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ABSTRACT 

Disclosed herein are proteins that include a ?bronectin type 
III domain having at least one randomized loop. Also 
disclosed herein are nucleic acids encoding such proteins 
and the use of such proteins in diagnostic methods and in 
methods for evolving novel compound-binding species and 
their ligands. 
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Fig. 1 
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Fig. 3 
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PROTEIN SCAFFOLDS FOR ANTIBODY MIMICS 
AND OTHER BINDING PROTEINS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of the ?ling date 
of provisional application, U.S. Ser. No. 60/111,737, ?led 
Dec. 10, 1998, and utility application, U.S. Ser. No. 09/456, 
693, ?led Dec. 9, 1999. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates to protein scaffolds useful, 
for eXample, for the generation of products having novel 
binding characteristics. 

[0003] Proteins having relatively de?ned three-dimen 
sional structures, commonly referred to as protein scaffolds, 
may be used as reagents for the design of engineered 
products. These scaffolds typically contain one or more 
regions Which are amenable to speci?c or random sequence 
variation, and such sequence randomiZation is often carried 
out to produce libraries of proteins from Which desired 
products may be selected. One particular area in Which such 
scaffolds are useful is the ?eld of antibody design. 

[0004] A number of previous approaches to the manipu 
lation of the mammalian immune system to obtain reagents 
or drugs have been attempted. These have included injecting 
animals With antigens of interest to obtain mixtures of 
polyclonal antibodies reactive against speci?c antigens, pro 
duction of monoclonal antibodies in hybridoma cell culture 
(Koehler and Milstein, Nature 2561495, 1975), modi?cation 
of eXisting monoclonal antibodies to obtain neW or opti 
miZed recognition properties, creation of novel antibody 
fragments With desirable binding characteristics, and ran 
domiZation of single chain antibodies (created by connecting 
the variable regions of the heavy and light chains of antibody 
molecules With a ?exible peptide linker) folloWed by selec 
tion for antigen binding by phage display (Clackson et al., 
Nature 3521624, 1991). 

[0005] In addition, several non-immunoglobulin protein 
scaffolds have been proposed for obtaining proteins With 
novel binding properties. For eXample, a “minibody” scaf 
fold, Which is related to the immunoglobulin fold, has been 
designed by deleting three beta strands from a heavy chain 
variable domain of a monoclonal antibody (Tramontano et 
al., J. Mol. Recognit. 7:9, 1994). This protein includes 61 
residues and can be used to present tWo hypervariable loops. 
These tWo loops have been randomiZed and products 
selected for antigen binding, but thus far the frameWork 
appears to have someWhat limited utility due to solubility 
problems. Another frameWork used to display loops has 
been tendamistat, a 74 residue, siX-strand beta sheet sand 
Wich held together by tWo disul?de bonds (McConnell and 
Hoess, J. Mol. Biol. 2501460, 1995). This scaffold includes 
three loops, but, to date, only tWo of these loops have been 
eXamined for randomiZation potential. 

[0006] Other proteins have been tested as frameworks and 
have been used to display randomiZed residues on alpha 
helical surfaces (Nord et al., Nat. Biotechnol. 151772, 1997; 
Nord et al., Protein Eng. 81601, 1995), loops betWeen alpha 
helices in alpha heliX bundles (Ku and SchultZ, Proc. Natl. 
Acad. Sci. USA 9216552, 1995), and loops constrained by 

Nov. 17, 2005 

disul?de bridges, such as those of the small protease inhibi 
tors (Markland et al., Biochemistry 3518045, 1996; Mark 
land et al., Biochemistry 3518058, 1996; Rottgen and Col 
lins, Gene 1641243, 1995; Wang et al., J. Biol. Chem. 
270112250, 1995). 

SUMMARY OF THE INVENTION 

[0007] The present invention provides a neW family of 
proteins capable of evolving to bind any compound of 
interest. These proteins, Which make use of a ?bronectin or 
?bronectin-like scaffold, function in a manner characteristic 
of natural or engineered antibodies (that is, polyclonal, 
monoclonal, or single-chain antibodies) and, in addition, 
possess structural advantages. Speci?cally, the structure of 
these antibody mimics has been designed for optimal fold 
ing, stability, and solubility, even under conditions Which 
normally lead to the loss of structure and function in 
antibodies. 

