than one type of substituent by
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attachment of different substituents to the reactable SCHAG amino acid sequence of the
polypeptide subunits of the polymer or fiber. Attachment of the substituents to the
reactive side chains contained in the reactable SCHAG amino acid sequence can occur
either before or after coalescing of the polypeptides comprising the reactable SCHAG
amino acid sequences into polymers comprising ordered aggregates of the polypeptides.
Modification by attachment of specific substituents to such polymers or fibers can confer
distinct functions to these molecules. Thus, polymers or fibers, wherein one or more
discrete regions of the polymer or fiber are modified to enable a distinct function are
contemplated. In another variation, different regions of a polymer or fiber are
differentially modified to confer different functions. Also contemplated are polymers or
fibers containing patterns ;)f attachments, and consequently patterns of functionalities.
The invention also provides polymers comprising fibers wherein at least one fiber has a
distinct function different from that of another fiber in the polymer. Fibers comprising
polypeptides subunits that are capable of emitting light or altering the wavelength of the
light emitted in response to binding of a ligand to the fiber can be used as highly sensitive
biosensors. Polymers comprising fibers wherein some of the fibers comprise polypeptide
subunits capable of absorbing light of one wavelength and emitting light of second
wavelength, and other fibers comprising polypeptide subunits capable of absorbing the
light emitted by the first set of fibers and emitting light of a different wavelength are also

contemplated.

In one preferred embodiment, the polymer or fiber is long and thin and
contains no or few branches, except at positions defined by deliberate introduction of sites
for interaction between the polypeptide subunits. Polymers or fibers in which the
polypeptide subunits have been modified to enable directed interactions between the
polypeptide subunits within a single polymer or fiber, or between two discrete polymers
or fibers are contemplated. Polymers of fibers that have been modified to enable
interactions to occur between separate polymers of fibers can be used to create a
meshwork of polymers of fibers. In one variation, the meshwork can be generated
reversibly by using interactions dependent on sulfhydryl groups present on the
polypeptide subunits of the polymer of fiber. Such meshworks can be useful, for example,
for filtration purposes. In another preferred embodiment, a fibril, ordered aggregate,
polymer or fiber is attached to a solid support. For example, binding of a polymer of
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fiber to a solid support can be mediated by biotin-avidin interactions, wherein the biotin is

attached to the polymers or fibers and avidin is bound to the solid support or vice versa.

In a related embodiment, the invention provides a method of making a
polymer or fiber with a predetermined quantity of reactive sites for chemically modifying
the polymer of fiber, comprising the steps of providing a first polypeptide comprising a
first SCHAG amino acid séquence that is capable of forming ordered aggregates with
polypeptides identical to the first polypeptide; providing a second polypeptide comprising
a second SCHAG amino acid sequence that is capable of forming ordered aggregates with
polypeptides identical to the first polypeptide or the second polypeptide, wherein the
second SCHAG amino acid sequence includes at least one amino acid residue having a
reactive amino acid side chain that is exposed to the environment and serves as a reactive
site in ordered aggregates of the second polypeptide and; mixing the first and second
polypeptides under conditions favorable to aggregation of the polypeptides into ordered
aggregates, wherein the polypeptides are mixed in quantities or ratios selected to provide
a predetermined quantity of second polypeptide reactive sites. In a preferred
embodiment, the invention further comprises the step of reacting the reactive side chains
to attach a substituent to the reactive amino acid side chains of the polymer of fiber.
Altematively, the step of reacting the reactive side chains to attach a substituent to the
reactive amino acid side chains is performed prior to mixing of the polypeptides
comprising reactable SCHAG amino acid sequences to from ordered aggregates. In yet
another embodiment, the invention provides a method of making a polymer or fiber
comprising a first polypeptide comprising a first SCHAG amino acid sequence and a
second polypeptide comprising a second SCHAG amino acid sequence, wherein both the
first and second SCHAG amino acid sequence includes at least one amino acid residue
having a reactive amino acid side chain that is exposed to the environment and serves as a
reactive site, and wherein the reactive amino acid side chains of the first and second
SCHAG amino acid sequences that are exposed to the environment in ordered aggregates
are not identical, thereby permitting selective reaction of the reactive amino acid side
chain of the first SCHAG amino acid sequence without reacting the reactive amino acid

side chain of the second SCHAG amino acid sequence.

In another embodiment, the invention provides a method of making a

polymer comprising two or more regions with distinct function comprising the steps of
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() providing a first polypeptide comprising a SCHAG amino acid sequence and a first
functional domain and a second polypeptide comprising a SCHAG amino acid domain
and a second functional domain that differs from the first functional domain, wherein the
SCHAG amino acid sequences of the polypeptides are capable of forming ordered
aggregates with polypeptides identical to the first or second polypeptide; (b) aggregating
the first polypeptide by subjecting a composition comprising the first polypeptide to
conditions favorable to aggregation of the first polypeptide into ordered aggregates,
thereby forming a polymer comprising a region containing polypeptides that include the
first functional domain; and (c) mixing a composition comprising the second polypeptide
with the polymer formed according to step (b), under conditions favorable to aggregation
of the second polypeptide with the polymer of step (b), thereby forming a polymer
comprising the first region containing polypeptides that include the first functional
domain and a second region containing polypeptides that include the second functional

domain.

In one preferred embodiment, the SCHAG amino acid sequences of the
first and second polypeptides are identical. In another preferred embodiment, at least one
of the first and second functional domains comprises an amino acid that comprises a
reactive amino acid side chain. In yet another preferred embodiment, at least one of the
first and second functional domains comprises an amino acid sequence of a polypeptide
of interest. In another variation, the method further comprises the step of mixing a
composition comprising the first polypeptide with the polymer formed according to step
(c), under conditions favorable to aggregation of the first polypeptide with the polymer of
step (c), thereby forming a polymer comprising the first region containing polypeptides
that include the first functional domain, the second region containing polypeptides that
include the second functional domain, and a third region containing polypeptides that
include the first functional domain. Alternatively, the invention provides a method of
making a polymer comprising two or more regions with distinct function wherein the
method further comprises the steps of providing a third polypeptide that comprises a
SCHAG amino acid sequence and a third functional domain that differs from the first and
second functional domains, wherein the SCHAG amino acid sequence of the third
polypeptide is capable of forming ordered aggregates with polypeptides identical to the

first polypeptide or the second polypeptide; and mixing a composition comprising the
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third polypeptide with the polymer formed according to step (c), under conditions
favorable to aggregation of the third polypeptide with the polymer of step (c), thereby
forming a polymer comprising the first region containing polypeptides that include the
first functional domain, the second region containing polypeptides that include the second -
functional domain, and a third region containing polypeptides that include the third

functional domain.

Additional features and variations of the invention will be apparent to
those skilled in the art from the entirety of this application, including the drawing and
detailed description, and all such features are intended as aspects of the invention.
Likewise, features of the invention described herein can be re-combined into additional
embodiments that also are intended as aspects of the invention, irrespective of whether
the combination of features is specifically mentioned above as an aspect or embodiment
of the invention. Also, only such limitations which are described herein as critical to the
invention should be viewed as such; variations of the invention lacking limitations which

have not been described herein as critical are intended as aspects of the invention.

In addition to the foregoing, the invention includes, as an additional aspect,
all embodiments of the invention narrower in scope in any way than the variations
specifically mentioned above. For example, although aspects of the invention may have
been described by reference to a genus or a range of values for brevity, it should be
understood that each member of the genus and each value within the range is intended as
an aspect of the invention. Likewise, various aspects and features of the invention can be
combined, creating additional aspects which are intended to be within the scope of the
invention. Although the applicant(s) invented the full scope of the claims appended
hereto, the claims appended hereto are not intended to encompass within their scope the
prior art work of others. Therefore, in the event that statutory prior art within the scope of
a claim is brought to the attention of the applicants by a Patent Office or other entity or
individual, the applicant(s) reserve the right to exercise amendment rights under
applicable patent laws to redefine the subject matter of such a claim to specifically
exclude such statutory prior art or obvious variations of statutory prior art from the scope
of such a claim. Variations of the invention defined by such amended claims also are
intended as aspects of the invention.
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BRIEF DESCRIPTION OF THE DRAWING

Figure 1 depicts the DNA and deduced amino acid sequences (SEQ ID
NOs: 50-51) of an NMSup35-GR chimeric gene described in Example 1.

Figure 2 depicts a map of an integration plasmid described in Example 2
which contains a chimeric gene comprising the amino-terminal domain of yeast Ure2
protein, a hemagglutinin tag sequence, and the carboxyl-terminal domain of yeast Sup35

protein.

Figure 3 depicts the nucleotide sequence (SEQ ID NO: 49) of the plasmid
of Figure 2. As shown in Figure 2, the NUre2-CSup35 chimeric gene is encoded on the

strand complementary to the strand whose sequence is depicted in Figure 3.

Figure 4 schematically depicts that the structure of wild-type (WT) yeast
Sup35 protein (Top), which contains an amino-terminal region characterized by five
imperfect short repeats, a highly charged middle (M) region, and a carboxyl-terminal
region involved in translation termination during protein synthesis; a Sup35 mutant
designated RA2-5, characterized by deletion of four of the repeat sequences in the N}
region; and a Sup35 mutant designated R2E2 (bottom), into which two additional copies
of the second repeat segment have been engineered into the N region. Also depicted is
the frequency with which yeast strains carrying these various Sup35 constructs were

observed to spontaneously convert from a [psi-] to a [PSF] phenotype.

Figure 5 depicts gold and silver enhancement of NM fibers. Long
NM¥1C fibrils were assembled by seeding soluble NMX1#4C with short NM<'#C fibrils.
Monomaleimido Nanogold was covalently cross-linked (2) and the 1.4-nm Nano gold
particles were subjected to gold toning (3-4). Fibrils are labeled as 1; nanogold particles

are labeled as 2; silver particles are labeled as 3; and gold particles are labeled as 4.

Figure 6 depicts gold toning is specific to labeled fibers. The resulting
gold-toned fibers show a significant increase in height from 9-11 nm (bare fibers, labeled
as 1) to 80-200 nm (labeled fibers, labeled as 2), imaged by AFM.

Figure 7 depicts gold nanowires that did not bridge the gap when randomly
deposited on patterned electrodes and imaged by TEM.

-46 -



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

Figure 8 shows depicts gold nanowires bridging the gap between two

electrodes.

Figure 9 depicts vaporization of some conducting nanowires after
increasing the voltage. Conductive nanowires are labeled as 1, while vaporized

nanowires are labeled as 2.

Figure 10 schematically depicts an electrical circuit. A power source (1.e.,
electrical source) is labeled as 1; electrical conductors are labeled as 2; and circuit

elements are labeled as 3.

DETAILED DESCRIPTION OF THE INVENTION

The invention described herein is related to the invention described in U.S.
Provisional Application No. 60/559,286, filed March 31, 2004, and U.S. Patent
Application Serial No. 09/591,632, filed June 9, 2000, which claims priority benefit of
United States Provisional Application No. 60/138,833, filed June 9, 1999. Both of these

applications are incorporated herein by reference.

The present invention expands the study of prion biology beyond the
contexts where it has heretofore focused, namely fundamental research directed to
developing a greater understanding of prion biology and medical research directed to
developing diagnostic and therapeutic materials and methods for prion-associated disease
states, and provides diverse and practical applications that advantageously employ certain

unique properties of prions, including one or more of the following:

(1)  prion genes and proteins afford the possibility of two stable,
heritable phenotypes and the ability to effect at least one switch between such
phenotypes;

(2)  prions provide the ability to sequester a protein or protein-binding

molecule into an ordered aggregate;

(3)  prion protein aggregates are easily isolated from cells containing
them; with at least some prions, the ordered aggregate is fibrillar in structure, stable and
unreactive, a collection of properties that is exploited in certain embodiments of the

invention;
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4 a protein of interest that is fused to a prion protein can potentially

retain its normal biological activity even when the fusion has formed an ordered prion
aggregate;

(5) a protein of interest that is fused to a prion protein can switch from

an active to an inactive state, and this change is reversible;

(6) prion protein aggregates form fibrils with unusually high chemical

and thermal stability for biological material;

(7)  prion protein aggregates form fibrils that can be modified to
incorporate specific functionalities, thereby combining the advantages of biomolecules

with, for example, electronic circuitry; and

® chaperone or heat-shock proteins that are involved in prion
conformational changes in vivo can be used in vitro to improve the speed, precision, or

other aspects of nanotechnology manufacturing using prion proteins.

Prion proteins have been observed to exist in at least two stable
conformations in cells that synthesize them. For example, the PrP protein in mammals
has been observed in a soluble PrP€ conformation in “normal” cells and in an aggregated,
insoluble PrP%° conformation in animals afflicted with transmissible spongiform
encephalopathies. Similarly, the Sup35 protein in yeast has been observed in a “normal”
non-aggregated conformation in which it forms a component of a translation termination
factor, and also aggregated into fibril structures in [PSI'] yeast cells (characterized by
suppression of normal translation termination activity). To the extent that scientific
literature has ascribed any practical importance to these observations, the importance has
focused on identifying materials and methods to modulate conformational switching,
which might lead to treatments for prion-mediated diseases; or to detect the infectious
PrP% form to protect the food supply; or to diagnose infection and prevent its spread. At
least in the case of the yeast Sup35 prion, the [PSI"] phenotype can be eliminated by
effecting an over-expression or under-expression of the heat shock protein Hsp104, and
can be induced by effecting an over-expression of Sup35 or the Sup35 amino-terminal

prion-aggregation domain.

The practical applications that arise from the ability to alter the phenotype

of a cells or an entire organism by transforming/transfecting cells with a polynucleotide
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that encodes a non-native protein (and/or that integrates into the cell’s genome to cause
production of a non-native protein) are legion and underlie a major portion of the entire
biotechnology industry. Such applications include medical/therapeutic applications (e.g.,
gene therapy to treat genetic disorders such as hemophilia; gene therapy to treat
pathological conditions such as ischemia, inborn errors of metabolism, restenosis, or
cancer); pharmacological applications (e.g., recombinant production of therapeutic
polypeptides such as erythropoietin, human growth hormone, angiogenic and anti-
angiogenic peptides, or cytokines for therapeutic administrétion); industrial applications
(e.g., genetic engineering of microorganisms for bioremediation or frost prevention; or
recombinant production of catalytic enzymes, vitamins, proteins, or other organic
molecules for use in chemical and food processing); and agricultural applications (e.g.,
genetic engineering of plants and livestock to promote disease resistance, faster growth,
better nutritional value, environmental durability, and other desirable properties); just to
name a few. In such biotechnology applications, a cell typically is
transformed/transfected with a single novel gene to introducé a single phenotypic
alteration that persists as long as the gene is present. Means of controlling the new
phenotype conventionally involve eliminating the new gene, or possibly placing the gene
under the control of inducible or repressible promoter to control the level of gene
expression. The present invention provides the realization that prion genes and proteins
afford an additional, alternative means of biological control, because the introduction of a
prion sequence into a protein introduces the possibility of two stable, heritable
phenotypes and the ability to effect at least one switch between such phenotypes.
Specifically, one can phenotypically alter a cell to produce a protein of interest by
transforming/transfecting a cell with a gene encoding a pridn—aggregation domain fused
to a protein of interest. To reduce or eliminate the activity of this pfotein, one induces the
protein to undergo a conformational alteration and adopt a prion-like aggregating
phenotype, thereby sequestering the protein. To re-introduce the original recombinant
phenotype, one induces the protein to undergo a conformational alteration and adopt the

soluble phenotype.

By way of example, the phenotypic alteration potential of prion-like
proteins can be harnessed to permit a species (plant, animal, microorganisms, fungi, etc.)

to survive in a wider range of environmental conditions and/or quickly adopt to
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environmental changes. Species that thrive in one environment often have difficulty in
another. For example, some photosynthetic organisms grow well under bright light
because they produce pigments that protect the organism from potentially toxic effects of
bright light, whereas others grow well under low light conditions because of other light-
gathering pigment systems that efficiently harvest all available light. By placing the
regulators for such systems under a prion control mechanism, prion conformational

switching is advantageously harnessed for increased environmental adaptability.

A preferred prion system for harnessing environmental adaptation is a
prion system such as the Sup35 or Ure2 yeast prions that undergo natural switching. In
these systems, the yeast prion state and phenotype arises naturally (in a non-prion
population) at a frequency of about one per million cells, and is lost at a similar frequency
in a prion population. Thus, in any yeast culture of reasonable size, both phenotypes will
be present. If the prion state imparts a growth advantage under some conditions and the
non-prion state imparts a growth advantage under other conditions, the culture as a whole
will survive and thrive under either set of conditions. Although one phenotype may be
disfavored and selected against, it will nonetheless be present (due to natural switching
behavior of the prion) and ready to "take dver" the culture if conditions change to favor
it. In this regard, also contemplated as an aspect of the invention is a cell culture
comprising cells transformed or transfected with a polynucleotide according to the
invention, wherein the cells express the chimeric polypeptide encoded by the
polynucleotide, and wherein the cell culture includes cells wherein the chimeric
polypeptide is present in an aggregated state and cells free of aggregated chimeric
polypeptide.

The prion-mediated flexibility described in the preceding paragraph
possesses a crucial advantage over traditional "switches" because it does not depend upon
fortuitous genetic mutations and reversions. Each phenotype arises from the same
genotype and each is available within the population, even under selective conditions.
Thus, in a cultured photosynthetic organism as described above, transformation with one
or more genes encoding an aggregating domain fused to pigment or protective proteins

will provide an increased adaptability to varying light conditions.

This "natural switching" quality of prions has applicability to a wide
variety of variable growth conditions that might be encountered by cultured cells or
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organisms, including varied levels of salinity, metals, carbon sources, and toxic metabolic
byproducts. Adaptability to such environments is often mediated by one or a few
proteins, such as metal-binding proteins and enzymes involved in the synthesis or
breakdown of particular organic compounds. The advantages of prion natural switching
are considered particularly well suited for fields of bioremediation, where multiple
environmental conditions are expected to be encountered, and fermentation processes
where nutrients are consumed and fermentation by products are created, changing an

environment over time.

By way of another example, pigment genes for flowers, textile fibers (e.g.,
cotton), or animal fibers (e.g., wool) are placed under the control of prion-like
aggregating elements. A plurality of colors and/or color patterns is achieved in a single
plant by altering growing conditions to induce or cure the prion regulated pigment, or by
subjecting portions of the plant to chemical agents that modulate conformation of the

prion protein.

The present invention also provides practical applications stemming from
the realization that prions provide the ability to sequester a protein of interest or the
protein’s binding partner into an ordered aggregate. This property is demonstrated herein
by way of example involving the prion aggregation domain of the yeast Sup35 gene fused
to a glucocorticoid receptor. When cells expressing this fusion are in a non-prion
phenotype (i.e., the fusion protein is soluble), the cells are susceptible to hormonal
induction through the glucocorticoid receptor, and one can induce the expression of a
second gene that is operably fused to a glucocorticoid response element. However, when
cells expressing the fusion are in a prion phenotype (i.e., the fusion protein is forming
aggregates), the susceptibility to hormonal induction is reduced, because the
glucocorticoid receptor that is sequestered into cytoplasmic aggregates is unable to effect

its normal activity in the cell’s nucleus.

This ability to a sequester protein or protein-binding partner has direct
application in the recombinant production of biological molecules, especially where
recombinant production is difficult using conventional techniques, e.g., because the
molecule of interest appears to exert a toxic or growth-altering effect on the recombinant
host cell. Such effects can be reduced, and production of the polypeptide of interest
enhanced, by expressing the polypeptide of interest as fusion with a prion aggregation
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domain in a host cell that has, or is induced to have, a prion aggregation phenotype. In
such host cells, the recombinant fusion protein forms ordered aggregates through its prion
aggregation domain, thereby sequestering the protein of interest as part of the aggregate,
and reducing its adverse effects on other cellular components or reactions. (If the
molecule of interest is the binding partner of the non-prion domain of the fusion protein,
the binding partner also will be sequestered by the aggregate, provided that the binding

activity of this domain is retained in the aggregate.)

The present inventors also provide practical applications stemming from
the fact that prion aggregates can be readily isolated from cells containing them. Because
prions form insoluble aggregates in appropriate host cells, it is relatively easy to separate
aggregated prion protein from most other proteinaceous and non-proteinaceous matter of
a host cell, which is comparatively more soluble, using centrifugation techniques. When
the prion protein is fused to a protein of interest, the protein of interest can likewise be
separated from most other host cell impurities by centrifugation techniques. Thus, the
present invention provides materials and methods useful for the purification of virtually
any recombinant protein of interest. If a recognition sequence for chemical or enzymatic
cleavage is included between the prion aggregation domain and the protein of interest, the
protein of interest can be cleaved and separated from the insoluble prion aggregate in a
second purification step. Such protein production techniques are considered an aspect of
the invention. For example, the invention provides a method comprising the steps of:
expressing a chimeric gene in a host cell, the chimeric gene comprising a nucleotide
sequence encoding a SCHAG amino acid sequence fused in frame to a nucleotide
sequence encoding a protein of interest; subjecting the host cell, or a lysate thereof, or a
growth medium thereof to conditions wherein the chimeric protein encoded by the
chimeric gene aggregates; and isolating the aggregates. In one variation, the method
further includes the step of cleaving the protein of interest from the SCHAG amino acid

sequence and isolating the protein of interest.

Moreover, the improved purification techniques are not limited to proteins
fused to a prion domain. For example, a host cell expressing a prion aggregation domain
fused to a protein of interest can be used in a like manner to purify a binding partner of
the protein of interest. For example, if the protein of interest is a growth factor receptor,

it can be used to sequester the growth factor itself by virtue of the receptor’s affinity for
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the growth factor. In this way, the growth factor can be similarly purified, even though it
is not itself expressed as a prion fusion protein. If the protein of interest comprises an
antigen binding domain of an antibody, then the same techniques can be used to sequester
and purify virtually any antigen (protein or non-protein) that is produced by the host cell
or introduced into the host cell’s environment. In this regard, it is well-known in the
literature that relatively short variable (V) regions within antibodies are largely
responsible for highly specific antigen-antibody immunoreactivity, and such antigen-
binding regions occur within particular regions of an antibody's primary structure and are
susceptible to isolation and cloning. (See, e.g., Morrison and Oi, Adv. Immunol., 44:65-
92 (1989). For example, the variable domains of antibodies may be cloned from the
genomic DNA of a B-cell hybridoma or from cDNA generated from mRNA isolated from
a hybridoma of interest. Likewise, it is known in the art how to isolate only those
portions of the variable region gene fragments that encode antigen-binding
complementarity determining regions ("CDR") of an antibody, and clone them into a
different polypeptide backbone. [See, e.g., Jones et al., Nature, 321:522-525 (1986);
Riechmann et al., Nature, 332:323-327 (1988); Verhoeyen et al., Science, 239:1534-36
(1988); and Tempest et al., Bio/Technology, 9:266-71 (1991).] A polypeptide comprising
an antigen binding domain of an antibody of interest might comprise only one or more
CDR regions from an antibody, or one or more V regions from an antibody, or might
comprise entire V region fragments linked to constant domains from the same or a
different antibody, or might comprise V regions that have been cloned into a larger, non-
antibody polypeptide in a way that preserves their antigen binding characteristics, or
might comprise antibody fragments containing V regions, and so on. Also, it is known in
the art to select and isolate polypeptides comprising antigen binding domains of
antibodies using techniques such as phage display that obviate the need to immunize

animals and work with native antibodies at all.

The present invention also i)rovides practical applications stemming from
the fact that at least some proteins of interest will retain their normal biological activity
when expressed as a fusion with a prion aggregation domain, even when the fusion
protein forms prion-like aggregates. This feature of the invention is demonstrated by
way of example below using the S. cerevisiae Sup35 prion aggregation domain fused to a

green fluorescent protein (GFP). Even in [PSI'] cells or in other cells where aggregation
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of the fusion protein into fibrils has occurred, the GFP fluoresces green under blue light,
indicating that the GFP portion of the fusion has retained a biologically active

conformation.

When the example is repeated substituting a protein of interest for the GFP
marker protein, ordered aggregates comprising a biologically active protein of interest are
produced. In a preferred embodiment, the protein of interest is a protein that is capable of
binding a composition of interest. For example, the protein of interest comprises an
antigen binding domain of an antibody that specifically binds an antigen of interest; or it
comprises a ligand binding domain of a receptor that binds a ligand of interest. Fibrils
comprising such fusion proteins can be used as affinity matrices for purifying the
composition of interest. Thus, aggregates of a chimeric protein comprising a SCHAG
amino acid sequence fused to an amino acid sequence encoding a binding domain of a

protein having a specific binding partner are intended as an aspect of the invention.

Tn another preferred embodiment, the polypeptide of interest is an enzyme,
especially an enzyme considered to be of catalytic value in a chemical process. Fibrils
comprising such fusion proteins can be used as a catalytic matrix for carrying out the
chemical process. Thus, aggregates of a chimeric protein comprising a SCHAG amino

acid sequence fused to an enzyme are intended as an aspect of the invention.

In another preferred embodiment, ordered aggregates are created
comprising two or more enzymes, such as a first enzyme that catalyzes one step of a
chemical process and a second enzyme that catalyzes a downstream step involving a
"metabolic" product from the first enzymatic reaction. Such aggregates will generally
increase the speed and/or efficiency of the chemical process due to the proximity of the
first reaction products and the second catalyst enzyme. Aggregates comprising two or
more proteins of interest can be produced in multiple ways, each of which is itself

considered an aspect of the invention.

It may be advantageous to attach fibers to a solid support such as a bead
(e.g., a Sepharose bead) or a surface to create a “chip” containing loci with biological or

chemical function.

Tn one variation, each chimeric protein comprising an aggregation domain

and a protein of interest is produced in a separate and distinct host cell system and
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recovered (purified and isolated). The proteins are either recovered in soluble form or are
solubilized. (Complete purification is desirable but not essential for subsequent
aggregation/polymerization.) Thereafter, a desired mixture of the two or more proteins is
created and induced into polymerization, e.g., by "seeding" with a protein aggregate, by
concentrating the mixture to increase molarity of the proteins, or by altering salinity,
acidity, or other factors. In one preferred variation, a chaperone protein such as Hsp104
is included in the polymerization reaction under appropriate conditions to accelerate
polymerization. The desired mixture may be 1:1 or may be at a ratio weighted in favor of
one chimeric protein (e.g., weighted in favor of an enzyme that catalyzes a slower step in
a chemical process). The different chimeric proteins co-polymerize with the seed and
with each other because they comprise compatible aggregation (SCHAG) domains, and
most preferably identical aggregation domains. In certain embodiments it may be
desirable to include in the pre-aggregation mixture a polypeptide comprising the SCHAG
domain only, without an attached enzyme, for the purpose of increasing the average space
between individual énzyme molecules in the aggregate that is formed. The additional

space may be desirable, for example, if the enzyme’s substrate is a large molecule.

In another variation, the two distinct host cell systems are co-cultured, and
the chimeric transgenes include signal peptides to induce the cells to secrete the chimeric
proteins into the common culture medium. The proteins can be co-purified from the

medium or induced to aggregate without prior purification.

In still another variation, the transgenes for two or more recombinant
chimeric polypeptides are co-transfected into the same host cell, either on a single
polynucleotide construct or multiple constructs. Such a host cell produces both
recombinant polypeptides, which can be induced to polymerize in vivo in a prion
phenotype host, or can be recovered in soluble form and induced to polymerize in vitro.
The present invention also exploits the fact that at least certain prion proteins form
aggregates that are fiber-like in shape; strong; and resistant to destruction by heat and
many chemical environments. This collection of properties has tremendous industrial
application that heretofore has not been exploited. Thus, in one embodiment, the
invention provides polypeptides comprising SCHAG amino acid sequences which have
been modified to comprise a discrete number of reactive sites at discrete locations. The

polypeptides can be recombinantly produced and purified and aggregated into robust
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fibers resistant to destruction. The reactive sites permit modification of the polypeptides
(or the fibers comprising the polypeptides) by attachment of virtually any chemical entity,
such as pigments, light-gathering and light-emitting molecules for use as sensors,
indicators, or energy harnessing and transduction; enzymes; metal atoms; organic and
inorganic catalysts; and molecules possessing a selective binding affinity for other
molecules. Electrical fields may be applied to fibers that are labeled with metal atoms, so
that the fibers can be oriented in a specific direction. Because the fiber monomers are
protein, conventional genetic engineering techniques can be used to introduce any number
of desired reactive sites at precise locations, and the precise location of the reactive sites
can be studied using conventional protein computer modeling as well as experimental
techniques. Proteins and fibers of this type enjoy the utilities of the chimeric proteins
described above (e.g., as chemical purification matrices, chemical reaction matrices, etc.)
and additional utility due to the ability to bind a potentially infinite variety of non-protein
molecules of interest to the reactive sites. The fibers can be grown or attached to solid

supports to create devices comprising the fibers.

In another preferred embodiment, the polypeptides of the present invention
are used for the construction of nanostructures. For examplé, the N-terminal and middle
region (NM) of yeast Saccharomyces cerevisiae Sup35p (i.e., NM) forms self-assembling
B-sheet-rich amyloid fibers that are suitably sized and shaped for nanocircuitry with
diameters of 9-11 nm (Glover, J. R., et al., Cell, 89: 811-819 (1997)). The highly flexible
structure of soluble NM rapidly converts to form amyloid fibers when it associates with
preformed fibers that act as seeds for fiber formation (Serio, T. R., et al., Science, 289:
1317-1321 (2000); Scheibel, T. & Lindquist, S. L., Nat. Struct. Biol., 8:958-962 (2001);
DePace, A. H. & Weissman, J. S., Nat. Struct. Biol,, 9,389-396 (2002)). The fibers grow
by extension from either end (Scheibel, T., et al., Curr. Biol., 11: 366-369 (2001)), and
this bidirectional formation is useful for forming varied fiber patterns: a valuable property

for the production of circuitry.

NM has several advantageous properties for manufacturing. NM fibers
have a higher than average chemical stability as demonstrated by its resistance to
proteases and protein denaturants (Serio, T. R., et al., supra). Indeed, PrP, the
mammalian prion counterpart of Sup35p, is infamous for its extraordinary resistance to

destruction. (However, neither Sup35p nor NM are infectious to humans and therefore
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can be handled safely.) The stability of NM suggests that it can withstand diverse
metallization procedures necessary for creating electric circuits in industrial settings. In
addition, NM fibers do not form aggregates as readily as other amyloids. Furthermore,
under some circumstances such as different surface treatments, methods of fiber
deposition, and solutions in which they are suspended, NM fibers tend not to aggregate
with each other. The solubility of NM in physiological buffers greatly facilitates handling
before and during fiber formation (Scheibel, T., et al., Curr. Biol., 11: 366-369 (2001)).
Incubation of NM with the chaperone protein Hsp104 under appropriate conditions can

accelerate fiber formation.

Moreover, among the various DNA and protein fibers that have been
described, NM fibers are unusual in that they are highly resistant to extended periods at
high temperatures, exposure to high and low salt, strong denaturants, strong alkalis and
acids, and 100% ethanol. These properties will allow them to withstand the harsh
conditions in industrial processes. Depending on the conditions, NM fibers can nucleate
spontaneously or self-assemble from preformed nuclei (Scheibel, T. & Lindquist, S. L.,
Nat. Struct. Biol., 8:958-962 (2001)), an advantageous property for the practical assembly
of circuits on a large scale. Further, the ability to manipulate the fiber length as described

herein increases flexibility in designing nanostructures.

Bidirectional growth from NM seeded fibers can be used to incorporate
NM derivatives with different modifications, interspacing them along individual fibers,
e.g., with and without exposed cysteines. As different substrates can be prepared to bind
to cysteine and to native lysine, these alternative binding sites provide flexibility and
diversity in the patterning and mixing of substrates covalently bound to the fiber. Genetic
engineering can be used to fuse a wide array of protein domains to the C-terminus of NM
during its initial in vivo synthesis in such a way that the domains are tethered laterally,
external to the surface of assembled fibers. Thus they remain functional even when NM

is in its fibrous form.

Because many enzymes can function when attached to protein fibers, it is
possible to incorporate more complex reaction centers into NM nanocircuitry, thereby
creating electronic circuits that can take advantage of biological capacities. Mechanisms
such as the vaporization of NM fibers with high voltages could act as a fuse or a switch to
permanently activate or inactivate specific reaction centers within the circuitry.

-57 -



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

Fibril-based electrical conductors of the invention can be used as
components in any product, device, or method of manufacture requiring electrical
conductors. Due to their small size, electrical conductors of the invention are especially
useful for small-scale devices such as microcircuits in nanodevices. Referring to Figure
10, an exemplary circuit comprises a power source 1, one or more circuit elements 3, and
electrical conductors (e.g., wires) disposed between the power source and the circuit
elements 2 (and optionally between circuit elements). For example, a first location of the
electrical conductor is attached to or contacts the power source and a second location of
the electrical conduct is attached to or contacts a circuit element in a manner whereby the
electrical conductor can conduct electricity between the power source and the circuit
element (or between circuit elements). Circuit elements can be active or passive and can
be any component that could be included in a circuit, such as a capacitor, an inductor, a

resistor, an integrated circuit, an oscillator, a transistor, a diode, a switch, or a fuse.

There is a great opportunity to expand further the potential
interconnections in these circuits by exploiting the natural diversity and strength of
protein—protein interactions (Begley, T. J., et al., Mol. Cancer Res., 1: 103-112 (2002);
Uetz, P., et al., Nature, 403: 623-627 (2000); Marcotte, E., et al., Nature, 402: 83-86
(1999)). Protein—protein interactions can be extremely specific and strong, as can the
interactions of protein-ligand-protein. Such protein properties can be used as a
mechanism to bring premetallized wires into juxtaposition in response to changes in
physical conditions, the presence of ligands, and the appearance of partner proteins, etc.
These connections are readily reversible (Schreiber, S. L. & Crabtree, G. R. Harvey Lect.,
91: 99-114 (1995-1996); Spencer, D. M., et al., Science, 262: 1019-1024 (1993)).

Complex circuit schematics can be generated with NM fibers, initiated by
patterned surface modifications (independently or in combination) such as lithography,
growth in flows or magnetic field gradients, alignment by electrical fields, active
patterning with optical tweezers, dielectrophoresis and 3D patterning using hydrogels or
microfluidic channels (Korda, P., et al., Rev. Sci. Instrum. 73: 1956-1957 (2002); Kane,
R. S., et al., Biomaterials 20: 2363-2376 (1999); Inouye, H., et al., Biophys. J. 64: 502-
519 (1993); Luther, P. W., et al., Nature 303: 61-64 (1983); Kubista, M., et al., J. Biomol.
Struct. Dyn. 8: 37-54 (1990); Hermanson, K. D., et al., Science 294; 1082-1086 (2001)).
The feasibility of such maneuvers is demonstrated by the natural tendency of NM fibers
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to align with each other rather than to form dense intractable clumps characteristic of
other protein amyloids and the conditions that produce such alignments can be optimized.
Attachment of NM to patterned surfaces can be mediated via covalent bonds to native
lysine residues, genetically engineered cysteine residues, or other novel residues or

modifications.

The present invention provides a mechanism for generating robust
nanowires that meet the needs of industrial processes with the potential to couple
powerful combinations of biological processes and functionalities with electronic
circuitry. In particular, these nanowires may be electrical conductors which may include
any type of electrically conductive materials such as metal, like gold, silver, copper, etc.,
or semi-conductive materials such as known semi-conductors suited to conduct electricity
either along the length of the nanowire, radially with respect to the nanowire, or a

combination of both.

These and other aspects of the invention will be better understood by
reference to the following examples. The examples are not intended to limit the scope of
the invention, and variations will be apparent to the reader from the entirety of this

document.

EXAMPLE 1

Construction and assaying of a chimeric,
prion-like gene and protein with yeast Sup3S5 protein

The following experiments were performed to demonstrate that a prion-
determining domain of a prion-like protein can be fused to a polypeptide from a wholly
different protein to construct a novel, chimeric gene and protein having prion-like

properties. The relevance of these experiments to the present invention also is explained.

A. Construction of a NMSup35-GR. chimeric gene

The yeast (Saccharomyces cerevisiae) Sup35 protein (SEQ ID NO: 2, 685
amino acids, Genbank Accession No. M21129) possesses the prion-like capacity to

undergo a self-perpetuating conformational alteration that changes the functional state of
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Sup35 in a manner that creates a heritable change in phenotype. Experiments have
demonstrated that it is the amino-terminal (N region, amino acids 1-123 of SEQ ID NO:
2) or the amino-terminal plus middle (M, amino acids 124-253 of SEQ ID NO: 2) regions
of Sup35 that are responsible for this prion-like capacity. See Glover et al., Cell, 89: 811-
819 (1997); see also King et al., Proc. Natl. Acad. Sci. USA, 94:6618-6622 (1997) (N-
terminal polypeptide fragment consisting of residues 2-114 of Sup35 spontaneously
aggregates to form thin filaments in vitro.). The M domain is highly charged and
therefore acts to maintain the protein in solution. This property causes the aggregation

process to proceed more slowly, providing beneficial control to the system.

A chimeric polynucleotide Fig. 1 and (SEQ ID NO: 50) was constructed
comprising a nucleotide sequence encoding the N and M domains of Sup35 (Fig. 1 and
SEQ ID NO: 50, bases 1 to 759) fused in-frame to a nucleotide sequence (derived from a
cDNA) encoding the rat glucocorticoid receptor (GR) (Genbank Accession No. M14053,
Fig. 1 and SEQ ID NO: 50, bases 766-3150), a hormone-responsive transcription factor,

followed by a stop codon. This construct was inserted into the pRS316CG (ATCC

Accession No. 77145, Genbank No. U03442) and pG1 (Guthrie & Sink, “Guide to Yeast
Genetics and Molecular Biology” in Methods of Enzymology, Vol. 194, pp. 389-398
(1981)) plasmids under the control of either the CUP1 promoter (plasmid pCUP1-NMGR,
inducible by adding copper to the growth medium) or the constitutive GPD promoter
(plasmid pGDP-NMGR). The nucleotide sequences of CUP1 and GDP (Genbank
Accession No. M13807) promoters are set forth in SEQ ID NOs: 11 and 48, respectively.
The GR coding sequence without NM, in the same promoter and vector constructs
(plasmids pCUP1-GR and pGDP-GR), served as a control. GR activity in transformed
yeast was monitored with two reporter constructs containing a glucocorticoid response
promoter element (GRE) [Schena & Yamamoto, Science, 241 :965-967 (1988)] fused to
either a B-galactosidase (Swiss-Prot. Accession No. P00722) or to a firefly luciferase
(Genbank Accession No. M15077) coding sequence. When GR is activated by hormone,
e.g., deoxycorticosterone (DOC), it normally binds to the GRE and promotes
transcription of the reporter enzyme in either mammals or yeast. See M. Schena and K.
Yamamoto, Science 241:965-967 (1988).

B. Construction of a NMSUP35-GFP chimeric gene
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A chimeric gene comprising the NM region of Sup35 fused to a green
fluorescent protein (GFP) sequence and under the control of the CUP1 promoter was
constructed essentially as described in Patino et al., Science, 273: 622-626 (1996)
(construct NPD-GFP), incorporated by reference herein. (The use of GFPs as reporter
molecules is reviewed in Kain et al., Biotechniques, 19:650-655 (1995); and Cubitt et al.,
Trends Biochem. Sci., 20:448-455 (1995), incorporated by reference herein.) The
resulting construct encodes the NH,-terminal 253 residues of Sup35 (SEQ ID NO: 2)
fused in-frame to GFP. The NM-Sup35-GFP encoding sequence was amplified by PCR
and cloned into plasmid pCLUC [D. Thiele, Mol. Cell. Biol., 8: 745 (1988)], which
contains the CUP1 promoter for copper-inducible expression. A similar construct was
created substituting the constitutive GDP promoter for the CUP1 promoter. An identical

GFP construct lacking the NM fusion also was created.

C. Transformation and phenotypic analysis of [psi-] and [PSI] yeast

1. Constructs Regulated by the CUP1 promoter

The GR and NM-GR constructs regulated by the CUP1 promoter on a low
copy plasmid (ura selection) were transformed into [psi-] and [PSI'] yeast cells (strain
74D) along with a 2 p (high copy number) plasmid containing a GR-regulated -
galactosidase reporter gene with leucine selection. Transformants were selected by sc.-
leu-ura and used to inoculate sc.-leu-ura medium. Cultures were grown overnight at
30°C, and induced by adding copper sulfate to the medium to a final 0-250 uM copper

concentration.

After 4 to 24 hours of induction, both proteins were expressed at a similar
level in [psi-] cells, and both the GR and NM-GR transformed [psi-] cells produced
similar levels of reporter enzyme activity in response to hormone (DOC added to a final
concentration of 10 pM at the time of copper sulfate induction). Virtually no reporter
enzyme activity was detected without hormone. The fact that both GR and NM-GR
constructs resulted in similar levels of activity indicates that the NM fusion does not
intrinsically alter the ability of GR to function in hormone-activated transcription,

demonstrating the utility of the NM domain as a fusion protein tag.
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In contrast, when the same constructs were transformed into yeast cells
that contain the heritable, conformationally-altered form of Sup35 [PSI'], GR activity
was reduced in cells expressing the NM-GR fusion construct, compared to cells
expressing GR. Thus, pre-existing prions (which comprise self-coalescing aggregates of
NM-containing Sup35 protein) can interact with NM-GR. Similar results were obtained
with NM-Green Fluorescent Protein (GFP) constructs: NM-GFP interacted with pre-
existing [PSI'] elements, but GFP alone did not.

An important difference existed between the NM-GR and NM-GFP
studies in the [PSI'] cells, however. Unlike the NM-GR fusion, the NM-GFP fusion
retained similar GFP activity with the [PSI'] prion, i.e., the NM-GFP fusion still glowed
green. This difference in activity is explained by the facts that, for biological activity, GR
needs to be in the nucleus, bind to DNA, and interact in specific ways with other elements
of the transcription machinery. When NM-GR is sequestered in [PSI'] cells by
interacting (aggregating) with the Sup35 prion filaments, the GR function is diminished.

2. Constructs regulated by the constitutive GPD promoter on a high
copy plasmid.

A set of experiments demonstrated that plasmids that cause expression of
NM at a high level can be successfully transformed into [psi-] yeast cells, but not into
[PSI'] cells. Apparently, over-expressed NM causes excessive prion-like aggregation of
endogenous Sup35 in cells that are already [PSI'], eliminating so much translation

termination factor function that the yeast cells cannot survive.

When a high copy plasmid vector comprising the NM-GR open reading
frame under the control of the constitutive GPD promoter was used to transform [psi-] or
[PSI'] yeast, no [PSI'] transformants were obtained, whereas [psi-] transformants were
readily obtained. The control GR construct in the same vector and under control of the

same promoter transformed equally well into both [PSI] and [psi-] cells.

When amino acids 22-69 in the N domain of Sup35 are deleted, the
resultant protein fails to form ordered aggregates, and yeast comprising this Sup35 variant

fail to adopt a [PSI'] phenotype. When these same amino acids were deleted from the
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high copy number NM-GR plasmid, the inability to transform [PSI'] cells was

eliminated: transformants were obtained as readily in [PSI'] as [psi-] cells.

Both NM-GR and GR [psi-] transformants were used to inoculate sc.-leu-
trp medium, and the cultures were grown at 30°C overnight, diluted into fresh medium to
achieve a cell density of 2 - 4 x 10° cells/ml, induced with DOC (10 pM final
concentration), and grown for an additional period varying from 1 hour to overnight.
Analysis of marker gene activity in the transformed [psi-] cells demonstrated that
hormone responsive transcription was lower in NM-GR transformants than in GR
transformants. Western blotting using an anti-GR monoclonal antibody (Affinity
Bioreagents Inc., MA1-510) was used to examine the levels of NMGR and GR
expression in these cells. Although cells carrying the NM-GR fusion had lower levels of
GR activity, the NM-GR protein was actually expressed at a much higher level than the
GR protein without the NM domain. Thus, the reduced levels of hormone-activated

transcriptional activity were not due to an effect of NM on the accumulation of the

’transcription factor, but to an alteration in GR activity in the NM-GR-expressing cells.

This reduced activity suggested that NM-GR is capable of undergoing a de novo, prion-

like alteration in function when it is expressed at a sufficiently high level.

To confirm that NM-GR was forming prions de novo in the transformed
[psi-] cells into which it had been introduced, such cells were induced with copper to
express NM-GR and then were plated onto copper-free media lacking adenine, and
therefore selective for the [PSI'] element/phenotype. See Chemoff et al., Science, 268:
880 (1995), and Cox et al., Yeast, 4(3): 159-178 (1988). A substantial fraction of the
cells were able to grow on medium selective for [PSI'], suggesting that the highly
expressed NM-GR was responsible for the formation of new prions putatively containing
both NM-GR and Sup35 protein. Moreover, the number of colonies obtained varied with
the level of copper induction prior to plating. This change in the growth properties of the
cells was observed to be heritable and was maintained even under conditions where the
NM-GR plasmid construct was lost by the host cells, indicating that NM-GR had induced

the formation of a new Sup35-containing prion.

D. Analvysis of NMGR-induced phenotype in cells carryving a deletion
of the NM region of Sup35.
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To further confirm that NM-GR was truly functioning as an independent,
novel prion, experiments were conducted to determine whether an NM-GR prion was
formed independently of both the yeast [PSI*] element and the endogenous Sup35
protein. Specifically, the GPD-regulated GR and NM-GR constructs were co-
transformed with plasmid p5275 (containing GRE linked to a firefly luciferase reporter
gene) into a yeast strain ( ANMSUP35) carrying a deletion of the NM region of the
SUP35 gene. Three independent transformants of each construct (GR or NM-GR) were
examined. Colonies were picked and grown overnight in SC selective media (-trp, -ura)
at 30°C. Thereafter, deoxycorticosterone (DOC) was added to the growth medium to a
final concentration of 10 pM. Luciferase activity was assayed in intact cells after 25

hours of DOC induction.

All three transformants expressing the NM-GR protein showed lower
levels of GR activity (specific activities of about 4, 5, 4) than the three transformants
expressing GR without the NM fusion (specific activities of about 23, 28, and 39). The
differences in GR activity was observed after 1 hour of hormone induction and appeared

to increase after 5.5 or after 25 hours of induction.

Western blotting was conducted to determine whether the differences in
activity were the result of differences in protein concentration. Ethamol lysates were
prepared from 3 ml yeast cultures expressing GR or NMGR twenty-five hours after the
addition of DOC. About 50 pug total protein was analyzed by SDS/PAGE and immuoblot.
The protein gel was transferred onto PVDF membranes and probed with a monoclonal
antibody against GR (Bu-GR2, Affinity Bioreagents, Golden Colorado). The same
membrane was later stained with Coomassie blue to semiquantitatively evaluate total
protein. The Western studies again showed that the levels of NM-GR were higher than
the levels of GR alone.

E. Effect of Guanidine Hydrochloride and Hsp104 on NM-GR prions.

When the yeast having [URE3] or [PSI"] phenotypes are passaged on
medium containing low concentrations of guanidine hydrochloride (GdHC]I), their prion

determinants change (“cure”) at a high frequency from the aggregated, inactive prion
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state into the active, unaggregated state, and such changes are heritable. These

phenotypes also can be cured by over-expression of the chaperone Hsp104.

Another series of experiments were conducted to assay for such curative
behavior in yeast harboring an NM-GR construct. The natural GR protein contains a
ligand-binding domain and hormone must be added to the medium to determine whether
or not the protein is active. For this series of experiments, the hormone-binding domain
was removed from the NM-GR construct, creating an NM-GR fusion that was

constitutively active.

Yeast expressing the NM-GR chimeric construct and a glucocorticoid
response element fused to a p-galactosidase marker exhibited different levels of prion-like
behavior, manifested by different colony colors. In addition to white colonies (indicative
of a prion-like state lacking B-gal induction) and blue colonies (indicative of soluble NM-
GR and high levels of B-gal induction), medium blue and pale blue colonies also were
observed. (Western blotting indicated that differently colored colonies contained
comparable amounts of GR protein.) These differently colored colonies were replica-
plated onto plates containing 5 mM GdHCI and then subsequently replica-plated again
onto X-Gal indicator plates. In control cells expressing vector alone (no NM-GR insert),
white colonies remained white. However, all of the NM-GR-expressing colonies
produced blue colonies. The efficiency of curing varied with the NM-GR strain: medium
blue colonies produced almost entirely blue colonies, whereas pale blue colonies

produced a mixture of blue and white colonies.

To determine if the heritable loss of NM-GR activity is susceptible to
Hsp104 curing, white colonies of cells expressing NM-GR were transformed with a GDP-
HSP104 over-expression plasmid and streaked ohto X-Gal indicator plates. Control cells
transformed with empty vector remained white. In contrast, white cells transformed with
the Hsp104 over-expression construct changed to blue. The blue cells remained blue
upon-restreaking, indicating that transient over-expression of Hsp104 was sufficient to

cure cells of the heritable reduction of NM-GR activity.

When the same NM-GR constructs were used to transform yeast
containing a deletion mutation of Hsp104, white colonies were never produced. This
finding is consistent with the observation that Hsp104 mutations are incompatible with

the maintenance of the [PSI'] phenotype.
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Together, the foregoing data indicate that the difference in GR activity
observed when NM-GR is expressed at a high constitutive level is due to a heritable

alteration in GR function, rather than to an alteration in GR expression.

Collectively, the foregoing experiments demonstrate that the amino-
terminal domain of a prion-like yeast gene, Sup35, can be fused to a polypeptide from a
wholly different protein to construct a novel, chimeric gene and protein having prion-like
properties. Significantly, these results are believed to be the first demonstration that a
SCHAG protein domain can be fused to a non-native protein domain to form a chimera,
expressed in a host cell that fails to express the native SCHAG protein, and still behave in
a prion-like manner. (Specifically, these results demonstrate that the NM domains of
SUP35 will behave like a prion even when the C-terminal domain of the protein is nof the
native Sup35 C-terminus, and even when the host cell does not express an endogenous
Sup35 protein containing an NM region.) The experiments also define exemplary assays
for screening other putative prion-like peptides for their ability to confer a prion-like
phenotype. (It will be apparent that the use of markers other than GFP, GR, luciferase, or
B-galactosidase would work in such assays. The GFP marker is useful insofar as it
provides an effective marker for localizing a fusion protein in vivo. The GR marker is
additionally useful insofar as GR activity depends on GR localization in the nucleus,
DNA binding, and interaction with transcription machinery; whereas GFP is active in the
cytoplasm.) Exemplary prion-like peptides for screening in this manner are peptides
identified according to assays described below in Example 5; mammalian PrP peptides
responsible for prion-forming activity; and other known fibril-forming peptide sequences,

such as human amyloid p (1-42) peptide.

In addition, the experiments demonstrate an improved procedure for
recombinant production of certain proteins that might otherwise be difficult to
recombinantly produce, e.g., due to the protein’s detrimental effect on the growth or
phenotype of the host cell. For example, DNA binding and DNA modifying enzymes that
might locate to a cell’s nucleus and detrimentally effect a host cell may be expressed as a
fusion with a SCHAG amino acid sequence from a prion-like protein. In host cells
wherein the aggregate-forming phenotype is present, the recombinant protein is
“sequestered” into higher order aggregates. By virtue of this sequestration, the biological

activity of the resultant protein in the nucleus is reduced. The fusion protein is purified
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from the insoluble fraction of host cell lysates, and can be cleaved from the fibril core if
an appropriate endopeptidase recognition sequence has been included in the fusion
construct between the SCHAG amino acid sequence and the sequence of the protein of
interest. (An appropriate endopeptidase recognition sequence is any recognitioh sequence
that is not present in the protein of interest, such that the endopeptidase will cleave the
protein of interest from the fibril structure without also cleaving within the protein of

interest.)

EXAMPLE 2

Construction and assaying of a chimeric,
prion-like gene and protein with yeast Ure2 protein

The following experiments were performed to demonstrate that the prion-
determining domain of yeast Ure2 protein also can be fused to a polypeptide other than
the Ure2 functional domain to construct a novel, chimeric gene and protein having some
prion-like properties. Two prion-like elements are known in yeast: [PSI'] and [URE3].
The underlying proteins, Sup35 and Ure2, each contain an amino-terminal domain (the N
domain) that is not essential for normal function but is crucial for prion formation. The N
domains of both Sup35 and Ure2 are unusually rich in the polar amino acids asparagine

and glutamine.

A. Construction of a NUre2-CSup35 chimeric gene

A chimeric polynucleotide (Fig. 3, SEQ ID NO: 49) was constructed
comprising a nucleotide sequence encoding the N domain of yeast (Saccharo;hyces
cerevisiae) Ure2 protein (Genbank Accession No. M35268, SEQ ID NO: 3, bases 182 to
376, encoding amino acids 1 to 65 (SEQ ID NO: 4) of Ure2 (NUre2)), fused in-frame to a
nucleotide sequence encoding a hemagglutinin tag (SEQ ID NO: 13, TAC CCA TAC
GAC GTC CCA GAC TAC GCT), fused in-frame to a nucleotide sequence encoding the
C domain of yeast Sup35 (CSup35) protein that is responsible for translation-regulation
activity of Sup35 (Genbank Accession No. M21129, SEQ ID NO: 1, bases 1498-2793,
encoding amino acids 254 to 685 of Sup35 (SEQ ID NO: 2)). Atthe 5’ and 3” ends of
this construct were 5’ and 3’ flanking regions, respectively, of the yeast Sup35 genomic

DNA. This construct was inserted into the pRS306 plasmid (available from the ATCC,
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Manassas, Virginia, USA, Accession No. 77141; see also Genbank Accession No.

U03438) as shown in Figures 2 and 3, and used to transform yeast as described below.

B. Transformation and phenotypic analysis of yeast

To replace the Sup35 gene with the NUre2-CSup35 chimeric gene, the
first step was to integrate the gene fragment into the yeast genome. Freshly grown cells
from overnight culture were collected and resuspended in 0.5 ml LiAc-PEG-TE solution
(40% PEG4000, 100mM Tris-HCL, pH7.5., 1 mM EDTA) in a 1.5 ml tube. 100 pg/10 pl
carrier DNA (salmon testis DNA, boiled 10 minutes and chilled immediately on ice) and
1 pg/2 pl of transforming plasmid DNA were added and mixed. This transformation
mixture was incubated overnight at room temperature and then heat shocked at 425C for
15 minutes. 100 pl of transformation mixture were then spread onto a uracil dropout
plate. After transformation, selection for Ura+ results in an integration event, such that
native and chimeric genes bracket the URA3-containing plasmid sequence.
Transformants were picked and cells having the integrated chimeric gene were confirmed

by genomic PCR and Western blot.

The second step of the replacement involved the excision or “popping out”
of the wildtype Sup35 gene through homologous recombination between the native
Sup35 and the chimeric sequence. Popout of the plasmid was monitored by screening for
colonies that are ura- and therefore resistant to the drug 5-fluoroorotic acid (5-FOA).
Cells with NUre2-CSup35 integrated were thus plated onto 5-FOA medium to select for
those that have the plasmid sequence containing one copy of the Sup35 gene popped out.
Clones in which the native Sup35 gene had been replaced with the chimeric gene were

then screened by means of colony PCR and further confirmed by Western blot.

