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(57) ABSTRACT 

Recombinant DNA compounds that encode all or a portion 
of the narbonolide polyketide Synthase are used to express 
recombinant polyketide Synthase genes in host cells for the 
production of narbonolide, narbonolide derivatives, and 
polyketides that are useful as antibiotics and as intermedi 
ates in the Synthesis of compounds with pharmaceutical 
value. 
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RECOMBINANT NARBONOLIDE POLYKETDE 
SYNTHASE 

REFERENCE TO GOVERNMENT FUNDING 

0001. This invention was supported in part by SBIR grant 
1R43-CA75792-01. The U.S. government has certain rights 
in this invention. 

FIELD OF THE INVENTION 

0002 The present invention provides recombinant meth 
ods and materials for producing polyketides by recombinant 
DNA technology. The invention relates to the fields of 
agriculture, animal husbandry, chemistry, medicinal chem 
istry, medicine, molecular biology, pharmacology, and vet 
erinary technology. 

BACKGROUND OF THE INVENTION 

0.003 Polyketides represent a large family of diverse 
compounds Synthesized from 2-carbon units through a Series 
of condensations and Subsequent modifications. Polyketides 
occur in many types of organisms, including fungi and 
mycelial bacteria, in particular, the actinomycetes. There are 
a wide variety of polyketide Structures, and the class of 
polyketides encompasses numerous compounds with 
diverse activities. Tetracycline, erythromycin, FK506, 
FK520, narbomycin, picromycin, rapamycin, Spinocyn, and 
tylosin, are examples of Such compounds. Given the diffi 
culty in producing polyketide compounds by traditional 
chemical methodology, and the typically low production of 
polyketides in wild-type cells, there has been considerable 
interest in finding improved or alternate means to produce 
polyketide compounds. See PCT publication Nos. WO 
93/13663; WO95/08548; WO 96/40968; 97/02358; and 
98/27203; U.S. Pat. Nos. 4,874,748; 5,063,155; 5,098,837; 
5,149,639; 5,672,491; and 5,712,146; Fu et al., 1994, Bio 
chemistry 33: 9321-9326; McDaniel et al., 1993, Science 
262: 1546-1550; and Rohr, 1995, Angew. Chem. Int. Ed. 
Engl. 34(8): 881-888, each of which is incorporated herein 
by reference. 
0004 Polyketides are synthesized in nature by polyketide 
Synthase (PKS) enzymes. These enzymes, which are com 
plexes of multiple large proteins, are similar to the Synthases 
that catalyze condensation of 2-carbon units in the biosyn 
thesis of fatty acids. PKS enzymes are encoded by PKS 
genes that usually consist of three or more open reading 
frames (ORFs). Each ORF typically comprises two or more 
“modules” of ketosynthase activity, each module of which 
consists of at least two (if a loading module) and more 
typically three or more enzymatic activities or “domains.” 
Two major types of PKS enzymes are known; these differ in 
their composition and mode of Synthesis. These two major 
types of PKS enzymes are commonly referred to as Type I 
or “modular” and Type II “iterative” PKS enzymes. 
0005 Modular PKSs are responsible for producing a 
large number of 12, 14, and 16-membered macrollide anti 
biotics including methymycin, erythromycin, narbomycin, 
picromycin, and tylosin. These large multifunctional 
enzymes (>300,000 kDa) catalyze the biosynthesis of 
polyketide macrolactones through multistep pathways 
involving decarboxylative condensations between acyl 
thioesters followed by cycles of varying B-carbon proceSS 
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ing activities (see O'Hagan, D. The polyketide metabolites; 
E. Horwood: New York, 1991, incorporated herein by ref 
erence). 
0006 During the past half decade, the study of modular 
PKS function and specificity has been greatly facilitated by 
the plasmid-based Streptomyces coelicolor expression Sys 
tem developed with the 6-deoxyerythronolide B (6-dEB) 
synthase (DEBS) genes (see Kao et al., 1994, Science, 265: 
509-512, McDaniel et al., 1993, Science 262: 1546-1557, 
and U.S. Pat. Nos. 5,672.491 and 5,712,146, each of which 
is incorporated herein by reference). The advantages to this 
plasmid-based genetic system for DEBS were that it over 
came the tedious and limited techniques for manipulating 
the natural DEBS host organism, Saccharopolyspora 
erythaea, allowed more facile construction of recombinant 
PKSS, and reduced the complexity of PKS analysis by 
providing a “clean' host background. This System also 
expedited construction of the first combinatorial modular 
polyketide library in Streptomyces (see PCT publication No. 
WO 98/49315, incorporated herein by reference). 
0007. The ability to control aspects of polyketide biosyn 
thesis, Such as monomer Selection and degree of B-carbon 
processing, by genetic manipulation of PKSS has stimulated 
great interest in the combinatorial engineering of novel 
antibiotics (see Hutchinson, 1998, Curr. Opin. Microbiol. 1: 
319-329; Carreras and Santi, 1998, Curr. Opin. Biotech. 9: 
403-411; and U.S. Pat. Nos. 5,712,146 and 5,672.491, each 
of which is incorporated herein by reference). This interest 
has resulted in the cloning, analysis, and manipulation by 
recombinant DNA technology of genes that encode PKS 
enzymes. The resulting technology allows one to manipulate 
a known PKS gene cluster either to produce the polyketide 
synthesized by that PKS at higher levels than occur in nature 
or in hosts that otherwise do not produce the polyketide. The 
technology also allows one to produce molecules that are 
Structurally related to, but distinct from, the polyketides 
produced from known PKS gene clusters. 
0008. The present invention provides methods and 
reagents relating to the PKS gene cluster for the polyketide 
antibiotics known as narbomycin and picromycin. Narbo 
mycin is produced in Streptomyces narbonensis, and both 
narbomycin and picromycin are produced in S. Venezuelae. 
These species are unique among macrollide producing organ 
isms in that they produce, in addition to the 14-membered 
macrollides narbomycin and picromycin (picromycin is 
shown in FIG. 1, compound 1), the 12-membered mac 
rollides neomethymycin and methymycin (methymycin is 
shown in FIG. 1, compound 2). Based on the structural 
Similarities between picromycin and methymycin, it was 
Speculated that methymycin would result from premature 
cyclization of a hexaketide intermediate in the picromycin 
pathway. 

0009 Glycosylation of the C5 hydroxyl group of the 
polyketide precursor, narbonolide, is achieved through an 
endogenous desOSaminyl transferase to produce narbomy 
cin. In Streptomyces venezuelae, narbomycin is then con 
verted to picromycin by the endogenously produced narbo 
mycin hydroxylase. Thus, as in the case of other macrollide 
antibiotics, the macrollide product of the narbonolide PKS is 
further modified by hydroxylation and glycosylation. 
0010 Picromycin (FIG. 1, compound 1) is of particular 
interest because of its close Structural relationship to 
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ketolide compounds (e.g. HMR 3004, FIG. 1, compound 3). 
The ketolides are a new class of Semi-Synthetic macrollides 
with activity against pathogens resistant to erythromycin 
(see Agouridas et al., 1998, J. Med. Chem. 41: 4080-4100, 
incorporated herein by reference). Thus, genetic Systems 
that allow rapid engineering of the narbonolide PKS would 
be valuable for creating novel ketolide analogs for pharma 
ceutical applications. Furthermore, the production of picro 
mycin as well as novel compounds with useful activity could 
be accomplished if the heterologous expression of the nar 
bonolide PKS in Streptomyces lividans and other host cells 
were possible. The present invention meets these and other 
needs. 

SUMMARY OF THE INVENTION 

0.011 The present invention provides recombinant meth 
ods and materials for expressing PKSs derived in whole and 
in part from the narbonolide PKS and other genes involved 
in narbomycin and picromycin biosynthesis in recombinant 
host cells. The invention also provides the polyketides 
derived from the narbonolide PKS. The invention provides 
the complete PKS gene cluster that ultimately results, in 
Streptomyces Venezuelae, in the production of picromycin. 
The ketolide product of this PKS is narbonolide. Narbono 
lide is glycosylated to obtain narbomycin and then hydroxy 
lated at C12 to obtain picromycin. The enzymes responsible 
for the glycosylation and hydroxylation are also provided in 
recombinant form by the invention. 
0012. Thus, in one embodiment, the invention is directed 
to recombinant materials that contain nucleotide Sequences 
encoding at least one domain, module, or protein encoded by 
a narbonolide PKS gene. The invention also provides recom 
binant materials useful for conversion of ketolides to anti 
biotics. These materials include recombinant DNA com 
pounds that encode the C12 hydroxylase (the pick gene), the 
deSosamine biosynthesis and desosaminyl transferase 
enzymes, and the beta-glucosidase enzyme involved in 
picromycin biosynthesis in S. Venezuelae and the recombi 
nant proteins that can be produced from these nucleic acids 
in the recombinant host cells of the invention. 

0013 In one embodiment, the invention provides a 
recombinant expression vector that comprises a heterolo 
gous promoter positioned to drive expression of the nar 
bonolide PKS. In a preferred embodiment, the promoter is 
derived from a PKS gene. In a related embodiment, the 
invention provides recombinant host cells comprising the 
vector that produces narbonolide. In a preferred embodi 
ment, the host cell is Streptomyces lividans or S. coelicolor. 
0.014. In another embodiment, the invention provides a 
recombinant expression vector that comprises the desOS 
amine biosynthetic genes as well as the desosaminyl trans 
ferase gene. In a related embodiment, the invention provides 
recombinant host cells comprising the vector that produces 
the desOSamine biosynthetic gene products and desosaminyl 
transferase gene product. In a preferred embodiment, the 
host cell is Streptomyces lividans or S. coelicolor. 
0.015. In another embodiment, the invention provides a 
method for desosaminylating polyketide compounds in 
recombinant host cells, which method comprises expressing 
the PKS for the polyketide and the desosaminyl transferase 
and desosamine biosynthetic genes in a host cell. In a 
preferred embodiment, the host cell expresses a beta-glu 
cosidase gene as well. This preferred method is especially 
advantageous when producing desosaminylated polyketides 
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in Streptomyces host cells, because Such host cells typically 
glucosylate desOSamine residues of polyketides, which can 
decrease desired activity, Such as antibiotic activity. By 
coexpression of beta-glucosidase, the glucose residue is 
removed from the polyketide. 
0016. In another embodiment, the invention provides the 
pick hydroxylase gene in recombinant form and methods 
for hydroxylating polyketides with the recombinant gene 
product. The invention also provides polyketides thus pro 
duced and the antibiotics or other useful compounds derived 
therefrom. 

0017. In another embodiment, the invention provides a 
recombinant expression vector that comprises a promoter 
positioned to drive expression of a hybrid PKS comprising 
all or part of the narbonolide PKS and at least a part of a 
second PKS. In a related embodiment, the invention pro 
vides recombinant host cells comprising the vector that 
produces the hybrid PKS and its corresponding polyketide. 
In a preferred embodiment, the host cell is Streptomyces 
lividans or S. coelicolor. 

0018. In a related embodiment, the invention provides 
recombinant materials for the production of libraries of 
polyketides wherein the polyketide members of the library 
are synthesized by hybrid PKS enzymes of the invention. 
The resulting polyketides can be further modified to convert 
them to other useful compounds, Such as antibiotics, typi 
cally through hydroxylation and/or glycosylation. Modified 
macrollides provided by the invention that are useful inter 
mediates in the preparation of antibiotics are of particular 
benefit. 

0019. In another related embodiment, the invention pro 
vides a method to prepare a nucleic acid that encodes a 
modified PKS, which method comprises using the narbono 
lide PKS encoding Sequence as a Scaffold and modifying the 
portions of the nucleotide Sequence that encode enzymatic 
activities, either by mutagenesis, inactivation, insertion, or 
replacement. The thus modified narbonolide PKS encoding 
nucleotide Sequence can then be expressed in a Suitable host 
cell and the cell employed to produce a polyketide different 
from that produced by the narbonolide PKS. In addition, 
portions of the narbonolide PKS coding Sequence can be 
inserted into other PKS coding sequences to modify the 
products thereof. The narbonolide PKS can itself be manipu 
lated, for example, by fusing two or more of its open reading 
frames, particularly those for extender modules 5 and 6, to 
make more efficient the production of 14-membered as 
opposed to 12-membered macrollides. 
0020. In another related embodiment, the invention is 
directed to a multiplicity of cell colonies, constituting a 
library of colonies, wherein each colony of the library 
contains an expression vector for the production of a modu 
lar PKS derived in whole or in part from the narbonolide 
PKS. Thus, at least a portion of the modular PKS is identical 
to that found in the PKS that produces narbonolide and is 
identifiable as Such. The derived portion can be prepared 
synthetically or directly from DNA derived from organisms 
that produce narbonolide. In addition, the invention provides 
methods to Screen the resulting polyketide and antibiotic 
libraries. 

0021. The invention also provides novel polyketides and 
antibiotics or other useful compounds derived therefrom. 
The compounds of the invention can be used in the manu 
facture of another compound. In a preferred embodiment, 
the antibiotic compounds of the invention are formulated in 
a mixture or Solution for administration to an animal or 
human. 
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0022. These and other embodiments of the invention are 
described in more detail in the following description, the 
examples, and claims Set forth below. 

BRIEF DESCRIPTION OF THE FIGURES 

0023 FIG. 1 shows the structures of picromycin (com 
pound 1), methymycin (compound 2), and the ketolide HMR 
3004 (compound 3). 
0024 FIG. 2 shows a restriction site and function map of 
cosmid pKOS023-27. 
0.025 FIG. 3 shows a restriction site and function map of 
cosmid pKOS023-26. 
0.026 FIG. 4 has three parts. In Part A, the structures of 
picromycin (A(a)) and methymycin (A(b)) are shown, as 
well as the related Structures of narbomycin, narbonolide, 
and methynolide. In the Structures, the bolded lines indicate 
the two or three carbon chains produced by each module 
(loading and extender) of the narbonolide PKS. Part B 
shows the organization of the narbonolide PKS genes on the 
chromosome of Streptomyces venezuelae, including the 
location of the various module encoding sequences (the 
loading module domains are identified as SKS, SAT, and 
SACP), as well as the picB thioesterase gene and two 
desosamine biosynthesis genes (picCII and picCIII). Part C 
shows the engineering of the S. Venezuelae host of the 
invention in which the picAI gene has been deleted. In the 
Figure, ACP is acyl carrier protein; AT is acyltransferase; 
DH is dehydratase; ER is enoylreductase; KR is ketoreduc 
tase, KS is ketosynthase; and TE is thioesterase. 
0027 FIG. 5 shows the narbonolide PKS genes encoded 
by plasmid pKOS039-86, the compounds synthesized by 
each module of that PKS and the narbonolide (compound 4) 
and 10-deoxymethynolide (compound 5) products produced 
in heterologous host cells transformed with the plasmid. The 
Figure also shows a hybrid PKS of the invention produced 
by plasmid pKOS038-18, which encodes a hybrid of DEBS 
and the narbonolide PKS. The Figure also shows the com 
pound, 3,6-dideoxy-3-oxo-erythronolide B (compound 6), 
produced in heterologous host cells comprising the plasmid. 
0028 FIG. 6 shows a restriction site and function map of 
plasmid pKOSO39-104, which contains the desosamine bio 
Synthetic, beta-glucosidase, and desosaminyl transferase 
genes under transcriptional control of actII-4. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0029. The present invention provides useful compounds 
and methods for producing polyketides in recombinant host 
cells. AS used herein, the term recombinant refers to a 
compound or composition produced by human intervention. 
The invention provides recombinant DNA compounds 
encoding all or a portion of the narbonolide PKS. The 
invention also provides recombinant DNA compounds 
encoding the enzymes that catalyze the further modification 
of the ketolides produced by the narbonolide PKS. The 
invention provides recombinant expression vectors useful in 
producing the narbonolide PKS and hybrid PKSS composed 
of a portion of the narbonolide PKS in recombinant host 
cells. Thus, the invention also provides the narbonolide 
PKS, hybrid PKSS, and polyketide modification enzymes in 
recombinant form. The invention provides the polyketides 
produced by the recombinant PKS and polyketide modifi 
cation enzymes. In particular, the invention provides meth 
ods for producing the polyketides 10-deoxymethynolide, 
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narbonolide, YC17, narbomycin, methymycin, neomethy 
mycin, and picromycin in recombinant host cells. 
0030 To appreciate the many and diverse benefits and 
applications of the invention, the description of the inven 
tion below is organized as follows. First, a general descrip 
tion of polyketide biosynthesis and an overview of the 
Synthesis of narbonolide and compounds derived therefrom 
in Streptomyces Venezuelae are provided. This general 
description and overview are followed by a detailed descrip 
tion of the invention in Six Sections. In Section I, the 
recombinant narbonolide PKS provided by the invention is 
described. In Section II, the recombinant desosamine bio 
Synthesis genes, the desOSaminyl transferase gene, and the 
beta-glucosidase gene provided by the invention are 
described. In Section III, the recombinant pick hydroxylase 
gene provided by the invention is described. In Section IV, 
methods for heterologous expression of the narbonolide 
PKS and narbonolide modification enzymes provided by the 
invention are described. In Section V, the hybrid PKS genes 
provided by the invention and the polyketides produced 
thereby are described. In Section VI, the polyketide com 
pounds provided by use invention and pharmaceutical com 
positions of those compounds are described. The detailed 
description is followed by a variety of working examples 
illustrating the invention. 
0031. The narbonolide synthase gene, like other PKS 
genes, is composed of coding Sequences organized in a 
loading module, a number of extender modules, and a 
thioesterase domain. AS described more fully below, each of 
these domains and modules is a polypeptide with one or 
more specific functions. Generally, the loading module is 
responsible for binding the first building block used to 
Synthesize the polyketide and transferring it to the first 
extender module. The building blocks used to form complex 
polyketides are typically acylthioesters, most commonly 
acetyl, propionyl, malonyl, methylmalonyl, and ethylmalo 
nyl CoA. Other building blocks include amino acid like 
acylthioesters. PKSs catalyze the biosynthesis of 
polyketides through repeated, decarboxylative Claisen con 
densations between the acylthioester building blocks. Each 
module is responsible for binding a building block, perform 
ing one or more functions on that building block, and 
transferring the resulting compound to the next module. The 
next module, in turn, is responsible for attaching the next 
building block and transferring the growing compound to 
the next module until Synthesis is complete. At that point, an 
enzymatic thioesterase activity cleaves the polyketide from 
the PKS. 

0032 Such modular organization is characteristic of the 
class of PKS enzymes that Synthesize complex polyketides 
and is well known in the art. The polyketide known as 
6-deoxyerythronolide B is a classic example of this type of 
complex polyketide. The genes, known as ery AI, ery AII, 
and ery AIII (also referred to herein as the DEBS genes, for 
the proteins, known as DEBS1, DEBS2, and DEBS3, that 
comprise the 6-dEB synthase), that code for the multi 
subunit protein known as DEBS that synthesizes 6-dEB are 
described in U.S. Pat. No. 5,824.513, incorporated herein by 
reference. Recombinant methods for manipulating modular 
PKS genes are described in U.S. Pat. Nos. 5,672,491; 
5,843,718; 5,830,750; and 5,712,146; and in PCT publica 
tion Nos. 98/49315 and 97/02358, each of which is incor 
porated herein by reference. 
0033. The loading module of DEBS consists of two 
domains, an acyl-transferase (AT) domain and an acyl 
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carrier protein (ACP) domain. Each extender module of 
DEBS, like those of other modular PKS enzymes, contains 
a ketosynthase (KS), AT, and ACP domains, and Zero, one, 
two, or three domains for enzymatic activities that modify 
the beta-carbon of the growing polyketide chain. A module 
can also contain domains for other enzymatic activities, Such 
as, for example, a methyltransferase or dimethyltransferase 
activity. Finally, the releasing domain contains a thioesterase 
and, often, a cyclase activity. 

0034. The AT domain of the loading module recognizes 
a particular acyl-CoA (usually acetyl or propionyl but Some 
times butyryl) and transfers it as a thiol ester to the ACP of 
the loading module. Concurrently, the AT on each of the 
extender modules recognizes a particular extender-CoA 
(malonyl or alpha-Substituted malonyl, i.e., methylmalonyl, 
ethylmalonyl, and carboxylglycolyl) and transfers it to the 
ACP of that module to form a thioester. Once the PKS is 
primed with acyl- and malonyl-ACPs, the acyl group of the 
loading module migrates to form a thiol ester (trans-esteri 
fication) at the KS of the first extender module; at this stage, 
extender module 1 possesses an acyl-KS adjacent to a 
malonyl (or substituted malonyl) ACP. The acyl group 
derived from the loading module is then covalently attached 
to the alpha-carbon of the malonyl group to form a carbon 
carbon bond, driven by concomitant decarboxylation, and 
generating a new acyl-ACP that has a backbone two carbons 
longer than the loading unit (elongation or extension). The 
growing polyketide chain is transferred from the ACP to the 
KS of the next module, and the process continues. 
0035. The polyketide chain, growing by two carbons 
each module, is Sequentially passed as covalently bound 
thiol esters from module to module, in an assembly line-like 
process. The carbon chain produced by this proceSS alone 
would possess a ketone at every other carbon atom, produc 
ing a polyketone, from which the name polyketide arises. 
Most commonly, however, additional enzymatic activities 
modify the beta keto group of each two-carbon unit just after 
it has been added to the growing polyketide chain but before 
it is transferred to the next module. Thus, in addition to the 
minimal module containing KS, AT, and ACP domains 
necessary to form the carbon-carbon bond, modules may 
contain a ketoreductase (ICR) that reduces the keto group to 
an alcohol. Modules may also contain a KR plus a dehy 
dratase (DH) that dehydrates the alcohol to a double bond. 
Modules may also contain a KR, a DH, and an enoylreduc 
tase (ER) that converts the double bond to a saturated single 
bond using the beta carbon as a methylene function. AS 
noted above, modules may contain additional enzymatic 
activities as well. 

0036) Once a polyketide chain traverses the final extender 
module of a PKS, it encounters the releasing domain or 
thioesterase found at the carboxyl end of most PKSS. Here, 
the polyketide is cleaved from the enzyme and cyclyzed. 
The resulting polyketide can be modified further by tailoring 
enzymes, these enzymes add carbohydrate groups or methyl 
groups, or make other modifications, i.e., oxidation or reduc 
tion, on the polyketide core molecule. 
0037. While the above description applies generally to 
modular PKS enzymes, there are a number of variations that 
exist in nature. For example, Some polyketides, Such as 
epothilone, incorporate a building block that is derived from 
an amino acid. PKS enzymes for Such polyketides include an 
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activity that functions as an amino acid ligase or as a 
non-ribosomal peptide synthetase (NRPS). Another example 
of a variation, which is actually found more often than the 
two domain loading module construct found in DEBS, 
occurs when the loading module of the PKS is not composed 
of an AT and an ACP but instead utilizes an inactivated KS, 
an AT, and an ACP. This inactivated KS is in most instances 
called KSQ, where the Superscript letter is the abbreviation 
for the amino acid, glutamine, that is present instead of the 
active Site cysteine required for activity. For example, the 
narbonolide PKS loading module contains aKS. Yet 
another example of a variation has been mentioned above in 
the context of modules that include a methyltransferase or 
dimethyltransferase activity; modules can also include an 
epimerase activity. These variations will be described further 
below in specific reference to the narbonolide PKS and the 
various recombinant and hybrid PKSS provided by the 
invention. 

0038. With this general description of polyketide biosyn 
thesis, one can better appreciate the biosynthesis of nar 
bonolide related polyketides in Streptomyces venezuelae and 
S. narbonensis. The narbonolide PKS produces two 
polyketide products, narbonolide and 10-deoxymethynolide. 
Narbonolide is the polyketide product of all six extender 
modules of the narbonolide PKS. 10-deoxymethynolide is 
the polyketide product of only the first five extender mod 
ules of the narbonolide PKS. These two polyketides are 
deSosaminylated to yield narbomycin and YC17, respec 
tively. These two glycosylated polyketides are the final 
products produced in S. narbonensis. In S. Venezuelae, these 
products are hydroxylated by the pick gene product to yield 
picromycin and either methymycin (hydroxylation at the 
C10 position of YC7) or neomethymycin (hydroxylation at 
the C12 position of YC17). The present invention provides 
the genes required for the biosynthesis of all of these 
polyketides in recombinant form. 

0039) Section 1: The Narbonolide PKS 

0040. The narbonolide PKS is composed of a loading 
module, Six extender modules, and a thioesterase domain. 
FIG. 4, part B, shows the organization of the narbonolide 
PKS genes on the Streptomyces venezuelae chromosome, as 
well as the location of the module encoding Sequences in 
those genes, and the various domains within those modules. 
In the Figure, the loading module is not numbered, and its 
domains are indicated as SKS, SAT, and ACP. Also shown 
in the Figure, part A, are the Structures of picromycin and 
methymycin. 

0041. The loading and six extender modules and the 
thioesterase domain of the narbonolide PKS reside on four 
proteins, designated PICAI, PICAII, PICAII, and PICAIV. 
PICAI includes the loading module and extender modules 1 
and 2 of the PKS. PICAII includes extender modules 3 and 
4. PICAIII includes extender module 5. PICAIV includes 
extender module 6 and a thioesterase domain. There is a 
Second thioesterase domain (TEII) on a separate protein, 
designated PICB. The amino acid Sequences of these pro 
teins are shown below. 
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-continued 
61 RQDRRAEPCL ESWEELAEHV WAATEPWWQE GRLAFFGHSL GASWAFETAR ILEQRHGVRP 

121 EGLYWSGRRA PSLAPDRLVH QLDDRAFLAE, IRRLSGTDER FLQDDELLRL WLPALRSDYK 

181 AAETYLHRPS AKLTCPWMAL AGDRDPKAPL NEWAEWRRHT SGPFCLRAYS GGHFYLNDOW 

241 HEICNDISDH LLWTRGAPDA. RV WOPPTSLI EGAAKRWONP R 

0042. The DNA encoding the above proteins can be 
isolated in recombinant form from the recombinant cosmid 
pKOS023-27 of the invention, which was deposited with the 
American Type Culture Collection under the terms of the 
Budapest Treaty on 20 Aug. 1998 and is available under 
accession number ATCC 203141. Cosmid pKOS023-27 
contains an insert of Streptomyces venezuelae DNA of 
-38506 nucleotides. The complete sequence of the insert 
from cosmid pKOS023-27 is shown below. The location of 
the various ORFs in the insert, as well as the boundaries of 
the Sequences that encode the various domains of the 
multiple modules of the PKS, are summarized in the Table 
below. FIG. 2 shows a restriction site and function map of 
pKOS023-27, which contains the complete coding sequence 
for the four proteins that constitute narbonolide PKS and 
four additional ORFs. One of these additional ORFs encodes 
the picB gene product, the type II thioesterase mentioned 
above. PICB shows a high degree of similarity to other type 
II thioesterases, with an identity of 51%, 49%, 45% and 40% 
as compared to those of Amycolatopsis mediterranae, S. 
griseus, S. fradiae and Saccharopolyspora erythraea, 
respectively. The three additional ORFs in the cosmid 
pKOS023-27 insert DNA sequence, from the picCII, pic 
CIII, and picCVI, genes, are involved in desOSamine bio 
Synthesis and transfer and described in the following Sec 
tion. 

From Nucleotide To Nucleotide Description 

70 13725 picAI 
70 13725 narbonolide synthase 1 (PICAI) 
148 3141 loading module 
148 1434 KS loading module 

1780 28O2 AT loading module 
2869 3141 ACP loading module 
3208 7593 extender module 1 
3208 4497 KS1 
4828 5847 AT1 
6499 7257 KR1 
7336 7593 ACP1 
7693 13332 extender module 2 
7693 8974 KS2 

10 

From Nucleotide 

9418 
10594 
12175 
13063 
13830 
13830 
13935 
13935 
15540 
17271 
18123 
18447 
18447 
2OO31 
21093 
2262O 
23652 
24498 
25133 
25133 
252.35 
252.35 
26822 
28474 
293O2 
29924 
29924 
3OO26 
3OO26 
31604 
32708 
33068 
33961 
33961 
34,863 
34,863 
361.59 
361.59 
37529 
37529 

0043) 
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-continued 

To Nucleotide 

10554 
11160 
12960 
13332 
2SO49 
2SO49 
18392 
15224 
16562 
18071 
18392 
24767 
19736 
21OSO 
21626 
23588 
24423 
24765 
298.21 
298.21 
29567 
2653O 
27841 
29227 
29569 
33964 
33964 
3.2986 
31312 
32635 
3.2986 
33961 
34806 
34806 
36O11 
36O11 
37439 
37439 
38242 
38242 

Description 

AT2 
DH2 
KR2 
ACP2 
picAII 
narbonolide synthase 2 (PICAII) 
extender module 3 
KS3 
AT3 

KR3 (inactive) 
ACP3 
extender module 4 

AT4 

ER4 
KR4 
ACP4 
picAIII 
narbonolide synthase 3 (PICAIII) 
extender module 5 
KSS 
ATS 
KRS 
ACPS 
picAIV 
narbonolide synthase 4 (PICAIV) 
extender module 6 

AT6 
ACP6 
PKS thioesterase domain 
picB 
type II thioesterase homolog 
picCII 
4-keto-6-deoxyglucose isomerase 
picCIII 
desosaminyl transferase 
picCVI 
3-amino dimethyltransferase 

Sequence of the Insert DNA in Cosmid pKOSO23-27 
1 GATCATGCGG AGCACTCCTT CTCTCGTGCT CCTACCGGTG ATGTGCGCGC CGAATTGATT 

61 CGTGGAGAGA TGTCGACAGT, GTCCAAGAGT, GAGTCCGAGG AATTCGTGTC CGTGTCGAAC 

121 GACGCCGGTT CCGCGCACGG CACAGCGGAA CCCGTCGCCG TCGTCGGCAT CTCCTGCCGG 

181 GTGCCCGGCG CCCGGGACCC GAGAGAGTTC TGGGAACTCC TGGCGGCAGG CGGCCAGGCC 

241 GTCACCGACG TCCCCGCGGA CCGCTGGAAC GCCGGCGACT TCTACGACCC GGACCGCTCC 

301 GCCCCCGGCC GCTCGAACAG CCGGTGGGGC GGGTTCATCG. AGGACGTCGA CCGGTTCGAC 
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- continued 

37321 CCGCCGCGCA CCGGCTGCGC GAGGAGACCT TCGGCGACCC CACCCCGGCC GGGATCGTCC 

37381 CCGAGCTGGA. GCGGCTCGCC GCGCAGCACC GCCGCCCGCC GGCCGACGCC CGGCACTGAG 

374. 41 CCGCACCCCT CGCCCCAGGC CTCACCCCTG TATCTGCGCC GGGGGACGCC CCCGGCCCAC 

375 01 CCTCCGAAAG ACCGAAAGCA. GGAGCACCGT GTACGAAGTC GACCACGCCG ACGTCTACGA 

37561 CCTCTTCTAC CTGGGTCGCG GCAAGGACTA CGCCGCCGAG GCCTCCGACA TCGCCGACCT 

37621. GGTGCGCTCC CGTACCCCCG AGGCCTCCTC GCTCCTGGAC GTGGCCTGCG GTACGGGCAC 

37681 GCATCTGGAG CACTTCACCA AGGAGTTCGG CGACACCGCC GGCCTGGAGC TGTCCGAGGA 

37741 CATGCTCACC CACGCCCGCA AGCGGCTGCC CGACGCCACG CTCCACCAGG GCGACATGCG 

3801 GGACTTCCGG CTCGGCCGGA AGTTCTCCGC CGTGGTCAGC ATGTTCAGCT CCGTCGGCTA 

37861 CCTGAAGACG ACCGAGGAAC TCGGCGCGGC CGTCGCCTCG TTCGCGGAGC ACCTGGAGCC 

37921 CGGTGGCGTC GTCGTCGTCG. AGCCGTGGTG GTTCCCGGAG ACCTTCGCCG ACGGCTGGGT 

37981 CAGCGCCGAC GTCGTCCGCC GTGACGGGCG CACCGTGGCC CGTGTCTCGC ACTCGGTGCG 

38 O 41 GGAGGGGAAC GCGACGCGCA TGGAGGTCCA CTTCACCGTG GCCGACCCGG, GCAAGGGCGT 

38101. GCGGCACTTC TCCGACGTCC ATCTCATCAC CCTGTTCCAC CAGGCCGAGT ACGAGGCCGC 

38161 GTTCACGGCC GCCGGGCTGC GCGTCGAGTA CCTGGAGGGC GGCCCGTCGG GCCGTGGCCT 

38221. CTTCGTCGGC GTCCCCGCCT GAGCACCGCC CAAGACCCCC CGGGGCGGGA CGTCCCGGGT 

382.81 GCACCAAGCA AAGAGAGAGA AACGAACCGT GACAGGTAAG ACCCGAATAC CGCGTGTCCG 

383 41 CCGCGGCCGC ACCACGCCCA. GGGCCTTCAC CCTGGCCGTC GTCGGCACCC TGCTGGCGGG 

38 401 CACCACCGTG GCGGCCGCCG CTCCCGGCGC CGCCGACACG GCCAATGTTC AGTACACGAG 

384 61 CCGGGCGGCG GAGCTCGTCG CCCAGATGAC GCTCGACGAG AAGATC 

0044) Those of skill in the art will recognize that, due to 
the degenerate nature of the genetic code, a variety of DNA 
compounds differing in their nucleotide Sequences can be 
used to encode a given amino acid Sequence of the inven 
tion. The native DNA sequence encoding the narbonolide 
PKS of Streptomyces venezuelae is shown herein merely to 
illustrate a preferred embodiment of the invention, and the 
invention includes DNA compounds of any Sequence that 
encode the amino acid Sequences of the polypeptides and 
proteins of the invention. In Similar fashion, a polypeptide 
can typically tolerate one or more amino acid Substitutions, 
deletions, and insertions in its amino acid Sequence without 
loSS or significant loss of a desired activity. The present 
invention includes Such polypeptides with alternate amino 
acid Sequences, and the amino acid Sequences shown merely 
illustrate preferred embodiments of the invention. 
004.5 The recombinant nucleic acids, proteins, and pep 
tides of the invention are many and diverse. To facilitate an 
understanding of the invention and the diverse compounds 
and methods provided thereby, the following description of 
the various regions of the narbonolide PKS and correspond 
ing coding Sequences is provided. 