[0008] These antibody mimics may be utiliZed for the 
purpose of designing proteins Which are capable of binding 
to virtually any compound (for eXample, any protein) of 
interest. In particular, the ?bronectin-based molecules 
described herein may be used as scaffolds Which are sub 
jected to directed evolution designed to randomiZe one or 
more of the three ?bronectin loops Which are analogous to 
the complementarity-determining regions (CDRs) of an 
antibody variable region. Such a directed evolution 
approach results in the production of antibody-like mol 
ecules With high af?nities for antigens of interest. In addi 
tion, the scaffolds described herein may be used to display 
de?ned eXposed loops (for eXample, loops previously ran 
domiZed and selected on the basis of antigen binding) in 
order to direct the evolution of molecules that bind to such 
introduced loops. Aselection of this type may be carried out 
to identify recognition molecules for any individual CDR 
like loop or, alternatively, for the recognition of tWo or all 
three CDR-like loops combined into a non-linear epitope. 

[0009] Accordingly, the present invention features a pro 
tein that includes a ?bronectin type III domain having at 
least one randomiZed loop, the protein being characteriZed 
by its ability to bind to a compound that is not bound by the 
corresponding naturally-occurring ?bronectin. 

[0010] In preferred embodiments, the ?bronectin type III 
domain is a mammalian (for eXample, a human) ?bronectin 
type III domain; and the protein includes the tenth module 
of the ?bronectin type III (1OFn3) domain. In such proteins, 
compound binding is preferably mediated by either one, 
tWo, or three 10Fn3 loops. In other preferred embodiments, 
the second loop of 1OFn3 may be eXtended in length relative 
to the naturally-occurring module, or the 1OFn3 may lack an 
integrin-binding motif. In these molecules, the integrin 
binding motif may be replaced by an amino acid sequence 
in Which a basic amino acid-neutral amino acid-acidic amino 
acid sequence (in the N-terminal to C-terminal direction) 
replaces the integrin-binding motif; one preferred sequence 
is serine-glycine-glutamate. In another preferred embodi 
ment, the ?bronectin type III domain-containing proteins of 
the invention lack disul?de bonds. 

[0011] Any of the ?bronectin type III domain-containing 
proteins described herein may be formulated as part of a 
fusion protein (for eXample, a fusion protein Which further 
includes an immunoglobulin FC domain, a complement pro 
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tein, a toxin protein, or an albumin protein). In addition, any 
of the ?bronectin type III domain proteins may be covalently 
bound to a nucleic acid (for example, an RNA), and the 
nucleic acid may encode the protein. Moreover, the protein 
may be a multimer, or, particularly if it lacks an integrin 
binding motif, it may be formulated in a physiologically 
acceptable carrier. 

[0012] The present invention also features proteins that 
include a ?bronectin type III domain having at least one 
mutation in a [3-sheet sequence Which changes the scaffold 
structure. Again, these proteins are characteriZed by their 
ability to bind to compounds that are not bound by the 
corresponding naturally-occurring ?bronectin. 

[0013] In addition, any of the ?bronectin scaffolds of the 
invention may be immobiliZed on a solid support (for 
example, a bead or chip), and these scaffolds may be 
arranged in any con?guration on the solid support, including 
an array. 

[0014] In a related aspect, the invention further features 
nucleic acids encoding any of the proteins of the invention. 
In preferred embodiments, the nucleic acid is DNA or RNA. 

[0015] In another related aspect, the invention also fea 
tures a method for generating a protein Which includes a 
?bronectin type III domain and Which is pharmaceutically 
acceptable to a mammal, involving removing the integrin 
binding domain of said ?bronectin type III domain. This 
method may be applied to any of the ?bronectin type III 
domain-containing proteins described above and is particu 
larly useful for generating proteins for human therapeutic 
applications. The invention also features such ?bronectin 
type III domain-containing proteins Which lack integrin 
binding domains. 

[0016] In yet other related aspects, the invention features 
screening methods Which may be used to obtain or evolve 
randomiZed ?bronectin type III proteins capable of binding 
to compounds of interest, or to obtain or evolve compounds 
(for example, proteins) capable of binding to a particular 
protein containing a randomiZed ?bronectin type III motif. 
In addition, the invention features screening procedures 
Which combine these tWo methods, in any order, to obtain 
either compounds or proteins of interest. 