To screen for yeast strains that have gene integration and replacement, a
Ure2 coding sequence N-terminal primer and a Sup35 coding sequence primer were used
for PCR reactions. The NUre2-CSup35 DNA fragment can only be amplified from
genomic DNA of cells containing the chimeric gene. To confirm that only the fusion
protein of NUre2-CSup35 was expressed in those cells that have the gene replacement,
yeast cells were lysed and the cell lysates were run on SDS-polyacrylamide gel and
proteins were transferred to PVDF immunoblot. Since there is a hemagglutinin (HA) tag

inserted between NUre2 and CSup35, Western blots were then probed with anti-HA
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antibody from Boehringer Mannheim. To confirm that NUre2-CSup35 is the only copy
of Sup35 gene in yeast genome, Western blots were also probed with an antibody against
the middle region of Sup35 protein. Loss of antibody signal verified that the NM region
of Sup35 gene had been replaced with the N-terminus of Ure2. Thus, the transformed
cells were characterized by a deleted native Sup35 gene that had been replaced by the
NUre2-CSup35 chimeric gene.

Transformed colonies carrying the chimeric NUre2-CSup35 gene of
interest were grown on rich medium (YPD) at 30°C. The resultant colonies were streaked
onto [PSI'] selective medium (SD-ADE) and incubated at 30°C to determine whether
some or all contained a [PSI'] phenotype. Two different types of colonies were observed.
Some showed normal translational termination characteristic of a [psi-] phenotype.
Others showed the suppressor phenotype characteristic of [PSI] cells. Both phenotypes

were very stable and were inherited from generation to generation of the transformed

yeast cells. .

To determine whether the observed difference in translational fidelity was
due to a heritable change in protein conformation, cells were lysed and the lysates
subjected to centrifugation at 12,000 or 100,000 x g for 10 minutes. Supernatants and
precipitate fractions were screened for the fusion protein using an anti-HA antibody (HA
11, Covance Research Products Inc.). The cells that showed reduced translational fidelity
also showed aggregation of the NUre2-CSup35 fusion protein, whereas the fusion protein

did not appear aggregated in cells having normal translation termination characteristics.

The foregoing experiments demonstrate that the amino-terminal domain of
another prion-like yeast gene, Ure2, can be fused to a polypeptide derived from a wholly
different protein to construct a novel, chimeric gene and protein having prion-like
properties. These results represent the first such demonstration of this kind. [Compare
Maison & Wickner, Science, 270: 93 (1995) (Ure21.6s/B-gal fusion did not change the
activity of the p-galactosidase enzyme) and Paushkin et al., EMBO J., 15(12): 3127-3134
(1996) (GST-NSup35 chimeric construct did not allow native Sup35 to adopt an altered
state.)]

Several factors are suggested for achieving prion-like behavior with
chimeric genes that comprise SCHAG sequences. First, it is preferable to include the

SCHAG sequence at a location in the chimeric gene (e.g., amino-terminus or carboxy-
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. terminus) that corresponds to the location at which it is found in its native gene. For

example, if NSup35 is selected as the SCHAG sequence, then the chimeric gene
preferably is constructed with NSup35 at the amino-terminus, preceding the sequence
encoding the polypeptide of interest. Second, it is preferable to include a spacer region
of, e.g., at least 5, 10, 20, 30, 40, or 50 amino acids, and preferably at least 60, 70, 80, 90,
100, 120, 130, 140, or 150 amino acids, to separate the SCHAG domain from other
domains and reduce the likelihood of steric hinderance caused by other domains. The
length of spacer apparently can be quite large because a chimeric construct comprising
whole Sup35 fused to Green Fluorescence Protein appears to act as a prion in preliminary
experiments. Third, it is preferable if the protein of interest is a protein that does not
itself naturally form multimers, because multimer formation of the protein of interest is
apt to cause steric interference with the ordered aggregation of the SCHAG domain.
(Maison & Wickner’s research involved B-galactosidase, which forms a tetrameric
functional unit.) The experiments also demonstrate an alternative assay system (i.e.,
CSup35 fusions) to the GFP and GR assay systems described in the preceding example to

screen peptide sequences for their ability to confer prion-like phenotypic properties.

Also contemplated are fusion proteins comprising the M domain of Sup35,
or portions of fragments thereof, fused to a different protein to generate a novel protein
with prion-like activities. Likewise, fusion proteins displaying prion-like properties,
comprising portions or fragments of the N domain, or comprising portions or fragments

of the N and of the M domain are also contemplated.

EXAMPLE 3
Modulation of propensity of protein to form prion-like aggregates

The following experiments demonstrate that the propensity of novel
chimeric proteins to aggregate into prion-like fibrils can be modulated by varying the
number of oligopeptide repeats in the SCHAG portion of the chimeric protein. An
increased propensity to form such fibrils is useful in instances where the fibrils
themselves comprise a desirable end product to be harvested from cells, e.g., via lysis and
centrifugation; and in instances where fibril formation iz vivo is desired to phenotypically
alter a cell, e.g., by sequestering a biologically active molecule in the cell away from the

molecule’s normal subcellular region of biological activity.
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The yeast Sup35 protein contains an oligopeptide repeat sequence
(PQGGYQQYN, SEQ ID NO: 2, residues 75 to 83; with imperfect repeats at residues 41
to 50; 56 to 64; 65 to 74; and 84 to 93). The following experiments demonstrated that an
expansion of this oligopeptide repeat in the NM region of Sup35 increases the rate of
appearance of new, heritable, [PSI"]-like elements, whereas decreasing the number of

repeats lessened the rate of appearance of such elements.

Three expression vectors were created for the experiment containing a
chimeric gene comprising a CUP1 promoter sequence (SEQ ID NO: 11) operably linked
to a sequence encoding a Sup35 NM region, fused in-frame with a “superglow” GFP
encoding sequence (SEQ ID NO: 39). In the first construct (Ra2-5), the Sup35 NM
region had been modified by deleting four of the five oligopeptide repeats found in the
native N region (SEQ ID NOs: 14 & 15). In the second construct (R2E2), the Sup35 NM
region had been modified by twice expanding the second oligopeptide repeat found in the
native N region, creating a total of seven oligopeptide repeats (SEQ ID NOs: 16 & 17).
In the third construct, the native Sup35 NM region was employed (SEQ ID NO: 1,
nucleotides 739 to 1506, encoding residues 1 to 256 of SEQ ID NO: 2). The CUP1
promoter permitted control of the expression of the chimeric proteins by manipulation of
copper ion concentration in the growth medium. [See Thiele, D.J., Mol. Cell. Biol., 8:
2745-2752 (1988).] The attachment of GFP to NM permitted visualization of the mutant

proteins in living cells.

Each of the three above-described NM-GFP constructs were introduced
via homologous recombination at the site of the wild-type Sup35 gene into [psi-] yeast
cells carrying a nonsense mutation in the ADE1 gene (strain 74-D694 [psi-]), and
monitored for the frequency at which cells converted to a [PSI'] phenotype. Cell cultures
in the log phase of growth at 30°C were induced to express the GFP-fusion proteins by
adding CuSOj to the cultures cells to a final concentration of 50 M. For analysis via
fluorescence microscopy, cells were fixed with 1% formaldehyde after four hours and
twenty hours of culture. For analysis of [PSI'] induction, cells over-expressing the GFP
fusion proteins were serially diluted and spotted onto YPD and SD-ADE media after four
hours and twenty hours. Conversion was measured by the ability of cells to grow on
medium without adenine (SD-ADE). The [PSI'] phenotype causes readthrough of
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nonsense mutations, producing sufficient protein to suppress the ADEI] mutation and

allow growth without adenine.

Cells were induced with copper for 4 hours to promote expression of the
chimeric gene and serially diluted, and then aliquots of each dilution were plated on SD-
ADE, conditions that allowed loss of the plasmid. To demonstrate that the initial cultures
contained similar numbers of cells, serial dilutions from each culture also were plated on
rich medium (YPD) which allowed the growth of all cells in the culture. After incubating

the plates for 48 hours at 30°C, colonies on each plate were counted.

Cells expressing the oligopeptide repeat expansion mutation converted to
[PSI'] at a much higher frequency than cells expressing the native Sup35NM-GFP, which
in turn converted to [PSI'] at a higher frequency than cells expressing the oligopeptide
repeat deletion mutation. The observed conversion results were specifically attributable
to the production of the chimeric proteins, because the conversion to [PSI'] did not occur

in cells that were not induced with copper (control).

In arelated experiment, the repeat expansion and repeat deletion mutations
were introduced into a full-length Sup35 protein-encoding sequence to create constructs
encoding the NM(R2E2) and NM(RA2-5) fused to the CSup35 domain. These constructs
were introduced into the genome of [psi-] yeast strain 74-D694 with the wild-type Sup35
promoter, in each case replacing the native Sup35 gene. Transformants were selected on
uracil-deficient medium and confirmed by genomic PCR. Recombinant excision events
were selected on medium containing 5-fluoroorotic acid: [See Ausubel et al., Current
Protocols in Molecular Biology, Green Publishing Associates and Wiley Interscience,
New York (1991).] Strains in which wild-type Sup35 was replaced with the R2ZE2-
CSup35 and RA2-5 CSup35 variants were screened by PCR and confirmed by Western
blotting. The cells were cultured on ypd or synthetic complete media at 25°C for 24
hours, serially diluted, and plated on SD-ADE media to screen for [PSI'] conversions. As
shown in Figure 4, the spontaneous rate of appearance of [PSI"] colonies was increased
about 5000-fold in cells carrying the repeat expansion (R2E2) compared to wild-type
cells. The wild-type cells produced colonies on the selective medium at a frequency of
about 1 per million cells plated. The RA2-5 cells produced such colonies at even lower
frequency, and it appears that none of these were attributable to development of a [PSI']
phenotype, since they could not be cured by growth on medium containing 5 mM
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guanidine HCL. In contrast, growth of the wild-type and the R2E2 colonies on the

selective medium could indeed be cured by the guanidine HCI treatment.

In additional experiments, the effects of the Sup35 repeat variants were
examined when they were used to replace the wild-type Sup35 gene in [PSI'] cells. Cells
with the R2E2 replacement remained [PSI'], whereas all cells carrying the RA2-5
replacement became [psi-]. Thus, maintenance of the [PSI'] phenotype requires a Sup35

gene having more than one of the oligopeptide repeats.

Still another series of tests examined the effects of the repeat variants on
the structural transition of NM in vitro. When purified recombinant NM is denatured and
diluted into aqueous buffers, it slowly changes from a random coil into a B-sheet rich
structure and forms fibers that bind Congo red with the spectral shift characteristic of
amyloid proteins. When deposited at high concentrations, the Congo red-stained fibers

also show apple-green birefringence. To determine if the repeat variants alter the intrinsic

_capacity of the protein to fold in this form, the wild-type and two repeat variants were

purified in fully denatured states and then diluted into a non-denaturing buffer. Structural
changes were monitored by the binding of Congo red [Klunk et al., J. Histochem.
Cytochem., 37: 1293-1297 (1989)]and confirmed by circular dichroism and electron
microscopy analysis. In these experiments, the R2E2 variant converted to a B-sheet rich
structure about twice as quickly as the wild-type NM polypeptide, which in turn
converted significantly faster than the RA2-5 variant. These differences were
reproducibly obtained in both rotated and unrotated reactions, although the transition was
slower in the unrotated reactions. This data indicates that alterations in the number of
repeat units alters the propensity of Sup35 NM polypeptides to progress from an unfolded
state into a B-sheet rich, higher-ordered structure.

The foregoing experiments demonstrate that the propensity of novel
chimeric proteins to aggregate into prion-like fibrils can be modulated by alteration of the
SCHAG amino acid sequence of the chimera. Modulation of any SCHAG amino acid
sequence in this manner is specifically contemplated as an aspect of the invention, as are
the resulting gene and protein products. In addition to alteration by adding or deleting
oligopeptide repeat regions, alterations by adding or deleting larger regions is specifically

contemplated as an aspect of the invention. By way of example, the entire N terminal
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region of Sup35 or Ure2 could be duplicated to increase the propensity of transformed

cells to produce aggregated chimeric sequences.

EXAMPLE 4
Demonstration that a prion can be moved from one organism to another

The following experiments demonstrate that a prion protein from one
organism will continue to behave in a prion-like manner when recombinantly expressed
in another organism, and can even do so when expressed in a different cellular

compartment than that in which the protein is produced in its native host.

Polynucleotides encoding mouse (SEQ ID Nos: 18 and 19) and Syrian
Hamster (SEQ ID Nos: 20 and 21) PrP proteins were expressed in yeast cells under the
control of the constitutive GPD promoter. The protein was produced in the yeast cytosol,
without signal sequences that would normally guide it to the endoplasmic reticulum, and
without the tail that is normally clipped off during maturation of these proteins in their
native hosts. In other words, the PrP protein product in yeast was similar to the final
mature product in mammalian neurons, except that it did not contain the sugar
modification and GPI anchor. There has been considerable data suggesting that these

sugar and GPI anchor characteristics are not required for prion formation.

The normal cellular form of PrP (PrPC)is detergent soluble, but the
conformationally changed-protein that is characteristic of neurode generative prion disease
states (PrP*) is insoluble in detergent such as 10% Triton. When PrP protein is expressed
in yeast, is was insoluble in non-ionic detergents, suggesting that a Pr ¢ form was

present.

PrP-transfected yeast cells were lysed in the presence of 10% Sarkosyl and
centrifuged at 16,000 x g over a 5% sucrose cushion for 30 minutes. Proteins in both the
supernatant and pellet fractions were analyzed on SDS polyacrylamide gels. Coomassie
blue staining revealed that most proteins were soluble under these conditions and were
present in the supernatant fraction. When identical gels were blotted to membranes and
reacted with antibodies against mammalian PrP, most of the PrP protein was found in the

pellet fraction, further suggesting that a PrP** form was present in the yeast.
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Protease studies provide further evidence that the yeast PrP was adopting a
PrP* conformation. When P1P protein is expressed in yeast it displays the same highly
specific pattern of protease digestion as does the disease form of the protein in mammals.
The normal cellular form of PrP is very sensitive to protease digestion. In the disease
form, the protein is resistant to protease digestion. This resistance is not observed across
the entire protein, but rather, the N-terminal region from amino acids 23 to 90 is digested,
while the remainder of the protein is resistant. As expected, when PrP was expressed in
the yeast cytosol it was not glycosylated, and it migrated on an SDS gel as a protein of
~27KkD. After protease digestion, a resistant fragment of ~19-20 kD was detected,
corresponding exactly to the size expected if the protein were being cleaved at the same
site as the PrP* form of the protein that can be recovered from diseased mammalian

brains.

The foregoing data indicates that, when mammalian PrP is expressed in
yeast, a species from an entirely different taxonomic kingdom, it be behaves unlike

common yeast proteins, and very much like the disease form of PrP in mammals.

Besides the diseased form, a small portion of PrP protein expressed in
yeast cytosol also behaves like the normal cellular form of PrP. Even after centrifugation
at 180,000g for 90 minutes, there is still some PrP protein detectable in the supernatant
fraction. This part of PrP expressed in yeast, like normal cellular PrP, was soluble in non-

jonic detergent, suggesting this small portion of PrP is present in the PrP° conformation.

EXAMPLE 5
Assays to identify novel prion-like amyloidogenic sequences

The following experiments demonstrate how to identify novel prion-like
amyloidogenic sequences and confirm their ability to form prions in vivo. The
experiments involve (A) identifying sequénces suspected of having prion forming

capability; and (B) screening the sequences to confirm prion forming ability.

A. Identifying sequences suspected of having prion forming capability

Known prion or prion-like amino acid sequences, or polynucleotides

encoding such sequences, are used to probe sequence databases or genomic libraries for
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similar sequences. For example, in one embodiment, a prion or prion-like amino acid
sequence (e.g., a mammalian PrP sequence; the N or NM regions from a yeast Sup35
sequence; or the N region from a yeast Ure2 sequence) is used to screen a protein
database (e.g., Genbank or NCBI) using a standard search algorithm (e.g., BLAST
1.4.9.MP or more recent releases such as BLAST 2.0, and a default search matrix such as
BLOSUMSG62 having a Gap existence cost of 11, a per-residue gap cost of 1, and a
Lambda ratio of 0.85. See generally Altschul et al., Nucleic Acids Res., 25(17): 3389-
3402 (1997).). As an exemplary cutoff, database hits are selected having P(N) less than 4
x 10°, where P(N) represents the smallest sum probability of an accidental similarity. For
database searching, polypeptide sequences are preferred, but it will be apparent that
polynucleotides encoding the amino acid sequences also could be used to probe

nucleotide sequence databases.

In an alternative embodiment, one or more polynucleotides encoding a
prion or prion-like sequence is amplified and labeled and used as a hybridization probe to
probe a polynucleotide library (e.g., a genomic library, or more preferably a cDNA
library) or a Northern blot of purified RNA for sequences having sufficient similarity to
hybridize to the probe. The hybridizing sequences are cloned and sequenced to determine
if they encode a candidate amino acid sequence. Hybridization at temperatures below the
melting point (Ty,) of the probe/conjugate complex will allow pairing to non-identical, but
highly homologous sequences. For example, a hybridization at 60°C of a probe that has a
T of 70°C will permit ~10% mismatch. Washing at room temperature will allow the
annealed probes to remain bound to target DNA sequences. Hybridization at
temperatures (e.g., just below the predicted Ty, of the probe/conjugate complex) will
prevent mismatched DNA targets from being bound by the DNA probe. Washes at high
temperature will further prevent imperfect probe/sequence binding. Exemplary
hybridization conditions are as follows: hybridization overnight at 50°C in APH solution
[5X SSC (where 1X SSC is 150 mM NaCl, 15 mM sodium citrate, pH 7), 5X Denhardt's
solution, 1% sodium dodecy! sulfate (SDS), 100 pg/ml single stranded DNA (salmon
sperm DNA)] with 10 ng/ml probe, and washing twice at room temperature for ten
minutes with a wash solution comprising 2X SSC and 0.1% SDS. Exemplary stringent
hybridization conditions, useful for identifying interspecies prion counterpart sequences

and intraspecies allelic variants, are as follows: hybridization overnight at 68°C in APH
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solution with 10 ng/ml probe; washing once at room temperature for ten minutes in a
wash solution comprising 2X SSC and 0.1% SDS; and washing twice for 15 minutes at
68°C with a wash solution comprising 0.1X SSC and 0.1% SDS.

In another alternative embodiment, known prion sequences or other
SCHAG amino acid sequences are modified, e.g., by addition, deletion, or substitution of
individual amino acids; or by repeating or deleting motifs known or suspected of
influencing fibril-forming propensity. To form novel prion sequences, modifications to
increase the number of polar residues (glutamine, asparagine, sorine, tyrosine) are
specifically contemplated, with modifications that increase glutamine and asparagine
content being highly preferred. [See Depace et al., Cell, 93:1241-1252 (1998),
incorporated herein by reference.] In a preferred embodiment, the alterations are effected
by site directed mutagenesis or de novo synthesis of encoding polynucleotides, followed

by expression of the encoding polynucleotides.

In yet another alternative embodiment, antibodies are generated against the
prion forming domain of a prion or prion-like protein, usiﬂg standard techniques. See,
e.g., Harlow and Lane, Antibodies, A Laboratory Manual, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY (1988). The antibodies are used to probe a Western
blot of proteins for interspecies counterparts of the protein, or other proteins that possess
highly conserved prion epitopes. Candidate proteins are purified and partially sequenced.
The amino acid sequence information is used to generate probes for obtaining an

encoding DNA or cDNA from a genomic or cDNA library using standard techniques.

Sequences identified by the foregoing techniques can be further evaluated

for certain features that appear to be conserved in prion-like proteins, such as a region of

50 to 150 amino acids near the protein’s amino-terminus or carboxyl-terminus that is rich
in glycine, glutamine, and asparagine, and possibly the polar residues serine and tyrosine,
which region may contain several oligopeptide repeats and have a predicted high degree
of flexibility (based on primary structure). In the case of Sup35, a highly charged domain
separates the flexible N-terminal region having these properties from the functional C-
terminal domain. Sequences possessing one or more of these features are ranked as
preferred prion candidates for screening according to techniques described in the

following section.
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By way of example, the Genbank protein database (accessible via the
worldwide web at www.ncbi.nlm.nih.gov) was screened using the Basic Local Alignment
Search Tool (BLAST) program (version 1.4.9) using the standard (default) matrix and
stringency parameters (BLOSUMSG62). The prion forming domains of Ure2 (Genbank
Acc. No. M35268, SEQ ID NO: 4, amino acids 1-65) and Sup35 (Genbank Acc. No.
M21129, SEQ ID NO: 2, amino acids 1-114) from S. cerevisiae were used as BLAST
query sequences. Open reading frames (ORFs) from S. cerevisiae with high similarity
scores [P(N) less than 4 x 107] resulting from the initial search included the following

Genbank database entries:

(D residues 53-97 from Accession No. Z73582 (SEQ ID NO: 22), an

uncharacterized open reading from S.cerevisiae;

(2) residues 1030-1071 from PID No. €236901, in Accession No.
771255 (SEQ ID NO: 23), an uncharacterized open reading from S.cerevisiae;

3) residues 4-58 from locus ybm6, Accession No. P38216 (SEQ ID

NO: 24), an uncharacterized open reading from S.cerevisiae;

(4)  residues 251-380 from locus hrp1, Accession No. U35737 (SEQ ID
NO: 25), an RNA binding and transport protein having homology to hnRNP1 in humans.

(5)  residues 28-126 from locus npl3, Accession No. U33077 (SEQ ID
NO: 26), an RNA binding and transport protein that functions genetically in the same
pathway as Hrpl;

(6)  residues 97-286 from locus mcm1, Accession No. X14187 (SEQ

. ID NO: 27), a DNA binding protein active in cell cycle regulation and mating-type

specificity;

(7)  residues 205-414 from locus nsrl, Accession No. P27476 (SEQ ID
NO: 28), a protein that binds nuclear localization sequences and is active in mRNA

processing;

(8)  residues 153-405 from Accession No. P25367 (SEQ ID NO: 29),

an uncharacterized open reading frame;

(9)  residues 806-906 from Accession No. P40467 (SEQ ID NO: 30),

an uncharacterized open reading frame;
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(10) residues 605-677 from Accession No. $54522 (SEQ ID NO: 31),

an uncharacterized open reading frame;

(11)  residues 100-300 from locus yk76, Accession No. P36168 (SEQ ID

NO: 32), an uncharacterized open reading frame;

(12) residues 1 to 250 from locus fps1, Accession No. S16712 (SEQ ID

NO: 33), a membrane channel protein that controls passive efflux of glycerol;

(13)  residues 334-388 from Accession No. p40002 (SEQ ID NO: 34),

an uncharacterized open reading frame;

(14) residues 325-375 from locus mad1, Accession No. P40957 (SEQ

ID NO: 35), an uncharacterized open reading frame; and

(15) residues 215-284 from locus karl, Accession No. M15683 (SEQ

ID NO: 36), an uncharacterized open reading frame.

The nuclear polyadenylated RNA-binding protein hrpl (Genbank
Accession No. U35737) is an especially promising prion candidate. It is the clear yeast
homologue of a nematode protein previously cloned by cross-hybridization with the
human PrP gene; it scored highly (p value 3.9 e-5) in a Genbank BLAST search for
sequences having homology to the N-terminal domain of Sup35; and it contains a stretch
of 130 amino acids at its C-terminus that is glyine- and asparagine-rich and contains
repeat sequences similar to the oligomeric repeats in the N-terminal domain of Sup35;

and is predicted by secondary structure programs to consist entirely of turns.

The sequence corresponding to residues 153-405 of SEQ ID NO: 29
comprises another promising prion candidate. This region is rich in glutamine and
asparagine, and is part of a protein that is normally found in aggregates in yeast although
it is not aggregated in some strains. When expressed as a fusion protein with green
fluorescent protein, this sequence causes the GFP to aggregate. This aggregation is
completely dependent upon Hsp104, much the same as Sup35 aggregation. When
residues 153-405 of SEQ ID NO: 29 are substituted for the NM region of SUP35 and
transformed into [psi-] yeast, the yeast exhibit a suppression phenotype analogous to

[PST].
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B. Screening sequences to confirm prion-forming capability.

Sequences identified according to methods set forth in Section A are
screened to determine if the sequences represent/encode proteins having the ability to

aggregate in a prion-like manner.

1. Aggregation assay using fusion proteins

In a preferred screening technique, a polynucleotide encoding the ORF of
interest is amplified from DNA or RNA from a host cell using polymerase chain reaction,
or is synthesized using the well-known universal genetic code and using an automated
synthesizer, or is isolated from the host cell of origin. The polynucleotide is ligated in-
frame with a polynucleotide encoding a marker sequence, such as green fluorescent
protein or firefly luciferase, to create a chimeric gene. In a preferred embodiment, the
polynucleotide is ligated in frame with a polynucleotide encoding a fusion protein such as
a Bleomycin/luciferase fusion, which would permit both selection for drug-resistance and
quantification of soluble and insoluble proteins by enzymatic assay. See, e.g., Elgersma
et al., Genetics, 135: 731-740 (1993).

The chimeric gene is then inserted into an expression vector, preferably a
high-copy vector and/or a vector with a constitutive or inducible promoter to permit high
expression of the ORF-marker fusion protein in a suitable host, e.g., yeast. The
expression construct is transformed or transfected into the host, and transformants are
grown under conditions that promote expression of the fusion protein. Depending on the
marker, the cells may be analyzed for marker protein activity, wherein absence of marker
protein activity despite the presence of the marker protein is correlated with a likelihood
that the ORF has aggregated, causing loss of the marker activity. Alternatively, host cells
or host cell lysates are analyzed to determine if the fusion protein in some or all of the
cells has aggregated into aggregates such as fibril-like structures characteristic of prions.
The analysis is conducted using one or more standard techniques, including microscopic
examination for fibril-like structures or for coalescence of marker protein activity;
analysis for sensitivity or resistance to protease K; spectropolarimetric analysis for
circular dichroism that is characteristic of amyloid proteins; and/or Congo Red dye

binding.
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A number of the candidates identified above were screened in this manner
using a GFP fusion construct. To create the vector that was employed in these analyses, a
copper inducible Cupl promoter was amplified from a genomic library by standard
polymerase chain reaction (PCR) methods using the primers 5°-
GGGAATTCCCATTACCGACATTTGGGCGC-3" (SEQID NO: 37) and 5°-
GGGGATCCTGATTGATTGATTGATTGTAC-3’ (SEQ ID NO: 38), digested with the
restriction enzymes EcoRI and BamHI, and ligated into the pRS316 vector that had
digested with EcoRI and BamHI. The annealed vector, designated pRS316Cup1, was
transformed into E. Coli strain AG-1, and transformants were selected using the
ampicillin resistance marker of the vector. Correctly transformed bacteria were grown

overnight to provide DNA for further vector construction.

Next, a sequence encoding superbright GFP (SEQ ID NOs: 39, 40) was
inserted into the pRS316Cup1 vector. Superbright GFP was amplified from pPSGFP
using the primers 5’-GACCGCGGATGGCTAGCAAAGGAGAAG-3’ (SEQ ID NO: 41)
and 5’-CCTGAGCTCTCATTTGTATAGTTCATCC-3’ (SEQID NO: 42). The resultant
PCR products were digested with SacI and Sacll and inserted into PRS316Cup1 that also
had been digested ed with Sacl and Sacll. This created a pRS316Cupl GFP plasmid into
which a polynucleotide encoding a candidate open reading frame could be inserted for
expression studies. In particular, it was contemplated that candidate open reading frames
be amplified by PCR from genomic DNA or cDNA using primers engineered to contain
BamHI and Sacll restriction sites, to permit rapid cloning into the BamHI and Sacll sites
of the derived PRS316Cup1GFP vector. For example, in the case of open reading frame
(ORF) P25367 the following primers were used: 5°-
GGAGGATCCATGGATACGGATAAGTTAATCTCAG—3’ (SEQ ID NO: 43, BamHI
site underlined) and 5°’-GGACCGCGGGTAGCGGTTCTGTTGAGAAAAGTTGCC-3’
(SEQ ID NO: 44, Sacll site underlined). PCR products were digested with BamHI and
Sacll and inserted into the derived plasmid. This created a plasmid'that can inducibly
express a fusion of an open reading frame of interest fused to GFP. The sequence of
pRS316-Cupl-p25367-GFP is set forth in SEQ ID NO: 45.

2. In vitro ageregation assay using chaperone protein

A polynucleotide encoding the ORF of interest is synthesized using the
well-known universal genetic code and using an automated synthesizer, or is isolated
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from the host cell of origin, or is amplified using polymerase chain reaction from DNA or
RNA from such a host cell. In a preferred embodiment, the polynucleotide further
includes a sequence encoding a tag sequence, such as a polyhistidine tag, HA tag, or
FLAG tag, to facilitate purification of the recombinant protein. The polynucleotide is
inserted into an expression vector and expressed in a host cell compatible with the

selected vector, and the resultant recombinant protein is purified.

Serial dilutions of the recombinant polypeptide (e.g., 100 mM, 10 mM, 1
mM, 0.1 mM, 0.01 mM final concentration) are mixed with 1 pg of a chaperone protein
such as yeast Hsp104 protein [See Schirmer and Lindquist, Meth. Enzymol., 290: 430-444
(1998)] in a low salt buffer (e.g., 10 mM MES, pH 6.5, 10 mM MgSOy) containing 5 mM
ATP in a 25 pl reaction volume. As controls, reactions are performed in parallel using
buffer alone or using Sup35 protein. Reactions are incubated at 37°C for eight minutes,
and the ATPase activity of the chaperone protein is rﬁeasured by determining released
phosphate, e.g., using Malachite Green [Lanzetta ez al. ;Analyt. Biochem., 100: 95-97
(1979)]. In this assay, several fibril-aggregation proteins, including yeast Sup35, the
yeast Sup35 N terminal domain, mammalian PrP protein, and B-amyloid (1-40) and (1-
42) forms, were found to inhibit the ATPase activity of Hsp104; whereas control proteins

(aldolase, BSA, apoferritin, and IgM) did not.

3. Assay results

To determine if the proteins represented by the ORF’s identified above in
part A were aggregation prone, a hallmark of prions, polynucleotides encoding the
specified residues of interest within the ORF’s were amplified from S. cerevisiae genomic
DNA via PCR and ligated in-frame to a sequence encoding superbright, as described

above in section B.1.

These plasmids were transformed into the yéast strain 74D (a, his, met,
leu, ura, ade). Transformant colonies were selected (ura+) and inoculated into liquid SD
ura and grown to early log phase. Copper sulfate was added to the cultures (final
concentration 50 uM copper) to induce protein expression. Cells were fixed after four

hours of induction and intracellular GFP expression was visualized.

Examination of GFP fluorescence revealed that the sGFP tag had

coalesced in transformants expressing six of the ORF’s. This coalescence was similar to
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that observed with Sup35-GFP fusions in [PSI'] yeast and was considered to be indicative
of an ORF having prion-like aggregate-forming ability. Two of the positive sequences
represent uncharacterized open reading frames: 773582 and ybm6. Four are known
proteins: meml, fpsl, p25367 and hrpl as described above in section B.1. Aggregation
of the MCM1-GFP fusion was relatively rare, and was not influenced by Hsp104 dosage
in the cells. Of particular interest was the hrp1 construct, which aggregated into multiple
cytoplasmic points in the transformed S. cerevisiae, and also in transformed C. elegans.
Deletion of the Hsp104 gene was shown to eliminate the aggregation pattern of hipl.
Also of special interest was the aggregation pattern of the P25367 construct, because this

aggregation was completely eliminated by overexpression of Hsp104.

The foregoing experiments demonstrate that searches with prion forming
sequences will identify additional sequences with prion-like properties, which sequences
can be used according to various aspects of the invention that are specifically exemplified

herein with respect to Sup35 or URE2 sequences.

The ability of newly identified aggregating proteins to exist in both an
aggregating and non-aggregating conformational state can be further examined, if desired,
by studying aggregation phenomena in host cells expressing varying levels of the protein
(a result achieved using an inducible promoter, for example), and in host cells having
normal and over- or under-expressed chaperone protein levels. (The ability of Sup35 in
yeast to enter a [PSI'] conformation depends on an appropriate intermediate level of the
chaperone protein Hsp104; elimination of Hsp104 or over-expression of Hsp104 causes
loss of [PSI'] and prevents de novo appearance of [PSI']. See Chernoff et al., Science,
268: 880 (1995) and Patino et al., Science, 273: 622-626 (1996). Growth on a mildly

denaturing media, as described elsewhere herein, provides another alternative assay.

The foregoing assays, chimeric constructs, and candidate SCHAG amino

acid sequences are all intended as aspects of the invention.

EXAMPLE 6
Identification of Rnql as an epigenetic modifier of protein function in yeast

The following experiments demonstrate that putative prions can be

identified by searching for three attributes of the known yeast prion proteins: unusual
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amino-acid composition with a high concentration of the polar amino-acid residues
glutamine and asparagine, constant expression levels through log and stationary phase
growth, and a capacity to switch between distinct stable physical states (in this case,
insoluble and soluble forms). One of the candidates isolated in this search, Rnq1, has both
in vitro and in vivo characteristics of a prion. Rnql, exists in distinct, heritable physical
states, soluble and insoluble. The insoluble state is dominant and transmitted between
cells through the cytoplasm. When the prion-like region of Rnql was substituted for the
prion domain of Sup35, the protein determinant of the prion [PSI"], the phenotypic and
epigenetic behavior of [PSI'] was fully recapitulated. These findings identify Rnql as a
prion, demonstrate that prion domains are modular and transferable, and establish a

paradigm for identifying and characterizing novel prions.

A. Identification of prion candidates

The characteristics of Sup35 and Ure2 suggested several criteria for
identifying new prion candidates. Previous experiments have demonstrated that
particular regions (residues 1-65 for Ure2 (Genbank Acc. No. M35268, SEQ ID NO: 4)
and residues 1-123 for Sup35 (Genbank Acc. No. M21129, SEQ DI NO: 2)) are critical
for prion formation by these proteins. Over-expression of these regions is sufficient to
induce the prion phenotype de novo. Deletion of these regions has no effect upon the
normal cellular function of the proteins but prevents them from entering the prion state.
These critical prion-determining domains have an unusually high concentration of the
polar residues glutamine and asparagine and are predicted to have very little secondary
structure. The domains are located at the ends of proteins that have an otherwise ordinary
amino acid composition. We hypothesized that by searching for open reading frames

with these characteristics we might find new prion proteins.

A BLAST search (1.4.9MP version) of the NCBI database of non-
redundant coding sequences was performed using the prion-determining domains of Ure2
and Sup35 (residues 1-65 of SEQ ID NO: 4 and residues 1-123 of SEQ ID NO: 2,
respectively) as the query sequence with the following parameters: V=100, B=50, H=0,
S=90, and P=4. This search revealed approximately twenty open reading frames that had
prion-like domains appended to polypeptides with an otherwise normal amino acid
composition. To restrict the number of likely candidates, we took advantage of recent
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global descriptions of mRNA expression patterns. In examining this data we noted that
Sup35 and Ure2 are expressed at nearly constant levels as cells transit from the log to the
stationary phase of growth. Large fluctuations in expression would be inconsistent with
the stability of both their heritable prion and non-prion states. The open reading frames
from the BLAST search whose expression varies by less than two-fold in the log phase
transition were selected for further analysis. They were fused to the coding sequence of
green fluorescent protein (GFP) using PCR and expressed in the yeast strain 74D-694
(adel-14, trpl-289, his3-200, ura3-52, leu2-3, lys2). Three of the proteins, RNQI
(Genbank Acc. No. NP009902, SEQ ID NO: 50), YBR016w (Genbank Acc. No.
NP009572, SEQ ID NO: 51), and HRPI (Genbank Acc. No. NP014518, SEQ ID NO:

52), showed coalescence of GFP, as previously described for Sup35.

B. Rngql exists in distinct states controllable by Hsp104

We next asked if expression of the fusion protein in a strain that lacked the
chaperone Hsp104 eliminated the coalescence of GFP, as it does for Sup35-GFP fusions.
This is not a necessary criterion for prion proteins (an interaction with Hsp104 has not
been demonstrated for [URE3]) but interaction with the chaperone provides a useful tool
for further analysis. In wild-type yeast, fluorescence from the Rnql-GFP fusion was
found in one or more small, intense, cytoplasmic foci. When the fusion protein was
expressed in the isogenic Aspl04 strain, fluorescence was diffuse. The C-terminal end of
Rnql (amino acids 153-405 of SEQ ID NO: 50) contained the region rich in glutamine
and asparagine residues. Fusion of this region alone to GFP gave an identical result to
that seen with the full length Rnq1-GFP fusion. Since the effect of HSP104 deletion upon
the coalescence of the Rnq1 fusion was the most dramatic, it was chosen for further

analysis.

Differential centrifugation was employed to determine if the coalescence
observed with Rnq1-GFP fusion proteins reflected the behavior of the endogenous Rnq1
protein. Log phase yeast were lysed using a bead beater (Biospec) into 75mM Tris-Cl
(pH7), 200mM NaCl, 0.5 mM EDTA, 2.5% glycerol, 0.25mM EDTA, 0.25% Na-
deoxycholate, supplemented with protease inhibitors (Boehringer-Mannheim). Lysates
were cleared of crude cellular debris by a 15 second 6000 RPM spin in a microcentrifuge

(Eppendorf). Non-denatured total cellular lysates were fractionated by high-speed
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centrifugation into supernatant and pellet fractions using a TLA-100 rotor on an Optima
TL ultracentrifuge (Beckman) at 280,000 x g (85,000 RPM) for 30 minutes. Protein
fractions were resolved by 10% SDS-PAGE and immunoblotted with an a-Rnql
antibody. Rnq1 remained in the supernatant of a Aspl04 strain, but pelleted in the wild-
type. Thus, the GFP coalescence is not an artifact of the fusion; the Rnql protein itself is
sequestered into an insoluble aggregate in an Hsp104-dependent fashion. We also
examined the solubility of Rnql in several unrelated yeast strains. In four (S288c,
YIM436, SK1 and W303) the protein fractionated in the pellet, in two (YIM128,
YJIM309) it partitioned between the pellet and supernatant fractions, and in two others
(33G, 10B-HA49) the protein was chiefly recovered in the supernatant fraction. Thus,
Rnq! naturally exists in distinct physical states in different strains.

C. The insoluble state of Rnq1 is transmitted by cytoduction

The heritability of the known yeast prions is based upon the ability of
protein in the prion state to influence other protein of the same sequence to adopt the
same state. Because the protein is passed from cell to cell through the cytoplasm, the
conformational conversion is heritable, dominant in crosses, and segregates in a non-
Mendelian manner. To determine if the insoluble state of Rnq]1 is transmissible in this
way, we used cytoduction, a well-established tool for the analysis of the [PSI'] and
[URE3] prion. The karyogamy deficient (karI-1) strain 10B-H49 ( ade2-1, lysi-1, his3-
11,15, leu2-3,112, karl-1, ura3::KANR) can undergo normal conjugation between a and
cells but is unable to fuse its nucleus with its mating partner. Cytoplasmic proteins and
organelles are mixed in fused cells, but the haploid progeny that bud from them contain

nuclear information from only one of the two parents.

10B-H49 shows diffuse expression of Rnql-GFP, and served as the
recipient for the transfer of insoluble Rnq1 from W303 (Mata, Ais3-11,15, leu2-3,112,
trpl-1, ura3-1, ade2-1), the donor. After cytoduction, colonies derived from haploid cells
that contained the 10B-H49 nuclear genome but had undergone cytoplasmic mixing, as
demonstrated by mitochondrial transfer, were selected. Cytoductants were selected after
overnight mating on defined media lacking tryptophan that had glycerol as the sole
carbon source. All showed single or multiple cytoplasmic aggregates of Rnql-GFP -a

pattern indistinguishable from that of the W303 parent. Furthermore, density-based
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centrifugation of protein extracts, performed as above, indicated that cytoduction caused
the endogenous Rnql protein of the 10B-H49 strain to shift from the soluble to the
insoluble fraction. Thus exposure of 10B-H49 cells to the cytoplasm of W303 is
sufficient to cause a heritable change in the physical state of Rnql. Because RNQI is a
nuclear gene (not transmitted during cytoduction) the protein’s insoluble state is not due
to polymorphisms in its amino acid sequence, nor to any other trait carried by the W303
genome. Rather, like the Sup35 and Ure2 prions, its altered conformational state is

“infectious”, transmissible from one protein to another.

D. Purified Rnql forms fibers and shows seeded polymerization

Both Sup35 and Ure2 have the capacity to form highly ordered amyloid
fibers in vitro, as analyzed by the binding of amyloid specific dyes and by electron
microscopy. To examine conformational transitions of Rnql in vitro, the protein was
expressed in E. coli and studied as a purified protein. Rnql was cloned into pPROEX-
HTb (GibcoBRL). The primers 5’-GGA GGA TCC ATG GAT ACG GAT AAG TTA
ATC TCAG-3’ (SEQ ID NO: 53) and 5'-CC AAG CTT TCA GTA GCG GTT CTG TTG
AGA AAA GTTG-3’ (SEQ ID NO: 54) were used for PCR in a solution containing 10
mM Tris (pHS8.3), 50 mM KCl, 2.5 mM MgCl,,2 mM dNTPs, 1 pM of each primer and 2
U of Taq polymerase; and using genomic 74D DNA as template under the following
conditions: incubation at 94 °C for 2 min, followed by 29 cycles of 94°C for 30 sec, 50°C
for 30 sec, and 72°C for 90 sec, followed by a final incubation at 72°C for 10 minutes.
The PCR product was then digested and ligated into the BamHI and HindIII sites of
pPROEX-HTb (GibcoBRL). The plasmid was electroporated into BL21-DE3 laclq cells.
Transformed bacterial cultures were induced at ODggo = 1 with 1 mM IPTG for four hours
at 30C. The cells were lysed in 8M urea (Rnq1 was purified under denaturing conditions
(8M urea) because it had a tendency to form gels during purification in the absence of
denaturant), 20mM Tris-Cl pHS. Protein was purified over a Ni-NTA column (Qiagen)
followed by Q-sepharose (Pharmacia). The (His)s-tag from the vector was cleaved under
native conditions (150mM NaCl, 5 mM KPi) using TEV protease followed by passage of
the protease product over a Ni-NTA column to remove uncleaved protein. Protein was
methanol precipitated prior to use. Recombinant protein was resuspended in 4M urea,
150mM NaCl, 5 mM KP1, pH 7.4 at a concentration of 10 uM. Seeded samples were
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created by sonication of 1/50 volume of a 10pM solution of pre-formed fibers verified by
electron microscopy. The protein samples were incubated at room temperature on a

wheel rotating at 60 r.p.m.

To determine if Rnql forms amyloids we used Thioflavin T fluorescence.
This dye exhibits an increase in fluorescence and a red-shift in the Amax of emission upon
binding to multimeric fibrillar B-sheet structures characteristic of many amyloids,
including transthyretin, insulin, -2 micro globulin and Sup35. Fluorimeter samples
were prepared as 3.3uM Rnql, 50uM Thioflavin T in buffer. Samples were analyzed on
a Jasco FP750 with the following settings; exc= 409nm, emi= 484nm, bandwidth 10nm. The
acquisition of Thioflavin T bindiﬁg was sigmoidal (lag phase ~ six) suggesting a self-
seeded process of protein assembly. The addition of 2% preformed fibers to fresh
solutions of Rnql reduced the lag time - from 6.40.2 hrs to 4.30.2 hrs (n=4).

The formation of higher ordered structures was confirmed by transmission
electron microscopy. For electron microscopy analysis, 5ul of a 10uM protein solution
was placed on a 400 mesh carbon coated EM grid (Ted Pella, Cat. 01822), and allowed to
adsorb for 1 minute. The sample was negatively stained with 200 ul of 2% aqueous
uranyl acetate, and wicked dry. Samples were observed in a Philips CM120 transmission
electron microscope operating at 120kV in low dose mode. Micrographs were recorded
at a magnification of 45,000 on Kodak SO-163 film. T he protein formed fibers with a
diameter of 11.3 1.4nm. This figure is comparable to the reported range for Ure2 (~20
nm) and Sup35 (~17 nm) fibers. The fibers appeared to be branching and the termini were
unremarkable. The appearance of the fibers was coincident with the onset of rapid

increases in Thioflavin T fluorescence.

E. Rnqg1 Disruption

[URE3] and [PSI"] produce phenotypes that mimic loss-of-function
mutations in their protein determinants. To determine the loss of function phenotype of
Rnql, the entire ORF was deleted by homologous recombination in a diploid 74D-694
strain using a kanamycin resistance gene. Strains deleted of the Rnq1 open reading frame
were created using the long flanking homology PCR method. Primers 5°-GGT GTC TTG
GCC AAT TGC CC-3’ (SEQ ID NO: 55) and 5’-GTC GAC CTG CAG CGT ACG CAT

.88 -



10

15

20

25

30

WO 2005/118633 PCT/US2005/017870

TTC AGA TCT TTG CTA TAC-3’ (SEQ ID NO: 56) or 5°-CGA GCT CGA ATT CAT
CGA TTG ATT CAG TTC GCC TTC TATC-3’ (SEQ ID NO: 57) and 5-CTG TTT
TGA AAG GGT CCA CATG-3’ (SEQ ID NO: 58) were used to amplify genomic DNA.
These PCR products were used as primers for a second round-of PCR on plasmid
pFA6a,which is described in Wach et al., Yeast 13:1065-75 (1994), digested with Notl.
The product of the second PCR round was used to transform log-phase yeast cultures.
Transformants were selected on YPD containing 200 mg/mL G418 (GibcoBRL). Upon
sporulation each tetrad produced four viable colonies, two of which contained the Rngl
disruption, confirmed by immunoblotting total cellular proteins with an -Rnq1 antibody
and PCR analysis of the genomic region. The rngl strain had a growth rate comparable
to that of wild-type cells on a variety of carbon and nitrogen sources and was competent
for mating and sporulation. The strain grew similarly to the wild-type in media with high

and low osmolarity, and in assays testing sensitivity to various metals (cadmium, cobalt,

copper).

F. Fusion of Rnql (153-405) to Sup35 (124-685) — nonsense suppression

phenotype

The lack of an obvious loss-of-function phenotype was not unexpected, as
the two known yeast prions, [URE3] and [PSI"] only exhibit phenotypes under unusual
selective conditions. However, the absence of a phenotype presented difficulties in
determining whether Rnq1 could direct the epigenetic inheritance of a trait. To determine
if the prion-like domain of Rnql could produce an epigenetic loss-of-function phenotype
we asked if it could replace the prion-determining domain of Sup35. When the wild-type
Sup35 translation termination factor enters the prion state the loss-of-function phenotype
it produces is nonsense suppression - the readthrough of stop codons. This phenotype can
be conveniently assayed in the strain 74D-694 because it contains a UGA stop codon in
the ADEI gene. In [psi] 74D-694 cells, ribosomes efficiently terminate translation at this
codon. Cells are therefore unable to grow on media lacking adenine (SD-ade), and
colonies appear red on rich media due to the accumulation of a pigmented by-product. In
[PSI'] strains, sufficient readthrough occurs to support growth on SD-ade and prevent

accumulation of the pigment on rich media.
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The coding region for amino acid residues 153-405 of Rnq1 (amino acid
residues 153-405 of SEQ ID NO: 50) was substituted for 1-123 of Sup35 and the
resulting fusion gene, RMC, was inserted into the genome in place of the endogenous
SUP35 gene. RNQI, SUP35 and its promoter were cloned by amplification of 74D-694
genomic DNA. The RNQI open reading frame was cloned using 5°-GGA GGA TCC
ATG GAT ACG GAT AAG TTA ATC TCAG-3’ (SEQ ID NO: 59) and (A) 5°-GGA
CCG CGG GTA GCG GTT CTG TTG AGA AAA GTT GCC-3’ (SEQ ID NO: 60).
RNOQI (153-405) was cloned using 5’-GA GGA TCC ATG CCT GAT GAT GAG GAA
GAA GAC GAGG-3’ (SEQ ID NO: 61) and (A). ‘The SUP35 promoter was cloned using
5°_CG GAA TTC CTC GAG AAG ATA TCC ATC-3’ (SEQ ID NO: 62) and 5°-G GGA
TCC TGT TGC TAG TGG GCA GA-3’(SEQ ID NO: 63 ). SUP35 (124-685) was cloned
using 5°-GTA CCG CGG ATG TCT TTG AAC GACTTT CAA AAGC-3’ (SEQID
NO: 64) and 5°-GTG GAG CTC TTA CTC GGC AAT TTT AAC AAT TTT AC-3’
(SEQ ID NO: 65) by PCR using the conditions described above in section D.

The RMC gene replacement was performed as described in Rothstein,
1991. To create the plasmid for pop-in/pop-out replacement in pRS306 (available from
ATCC), the SUP35 promoter was ligated into the EcoRI-BamHI site, RNQI (153-405)
was ligated into the BamHI-Sacll site, and SUP35 (124-685) was ligated into the Sacll-
Sacl site. To create the disrupting fragment, this plasmid was linearized with Mlul and
transformed. Pop-outs were selected on 5-FOA (Diagnostic Chemicals Ltd.) and verified
by PCR. The resulting strain, RMC, had a growth rate similar to that of wild-type cells
on YPD, although the accumulation of red pigment was not as intense as seen in [psi’]
strains. RMC strains showed no growth on SD-ade even after 2 weeks of incubation).
Thus, the protein encoded by the RMC gene (Rmc) fulfilled the essential translational

termination function of Sup35.

At a low frequency, RMC variants appeared that were white on rich media
and grew on SD-ade even more robustly than [PSI'] cells did. The frequency at which
these variants appeared (~1O‘4 ) was far greater than expected for reversion of the UGA
stop codon mutation in adel-14, and subsequent analysis demonstrated that the allele had
not reverted. The suppressor phenotype of these variants was comparable in stability to

that of [PSI+ ]. Because Sup35 proteins that lack residues 1-123 are incapable of making
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such conversions, these observations suggest that the Rnql prion-like domain can direct a

prion conversion in the Rmc fusion protein.

Transient over-expression of Sup35 can produce new [PSI] elements,
because higher protein concentrations make it more likely that a prion conformation will
be achieved. To test whether over-expression of Rmc can produce heritable suppressing
variants, the original, non-suppressing RMC strain was transformed with an expression
plasmid for RMC. These transformants showed a greatly elevated frequency of
conversion to the suppressor state compared to control strains carrying the plasmid alone.
Once a pridn conformation is achieved it should be self-perpetuating and normal
expression should then be sufficient for maintenance. When the RMC expression plasmid
was lost all strains retained the suppressor phenotype. Thus, transient over-expression of

Rmc produced a heritable change in the fidelity of translation termination.

G. Non-Mendelian segregation of Rmc-based suppression phenotype

To examine the genetic behavior of the suppressor phenotype in RMC
strains, an isogenic mating partner was created from a non-suppressing a RMC strain.
When this strain was crossed to the original, non-suppressing, RMC strain, neither the
diploids nor their haploid meiotic progeny exhibited the suppressor phenotype. However,
when this strain was mated to RMC suppressor strains, the resulting diploids all displayed
the suppressor phenotype, demonstrating that suppression is dominant. In fourteen
tetrads dissected from two different diploids of this cross, all four haploid progeny
showed inheritance of the suppression phenotype, instead of the 2:2 segregation expected
for a phenotype encoded in the nuclear genome. Following convention, we henceforth
refer to the dominant, non-Mendelian suppressor phenotype as [RPS™] (for Rngl [PST]-

like Suppression) and the non-suppressed phenotype as [rps7].

To determine if the dominant, non-Mendelian [RPS"] phenotype arises
from the ability of Rmc protein to form a prion, we tested it for two additional unusual
genetic behaviors that are not expected for other non-Mendelian genetic elements, such as
viruses or mitochondrial genomes. First, it should become recessive and Mendelian in
crosses to strains carrying a wild-type Sup35 allele. This is because Sup35 lacks the
Rnql sequences that would allow it to be incorporated into an [RPS™] prion. Wild-type
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Sup35, therefore, should cover the impaired translation-termination phenotype associated
with the [RPS'] prion. However, even when this phenotype has disappeared, Rmc protein
in the prion state should still convert new Rmc protein to the same state. Therefore, in
haploid meiotic progeny of this diploid, the phenotype will reappear in segregants
carrying the RMC gene, but not in segregants carrying the SUP35 gene (2:2 segregation).

Indeed, diploids of a cross between an [RPS"] strain and an isogenic strain
with a wild-type SUP35 gene did not exhibit a suppressor phenotype. Upon sporulation,
suppression reappeared in only two of the four progeny. By PCR genotyping, these
strains had the RMC gene at the SUP35 locus. Thus the [RPS'] factor had been preserved
in the diploid, even though the phenotype had become cryptic.

Second, maintenance of [RPS'] should depend upon continued expression
of the Rmc protein. Although [RPS'] is maintained in a cryptic state in diploids with a
wild-type Sup35 gene, it should not be maintained in their haploid progeny whose only
source of translational termination factor is wild-type Sup35. To determine if these
progeny harbored the [RPS"] element in a cryptic state, they were mated to an [rps’] RMC
strain whose protein would be converted if [RPS"] were still present. When this diploid
was sporulated, none of the progeny exhibited the suppressor phenotype. Thus, the

[RPS "] element was not maintained in a cryptic state unless the Rmc protein was present.

H.  Curing of [RPS']

One of the hallmarks of yeast prions is that cells can be readily and
reversibly cured of them. [PSI'] is curable by several means, including growth on media
containing low concentrations of the protein denaturant guanidine hyydrochloride and

transient over-expression or deletion of the protein remodeling factor HSP104.

Strains carrying [RPS"] were passaged on medium containing 2.5 mM
guanidine hydrochloride (GdnHCI) (Fluka) and then plated to YPD and to SD-ade to
assay the suppressor phenotype. Cells passaged on GdnHClI no longer displayed the
[RPS™] phenotype, while cells not treated with GdnHCI retained it. [RPS™] was also lost
when the HSP104 gene was deleted by homologous recombination, performed using the
same strategy as described above in section E, or when HSP104 was over expressed from

a multicopy plasmid using the constitutive GPD promoter. Cells that had been cured of
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[RPS"] by over-expression of HSPI104 were passaged on YPD medium to isolate strains
that had lost the over-expression plasmid. These strains remained [rps’]. Thus transient

over-expression of HSP104 is sufficient to heritably cure cells of [RP.Sr+ 1.

Finally, we asked if Hsp104-mediated curing was reversible. Cells cured
by over-expression of HSP104 were re-transformed with a plasmid bearing a single copy
of RMC. To create the single-copy RMC plasmid in pRS316 (available from ATCC) the
Clal-Sacl fragment (includes promoter and RMC) from the plasmid used above for the
RMC gene replacement was ligated into the Clal-Sacl site. Transformants were then
plated onto SD-ade to assess the rate at which they converted to the [RPS"] suppressor
phenotype. [RPS"] was regained at a rate comparable to that seen in the parental RMC
strain, indicating that the transient over-expression of HSPI104 caused no permanent

alteration in susceptibility to [RPS"] conversion.

L Effect of endogenous Rngl upon [RPS']

To determine if [RPS"] can act as an independent genetic element, the
gene encoding the endogenous Rnq1 protein was deleted in strains carrying the RMC
replacement of SUP35 using methods described above. The deletion had no effect upon
the maintenance of the [RPS"] suppression phenotype. Growth on SD-ade was equally
robust in [RPS"] and [RPS'] rngl strains. This indicates that Rmc can behave as an

independent prion and is not dependent upon pre-existing Rnq1 in an insoluble state.

J. Physical state of the Rmc protein in [RPS'] and [rps] strains

Finally, we examined the localization of the Rmc fusion protein in the
[RPS*] and [rpsT] strains. Both strains were transformed with inducible plasmids that
provided an1(153-405)-GFP expression that were constructed as described above in
section A. Strains that lacked the endogenous Rnql gene were used to prevent the GFP
marker from localizing to the endogenous Rnql aggregate. Short-term expression of the

GFP-fusion protein prevented the formation of new [RPS"] elements in the [rps’] strain.