0046) The loading module of the narbonolide PKS con 
tains an inactivated KS domain, an AT domain, and an ACP 
domain. The AT domain of the loading module binds pro 
pionyl CoA. Sequence analysis of the DNA encoding the KS 
domain indicates that this domain is enzymatically inacti 
vated, as a critical cysteine residue in the motif TVDAC 

SSSL, which is highly conserved among KS domains, is 
replaced by a glutamine and So is referred to as a KSQ 
domain. Such inactivated KS domains are also found in the 
PKS enzymes that synthesize the 16-membered macrollides 
carbomycin, Spiromycin, tylosin, and niddamycin. While the 
KS domain is inactive for its usual function in extender 
modules, it is believed to Serve as a decarboxylase in the 
loading module. 
0047 The present invention provides recombinant DNA 
compounds that encode the loading module of the narbono 
lide PKS and useful portions thereof. These recombinant 
DNA compounds are useful in the construction of PKS 
coding Sequences that encode all or a portion of the nar 
bonolide PKS and in the construction of hybrid PKS encod 
ing DNA compounds of the invention, as described in the 
section concerning hybrid PKSS below. To facilitate descrip 
tion of the invention, reference to a PKS, protein, module, or 
domain herein can also refer to DNA compounds comprising 
coding Sequences therefor and Vice versa. Also, reference to 
a heterologous PKS refers to a PKS or DNA compounds 
comprising coding Sequences therefor from an organism 
other than Streptomyces venezuelae. In addition, reference to 
a PKS or its coding Sequence includes reference to any 
portion thereof. 
0048. The present invention provides recombinant DNA 
compounds that encode one or more of the domains of each 
of the six extender modules (modules 1-6, inclusive) of the 
narbonolide PKS. Modules 1 and 5 of the narbonolide PKS 
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are functionally similar. Each of these extender modules 
contains a KS domain, an AT domain specific for methyl 
malonyl CoA, a KR domain, and an ACP domain. Module 
2 of the narbonolide PKS contains a KS domain, an AT 
domain specific for malonyl CoA, a KR domain, a DH 
domain, and an ACP domain. Module 3 differs from 
extender modules f and 5 only in that it contains an inactive 
ketoreductase domain. Module 4 of the narbonolide PKS 
contains a KS domain, an AT domain specific for methyl 
malonyl CoA, a IR domain, a DH domain, an ER domain, 
and an ACP domain. Module 6 of the narbonolide PKS 
contains a KS domain, an AT domain specific for methyl 
malonyl CoA, and an ACP domain. 
0049. In one important embodiment, the invention pro 
vides a recombinant narbonolide PKS that can be used to 
express only narbonolide (as opposed to the mixture of 
narbonolide and 10-deoxymethynolide that would otherwise 
be produced) in recombinant host cells. This recombinant 
narbonolide PKS results from a fusion of the coding 
Sequences of the picAIII and picAIV genes So that extender 
modules 5 and 6 are present on a Single protein. This 
recombinant PKS can be constructed on the Streptomyces 
Venezuelae or S. narbonensis chromosome by homologous 
recombination. Alternatively, the recombinant PKS can be 
constructed on an expression vector and introduced into a 
heterologous host cell. This recombinant PKS is preferred 
for the expression of narbonolide and its glycosylated and/or 
hydroxylated derivatives, because a lesser amount or no 
10-deoxymethynolide is produced from the recombinant 
PKS as compared to the native PKS. In a related embodi 
ment, the invention provides a recombinant narbonolide 
PKS in which the picAIV gene has been rendered inactive 
by an insertion, deletion, or replacement. This recombinant 
PKS of the invention is useful in the production of 
10-deoxymethynolide and its derivatives without production 
of narbonolide. 

0050. In similar fashion, the invention provides recom 
binant narbonolide PKS in which any of the domains of the 
native PKS have been deleted or rendered inactive to make 
the corresponding narbonolide or 10-deoxymethynolide 
derivative. Thus, the invention also provides recombinant 
narbonolide PKS genes that differ from the narbonolide PKS 
gene by one or more deletions. The deletions can encompass 
one or more modules and/or can be limited to a partial 
deletion within one or more modules. When a deletion 
encompasses an entire module, the resulting narbonolide 
derivative is at least two carbons shorter than the polyketide 
produced from the PKS encoded by the gene from which 
deleted PKS gene and corresponding polyketide were 
derived. When a deletion is within a module, the deletion 
typically encompasses a KR, DH, or ER domain, or both DH 
and ER domains, or both KR and DH domains, or all three 
KR, DH, and ER domains. 

0051. This aspect of the invention is illustrated in FIG. 4, 
parts B and C, which shows how a vector of the invention, 
plasmid pKOS039-16 (not shown), was used to delete or 
“knock out the picAI gene from the Streptomyces venezu 
elae chromosome. Plasmid pKOS039-16 comprises two 
segments (shown as cross-hatched boxes in FIG. 4, part B) 
of DNA flanking the picAI gene and isolated from cosmid 
pKOS023-27 (shown as a linear segment in the Figure) of 
the invention. When plasmid pKOSO39-16 was used to 
transform S. Venezuelae and a double croSSOver homologous 
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recombination event occurred, the picAI gene was deleted. 
The resulting host cell, designated KO39-03 in the Figure, 
does not produce picromycin unless a functional picAI gene 
is introduced. 

0.052 This Streptomyces venezuelae K039-03 host cell 
and corresponding host cells of the invention are especially 
useful for the production of polyketides produced from 
hybrid PKS or narbonolide PKS derivatives. Especially 
preferred for production in this host cell are narbonolide 
derivatives produced by PKS enzymes that differ from the 
narbonolide PKS only in the loading module and/or extender 
modules 1 and/or 2. These are especially preferred, because 
one need only introduce into the host cell the modified picAI 
gene or other corresponding gene to produce the desired 
PKS and corresponding polyketide. These host cells are also 
preferred for desosaminylating polyketides in accordance 
with the method of the invention in which a polyketide is 
provided to an S. Venezuelae cell and desosaminylated by the 
endogenous desosamine biosynthesis and desosaminyl 
transferase gene products. 
0053. The recombinant DNA compounds of the invention 
that encode each of the domains of each of the modules of 
the narbonolide PKS are also useful in the construction of 
expression vectors for the heterologous expression of the 
narbonolide PKS and for the construction of hybrid PKS 
expression vectors, as described further below. 
0054 Section II: The Genes for Desosamine Biosynthe 
sis and Transfer and for Beta-glucosidase 
0055 Narbonolide and 10-deoxymethynolide are desos 
aminylated in Streptomyces venezuelae and S. narbonensis 
to yield narbomycin and YC-17, respectively. This conver 
Sion requires the biosynthesis of desosamine and the transfer 
of the desosamine to the Substrate polyketides by the 
enzyme desosaminyl transferase. Like other Streptomyces, 
S. Venezuelae and S. narbonensis produce glucose and a 
glucosyltransferase enzyme that glucosylates desosamine at 
the 2' position. However, S. venezuelae and S. narbonensis 
also produce an enzyme called beta-glucosidase, which 
removes the glucose residue from the desosamine. The 
present invention provides recombinant DNA compounds 
and expression vectors for each of the desOSamine biosyn 
thesis enzymes, desosaminyl transferase, and beta-glucosi 
dase. 

0056. As noted above, cosmid pKOS023-27 contains 
three ORFs that encode proteins involved in desosamine 
biosynthesis and transfer. The first ORF is from the picCII 
gene, also known as des VIII, a homologue of eny CII, 
believed to encode a 4-keto-6-deoxyglucose isomerase. The 
second ORF is from the picCIII gene, also known as des VII, 
a homologue of ery CIII, which encodes a desosaminyl 
transferase. The third ORF is from the picCVI gene, also 
known as desVI, a homologue of eryCVI, which encodes a 
3-amino dimethyltransferase. 
0057 The three genes above and the remaining desos 
amine biosynthetic genes can be isolated from cosmid 
pKOS023-26, which was deposited with the American Type 
Culture Collection on 20 Aug. 1998 under the Budapest 
Treaty and is available under the accession number ATCC 
203141. FIG. 3 shows a restriction site and function map of 
cosmid pKOS023-26. This cosmid contains a region of 
overlap with cosmid pKOSO2327 representing nucleotides 
14252 to nucleotides 38506 of pKOS023-27. 
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0.058. The remaining desosamine biosynthesis genes on 
cosmid pKOS023-26 include the following genes. ORF11, 
also known as desR, encodes beta-glucosidase and has no 
ery gene homologue. The picCI gene, also known as desV, 
is a homologue of eryCI. ORF14, also known as desV, has 
no known ery gene homologue and encodes an NDPglucose 
4,6-dehydratase. ORF13, also known as desi, has no 
known ery gene homologue and encodes an NDP glucose 
Synthase. The picCV gene, also known as des, a homo 
logue of eryCV is required for desosamine biosynthesis. The 
picCIV gene also known as des, is a homologue of eryCIV, 
and its product is believed to be a 3,4-dehydratase. Other 
ORFs on cosmid pKOS02326 include ORF12, believed to 

WSSRAETPRW 

61 AWGWNSGMDA 

121 PLLWEKAITP 

181 GSSWAAFSFY 

241 MQAAVLRIRL 

301 DELRSHILDAR 

361 QALRVIDAVR 

WADRELGTHL 

61TADHALAASI 

121EGIHRETILEG 

181 SDSLLAPQSL 

241 PEQWRELCDR 

301 RDPEWFTDPE 

361DWLRPRRAPW 

MRWLLTSFAH 

61EYRWRMAGEP 

181TAEWLTWTLD 

241 SEPPARPRWC 

301 TRFTDFWPMH 

361. FFLPPAELTP 

421PADARH 

Partia 

WKSALSDLAF 

61. WAGLAGWRHA 

121 PDTGNLDPDQ 

181DGRPAGSLGD 

241NAKMSEAAAA 

301 WEDEATTG 

29 

EWAERVDQA 

Amino acid sequence of 3-keto-6-deoxyglucose isomerase, PICCII 
LETRGIHWIH AANGDPYATV LRGOADDPYP AYERVRARGALSFSPTGSWV 
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be a regulatory gene; ORF15, which encodes an S-adenosyl 
methionine synthase; and ORF16, which is a homolog of the 
M. tuberculosis cbhK gene. Cosmid pKOS023-26 also 
encodes the pick gene, which encodes the cytochrome P450 
hydroxylase that hydroxylates the C12 of narbomycin and 
the C10 and C12 positions of YC-17. This gene is described 
in more detail in the following Section. 

0059 Below, the amino acid sequences or partial amino 
acid Sequences of the gene products of the desosamine 
biosynthesis and transfer and beta-glucosidase genes are 
shown. These amino acid Sequences are followed by the 
DNA sequences that encode them. 

Amino acid sequence of PICCI 
PFLDLKAAYE ELRAETDAAI ARWLDSGRYL, LGPELEGFEA EFAAYCETDH 

LOLALRGLGI GPGDEVIVPS HTYIASWLAW SATGATPWPW EPHEDHPTLD 

RTRALLPWHL YGHPADMDAL RELADRHGLH IVEDAAQAHG ARYRGRRIGA 

PGKNLGCFGD GGAVWTGDPE LAERLRMLRN YOSROKYSHE TKGTNSRLDE 

XHILDSWNGRR SALAAEYLSG LAGLPGIGLP WTAPDTDPWW HLFTWRTERR 

GIDTLTHYPW PWHLSPAYAG EAPPEGSLPR AESFARQWLS LPIGPHLERP 

LCSTDFGVSG ADGVPWPQQV LSYGEGCPLE REQWLPAAGD WPEGGORAVW 

LAPDPSASYA FELLGGFWRP AWTAAAAAWL GWPADRRADF ADLLERLRPL 

RTWRAADGAL, AELTALLADS DDSPGALLSA LGVTAAWQLT GNAVLALLAH 

PGLAAAAVEE TLRYDPPVQL DARVWRGETE LAGRRLPAGA HVWWLTAATG 

RFDLARPDAA AHLALHPAGP YGPWASLWRL QAEWALRTLA GRFPGLRQAG 

GRGPLSWPWS SS 

Amino acid sequence of desosaminyl transferase PICCIII 
HTHYYGLVPL AWALLAAGHE WRVASOPALT DTITGSGLAA WPWGTDHLIH 

RPNHPAIAFD EARPEPLDWD HALGIEAILA PYFYLLANND SMWDDLWDFA 

EPITYAGAVA AQWTGAAHAR WLWGPDWMGS ARRKFWALRD RQPPEHREDP 

RYGASFEEEL LTGQFTIDPT PPSLRLDTGL PTVGMRYWPY NGTSWVPDWL 

LTLGVSAREW LGGDGWSQGD ILEALADLDI, ELVATLDASQ RAEIRNYPKH 

ALLPSCSAII. HHGGAGTYAT AVINAVPOVM L.AELWDAPWK ARAVAEQGAG 

QAVRDAVWRI LDDPSWATAA HRLREETFGD PTPAGIWPEL ERLAAQHRRP 

amino acid sequence of aminotransferase-dehydrase, 
PCCW 

FGGPAAFDQP LLVGRPNRID RARLYERLDR ALDSQWLSNG GPLVREFEER 

VATCNATAGL QLLAHAAGLT GEWIMPSMTF AATPHALRWI GLTPWFADID 

WAAAWTPRTS AWWGVHLWGR. PCAADQLRKV ADEHGLRLYF DAAHALGCAV 

AEWFSFHATK AWNAFEGGAW WTDDADLAAR IRALHINFGFD LPGGSPAGGT 

MGLTSLDAFP EVIDRNRRNH AXYREHLADL PGVLVADHDR HGLNNHQYWI 

HRDLWMEWLK AEGWHTRAYF S 
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recombinant form is of Significant benefit in that the enzyme 
can convert narbomycin into picromycin and accepts in 
addition a variety of polyketide Substrates, particularly those 
related to narbomycin in Structure. The present invention 
also provides methods of hydroxylating polyketides, which 
method comprises contacting the polyketide with the recom 
binant Pickenzyme under conditions such that hydroxyla 
tion occurs. This methodology is applicable to large num 
bers of polyketides. 
0069 DNA encoding the pick gene can be isolated from 
cosmid pKOS023-26 of the invention. The DNA sequence 
of the pick gene is shown in the preceding Section. This 
DNA sequence encodes one of the recombinant forms of the 
enzyme provided by the invention. The amino acid Sequence 
of this form of the pick gene is shown below. The present 
invention also provides a recombinant pick gene that 
encodes a pick gene product in which the Pick protein is 
fused to a number of consecutive histidine residues, which 
facilitates purification from recombinant host cells. 
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tems. These Systems contain the coding Sequences operably 
linked to promoters, enhancers, and/or termination 
Sequences that operate to effect expression of the coding 
Sequence in compatible host cells. The host cells are modi 
fied by transformation with the recombinant DNA expres 
Sion vectors of the invention to contain these Sequences 
either as extrachromosomal elements or integrated into the 
chromosome. The invention also provides methods to pro 
duce PKS and post-PKS tailoring enzymes as well as 
polyketides and antibiotics using these modified host cells. 
0073. As used herein, the term expression vector refers to 
a nucleic acid that can be introduced into a host cell or 
cell-free transcription and translation medium. An expres 
Sion vector can be maintained Stably or transiently in a cell, 
whether as part of the chromosomal or other DNA in the cell 
or in any cellular compartment, Such as a replicating vector 
in the cytoplasm. An expression vector also comprises a 
gene that Serves to produce RNA, which typically is trans 
lated into a polypeptide in the cell or cell extract. To drive 

Amino acid sequence of picromycin/methymycin 
cytochrome P450 hydroxylase, PicK 

1WRRTQQGTTA SPPVLDL.GAL GODFAADPYP TYARLRAEGP AHRVRTPEGD EWWLWWGYDR 

61ARAWLADPRF SKDWRNSTTP LTEAEAALNH NMLESDPPRH TRLRKLWARE FTMRRWELLR 

121PRVQEIVDGL VDAMLAAPDG RADLMESLAW PLPITVISEL LGVPEPDRAA FRVWTDAFVF 

181PDDPAQAQTA MAEMSGYLSR LIDSKRGQDG EDLLSALVRT SDEDGSRLTS EELLGMAHIL 

241 LVAGHETTWN LIANGMYALL SHPDQLAALR ADMTLLDGAV EEMLRYEGPW ESATYRFPWE 

301 PWDLDGTWIP AGDTWLWWLA DAHRTPERFP DPHRFDIRRD TAGHLAFGHG IIHFCIGAPLA 

361RLEARIAWRA LLERCPDLAL DWSPGELWWY PNPMIRGLKA LPIRWRRGRE AGRRTG 

0070 The recombinant Pick enzyme of the invention 
hydroxylates narbomycin at the C12 position and YC-17 at 
either the C10 or C12 position. Hydroxylation of these 
compounds at the respective positions increases the antibi 
otic activity of the compound relative to the unhydroxylated 
compound. Hydroxylation can be achieved by a number of 
methods. First, the hydroxylation may be performed in vitro 
using purified hydroxylase, or the relevant hydroxylase can 
be produced recombinantly and utilized directly in the cell 
that produces it. Thus, hydroxylation may be effected by 
Supplying the nonhydroxylated precursor to a cell that 
expresses the hydroxylase. These and other details of this 
embodiment of the invention are described in additional 
detail below in Section IV and the examples. 
0.071) Section IV: Heterologous Expression of the Nar 
bonolide PKS; the Desosamine Biosynthetic and transferase 
Genes; the Beta-Glucosidase Gene; and the pick Hydroxy 
lase Gene 

0.072 In one important embodiment, the invention pro 
vides methods for the heterologous expression of one or 
more of the genes involved in picromycin biosynthesis and 
recombinant DNA expression vectors useful in the method. 
Thus, included within the scope of the invention in addition 
to isolated nucleic acids encoding domains, modules, or 
proteins of the narbonolide PKS, glycosylation, and/or 
hydroxylation enzymes, are recombinant expression SyS 

production of the RNA, the expression vector typically 
comprises one or more promoter elements. Furthermore, 
expression vectors typically contain additional functional 
elements, Such as, for example, a resistance-conferring gene 
that acts as a Selectable marker. 

0074 The various components of an expression vector 
can vary widely, depending on the intended use of the vector. 
In particular, the components depend on the host cell(s) in 
which the vector will be introduced or in which it is intended 
to function. Components for expression and maintenance of 
vectors in E. coli are widely known and commercially 
available, as are components for other commonly used 
organisms, Such as yeast cells and Streptomyces cells. 
0075 One important component is the promoter, which 
can be referred to as, or can be included within, a control 
Sequence or control element, which drives expression of the 
desired gene product in the heterologous host cell. Suitable 
promoters include those that function in eucaryotic or pro 
caryotic host cells. In addition to a promoter, a control 
element can include, optionally, operator Sequences, and 
other elements, Such as ribosome binding Sites, depending 
on the nature of the host. Regulatory Sequences that allow 
for regulation of expression of the heterologous gene rela 
tive to the growth of the host cell may also be included. 
Examples of Such regulatory Sequences known to those of 
skill in the art are those that cause the expression of a gene 



US 2005/0O26244 A1 

to be turned on or off in response to a chemical or physical 
Stimulus. Preferred host cells for purposes of Selecting 
vector components include fungal host cells Such as yeast 
and procaryotic, especially E. coli and Streptomyces, host 
cells, but Single cell cultures of, for example, mammalian 
cells can also be used. In hosts Such as yeasts, plants, or 
mammalian cells that ordinarily do not produce polyketides, 
it may be necessary to provide, also typically by recombi 
nant means, suitable holo-ACP synthases to convert the 
recombinantly produced PKS to functionality. Provision of 
Such enzymes is described, for example, in PCI publication 
Nos. WO 97/13845 and 98/27203, each of which is incor 
porated herein by reference. Control Systems for expression 
in yeast, including controls that effect Secretion are widely 
available and can be routinely used. For E. coli or other 
bacterial host cells, promoterS Such as those derived from 
Sugar metabolizing enzymes, Such as galactose, lactose 
(lac), and maltose, can be used. Additional examples include 
promoters derived from genes encoding biosynthetic 
enzymes, and the tryptophan (trp), the beta-lactamase (bla), 
bacteriophage lambda PL, and T5 promoters. In addition, 
synthetic promoters, such as the tac promoter (U.S. Pat. No. 
4.551,433), can also be used. 
0.076 Particularly preferred are control sequences com 
patible with Streptomyces spp. Particularly useful promoters 
for Streptomyces host cells include those from PKS gene 
clusters that result in the production of polyketides as 
Secondary metabolites, including promoters from aromatic 
(Type II) PKS gene clusters. Examples of Type II PKS gene 
cluster promoters are act gene promoters and tcm gene 
promoters, an example of a Type I PKS gene cluster 
promoter is the Spiramycin PKS gene promoter. 
0.077 If a Streptomyces or other host ordinarily produces 
polyketides, it may be desirable to modify the host So as to 
prevent the production of endogenous polyketides prior to 
its use to express a recombinant PKS of the invention. Such 
hosts have been described, for example, in U.S. Pat. No. 
5,672,491, incorporated herein by reference. In such hosts, 
it may not be necessary to provide enzymatic activities for 
all of the desired post-translational modifications of the 
enzymes that make up the recombinantly produced PKS, 
because the host naturally expresses Such enzymes. In 
particular, these hosts generally contain holo-ACP synthases 
that provide the pantotheinyl residue needed for function 
ality of the PKS. 
0078 Thus, in one important embodiment, the vectors of 
the invention are used to transform Streptomyces host cells 
to provide the recombinant Streptomyces host cells of the 
invention. Streptomyces is a convenient host for expressing 
narbonolide or 10-deoxymethynolide or derivatives of those 
compounds, because narbonolide and 10-deoxymethynolide 
are naturally produced in certain Streptomyces Species, and 
Streptomyces generally produce the precursors needed to 
form the desired polyketide. The present invention also 
provides the narbonolide PKS gene promoter in recombinant 
form, located upstream of the picAI gene on cosmid 
pKOS023-27. This promoter can be used to drive expression 
of the narbonolide PKS or any other coding sequence of 
interest in host cells in which the promoter functions, 
particularly S. Venezuelae and generally any Streptomyces 
Species. AS described below, however, promoters other than 
the promoter of the narbonolide PKS genes will typically be 
used for heterologous expression. 
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0079 For purposes of the invention, any host cell other 
than Streptomyces Venezuelae is a heterologous host cell. 
Thus, S. narbonensis, which produces narbomycin but not 
picromycin is a heterologous host cell of the invention, 
although other host cells are generally preferred for purposes 
of heterologous expression. Those of skill in the art will 
recognize that, if a Streptomyces host that produces a picro 
mycin or methymycin precursor is used as the host cell, the 
recombinant vector need drive expression of only a portion 
of the genes constituting the picromycin gene cluster. AS 
used herein, the picromycin gene cluster includes the nar 
bonolide PKS, the desosamine biosynthetic and transferase 
genes, the beta-glucosidase gene, and the pick hydroxylase 
gene. Thus, Such a vector may comprise only a single ORF, 
with the desired remainder of the polypeptides encoded by 
the picromycin gene cluster provided by the genes, on the 
host cell chromosomal DNA. 

0080. The present invention also provides compounds 
and recombinant DNA vectors useful for disrupting any 
gene in the picromycin gene cluster (as described above and 
illustrated in the examples below). Thus, the invention 
provides a variety of modified host cells (particularly, S. 
narbonensis and S. venezuelae) in which one or more of the 
genes in the picromycin gene cluster have been disrupted. 
These cells are especially useful when it is desired to replace 
the disrupted function with a gene product expressed by a 
recombinant DNA vector. Thus, the invention provides such 
Streptomyces host cells, which are preferred host cells for 
expressing narbonolide derivatives of the invention. Particu 
larly preferred host cells of this type include those in which 
the coding Sequence for the loading module has been 
disrupted, those in which one or more of any of the PKS 
gene ORFs has been disrupted, and/or those in which the 
pick gene has been disrupted. 
0081. In a preferred embodiment, the expression vectors 
of the invention are used to construct a heterologous recom 
binant Streptomyces host cell that expresses a recombinant 
PKS of the invention. As noted above, a heterologous host 
cell for purposes of the present invention is any host cell 
other than S. Venezuelae, and in most cases other than S. 
narbonensis as well. Particularly preferred heterologous 
host cells are those which lack endogenous functional PKS 
genes. Illustrative host cells of this type include the modified 
Streptomyces coelicolor CH999 and similarly modified S. 
lividans described in PCT publication No. WO 96/40968. 
0082 The invention provides a wide variety of expres 
Sion vectors for use in Streptomyces. For replicating vectors, 
the origin of replication can be, for example and without 
limitation, a low copy number vector, such as SCP2* (see 
Hopwood et al., Genetic Manipulation of Streptomyces. A 
Laboratory manual (The John Innes Foundation, Norwich, 
U.K., 1985); Lydiate et al., 1985, Gene 35: 223-235; and 
Kieser and Melton, 1988, Gene 65: 83-91, each of which is 
incorporated herein by reference), SLP1.2 (Thompson et al., 
1982, Gene 20: 51-62, incorporated herein by reference), 
and pSG5(ts) (Muth et al., 1989, Mol. Gen. Genet. 219: 
341-348, and Bierman et al., 1992, Gene 116: 43–49, each of 
which is incorporated herein by reference), or a high copy 
number vector, such as pIJ101 and pV1 (see Katz et al., 
1983, J. Gen. Microbiol. 129: 2703-2714; Vara et al., 1989, 
J. Bacteriol. 171: 5782-5781; and Servin-Gonzalez, 1993, 
Plasmid 30: 131-140, each of which is incorporated herein 
by reference). High copy number vectors are generally, 
however, not preferred for expression of large genes or 
multiple genes. For non-replicating and integrating vectors 
and generally for any vector, it is useful to include at least 
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an E. coli origin of replication, Such as from pUC, p1P, p1I, 
and pBR. For phage based vectors, the phage phiC31 and its 
derivative KC515 can be employed (see Hopwood et al., 
supra). Also, plasmid pSET152, plasmid pSAM, plasmids 
pSE101 and pSE211, all of which integrate site-specifically 
in the chromosomal DNA of S. lividans, can be employed. 

0.083 Preferred Streptomyces host cell?vector combina 
tions of the invention include S. coelicolor CH999 and, S. 
lividans K4-114 host cells, which do not produce actinor 
hodin, and expression vectors derived from the pRM1 and 
pRM5 vectors, as described in U.S. Pat. No. 5,830,750 and 
U.S. patent application Ser. No. 08/828,898, filed 31 Mar. 
1997, and Ser. No. 09/181833, filed 28 Oct. 1998, each of 
which is incorporated herein by reference. 

0084. As described above, particularly useful control 
Sequences are those that alone or together with Suitable 
regulatory Systems activate expression during transition 
from growth to Stationary phase in the vegetative mycelium. 
The system contained in the illustrative plasmid pRM5, i.e., 
the actI/actIII promoter pair and the actII-ORF4 activator 
gene, is particularly preferred. Other useful Streptomyces 
promoters include without limitation those from the erm 
gene and the melC1 gene, which act constitutively, and the 
tipA gene and the merA gene, which can be induced at any 
growth stage. In addition, the T7 RNA polymerase system 
has been transferred to Streptomyces and can be employed 
in the vectors and host cells of the invention. In this System, 
the coding sequence for the T7 RNA polymerase is inserted 
into a neutral Site of the chromosome or in a vector under the 
control of the inducible merA promoter, and the gene of 
interest is placed under the control of the T7 promoter. As 
noted above, one or more activator genes can also be 
employed to enhance the activity of a promoter. Activator 
genes in addition to the actII-ORF4 gene described above 
include dnr., redD, and ptpA genes (see U.S. patent appli 
cation Ser. No. 09/181833, Supra). 
0085 Typically, the expression vector will comprise one 
or more marker genes by which host cells containing the 
vector can be identified and/or selected. Selectable markers 
are often preferred for recombinant expression vectors. A 
variety of markers are known that are useful in Selecting for 
transformed cell lines and generally comprise a gene that 
confers a Selectable phenotype on transformed cells when 
the cells are grown in an appropriate Selective medium. Such 
markers include, for example, genes that confer antibiotic 
resistance or Sensitivity to the plasmid. Alternatively, Several 
polyketides are naturally colored, and this characteristic can 
provide a built-in marker for identifying cells. Preferred 
Selectable markers include antibiotic resistance conferring 
genes. Preferred for use in Streptomyces host cells are the 
erm (conferS resistance to erythromycin and lincomycin), 
tSr (confers resistance to thiostrepton), aadA (conferS resis 
tance to spectinomycin and Streptomycin), aacC4 (confers 
resistance to apramycin, kanamycin, gentamicin, geneticin 
(G418), and neomycin), hyg (confers resistance to hygro 
mycin), and Vph (conferS resistance to viomycin) resistance 
conferring genes. 

0.086 To provide a preferred host cell and vector for 
purposes of the invention, the narbonolide PKS genes were 
placed on a recombinant expression vector that was trans 
ferred to the non-macrollide producing host Streptomyces 
lividans K4-114, as described in Example 3. Transformation 
of S. lividans K4-114 with this expression vector resulted in 
a Strain which produced two compounds in Similar yield 
(5-10 mg/L each). Analysis of extracts by LC/MS followed 
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by 'H-NMR spectroscopy of the purified compounds estab 
lished their identity as narbonolide (FIG. 5, compound 4) 
and 10-deoxymethynolide (FIG. 5, compound 5), the 
respective 14 and 12-membered polyketide precursors of 
narbomycin and YC17. 

0087 To provide a host cell of the invention that pro 
duces the narbonolide PKS as well as an additional nar 
bonolide biosynthetic gene and to investigate the possible 
role of the Pik TEII in picromycin biosynthesis, the picB 
gene was integrated into the chromosome to provide the host 
cell of the invention Streptomyces lividans K39-18. The 
picB gene was cloned into the Streptomyces genome inte 
grating vector pSET152 (see Bierman et al., 1992, Gene 
116:43, incorporated herein by reference) under control of 
the same promoter (Pact) as the PKS on plasmid pKOS039 
86. 

0088 A comparison of strains Streptomyces lividans 
K39-18/pKOS039-86 and KS 114/pKOS039-86 grown 
under identical conditions indicated that the Strain contain 
ing TEII produced 47 times more total polyketide. This 
increased production indicates that the enzyme is functional 
in this Strain and is consistent with the observation that 
yields fall to below 5% for both picromycin and methymy 
cin when picB is disrupted in S. Venezuelae. Because the 
production levels of compound 4 and 5 from K39-18/ 
pKOS03986 increased by the same relative amounts, TEII 
does not appear to influence the ratio of 12 and 14-mem 
bered lactone ring formation. Thus, the invention provides 
methods of coexpressing the picB gene product or any other 
type II thioesterase with the narbonolide PKS or any other 
PKS in heterologous host cells to increase polyketide pro 
duction. 

0089. In accordance with the methods of the invention, 
picromycin biosynthetic genes in addition to the genes 
encoding the PKS and Pik TEII can be introduced into 
heterologous host cells. In particular, the pick gene, desOS 
amine biosynthetic genes, and the desOSaminyl transferase 
gene can be expressed in the recombinant host cells of the 
invention to produce any and all of the polyketides in the 
picromycin biosynthetic pathway (or derivatives thereof). 
Those of skill will recognize that the present invention 
enables one to select whether only the 12-membered 
polyketides, or only the 14-membered polyketides, or both 
12- and 14-membered polyketides will be produced. To 
produce only the 12-membered polyketides, the invention 
provides expression vectors in which the last module is 
deleted or the KS domain of that module is deleted or 
rendered inactive. To produce only the 14-membered 
polyketides, the invention provides expression vectors in 
which the coding Sequences of extender modules 5 and 6 are 
fused to provide only a Single polypeptide. 

0090. In one important embodiment, the invention pro 
vides methods for desosaminylating polyketides or other 
compounds. In this method, a host cell other than Strepto 
myces Venezuelae is transformed with one or more recom 
binant vectors of the invention comprising the desosamine 
biosynthetic and desosaminyl transferase genes and control 
Sequences positioned to express those genes. The host cells 
So transformed can either produce the polyketide to be 
deSosaminylated naturally or can be transformed with 
expression vectors encoding the PKS that produces the 
desired polyketide. Alternatively, the polyketide can be 
Supplied to the host cell containing those genes. Upon 
production of the polyketide and expression of the desOS 
amine biosynthetic and desosaminyl transferase genes, the 
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desired desOSaminylated polyketide is produced. This 
method is especially useful in the production of polyketides 
to be used as antibiotics, because the presence of the 
deSosamine residue is known to increase, relative to their 
undeSosaminylated counterparts, the antibiotic activity of 
many polyketides significantly. The present invention also 
provides a method for desOSaminylating a polyketide by 
transforming an S. Venezuelae or S. narbonensis host cell 
with a recombinant vector that encodes a PKS that produces 
the polyketide and culturing the transformed cell under 
conditions Such that Said polyketide is produced and desOS 
aminylated. In this method, use of an S. Venezuelae or S. 
narbonensis host cell of the invention that does not produce 
a functional endogenous narbonolide PKS is preferred. 
0.091 In a related aspect, the invention provides a method 
for improving the yield of a desired desOSaminylated 
polyketide in a host cell, which method comprises trans 
forming the host cell with a beta-glucosidase gene. This 
method is not limited to host cells that have been trans 
formed with expression vectors of the invention encoding 
the desosamine biosynthetic and desOSaminyl transferase 
genes of the invention but instead can be applied to any host 
cell that desosaminylates polyketides or other compounds. 
Moreover, while the beta-glucosidase gene from Streptomy 
ces venezuelae provided by the invention is preferred for use 
in the method, any beta-glucosidase gene may be employed. 
In another embodiment, the beta-glucosidase treatment is 
conducted in a cell free extract. 