[0017] In particular, the ?rst screening method, useful for 
the isolation or identi?cation of randomiZed proteins of 
interest, involves: (a) contacting the compound With a can 
didate protein, the candidate protein including a ?bronectin 
type III domain having at least one randomiZed loop, the 
contacting being carried out under conditions that alloW 
compound-protein complex formation; and (b) obtaining, 
from the complex, the protein Which binds to the compound. 

[0018] The second screening method, for isolating or 
identifying a compound Which binds to a protein having a 
randomiZed ?bronectin type III domain, involves: (a) con 
tacting the protein With a candidate compound, the contact 
ing being carried out under conditions that alloW compound 
protein complex formation; and (b) obtaining, from the 
complex, the compound Which binds to the protein. 

[0019] In preferred embodiments, the methods further 
involve either randomiZing at least one loop of the ?bronec 
tin type III domain of the protein obtained in step (b) and 
repeating steps (a) and (b) using the further randomiZed 
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protein, or modifying the compound obtained in step (b) and 
repeating steps (a) and (b) using the further modi?ed com 
pound. In addition, the compound is preferably a protein, 
and the ?bronectin type III domain is preferably a mamma 
lian (for example, a human) ?bronectin type III domain. In 
other preferred embodiments, the protein includes the tenth 
module of the ?bronectin type III domain (1OFn3), and 
binding is mediated by one, tWo, or three 10Fn3 loops. In 
addition, the second loop of 1OFn3 may be extended in 
length relative to the naturally-occurring module, or 1OFn3 
may lack an integrin-binding motif. Again, as described 
above, the integrin-binding motif may be replaced by an 
amino acid sequence in Which a basic amino acid-neutral 
amino acid-acidic amino acid sequence (in the N-terminal to 
C-terminal direction) replaces the integrin-binding motif; 
one preferred sequence is serine-glycine-glutamate. 

[0020] The selection methods described herein may be 
carried out using any ?bronectin type III domain-containing 
protein. For example, the ?bronectin type III domain-con 
taining protein may lack disul?de bonds, or may be formu 
lated as part of a fusion protein (for example, a fusion 
protein Which further includes an immunoglobulin FC 
domain, a complement protein, a toxin protein, or an albu 
min protein). In addition, selections may be carried out using 
the ?bronectin type III domain proteins covalently bound to 
nucleic acids (for example, RNAs or any nucleic acid Which 
encodes the protein). Moreover, the selections may be 
carried out using ?bronectin domain-containing protein 
multimers. 

[0021] Preferably, the selections involve the immobiliZa 
tion of the binding target on a solid support. Preferred solid 
supports include columns (for example, affinity columns, 
such as agarose columns) or microchips. 

[0022] In addition, the invention features diagnostic meth 
ods Which employ the ?bronectin scaffold proteins of the 
invention. Such diagnostic methods may be carried out on a 
sample (for example, a biological sample) to detect one 
analyte or to simultaneously detect many different analytes 
in the sample. The method may employ any of the scaffold 
molecules described herein. Preferably, the method involves 
(a) contacting the sample With a protein Which binds to the 
compound analyte and Which includes a ?bronectin type III 
domain having at least one randomiZed loop, the contacting 
being carried out under conditions that alloW compound 
protein complex formation; and (b) detecting the complex, 
and therefore the compound in the sample. 

[0023] In preferred embodiments, the protein is immobi 
liZed on a solid support (for example, a chip or bead) and 
may be immobiliZed as part of an array. The protein may be 
covalently bound to a nucleic acid, preferably, a nucleic 
acid, such as RNA, that encodes the protein. In addition, the 
compound is often a protein, but may also be any other 
analyte in a sample. Detection may be accomplished by any 
standard technique including, Without limitation, radiogra 
phy, ?uorescence detection, mass spectroscopy, or surface 
plasmon resonance. 