Two distinct patterns of Rmc protein localization were revealed by this
assay and these correlated with the phenotypic differences between [RPS"] and [rps’]

strains. In the non-suppressing [rps] strains, the Rnq1(153-405)-GFP label was diffuse.
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In the suppressing [RPS"] strains, fluorescence was punctate, and was excluded from the
nucleus. This punctate pattern was different from that observed with the endogenous

Rngl aggregates, as Rmc aggregates are numerous and very small.

Collectively, the foregoing experiments demonstrate that Rnql, which was
identified based on sequence analysis, exhibits prion-like behavior in numerous in Vitro
and in vivo assays. The search method used here shows that putative prions can be
identified by a directed prion search rather than by the study of a pre-existing phenotype.
In addition, this method will be applicable to the identification of prion proteins in many
other organisms. Our demonstration that a new prion protein domain can substitute for
that of another well-characterized prion, reproducing its phenotypic characteristics and
epigenetic mode of inheritance, also provides a crucial tool in the analysis of

uncharacterized candidates.

We have shown that Rnq1 exists in distinct physical states — soluble and
insoluble - in unrelated yeast strains. The insoluble state can be transmitted through
cytoduction, and once transmitted is stably inherited. When the N-terminal prion-
determining region of SUP35 was replaced with the C-terminal domain of RNQI, the
hybrid Rmc protein provided translation termination activity, mimicking the phenotype of
[psi] strains. At a low spontaneous frequency, the strain acquired a stable, heritable
suppressor phenotype, [RPS™], which mimicked the phenotype of [PSI"] strains.
Suppression was dominant and segregated to meiotic progeny in non-Mendelian ratios.
The possibility that this phenotype is caused by an epigenetic factor unrelated to the
fusion protein was ruled out by genetic crosses showing that the phenotype is not
expressed and can not be transmitted in strains that do not produce the fusion protein.
The relationship of the suppression phenotype to protein conformation was further
demonstrated by fluorescence localization of the hybrid protein in isogenic [RPS'] and
[rps] strains. In [RPS"] strains, most of the protein is sequestered into small foci and is
presumably inhibited in its function in translational termination. Transient over-

expression of Rmc greatly increased the frequency of conversion to [RPS"].

Tt is highly unusual for over-expression of a protein to cause a loss-of-
function phenotype. It is even more unusual for phenotypes produced by over-expression

to be stable after over-expression has ceased. Yet these properties are shared by the two
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yeast prion determinants and, to our knowledge, have been uniquely shared by them until
now. They are believed to derive from stabilization of an otherwise unstable protein
conformation by protein-protein interactions. Proteins in the altered form then have the
capacity to recruit new proteins of the same type to the same form. The phenotype
associated with this change is, therefore, stably inherited from generation to generation

and transferred to mating partners in crosses.

The ability of amino acid residues 153-405 of Rnq1(SEQ ID NO: 50) to
substitute for the N-terminal domain of Sup35 and recapitulate its prion behavior was by
no means predictable. The C-terminal region of Rnq1 (residues 153-405) and the N-
terminal region of Sup35 have no primary amino-acid sequence homology - only a
similar enrichment in polar amino acids. Reconstituting the epigenetic behavior of a
prion requires that the Rmc fusion protein achieve an unusual balance between solubility
and aggregation. If the fusion protein is too likely to aggregate, the inactive state will be
ubiquitous; if it is too likely to remain soluble, the inactive state will not be stable. To
recapitulate the epigenetic behavior of [PSI+] the fusion protein must be able to switch
from one state to the other and maintain either the inactive or the active state in a manner
that is self perpetuating and highly stable from generation to generation. Even minor
variations in the sequence of the N-terminal region of Sup35, including several single
amino-acid substitutions and small deletions, can prevent maintenance of the inactive
state. And a small internal duplication destabilizes maintenance of the active state.
Therefore, the ability of the Rnql domain to substitute for the prion domain of Sup35 and
to fully recapitulate its epigenetic behavior provides a rigorous test for its capacity to act

as a prion and suggests that it has been honed through evolution to serve this function.

The fusion of prion-determining regions with different functional proteins
could be used to create a variety of recombinant proteins whose functions can be switched
on or off in a heritable manner, both by nature and by experimental design. The two
regions that constitute a prion, a functional domain and an epigenetic modifier of

function, are modular and transferable.

EXAMPLE 8

High-Throughput Assay to identify novel prion-like amyloidogenic sequences
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The procedures described in Example 5 are particularly useful for
identifying candidate prion-like sequences based on sequence characteristics and for
screening these candidate sequences for useful prion-like properties. The following
modification of those procedures provides a high-throughput genetic screen that is
particularly useful for identifying sequences having prion-like properties from any set of

clones, including a set of uncharacterized clones, such as cDNA or genomic libraries.

A library of short DNA fragments, such as genomic DNA fragments or
¢DNAs, is cloned in front of a sequence encoding the C-terminal domain of yeast Sup35
to create a library of CSup35 chimeric constructs of the formula 5°-X-CSup35-3°,
wherein X is the candidate DNA fragment. Optionally, the 3’ end of the construct
encodes both the M and C domains of Sup35. This library is transformed into a [psi-]
strain of yeast that carries Sup35 as a Ura+ plasmid (with its chromosomal Sup35
deleted). Transformants are plated onto FOA-containing medium, which will cure the
Ura+ plasmid so that the only functioning copy of Sup35 will be a fusion construct from
the chimeric library.

Viable transformants are transferred to a selective media to screen for
transformants which can suppress nonsense codons in a [PSI*]-like manner. For
example, if the host cell is a yeast strain carrying a nonsense mutation in the ADE1 gene,
the transformants are screened for cells that are viable on a SD-ADE media. Cells that
can survive via suppression of nonsense codons are selected for further analysis (e.g., as
described in preceding Examples), under the assumption that the library chimera has
altered the function of Sup35. By using prion-specific tests such as histological
examination for protein aggregates, curing, and Hsp104-dosage alteration, true
aggregation-directing protein domains will be identified from original library of DNA
constructs. The constructs which display prion-like properties can be used as described
herein. Also, such constructs can be isolated and sequenced and used to identify and
study the complete genes from which they were derived, to see if the original
gene/protein possesses prion properties in its native host. The foregoing assay also is
useful for rapidly identifying fragments and variants of known prion-like proteins
(NMSup35, NUre2, PrP, and so on) that retain prion-like properties. The assay, as well
as chimeric constructs of the formula 57.X-CSup35-3” and expression vectors containing

such constructs, are considered additional aspects of the present invention.
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EXAMPLE 9
Fiber assembly mechanism of the prion-determining region (NM) of yeast Sup35p

The investigation of specific protein aggregation is gaining an increasing
role in conjunction with increasing numbers of human diseases characterized by altered
protein structures, including prion-based encephalopathies, noninfectious
neurodegenerative diseases, and systemic amyloidoses. Amyloid protein aggregates are
B-sheet rich structures that form fibers in vitro and bind dyes such as CongoRed and
ThioflavinT. Strikingly, most amyloids can promote the propagation of their own altered
conformations, which is thought to be the basis of protein-mediated infectivity in prion
diseases. This feature of protein self-propagation in amyloids may also be critical to
disease progression in noninfectious amyloid diseases such as Alzheimer’s or Parkinson’s
disease. A powerful system to study the molecular mechanism of amyloid propagation
and specificity is the prion-like phenomenon [PSI"] of Saccharomyces cerevisiae.
Formation of higher ordered Sup35p complexes and the propagation of [PSI'] is caused
by NM region of Sup35p. In vitro, both full-length Sup35p and NM form amyloid fibers
with NM dictating the formation of the fiber axis while the C-terminal region of Sup35p
is thought to be located on the periphery of the fibers. Detailed analysis by circular
dichroism showed that NM adopts a mainly random coil structure in solution before it
changes slowly to a structure that is B-sheet-rich. This conformational conversion was

shown to occur simultaneously to the formation of amyloid fibrils.

In general, amyloid polymerization is considered to be a two-stage process
initiated by the formation of a small nucleating seed or protofibril. Seed formation is
thought to be oligomerization of soluble protein accompanied by a transition from a
predominantly random coil to an amyloidogenic B-sheet conformation. Subsequent to
nucleation, the seeds assemble with soluble protein to form the observed amyloid fibrils.

The mechanisms for nucleation and fiber assembly are not well understood.

Strikingly, the secondary structure of all proteins that form amyloid fibrils
under physiological conditions is partially random coil in aqueous solutions. Such
structure is usually significant for partially unfolded protein as found in folding

intermediates. It is possible that this unique “high-energy” structure in solution is the
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driving force for fiber assembly of such proteins. Thereby, the fibrous aggregates might
present the lowest energy conformer of these proteins. As a consequence, interference
with their structural state in solution should influence their fiber assembly ability. This
has been shown for Alzheimer’s B-amyloid peptide, islet amyloid polypeptide, and the
artificial peptide DAR16-IV, where changes in the secondary structure dramatically

altered the fiber assembly process.

The following experiments were performed to examine and characterize
the folding and association pathway of soluble NM by starting with chemically denatured
protein. Similar results were obtained with proteins isolated under non-denaturing
conditions. These studies were facilitated by use of labeled cysteine-substituted NM
mutants. A better understanding of the mechanisms of fiber assembly will facilitate

manipulations of fiber growth under various conditions.

A. Materials and methods

Bacterial strains and culture

Using pEMBL-Sup35p (an E. coli plasmid containing the Sup35 protein)
as template, DNA encoding NM was amplified by PCR with various linkers for
subcloning. For recombinant NM expression, the PCR products were subcloned as Ndel-
BamHI fragments into pJC25. For GST-NM fusions, the PCR products were subcloned
as BamHI-EcoRI fragments into pGEX-2T (Pharmacia). For site-directed mutagenesis
the protocol by Howorka and Bayley, Biotechniques, 25:764-766 (1998), was used for a
high throughput cysteine scanning mutagenesis. A non-mutagenic primer pair for the B-
lactamase gene and a mutagenic primer pair for each respective mutant were employed.
In addition to generating a unique Nil site, we used Sphl and NsplI sites, which allows
introduction of a cysteine codon in front of methionine and isoleucine or after alanine and
threonine codons, to increase the number of mutants in our cysteine screen. The fidelity
of each construct was confirmed by Sanger sequencing. Protein was expressed in E. coli
BL21 [DE3] after inducing with 1mM IPTG (ODgoonm of 0.6) at 25°C for 3 hours.

Yeast strains and culture
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Using pJLI-Sup35pC-Sup3 5p as a template, DNA encoding each of the
respective NM™* was amplified by PCR with two EcoRI sites for subcloning. To
investigate the propagation and maintenance of [PSI'] by each NM®* used, integrative
constructs, constructed using the standard pRS series of vectors (available from ATCC),
were digested with Xbal and transformed into 74-D694 [PSI"] and [psi] strains.
Transformants were selected on uracil-deficient (SD-Ura) medium and confirmed by
genomic PCR followed by digestion with Aatll, which cleaves the HA-tag between
NM®"® and Sup35pC. Recombinant excision events were selected on medium containing
5-fluoro-orotic acid. Only cells that have lost remaining integrative plasmids are able to
grow on medium containing 5-fluoro-orotic acid. Again, replacements were confirmed

by PCR followed by digestion with Aatll as described above.

Protein purification

NM and each NMéYS were purified after recombinant expression in E.
coli by chromatography using Q-Sepharose (Pharmacia), hydroxyapatite (BioRad), and
Poros HQ (Boehringer Mannheim) as a final step. All purification steps for NM or
NM®"S were performed in the presence of 8M urea. GST-NM was purified by
chromatography using Glutathione-Sepharose (Boehringer Manheim), Poros HQ
(Boehringer Mannheim), and S-Sépharose (Pharmacia) as a final step. All purification
steps for GST-NM were performed in the presence of 50mM Arginine-HCl. Protein
concentrations were determined using the calculated extinction coefficient of 0.90 (NM,
NM®¥) or 1.23 (GST-NM) for a 1 mg/ml solution in a 1cm cuvette at 280nm.

Secondary Structure Prediction

Secondary structure of NM was predicted by using two independent
prediction methods, GOR IV and Hierarchical Neural Network. Both methods were
provided by Pdle Bio-Informatique Lyonnais.

Secondary Structure Analysis
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CD spectra were obtained using a Jasco 715 spectropolarimeter equipped
with a temperature control unit. All UV spectra were taken with a 0.1cm pathlength
quartz cuvette (Hellma) in SmM potassium phosphate (pH 7.4), 150mM NaCl and
respective additives such as osmolytes in certain experiments. Protein concentration
varied from 0.5uM to 65uM. Folding of chemically denatured NM or NM®YS was
monitored at 222 nm in time course experiments by diluting protein out of 8M Gdm*Cl
(Guanidinium Hcl; final concentration 50mM) in the respective phosphate buffer.
Thermal transition of NM or NM“*® was performed with a heating/cooling increment of
0.5°C/min. Spectra were recorded between 200nm and 250nm (2 accumulations). In a
separate measurement, time courses were recorded for 30 sec at single wavelengths
(208nm and 222nm) for each temperature and the mean value of each time course was
determined. Temperature jump experiments were performed by incubating the sample in
a water bath with the respective starting temperature for 30min. The cuvette was
transferred to the spectropolarimeter already set to the final temperature and time courses
were taken with a constant wavelength of 222nm. Settings for wavelength scans:
bandwidth, Snm; response time, 0.25sec; speed, 20nm/min; accumulations, 4. All spectra

were buffer-corrected.

Fluorescent labeling of NM®¥®

The thiol-reactive fluorescent labels acrylodan and IANBD amide
(Molecular Probes) were incubated with NM™* for 2 hours at 25°C according to the
manufacturer's protocol. Remaining free label was removed by size exclusion
chromatography using D-Salt Excellulose desalting columns (Pierce). The labeling
efficiencies were determined by visible absorption using the extinction coefficients of 2 x
10* for acrylodan at 391nm and 2.5 x 10* for IANBD

B. Construction and analysis of NM mutants

To investigate the structural requirements for amyloid fiber assembly, we
used yeast Sup35p's NM-region as a model protein. Until recently, fiber assembly
kinetics of NM and other amyloid forming proteins have been monitored by binding of

dyes such as CongoRed (CR) or ThioflavinT. To gain further insight into NM folding
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and fiber assembly, a more sensitive method for detecting structural changes, such as that
provided by intrinsic fluorescence, was necessary. As NM naturally lacks tryptophan, the
only native amino acid with a reasonable environmental-sensitive fluorescence, site-
directed mutagenesis could have been employed to artificially introduce tryptophan in
NM. However, to improve experimental flexibility we introduced single cysteine
substitutions throughout NM. Since NM naturally lacks cysteine, such single point
mutations would allow probing of NM folding and assembly in a specific, well defined

manner after cross-linking of fluorescent probes to the sulfhydryl-groups of cysteines.

NM mutants with single cysteine replacements at amino acids throughout
NM that were predicted to be in structured regions or that were likely involved in the
fiber assembly process were constructed. These included the following fifteen mutants:
NM2C, NMY?5C, NM3EC, NMQAC, NMO4C, NMOSEC, NMMIZC NMPI38C NpfLI4C,
NMTI8C, NMELSTC NMKISC NME20C, NM?C_ and NM3C, As indicated in table 1
below, three of the fifteen mutants, NMY35C, NMQ4°C, and NMMmc, were not stably
expressed at a sufficiently high protein levels in E. coli. All other mutants were purified
to homogeneity under denaturing conditions. To confirm that refolded NM attained a
native protein structure, a GST-NM fusion protein was purified with thrombin, and GST
was removed by binding to Glutathione-Sepharose. A structural comparison of refolded
and native NM using far-UV circular dichroism (CD) showed no apparent differences

between the two proteins.
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TABLE 1
NM Expression in | Secondary Structure | Fiber assembly | Fiber morphology
Protein E. coli [0222nm] (CR-binding) (EM)
wild- yes -2950 yes smooth fibers up
type to 35pum long
(wt)
NM
NMS yes as wt as wt as wt
NM Y€ not - - -
detectable
NMEC yes as wt as wt as wt
NMAC very low, - - -
not stable
NM#C yes -6420 slower assembly | short fibers, only
rate few are longer
than 1pm
NM o8¢ yes -6250 slower assembly | short fibers, only
rate few are longer
than 1pm
NMMIZC | very low, - - -
not stable
NMF13EC yes -4570 as wt as wt
NMLH4e yes -4198 as wt as wt
NMT5EC yes as wt as wt as wt
NMEL67C yes as wt as wt as wt
NMEKIBC yes -4400 as wt as wt
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NMFE20¢ yes -4000 as wt less smooth, many
short fibers
NMS24€ yes -6410 slower assembly | many short fibers
rate
NML238€ yes -3730 no no detectable
fibers

To determine the direct influence of individual cysteine replacements on the
folding and assembly of NM in vitro; the secondary structure of each NM®™* was compared to
wild-type NM structure by far-UV CD after refolding. The results are summarized in table 1.
Structurally, only NM5%¢, NM®€ NM ™3 8 and NME'%7C were identical to wild-type NM.
All other mutants contained a higher content of secondary structure as indicated by an
increased mean residue ellipiticity at [8] 220nm. NM and all ™, with the exception of
NM"***C, had identical mean residue ellipiticities at [0] 208um 0f -9000 degree cm? dmol™. In

208nm -

contrast, NM"**C had a decreased mean residue ellipiticity at [0] indicating that this

mutant had an aberrant structure in comparison to wild-type NM than the other NM®”.

Next, fiber assembly of each mutant was performed on a roller drum and
compared to wild-type NM assembly kinetics by binding of CongoRed (CR), which shows a
spectral shift after interacting with amyloid fibers. Results form these experiments are
summarized in table 1. Only NM"?**© did not bind CR under all conditions tested. NMS*€,
NM€ and NM5?4C showed slightly altered CR-binding kinetics suggesting slower fiber

assembly rates in comparison to wild-type NM.

Electron microscopy (EM) was used to confirm that NM®* fibers were
morphologically identical to wild-type fibers. As indicated in table 1, the electron
micrographs showed no apparent differences in fiber density, fiber diameter, or other
morphological features in comparison to wild-type NM for NM5%¢, NME MmO 8¢
NMMHC M 8C, NME'7C and NMX1#4C. NM?*%C fibers were not detectable by EM,
suggesting that the apparent lack of CR-binding of NM"*%C was not due to structural
differences in fibers that affected CR-binding. Results from CD (secondary structure), CR-
binding (fiber assembly kinetics), and EM (fiber morphology) indicate that the NM5%C,
NMPEE NMT%5C, and NME'¥’C mutants display no apparent differences to wild-type NM

with respect to these parameters. To further confirm that the chosen cysteine mutants were
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not influencing the principal properties of NM, genomic wild-type NM could be replaced by
NM™,

C. Covalent binding of fluorescent labels to NM***

Environmentally sensitive fluorescent probes, such as naphthalene derivatives
or benzofurazans, are commonly used to detect conformational changes and assembly
pfocesses of proteins. Here, we made use of 6-acryloyl-2-dimethylaminonaphathlene
(acrylodan) and N, N'-dimethyl-N-(iodoacetyl)-N"-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)ethylene diamine (IANBD amide) both of which react specifically with free thiol-groups
on proteins. Whereas acrylodan is very sensitive to its structural environment, IANBD amide
exhibits appreciable fluorescence when linked to buried or unsolvated thiols. Therefore, the
latter fluorescence is highly sensitive to changes in the solvation level of the fluorophore as
seen in folding events, whereas acrylodan is more powerful for investigating conformational
changes of a protein. The specific labeling efficiencies of soluble NM™* were in the range of
0.40 to 0.78 (mol label/mol protein) with unspecific binding below 0.05 mol/mol for both

fluorescent probes.

After covalent binding to NM®*, the influence of the fluorescent labels on
fiber assembly was investigated. No differences were found in fiber assembly for 7 mutants
(see table 1) in the presence of fluorescent labels in comparison to non-labeled protein as
detected by CR-binding. No gross structural changes in assembled fibers were visible by EM
for NMPC, NMP135C NML4C, NMTH5C, NMES7C, and NMX'™C. In contrast, NMS2C fibers
labeled with both acrylodan and IANBD amide appeared rougher with an overall shorter
length, although these changes were subtle.

To determine the incorporation of labeled NM®”* into fibers, equal amounts of
labeled and non-labeled protein were mixed. The amount of label in the soluble protein
fraction was detected over the course of fiber assembly. During the experiment, the label to
protein ratio was constant indicating an equal incorporation of labeled and non-labeled
protein into fibers. The resulting fibers were monitored for fluorescent emission of the
respective label. Both measurements showed that fluorescent-labeled protein was sufficiently
incorporated into amyloid fibers without influencing the assembly kinetics or the assembled
state for NM5C, NMPI38C, NIML4C NMTIC, NMEISC, and NMK184C,
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The foregoing experiments examined the folding process of NM using NM*¥*
mutants that exhibited folding processes and structural characteristics similar to wild-type

NM. These results provide a better understanding of the process of NM folding.

EXAMPLE 10
Kinetic analysis of fiber elongation

The following experiments were performed to characterize how nuclei
mediate the conversion of soluble NM to the amyloid form in the elongation phase of fiber

formation.

Effect of fluoresecent labeling

To determine if fluorescent labels themselves affected fiber assembly, mixed
assembly reactions were performed with equal quantities of labeled and unlabeled protein of
each mutant. The ratio of labeled protein to unlabeled protein that remained in the soluble
phase was constant throughout the assembly time course, and the final level of assembly was
the same. The fibers formed with each of the labeled NM™*® mutants were indistinguishable
from unlabeled NM®” fibers in terms of their diameter (11.5 + 1.5nm) and concentration.
Thus, covalent attachment of acrylodan / IANBD amide to cysteines did not influence the

assembly of these mutants.

Fluorescence assay for conformational conversion

Next, it was investigated which residues f the NM residues are located in
positions that would provide a change in fluorescent signal (upon fiber assembly) in
conformational conversion reactions (during seeded fiber elongation). For NM>2¢, NM €,
NM™%€ and NMF'7C| cysteine-linked acrylodan showed a blue shift in fluorescence
emission maximum (Amay), indicating that the environment of each cysteine substitution
changed. To determine if these changes were based on the conformational transitions that are
associated with the transition from soluble protein into fibers, fluorescent changes were
analyzed for 12 hours in undisturbed, non-seeded reactions. Such reactions depend upon

spontaneous nucleation and no NM fibers are detected in this time frame. This experiment
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revealed that acrylodan fluorescence emission showed a gradual change of Ayax during the

pre-assembly stage for NM3?© and NMC,

By many criteria, the N-region of NM has been established as the region
responsible for nucleation. Thus, these changes most likely reflect early conformational
transitions involved in the first stage of nucleated conformational conversion (NCC).
Acrylodan fluorescence emission of NM™'>5¢ and NME'97C revealed no si gnificant change
after 12 hours in non-seeded samples (Both of these residues are located in the M-region.).
However, coincident with seeded fiber assembly, solutions of NM>%C. and NMF!¢7C.
acrylodan showed increased fluorescence intensities accompanied by a blue shift of Amax
(NM™%8C: 521nm to 486nm, Fig 2A; NMF7C: 528nm to 502nm). Thus, acrylodan labels at
cysteine 158 and 167 are sensitive to the conformational differences between soluble and
fibrous NM.

Seeded elongation occurs in two steps

Both NM™*¥¢. and NM®!¢7C. acrylodan (2uM each) showed a rate of fiber
assembly of V""" =8 + 0.4 x 10™* pmol s at 25°C in the presence of seed 4% w/§v), at which
seed concentration soluble NM is present in excess over the seeding fiber ends by
approximately 50,000 fold. This fiber assembly rate was similar to that measured for NM™
by far-UV CD (3 x 10™ pmol s™) and light scattering (5 % 0.3 x 10 pmol s™) at identical
experimental conditions. To determine the kinetic parameters of fiber assembly it was
essential to ensure that both the substrate and the seed were in excess in the reactions. To do
this, fiber assembly rates was determined with constant seed concentrations (4% w/w
calculated for a 5SpuM protein concentration) and varying soluble protein concentrations.
Decreasing the soluble NM concentration 100-fold only decreased fiber assembly rates by a

factor of two. Hence, soluble protein is in excess with 4% w/w seed and SuM soluble NM.

The kinetics of seeded fiber elongation reproducibly showed a lag-phase of 80
+ 10 s at 25°C, then exhibited linear kinetics. The fact that fiber éssembly did not begin
immediately suggested that an éssembly intermediate is formed. Non-fibrous NM is soluble
in SDS while fibrous NM shows SDS-resistance. Based on this fact, an assay was developed
to detect intermediate complexes, which identifies soluble NM that is associated with seed
but still not converted into the fiber state. Seeds were prepared from NM*'¥*C, a cysteine

substitution mutant with surface accessible sulfhydryl groups that allow for labeling after
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fiber formation and that shows a seeding efficiency indistinguishable to that of NM™, and
these NMX'34C seeds were biotinylated. Further, NM"'°*¢ was labeled with iodo[1-
1Clacetamide. Reactions were started by addition of biotinylated NM*! 3% seed (50%
(w/w)) to soluble NM " **“_jodo[1-'*C] acetamide and at distinct time points aliquots of the
reaction were taken and incubated with Streptavidin-coated Dynabeads. A high ratio of seed
to soluble protein was used to ensure that the fiber ends (i.e. the seeds) were saturated with
soluble NM, which would therefore allow us the best opportunity of observing short-lived
intermediate complexes. The beads were removed at different time points using a magnet
and washed with SDS to detect non-converted intermediates. Both the SDS soluble protein
and the SDS resistant fiber, which were attached to the beads, were analyzed by scintillation
counting. It took 30 seconds to collect the beads. At early time points a substantial fraction
(~50%) of the NM assembled with bead-bound seeds was soluble in SDS, at later time points
the fraction of SDS-soluble material diminished. In a control experiment, in which the
NMF¥C seeds were not biotinylated, no radioactivity could be detected attached to the
beads. The ability to capture material bound to the seed that had not completely converted,
established the formation of a detergent susceptible complex. However, this method did not

have sufficient resolving power to analyze kinetic parameters of the assembly process.

To establish kinetic parameters, it was necessary to precisely discriminate
between soluble and seed-bound NM. Therefore a sedimentation assay was developed to
detect the disappearance of soluble NM™!58¢. acrylodan during fiber assembly. The total
acrylodan concentration was plotted against the acrylodan concentration in the supernatant,
and each measurement was repeated 6 times to estimate the level of variation. In
combination with the wavelength shift assay described above, this provided sufficient data to
kinetically analyze fiber assembly and develop a model for nucleated fiber elongation. These
reactions have several components: two reactants - the seed and the soluble NM, with the
soluble NM as the substrate being in excess of the seed, and a catalyst that is not used up as
the reaction progresses (the catalyst is the fiber ends, which are bound to by the soluble NM,
but the same number of ends are present as the fiber elongates). These components and the
fact that these reactions reach steady state kinetics suggest that they can be analyzed with the
same mathematical formula that has been used to describe enzyme kinetics - the Michaelis-

Menten equation:

k1 . kconf
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S+A <> SAA <> AA
k.

where S is soluble NM, 4 is assembled protein (seed), S4 is bound but not
converted intermediate (akin to an enzyme:substrate complex), and 44 is converted fiber,
which again can act as seed. Importantly, we were unable to discriminate whether seed
associates with monomers or oligomers or both. The observed rate of conformational
conversion is determined experimentally by k;, k.; keonr. k; and k_; represent the rate
constants for binding and dissociation, and k.o is the first-order conformational conversion
rate. Since the dissociation rate of converted protein from the amyloid fibers is too slow to be

detected in our experimental set-up, the back reaction
44 —> 84

is quasi-irreversible and ignored in our model.

Next, we analyzed our experimental data using a Lineweaver-Burk plot in
order to gain more information on the kinetic parameters of fiber assembly. In these
experimental conditions, the Lineweaver-Burk plot yielded a straight line and a protein
concentration of K, = 0.12 + 0.01 pM, at which the rate of reaction is equal to one half of the
limiting rate (maximum rate). We also calculated a maximal rate of conformational
conversion Vg =10+ 0.3 x 107 pmol s'l, the rate constant of conformational conversion of
keons=5+0.1x 107 s'], and a conformational conversion efficiency of keont/ Koy = 42000 M

s, which is equivalent to an enzyme’s specificity constant.

Influences of temperature on seeded fiber elongation

The effect of increased temperature on seeded fiber elongation was

- investigated with NMTISSC—acrylodan in the presence of 4% w/w seed. A low temperature
optimum of the rate of fiber assembly as seen in the logarithm of NCC velocities plotted
against the reciprocal temperature (Arrhenius plot) was found. The sticking probability of
soluble protein, which is reflected by keont'k.1, characterizes the rate at which soluble NM S
associates with seed (S4) relative to dissociation, i.e., the sticking probability is high if k_;<
kcons. In these experiments the abnormal temperature dependence with decreasing ratios of

keontk-y at elevated temperature indicates a significant rate enhancement for the dissociation
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of the seed-NM (S4) complex in comparison to its conversion into an assembled fiber (4A4).
At low temperature k. <<kconr and keont/Km becomes equal to k;. Because the dissociation of
non-converted, but seed-bound NM, has a high activation energy, k.; becomes predominant at

high temperature.

In order to test this experimentally, the velocities of fiber elongation at 25°C
and 40°C were measured with a constant soluble NM™**C-acrylodan concentration 2pM)
and increasing seed concentrations. It was confirmed that increasing seed concentrations led
to increasing fiber elongation velocities at both temperatures yielding maximal elongation
rates above 10% w/w of seed. Therefore, fiber elongation velocities at 12% w/w seed, which
should be not-rate limiting seed concentrations for fiber elongation, were plotted against the
reciprocal temperature. The plot revealed a temperature dependence of fiber elongation that
is consistent with the collision theory of Arthenius. The Arrhenius plot gives a straight line
and its slope is equivalent to the activation energy E, divided by the gas constant R = 8.3145
JK ' mol”. Using this equation, the activation energy for fiber elongation was calculated to
be E,=11.7 0.2 kJ mol.

Acquisition of secondary and tertiary structure of soluble NM

In order to elucidate the influence of the conformation of soluble NM on the
association with seed, we investigated the rate at which secondary, tertiary, and quaternary
structures were acquired in soluble material. When NM is first diluted out of denaturants
such as urea or guanidinium chloride (GdmCl), it adopts the characteristics of a molecule that
is rich in random coil but partially structured (typical for intrinsically unstructured proteins)
indistinguishable from that of NM purified under non-denaturing conditions. To analyze
whether the rate of this process influences seeded fiber assembly, 6M GdmCl was used to
form a homogenous and monomeric population of denatured NM. After dilution into 5SmM
sodium phosphate, pH 7.4, 150mM NaCl, the time course of far-UV Circular Dichroism
(CD) changes at 222nm was monitored. The acquisition of secondary structure reached half
maximal amplitude after 24 + 2 s with a rate-constant of kgainfarw =2.1£0.2x102s?. Thus,

the formation of secondary structure is not rate determining for seeded fiber elongation.

The kinetics of acquisition of NM tertiary structure was investigated by the
four fluorescently-labeled NM®® mutants. Changes in tertiary structure of NM upon dilution
into buffer from 6M GdmCl were investigated with two different techniques: IANDB-amide
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labeled protein was investigated by fluorescence emission and acrylodan labeled protein with
near-UV CD. The fluorescence emission of IANBD-amide revealed solvent exposure in all
four mutants in 6M GdmCl, as expected. A stable IANDB-amide emission signal was
reached after dilution into buffer indicative of a higher ordered environment. The time
course had a half maximal amplitude at 31 4 s and a rate constant of kgainﬂ“m =1.6%£02x10
2 g1, Similarly, near UV-CD time courses with acrylodan-labeled NM (all four mutants led
to the same results) showed a half maximal amplitude after 33 + 2 s and arate constant of
kgain“earuv =1.5+0.1 x 102 5. Both independent measurements revealed that formation of
some tertiary structure is also not rate limiting for seeded fiber assembly under the

experimental conditions chosen.

Quaternary structure analysis

Dilution of NM™ out of denaturant led to the formation of a mixed population
of monomers and oligomers. 87 =5 % of NM was monomeric and the remaining fraction
heterogeneously oligomeric with varying molecular masses from tetramers to 30mers.
Oligomerization was preceded by a lag phase of approximately 60 seconds after dilution out
of denaturant, which may suggest that some acquisition of secondary and tertiary structure is
required prior to oligomerisation. Populations of monomers and oligomers were established
after of a half time of 75 + 5 seconds and remained constant for 3 hours. Since this steady
state was achieved far before spontaneous nucleation (and well before seed was added), NM
oligomerisation is not likely to be rate-determining for seeded fiber assembly in our

experiments.

The data suggested the following mechanism for initial structural changes of
soluble NM, starting from the denatured state:

kgain
M, —> xM <> O

where M, is the unfolded monomer, M is the random-coil monomer with some
structure, and Oy are the oligomers. The rate constant for structural gain of monomeric NM
from the denatured state was kgsin = 1.5+ 0.2 X 102 s'. Remarkably, the rate of
oligomerisation and establishment of a steady state distribution of monomers and oligomers

showed little dependence on the concentration of NM between 0.7 pM and 46pM NM. This
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observation agrees with that of a previous study that NM fiber assembly proceeds via the
conversion of oligomers to nuclei with little concentration dependence. Nuclei form by
conformational rearrangements of NM within the context of oligomeric intermediates and not

by assembly of structurally converted monomers.

EXAMPLE 11

Bi-directional formation of fibers composed of the prion-determining region (NM) of
yeast Sup3Sp

The following experiments were performed to demonstrate that fibers
composed of the NM region of Sup35p are capable of adding NM protein at both ends of the
fiber. This was investigated using a mutant NM protein, in which the lysine residue at
position 184 was substituted by cysteine, that was capable of forming fibers labeled with
specifically modified gold colloids. Visualization of the gold-labeled fibers allowed
determination of the directionality of fiber growth.

A. Determining the accessibility of cysteine residues in assembled fibers

First, the accessibility of cysteine residues was assayed in fibers composed of

cysteine-substituted mutant NM (NM“*)proteins, each of which carried different single

. cysteine replacements at amino acid residues throughout the NM protein. All Nm™,
described in Examiale 9 above, that formed fibers were examined. For fiber assembly, NM**
protein was diluted out of 4M Gdm*Cl 80-fold into 5 mM potassium phosphate (pH 7.4), 150
mM NaCl to yield a final NM™”® protein concentration of 10 uM. To accelerate the rate of
fiber assembly, all NM™”* proteins were incubated on a roller drum (9 rpm) for 12 hours. The
resulting fibers were sonicated with a Sonic Dismembrator Model 302 (Artek) using an
intermediate tip for 15 seconds. Sonication resulted in small sized fibers that did not
reassemble to larger fibers as determined by electron microscopy (EM). Seeding of fiber
assembly was performed by addition of 1% (v/v) of the sonicated fibers to soluble NM®*®

protein.

To test the accessibility of cysteines in assembled fibers composed of NM®™*
proteins, EZ-link PEO-maleimide-conjugated biotin (Pierce, product number 21901) was
added to the assembled fibers and the labeling efficiency of the biotin was assayed. EZ-link
PEO-maleimide-conjugated biotin was covalently linked to assembled NM®™”* fibers for 2
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hours at 25°C according to the manufacturer’s protocol (protocol number 0748). Remaining
free biotin was removed by size exclusion chromatography using D-Salt Excellulose
desalting columns (Pierce, product number 20450). Labeling efficiency was determined by
competing for avidin binding between biotin and [2-(4-hydroxybenzene)] benzoic acid
(HABA). The binding of HABA to avidin results in a specific absorption band at 500 nm.
Since biotin displaces the HABA dye due to higher affinity of biotin for avidin, as compared
to that of HABA dye for avidin, the binding of HABA to avidin and thus the specific
absorption at 500 nm decreases proportionately when biotin is added to the reaction. Results
from this assay indicated that fibers composed of either NM®* proteins in which the lysine
residue at position 184 was substituted by a cysteine residue (K184C) or NM®* proteins in
which the serine residue at position 2 was substituted by a cysteine residue (S2C), bound a
detectable amount of biotin. S2C fibers had a labeling efficiency of 0.16 mol biotin/mol
protein, and K184C fibers exhibited a labeling efficiency of 0.56 mol biotin/mol protein.
Thus, the cysteine residue at position 184 is highly accessible and the cysteine residue at

position 2 is partially accessible on the surface of assembled fibers.

B. Analysis of fiber growth using EM

K184C sonicated fibers were tested for their ability to seed fiber assembly of
soluble wild-type NM protein. Fiber assembly was performed as described above using
sonicated K184C fibers as seeds to assemble soluble wild-type NM protein. The rate of fiber
assembly was assayed by CongoRed binding (CR-binding) and fiber morphology was
examined by EM. For EM studies, protein solutions were negatively stained as previously
described in Spiess et al., 1987, Electron Microscopy and Molecular Biology: A Practical
Approach, Oxford Press, p.147-166. Images were obtained with a CM1 20 Transmission
Electron Microscope (Phillips) with an LaB6 filament, operating at 120 V in low dose mode
at a magnification of 4500x and recorded on Kodak SO163 film. Results from CR-binding
and EM experiments show that K184C fibers are able to seed wild-type NM fiber assembly.
The resulting mixed K184C/NM fibers showed no apparent differences in assembly rate or
morphology to fibers seeded with sonicated wild-type NM fibers. Similar results were

obtained when biotinylated K184C seeds were used fro fiber assembly.

The surface exposure of the cysteine at position 184 in assembled fibers

composed of the K184C mutant protein allowed sufficient labeling of fibers with specifically
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modified gold colloids. Monomaleimido Nanogold ™ (Nanoprobes, product number 2020A)
with a particle diameter of 1.4 nm was covalently cross-linked to the sulfhydryl group of
accessible cysteine residues in sonicated K184C fibers for 18 hours at 4°C according to the
manufacturer’s protocol. Remaining free Nanogold™ was removed by a repeated size
exclusion chromatography using D-Salt Excellulose desalting columns (Pierce, product
number 20450). The extent of labeling was determined by UV/visible absorption using
extinction coefficients for Nanogold™ of 2.25 x 10° at 280 nm and 1.12 x 10° at 420 nm.
Ratios of optical densities at 280 nm and 420 nm allowed an approximation of the labeling
efficiency. These gold-labeled fibers were employed to seed fiber growth of soluble wild-
type NM protein.

To visualize the 104 nm Nanogold™ particles attached to the assembled
mixed K184C/NM fibers, we used Goldenhance™ (Nanoprobes) according to the
manufacturer’s instructions. Briefly, equal volumes of enhancer (Solution A) and activator
(Solution B) were combined and incubated for 15 min at room temperature. Initiator
(Solution C) was then added at a volume equal to that of enhancer or activator, and the
resulting mixture was diluted (1:2) with phosphate buffer (Solution D). The final solution
acts as an enhancing reagent by selectively depositing gold onto Nanogold ™ particles,
thereby providing enlargement of Nanogold™ to give electron-dense enlarged Nanogold ™
particles in the electron microscope. For negative staining of gold-labeled fibers, 6 pl of
protein (8 uM, 1% (w/w) gold labeled seed) were applied to a 400 mesh carbon-coated
copper grid (Ted Pella) for 45 seconds. After washing with 100 pl phosphate buffer, grids
were incubated with the final Goldenhance™ enhancing reagent, prepared as described
above, for 5 min. After washing with 200 pl glass-distilled water, negative staining was
employed as in Spiess et al., 1987 Electron Microscopy and Molecular Biology: A Practical
Approach, Oxford Press, p.147-166. EM results revealed that the gold-labeled K184C
regions are located in the middle of the assembled K184C/NM fibers indicating bi-directional

fiber assembly with no apparent polarity in the seeds used.

The foregoing experiments show that fiber assembly of NM proteins occurs at
both ends of the fibers. These analyses were performed using K184C, a NM™*® mutant
wherein the lysine residue at position 184 has been substituted with a cysteine residue.
Experiments by biotin-labeling of the cysteine residues on assembled K.184C fibers were

carried out to determine accessibility of the cysteines. Since wild-type NM protein does not
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contain any cysteine residues, labeling can only occur at position 184. Results show that
position 184 is highly accessible in assembled K184C fibers. The ability of specifically
modified gold colloids to covalently cross-link the sulfhydryl group of cysteines enabled
generation of gold-labeled fibers that can be visualized by EM. Examination of fiber
assembly, by taking advantage of the ability of K1 84C to produce gold-labeled fibers,
indicates that fiber growth occurs bi-directionally. It further indicates that fibers with specific
modifications and attachments, a single fiber containing modified and unmodified regions,

and mixtures of modified and unmodified fibers can be produced.

EXAMPLE 12

Conducting nanowires built by controlled self-assembly of amyloid fibers and selective
metal deposition

The following experiments were performed to demonstrate that fibers
composed of the NM region of Sup35p can be modified to conduct electricity. This was
investigated using a mutant NM protein, in which the lysine residue at position 184 was
substituted by cysteine, that was capable of forming fibers labeled with specifically modified
gold colloids. These fibers were placed across gold electrodes, and additional metal was
deposited by highly specific chemical enhancement of the colloidal gold by reductive
deposition of metallic silver and gold from salts. T he resulting silver and gold wires were
~100 nm wide. These biotemplated metal wires demonstrated the conductive properties of a

solid metal wire, such as low resistance and ohmic behavior.

A. Materials and Methods

Protein Expression and Purification.

NM and NMK'#4€ was recombinantly expressed in Escherichia coli BL21
[DE3] as described (Scheibel, T., et al., Curr. Biol. 11: 366-369 (2001)) and purified by
chromatography with Q-Sepharose (Amersham Pharmacia), hydroxyapatite (Bio-Rad), and
Poros HQ (Roche Molecular Biochemicals) as a final step. All purification steps were

performed in the presence of 8 M urea.

Fiber Assembly.
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Solutions with protein (NM or NMX!84C) concentrations >25 pM were rotated
at 60 rpm to increase turbulence and surface area. At this protein concentration, many
seeding events initiate simultaneous fiber assembly, which results in many short fibers
(average fiber length from 60 to 200 nm). These short fibers were then used to seed further
soluble NM. The polymerization of NM is a two-stage process that starts with the formation
of a nucleus that contains protein with a different conformation than that of soluble protein.
The nucleus promotes the conformational conversion of the remaining soluble protein into
amyloid fibers. When denatured NM is initially diluted into physiological buffers it has the
features of an intrinsically unstructured (random coil-rich) protein. After a lag phase, nuclei
form and initiate the rapid conversion of soluble NM into B-sheet-rich amyloid. This second
stage can be imitated by addition of pre-formed fibers (seed) to soluble NM. Fibers of
different average length were generated by changing the ratios of seed to soluble NM

(keeping the soluble NM concentration constantly at 5 uM).

Analysis of Fiber Structure.

After fiber assembly, three techniques were used to examine the fibrous state
of NM: far-UV CD (far-ultra-violet circular dichroism), Congo red (CR) binding, and atomic
force microscopy (AFM). CD spectra were obtained by using a Jasco (Easton, MD) 715
spectropolarimeter equipped with a temperature control unit. All spectra were taken with a
0.1-cm pathlength quartz cuvette (Hellma, Forest Hills, NY) in 5 mM potassium phosphate
(pH 7.4)/150 mM NaCl (standard buffer). The settings for wavelength scans were 5-nm

bandwidth; 0.25-sec response time; speed, 20 nm/min; and four accumulations.

CR-binding was carried out as described (Glover, J. R., et al. Cell, §9: 811-
819 (1997)). Proteins were diluted to a final concentration of 1 uM into standard buffer plus
10 pM CR and incubated for 1 min at 25°C before measuring the absorbance at 540 and 477

nm.

Samples for AFM analysis were placed on freshly cleaved mica attached to
15-mm AFM sample disks (Ted Pella, Redding, CA). After 3 min of adsorption at 25°C,
disks were rinsed once with buffer and twice with Millipore filtered distilled H,O. The
samples were then allowed to air dry. Contact and tapping-mode imaging were performed on

a Digital Instruments (Santa Barbara, CA) multimode scanning probe microscope (Veeco,
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Santa Barbara, CA) by using long, thin-leg standard silicon nitride (Si3N4) probes for contact

mode and standard etched silicon probes for tapping mode.

Analysis of Fiber Stability.

To investigate fiber stability at elevated temperatures, NM fibers were
incubated in standard buffer for 90 min at 98°C, before assessment by CD, CR binding, and
AFM. The stability of the fibers was also tested under other temperatures for varying lengths
of time, i.e., several months at 25°C and after freezing at —20°C and —80°C. Chemical
stability was tested by the addition of high concentrations of salt (2.5 M NaCl) or denaturants
[8 M urea or 2 M guanidiniumchloride (Gdm-Cl)] to the standard buffer (5 mM sodium
phosphate, pH 6.8) and assessed by CD, CR binding, and AFM. NM fiber stability in strong
alkaline or acidic solutions and in organic solvents was tested by immobilizing the fibers on
mica, air-drying them, and treating them with NaOH (pH 10), HC1 (pH 2), or 100% ethanol
for several hours. These conditions were not compatible with CD and CR-binding

assessment, therefore only AFM was used.

Gold Toning.

Monomaleimido Nanogold (Nanoprobes, Yaphank, NY) with a particle
diameter of 1.4 nm was covalently cross-linked to NM¥'34C fibers as described in Scheibel,
T., et al., Curr. Biol. 11: 366-369 (2001), incorporated by reference. The Nanogold reagent
was dissolved in 0.02 ml isopropanol, then diluted to 0.2 ml with deionized water. The
activated Nanogold solution was added to the NM*'®C fibers and incubated for 2hours at
25°C. Unbound gold particles were separated from the NM*'¥4€ fibers using gel exclusion
chromatography. The Nanogold conjugate was effectively isolated using a Pharmacia
Superdex 400HR medium (which fractionate a wide range of molecular weights)'. The 1.4-
nm Nanogold particles were then subjected to “gold toning" (i.e., silver enhancement
followed by gold enhancement). In this procedure, the Nanogold particles act as promoters
for reducing silver ions from a solution. The Nanogold-labeled fibers are subjected to silver
enhancement with LI Silver (Nanoprobes) performed according to the manufacturer's
protocol: solutions A (enahancer solution) and B (activator solution) were mixed in a 1:1
ratio and incubated with the fibers at 25°C). The resulting silver-coated fiber-bound
Nanogold particles were gold-enhanced with GoldEnhance LM (Nanoprobes). Enhancement
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was performed according to the manufacturer's protocol: solutions A-D (A: enhancer; B:
activator; C: initiator; D: buffer) were mixed in a 1:1:1:1 ratio and incubated with the fibers at
25°C). Exposure times varied from 3 min of silver enhancement and 3 min of gold

enhancement to 25 min of silver enhancement and 25 min of gold enhancement.

Electrode Assembly and Visualization.

Electrodes were prepared on Si;N; membrane substrates as described in
Morkved, T. L., et al., Polymer, 39: 3871-3875 (1998), incorporated herein by reference. The
electrodes were constructed by spinning polymer resist layers onto SisN, substrates and
exposing them to a scanned electron beam. The electron beam demarcated the electrode
sites. The exposed polymer was etched away, and gold vapor was applied to fill the resulting
gaps. Finally, the remaining polymer was dissolved away, leaving the gold in the pattern
inscribed by the electron beam. Typically, gaps between electrodes were 2—10 pm.
Transmission electron microscopy (TEM) images of electrodes in the absence and presence
of protein fibers were obtained with a CM120 transmission electron microscope (Phillips,
FEI, Hillsboro, OR) with a LaB6 filament, operating at 120 kV in low-dose mode at a
magnification of x45,000, and recorded on Kodak SO163 film. Alternatively, samples were
imaged by AFM in contact mode. Conductivity measurements were performed as described
(Morkved, T. L., et al., Polymer, 39: 3871-3875 (1998)). Briefly, conductivity measurements
were performed by biasing the sample with a constant voltage from a Hewlett Packard
function synthesizer and, using Keithley electrometers, measuring current and voltage across

the sample over a range of temperatures.

B. NM Fibers Are Highly Stable

To investigate the feasibility of using NM fibers in building nanoscale devices,
fiber stability was first evaluated under extreme conditions such as those that might be
encountered in industrial manufacturing processes. NM fibers assembled at physiological pH
and room temperature were assayed for stability by three techniques that differentiate
between NM in its soluble and amyloid state. Far-UV CD distinguishes the B-sheet-rich
secondary structure of NM fibers from the random coil-rich structure of soluble NM. CR
exhibits a spectral shift when it intercalates into the cross-pleated B-strands of NM fibers,
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which is not observed with soluble NM. AFM and EM were used to monitor the

maintenance of fiber morphology.

NM fibers were incubated in standard buffer (5 mM sodium phosphate,

pH 6.8) at high and low temperatures, in the absence or presence of high salt (2.5 M NaCl),
and in denaturants (8 M urea or 2 M guanidiniumchloride, Gdm-Cl). By all three techniques,
fibers were stable in standard buffer after incubation for 90 min at 98°C, for several months
at 25°C, and after freezing at —20° and —80°C. (Some shearing of long fibers occurred with
repeated cycles of freeze-thawing.) Fibers were completely stable to prolonged incubation in
the absence of salt and at 2.5 M salt. They dissociated in <2 h at concentrations of Gdm-Cl
>4 M but remained intact in the presence of 2 M Gdm-Cl and 8 M urea.

To test whether NM fibers can withstand strong alkaline or acidic solutions
and incubation in organic solvents, which are incompatible with CD and CR-binding assays,
NM fibers were immobilized on mica, imaged by AFM, incubated with test solutions [NaOH
(pH 10), HCI (pH 2), or 100% ethanol], at 25°C for up to 2 hours and then reimaged. No
morphological changes were apparent after any of these treatments. Therefore, NM fibers

show unusually high chemical and thermal stability for a biological material.

C. Production of NM Fibefs of Variable Lengths

Studies of the NM amyloid fibers have provided insights into how fibers
assemble and how assembly can be controlled (Glover, J. R., et al. Cell, 89: 811-819 (1997);
Serio, T. R., et al.. Science, 289: 1317-1321 (2000); Scheibel, T., et al., Nat. Struct. Biol., 8:
958-962 (2001) all of which are oncorprated by reference). The rate of fiber formation by
purified soluble NM is dramatically increased by the addition of preformed NM fibers, which
seed assembly from their ends (DePace, A. H., et al., Nat. Struct. Biol., 9: 389-396 (2002);
Scheibel, T., et al., Curr. Biol., 11: 366-369 (2001)). Pools of fibers with different average
lengths were generated by simple manipulation of the assembly conditions. First, short fibers
(60—-200 nm) were produced by rotating solutions with high NM protein concentrations (>25
uM) at high speeds (60 rpms) to increase turbulence and surface area. These conditions
produced short fibers by greatly increasing the efficiency of seeding (such that it dominates
over assembly), rather than by simply shearing fibers after they had assembled. Indeed, when
preformed fibers were sheared by the much more physically disruptive force of sonication,

the resulting fibers had longer average lengths and a much more heterogeneous distribution.
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The resulting sonicated fibers showed lengths varying from 100 to 500 nm (Scheibel, T., et
al., Curr. Biol., 11: 366-369 (2001)).

The short fibers produced by vigorous rotation of high concentrations of NM
were used to seed further soluble NM. By simply changing the ratios of seed to soluble NM
and by controlling the assembly temperatures (i.e., for preferred fiber assembly, the
temperature was kept constant at 25°C) fibers of different average length were generated. At
seed to soluble NM ratios of 1:1 (wt/wt), fibers showed an average length of 500 & 100 nm.
Increasing the soluble NM concentration increased fiber lengths. At ratios of 1:16 of seed to
soluble NM, fibers were =5 & 1 um long. Ratios of 1:64 led to even longer fibers but these

had more variable lengths (10 pm up to several hundred micrometers).

A remarkable phenomenon that was sometimes observed when long fibers
were prepared for microscopy was their alignment next to each other without any external
manipulation. This alignment varied with the buffers in which fibers were suspended and the
manner in which the surfaces were prepared in a fashion that has not been completely

deciphered.

D. NM Fibers Are Insulators

To examine the electrical behavior of the protein fibers, SizN4 membrane
substrates were grown on a silicon wafer which allowed for in-plane electrode fabrication,
low-temperature transport measurements, and direct visualization by TEM (Morkved, T. L.,
et al., Polymer, 39: 3871-3875 (1998)). The electrodes were constructed by spinning
polymer resist layers onto SisN; substrates and exposing them to a scanned electron beam.
The electron beam demarcated the electrode sites. The exposed polymer was etched away,
and gold vapor was applied to fill the resulting gaps. Finally, the remaining polymer was
dissolved away, leaving the gold in the pattern inscribed by the electron beam. Typically,
gaps between electrodes were 2-10 pm. NM fibers with polydispersed lengths (>2 pm) were
randomly deposited on the electrodes. Binding of the protein fibers to the electrodes and
bridging of the gap between the electrodes were confirmed by AFM. Current (I) and voltage
(V) readings were taken as electricity was applied to the electrodes and the I-V curve for bare
fibers showed a very high resistance (R > 10'Q), with no measurable conductivity. Thus,

NM amyloid fibers are by themselves good insulators.
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E. NM Fibers Can Be Converted into Conducting Nanowires with Low Ohmic
Resistance

NM fibers were converted to conducting nanowires by a multistep process. A
derivative of NM was used that was genetically engineered to contain a cysteine residue that
remained accessible after fiber formation (See, for example, Examples 9 and 10 above, and
(Scheibel, T., et al., Curr. Biol., 11: 366-369 (2001)). This derivative, NMK13C agsembled in
vitro with kinetics that were indistinguishable from those of the wild-type protein and led to
fibers with the same physical properties. Monomaleimido Nanogold (Nanoprobes), which
has the chemical specificity to form covalent links with the sulfhydrl groups of cysteine
residues, was covalently cross-linked to NMK84C fibers. The gold particles had a diameter of
1.4 nm and their distribution along the surface of the NMX34C fibers was confirmed by TEM.
Importantly, linking Nanogold covalently to NM fibers affected neither fiber stability nor
fiber morphology. '

“As the distancebetweenthe NV KIBIC ysteineresiduessina=fiberisa3=5nm:
and the Nanogold particles have a diameter of only 1.4 nm, it was necessary to bridge the
particles with metal to gain conductivity. GoldEnhance LM (Nanoprobes) was first used, by
which gold ions are deposited from solution onto the preexisting particles of Nanogold,
followed by chemical reduction of the gold ions to form metallic gold. This process itself
was inefficient in gaining conductivity, because binding and reducing the soluble gold ions
did not fill all of the gaps between the covalently linked Nanogold particles as determined by
TEM and AFM.

A different enhancement protocol (gold toning, Fig. 5) proved much more
officient. The Nanogold particles (Fig. 5, number 2)on the labeled fibers (Fig. 5, number 1)
acted as promoters for reducing silver ions (Fig. 5, number 3) (LI Silver, Nanoprobes) from a
solution. The resulting silver-coated fiber-bound Nanogold particles were then gold-
enhanced with GoldEnhance LM (Fig. 5, number 4). This gold-toning technique led to fibers
with densely packed gold particles. The gold-toned fibers showed a significant increase in
diameter from 9—11 nm (bare fibers; Fig. 6, number 1) to 80-200 nm (labeled fibers; Fig. 6,
number 2), with the diameter of the resulting fiber strictly depending on the length of
exposure time of both the silver and the gold enhancement solution (longer exposure time =
thicker fiber). The diameters of the metal wires varied somewhat with different batches of
fibers and gold- and silver-toning solutions but were extremely consistent within reactions,

i.e., all were within a 10% range. Gold toning was remarkably specific for fibers that had
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been covalently labeled with Nanogold particles. When NM*'**C fibers that were linked to
Nanogold were incubated together with a large excess of unlabeled NM*!34C fibers, the
toning process was restricted to labeled fibers (Fig. 6). Furthermore, the diameters of the
wires were consistent within single experiments with fixed exposure times. Therefore,
controlling the enhancement exposure time controlled the thickness for the resulting gold

wires.