0092. Thus, the invention provides methods not only for 
producing narbonolide and 10-deoxymethynolide in heter 
ologous host cells but also for producing narbomycin and 
YC-17 in heterologous host cells. In addition, the invention 
provides methods for expressing the pick gene product in 
heterologous host cells, thus providing a means to produce 
picromycin, methymycin, and neomethymycin in heterolo 
gous host cells. Moreover, because the recombinant expres 
Sion vectors provided by the invention enable the artisan to 
provide for desosamine biosynthesis and transfer and/or C10 
or C12 hydroxylation in any host cell, the invention provides 
methods and reagents for producing a very wide variety of 
glycosylated and/or hydroxylated polyketides. This variety 
of polyketides provided by the invention can be better 
appreciated upon consideration of the following Section 
relating to the production of polyketides from heterologous 
or hybrid PKS enzymes provided by the invention. 

0093 Section V: Hybrid PKS Genes 
0094. The present invention provides recombinant DNA 
compounds encoding each of the domains of each of the 
modules of the narbonolide PKS, the proteins involved in 
deSosamine biosynthesis and transfer to narbonolide, and the 
Pick protein. The availability of these compounds permits 
their use in recombinant procedures for production of 
desired portions of the narbonolide PKS fused to or 
expressed in conjunction with all or a portion of a heterolo 
gous PKS. The resulting hybrid PKS can then be expressed 
in a host cell, optionally with the desOSamine biosynthesis 
and transfer genes and/or the pick hydroxylase gene to 
produce a desired polyketide. 

0.095 Thus, in accordance with the methods of the inven 
tion, a portion of the narbonolide PKS coding Sequence that 
encodes a particular activity can be isolated and manipu 
lated, for example, to replace the corresponding region in a 
different modular PKS. In addition, coding sequences for 

42 
Feb. 3, 2005 

individual modules of the PKS can be ligated into suitable 
expression Systems and used to produce the portion of the 
protein encoded. The resulting protein can be isolated and 
purified or can may be employed in Situ to effect polyketide 
Synthesis. Depending on the host for the recombinant pro 
duction of the domain, module, protein, or combination of 
proteins, Suitable control Sequences Such as promoters, 
termination Sequences, enhancers, and the like are ligated to 
the nucleotide Sequence encoding the desired protein in the 
construction of the expression vector. 
0096. In one important embodiment, the invention thus 
provides a hybrid PKS and the corresponding recombinant 
DNA compounds that encode those hybrid PKS enzymes. 
For purposes of the invention, a hybrid PKS is a recombi 
nant PKS that comprises all or part of one or more extender 
modules, loading module, and/or thioesterase/cyclase 
domain of a first PKS and all or part of one or more extender 
modules, loading module, and/or thioesterase/cyclase 
domain of a second PKS. In one preferred embodiment, the 
first PKS is most but not all of the narbonolide PKS, and the 
second PKS is only a portion or all of a non-narbonolide 
PKS. An illustrative example of such a hybrid PKS includes 
a narbonolide PKS in which the natural loading module has 
been replaced with a loading module of another PKS. 
Another example of such a hybrid PKS is a narbonolide PKS 
in which the AT domain of extender module 3 is replaced 
with an AT domain that binds only malonyl CoA. 
0097. In another preferred embodiment, the first PKS is 
most but not all of a non-narbonolide PKS, and the second 
PKS is only a portion or all of the narbonolide PKS. An 
illustrative example of Such a hybrid PKS includes a DEBS 
PKS in which an AT specific for methylmalonyl CoA is 
replaced with the AT from the narbonolide PKS specific for 
malonyl CoA. 
0098. Those of skill in the art will recognize that all or 
part of either the first or second PKS in a hybrid PKS of the 
invention need not be isolated from a naturally occurring 
Source. For example, only a Small portion of an AT domain 
determines its specificity. See U.S. provisional patent appli 
cation Ser. No. 60/091,526, and Lau et al., infra, incorpo 
rated herein by reference. The state of the art in DNA 
synthesis allows the artisan to construct de novo DNA 
compounds of Size Sufficient to construct a useful portion of 
a PKS module or domain. Thus, the desired derivative 
coding Sequences can be Synthesized using Standard Solid 
phase Synthesis methods Such as those described by Jaye et 
al., 1984, J. Biol. Chem. 259: 6331, and instruments for 
automated Synthesis are available commercially from, for 
example, Applied BioSystems, Inc. For purposes of the 
invention, Such Synthetic DNA compounds are deemed to be 
a portion of a PKS. 
0099. With this general background regarding hybrid 
PKSs of the invention, one can better appreciate the benefit 
provided by the DNA compounds of the invention that 
encode the individual domains, modules, and proteins that 
comprise the narbonolide PKS. As described above, the 
narbonolide PKS is comprised of a loading module, six 
extender modules composed of a KS, AT, ACP, and Zero, 
one, two, or three KR, DH, and ER domains, and a 
thioesterase domain. The DNA compounds of the invention 
that encode these domains individually or in combination 
are useful in the construction of the hybrid PKS encoding 
DNA compounds of the invention. 
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0100. The recombinant DNA compounds of the invention 
that encode the loading module of the narbonolide PKS and 
the corresponding polypeptides encoded thereby are useful 
for a variety of applications. In one embodiment, a DNA 
compound comprising a sequence that encodes the narbono 
lide PKS loading module is inserted into a DNA compound 
that comprises the coding Sequence for a heterologous PKS. 
The resulting construct, in which the coding Sequence for the 
loading module of the heterologous PKS is replaced by that 
for the coding sequence of the narbonolide PKS loading 
module provides a novel PKS. Examples include the 
6-deoxyerythronolide B, rapamycin, FK506, FK520, rifa 
mycin, and avermectin PKS coding Sequences. In another 
embodiment, a DNA compound comprising a Sequence that 
encodes the narbonolide PKS loading module is inserted 
into a DNA compound that comprises the coding Sequence 
for the narbonolide PKS or a recombinant narbonolide PKS 
that produces a narbonolide derivative. 
0101. In another embodiment, a portion of the loading 
module coding Sequence is utilized in conjunction with a 
heterologous coding Sequence. In this embodiment, the 
invention provides, for example, replacing the propionyl 
CoA specific AT with an acetyl CoA, butyryl CoA, or other 
CoA specific AT. In addition, the KS and/or ACP can be 
replaced by another inactivated KS and/or another ACP. 
Alternatively, the KS, AT, and ACP of the loading module 
can be replaced by an AT and ACP of a loading module such 
as that of DEBS. The resulting heterologous loading module 
coding Sequence can be utilized in conjunction with a coding 
Sequence for a PKS that Synthesizes narbonolide, a narbono 
lide derivative, or another polyketide. 
0102) The recombinant DNA compounds of the invention 
that encode the first extender module of the narbonolide 
PKS and the corresponding polypeptides encoded thereby 
are useful for a variety of applications. In one embodiment, 
a DNA compound comprising a sequence that encodes the 
narbonolide PKS first extender module is inserted into a 
DNA compound that comprises the coding Sequence for a 
heterologous PKS. The resulting construct, in which the 
coding Sequence for a module of the heterologous PKS is 
either replaced by that for the first extender module of the 
narbonolide PKS or the latter is merely added to coding 
Sequences for modules of the heterologous PKS, provides a 
novel PKS coding sequence. In another embodiment, a DNA 
compound comprising a sequence that encodes the first 
extender module of the narbonolide PKS is inserted into a 
DNA compound that comprises coding Sequences for the 
narbonolide PKS or a recombinant narbonolide PKS that 
produces a narbonolide derivative. 
0103) In another embodiment, a portion or all of the first 
extender module coding Sequence is utilized in conjunction 
with other PKS coding sequences to create a hybrid module. 
In this embodiment, the invention provides, for example, 
replacing the methylmalonyl CoA Specific AT with a malo 
nyl CoA, ethylmalonyl CoA, or carboxyglycolyl CoA Spe 
cific AT, deleting (which includes inactivating) the KR; 
inserting a DH or a DH and ER; and/or replacing the KR 
with another KR, a DH and KR, or a DH, KR, and ER. In 
addition, the KS and/or ACP can be replaced with another 
KS and/or ACP. In each of these replacements or insertions, 
the heterologous MS, AT, DH, KR, ER, or ACP coding 
Sequence can originate from a coding Sequence for another 
module of the narbonolide PKS, from a gene for a PKS that 
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produces a polyketide other than narbonolide, or from 
chemical Synthesis. The resulting heterologous first extender 
module coding Sequence can be utilized in conjunction with 
a coding Sequence for a PKS that Synthesizes narbonolide, 
a narbonolide derivative, or another polyketide. 

0104. In an illustrative embodiment of this aspect of the 
invention, the invention provides recombinant PKSS and 
recombinant DNA compounds and Vectors that encode Such 
PKSS in which the KS domain of the first extender module 
has been inactivated. Such constructs are especially useful 
when placed in translational reading frame with the remain 
ing modules and domains of a narbonolide PKS or narbono 
lide derivative PKS. The utility of these constructs is that 
host cells expressing, or cell free extracts containing, the 
PKS encoded thereby can be fed or supplied with N-ace 
tylcysteamine thioesters of novel precursor molecules to 
prepare narbonolide derivatives. See U.S. patent application 
Ser. No. 60/117,384, filed 27 Jan. 1999, and PCT publication 
Nos. WO 99/03986 and 97/02358, each of which is incor 
porated herein by reference. 

0105 The recombinant DNA compounds of the invention 
that encode the Second extender module of the narbonolide 
PKS and the corresponding polypeptides encoded thereby 
are useful for a variety of applications. In one embodiment, 
a DNA compound comprising a sequence that encodes the 
narbonolide PKS second extender module is inserted into a 
DNA compound that comprises the coding Sequence for a 
heterologous PKS. The resulting construct, in which the 
coding Sequence for a module of the heterologous PKS is 
either replaced by that for the second extender module of the 
narbonolide PKS or the latter is merely added to coding 
Sequences for the modules of the heterologous PKS, pro 
vides a novel PKS. In another embodiment, a DNA com 
pound comprising a Sequence that encodes the Second 
extender module of the narbonolide PKS is inserted into a 
DNA compound that comprises the coding Sequences for the 
narbonolide PKS or a recombinant narbonolide PKS that 
produces a narbonolide derivative. 

0106. In another embodiment, a portion or all of the 
Second extender module coding Sequence is utilized in 
conjunction with other PKS coding Sequences to create a 
hybrid module. In this embodiment, the invention provides, 
for example, replacing the malonyl CoA specific AT with a 
methylmalonyl CoA, ethylmalonyl CoA, or carboxyglycolyl 
CoA specific AT; deleting (or inactivating) the KR, the DH, 
or both the DH and KR; replacing the KR or the KR and DH 
with a KR, a KR and a DH, or a KR, DH, and ER, and/or 
inserting an ER. In addition, the KS and/or ACP can be 
replaced with another KS and/or ACP. In each of these 
replacements or insertions, the heterologous KS, AT, DH, 
KR, ER, or ACP coding Sequence can originate from a 
coding Sequence for another module of the narbonolide 
PKS, from a coding sequence for a PKS that produces a 
polyketide other than narbonolide, or from chemical Syn 
thesis. The resulting heterologous Second extender module 
coding Sequence can be utilized in conjunction with a coding 
Sequence from a PKS that Synthesizes narbonolide, a nar 
bonolide derivative, or another polyketide. 

0107 The recombinant DNA compounds of the invention 
that encode the third extender module of the narbonolide 
PKS and the corresponding polypeptides encoded thereby 
are useful for a variety of applications. In one embodiment, 
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a DNA compound comprising a sequence that encodes the 
narbonolide PKS third extender module is inserted into a 
DNA compound that comprises the coding Sequence for a 
heterologous PKS. The resulting construct, in which the 
coding Sequence for a module of the heterologous PKS is 
either replaced by that for the third extender module of the 
narbonolide PKS or the latter is merely added to coding 
Sequences for the modules of the heterologous PKS, pro 
vides a novel PKS. In another embodiment, a DNA com 
pound comprising a sequence that encodes the third extender 
module of the narbonolide PKS is inserted into a DNA 
compound that comprises coding Sequences for the narbono 
lide PKS or a recombinant narbonolide PKS that produces a 
narbonolide derivative. 

0108. In another embodiment, a portion or all of the third 
extender module coding Sequence is utilized in conjunction 
with other PKS coding sequences to create a hybrid module. 
In this embodiment, the invention provides, for example, 
replacing the methylmalonyl CoA Specific AT with a malo 
nyl CoA, ethylmalonyl CoA, or carboxyglycolyl CoA Spe 
cific AT, deleting the inactive KR, and/or inserting a KR, or 
a KR and DH, or a KR, DH, and ER. In addition, the KS 
and/or ACP can be replaced with another KS and/or ACP. In 
each of these replacements or insertions, the heterologous 
KS, AT, DH, KR, ER, or ACP coding sequence can originate 
from a coding Sequence for another module of the narbono 
lide PKS, from a gene for a PKS that produces a polyketide 
other than narbonolide, or from chemical synthesis. The 
resulting heterologous third extender module coding 
Sequence can be utilized in conjunction with a coding 
Sequence for a PKS that Synthesizes narbonolide, a narbono 
lide derivative, or another polyketide. 
0109 The recombinant DNA compounds of the invention 
that encode the fourth extender module of the narbonolide 
PKS and the corresponding polypeptides encoded thereby 
are useful for a variety of applications. In one embodiment, 
a DNA compound comprising a sequence that encodes the 
narbonolide PKS fourth extender module is inserted into a 
DNA compound that comprises the coding Sequence for a 
heterologous PKS. The resulting construct, in which the 
coding Sequence for a module of the heterologous PKS is 
either replaced by that for the fourth extender module of the 
narbonolide PKS or the latter is merely added to coding 
Sequences for the modules of the heterologous PKS, pro 
vides a novel PKS. In another embodiment, a DNA com 
pound comprising a Sequence that encodes the fourth 
extender module of the narbonolide. PKS is inserted into a 
DNA compound that comprises coding Sequences for the 
narbonolide PKS or a recombinant narbonolide PKS that 
produces a narbonolide derivative. 
0110. In another embodiment, a portion of the fourth 
extender module coding Sequence is utilized in conjunction 
with other PKS coding sequences to create a hybrid module. 
In this embodiment, the invention provides, for example, 
replacing the methylmalonyl CoA Specific AT with a malo 
nyl CoA, ethylmalonyl CoA, or carboxyglycolyl CoA Spe 
cific AT; deleting any one, two, or all three of the ER, DH, 
and KR, and/or replacing any one, two, or all three of the 
ER, DH, and KR with either a KR, a DH and KR, or a KR, 
DH, and ER. In addition, the KS and/or ACP can be replaced 
with another KS and/or ACP. In each of these replacements 
or insertions, the heterologous KS, AT, DH, KR, ER, or ACP 
coding Sequence can originate from a coding Sequence for 
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another module of the narbonolide PKS, from a coding 
Sequence for a PKS that produces a polyketide other than 
narbonolide, or from chemical Synthesis. The resulting het 
erologous fourth extender module coding Sequence can be 
utilized in conjunction with a coding Sequence for a PKS 
that Synthesizes narbonolide, a narbonolide derivative, or 
another polyketide. 

0111. The recombinant DNA compounds of the invention 
that encode the fifth extender module of the narbonolide 
PKS and the corresponding polypeptides encoded thereby 
are useful for a variety of applications. In one embodiment, 
a DNA compound comprising a sequence that encodes the 
narbonolide PKS fifth extender module is inserted into a 
DNA compound that comprises the coding Sequence for a 
heterologous PKS. The resulting construct, in which the 
coding Sequence for a module of the heterologous PKS is 
either replaced by that for the fifth extender module of the 
narbonolide PKS or the latter is merely added to coding 
Sequences for the modules of the heterologous PKS, pro 
vides a novel PKS. In another embodiment, a DNA com 
pound comprising a Sequence that encodes the fifth extender 
module of the narbonolide PKS is inserted into a DNA 
compound that comprises the coding Sequence for the nar 
bonolide PKS or a recombinant narbonolide PKS that pro 
duces a narbonolide derivative. 

0112 In another embodiment, a portion or all of the fifth 
extender module coding Sequence is utilized in conjunction 
with other PKS coding sequences to create a hybrid module. 
In this embodiment, the invention provides, for example, 
replacing the methylmalonyl CoA Specific AT with a malo 
nyl CoA, ethylmalonyl CoA, or carboxyglycolyl CoA Spe 
cific AT, deleting (or inactivating) the KR; inserting a DH or 
a DH and ER; and/or replacing the KR with another KR, a 
DH and KR, or a DH, KR, and ER. In addition, the KS 
and/or ACP can be replaced with another KS and/or ACP. In 
each of these replacements or insertions, the heterologous 
KS, AT, DH, KR, ER, or ACP coding sequence can originate 
from a coding Sequence for another module of the narbono 
lide PKS, from a coding sequence for a PKS that produces 
a polyketide other than narbonolide, or from chemical 
Synthesis. The restyling heterologous fifth extender module 
coding Sequence can be utilized in conjunction with a coding 
Sequence for a PKS that Synthesizes narbonolide, a narbono 
lide derivative, or another polyketide. 

0113. The recombinant DNA compounds of the invention 
that encode the sixth extender module of the narbonolide 
PKS and the corresponding polypeptides encoded thereby 
are useful for a variety of applications. In one embodiment, 
a DNA compound comprising a sequence that encodes the 
narbonolide PKS sixth extender module is inserted into a 
DNA compound that comprises the coding Sequence for a 
heterologous PKS. The resulting construct, in which the 
coding Sequence for a module of the heterologous PKS is 
either replaced by that for the sixth extender module of the 
narbonolide PKS or the latter is merely added to coding 
Sequences for the modules of the heterologous PKS, pro 
vides a novel PKS. In another embodiment, a DNA com 
pound comprising a Sequence that encodes the Sixth 
extender module of the narbonolide PKS is inserted into a 
DNA compound that comprises the coding Sequences for the 
narbonolide PKS or a recombinant narbonolide PKS that 
produces a narbonolide derivative. 
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0114. In another embodiment, a portion or all of the sixth 
extender module coding Sequence is utilized in conjunction 
with other PKS coding sequences to create a hybrid module. 
In this embodiment, the invention provides, for example, 
replacing the methylmalonyl CoA Specific AT with a malo 
nyl CoA, ethylmalonyl CoA, or carboxyglycolyl CoA Spe 
cific AT; and/or inserting a KR, a KR and DH, or a KR, DH, 
and an ER. In addition, the KS and/or ACP can be replaced 
with another KS and/or ACP. In each of these replacements 
or insertions, the heterologous KS, AT, DH, KR, ER, or ACP 
coding Sequence can originate from a coding Sequence for 
another module of the narbonolide PKS, from a coding 
Sequence for a PKS that produces a polyketide other than 
narbonolide, or from chemical Synthesis. The resulting het 
erologous Sixth extender module coding Sequence can be 
utilized in conjunction with a coding Sequence for a PKS 
that Synthesizes narbonolide, a narbonolide derivative, or 
another polyketide. 

0115 The sixth extender module of the narbonolide PKS 
is followed by a thioesterase domain. This domain is impor 
tant in the cyclization of the polyketide and its cleavage from 
the PKS. The present invention provides recombinant DNA 
compounds that encode hybrid PKS enzymes in which the 
narbonolide PKS is fused to a heterologous thioesterase or 
a heterologous PKS is fused to the narbonolide synthase 
thioesterase. Thus, for example, a thioesterase domain cod 
ing Sequence from another PKS gene can be inserted at the 
end of the Sixth extender module coding Sequence in recom 
binant DNA compounds of the invention. Recombinant 
DNA compounds encoding this thioesterase domain are 
therefore useful in constructing DNA compounds that 
encode the narbonolide PKS, a PKS that produces a nar 
bonolide derivative, and a PKS that produces a polyketide 
other than narbonolide or a narbonolide derivative. The 
following Table lists references describing illustrative PKS 
genes and corresponding enzymes that can be utilized in the 
construction of the recombinant hybrid PKSs and the cor 
responding DNA compounds that encode them of the inven 
tion. Also presented are various references describing tai 
loring enzymes and corresponding genes that can be 
employed in accordance with the methods of the invention. 

0116 Avermectin 

0117 U.S. Pat. No. 5,252,474 to Merck. 

0118 MacNeil et al., 1993, Industrial Microorganisms: 
Basic and Applied Molecular Genetics, Baltz, Hegeman, & 
Skatrud, eds. (ASM), pp. 245-256, A Comparison of the 
Genes Encoding the Polyketide Synthases for Avermectin, 
Erythromycin, and Nemadectin. 

0119 MacNeil et al., 1992, Gene 115: 119-125, Complex 
Organization of the Streptomyces avermitilis genes encoding 
the avermectin polyketide Synthase. 

0120 Candicidin (FR008) 
0121 Hu et al., 1994, Mol. Microbiol. 14 163-172. 
0122 Epothilone 

0123 U.S. patent application Ser. No. 60/130,560, filed 
22 Apr. 1999, and Ser. No. 60/122,620, filed 3 Mar. 1999. 
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0124 
0125) 
0126) 
O127) 
0128 Cortes et al., 8 Nov. 1990, Nature 348:176-8, An 
unusually large multifunctional polypeptide in the erythro 
mycin producing polyketide Synthase of Saccharopolyspora 
erythraea. 

Erythromycin 

PCT Pub. No. 93/13663 to Abbott. 

U.S. Pat. No. 5,824,513 to Abbott. 

Donadio et al., 1991, Science 252:675-9. 

0.129 Glycosylation Enzymes 

0130 PCT Pat. App. Pub. No. 97/23630 to Abbott. 

0131) FK506 
0132 Motamediet al., 1998, The biosynthetic gene clus 
ter for the macrolactone ring of the immunosuppreSSant 
FK506, Eur: J. biochem. 256: 528-534. 

0.133 Motamedi et al., 1997, Structural organization of a 
multifunctional polyketide synthase involved in the biosyn 
thesis of the macrollide immunosuppressant FK506, Eur: J. 
Biochen. 244: 74-80. 

0134 Methyltransferase 

0135 U.S. Pat. No. 5,264,355, issued 23 Nov. 1993, 
Methylating enzyme from Streptomyces MA6858. 31-O- 
desmethyl-FK506 methyltransferase. 

0.136 Motamedi et al., 1996, Characterization of meth 
yltransferase and hydroxylase genes involved in the biosyn 
thesis of the immunosuppressants FK506 and FK520, J. 
Bacteriol. 178: 5243-5248. 

0137) FK520 
0138 U.S. patent application Ser. No. 60/123,810, filed 
11 Mar. 1999. 

0139 Nielsen et al., 1991, Biochem. 30:5789-96. 

0140 Lovastatin 

0141 U.S. Pat. No. 5,744,350 to Merck. 

0142 Nemadectin 
0143 MacNeil et al., 1993, Supra. 
0144). Niddamycin 

0145 Kakavas et al., 1997, Identification and character 
ization of the niddamycin polyketide Synthase genes from 
Streptomyces caelestis, J. Bacteriol. 179: 7515-7522. 
0146 Oleandomycin 

0147 Swan et al., 1994, Characterisation of a Strepto 
myces antibioticus gene encoding a type I polyketide Syn 
thase which has an unusual coding Sequence, Mol. Gen. 
Genet. 242: 358-362. 

0.148 Olano et al., 1998, Analysis of a Streptomyces 
antibioticus chromosomal region involved in oleandomycin 
biosynthesis, which encodes two glycosyltransferases 
responsible for glycosylation of the riacrolactone ring, Mol. 
Gen. Genet. 259(3): 299-308. 
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0149 U.S. patent application Ser. No. 60/120,254, filed 
16 Feb. 1999, and Ser. No. 60/106,000, filed 29 Oct. 1998. 

0150 Platenolide 
0151 EP Pat. App. Pub. No. 791,656 to Lilly. 
0152 Pradimicin 
0153 PCI Pat. Pub. No. WO 98/11230 to Bristol-Myers 
Squibb. 

0154 Rapamycin 
0155 Schwecke et al., August 1995, The biosynthetic 
gene cluster for the polyketide rapamycin, Proc. Natl. Acad. 
Sci. USA 92:7839-7843. 

0156 Aparicio et al., 1996, Organization of the biosyn 
thetic gene cluster for rapamycin in Streptomyces hygro 
Scopicus: analysis of the enzymatic domains in the modular 
polyketide synthase, Gene 169: 9-16. 
O157 Rifamycin 
0158 August et al., 13 Feb. 1998, Biosynthesis of the 
ansamycin antibiotic rifamycin: deductions from the 
molecular analysis of the rif biosynthetic gene cluster of 
Amycolatopsis mediterranei S669, Chemistry & Biology, 
5(2): 69-79. 
0159) Soraphen 

0160 U.S. Pat. No. 5,716,849 to Novartis. 
0161 Schupp et al., 1995, J. Bacteriology 177: 3673 
3679. A Sorangium cellulosum (Myxobacterium) Gene 
Cluster for the Biosynthesis of the Macrollide Antibiotic 
Soraphen A. Cloning, Characterization, and Homology to 
Polyketide Synthase Genes from Actinomycetes. 
0162 Spiramycin 

0163 U.S. Pat. No. 5,098,837 to Lilly. 
0164 Activator Gene 
0.165 U.S. Pat. No. 5,514,544 to Lilly. 
0166 Tylosin 
0167 EP Pub. No. 791,655 to Lilly. 
0168 Kuhstoss et al., 1996, Gene 183:231-6., Production 
of a novel polyketide through the construction of a hybrid 
polyketide Synthase. 

0169. 25. U.S. Pat. No. 5,876,991 to Lilly. 
0170 Tailoring Enzymes 

0171 Merson-Davies and Cundlife, 1994, Mol. Micro 
biol. 13: 349-355. Analysis of five tylosin biosynthetic genes 
from the tylBA region of the Streptomyces fradiae genome. 

0172. As the above Table illustrates, there are a wide 
variety of PKS genes that serve as readily available sources 
of DNA and Sequence information for use in constructing 
the hybrid PKS-encoding DNA compounds of the invention. 
Methods for constructing hybrid PKS-encoding DNA com 
pounds are described without reference to the narbonolide 
PKS in U.S. Pat. Nos. 5,672,491 and 5,712,146 and PCT 
publication No. 98/49315, each of which is incorporated 
herein by reference. 
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0.173) In constructing hybrid PKSs of the invention, cer 
tain general methods may be helpful. For example, it is often 
beneficial to retain the framework of the module to be 
altered to make the hybrid PKS. Thus, if one desires to add 
DH and ER functionalities to a module, it is often preferred 
to replace the KR domain of the original module with a KR, 
DH, and ER domain-containing Segment from another mod 
ule, instead of merely inserting DH and ER domains. One 
can alter the Stereochemical Specificity of a module by 
replacement of the KS domain with a KS domain from a 
module that Specifies a different Stereochemistry. See Lau et 
al., 1999, Dissecting the role of acyltransferase domains of 
modular polyketide Synthases in the choice and Stereochemi 
cal fate of extender units’ Biochemistry 38(5):1643-1651, 
incorporated herein by reference. One can alter the Speci 
ficity of an AT domain by changing only a Small Segment of 
the domain. See Lau et al., Supra. One can also take 
advantage of known linker regions in PKS proteins to link 
modules from two different PKSs to create a hybrid PKS. 
See Gokhale et al., 16 Apr. 1999, Dissecting and Exploiting 
Intermodular Communication in Polyketide Synthases”, Sci 
ence 284: 482-485, incorporated herein by reference. 
0174) The hybrid PKS-encoding DNA compounds of the 
invention can be and often are hybrids of more than two PKS 
genes. Even where only two genes are used, there are often 
two or more modules in the hybrid gene in which all or part 
of the module is derived from a second (or third) PKS gene. 
Thus, as one illustrative example, the invention provides a 
hybrid narbonolide PKS that contains the naturally occur 
ring loading module and thioesterase domain as well as 
extender modules one, two, four, and Six of the narbonolide 
PKS and further contains hybrid or heterologous extender 
modules three and five. Hybrid or heterologous extender 
modules three and five contain AT domains Specific for 
malonyl CoA and derived from, for example, the rapamycin 
PKS genes. 

0175 To construct a hybrid PKS or narbonolide deriva 
tive PKS of the invention, one can employ a technique, 
described in PCT Pub. No. 98/27203, which is incorporated 
herein by reference, in which the large PKS gene cluster is 
divided into two or more, typically three, Segments, and each 
Segment is placed on a separate expression vector. In this 
manner, each of the Segments of the gene can be altered, and 
various altered Segments can be combined in a Single host 
cell to provide a recombinant PKS gene of the invention. 
This technique makes more efficient the construction of 
large libraries of recombinant PKS genes, vectors for 
expressing those genes, and host cells comprising those 
VectOrS. 

0176) The invention also provides libraries of PKS genes, 
PKS proteins, and ultimately, of polyketides, that are con 
structed by generating modifications in the narbonolide PKS 
So that the protein complexes produced have altered activi 
ties in one or more respects and thus produce polyketides 
other than the natural product of the PKS. Novel polyketides 
may thus be prepared, or polyketides in general prepared 
more readily, using this method. By providing a large 
number of different genes or gene clusters derived from a 
naturally occurring PKS gene cluster, each of which has 
been modified in a different way from the native cluster, an 
effectively combinatorial library of polyketides can be pro 
duced as a result of the multiple variations in these activities. 
AS will be further described below, the metes and bounds of 
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this embodiment of the invention can be described on both 
the protein level and the encoding nucleotide Sequence level. 
0177. As described above, a modular PKS "derived 
from the narbonolide or other naturally occurring PKS 
includes a modular PKS (or its corresponding encoding 
gene(s)) that retains the Scaffolding of the utilized portion of 
the naturally occurring gene. Not all modules need be 
included in the constructs. On the constant Scaffold, at least 
one enzymatic activity is mutated, deleted, replaced, or 
inserted so as to alter the activity of the resulting PKS 
relative to the original PKS. Alteration results when these 
activities are deleted or are replaced by a different version of 
the activity, or Simply mutated in Such a way that a 
polyketide other then the natural product results from these 
collective activities. This occurs because there has been a 
resulting alteration of the Starter unit and/or extender unit, 
and/or Stereochemistry, and/or chain length or cyclization, 
and/or reductive or dehydration cycle outcome at a corre 
sponding position in the product polyketide. Where a deleted 
activity is replaced, the origin of the replacement activity 
may come from a corresponding activity in a different 
naturally occurring PKS or from a different region of the 
narbonolide PKS. Any or all of the narbonolide PKS genes 
may be included in the derivative or portions of any of these 
may be included, but the scaffolding of the PKS protein is 
retained in whatever derivative is constructed. The deriva 
tive preferably contains a thioesterase activity from the 
narbonolide or another PKS. 

0178. In summary, a PKS derived from the narbonolide 
PKS includes a PKS that contains the scaffolding of all or a 
portion of the narbonolide PKS. The derived PKS also 
contains at least two extender modules that are functional, 
preferably three extender modules, and more preferably four 
or more extender modules, and most preferably six extender 
modules. The derived PKS also contains mutations, dele 
tions, insertions, or replacements of one or more of the 
activities of the functional modules of the narbonolide PKS 
So that the nature of the resulting polyketide is altered. This 
definition applies both at the protein and DNA sequence 
levels. Particular preferred embodiments include those 
wherein a KS, AT, KR, DH, or ER has been deleted or 
replaced by a version of the activity from a different PKS or 
from another location within the same PKS. Also preferred 
are derivatives where at least one non-condensation cycle 
enzymatic activity (KR, DH, or ER) has been deleted or 
added or wherein any of these activities has been mutated So 
as to change the Structure of the polyketide Synthesized by 
the PKS. 

0179 Conversely, also included within the definition of a 
PKS derived from the narbonolide PKS are functional PKS 
modules or their encoding genes wherein at least one 
portion, preferably two portions, of the narbonolide PKS 
activities have bean inserted. Exemplary is the use of the 
narbonolide AT for extender module 2 which accepts a 
malonyl CoA extender unit rather than methylmalonyl CoA 
to replace a methylmalonyl specific AT in a PKS. Other 
examples include insertion of portions of non-condensation 
cycle enzymatic activities or other regions of narbonolide 
Synthase activity into a heterologous PKS. Again, the 
derived from definition applies to the PKS at both the 
genetic and protein levels. 
0180 Thus, there are at least five degrees of freedom for 
constructing a hybrid PKS in terms of the polyketide that 
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will be produced. First, the polyketide chain length is 
determined by the number of modules in the PKS. Second, 
the nature of the carbon skeleton of the PKS is determined 
by the Specificities of the acyl transferases that determine the 
nature of the extender units at each position, e.g., malonyl, 
methylmalonyl, ethylmalonyl, or other Substituted malonyl. 
Third, the loading module Specificity also has an effect on 
the resulting carbon Skeleton of the polyketide. The loading 
module may use a different Starter unit, Such as acetyl, 
butyryl, and the like. AS noted above and in the examples 
below, another method for varying loading module speci 
ficity involves inactivating the KS activity in extender 
module 1 (KS1) and providing alternative Substrates, called 
diketides that are chemically Synthesized analogs of 
extender module 1 diketide products, for extender module 2. 
This approach was illustrated in PCT publication Nos. 
97/02358 and 99/03986, incorporated herein by reference, 
wherein the KS1 activity was inactivated through mutation. 
Fourth, the oxidation State at various positions of the 
polyketide will be determined by the dehydratase and reduc 
tase portions of the modules. This will determine the pres 
ence and location of ketone and alcohol moieties and C-C 
double bonds or C-C single bonds in the polyketide. 
Finally, the Stereochemistry of the resulting polyketide is a 
function of three aspects of the Synthase. The first aspect is 
related to the AT/KS specificity associated with substituted 
malonyls as extender units, which affects Stereochemistry 
only when the reductive cycle is missing or when it contains 
only a ketoreductase, as the dehydratase would abolish 
chirality. Second, the Specificity of the ketoreductace may 
determine the chirality of any beta-OH. Finally, the enoyl 
reductase Specificity for Substituted malonyls as extender 
units may influence the result when there is a complete 
KR/DH/ER available. 