[0024] As used herein, by “?bronectin type III domain” is 
meant a domain having 7 or 8 beta strands Which are 
distributed betWeen tWo beta sheets, Which themselves pack 
against each other to form the core of the protein, and further 
containing loops Which connect the beta strands to each 
other and are solvent exposed. There are at least three such 
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loops at each edge of the beta sheet sandwich, Where the 
edge is the boundary of the protein perpendicular to the 
direction of the beta strands. Preferably, a ?bronectin type III 
domain includes a sequence Which exhibits at least 30% 
amino acid identity, and preferably at least 50% amino acid 
identity, to the sequence encoding the structure of the 1OFn3 
domain referred to as “lttg” (ID=“1ttg” (one ttg)) available 
from the Protein Data Base. Sequence identity referred to in 
this de?nition is determined by the Homology program, 
available from Molecular Simulation (San Diego, Calif). 
The invention further includes polymers of 1OFn3-related 
molecules, Which are an extension of the use of the mono 
mer structure, Whether or not the subunits of the polyprotein 
are identical or different in sequence. 

[0025] By “naturally occurring ?bronectin” is meant any 
?bronectin protein that is encoded by a living organism. 

[0026] By “randomized” is meant including one or more 
amino acid alterations relative to a template sequence. 

[0027] By a “protein” is meant any sequence of tWo or 
more amino acids, regardless of length, post-translation 
modi?cation, or function. “Protein” and “peptide” are used 
interchangeably herein. 

[0028] By “RNA” is meant a sequence of tWo or more 
covalently bonded, naturally occurring or modi?ed ribo 
nucleotides. One example of a modi?ed RNA included 
Within this term is phosphorothioate RNA. 

[0029] By “DNA” is meant a sequence of tWo or more 
covalently bonded, naturally occurring or modi?ed deoxyri 
bonucleotides. 

[0030] By a “nucleic acid” is meant any tWo or more 
covalently bonded nucleotides or nucleotide analogs or 
derivatives. As used herein, this term includes, Without 
limitation, DNA, RNA, and PNA. 

[0031] By “pharmaceutically acceptable” is meant a com 
pound or protein that may be administered to an animal (for 
example, a mammal) Without signi?cant adverse medical 
consequences. 

[0032] By “physiologically acceptable carrier” is meant a 
carrier Which does not have a signi?cant detrimental impact 
on the treated host and Which retains the therapeutic prop 
erties of the compound With Which it is administered. One 
exemplary physiologically acceptable carrier is physiologi 
cal saline. Other physiologically acceptable carriers and 
their formulations are knoWn to one skilled in the art and are 

described, for example, in Remington ’s Pharmaceutical 
Sciences, (18th edition), ed. A. Gennaro, 1990, Mack Pub 
lishing Company, Easton, Pa., incorporated herein by refer 
ence. 

[0033] By “selecting” is meant substantially partitioning a 
molecule from other molecules in a population. As used 
herein, a “selecting” step provides at least a 2-fold, prefer 
ably, a 30-fold, more preferably, a 100-fold, and, most 
preferably, a 1000-fold enrichment of a desired molecule 
relative to undesired molecules in a population folloWing the 
selection step. A selection step may be repeated any number 
of times, and different types of selection steps may be 
combined in a given approach. 

[0034] By “binding partner,” as used herein, is meant any 
molecule Which has a speci?c, covalent or non-covalent 
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af?nity for a portion of a desired compound (for example, 
protein) of interest. Examples of binding partners include, 
Without limitation, members of antigen/antibody pairs, pro 
tein/inhibitor pairs, receptor/ligand pairs (for example cell 
surface receptor/ligand pairs, such as hormone receptor/ 
peptide hormone pairs), enZyme/substrate pairs (for 
example, kinase/substrate pairs), lectin/carbohydrate pairs, 
oligomeric or heterooligomeric protein aggregates, DNA 
binding protein/DNA binding site pairs, RNA/protein pairs, 
and nucleic acid duplexes, heteroduplexes, or ligated 
strands, as Well as any molecule Which is capable of forming 
one or more covalent or non-covalent bonds (for example, 
disul?de bonds) With any portion of another molecule (for 
example, a compound or protein). 

[0035] By a “solid support” is meant, Without limitation, 
any column (or column material), bead, test tube, microtiter 
dish, solid particle (for example, agarose or sepharose), 
microchip (for example, silicon, silicon-glass, or gold chip), 
or membrane (for example, the membrane of a liposome or 
vesicle) to Which a ?bronectin scaffold or an af?nity com 
plex may be bound, either directly or indirectly (for 
example, through other binding partner intermediates such 
as other antibodies or Protein A), or in Which a ?bronectin 
scaffold or an af?nity complex may be embedded (for 
example, through a receptor or channel). 