The electrical behavior of NM-templated metallic fibers was assessed by
randomly depositing fibers with a length >2 pm and covalently attached Nanogold particles
on patterned electrodes, followed by gold toning to form metallically continuous gold
nanowires (Figs. 7-9). Although no background deposition of gold had been detected on
unlabeled NM fibers deposited on mica, some gold deposition did occur when enhancement
was performed on the Si3Nj electrodes. No conductivity was detected in cases where the

gold nanowires did not bridge the electrode gap (Fig. 7). In contrast, conductivity was

readily=detected-whenssingle-ormultiple-gold=toned manowites-crossed-the gap—I=V-curves.
were linear (Fig. 8), exhibiting ohmic conductivity with low resistance (R = 86 Q for fibers
with diameters of ®100 nm; this resistance was exhibited in each of six repeated

- measurements with <1 Q variation, and with one to four bridging nanowires). The resistance
measurements were stable within tenths of ohms within any given fiber (Fig. 8). Such an
ohmic response indicates continuous, metallic connections across the sample. The low
resistance is that expected for grain-boundary-dominated transport in a polycrystalline metal.
In most cases the current was independent of the voltage scan direction and experiments
could be repeated several times with the same pair of electrodes and the same nanowire.
Notably, in some instances fibers were vaporized (Fig 9, number 2) from the electrodes when
the voltage was increased after the initial conductivity measurements were finished (Fig. 9).
This vaporization is a consequence of Joule heating in which the power delivered to the fiber
by the current results in a temperature increase sufficient to vaporize the fiber. The Joule
heating power depends not only on the applied voltage but also on fiber resistance, which will
vary with fiber length and other factors. Bridging fibers (Fig. 9, number 1) were vaporized
and did not reassemble, but nonbridging fibers remained. In such cases conductivity was lost
on remeasurement. This loss of conductivity confirmed that the bridging fibers were the

active nanowires and demonstrated that they can act as fuses at higher voltages and currents.

The foregoing experiments demonstrate that NM protein fibers are excellent

candidates for nanocircuit construction. They are exceedingly good insulators without metal
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coating (R > 10'* Q) and have very good electrical conductivity with gold and silver coating
(R = 86 Q) and linear I-V curves. Previously the least resistance achieved with metallized
proteinaceous material was of the order of 200 kQ, >1,000 times greater than the resistance

for metallized NM fibers (Fritzsche, W., et al. Appl. Phys. Lett., 75: 2854-2856 (1999)).

The diameter of the wires produced was 80-200 nm, well below the
dimensions accessible by standard electronic manufacturing methods. Having achieved the
construction of wires with these dimensions, methods to produce even thinner ones are
possible. The thickness of these wires was dictated by the relatively large amounts of silver
and gold enhancement that were required to fill the gaps between the Nanogold particles
attached to cysteine residues (Fig. 5 and 6). The sizes of these gaps is reduced by introducing
additional cysteines into NM (or using other residues), thus providing more frequent binding
sites for the gold particles. Smaller gaps between gold particles will require less
enhancement to make contacts continuous, and the resulting wire is thinner. This smaller

11111

diameterwillkallowthe-manufacture-ofmore-intricatercircuitssand-counld-potentially=provide=a:

new model system for quantum confinement and single-electron charging effects when
electrons tunnel through restricted pathways (Halperin, W. P., Rev. Mod. Phys., 58: 533-606
(1986); Kastner, M. A., Rev. Mod. Phys., 64: 849-858 (1992); Grabert, H., et al., Single
Charge Tunneling (Plenum, New York) (1992); Timp, G. L., ed., Nanotechnology (Springer,
New York) (1999)).

EXAMPLE 13

Production of semiconductor nanowires built by controlled self-assembly of amyloid
fibers and selective seminconducting material deposition

The following example describes procedures to produce semiconductor
nanowires built by controlled self-assembly of amyloid fibrils and selective seminconducting

material deposition.

The Sup35 C terminus (e.g., amino acid 246 to 685) lies externally along the
length of Sup35 fibers. Thus by replacing the C terminus with semiconductor binding
peptides, and by binding semiconducting materials to those peptides, the fibrils are used to

produce continuous self-assembling semiconductor wires.

Peptides with binding sites specific for different semiconductors are isolated

using phage-display technology as described by Whaley et al. (Whaley, et al., Nature, 405:
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665-668 (2000)) and Mao et al. (Mao et al., Science, 303: 213-217 (2004)), both of which are
incorporated herein by reference. Amino acid sequences encoding the peptides identified as
having semiconductor binding activity are then attached to the C-terminus of Sup35 NM, as a
replacement of substitution for all or part of the wild type Sup35p C-terminus, using
recombinant DNA techniques. Alternatively, the peptides identified as having semiconductor
binding activity are cross-linked to the native amino acid sequence of the NM region of

Sup35p (i.e., the C terminus would not be present).

Subsequently, semiconductor materials such as GaAs, ZnS, CdS, InP and Si
are incorporated along the length of NM fibers (using the binding peptides as initial sites of

attachment) to produce a continuous semiconductor wire.

EXAMPLE 14
Characteristics Chaperone Proteins Useful for Modulating fiber growth ir vitro

The protein-remodeling factor Hsp104 (SEQ ID NOs: 66-67), belonging to the
AAA+ (ATPases associated with diverse activities) family, governs inheritance in yeast of
[PSI+], a yeast prion formed by self-perpetuating amyloid conformers of Sup35.
Perplexingly, either excess or insufficient Hsp104 has been shown to eliminate the [PSI+]
phenotype. The experiments described herein characterize the properties of Hsp104 in vitro
that make Hsp104 and related chaperone proteins useful for modulating the growth of fibers
from SCHAG amino acid sequences. Specifically, in vitro, at low concentrations, Hsp104
catalyzed formation of oligomeric intermediates that nucleate Sup35 fibrillization de novo.
At higher Hsp104 concentrations, amyloidogenic oligomerization and contingent
fibrillization were abolished. Hsp104 also disassembled mature fibers in a manner that
initially exposed new surfaces for conformational replication, but eventually exterminated
prion conformers. These Hsp104 activities can explain [PS/+] inheritance patterns. Because
they differed in their reaction mechanisms, these activities both can be harnessed to grow and

destroy fibers from SCHAG sequeﬁces in a controlled fashion.

In vitro, NM spontaneously forms self-propagating, beta-sheet rich amyloid
fibers that grow rapidly at their ends after a characteristic lag phase. In vivo, [PSI+]
inheritance depends absolutely upon the cellular concentration of Hsp104: either deletion or
overexpression of Hsp104 eliminates [PS/+]. Here we define the direct effects of Hsp104

concentration on the different conformational states of NM, the prion domain of Sup35.

123



WO 2005/118633 PCT/US2005/017870

Materials and Methods

Proteins

Untagged NM (SEQ ID NO: 2, residues 1-253) was expressed in E. coli BL21
[DE3] (pLysS) (Stratagene) and purified at 25°C by sequential Q-sepharose (Amersham
Biosciences) and hydroxyapatite (BioRad) chromatography using procedures that have been
published (Chernoff, Uptain, Lindquist, Methods Enzymol 351, 499 (2002).). Peak fractions
were methanol precipitated and stored under 70% (v/v) methanol at -80°C (Id.).
Alternatively, cells were thermally lysed at 99°C for 20minutes in 100mM Hepes-KOH, pH
7.4, 300mM KC1, ImM EDTA, 5uM pepstatin A, and Complete protease inhibitor cocktail
(one Mini, EDTA-free tablet/50ml) (Roche). Lysates were transferred to ice for 3 minutes,
vortexed briefly and centrifuged (40,000g for 20minutes, 25°C). The NM remained in the
supernatant, and was precipitated by addition of ammonium sulfate to 50% of saturation.
Precipitates were collected by centrifugation (40,000g, 20min, 25°C), resuspended in SmM
potassium phosphate pH 6.8, 8M urea, 5SmM DTT, and dialyzed at 25°C to completion
against this buffer. The dialyzate was then subjected to hydroxyapatite chromatography
(Chemoff et al., Methods Enzymol 351, 499 (2002)).

Hsp104 (SEQ ID NOs: 66-67) , Ssal (Hsp 70s), Ssb1 (Hsp 70s) and Sis1 (Hsp
40s) (in pPROEX-HTb (Gibco)) were expressed as N-terminally poly-histidine-tagged
proteins in E.coli BL21-Codon Plus [DE3]-RIL (Stratagene). The bacterial cells were lysed
by sonication in 40mM Hepes-KOH pH 7.4, 500mM KC1, 20mM MgCl12, 5% (w/v) glycerol,
20mM imidazole, SmM ATP, 2mM O-mercaptoethanol, 5pM pepstatin A, and Complete
protease inhibitor cocktail (1 Mini, EDTA-free tablet/50ml). The ATP was omitted for Sisl
preparations. Cell debris was removed by centrifugation (40,000g, 20min, 4°C), and the
supernatant applied to Ni-NTA agarose. The column was then washed with 25 volumes of
WB (40mM Hepes-KOH pH 7.4, 150mM KCl, 20mM MgCI2, 5% (w/v) glycerol, 20mM
imidazole, 5mM ATP, and 2mM [J-mercaptoethanol), 5 volumes of WB plus 1M KCl, and
25 volumes of WB. Protein was eluted with WB plus 350mM imidazole, and purified further
by sucrose gradient (5-30% w/v in WB) velocity sedimentation. Peak fractions were
collected and exchanged into 40mM Hepes-KOH pH 7.4, 150mM KC1, 20mM MgC12, 10%
(w/v) glycerol, 5SmM ATP and ImM DTT. The His-tag was then removed with His-TEV
(Invitrogen), and any uncleaved protein and His-TEV were depleted with Ni-NTA.
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For some Hsp104 preparations, ATP (adenosine triphosphate) was replaced
with ADP (5mM), AMP-PNP (Adenosine 5'-(b,g-imido) triphosphate tetralithium salt
hydrate, Sigma, 0.1mM), AMP-PCP (0.1mM beta,gamma-Methyleneadenosine 5'-
triphosphate disodium salt, Sigma) or no nucleotide (in which case MgCl, was omitted from
buffers). These last two compounds are non-hydrolyzable analogs of ATP. Studies with
His6-Hsp104 used the pET28a (Novagen) expression construct as described in Schirmer &
Lindquist, Methods Enzymol 290, 430 (1998). Hsp104 mutants: K218T, K620T,
K218T:K620T, T317A, N728A and R826M (point mutations with respect to Hsp104
wildtype sequence in SEQ ID NO: 67) were purified as above or as described in published
literature(Schirmer & Lindquist, Methods Enzymol 290, 430 (1998); Hattendorf & Lindquist,
Proc Natl Acad Sci U.S.A. 99, 2732 (2002); and Hattendorf & Lindquist, EMBO J 21, 12
(2002), all incorporated here by reference.

The proteins Ydj1, Cdc48, and ClpB were purified as described in Glover &
Lindquist, Cell, 94: 73 (1998); Latterich et al., Cell, 82: 885 (1995); and Lee et al., Cell, 115:
229 (2003), incorporated here by reference. Other proteins were acquired, e. g., creatine
kinase (from Roche), BSA (from Sigma), and soybean trypsin inhibitor (Sigma).

Fiber assembly reactions

Assembly of NM fibers was initiated by diluting 0.5mM NM (in 20mM
TrisHC1 pH 7.4, 8M urea) to 2.5uM with NM assembly buffer (NAB) (40mM Hepes-KOH
pH 7.4, 150mM KCI, 20mM MgCl2, 5mM ATP, ImM DTT). An ATP regeneration system
was also included, comprising creatine phosphate (15mM) (Roche) and creatine kinase
(0.5uM).

Unseeded reactions were rotated at 80rpm on a rolling drum (Mini-Rotator,
Glas-Col) for 0-6h at 25°C. All seeded reactions were left unrotated. All purified proteins
(as indicated) added into assembly reactions were exchanged into NAB via Bio-Gel P6-DG
spin columns, and were present upon resuspension of NM from denaturant. All Hsp104

concentrations refer to the concentration of hexameric Hsp104.

For experiments probing nucleotide requirements, the ATP in NAB was
replaced with AMP-PNP, AMP-PCP or ADP (5mM) (Roche). For the no nucleotide
condition, nucleotide and MgCI2 were omitted from NAB and NaEDTA (20mM) was added.

The ATP-regeneration system was also omitted from reactions where the nucleotide was not
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ATP. Reactions containing AMP-PNP or AMP-PCP were pre-incubated with hexokinase
(0.5U/pl) (Sigma) and glucose (10mM) for 20min at 25°C to consume any remaining ATP.
Only thereafter was NM added to initiate fiber assembly.

His6-Hsp104 was depleted from NM by incubation with Ni-NTA magnetic
agarose (10pl) (Qiagen) for 5-10min at 4°C with gentle agitation. Beads were retrieved in 30
seconds with a magnet (Qiagen), and the unbound and bound fractions analyzed for the
presence of NM and Hsp104 by immunoblot. The unbound fraction was then sonicated and
served as seed for fresh polymerization reactions. We found that His6-Hsp104 (S2) was just

as active as untagged Hsp104 in all reactions with NM.

Some NM fibrillization reactions were fractionated at various times through a
Microcon YM-100 (100kDa molecular weight cut off) centrifugal filter device (Milllipore)
according to the manufacturer’s instructions. Fractions were either processed for dot blot, or
TCA precipitated and processed for SDS-PAGE followed by Coomassie Brilliant Blue R-250

staining.

The extent of fibrillization was assessed by Congo Red (CR) binding,
Thioflavin T (ThT) binding, 8-Anilino-1-naphthalene sulfonate (ANS) binding,
sedimentation analysis, SDS-solubility, chymotrypsin and V8 protease resistance, and
negative stain electron microscopy using known techniques such as described in Chernoff et
al. Methods Enzymol 351, 499 (2002), with the following modifications. Sedimentation was
at 436,000g for 10 minutes at 25°C. To assess SDS-solubility, NAB and SAB were modified
to include 125mM NaCl and 25mM KCl to circumvent solubility issues induced by
potassium dodecyl sulfate. The amount of SDS-soluble NM was determined by quantitative
densitometry of Coomassie stained gels. Values obtained from densitometry were converted
to units of pmol by comparison to standard curves with known amounts of SDS-soluble NM.
From this value, the amount of SDS-insoluble NM was calculated. Turbidity measurements
were performed as described in Hatters et al., J. Biol .Chem., 276: 33755 (2001). Lag times
(T0) and conversion times (TC) were determined as described in DePace, Cell, 93: 1241
(1998).

Fiber disassembly reactions

NM fibers were assembled for 6-16 hours as described above, except that ATP
and the ATP regeneration were omitted. Hsp104 (0-2uM), ATP (5mM) and the ATP
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regeneration system were then added. Reactions were incubated for a further 30 minutes at
25°C without agitation. The amount of fibers remaining was assessed as above. In some
reactions ATP was replaced with the same concentration of AMP-PNP, AMP-PCP, ADP or

no nucleotide. In these cases the ATP-regeneration system was also omitted.

Dot blots

Fiber assembly or disassembly reactions were performed as above, and at
various times, NM (1.5ug) was applied to a nitrocellulose membrane (Hybond-C extra,
Amersham Biosciences). The membrane was blocked with 10% (w/v) non-fat milk in
phosphate-buffered saline (PBS) for 16 hours at 4°C. Blots were then washed with PBS and
probed for 1 hour at 25°C with either affinity-purified oligomer-specific antibody (2pug/ml in
3% BSA in PBS) (S10) or an anti-NM antibody diluted 1:10000 (Patino et al., Science 273,
622 (1996)). Blots were then washed with PBS and incubated for 1 hour at 25°C with HRP-
conjugated goat anti-rabbit IgG (Sigma) diluted 1:5000 in 3% BSA in PBS. Blots were then
washed with PBS and developed with either Supersignal West Pico (Pierce) (for anti-
oligomer) or ECL chemiluminescence kit (for anti-NM) (Amersham Biosciences). NM
(2.5uM) in 8M urea and reactions lacking NM also were assessed to confirm the specificity

of the anti-oligomer antibody.

Results and analysis

Throughout this study, the nature of the amyloid fibers was confirmed by
several different techniques, including SDS resistance (to measure insoluble NM),
sedimentation analysis, ThT fluorescence, turbidity, ANS fluorescence, and protease
resistance, all of which yielded similar results. When Hsp104 (0.01-0.03 uM Hsp104
hexamers together with ATP (SmM) and an ATP regeneration system) was added to
unpolymerized NM (2.5uM, unseeded, rotated at 80rpm) at sub-stoichiometric

concentrations, it dramatically accelerated NM polymerization into amyloid fibers.

Hsp104 completely eliminated the lag phase (i.e., reducing Ty, the time prior
to detection of amyloid, from 45 minutes to undetectable) and accelerated assembly phase
(reducing Tc, the time between the first appearance of amyloid and completion of conversion,

from 195 minutes with no Hsp104 to 45 minutes with 0.03 micromolar Hsp104). Electron
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microscopy (EM) revealed that Hsp104-generated fibers were indistinguishable from
spontaneously formed fibers, except that they were slightly shorter (1.1.8um without
Hsp104 vs. 0.8+0.4um with Hsp104).

Titration of several other proteins into NM fibrillization reactions did not
stimulate assembly. These included the control proteins: BSA, soybean trypsin inhibitor, and
creatine kinase. Although Hsp70 and Hsp40 participate in [PSI+] inheritance, the levels
tested (0.01-5uM) or combinations of Ssal, Ssbl (Hsp70s), Ydj1 and Sis1 (Hsp40s) did not
enhance NM conformational conversion. Another AAA+ protein that interacts with
polyglutamine stretches, Cdc48p (Higashiyama et al., Cell Death Differ 9, 264 (2002);
Hirabayashi et al., Cell Death Differ 8, 977 (2001)), did not enhance NM assembly and
neither did ClpB, the prokaryotic homologue of Hsp104, from E.coli or T.thermophilus. This
may be consistent with the virtual absence of glutamine/asparagine-rich prion domains in

prokaryotes.

If Hsp104-generated NM fibers are relevant to prion propagation, they should
seed the fibrillization of unpolymerized NM. These fibers were first depleted of His-tagged
Hsp104 using magnetic Ni-NTA agarose beads (10 microliters, 10 minutes, 4°C), because the
remodeling factor would interfere with analysis of seeding efficacy. Comsistent with the
transient nature of Hsp104-Sup35 interactions, Hsp104 was readily removed without co-
depleting NM. After depleting the reactions of His6-Hsp104, the reaction products were
sonicated and used to seed (2% wt/wt) fresh, unrotated NM (2.5 M) polymerization
reactions. The Hsp104-generated NM fibers seeded pélymerization just as well as fibers that
had been assembled in spontaneous reactions, which can convert cells from [psi-] to [PSI+].

Thus, Hsp104 catalyzes the acquisition of a self-replicating prion conformation.

Amyloid fibers are connected with several devastating neurodegenerative
disorders, including Alzheimer’s, Parkinson’s and Huntington’s diseases. A common feature
of amyloidogenesis is the appearance of oligomeric species prior to fibrillization that may or
may not be ‘on pathway’ for fiber assembly. An antibody raised against an amyloidogenic
peptide associated with Alzheimer’s disease, AB40, which had been tethered at one end to
prevent fibrillization, recognizes beta-sheet rich, oligomeric intermediates of AB40 (Kayed et
al., Science 300, 486 (2003)). Remarkably, this antibody also recognizes oligomeric species
of several other amyloidogenic polypeptides, including: Ap42, lysozyme, islet amyloid
polypeptide, a-synuclein, polyglutamine, insulin, and PrP (/d). It does not, however,
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recognize monomers or mature fibers of these proteins (/d.). This antibody was utilized to

determine the role of oligomers and of Hsp104 in prion assembly.

Unlike an anti-NM antibody, the oligomer-specific antibody recognized
neither NM solubilized in urea, nor NM fibers. However, in spontaneous assembly reactions,
the oligomer-specific antibody recognized a species that peaked late in lag phase and was
rapidly consumed during assembly phase. The immunoreactive species did not pass through
a 100KDa filter, and NM is a 28.5 kDa protein, so the immunoreactive species corresponded
to an oligomeric form of NM. Consistent with previous studies, the proportion of NM that
was present in an oligomeric state and was retained by the 100 kDa filter remained constant
(~10% of total NM) throughout the lag phase. Hence, NM forms molten oligomeric
complexes rapidly, and these gradually metamorphose into oligomeric species that are

recognized by the conformation-specific antibody.

The oligomer-specific antibody drastically inhibited unseeded NM
polymerization, even when it was 100-fold less abundant than NM. Thus, NM oligomers
recognized by the anti-oligomer antibody are crucial for nucleating polymerization at the end
of lag phase. Conversely, the antibody had no effect on NM polymerization seeded by
sonicated NM fibers, even at a 100-fold molar excess of antibody over added seed.
Therefore, the amyloidogenic oligomer recognized by this antibody is not required for
polymerization once fibers have formed. In other words, NM fibers can recruit NM that is

not in this amyloidogenic oligomeric form (either monomers or immature oligomers).

The addition of Hsp104 plus ATP to soluble NM caused the immediate
appearance of mature oligomers that reacted with the anti-oligomer antibody. This species
was rapidly consumed upon fibrillization. These experiments indicate that Hsp104 eliminates
the lag phase in NM polymerization by catalyzing the nascence of the critical amyloidogenic

NM oligomer that elicits fibrillization.

NM binding also was analyzed using an anti-amyloid antibody, raised against
AB40 fibers, that also recognizes fibers formed by several other amyloid proteins (O'Nuallain
et al., Proc. Natl. Acad. Sci. U.S.A. 99: 1485 (2002)). This antibody recognized NM fibers,
but not unassembled NM protein. In contrast to the anti-oligomer antibody, the anti-amyloid
antibody inhibited both unseeded and seeded NM fibrillization, reinforcing the importance of

amyloid conformers in the conversion of NM to the prion state.
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The non-hydrolyzable ATP analogues AMP-PNP (5mM) and AMP-PCP
(5mM) supported Hsp104-catalyzed (0.031M) oligomer maturation and fibrillization of 2.5
uM NM, even with hexokinase and glucose present to eliminate trace contaminating ATP. In

contrast, ADP did not support these activities.

These findings were extended using several Hsp104 AAA point mutants
defective in ATP binding and/or hydrolysis at NBD1 (nucleotide binding domain 1) or NBD2
(nucleotide binding domain 2), which have previously been shown to affect [PSI+]
inheritance in vivo. See Patino et al., Science, 273: 622 (1996); Wegrzyn et al., Mol. Cell.
Biol., 21: 4656 (2001); Hattendorf & Lindquist, Proc. Natl. Acad. Sci. U.S.A., 99: 2732
(2002); and Hattendorf & LindQuist, EMBOJ.,, 21: 12 (2002)).

Hsp104 forms hexamers and each protomer consists of two AAA modules
(nucleotide binding domains, NBD1 and NBD2) separated by a coiled-coil middle domain,
and flanked by N- and C-terminal domains. To refine the analysis of the nucleotide
requirements at each NBD of Hsp104 to catalyze NM fibrillization, a series of point
mutations in the AAA modules were analyzed. First, ATP binding was eliminated in either
NBD by mutation of the Walker A motif in NBD1 (K218T) or NBD2 (K 620T), or both
NBD1 and NBD2 (K218T:K620T). Second, ATP hydrolysis, but not ATP binding, was
eliminated in either NBD by mutation of the sensor-1 motif in NBD1 (T317A) or NBD2
(N728A). Third, ATP binding was weakened at NBD2 by mutation of the sensor-2 motif at
NBD2 (R826M). None of these mutants are able to support [PSI+] propagation in vivo.

Hsp104 proteins defective in hexamerization and nucleotide binding at NBD2,
Hsp104 (K218T:K620T) and Hsp104 (K620T), could not catalyze NM conformational
conversion. The Hsp104 (K218T) mutant, defective in ATP binding at NBD1, was able to
minimally stimulate NM polymerization. In contrast, the NBD2 sensor-1 mutant, Hsp104
(N728A), able to bind but not hydrolyze ATP at NBD2, could enhance INM assembly, as
could the NBD1 sensor-1 mutant, Hsp104 (T317A), able to bind but not hydrolyze ATP at
NBD1. The NBD2 sensor-2 mutant, Hsp104 (R826M), that has a reduced ATPase activity
and weakened adenine nucleotide binding at NBD2, could also enhance NM conformational
conversion. Thus, it appears that ATP must be able to bind NBD1 and NBD2 for Hsp104 to
promote NM fibrillization, but catalysis is most effective with ATP hydrolysis at both NBDs.
Hsp104 mutants that interfered with hexamerization, or with the ability to bind ATP at either
NBD, failed to induce NM fibrillization. Mutants that could bind but not hydrolyze ATP
accelerated polymerization, but not as well as wild-type protein. Thus, ATP hydrolysis is not
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required per se, but hydrolysis at both NBDs maximizes the rate of Hsp1 04-catalyzed NM

fibrillization.

To investigate the unusual dosage relationship between Hsp104 and prion
replication, higher Hsp104 concentrations were tested. When the stoichiometry of NM
monomers to Hsp104 hexamers was altered from 250:1 to 15:1, NM polymerization was
abolished. Hsp104 blocked fibrillization by coupling ATP hydrolysis to the elimination of
amyloidogenic NM oligomers. At high concentrations, Hsp104 also eliminated fibrillization
with AMP-PNP, ADP, and even without nucleotide. However, successively higher Hsp104
concentrations were required in each case. Without ATP, Hsp104 did not eliminate

oligomers, but simply prevented their maturation.

Corroboratively, Hsp104 (SEQ ID No: 67) point mutants with reduced
hexamerization or ATPase activity inhibited NM fibrillization, but with decreased efficiency.
Specifically, Hsp104 mutants defective in nucleotide binding at NBD2 and hexamerization
(K218T:K620T and K620T) only inhibited NM conformational conversion when present at
high levels. The NBD2 sensor-1 (N728A) mutants could inhibit more effectively, while
mutants able to hydrolyze ATP at NBD2, but not NBD1 (K218T and T317A) were very
effective in inhibiting fiber assembly, though not as efficient as wild type. The NBD2
sensor-2 mutant (R826M) could also antagonize NM assembly effectively. However,
inhibition was most efficient when there was ATPase activity at both NBDs. Furthermore,
mutations that reduce ATP hydrolysis at either NBD were completely defective in fiber
disassembly. This suggests that the imbalance between the assembly and disassembly
activities in these Hsp104 mutants causes loss of [PSI+] in vivo. Thus, Hsp104 can passively
inhibit NM fibrillization, perhaps via transiently binding NM. Because AMP-PNP allows a
more severe inhibition at lower Hsp104 levels (IC50~0.2uM) than ADP (IC50~3.1uM) or no
nucleotide (IC50~7.6uM), Hsp104 may preferentially engage NM in an ATP-bound
conformation. However, inhibition is potentiated when coupled to ATP hydrolysis

(IC50~0.1uM) and contingent oligomer remodeling.

Additional experiments were conducted to determine whether the ability of
Hsp104 to accelerate NM fibrillization during assembly phase is due to the same activity that
eliminates the lag phase (that is, the production of amyloidogenic oligomers) or represents a
distinct activity. Hsp104 promoted polymerization in reactions that did not require the
production of new oligomers, because they were seeded (2% wt/wt) with preformed fibers.

However, this activity required ATP hydrolysis. Hsp104 plus AMP-PNP, which was able to
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catalyze de novo assembly of oligomeric intermediates, did not accelerate seeded assembly.
Moreover, promoting assembly was independent of amyloidogenic oligomers, since blocking
oligomer maturation with oligomer-specific antibody had no effect on seeded assembly.

Thus, Hsp104 also promotes fiber assembly by reaction mechanism distinct from nucleation.

Further experiments were conducted to test the postulation that accelerating
assembly phase might involve an effect of Hsp104 on NM fibers. Indeed, when Hsp104
(with ATP and an ATP regeneration system) was added to NM fibers, it disassembled them.
The reaction exhibited a steep Hsp104 concentration dependence, implying a cooperative
reaction mechanism. Hsp104 briskly diminished the mean fiber length from ~1.140.8pum to
~0.240.1pm after 5 minutes, and to ~0.1+0.05pum after 10 minutes. This was superficially |
reminiscent of sonication, which generates short fibers and creates additional polymerization
surfaces. Indeed, the short fibers produced by brief Hsp104 treatments (2 minutes) showed
markedly increased seeding activity (Fig.3D).

With longer incubations with Hsp104, the NM fibers were completely
obliterated, and the final disassembly products were devoid of seeding activity, distinguishing
them from short fibers. In the early phases of disassembly, Hsp104 released amyloidogenic
NM oligomers from fibers. Later, these oligomers were no longer apparent, correlating with
the annulment of seeding activity. Thus, when Hsp104 disassembles NM fibers it initially
creates additional polymerization surfaces as well as new amyloidogenic oligomers.
However, Hsp104 eventually destroys seed, emancipating NM from the self-replicating prion

conformation.

Unlike the formation of amyloidogenic oligomers, fiber shortening and the
eradication of seeding activity by Hsp104 required ATPase activity. It Was not supported by
AMP-PNP, AMP-PCP, ADP or absence of nucleotide. Furthermore, hydrolysis was required
at both NBD1 and NBD2. Hsp104 mutants defective in ATP hydrolysis at either NBD could
not depolymerize fibers.

Hsp70 and Hsp40 chaperones can also affect [PSI+] in vivo (Serio &
Lindquist, Adv. Protein Chem., 59: 391 (2001); Uptain & Lindquist, Annu. Rev. Microbiol.,
56: 703 (2002)). They also exerted effects on NM fibrillization, but were not required for
either assembly or disassembly of NM fibers by Hsp104. Moreover, Hsp70 and Hsp40 could

not on their own, or in combination, promote NM fiber assembly or disassembly. A
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prokaryotic homologue of Hsp104, known as ClpB, and another eukaryotic AAA+ protein,

Cdc48p, also were ineffective in promoting NM fiber assembly or disassembly.

These results establish the mechanisms by which Hsp104 may control the
formation, replication, and curing of [PSI+]. Two activities promote prion formation and
replication: (i) at low concentrations, Hsp104 acts on soluble NM and catalyzes assembly of
critical oligomeric intermediates that nucleate fibrillization; and (ii) Hsp104 fragments
amyloid fibers to create new ends for polymerization and facilitate partitioning of seeds to
progeny. Three activities promote prion curing: (i) at high concentrations, Hsp104 passively
inhibits oligomer maturation; (ii) Hsp104 couples ATP hydrolysis to the elimination of
amyloidogenic oligomers; and (iii) Hsp104 couples ATPase activity to the disassembly of

fibers into non-amyloidogenic species.

These activities employ different modes of Hsp104 action. Hsp104 has been
shown to bind poly-lysine in a highly co-operative manner, triggering a cascade of events that
couple ATP hydrolysis at NBD2 to conformational change in the coiled-coil middle domain,
and hydrolysis at NBD1. (See Cashikar et al., Mol. Cell. 9: 751 (2002).) The M region of
Sup35, which resides on the exterior of NM fibers (10), is lysine rich. Co-operative
interactions between M and Hsp104, coupled to additional interactions with the glutamine-
rich N domain, may serve as a fulcrum for force application by Hsp104 to separate the
. intermolecular beta-sheet interfaces of N that maintain fiber integrity. Consistent with this,
changes in the M region alter the relationship between Hsp104 and [PS7+] inheritance (Liu,
Sondheimer, & Lindquist, Proc. Natl. Acad. Sci. U.S.A., 99 Suppl 4: 16446 (2002),
incorportated herein by reference). Hsp104 promotes assembly of amyloidogenic oligomers
that nucleate fibrillization, requiring ATP binding at both NBDs but not hydrolysis. Hsp104
may provide a catalytic surface upon which NM molecules transiently converge to attain the

amyloidogenic oligomeric conformation.

The data herein establishes that an amyloidogenic oligomer is an obligate
intermediate for nucleating prion formation de novo. Intrinsically unfolded NM monomers
may have too many accessible conformations to find a stable fold. It may be that many
amyloids assemble via a related mechanism. Remarkably, an antibody that recognizes a
common conformational feature of oligomers observed for many disease-associated amyloids

also recognizes the amyloidogenic intermediate of NM.
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EXAMPLE 15
Use of Hsp104 to manufacture amyloid-based devices in vitro

Using synthetic or recombinant techniques, a polypeptide comprising a
SCHAG amino acid sequence, such as any SCHAG sequence described herein, e.g., the NM
region of SUP35, is synthesized and purified. Preferably the polypeptide includes at least one
modifiable residue exposed to the surface in ordered aggregates of the polypeptide, such as a

cystein residue at positions 2 and or 184 of Sup35 NM (SEQ ID NO: 2, residues 2-253).

A. Use of Hsp104 to accelerate and promote fiber assembly in vitro

The polypeptide is used to grow fibers, e.g., as described in preceding
examples (e.g., Examples 10-12), with the following modifications. A chaperone protein,
such as Hsp104, and an adenosine nucleotide are included in the reaction mixtures to
accelerate fibrillization. For Hsp104, the adenosine nucleotide is ATP or a non-hydrolyzable
analog thereof. An advantage of the latter category of nucleotides is that they facilitate
Hsp104-mediated catalysis of oligomer formation, leading to fiber assembly, without

Hsp104-ATP mediated fiber disassembly.

In one variation,' fibrillization is promoted by maintaining a sufficiently high
ratio of SCHAG protein to chaperone protein (e.g., for Sup35:Hsp104, ratios in the range of
250: 1 is shown in Exmaple 14 to promote Hsp104 fibrillization effects over Hsp104 de-
fibrillization effects. Repeating Example 14 with additional ratios permits optimization of

the reaction.

In another variation, the Hsp104 concentration is permitted to be higher, but
the nucleotide employed is a non-hyrdolyzable ATP analog, such as AMP-PNP or AMP-
PCP, that support Hsp104-catalyzed fibrillization but do not support Hsp104 de-fibrillization.

In yet another variation, the Hsp104 protein employed is an Hsp104 variant
that binds adenosine nucleotides (including ATP) but has reduced (or eliminated) ATP
hydrolysis activity.

In still another variation, the Hsp104 is tethered to a solid support, e.g., an

agarose bead or a silicon wafer. The NMSup35 solution and Hsp104 are contacted to each

other. The Hsp104 catalyzes NMSup35 polymerization at the surface of the solid support.
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Fibers formed according to the example are used to construct nanodevices as

described herein, such as nanowires.

B. Use of Hsp104 to de-polymerize Sup35 fibers.

For many manufacturing processes, it may be desirable to include a step by
which unmodified fibers are destroyed, leaving only modified fibers. For example, in a
manufacturing process in which metal atoms are disposed on NMSup35 fibers to create
nanowires, it may be desirable to completely disassemble small fibers that remain uncoated
by the metal atoms. It may be desirable simply to remove as much unnecessary insoluble

protein from a nanodevice as possible.

A reaction mixture comprising metal-coated NM Sup35 fibers and uncoated
NM Sup35 fibers and small particles is treated with higher concentrations of Hsp104 in the
presence of ATP as described in Example 14, for a time sufficient to disassemble the
uncoated fibers and particles. The metal coated fibers are unaffected because the protein

fibers are protected by the metal coating.

C. Use of molecular chaperones to polymerize and de-polymerize Sup35 fibers.

The procedures for the use of Hsp104 to polymerize and de-polymerize Sup35
fibers are repeated with other molecular chaperones. Hsp104 belongs to the AAA+
superfamily, and more specifically, the HSP100/Clp protein family. Studies have revealed
that HSP100/Clp subfamilies, for example Hsp104, ClpA, and ClpX, share a common
biochemical function - employing ATP to promote changes in the folding and assembly of
other proteins. (Schirmer, E. C,, et al., TIBS, 21:289-296 (1996); Mogk, A., and Bukau, B.,
Curr. Biol.,, 14:R78-R80 (2004), both incorporated by reference.) Other exemplary members
of the HSP100/Clp family include but are not limited to ClpA from E. coli, C-type HSP100
from B. subtilis, C-type HSP100 from S. hyodysenteriae, N-type HSP100 from P. aeruginosa,
Clpx from E. coli, and the Y-type HSP100 from P. haemolytica. Family members are
generally categorized on the basis of nucleotide binding domain number and structural
organization and consensus sequence features. (Schirmer, E. C., et al., supra) Numerous

other AAA+ molecular chaperones are known in the art and are amenable to the methods
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disclosed herein. For example , p97 (Cdc48, SEQ ID NOs: 68 and 69) torsin A (SEQ ID
NOs: 70 and 71) and Sec18 (NSF, SEQ ID NOs: 72 and 73) are AAA+ remodeling factors
that can be used according to the methods described above. SCHAG sequences such as those
described herein are screened with chaperone family members to identify those chaperones

that are effective for modulating polymerization of each SCHAG sequence.

While the present invention has been described in terms of specific
embodiments, it is understood that variations and modifications will occur to those in the art,
all of which are intended as aspects of the present invention. Accordingly, only such

limitations as appear in the claims should be placed on the invention.
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What is claimed is:

1. A method of making an electrical conductor comprising the steps of:

(2) making a fibril with first and second separated locations comprising
providing a solution or suspension of polypéptides that have the ability to coalesce into
ordered aggregates, and incubating the solution or suspension under conditions to form fibrils
from the polypeptides; and

(b) disposing on the fibril an electrically conductive material in an amount

effective to conduct electricity along the fibril from the first location to the second location,

wherein the solution or suspension of polypeptides further includes a
chaperone protein capable of binding and stimulating aggregation of the polypeptides, in an
amount and under conditions effective to stimulate aggregation of the polypeptides to form
fibrils.

2. The method acéording to claim 1, wherein the solution further includes

an adenosine nucleotide.

3. The method according to claim 2, wherein the adenosine nucleotide is
a non-hydrolyzable adenosine triphosphate (ATP) analog, wherein the solution is
substantially free of ATP.

4. The method according to claim 3, wherein the chaperone protein is

attached to a solid support.

5. The method according to claim 4, wherein the chaperone protein
comprises an amino acid sequence at least 90% indentical to an amino acid sequence selected
from the group consisting of: SEQ ID NOs: 67, 69, 71, and 73.
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6. A method according to any one of claims 1-5, further comprising:
(©) de-polymerizing ordered aggregates from step (a) that lack electrically

conductive material in an amount effective to conduct electricity.

7. A method according to claim 6, wherein the de-polymerizing
comprises:

contacting the solution or suspension with a chaperone protein and adenosine
triphosphate (ATP), wherein the chaperone protein binds to polypeptide aggregates lacking
electrically conductive material and de-polymerizes the aggregates in the presence of ATP,
and wherein the chaperone protein and ATP are used at concentrations effective to de-

polymerize amyloid aggregates in the composition.

8. A method according to claim 6 or 7, wherein the depolymerizing is
performed for a time effective to completely depolymerize ordered aggregates that lack

electrically conductive material.

9. A méthod according to any one of claims 6-8, wherein the chaperone
protein comprises an amino acid sequence at least 95% identical to SEQ ID NO: 67, wherein
the chaperone protein retains aggregate binding and ATP-dependent depolymerization
activity of the Hsp104 amino acid sequence of SEQ ID NO: 67.

10.  An in vitro method of de-polymerizing amyloid aggregates,
comprising:

providing a composition suspected of containing an amyloid aggregate; and

contacting the composition with a chaperone protein and adenosine
triphosphate (ATP), at concentrations effective to completely de-polymerize amyloid

aggregates in the composition.
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11. A method according to claim 10, wherein the amyloid comprises
aggregates of a polypeptide that comprises a SCHAG amino acid sequence at least 90%
identical to a sequence selected from the group consisting of SEQ ID NOs: 2, 4, 17, 19, 21,
22,23,24,25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 46, 47, and 50 and aggregation

domain fragments thereof.

12. A method according to claim 10, wherein the amyloid comprises
aggregates of a polypeptide that comprises a SCHAG amino acid sequence selected from the
group consisting of SEQ ID NOs: 2, 4, 17, 19, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35, 36, 46, 47, and 50 and aggregation domain fragments thereof.

13. A method according to claim 10, wherein the amyloid comprises
aggregates of a polypeptide that comprises a SCHAG amino acid sequence is selected from |
the group consisting of:

a) an amino acid sequence that is at least 90% identical to amino acids 2 to
113 of SEQ ID NO: 2, and

b) an amino acid sequence that is at least 90% identical to amino acids 2 to
253 of SEQ ID NO: 2.

14. A method according to claim 10, wherein the chaperone protein
comprises an amino acid sequence at least 90% identical to an amino acid sequence selected
from the group consisting of: SEQ ID NOs: 67, 69, 71, and 73.

15. A composition comprising a polypeptide attached to a solid support,

wherein the polypeptide comprises an amino acid sequence at least 95%
identical to the Hsp104 amino acid sequence set forth in SEQ ID NO: 67, and
wherein the polypeptide attached to the solid support retains an Hsp104

activity of promoting assembly of a SCHAG amino acid sequence into ordered aggregates.
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16. A composition according to claim 15, wherein the polypeptide froms a

hexameric complex, and wherein a hexamer is attached to the solid support.

17. A composition according to claim 16, further comprising an

adensosine nucleotide or nucleotide analog that binds to the polypeptide.

18. A composition according to claim 17 wherein the polypeptide includes

a peptide tag that binds to a binding partner on the solid support.

19. A composition according to claims 18, wherein the polypeptide tag

comprises a polyhistidine tag, and wherein the solid support comprises nickel ions.

20. A composition according to claim 17, wherein the solid support

comprises an antigen binding fragment of an antibody that recognizes the tag.

21. A composition according to claim 17, wherein an amino acid of the

polypeptide is covalently attached to the solid support.

22. A method of converting amyloidogenic polypeptides into oligomeric
intermediates i vitro comprising the steps of:

a) contacting a solution of polypeptides that comprise a SCHAG amino acid
sequénce with Hsp104 and a nucleotide selected from ATP and non-hydrolyzable ATP
analogs, at a stoichiometric relationship effective to promote oligimerization of the
polypeptides; and

b) incubating the polypeptides with the Hsp104 under conditions that promote

formation of oligomeric intermediates.

23.  The method according to claim 22 wherein the stoichiometric

relationship between the polypeptides and Hsp104 is about 250:1.
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24. A method of converting amyloidogenic polypeptides into amyloid
fibrils in vitro comprising the steps of:

a) contacting a solution of polypeptides that comprise a SCHAG amino acid
sequence with Hsp104 and a nucleotide selected from ATP and non-hydrolyzable ATP
analogs, at a stoichiometric relationship effective to promote fibrillization of the
polypeptides; and

b) incubating the polypeptides with the Hsp104 under conditions that promote

formation of amyloid fibrils.

25.  The method according to claim 24 wherein the stoichiometric

relationship between the polypeptides and Hsp104 is about 250:1.

26. A method of converting amyloid fibrils into amyloidogenic
polypeptides in vitro comprising the steps of:

4 a) contacting one or more amyloid fibrils with Hsp104 and ATP at a
stoichiometric relationship effective promote defibrillization of the one or more amyloid
fibrils; and

b) incubating the one or more amyloid fibrils with the Hsp104 under

conditions that promote defibrilization of amyloid fibrils.

27.  The method according to claim 26 wherein the stoichiometric
relationship between the one or more amyloid fibrils or aggregation domains thereof and
Hsp104 is about 15:1.
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Sup35 = .
1 AM@WCWWWMMQACQWTAWWMM
1M S D 8 NQGNNOQQOQNYQQY SQNGNOQQQGN
79 AACAGATACCAAGETTATCAAGCTTACARTGCTCAAGCCCARCCTGCAGGTGGGTACTACCARAATTACCAAGGTTAT
2» NRY QG Y QA YNAQAQPAGGY YQNY QG Y
157 TCTCGGTACCAACAAGGETGGCTATCARCAGTACARTCCCRACGCCGGTTACCAGCAACAGTATAATCCTCAAGGAGGC
s3» s G Y QQ GG6Y QQYNPDAGYQQQYNPQGG
235 TATCAACAGTACAATCCTCAAGGCGGTTATCAGCAGCAATTCARTCCACAAGGTGGCCETGGARATTACARARACTTC
Yy a @ Y NP QGGY QQQFNPUQOQGGHRGNYKNF
313 AACTACAATAACAATTTGCAAGGATATCAAGCTGGTTTCCAACCACAGTCTCAAGGTATGTCTTTGAACGACTTTCAR
105 N Y N NNL QGYQAGFQPQSQGMSLNDTF Q
3o mmmAMmcmccmcmmmmmmm
133 K o K QA APKPKIKTLIKLYS S S G K L AN
469 GCTACCAAGAAGGTTGGCACAAAACCTGCCGARTCTGATAR GAAAGAGGMGAGAA&TCIGCIGMACCAAAGAAQCA
157 A T K KV GT KPAESDIKIKETETEIKSAETIKEP
547 ACTARAGAGCCAACAARGGTCGAAGAACCAGTTAAAAAGGAGGAGAARCCACTCCAGACTGAAGARAAGACGGAGGAA
183 T K E P T K VEEPV KKEEIKPVQTETEKTE E.
625 AAATCGGARCTTCCAAAGGTAGAAGACCTTAAAATCTCTGAATCAACACATAATACCAACAATGCCAATGTTACCAGT
zongsELPKVEDLklSESTHNTNNANVTS

< Sup35 GR» .
703 mmmmmummmmmcnmmm
235t A DA L I KEQETETEVDDEVVNDPRMDS K E

780 ATCCTTAGCTCCCCCTGGTAGAGACGAAGTCCCTGGCAGTTTGCTTGGCCARGGGAGGGGGAGCGTAATGGACTTTTA
2600 S L A PP GRDEVPGSLLGQGRGSVMDEF.Y

86 K S L R G GA T VKV SA SSPSVAAASOQATDS
936 CAAGCAGCAGAGGATTCTCCTTGATTTCTCGAAAGGCTCCACAAGCAATGTGCAGCAGOGACAGCAGCAGCAGCAGCA
3120 K @ QR I L L DF S5 KGSTSNVQQ@QRQ@Qa@aaaaaa
1014 wmmmmmmmmammmm
33 a0 QQCoCcQQQCQQQQ@PGL SKAVSLSMGL

364 YM G ET ETKVMGNDLGYPQOQGOAOL GL S S
1170 TGGGGAARCAGACTTTCGGCTTCTCGAAGAAAGCATTGCAAACCTCAATAGETCGACCAGCCTTCCAGAGAACCCCAAR
390 6 E T D F RL L EESI!I ANLNARBS ST SVPENTPK
1248 GAGTTCAARCGTCTGCAACTGGGTGTGCTACCCCGACAGAGAAGGAGTTTCCCAAARCTCACTCGGATGCATCTTCAGA
4260 S S T S A T GCATPTEUKETFPIKTHSEDATSTSE
1326 ACAGCAARRTCGRAAAAGCCAGACCGGCACCAACGGAGGCAGTGTGAAATTGTATCCCACAGACCARAGCACCTTTGA
432» Q O NR K S QT GTNGGS SV KLYZPTDQSTTFD
1404 CCTCTTGAAGGATTTGGAGTTTTCCGCTGECTCCCCARGTAAAGACACARACGAGAGTCCCTGIAGATCAGATCTGTT
468 L L KDL EF S A GSPSKDTNE SPWRSUDULL
1482 GATAGATGARARCTTGCTTTCTCCTTTGGCGEGAGARGATGATCCATTCCTTCTCGAAGGGAACACGAATGAGGATTG
2949 | D E N 1L L 8 PL A GEDUDPTFLLTEGNTNTETDTEC
1560 TmecmmmmAmGGACAcrmcmmmmmmmmmmmm
5200 K P L I L PDTKPK. | KDTGDTI!I L SSP S SV
1638 mmmcmmum&mmmmmmmﬂm
546 A L P QV KT EKDUDTFI ELCTPGVY I KQE-KHL
1716 GGGCCCAGTTTATTGTCAGGCAAGCTTTTCTGGGACAAATATAATTGGTAATAAAATGTCTGCCATTICTGTTCATGG
572 @ P VY C QA S F S GTNILI GNKMSAI SV HG
1794 TGTGAGTACCTCTGGAGGACAGATGETACCACTATGACATGAATACAGCATCCCTTTCTCAGCAGCAGGATCAGAAGCE
sogb vV S TS GGAQMY HY DMNTASL s Qa@aaQDbD QK e©P-
1872 TGTTTTTAATGTCATTCCACCAATTCCTGTIGE T TCTGAARACTGGAATAGCTECCAAGGCTCCGGAGAGGACAGCCT
g2¢» VvV F NV I PP I PV GSENWNRCAQGSGETD S L
1950 GACTTCCTTGGGGGC TCTGAACTTCCCAGGCCEETCACTE TTTTCTAATGGGTACTCAAGCCCTGGAATGAGACCAGA
gsob T s LGA L NF P GRSVFSNGYS SPGMRBRUPD
2028 TGTAAGCTCTCCTCCATCCAGCTCGTCAGCAGCCACGGGACCACCTCCCAAGCTCTGCCTGGTETGCTCCGATGAAGC
g7 v 8§ S P P 8 S § S AATGPUPUPIKLCLVCSDEA
2106 TTCAGGATGTCATTACGGGGTGCTGACATGTGGAAGCTGCAAAGTATTCTTTAARAGAGCAGTGGAAGGACAGCACAA
702 s GCHY GV LT CGSCKVFFIKRAVEGSGQHN
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2184 TTACCTTTGTGCTGGAAGAAACGATTGCATCATTGATAAAATTCGAAGGAAAAACTGCCCAGCATGCCGCTATCGGAA
728 Y L C A GRNDOC 1! | DKI ARRKNGCPAGCRYR REK
2262 ATGTCTTCAGGCTGGAATGAACCTTGAAGCTCGAAAAACAAAGAAAAAAATCAAAGGGATTCAGCAAGCCACTGCAGS
75¢¢ C L QA GMNLEARKTHKKIKI!I KGI QQATAG
2341(GR526) '

2340 AGTCTCACAARGACACTTCGGAAAATCCTAACAARAACAATAGTTCCTGCAGCATTACCACAGCTCACCCCTACCTIGHT
780 V § QDT SENPNKT I VPAALPQLTPT LV
2418 GTCACTGCTGEAGGTGATTGAACCCGAGGETCTIGTATGCAGGATATGATAGCTCTGTTCCAGATTCAGCATGGAGAAT
g6 s L L E VI EPEV L YAGYDSSVPDSAWR BRI
2496 TATGACCACACTCAACATGTTAGGTGGGCCTCAAGTGATTGCAGCAGTGARATGGGCAARGGCGATACTAGGCTTGAG
g320 M T T L NML GGRQVI AAVKWAKAILGI LR
2574 AAACTTACACCTCGATGACCAAATGACCCTGCTACAGTACTCATGEATCTTTCTCATGGCATTTIGCCTIGGGTTGGAG
gsg N Lt HL DDQMTLL QY SWMFLMATFALGWR
2652 ATCATACAGACAATCAAGCGGAAACCTGCTCTGCTTIGCTCCTGATCTGATTATTAATGAGCAGAGAATGTCTCTACC
gg4» s Y R Q@ S S GNL L C-FAPDLI I'l NEQRMSL®P
2730 CTGCATGTATGACCAATGTAAACACATGCTGTTTGTCTCCTCTGAATTACAAAGATTGCAGCTATCCTATGAAGAGTA
910 ¢ M Y D QCKHMLF VS SELQRLQVYVY SYETE]Y
2808 TCTCTGTATGAAAACCTIACTGCTTCTCTCCTCAGTTCCTAAGGAAGGTCTGARAGAGCCAAGAGTTATTTGATGAGAT
93¢ L C M K T L L L L 8 S VPKETGLJIKT SO QELTFDE.
2886 TCGAATGACTTATATCAAAGAGCTAGGAAAAGCCATCGTCAAAAGGGAAGGGAACTCCAGTCAGRACTGGCAACGGTT
62 R M T Y I KEL GKA 1l VKRBREG GNSSQNWOQHRF
2964 TTACCAACTGACARAGCTICTGGACTCCATGCATGAGCTEGTTGAGARTCTCCTTACCTACTGCTTCCAGACATTITT
oggp Y @ L T KL LD SMHEVVENLULTYCFOQTTF FL

3042 GGATAAGACCATGAGTATTGAATTCCCAGAGATGTTAGCTGARATCATCACTARTCAGATACCAAAATATTCARATGE
1014 D K T M S | EF P EMLAE

' 1T TNQI PKY S NG
3120 AAATATCAARAAGCTTCTGTTTCATCAAAAATGA
0400 N | K KL LFHGO QK :

FIG. 1B



PCT/US2005/017870

WO 2005/118633

3/15

seyew uopounffi®B

ey Jexew uopoun|

nnﬁﬁuo. 3I-N £330

1ew uopoun|

Hweg SNUTWID}~) ..u.mn:m

feax
judy
uotTBaz Sup{ueTy .€ ggdns )
’ fedv
Hoes i

[ELLY

on : . (dg gg6L)
foad v uofjesbajuy Oggdns-NzZain

* tioad

(158) ney . .
(162) 18dy R |
(€09) Ao [ A - (89E2) 1Ad

(s6€) nsd

1e3Jew uogoun|

uotbex Sup(ueT} .S gedns -

FIG. 2



PCT/US2005/017870

4/15

WO 2005/118633

4 A4 3 5 3A ¥VOAH mv_<.u_._c U9 A I I I Q46T

4 1A YI M O VA .
OLLIVL VOOUY! £ £0oVEYID LLIVIOVHOY DVYDOLIOLL VLIVLIVOVD 1011
DOVIOUNVED YOVLIOOWYD LODOVOVIOD WNIODINODD WY
<M0<w.._.§m>wwgmo>._..=>cco._<n¢xoo._m>mn. LW I 1 M a «se6t
9991019900 DVOVALYLIY DIIDALILVOD TOOT

3 g WDOOWY OVALYOVLLL
DIDLOBIALY DLVOALIINY VOVIVIOVN 56&.?... 20vY L 1 A A S »6

JOLYOOYIUD
[ @A L9 1 A3 9T

L © 30 WD O Wauyu ovid oA 2ad 08HV

YLLOOYEALY DYOYYOOLOD SLVIUOYOVY VOLIOLIVLL .HUGBDH<.E.Q. LLLLYDYVYD .<GUD¢05~UU SLINOVALLY LOYIOOOVYL OVLYLWYONVD T06
d A QY 3 d4d7 HAN § YN I ¥XHd 198 4A1S8S SVYV D 4 4 d ._‘ 1 1p¥
LS 1 9 X 9s 13 Vv1IW I 19 Ud3N LA3T 3 VYV ODXIT 9 § A 1 62T

OLOVIDLVLY JJLIODOVYD OIVOIOLLYY HYIDULLOLY OLLLIIOOOV SYLIOVYOOU VYOVVLOVVD WYDWOHIDOD WOOWEOLLLO O0DOVLIALIY TO08.