0181. Thus, the modular PKS systems, and in particular, 
the narbonolide PKS system, permit a wide range of 
polyketides to be Synthesized. AS compared to the aromatic 
PKS Systems, a wider range of Starter units including 
aliphatic monomers (acetyl, propionyl, butyryl, isovaleryl, 
etc.), aromatics (aminohydroxybenzoyl), alicyclics (cyclo 
hexanoyl), and heterocyclics (thiazolyl) are found in various 
macrocyclic polyketides. Recent Studies have shown that 
modular PKSs have relaxed specificity for their starter units 
(Kao et al., 1994, Science, supra). Modular PKSs also 
exhibit considerable variety with regard to the choice of 
extender units in each condensation cycle. The degree of 
beta-ketoreduction following a condensation reaction has 
also been shown to be altered by genetic manipulation 
(Donadio et al., 1991, Science, Supra; Donadio et al., 1993, 
Proc. Natl. Acad. Sci. USA 90: 7119-7123). Likewise, the 
Size of the polyketide product can be varied by designing 
mutants with the appropriate number of modules (Kao et al., 
1994, J. Am. Chem. Soc. 116:1612-11613). Lastly, these 
enzymes are particularly well known for generating an 
impressive range of asymmetric centers in their products in 
a highly controlled manner. The polyketides and antibiotics 
produced by the methods of the invention are typically 
Single Stereoisomeric forms. Although the compounds of the 
invention can occur as mixtures of Stereoisomers, it may be 
beneficial in Some instances to generate individual Stereoi 
Somers. Thus, the combinatorial potential within modular 
PKS pathways based on any naturally occurring modular, 
such as the narbonolide, PKS Scaffold is virtually unlimited. 



US 2005/0O26244 A1 

0182. The combinatorial potential is increased even fur 
ther when one considers that mutations in DNA encoding a 
polypeptide can be used to introduce, alter, or delete an 
activity in the encoded polypeptide. Mutations can be made 
to the native Sequences using conventional techniques. The 
Substrates for mutation can be an entire cluster of genes or 
only one or two of them; the Substrate for mutation may also 
be portions of one or more of these genes. Techniques for 
mutation include preparing Synthetic oligonucleotides 
including the mutations and inserting the mutated Sequence 
into the gene encoding a PKS Subunit using restriction 
endonuclease digestion. See, e.g., Kunkel, 1985, Proc. Natl. 
Acad. Sci. USA 82: 448; Geisselsoder et al., 1987, BioTech 
niques 5:786. Alternatively, the mutations can be effected 
using a mismatched primer (generally 10-20 nucleotides in 
length) that hybridizes to the native nucleotide sequence, at 
a temperature below the melting temperature of the mis 
matched duplex. The primer can be made Specific by keep 
ing primer length and base composition within relatively 
narrow limits and by keeping the mutant base centrally 
located, See Zoller and Smith, 1983, Methods Enzymol. 
100:468. Primer extension is effected using DNA poly 
merase, the product cloned, and clones containing the 
mutated DNA, derived by Segregation of the primer 
extended Strand, Selected. Identification can be accom 
plished using the mutant primer as a hybridization probe. 
The technique is also applicable for generating multiple 
point mutations. See, e.g., Dalbie-McFarland et al., 1982, 
Proc. Natl. Acad. Sci. USA 79: 6409. PCR mutagenesis can 
also be used to effect the desired mutations. Random 
mutagenesis of Selected portions of the nucleotide Sequences 
encoding enzymatic activities can also be accomplished by 
Several different techniques known in the art, e.g., by insert 
ing an oligonucleotide linker randomly into a plasmid, by 
irradiation with X-rays or ultraViolet light, by incorporating 
incorrect nucleotides during in vitro DNA synthesis, by 
error-prone PCR mutagenesis, by preparing Synthetic 
mutants, or by damaging plasmid DNA in Vitro with chemi 
cals. Chemical mutagens include, for example, Sodium 
bisulfite, nitrous acid, nitroSoguanidine, hydroxylamine, 
agents which damage or remove bases thereby preventing 
normal base-pairing Such as hydrazine or formic acid, ana 
logues of nucleotide precursorS Such as 5-bromouracil, 
2-aminopurine, or acroline intercaculating agentS Such as 
proflavine, acriflavine, quinacrine, and the like. Generally, 
plasmid DNA or DNA fragments are treated with chemicals, 
transformed into E. coli and propagated as a pool or library 
of mutant plasmids. 
0183 In constructing a hybrid PKS of the invention, 
regions encoding enzymatic activity, i.e., regions encoding 
corresponding activities from different PKS synthases or 
from different locations in the same PKS, can be recovered, 
for example, using PCR techniques with appropriate prim 
ers. By “corresponding activity encoding regions is meant 
those regions encoding the same general type of activity. For 
example, a KR activity encoded at one location of a gene 
cluster “corresponds' to a KR encoding activity in another 
location in the gene cluster or in a different gene cluster. 
Similarly, a complete reductase cycle could be considered 
corresponding. For example, KR/DH/ER corresponds to KR 
alone. 

0184. If replacement of a particular target region in a host 
PKS is to be made, this replacement can be conducted in 
Vitro using Suitable restriction enzymes. The replacement 
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can also be effected in Vivo using recombinant techniques 
involving homologous Sequences framing the replacement 
gene in a donor plasmid and a receptor region in a recipient 
plasmid. Such Systems, advantageously involving plasmids 
of differing temperature Sensitivities are described, for 
example, in PCT publication No. WO 96/40968, incorpo 
rated herein by reference. The vectors used to perform the 
various operations to replace the enzymatic activity in the 
host PKS genes or to Support mutations in these regions of 
the host PKS genes can be chosen to contain control 
Sequences operably linked to the resulting coding Sequences 
in a manner Such that expression of the coding Sequences 
can be effected in an appropriate host. 

0185. However, simple cloning vectors may be used as 
well. If the cloning vectors employed to obtain PKS genes 
encoding derived PKS lack control Sequences for expression 
operably linked to the encoding nucleotide Sequences, the 
nucleotide Sequences are inserted into appropriate expres 
sion vectors. This need not be done individually, but a pool 
of isolated encoding nucleotide Sequences can be inserted 
into expression vectors, the resulting vectors transformed or 
transfected into host cells, and the resulting cells plated out 
into individual colonies. 

0186 The various PKS nucleotide sequences can be 
cloned into one or more recombinant vectors as individual 
cassettes, with Separate control elements, or under the con 
trol of, e.g., a single promoter. The PKS Subunit encoding 
regions can include flanking restriction Sites to allow for the 
easy deletion and insertion of other PKS subunit encoding 
Sequences So that hybrid PKSS can be generated. The design 
of Such unique restriction sites is known to those of skill in 
the art and can be accomplished using the techniques 
described above, Such as Site-directed mutagenesis and PCR. 

0187. The expression vectors containing nucleotide 
Sequences encoding a variety of PKS enzymes for the 
production of different polyketides are then transformed into 
the appropriate host cells to construct the library. In one 
Straightforward approach, a mixture of Such vectorS is 
transformed into the Selected host cells and the resulting 
cells plated into individual colonies and Selected to identify 
Successful transformants. Each individual colony has the 
ability to produce a particular PKS synthase and ultimately 
a particular polyketide. Typically, there will be duplications 
in Some, most, or all of the colonies; the Subset of the 
transformed colonies that contains a different PKS in each 
member colony can be considered the library. Alternatively, 
the expression vectors can be used individually to transform 
hosts, which transformed hosts are then assembled into a 
library. A variety of Strategies are available to obtain a 
multiplicity of colonies each containing a PKS gene cluster 
derived from the naturally occurring host gene cluster So that 
each colony in the library produces a different PKS and 
ultimately a different polyketide. The number of different 
polyketides that are produced by the library is typically at 
least four, more typically at least ten, and preferably at least 
20, and more preferably at least 50, reflecting similar 
numbers of different altered PKS gene clusters and PKS 
gene products. The number of members in the library is 
arbitrarily chosen; however, the degrees of freedom outlined 
above with respect to the variation of Starter, extender units, 
Stereochemistry, oxidation State, and chain length is quite 
large. 
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0188 Methods for introducing the recombinant vectors 
of the invention into Suitable hosts are known to those of 
skill in the art and typically include the use of CaCl2 or 
agents Such as other divalent cations, lipofection, DMSO, 
protoplast transformation, infection, transfection, and elec 
troporation. The polyketide producing colonies can be iden 
tified and isolated using known techniques and the produced 
polyketides further characterized. The polyketides produced 
by these colonies can be used collectively in a panel to 
represent a library or may be assessed individually for 
activity. 

0189 The libraries of the invention can thus be consid 
ered at four levels: (1) a multiplicity of colonies each with 
a different PKS encoding Sequence; (2) colonies that contain 
the proteins that are members of the PKS library produced 
by the coding Sequences; (3) the polyketides produced; and 
(4) antibiotics or compounds with other desired activities 
derived from the polyketides. Of course, combination librar 
ies can also be constructed wherein-members of a library 
derived, for example, from the narbonolide PKS can be 
considered as a part of the Same library as those derived 
from, for example, the rapamycin PKS or DEBS. 

0.190 Colonies in the library are induced to produce the 
relevant Synthases and thus to produce the relevant 
polyketides to obtain a library of polyketides. The 
polyketides Secreted into the media can be Screened for 
binding to desired targets, Such as receptors, Signaling 
proteins, and the like. The Supernatants per Se can be used 
for Screening, or partial or complete purification of the 
polyketides can first be effected. Typically, Such Screening 
methods involve detecting the binding of each member of 
the library to receptor or other target ligand. Binding can be 
detected either directly or through a competiton assay. 
Means to screen such libraries for binding are well known in 
the art. Alternatively, individual polyketide members of the 
library can be tested against a desired target. In this event, 
Screens wherein the biological response of the target is 
measured can more readily be included. Antibiotic activity 
can be verified using typical Screening assayS. Such as those 
set forth in Lehrer et al., 1991, J. Immunol. Meth. 137:167 
173, incorporated herein by reference, and in the examples 
below. 

0191 The invention provides methods for the preparation 
of a large number of polyketides. These polyketides are 
useful intermediates in formation of compounds with anti 
biotic or other activity through hydroxylation and glycosy 
lation reactions as described above. In general, the 
polyketide products of the PKS must be further modified, 
typically by hydroxylation and glycosylation, to exhibit 
antibiotic activity. Hydroxylation results in the novel 
polyketides of the invention that contain hydroxyl groups at 
C6, which can be accomplished using the hydroxylase 
encoded by the erF gene, and/or C12, which can be accom 
plished using the hydroxylase encoded by the pick or ery K 
gene. The presence of hydroxyl groups at these positions can 
enhance the antibiotic activity of the resulting compound 
relative to its unhydroxylated counterpart. 

0.192 Gycosylation is important in conferring antibiotic 
activity to a polyketide as well. Methods for glycosylating 
the polyketides are generally known in the art; the glyco 
Sylation may be effected intracellularly by providing the 
appropriate glycosylation enzymes or may be effected in 
Vitro using chemical Synthetic means as described herein 
and in PCT publication No. WO 98/49315, incorporated 
herein by reference. Preferably, glycosylation with desos 
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amine is effected in accordance with the methods of the 
invention in recombinant host cells provided by the inven 
tion. In general, the approaches to effecting glycosylation 
mirror those described above with respect to hydroxylation. 
The purified enzymes, isolated from native Sources or 
recombinantly produced may be used in vitro. Alternatively 
and as noted, glycosylation may be effected intracellularly 
using endogenous or recombinantly produced intracellular 
glycosylases. In addition, Synthetic chemical methods may 
be employed. 

0193 The antibiotic modular polyketides may contain 
any of a number of different Sugars, although D-desosamine, 
or a close analog thereof, is most common. Erythromycin, 
picromycin, narbomycin and methymycin contain desOS 
amine. Erythromycin also contains L-cladinose (34-methyl 
mycarose). Tylosin contains mycaminose (4-hydroxy des 
osamine), mycarose and 6-deoxy-D-allose. 2-acetyl-1-bro 
modeSOSamine has been used as a donor to glycosylate 
polyketides by Masamune et al., 1975, J. Am. Chem. Soc. 97: 
3512-3513. Other, apparently more stable donors include 
glycosyl fluorides, thioglycosides, and trichloroacetimi 
dates; see Woodward et al., 1981, J. Am. Chem. Soc. 103: 
3215; Martinet al., 1997, J. Am. Chem. SOc. 119: 3193; 
Toshima et al., 1995, J. Am. Chem. Soc. 117:3717; Matsu 
moto et al., 1988, Tetrahedron Lett. 29: 3575. Glycosylation 
can also be effected using the polyketide aglycones as 
Starting materials and using Saccharopolyspora erythraea or 
Streptomyces venezuelae to make the conversion, preferably 
using mutants unable to Synthesize macrollides. 
0194 To provide an illustrative hybrid PKS of the inven 
tion as well as an expression vector for that hybrid PKS and 
host cells comprising the vector and producing the hybrid 
polyketide, a portion of the narbonolide PKS gene was fused 
to the DEBS genes. This construct also allowed the exami 
nation of whether the TE domain of the narbonolide PKS 
(pikTE) could promote formation of 12-membered lactones 
in the context of a different PKS. A construct was generated, 
plasmid pKOS039-18, in which the pikTE ORF was fused 
with the DEBS genes in place of the DEBSTE ORF (see 
FIG. 5). To allow the TE to distinguish between substrates 
most closely resembling those generated by the narbonolide 
PKS, the fusion junction was chosen between the AT and 
ACP to eliminate ketoreductase activity in DEBS extender 
module 6 (KR6). This results in a hybrid PKS that presents 
the TE with a B-ketone heptaketide intermediate and a 
f-(S)-hydroxy hexaketide intermediate to cyclize, as in 
narbonolide and 10-deoxymethynolide biosynthesis. 

0.195 Analysis of this construct indicated the production 
of the 14-membered ketolide 3,6-dideoxy-3-oxo-erythrono 
lide B (FIG. 5, compound 6). Extracts were analyzed by 
LC/MS. The identity of compound 6 was verified by com 
parison to a previously authenticated Sample (see PCT 
publication No. 98/49315, incorporated herein by refer 
ence). The predicted 12-membered macrolactone, (8R,9S)- 
8,9-dihydromethyl-9-hydroxy-10-deoxymethynolide (see 
Kao et al., 1995, J. Am. Chem. Soc. 127, incorporated herein 
by reference) was not detected. This result, along with others 
reported herein, Suggests that protein interactions between 
the narbonolide PKS modules play a role in formation of the 
12 and 14-membered macrollides. 

0196. The above example illustrates also how engineered 
PKSs can be improved for production of novel compounds. 
Compound 6 was originally produced by deletion of the 
KR6 domain in DEBS to create a 3-ketolide producing PKS 
(see U.S. patent application Ser. No. 09/073,538, filed 6 May 
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1998, and PCT publication No. WO 98/49315, each of 
which is incorporated herein by reference). Although the 
desired molecule was made, purification of compound 6 
from this Strain was hampered by the presence of 2-desm 
ethyl ketolides that could not be easily Separated. Extracts 
from Streptomyces lividans KS 114/pKOSO39-18, however, 
do not contain the 2-desmethyl compounds, greatly simpli 
fying purification. Thus, the invention provides a useful 
method of producing Such compounds. The ability to com 
bine the narbonolide PKS with DEBS and other modular 
PKSS provides a Significant advantage in the production of 
macrollide antibiotics. 

0197) Two other hybrid PKSs of the invention were 
constructed that yield this Same compound. These constructs 
also illustrate the method of the invention in which hybrid 
PKSS are constructed at the protein, as opposed to the 
module, level. Thus, the invention provides a method for 
constructing a hybrid PKS which comprises the coexpres 
Sion of at least one gene from a first modular PKS gene 
cluster in a host cell that also expresses at least one gene 
from a second PKS gene cluster. The invention also provides 
novel hybrid PKS enzymes prepared in accordance with the 
method. This method is not limited to hybrid PKS enzymes 
composed of at least one narbonolide PKS gene, although 
Such constructs are illustrative and preferred. Moreover, the 
hybrid PKS enzymes are not limited to hybrids composed of 
unmodified proteins, as illustrated below, at least one of the 
genes can optionally be a hybrid PKS gene. 

0198 In the first construct, the ery AI and ery AI genes 
were coexpressed with picAIV and a gene encoding a hybrid 
extender module 5 composed of the KS and AT domains of 
extender module 5 of DEBS3 and the KR and ACP domains 
of extender module 5 of the narbonolide PKS. In the second 
construct, the picAIV coding Sequence was fused to the 
hybrid extender module 5 coding Sequence used in the first 
construct to yield a Single protein. Each of these constructs 
produced 3-deoxy-3-oxo-6-deoxyerythronolide B. In a third 
construct, the coding Sequence for extender module 5 of 
DEBS3 was fused to the picAIV coding sequence, but the 
levels of product produced were below the detection limits 
of the assay. 

0199. A variant of the first construct hybrid PKS was 
constructed that contained an inactivated DEBS1 extender 
module 1 KS domain. When host cells containing the 
resultant hybrid PKS were supplied the appropriate diketide 
precursor, the desired 13-desethyl-13-propyl compounds 
were obtained, as described in the examples below. 

0200. Other illustrative hybrid PKSs of the invention 
were made by coexpressing the picAI and picAII genes with 
genes encoding DEBS3 or DEBS3 variants. These con 
structs illustrate the method of the invention in which a 
hybrid PKS is produced from coexpression of PKS genes 
unmodified at the modular or domain level. In the first 
construct, the enjAIII gene was coexpressed with the picAI 
and picAII genes, and the hybrid PKS produced 10-desm 
ethyl-10,11-anhydro-6-deoxyerythronolide B in Streptomy 
ces lividans. Such a hybrid PKS could also be constructed in 
accordance with the method of the invention by transfor 
mation of S. venzuelae with an expression vector that 
produces the eny AIII gene product, DEBS3. In a preferred 
embodiment, the S. venezuelae host cell has been modified 
to inactivate the picAIII gene. 
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0201 In the second construct, the DEBS3 gene was a 
variant that had an inactive KR in extender module 5. The 
hybrid PKS produced 5,6-dideoxy-5-oxo-10-desmethyl-10, 
11-anhydroerythronolide B in Streptomyces lividans. 
0202) In the third construct, the DEBS3 gene was a 
variant in which the KR domain of extender module 5 was 
replaced by the DH and KR domains of extender module 4 
of the rapamycin PKS. This construct produced 5,6- 
dideoxy-5-oxo-10-desmethyl-10, 11-anhydroerythronolide 
B and 5,6-dideoxy-4,5-anhydro-10-desmethyl-10,11-anhy 
droerythronolide B in Streptomyces lividans, indicating that 
the rapamycin DH and KR domains functioned only inef 
ficiently in this construct. 
0203. In the fourth construct, the DEBS3 gene was a 
variant in which the KR domain of extender module 5 was 
replaced by the DH, KR, and ER domains of extender 
module 1 of the rapamycin PKS. This construct produced 
5,6-dideoxy-5-oxo-10-desmethyl-10,11-anhydroerythrono 
lide B as well as 5,6-dideoxy-10-desmethyl-10, 11-anhydro 
erythronolide B in Streptomyces lividans, indicating that the 
rapamycin DH, KR, and ER domains functioned only inef 
ficiently in this construct. 
0204. In the fifth construct, the DEBS3 gene was a 
variant in which the KR domain of extender module 6 was 
replaced by the DH and KR domains of extender module 4 
of the rapamycin PKS. This construct produced 3,6- 
dideoxy-2,3-anhydro-10-desmethyl-10,11-anhydroerythro 
nolide B in Streptomyces lividans. 
0205. In the sixth construct, the DEBS3 gene was a 
variant in which the AT domain of extender module 6 was 
replaced by the AT domain of extender module 2 of the 
rapamycin PKS. This construct produced 2,10-didesmethyl 
10, 11-anhydro-6-deoxyerythronolide B in Streptomyces liv 
idans. 

0206. These hybrid PKSs illustrate the wide variety of 
polyketides that can be produced by the methods and 
compounds of the invention. These polyketides are useful as 
antibiotics and as intermediates in the Synthesis of other 
useful compounds, as described in the following Section. 
0207 Section VI: Compounds 
0208. The methods and recombinant DNA compounds of 
the invention are useful in the production of polyketides. In 
one important aspect, the invention provides methods for 
making ketolides, polyketide compounds with Significant 
antibiotic activity. See Griesgraber et al., 1996, J. Antibiot. 
49: 465-477, incorporated herein by reference. Most if not 
all of the ketolides prepared to date are Synthesized using 
erythromycin A, a derivative of 6-dEB, as an intermediate. 
While the invention provides hybrid PKSs that produce a 
polyketide different in structure from 6-dEB, the invention 
also provides methods for making intermediates useful in 
preparing traditional, 6-dEB-derived ketolide compounds. 
0209 Because 6-dEB in part differs from narbonolide in 
that it comprises a 10-methyl group, the novel hybrid PKS 
genes of the invention based on the narbonolide PKS 
provide many novel ketolides that differ from the known 
ketolides only in that they lack a 10-methyl group. Thus, the 
invention provides the 10-desmethyl analogues of the 
ketolides and intermediates and precursor compounds 
described in, for example, Griesgraber et al., Supra; Agouri 
das et al., 1998, J. Med. Chem. 41: 4080-4100, U.S. Pat. 
Nos. 5,770.579; 5,760,233; 5,750,510; 5,747.467; 5,747, 
466; 5,656,607; 5,635,485; 5,614,614; 5,556,118; 5,543, 
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400; 5,527,780; 5,444.051; 5,439,890; 5,439,889; and PCT 
publication Nos. WO98/09978 and 98/28316, each of which 
is incorporated herein by reference. Because the invention 
also provides hybrid PKS genes that include a methylma 
lonyl-specific AT domain in extender module 2 of the 
narbonolide PKS, the invention also provides hybrid PKS 
that can be used to produce the 10-methyl-containing 
ketolides known in the art. 

0210 Thus, a hybrid PKS of the invention that produces 
10-methyl narbonolide is constructed by Substituting the 
malonyl-specific AT domain of the narbonolide PKS 
extender module 2 with a methylmalonyl specific AT 
domain from a heterologous PKS. A hybrid narbonolide 
PKS in which the AT of extender module 2 was replaced 
with the AT from DEBS extender module 2 was constructed 
using boundaries described in PCT publication No. 
98/49315, incorporated herein by reference. However, when 
the hybrid PKS expression vector was introduced into 
Streptomyces Venezuelae, detectable quantities of 10-methyl 
picromycin were not produced. Thus, to construct Such a 
hybrid PKS of the invention, an AT domain from a module 
other than DEBS extender module 2 is preferred. One could 
also employ DEBS extender module 2 or another methyl 
malonyl specific AT but utilize instead different boundaries 
than those used for the Substitution described above. In 
addition, one can construct such a hybrid PKS by Substitut 
ing, in addition to the AT domain, additional eXtender 
module 2 domains, including the KS, the KR, and the DH, 
and/or additional extender module 3 domains. 

0211 Although modification of extender module 2 of the 
narbonolide PKS is required, the extent of hybrid modules 
engineered need not be limited to module 2 to make 10-me 
thyl narbonolide. For example, substitution of the KS 
domain of extender module 3 of the narbonolide PKS with 
a heterologous domain or module can result in more efficient 
processing of the intermediate generated by the hybrid 
extender module 2. Likewise, a heterologous TE domain 
may be more efficient in cyclizing 10-methyl narbonolide. 
0212 Substitution of the entire extender module 2 of the 
narbonolide PKS with a module encoding the correct enzy 
matic activities, i.e., a KS, a methylmalonyl specific AT, a 
KR, a DH, and an ACP, can also be used to create a hybrid 
PKS of the invention that produces a 10-methyl ketolide. 
Modules useful for such whole module replacements include 
extender modules 4 and 10 from the rapamycin PKS, 
extender modules 1 and 5 from the FK506 PKS, extender 
module 2 of the tylosin PKS, and extender module 4 of the 
rifamycin PKS. Thus, the invention provides many different 
hybrid PKSs that can be constructed starting from the 
narbonolide PKS that can be used to produce 10-methyl 
narbonolide. While 10-methyl narbonolide is referred to in 
describing these hybrid PKSS, those of skill recognize that 
the invention also therefore provides the corresponding 
derivatives produces by glycosylation and hydroxylation. 
For example, if the hybrid PKS is expressed in Streptomyces 
narbonensis or S. Venezuelae, the compounds produced are 
10-methyl narbomycin and picromycin, respectively. Alter 
natively, the PKS can be expressed in a host cell transformed 
with the vectors of the invention that encode the desosamine 
biosynthesis and desosaminyl transferase and pick hydroxy 
lase genes. 
0213 Other important compounds provided by the inven 
tion are the 6-hydroxy ketolides. These compounds include 
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3-deoxy-3-oxo erythronolide B, 6-hydroxy narbonolide, and 
6-hydroxy-10-methyl narbonolide. In the examples below, 
the invention provides a method for utilizing EryF to 
hydroxylate 3-ketolides that is applicable for the production 
of any 6-hydroxy-3-ketolide. 
0214. Thus, the hybrid PKS genes of the invention can be 
expressed in a host cell that contains the desosamine bio 
Synthetic genes and desosaminyl transferase gene as well as 
the required hydroxylase gene(s), which may be either pick 
(for the C12 position) or eryK (for the C12 position) and/or 
eryF (for the C6 position). The resulting compounds have 
antibiotic activity but can be further modified, as described 
in the patent publications referenced above, to yield a 
desired compound with improved or otherwise desired prop 
erties. Alternatively, the aglycone compounds can be pro 
duced in the recombinant host cell, and the desired glyco 
Sylation and hydroxylation Steps carried out in vitro or in 
Vivo, in the latter case by Supplying the converting cell with 
the aglycone. 
0215. The compounds of the invention are thus option 
ally glycosylated forms of the polyketide set forth in formula 
(2) below which are hydroxylated at either the C6 or the C12 
or both. The compounds of formula (2) can be prepared 
using the loading and the Six extender modules of a modular 
PKS, modified or prepared in hybrid form as herein 
described. These polyketides have the formula: 

(2) 

0216 including the glycosylated and isolated stere 
oisomeric forms thereof; 

0217 wherein R* is a straight chain, branched or 
cyclic, Saturated or unsaturated Substituted or unsub 
stituted hydrocarbyl of 1-4C; 

0218 each of R-R is independently H or alkyl 
(1-4C) wherein any alkyl at R may optionally be 
Substituted; 

0219) each of X-X is independently two H., H and 
OH, or =O; or 

0220 each of X-X is independently H and the 
compound of formula (2) contains a double-bond in 
the ring adjacent to the position of Said X at 2-3, 4-5, 
6-7,8-9 and/or 10-11; 

0221) with the proviso that: 
0222 at least two of R-R are alkyl (1-4C). 

0223 Preferred compounds comprising formula 2 are 
those wherein at least three of R-R are alkyl (1-4C), 
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preferably methyl or ethyl; more preferably wherein at least 
four of R-R are alkyl (1-4C), preferably methyl or ethyl. 
Also preferred are those wherein X is two H, =O, or Hand 
OH, and/or X is H, and/or X is OH and/or X is OH and/or 
X is OH. Also preferred are compounds with variable R* 
when R-R is methyl, X is =O, and X, X and X are OH. 
The glycosylated forms of the foregoing are also preferred. 

0224. The invention also provides the 12-membered 
macrollides corresponding to the compounds above but pro 
duced from a narbonolide-derived PKS lacking extender 
modules 5 and 6 of the narbonolide PKS. 

0225. The compounds of the invention can be produced 
by growing and fermenting the host cells of the invention 
under conditions known in the art for the production of other 
polyketides. The compounds of the invention can be isolated 
from the fermentation broths of these cultured cells and 
purified by Standard procedures. The compounds can be 
readily formulated to provide the pharmaceutical composi 
tions of the invention. The pharmaceutical compositions of 
the invention can be used in the form of a pharmaceutical 
preparation, for example, in Solid, Semisolid, or liquid form. 
This preparation will contain one or more of the compounds 
of the invention as an active ingredient in admixture with an 
organic or inorganic carrier or excipient Suitable for exter 
nal, enteral, or parenteral application. The active ingredient 
may be compounded, for example, with the usual non-toxic, 
pharmaceutically acceptable carriers for tablets, pellets, cap 
Sules, Suppositories, Solutions, emulsions, Suspensions, and 
any other form suitable for use. 
0226. The carriers which can be used include water, 
glucose, lactose, gum acacia, gelatin, mannitol, Starch paste, 
magnesium trisilicate, talc, corn Starch, keratin, colloidal 
Silica, potato Starch, urea, and other carrierS Suitable for use 
in manufacturing preparations, in Solid, Semi-Solid, or liq 
uefied form. In addition, auxiliary Stabilizing, thickening, 
and coloring agents and perfumes may be used. For 
example, the compounds of the invention may be utilized 
with hydroxypropyl methylcellulose essentially as described 
in U.S. Pat. No. 4,916,138, incorporated herein by reference, 
or with a surfactant essentially as described in EPO patent 
publication No. 428,169, incorporated herein by reference. 
0227 Oral dosage forms may be prepared essentially as 
described by Hondo et al., 1987, Transplantation Proceed 
ings XIX, Supp. 6: 17-22, incorporated herein by reference. 
Dosage forms for external application may be prepared 
essentially as described in EPO patent publication No. 
423,714, incorporated herein by reference. The active com 
pound is included in the pharmaceutical composition in an 
amount Sufficient to produce the desired effect upon the 
disease process or condition. 

0228. For the treatment of conditions and diseases caused 
by infection, a compound of the invention may be admin 
istered orally, topically, parenterally, by inhalation spray, or 
rectally in dosage unit formulations containing conventional 
non-toxic pharmaceutically acceptable carriers, adjuvant, 
and Vehicles. The term parenteral, as used herein, includes 
Subcutaneous injections, and intravenous, intramuscular, 
and intrasternal injection or infusion techniques. 
0229 Dosage levels of the compounds of the invention 
are of the order from about 0.01 mg to about 50 mg per 
kilogram of body weight per day, preferably from about 0.1 
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mg to about 10 mg per kilogram of body weight per day. The 
dosage levels are useful in the treatment of the above 
indicated conditions (from about 0.7 mg to about 3.5 mg per 
patient per day, assuming a 70 kg patient). In addition, the 
compounds of the invention may be administered on an 
intermittent basis, i.e., at Semi-weekly, weekly, Semi 
monthly, or monthly intervals. 
0230. The amount of active ingredient that may be com 
bined with the carrier materials to produce a Single dosage 
form will vary depending upon the host treated and the 
particular mode of administration. For example, a formula 
tion intended for oral administration to humans may contain 
from 0.5 mg to 5gm of active agent compounded with an 
appropriate and convenient amount of carrier material, 
which may vary from about 5 percent to about 95 percent of 
the total composition. Dosage unit forms will generally 
contain from about 0.5 mg to about 500 mg of active 
ingredient. For external administration, the compounds of 
the invention may be formulated within the range of, for 
example, 0.00001% to 60% by weight, preferably from 
0.001% to 10% by weight, and most preferably from about 
0.005% to 0.8% by weight. 
0231. It will be understood, however, that the specific 
dose level for any particular patient will depend on a variety 
of factors. These factors include the activity of the specific 
compound employed; the age, body weight, general health, 
SeX, and diet of the Subject; the time and route of adminis 
tration and the rate of excretion of the drug; whether a drug 
combination is employed in the treatment; and the Severity 
of the particular disease or condition for which therapy is 
Sought. 

0232 A detailed description of the invention having been 
provided above, the following examples are given for the 
purpose of illustrating the invention and shall not be con 
Strued as being a limitation on the Scope of the invention or 
claims. 

EXAMPLE 1. 

General Methodology 

0233 Bacterial strains, plasmids, and culture conditions. 
Streptomyces coelicolor CH999 described in WO95/08548, 
published 30 Mar. 1995, or S. lividans K4-114, described in 
Ziermann and Betlach, Jan. 99, Recombinant Polyketide 
Synthesis in Streptomyces: Engineering of Improved Host 
Strains, BioTechniques 26:106-110, incorporated herein by 
reference, was used as an expression host. DNA manipula 
tions were performed in Escherichia coli XL1-Blue, avail 
able from Stratagene. E. coli MC1061 is also suitable for use 
as a host for plasmid manipulation. Plasmids were passaged 
through E. coli ET12567 (dam dcm hsdS Cm) (MacNeil, 
1988, J. Bacteriol. 170: 5607, incorporated herein by refer 
ence) to generate unmethylated DNA prior to transformation 
of S. coelicolor. E. coli strains were grown under standard 
conditions. S. coelicolor Strains were grown on R2YE agar 
plates (Hopwood et al., Genetic manipulation of Streptomy 
ces. A laboratory manual. The John Innes Foundation: 
Norwich, 1985, incorporated herein by reference). 
0234. Many of the expression vectors of the invention 
illustrated in the examples are derived from plasmid pRM5, 
described in WO95/08548, incorporated herein by refer 
ence. This plasmid includes a col I replicon, an appropri 
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ately truncated SCP2* Streptomyces replicon, two act-pro 
moters to allow for bidirectional cloning, the gene encoding 
the actII-ORF4 activator which induces transcription from 
act promoters during the transition from growth phase to 
Stationary phase, and appropriate marker genes. Engineered 
restriction sites in the plasmid facilitate the combinatorial 
construction of PKS gene clusterS Starting from cassettes 
encoding individual domains of naturally occurring PKSS. 
When plasmid pRM5 is used for expression of a PKS, all 
relevant biosynthetic genes can be plasmid-borne and there 
fore amenable to facile manipulation and mutagenesis in E. 
coli. This plasmid is also suitable for use in Streptomyces 
host cells. Streptomyces is genetically and physiologically 
well-characterized and expresses the ancillary activities 
required for in vivo production of most polyketides. Plasmid 
pRM5 utilizes the act promoter for PKS gene expression, so 
polyketides are produced in a Secondary metabolite-like 
manner, thereby alleviating the toxic effects of Synthesizing 
potentially bioactive compounds in Vivo. 
0235 Manipulation of DNA and organisms. Polymerase 
chain reaction (PCR) was performed using Pfu polymerase 
(Stratagene, Taq polymerase from Perkin Elmer Cetus can 
also be used) under conditions recommended by the enzyme 
manufacturer. Standard in vitro techniques were used for 
DNA manipulations (Sambrook et al. Molecular Cloning. A 
Laboratory Manual (Current Edition)). E. coli was trans 
formed using Standard calcium chloride-based methods, a 
Bio-Rad E. coli pulsing apparatus and protocols provided by 
Bio-Rad could also be used. S. coelicolor was transformed 
by Standard procedures (Hopwood et al. Genetic manipula 
tion of Streptomyces. A laboratory manual. The John Innes 
Foundation: Norwich, 1985), and depending on what select 
able marker was employed, transformants were Selected 
using 1 mL of a 1.5 mg/mL thiostrepton overlay, 1 mL of a 
2 mg/mL apramycin overlay, or both. 