[0036] The present invention provides a number of advan 
tages. For example, as described in more detail beloW, the 
present antibody mimics exhibit improved biophysical prop 
erties, such as stability under reducing conditions and solu 
bility at high concentrations. In addition, these molecules 
may be readily expressed and folded in prokaryotic systems, 
such as E. coli, in eukaryotic systems, such as yeast, and in 
in vitro translation systems, such as the rabbit reticulocyte 
lysate system. Moreover, these molecules are extremely 
amenable to af?nity maturation techniques involving mul 
tiple cycles of selection, including in vitro selection using 
RNA-protein fusion technology (Roberts and SZostak, Proc. 
Natl. Acad. Sci USA 94:12297, 1997; SZostak et al., US. 
Ser. No. 09/007,005 and US. Ser. No. 09/247,190; SZostak 
et al. WO98/31700), phage display (see, for example, Smith 
and Petrenko, Chem. Rev. 971317, 1997), and yeast display 
systems (see, for example, Boder and Wittrup, Nature Bio 
tech. 151553, 1997). 

[0037] Other features and advantages of the present inven 
tion Will be apparent from the folloWing detailed description 
thereof, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] FIG. 1 is a photograph shoWing a comparison 
betWeen the structures of antibody heavy chain variable 
regions from camel (dark blue) and llama (light blue), in 
each of tWo orientations. 

[0039] FIG. 2 is a photograph shoWing a comparison 
betWeen the structures of the camel antibody heavy chain 
variable region (dark blue), the llama antibody heavy chain 
variable region (light blue), and a ?bronectin type III module 
number 10 (1OFn3) (yelloW). 

[0040] FIG. 3 is a photograph shoWing a ?bronectin type 
III module number 10 (1OFn3), With the loops corresponding 
to the antigen-binding loops in IgG heavy chains highlighted 
in red. 
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[0041] FIG. 4 is a graph illustrating a sequence alignment 
between a ?bronectin type III protein domain and related 
protein domains. 

[0042] FIG. 5 is a photograph showing the structural 
similarities between a 10Fn3 domain and 15 related proteins, 
including ?bronectins, tenascins, collagens, and undulin. In 
this photograph, the regions are labeled as follows: constant, 
dark blue; conserved, light blue; neutral, white; variable, 
red; and RGB integrin-binding motif (variable), yellow. 

[0043] FIG. 6 is a photograph showing space ?lling 
models of ?bronectin III modules 9 and 10, in each of two 
different orientations. The two modules and the integrin 
binding loop (RGB) are labeled. In this ?gure, blue indicates 
positively charged residues, red indicates negatively charged 
residues, and white indicates uncharged residues. 

[0044] FIG. 7 is a photograph showing space ?lling 
models of ?bronectin III modules 7-10, in each of three 
different orientiations. The four modules are labeled. In this 
?gure, blue indicates positively charged residues, red indi 
cates negatively charged residues, and white indicates 
uncharged residues. 

[0045] FIG. 8 is a photograph illustrating the formation, 
under different salt conditions, of RNA-protein fusions 
which include ?bronectin type III domains. 

[0046] FIG. 9 is a series of photographs illustrating the 
selection of ?bronectin type III domain-containing RNA 
protein fusions, as measured by PCR signal analysis. 

[0047] FIG. 10 is a graph illustrating an increase in the 
percent TNF-ot binding during the selections described 
herein, as well as a comparison between RNA-protein fusion 
and free protein selections. 

[0048] FIG. 11 is a series of schematic representations 
showing IgG, 1OFn3, Fn-CH1—CH2—CH3, and Fn-CH2— 
CH3 (clockwise from top left). 
[0049] FIG. 12 is a photograph showing a molecular 
model of Fn-CH1—CH2—CH3 based on known three-di 
mensional structures of IgG (X-ray crystallography) and 
1OFn3 (NMR and X-ray crystallography). 