. (158) ney , .
uonp.rn_o<u_>s_w<._._m<_4>»n<m>oz|_h>4ms_m§.
wme.>>c:<zh_n<3m<..m>>e<m>o._v_>hzw_n.‘mm

LOSYIDD099) LODIOLOOIY IUIDILVYOIN LINIVOYIOD OINYOVIOVL VVOUOVIWIO LODOIDLIL] VIOVIOLLYY VOLOYOVLYY IDDLLYOVOL TOL

{162) 1BdY
VN 4 1T S S 3 S %M 1T A 1 VANVY 485D 17T 1A d8S N3 NS A XA 1 S »601

v 4 X4 a3 4 114 NAXNY STV ¥ 1Td XA LO T NS 40 L 7T 1 4dA@

DOLLLYVVVYD WOYOYYDOLL PHU@EB gﬂm.m.«muu O0DLYLIVID SWWWELINING «VLIOVOUDY DHYOALYIOL LLLIVOLOVY LLDINIVOOL T09

{€09) Ayoo3
L oA 4 80D 1 179 dNVSES INS SNS TAAH L SN I VH X 4 A 0y
H 1% 7390 1 %249 7Tv¥3 A1T3 1T1T3% L1 H AAQT SV T N L O

HLYIVIYYYY WIIVLIIOLL FEUUUBU OVLIVOOWYY) (LIOVLIOVOD IDVLIVYOOY YOONIOWLOD LIDIVOOLIV JLIOALOLOL IIVWYIVYY) 109
4 § O N 1 7T NS 1TV V L B 1T 9 8T P .
A 3 H W I N 4 7 %V VADd SdHULI VVH 3 XA L VIS WNg

OYYYVYOOVOD LVDLVLVYLL IVLIOYYIDD LISLIOLIOL SYIJILYILD YILJOLOALOD YYOOUYIVIY OVLIDYYYED LOLYILVVVL VOYUSIYYYS) 10%

-DYODLIDVYY VYOWVYOUIVYD DLIVYIOOWY LIDLIVIOVD JD9LIVYYOL VOvyY 3
(s6€) nsd . OVYOL LOLOVIOLVL VOOOVIVINL VIOOLLYOVL IOYOWDYOOY Tog

DOVYOOYYOD WWOYUDOVYD WIWYOIDLIL YYINODLINS LLLLLLIVVY DLLLOLIIOY DLLIYOLLLL LLLLOLIVLL LLLLLLLIV) IVOLIVYOLL TOZ

SR .
YYOLLLLIOY OWOOWLYIOOW JODLOVOVAL) VIOLLYOYID VOUOLED99D SINIDVYLLD 92LIDODDIOL SLOD9IOHLL SIODIDOYIL D0DDOIDVWIL 10T
»0

HDIDDOVYYOED YODNDHDIOD INDDIOWYLD IDLOLIOOND VDIOOONOTD H0DDIODNOD INOVONOIOL DOVWUWEOIOD DWOIVDIOO) LLISDDIDIL T

FIG. 3A



PCT/US2005/017870

WO 2005/118633

5/15

4 . LYYIODOWD
awgpwwoaﬁumwgoﬁﬂwoawwﬁwﬁﬁaoﬁhu.ﬁuuuﬁguomuuﬁuwmoﬁﬁeprﬂw«oﬁuwmwgu«mﬁ.«u«oﬁﬁuﬁa@@ﬂo 199D

- ”
OVLLLIYODLLIDIOL
: WYL ﬁ&oégodggéggoouaudwﬁaUU&@UDH%@UEDH&E
LIVYLOOWLIL OYEYILOLOLVOLLOOYLODLOLL A i .
Joysew uonoun|

Bﬂ.ﬁbﬂ&gU&&Qﬂ.&EUggwgwﬂaﬂbmﬂéUU%.E.GEUmxmUﬁ@BﬁBﬂBﬂa«BﬂBﬁBﬁBﬁBﬂBﬁEU.H_GU<B¢_E.¢<BUEBU@U%U@BUG

B<B¢B§¢EEUuﬁEwggwuﬂwgﬁH.ﬂ&@OﬂBEggdg‘akwmﬁoEovﬁgwﬂgémgwuégﬂaﬁggwgguuw
. . leqx

) W.H.EG.H.U@HﬁUﬁU@BEﬁO@E&&HUéUHAUUEUANOEUE§U§U§§U<8§UUﬂuﬂﬂﬂm8<UU§§¢UUU9H.¢9H¢UH§¢DH<QH¢E<

b~
gﬁ&é@ﬂv‘nwu‘ﬂwudmgd@;mwU¢Q<9¢E.H<Qﬁ<wiwugﬁgUgoﬂggg%BUdadﬁngﬁwowcwmUUUQU@UOEOQ@EANEEUBQN

BogﬂaﬁggwﬂawgﬁwgﬂhUﬂh.&.ﬁUﬂhgﬁﬂggwﬂugéwgéﬂuéwguﬁgmowgwmwémggggﬁgugﬁu

WYLLLIVLLLOVYSLLYYOOLYOYDLLIOIVYYYOLYOIDYYOYYOLIODIOOLVIOLIYY YOV IV LLLOLY LY LIVOLOY OYOVYIDVYDVYOTEOIVLIVINYDOLIOD
LLLOOYILVYALIOIOLILIDIIN VY YOOV IV VYOI OO LOIVIVOOYOLLIOOOLLLOLYODYILLOYOOYOOVOVDLOVILOYOVYYYOLOD 0D JDVYODLIDYD
1Es I1Jes

o ol
DLIVYOIDOD WLYULOYOLOY ODVLYVLOLL YYOLOYIDDD ODVOOWVYYIO LLODYOOYDL OYIOILLLLO DDOYIDOIOVYL OOOLIOVYLL YODODUVODL

OBISIYODDD DYYYDHIDDLD _w_ﬁwowum.ﬁad LODDLLOLOD DDDDOLOOIL ¥ODD0DVYDD DLIDLOVYDD DJOLIDOVOLL YIDOILINOD DDHLHINID
A 1nad

nL..WWUQBUUUU OODLYYLLID DDOXHDDI2¥D] ¥DIDEIDIVELY DODOLIOONYED IHNOYIONLO YYIO0II050 DDVLIOOD0D DOVDHEYEOD DYYIOTEOHND

,.«f%mmmumw om@pcummw.w wmo.uemmmmu DODVALLIOY DVLLIVAIID DDHYIOONYY IODDWYHOIL YYYIOYIONY YIODOOLOOY HDLOOHSLLL
L) I°eN i

@F@ﬁu&ﬁ LIDOYIINDD VUDLODYLOY DODHONLYONO HOYIIVIOLY JDVYYEYDn0 .n.vn.v%u&wum YOOLOYOOL DVVOUTRLIY LOVIOLOYOY
VAVYOILLLO VDDLLOLIOL HYDLIOOIVEL YHOYHIINONL YYOVYYYILY VYIVLIODOL VYYYINOOLY YYOOIOOVIY VOOVYLLLLL IVALIOYOLY

o - .
_nmm_H,H_mFHEH...b YYYLLIOOOOL LYYYYLLOLL (LIVLUYLLO) YYYLOLIVYY DOYOIVINDD VINYYYOUDD YYIOIOINOY JUIOIDYINY ¥HISIOOINL

.sﬂll

c68¢C

€8LT

TL9C

33°14

Lyve
GEeT
I XAAA
TT1C

T00¢C

T06T

TO0BT

T0LT

TO9T

TOST
T09T

TOET

N O D 9 O H4ToC

YIDDOYLIYL JOVDLYIVLL VYLLLIVVDLL DJDVOULLYYY OUDLOYWULD YIVIOLYDOL VYVIOVVIVL [LVIDLOVVYY YYIOYYYYDID YIDODDDIND T0TT

Fig. 3B



PCT/US2005/017870

WO 2005/118633

6/15

: Bﬁ%o@@ﬁ%@u&édogwﬂﬂgﬂmmcg. Uﬁuﬁhgwﬂ.ﬁtpﬂmkwmuaUusgumﬂﬁgdauggém@gUoﬂuwﬁgwﬂwd_ﬁuuuw@

§§8§8§E§<§<0§0<2€ggﬁ%ﬁgﬁguuoﬂaadwuguﬁgUBU@UUUg§g<§§0§9ﬁiﬂa¢u§g¢9¢uu¢u

OUEUBU&EOOUEE@D@SU&U%OUE&EUUBGEEEEUQ@QEBEE@UU«G«BQ&BDEEEUUﬁU&UdEﬁUﬁE@QH

80492.5uouoﬁ.%09588.559uu.rﬂsmwamuawu.ﬂEﬁo%%a%@w@ﬁbuoﬁEﬁﬁ.«amwuﬁcwﬁ

- - o
.Eﬁéhégmﬁgﬁhag.ﬁﬁﬁgaﬁbﬂgUmuUégdmmwU§§¢H¢Q¢U§§<@H€B§400€B§<Umvﬁmyﬁﬁmmwgu

<<UUUE<<.H_UUAEUOU@ﬂﬁgpﬁwmgghéﬁgewﬁgmawuwumgwﬁ04UEOUBUmwssiggwgﬁhﬂ&OGOgEnggwﬁwE

Eﬁ@gﬁyrhugi.aUEE%@UUguamprhmwdﬂauﬁwﬁwﬁUOUE@O_EHUBUU<H.QH<UG¢EH<E<§UEU§B§U<DH¢§0§B¢0§O

GﬂUﬁEﬂUﬁ,ﬁgﬁ.ﬁE@UUUﬁ.ﬁgﬂﬂhﬂwm&&gégm.but&ﬁﬁdﬁémw%w%&ﬂuu&E@%ﬂﬂé@g%@éggwéwé

LOIOYOY LYV IV YOOV LOLYOVYOVOVYALLID IOV LN YOVI OV VLISLLLLL)D)OVY YOO IVOALOVY OO YODOLIVLIOLYOV.IV LDV IDODIOVIONL

- :
ISIDILYYOLYIIVILLYIIOLLODDOLIOOLLOYIYOILLEOYDYODLL Y DODOYODIYOLIOYLLLOLELIDLIIAIIILIOTIVI LY LOLLODLOOD LY OLLLOVILLYL
wew uonouni

1¥o53

: ol
YLLIVYYYOLIVVVYOLIOLOVOVLLIVLIV LIV LIV LIV LIOLLVLIODLOVIOV LIV LIOLIVLLYOVYOLLLIOLLYLLOI DD I09D0 % 5

Jexiew uonoun| , __..m«.. .
—>
jrat 2 4 LY DY YOOV ODYLLLOLYDLO DYV Y OUYVLL Y Y VYO LYODOVOLY OVY LY D09V LLLYOVIOVIY O30 DOV LIVOYIOVLELOYY LIV DOOVIYOYIOLY

1

nﬁ..mwwU,HaH_U<E¢<U.HUE<B¢§UBUEHUOUEBUU.HﬂUDHUU@BUBQH.H_UU@@UU@EO@@U@UBﬁUUUﬁDH@UUE.&BQOBHUHEHUEBUBBHEBQUB@UU@H_HUBU@B

<mwhww‘.ﬁU<<UU<.H,HUU8@8@%5@55UU@U@ﬂBﬂBDDH.&BﬁUDHmU@ﬁwwmoU<9H¢HE<U¢BngOUUEU_HdUBﬁUUUﬁUU.ﬂu@éU@UBBU@@UH

T
<UM.NMUU.&U.%&E.&UU<g§80§§UUU¢gU4BUUEUUUU%UBU.H.U_HUU@UU@EG@UU&USUHDUUOUQB@UU@EU.HQ@UHBUUGU@QFE&EU

Bﬂ%@gumogmwudgﬂgUE@UUBANU_HOQQHBOUU%BBGANUU«OA&BUE®U@4E®UE§H<U§UBU<E¢UﬁUBUUHBgUgUBUBUEgUU@&EUEOE

@ﬁ.ﬁ% UBU_H_UEUUEUAN&%_H@UO@BUSHRGDUUG@EQHU&UU@UEH%UEQH@QH@UAFU.H.@GDH.HB_H_UBB&UUUDH@UUANBUBUUUUUUUBBOAwUdUgBUBB@B

amwwueﬁwﬂgwwaw%ou98u¢88¢8§8§8§85éu8§§882??5&8528uﬁuoaéuéuﬁuuagmﬁﬁﬁuuu«

G,H%MHGJM. LILILLODOYDLLYOOLODOYLOYOLY OOV LLOLLLIOODOYOY DOLLIVYOLLLLYLYYEIOLIO D LLLOY DLLLIV DLLOVE D LY LY OO LY IEIVIOWILID

LISV I LIV OY YLD LI LI DL S NV YT D100V VYOV SV LI OLYI0DO LLI LI OOV LIOLOVOVEIOD LIV YOV IODYDLLIVYID

YIVYOYIOLIVYLLLIVOYLYDIYIIOLIDDIIV VY YYOLY OYOYY.LY DDLYIVYALYLOLIDLIVY L LOLO Y IOIN IV OV LLOYY LYY DDLOLLIYV LOLLLLODDY

Lves
GETS
€205
T167
66LY

L89Y

SLS?

€9y

T6¢ED

6ECY

LSS ORNEET T LZTR

ST0V
€06t
T6LE
6L9¢E
L9GE
1531743
A2 23
TEeZE
6TT¢E

LOOE

Fig. 3C



PCT/US2005/017870

WO 2005/118633

7/15

._<.w¢OO.__o>>s_w<ov_><wm._.._mm<._n_<m>>u_<Ovﬁmm

: ) LY
YOVLOOWYDD 9I0OLIOLIY YLLYLIIOVD DINJILO00) DINILIOWYD DIOOIDDIOV YOYODIDEDD D9H9HDYYDOD OQHWUUMUUMG‘ 4%.&&%0&“
y 9 v934HW 98§ 4 9+ 1 vY¥Yy19 4049 ¥d s- H I AA

LLINOGoLo DOOOYIIIND WDOOYOYH0D DOVINSINVD HLOBISVIOD DODIDLVIOY LLODIOWDDD JVINOIULY VINDVIOIOD LODODIIOND
b v LW @34 NYOD 1 V31 9 VvVsS 11 HM)M

IODOLISVIY DDIVOLIONL ILLWLOIDLOL ¥ODDWOIOLY LOJWIODYOL OYDLYYLIDD LYYDIVLIOV DYOLOLODLL Ugawmﬂh« LY IYIOVYYL

- DLYYOLYYYL LLIOVYOLYY YYVLIVYVLL LIDDINOWL) DWALIOIVOD  YYUYHOINIL YOVHINOLOD LLLLYDDOVY LIOOYILOVY WEDOYYOIILD

YDLOOOYDLD IO9OOOVIIL LLLDINALLL ODI¥OVYOVY UHU,H&OGE YYYYOYODID Uﬁ.ﬁhﬂ@doo& JOVYDDLLID _H.H,H.EHGOB DO0OYIDOLI

[0} o2 4 4 /o 4,.24&0mum.uUU.Qm. HLIDIIOVIO SLIOYOVYYY YOOOIIOOYL IOYDJIOWYOL OOLOIODOOL JLYLODLLIV 86%0 YLIOWOYLODD

OYIOVYIOID SLODIOVYOL LOLIOVOVOY LODIODIOOVY IOIVIOOVDD OVOVIDVIIVY ODWIWYIODL DWODOTIINI 99LIYI00DL YLIOYDIVOW

SYYISO00E YDOOIOUALLY IODINLOVYL HODDIVLIOD D0DLIO0YD 0J009YILIOHD DDDDIWEOIY DOLOIDIODD HLODYYDIILI. DILIDOLODY

IOIOODLIOVY DIDLYIODVL HILOOIYOLID YINOLOLLLD DIODIOIOYY DHODLLODIL DLLIDDIOODL HIDDYIVDDD DYLLIDDIDL JDIOVDDOILID

LIDLIALOD0D B@PﬁUUQbOG YYODIOO00D LLIDDDOVID YLUOUVYYIVL DYODYOYDID DUVVODOOLD OHVONUIIOVYD LOOIOWDIIWY YYYOYIIWID

| ¥DOYHLIO00D DDOOOIOOOY LYODLLLLLD DOOILIDLISD HDD9DVYYYY IODOVVODYD OJDOWVYUYIOY DIODWWWYOD ¥OIDIWOVYD WYVODYIDOV

NIYODHDOYIL VYOUIYIDLY LLODOVIVYL D9DDOVYYOL OVOLIOVOIV IO9DJOVDIOD SOIDDDDLLD DLODDIONOID IOOJLOVDLD YILIDILIDL

o .
;LODDDLLOLD ODOOOLIVLID ODLLIDOHDODD VOWDDO9IOD DIYVYODODDL YYOINWLLYD . OLIOVIDOLO JIOIIIvYYD DD0LIYIDLL I.O9DIDIDOLIY
Hnad

-
WUEUUUUHBUU SLIVYLLYOVY DLOVYLOOYD IOVOLYVLOD HINOOONIIID VYYIALOVYY INDDVYYODDD DUSDVIVIOYY JVIVOOLIVY JYDLOODIIY

W@gb.ﬁﬁmg SISLOOLLLD LODYINDLOD INIINYIOND DIIDOVOIDL INYLIOOOVD ISVLLIOOOL LOLLLIIOYD DJDOYIOONIDDD DOD9D99YOIL D

udy jedy toyx

“wNpﬂ.ﬁﬂﬁ&@@.ﬁﬂ@ﬁ&&ﬂiﬁ@ggégawﬁwgUUEHSu.HﬁHUUBOO.EUUEHQHUUO?SQH.EEO&O@@B@BHGUOUUﬁ@?ﬁﬁ&UOﬁUﬂg@Qﬂﬂﬁg

[

meOBO&UFHOOBUEﬁUHBUEANBGJJq LOLIDLIOODOILLILIIOLILLILLLLOO LY LLOLLODLY LLOVOYOLLO DL OOOLLLOLIOLLIDYOOD LLLODLILOL

JLLOLLLLLOOVY Y DLLYOLOOYIDLODLLYOIVODLOLODLODIYYL OO LLLLLIYOVYOLYOIVYODOVOLOOVLOLLODDOOVDOOOLINLODYDIODDOVEIOLLOY

960L

pVoC

9669

9689
wth
9699
9659
9679
96€9
9629
96T9

9609
2665

968S

96LS

5695

£8SS
TLYS

6SES

Fig. 3D



PCT/US2005/017870

WO 2005/118633

8/15

ieyJew uopoun|

A€ "DId

LS JLLLODIOOY HDVILVIOND OVIVVYYVIV LODVVLIVOV SIVOIVLIVLI IWODVWVOUY LOIODVALOD WODDIOWYYY DIOD00OLLLYD 968L

YOOIODILID DOOVLYYYIY VILVYYWVOV LLIVIOIVVD E<B<U<B€ D90OVAINVIL JIOLIVLIOO SVOIVLLIVO OVVDLLVLIV LWVOLLLLLD 96LL
W S 1| O H4HA V11 d44 VV40 17TdA 4VYVYH 3 1L 7T AAA)»IE

DLLOLOYLYD LOVLYVYOLLO LY¥WYOHIOVOV DDODDDVVIVY DDOVYVUYYD DIDOLYYYYD DOHYYODYOUY YWYDOVOLOD DIILLIOIOV DDVOLLIOVL 969.
¥o<w00._mu<m>.@>_m._a._.zwwz_._mwu_mmmmmn_vvm

LLLOLYDOVO (LLOLYDLOWVY JODVIALOOL OVOOOVVLOL VOILIOYDOL VOVOLLOLI) OJDVLIOIVOD WWOLDLOVYY YOIDO99DLL DLIODVYYYO 96GL
&_“Em._.....x>.._._00<>._mt._n<00m0._OEE_I>mOZva

SLIVOLYILD HLOVVWYLLL DWWOVIOVLY DW¥IDIOIOIIV .HEBQ@UUUﬂ LYYOLO099D JDOLLOLIOL .HUQUUUANUUU OJOLVIOLOV LYY

VOLOLL 96%L
D._>m>mn_>._.mxI._._.QGs_b>mm._0m<<_._.Emn_z._.v.nm.n

YALOVYIOUY JLOVLOVOLD DLOVOLOLOL LLLOOLYOWY 1ODDINDIOL VDIOLOVLID LOLIVVINDD IDVIOYIOOL VLIOOLYDLD VOLYLLOLOY 96EL
VvV V N T1T 1L 1L 9 H dX 31T LV 4 1TH NRNDD HAL YU 1740 Y M 3 pvot

-D90DOALLOVY YIOYYOYILO LIHDLYOIDL IDLODJLLID LOOVLIONID YYYYYYOOLO LISLYDODDD IVOIVOVLIO VDIDOVYILY DIOVYOIILLO 962L

(89€Z) Innd )
d 31N 3 VI dNAG 34 0L LWd AVH V111 d4Xd1 719 37 7T LpLet

HIDLIOVILL ﬂéﬂ.ﬁ HOLLIOOLOD LO9OYILOLO SIOJLVIOOY OVIODLIYID SLISLLODYY DDODLLIOVL YYLIOUDIOD LIOVIOUYLO 96TL



PCT/US2005/017870

WO 2005/118633

9/15

sjueinw jeadas gedng JO UOISIAAUOD m:ow:.ﬂ:oa.m

g 0LXG
- sjeadas g+
o
- g-0L >
o0t
(lUSdll<-Lisd)) sedng -

ajel UoISIaAu0d snoauejuodg

(23ey) weinu
uoisuedxa wmmamm‘

(g-2vd) weinpy
uonoejep yeaday

NN 1M



WO 2005/118633 PCT/US2005/017870
10/15

FIG. 5



PCT/US2005/017870

WO 2005/118633

11/15




PCT/US2005/017870

WO 2005/118633

12/15




PCT/US2005/017870

WO 2005/118633

13/15

30

VOLTAGE [10° V]

FIG. 8



WO 2005/118633

PCT/US2005/017870
14/15

%
|
a
i
!
z
i
|




WO 2005/118633 PCT/US2005/017870
15/15

I

)

2

FIG. 10



WO 2005/118633

<110>

<120>

<130>

<140>
<141>

<150>
<151>

u.s.

<160> 73

<170>
<210> 1

<211> 3321
<212> DNA

2004-

PatentIn Ver.

Lindquist et al.

30554/40155A

To be assigned
2005~

05-20

Serial No.
05-20

2.

1/85

SEQUENCE LISTING

60/573,277

0

<213> Saccharomyces cerevisiae

<220>
<221>
<222>

CDs
<400> 1
agaaattaaa
tgacactgaa
attggagttt
acacacatac
accacacaaa
cgctatttga
tgtcatttct
ttecttecgea
catacagaag
atatcttaca
accaaagcectce

actcecattgt

(739)..(2796)

gctacttaca
aagccgaagc
gaagaaaatc
atacatttat
aatcatacaa
ctcaaattat
tttgtaattce
aaaagatgaa
ttattgtcac
tcatcgtata
ccattgette

actgtaacaa

acaacggtct
caaaaaagag
ccaaccctac
atttataata
cgaatggtat
tattttttac
tcttaaacca
tettagttct
ttcttacctt
atatgatctt
tgaagagtgt

aaagcggttt

actacaaatt
gatcgceatt
ggtagaaaat
agcgttaaaa
atgcttcatt
taagacgacg
cttcataaag
cagcccacca
gctcttaaat
tctttatgga
agtgtatatt

cttcatecgac

aaggtgccta
gaggaaatac
tgaatatcgt
ttteggeaga
tectttgttte
cgtcacagtg
ttgtgaagtt

aaagaggtac

gtacattaca

gaaaattttt
ggtacatctt

ttgcteggaa

PCT/US2005/017870

ELECTRICAL CONDUCTORS AND DEVICES FROM PRION-LIKE PROTEINS

aaattgtcaa
ccgacgaaga
atctgtttat
atatctgtca
gcattagctg
ttcgagtctg
catagcaaaa
atgctaagat
accgggﬁatt
ttttecacteg
ctcttgaaag

taacatctat

120
180
240
300
360
420
480
540
600
660

720

aat 771

Asn

ggc aac
Gly Asn

atctgcccac tagcaaca atg tcg gat tca aac caa
Met Ser Asp Ser Asn Gln

1 5

cag
Gln
10

caa
Gln

aac tac cag caa tac agc cag aac ggt aac 819
Asn Tyr Gln Gln Tyr Ser Gln Asn Gly Asn

i5 20

caa
Gln

caa
Gln

caa
Gln

ggt aac
Gly Asn
25

aac
Asn

cct 867

Pro

aga tac caa ggt tat caa gct tac
Arg Tyr Gln Gly Tyr Gln Ala Tyr
" 30 35

aat gct
Asn Ala

caa
Gln

gcc
Ala

caa
Gln
40

gca
Ala

ggt
Gly
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ggg tac tac caa aat tac caa ggt tat tct ggg tac caa caa ggt ggc 915
Gly Tyr Tyr Gln Asn Tyr Gln Gly Tyr Ser Gly Tyr Gln Gln Gly Gly
45 50 55

tat caa cag tac aat ccc gac gcc ggt tac cag caa cag tat aat cct 963
Tyr Gln Gln Tyr Asn Pro Asp Ala Gly Tyr Gln Gln Gln Tyr Asn Pro
60 65 70 75

caa gga ggc tat caa cag tac aat cct caa ggc ggt tat cag cag caa 1011
Gln Gly Gly Tyr Gln Gln Tyr Asn Pro Gln Gly Gly Tyr Gln Gln Gln
80 85 90

ttc aat cca caa ggt ggc cgt gga aat tac aaa aac ttc aac tac aat 1059
Phe Asn Pro Gln Gly Gly Arg Gly Asn Tyr Lys Asn Phe Asn Tyr Asn
95 100 105

aac aat ttg caa gga tat caa gct ggt ttc caa cca cag tct caa ggt 1107
Asn Asn Leu Gln Gly Tyr Gln Ala Gly Phe Gln Pro Gln Ser Gln Gly
110 115 120

atg tct ttg aac gac ttt caa aag caa caa aag cag gcc gct ccc aaa 1155
Met Ser Leu Asn Asp Phe Gln Lys Gln Gln Lys Gin Ala Ala Pro Lys
125 130 135

cca aag aag act ttg aag ctt gtc tcc agt tecc ggt atc aag ttg gec 1203
Pro Lys Lys Thr Leu Lys Leu Val Ser Ser Ser Gly Ile Lys Leu Ala
140 145 150 155

aat gct acc aag aag gtt ggc aca aaa cct gcc gaa tct gat aag aaa 1251
Asn Ala Thr Lys Lys Val Gly Thr Lys Pro Ala Glu Ser Asp Lys Lys
160 165 170

gag gaa gag aag tct gect gaa acc aaa gaa cca act aaa gag cca aca 1299
Glu Glu Glu Lys Ser Ala Glu Thr Lys Glu Pro Thr Lys Glu Pro Thr
175 180 185

aag gtc gaa gaa cca gtt aaa aag gag gag aaa cca gtc cag act gaa 1347
Lys Val Glu Glu Pro Val Lys Lys Glu Glu Lys Pro Val Gln Thr Glu
190 195 200

gaa aag acd gag gaa aaa tcg gaa ctt cca aag gta gaa gac ctt aaa 1395
Glu Lys Thr Glu Glu Lys Ser Glu Leu Pro Lys Val Glu Asp Leu Lys
205 210 215

atc tct gaa tca aca cat aat acc aac aat gce aat gtt acc agt gct 1443
Ile Ser Glu Ser Thr His Asn Thr Asn Asn Ala Asn Val Thr Ser Ala
220 225 230 235

gat gcc ttg atc aag gaa cag gaa gaa gaa gtg gat gac gaa gtt gtt 1491
Asp Ala Leu Ile Lys Glu Gln Glu Glu Glu Val Asp Asp Glu Val Val
240 ’ 245 250

aac gat atg ttt ggt ggt aaa gat cac gtt tct tta att tte atg ggt 1539
Asn Asp Met Phe Gly Gly Lys Asp His Val Ser Leu Ile Phe Met Gly
255 260 265

cat gtt gat gecc ggt-aaa tct act atg ggt ggt aat cta cta tac ttg 1587
His Val Asp Ala Gly Lys Ser Thr Met Gly Gly Asn Leu Leu Tyr Leu
270 275 280

act ggc tct gtg gat aag aga act att gag aaa tat gaa aga gaa gcc 1635
Thr Gly Ser Val Asp Lys Arg Thr Ile Glu Lys Tyr Glu Arg Glu Ala
285 290 ’ 295



WO 2005/118633 PCT/US2005/017870
3/85

aag gat gca ggc aga caa ggt tgg tac ttg tca tgg gtc atg gat acc 1683
Lys Asp Ala Gly Arg Gln Gly Trp Tyr Leu Ser Trp Val Met Asp Thr
300 305 310 315

aac aaa gaa gaa aga aat gat ggt aag act atc gaa gtt ggt aag gcc 1731
Asn Lys Glu Glu Arg Asn Asp Gly Lys Thr Ile Glu Val Gly Lys Ala
320 325 330

tac ttt gaa act gaa aaa agg cgt tat acc ata ttg gat gct cct ggt 1779
Tyr Phe Glu Thr Glu Lys Arg Arg Tyr Thr Ile Leu Asp Ala Pro Gly
335 340 345

cat aaa atg tac gtt tcc gag atg atc ggt ggt gct tct caa get gat 1827
His Lys Met Tyr Val Ser Glu Met Ile Gly Gly Ala Ser Gln Ala Asp
350 355 360

gtt ggt gtt ttg gtc att tce gec aga aag ggt gag tac gaa acc ggt 1875
Val Gly Val Leu Val Ile Ser Ala Arg Lys Gly Glu Tyr Glu Thr Gly
365 370 375

ttt gag aga ggt ggt caa act cgt gaa cac gecc cta ttg gcc aag acc 1923
Phe Glu Arg Gly Gly Gln Thr Arg Glu His Ala Leu Leu Ala Lys Thr
380 385 390 395

caa ggt gtt aat aag atg gtt gtc gtc gta aat aag atg gat gac cca 1971
Gln Gly val Asn Lys Met Val Val Val Val Asn Lys Met Asp Asp Pro
400 405 410

acc gtt aac tgg tct aag gaa cgt tac gac caa tgt gtg agt aat gtc 2019
Thr Val Asn Trp Ser Lys Glu Arg Tyr Asp Gln Cys Val Ser Asn Val
415 420 425

agc aat ttc ttg aga gca att ggt tac aac att aag aca gac gtt gta 2067
Ser Asn Phe Leu Arg Ala Ile Gly Tyr Asn Ile Lys Thr Asp Val Val
430 435 440

ttt atg cca gta tcc gge tac agt ggt gca aat ttg aaa gat cac gta 2115
Phe Met Pro Val Ser Gly Tyr Ser Gly Ala Asn Leu Lys Asp His Val
445 450 ' 455

gat cca aaa gaa tgc cca tgg tac acc ggc cca act ctg tta gaa tat 2163
Asp Pro Lys Glu Cys Pro Trp Tyr Thr Gly Pro Thr Leu Leu Glu Tyr
460 465 470 475

ctg gat aca atg aac cac gtc gac cgt cac atc aat gect cca tte atg 2211
Leu Asp Thr Met Asn His Val Asp Arg His Ile Asn Ala Pro Phe Met
480 485 490

ttg cct att gcc gct aag atg aag gat. cta ggt acc atc gtt gaa ggt 2259
Leu Pro Ile Ala Ala Lys Met Lys Asp Leu Gly Thr Ile Val Glu Gly
495 500 505

aaa att gaa tcc ggt cat atc aaa aag ggt caa tcc acc cta ctg atg 2307
Lys Ile Glu Ser Gly His Ile Lys Lys Gly Gln Ser Thr Leu Leu Met
510 515 520

cct aac aaa acc gct gtg gaa att caa aat att tac aac gaa act gaa 2355
Pro Asn Lys Thr Ala Val Glu Ile Gln Asn Ile Tyr Asn Glu Thr Glu
525 530 535

aat gaa gtt gat atg gct atg tgt ggt gag caa gtt aaa cta aga atc 2403
Asn Glu Val Asp Met Ala Met Cys Gly Glu Gln Val Lys Leu Arg Ile
540 545 550 555
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aaa
Lys

gtt
Vval

ggt
Gly

cca
Pro

aag
Lys

aac
Asn

att
Ile

gta
val

gaa
Glu
590

cat
His

cat
His

gtt
val
605

tta
Leu

aaa
Lys
620

gaa
Glu

gct
Ala

aag
Lys

aag
Lys

gtt
val

tgt
Cys

gtg
val

ttg
Leu

aga
Arg

gat
Asp
670
gcec taa
Ala

gag
Glu
685
gatcataaag
atatatatat
gtaaacttca
ccttcaatca
aﬁtagtgaca
ccecteggeat
aaatcatctc
tegtaaataa
taaaa
<210>
<211>

<212>
<213>

2
685
PRT

<400> 2

gaa
Glu

gaa
Glu
560

atc
Ile

cct
Pro
575

tta
Leu

aaa
Lys

aca
Thr

gca
Ala

aag
Lys.

ggt
Gly

gaa
Glu

aag
Lys

tct
Ser

att
Ile

acc
Thr

att
Ile

gac
Asp

agt
Ser

gtt
val

ata
Ile
595

atc
Ile

gaa gag
Glu Glu
610

aac
Asn

cgt
Arg

625

atg
Met
640

ggt
Gly

act
Thr

gaa
Glu
655

caa
Gln

ggt
Gly

aag
Lys

tac
Tyr

acc
Thr

atc
Ile

gtc
Val

caa
Gln

gat
Asp

ata
Ile
675

aca
Thr

Ala

Ala
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tca
Ser

cca
Pro
565

ggt
Gly

£ttt
Phe

acc
Thr
580

aag
Lys

gca gcc

Ala

ggt
Gly

att
Ile

cat
His

gta
Val

tca
Ser

aag
Lys

aag
Lys
630

tta
Leu

gct gtt
val

645

cct
Pro

tac
Tyr
660

caa
Gln

att ggt
Ile Gly

gca
Ala

ttt
Phe

cta
Leu

gta
Val

caa
Gln
585

gta
val

gct
Ala

Lttt
Phe

tca
Ser
600

tgt
Cys

tta
Leu

gtt
val
615

aag
Lys

cet
Pro

aaa
Lys

cca
Pro

act
Thr

gaa
Glu

gaa
Glu

tta
Leu

ggt
Gly

aga
Arg
665

att
Ile
680

aaa
Lys

gtt
Val

atttcttgca aacataagta aatgcaaaca caataatacc

cattttcttce
atagacgtat
cctcteaata
cgttttcatce
tggaactcaa
catcatcatc
gcataagttt

acaaaagact

tatattaaaa
aattagttta
tatctagaat
ataaccctte
agaaccagtt
atcatcatca
gtcaacatca

acttgatatc

Saccharomyces cerevisiae

aacaaggttt
gttcfttttg
ttcataaaaa
ccecggegtta
gtttttttgt
ttatcatcat
tttagtaatt

attctaactt

aataaagctg
téccatatac
tatctagcaa
tttcagaatg
cctttggtce
cgtcgteate
cccatcgete

cttecttctag

PCT/US2005/017870
aca tcg 2451
Thr Ser
570
att gct 2459
Ile Ala
gtt atg 2547
Val Met
ttg cac 2595
Leu His
gct ttt 2643
Ala Phe
635
gct cca 2691
Ala Pro
650
ttc act 2739
Phe Thr
aaa att 2787
Lys Ile
2836
ttatatatat 2896
cataaacaag 2956
ggtttcaact 3016
tgcaaaatct 3076
ttcgetgett 3136
atcgtctata 3196
cgggtcteect 3256
catagtatta 3316
3321

Met Ser Asp Ser Asn Gln Gly Asn Asn Gln Gln Asn Tyr Gln Gln Tyr

1

5

10

15



WO 2005/118633

Ser
Gln
Tyr
Pro

65
Gln
Gly
Tyr
Phe
Lys
145
Val
Ala
Val
Lys
His
225
Glu
Gly
Lys

Lys

Gln
305

. Asn

Lys

Gln

Ala

Gln

50

Asp

Tyr

Arg

Gln

Gln

130

Leu

Gly

Glu

Lys

Ser
210

Agn

Gln

Lys

Ser

Arg

290

Gly

Asp

Arg

Asn

Tyr

35

Gly

Ala

Asn

Gly

Ala

115

Lys

val

Thr

Thr

Lys

195

Glu

Thx

Glu

Asp

Thr

275

Thxr

Trp

Gly

Arg

Gly

20
Asn
Tyr
Gly
Pro
Asn
100
Gly
Gln
Ser
Lys
Lys
180
Glu
Leu
Asn
Glu
His
260
Met
Ile
Tyr

Lys

Tyxr
340

Asn

Ala

Ser

Tyr

Gln

85

Tyr

Phe

Gln

Ser

Pro

165

Glu

Glu

Pro

Asn

Glu

245

val

Gly

Glu

Leu

Thr

325

Thr

Gln

Gln

Gly

Gln

70

Gly

Lys

Gln

Lys

Ser

150

Ala

Pro

Lys

Lys

Ala

230

val

Ser

Gly

Lys

Ser

310

Ile

Ile

Gln
Ala
Tyt

55
Gln
Gly
Asn
Pro
Gln
135
Gly
Glu
Thr
Pro
Val
215
Asn
Asp
Leu
Asn
Tyr
295
Trp

Glu

Leu

Gln

Gln

40

Gln

Gln

Tyr

Phe

Gln

120

Ala

Ile

Ser

Lys

Val

200

Glu

val

Asp

Ile

Leu

280

Glu

Val

Val

Asp

Gly

25
Pro
Gln
Tyr
Gln
Asn
105
Ser
Ala
Lys
Asp
Glu
185
Gln
Asp
Thr
Glu
Phe
265
Leu
Arg
Met

Gly

Ala
345
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Asn

Ala

Gly

Asn

Gln

20

Tyr

Gln

Pro

Leu

Lys

170

Pro

Thr

Leu

Ser

Val

250

Met

Tyr

Glu

Asp

Lys

330

Pro

Asn

Gly

Gly

Pro

75

Gln

Asn

Gly

Lys

Ala

155

Lys

Thr

Glu

Lys

Ala

235

val

Gly

Leu

Ala

Thr

315

Ala

Gly

Arg
Gly
Tyx

60
Gln
Phe
Asn
Met
Pro
140
Asn
Glu
Lys
Glu
Ile
220
Asp
Asn
His
Thr
Lys
300
Asn

Tyr

His

Tyr

Tyr

45

Gln

Gly

Asn

Asn

Ser

125

Lys

Ala

Glu

val

Lys

205

Ser

Ala

Asp

val

Gly

285

Asp

Lys

Phe

Lys

Gln

30
Tyr
Gln
Gly
Pro
Leu
110
Leu
Lys
Thr
Glu
Glu
190
Thr
Glu
Leu
Met
Asp
270
Ser
Ala
Glu

Glu

Met
350

Gly
Gln
Tyr
Tyr
Gln

95
Gln
Asn
Thr
Lys
Lys
175
Glu
Glu
Ser
Ile
Phe
255
Ala
Val
Gly
Glu
Thr

335

Tyr

PCT/US2005/017870

Tyr

Asn

Asn

Gln

80

Gly

Gly

Asp

Leu

Lys

160

Ser

Pro

Glu

Thr

Lys

240

Gly

Gly

Asp

Arg

Arg

320

Glu

Val
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Ser Glu Met Ile Gly Gly Ala Ser Gln Ala Asp Val Gly Val Leu Val
355 360 365

Ile Ser Ala Arg Lys Gly Glu Tyr Glu Thr Gly Phe Glu Arg Gly Gly
370 375 380

Gln Thr Arg Glu His Ala Leu Leu Ala Lys Thr Gln Gly Val Asn Lys
385 390 395 400

Met Val Val Val Val Asn Lys Met Asp Asp Pro Thr Val Asn Trp Ser
405 410 415

Lys Glu Arg Tyr Asp Gln Cys Val Ser Asn Val Ser Asn Phe Leu Arg
420 425 430

Ala Ile Gly Tyr Asn Ile Lys Thr Asp Val Val Phe Met Pro Val Ser
435 440 445

Gly Tyr Ser Gly Ala Asn Leu Lys Asp His Val Asp Pro Lys Glu Cys
450 455 460

Pro Trp Tyr Thr Gly Pro Thr Leu Leu Glu Tyr Leu Asp Thr Met Asn
465 470 475 480

His Val Asp Arg His Ile Asn Ala Pro Phe Met Leu Pro Ile Ala Ala
485 490 © 495

Lys Met Lys Asp Leu Gly Thr Ile Val Glu Gly Lys Ile Glu Ser Gly
500 505 R 510

His Ile Lys Lys Gly Gln Ser Thr Leu Leu Met Pro Asn Lys Thr Ala
515 520 525

Val Glu Ile Gln Asn Ile Tyr Asn Glu Thr Glu Asn Glu Val Asp Met
530 535 540

Ala Met Cys Gly Glu Gln Val Lys Leu Arg Ile Lys Gly Val Glu Glu
545 550 555 560 »

Glu Asp Ile Ser Pro Gly Phe Val Leu Thr Ser Pro Lys Asn Pro Ile
565 570 575

Lys Ser Val Thr Lys Phe Val Ala Gln Ile Ala Ile Val Glu Leu Lys
580 . 585 590

Ser Ile Ile Ala Ala Gly Phe Ser Cys Val Met His Val His Thr Ala
595 600 605

Ile Glu Glu Val His Ile Val Lys Leu Leu His Lys Leu Glu Lys Gly
610 615 620

Thr Asn Arg Lys Ser Lys Lys Pro Pro Ala Phe Ala Lys Lys Gly Met
625 630 635 640

Lys Val Ile Ala Val Leu Glu Thr Glu Ala Pro Val Cys Val Glu Thr
645 650 655

Tyr Gln Asp Tyr Pro Gln Leu Gly Arg Phe Thr Leu Arg Asp Gln Gly
660 665 670

Thr Thr Ile Ala Ile Gly Lys Ile Val Lys Ile Ala Glu
675 680 685
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<210> 3

<211l> 1427

<212> DNA

<213> Saccharomyces cerevisiae

<220>
<221> CDS
<222> (182)..(1246)

<400> 3
ctcgaggttg aaaagaatag caaaaatctt tccttttcaa acagctcatt tggaattgtt 60

tatagcactg aattgaatcg aagaggaata aagatccccc gtacgaactt ctttattttt 120
agtttttcat tttttgttat tagtcatatt gttttaagct gcaaattaag ttgtacacca 180

a atg atg aat aac aac ggc aac caa gtg tcg aat ctc tcc aat gcg ctc 229
Met Met Asn Asn Asn Gly Asn Gln Val Ser Asn Leu Ser Asn Ala Leu
1 5 10 15

cgt caa gta aac ata gga aac agg aac agt aat aca acc acc gat caa 277
Arg Gln Val Asn Ile Gly Asn Arg Asn Ser Asn Thr Thr Thr Asp Gln

agt aat ata aat ttt gaa ttt tca aca ggt gta aat aat aat aat aat 325
Ser Asn Ile Asn Phe Glu Phe Ser Thr Gly Val Asn Asn Asn Asn Asn
35 40 45

aac aat agc agt agt aat aac aat aat gtt caa aac aat aac agc ggc 373
Asn Asn Ser Ser Ser Asn Asn Asn Asn Val Gln Asn Asn Asn Ser Gly
50 55 : 60

cgc aat ggt agc caa aat aat gat aac gag aat aat atc aag aat acc 421
Arg Asn Gly Ser Gln Asn Asn Asp Asn Glu Asn Asn Ile Lys Asn Thr
65 70 75 80

tta'gaa caa cat cga caa caa caa cag gca ttt tcg gat atg agt cac 469
Leu Glu Gln His Arg Gln Gln Gln Gln Ala Phe Ser Asp Met Ser His
85 90 95

gtg gag tat tcc aga att aca aaa ttt ttt caa gaa caa cca ctg gag 517
Val Glu Tyr Ser Arg Ile Thr Lys Phe Phe Gln Glu Gln Pro Leu Glu :
100 105 110 .

gga tat acc ctt ttc tect cac agg tct geg cct aat gga ttc aaa gtt 565
Gly Tyr Thr Leu Phe Ser His Arg Ser Ala Pro Asn Gly Phe Lys Val
115 120 125

gct ata gta cta agt gaa ctt gga ttt cat tat aac aca atc ttc cta 613
Ala Ile Val Leu Ser Glu Leu Gly Phe His Tyr Asn Thr Ile Phe Leu
130 135 140

gat ttc aat ctt ggc gaa cat agg gcc ccc gaa ttt gtg tect gtg aac 661
Asp Phe Asn Leu Gly Glu His Arg Ala Pro Glu Phe Val Ser Val Asn
145 150 155 160

cct aat gca aga gtt cca gct tta atc gat cat ggt atg gac aac ttg 709
Pro Asn Ala Arg Val Pro Ala Leu Ile Asp His Gly Met Asp Asn Leu
165 170 175

tct att tgg gaa tca ggg gcg att tta tta cat ttg gta aat aaa tat 757
Ser Ile Trp Glu Ser Gly Ala Ile Leu Leu His Leu Val Asn Lys Tyxr
180 185 190
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tac aaa gag act ggt aat cca tta ctc tgg tcc gat gat tta gct gac 805
Tyr Lys Glu Thr Gly Asn Pro Leu Leu Trp Ser Asp Asp Leu Ala Asp
195 200 205

caa tca caa atc aac gca tgg ttg tte ttc caa acg tca ggg cat gcg 853
Gln Ser Gln Ile Asn Ala Trp Leu Phe Phe Gln Thr Ser Gly His Ala
210 215 220

cca atg att gga caa gct tta cat ttc aga tac ttc cat tca caa aag 901
Pro Met Ile Gly Gln Ala Leu His Phe Arg Tyr Phe His Ser Gln Lys
225 230 235 240

ata gca agt gct gta gaa aga tat acg gat gag gtt aga aga gtt tac 249
Ile Ala Ser Ala Val Glu Arg Tyr Thr Asp Glu Val Arg Arg val Tyr
245 250 255

ggt gta gtg gag atg gec ttg gct gaa cgt aga gaa gcg ctg gtg atg 997
Gly Vval val Glu Met Ala Leu Ala Glu Arg Arg Glu Ala Leu Val Met
260 265 270

gaa tta gac acg gaa aat gcg gct gca tac tca gct ggt aca aca cca 1045
Glu Leu Asp Thr Glu Asn Ala Ala Ala Tyr Ser Ala Gly Thr Thr Pro
275 280 285

atg tca caa agt cgt tte ttt gat tat ccc gta tgg ctt gta gga gat 1093
Met Ser Gln Ser Arg Phe Phe Asp Tyr Pro Val Trp Leu Val Gly Asp :
290 295 300

aaa tta act ata gca gat ttg gcc ttt gte cca tgg aat aat gtc gtg 1141
Lys Leu Thr Ile Ala Asp Leu Ala Phe Val Pro Trp Asn Asn Val Val
305 310 315 320

gat aga att ggc att aat atc aaa att gaa ttt cca gaa gtt tac aaa 1189
Asp Arg Ile Gly Ile Asn Ile Lys Ile Glu Phe Pro Glu Val Tyr Lys
. 325 330 335

tgg acg aag cat atg atg aga aga ccc dgcg gtc atc aag gca ttg cgt 1237
Trp Thr Lys His Met Met Arg Arg Pro Ala val Ile Lys Ala Leu Arg :
340 345 350

ggt.gaa tga aggctgcttt aaaaacaaga aagaaagaag aaggaggaaa 1286
Gly Glu

355
agaaggttat aagggtatgt atataggcag acaaaaagga aaattaagtyg caaatataaa 1346
caaaaatgtc atagaagtat ataatagttt tgaaatttct gttgcttcta tttattcttt 1406

gttaccccaa ccacagaatt c 1427

<210> 4

<211> 354

<212> PRT"

<213> Saccharomyces cerevisiae

<400> 4 '
Met Met Asn Asn Asn Gly Asn Gln Val Ser Asn Leu Ser Asn Ala Leu
1 5 10 15

Arg Gln Val Asn Ile Gly Asn Arg Asn Ser Asn Thr Thr Thr Asp Gln
20 25 30



Ser
Asn
Arg

65
Leu
val
Gly
Ala
Asp
145
Pro
Ser
Tyr
Gln
Pro
225
Ile
Gly
Glu
Met
Lys
305
Asp

Trp

Gly
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Asn

Asn

50

Asn

Glu

Glu

Tyr

Ile

130

Phe

Asn

Ile

Lys

Ser

210

Met

Ala

Val

Leu

Sexr

290

Leu

Arg

Thr

Glu

Ile

35
Ser
Gly
Gln
Tyr
Thr
115
Val
Asn
Ala
Trp
Glu
195
Gln
Ile
Ser
Val
Asp
275
Gln
Thr

Ile

Lys

Asn

Ser

Ser

His

Ser

100

Leu

Leu

Leu

Arg

Glu

180

Thr

Ile

Gly

Ala

Glu

260

Thr

Ser

Ile

Gly

His
340

Phe

Ser

Gln

Arg

85

Arg

Phe

Ser

Gly

val

165

Ser

Gly

Asn

Gln

Val

245

Met

Glu

Arg

Ala

Ile

325

Met

Glu
Asn
Asn

70
Gln
Ile
Ser
Glu
Glu
150
Pro
Gly
Asn
Ala
Ala
230
Glu
Ala
Asn
Phe
Asp
310

Asn

Met

Phe

Asn

55

Asn

Gln

Thr

His

Leu

135

His

Ala

Ala

Pro

Trp

215

Leu

Arg

Leu

Ala

Phe

295

Leu

Ile

Arg

Ser

40
Asn
Asp
Gln
Lys
Arg
120
Gly
Arg
Leu
Ile
Leu
200
Leu
His
Tyr
Ala
ala
280
Asp
Ala

Lys

Arg

Thr

Asn

Asn

Gln

Phe

105

Ser

Phe

Ala

Ile

Leu

185

Leu

Phe

Phe

Thr

Glu

265

Ala

Tyr

Phe

Ile

Pro
345
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Gly
val
Glu
Ala

90
Phe
Ala
His
Pro
Asp
170
Leu
Trp
Phe
Axrg
Asp
250
Arg
Tyr
Pro
val
Glu

330

Ala

val

Gln

Asn

75

Phe

Gln

Pro

Tyr

Glu

155

His

His

Ser

Gln

Tyr

235

Glu

Arg

Ser

val

Pro

315

Phe

val

Asn
Asn

60
Asn
Ser
Glu
Asn
Asn
140
Phe
Gly
Leu
Asp
Thr
220
Phe
vVal
Glu
Ala
Trp
300
Trp

Pro

Ile

Asn

45

Asn

Ile

Asp

Gln

Gly

125

Thr

val

Met

val

Asp

205

Ser

His

Arg

Ala

Gly

285

Leu

Asn

Glu

Lys

Asn
Asn
Lys
Met
Pro
110
Phe
Ile
Ser
Asp
Asn
190
Leu
Gly
Ser
Arg
Leu
270
Thr
vVal
Asn

Val

Ala
350

Asn
Ser
Asn
Ser

o5
Leu
Lys
Phe
val
Asn
175
Lys
Ala
His
Gln
Val
255
Val
Thr
Gly
Val
Tyr

335

Leu
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Asn

Gly

Thr

80

His

Glu

val

Leu

Asn

160

Leu

Tyxr

Asp

Ala

Lys

240

Tyr

Met

Pro

Asp

val

320

Lys

Arg



WO 2005/118633
10/85

<210> 5

<211> 8

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 5
Asp Tyr Lys Asp Asp Asp Asp Lys
1 5

<210> 6

<211> 8

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 6
Asp Tyr Lys Asp Glu Asp Asp Lys
1 5

<210> 7

<211> 9

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 7
Ala Trp Arg His Pro Gln Phe Gly Gly
1 5

<210> 8

<211> 13

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

epitope

<400> 8

PCT/US2005/017870

FLAG peptide

FLAG peptide

Strep epitope

Hemagglutinin

Tyr Pro Tyr Asp Val Pro Asp Tyr Ala Ile Glu Gly Arg

1 5 10

<210> 9

<211> 11

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 9

myc epitope

Glu Gln Lys Leu Leu Ser Glu Glu Asp Leu Asn
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<210> 10
<211l> 9
<212> PRT
<213>

<400> 10

Saccharomyces cerevisiae

11/85

10

Pro Gln Gly Gly Tyr Gln Gln Tyr Asn

1

«<210> 11
<211> 445
<212> DNA

5

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence: CUPL promoter

<400> 11
ccattaccga

cacttttgta
acttcaccac
tttttgetgt
gagcgatgcg
ttgtcagaat
atatcttctt
aactgtacaa
<210>
<211l>

<212>
<213>

12
717
DNA

<400> 12

atgtctaaag
gatgttaatg
aaattgacct
gtcactactt
catgactttt
aaagatgacg
aatagaatcg
ttggaataca

atcaaagtta

catttgggcg
ttatttttce
cctttattte
cagtcactgt
tcttttecge
catataaaag
gttagtgcaa

tcaatcaatc

gtgaagaatt
gtcacaaatt
taaaatttat
tcggttatgg
tcaagtctgce
gtaactacaa
aattaaaagg
aétataactc

acttcaaaat

ctatacgtgc
tcatatatgt
aggctgatat
caagagattc
tgaaccgttc
agaagcaaat
tatcatatag

aatca

Aequorea victoria

attcactggt
ttctgtetee
ttgtactact
tgttcaatgt
catgccagaa
gaccagagct
tattgatttt
tcacaatgtt

tagacacaac

atatgttcat
gtataggttt
cttagecttg
ttttgetgge
cagcaaaaaa
aactccttgt

aagtcatcga

gttgtcccaa
ggtgaaggtg
ggtaaattgc
tttgctagat
ggttatgttc
gaagtcaagt
aaagaagatg
tacatcatgg

attgaagatg

gtatgtatct
atacggatga
ttactagtta
atttcttcta
gactaccaac
cttgtatcaa

aatagatatt

ttttggttga
aaggtgatgc
cagttccatg
acccagatca
aagaaagaac
ttgaaggtga
gtaacatttt
ctgacaaaca

gttctgttca

PCT/US2005/017870

gtatttaaaa
tttaattatt
gaaaaagaca
gaagcaaaaa
gcaatatgga
ttgcattata

aagaaaaaca

attagatggt
tacttacggt
gccaacctta
tatgaaacaa
tattttttte
taccttagtt
aggtcacaaa
aaagaatggt

attagctgac

60

120
180
240
300
360
420

445

60

120
180
240
300
360
420
480

540
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cattatcaac aaaatactcc aattggtgat ggtccagtct tgttaccaga caaccattac 600
ttatccactc aatctgcctt atccaaagat ccaaacgaaa agagagacca catggtcttg 660

ttagaatttg ttactgctgc tggtattacc catggtatgg atgaattgta caaataa 717

<210> 13

<211> 27

<212> DNA

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: HA
tag-encoding sequence

<400> 13
tacccatacg acgtcccaga ctacgcet 27

<210> 14

<211> 645

<212> DNA

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: yeast
Sup35Rdelta2-5 encoding sequence

<220>
<221> CDS
<222> (1) ..(645)

<400> 14
atg tcg gat tca aac caa ggc aac aat cag caa aac tac cag caa tac 48
Met Ser Asp Ser Asn Gln Gly Asn Asn Gln Gln Asn Tyr Gln Gln Tyr

1 5 10 15

agc cag aac ggt aac caa caa caa ggt aac aac aga tac caa ggt tat 96
Ser Gln Asn Gly Asn Gln Gln Gln Gly Asn Asn Arg Tyr Gln Gly Tyr
20 25 30

caa gct tac aat gct caa gcc caa cct geca ggt ggg tac tac caa aat 144
Gln Ala Tyr Asn Ala Gln Ala Gln Pro Ala.Gly Gly Tyr Tyr Gln Asn '
35 40 45

tac caa ggt tat tct ggg tac cca caa ggt ggc cgt gga aat tac aaa 192
Tyr Gln Gly Tyr Ser Gly Tyr Pro Gln Gly Gly Arg Gly Asn Tyr Lys
50 55 60

aac ttc aac tac aat aac aat ttg caa gga tat caa gct ggt ttc caa 240
Asn Phe Asn Tyr Asn Asn Asn Leu Gln Gly Tyr Gln Ala Gly Phe Gln
65 70 75 80

cca cag tct caa ggt atg tet ttg aac gac ttt caa aag caa caa aag 288
Pro Gln Ser Gln Gly Met Ser Leu Asn Asp Phe Gln Lys Gln Gln Lys
85 90 S5

cag gcc gct ccc aaa cca aag aag act ttg aag ctt gtc tec agt tcc 336
Gln Ala Ala Pro Lys Pro Lys Lys Thr Leu Lys Leu Val Ser Ser Ser
100 105 110

ggt atc aag ttg gcc aat gct acc aag aag gtt ggc aca aaa cct gcce 384
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Gly Ile Lys Leu Ala Asn Ala Thr Lys Lys Val Gly Thr Lys Pro Ala
115 120 125

gaa tct gat aag aaa gag gaa gag aag tct gct gaa acc aaa gaa cca 432
Glu Ser Asp Lys Lys Glu Glu Glu Lys Ser Ala Glu Thr Lys Glu Pro
130 135 140

act aaa gag cca aca aag gtc gaa gaa cca gtt aaa aag gag gag aaa 480
Thr Lys Glu Pro Thr Lys Val Glu Glu Pro Val Lys Lys Glu Glu Lys
145 150 155 160

cca gtc cag act gaa gaa aag acg gag daa aaa tcg gaa ctt cca aag 528
Pro Val Gln Thr Glu Glu Lys Thr Glu Glu Lys Ser Glu Leu Pro Lys
165 170 175

gta gaa gac ctt aaa atc tct gaa tca aca cat aat acc aac aat gcc 576
Val Glu Asp Leu Lys Ile Ser Glu Ser Thr His Asn Thr Asn Asn Ala
180 185 190

aat gtt acc agt gct gat gce ttg atc aag gaa cag gaa gaa Jgaa gtg 624
Asn Val Thr Ser Ala Asp Ala Leu Ile Lys Glu Gln Glu Glu Glu Val

195 200 205
gat gac gaa gtt gtt aac gat 645
Asp Asp Glu Val Val Asn Asp
210 215
<210> 15
<211> 215
<212> PRT

<213> Artificial Seguence

<400> 15
Met Ser Asp Ser Asn Gln Gly Asn Asn Gln Gln Asn Tyr Gln Gln Tyr
1 5 10 : 15

Ser Gln Asn Gly Asn Gln Gln Gln Gly Asn Asn Arg Tyr Gln Gly Tyr
20 25 30

@Gln Ala Tyr Asn Ala Gln Ala Gln Pro Ala Gly Gly Tyr Tyr Gln Asn
35 40 45

Tyr Gln Gly Tyr Ser Gly Tyr Pro Gln Gly Gly Arg Gly Asn Tyr Lys
50 55 60

Asn Phe Asn Tyr Asn Asn Asn Leu Gln Gly Tyr: Gln Ala Gly Phe Gln
65 70 75 80

Pro Gln Ser Gln Gly Met Ser Leu Asn Asp Phe Gln Lys Gln Gln Lys
85 90 95

Gln Ala Ala Pro Lys Pro Lys Lys Thr Leu Lys Leu Val Ser Ser Ser
100 105 110

Gly Ile Lys Leu Ala Asn Ala Thr Lys Lys Val Gly Thr Lys Pro Ala
115 120 125

Glu Ser Asp Lys Lys Glu Glu Glu Lys Ser Ala Glu Thr Lys Glu Pro
130 135 140

Thr Lys Glu Pro Thr Lys Val Glu Glu Pro val Lys Lys Glu Glu Lys
145 150 155 160
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Pro Val Gln Thr Glu Glu Lys Thr Glu Glu Lys Ser Glu Leu Pro Lys
165 170 175

Val Glu Asp Leu Lys Ile Ser Glu Ser Thr His Asn Thr Asn Asn Ala
180 185 190

Asn Val Thr Ser Ala Asp Ala Leu Ile Lys Glu Gln Glu Glu Glu Val
195 200 205

Asp Asp Glu Val Val Asn Asp
210 215

<210> 16

<211> 813

<212> DNA .