EXAMPLE 2 

Cloning of the Picromycin Biosynthetic Gene 
Cluster from Streptomyices venezuelae 

0236 Genomic DNA (100 lug) isolated from Streptomy 
ces venezuelae ATCC15439 using standard procedures was 
partially digested with Sau3AI endonuclease to generate 
fragments ~40 kbp in length. SuperCos (Stratagene) DNA 
coSmid arms were prepared as directed by the manufacturer. 
A coSmid library was prepared by ligating 2.5 lug of the 
digested genomic DNA with 1.5 lug of cosmid arms in a 20 
till reaction. One microliter of the ligation mixture was 
propagated in E. coli XL1-Blue MR (Stratagene) using a 
GigapackIII XL packaging extract kit (Stratagene). The 
resulting library of ~3000 colonies was plated on a 10x150 
mm agar plate and replicated to a nylon membrane. 
0237) The library was initially screened by direct colony 
hybridization with a DNA probe specific for ketosynthase 
domain coding Sequences of PKS genes. Colonies were 
alkaline lysed, and the DNA was crosslinked to the mem 
brane using UV irradiation. After overnight incubation with 
the probe at 42 C., the membrane was washed twice at 25 
C. in 2XSSC buffer+0.1% SDS for 15 minutes, followed by 
two 15 minute washes with 2xSSC buffer at 55 C. Approxi 
mately 30 colonies gave positive hybridization signals with 
the degenerate probe. Several cosmids were Selected and 
divided into two classes based on restriction digestion 
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patterns. A representative coSmid was Selected from each 
class for further analysis. The representative cosmids were 
designated pKOS023-26 and pKOS023-27. These cosmids 
were determined by DNA sequencing to comprise the nar 
bonolide PKS genes, the desOSamine biosynthesis and trans 
ferase genes, the beta-glucosidase gene and the pick 
hydroxylase gene. 

0238. These cosmids were deposited with the American 
Type Culture Collection in accordance with the terms of the 
Budapest Treaty. Cosmid pKOS023-26 was assigned acces 
sion number ATCC 203141, and cosmid pKOS023-27 was 
assigned accession number ATCC 203142. 

0239). To demonstrate that the narbonolide PKS genes 
had been cloned and to illustrate how the invention provides 
methods and reagents for constructing deletion variants of 
narbonolide PKS genes, a narbonolide PKS gene was 
deleted from the chromosome of Streptomyces venezuelae. 
This deletion is shown schematically in FIG.4, parts B and 
C. A ~2.4 kb EcoRI-KpnI fragment and a ~2.1 kb KpnI 
XhoI fragment, which together comprise both ends of the 
picAI gene (but lack a large portion of the coding sequence), 
were isolated from cosmid pKOS023-27 and ligated 
together into the commercially available vector plitmus 28 
(digested with restriction enzymes EcoRI and XhoI) to give 
plasmid pKOS039-07. The -4.5 kb HindIII-SpeI fragment 
from plasmid pKOS039-07 was ligated with the 2.5 kb 
HindIII-Nhe fragment of integrating vector pSET152, 
available from the NRRL, which contains an E. coli origin 
of replication and an apramycin resistance-conferring gene 
to create plasmid pKOS039-16. This vector was used to 
transform S. Venezuelae, and apramycin-resistant transfor 
mants were Selected. 

0240 Then, to select for double-crossover mutants, the 
selected transformants were grown in TSB liquid medium 
without antibiotics for three transfers and then plated onto 
non-Selective media to provide Single colony isolates. The 
isolated colonies were tested for Sensitivity to apramycin, 
and the apramycin-Sensitive colonies were then tested to 
determine if they produced picromycin. The tests performed 
included a bioassay and LC/MS analysis of the fermentation 
media. Colonies determined not to produce picromycin (or 
methymycin or neomethymycin) were then analyzed using 
PCR to detect an amplification product diagnostic of the 
deletion. A colony designated K3903 was identified, pro 
viding confirmation that the narbonolide PKS genes had 
been cloned. Transformation of strain K39-03 with plasmid 
pKOS039-27 comprising an intact picA gene under the 
control of the ermE* promoter from plasmid pWHM3 (see 
Vara et al., 1989, J. Bact. 171: 5872-5881, incorporated 
herein by reference) was able to restore picromycin produc 
tion. 

0241 To determine that the cosmids also contained the 
pick hydroxylase gene, each coSmid was probed by South 
ern hybridization using a labeled DNA fragment amplified 
by PCR from the Saccharopolyspora erythraea C12-hy 
droxylase gene, eryk. The cosmids were digested with 
BamHI endonuclease and electrophoresed on a 1% agarose 
gel, and the resulting fragments were transferred to a nylon 
membrane. The membrane was incubated with the eny K 
probe overnight at 42 C., washed twice at 25 C. in 2xSSC 
buffer with 0.1% SDS for 15 minutes, followed by two 15 
minute washes with 2xSSC buffer at 50° C. Cosmid 
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pKOS023-26 produced an ~3 kb fragment that hybridized 
with the probe under these conditions. This fragment was 
subcloned into the PCRscriptTM (Stratagene) cloning vector 
to yield plasmid pKOS023-28 and sequenced. The -1.2 kb 
gene designated pick above was thus identified. The pick 
gene product is homologous to ery K and other known 
macrollide cytochrome P450 hydroxylases. 
0242 By such methodology, the complete set of picro 
mycin biosynthetic genes were isolated and identified. DNA 
sequencing of the cloned DNA provided further confirma 
tion that the correct genes had been cloned. In addition, and 
as described in the following example, the identity of the 
genes was confirmed by expression of narbomycin in het 
erologous host cells. 

EXAMPLE 3 

Heterologous Expression of the Narbonolide PKS 
and the Picromycin Biosynthetic Gene Cluster 

0243 To provide a preferred host cell and vector for 
purposes of the invention, the narbonolide PKS was trans 
ferred to the non-macrollide producing host Streptomyces 
lividans K4-114 (see Ziermann and Betlach, 1999, Biotech 
niques 26, 106-110, and U.S. patent application Ser. No. 
09/181833, filed 28 Oct. 1998, each of which is incorpo 
rated herein by reference). This was accomplished by replac 
ing the three DEBS ORFs on a modified version of pCK7 
(see Kao et al., 1994, Science 265, 509-512, and U.S. Pat. 
No. 5,672,491, each of which is incorporated herein by 
reference) with all four narbonolide PKS ORFs to generate 
plasmid pKOS039-86 (see FIG. 5). The pCK7 derivative 
employed, designated pCK7 Kan, differs from pCK7 only 
in that it contains a kanamycin resistance conferring gene 
inserted at its HindIII restriction enzyme recognition site. 
Because the plasmid contains two Selectable markers, one 
can Select for both markers and So minimize contamination 
with cells containing rearranged, undesired vectors. 
0244 Protoplasts were transformed using standard pro 
cedures and transformants Selected using overlays contain 
ing antibiotics. The Strains were grown in liquid R5 medium 
for growth/seed and production cultures at 30° C. Trans 
formed Strains produced two compounds in Similar yield 
(-5-10 mg/L each). Polyketides produced in the host cells 
were analyzed by bioassay against Bacillus Subtilis and by 
LC/MS analysis. Analysis of extracts by LC/MS followed 
by H-NMR spectroscopy of the purified compounds estab 
lished their identity as narbonolide (FIG. 5, compound 4; 
see Kaiho et al., 1982, J. Org. Chem. 47: 1612-1614, 
incorporated herein by reference) and 10-deoxymethynolide 
(FIG. 5, compound 5; see Lambalot et al., 1992, J. Antibi 
otics 45, 1981-1982, incorporated herein by reference), the 
respective 14 and 12-membered polyketide aglycones of 
YC17, narbomycin, picromycin, and methymycin. 

0245. The production of narbonolide in Streptomyces 
lividans represents the expression of an entire modular 
polyketide pathway in a heterologous host. The combined 
yields of compounds 4 and 5 are Similar to those obtained 
with expression of DEBS from pCK7 (see Kao et al., 1994, 
Science 265: 509-512, incorporated herein by reference). 
Furthermore, based on the relative ratios (~1:1) of com 
pounds 4And 5 produced, it is apparent that the narbonolide 
PKS itself possesses an inherent ability to produce both 12 
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and 14-membered macrolactones without the requirement of 
additional activities unique to S. Venezuelae. Although the 
existence of a complementary enzyme present in S. lividans 
that provides this function is possible, it would be unusual 
to find Such a specific enzyme in an organism that does not 
produce any known macrollide. 
0246 To provide a heterologous host cell of the invention 
that produces the narbonolide PKS and the picB gene, the 
picB gene was integrated into the chromosome of Strepto 
myces lividans harboring plasmid pKOSO39-86 to yield S. 
lividans K39-18/pKOS039-86. To provide the integrating 
vector utilized, the picB gene was cloned into the Strepto 
myces genome integrating vector pSET152 (see Bierman et 
al., 1992, Gene 116, 43, incorporated herein by reference) 
under control of the same promoter (Pact1) as the PKS on 
plasmid pKOS039-86. 
0247. A comparison of strains K39-18/pKOS39-86 and 
K4-114/pKOS039-86 grown under identical conditions indi 
cated that the strain containing TEII produced 47 times more 
total polyketide. Each strain was grown in 30 mL of R5 (see 
Hopwood et al., Genetic Manipulation of Streptomyces. A 
Laboratory Manual; John Innes Foundation: Norwich, UK, 
1985, incorporated herein by reference) liquid (with 20 
ug/mL thiostrepton) at 30° C. for 9 days. The fermentation 
broth was analyzed directly by reverse phase HPLC. Absor 
bance at 235 nm was used to monitor compounds and 
measure relative abundance. This increased production indi 
cates that the enzyme is functional in this Strain. AS noted 
above, because the production levels of compound 4 and 5 
from K39-18/pKOS03986 increased by the same relative 
amounts, TEII does not appear to influence the ratio of 12 
and 14-membered lactone ring formation. 
0248. To express the glycosylated counterparts of nar 
bonolide (narbomycin) and 10-deoxymethynolide (YC17) in 
heterologous host cells, the desosamine biosynthetic genes 
and desosaminyl transferase gene were transformed into the 
host cells harboring plasmid pKOS039-86 (and, optionally, 
the picB gene, which can be integrated into the chromosome 
as described above). 
0249 Plasmid pKOS039-104, see FIG. 6, comprises the 
deSosamine biosynthetic genes, the beta-glucosidase gene, 
and the desOSaminyl transferase gene. This plasmid was 
constructed by first inserting a polylinker oligonucleotide, 
containing a restriction enzyme recognition site for PacI, a 
Shine-Dalgarno Sequence, and restriction enzyme recogni 
tion sites for Nde, BglII, and HindIII, into a pUC19 
derivative, called pKOS2447, to yield plasmid pKOSO39 
98. 

0250) An -0.3 kb PCR fragment comprising the coding 
Sequence for the N-terminus of the des gene product and an 
~0.12 kb PCR fragment comprising the coding Sequence for 
the C-terminus of the desR gene product were amplified 
from cosmid pKOS23-26 (ATCC 203141) and inserted 
together into pI litmus28 treated with restriction enzymes 
Nsil and EcoRI to produce plasmid pKOS039-101. The -6 
kb SphI-Pst restriction fragment of pKOS23-26 containing 
the des, desi, des|I, desV, and desV genes was inserted 
into plasmid pUC19 (Stratagene) to yield plasmid 
pKOS039-102. The -6 kb SphI-EcoRI restriction fragment 
from plasmid pKOS039-102 was inserted into pKOS039 
101 to produce plasmid pKOS039-103. The -6 kb BglII-PstI 
fragment from pKOS23-26 that contains the desR, desVI, 
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des VII, and desVIII genes was inserted into pKOS39-98 to 
yield pKOS39-100. The -6 kb PacI-PstI restriction fragment 
of pKOS39-100 and the 6.4 kb Nsil-EcoRI fragment of 
pKOS39-103 were cloned into pKOS39-44 to yield 
pKOS39-104. 

0251 When introduced into Streptomyces lividans host 
cells comprising the recombinant narbonolide PKS of the 
invention, plasmid pKOS39-104 drives expression of the 
deSosamine biosynthetic genes, the beta-glucosidase gene, 
and the desOSaminyl transferase gene. The glycosylated 
antibiotic narbomycin was produced in these host cells, and 
it is believed that YC17 was produced as well. When these 
host cells are transformed with vectors that drive expression 
of the pick gene, the antibiotics methymycin, neomethy 
mycin, and picromycin are produced. 
0252) In similar fashion, when plasmid pKOSO39-18, 
which encodes a hybrid PKS of the invention that produces 
3-deoxy-3-oxo-6-deoxyerythronolide B was expressed in 
Streptomyces lividans host cells transformed with plasmid 
pKOS39-104, the 5-desosaminylated analog was produced. 
Likewise, when plasmid pCK7, which encodes DEBS, 
which produces 6-deoxyerythronolide B, was expressed in 
Streptomyces lividans host cells transformed with plasmid 
pKC639-104, the 5-desosaminylated analog was produced. 
These compounds have antibiotic activity and are useful as 
intermediates in the Synthesis of other antibiotics. 

EXAMPLE 4 

Expression Vector for Desosaminyl Transferase 
0253) While the invention provides expression vectors 
comprising all of the genes required for desosamine biosyn 
thesis and transfer to a polyketide, the invention also pro 
vides expression vectors that encode any Subset of those 
genes or any Single gene. AS one illustrative example, the 
invention provides an expression vector for desosaminyl 
transferase. This vector is useful to desOSaminylate 
polyketides in host cells that produce NDP-desosamine but 
lack a desosaminyl transferase gene or express a desosami 
nyl transferase that does not function as efficiently on the 
polyketide of interest as does the desOSaminyl transferase of 
Streptomyces venezuelae. This expression vector was con 
Structed by first amplifying the desosaminyl transferase 
coding sequence from pKOS023-27 using the primers: 

N3917 : 5'-CCCTGCAGCGGCAAGGAAGGACACGACGCCA-3"; 
and 

N3918: 5'-AGGTCTAGAGCTCAGTGCCGGGCGTCGGCCGG-3' 

0254 to give a 1.5 kb product. This product was then 
treated with restriction enzymes Pst and Xbal and ligated 
with HindIII and Xbal digested plasmid pKOS039-06 
together with the 7.6 kb Pst-HindIII restriction fragment of 
plasmid pWHM1104 to provide plasmid pKOS039-14. Plas 
mid pWHM1104, described in Tang et al., 1996, Molec. 
Microbiol. 22(5): 801-813, incorporated herein by reference, 
encodes the erm * promoter. Plasmid pKOS039-14 is con 
Structed So that the desOSaminyl transferase gene is placed 
under the control of the erm * promoter and is suitable for 
expression of the desOSaminyl transferase in Streptomyces, 
Saccharopolyspora erythraea, and other host cells in which 
the erm * promoter functions. 
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EXAMPLE 5 

Heterologous Expression of the pick Gene Product 
in E. coli 

0255 The pick gene was PCR amplified from plasmid 
pKOS023-28 using the oligonucleotide primers: 

NO24-36B (forward): 
5'-TTGCATGCATATGCGCCGTACCCAGCAGGGAACGACC; 
and 

NO24-37B (reverse): 
5'-TTGAATTCTCAACTAGTACGGCGGCCCGCCTCCCGTCC. 

0256 These primers alter the Streptomyces GTG start 
codon to ATG and introduce a Spel site at the C-terminal end 
of the gene, resulting in the Substitution of a Serine for the 
terminal glycine amino acid residue. The blunt-ended PCR 
product was Subcloned into the commercially available 
vector pCRscript at the SrfI site to yield plasmid pKOS023 
60. An ~1.3 kb NdeI-XhoI fragment was then inserted into 
the NdeI/XhoI sites of the T7 expression vector pET22b 
(Novagen, Madison, Wis.) to generate pKOS023-61. Plas 
mid pKOS023-61 was digested with restriction enzymes 
Spel and EcoRI, and a short linker fragment encoding 6 
histidine residues and a stop codon (composed of oligo 
nucleotides 30-85a: 5'-CTAGTATGCATCATCATCATCAT. 
CATTAA-3"; and 30-85b: 5'-AATTTTAATGATGATGAT 
GATGATGCATA-3) was inserted to obtain plasmid 
pKOS023-68. Both plasmid pKOS023-61 and pKOS023-68 
produced active Pick enzyme in recombinant E. coli host 
cells. 

0257 Plasmid pKOS023-61 was transformed into E. coli 
BL21-DE3. Successful transformants were grown in LB 
containing carbenicillin (100 tug/ml) at 37° C. to an ODoo 
of 0.6. Isopropyl-beta-D-thiogalactopyranoside (G) was 
added to a final concentration of 1 mM, and the cells were 
grown for an additional 3 hours before harvesting. The cells 
were collected by centrifugation and frozen at -80 C. A 
control culture of BL21-DE3 containing the vector plasmid 
pET21c (Invitrogen) was prepared in parallel. 
0258. The frozen BL21-DE3/pKOS023-61 cells were 
thawed, suspended in 2 uIl of cold cell disruption buffer (5 
mM imidazole, 500 mM NaCl, 20 mM Tris/HCl, pH 8.0) 
and Sonicated to facilitate lysis. Cellular debris and Super 
natant were separated by centrifugation and Subjected to 
SDSPAGE on 10-15% gradient gels, with Coomassie Blue 
Staining, using a Pharmacia Phast Gel Electrophoresis Sys 
tem. The soluble crude extract from BL21-DE3/pKOS023 
61 contained a Coomassie stained band of M-46 kDa, 
which was absent in the control strain BL21-DE3/pET21c. 
0259. The hydroxylase activity of the pick protein was 
assayed as follows. The crude Supernatant (20 uD) was 
added to a reaction mixture (100 u total volume) containing 
50 mM Tris/HCl (pH 7.5), 20 uM spinach ferredoxin, 0.025 
Unit of spinach ferredoxin:NADP'oxidoreductase, 0.8 Unit 
of glucose-6-phosphate dehydrogenase, 1.4 mM NADP, 
7.6 mM glucose-6 phosphate, and 20 mmol of narbomycin. 
The narbomycin was purified from a culture of Streptomyces 
narbonensis, and upon LC/MS analysis gave a single peak 
of M--H=510. The reaction was allowed to proceed for 
105 minutes at 30° C. Half of the reaction mixture was 
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loaded onto an HPLC, and the effluent was analyzed by 
evaporative light scattering (ELSD) and mass spectrometry. 
The control extract (BL21-DE3/pET21c) was processed 
identically. The BL21-DE3/pKOS023-61 reaction contained 
a compound not present in the control having the same 
retention time, molecular weight and mass fragmentation 
pattern as picromycin (IM+H=526). The conversion of 
narbomycin to picromycin under these conditions was esti 
mated to be greater than 90% by ELSD peak area. 

0260 The poly-histidine-linked Pick hydroxylase was 
prepared from pKOS023-68 transformed into E. coli BL21 
(DE3) and cultured as described above. The cells were 
harvested and the Pick protein purified as follows. All 
purification steps were performed at 4 C. E. coli cell pellets 
were suspended in 32 uL of cold binding buffer (20 mM 
Tris/HCl, pH 8.0, 5 mM imidazole, 500 mM NaCl) per mL 
of culture and lysed by Sonication. For analysis of E. coli 
cell-free extracts, the cellular debris was removed by low 
Speed centrifugation, and the Supernatant was used directly 
in assays. For purification of Pick/6-His, the Supernatant 
was loaded (0.5 mL/min.) onto a 5 mL HiTrap Chelating 
column (Pharmacia, Piscataway, N.J.), equilibrated with 
binding buffer. The column was washed with 25 L of 
binding buffer and the protein was eluted with a 35 u linear 
gradient (5-500 mM imidazole in binding buffer). Column 
effluent was monitored at 280 nm and 416 nm. Fractions 
corresponding to the 416 nm absorbance peak were pooled 
and dialyzed against storage buffer (45 mM Tris/HCl, pH 
7.5, 0.1 mM EDTA, 0.2 mM DTT, 10% glycerol). The 
purified 46 kDa protein was analyzed by SDSPAGE using 
Coomassie blue Staining, and enzyme concentration and 
yield were determined. 

0261 Narbomycin was purified as described above from 
a culture of Streptomyces narbonensis ATCC19790. Reac 
tions for kinetic assays (100 uL) consisted of 50 mM 
Tris/HCl (pH 7.5), 100 uM spinach ferredoxin, 0.025 Unit of 
spinach ferredoxin:NADP" oxidoreductase, 0.8 Uglucose 
6-phosphate dehydrogenase, 1.4 mM NADP+, 7.6 mM 
glucose-6-phosphate, 20-500 uM narbomycin Substrate, and 
50-500 nM of Pickenzyme. The reaction proceeded at 30° 
C., and Samples were withdrawn for analysis at 5, 10, 15, 
and 90 minutes. 

0262 Reactions were stopped by heating to 100 C., for 
1 minute, and denatured protein was removed by centrifu 
gation. Depletion of narbomycin and formation of picromy 
cin were determined by high performance liquid chroma 
tography (HPLC, Beckman C-18 0.46x15 cm column) 
coupled to atmospheric pressure chemical ionization (APCI) 
mass spectroscopic detection (Perkin Elmer/Sciex API 100) 
and evaporative light Scattering detection (Alltech 500 
ELSD). 

EXAMPLE 6 

Expression of the pick Gene Encoding the 
Hydroxalase in Streptomyces narbonensis 

0263. To produce picromycin in Streptomyces narbonen 
Sis, a host that produces narbomycin but not picromycin, the 
methods and vectors of the invention were used to express 
the pick gene in this host. 
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0264. The pick gene was amplified from cosmid 
pKOS023-26 using the primers: 

N3903 5'-TCCTCTAGACGTTTCCGT-3"; 
and 

N3904 5'-TGAAGCTTGAATTCAACCGGT-3' 

0265 to obtain an ~1.3 kb product. The product was 
treated with restriction enzymes Xbal and HindIII and 
ligated with the 7.6 kb Xbal-HindIII restriction fragment of 
plasmid pWHM1104 to provide plasmid pKOS039-01, plac 
ing the pick gene under the control of the ermE* promoter 
The resulting plasmid was transformed into purified StockS 
of S. narbonensis by protoplast fusion and electroporation. 
The transformants were grown in Suitable media and shown 
to convert narbomycin to picromycin at a yield of over 95%. 

EXAMPLE 7 

Construction of a Hybrid DEBS/Narbonolide PKS 
0266 This example describes the construction of illus 
trative hybrid PKS expression vectors of the invention. The 
hybrid PKS contains portions of the narbonolide PKS and 
portions of rapamycin and/or DEBS PKS. In the first con 
structs, pKOS039-18 and pKOS039-19 the hybrid PKS 
comprises the narbonolide PKS extender module 6 ACP and 
thioesterase domains and the DEBS loading module and 
extender modules 1-5 as well as the KS and AT domains of 
DEBS extender module 6 (but not the KR domain of 
extender module 6). In pKOS039-19, the hybrid PKS is 
identical except that the KS1 domain is inactivated, i.e., the 
ketosynthase in extender module 1 is disabled. The inactive 
DEBS KS1 domain and its construction are described in 
detail in PCT publication Nos. WO97/02358 and 99/03986, 
each of which is incorporated herein by reference. To 
construct pKOS039-18, the 2.33 kb BamHI-EcoRI fragment 
of pKOS023-27, which contains the desired sequence, was 
amplified by PCR and subcloned into plasmid puC9. The 
primers used in the PCR were: 

N3905 5'-TTTATGCATCCCGCGGGTCCCGGCGAG-3"; 
and 

N39 06: 5'-TCAGAATTCTGTCGGTCACTTGCCCGC-3'. 

0267. The 1.6 kb PCR product was digested with PstI and 
EcoRI and cloned into the corresponding Sites of plasmid 
pKOS015-52 (this plasmid contains the relevant portions of 
the coding sequence for the DEBS extender module 6) and 
commercially available plasmid pLitmus 28 to provide 
plasmids pKOS039-12 and pKOS039-13, respectively. The 
BglII-EcoRI fragment of plasmid pKOS039-12 was cloned 
into plasmid pKOS011-77, which contains the functional 
DEBS gene cluster and into plasmid pRJ2, which contains 
the mutated DEBS gene that produces a DEBS PKS in 
which the KS domain of extender module I has been 
rendered inactive. Plasmid plRJ2 is described in PCI pub 
lication Nos. 99/03986 and 97/02358, incorporated herein 
by reference. 
0268 Plasmids pKOS039-18 and pKOS039-19, respec 
tively, were obtained. These two plasmids were transformed 
into Streptomyces coelicolor CH999 by protoplast fusion. 
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The resulting cells were cultured under conditions Such that 
expression of the PKS occurred. Cells transformed with 
plasmid pKOSO39-18 produced the expected product 
3-deoxy-3-oxo-6-deoxyerythronolide B. When cells trans 
formed with plasmid pKOS039-19 were provided (2S,3R)- 
2-methyl-3-hydroxyhexanoate NACS, 13-desethyl-13-pro 
pyl-3-deoxy-3-oxo-6-deoxyerythronolide B was produced. 

EXAMPLE 8 

6-Hydroxylation of 3,6-dideoxy-3-oxoerythronolide 
B Using the eryF Hydroxylase 

0269 Certain compounds of the invention can be 
hydroxylated at the C6 position in a host cell that expresses 
the eryF gene. These compounds can also be hydroxylated 
in vitro, as illustrated by this example. 
0270. The 6-hydroxylase encoded by eryF was expressed 
in E. coli, and partially purified. The hydroxylase (100 pmol 
in 10 ul) was added to a reaction mixture (100 ul total 
volume) containing 50 mM Tris/HCl (pH 7.5), 20 uM 
spinach ferredoxin, 0.025 Unit of spinach ferredoxin 
:NADP' oxidoreductase, 0.8 Unit of glucose-6-phosphate 
dehydrogenase, 1.4 mM NADP", 7.6 mM glucose-6-phos 
phate, and 10 nmol 6-deoxyerythronolide B. The reaction 
was allowed to proceed for 90 minutes at 30° C. Half of the 
reaction mixture was loaded onto an HPLC, and the effluent 
was analyzed by mass Spectrometry. The production of 
erythronolide B as evidenced by a new peak eluting earlier 
in the gradient and showing M--H=401. Conversion was 
estimated at 50% based on relative total ion counts. 

0271 Those of skill in the art will recognize the potential 
for hemiketal formation in the above compound and com 
pounds of Similar structure. To reduce the amount of 
hemiketal formed, one can use more basic (as opposed to 
acidic) conditions or employ Sterically hindered derivative 
compounds, Such as 5-desosaminylated compounds. 

EXAMPLE 9 

Measurement of Antibacterial Activity 
0272 Antibacterial activity was determined using either 
disk diffusion assays with Bacillus cereuS as the test organ 
ism or by measurement of minimum inhibitory concentra 
tions (MIC) in liquid culture against Sensitive and resistant 
Strains of StaphylococcuS pneumoniae. 

Example 10 

Construction of Desosamine Containing Polyketide 
Libraries Using a Glycosyltransferase with Broad 

Substrate Specificity 
0273 DeSosamine is an important deoxyaminoSugar 
present on a number of Structurally related macrollide anti 
bioticS Such as erythromycin and is the only glycoside 
present on picromycin, methymycin, and the highly potent 
Semisynthetic ketolides. In this example, a set of nine 
deoxySugar biosynthetic and auxiliary genes from the picro 
mycin/methymycin (pik) cluster was integrated in the chro 
moSome of Streptomyces lividans to create a host that 
synthesizes TDP-D-desosamine and can be used in combi 
nation with PKS expression plasmids to generate libraries of 
desosaminylated polyketides. The versatility of the DesVII 
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deSosaminyltransferase is demonstrated by formation of 
deSosaminylated macrollides from more than twenty differ 
ent 14-membered lactones. The attachment of desosamine is 
sufficient to confer antibiotic activity to each of the other 
wise inactive aglycones, reinforcing the belief that this Sugar 
plays a critical role in the molecular binding properties of 
erythromycin and related macrollides. This host and others 
that can be engineered to produce deoxySugar and 
polyketide tailoring pathways in accordance with the meth 
ods of the invention are valuable tools for expanding the size 
and diversity of polyketides that can be generated by com 
binatorial biosynthesis. References cited in this example are 
indicated by a reference number; the numbered list of 
references is located at the end of this example. All refer 
ences cited are incorporated herein by reference. 
0274. Much of the structural diversity and complexity 
among polyketides can be attributed to the chemistry per 
formed by PKSs (1), and the modular architecture of cata 
lytic domains within PKSs has been exploited by different 
rational and combinatorial engineering approaches to create 
polyketide diversity (24). However, structural variability 
among polyketides can also result from post-PKS biosyn 
thetic Steps, including oxidation and/or glycosylation with 
unique deoxy and amino SugarS. Such modifications are 
often necessary to impart or enhance the Specific biological 
activity of the molecule. For example, erythromycin A 
contains two deoxySugar moieties, L-cladinose and D-des 
OSamine, that are required for antibacterial activity and the 
absence of either carbohydrate results in loss of potency. 
Although Some chemical modifications to erythromycin 
have been discovered that can ameliorate the loSS of the 
cladinose residue (5-7), there has been no substitution found 
for desosamine. This important deoxyaminoSugar is also 
present in other macrollide antibiotics, Such as oleandomycin 
and megalomicin, and is the only glycoside necessary to 
confer antibacterial activity to picromycin, methymycin, and 
the Semisynthetic ketolide pharmacophores. 

0275 Polyketide libraries generated by genetic modifi 
cation of macrollide PKSs in which enzymatic domains and 
entire protein Subunits were removed, added, or exchanged 
in various combinations have been produced (3, 4, 8). 
Because these libraries were constructed in heterologous 
hosts lacking glycosylation pathways, only the correspond 
ing aglycones were produced. The methods and reagents of 
the present invention can be used to expand the capabilities 
of the combinatorial biosynthesis Strategies described to 
incorporate post-PKS tailoring Steps, in particular the addi 
tion of deoxySugar components. 

0276 Some experiments have been performed in which 
Structurally modified macrolactones are Subsequently gly 
cosylated in their native hosts (9-13), and also in biocon 
version experiments in which a modified aglycone is fed to 
a PKS blocked mutant strain (14). These experiments indi 
cate that glycosyltransferases are able to accept polyketide 
Substrates with Some amount of Structural alteration. How 
ever, neither of these approaches is well-Suited for the 
production and biological Screening of large numbers of 
compounds, because most polyketide host organisms are 
difficult to manipulate genetically and the bioconversion of 
aglycones requires a tedious initial purification Step. 

0277. A more practical approach is the heterologous 
expression of deoxySugar biosynthetic pathways in hosts 
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that have been developed for library expression. Although 
the effort to clone entire deoxySugar biosynthetic pathways 
in a heterologous organism can be a significant initial 
investment (most deoxysugars require Six or more enzy 
matic Steps whose genes are typically Scattered within a 
polyketide gene cluster), these expression vectors, once 
made, can be easily combined with those containing PKSS 
to engineer glycosylated libraries rapidly. Olano et al. 
recently utilized a two-plasmid System to produce L-daun 
OSamine, the deoxyaminoSugar of daunorubicin and doxo 
rubicin, in Streptomyces lividans (15). 
0278 Here we report the development of a single expres 
Sion vector for the production of desOSaminylated mac 
rollides in Streptomyces. DeSOSamine was Selected as the 
Sugar constituent, because it was believed that addition of 
this single deoxySugar would be Sufficient to confer anti 
bacterial activity upon macrolactones to which it was 
attached. The expression vector was combined with a library 
of existing PMS expression plasmids to produce Several 
novel glycosylated macrollide compounds in S. lividans, 
providing the first examples in which both polyketide and 
deoxySugar pathways have been placed in a Single heter 
ologous host. 
0279 A. Material and Methods 
0280 (i) Strains, Culture Conditions, and DNA Manipu 
lation 

0281 DNA manipulation was performed in Escherichia 
coli XL1-Blue (Stratagene) using standard protocols (16). 
Bacillis Subtilis was grown in LB at 37° C. PCR was 
performed with Pfu polymerase (Stratagene) under condi 
tions recommended by the manufacturer. S. lividans K4-114 
(17) was used as the host for expression of engineered PKS 
and desosamine genes. S. lividans Strains were maintained 
on R2YE agar plates (18) with appropriate antibiotic Selec 
tion. S. lividans protoplasts were transformed by the Stan 
dard procedure (18) and transformants were selected using 
1 ml of a 1 mg/ml thiostrepton and/or 1 ml of a 2 mg/ml 
apramycin overlay on R2YE regeneration plates. 
0282 (ii) Construction of Expression Plasmids 
0283 Expression plasmid pKOS39-104 was constructed 
as follows. The 6.0 kb Bgl II-Pst I fragment containing the 
picromycin des VIII, des VII, des VI and desR (partial) genes 
from cosmid pKOS23-26 (19) was subcloned into the Bgl 
II-Pst I sites of pKOS39-98, a pUC19 derivative with a 
redesigned multiple cloning site. The resulting plasmid, 
pKOS39-100, contains a Pac I site upstream of the Bgl II site 
which is used in a later cloning step. The 6 kb Sph I-Pst I 
fragment containing the des (partial), des, des, desV 
and des V genes from pKOS23-26 was subcloned into the 
Sph I-Pst I of pUC19 to make pKOS39-102. The remaining 
3'-end of the desR gene and 5'-end of the des gene were 
PCR amplified from cosmid pKOS23-26 with the following 
oligonucleotides (restriction sites shown in italics): 

desR gene: 
forward 5'-AGATGCATTTCTGGGATGCCGCCACGGA; 
and 

ewese 5'-CGTCTAGACGTCACCAGACGTTGACCGTG.; 

dest gene: 
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-continued 
forward 5'-TTTCTAGACGGTGGCCCGGAGGGAACATC; 
and 

reverse 5'-CGGAATTCCGCAGCTGGTCGGCGGCGCA. 