[0050] FIG. 13 is a graph showing the time course of an 
exemplary 10Fn3-based nucleic acid-protein fusion selection 
of TNF-ot binders. The proportion of nucleic acid-protein 
fusion pool (open diamonds) and free protein pool (open 
circles) that bound to TNF-ot-Sepharose, and the proportion 
of free protein pool (full circles) that bound to underivatiZed 
Sepharose, are shown. 

[0051] FIGS. 14 and 15 are graphs illustrating TNF-ot 
binding by TNF-ot Fn-binders. In particular, these ?gures 
show mass spectra data obtained from a 10Fn3 fusion chip 
and non-fusion chip, respectively. 

[0052] FIGS. 16 and 17 are the phosphorimage and 
?uorescence scan, respectively, of a 1OFn3 array, illustrating 
TNF-ot binding. 

DETAILED DESCRIPTION 

[0053] The novel antibody mimics described herein have 
been designed to be superior both to antibody-derived 
fragments and to non-antibody frameworks, for example, 
those frameworks described above. 
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[0054] The major advantage of these antibody mimics 
over antibody fragments is structural. These scaffolds are 
derived from whole, stable, and soluble structural modules 
found in human body ?uid proteins. Consequently, they 
exhibit better folding and thermostability properties than 
antibody fragments, whose creation involves the removal of 
parts of the antibody native fold, often exposing amino acid 
residues that, in an intact antibody, would be buried in a 
hydrophobic environment, such as an interface between 
variable and constant domains. Exposure of such hydropho 
bic residues to solvent increases the likelihood of aggrega 
tion. 

[0055] In addition, the antibody mimics described herein 
have no disul?de bonds, which have been reported to retard 
or prevent proper folding of antibody fragments under 
certain conditions. Since the present scaffolds do not rely on 
disul?des for native fold stability, they are stable under 
reducing conditions, unlike antibodies and their fragments 
which unravel upon disul?de bond breakdown. 

[0056] Moreover, these ?bronectin-based scaffolds pro 
vide the functional advantages of antibody molecules. In 
particular, despite the fact that the 1OFn3 module is not an 
immunoglobulin, its overall fold is close to that of the 
variable region of the IgG heavy chain (FIG. 2), making it 
possible to display the three ?bronectin loops analogous to 
CDRs in relative orientations similar to those of native 
antibodies. Because of this structure, the present antibody 
mimics possess antigen binding properties that are similar in 
nature and af?nity to those of antibodies, and a loop ran 
domiZation and shuf?ing strategy may be employed in vitro 
that is similar to the process of affinity maturation of 
antibodies in vivo. 

[0057] There are now described below exemplary 
?bronectin-based scaffolds and their use for identifying, 
selecting, and evolving novel binding proteins as well as 
their target ligands. These examples are provided for the 
purpose of illustrating, and not limiting, the invention. 

[0058] 10Fn3 Structural Motif 

[0059] The antibody mimics of the present invention are 
based on the structure of a ?bronectin module of type III 
(Fn3), a common domain found in mammalian blood and 
structural proteins. This domain occurs more than 400 times 
in the protein sequence database and has been estimated to 
occur in 2% of the proteins sequenced to date, including 
?bronectins, tenscin, intracellular cytoskeletal proteins, and 
prokaryotic enZymes (Bork and Doolittle, Proc. Natl. Acad. 
Sci. USA 8918990, 1992; Bork et al., Nature Biotech. 
15:553, 1997; Meinke et al., J. Bacteriol. 17511910, 1993; 
Watanabe et al., J. Biol. Chem. 265:15659, 1990). In par 
ticular, these scaffolds include, as templates, the tenth mod 
ule of human Fn3 (1OFn3), which comprises 94 amino acid 
residues. The overall fold of this domain is closely related to 
that of the smallest functional antibody fragment, the vari 
able region of the heavy chain, which comprises the entire 
antigen recognition unit in camel and llama IgG (FIGS. 1, 
2). The major differences between camel and llama domains 
and the 1OFn3 domain are that 1OFn3 has fewer beta 
strands (seven vs. nine) and (ii) the two beta sheets packed 
against each other are connected by a disul?de bridge in the 
camel and llama domains, but not in 1OFn3. 

[0060] The three loops of 1OFn3 corresponding to the 
antigen-binding loops of the IgG heavy chain run between 






