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: yeast
Sup35R2E2 encoding sequence

<220>
<221> CDS
<222> (1)..(813)

<400> 16 .
atg tcg gat tca aac caa ggc aac aat cag caa aac tac cag caa tac 48
Met Ser Asp Ser Asn Gln Gly Asn Asn Gln Gln Asn Tyr Gln Gln Tyr

1 5 1 15

agc cag aac ggt aac caa caa caa ggt aac aac aga tac caa ggt tat 96
Ser Gln Asn Gly Asn Gln Gln Gln Gly Asn Asn Arg Tyr Gln Gly Tyr
20 25 30

caa gct tac aat gct caa gcc caa cct gea ggt ggg tac tac caa aat 144
Gln Ala Tyr Asn Ala Gln Ala Gln Pro Ala Gly Gly Tyr Tyr Gln Asn
35 40 45

tac caa ggt tat tct ggg tac caa caa ggt ggc tat caa cag tac aat 192
Tyr Gln Gly Tyr Ser Gly Tyr Gln Gln Gly Gly Tyr Gln Gln Tyr Asn
50 55 60

ccc caa ggt ggce tat caa cag tac aat ccc caa ggt ggc tat caa cag 240
Pro Gln Gly Gly Tyr Gln GIn Tyr Asn Pro Gln Gly Gly Tyr Gln Gln
65 70 75 80

tac aat ccc gac gcc ggt tac cag caa cag tat aat cct caa gga ggc 288
Tyr Asn Pro Asp Ala Gly Tyr Gln Gln Gln Tyr Asn Pro Gln Gly Gly
85 90 95

tat caa cag tac aat cct caa ggc ggt tat cag cag caa ttc aat cca 336
Tyr Gln Gln Tyr Asn Pro Gln Gly Gly Tyr Gln Gln Gln Phe Asn Pro
100 105 110

caa ggt ggc cgt gga aat tac aaa aac ttc aac tac aat aac aat ttg 384
Gln Gly Gly Arg Gly Asn Tyr Lys Asn Phe Asn Tyr Asn Asn Asn Leu
115 120 125

caa gga tat caa gct ggt ttc caa cca cag tct caa ggt atg tct ttg 432
Gln Gly Tyr Gln Ala Gly Phe Gln Pro Gln Ser Gln Gly Met Ser Leu
130 135 140
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aac gac ttt caa aag caa caa aag cag gcc gct ccc aaa cca aag aag 480
Asn Asp Phe Gln Lys Gln Gln Lys Gln Ala Ala Pro Lys Pro Lys Lys
145 150 155 160

act ttg aag ctt gtc tcc agt tecc ggt atc aag ttg gcc aat gct acc 528
Thr Leu Lys Leu Val Ser Ser Ser Gly Ile Lys Leu Ala Asn Ala Thr
165 170 175

aag aag gtt ggc aca aaa cct gcc gaa tct gat aag aaa gag daa gag 576
Lys Lys Val Gly Thr Lys Pro Ala Glu Ser Asp Lys Lys Glu Glu Glu
180 185 190

aag tct gct gaa acc aaa gaa cca act aaa gag cca aca aag gtc gaa 624
Lys Ser Ala Glu Thr Lys Glu Pro Thr Lys Glu Pro Thr Lys Val Glu
195 200 205

gaa cca gtt aaa aag gag gag aaa cca gtc cag act gaa gaa aag acg 672
Glu Pro Val Lys Lys Glu Glu Lys Pro Val Gln Thr Glu Glu Lys Thr
210 215 220

gag gaa aaa tcg gaa ctt cca aag gta gaa gac ctt aaa atc tct gaa 720
Glu Glu Lys Ser Glu Leu Pro Lys Val Glu Asp Leu Lys Ile Ser Glu
225 230 235 240

tca aca cat aat acc aac aat gcc aat gtt acc agt gct gat gcc ttg 768
Ser Thr His Asn Thr Asn Asn Ala Asn Val Thr Ser Ala Asp Ala Leu
245 250 255

atc aag gaa cag gaa gaa gaa gtg gat gac gaa gtt gtt aac gat 813
Tle Lys Glu Gln Glu Glu Glu Val Asp AsDp Glu Val Val Asn Asp
260 265 270

<210> 17

<211l> 271

<212> PRT

<213> Artificial Sequence

<400> 17
Met Ser Asp Ser Asn Gln Gly Asn Asn Gln Gln Asn Tyr Gln Gln Tyr
1 5 10 15

Ser Gln Asn Gly Asn Gln Gln Gln Gly Asn Asn Arg Tyr Gln Gly Tyr
20 . 25 30

Gln Ala Tyr Asn Ala Gln Ala Gln Pro Ala Gly Gly Tyr Tyr Gln Asn
35 40 45

Tyr Gln Gly Tyr Ser Gly Tyr Gln Gln Gly Gly Tyr Gln Gln Tyr Asn
50 55 60

Pro Gln Gly Gly Tyr Gln Gln Tyr Asn Pro Gln Gly Gly Tyr Gln Gln
65 70 75 80

Tyr Asn Pro Asp Ala Gly Tyr Gln Gln Gln Tyr Asn Pro Gln Gly Gly
85 90 95

Tyr Gln Gln Tyr Asn Pro Gln Gly Gly Tyr Gln Gln Gln Phe Asn Pro
100 105 110

Gln Gly Gly Arg Gly Asn Tyr Lys Asn Phe Asn Tyr Asn Asn Asn Leu
115 120 125
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Gln Gly Tyr Gln Ala Gly Phe Gln Pro Gln Ser Gln Gly Met Ser Leu
130 135 140

Asn Asp Phe Gln Lys Gln Gln Lys Gln Ala Ala Pro Lys Pro Lys Lys
145 150 155 160

Thr Leu Lys Leu Val Ser Ser Ser Gly Ile Lys Leu Ala Asn Ala Thr
165 170 175

Lys Lys Val Gly Thr Lys Pro Ala Glu Ser Asp Lys Lys Glu Glu Glu
180 185 1920

Lys Ser Ala Glu Thr Lys Glu Pro Thr Lys Glu Pro Thr Lys Val Glu
195 200 205

Glu Pro Val Lys Lys Glu Glu Lys Pro Val Gln Thr Glu Glu Lys Thr
210 215 220

Glu Glu Lys Ser Glu Leu Pro Lys Val Glu Asp Leu Lys Ile Ser Glu
225 230 235 240

Ser Thr His Asn Thr Asn Asn Ala Asn Val Thr Ser Ala Asp Ala Leu
245 250 255

Ile Lys Glu Gln Glu Glu Glu Val Asp Asp Glu Val Val Asn Asp
260 ’ 265 270

<210> 18
<211l> 641
<212> DNA
<213> MOUSE

<220>
<221> CDS
<222> (1)..(633)

<400> 18
atg tct aaa aag cgg cca aag cct gga ggg tgg aac acc ggt gga agc 48
Met Ser Lys Lys Arg Pro Lys Pro Gly Gly Trp Asn Thr Gly Gly Ser

1 5 10 15

cgg tat ccc ggg cag gga agc cct gga ggc aac cgt tac cca cct cag 96
Arg Tyr Pro Gly Gln Gly Ser Pro Gly Gly Asn Arg Tyr Pro Pro Gln
20 25 30

ggt ggc acc tgg ggg cag ccc cac ggt ggt gge tgg gga caa ccc cat 144
Gly Gly Thr Trp Gly Gln Pro His Gly Gly Gly Trp Gly Gln Pro His :
35 40 ’ 45

gg9g9 ggc agc tgg gga caa cct cat ggt ggt agt tgg ggt cag ccc cat 192
Gly Gly Ser Trp Gly Gln Pro His Gly Gly Ser Trp Gly Gln Pro His
50 55 60

ggc ggt gga tgg ggc caa gga ggg ggt acc cat aat cag tgg aac aag 240
Gly Gly Gly Trp Gly Gln Gly Gly Gly Thr His Asn Gln Trp Asn Lys
65 70 75 80

CCC agc aaa cca aaa acc aac ctc aag cat gtg gca ggg gct geg gca 288
Pro Ser Lys Pro Lys Thr Asn Leu Lys His Val Ala Gly Ala Ala Ala
85 90 95

gct ggg gca gta gtg ggg ggc ctt ggt ggc tac atg ctg ggg agc gcc 336
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Ala Gly Ala Val Val Gly Gly Leu Gly Gly Tyr Met Leu Gly Ser Ala
100 105 110

gtg agc agg ccc atg atc cat ttt ggc aac gac tgg gag gac cgc tac 384
Val Ser Arg Pro Met Ile His Phe Gly Asn Asp Trp Glu Asp Arg Tyr
115 120 125

tac cgt gaa aac atg tac cgc tac cct aac caa gtg tac tac agg cca 432
Tyr Arg Glu Asn Met Tyr Arg Tyr Pro Asn Gln Val Tyr Tyr Arg Pro
130 135 140

gtg gat cag tac agc aac cag aac aac ttc gtg cac gac tgc gtc aat 480
Val Asp Gln Tyr Ser Asn Gln Asn Asn Phe Val His Asp Cys Val Asn
145 150 155 160

atc acc atc aag cag cac acg gtc acc acc acc acc aag ggg gag aac 528
Ile Thr Ile Lys Gln His Thr Val Thr Thr Thr Thr Lys Gly Glu Asn
165 170 175

ttc acc gag acc gat gtg aag atg atg gag cgc gtg gtg gag cag atg 576
Phe Thr Glu Thr Asp Val Lys Met Met Glu Arg Val Val Glu Gln Met
180 185 190

tgc gtc acc cag tac cag aag gag tcc cag gec tat tac gac ggg aga 624
Cys Val Thr Gln Tyr Gln Lys Glu Ser Gln Ala Tyr Tyr Asp Gly Arg
195 200 205

aga tcc age tgataacc 641
Arg Ser Ser
210

<210> 19
<211> 211
<212> PRT
<213> MOUSE

<400> 19
Met Ser Lys Lys Arg Pro Lys Pro Gly Gly Trp Asn Thr Gly Gly Ser
1 5 10 : 15

Arg Tyr Pro Gly Gln Gly Ser Pro Gly Gly Asn Arg Tyr Pro Pro Gln
20 25 30

Gly Gly Thr Trp Gly Gln Pro His Gly Gly Gly Trp Gly Gln Pro His
35 40 45

Gly Gly Ser Trp Gly Gln Pro His Gly Gly Ser Trp Gly Gln Pro His
50 55 60

Gly Gly Gly Trp Gly Gln Gly Gly Gly Thr His Asn Gln Trp Asn Lys
65 70 75 80

Pro Ser Lys Pro Lys Thr Asn Leu Lys His Val Ala Gly Ala Ala Ala
85 90 95

Ala Gly Ala val val Gly Gly Leu Gly Gly Tyr Met Leu Gly Ser Ala
100 105 110

Val Ser Arg Pro Met Ile His Phe Gly Asn Asp Trp Glu Asp ‘Arg Tyr
115 120 125

Tyr Arg Glu Asn Met Tyr Arg Tyr Pro Asn Gln Val Tyr Tyr Arg Pro
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130 135 140

Val Asp Gln Tyr Ser Asn Gln Asn Asn Phe Val His Asp Cys Val Asn
145 150 155 160

Ile Thr Ile Lys Gln His Thr Val Thr Thr Thr Thr Lys Gly Glu Asn
165 170 175

Phe Thr Glu Thr Asp Val Lys Met Met Glu Arg Val Val Glu Gln Met
180 185 190

Cys Val Thr Gln Tyr Gln Lys Glu Ser Gln Ala Tyr Tyr Asp Gly Arg
195 200 205

Arg Ser Ser
210

<210> 20

<211> 644

<212> DNA

<213> Mesocricetus auratus

<220>
<221> CDS
<222> (1)..(636)

<400> 20
atg tct aag aag cgg cca aag cct gga ggg tgg aac act ggc gga agc 48
Met Ser Lys Lys Arg Pro Lys Pro Gly Gly Trp Asn Thr Gly Gly Ser

1 5 10 15

cga tac cct ggg cag ggc agc cct gga ggc aac cgt tac cca cct cag 96
Arg Tyr Pro Gly Gln Gly Ser Pro Gly Gly Asn Arg Tyr Pro Pro Gln
20 25 30

ggt ggc ggc aca tgg ggg caa ccc cat ggt ggt ggec tgg gga cag ccc 144
Gly Gly Gly Thr Trp Gly Gln Pro His Gly Gly Gly Trp Gly Gln Pro
35 40 45

cat ggt ggt ggc tgg gga cag ccc cat ggt ggt ggc tgg ggt cag ccc 192
His Gly Gly Gly Trp Gly Gln Pro His Gly Gly Gly Trp Gly Gln Pro
50 55 60

cat ggt ggt gge tgg ggt caa gga ggt ggc acc cac aat cag'tgg aac 240
His Gly Gly Gly Trp Gly Gln Gly Gly Gly Thr His Asn Gln Trp Asn
65 70 75 80

‘aag ccc agt aag cca aaa acc aac atg aag cac atg gcc gge gct get 288
Lys Pro Ser Lys Pro Lys Thr Asn Met Lys His Met Ala Gly Ala Ala
85 90 95

gcg gea ggg gcc gtg gtg ggg gge ctt ggt gge tac atg ctg ggg agt 336
Ala Ala Gly Ala Val Vval Gly Gly Leu Gly Gly Tyr Met Leu Gly Ser

100 105 110

gce atg age agg ccc atg atg cat ttt gge aat gac tgg gag gac cgc 384
Ala Met Ser Arg Pro Met Met His Phe Gly Asn Asp Trp Glu Asp Arg
115 120 125

tac tac cgt gaa aac atg aac cgc tac cct aac caa gtg tat tac cgg 432
Tyr Tyr Arg Glu Asn Met Asn Arg Tyr Pro Asn Gln Val Tyr Tyr Arg
130 135 140
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cca gtg gac cag tac aac aac cag aac aac ttt gtg cac gat tgt gtc 480
Pro Val Asp Gln Tyr Asn Asn Gln Asn Asn Phe Val His Asp Cys Val
145 150 155 160

aac atc acc atc aag cag cac aca gtc acc acc acc acc aag dJ9g99 gag 528
Asn Ile Thr Ile Lys Gln His Thr Val Thr Thr Thr Thr Lys Gly Glu
165 170 175

aac ttc acg gag acc gac atc aag ata atg gag cgc gtg gtg gag cag 576
Asn Phe Thr Glu Thr Asp Ile Lys Ile Met Glu Arg Val Val Glu Gln
180 185 190

atg tgt acc acc cag tat cag aag gag tcec cag gecc tac tac gat gga 624
Met Cys Thr Thr Gln Tyr Gln Lys Glu Ser Gln Ala Tyr Tyr Asp Gly
195 200 205

aga agg tcc agc tgataacc 644
Arg Arg Ser Ser
210

<210> 21

<211l> 212

<212> PRT

<213> Mesocricetus auratus

<400> 21
Met Ser Lys Lys Arg Pro Lys Pro Gly Gly Trp Asn Thr Gly Gly Ser
1 5 10 15

Arg Tyr Pro Gly Gln Gly Ser Pro Gly Gly Asn Arg Tyr Pro Pro Gln
20 25 30

Gly’Gly Gly Thr Trp Gly Gln Pro His Gly Gly Gly Trp Gly Gln Pro
35 40 45

His Gly Gly Gly Trp Gly Gln Pro His Gly Gly Gly Trp Gly Gln Pro
50 55 60

His Gly Gly Gly Trp Gly Gln Gly Gly Gly Thr His Asn Gln Trp Asn
65 70 75 80

Lys Pro Ser Lys Pro Lys Thr Asn Met Lys His Met Ala Gly Ala Ala
85 . 20 95

Ala Ala Gly Ala Val Val Gly Gly Leu Gly Gly Tyr Met Leu Gly Ser
100 105 110

Ala Met Ser Arg Pro Met Met His Phe Gly Asn Asp Trp Glu Asp Arg
115 : 120 125

Tyr Tyr Arg Glu Asn Met Asn Arg Tyr Pro Asn Gln val Tyr Tyr Arg
130 135 140

Pro Val Asp Gln Tyr Asn Asn Gln Asn Asn Phe Val His Asp Cys Val
145 150 155 160

Asn Ile Thr Ile Lys Gln His Thr Val Thr Thr Thr Thr Lys Gly Glu
165 170 175

Asn Phe Thr Glu Thr Asp Ile Lys Ile Met Glu Arg Val Val Glu Gln
180 185 190
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Met Cys Thr Thr Gln Tyr Gln Lys Glu Ser Gln Ala Tyr Tyr Asp Gly

195

Arg Arg Ser Ser
210

<210>
<211l>
<212>
<213>

<400>

22

780

PRT
Saccharomyces

22

Met Lys Lys Lys Asp

1

5

Gly Tyr Lys Asn Ala

20

Ser Ser Tyr Arg Asn

35

Asn Ser Asn Tyr Asn

50

Asn Asn Tyr Asn Asn

65

Tyr Lys Sef Ala Vval

85

Ser Thr Ser Asn Lys

100

Lys Asn Lys Gly Lys

115

Ser Lys Lys Lys Asn
130

Lys Ala Tyr Asn Val

145

Ala Ala His Ala Asp

165

Ser Ser Gly Ala Lys

180

Arg Asp Ser Ala Asn

195

Thr Asp Lys Ala Lys
210

Ser Arg Tyr Lys Val

225

Ser Val Thr val Ala

245

Ser Ser Arg Thr Val

260

200

cerevisiae

Asn
Ala
Trp
Asn
Tyxr

70
Thr
Ser
Gly
Ser
Ala
150
Ser
Trp
Asp
Gly
Asp
230

Val

val

Ser

Asp

Lys

Tyr

55

Asn

Asn

Asn

Asn

vVal

135

Asp

Asn

Ala

Thr

Tyr

215

Thx

Thr

Val

AsSp

Ala

Gly

40

Asn

Lys

Ser

Thr

Ser

120

Arg

Cys

Cys

Lys

Lys

200

Lys

Asp

Ser

Asn

Asp

‘Gly

25

Gly

Asn

TyTr

Gly

Ser

105

Thr

Ser

Ser

Met

Met

185

Asp

Thr

Ser

Ser

Thr
265

Lys

10
Ser
Asn
Tyr
Asn
. Thr

90
Ser
Gly
Ala
Asp
Ala
170
Ala
Ala
Asp
Lys
val

250

Arg

Asp Asn
Asn Asn
Tyr Gly
Asn Asn

60

Gly Gly
75

Thr Ser
Lys Cys
Lys Trp

Met Ser
140

Lys Asn
155

Thr Cys
Ala Ser
Val val
Tyr Val

220

Val Ser
235

Asn Arg

Vval Asn

205

val

Ala

Gly

45

Tyr

Tyxr

Ala

Ser

Lys

125

Asn

Thr

Val

val

Thr

205

Ser

Val

Ser

Asn

Ala
Ser

30
Tyr
Asn
Lys
Ser
Thr
110
Vai
Ala
val
Thr
Val
190
Asp
Asp
Lys

Asn

Arg
270

sSer

15

Lys

Ser

Asn

Ser

Thr

95

Asp

Asp

Ser

Lys

Asp

175

Asp

val

Asn

Ser

Ser

255

Asn

Gly
Lys
Tyr
Tyr
Thr

80
Thr
Cys
val
Gly
Arg
160
Tyxr
Arg
Ala
Asp
Ser
240

Ser

Ser
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Gly
Asp
Lys
305
Lys
Asp
Ala
Ser
Arg
385
Asp
Ala
Thr
Ala
Asp
465
Tyr
Ser
Ser
Ala
Gly
545
Lys

Ala

Asp

Lys

Asp

290

Asp

Tyr

Thr

Tyr

Arg

370

Asn

Lys

Asp

vVal

Asp

450

Thr

Asn

Tyr

Asn

Lys

530

Asn

Asn

Lys

val
275
Ala
Lys
Met
Ala
Lys
355
Met
Gly
Asp
Ser
Gly
435
Asp
Ser
Lys
TyY
Thr
515
Ser
Gly
Asn

Tyr

Met
595

val

Asp

Ala

Ser

val

340

Arg

Asn

Ala

Thr

Thr

420

Ser

Thr

Val

Lys

Thr

500

Arg

Ser

Ala

Arg

Trp

580

Met

Asp
Lys
Asp
Lys
325
Gly
Ala
Lys
Gly
Arg
405
Ser
Ser
Asn
Ser
Ala
485
Thr
Ala
His
Gly
Gly
565

Arg

Thr

Thr
Asn
Asp
310
Thr
Gly
Asp
Thr
Lys
390
Thr
Arg
Gly
His
His
470
Tyr
Asp
Val
Val
Lys
550
Tyr

Tyr

Lys

Ala

Lys

295

Ser

val

Ser

Asp

Asn

375

Ser

Cys

Ala

Gly

Asp

455

Asp

Tyr

Ser

Ala

Ser

535

Ser

Ala

Gly

Asp

sSer
280
Ser
Cys
Asp
Asp
Gly
360
Arg
Thr
Val
Ala
Trp
440
val
Ser
Lys
Asn
Lys
520
Cys
Thr
His
Asp

Asp
600

val

Gly

val

Ser

Ser

345

val

Lys

Met

His

21/85

Arg

Arg

Lys

Asn

330

Arg

Asn

Gly

Arg

Lys

410

Ala
425
Lys
Ser
Gly
Gly
Ala
505
Met
Ser
Lys
Ala
Asp

585

Asp

Ser
Met
Asn
Asp
Asn
490
Met
Thr
Ser
Thr
His
570

Arg

Gly

Ala
Thr
Tyr
315
Val
val
Thr
His
Ala
395
Gly
val
Lys
val
Thr
475
Ala
Arg
Asp
Ser
Gly
555
val

Val

Arg

Lys
Gly
300
Met
Asn
Lys
Asp
Arg
380
Ala
Gly
Gly
Ala
Lys
460
Val
Ala
Gly
Val
Ser
540
Val
Asn

Lys

Gly

Ala

285

Arg

Asn

Asp

Asp

Ser

365

Tyr
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Ala

140

Gly

Ser

Gly
Ser
Gly
205
Asn

Gly

Arg

Gly
Lys
Lys

45
Leu
Phe
Cys
Asp
Gln
125
His
Ala

Asn

Gln

Arg

Arg

190

Tyr

Asp

Arg

Ser

Gln

Thr

30

Lys

Val

Glu

Leu

Asp

110

Pro

Ala

Leu

Gln

Pro
190

Gly
175
Gly
Asp
Tyr

Gly

Thr
255

Gln

15
Arg
Ala
val
Pxo
Asn

95
Asp
Gln
Asn
Lys
Asn

175

Gln
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Gly

Gly

Ser

Gly

Asp

240

Arg

Lys

Arg

Phe

Ser

Ile

80

Ala

Asp

Gln

Ser

Gln

160

Ser

Gln
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Gln Gln Gln Gln Gln

195

Gln His Pro Arg Pro
210

Pro Gln Gln Gln Gln

225

Gln Gln Gln Gln Gln

245

Ala Phe Ala Asn Ala

260

Ala Tyr Gln Gln Tyr

<210>
<211>
<212>
<213>

<400>

275

28

414

PRT
Saccharomyces

28

Met Ala Lys Thr Thr

1

5

Ser Lys Gln Ala Lys

20

Ser Glu Ser Ser Ser

35

Ser Glu Ser Glu Ser

50

Glu Ser Ser Ser Ser

65

Lys Lys Glu Glu Ser

85

Ser Asp Glu Glu Glu

100

Ser Lys Glu Ser Ser

115

Ser Glu Ser Glu Lys
130

Asp Ala Glu Glu Glu

145

Asn Glu Glu Thr Glu

165

Trp Ser Ile Asp Asp

180

Gly Vval Ile Gly Ala

195

Pro Gln

Gln Gln
215

Gln Gln

230

Pro Leu

Ala Ser

Phe Gln

Gln
200
Gly
Gln
Thr

Pro

Glu
280

cerevisiae

Lys Val

Glu Glu

Ser Ser

Glu Ser

55

Ser Ser
70

Lys Asp
Glu Glu
Ser Ser
Glu Glu

135
Glu Asp
150
Glu Pro

Glu Trp

Arg Val

Lys

Lys

Ser

40

Ser

Ser

Ser

Glu

Asp

120

Ser

Glu

Ala

Leu

Ile
200

Gln

Ile

Gln

Gly

Tyr

265

Pro

Gly
Ala

25
Ser
Ser
Asp
Ser
Lys
105
Ser
Asn
Glu
Thr
Lys

185

Tyr

29/85

Met

Pro

Gln

Ile

250

Leu

Gln

Asn

10

Lys

Ser

Ser

Ser

Ser
20

Glu

Ser
Asp
Ser
Ile
170

Lys

Glu

Ser

His

Leu

235

His

Asn

Gln

Lys

Ala

Ser

Ser

Glu

75

ser

Glu

Ser

Lys

Ser

155

Phe

Glu

Arg

Gln
Pro
220
Gln
Gln

Ala

Gly

Lys
val
Glu
Ser

60
Serxr
Ser
Thr
Ser
Lys
140
Asn
val

Phe

Gly

Gln

205

Gln

Gln

Pro

Glu

Gln
285

Glu

Ser

Ser

45

Ser

Glu

Ser

Lys

Ser

125

Arg

Lys

Gly

Glu

Thr
205

Gln

Gln

Gln

His

Gln

270

Tyr

val

Ser

30

Glu

Ser

Ala

Asp

Lys

110

Ser

Lys

Lys

Arg

His

190

Asp

Met

ser

Gln

Gln

255

Asn

Lys

15
Ser
Ser
Asp
Glu
Ser

95
Glu
Ser
Ser
Gln
Leu
175

Ile

Arg
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ser
Gln
Gln
240

Gln

Ala

Ala

Ser

Glu

Ser

Thr

80

Ser

Glu

Asp

Glu

Lys

160

Ser

Gly

Ser
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30/85

Arg Gly Tyr Gly Tyr Val Asp Phe Glu Asn Lys Ser Tyr Ala Glu Lys
210 215 220

Ala Ile Gln Glu Met Gln Gly Lys Glu Ile Asp Gly Arg Pro Ile Asn
225 230 235 240

Cys Asp Met Ser Thr Ser Lys Pro Ala Gly Asn Asn Asp Arg Ala Lys
245 250 255

Lys Phe Gly Asp Thr Pro Ser Glu Pro Ser Asp Thr Leu Phe Leu Gly
260 265 270

Asn Leu Ser Phe Asn Ala Asp Arg Asp Ala Ile Phe Glu Leu Phe Ala
275 280 285

Lys His Gly Glu Vval Vval Ser Val Arg Ile Pro Thr His Pro Glu Thr
290 ) 295 300

Glu Gln Pro Lys Gly Phe Gly Tyr Val Gln Phe Ser Asn Met Glu Asp
305 310 315 320

Ala Lys Lys Ala Leu Asp Ala Leu Gln Gly Glu Tyr Ile Asp Asn Arg
325 330 335

Pro Val Arg Leu Asp Phe Ser Ser Pro Arg Pro Asn Asn Asp Gly Gly
340 ’ 345 ‘ ' 350

Arg Gly Gly Ser Arg Gly Phe Gly Gly Arg Gly Gly Gly Arg Gly Gly
355 360 365 ‘

Asn Arg Gly Phe Gly Gly Arg Gly Gly Ala Arg Gly Gly Arg Gly Gly

370 375 " 380
Phe Arg Pro Ser Gly Ser Gly Ala Asn Thr Ala Pro Leu Gly Arg Ser
385 390 . 395 400
Arg Asn Thr Ala Ser Phe Ala Gly Ser Lys Lys Thr Phe Asp

405 410

<210> 29
<211> 405
<212> PRT

<213> Saccharomyces cerevisiae

<400> 29
Met Asp Thr Asp Lys Leu Ile Ser Glu Ala Glu Ser His Phe Ser Gln
1 5 10 15

Gly Asn His Ala Glu Ala Val Ala Lys Leu Thr Ser Ala Ala Gln Ser
20 25 30

Asn Pro Asn Asp Glu Gln Met Ser Thr Ile Glu Ser Leu Ile Gln Lys
35 40 45

Ile Ala Gly Tyr Val Met Asp Asn Arg Ser Gly Gly Ser Asp Ala Ser
50 55 60

Gln Asp Arg Ala Ala Gly Gly Gly Ser Ser Phe Met Asn Thr Leu Met
65 70 75 80

Ala Asp Ser Lys Gly Ser Ser Gln Thr Gln Leu Gly Lys Leu Ala Leu
85 20 95



Leu
Gly
Gly
Phe
145
Gln
Leu
Gln
Ser
Asn
225

Sexr

Gln

Met ?

Gln
Gly
305
His
Gly
Agn
Tyr
Glu

385

Asn

<210> 30

WO 2005/118633

Ala
Phe
Ser
130
Phe
Gly
Ala
Gly
Met
210

Ser

Gln

Tyr
290
Gln
Ser
Asn
Glu
Gly
370

Ser

Gln

Thr
Asp
115
Gln
Lys
Gln
Ser
Gln
195
Ala
Gln
Gly
Gln
Gln
275
Asn
Asn
Ser
Asn
Tyr
355
Arg
Phe

Agsn

<211l> 964

val
100
val
Ser
Ser
Gly
Leu
180
Asn
Ser
Gln
Tyr
Gln
260
ser
Gln
Tyr
Ser
Ser
340
Gly
Pro

Asn

Arg

Met

Gly

Met

Gly

Gln

165

Ala

Gln

Ser

Gly

Asn

245

Gly

Tyr

Gln

Gln

Phe

325

Asn

Arg

Gln

Phe

Tyr
405

Thr

Thr

Gly

Asn

150

Gly

Ser

Ser

Phe

Tyr

230

Asn

Gln

Leu

Gly

His

310

Ser

Ser

Pro

Tyr

Ser
390

His
val
Ala
135
Asn
Gln
Ser
Ser
Met
215
Asn
Gln
Ser
Gly
Gln
295
Gln
Ala
Asn
Gln
Gly

375

Gly

Ser
Met
120
Ser
Ser
Gly
Phe
Gly
200
His
Gln
Gln
Gly
Gly
280
Asn
Gln
Leu
Ser
His
360

Gly

Asn

Ser
105
Ser
Gly
Gln
Gln
Met
185
Gly
Ser
Ser
Tyr
Gly
265
Gly
Asn
Gln
Ala
Ser
345
Asn

Asn

Phe

31/85

Asn

Met

Leu

Gly

Gly

170

Asn

Ser

Asn

Tyr

Gln

250

Ala

Gln

Gln

Gly

Ser

330

Tyr

Gly

Gln

Ser

Lys

Leu

Ala

Gln

155

Gln

Ser

Ser

Asn

Gln

235

Gly

Phe

Thr

Gln

Gln

315

Met

Gly

Gln

Asn

Gln
395

Gly
Ser
Ala
140
Gly
Gly
Asn
Phe
Asn
220
Asn
Gly
Ser
Gln
Gln
300
Gln
Ala
Gly
Gln
Ser

380

Gln

Ser
Gly
125
Leu
Gln
Ser
Asn
Gly
205
Gln
Gly
Asn
Ser
Ser
285
TyY
Gln
Ser
Gln
Gln
365

Asn

Asn

Ser
110
Ser
Ala
Gly
Phe
Asn
190
Ala
Asn
Asn
Gly
Leu
270
Asn
Gln
Gln
Ser
Gln
350
Ser

Gly

Asn

Asn
Gly
Ser
Gln
Thr
175
Asn
Leu
Ser
Gln
Gly
255
Ala
Gln
Gln
Gln
Tyxr
335
Gln
Asn

Gln

Asn

PCT/US2005/017870

Arg

Gly

Gln

Gly

160

Ala

Gln

Ala

Asn

Asn

240

Tyr

Ser

Gln

Gln

Gly

320

Leu

Ala

Glu

His

Gly
400



WO 2005/118633 PCT/US2005/017870

32/85
<212> PRT
<213> Saccharomyces cerevisiae
<400> 30
Met Pro Glu Gln Ala Gln Gln Gly Glu Gln Ser Val Lys Arg Arg Arg
1 5 10 15

Val Thr Arg Ala Cys Asp Glu Cys Arg Lys Lys Lys Val Lys Cys Asp
20 25 30

Gly Gln Gln Pro Cys Ile His Cys Thr Val Tyr Ser Tyr Glu Cys Thr
35 ’ 40 45

Tyr Lys Lys Pro Thr Lys Arg Thr Gln Asn Ser Gly Asn Ser Gly Val
50 55 60

Leu Thr Leu Gly Asn Val Thr Thr Gly Pro Ser Ser Ser Thr Val Val
65 70 75 , 80

Ala Ala Ala Ala Ser Asn Pro Asn Lys Leu Leu Ser Asn Ile Lys Thr
85 90 95

Glu Arg Ala Ile Leu Pro Gly Ala Ser Thr Ile Pro Ala Ser Asn Asn
100 105 110

Pro Ser Lys Pro Arg Lys Tyr Lys Thr Lys Ser Thr Arg Leu Gln Ser
115 120 125

Lys Ile Asp Arg Tyr Lys Gln Ile Phe Asp Glu Val Phe Pro Gln Leu
130 135 140

Pro Asp Ile Asp Asn Leu Asgp Ile Pro Val Phe Leu Gln Ile Phe His
145 150 155 160

Asn Phe Lys Arg Asp Ser Gln Ser Phe Leu Asp Asp Thr Val Lys Glu
165 170 175

Tyr Thr Leu Ile Val Asn Asp Ser Ser Ser Pro Ile Gln Pro Val Leu
180 185 190

Ser Ser Asn Ser Lys Asn Ser Thr Pro Asp Glu Phe Leu Pro Asn Met
195 200 205

Lys Ser Asp Ser Asn Ser Ala Ser Ser Asn Arg Glu Gln Asp Ser Val
210 215 220

Asp Thr Tyr Ser Asn Ile Pro Val Gly Arg Glu Ile Lys Ile Ile Leuw
225 230 235 240

Pro Pro Lys Ala Ile Ala Leu Gln Phe Val Lys Ser Thr Trp Glu His
245 250 255

Cys Cys Val Leu Leu Arg Phe Tyr His Arg Pro Ser Phe Ile Arg Gln
260 265 270

Leu Asp Glu Leu Tyr Glu Thr Asp Pro Asn Asn Tyr Thr Ser Lys Gln
275 280 285 ‘

Met Gln Phe Leu Pro Leu Cys Tyr Ala Ala Ile Ala Val Gly Ala Leu
290 295 300

Phe Ser Lys Ser Ile Val Ser Asn Asp Ser Ser Arg Glu Lys Phe Leu
305 310 315 320
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Gln

Ile

Ile

Ile

Leu

385

Arg

Leu

Pro

Glu

Thr

465

Ile

Glu

Pro

Leu

Ile

545

Cys

Lys

Trp

Tyr

Tyr

625

Leu

Asp
Thr
Ile
Gly
370
Ser
Leu
Gly
Leu
Asn
450
Lys
Lys
Leu
Asn
His
530
His
Tyr
Leu
Tyr
Ile
610

Asp

Lys

Glu

Asn

Phe

355

Val

Pro

Phe

Leu

Asp

435

Gln

Leu

Lys

Lys

Ala

515

Leu

Tyr

Arg

Ala

Ala

595

His

Ile

Asp

Gly

Ala

340

Leu

Ala

Asn

Tyr

Pro

420

Leu

His

Phe

Thr

Leu

500

Glu

Ser

Leu

Arg

Lys

580

Cys

Glu

Leu

Ser

Tyr

325

Arg

Gln

Met

Ser

Thr

405

Arg

Ser

Ser

Leu

Ser

485

Arg

Asn

Phe

Ser

Ala

565

Glu

Tyr

Ala

Lys

Ser
645

Lys

Asp

Cys

Arg

Gly

390

Ile

Ser

Asp

val

Ile

470

Asn

Asn

Ile

Leu

Arg

550

Arg

Met

Thr

Gln

Asp

630

Met

Tyr

Leu

Ser

Ser

375

Phe

Tyr

Ile

Glu

Leu

455

Leu

Ile

Trp

Asp

His

535

Asn

Asn

val

Ile

Leu

615

Ala

Ala

Phe
Asn
Ala
360
Ala
Ser
Lys
Ser
Asn
440
Ser
Asn
Ile
Leu
Pro
520
Val
Met
Ser
Ser
Phe
600
Pro

Glu

Ala

Ile

Ser

345

Arg

Leu

Pro

Leu

Pro

425

Ile

Ser

Glu

Ser

Asp

505

Glu

Gln

Asn

Ile

Asn

585

Tyr

Asp

Thr

Ser

33/85

Ala
330
Ile
Leu
Arg
Ile
Asp
410
Asp
Thr
Thr
Ile
His
490
Ser
Tyr
Ile
Ala
Ala
570
Asn
Ser
Lys

Gly

Arg
650

Ala

Gln

Ser

Ala

Glu

395

Val

Asp

Glu

Gly

Ile

475

Glu

Leu

Glu

Ile

Glu

555

Val

Leu

vVal

Asp

Arg

635

Thr

Arg

Ala

Thr

Gly

380

Ile

Tyxr

Phe

Vval

Ile

460

Ser

Thr

Pro

Arg

Leu

540

Asn

Ala

Leu

Ala

Ser

620

Ser

Tyr

Lys

Ile

Cys

365

Phe

Glu

Ile

Asp

Ala

445

Ser

Glu

vVal

Lys

Ala

525

Tyr

val

Arg

Thr

Gly

605

Ala

val

Asn

Leu

Leu

350

Tyr

His

Met

Asn

Gln

430

Tyr

Asn

Leu

Thr

Glu

510

Asn

Arg

Asp

Thr

Gly

590

Leu

Arg

Leu

Leu

Ile

335

Met

Thr

Arg

Arg

Ala

415

Thr

Leu

Glu

Tyr

Ser

495

Leu

Arg

Pro

Pro

val

575

Ser

Leu

Glu

Ile

Leu
655
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Asp

Leu

Tyr

Lys

Lys

400

Met

Leu

Pro

His

Pro

480

Leu

Ile

Leu

Phe

Leu

560

Ile

Tyr

Phe

Tyr

Gln

640

Asn
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Gln

His

Ser

Phe

705

Glu

Ile

Gln

Sexr

Ala

785

Ser

Asn

Asn

Asn

Asn
865

Asn.

Ser

Asp

Ile

Phe

945

YT

<210> 31

Ile

Ser

Ala

690

Ser

Ser

Ser

Gly

Ile

770

Thr

Ala

Pro

Asn

Asn

850

Asn

Asn

Pro

Asn

Lys

930

Asp

Pro

Phe

Ser

675

Leu

Ser

Thr

Glu

Thr

755

Asp

Asp

Phe

Asp

Asn

835

Asn

Asn

Asn

Ser

Leu

915

Asn

Gln

Ser

<211> 758

Glu

660

Pro

Lys

Gln

Asn

Asn

740

Thr

Ile

Asp

Asp

Thr

820

Asn

Asp

Asn

Lys

Tyr

900

Asn

Glu

Leu

Glu

Lys

Ser

Pro

Asp

Asp

725

Pro

Asn

Arg

Val

Phe

805

Ile

Asn

Asn

Asn

Asn

885

Glu

Ile

Gln

Asp

Leu

Asn

His

Thr

710

Tyr

Leu

Met

Leu

Phe

790

Ser

Asn

Ile

Asn

Ser

870

Asn

Gly

Glu

Asn

Ala
950

Asn

Glu

Leu

695

Lys

Ala

Asn

Ser

Asp

775

Ile

Ser

Asn

Thr

Asn

855

Gly

Asn

Phe

Asp

Met

935

Gln

Ser

Ser

680

Gly

Asn

Met

Glu

Asn

760

Asn

Arg

Ser

Asn

Asn

840

Asn

Asn

Asp

Pro

Lys

920

Thr

Leu

Lys

665

Ala

Asp

Ser

Ala

Ala

745

Glu

Asn

Asn

Lys

Tyr

825

Asn

Asn

Ser

Phe

Gln -’

905

Glu

Asp

Phe

34/85

Thr

Phe

Ser

Phe

Asn

730

Gln

Arg

Gly

Asp

Ser

810

Asn

Ser

Asn

Ser

Gly

890

Leu

Glu

Ser

Gly

Ile

Leu

Leu

Ser

715

Tyr

Gln

Asp

Gln

Gly

795

Asn

Asn

Asn

Asn

Asn

875

Ile

Gln

Met

Asn

Lys
955

Gln
Val
Gln
700
Leu
Leu
Gln
Pro
Ser
780
Asp
Ala
val
Asn
Asn
860
Asn
Lys
Ile
Ser
Asp

940

TyT

Leu

Thr

685

Pro

Ala

Asn

Asp

Asn

765

Asn

Ile

Ser

Ser

Asn

845

Asn

Asn

Ile

Pro

Pro

925

Ile

Leu

Thr
670
Asn
Pro
Lys
Asn
Glin
750
Asn
Ile
Pro
Asn
Gly
830
His
Asn
Asn
Asp
Leu
910
Asn

Leu

Pro

Ala

Asn

val

Ser

Thr

735

val

Phe

Leu

Thr

Asn

815

Lys

Asn

Asn

Asn

Asn

895

Ser

Ile

Gly

Leu
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Leu

Ser

Phe

Glu

720

Pro

Ser

Leu

Asp

Asn

800

Ser

Asn

Asn

Asn

Asn

880

Asn

Gln

Glu

val

Asn
960
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<212> PRT
<213> Saccharomyces

<400> 31
Met Asp Asn Thr Thr
1 5

Asp Phe Ser Ser Ala
20

Leu Gln Phe Asp Ala
35

Lys Asn Ser Lys Gln
50

Lys Asn Asn Tyr Trp
65

Leu Pro Leu Ser Arg
85

Leu Asn Ala Ser Leu
100

Agsp Ile Val Ser Glu
115

Ala Asn Asp Thr Phe
130

Phe Asn Gly Asp Leu
145

Arg Glu Arg Ile Ile
165

Pro Ser His Phe Ser
180

Asn Ser Phe Pro Val
195

Ser Asn Phe Asn Leu
210

Phe Leu Ser Arg Thr
225

Phe Ala Pro Asp Thr
245

Ala Thr Ile Asn Leu
260

Gln Pro Gln Gln Ser
275

Pro Gln His Gln Pro
290

Gln Gln Gln Gln Gln
305

cerevisiae

Asn

Pro

Asp

Leu

Asn

70

Ile

Lys

Asp

Leu

Glu

150

Pro

Asn

Ser

Asn

Ser

230

Ala

His

Ser

Gln

Gln
310

Ile

Asn

Ser

Leu

55

Ser

Asn

Gln

Gly

Leu

135

Ser

Ile

Leu

Glu

Asp

215

Gly

Ile

Lys

Gln

Gln

295

Gln

Asn
Ile
Arg

40
Tyr
Ala
Gly
Gly
Leu
120
Glu
Gly
Leu
Pro
Glu
200
Pro
Val
Asn
His
Gln
280

Gln

Gln

Thr

Lys

25

Val

Ala

Ala

Ser

Leu

105

Leu

Trp

Tyr

Pro

Pro

185

Ser

Thr

Tyr

Ser

Phe

265

Gln

Gln

Gln

35/85

Asn

10
Gly
Phe
His
Lys
Ala

90
Met
Pro
Trp
Gln
Ala
170
Asn
Phe
Asn
Asp
Asp
250
Asn
Ile

Gln

Gln

Glu

Leu

val

Ile

Phe

75

Ser

Asp

Ser

Glu

Gln

155

Asn

Val

Arg

Arg

Lys

235

Ile

Asp

Gln

Gln

Gln
315

Arg
Asn
Ser
Tyr

60
Leu
Gly
Ile
Lys
Ile
140
Asp
Ser
Ile
Pro
Asn
220
Gln
Ala
Leu
Gln
Gln

300

Gln

Ser
Ser
Asp

45
Asn
Ser
Gly
Ala
Met
125
Phe
His
Lys
Pro
Asn
205
val
Asn
Gly
Gln
Pro
285

Gln

Gln

Ser
His

30
val

Tyr

Glu

Ser
110
Leu
Gln
Asn
Ser
Pro
190
Gly
Ser
Ser
Gln
Ser
270
Gln

Gln

Gln

Asn

15

Thr

Met

Leu

Ala

Thr

95

Lys

Met

Ser

Pro

Asn

175

Thr

Asp

Glu

Ala

Gln

255

Pro

His

Gln

Gln
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Thr

Gln

Ala

Ile

Asp

80

Ser

Gly

Asp

Leu

Leu

160

Met

Gln

Gly

Arg

Asn.

240

Tyr

Ala

Gln

Gln

Gln
320



Gln
Pro
Leu
Gln
His
385
Gly
Ala
Gln
Asp
Arg

465

Thr

Met.

Ser

Met

Gly

545

Gln

Gln

Pro

Asn

Ser

625

Thr
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Gln

Gln

Met

Ser

370

His

Arg

Leu

Ser

Asn

450

Phe

val

His

Ala

Pro

530

Met

Pro

Gln

Gln

Asn

610

Asn

Pro

Gln

Met

Pro

355

Ser

Gln

Phe

Gln

Asn

435

Asn

Asn

Ala

Met

Phe

515

Leu

Arg

Leu

Gln

Asn

595

Asn

Asn

Thr

His

Val

340

Ser

Met

Asn

Asp

Gln

420

Thr

Ala

Lys

Asn

Met

500

Pro

Gln

Gln

Tyr

Phe

580

Asp

Asn

Asn

Val

Gln

325

Pro

Val

Phe

Gln

Asp

405

Asn

Arg

Asn

Met

Pro

485

Met

Pro

Pro

Thr

Gln

565

His

Ser

Asn

Asn

Ser
645

Gln

His

Pro

Ser

Gly

390

Met

Ser

Asn

Gly

Lys

470

vVal

Gln

Asp

Gly

Asn

550

Asn

Leu

Thr

Asn

Asn

630

Glin

Gln

Ile

Pro

Asp

375

Gln

Asn

Leu

Asn

Asn

455

Thxr

Val

Arg

Thr

Asn

535

Pro

Val

Pro

Ser

Asn

615

Asn

Pro

Gln
Pro
Thr
360
Gln
Ala
Ala
Gln
Thr
440
Ser
Ile
Ser
Met
Asn
520
Met
Ser
Ser
Gln
Val
600
Asn

Asn

Ser

Gln

Ser

345

Asn

Gln
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Ser
Thr

90
Cys
Val

Lys

Val

Ala

Ser

Arg

Asn

395

Tyr

Thr

Asp

Asn

Thr
475

Gly

Gly

Arg

Thr

Lys

75

Asn

Asp

Asp

Met

Tyr
155

Asn

Met

Ala

380

Ser

Tyr

val

His

Asn

460

Thr

Arg

Ser

Ala

Asp

60

Arg

Lys

His

Lys

Asn

140

Thr

Asn
Asn
365
Asn
Gly
Gly
Tyr
His
445

Asn

Thr

Thr
Ser
Lys

45
Lys
Ser
Asp
Lys
Asp
125

Ser

Lys

Asn
350
Val
Thr
Thr
Tyr
Ala
430

His

Thr

Gly
Ser

30
Asn
Ala
Ala
Met
Ala
110
His
His

Ala

ser

Asn

Thr

Met

Ala

415

Thr

Tyr

Asn

Lys

15
Gly
Thr
Asn
Asn
Thr

95
Ser
val

Asn

Asn

PCT/US2005/017870

Ala

val

Ser

Ser

400

Met

Asn

Asn

Asn

Lys

Gly

Asn

Asp

Ser

80

Arg

Ser

Met

Tyr

Met
160



Ala

Ser

Asp

Asn

Asn
225

Arg

Asn

Asn

Ser

Asn

305

Lys

Ser

Ala

Lys

Val

385

Lys

val

Ala

Thr

WO 2005/118633

Asn

His

Ser

Asn

210

Asn

Asp

Asn

val

Ala

290

Asp

Asn

Asp

Thr

Lys

370

Ser

val

Lys

Asp

Arg
450

<210> 36
<211> 28

<212>
<213>

Lys

val

Asp

195

Asn

Asn

Trp

Asn

Asn

275

Asn

Met

Asp

Gly

Thr

355

Asn

val.