0284. The two PCR fragments were digested with Nsi 
I-Xba I and Xba I-EcoRI, respectively, and ligated with Nsi 
I-EcoR I digested Litmus 28 (New England Biolabs) to 
obtain pKOS39-101B. The 6 kb Sph I-EcoRI fragment of 
pKOS39-102 was inserted into pKOS39-101B to make 
pKOS39-103. The 6.4 kb Nsi I-EcoR I fragment of 
pKOS39-103 and the 6 kb Pac I-Pst I fragment of pKOS39 
100 were then ligated together with the 8.5 kb Pac I-EcoR 
I fragment of pKOS39-44 (20), yielding the final expression 
plasmid pKOS39-104. A restriction site and function map of 
this plasmid is shown below. 

Pac O.O 
Ndel 0.0 

BgIII 0.0 

Xbal 17.8 

Sphl 15.4 pKOS039-104 
OriT 20.80Kb. 

Pst 6.1 Nhel 14.6 e apr des Xbal 6.2 

Sphl 6.5 ori pluC18 

EcoRI 12.3 desHI desw 

0285 (iii) Production and Analysis of Compounds 
0286 All stains were grown in 5 ml liquid R2YE medium 
at 30° C. and analyzed following 5 days growth. For 
bioconversion experiments, aglycones (~10 mg/liter) were 
fed at the start of fermentation. Fermentation broth was 
analyzed directly by liquid chromatography/maSS spectrom 
etry (LC/MS) and evaporative light Scattering detection 
(ELSD) as previously described (20). An authentic sample 
of narbomycin prepared from Streptomyces narbonensis 
(19) was used to validate production of this compound. For 
LC/MS analysis of strains containing PKS expression plas 
mids the cultures were extracted twice with 5 ml of ethyl 
acetate/triethylamine (99:1), concentrated to dryness and 
resuspended in 0.5 ml of acetonitrile. 
0287 (iv) Antibacterial Assays 
0288 Extracts prepared from the culture broths as above 
were assayed for biological activity against. B. Subtilis using 
an agar plate diffusion method (see Example 9). Samples (5 
All) from each of the extracts were pipetted to Sterile filter 
disks, dried, and placed on an LB plate spread with 20 ul of 
an overnight culture of B. Subtilis. The plates were incubated 
overnight at 37 C. to visualize Zones of growth inhibition. 
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0289 B. Results 
0290 (i) Construction and Validation of a Desosamine 
Expression System 
0291 The picromycin/methymycin (pik) gene cluster 
from Streptomyces Venezuelae (21) was chosen as the Source 
of desosamine biosynthetic genes rather than other available 
clusters (i.e. erythromycin, oleandomycin, or megalomicin) 
for Several reasons. First, all of the genes required for 
biosynthesis of TDP desosamine from glucose-1-phosphate, 
a primary metabolite, as well as the desosaminyl transferase 
are present in the pik cluster whereas one or more of the 
genes are missing or not yet identified in each of the other 
clusters. Second, the genes from the pik cluster are com 
prised in a single contiguous segment of DNA (the des 
cluster), compared to those in other clusters which are 
dispersed among other genes, facilitating cloning and plas 
mid construction. The organization of these genes in the 
picromycin biosynthetic gene cluster is shown below, fol 
lowed by the depiction of the biosynthetic pathway. 

pikA pikB 
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mycin, picromycin, and oleandomycin, causes inactivation 
and provides Self-resistance to these compounds which are 
reactivated by a 13-glucosidase upon export (24, 25). S. 
lividans is known to possess at least two Such glucosyltrans 
ferases which inactivate erythromycin and picromycin by 
the same mechanism (26). Therefore, it was important to 
include this gene for expression in S. lividans to produce 
deSosaminylated compounds without the glucose modifica 
tion. 

0294 The expression system used here was adopted from 
the multi-vector System developed for Separate expression of 
erythromycin PKS, or 6-deoxyerythronolide B synthase 
(DEBS), subunits in Streptomyces (4, 27; see also U.S. Pat. 
No. 6,033,883). Plasmid pKOS39-104 contains the des 
genes cloned in a single orientation under control of the actI 
promoter and actII-44 activator. Since pKOS39-104 is a 
derivative of pSET152 (28), it contains the phiC31-int-attP 
loci for chromosomal integration in Streptomyces and can be 
used in conjunction with the pRM5-based PKS expression 

pikC pikD 
He 

His His Hee Ho- a-- a-- a-- a-- a 
desVIII desVII desVI desR desV desV 

OH 

O Des 
HO CS 
HO 

OH 
OTDP 

OPO 

OTDP 

0292. Third, the natural Substrates for the desosaminyl 
transferase from the pik gene cluster, narbonolide and 
10-deoxymethynolide, are themselves aglycones, in each of 
the other cases, desosamine is attached Subsequent to addi 
tion of at least one other Sugar. Furthermore, the difference 
in macrolactone ring Sizes between narbonolide and 
10-deoxymethynolide (14 and 12 atoms, respectively) Sug 
gests that the desosaminyl transferase from this cluster is 
Somewhat forgiving towards its polyketide Substrate. 

0293 Seven genes in the des cluster, des, desi, des|I, 
des V, desV, des VI, and des VIII, are presumed to be 
responsible for the biosynthesis of TDP-D-desosamine (22). 
Also present is the des VII gene encoding the glycosyltrans 
ferase. In addition to catalyzing the transfer of desOSamine 
to both 12- and 14-membered macrolactones, it has been 
shown that DesVII is able to incorporate non-natural deox 
ySugar Substrates (22, 23). The desR gene encodes a f-glu 
cosidase that removes a glucose residue attached to the C-2 
hydroxyl of desosamine (24). It is believed that the gluco 
Sylation of desOSamine containing macrollides like methy 

des des des 

OH 

O 
O DesV N O DesVIII O 

HO -- -- HO 

OH OH O OH 
OTDP OTDP 

Des 
Des 

OTDP 

O DesVI O DesV O 
CS 

se- HN 

OH OH O OTDP 
1. 

plasmid library (3; see also U.S. Pat. No. 5,672.491). S. 
lividans K4114 was transformed with pKOS39-104 and 
designated K39-22. Confirmation that this strain produced 
TDP-D-desosamine was performed by feeding aglycones to 
the Strain and looking for the presence of desOSaminylated 
compounds by LC/MS analysis. 

0295 Four aglycones (10 mg/liter each) were fed to 
liquid fermentations of S. lividans K39-22: narbonolide and 
10-deoxymethynolide, the natural substrates for DesVII, 
3-keto-6-deoxyerythronolide B (dEB), and 6-dEB. Fermen 
tation broth from all four aglycone fed Strains displayed 
antibacterial activity against B. Subtilis whereas S. lividans 
K39-22 alone produced no detectable activity. LC/MS 
analysis demonstrated that each of the corresponding des 
OSaminylated compounds narbomycin, 10-deoxymethymy 
cin (YC17), 3-keto-5-O-desosaminyl-6-dEB, and 5-O-des 
OSaminyl-6-dEB were produced. In each case, the parention 
(M+H") of the expected compound was detected in addition 
to a characteristic ion at 158 amu produced by the desOS 
amine fragment. Production of narbomycin in the narbono 
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lide fed strain was further confirmed by comparison to 
authentic narbomycin obtained from S. narbonensis. LC/MS 
also revealed that a significant amount (50-90%) of the 
aglycone remained unconverted in each of the Samples. 
0296. These results established that the des expression 
vector was functional and that the DesVII glycosyltrans 
ferase was able to glycosylate non-natural macrolactone 
Substrates. The bioassay results also confirmed that desOS 
amine is Sufficient to confer antibacterial activity to these 
macrolactones. There were no 2'-O-glucosyl derivatives 
detected, which indicates that the DeSR glucosidase 
included in pKOS39-104 was also operational, although 
minor glucosylated products were putatively found in Sub 
Sequent experiments with the Strain (see below). 
0297 (ii) Co-Expression of Desosamine and Aglycone 
Pathways in S. lividans. 
0298 Although expression of both a modular polyketide 
pathway and a deoxySugar pathway together in a heterolo 
gous host has not been reported, the bioconversion results 
suggested that transformation of S. lividans K39-22 with 
plasmids encoding macrollide PKSS would lead to produc 
tion of desosaminylated compounds. Plasmids encoding the 
PKSS that, in S. lividans, produce the same four aglycones 
used in the bioconversion Studies were therefore trans 
formed into S. lividans K39-22. Plasmid pKOS39-86 con 
tains the picromycin/methymycin PKS and produces both 
narbonolide and 10-deoxymethynolide (20). Plasmid 
pKAO127 contains DEBS and produces 6-dEB (17). Plas 
mid pKOS39-18 contains DEBS with a modified terminal 
module that produces 3-keto dB (20). 
0299 Culture broth from each of the transformed strains 
displayed activity against B. Subtilis. LC/MS analysis as 
above confirmed the presence of each of the expected 
deSosaminylated compounds as well as their aglycone pre 
cursors and minor amounts of the corresponding 2'-O- 
glucosyl derivatives. The total yield of narbomycin and 
10-deoxymethymycin in S. lividans K39-22/pKOS3986 was 
approximately 1 mg/liter each and represents about a 20% 
conversion of the total aglycone produced. Thus, although 
both PKS and deoxySugar pathways function as expected, 
complete glycosylation of even the natural Substrates for 
DesVII did not occur under these conditions. S. lividans 
K39-22 contains a copy of the erm macrollide resistance 
gene, and no obvious growth defects were observed with 
production of the biologically active compounds. These 
results Suggest that a limiting amount of TDP-deSOSamine is 
being produced by the Strain under these conditions. 
0300 (iii) Production and Biological Screening of a 
Glycosylated Macrollide Library 
0301 Over 50 PKS expression plasmids have been con 
structed and tested in using DEBS and other macrollide PKS 
genes (3, 8, 20). These PKSS produce a variety of 14-mem 
bered macrolactones in which Single or multiple carbon 
centers have been altered. Each plasmid contains the same 
pRM5-based vector as above, providing a convenient oppor 
tunity to expand and diversify any existing aglycone library 
by routine transformation of S. lividans K39-22. Because a 
C-5 hydroxyl would be necessary for glycosylation, a Subset 
of 19 additional plasmids encoding PKSs that produce 
compounds containing this functional group was Selected 
and tested. The desired desOSaminylated polyketides would 
theoretically possess antibiotic activity, and the transformed 
Strains can therefore be readily analyzed in a simple bioas 
Say for production of glycosylated macrollides. 
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0302 All of the strains transformed and tested displayed 
antimicrobial activity against B. Subtilis. The presumed 
Structures of the desosamine containing compounds, based 
on the structures of the aglycones produced by the PKS on 
each plasmid, are shown below. 

KOS39-86 

KOS39-88 

KAO127 

KOS39-18 
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-continued -continued 
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-continued 

KOS24-15 

KOS15-30 

KOS15-34 

0303 Culture extracts from six of these stains (those 
containing plasmids pKOS15-22, pKOS15-106, pKOS39 
20, pKOS1142, pKOS15-30, and pKOS2415) were exam 
ined by LC/MS and, in each case, the expected parent ion 
was found along with the 158 amu desosamine fragment. 
Two compounds were detected in the Strain containing 
pKOS15-106 with molecular weights corresponding to 
3-hydroxy and 3-keto derivatives. This is consistent with 
both aglycones being produced by plasmid pKOS15-109 in 
S. lividans. Two compounds were also detected in the Strain 
with pKOS112, the predicted molecule, 5-O-desosaminyl 
10-desmethyl-6-dEB, and a putative dehydrated derivative 
at carbons C-10 and C-11. Both aglycones were also pro 
duced when the plasmid was originally analyzed in S. 
lividans K4-114 (3), although only the former was reported 
at that time. AS with the first Set of plasmids tested, Small 
amounts of 2'-O-glucosylated derivatives could also be 
detected in some of the culture extracts. The yields of the 
deSosamine containing compounds were too low to deter 
mine absolute titers (<1 mg/L) and, therefore, the relative 
antibacterial activity of the compounds could not be deter 
mined from these assayS. 
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0304 C. Discussion 
0305 This example demonstrates that a minimal set of 
seven genes (des, II, III, IV, V, VI, VIII) is sufficient for 
biosynthesis of TDP-desosamine from glucose-1-phosphate 
in S. lividans. The apparent low abundance of TDP-desos 
amine in the engineered host could be due either to the 
availability of glucose-1-phosphate in this host or to poor 
expression of the Sugar biosynthesis and/or transferase 
genes. Alternatively, it is interesting to note that narbonolide 
and 10-deoxymethynolide are present in the natural picro 
mycin/methymycin producing organism, S. Venezuelae, and 
could therefore reflect that one or more of the enzymes from 
the des cluster is relatively inefficient. One can increase the 
amount of TDP-deSOSamine either by increasing expression 
levels of these genes and/or by complementing one or more 
of the enzymes in the pathway with homologs from other 
clusterS Such as erythromycin or oleandomycin. 
0306 Expression of the minimal desosamine biosynthe 
sis genes together with the DesVII desosaminyltransferase 
in S. lividans has enabled the production of more than 20 
glycosylated macrollides with detectable antibacterial activ 
ity. The Structures of the macrollides that were glycosylated 
highlight both the remarkable substrate tolerance of the 
DesVII glycosyltransferase as well as the ability of desos 
amine to impart biological activity to Structurally diverse 
macrolactones. In addition to their antibacterial properties 
the desosamine containing compounds presented here may 
possess additional biological properties that are associated 
with erythromycin and other macrollides, including motilin 
antagonism and anti-inflammatory activities. Furthermore, 
the demonstration by others that DesVII and other glyco 
Syltransferases can also tolerate modifications of the Sugar 
substituent (22, 23, 29) opens the door to manipulation of 
both polyketide and deoxySugar pathways for the production 
of unnatural natural product libraries. 
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0336. The invention having now been described by way 
of written description and example, those of Skill in the art 
will recognize that the invention can be practiced in a variety 
of embodiments and that the foregoing description and 
examples are for purposes of illustration and not limitation 
of the following claims. 

Met Ser Thr Val Ser Lys Ser Glu Ser Glu Glu Phe Val Ser Val Ser 
1 5 10 15 

Asn Asp Ala Gly Ser Ala His Gly Thr Ala Glu Pro Wall Ala Val Val 
20 25 30 

Gly Ile Ser Cys Arg Val Pro Gly Ala Arg Asp Pro Arg Glu Phe Trp 
35 40 45 

Glu Lieu Lieu Ala Ala Gly Gly Glin Ala Val Thr Asp Val Pro Ala Asp 
50 55 60 

Arg Trp Asn Ala Gly Asp Phe Tyr Asp Pro Asp Arg Ser Ala Pro Gly 
65 70 75 

Arg Ser Asn. Ser Arg Trp Gly Gly Phe Ile Glu Asp Wall Asp Arg Phe 
85 9 O 95 



US 2005/0O26244 A1 Feb. 3, 2005 
65 

-continued 

Asp Ala Ala Phe Phe Gly Ile Ser Pro Arg Glu Ala Ala Glu Met Asp 
100 105 110 

Pro Glin Glin Arg Lieu Ala Leu Glu Lieu Gly Trp Glu Ala Leu Glu Arg 
115 120 125 

Ala Gly Ile Asp Pro Ser Ser Leu Thr Gly Thr Arg Thr Gly Val Phe 
130 135 1 4 0 

Ala Gly Ala Ile Trp Asp Asp Tyr Ala Thr Lieu Lys His Arg Glin Gly 
145 15 O 155 160 

Gly Ala Ala Ile Thr Pro His Thr Val Thr Gly Leu. His Arg Gly Ile 
1.65 170 175 

Ile Ala Asn Arg Lieu Ser Tyr Thr Lieu Gly Lieu Arg Gly Pro Ser Met 
18O 185 19 O 

Val Val Asp Ser Gly Glin Ser Ser Ser Leu Val Ala Val His Leu Ala 
195 200 2O5 

Cys Glu Ser Lieu Arg Arg Gly Glu Ser Glu Lieu Ala Lieu Ala Gly Gly 
210 215 220 

Val Ser Lieu. Asn Lieu Val Pro Asp Ser Ile Ile Gly Ala Ser Lys Phe 
225 230 235 240 

Gly Gly Lieu Ser Pro Asp Gly Arg Ala Tyr Thr Phe Asp Ala Arg Ala 
245 250 255 

Asn Gly Tyr Val Arg Gly Glu Gly Gly Gly Phe Val Val Lieu Lys Arg 
260 265 27 O 

Leu Ser Arg Ala Val Ala Asp Gly Asp Pro Val Lieu Ala Val Ile Arg 
275 280 285 

Gly Ser Ala Val Asn Asn Gly Gly Ala Ala Glin Gly Met Thr Thr Pro 
29 O 295 3OO 

Asp Ala Glin Ala Glin Glu Ala Val Lieu Arg Glu Ala His Glu Arg Ala 
305 310 315 320 

Gly Thr Ala Pro Ala Asp Val Arg Tyr Val Glu Lieu. His Gly Thr Gly 
325 330 335 

Thr Pro Val Gly Asp Pro Ile Glu Ala Ala Ala Leu Gly Ala Ala Lieu 
340 345 35 O 

Gly Thr Gly Arg Pro Ala Gly Glin Pro Leu Lieu Val Gly Ser Wall Lys 
355 360 365 

Thr Asn. Ile Gly His Leu Glu Gly Ala Ala Gly Ile Ala Gly Lieu. Ile 
370 375 38O 

Lys Ala Val Lieu Ala Val Arg Gly Arg Ala Lieu Pro Ala Ser Lieu. Asn 
385 390 395 400 

Tyr Glu Thr Pro Asn Pro Ala Ile Pro Phe Glu Glu Leu Asn Leu Arg 
405 410 415 

Val Asn Thr Glu Tyr Leu Pro Trp Glu Pro Glu His Asp Gly Glin Arg 
420 425 43 O 

Met Val Val Gly Val Ser Ser Phe Gly Met Gly Gly Thr Asn Ala His 
435 4 40 4 45 

Val Val Leu Glu Glu Ala Pro Gly Val Val Glu Gly Ala Ser Val Val 
450 455 460 

Glu Ser Thr Val Gly Gly Ser Ala Val Gly Gly Gly Val Val Pro Trp 
465 470 475 480 

Val Val Ser Ala Lys Ser Ala Ala Ala Lieu. Asp Ala Glin Ile Glu Arg 
485 490 495 
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Leu Ala Ala Phe Ala Ser Arg Asp Arg Thr Asp Gly Val Asp Ala Gly 
5 OO 505 51O. 

Ala Val Asp Ala Gly Ala Val Asp Ala Gly Ala Val Ala Arg Val Lieu 
515 52O 525 

Ala Gly Gly Arg Ala Glin Phe Glu His Arg Ala Val Val Val Gly Ser 
530 535 540 

Gly Pro Asp Asp Leu Ala Ala Ala Lieu Ala Ala Pro Glu Gly Lieu Val 
545 550 555 560 

Arg Gly Val Ala Ser Gly Val Gly Arg Val Ala Phe Val Phe Pro Gly 
565 570 575 

Glin Gly Thr Glin Trp Ala Gly Met Gly Ala Glu Lieu Lieu. Asp Ser Ser 
58O 585 59 O 

Ala Val Phe Ala Ala Ala Met Ala Glu Cys Glu Ala Ala Leu Ser Pro 
595 600 605 

Tyr Val Asp Trp Ser Lieu Glu Ala Val Val Arg Glin Ala Pro Gly Ala 
610 615 62O 

Pro Thr Leu Glu Arg Val Asp Val Val Glin Pro Val Thr Phe Ala Val 
625 630 635 640 

Met Val Ser Leu Ala Arg Val Trp Gln His His Gly Val Thr Pro Glin 
645 650 655 

Ala Val Val Gly His Ser Glin Gly Glu Ile Ala Ala Ala Tyr Val Ala 
660 665 67 O 

Gly Ala Lieu Ser Lieu. Asp Asp Ala Ala Arg Val Val Thr Lieu Arg Ser 
675 680 685 

Lys Ser Ile Ala Ala His Leu Ala Gly Lys Gly Gly Met Leu Ser Lieu 
69 O. 695 7 OO 

Ala Leu Ser Glu Asp Ala Val Lieu Glu Arg Lieu Ala Gly Phe Asp Gly 
705 710 715 720 

Leu Ser Val Ala Ala Val Asn Gly Pro Thr Ala Thr Val Val Ser Gly 
725 730 735 

Asp Pro Val Glin Ile Glu Glu Lieu Ala Arg Ala Cys Glu Ala Asp Gly 
740 745 750 

Val Arg Ala Arg Val Ile Pro Wall Asp Tyr Ala Ser His Ser Arg Glin 
755 760 765 

Val Glu Ile Ile Glu Ser Glu Lieu Ala Glu Val Lieu Ala Gly Lieu Ser 
770 775 78O 

Pro Glin Ala Pro Arg Val Pro Phe Phe Ser Thr Leu Glu Gly Ala Trp 
785 790 795 8OO 

Ile Thr Glu Pro Wall Leu Asp Gly Gly Tyr Trp Tyr Arg Asn Lieu Arg 
805 810 815 

His Arg Val Gly Phe Ala Pro Ala Val Glu Thir Leu Ala Thr Asp Glu 
820 825 83O 

Gly Phe Thr His Phe Val Glu Val Ser Ala His Pro Val Leu Thr Met 
835 840 845 

Ala Lieu Pro Gly Thr Val Thr Gly Lieu Ala Thr Lieu Arg Arg Asp Asn 
85 O 855 860 

Gly Gly Glin Asp Arg Lieu Val Ala Ser Lieu Ala Glu Ala Trp Ala Asn 
865 870 875 88O 

Gly Lieu Ala Val Asp Trp Ser Pro Leu Lleu Pro Ser Ala Thr Gly. His 
885 890 895 

His Ser Asp Leu Pro Thr Tyr Ala Phe Glin Thr Glu Arg His Trp Leu 
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9 OO 905 910 

Gly Glu Ile Glu Ala Lieu Ala Pro Ala Gly Glu Pro Ala Val Glin Pro 
915 920 925 

Ala Val Lieu Arg Thr Glu Ala Ala Glu Pro Ala Glu Lieu. Asp Arg Asp 
930 935 940 

Glu Gln Leu Arg Val Ile Leu Asp Llys Val Arg Ala Glin Thr Ala Glin 
945 950 955 96.O 

Val Leu Gly Tyr Ala Thr Gly Gly Glin Ile Glu Val Asp Arg Thr Phe 
965 970 975 

Arg Glu Ala Gly Cys Thr Ser Lieu. Thr Gly Val Asp Leu Arg Asn Arg 
98O 985 99 O 

Ile Asn Ala Ala Phe Gly Val Arg Met Ala Pro Ser Met Ile Phe Asp 
995 10 OO 1005 

Phe Pro Thr Pro Glu Ala Leu Ala Glu Gln Leu Lleu Lleu Wal Wal His 
1010 1015 1020 

Gly Glu Ala Ala Ala Asn Pro Ala Gly Ala Glu Pro Ala Pro Val Ala 
1025 1030 1035 1040 

Ala Ala Gly Ala Wall Asp Glu Pro Val Ala Ile Val Gly Met Ala Cys 
1045 105 O 1055 

Arg Lieu Pro Gly Gly Val Ala Ser Pro Glu Asp Leu Trp Arg Lieu Val 
1060 1065 1 OFO 

Ala Gly Gly Gly Asp Ala Ile Ser Glu Phe Pro Gln Asp Arg Gly Trp 
1075 1080 1085 

Asp Val Glu Gly Leu Tyr His Pro Asp Pro Glu His Pro Gly Thr Ser 
1090 1095 1100 

Tyr Val Arg Glin Gly Gly Phe Ile Glu Asn Val Ala Gly Phe Asp Ala 
1105 1110 1115 1120 

Ala Phe Phe Gly Ile Ser Pro Arg Glu Ala Leu Ala Met Asp Pro Glin 
1125 1130 1135 

Glin Arg Lieu Lleu Lleu Glu Thir Ser Trp Glu Ala Val Glu Asp Ala Gly 
1140 1145 1150 

Ile Asp Pro Thr Ser Leu Arg Gly Arg Glin Val Gly Val Phe Thr Gly 
1155 1160 1165 

Ala Met Thr His Glu Tyr Gly Pro Ser Lieu Arg Asp Gly Gly Glu Gly 
1170 1175 118O 

Leu Asp Gly Tyr Leu Leu Thr Gly Asn Thr Ala Ser Val Met Ser Gly 
1185 11.90 11.95 1200 

Arg Val Ser Tyr Thr Leu Gly Leu Glu Gly Pro Ala Leu Thr Val Asp 
1205 1210 1215 

Thr Ala Cys Ser Ser Ser Lieu Val Ala Lieu. His Leu Ala Val Glin Ala 
1220 1225 1230 

Leu Arg Lys Gly Glu Val Asp Met Ala Lieu Ala Gly Gly Val Ala Wal 
1235 1240 1245 

Met Pro Thr Pro Gly Met Phe Val Glu Phe Ser Arg Glin Arg Gly Leu 
1250 1255 1260 

Ala Gly Asp Gly Arg Ser Lys Ala Phe Ala Ala Ser Ala Asp Gly Thr 
1265 1270 1275 1280 

Ser Trp Ser Glu Gly Val Gly Val Lieu Lieu Val Glu Arg Lieu Ser Asp 
1285 1290 1295 

Ala Arg Arg Asn Gly. His Glin Val Lieu Ala Val Val Arg Gly Ser Ala 
1300 1305 1310 
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Val Asn Glin Asp Gly Ala Ser Asn Gly Lieu. Thr Ala Pro Asn Gly Pro 
1315 1320 1325 

Ser Glin Glin Arg Val Ile Arg Arg Ala Lieu Ala Asp Ala Arg Lieu. Thr 
1330 1335 1340 

Thr Ser Asp Val Asp Val Val Glu Ala His Gly Thr Gly Thr Arg Leu 
1345 1350 1355 1360 

Gly Asp Pro Ile Glu Ala Glin Ala Lieu. Ile Ala Thr Tyr Gly Glin Gly 
1365 1370 1375 

Arg Asp Asp Glu Gln Pro Leu Arg Lieu Gly Ser Lieu Lys Ser Asn. Ile 
1380 1385 1390 

Gly His Thr Glin Ala Ala Ala Gly Val Ser Gly Val Ile Llys Met Val 
1395 14 OO 1405 

Glin Ala Met Arg His Gly Lieu Lleu Pro Lys Thr Lieu. His Val Asp Glu 
1410 1415 1420 

Pro Ser Asp Glin Ile Asp Trp Ser Ala Gly Ala Val Glu Lieu Lieu. Thr 
1425 1430 1435 1440 

Glu Ala Val Asp Trp Pro Glu Lys Glin Asp Gly Gly Lieu Arg Arg Ala 
1445 1450 1455 

Ala Val Ser Ser Phe Gly Ile Ser Gly Thr Asn Ala His Val Val Leu 
1460 1465 14 FO 

Glu Glu Ala Pro Val Val Val Glu Gly Ala Ser Val Val Glu Pro Ser 
1475 1480 1485 

Val Gly Gly Ser Ala Val Gly Gly Gly Val Thr Pro Trp Val Val Ser 
1490 1495 15 OO 

Ala Lys Ser Ala Ala Ala Lieu. Asp Ala Glin Ile Glu Arg Lieu Ala Ala 
1505 1510 1515 1520 

Phe Ala Ser Arg Asp Arg Thr Asp Asp Ala Asp Ala Gly Ala Val Asp 
1525 1530 1535 

Ala Gly Ala Val Ala His Val Lieu Ala Asp Gly Arg Ala Glin Phe Glu 
1540 1545 1550 

His Arg Ala Val Ala Lieu Gly Ala Gly Ala Asp Asp Lieu Val Glin Ala 
1555 15 60 1565 

Leu Ala Asp Pro Asp Gly Lieu. Ile Arg Gly Thr Ala Ser Gly Val Gly 
1570 1575 1580 

Arg Val Ala Phe Val Phe Pro Gly Glin Gly Thr Gln Trp Ala Gly Met 
1585 159 O 1595 1600 

Gly Ala Glu Lieu Lleu. Asp Ser Ser Ala Val Phe Ala Ala Ala Met Ala 
1605 1610 1615 

Glu Cys Glu Ala Ala Leu Ser Pro Tyr Val Asp Trp Ser Lieu Glu Ala 
1620 1625 1630 

Val Val Arg Glin Ala Pro Gly Ala Pro Thr Leu Glu Arg Val Asp Val 
1635 1640 1645 

Val Glin Pro Val Thr Phe Ala Val Met Val Ser Leu Ala Arg Val Trp 
1650 1655 1660 

Gln His His Gly Val Thr Pro Glin Ala Val Val Gly His Ser Glin Gly 
1665 1670 1675 1680 

Glu Ile Ala Ala Ala Tyr Val Ala Gly Ala Lieu Pro Leu Asp Asp Ala 
1685 1690 1695 

Ala Arg Val Val Thr Lieu Arg Ser Lys Ser Ile Ala Ala His Lieu Ala 
17 OO 1705 1710 
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Gly Lys Gly Gly Met Leu Ser Lieu Ala Lieu. Asn. Glu Asp Ala Val Lieu 
1715 1720 1725 

Glu Arg Lieu Ser Asp Phe Asp Gly Lieu Ser Val Ala Ala Val Asn Gly 
1730 1735 1740 

Pro Thr Ala Thr Val Val Ser Gly Asp Pro Val Glin Ile Glu Glu Leu 
1745 175 O 1755 1760 

Ala Glin Ala Cys Lys Ala Asp Gly Phe Arg Ala Arg Ile Ile Pro Val 
1765 1770 1775 

Asp Tyr Ala Ser His Ser Arg Glin Val Glu Ile Ile Glu Ser Glu Lieu 
1780 1785 1790 

Ala Glin Val Leu Ala Gly Leu Ser Pro Glin Ala Pro Arg Val Pro Phe 
1795 1800 1805 

Phe Ser Thr Leu Glu Gly. Thir Trp Ile Thr Glu Pro Val Leu Asp Gly 
1810 1815 1820 

Thr Tyr Trp Tyr Arg Asn Leu Arg His Arg Val Gly Phe Ala Pro Ala 
1825 1830 1835 1840 

Ile Glu Thr Leu Ala Val Asp Glu Gly Phe Thr His Phe Val Glu Val 
1845 1850 1855 

Ser Ala His Pro Val Leu Thr Met Thr Leu Pro Glu Thr Val Thr Gly 
1860 1865 1870 

Leu Gly. Thir Lieu Arg Arg Glu Glin Gly Gly Glin Glu Arg Lieu Val Thr 
1875 1880 1885 

Ser Leu Ala Glu Ala Trp Val Asin Gly Leu Pro Val Ala Trp Thr Ser 
1890 1895 1900 

Leu Leu Pro Ala Thr Ala Ser Arg Pro Gly Leu Pro Thr Tyr Ala Phe 
1905 1910 1915 1920 

Glin Ala Glu Arg Tyr Trp Leu Glu Asn Thr Pro Ala Ala Lieu Ala Thr 
1925 1930 1935 

Gly Asp Asp Trp Arg Tyr Arg Ile Asp Trp Lys Arg Lieu Pro Ala Ala 
1940 1945 1950 

Glu Gly Ser Glu Arg Thr Gly Lieu Ser Gly Arg Trp Lieu Ala Val Thr 
1955 1960 1965 

Pro Glu Asp His Ser Ala Glin Ala Ala Ala Val Lieu. Thir Ala Lieu Val 
1970 1975 1980 

Asp Ala Gly Ala Lys Val Glu Val Lieu. Thir Ala Gly Ala Asp Asp Asp 
1985 1990 1995 2OOO 

Arg Glu Ala Lieu Ala Ala Arg Lieu. Thir Ala Lieu. Thir Thr Gly Asp Gly 
2005 2010 2015 

Phe Thr Gly Val Val Ser Leu Leu Asp Gly Leu Val Pro Glin Val Ala 
2020 2025 2030 

Trp Val Glin Ala Leu Gly Asp Ala Gly Ile Lys Ala Pro Leu Trp Ser 
2O35 20 40 2O45 

Val Thr Glin Gly Ala Val Ser Val Gly Arg Leu Asp Thr Pro Ala Asp 
2O5 O 2O55 2060 

Pro Asp Arg Ala Met Leu Trp Gly Lieu Gly Arg Val Val Ala Leu Glu 
2O65 2070 2O75 2080 

His Pro Glu Arg Trp Ala Gly Lieu Val Asp Leu Pro Ala Glin Pro Asp 
2O85 209 O 2095 

Ala Ala Ala Lieu Ala His Leu Val Thr Ala Leu Ser Gly Ala Thr Gly 
2100 2105 2110 

Glu Asp Glin Ile Ala Ile Arg Thr Thr Gly Lieu. His Ala Arg Arg Lieu 
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2115 2120 2125 

Ala Arg Ala Pro Leu. His Gly Arg Arg Pro Thr Arg Asp Trp Gln Pro 
21.30 2135 214 O 

His Gly. Thr Val Leu Ile Thr Gly Gly Thr Gly Ala Leu Gly Ser His 
2145 2150 215.5 216 O 

Ala Ala Arg Trp Met Ala His His Gly Ala Glu His Leu Lleu Lieu Val 
21 65 217 O 21.75 

Ser Arg Ser Gly Glu Glin Ala Pro Gly Ala Thr Glin Lieu. Thir Ala Glu 
218O 21.85 2190 

Lieu. Thir Ala Ser Gly Ala Arg Val Thir Ile Ala Ala Cys Asp Wall Ala 
21.95 22 OO 2205 