Asn
Ser
Gly

435

Trp

4

PRT
Saccharomyces

Lys

Ser
180

Asp

Lys

Asn
Lys
Lys
260
Lys
Asn
Asn
Ser
Asn
340
Lys
Lys
Tyr
Asn
Cys
420

Trp

Arg

Lys

165

Tyxr

Asp

Asn

Asn

Thr

245

Asn

Arg

Ala

Asn

Asn

325

Tyr

Lys

Lys

Asp

Lys

405

Lys

Agp

Ala

Ser

Asn

Asp

Asp

Asn

230

Lys

Asp

Asn

Val

Asp

310

Ser

ser

Thr

Asn

Ser

390

Ser

Lys

Asp

Lys

Asp

Asn

Asp

Asn

215

Asn

Lys

Met

His

Asn

295

Thr

Asn

Arg

Lys

Ala

375

Asn

Asp

Tyr

Met

Thr
Asp
Asn
200
Asn
Asn
Cys
Ala
Lys

280

Ser

Asn
Lys
360
Asp
Lys
val
Ala

Asn
440

cerevigiae

Ser
Lys
185
Asn
Asn
Arg
Thr
Arg
265
Ser
Thr
Lys
val
Asn
345
Lys
Asn
val
val
Asp
425

Trp

44/85

Thr
170
Ser
val
Asp
Thr
Asp
250
Asn
Ser

His

Thr
330
Val
Lys
Lys
Lys
Asn
410

Asn

Val

Trp

Lys

Asn

Asn

Lys

235

Met

Asp

Cys

Ala

Lys

315

Arg

Ser

Arg

Lys

Ser

395

Ser

Asn

Asp

Lys
Thr
Asn
Asn
220
Asn
Asn
Asn
Arg
Ser
300
Thr
Lys
val
Arg
Asn
380
Asn
Gly
Thr

Arg

Asn

Lys

Asn

205

Asn

Asn

Asp

Lys

Arg

285

Asn

Asp

Lys

Ser

Asp

365

Asn

Lys

Lys

Lys

Gly
445

Lys
Trp
190
Asp
Asp
Arg
Lys
Asn
270
Asp
Lys
Thr
Arg
Arg
350
Gly
Ala
Arg
Asp
Ser

430

Cys

Asn
175
Tyr
Asn
Thr
Asn
Arg
255
Tyr
Gly
Asn
Asn
Lys
335
Ser
Lys
val
Ser
Ser
415

Asn

Ala
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Lys
Asn
Asn
Ser
Asn
240
Asp
Asn
Tyr
Val
Lys
320
Thr
Lys
Asp
Thr
Arg
400
Arg

Asp

Thr
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45/85
<400> 36
Met Asn Val Thr Ser Lys Asp Gly Asn His Ser Ser Lys Lys Asn Arg
1 5 10 15

Asn Thr Asn Lys Arg His Lys Asn Ala Ser Asn Asp Arg Asp Ser Val
20 25 30

Ser Ser Asn Thr Thr Ser Met Thr Asp Asp Ala Asp. Tyr Asn Gly Ala
35 40 45

Ser Arg Thr Lys Asn Asn Ser Asp Ser Asp Arg Ser Asn Asp Thr Lys
50 55 60

Asn Asn Tyr Asn Lys Arg Thr Gly Tyr Asn Tyr Asn Gly Ser Gly Asn
65 70 75 80

Arg Tyr Thr Arg Lys Arg Thr Ala Asn Lys Ala Tyr Ser Asp Asp Asn
85 S0 95

Val Lys Asp Asp Asn Asn Thr Lys Lys Ala Ser Arg Ser Ser Gly Arg
100 105 110

Asn Val Asn Thr Arg Asn Lys Ser Lys Ser His Lys Val Lys Asn Asn
115 120 125

Lys Ser Ser Ser Arg Lys Ser Ser Ala Ala Arg Lys Gly Lys Tyr Asn
130 135 140

Ser Asn Ser Asp Ser Thr Thr Arg Lys Val Thr Asp Val Lys Lys Arg
145 150 155 160

Ser Lys Trp His Arg His Asp Lys Lys Met Val Lys Lys Ser Arg Tyr
165 170 175

Arg Lys Arg Met Arg Gly Thr Asp Val Ser Ser Ser Asp Asn Ser Lys
180 185 190

Ser Thr Thr Lys Ser Tyr Val Ser Lys Asn Ser Ala Met Asn Asn Asn
195 200 205

Asp Val Thr Asp Asn Lys Lys Thr Asn Asn Asn Lys Ala Arg Asp Ser
210 215 220

Met His Thr Lys Lys Asp Thr Lys Asp Asp Thr Asp Ser Lys Lys Arg
225 230 235 240

Lys Val Val Thr Asn Asp Asn Ala Ala Met Val Asn Lys Gly Trp Arg
245 250 255

Lys Asn Val Met Met Tyr Lys Lys Ser Gly Asn Met Lys Lys Tyr Arg
260 265 270

Tyr Trp Thr Cys Tyr Cys Asn Tyr Val Tyr Tyr Arg
275 280

<210> 37

<211> 29

<212> DNA

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: primer
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<400> 37
gggaattccc attaccgaca tttgggege 29

<210> 38

<211> 29

<212> DNA

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: primer

<400> 38
ggggattctg attgattgat tgattgtac 29

<210> 39

<211l> 720

<212> DNA

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: superbright
GFP encoding sequence

<220>
<221> CDS
<222> (1) ..(720)

<400> 39
atg gct agc aaa gga gaa gaa ctc ttc act gga gtt gtc cca att ctt 48
Met Ala Ser Lys Gly Glu Glu Leu Phe Thr Gly Val Val Pro Ile Leu

1 5 10 15

gtt gaa tta gat ggt gat gtt aat ggg cac aaa ttt tct gtc agt gga: 96
Val Glu Leu Asp Gly Asp Val Asn Gly His Lys Phe Ser Val Ser Gly
20 25 30

gag ggt gaa ggt gat gca aca tac gga aaa ctt acc ctt aaa ttt att 144
Glu Gly Glu Gly Asp Ala Thr Tyr Gly Lys Leu Thr Leu Lys Phe Ile
. 35 40 45

tge act act gga aaa cta cct gtt cca tgg cca aca ctt gtc act act 192
Cys Thr Thr Gly Lys Leu Pro Val Pro Trp Pro Thr Leu Val Thr Thr
50 55 60

ttc act tat ggt gtt cag tgc ttt tca aga tac ccg gat cat atg aaa 240
Phe Thr Tyr Gly Val Gln Cys Phe Ser Arg Tyr Pro Asp His Met Lys
65 ‘ 70 75 80

cgg cat gac ttt ttc aag agt gcec atg ccec gaa ggt tat gta cag gaa 288
Arg His Asp Phe Phe Lys Ser Ala Met Pro Glu Gly Tyr Val Gln Glu
85 90 . 95

aga act ata ttt.ttc aaa gat gac ggg aac tac aag aca cgt gct gaa 336
Arg Thr Ile Phe Phe Lys Asp Asp Gly Asn Tyr Lys Thr Arg Ala Glu
100 105 110

gtc aag ttt gaa ggt gat acc ctt gtt aat aga atc gag tta aaa ggt 384
Val Lys Phe Glu Gly Asp Thr Leu Val Asn Arg Ile Glu Leu Lys Gly
115 120 125

att gat ttt aaa gaa gat gga aac att ctt ggg cac aaa ttg gaa tac 432
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Ile Asp Phe Lys Glu Asp Gly Asn Ile Leu Gly His Lys Leu Glu Tyr
130 135 140

aac tat aac tca cac aat gta tac atc atg gca gac aaa caa aag aat 480
Asn Tyr Asn Ser His Asn Val Tyr Ile Met Ala Asp Lys Gln Lys Asn
145 150 155 160

gga atc aaa gct aac ttc aaa att aga cac aac att gaa gat gga agc 528
Gly Ile Lys Ala Asn Phe Lys Ile Arg His Asn Ile Glu Asp Gly Ser
165 170 175

gtt caa cta gca gac cat tat caa caa aat act cca att ggc gat ggc 576
Val Gln Leu Ala Asp His Tyr Gln Gln Asn Thr Pro Ile Gly Asp Gly
180 185 190

cct gtc ctt tta cca gac aac cat tac ctg tcc aca caa tct gee ctt 624
Pro Val Leu Leu Pro Asp Asn His Tyr Leu Ser Thr Gln Ser Ala Leu
195 200 205

tcg aaa gat ccc aac gaa aag aga gac cac atg gtc ctt ctt gag ttt 672
Ser Lys Asp Pro Asn Glu Lys Arg Asp His Met Val Leu Leu Glu Phe
210 215 220

gta aca gct gct ggg att aca cat ggc atg gat gaa cta tac aaa tga 720
Val Thr Ala Ala Gly Ile Thr His Gly Met Asp Glu Leu Tyr Lys
225 230 235 240

<210> 40

<211> 239

<212> PRT

<213> Artificial Sequence

<400> 40
Met. Ala Ser Lys Gly Glu Glu Leu Phe Thr Gly Val Val Pro Ile Leu
1 5 10 : 15

Val Glu Leu Asp Gly Asp Val Asn Gly His Lys Phe Ser Val Ser Gly
20 25 30

Glu Gly Glu Gly Asp Ala Thr Tyr Gly Lys Leu Thr Leu Lys Phe Ile
35 40 45

Cys Thr Thr Gly Lys Leu Pro Val Pro Trp Pro Thr Leu Val Thr Thr
50 55 60

Phe Thr Tyr Gly Val Gln Cys Phe Ser Arg Tyr Pro Asp His Met Lys
65: 70 75 . 80

Arg His Asp Phe Phe Lys Ser Ala Met Pro Glu Gly Tyr Val Gln Glu
85 90 95

Arg Thr Ile Phe Phe Lys Asp Asp Gly Asn Tyr Lys Thr Arg Ala Glu
100 105 110

Val Lys Phe Glu Gly Asp Thr Leu Val Asn Arg Ile Glu Leu Lys Gly
115 120 125

Ile Asp Phe Lys Glu Asp Gly Asn Ile Leu Gly His Lys Leu Glu Tyr
130 135 140

Asn Tyr Asn Ser His Asn Val Tyr Ile Met Ala Asp Lys Gln Lys Asn
145 150 155 160
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Gly Ile Lys Ala Asn Phe Lys Ile Arg His Asn Ile Glu

165 170

Val Gln Leu Ala Asp His Tyr Gln Gln Asn

180 185

Pro Val Leu Leu Pro Asp Asn His Tyr Leu

195 200

Ser Lys Asp Pro Asn Glu Lys Arg Asp His
210 215

Thr Pro Ile

Ser Thr Gln

205

Met Val Leu

220

Val Thr Ala Ala Gly Ile Thr His Gly Met Asp Glu Leu

225

<210>
<211l>
<212>
<213>

<220>
<223>

<400>

230

41

27

DNA

Artificial Sequence

Description of Artificial Sequence:

41

gaccgcggat ggctagcaaa ggagaag

<210>
<211>
<212>
<213>

<220>
<223>

<400>

42

28

DNA

Artificial Sequence

Description of Artificial Sequence:

42

cctgagctct catttgtata gttcatcc

<210>
<211>
<212>
<213>

<220>
<223>

<400>

43

34

DNA

Artificial Sequence

Description of Artificial Sequence:

43

ggaggatcca tggatacgga taagttaatc tcag

<210>
<211>
<212>
<213>

<220>
<223>

<400>

44

36

DNA

Artificial Sequence

Description of Artificial Sequence:

44

ggaccgcggg tagceggttcet gttgagaaaa gttgece

235

primer

primer

primer

primer

Asp
Gly
190
Ser

Leu

YT

PCT/US2005/017870

Gly Ser

175

Asp Gly

Ala Leu

Glu Phe

Lys
27
28
34
36
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45
7239
DNA

<210>
<211>
<212>
<213>

<220>
<223>

Artificial Sequence

containing chimeric gene

<400> 45
gacgaaaggg

cttaggacgg
atttgggaat
aaataaagaa
atttcaacaa
gatatacatt
tctacacaga
aaaggtagta
attttttett
atttaaatta
ggaaatgtgc
ctcatgagac
attcaacatt
gctcaccecag
ggttacatcg
cgttttccaa
gacgecggge
tactcaccag
gctgccataa
ccgaaggagc
tgggaaccgg
gcaatggcaa
caacaattaa
ctteceggetg
atcattgcag

gggagtcagg

attaagcatt

cctegtgata
atcgcttgece
ttactctgtg
ggtagaagag
aaagcgtact
cgattaacga
caagatgaaa
tttgttggeg
taatttettt
taattatttt
gcggaacccce
aataaccctg
tecegtgtege
aaacgctggt
aactggatct
tgatgagcac
aagagcaact
tcacagéaaa
ccatgagtga
taaccgcecttt
agctgaatga
caacgttgeg
tagactggat
gctggtttat
cactggggcce
caactatgga

ggtaactgtc

cgcctatttt
tgtaacttac
tttatttatt
ttacggaatg
ttacatatat
taagtaaaat
caattcggca
atcccectag
ttttactttce
tatagcacgt
tatttgttta
ataaatgctt
ccttattccce
gaaagtaaaa
caacagcggt
ttttaaagtt
cggtegecge
gcatcttacg
taacactgcg
tttgcacaac
agccatacca
caaactatta
ggaggcggat
tgctgataaa
agatggtaag
tgaacgaaat

agaccaagtt

49/85

tataggttaa
acgcgccteg
tttatgtttt
aagaaaaaaa
atttattaga
gtaaaatcac
ttaatacctg
agtcttttac
tatttttaat
gatgaaaagg
tttttctaaa
caataatatt
ttttttgcgg
gatgctgaag
aagatccttg
ctgctatgtg
atacactatt
gatggcatga
gccaacttac
atgggggatc
aacgacgagc
actggcgaac
aaagttgcag
tctggagecg
ccetececgta
agacagatcg

tactcatata

Description of Artificial Sequence: vector

tgtcatgata
tatcttttaa
gtatttggat
aataaacaaa
caagaaaagc
aggattttcg
agagcaggaa
atcttcggaa
ttatatattt
acccaggtgg
tacattcaaa
gaaaaaggaa
cattttgect
atcagttggg
agagtttteg
gcgcggtatt
ctcagaatga
cagtaagaga
ttctgacaac
atgtaactcg
gtgacaccac
tacttactct
gaccacttct
gtgagcgtgg
tegtagttat
ctgagatagg

tactttagat

PCT/US2005/017870

ataatggttt
tgatggaata
tttagaaagt
ggtttaaaaa
agattaaata
tgtgtggtct
gagcaagata
aacaaaaact
atattaaaaa
cacttttcgg
tatgtatceg
gagtatgagt
tecctgttttt
tgcacgagtg
ccccgaagaa
atcccgtatt
cttggttgag
attatgcagt
gatcggagga
ccttgatcgt
gatgcctgta
agcttececcgg
gcgeteggece
gtctegeggt
ctacacgacg
tgcctcéctg

tgatttaaaa

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620
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cttcattttt
atcccttaac
tecttecttgag
ctaccagcgg
ggcttcagca
cacttcaaga
gctgctgeca
gataaggcge
acgacctaca
gaagggagaa
agggagcttc
tgacttgage
agcaacgcgg
cctgegttat
gctcgecgea
ccaatacgca
aggtttcceg
cattaggcac
agcggataac
aaccctcact
gataagcttg
tgtatgtatc
tatacggatg
gttactagtt
catttcttet
agactaccaa
tcttgtatca
aaatagatat
ggataagtta
tgcgaagttg
atcattaatt

ctecgecaagat

aatttaaaag
gtgagttttc
atcctttttt
tggtttgttt
gagcgcagat
actctgtage
gtggcgataa
agcggtceggyg
ccgaactgag
aggcggacag
cagggggaaa
gtcgattttt
cctttttacg
ccectgattce
gccgaacgac
aaccgectet
actggaaagc
cccaggettt
aatttcacac
aaagggaaca
atatcgaatt
tgtatttaaa
atttaattat
agaaaaagac
agaagcaaaa
cgcaatatgg
attgcattat
taagaaaaac
atctcagagg
acatccgcag
caaaaaatcg

cgtgctgcetg

gatctaggtg
gttccactga
tctgecgegta
gccggatcaa
accaaatact
accgcctaca
gtcgtgtctt
ctgaacgggy
atacctacag
gtatccggta
cgcectggtat
gtgatgctceg
gttecectggee
tgtggataac
cgagcgcagce
cceegegegt
gggcagtgag
acactttatg
aggaaacagc
aaagctgggt
ccecattaccg
acacttttgt
tacttéacca
atttttgctg
agagcgatgce
attgtcagaa
aatatcttct
aaactgtaca
ctgagtctca
ctcagtcgaa
caggatacgt

gtggtggttc

50/85

aagatccettt
gcgtcagacc
atctgctgcet
gagctaccaa
gtccttctag
tacctcgctce
accgggttgg
ggttcgtgca
cgtgagctat
agcggeaggg
ctttatagtc
tcaggggggce
ttttgectgge
cgtattaccg
gagtcagtga
tggcegatte
cgcaacgcaa
cttecggete
tatgaccatg
accgggeccc
acatttgggc
attatttttc
ccetttattt
tcagtcactg
gtecttttecg
tcatataaaa
tgttagtgca
atcaatcaat
tttttctcaa
ccccaatgac
catggacaac

atcttttatg

ttgataatct
ccgtagaaaa
tgcaaacaaa
ctctttttee
tgtagccgta
tgctaatcct
actcaagacg
cacagcccag
gagaaagcgc

tcggaacagg

ctgtegggtt

ggagcctatg

cttttgectca
cctttgagtyg
gcgaggaage
attaatgcag

ttaatgtgag

gtatgttgtg

attacgccaa
ccctegaggt
gctatacgtg
ctcatatatg
caggctgata
tcaagagatt
ctgaaccgtt
gagaagcaaa
atatcatata
caatcaggat
ggaaaccatg
gagcaaatgt
cgtagtggtg

aacactttaa
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catgaccaaa
gatcaaagga
aaaaccaccg
gaaggtaact
gttaggccac
gttaccagtg
atagttaccg
cttggagcga
cacgcttcecece
agagcgcacg
tcgecaccte
gaaaaacgcc
catgttcttt
agctgatacc
ggaagagcgc
ctggcacgac
ttacctcact
tggaattgtg
gctcggaatt
cgacggtate
catatgttca
tgtataggtt
tcttagectt
cttttgctgg
ccagcaaaaa
taactccttg
gaagtcateg
ccatggatac
cagaagctgt
caactattga
gtagtgacgce

tggcagactc

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640 -

2700

2760 .

2820

2880

2940

3000

3060

3120 -

3180

3240

3300

3360

3420

3480

3540

.
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taagggttct
ctcatcaaat
aagtggttct
tcaattcettt
aggtcaagga
tttcatgaat
ctttggagca
caacaatagt
ttacaataat
tggtggtget
tcaatccaac
acaaggccaa
ttcattctca
ttcgagttat
acaacaatct
gcacgaatcc
ccgcetacceceg
tgttgaatta
tgatgcaaca
tccatggeca
ggatcatatg
aagaactata
aggtgatacc
cattcttggg
caaacaaaag
cgttcaacta
accagacaac
agaccacatg
actatacaaa
tcgttttaca
cacatccccce

aacagttgeg

tcececaaacgce
aaaggttctt
ggcggcggga
aagtcaggta
caaggtcaag
tccaacaaca
ctagcttcta
caacagggtt
caacagtacc
ttttccteat
caacagcaat
aactatcagc
gctttggcett
gggggccage
aatgagtacg
tttaattttt
cggatggcta
gatggtgatg
tacggaaaac
acacttgtca
aaacggcatg
tttttcaaag
cttgttaata
cacaaattgg
aatggaatca
gcagaccatt
cattacctgt
gtccttettg
tgagagctcce
acgtcgtgac
tttcgecage

cagcctgaat

aactaggaaa
ctaacagagg
gccaaagtat
acaattccca
gtcaaggttc
ataatcagca
tggcaagttc
ataaccaatc
aaggtggcaa
tggcctecat
acaatcaaca
accaacaaca
ccatggcaag
aacaggctaa
gaagaccgca
ctggcaactt
gcaaaggaga
ttaatgggca
ttacccttaa
ctactttcac
actttttcaa
atgacgggaa
gaatcgagtt
aatacaacta
aagctaactt
atcaécaaaa
ccacacaatc
agtttgtaac
aattcgeccect
tgggaaaacc
tggcgtaata

ggcgaatggce

51/85

actagctttg
gtttgacgta
gggtgcttcc
aggtcaggga
ttttactgct
aggtcaaaat
ttttatgcat
ctatcaaaac
cggtggttac
ggctcaatct
aggccaaaac
gggtcagcag
ttectacctg
tgagtatggt
atacggcgga
ttctcecaacag
agaactcttc
caaattttct
atttatttge
ttatggtgtt
gagtgccatg
ctacaagaca
aaaaggtatt
taactcacac
caaaattaga
tactccaatt
tgcecettteg
agctgctggg
atagtgagtc
ctggcgttac
gcgaagaggc

gcgacgcgcece

ttagccacag
gggactgtca
ggcctggetg
caaggtcaag
ttggcgtett
caaagctccg
tccaataata
ggtaaccaaa
caacaacaac
tacttaggtg
aaccagcagc
cagcaacaag
ggcaataact
agaccacaac
aaccagaact
aacaataacg
actggagttg
gtcagtggag
actactggaa
cagtgctttt
cccgaaggtt
cgtgctgaag
gattttaaag
aatgtataca
cacaacattg
ggcgatggcce
aaagatccca
attacacatg
gtattacaat
ccaacttaat
ccgcaccgat

ctgtagecggce
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tgatgacaca
tgtcaatgct
ccttggette
gtcaaggtca
tggcttcatec
gtggttccte
atcagaactc
atagtcaagg
agggacaatc
gtggacaaac
aataccagca
gccactccag
ccaattcaaa
acaatggtca
ccaatggaca
gcaaccagaa
tcccaattct
agggtgaagg
aactacctgt
caagataccc
atgtacagga
tcaagtttga
aagatggaaa
tcatggcaga
aagatggaag
ctgtecctttt
acgaaaagag
gcatggatga
tcactggceg
cgeccttgecag
cgeccecttecce

gcattaagcg

3600

3660

3720

3780

3840

3900

3960

4020

4080

4140

4200

4260

4320

4380 "

4440

4500

4560 -

4620

4680 -

4740

4800

4860

4920

4980

5040

5100

5160

5220

5280

5340

5400

5460



WO 2005/118633

cggcgggtgt
ctcctttege
taaatcgggg
aacttgatta
ctttgacgtt
tcaaccctat
ggttaaaaaa
ttacaatttc
agggtaataa
ttacttataa
ctgettttet
ttccaacaat
gacccaatgc
aaccttcatce
cgctettege
atgacaattc
gcttcaaacce
attctgctat
caaattttct
taactgtgcce
ttttgggacc
aagcacacaa
taggatgagt
tgcaggtttt
cactacatat
gttecggagat
aaaaaaatga
ctgatgecege
gggcttgtct
tgtgtcagag

<210> 46
<211> 741

ggtggttacg

tttcttecect
gctcecttta
gggtgatggt
ggagtccacg
ctecggtcetat
tgagctgatt
ctgatgcggt
ctgatataat
tacagttttt
gtaacgttca
aataatgtca
gtcteecttg

tctteccacce

aatgtcaaca

tgctaacatc
gctaacaata
tctgtataca
gtcttegaag
ctccatggaa
taatgcttceca
gtttgtttge
agcagcacgt
tgttctgtge
gcgtatatat
taccgaatca
tgaattgaat
atagttaagc
gcteccggea

gttttcacecg

cgcagcegtga
tcecttteteg
gggttccgat
tcacgtagtg
ttctttaata
tcttttgatt
taacaaaaat
attttctcct
taaattgaag
tagttttgct
ccctetaccet
gatcctgtag
tcatctaaac
atgtctcttt
gtacccttag
aaaaggcctce
cctgggecca
cccgeagagt
agtaaaaaat
aaatcagtca
actaactcca
ttttegtgeca
tccttatatg
agttgggtta
accaatctaa
aaaaaatttc
tgaaaagctg
cagcccegac
tcecgettaca

tcatcaccga

52/85

ccgctacact
ccacgttege
ttagtgettt
ggccatcgecce
gtggactctt
tataagggat
ttaacgcgaa
tacgcatctg
ctectaatttg
ggccgecatet
tagcatccct
agaccacatc
ccacaccggg
gagcaataaa
tatattctce
taggttccectt
ccacaccgtg
actgcaattt
tgtacttggce
agatatccac
gtaattcctt
tgatattaaa
tagectttega
agaatactgg
gtctgtgcte
aaagaaaccg
tggtatggtg
acccgccaac
gacaagctgt

aacgcgcega

tgccagcgec
cggcttteec
acggcacctc
ctgatagacg
gttccaaact
tttgececgatt
ttttaacaaa
tgcggtattt
tgagtttagt
tctcaaatat
tccetttgea
atccacggtt
tgtcataatce
gcecgataaca
agtagatagg
tgttacttet
tgcattcgta
gactgtatta
ggataatgcc
atgtgttttt
ggtggtacga
tagcttggea
catgétttat
gcaatttcat
cttcececttegt
aaatcaaaaa
cactctcagt
acccgctgac

gaccgtctce

PCT/US2005/017870

ctagcgeeccyg
cgtcaagctce
gaccccaaaa
gtttttegee
ggaacaacac
tcggectatt
atattaacgt
cacaccgcat
atacatgcat
gcttceceage
aatagtcctce
ctatactgtt
aaccaatcgt
aaatctttgt
gagcccttge
tctgeegecet
atgtctgecce
ccaatgtcag
tttaécggct
agtaaacaaa
acatccaatg
gcaacaggac
cttegtttee
gtttcttcaa
tettecttet
aaagaataaa
acaatctgct
gcgecctgac

gggagctgca

5520

5580

5640

5700

5760

5820

5880

5940

6000 -

6060

6120

6180

6240

6300 -

6360

6420

6480 ..

6540 -

6600

6660

6720

6780

6840 ..

6900 -

6960

7020

7080

7140

7200

7239
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53/85
<212> PRT
<213> Pichia pinus
<400> 46
Met Ser Gln Asp Gln Gln Gln Gln Gln Gln Phe Asn Ala Asn Asn Leu
1 5 10 15

Ala Gly Asn Val Gln Asn Ile Asn Leu Asn Ala Pro Ala Tyr Asp Pro
20 25 30

Ala Val Gln Ser Tyr Ile Pro Asn Thr Ala Gln Ala Phe Val Pro Ser
35 40 45

Ala Gln Pro Tyr Ile Pro Gly Gln Gln Glu Gln Gln Phe Gly Gln Tyr
50 55 60

Gly Gln Gln Gln Gln Asn Tyr Asn Gln Gly Gly Tyr Asn Asn Tyr Asn
65 70 75 80

Asn Arg Gly Gly Tyr Ser Asn Asn Arg Gly Gly Tyr Asn Asn Ser Asn
85 90 95

Arg Gly Gly Tyr Ser Asn Tyr Asn Ser Tyr Asn Thr Asn Ser Asn Gln
100 105 110

Gly Gly Tyr Ser Asn Tyr Asn Asn Asn Tyr Ala Asn Asn Ser Tyr Asn
. 115 120 : + 125 h

Asn Asn Asn Asn Tyr Asn Asn Asn Tyr Asn Gln Gly Tyr Asn Asn Tyr
130 135 140 :

Asn Ser Gln Pro Gln Gly Gln Asp Gln Gln Gln Glu Thr Gly Ser Gly
145 150 155 : 160

Gln Met Ser Leu Glu Asp Tyr Gln Lys Gln Gln Lys Glu Ser Leu Asn
165 170 175

Lys Leu Asn Thr Lys Pro Lys Lys Val Leu Lys Leu Asn Leu Asn Ser
180 - 185 190

Ser Thr Val Lys Ala Pro Ile Val Thr Lys Lys Lys Glu Glu Glu Pro
195 200 205

Val Asn Gln Glu Ser Lys Thr Glu Glu Pro Ala Lys Glu Glu Ile Lys
210 215 220

Asn Gln Glu Pro Ala Glu Ala Glu Asn Lys Val Glu Glu Glu Ser Lys
225 230 235 240

val Glu Ala Pro Thr Ala Ala Lys Pro Val Ser Glu Ser Glu Phe Pro
245 250 . 255

Ala Ser Thr Pro Lys Thr Glu Ala Lys Ala Ser Lys Glu Val Ala Ala
' 260 265 270

Ala Ala Ala Ala Leu Lys Lys Glu Val Ser Gln Ala Lys Lys Glu Ser
275 280 285

Asn Val Thr Asn Ala Asp Ala Leu Val Lys Glu Gln Glu Glu Gln Ile
290 295 300

Asp Ala Ser Ile Val Asn Asp Met Phe Gly Gly Lys Asp His Met Ser
305 310 315 320
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Ile

Asn

Tyr

Trp

Glu

385

Leu

Ala

Glu

Ile

Lys

465

Cys

Gly

Lys

Leu

Asp

545.

Val

Leu

Asn

Arg

Val

625

Ala

Ile

Leu

Glu

Ile

370

val

Asp

Ser

Tyxr

Leu

450

Met

Thr

Asp

Glu

Leu

530

Pro

Ile

Leu

Glu

Leu

610

Leu

Gln

Phe

Leu

Arg

355

Met

Gly

Ala

Gln

Glu

435

Ala

Asp

Thr

Val

Arg

515

Glu

Phe

Glu

Val

Thr

595

Arg

Ser

Ile

Met
Phe
340
Glu
Asp
Lys
Pro
Ala
420
Ala
Lys
Asp
Lys
Leu
500
val
Tyr
Met
Gly
Met
580
Glu
Leu

Ser

Ala

Gly
325
Leu
Ala
Thr
Ser
Gly
405
Asp
Gly
Thr
Pro
Leu
485
Phe
Ser
Leu
Leu
Lys
565
Pro
Ala
Arg

Ile

Ile
645

His

Thr

Lys

Asn

Tyr

390

His

val

Phe

Gln

Thr

470

Ala

Met

Gln

Asp

Pro

val

Gly

Asp

Lys

375

Phe

Lys

Gly

Glu

Gly

455

val

Met

Pro

Lys

Ser

535

Ile

550 .

Ile

Asn

Glu

Gly

Asn

630

Val

Glu

Lys

Ala

Ile

615

His

Glu

Asp
Ala
Ala
360
Glu
Glu
Leu
Val
Arg
440
val
Asn
Tyr
Val
Asp
520
Met
Ser
Ser
Thr
Asp
600
Glu

Pro

Leu

Ala
vVal
345
Gly
Glu
Thr
Tyr
Leu
425
Gly
Asn
Trp
Leu
Ser
505
Ala
Pro
Ser
Gly
Gln
585
Ser
Glu

val

Lys

54/85

Gly
330
Asp
Arg
Arg
Asp
Ile
410
val
Gly
Lys
Ser
Lys
490
Gly
Pro
Leu
Lys
His
570
Val
Ala
Glu

Lys

Ser
650

Lys

Lys

Gln

Asn

Lys

395

Ser

Ile

Gln

Leu

Lys

475

Gly

Tyr

Trp

Ala

Met

555

vVal

Glu

Phe

Asp

Thr

635

Ile

Ser
Arg
Gly
Asp
380
Arg
Glu
Ser
Ser
val
460
Glu
val
Thr
Tyr
val
540
Lys
Lys
val
Cys
Leu
620

val

Leu

Thr

Thr

Trp

365

Gly

Arg

Met

Ser

Arg

445

Val

Arg

Gly

Gly

Asn

525

Arg

Asp

Lys

Thr

Gly

605

Ser

Thr

Ser

Met
val
350
Tyr
Lys
Tyr
Ile
Arg
430
Glu
Vval
Tyr

Tyr

Ala

510

Gly

Lys

Leu

Gly

Thr

590

Glu

Ala

Arg

Thr

Gly
335
Glu
Leu
Thr
Thr
Gly
415
Lys
His
Ile
Glu
Gln
495
Gly
Pro
Ile
Gly
Gln
575
Ile
Gln
Gly

Phe

Gly
655
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Gly
Lys
Ser
Ile
Ile
400
Gly
Gly
Ala
Asn
Glu
480
Lys
Leu
Ser
Asn
Thr

560

Asn
Tyr
val
Tyr
Glu

640

Phe
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Ser Cys Val Met His Val

660

Gln Leu Leu His Asn Leu

675

Ala Pro Ala Phe Ala Lys
690

Thr Thr Glu Pro Val Cys

705

710

Gly Arg Phe Thr Leu Arg

725

Val 'Thr Lys Leu Leu

<210>
<211l>
<212>
<213>

<400>

740
47
715
PRT
Candida albicans

47

Met Ala Asn Ala Ser Leu

1

5

Gln Gln Gln Gln Gln Gln

20

Ala Gln Ser Phe Val Pro

35

Gln Pro Gln Gln Gln Gin

50

Gln Tyr Gln Gly Gly Tyr

65

70

Gln Gln Gly Tyr Asn Asn

85

Arg Gly Gly Tyr Gln Gly

100

Gln Gln Tyr Asn Ser Gln

115

Gly Met Ser Leu Ala Asp
130

Ser Leu Asn Lys Pro Ala

145

150

Ser Gly Ile Lys Leu Ala

165

Lys Pro Gln Ser Lys Glu

180

Ala Ser Ala Ser Ala Pro

195

His

Gln

Gln

695

Ile

Asp

Asn

Gln

Gln

Gln

55

Gln

Arg

Tyr

Pro

Phe

135

Val

Asn

Ser

Gln

Thr
Lys
680
Gly

Glu

Gln

Gly
Gln
Gly

40
Gln
Gln
Gly
Asn
Gln
120
Gln
Lys
Ala

Ser

Glu
200

Ala
665
Gly
Met

Ser

Gly

Asp
Gln

25
Gly
Tyr
Asn
Gly
Gln
105
Gln
Lys
Lys
Thr
Pro

185

Glu

55/85

Ile
Thr
Lys
Tyr

Gln
730

Gln

10
Asn
Tyr
Gly
Tyr
Tyr

90
Asn
Gln
Gln
Thr
Lys
170

Ala

Lys

Glu

Asn

Ile

Asp

715

Thr

Ser

Tyr

Gln

Gly

Asn

75

Gln

Gln

Gln

Lys

Leu

155

Lys

Pro

Lys

Glu
Arg
Ile
700

Asp

Ile

Lys
Tyr
Gln
Tyf

60
Asn
Gln
Gln
Gln
Thx
140
Lys
val

Ala

Glu

val
Arg
685
Ala

Tyr

Ala

Gln

Asn

Phe

45

Asn

Arg

Asn

Tyr

Gln

125

Glu

Leu

Asp

Pro

Glu
205

Thr

670

Ser

val

Pro

Ile

Gl

Pro

30
Gln
Gln
Gly
Tyr
Gly
110
Gln
Gln
Ala
Thx
Ala

190

Lys

Phe

Lys

Leu

Gln

Gly
735

Gln

15
Asn
Gln
Tyr
Gly
Asn

95
Gly
Ser
Gln
Gly
Thr
175

Ala

Glu
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Thr

Lys

Glu

Leu

720

Lys

Gln

Ala

Phe

Asn

Tyr

80

Asn

Tyr

Gln

Ala

Ser

160

Ser

Ser

Ala
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Ala
Ala
225
Asn
Pro
Glu
Gly
Lys
305
Lys
Gln
Asn
Lys
Ser
385
Ile
Gln
Ile
Liys
Gly
465
Tyr
Trp

Met

Met

Ala

210

Pro

Glu

Val

Gln

Lys

290

Ser

Arg

Gly

Asp

Arg

370

Glu

Ser

Thr

Ile

Glu

450

Ile

Thr

Tyr

Asn

Lys
530

Ala

Ala

Ser

Ser

Glu

275

Asp

Thr

Thr

Trp

Gly

355

Arg

Met

Ala

Arg

vVal

435

Arg

Gly

Gly

Asp

Arg

515

Asp

Thr
Glu
Thr
Asn
260
Asp
His
Met
val
Tyr
340
Lys
Tyr
Ile
Arg
Glu
420
Val
Tyr
Tyr
Ala
Gly
500

Lys

Leu

Pro
Thr
Pro
245
Ser
Glu
Val
Gly
Glu
325
Leu
Thr
Thr
Gly
Lys
405
His
val
Gln
Ala
Gly
485
Pro

Ile

Gly

Ala
Lys
230
Ile
Ala
Ile
Ser
Gly
310
Lys
Ser
Ile
Ile
Gly
390
Gly
Ala
Asn
Glu
Lys
470
Leu
Ser

Asn

Thr

Ala
215
Lys
Pro
Ser
Asp
Ile
295
Asn
Tyr
Trp
Glu
Leu
375
Ala
Glu
Leu
Lys
Cys
455
Asp
Lys
Leu

Gly

Ile
535

Ala

Glu

Ala

val

Glu

280

Ile

Ile

Glu

Val

val

360

Asp

Ser

Tyr

Leu

Met

440

Thr

Asp

Asp

Leu

Pro

520

Val

Pro
Ala
Ala
Ala
265
Glu
Phe
Leu
Arg
Met
345
Gly
Ala
Gln
Glu
Ala
425
Asp
Thr
Ile
Arg
Glu
505

Phe

Glu

56/85

Glu
Thr
Ala
250
Thr
val
Met
Tyr
Glu
330
Asp
Lys
Pro
Ala
Thr
410
Lys
Asp
Lys
Ile
val
490
Tyr

Met

Gly

Thr

Pro

235

Ala

Ala

val

Gly

Leu

315

Ala

Thr

Ala

Gly

Asp

385

Gly

Thr

Ser

Leu

Tyr

475

Asp

Leu

Met

Lys

Lys
220
Thr
Lys
Asp
Lys
His
300
Thr
Lys
Asn
Tyxr
His
380
Val
Phe
Gln
Thr
Gly
460
Met
Pro
Asp

Pro

Ile
540

Lys

Pro

Lys

Ala

Asp

285

val

Gly

Asp

Lys

Phe

365

Lys

Gly

Glu

Gly

Val

445

Ala

Pro

Lys

Asn

val

525

Glu

Glu
Ala
Glu
Leu
270
Met
Asp
Ser
Ala
Glu
350
Glu
Met
Ile
Lys
val
430
Gly
Phe
Val
Asp
Met
510

Ser

Ser

Thr
Ala
Ser
255
val
Phe
Ala
vVal
Gly
335
Glu
Thr
Tyxr
Leu
Gly
415
Asn
Trp
Leu
Ser
Cys
495
Asp

Gly

Gly
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Ser
Lys
240
Thr
Lys
Gly
Gly
Asp
320
Arg
Arg
Asp
Val
val
400
Gly
Lys
Ser
Lys
Gly
480
Pro
Thr

Lys

His
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57/85
Val Lys Lys Gly Thr Asn Leu Ile Met Met Pro Asn Lys Thr Pro Ile
545 550 555 560
Glu Val Leu Thr Ile Phe Asn Glu Thr Glu Gln Glu Cys Asp Thr Ala
565 570 575
Phe Ser Gly Glu Gln Val Arg Leu Lys Ile Lys Gly Ile Glu Glu Glu
580 585 590

Asp Leu Gln Pro Gly Tyr Val Leu Thr Ser Pro Lys Asn Pro Val Lys

595 600 605
Thr Val Thr Arg Phe Glu Ala Gln Ile Ala Ile Val Glu Leu Lys Ser

610 615 620
Ile Leu Ser Asn Gly Phe Ser Cys Val Met His Leu His Thr Ala Ile
625 630 635 640
Glu Glu Val Lys Phe Ile Glu Leu Lys His Lys Leu Glu Lys Gly Thr
645 650 655
Asn Arg Lys Ser Lys Lys Pro Pro Ala Phe Ala Lys Lys Gly Met Lys
660 665 670

Ile Ile 2Ala Ile Leu Glu Val Gly Glu Leu Val Cys Ala Glu Thr Tyr

675 680 . 685 :
Lys Asp Tyr Pro Gln Leu Gly Arg Phe Thr Leu Arg Asp Gln Gly Thr

690 695 - 700

Thr Ile Ala Ile Gly Lys Ile Thr Lys Leu Leu
705 710 715
<210> 48
<211> 653
<212> DNA -
<213> Saccharomyces cerevisiae
<400> 48
tcgagtttat cattatcaat actcgccatt tcaaagaata cgtaaataat taatagtagt 60
gattttccta actttattta gtcaaaaaat tagcctttta attctgetgt aacccgtaca 120
tgccaaaata gggggcgggt tacacagaat atataacact gatggtgett gggtgaacag 180
gtttattcct ggcatccact aaatataatg gagcccgett tttaagcetgg catccagaaa 240
aaaaaagaat cccagcacca aaatattgtt ttcttcacca accatcagtt cataggtcca 300
ttctcttage gcaactacag agaacagggc acaaacaggc aaaaaacggyg cacaacctca 360
atggagtgat gcaacctgcc tggagtaaat gatgacacaa ggcaattgac ccacgcatgt 420
atctatctca ttttcttaca ccttectatta ccttctgete tctctgattt ggaaaaagcet 480
gaaaaaaaag gtttaaacca gttccctgaa attattcccc tacttgacta ataagtatat 540
aaagacggta ggtattgatt gtaattctgt aaatctattt cttaaacttc ttaaattcta 600
cttttatagt tagtettttt tttagtttta aaacaccaag aacttagttt cga 653



WO 2005/118633

<210>
<211>
<212>
<213>

49
7988
DNA

<220>
<223>

Artificial Sequence

integration plasmid

<400> 49
tcgecgegttt

cagcttgtct
ttggcgggtyg
accataccac
ggtttetttg
agcacagact
cagtattctt
cgaaagctac
ttaatatcat
aggaattact
tggatatctt
ccaagtacaa
aattgcagta
acggtgtggt
aggaacctag
gagaatatac
ttattgctca
ccggtgtggg
atgtggtctc
gggatgctaa
gatgcggecea
aaattagage
agatgcgtaa
tcgegttaaa
tceccttataa
agagtccact

gcgatggecce

cggtgatgac
gtaagcggat
tcggggetgg
agcttttcaa
aaattttttt
tagattggta
aacccaactg
atataaggaa
gcacgaaaad
ggagttagtt
gactgatttt
ttttttactc
ctctgegggt
gggcccaggt
aggccttttg
taagggtact
aagagacatg
tttagatgac
tacaggatct
ggtagagggt
gcaaaactaa
ttcaatttaa
ggagaaaata
tttttgttaa
atcaaaagaa
attaaagaac

actacgtgaa

ggtgaaaacc
gcecgggagcea
cttaactatg
ttcaattcat
gattcggtaa
tatatacgca
cacagaacaa
cgtgectgeta
caaacaaact
gaagcattag
tccatggagg
ttcgaagaca
gtatacagaa
attgttagcg
atgttagcag
gttgacattg
ggtggaagag
aagggagacg
gacattatta
gaacgttaca
aaaactgtat
ttatatcagt
ccgcatcagg
atcagctcat
tagaccgaga
gtggactcca

ccatcacccet

58/85

tctgacacat
gacaagcceg
cggcatcaga
cattttﬁttt
tctccgaaca
tatgtagtgt
aaacctgcag
ctcatecctag
tgtgtgctte
gtcccaaaat
gcacagttaa
gaaaatttgc
tagcagaatg
gtttgaagca
aattgtcatg
cgaagagcga
atgaaggtta
cattgggtceca
ttgttggaag
gaaaagcagg
tataagtaaa
tattacccta
aaattgtaaa
tttttaacca
tagggttgag
acgtcaaagg

aatcaagttt

Description of Artificial Sequence: Ure2N-Sup35C

gcagctcceg
tcagggcgceg
gcagattgta
ttattctttt
gaaggaagaa
tgaagaaaca

gaaacgaaga

tecetgttget:

attggatgtt
ttgtttacta
gccgctaaag
tgacattggt
ggcagacatt
ggcggcagaa
caagggctcce
caaagatttt
cgattggttg
acagtataga
aggactattt
ctgggaagca
tgcatgtata
tgcggtgtga
cgttaatatt
ataggccgaa
tgttgttcca
gcgaaaaacc

tttggggtcg

PCT/US2005/017870

gagacggtca
tcagcgggtg
ctgagagtgc
ttttgatttc
cgaaggaaggd
tgaaattgcc
taaatcatgt
gccaagctat
cgtaccacca
aaaacacatg
gcattatccg
aatacagtca
acgaatgcac
gaagtaacaa
ctatctactg
gttatcggct
attatgacac
accgtggatg
gcaaagggaa
tatttgagaa
ctaaactcac
aataccgcac
ttgttaaaat
atcggcaaaa
gtttggaaca
gtctatcagg

aggtgccgta

60

120

180

240

300

360

420

480 -

540

600

660"

720

780

840"

200"

960

1020:

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620
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aagcactaaa
cgaacgtggce
gtgtagecggt
gcgegtegeg
cctetteget
taacgeccagg
actcactata
tcaggatctt
aatcagcttt
aaattgtatg
aacaatccte
ttgcagttgt
ttgtttattt
atgcgagatg
gatgatgccg
tccatgtceac
aacgtgattg
gaggtgaagt
ctatatatat
aatgctttat
ttacteggca
gaatctacct
taaaacagcé
gttggtaccce
atgaacatgc
aatttgagcet
acctggtgaa
catagccata
tttgttagge
ttcaacgatg
gatgtgacgg

ccatgggcat

tcggaaccct
gagaaaggaa
cacgctgegce
ccattcgeca
attacgccag
gttttceccag
gggcgaattg
tgggtttcag
cgctcgaata
gtcgttcaag
atctgtcgga
tttataatac
acgaaggaga
attttataga
agggaagcag
tdatagattt
aaggagttga
ttaccttgtt
atatatatat
gatcggtatt
attttaacaa
aattgagggt
atgacctteca
ttttctaatt
ataacacatg

acaaacttgg

-atgtcttett

tcaacttcat
atcagtaggg
gtacctagat
tcgacgtggt

tcttttggat

aaagggagcce
gggaagaaag
gtaaccacca
ttcaggctgce
ctggcgaaag
tcacgacgtt
gagctccacc
gatatgtggc
ttacgaagaa
aaccgatcaa
tgcgagaaag
tatgctagaa
cccggagega
cgatgatgac
cgaaggacca
tgcacattct
aaccttgcta
tatggtatat
ataacagctt
attgtgtttg
ttttaccaat
aaﬁcttggta
tacccttctt
tgtgcaataa
aaaaaccggc
taacactctt
cttecaacacc
tttcagtttc
tggattgacc
ccttcatcectt
tcattgtatc

ctacgtgatc

59/85

cccgatttag
cgaaaggagc
cacccgecge
gcaactgttg
ggggatgtgce
gtaaaacgac
gcggtgaaaa
atgaaaatac
gaagcagaca
aatgtttecag
catcaactga
gaagaagtta
tgggaattac
gacgatgatg
aaggacaaaa
gaaataacgc
gatattttta
ggtacaaaaa
tattaaacct
catttactta
tgctattgtg
agtttccaca
agcaaaagca
cttaacaata
tgctatgata
gatagggttc
tttgattectt .
gttgtaaata
ctttttgata
agcggcaata
cagatattct

tttcaaattt

agcttgacgg
gggcgctagg
gcttaatgeg
ggaagggcga
tgcaaggcga
ggccagtgaa
gagtcagtga
agaaaaatcc
gtgattatat
atgcaattga
agaaaacatt
gaatgatatc
taaatgatgt
ataatgatga
aaacaactgg
cggggaaggg
tgaaattcta
gaactaaact
tgttttttaa
tgtttgcaag
gtaccttgat
caaactggag
ggtggtttct
tgtacctctt
gattttaatt
tttggcgatg
agtttaactt
ttttgaattt
tgaccggatt
ggcaacatga
aacagagttg

gcaccactgt

PCT/US2005/017870

ggaaagccgg
gcgctggcaa
ccgctacagg
teggtgeggg
ttaagttggg
ttgtaatacg
gacgacgact
ctetgtgcetg
ctttataaac
actttatttt
tttgaaaaga
aagtagtctt
tgacaaactt
tgatgatgat
ttetttgagt
ttatgatgaa
gatatattga
aattatacgt
tatagaagaa
aaatggatcc
ctctcaaagt
cttcagtttc
Etgacttacg
caattgctgt
ctacaatagc
ttagtacaaa
gctcaccaca
ccacagcggt
caattttacc
atggagcatt
ggceggtgta

agccggatac

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540
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tggcataaat
attactcaca
atttacgacg
agtttgacca
aacaccaaca
aggagcatcc
gatagtctta
accttgtctg
agagccagtc
catgaaaatt
tgggtagcgg
attattatta
attactgttc

gttgcegttg

agcaagtcga:

gtaccaatat
ttttctecat
tgtacattta
tettttggtg
cacéacttta
tgacgcgtcg
aaagaaatga
cgaaatttta
attcaatttt
tcetcaatgg
accttaattt
ggcagcacgyg
aagaattttt
gaagatggat
actacgtaag
ctcgtttecag

gcgaacgatg

acaacgtctg
cattggtcgt
acaaccatct
cctctcectcaa
tcagcttgag
aatatggtat

ccatcatttc

~cctgeatccet

aagtatagta
aaagaaacgt
ccgctgttat
tttacacctg
ctgtttecta
ttattcatca
tgaagaaacc
acactacact
aaagaaagat
agagcaaggt
ggctgagaac
tgaagtggtt
tcttagtaaa
agcatatacc
acgcttatta
ctaccgtagg
cgatcctett
gtagtagacc
ggaatttaac
catcaatgce
ggtaatcaat
tgtccteggt
gcttggatac

aagatttttt

tcttaatgtt
aacgttcctt
tattaacacc
aaccggtttc
aagcaccacc
aacgcctttt
tttcttettt
tggcttctcect
gattaccacc
gatctttacc
tgttttgaac
ttgaaaattc
tgtttacttg
tgaattctgt
getttttgtt
cttcagaagc
catattatac
aagaagtgac
taagattcat
taagagaatt
aaataataat
attcgttgta
taaatataaa
gttgggat%t
ttttggette
gttgttgtaa
ggttctctca
cactctgtct
gtggaaagcc
atcatagaca
ttgtaacggg

ggctaatggt

60/85

gtaaccaatt
agaccagtta
ttgggtecttg
gtactcaccc
gatcatctcg
ttcagtttca
gttggtatcce
ttcatattte
catagtagat
accaaacata
attattgtta
aaaatttata
acggagcgca
tgctagtggg
acagtacaat
aatgggagct
gatgatgtaa
aataacttct
ctttttgegg
acaaaagaaa
ttgagtcaaa
tgatttttgt
tgtatgtatg
tcttcaaact
ggcttttecag
gtagctttaa
aacgcaccat
tcgatcttac
ctagagttag
ttcacttctg
tcaggtattg

ggtctcgacg

gctctcaaga
acggttgggt
gccaataggg
tttctggegg
gaaacdgtaca
aagtaggcct
atgacccatg
tcaatagttc
ttaccggcat
gcgtagtctg
ttactactgc
ttactttgat

ttggagagat

cagatataga

ggagtcttte
ttggtcgagt
gatataatac
gtatgatctt
aagaattttg
tgacacagac
tagcgecagct
gtggttgaca
tgtgtataaa
ccaattctte
tgtcattgac
tttettegte
attttagtte
ccttgatgag
cacctggtaa
gtgaaaatgg
gggaaggcgc

attcctceccag

PCT/US2005/017870

aattgctgac
catccatctt
cgtgttcacg
aaatgaccaa
ttttatgacc
taccaacttc
acaagtacca
tcttatccac
caacatgacc
ggacgtcgta
tattgttatt
cggtggttgt
tcgacacttg
tgttatteceg
aagagaagat
gaaaaaaaaa
ceggttgtaa
agcatgtacc
ctatgaactt
tcgaacactg
aatgcgaaac
gatattctgce
cagatacgat
gtcgggtatt
aattttaggc
cttaatgegt
cgtgatcttce
catctcatga
cgcaagaaca
taagtccatt
ttgtaggtga

ctgattcaaa

3600
3660
3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380
4440
4500
4560
4620
4680
4740
4800
4860
4920
4980
5040
5100
5160
5220
5280
5340
5400

5460
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ggtttttctt
tccttttett
ccttcatatg
tggttggtcc
ggggggcccy
atcatggtca
acgagccgga
aattgegttg
atgaatcggce
gctcactgac
ggcggtaata
aggccagcaa

cecgcccecct

aggactataa:

gaccctgecg

tcatagctca

tgtgcacgaa:

gtccaacccg
cagagcgagy
cactagaagg
agttggtagc
caagcagcag
ggggtctgac
-aaaaaggatc
tatatatgag
agcgatctgt
gatacgggag
accggcteca
tcctgcaact
tagttecgeca
acgctegtcg

atgatccccecce

tgttggtttc
ctccectttte
gtggaacacc
tattattcct
gtacccagct
tagctgtttc
agcataaagt
cgctcactgce
caacgcgcgg
tcgetgeget
cggttatcca
aaggccagga
gacgagcatc
agataccagg
cttaccggat
cgctgtaggt
cccecccegtte
s gtaagacacg
tatgtaggcg
acagtatttg
tcttgatecg
cattacgcgca

gctcagtgga

ttcacctaga

taaacttggt
ctatttegtt
ggcttaccat
gatttatcag
ttatcegect
gttaatagtt
tttggtatgg

atgttgtgca

gccagcttec
gccctectgt
tattaacgcg
ggcagtatta
tttgttecct
ctgtgtgaaa
gtaaagcctg
ccgettteca
ggagaggcgg
cggtcgttcg
cagaatcagg
accgtaaaaa
acaaaaatcg
cgttteeccecce
acctgtecgce
atctcagttc
agcccgacceyg
acttatecgcc
gtgctacaga
gtatctgege
gcaaacaaac
gaaaaaaagg
acgaaaacfc
tccttttaaa
ctgacagtta
catccatagt
ctggeccceccag
caataaacca
ccatccagtce
tgcgcaacgt
cttcattcag

aaaaagcggt

61/85

tctttgggtg
tcggtatttg
gttaataagt
caatggtaat
ttagtgaggg
ttgttatceg
gggtgcctaa
gtcgggaaac
tttgegtatt
gctgeggega
ggataacgca
ggecegegttg
acgctcaagt
tggaagctcce
ctttcteect
ggtgtaggtc
ctgegectta
actggcagca
gttcttgaag
tctgctgaag
caccgetggt
atctcaagaa
acgttaaggg
ttaaaaatga
ccaatgctta
tgcctgactc.
tgctgcaatg

gccagccgga

tattaattgt

tgttgcecatt

cteceggttcee

tagctecttc

cttcagactt
cttcaatttc
cgtttaaact
atgatggata
ttaattccga
ctcacaattc
tgagtgaggt
ctgtegtgcece
gggcgctctt
gcggtatcag
ggaaagaaca
ctggegtttt
cagaggtggc
ctecgtgeget
tcgggaageyg
gttcgctcca
tcecggtaact
gccactggta
tggtggccta
ccagttacct
agcggtggtt
gatcctttga

attttggtca

‘agttttaaat

atcagtgagg
ccegtegtgt
ataccgcgag
agggccgagce
tgececgggaag
gctacaggca
caacgatcaa

ggtcctecga
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atccttcectta
tggttcagtg
gtttgcctgt
tcttctegag
gcttggcgta
cacacaacat
aactcacatt
agctgeatta
ccgcecttecte
ctcactcaaa
tgtgagcaaa
tccataggct
gaaacccgac
ctcectgttec
tggecgettte
agctgggetg
atecgtcttga
acaggattag
actacggcta
tcggaaaaag
tttttgtttg
tcttttctac
tgagattatc
caatctaaag
cacctatetc
agataactac
acccacgctce
gcagaagtgg
ctagagtaag
tcgtggtgte
ggcgagttac

tcgttgtcag

5520
5580.
5640
5700
5760
5820
5880
5940
6000
6060
6120
6180
6240
6300
6360
6420
6480
6540
6600
6660
6720
6780
6840
6900
6960
7020
7080
7140
7200
7260
7320

7380



WO 2005/118633 PCT/US2005/017870
62/85
aagtaagttg gccgcagtgt tatcactcat ggttatggca gcactgcata attctcttac 7440
tgtcatgcca tccgtaagat gcttttctgt gactggtgag tactcaacca agtcattctg 7500
agaatagtgt atgcggcgac cgagttgcte ttgcccggeg tcaatacggg ataataccgc 7560
gccacatage agaactttaa aagtgctcat cattggaaaa cgttcttegg ggcgaaaact 7620
ctcaaggatc ttaccgctgt tgagatccag ttcgatgtaa cccactegtg cacccaactg 7680
atcttcagca tcttttactt tcaccagcgt ttectgggtga gcaaaaacag gaaggcaaaa 7740
tgccgcaaaa aagggaataa gggcgacacyg gaaatgttga atactcatac tcttcetttt 7800
tcaatattat tgaagcattt atcagggtta ttgtctcatg agcggataca tatttgaatg 7860
tatttagaaa aataaacaaa taggggttcc gcgcacattt ccccgaaaag tgccacctga 7920
cgtctaagaa accattatta tcatgacatt aacctataaa aataggcgta tcacgaggcc 7980
ctttegte 7988
<210> 50
<211> 405
<212> PRT
<213> Saccharomyces cerevisiae
<400> 50 .
Met Asp Thr Asp Lys Leu Ile Ser Glu Ala Glu Ser His Phe Ser Gln
1 5 10 15
@Gly Asn His Ala Glu Ala Val Ala Lys Leu Thr Ser Ala Ala Gln Ser
20 25 30
Asn Pro Asn Asp Glu Gln Met Ser Thr Ile Glu Ser Leu Ile Gln Lys
35 ‘ 40 . : 45
Ile Ala Gly Tyr Val Met Asp Asn Arg Ser Gly Gly Ser Asp Ala Ser
50 55 60
Gln Asp Arg Ala Ala Gly Gly Gly Ser Ser Phe Met Asn Thr Leu Met
65 70 75 80
Ala Asp Ser Lys Gly Ser Ser Gln Thr Gln Leu Gly Lys Leu Ala Leu
85 90 95
Leu Ala Thr vVal Met Thr His Ser Ser Asn Lys Gly Ser Ser Asn Arg
100 105 110
Gly Phe Asp Val Gly Thr Val Met Ser Met Leu Ser Gly Ser Gly Gly
115 120 125
Gly Ser Gln Ser Met Gly Ala Ser Gly Leu Ala Ala Leu Ala Ser Gln
130 135 140
Phe Phe Lys Ser Gly Asn Asn Ser Gln Gly Glm Gly Gln Gly Gln Gly
145 150 155 160
Gln Gly Gln Gly Gln Gly Gln Gly Gln Gly Gln Gly Ser Phe Thr Ala
165 170 175
Leu Ala Ser Leu Ala Ser Ser Phe Met Asn Ser Asn Asn Asn Asn Gln
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Gln
195

Gln Gly

Met
210

Ser Ala

Asn Ser Gln

225

Ser Gln Gly

Gln Gln Gln

Met Ala Gln
275
Gln

Tyr Asn

290
Gly Gln
305

Asn

His Ser Ser

Gly Asn Asn

Asn ‘Glu Tyr

355

Gly
370

Tyr Arg

Glu Phe

385

ser

Asn Gln Asn

<210>
<21l>
<212>
<213>

51
128
PRT

<400> 51
Met Ser Ala
1

Tyr Ser Arg
Thr Gln Glu
35

Gln Gln Gln
50

180

Asn Gln

Ser Ser
Gln Gly

Asn
245

Tyr

Gln
260

Gly
Ser Tyr
Gln Gln
Tyr Gln

Phe
325

Ser

Ser Asn

340

Gly Arg

Pro Gln

Asn Phe

Arg Tyr

405

Saccharomyces

Asn Asp
5

Pro Ser
20

Arg Gly

Gln His

Ser Ser Gly

200
Phe Met
215

His

Tyr Asn Gln

230
Gln

Asn Gln

Gln Ser Gly

Leu Gly Gly

280

Gln
295

Gly Asn

His Gln Gln

310
Ala

Ser Leu

Ser Asn Ser

His
360

Pro Gln

Gly
375

Tyr Gly

Ser Asn

390

Gly

cerevisiae
Tyr Tyr Gly
Asn Pro Pro
Tyr Pro Pro

40

Pro Gly Tyr
55

185

Gly

Ser

Ser

Tyr

Gly

265

Gly

Asn

Gln

Ala

Ser

345

Asn

Asn

Phe

Gly
Pro
25

Gln

Tyr

63/85

Ser

Asn

Tyr

Gln

250

Ala

Gln

Gln

Gly

Ser

330

Tyr

Gly

Gln

Ser

Thr
10
Ser

Gln

Asn

Ser

Asn

Gln

235

Gly

Phe

Thr

Gln

Gln

315

Met

Gly

Gln

Asn

Gln
395

Ala

Ser

Gln

Gln

Phe
Asn
220
Asn
Gly
Ser
Gln
Gln
300
Gln
Ala
Gly
Gln
Ser

380

Gln

Gly

Ala

Gln

Gln
60

Gly
205
Gln
Gly
Asn
Ser
Ser
285
Tyr
Gln
Ser
Gln
Gln
365

Asn

Asn

Glu
His
Gln

45

Gly

190

Ala

Asn

Asn

Gly

Leu

270

Asn

Gln

Gln

Ser

Gln

350

Ser

Gly

Asn

Lys
Gln
30

Tyr

Tyr

Leu

Ser

Gln

Gly

255

Ala

Gln

Gln

Gln

Tyr

335

Gln

Asn

Gln

Asn

Ser
15
Asn

Tyr

Asn
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Ala
Asn
Asn
240
Tyr
Ser
Gln
Gln
Gly
320
Leu
Ala
Glu
His

Gly
400

Gln
Lys
Gln

Gln
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Gln Gly Tyr Asn Gln
65

Gly Tyr Asn Gln Gln
85

Tyr Val Gln Gln Gln
100

Ala Cys Leu Ala Ala
115

<210> 52

<211l> 534

<212> PRT

<213> Saccharomyces

<400> 52
Met Ser Ser Asp Glu
1 5

Pro Thr Thr Thr Glu
20

Gly Ser Gly Thr Ser
35

Ser Ser Ser Leu Asn
50

Ser Asn Asn Ser Asn
65

Ala Asn Asp Lys Glu
85

Gln Glu Ser Ala Thr
100

Gly Pro Ser Gly Leu
115

Phe Gln Gln Pro Ser
130

Thr Lys Glu Glu Arg
145

Met Phe Ile Gly Gly
165

Glu Tyr Phe Gly Lys
180

Asp Pro Ala Thr Gly
195

Lys Pro Ser Ser Val
210

Gln
70
Gly

Pro

Leu

Gly

Tyr

Pro

Cys

Tyr

Asn

Gln

Ile
120

cerevisiae

Glu Asp Phe

Glu

Gln

Lys

Gln

70

Gly

Ser

Pro

Ser

Ser

150

Leu

Tyr

Arg

Asp

val

Leu

Leu

55

Asp

Ser

Ala

Trp

Gln

135

Lys

Asn

Gly

Ser

Glu
215

Lys

Asp

40

Asn

Thr

Asn

Asn

Glu

120

Ser

Ala

Trp

Thr

Arg

200

val

Asn

Gln

Arg

105

Cys

Asn

Lys

25;

Gln

Asn

Ser

Glu

Ala

105

Gln

Pro

Asp

Asp

Val

185

Gly

Val

64/85

Gln
Gln
90

Gly

Cys

Asp

10
Glu
Leu
Pro
Ser
Asp

20
Asn
Leu
Pro
Leu
Thr
170
Thr

Phe

Lys

Gln
75
Gly

Asn

Thr

Ile

Glu

Ala

Asn

Ser

75

Thr

Ala

Gln

Gln

Ser

155

Thr

Asp

Gly

Thr

Gly
His
Glu

Met

Tyr
Glu
Ala
Ser

60
Lys
Lys
Asn
Gln
Gln
140
Lys
Glu
Leu

Phe

Gln
220

Tyr

Gln

Gly

Asp
125

Gly

Gln

Leu

45

Asn

Gln

Asn

Ala

Thr

125

Gln

Glu

Asp

Lys

Leu

205

His

Asn
Gln
Cys

110

Met

Asp
Asn

30
Asn
Asp
Glu
Ser
110
Met
val
Ser
Asn
Ile
190

Ser

Ile

Gln
Pro
95

Leu

Leu

Asp

15
Lys
Ala
Ser
Gly
Lys

95
Ser
Ser
Thr
Cys
Leu
175
Met

Phe

Leu
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Gln
80
val

Ala

Phe

Lys
Ala
Leu
Ser
Thr

80
Lys
Ala
Gln
Gln
Lys
160
Arg
Lys

Glu

Asp
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Gly
225
Lys
Lys
Gln
Val
Phe
305

Arg

Asn

Asn

Asn

Gln
385

Gln

Pro
Gln
Va‘l
Leu
465
Asn
Arg

TyY

<210> 53
<211> 34

Lys

Thr

Glu

Leu

Thr

290

Ile

His

Asn

Gln

Pro

370

Gln

Gln

Asn

Gly
Gln
450
Asn
Asn
Asp

Asn

His
530

Val

Gly

Phe

Met

275

Tyr

Asp

Met

Met

Met

355

Gln

Met

Met

Ala

Ser

435

Thr

Leu

Ser

Arg

Gly

515

Pro

Ile

Lys

Glu

260

Leu

Asp

Phe

Gln

Asn

340

Tyr

Ala

Gln

Gln

Met

420

Pro

Ile

Pro

Gly

Asp

500

Arg

Tyr

Asp
Ile
245
Glu
Asp
Ser
Lys
Gln
325
Arg
Gln
Met
Lys
Gln
405
Thr
Ala
Gly
Asn
Tyxr
485
Arg

Gly

Asn

Pro
230
Phe
Phe
Lys
Ala
Asp
310
Lys
Arg
Asn
Thr
Gln
390
Met
Leu
Pro
Asn
Gly
470
Gly
Asp

Gly

Arg

Lys

Val

Phe

Asp

Asp

295

Arg

Ser

Gly

Pro

Asp

375

Thr

Ala

Asn

Ser

Thr

455

Pro

Tyr

Tyr

Axg

Arg

Gly

Ser

Thr

280

Ala

Lys

Ser

Gly

Met

360

Tyr

Gly

Met

Gln

Asp

440

Ser

Lys

Asn

Asn

Gly
520

Ala

Gly

Gln

265

Gly

Val

Ile

Asn

Asn

345

Met

Tyr

Met

Met

Pro

425

Ser

Asn

Gly

Arg

His

505

Gly

65/85

Ile
Ile
250
Trp
Gln
Asp
Glu
Asn
330
Phe
Gly
Gln
Asp
Met
410
Gln
Asp
Thr
Pro
Asp
490

Arg

Tyr

Pro
235
Gly
Gly
Ser
Arg
Ile
315
Gly
Gly
Gly
Lys
Tyr
395
Pro
Gln
Asn
Asp
Ser
475
Arg

Ser

Asn

Arg

Pro

Thr

Arg

Val

300

LYS

Gly

Asn

Tyr

Met

380

Thr

Gly

Asp

Asn

Ser

460

Gln

Gly

Gly

Arg

Asp

Asp

Ile

Gly

285

Cys

Arg

Asn

Gln

Asn

365

Gln

Gln

Phe

Ser

Lys

445

Gly

Tyr

AsSp

Gly

Arg
525

Glu
Val
Ile
270
Phe
Gln
Ala
Asn
Gly
350
Pro
Glu
Met
Ala
Asn
430
Ser
Ser
Asn
Arg
Asn

510

Asn

Gln
Arg
255
Asp
Gly
Asn
Glu
Gly
335
Asp
Met
Tyx
Tyr
Met
415
Ala
Asn
Pro
Asp
Asp
495
His

Asn
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AsSp
240
Pro
Ala
Phe
Lys
Pro
320
Gly
Phe
Met
Tyxr
Gln
400
Pro
Thr
Asp
Pro
Asp
480
Arg

Arg

Gly
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<212> DNA
<213> Artificial Segquence

<220>

<223> Description of Artificial Sequence:

<400> 53
ggaggatcca tggatacgga taagttaatc tcag

<210> 54

<211> 36

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 54
ccaagcttte agtagcggtt ctgttgagaa aagttg

<210> 55

<211> 20

<212> DNA

<213> Artificial Sequence

<220> !

<223> Description of Artificial Sequence:

<400> 55
ggtgtecttgg ccaattgccc

<210> 56

<211> 39

<212> DNA

<213> Artificial Sequence

<220>

PCT/US2005/017870

primer

34

primer

36

primer

20

<223> Description of Artificial Sequence: primer

<400> 56

gtecgacctge agecgtacgca tttcagatct ttgctatac 39

<210> 57

<211> 40

<212> DNA :

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence: primer

<400> 57

cgagctcgaa ttecatcgatt gattcagttc gecttctatce 40

<210> 58

<211> 22

<212> DNA

<213> Artificial Sequence
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<220>

<223> Description of Artificial Sequence:

<400> 58
ctgttttgaa agggtccaca tg

<210> 59

<211> 34

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 59
ggaggatcca tggatacgga taagttaatc tcag

<210> 60

<211> 36

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 60
ggaccgceggg tagecggttct gttgagaaaa gttgce

<210> 61

<211l> 36

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 61
gaggatccat gcctgatgat gaggaagaag acgagg

<210> 62

<211> 26

<212> DNA ‘

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

<400> 62
cggaattcct cgagaagata tccatc

<210> 63

<211l> 24

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:

PCT/US2005/017870

primer

22
primer

34
primer

36
primer

36
primer

26
primer
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<400> 63

gggatcctgt tgctagtggg caga

68/85

<210> 64

<211> 34

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence: primer

<400> 64

gtaccgegga tgtctttgaa cgactttcaa aagc

<210> 65

<211> 35

<212> DNA

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence: primer

<400> 65

gtggagctet tactcggcaa ttttaacaat tttac

<210> 66

<211> 3028

<212> DNA

<213> Saccharomyces cerevisiae

<400> 66

tccagaattt tctagaaggg ttattaatta caatcttaaa cgttccataa
tttttttgtt caattttcaa cagggggccc atctcaaaga actgcaaatt
aaaaggcaaa ggggcgcaaa cttatgcaac ctgccagatt attatataag
cttgectcaa ttecttcata attcegttcct ttgtcacttg ttccttttta
gaatcagcaa taacaaagaa aaaagaaatc aactacacgt accataaaat
tatgaacgac caaacgcaat ttacagaaag ggctctaacg attttgacgt
attggcttcg gatcatcaac atccacaatt acaacctata catattctag
tgaaacgcca gaagatggat cagtccctta cctacagaat ctaattgaga
cgactatgat cttttcaaga aagtggttaa tagaaatcta gtaagaattc
acctgcacct gcggagataa ctccaagtta tgetttgggg aaagtccttce
taagattcaa aaacaacaga aggactcatt tatagcgcaa gaccatatat
attcaatgat tcgtctattc agcaaatatt taaggaagct caagtagata
caagcaacaa gctcttgaac ttcgtggtaa cactagaatt gactctcgtg
gaacacacct ttggaatatt tatcaaagta cgccattgat atgactgage
aggtaaactt gaccctgtca tecggecgtga agaagaaata agaagcacta

PCT/US2005/017870

24

34

35
ggggccgega 60
atatcacagt 120
gcattgtaat 180
cccttgaate 240
atacagaata 300
tggctcaaaa 360
ctgcctteat 420
agggccgtta 480
ctcaacagca 540
aagacgctgce 600
tgtttgctcet 660
ttgaggccat 720
gcgctgatac 780
aggctecgtcea 840
ttagagtttt 900



WO 2005/118633

agcaagaaga
tattattgaa
cgctaaattg
tttcgaagaa
gttattcatt
cttgaagcca
atatagatct
cgctgaacca
aatacatcat
gcgttacttg
tgctggtgtc
attgcaattg
cactaaagat
acctctaaga
aaagaaattg
taccgceget

tgaagatcag

ggtcgattca
gttgtcagaa

cgtgggccaa

tttagctaat

aactgaattg

ggtcgattgt

aggttatgtc
ctcégttttg
aéaaatgttg
ttgtattgte
aaagatccaa
agaatttttg
tcataagatc
acattacaag

cgatgatatg

attaagtcca
ggtgttgctc
ttcagtctag
agattcaaag
gatgaaattc
gctttgteca
attgtggaaa
agtgtgagac
ggtgtaagga
ccatatagaa
gccgtcegecaa

attcaagtag

agattaaagt

caacgttaca
gatgaactgg
gatttaaggt
gttgctgagg
gacaccatft
t&tgaaaatg
atggatgcca
ccaaggcaac
gctaaaaaag
tctgaattaa
gggtacgétg
ttattcgatg
gatgacggta
atcatgactt
gaatctacca
aacagaattt
gﬁggatattc
ttgaatttaa

ggtgcacgtc

acccatgttt
aaagaatcat
atttggcege
gtgttttgaa
acatgttaat
gaggccaatt
aggatggtgc
aaacagtggce
ttctggatag
gattgccaga
gagattctaa
agataaaagc
tagctaggca
atgaagaaaa
aaaacaaggc
acttcgceat
aagagagacg
ctgaaacagc
aaaaattgat
ttaaagctgt
cagcatcctt
ttgctggatt
gcgagaagta
aaggtggctt
aagtagaaaa
gaattacttc
ccaatctagg
agaatttggt
ctagtatagt
gtttgaagga
ctcaagaggc

cactgaacag

69/85

aattggtgag
tgacgatgac
attaaccgca
ggaaatcgaa
gggtaatggt
gaaggtcatc
ctttgaaaga
catattgaga
cgccttagte
ttctgetttg
gccagaagaa
tctagagaga
gaaggaagct
gcéfggccat
ccttgatget
cccagatatc
tgctggtgee
tgcaégattg
tcatétggaa
tteccaatgcc
cttattttta
tttgtttaat
tgcggtcetcet
tttaactaac
ggcacatcct
tggtcaaggt
tgctgaattt
catgggtgct
cattttcaac
aattgaagag
caaggacttc

gttaattcaa

ccaggtatcg
gttcccacta
ggtgctaaat
gaatcaaaga
aaggacgacg
ggtgccacca
agattccaga
ggtctgcaac
actgctgcectc
gatttagttg
ttggattcca
gatgaagatg
tcattgcaag
gaagaattga
gaacgtagat
aaaaagcaaa
aactccatga
aétggtatcc
cgtgacttat
gttagattgt
ggtttgtcecg
gatgaggaca
aagttgttgg
caactgcaat
gatgttttga
aagacgatcg
atcaattcectce
gttaggcaac
aagctatcta
agattcgagc
ttggccaaat

aacgaaattt

PCT/US2005/017870
gtaagaccgc 960
tcttacaagg 1020
acaaaggtga 1080
ctctaattgt 1140
ctgctaacat 1200
ccaataacga 1260
aaattgaagt 1320
caaagtatga 1380
aattagccaa 1440
atatttcttg 1500
aggaacgtca 1560
ccgactccac 1620
aagaattgga 1680
cacaagctaa 1740
atgatactgce 1800
tcgaaaagct 1860
tccaaaatgt 1920
ctgttaagaa 1980
catctéaagt 2040
ctaga£cagg 2100
gttccggtaa 2160
tgatgatcag 2220
gtaccacggce 2280
acaaaccata 2340
ctgtcatgcet 2400
actgttccaa 2460
aacaaggatc 2520
atttcagacc 2580
gaaaagctat 2640
aaaatgataa 2700
aéggttattc 2760
tgaacaaact 2820
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70/85

ggcactaagg atcttaaaga atgaaatcaa ggataaggaa actgtcaatg tcgtettgaa 2880
gaagggtaaa tctcgtgatg aaaatgttcc tgaggaagcet gaagaatgtc tggaagttct 2940

accaaatcac gaagctacta taggggctga cacgttaggt gatgacgata atgaggacag 3000

tatggaaatt gatgatgacc tagattaa 3028
<210> 67

<211> 908

<212> PRT

<213> Saccharomyces cerevisiae

<400> 67

Met Asn Asp Gln Thr Gln Phe Thr Glu Arg Ala Leu Thr Ile Leu Thr
1 5 10 15

Leu Ala Gln Lys Leu Ala Ser Asp His Gln His Pro Gln Leu Gln Pro
20 25 30

Ile His Ile Leu Ala Ala Phe Ile Glu Thr Pro Glu Asp Gly Ser Val
35 40 45

Pro Tyr Leu Gln Asn Leu Ile Glu Lys Gly Arg Tyr Asp Tyr Asp Leu
50 55 60

Phe Lys Lys Val Val Asn Arg Asn Leu Val Arg Ile Pro Gln Gln Gln
65 70 75 80

Pro Ala Pro Ala Glu Ile Thr Pro Ser Tyr Ala Leu Gly Lys Val Leu
85 90 95

Gln Asp Ala Ala Lys Ile Gln Lys Gln Gln Lys Asp Ser Phe Ile Ala
100 105 110

Gln Asp His Ile Leu Phe Ala Leu Phe Asn Asp Ser Ser Ile Gln Gln
' 115 120 125

Ile Phe Lys Glu Ala Gln Val Asp Ile Glu Ala Ile Lys Gln Gln Ala
130 135 140

Leu Glu Leu Arg Gly Asn Thr Arg Ile Asp Ser Arg Gly Ala Asp Thr
145 150 155 160

Asn Thr Pro Leu Glu Tyr Leu Ser Lys Tyr Ala Ile Asp Met Thr Glu
165 170 175

@Gln Ala Arg Gln Gly Lys Leu Asp Pro Val Ile Gly Arg Glu Glu Glu
180 185 190



Ile
Cys
Val
225
Ala
Tyr
Glu
Leu
Leu
305
Tyr
Lys
Arg
Asp
Tyr
385
Ala

Lys

Arg

WO 2005/118633

Arg

Leu

210

Ala

Lys

Lys

Glu

Met

290

Ser

Arg

Ile

Gly

Ser

370

Arg

Gly

Glu

Asp

Ser

185

Ile

Gln

Leu

Gly

Ser

275

Gly

Arg

Ser

Glu

Leu

355

Ala

Arg

val

Arg

Glu
435

Thr

Gly

Arg

Phe

Asp

260

Lys

Asn

Gly

Ile

val

340

Gln

Leu

Leu

Ala

Gln

420

Asp

Ile

Glu

Ile

Ser

245

Phe

Thr

Gly

Gln

val

325

Ala

Pro

val

Pro

Val

405

Leu

Ala

Arg

Pro

Ile

230

Leu

Glu

Leu

Lys

Leu

310

Glu

Glu

Lys

Thr

Asp

390

Ala

Gln

Asp

vVal

Gly

215

Asp

Asp

Glu

Ile

Asp

295

Lys

Lys

Pro

Tyr

Ala

375

Ser

Arg

Leu

Ser

Leu

200

Ile

Asp

Leu

Arg

val

280

Asp

Val

Asp

Ser

Glu

360

Ala

Ala

Asp

Ile

Thr
440

Ala

Gly

Asp

Ala

Phe

265

Leu

Ala

Ile

Gly

val

345

Ile

Gln

Leu

Ser

Gln

425

Thr

71/85

Arg
Lys
val
Ala
250
Lys
Phe
Ala
Gly
Ala
330
Arg
His
Leu
Asp
Lys
410

val

Lys

Arg

Thr

Pro

235

Leu

Gly

Ile

Asn

Ala

315

Phe

Gln

His

Ala

Leu

395

Pro

Glu

Asp

Ile

Ala

220

Thr

Thr

val

Asp

Ile

300

Thr

Glu

Thr

Gly

Lys

380

val

Glu

Ile

Arg

Lys

205

Ile

Ile

Ala

Leu

Glu

285

Leu

Thr

Arg

Val

val

365

Arg

Asp

Glu

Lys

Leu
445

Ser
Ile
Leu
Gly
Lys
270
Ile
Lys
asn
arg
Ala
350
Arg
Tyr
Ile
Leu
Ala

430

Lys

Asn

Glu

Gln

Ala

255

Glu

His

Pro

Asn

Phe

335

Ile

Ile

Leu

Ser

Asp

415

Leu

Leu

PCT/US2005/017870

Pro
Gly
Gly
240
Lys
Ile
Met
Ala
Glu
320
Gln
Leu
Leu
Pro
Cys
400
Ser

Glu

Ala



Arg

Arg

465

Lys

Tyr

Ile

Arg

Thr

545

Leu

Ser

Ala

Ser

Lys

625

val

Gly

Asn

WO 2005/118633

Gln

450

Tyr

Lys

Asp

Lys

Arg
530

Ile

Ser

Ser

val

Phe

610

Lys

Asp

Thr

Gln

Lys
Asn
Leu
Thr
Lys

515

Ala

Ser
Glu
Glu
Arg
595
Leu
Val
Cys

Thr

Leu
675

Glu

Glu

Asp

Ala

500

Gln

Gly

Glu

Ser

val

580

Leu

Phe

Ala

Ser

Ala

660

Gln

Ala

Glu

Glu

485

Thr

Ile

Ala

Thr

Glu

565

val

Ser

Leu

Gly

Glu

645

Gly

Tyr

Ser

Lys

470

Leu

Ala

Glu

Asn

Ala

550

Asn

Gly

Arg

Gly

Phe

630

Leu

Tyr

Lys

Leu

455

His

Glu

Ala

Lys

Ser
535

Ala

Glu

Gln

Ser

Leu

615

Leu

Ser

Val

Pro

Gln

Gly

Asn

Asp

Leu

520

Met

Arg

Lys

Met

Gly

600

Ser

Phe

Glu

Gly

TyTr
680

Glu

His

Lys

Leu

505

Glu

Ile

Leu

Leu

Asp
585

Leu

Gly

Asn

Lys

Tyr

665

Ser

72/85

Glu

Glu

Ala

490

Arg

Asp

Gln

Thr

Ile

570

Ala

Ala

Ser

Asp

Tyr

650

Asp

val

Leu

Glu

475

Leu

Tyxr

Gln

Asn

Gly

555

His

Ile

Asn

Gly

Glu

635

Ala

Glu

Leu

Glu

460

Leu

Asp

Phe

val

val
540

Ile

Met

Lys

Pro

Lys

620

Asp

val

Gly

Leu

Pro

Thr

Ala

Ala

Ala

525

val

Pro

Glu

Ala

Arg

605

Thr

Met

Ser

Gly

Phe
685

Leu
Gln
Glu
Ile
510

Glu

Asp

val
Arg
val
590
Gln
Glu
Met
Lys
Phe

670

Asp

Arg
Ala
Arg
495
Pro

Glu

Ser

Lys
Asp
575
Ser
Pro
Leu
Ile
Leu
655

Leu

Glu

PCT/US2005/017870

Gln

Lys

480

Arg

Asp

Glu

Asp

Lys

560

Leu

Asn

Ala

Ala

Arg

640

Leu

Thr

val



Glu
Asp
705
Cys
Gln
Ala
Ile
Asp
785
His
Tyr
Gln
Ile
Arg
865
Pro

Asn

<21
<21

<212>

<21

<40

WO 2005/118633

Lys

690

Gly

Ile

Gln

Val

val

770

Ile

Tyxr

Gly

Asn

Lys

850

Asp

Asn

Glu

0>

Ala

Arg

val

Gly

Arg

755

Ile

Arg

Lys

Tyr

Glu

835

Asp

Glu

His

Asp

68

1> 3198

DNA

3> Homo

0>

68

His Pro

Ile Thr

Ile Met
725

Ser Lys
740

Gln His

Phe Asn

Leu Lys

Leu Asn

805

Ser Asp
820

Ile Leu

Lys Glu

Asn Val

Glu Ala

885

Ser Met
900

sapiens

Asp

Ser

710

Thr

Ile

Phe

Lys

Glu

790

Leu

Asp

Asn

Thr

Pro

870

Thr

Glu

val

695

Gly

Ser

Gln

Arg

Leu

775

Ile

Thr

Met

Lys

Val

855

Glu

Ile

Ile

Leu

Gln

Asn

Glu

Pro

760

Ser

Glu

Gln

Gly

Leu

840

Asn

Glu

Gly

Asp

Thr

Gly

Leu

Ser

745

Glu

Arg

Glu

Glu

Ala

825

Ala

val

Ala

Ala

Asp
905

73/85

Val

Lys

Gly

730

Thr

Phe

Lys

Arg

Ala

810

Arg

Leu

val

Glu

Asp

890

Asp

Met

Thr

715

Ala

Lys

Leu

Ala

Phe

795

Lys

Pro

Arg

Leu

Glu

875

Thr

Leu

Leu

700

Ile

Glu

Asn

Asn

Ile

780

Glu

Asp

Leu

Ile

Lys

860

Cys

Leu

Asp

Gln

Asp

Phe

Leu

Arg

765

His

Gln

Phe

Asn

Leu

845

Lys

Leu

Gly

Met
Cys
Ile
Val
750
Ile
Lys
Asn
Leu
Arg
830
Lys
Gly

Glu

Asp

Leu

Ser

Asn

735

Met

Ser

Ile

Asp

Ala

815

Leu

Asn

Lys

Val

Asp
895

PCT/US2005/017870

Asp

Asn

720

Ser

Gly

Ser

Val

Lys

800

Lys

Ile

Glu

Ser

Leu

880

Asp

ctgececactge cacctegegg atcaggagece agegttgttc geccgacgece tegetgecgg 60



WO 2005/118633

tgggaggaag
gaagagccga
cgccacagcec
atgacctatc
aagccatcaa
agttgttccg
tcgtecttte
ataaccttcg
acggcaaacg
tcttcgaggt
acatttttet
ctagccctta
aacgagagga
ggaagcagct
ttaaggcaat
gaaagaccct
atggtcctga
ttgaggaggc
ctcccaaaag
cccteatgga
ccaacagcat
gaattcctga
tggcagatga
actﬁagcagc
ttgacctaga
atgacttccg
aggtgccaca
aggagctggt
cttccaaggg
ccattgctaa
tgtggtttgg

ccecectgtgt

cgagagggaa
gcccocggeca
gccggeggga
aacagccatt
tgaggacaac
aggtgacaca
tgatgatact
tgtacgeccta
tatccatgtg
ataccttaag
tgtcegtggt
ttgcattgtt
tgaggaagag
agctcagatc
tggtgtgaag
gattgctcga
gatcatgagce
tgagaagaat
agagaaaact
tggcctaaag
tgacccagct
tgctacagga
tgtggacctg
cctgtgetca
ggatgagacc
gtgggecttg
ggtaacctgg
ccagtatcct
agttctgttc
tgaatgccag
ggagtctgag

gctattettt

gecegettggg
gtecggteget
gaggcgcgeg
ctcaaacaga
agtgtggtgt
gtgttgctga
tgttectgatg
ggggatgtca
ctgcccattg
ccgtacttcee
gggatgcgtg
gctccagaca
tccttgaatg
aaagagatgg
cctectagag
gctgtagcaa
aaattggctg
gctecectgeca
catggcgagg
cagagggcac
ctacggcgat
cgcttagaga

gaacaggtag

’gaggctgctc

attgatgccg
agccagagta
gaagacatcg
gtggagcacc
tatggacctc
gccaacttca
gccaatgtca

gatgagctgg

74/85

ctcttgtege
tgccaccgcet
ccatggcttc
agaaccgtcc
ccttgtececca
aaggaaagaa
agaagattcg
tcagcatcca
atgacacagt
tggaagcgta
ctgtggagtt

cagtgatcca

aagtagggta“

tggaactgcce
gaatcctgcet
atgagactgg
gtgagtctga
tcatcttcat
tggagcggeg
atgtgattgt
ttggtegett
ttcttecagat
ccaatgagac
tgcaagcecat
aggtcatgaa
acccatcagc
ggggcctaga
cagacaaatt
ctggetgtgg
tcteccatcaa
gagaaatctt

attcgattge

cgctgetcge
cgtagcegtt
tggagccgat
caatcggtta
gcccaagatg
gagacgagaa
gatgaataga
gcecatgecect
ggaaggcatt
tcgacccatc
caaagtggtg
ctgcgaaggg
tgatgacatt
cctgagacat
ttacggacct
agcéttcttc
gagcaacctt
tgatgagcta
cattgtatca
tatggcagca
tgacagggag
ccataccaag
tcacgggeat
ccgcaagaag
ctctectageca
actgcgggaa
ggatgtcaaa
cctgaagttt
gaaaactttg
gggtcctgag
tgacaaggcc

caaggctcgt

PCT/US2005/017870
ccaccgectg 120
acccgegggce 180
tcaaaaggtg 240
attgttgatg 300
gatgaattgc 360
gctgtttgea 420
gttgttcgga 480
gatgtgaagt 540
actggtaatc 600
cggaaaggag 660
gaaacagatc 720
gagcctatca 780
ggtggctgca -840
cctgeectet 900
cctggaacag 960
ttcttgatca 1020
cgtaaagccet 1080
gatgccatcg 1140
cagttgttga 1200
accaacagac 1260
gtagatattg 1320
aacatgaagc 1380
gtgggtgcetg 1440
atggatctca 1500
gttactatgg 1560
accgtggtag 1620
cgtgagctac 1680
ggcatgacac 1740
ttggccaaag 1800
ctgctcacca 1860
cgccaagctg 1920
ggaggtaaca 1980



WO 2005/118633

ttggagatgg
gcatgtccac
atcctgcecat
agaagtcccg
tggacttgga
tttgccagcg
aacgagagag
agatccgtcg
atgacattcg
gcttcagatt
gcacaggtgg
tggccagegt
ccaggagagd
gctacagtct
aataaaagcg
gggcctatgce
ccaaggcact
gceccteectt
tatatagaga
acaagcagtt
aatggaaaaa
<210>
<211>

<212>
<213>

69
806
PRT

<400> 69

tggtggggct

aaaaaaaaat
cctcagacct
tgttgccatc
gttcectgget
tgcttgecaag
gcagacaaac
agatcacttt
gaagtatgag
ccettecaggg
cagtgtatac
gcagtgagct
gaccaggggt
gactctggac
attttcattt
catttetgtt
actgccacct

cccectatcece

gtaggttgat

‘tctaaaccaa

aaaaaaaa

Homo sapiens

gctgaccgag
gtgttcatca
ggccgtcettg
ctcaaggcta
aaaatgacta
ctggccatce
ccatcagcca
gaagaagcca
atgtttgcce
aaccagggtg
acagaagaca
ggcctgectg
gcgcccacag
agggggttte
ggtaggcgga
gtagtttggg
gccacagtaa
aacctgggta
ttattttaca

aaaatgacat

75/85

tcatcaacca
ttggcgctac
atcagctcat
acctgecgcaa
atggcttctc
gtgaatccat
tggaggtaga
tgcgetttge
agacccttca
gagctggccc
atgatgatga
gaccttgtte
cctgctceccat
tgttgcaaaa
gagtgaatta
gcagtgcagg
agcatectgca
ggtgggtagg
tgettttgag

.gttgtaaaag

gatcctgaca
caaccggcct
ctacatccca
gtccccagtt
tggagctgac
cgagagtgag
agaggatgat
gcgecgttet
gecagagtcgg
cagtcagggc

ectgtatggce

cctgggggtyg”

tctccagtet

-atacaaaaca

ccaacaggga
ggacctgtgt
cttgactcaa
ggccacagtt
ttaatgttgg

gacaataaac

Met Ala Ser Gly Ala Asp Ser Lys Gly Asp Asp Leu Ser Thr Ala Ile

1

5

10

15

Leu Lys Gln Lys Asn Arg Pro Asn Arg Leu Ile val Asp Glu Ala Ile

20

25

30

Asn Glu Asp Asn Ser Val Val Ser Leu Ser Gln Pro Lys Met Asp Glu

35

40

45

PCT/US2005/017870
gaaatggatg 2040
gacatcattg 2100
cttectgatg 2160
gccaaggatg 2220
ctgacagaga 2280
attaggcgag 2340
ccagtgectg 2400
gtcagtgaca 2460
.ggctttggca 2520
agtggaggcg 2580
taagtggtgg 2640
gggcgettge 2700
gaacagttca 2760
aaagcgataa 2820
attgggccett 2880
ggggtgtgaa 2940
tgctgeecega 3000
gctggatgtt 3060
aaaactaatc 3120
gttgggtcaa 3180

3198



Leu
Arg
65

Lys
Gly
Arg
Asn
Pro
145
Val
Ala
Asp
Cys
Arg
225
Ile
Ala

Glu

Ala

WO 2005/118633

Gln
50

Glu
Ile
Asp
Ile
Leu
130
Ile
Glu
Pro
Glu
Arg
210
His
Leu
val

Ile

Phe
290

Leu

Ala

Arg

val

His

115

Phe

Arg

Phe

Asp

Glu

195

Lys

Pro.

Leu

Ala

Met

275

Glu

Phe

val

Met

Ile

100

Val

Glu

Lys

Lys

Thr

180

Glu

Gln

Ala

TyTr

Asn

260

Ser

Glu

Arg

Cys

Asn

85

Ser

Leu

vVal

Gly

val

165

val

Ser

Leu

Leu

Gly

245

Glu

Lys

Ala

Gly

Ile

70

Arg

Ile

Pro

Tyr

Asp

150

val

Ile

Leu

Ala

Phe

230

Pro

Thr

Leu

Glu

Asp

55

val

val

Gln

Ile

Leu

135

Ile

Glu

His

Asn

Gln:

215

Lys

Pro

Gly

Ala

Lys
295

Thr

Leu

Val

Pro

Asp

120

Lys

Phe

Thr

Cys

Glu

200

Ile

Ala

Gly

Ala

Gly

280

Asn

Val
Ser
Arg
Cys
105
Asp
Pro
Leu
Asp
Glu
185
val
Lys
Ile
Thr
Phe
265

Glu

Ala

76/85

Leu

Asp

Asn

S0

Pro

Thr

Tyr

Val

Pro

170

Gly

Gly

Glu

Gly

Gly

250

Phe

Ser

Pro

Leu

Asp

75

Asn

Asp

val

Phe

Arg

155

Ser

Glu

Tyr

Met

Val

235

Lys

Phe

Glu

Ala

Lys

60

Thr

Leu

val

Glu

Leu

140

Gly

Pro

Pro

Asp

val

220

Lys

Thr

Leu

Ser

Ile
300

Gly

Cys

Arg

Lys

Gly

125

Glu

Gly

Tyr

Ile

Asp

205

Glu

Pro

Leu

Ile

Asn

285

Ile

Lys

Ser

val

Tyr

110

Ile

Ala

Met

Cys

Lys

190

Ile

Leu

Pro

Ile

Asn

270

Leu

Phe

Lys

Asp

Arg

95

Gly

Thr

Tyr

Arg

Ile

175

Arg

Gly

Pro

Arg

Ala

255

Gly

Arg

Ile

PCT/US2005/017870

Axg
Glu
80

Leu
Lys
Gly
Arg
Ala
160
val
Glu
Gly
Leu
Gly
240
Arg
Pro

Lys

Asp



Glu

305

Glu

Gln

Ile

Ile

Thr

385

Asn

Glu

Glu

Met

Arg

465

Gly

Val

Gly

Lys

Pro
545

WO 2005/118633

Leu

Arg

Arg

Asp

Gly

370

Lys

Glu

Ala

Asp

Asp

450

Glu

Leu

Glu

val

Ala

530

Glu

Asp

Arg

Ala

Pro

355

Ile

Asn

Thr

Ala

Glu

435

Asp

Thr

Glu

His

Leu

515

Ile

Leu

Ala

Ile

His

340

Ala

Pro

Met

His

Leu

420

Thr

Phe

val

Asp

Pro

500

Phe

Ala

Leu

Ile

vVal

325

vVal

Leu

Asp

Lys

Gly

405

Gln

Ile

Arg

val

Val

485

Asp

Tyr

Asn

Thr

Ala

310

Ser

Ile

Arg

Ala

Leu

390

His

Ala

Asp

Trp

Glu

470

Lys

Lys

Gly

Glu

Met
550

Pro Lys
Gln Leu
Val Met

Arg Phe
360

Thr Gly
375

Ala Asp
val Gly
Ile Arg

Ala Glu
440

Ala Leu
455

Val Pro
Arg Glu
Phe Leu

Pro Pro
520

Cys Gln
535

Trp Phe

Arg

Leu

Ala

345

Gly

Arg

Asp

Ala

Lys

425

val

Ser

Gln

Leu

Lys

505

Gly

Ala

Gly

77/85

Glu

Thr

330

Ala

Arg

Leu

Val

Asp

410

Lys

Met

Gln

Val

Gln

490

Phe

Cys

Asn

Glu

Lys

315

Leu

Thr

Phe

Glu

Asp

395

Leu

Met

Asn

Ser

Thr

475

Glu

Gly

Gly

Phe

Ser
555

Thr

Met

Asn

Asp

Ile

380

Leu

Ala

Asp

Ser

Asn

460

Trp

Leu

Met

Lys

Ile

540

Glu

His

Asp

Arg

Arg

365

Leu

Glu

Ala

Leu-

Leu

445

Pro

Glu

Val

Thr

Thr

525

Ser

Ala

Gly

Gly

Pro

350

Glu

Gln

Gln

Leu

Ile

430

Ala

Ser

Asp

Gln

Pro

510

Leu

Ile

Asn

Glu

Leu

335

Asn

val

Ile

Val

Cys

415

Asp

Val

Ala

Ile

Tyr

495

Ser

Leu

Lys

val

PCT/US2005/017870

val

320

Lys

Ser

Asp

His

Ala

400

Ser

Leu

Thr

Leu

Gly

480

Pro

Lys

Ala

Gly

Arg
560



Glu
Asp
Gly
Asp
Arg
625
Gln
Leu
Glu
Glu
Ser
705
Glu
Glu
Arg
Gly
Gln

785

Asp

WO 2005/118633

Ile
Glu
Gly
Gly
610
Pro
Leu
Lys
Phe
Ile
690
Glu
val
Glu
Lys
Ser
770

Gly

Asp

Phe

Leu

Gly

595

Met

Asp

Ile

Ala

Leu

675

Cys

Ile

Glu

Ala

Tyr

755

Phe

Ser

Asp

Asp

Asp

580

Ala

Ser

Ile

Tyr

Asn

660

Ala

Gln

Arg

Glu

Met

740

Glu

Arg

Gly

Leu

Lys

565

Ser

Ala

Thr

Ile

Ile

645

Leu

Lys

Arg

Arg

Asp

725

Arg

Met

Phe

Gly

Tyxr
805

Ala

Ile

Asp

Lys

Asp

630

Pro

Arg

Met

Ala

Glu

710

Asp

Phe

Phe

Pro

Gly

790

Gly

Arg
Ala
Arg
Lys
615
Pro
Leu
Lys
Thr
Cys
695
Arg
Pro
Ala
Ala
Ser

775

Thr

Gln

Lys

val

600

Asn

Ala

Pro

Ser

Asn

680

Lys

Glu

val

Arg

Gln

760

Gly

Gly

Ala

Ala

585

Ile

val

Ile

Asp

Pro

665

Gly

Leu

Arg

Pro

Arg

745

Thr

Asn

Gly

78/85

Ala

570

Arg

Asn

Phe

Leu

Glu

650

val

Phe

Ala

Gln

Glu

730

Ser

Leu

Gln

Ser

Pro

Gly

Gln

Ile

Arg

635

Lys

Ala

Ser

Ile

Cys

Gly

Ile

Ile

620

Pro

Ser

Lys

Gly

Arg

700

Thr

715

Ile

val

Gln

Gly

val
795

Asn

Arg

Ser

Gln

Gly

780

Tyx

val

Asn

Leu

605

Gly

Gly

Arg

Asp

Ala

685

Glu

Pro

Arg

Asp

Ser

765

Ala

Thr

Leu

Ile

590

Thr

Ala

Arg

val

val

670

Asp

Ser

Ser

Asp

Asn

750

Arg

Gly

Glu

Phe

575

Gly

Glu

Thr

Leu

Ala

655

Asp

Leu

Ile

Ala

His

735

Asp

Gly

Pro

Asp

PCT/US2005/017870

Phe
Asp
Met
Asn
Asp
640
Ile
Leu
Thr
Glu
Met
720
Phe
Ile
Phe

Ser

Asn
800



WO 2005/118633

<210>
<211l>
<212>
<213>

70
1442
DNA

<400> 70
gtcggegega

tgggcctgcet
tggcectgge
agtgctgegg
acctctttgg
acaacccaaa
aaaatttegt
atgtccacct
aggatcagtt
tatttgatga
actattatga
atgctggagc
gggaagacat
agaacagtgg
ccttectece
gaggctatga
céaaagagga
attactacga
gaaacaacac
cagtgaatgt
tgeectgcagg
aggaaggagc
tttaattcca
actttattta
aa

<210>
<211>

<212>
<213>

71
332
PRT
Homo

<400> 71

Homo sapiens

gaacaagcag
gctgetggceg
cggegtecte
gcagaagcgyg
acagcatctt
gcccaagaaa
cagcaagatc
gtttgtggcc
acagttgtgg
aatggataag
cctggtggat
agaaaggatc
caagctcaaa
cttctggcac
cctggaatac
aattgatgaa
gagagtttte
tgattgacag
tcagtcctte
tcctgtttga
ccacccaggg
cagctcccag
agtgtttctg

aaatgatttt

sapiens

ggtggcgcgg
cegteegtgg
accggctaca
agccttagec
gcaaagaaaa
ccteteacge
atcgcagaga
acattgcact
attcgaggca
atgcatgcag
ggggtctect
acagatgtgg
gacattgaac
agcagcttaa
aaacacctaa
gacattgtaa
tcagataaag
tcatgattgg
cacacttcca
tgtgacagga
accacgggcg
ccecactcatc
tttcaaggaa

taacattatg

79/85

gtccgggcat
tgcaggcggt
tctacccgeg
gggaggcact
tcatcttaaa
tctecctgea
atatttacga
ttccacatgc
acgtgagtgce
gcctcataga
accagaaagc
ctttggattt
acgcgttgte
ttcaccggaa
aaatgtgtat
gcagagtggd
gctgcaaaac
cagccggagt
cccecagete
attcteccectg
aggacgtgaa
gcagggctca
ggatgaataa

agagactgcet

gaagctgggc
ggagcccatc
tctctactge
gcagaaggat
tgccgtgttt
cgggtggaca
gggtggtctg
ttcaaacatc
ctgtgcgagg
tgcecatcaag
catgttcata
ctggaggagt
tgtgtcggtt
cctecattgat
ccgagtggaa
tgaggagatg
ggtgttcacc
cactgcctgg
ctttecctgg
gcattgtttc
gcctececcgaa
tgatttttta
gttttattga

Ccagaaaaaaa

PCT/US2005/017870
cgggeegtge 60
agcctgggac 120
ctcttegeeg 180
ctggacgaca 240
ggtttcataa 300
ggcaccggcea 360
aacagtgact 420
accttgtaca 480
tccatcttca 540
cctttecteg 600 .,
tttctcagca 660
ggaaagcaga ~720
ttcaataaca 780
tattttgttc 840
atgcagtccc 900
acatttttece 960
aagttagatt 1020
agttggaaaa 1080
aagaggaatc 1140
cacccecetgg 1200
gacgcacaga 1260
caaattatgt 1320
aaatgtggta 1380
aaaaaaaaaa 1440

1442



Met

val

val

Cys

Leu

65

Asn

Thr

Lys

Val

Thr.

145

Ala

Ala

val

Ala

Gly

225

Ser

WO 2005/118633

Lys

val

Leu

Cys

50

Asp

Ala

Leu

Ile

His

130

Leu

Cys

Gly

Asp

Gly

210

Lys

val

Leu

Gln

Thr

35

Gly

Asp

Val

Ser

Ile

115

Leu

Tyr

Ala

Leu

Gly

195

Ala

Gln

Ser

Gly

Ala

20

Gly

Gln

Asn

Phe

Leu

100

Ala

Phe

Lys

Arg

Ile

180

val

Glu

Arg

Val

Arg

val

Tyr

Lys

Leu

Gly

85

His

Glu

Val

Asp

Ser

165

Asp

Ser

Arg

Glu

Phe
245

Ala

Glu

Ile

Arg

Phe

70

Phe

Gly

Asn

Ala

Gln

150

Ile

Ala

Tyr

Ile

Asp

230

Asn

vVal

Pro

TyTr

Ser

55

Gly

Ile

Trp

Ile

Thr

135

Leu

Phe

Ile

Gln

Thr

215

Ile

Asn

Leu

Ile

Pro

40

Leu

Gln

Asn

Thr

Tyr

120

Leu

Gln

Ile

Lys

Lys

200

Asp

Lys

Lys

Gly

Sexr

25

Arg

Ser

His

Asn

Gly

80/85

Leu

10

Leu

Leu

Arg

Leu

Pro
20

Thr

105

Glu

His

Leu

Phe

Pro

185

Ala

val

Leu

Asn

Gly

Phe

Trp

Asp

170

Phe

Met

Ala

Lys

Ser
250

Leu

Gly

TyY

Glu

Ala

75

Lys

Gly

Gly

Pro

Ile

155

Glu

Leu

Phe

Leu

Asp

235

Gly

Leu

Leu

Cys

Ala

60

Lys

Pro

Lys

Leu

His

140

Arg

Met

Asp

Ile

ASp

220

Ile

Phe

Leu

Ala

Leu

45

Leu

Lys

Lys

Asn

Asn

125

Ala

Gly

Asp

Tyr

Phe

205

Phe

Glu

Trp

Ala

Leu

30

Phe

Gln

Ile

Lys

Phe

110

Sexr

Ser

Asn

Lys

Tyx

190

Leu

Trp

His

His

Pro

15

Ala

Ala

Lys

Ile

Pro

95

val

Asp

Asn

val

Met

175

Asp

Ser

Arg

Ala

Ser
255

PCT/US2005/017870

sSer

Gly

Glu

Asp

Leu

80

Leu

Ser Hi,

TYY

Ile

Ser

160

His

Leu

Asn

Ser

Leu

240

Ser



WO 2005/118633

Leu Ile Hisg

Glu Tyr Lys

275

Gly Tyr

290

Thr
305

Phe Phe

Thr Val Phe

<210>
<211>
<212>
<213>

72
2277
DNA

<400> 72

ttatgcggat
ggtttcaatg
taattcatta
gttgttcaat
caagatatcc
acggtcttgt
gaéﬁcttgga
gtttagtgga
ttctgacatg
taaagcaatt
agatactaac
caatattgag
atcttcttca
tcttgttact
gttgacggtt
accagagaag
attattttcc
gggtaaatga

taaatcttta

Glu

Arg Asn

260

His Leu

Ile

Asp

Pro Lys

Leu

Lys

Glu

Glu

Ile Asp

Tyr

81/85

Phe Val

265

Met Cys

280

Asp Ile

295

Glu Arg

310

Thr Lys

325

tgggtcatca
ttggtcaagg
ataactttaa
tcatctaaat
atttgttgaa
gggggtttac
ccaattggta
gatttatacg
cctgacaact
téagcggcta
ctggatttat
ttaactecgtt
ctaatcccaa
ttaagttttg
ttgttgattg
ttttttgtta
ctcattttcet
atttcaactt

cgattggtca

Leu

Asp Tyr

Saccharomyces cerevisiae

actcaacaag
tctttttaat
ctctaccagc
tggtcatatt
gtaccgaata

gcttcaatgc

cccaatcaac-

catctctgaa
cgttgggaga
aagctgtttt
cactctcgeg
cggaataaag
aagcgggagt
ctatatcttt
caaaagaact
acgcagctaa
tcgtctgaat
ggacttcaaa

taccaataac

Ile

val

val

Tyr

Arg Val

Ser Arg

Phe Ser

315

Tyr
330

Asp

ctcgttcacg
accgacattg
atcgtcaaga
tggaactgct
agctgatgta
aacctttage
tagagtctct
agtgttatca
aattaacctg
accggaccct
aacttggcgg
catcattcca
aacatcgttg
agtgttaagt
tgecactctte
ctcagctaag
gtcgaaaatt
tctacctgga

caaaatatta

Pro
270

Glu
285

Val
300

Asp

Asp

ggatcttecat-
aagttaggac
aagtttgatt
atctcattgt
gtagtcatga
atttgtaaaa
aacgaatcaa
atataggcaa
atgaatggga
gcagggcegt
acgtaacggg
ccttcecacac
agtgcattta
tttgtggcac
actaaaccct
ttaacatcgt
tggagtcttc
cgcaaaagag

ttcaattgat

PCT/US2005/017870

Phe Leu Pro Leu

Met Gln Ser Arg

Ala Glu Glu Met

Lys Gly Cys Lys

320

cgtgccttge
agctccttga
ctatcatgac
cgaagcaact
tcaataaacg
tgttattaga
taacaagaat
tttttgeget

atccagattt

‘ggattaatag

ctcecgttett
atgttttcecaa
aaaagtcttc
ctttececgat
caatctcagc
cgctcatcat
cttttteatc
cactgtctat

caacaccatc

60
1290
180
240
300 .
360
420
-480
540
600
660
720
780
840
900
960
1020
1080

1140



WO 2005/118633

cattttagct
acctctctge
ctcacccttg
tgaagaacca
attcagcatt
caatagcaaa
tcgacttgca
caaatcttca
tgatgatttc
tgtcaaaatt
caaatcgatt
gataaggtac
taactcatct

tatatctatt

tgcttgecacg:

aatggttcce
aataatataa
ataggagtta
catatctggt
<210>
<211>

<212>
<213>

73
758
PRT

<400> 73

Met Phe Lys Ile Pro Gly Phe

1

Pro Asp Met Thr Asn Met Asp

Asn Cys Pro Asn Asn Ser Tyr

35

Pro Asn Asp Phe Pro Asn Asn

50

aacaattgat
ttgaaaacag
gccctatatt
acgtacttac
gtaccaatct
cctttaacat
aacgctcttc
aacttgaaat
aaattaacta
ccctttgtet
gcttggacat
tgggtgggag
tgatcgaata
Qaaccaagat
tcttgattta
ggtggaatgt
.atgttattag
-tttggacagt

.ggagtatgat

5

20

taactacatt
aatccagctc
ctgcttetge
tcaaaatttc
ttcttgcaat
gagaaatacc
tgaaaatttt
ccggtcectgat
aaccatctct
ctatcccagt
ttctaatttt
aaaatatttg
ccgtgettac
acgattgctt
gggaccaacc
cgttggagtg
ggaaatcatt
ttgacacctt

ttgcagcagc

Saccharomyces cerevisiae

40

55

82/85

gtccectaca
atcgaaaata
atccttaaat
tggaccattg
taaggtctta
cagtttttet
agtaaactct
cacagcattt
tcectttgaaa
tgcaacagcg
taagtcaaag
agattcgtag
cgccttacct
accggaatac
accccaggta
tctagttgtyg
tggtgagaca
taaatggcgt

ttttccaaaa

Gly Lys Ala Ala

10

Thr Arg Thr Arg
25

Ala Leu Ala Asn

Ile Tyr Ile Ile

ccggtaccat
ataatatgta
aaattacgaa
acgattttgg
ccagtacctg
ataactgaag
ttatccaaac
gatettggte
aaattaattt
gaggttggtt
aaatggcctt
caacgaacaa
ctagectctga
ttgaataaat
cgctggttac
aaaacaaata
gcagctacgt
gtacgggtat

ccaggtatcet

PCT/US2005/017870
cacctcttga 1200
aggaagattc 1260
tgttttcttc 1320
gctetttgge 1380
gaggaccgta 1440
gaggaaagat 1500
caccgacacc 1560
ttaatgaatt 1620
gtgtttgttt 1680
caatatcacc 1740
ggaactccat 1800
attgtttggc 1860
atgagatatc 1920..,
caaatgcttt 1980
cgttaaatcc 2040
aattatcgat 2100
ttgcgagtgce 2160
ccatgtttgt 2220
tgaacat 2277

Ala Asn His Thr Pro

15

His Leu Lys Val Ser

30

vVal Ala Ala Val Ser

45

Ile Asp Asn Leu Phe

60



val

65

Phe

val

Tyr

Ala

Arg
145

Glu-

Ile
Glu
Gly
Arg
.’%25
val
Ala
His
Leu

Ile
305

WO 2005/118633

Phe

Asn

Gln

Leu

val

130

Cys

Phe

Asp

Thr

Arg

210

Ser

Gly

Ser

val

Ile

290

Val

Thr

Gly

Ala

Gly

115

Ser

Tyr

Gln

Leu

Lys

195

Asp

Asn

Gly

Arg

Lys

275

Ala

Asn

Thr

Asn

Lys

100

Ser

Thr

Glu

Gly

Gly

180

Gly

Gly

Ala

Leu

Ile

260

Gly

Arg

Gly

Arg

Gln

85

Ala

Ile

val

Ser

His

165

Asp

Ile

Leu

Val

Asp

245

Phe

Leu

Lys

Pro

His

70

Arg

Phe

Asp

Phe

Gln

150

Phe

Ile

Leu

Vval

Ile

230

Lys

Pro

Leu

Ile

Glu
310

Ser

Thr

Asp

Ile

Asp

135

Ile

Phe

Glu

Thr

Asn

215

Arg

Glu

Pro

Leu

Gly

295

Ile

Asn

Trp

Leu

Asp

120

Gln

Phe

Asp

Pro

Lys

200

Leu

Pro

Phe

Ser

Tyx

280

Thr

Leu

Asp

Gly

Phe

105

Ile

Asp

Ser

Leu

Thr

185

Gln

Lys

Asp

Thr

val

265

Gly

Met

Ser

83/85

Ile

Gly

90

Lys

Ser

Glu

Pro

Lys

170

Ser
Thr
Ser
Phe
Lys
250
Ile
Pro

Leu

Lys

Pro

75

Trp

TyY

Phe

Leu

Thr

155

Ile

Ala

Gln

Ser

Lys

235

Ile

Glu

Pro

Asn

Tyr
315

Pro

Ser

Ser

Arg

Ala

140

Gln

Arg

val

Ile

Asn

220

Phe

Phe

Lys

Gly

Ala

300

val

Gly

Leu

Gly

Ala

125

Lys

Tyr

Asn

Ala

Asn

205

Ser

Glu

Arg

Leu

Thr

285

Lys

Gly

Thr

Asn

Lys

110

Arg

Gln

Leu

Val

Thr

190

Phe

Leu

Asp

Axrg

Gly

270

Gly

Glu

Ser

Ile

Gln

95

Gln

Gly

Phe

Ile

Gln

175

Gly

Phe

Arg

Leu

Ala

255

Ile

Lys

Pro

Ser

PCT/US2005/017870

Gly

Asp

Ser

Lys

Val

Met

160

Ala v

Ile

Lys

Pro

Gly

240

Phe

Sexr

Thr

Lys

Glu
320



Glu

Lys

Ser

Asp

Leu

385

Asp

His

Lys

Glu

Leu

465

Gly

val

Phe

Met

TyY

545

Leu

WO 2005/118633

Asn

Gly

vVal

Asn

370

Asn

Ser

Leu

Lys

Leu

450

Val

Lys

Thr
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