Asp Pro His Ala Met Arg Thr Lieu Lieu. Asp Ala Ile Pro Ala Glu Thr 
2210 2215 2220 

Pro Leu Thir Ala Val Val His Thr Ala Gly Ala Lieu. Asp Asp Gly Ile 
2225 22.30 2235 2240 

Val Asp Thir Lieu. Thr Ala Glu Glin Val Arg Arg Ala His Arg Ala Lys 
22 45 225 O 2255 

Ala Val Gly Ala Ser Val Lieu. Asp Glu Lieu. Thr Arg Asp Lieu. Asp Lieu 
2260 2265 22 FO 

Asp Ala Phe Val Leu Phe Ser Ser Val Ser Ser Thr Leu Gly Ile Pro 
2275 228O 2285 

Gly Glin Gly Asn Tyr Ala Pro His Asn Ala Tyr Lieu. Asp Ala Leu Ala 
2290 2295 2300 

Ala Arg Arg Arg Ala Thr Gly Arg Ser Ala Wal Ser Val Ala Trp Gly 
2305 2310 2315 2320 

Pro Trp Asp Gly Gly Gly Met Ala Ala Gly Asp Gly Val Ala Glu Arg 
2325 2330 2335 

Leu Arg Asn His Gly Val Pro Gly Met Asp Pro Glu Lieu Ala Lieu Ala 
234. O 2345 2350 

Ala Leu Glu Ser Ala Lieu Gly Arg Asp Glu Thr Ala Ile Thr Val Ala 
2355 2360 2365 

Asp Ile Asp Trp Asp Arg Phe Tyr Lieu Ala Tyr Ser Ser Gly Arg Pro 
2370 2375 2380 

Glin Pro Leu Val Glu Glu Lieu Pro Glu Val Arg Arg Ile Ile Asp Ala 
2385 2390 2395 2400 

Arg Asp Ser Ala Thr Ser Gly Glin Gly Gly Ser Ser Ala Glin Gly Ala 
2405 2410 24.15 

Asn Pro Leu Ala Glu Arg Lieu Ala Ala Ala Ala Pro Gly Glu Arg Thr 
2420 24.25 2430 

Glu Ile Leu Lieu Gly Lieu Val Arg Ala Glin Ala Ala Ala Val Lieu Arg 
2435 24 40 2445 

Met Arg Ser Pro Glu Asp Val Ala Ala Asp Arg Ala Phe Lys Asp Ile 
2450 2455 2460 

Gly Phe Asp Ser Leu Ala Gly Val Glu Lieu Arg Asn Arg Lieu. Thir Arg 
2465 2470 24.75 24.80 

Ala Thr Gly Leu Gln Leu Pro Ala Thr Leu Val Phe Asp His Pro Thr 
2485 24.90 2495 

Pro Leu Ala Lieu Val Ser Lieu Lieu Arg Ser Glu Phe Lieu Gly Asp Glu 
25 OO 25 O5 2510 

Glu Thir Ala Asp Ala Arg Arg Ser Ala Ala Lieu Pro Ala Thr Val Gly 
2515 252O 2525 
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Ala Gly Ala Gly Ala Gly Ala Gly. Thir Asp Ala Asp Asp Asp Pro Ile 
25.30 2535 2540 

Ala Ile Val Ala Met Ser Cys Arg Tyr Pro Gly Asp Ile Arg Ser Pro 
25.45 255 O 2555 2560 

Glu Asp Leu Trp Arg Met Leu Ser Glu Gly Gly Glu Gly Ile Thr Pro 
2565 257 O 2575 

Phe Pro Thr Asp Arg Gly Trp Asp Lieu. Asp Gly Lieu. Tyr Asp Ala Asp 
258O 2585 2590 

Pro Asp Ala Leu Gly Arg Ala Tyr Val Arg Glu Gly Gly Phe Lieu. His 
2595 26 OO 2605 

Asp Ala Ala Glu Phe Asp Ala Glu Phe Phe Gly Val Ser Pro Arg Glu 
26.10 2615 262O 

Ala Lieu Ala Met Asp Pro G 
2625 2630 

Glu Ala Phe Glu Arg Ala G 
2645 

Ser Thr Gly Val Phe Ile G 
2660 

Val Pro Asn Ala Pro Arg G 
2675 

Thr Pro Ser Wall Ala Ser G 

in Glin Arg Met Leu Leu Thr 
2 635 

y Ile Glu Pro Ala Ser Lieu 
26.50 

y Lieu Ser Tyr Glin Asp Tyr 
2665 

y Val Glu Gly Tyr Lieu Lieu 
268O 2685 

y Arg Ile Ala Tyr Thr Phe 

Thr Ser Trp 
264 O 

Arg Gly Ser 
2655 

Ala Ala Arg 
2670 

Thr Gly Ser 

Gly Lieu Glu 
2690 2695 27 OO 

Gly Pro Ala Thr Thr Val Asp Thr Ala Cys Ser Ser Ser Leu Thr Ala 
2705 2710 2715 2720 

Lieu. His Lieu Ala Val Arg Ala Lieu Arg Ser Gly Glu Cys Thr Met Ala 
2725 273 O 2735 

Leu Ala Gly Gly Val Ala Met Met Ala Thr Pro His Met Phe Val Glu 
2740 2745 2750 

Phe Ser Arg Glin Arg Ala Leu Ala Pro Asp Gly Arg Ser Lys Ala Phe 
2755 2760 2765 

Ser Ala Asp Ala Asp Gly Phe Gly Ala Ala Glu Gly Val Gly Lieu Lieu 
2770 2775 2780 

Leu Val Glu Arg Lieu Ser Asp Ala Arg Arg Asn Gly His Pro Val Lieu 
2785 279 O 2.795 2800 

Ala Val Val Arg Gly. Thir Ala Wall Asn Glin Asp Gly Ala Ser Asn Gly 
2805 281 O 2815 

Lieu. Thir Ala Pro Asn Gly Pro Ser Glin Glin Arg Val Ile Arg Glin Ala 
282O 2825 2830 

Leu Ala Asp Ala Arg Lieu Ala Pro Gly Asp Ile Asp Ala Val Glu Thr 
2835 284 O 284.5 

His Gly Thr Gly Thr Ser Leu Gly Asp Pro Ile Glu Ala Glin Gly Lieu 
285 O 2855 2.860 

Glin Ala Thr Tyr Gly Lys Glu Arg Pro Ala Glu Arg Pro Leu Ala Ile 
2865 2870 2875 2880 

Gly Ser Wall Lys Ser Asn. Ile Gly His Thr Glin Ala Ala Ala Gly Ala 
2.885 2890 2.895 

Ala Gly Ile Ile Lys Met Val Leu Ala Met Arg His Gly Thr Leu Pro 
29 OO 29 O5 2.910 

Lys Thr Lieu. His Ala Asp Glu Pro Ser Pro His Val Asp Trp Ala Asn 
2915 2920 2925 
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Ser Gly Leu Ala Leu Val Thr Glu Pro Ile Asp Trp Pro Ala Gly. Thr 
29.30 2935 2.940 

Gly Pro Arg Arg Ala Ala Val Ser Ser Phe Gly Ile Ser Gly Thr Asn 
2.945 295 O 2955 2960 

Ala His Val Val Lieu Glu Glin Ala Pro Asp Ala Ala Gly Glu Val Lieu 
2965 297 O 2975 

Gly Ala Asp Glu Val Pro Glu Val Ser Glu Thr Val Ala Met Ala Gly 
2.980 2985 2990 

Thr Ala Gly Thr Ser Glu Val Ala Glu Gly Ser Glu Ala Ser Glu Ala 
2995 3OOO 3OO5 

Pro Ala Ala Pro Gly Ser Arg Glu Ala Ser Lieu Pro Gly His Leu Pro 
3010 3 O15 3020 

Trp Val Lieu Ser Ala Lys Asp Glu Glin Ser Lieu Arg Gly Glin Ala Ala 
3O25 3O3O 3035 3040 

Ala Lieu. His Ala Trp Lieu Ser Glu Pro Ala Ala Asp Leu Ser Asp Ala 
3O45 305 O 3055 

Asp Gly Pro Ala Arg Lieu Arg Asp Val Gly Tyr Thr Lieu Ala Thir Ser 
3060 3O 65 3OFO 

Arg Thr Ala Phe Ala His Arg Ala Ala Val Thr Ala Ala Asp Arg Asp 
3075 3O8O 3O85 

Gly Phe Lieu. Asp Gly Lieu Ala Thr Lieu Ala Glin Gly Gly Thr Ser Ala 
3O 90 3095 31 OO 

His Val His Leu Asp Thr Ala Arg Asp Gly. Thir Thr Ala Phe Leu Phe 
3105 31.10 31.15 312 O 

Thr Gly Glin Gly Ser Glin Arg Pro Gly Ala Gly Arg Glu Lieu. Tyr Asp 
31.25 3130 3135 

Arg His Pro Val Phe Ala Arg Ala Lieu. Asp Glu Ile Cys Ala His Lieu 
314 O 31.45 315 O 

Asp Gly His Leu Glu Lieu Pro Leu Lieu. Asp Wal Met Phe Ala Ala Glu 
3155 3160 31.65 

Gly Ser Ala Glu Ala Ala Leu Lieu. Asp Glu Thr Arg Tyr Thr Glin Cys 
317 O 31.75 318O 

Ala Lieu Phe Ala Leu Glu Val Ala Lieu Phe Arg Lieu Val Glu Ser Trp 
31.85 319 O 31.95 3200 

Gly Met Arg Pro Ala Ala Leu Lieu Gly. His Ser Val Gly Glu Ile Ala 
32O5 3210 3215 

Ala Ala His Val Ala Gly Val Phe Ser Lieu Ala Asp Ala Ala Arg Lieu 
3220 3225 3230 

Val Ala Ala Arg Gly Arg Lieu Met Glin Glu Lieu Pro Ala Gly Gly Ala 
3235 3240 3.245 

Met Leu Ala Val Glin Ala Ala Glu Asp Glu Ile Arg Val Trp Lieu Glu 
325 O 3255 326 O 

Thr Glu Glu Arg Tyr Ala Gly Arg Lieu. Asp Val Ala Ala Val Asn Gly 
3265 3270 3275 328 O 

Pro Glu Ala Ala Val Lieu Ser Gly Asp Ala Asp Ala Ala Arg Glu Ala 
3285 3290 3295 

Glu Ala Tyr Trp Ser Gly Lieu Gly Arg Arg Thr Arg Ala Lieu Arg Val 
33OO 3305 3310 

Ser His Ala Phe His Ser Ala His Met Asp Gly Met Leu Asp Gly Phe 
3315 3320 3325 

Arg Ala Val Leu Glu Thr Val Glu Phe Arg Arg Pro Ser Leu Thr Val 
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3330 3335 3340 

Val Ser Asn Val Thr Gly Lieu Ala Ala Gly Pro Asp Asp Lieu. Cys Asp 
3345 3350 3355 3360 

Pro Glu Tyr Trp Val Arg His Val Arg Gly Thr Val Arg Phe Leu Asp 
3365 3370 3375 

Gly Val Arg Val Lieu Arg Asp Leu Gly Val Arg Thr Cys Lieu Glu Lieu 
3380 3385 3390 

Gly Pro Asp Gly Val Lieu. Thir Ala Met Ala Ala Asp Gly Lieu Ala Asp 
3395 34 OO 3405 

Thr Pro Ala Asp Ser Ala Ala Gly Ser Pro Val Gly Ser Pro Ala Gly 
3410 3415 342O 

Ser Pro Ala Asp Ser Ala Ala Gly Ala Lieu Arg Pro Arg Pro Leu Lieu 
3.425 34.30 3435 34 40 

Val Ala Lieu Lieu Arg Arg Lys Arg Ser Glu Thr Glu Thr Val Ala Asp 
3445 345 O 3455 

Ala Leu Gly Arg Ala His Ala His Gly Thr Gly Pro Asp Trp His Ala 
3460 3465 347 O 

Trp Phe Ala Gly Ser Gly Ala His Arg Val Asp Leu Pro Thr Tyr Ser 
34.75 3480 34.85 

Phe Arg Arg Asp Arg Tyr Trp Lieu. Asp Ala Pro Ala Ala Asp Thr Ala 
3490 3495 3500 

Val Asp Thr Ala Gly Leu Gly Leu Gly Thr Ala Asp His Pro Leu Leu 
3505 3510 3515 3520 

Gly Ala Val Val Ser Lieu Pro Asp Arg Asp Gly Lieu Lleu Lieu. Thr Gly 
3525 353 O 3535 

Arg Lieu Ser Lieu Arg Thr His Pro Trp Lieu Ala Asp His Ala Val Lieu 
3540 35.45 355 O 

Gly Ser Val Lieu Lleu Pro Gly Ala Ala Met Val Glu Lieu Ala Ala His 
3555 35 6.O 3565 

Ala Ala Glu Ser Ala Gly Lieu Arg Asp Val Arg Glu Lieu. Thir Lieu Lieu 
3570 3575 358O 

Glu Pro Leu Val Leu Pro Glu His Gly Gly Val Glu Leu Arg Val Thr 
3585 3590 3595 3600 

Val Gly Ala Pro Ala Gly Glu Pro Gly Gly Glu Ser Ala Gly Asp Gly 
3605 3610 3615 

Ala Arg Pro Val Ser Lieu. His Ser Arg Lieu Ala Asp Ala Pro Ala Gly 
3620 3625 3630 

Thr Ala Trp Ser Cys His Ala Thr Gly Lieu Lieu Ala Thr Asp Arg Pro 
3635 3640 3645 

Glu Leu Pro Val Ala Pro Asp Arg Ala Ala Met Trp Pro Pro Glin Gly 
3650 3655 3660 

Ala Glu Glu Val Pro Leu Asp Gly Lieu. Tyr Glu Arg Lieu. Asp Gly Asn 
3665 3670 3675 3680 

Gly Lieu Ala Phe Gly Pro Leu Phe Glin Gly Lieu. Asn Ala Val Trp Arg 
3685 369 O 3695 

Tyr Glu Gly Glu Val Phe Ala Asp Ile Ala Leu Pro Ala Thr Thr Asn 
3700 3705 3710 

Ala Thr Ala Pro Ala Thr Ala Asn Gly Gly Gly Ser Ala Ala Ala Ala 
3715 372O 3725 

Pro Tyr Gly Ile His Pro Ala Lieu Lieu. Asp Ala Ser Lieu. His Ala Ile 
3730 3735 3740 
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Ala Val Gly Gly Leu Val Asp Glu Pro Glu Leu Val Arg Val Pro Phe 
3745 375 O 3755 376 O 

His Trp Ser Gly Val Thr Val His Ala Ala Gly Ala Ala Ala Ala Arg 
3765 3770 3775 

Val Arg Lieu Ala Ser Ala Gly Thr Asp Ala Wal Ser Leu Ser Lieu. Thr 
378 O. 3785 3790 

Asp Gly Glu Gly Arg Pro Leu Val Ser Val Glu Arg Lieu. Thir Lieu Arg 
3795 38 OO 3805 

Pro Val Thr Ala Asp Glin Ala Ala Ala Ser Arg Val Gly Gly Lieu Met 
3810 3815 3820 

His Arg Val Ala Trp Arg Pro Tyr Ala Lieu Ala Ser Ser Gly Glu Glin 
3825 383 O 3835 384 O 

Asp Pro His Ala Thr Ser Tyr Gly Pro Thr Ala Wall Leu Gly Lys Asp 
384.5 3850 3855 

Glu Lieu Lys Val Ala Ala Ala Leu Glu Ser Ala Gly Val Glu Val Gly 
3860 386.5 3870 

Leu Tyr Pro Asp Leu Ala Ala Leu Ser Glin Asp Wall Ala Ala Gly Ala 
3875 388O 3885 

Pro Ala Pro Arg Thr Val Lieu Ala Pro Leu Pro Ala Gly Pro Ala Asp 
3890 3.895 39 OO 

Gly Gly Ala Glu Gly Val Arg Gly Thr Val Ala Arg Thr Lieu Glu Lieu 
3905 3910 391.5 392 O 

Leu Glin Ala Trp Leu Ala Asp Glu His Leu Ala Gly Thr Arg Lieu Lieu 
3925 393 O 3935 

Leu Val Thr Arg Gly Ala Val Arg Asp Pro Glu Gly Ser Gly Ala Asp 
394 O 39.45 395 O 

Asp Gly Gly Glu Asp Lieu Ser His Ala Ala Ala Trp Gly Lieu Val Arg 
3955 39 60 3965 

Thr Ala Glin Thr Glu Asn Pro Gly Arg Phe Gly Lieu Lieu. Asp Leu Ala 
3970 3975 398O 

Asp Asp Ala Ser Ser Tyr Arg Thr Lieu Pro Ser Val Lieu Ser Asp Ala 
3985 399 O 3995 4 OOO 

Gly Lieu Arg Asp Glu Pro Gln Leu Ala Lieu. His Asp Gly Thir Ile Arg 
4005 4010 40 15 

Leu Ala Arg Lieu Ala Ser Val Arg Pro Glu Thr Gly Thr Ala Ala Pro 
4020 4025 4030 

Ala Leu Ala Pro Glu Gly Thr Val Leu Leu Thr Gly Gly Thr Gly Gly 
4035 40 40 4O45 

Leu Gly Gly Lieu Val Ala Arg His Val Val Gly Glu Trp Gly Val Arg 
4.050 4 O55 4O60 

Arg Lieu Lleu Lieu Val Ser Arg Arg Gly Thr Asp Ala Pro Gly Ala Asp 
4O65 407 O 4O75 408 O 

Glu Lieu Val His Glu Lieu Glu Ala Leu Gly Ala Asp Wal Ser Val Ala 
4085 4O90 4095 

Ala Cys Asp Val Ala Asp Arg Glu Ala Lieu. Thr Ala Wall Leu Asp Ala 
4100 4105 4110 

Ile Pro Ala Glu His Pro Leu Thr Ala Val Val His Thr Ala Gly Val 
4115 4120 4125 

Leu Ser Asp Gly Thr Leu Pro Ser Met Thr Thr Glu Asp Val Glu His 
4130 4135 414 O 
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Val Lieu Arg Pro Llys Val Asp Ala Ala Phe Lieu Lieu. Asp Glu Lieu. Thr 
41.45 415 O 4 155 416 O 

Ser Thr Pro Ala Tyr Asp Leu Ala Ala Phe Val Met Phe Ser Ser Ala 
41.65 417 O 4175 

Ala Ala Val Phe Gly Gly Ala Gly Glin Gly Ala Tyr Ala Ala Ala Asn 
418 O 4.185 4190 

Ala Thr Lieu. Asp Ala Lieu Ala Trp Arg Arg Arg Ala Ala Gly Lieu Pro 
41.95 4200 42O5 

Ala Leu Ser Leu Gly Trp Gly Leu Trp Ala Glu Thir Ser Gly Met Thr 
4210 4215 4220 

Gly Glu Lieu Gly Glin Ala Asp Leu Arg Arg Met Ser Arg Ala Gly Ile 
4225 4230 4235 424 O 

Gly Gly Ile Ser Asp Ala Glu Gly Ile Ala Lieu Lleu. Asp Ala Ala Lieu 
4245 4250 4255 

Arg Asp Asp Arg His Pro Val Lieu Lieu Pro Leu Arg Lieu. Asp Ala Ala 
426 O 4265 42FO 

Gly Lieu Arg Asp Ala Ala Gly Asn Asp Pro Ala Gly Ile Pro Ala Lieu 
42.75 428O 42.85 

Phe Arg Asp Val Val Gly Ala Arg Thr Val Arg Ala Arg Pro Ser Ala 
4290 4295 430 O 

Ala Ser Ala Ser Thr Thr Ala Gly Thr Ala Gly. Thr Pro Gly Thr Ala 
4305 431 O 4315 4320 

Asp Gly Ala Ala Glu Thir Ala Ala Val Thr Lieu Ala Asp Arg Ala Ala 
4.325 4330 4.335 

Thr Val Asp Gly Pro Ala Arg Glin Arg Lieu Lleu Lleu Glu Phe Val Val 
434 O 4.345 4350 

Gly Glu Val Ala Glu Val Lieu Gly His Ala Arg Gly His Arg Ile Asp 
4355 4360 4365 

Ala Glu Arg Gly Phe Lieu. Asp Leu Gly Phe Asp Ser Lieu. Thir Ala Val 
4370 4375 4.380 

Glu Lieu Arg Asn Arg Lieu. Asn. Ser Ala Gly Gly Lieu Ala Lieu Pro Ala 
4.385 4390 4.395 4400 

Thr Leu Val Phe Asp His Pro Ser Pro Ala Ala Leu Ala Ser His Leu 
4 405 4 410 4 415 

Asp Ala Glu Lieu Pro Arg Gly Ala Ser Asp Glin Asp Gly Ala Gly Asn 
4 420 4 425 4430 

Arg Asn Gly Asn. Glu Asn Gly Thir Thr Ala Ser Arg Ser Thr Ala Glu 
4 435 4 440 4 445 

Thr Asp Ala Lieu Lleu Ala Glin Lieu. Thir Arg Lieu Glu Gly Ala Lieu Val 
4 450 4455 4 460 

Lieu. Thr Gly Lieu Ser Asp Ala Pro Gly Ser Glu Glu Val Lieu Glu His 
4. 465 4 470 4 475 4 480 

Leu Arg Ser Leu Arg Ser Met Val Thr Gly Glu Thr Gly Thr Gly. Thr 
4 485 4490 4495 

Ala Ser Gly Ala Pro Asp Gly Ala Gly Ser Gly Ala Glu Asp Arg Pro 
4500 4505 4510 

Trp Ala Ala Gly Asp Gly Ala Gly Gly Gly Ser Glu Asp Gly Ala Gly 
4515 4520 4525 

Val Pro Asp Phe Met Asn Ala Ser Ala Glu Glu Lieu Phe Gly Lieu Lieu 
4530 4535 454. O 

Asp Glin Asp Pro Ser Thr Asp 
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45.45 455 O 

<210> SEQ ID NO 2 
&2 11s LENGTH 3739 
&212> TYPE PRT 
<213> ORGANISM: Streptomyces venezuelae 

<400 SEQUENCE: 2 

Val Ser Thr Val Asn. Glu Glu Lys Tyr Lieu. Asp Tyr Lieu Arg Arg Ala 
1 5 10 15 

Thr Ala Asp Lieu. His Glu Ala Arg Gly Arg Lieu Arg Glu Lieu Glu Ala 
2O 25 3O 

Lys Ala Gly Glu Pro Val Ala Ile Val Gly Met Ala Cys Arg Lieu Pro 
35 40 45 

Gly Gly Val Ala Ser Pro Glu Asp Leu Trp Arg Lieu Val Ala Gly Gly 
5 O 55 60 

Glu Asp Ala Ile Ser Glu Phe Pro Glin Asp Arg Gly Trp Asp Val Glu 
65 70 75 8O 

Gly Lieu. Tyr Asp Pro Asn Pro Glu Ala Thr Gly Lys Ser Tyr Ala Arg 
85 90 95 

Glu Ala Gly Phe Leu Tyr Glu Ala Gly Glu Phe Asp Ala Asp Phe Phe 
100 105 110 

Gly Ile Ser Pro Arg Glu Ala Lieu Ala Met Asp Pro Glin Glin Arg Lieu 
115 120 125 

Leu Lieu Glu Ala Ser Trp Glu Ala Phe Glu. His Ala Gly Ile Pro Ala 
130 135 1 4 0 

Ala Thr Ala Arg Gly Thr Ser Val Gly Val Phe Thr Gly Val Met Tyr 
145 15 O 155 160 

His Asp Tyr Ala Thr Arg Lieu. Thir Asp Val Pro Glu Gly Ile Glu Gly 
1.65 170 175 

Tyr Lieu Gly Thr Gly Asn. Ser Gly Ser Val Ala Ser Gly Arg Val Ala 
18O 185 19 O 

Tyr Thr Leu Gly Leu Glu Gly Pro Ala Val Thr Val Asp Thr Ala Cys 
195 200 2O5 

Ser Ser Ser Lieu Val Ala Lieu. His Leu Ala Val Glin Ala Lieu Arg Lys 
210 215 220 

Gly Glu Val Asp Met Ala Leu Ala Gly Gly Val Thr Val Met Ser Thr 
225 230 235 240 

Pro Ser Thr Phe Val Glu Phe Ser Arg Glin Arg Gly Leu Ala Pro Asp 
245 250 255 

Gly Arg Ser Lys Ser Phe Ser Ser Thr Ala Asp Gly Thr Ser Trp Ser 
260 265 27 O 

Glu Gly Val Gly Val Lieu Lleu Val Glu Arg Lieu Ser Asp Ala Arg Arg 
275 280 285 

Lys Gly. His Arg Ile Leu Ala Val Val Arg Gly Thr Ala Val Asn Glin 
29 O 295 3OO 

Asp Gly Ala Ser Ser Gly Lieu. Thir Ala Pro Asn Gly Pro Ser Glin Glin 
305 310 315 320 

Arg Val Ile Arg Arg Ala Leu Ala Asp Ala Arg Lieu. Thir Thr Ser Asp 
325 330 335 

Val Asp Val Val Glu Ala His Gly Thr Gly Thr Arg Lieu Gly Asp Pro 
340 345 35 O 
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Ile Glu Ala Glin Ala Val Ile Ala Thr Tyr Gly Glin Gly Arg Asp Gly 
355 360 365 

Glu Gln Pro Leu Arg Lieu Gly Ser Lieu Lys Ser Asn. Ile Gly His Thr 
370 375 38O 

Glin Ala Ala Ala Gly Val Ser Gly Val Ile Lys Met Val Glin Ala Met 
385 390 395 400 

Arg His Gly Val Lieu Pro Lys Thr Lieu. His Val Glu Lys Pro Thr Asp 
405 410 415 

Glin Val Asp Trp Ser Ala Gly Ala Val Glu Lieu Lleu Thr Glu Ala Met 
420 425 43 O 

Asp Trp Pro Asp Lys Gly Asp Gly Gly Lieu Arg Arg Ala Ala Val Ser 
435 4 40 4 45 

Ser Phe Gly Val Ser Gly. Thr Asn Ala His Val Val Leu Glu Glu Ala 
450 455 460 

Pro Ala Ala Glu Glu Thr Pro Ala Ser Glu Ala Thr Pro Ala Wall Glu 
465 470 475 480 

Pro Ser Val Gly Ala Gly Leu Val Pro Trp Leu Val Ser Ala Lys Thr 
485 490 495 

Pro Ala Ala Lieu. Asp Ala Glin Ile Gly Arg Lieu Ala Ala Phe Ala Ser 
5 OO 505 51O. 

Glin Gly Arg Thr Asp Ala Ala Asp Pro Gly Ala Val Ala Arg Val Lieu 
515 52O 525 

Ala Gly Gly Arg Ala Glu Phe Glu His Arg Ala Val Val Lieu Gly Thr 
530 535 540 

Gly Glin Asp Asp Phe Ala Glin Ala Lieu. Thir Ala Pro Glu Gly Lieu. Ile 
545 550 555 560 

Arg Gly Thr Pro Ser Asp Val Gly Arg Val Ala Phe Val Phe Pro Gly 
565 570 575 

Glin Gly Thr Glin Trp Ala Gly Met Gly Ala Glu Lieu Lieu. Asp Wal Ser 
58O 585 59 O 

Lys Glu Phe Ala Ala Ala Met Ala Glu Cys Glu Ser Ala Leu Ser Arg 
595 600 605 

Tyr Val Asp Trp Ser Lieu Glu Ala Val Val Arg Glin Ala Pro Gly Ala 
610 615 62O 

Pro Thr Leu Glu Arg Val Asp Val Val Glin Pro Val Thr Phe Ala Val 
625 630 635 640 

Met Val Ser Leu Ala Lys Val Trp Gln His His Gly Val Thr Pro Glin 
645 650 655 

Ala Val Val Gly His Ser Glin Gly Glu Ile Ala Ala Ala Tyr Val Ala 
660 665 67 O 

Gly Ala Lieu. Thir Lieu. Asp Asp Ala Ala Arg Val Val Thr Lieu Arg Ser 
675 680 685 

Lys Ser Ile Ala Ala His Leu Ala Gly Lys Gly Gly Met Ile Ser Lieu 
69 O. 695 7 OO 

Ala Leu Ser Glu Glu Ala Thr Arg Glin Arg Ile Glu Asn Lieu. His Gly 
705 710 715 720 

Leu Ser Ile Ala Ala Val Asn Gly Pro Thr Ala Thr Val Val Ser Gly 
725 730 735 

Asp Pro Thr Glin Ile Glin Glu Lieu Ala Glin Ala Cys Glu Ala Asp Gly 
740 745 750 

Val Arg Ala Arg Ile Ile Pro Wall Asp Tyr Ala Ser His Ser Ala His 
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755 760 765 

Val Glu Thir Ile Glu Ser Glu Lieu Ala Glu Val Lieu Ala Gly Lieu Ser 
770 775 78O 

Pro Arg Thr Pro Glu Val Pro Phe Phe Ser Thr Leu Glu Gly Ala Trp 
785 790 795 8OO 

Ile Thr Glu Pro Val Leu Asp Gly Thr Tyr Trp Tyr Arg Asn Leu Arg 
805 810 815 

His Arg Val Gly Phe Ala Pro Ala Val Glu Thir Leu Ala Thr Asp Glu 
820 825 83O 

Gly Phe Thr His Phe Ile Glu Val Ser Ala His Pro Val Leu Thr Met 
835 840 845 

Thr Leu Pro Glu Thr Val Thr Gly Leu Gly Thr Leu Arg Arg Glu Gln 
85 O 855 860 

Gly Gly Glin Glu Arg Lieu Val Thir Ser Lieu Ala Glu Ala Trp Thr Asn 
865 870 875 88O 

Gly Leu Thir Ile Asp Trp Ala Pro Val Leu Pro Thr Ala Thr Gly. His 
885 890 895 

His Pro Glu Leu Pro Thr Tyr Ala Phe Glin Arg Arg His Tyr Trp Leu 
9 OO 905 910 

His Asp Ser Pro Ala Val Glin Gly Ser Val Glin Asp Ser Trp Arg Tyr 
915 920 925 

Arg Ile Asp Trp Lys Arg Leu Ala Val Ala Asp Ala Ser Glu Arg Ala 
930 935 940 

Gly Lieu Ser Gly Arg Trp Leu Val Val Val Pro Glu Asp Arg Ser Ala 
945 950 955 96.O 

Glu Ala Ala Pro Val Lieu Ala Ala Leu Ser Gly Ala Gly Ala Asp Pro 
965 970 975 

Val Glin Lieu. Asp Wal Ser Pro Leu Gly Asp Arg Glin Arg Lieu Ala Ala 
98O 985 99 O 

Thr Lieu Gly Glu Ala Lieu Ala Ala Ala Gly Gly Ala Val Asp Gly Val 
995 10 OO 1005 

Leu Ser Lieu Lieu Ala Trp Asp Glu Ser Ala His Pro Gly His Pro Ala 
1010 1015 1020 

Pro Phe Thr Arg Gly Thr Gly Ala Thr Leu Thir Leu Val Glin Ala Leu 
1025 1030 1035 1040 

Glu Asp Ala Gly Val Ala Ala Pro Leu Trp Cys Val Thr His Gly Ala 
1045 105 O 1055 

Val Ser Val Gly Arg Ala Asp His Val Thr Ser Pro Ala Glin Ala Met 
1060 1065 1 OFO 

Val Trp Gly Met Gly Arg Val Ala Ala Leu Glu His Pro Glu Arg Trip 
1075 1080 1085 

Gly Gly Lieu. Ile Asp Leu Pro Ser Asp Ala Asp Arg Ala Ala Lieu. Asp 
1090 1095 1100 

Arg Met Thr Thr Val Leu Ala Gly Gly Thr Gly Glu Asp Glin Val Ala 
1105 1110 1115 1120 

Val Arg Ala Ser Gly Lieu Lleu Ala Arg Arg Lieu Val Arg Ala Ser Lieu 
1125 1130 1135 

Pro Ala His Gly Thr Ala Ser Pro Trp Trp Glin Ala Asp Gly Thr Val 
1140 1145 1150 

Leu Val Thr Gly Ala Glu Glu Pro Ala Ala Ala Glu Ala Ala Arg Arg 
1155 1160 1165 
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Leu Ala Arg Asp Gly Ala Gly His Lieu Lleu Lieu. His Thir Thr Pro Ser 
1170 1175 118O 

Gly Ser Glu Gly Ala Glu Gly Thr Ser Gly Ala Ala Glu Asp Ser Gly 
1185 11.90 11.95 1200 

Leu Ala Gly Lieu Val Ala Glu Lieu Ala Asp Leu Gly Ala Thr Ala Thr 
1205 1210 1215 

Val Val Thr Cys Asp Lieu. Thr Asp Ala Glu Ala Ala Ala Arg Lieu Lieu 
1220 1225 1230 

Ala Gly Val Ser Asp Ala His Pro Leu Ser Ala Val Lieu. His Lieu Pro 
1235 1240 1245 

Pro Thr Val Asp Ser Glu Pro Leu Ala Ala Thr Asp Ala Asp Ala Lieu 
1250 1255 1260 

Ala Arg Val Val Thr Ala Lys Ala Thr Ala Ala Lieu. His Lieu. Asp Arg 
1265 1270 1275 1280 

Leu Lieu Arg Glu Ala Ala Ala Ala Gly Gly Arg Pro Pro Val Lieu Val 
1285 1290 1295 

Leu Phe Ser Ser Val Ala Ala Ile Trp Gly Gly Ala Gly Glin Gly Ala 
1300 1305 1310 

Tyr Ala Ala Gly Thr Ala Phe Lieu. Asp Ala Lieu Ala Gly Glin His Arg 
1315 1320 1325 

Ala Asp Gly Pro Thr Val Thir Ser Val Ala Trp Ser Pro Trp Glu Gly 
1330 1335 1340 

Ser Arg Val Thr Glu Gly Ala Thr Gly Glu Arg Lieu Arg Arg Lieu Gly 
1345 1350 1355 1360 

Leu Arg Pro Leu Ala Pro Ala Thr Ala Lieu. Thr Ala Lieu. Asp Thr Ala 
1365 1370 1375 

Leu Gly. His Gly Asp Thr Ala Val Thir Ile Ala Asp Wall Asp Trp Ser 
1380 1385 1390 

Ser Phe Ala Pro Gly Phe Thr Thr Ala Arg Pro Gly Thr Leu Leu Ala 
1395 14 OO 1405 

Asp Leu Pro Glu Ala Arg Arg Ala Lieu. Asp Glu Glin Glin Ser Thir Thr 
1410 1415 1420 

Ala Ala Asp Asp Thr Val Lieu Ser Arg Glu Lieu Gly Ala Lieu. Thr Gly 
1425 1430 1435 1440 

Ala Glu Glin Glin Arg Arg Met Glin Glu Lieu Val Arg Glu. His Lieu Ala 
1445 1450 1455 

Val Val Leu Asn His Pro Ser Pro Glu Ala Val Asp Thr Gly Arg Ala 
1460 1465 14 FO 

Phe Arg Asp Leu Gly Phe Asp Ser Lieu. Thir Ala Val Glu Lieu Arg Asn 
1475 1480 1485 

Arg Lieu Lys Asn Ala Thr Gly Lieu Ala Lieu Pro Ala Thr Lieu Val Phe 
1490 1495 15 OO 

Asp Tyr Pro Thr Pro Arg Thr Leu Ala Glu Phe Leu Leu Ala Glu Ile 
1505 1510 1515 1520 

Leu Gly Glu Glin Ala Gly Ala Gly Glu Gln Leu Pro Val Asp Gly Gly 
1525 1530 1535 

Val Asp Asp Glu Pro Wall Ala Ile Val Gly Met Ala Cys Arg Lieu Pro 
1540 1545 1550 

Gly Gly Val Ala Ser Pro Glu Asp Leu Trp Arg Lieu Val Ala Gly Gly 
1555 15 60 1565 
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Glu Asp Ala Ile Ser Gly Phe Pro Glin Asp Arg Gly Trp Asp Val Glu 
1570 1575 1580 

Gly Lieu. Tyr Asp Pro Asp Pro Asp Ala Ser Gly Arg Thr Tyr Cys Arg 
1585 159 O 1595 1600 

Ala Gly Gly Phe Leu Asp Glu Ala Gly Glu Phe Asp Ala Asp Phe Phe 
1605 1610 1615 

Gly Ile Ser Pro Arg Glu Ala Lieu Ala Met Asp Pro Glin Glin Arg Lieu 
1620 1625 1630 

Leu Lieu Glu Thir Ser Trp Glu Ala Val Glu Asp Ala Gly Ile Asp Pro 
1635 1640 1645 

Thr Ser Leu Gln Gly Glin Glin Val Gly Val Phe Ala Gly Thr Asin Gly 
1650 1655 1660 

Pro His Tyr Glu Pro Leu Lleu Arg Asn. Thir Ala Glu Asp Leu Glu Gly 
1665 1670 1675 1680 

Tyr Val Gly Thr Gly Asn Ala Ala Ser Ile Met Ser Gly Arg Val Ser 
1685 1690 1695 

Tyr Thr Leu Gly Leu Glu Gly Pro Ala Val Thr Val Asp Thr Ala Cys 
17 OO 1705 1710 

Ser Ser Ser Lieu Val Ala Lieu. His Leu Ala Val Glin Ala Lieu Arg Lys 
1715 1720 1725 

Gly Glu Cys Gly Leu Ala Leu Ala Gly Gly Val Thr Val Met Ser Thr 
1730 1735 1740 

Pro Thr Thr Phe Val Glu Phe Ser Arg Glin Arg Gly Leu Ala Glu Asp 
1745 175 O 1755 1760 

Gly Arg Ser Lys Ala Phe Ala Ala Ser Ala Asp Gly Phe Gly Pro Ala 
1765 1770 1775 

Glu Gly Val Gly Met Leu Lleu Val Glu Arg Lieu Ser Asp Ala Arg Arg 
1780 1785 1790 

Asn Gly His Arg Val Lieu Ala Val Val Arg Gly Ser Ala Val Asn Glin 
1795 1800 1805 

Asp Gly Ala Ser Asn Gly Lieu. Thir Ala Pro Asn Gly Pro Ser Glin Glin 
1810 1815 1820 

Arg Val Ile Arg Arg Ala Leu Ala Asp Ala Arg Lieu. Thir Thr Ala Asp 
1825 1830 1835 1840 

Val Asp Val Val Glu Ala His Gly Thr Gly Thr Arg Lieu Gly Asp Pro 
1845 1850 1855 

Ile Glu Ala Glin Ala Lieu. Ile Ala Thr Tyr Gly Glin Gly Arg Asp Thr 
1860 1865 1870 

Glu Gln Pro Leu Arg Lieu Gly Ser Lieu Lys Ser Asn. Ile Gly His Thr 
1875 1880 1885 

Glin Ala Ala Ala Gly Val Ser Gly Ile Ile Lys Met Val Glin Ala Met 
1890 1895 1900 

Arg His Gly Val Lieu Pro Lys Thr Lieu. His Val Asp Arg Pro Ser Asp 
1905 1910 1915 1920 

Glin Ile Asp Trp Ser Ala Gly Thr Val Glu Leu Leu Thr Glu Ala Met 
1925 1930 1935 

Asp Trp Pro Arg Lys Glin Glu Gly Gly Lieu Arg Arg Ala Ala Val Ser 
1940 1945 1950 

Ser Phe Gly Ile Ser Gly. Thr Asn Ala His Ile Val Leu Glu Glu Ala 
1955 1960 1965 

Pro Wall Asp Glu Asp Ala Pro Ala Asp Glu Pro Ser Val Gly Gly Val 
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1970 1975 1980 

Val Pro Trp Lieu Val Ser Ala Lys Thr Pro Ala Ala Lieu. Asp Ala Glin 
1985 1990 1995 2OOO 

Ile Gly Arg Lieu Ala Ala Phe Ala Ser Glin Gly Arg Thr Asp Ala Ala 
2005 2010 2015 

Asp Pro Gly Ala Wall Ala Arg Val Lieu Ala Gly Gly Arg Ala Glin Phe 
2020 2025 2030 

Glu His Arg Ala Val Ala Leu Gly Thr Gly Glin Asp Asp Leu Ala Ala 
2O35 20 40 2O45 

Ala Lieu Ala Ala Pro Glu Gly Lieu Val Arg Gly Val Ala Ser Gly Val 
2O5 O 2O55 2060 

Gly Arg Val Ala Phe Val Phe Pro Gly Glin Gly Thr Gln Trp Ala Gly 
2O65 2070 2O75 2080 

Met Gly Ala Glu Lieu Lieu. Asp Wal Ser Lys Glu Phe Ala Ala Ala Met 
2O85 209 O 2095 

Ala Glu Cys Glu Ala Ala Leu Ala Pro Tyr Val Asp Trp Ser Lieu Glu 
2100 2105 2110 

Ala Val Val Arg Glin Ala Pro Gly Ala Pro Thr Lieu Glu Arg Val Asp 
2115 2120 2125 

Val Val Glin Pro Val Thr Phe Ala Val Met Val Ser Leu Ala Lys Val 
21.30 2135 214 O 

Trp Gln His His Gly Val Thr Pro Glin Ala Val Val Gly His Ser Glin 
2145 2150 215.5 216 O 

Gly Glu Ile Ala Ala Ala Tyr Val Ala Gly Ala Leu Ser Lieu. Asp Asp 
21 65 217 O 21.75 

Ala Ala Arg Val Val Thr Lieu Arg Ser Lys Ser Ile Gly Ala His Lieu 
218O 21.85 2190 

Ala Gly Glin Gly Gly Met Leu Ser Lieu Ala Leu Ser Glu Ala Ala Val 
21.95 22 OO 2205 

Val Glu Arg Lieu Ala Gly Phe Asp Gly Lieu Ser Val Ala Ala Val Asn 
2210 2215 2220 

Gly Pro Thr Ala Thr Val Val Ser Gly Asp Pro Thr Glin Ile Glin Glu 
2225 22.30 2235 2240 

Leu Ala Glin Ala Cys Glu Ala Asp Gly Val Arg Ala Arg Ile Ile Pro 
22 45 225 O 2255 

Val Asp Tyr Ala Ser His Ser Ala His Val Glu Thir Ile Glu Ser Glu 
2260 2265 22 FO 

Leu Ala Asp Val Leu Ala Gly Leu Ser Pro Gln Thr Pro Glin Val Pro 
2275 228O 2285 

Phe Phe Ser Thr Leu Glu Gly Ala Trp Ile Thr Glu Pro Ala Leu Asp 
2290 2295 2300 

Gly Gly Tyr Trp Tyr Arg Asn Lieu Arg His Arg Val Gly Phe Ala Pro 
2305 2310 2315 2320 

Ala Val Glu Thr Leu Ala Thr Asp Glu Gly Phe Thr His Phe Val Glu 
2325 2330 2335 

Wal Ser Ala His Pro Wall Leu Thir Met Ala Leu Pro Glu Thr Val Thr 
234. O 2345 2350 

Gly Lieu Gly Thr Lieu Arg Arg Asp Asn Gly Gly Glin His Arg Lieu. Thr 
2355 2360 2365 

Thir Ser Lieu Ala Glu Ala Trp Ala Asn Gly Lieu. Thr Val Asp Trp Ala 
2370 2375 2380 
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Ser Leu Leu Pro Thr Thr Thr Thr His Pro Asp Leu Pro Thr Tyr Ala 
2385 2390 2395 2400 

Phe Glin Thr Glu Arg Tyr Trp Pro Gln Pro Asp Leu Ser Ala Ala Gly 
2405 2410 24.15 

Asp Ile Thir Ser Ala Gly Lieu Gly Ala Ala Glu His Pro Leu Lieu Gly 
2420 24.25 2430 

Ala Ala Wall Ala Leu Ala Asp Ser Asp Gly Cys Lieu Lleu Thr Gly Ser 
2435 24 40 2445 

Leu Ser Lieu Arg Thr His Pro Trp Lieu Ala Asp His Ala Val Ala Gly 
2450 2455 2460 

Thr Val Leu Leu Pro Gly. Thir Ala Phe Val Glu Leu Ala Phe Arg Ala 
2465 2470 24.75 24.80 

Gly Asp Glin Val Gly Cys Asp Leu Val Glu Glu Lieu. Thir Lieu. Asp Ala 
2485 24.90 2495 

Pro Leu Val Lieu Pro Arg Arg Gly Ala Val Arg Val Glin Leu Ser Val 
25 OO 25 O5 2510 

Gly Ala Ser Asp Glu Ser Gly Arg Arg Thr Phe Gly Lieu. Tyr Ala His 
2515 252O 2525 

Pro Glu Asp Ala Pro Gly Glu Ala Glu Trp Thr Arg His Ala Thr Gly 
25.30 2535 2540 

Val Lieu Ala Ala Arg Ala Asp Arg Thr Ala Pro Val Ala Asp Pro Glu 
25.45 255 O 2555 2560 

Ala Trp Pro Pro Pro Gly Ala Glu Pro Val Asp Val Asp Gly Leu Tyr 
2565 257 O 2575 

Glu Arg Phe Ala Ala Asn Gly Tyr Gly Tyr Gly Pro Leu Phe Glin Gly 
258O 2585 2590 

Val Arg Gly Val Trp Arg Arg Gly Asp Glu Val Phe Ala Asp Wall Ala 
2595 26 OO 2605 

Leu Pro Ala Glu Val Ala Gly Ala Glu Gly Ala Arg Phe Gly Lieu. His 
26.10 2615 262O 

Pro Ala Lieu Lieu. Asp Ala Ala Val Glin Ala Ala Gly Ala Gly Gly Ala 
2625 2630 2 635 264 O 

Phe Gly Ala Gly Thr Arg Leu Pro Phe Ala Trp Ser Gly Ile Ser Leu 
2645 26.50 2655 

Tyr Ala Val Gly Ala Thr Ala Lieu Arg Val Arg Lieu Ala Pro Ala Gly 
2660 2665 2670 

Pro Asp Thr Val Ser Val Ser Ala Ala Asp Ser Ser Gly Glin Pro Val 
2675 268O 2685 

Phe Ala Ala Asp Ser Lieu. Thr Val Lieu Pro Val Asp Pro Ala Glin Lieu 
2690 2695 27 OO 

Ala Ala Phe Ser Asp Pro Thr Lieu. Asp Ala Lieu. His Leu Lieu Glu Trip 
2705 2710 2715 2720 

Thr Ala Trp Asp Gly Ala Ala Glin Ala Lieu Pro Gly Ala Val Val Lieu 
2725 273 O 2735 

Gly Gly Asp Ala Asp Gly Lieu Ala Ala Ala Lieu Arg Ala Gly Gly Thr 
2740 2745 2750 

Glu Val Lieu Ser Phe Pro Asp Lieu. Thir Asp Leu Val Glu Ala Val Asp 
2755 2760 2765 

Arg Gly Glu Thr Pro Ala Pro Ala Thr Val Leu Val Ala Cys Pro Ala 
2770 2775 2780 
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Ala Gly Pro Gly Gly Pro Glu His Val Arg Glu Ala Lieu. His Gly Ser 
2785 279 O 2.795 2800 

Leu Ala Lieu Met Glin Ala Trp Lieu Ala Asp Glu Arg Phe Thr Asp Gly 
2805 281 O 2815 

Arg Lieu Val Lieu Val Thr Arg Asp Ala Val Ala Ala Arg Ser Gly Asp 
282O 2825 2830 

Gly Lieu Arg Ser Thr Gly Glin Ala Ala Val Trp Gly Lieu Gly Arg Ser 
2835 284 O 284.5 

Ala Glin Thr Glu Ser Pro Gly Arg Phe Val Lieu Lieu. Asp Leu Ala Gly 
285 O 2855 2.860 

Glu Ala Arg Thr Ala Gly Asp Ala Thr Ala Gly Asp Gly Lieu. Thir Thr 
2865 2870 2875 2880 

Gly Asp Ala Thr Val Gly Gly Thr Ser Gly Asp Ala Ala Leu Gly Ser 
2.885 2890 2.895 

Ala Lieu Ala Thr Ala Lieu Gly Ser Gly Glu Pro Gln Leu Ala Lieu Arg 
29 OO 29 O5 2.910 

Asp Gly Ala Lieu Lleu Val Pro Arg Lieu Ala Arg Ala Ala Ala Pro Ala 
2915 2920 2925 

Ala Ala Asp Gly Lieu Ala Ala Ala Asp Gly Lieu Ala Ala Lieu Pro Leu 
29.30 2935 2.940 

Pro Ala Ala Pro Ala Leu Trp Arg Lieu Glu Pro Gly Thr Asp Gly Ser 
2.945 295 O 2955 2960 

Leu Glu Ser Lieu. Thr Ala Ala Pro Gly Asp Ala Glu Thir Lieu Ala Pro 
2965 297 O 2975 

Glu Pro Leu Gly Pro Gly Glin Val Arg Ile Ala Ile Arg Ala Thr Gly 
2.980 2985 2990 

Lieu. Asn. Phe Arg Asp Val Lieu. Ile Ala Leu Gly Met Tyr Pro Asp Pro 
2995 3OOO 3OO5 

Ala Leu Met Gly Thr Glu Gly Ala Gly Val Val Thr Ala Thr Gly Pro 
3010 3 O15 3020 

Gly Val Thr His Leu Ala Pro Gly Asp Arg Val Met Gly Lieu Lleu Ser 
3O25 3O3O 3035 3040 

Gly Ala Tyr Ala Pro Val Val Val Ala Asp Ala Arg Thr Val Ala Arg 
3O45 305 O 3055 

Met Pro Glu Gly Trp Thr Phe Ala Glin Gly Ala Ser Val Pro Val Val 
3060 3O 65 3OFO 

Phe Lieu. Thir Ala Val Tyr Ala Lieu Arg Asp Leu Ala Asp Wall Lys Pro 
3075 3O8O 3O85 

Gly Glu Arg Lieu Lleu Val His Ser Ala Ala Gly Gly Val Gly Met Ala 
3O 90 3095 31 OO 

Ala Val Glin Leu Ala Arg His Trp Gly Val Glu Val His Gly Thr Ala 
3105 31.10 31.15 312 O 

Ser His Gly Lys Trp Asp Ala Lieu Arg Ala Leu Gly Lieu. Asp Asp Ala 
31.25 3130 3135 

His Ile Ala Ser Ser Arg Thr Lieu. Asp Phe Glu Ser Ala Phe Arg Ala 
314 O 31.45 315 O 

Ala Ser Gly Gly Ala Gly Met Asp Val Val Lieu. Asn. Ser Lieu Ala Arg 
3155 3160 31.65 

Glu Phe Val Asp Ala Ser Leu Arg Lieu Lieu Gly Pro Gly Gly Arg Phe 
317 O 31.75 318O 

Val Glu Met Gly Lys Thr Asp Val Arg Asp Ala Glu Arg Val Ala Ala 
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31.85 319 O 31.95 3200 

Asp His Pro Gly Val Gly Tyr Arg Ala Phe Asp Leu Gly Glu Ala Gly 
32O5 3210 3215 

Pro Glu Arg Ile Gly Glu Met Leu Ala Glu Val Ile Ala Lieu Phe Glu 
3220 3225 3230 

Asp Gly Val Lieu Arg His Leu Pro Val Thir Thr Trp Asp Val Arg Arg 
3235 3240 3.245 

Ala Arg Asp Ala Phe Arg His Val Ser Glin Ala Arg His Thr Gly Lys 
325 O 3255 326 O 

Val Val Leu Thr Met Pro Ser Gly Leu Asp Pro Glu Gly Thr Val Leu 
3265 3270 3275 328 O 

Lieu. Thr Gly Gly Thr Gly Ala Leu Gly Gly Ile Val Ala Arg His Val 
3285 3290 3295 

Val Gly Glu Trp Gly Val Arg Arg Lieu Lleu Lieu Val Ser Arg Arg Gly 
33OO 3305 3310 

Thr Asp Ala Pro Gly Ala Gly Glu Lieu Val His Glu Lieu Glu Ala Lieu 
3315 3320 3325 

Gly Ala Asp Val Ser Val Ala Ala Cys Asp Val Ala Asp Arg Glu Ala 
3330 3335 3340 

Leu Thr Ala Val Leu Asp Ser Ile Pro Ala Glu His Pro Leu Thr Ala 
3345 3350 3355 3360 

Val Val His Thr Ala Gly Val Leu Ser Asp Gly Thr Leu Pro Ser Met 
3365 3370 3375 

Thr Ala Glu Asp Val Glu His Val Lieu Arg Pro Llys Val Asp Ala Ala 
3380 3385 3390 

Phe Lieu Lieu. Asp Glu Lieu. Thir Ser Thr Pro Gly Tyr Asp Leu Ala Ala 
3395 34 OO 3405 

Phe Val Met Phe Ser Ser Ala Ala Ala Val Phe Gly Gly Ala Gly Glin 
3410 3415 342O 

Gly Ala Tyr Ala Ala Ala Asn Ala Thr Lieu. Asp Ala Lieu Ala Trp Arg 
3.425 34.30 3435 34 40 

Arg Arg Thr Ala Gly Lieu Pro Ala Lieu Ser Lieu Gly Trp Gly Lieu Trip 
3445 345 O 3455 

Ala Glu Thir Ser Gly Met Thr Gly Gly Leu Ser Asp Thr Asp Arg Ser 
3460 3465 347 O 

Arg Lieu Ala Arg Ser Gly Ala Thr Pro Met Asp Ser Glu Lieu. Thir Lieu 
34.75 3480 34.85 

Ser Lieu Lieu. Asp Ala Ala Met Arg Arg Asp Asp Pro Ala Lieu Val Pro 
3490 3495 3500 

Ile Ala Lieu. Asp Wall Ala Ala Lieu Arg Ala Glin Glin Arg Asp Gly Met 
3505 3510 3515 3520 

Leu Ala Pro Leu Lleu Ser Gly Lieu. Thir Arg Gly Ser Arg Val Gly Gly 
3525 353 O 3535 

Ala Pro Wall Asn Glin Arg Arg Ala Ala Ala Gly Gly Ala Gly Glu Ala 
3540 35.45 355 O 

Asp Thr Asp Leu Gly Gly Arg Lieu Ala Ala Met Thr Pro Asp Asp Arg 
3555 35 6.O 3565 

Val Ala His Leu Arg Asp Leu Val Arg Thr His Val Ala Thr Val Lieu 
3570 3575 358O 

Gly His Gly Thr Pro Ser Arg Val Asp Leu Glu Arg Ala Phe Arg Asp 
3585 3590 3595 3600 
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Thr 

Ala 

Thr 

Ala 

Ala Thr Asp Arg Glin Thir Thr Ala Ala Lieu Ala Glu 
3665 3670 

Glu Gly Val Lieu Ala Ser Leu Ala Pro Ala Ala Gly 

Leu Ala Ala Arg Lieu Arg Ala Lieu Ala Ala Ala Lieu 

Asp Asp Ala Thr Asp Lieu. Asp Glu Ala Ser Asp Asp 

Gly Phe Asp Ser Lieu 
3605 

Ala Thr Gly Lieu Arg 
3620 

Pro Gly Glu Lieu Ala 
3635 

Gly Gly Ser Trp Ala 
3650 

3685 

3700 

3715 

Thir Ala Wall Glu Lieu 
3610 

Leu Pro Ala Thr Leu 
3625 

Gly His Lieu Lieu. Asp 
3640 

Glu Gly. Thr Gly Ser 
3655 

3675 

369 O 

3705 

Phe Ile Asp Lys Glu Lieu Gly Asp Ser Asp Phe 

<400 

Met 
1 

Ala 

Thr 

Gly 

Asp 
65 

Teu 

Gly 

Ile 

Teu 

Ala 
145 

Gly 

Gly 

Ala 

3730 

SEQ ID NO 3 
LENGTH 1562 
TYPE PRT 

SEQUENCE: 3 

Ala Asn. Asn. Glu 
5 
Asp 

Glu Glin Telu Glin Asn 

Glu 
35 

His Pro Wall Ala 

Wall 
5 O 

Ala Ser Pro Glu 

Ala Ile Glu Phe 
70 

Ser 

Asp Pro Asp Pro 
85 

Phe His Gly Telu 
100 

Asp 

Pro Glu Ala 
115 

Ser Arg 

Thr 
130 

Thr Ala Trp Glu 

Telu Gly Ser Gly 
15 O 

Thr Glin Ser Gly 
1.65 

Wall 
18O 

His Lieu Ser Gly 

Wall 
195 

Leu Gly. Thr 

Ser Ser Ser Leu Wall 

3735 

ORGANISM: Streptomyces venezuelae 

Lys Lieu Arg Asp 
10 

Thr Arg Lieu 
25 

Arg 

Ile Wall 
40 

Gly Met Ala 

Asp Lieu Gln Leu 
55 

Trp 

Pro Glin Asp Gly 
75 

Asp Ser Gly 
90 

Arg 

Glu 
105 

Ala Gly Phe Asp 

Teu Met Asp Pro 

Ala Ile 
135 

Glu Ser Ala 

Wall Phe Wall 
155 

Leu Gly 

Thir Thr Ala Wall 
170 

Glin 

Ala Ala Leu Phe 
185 

Gly 

Gly Pro Ala Lieu 
200 

Ala Lieu. His Leu Ala 

85 

-continued 

Arg Asn Arg Lieu. Asn 
3615 

Val Phe Asp His 
3630 

Pro 

Glu Lieu Ala Thr 
3645 

Ala 

Gly Asp Thr Ala 
3660 

Ser 

Telu 
3680 

Leu Asp Arg 

Gly Arg Pro Glu 
3695 

Gly Asp Asp Gly 
3710 

Asp Leu Phe Ser 
3725 

Wall 
15 

Teu Arg Thr 

Glu Ile Glu Gly Arg 

Arg Lieu Pro 
45 

Gly 

Wall 
60 

Ala Gly Asp Gly 

Trp Asp Val Glu Gly 
8O 

Thr Arg Ser 
95 

Ala Phe 
110 

Asp Phe Gly 

Glin Glin 
125 

Arg Lieu Ser 

Gly Ile Pro Thr 
1 4 0 

Asp 

Thr 
160 

Gly Gly Trp His 

Glu Lieu. Glu 
175 

Ser Pro 

Leu Ser Gly Ile 
19 O 

Arg 

Thir Wall Asp Thr Ala 

Val Glin Ala Lieu Arg 
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-continued 

210 215 220 

Lys Gly Glu Cys Asp Met Ala Lieu Ala Gly Gly Val Thr Val Met Pro 
225 230 235 240 

Asn Ala Asp Leu Phe Val Glin Phe Ser Arg Glin Arg Gly Lieu Ala Ala 
245 250 255 

Asp Gly Arg Ser Lys Ala Phe Ala Thir Ser Ala Asp Gly Phe Gly Pro 
260 265 27 O 

Ala Glu Gly Ala Gly Val Lieu Lieu Val Glu Arg Lieu Ser Asp Ala Arg 
275 280 285 

Arg Asn Gly His Arg Ile Leu Ala Val Val Arg Gly Ser Ala Val Asn 
29 O 295 3OO 

Glin Asp Gly Ala Ser Asn Gly Lieu. Thir Ala Pro His Gly Pro Ser Glin 
305 310 315 320 

Glin Arg Val Ile Arg Arg Ala Lieu Ala Asp Ala Arg Lieu Ala Pro Gly 
325 330 335 

Asp Wall Asp Val Val Glu Ala His Gly Thr Gly Thr Arg Lieu Gly Asp 
340 345 35 O 

Pro Ile Glu Ala Glin Ala Lieu. Ile Ala Thr Tyr Gly Glin Glu Lys Ser 
355 360 365 

Ser Glu Gln Pro Leu Arg Lieu Gly Ala Lieu Lys Ser Asn. Ile Gly His 
370 375 38O 

Thr Glin Ala Ala Ala Gly Val Ala Gly Val Ile Lys Met Val Glin Ala 
385 390 395 400 

Met Arg His Gly Lieu Lleu Pro Llys Thr Lieu. His Val Asp Glu Pro Ser 
405 410 415 

Asp Glin Ile Asp Trp Ser Ala Gly Thr Val Glu Lieu Lleu Thr Glu Ala 
420 425 43 O 

Val Asp Trp Pro Glu Lys Glin Asp Gly Gly Lieu Arg Arg Ala Ala Val 
435 4 40 4 45 

Ser Ser Phe Gly Ile Ser Gly Thr Asn Ala His Val Val Leu Glu Glu 
450 455 460 

Ala Pro Ala Val Glu Asp Ser Pro Ala Val Glu Pro Pro Ala Gly Gly 
465 470 475 480 

Gly Val Val Pro Trp Pro Val Ser Ala Lys Thr Pro Ala Ala Leu Asp 
485 490 495 

Ala Glin Ile Gly Glin Lieu Ala Ala Tyr Ala Asp Gly Arg Thr Asp Val 
5 OO 505 51O. 

Asp Pro Ala Val Ala Ala Arg Ala Lieu Val Asp Ser Arg Thr Ala Met 
515 52O 525 

Glu His Arg Ala Val Ala Val Gly Asp Ser Arg Glu Ala Lieu Arg Asp 
530 535 540 

Ala Lieu Arg Met Pro Glu Gly Lieu Val Arg Gly Thr Ser Ser Asp Val 
545 550 555 560 

Gly Arg Val Ala Phe Val Phe Pro Gly Glin Gly Thr Gln Trp Ala Gly 
565 570 575 

Met Gly Ala Glu Lieu Lieu. Asp Ser Ser Pro Glu Phe Ala Ala Ser Met 
58O 585 59 O 

Ala Glu Cys Glu Thr Ala Leu Ser Arg Tyr Val Asp Trp Ser Lieu Glu 
595 600 605 

Ala Val Val Arg Glin Glu Pro Gly Ala Pro Thr Lieu. Asp Arg Val Asp 
610 615 62O 
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Val Val Glin Pro Val Thr Phe Ala Val Met Val Ser Leu Ala Lys Val 
625 630 635 640 

Trp Gln His His Gly Ile Thr Pro Glin Ala Val Val Gly His Ser Glin 
645 650 655 

Gly Glu Ile Ala Ala Ala Tyr Val Ala Gly Ala Lieu. Thir Lieu. Asp Asp 
660 665 67 O 

Ala Ala Arg Val Val Thr Lieu Arg Ser Lys Ser Ile Ala Ala His Lieu 
675 680 685 

Ala Gly Lys Gly Gly Met Ile Ser Lieu Ala Lieu. Asp Glu Ala Ala Val 
69 O. 695 7 OO 

Leu Lys Arg Lieu Ser Asp Phe Asp Gly Lieu Ser Val Ala Ala Val Asn 
705 710 715 720 

Gly Pro Thr Ala Thr Val Val Ser Gly Asp Pro Thr Glin Ile Glu Glu 
725 730 735 

Leu Ala Arg Thr Cys Glu Ala Asp Gly Val Arg Ala Arg Ile Ile Pro 
740 745 750 

Val Asp Tyr Ala Ser His Ser Arg Glin Val Glu Ile Ile Glu Lys Glu 
755 760 765 

Leu Ala Glu Val Lieu Ala Gly Lieu Ala Pro Glin Ala Pro His Val Pro 
770 775 78O 

Phe Phe Ser Thr Leu Glu Gly Thr Trp Ile Thr Glu Pro Val Leu Asp 
785 790 795 8OO 

Gly Thr Tyr Trp Tyr Arg Asn Leu Arg His Arg Val Gly Phe Ala Pro 
805 810 815 

Ala Val Glu Thr Leu Ala Val Asp Gly Phe Thr His Phe Ile Glu Val 
820 825 83O 

Ser Ala His Pro Val Leu Thr Met Thr Leu Pro Glu Thr Val Thr Gly 
835 840 845 

Leu Gly. Thir Lieu Arg Arg Glu Glin Gly Gly Glin Glu Arg Lieu Val Thr 
85 O 855 860 

Ser Lieu Ala Glu Ala Trp Ala Asn Gly Lieu. Thir Ile Asp Trp Ala Pro 
865 870 875 88O 

Ile Leu Pro Thr Ala Thr Gly His His Pro Glu Leu Pro Thr Tyr Ala 
885 890 895 

Phe Glin Thr Glu Arg Phe Trp Leu Glin Ser Ser Ala Pro Thr Ser Ala 
9 OO 905 910 

Ala Asp Asp Trp Arg Tyr Arg Val Glu Trp Llys Pro Leu Thir Ala Ser 
915 920 925 

Gly Glin Ala Asp Leu Ser Gly Arg Trp Ile Val Ala Val Gly Ser Glu 
930 935 940 

Pro Glu Ala Glu Lieu Lieu Gly Ala Lieu Lys Ala Ala Gly Ala Glu Val 
945 950 955 96.O 

Asp Wall Leu Glu Ala Gly Ala Asp Asp Asp Arg Glu Ala Lieu Ala Ala 
965 970 975 

Arg Leu Thir Ala Leu Thir Thr Gly Asp Gly Phe Thr Gly Val Val Ser 
98O 985 99 O 

Leu Lieu. Asp Asp Leu Val Pro Glin Val Ala Trp Val Glin Ala Leu Gly 
995 10 OO 1005 

Asp Ala Gly Ile Lys Ala Pro Leu Trp Ser Val Thr Glin Gly Ala Val 
1010 1015 1020 
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Ser Val Gly Arg Lieu. Asp Thr Pro Ala Asp Pro Asp Arg Ala Met Lieu 
1025 1030 1035 1040 

Trp Gly Lieu Gly Arg Val Val Ala Leu Glu. His Pro Glu Arg Trp Ala 
1045 105 O 1055 

Gly Lieu Val Asp Leu Pro Ala Glin Pro Asp Ala Ala Ala Lieu Ala His 
1060 1065 1 OFO 

Leu Val Thr Ala Leu Ser Gly Ala Thr Gly Glu Asp Glin Ile Ala Ile 
1075 1080 1085 

Arg Thr Thr Gly Lieu. His Ala Arg Arg Lieu Ala Arg Ala Pro Lieu. His 
1090 1095 1100 

Gly Arg Arg Pro Thr Arg Asp Trp Gln Pro His Gly Thr Val Leu Ile 
1105 1110 1115 1120 

Thr Gly Gly Thr Gly Ala Leu Gly Ser His Ala Ala Arg Trp Met Ala 
1125 1130 1135 

His His Gly Ala Glu His Leu Lleu Lieu Val Ser Arg Ser Gly Glu Glin 
1140 1145 1150 

Ala Pro Gly Ala Thr Gln Leu Thr Ala Glu Leu Thr Ala Ser Gly Ala 
1155 1160 1165 

Arg Val Thir Ile Ala Ala Cys Asp Wall Ala Asp Pro His Ala Met Arg 
1170 1175 118O 

Thr Leu Leu Asp Ala Ile Pro Ala Glu Thr Pro Leu Thr Ala Val Val 
1185 11.90 11.95 1200 

His Thr Ala Gly Ala Pro Gly Gly Asp Pro Leu Asp Val Thr Gly Pro 
1205 1210 1215 

Glu Asp Ile Ala Arg Ile Leu Gly Ala Lys Thr Ser Gly Ala Glu Val 
1220 1225 1230 

Leu Asp Asp Leu Lleu Arg Gly Thr Pro Leu Asp Ala Phe Wall Leu Tyr 
1235 1240 1245 

Ser Ser Asn Ala Gly Val Trp Gly Ser Gly Ser Glin Gly Val Tyr Ala 
1250 1255 1260 

Ala Ala Asn Ala His Lieu. Asp Ala Lieu Ala Ala Arg Arg Arg Ala Arg 
1265 1270 1275 1280 

Gly Glu Thir Ala Thr Ser Val Ala Trp Gly Lieu Trp Ala Gly Asp Gly 
1285 1290 1295 

Met Gly Arg Gly Ala Asp Asp Ala Tyr Trp Glin Arg Arg Gly Ile Arg 
1300 1305 1310 

Pro Met Ser Pro Asp Arg Ala Lieu. Asp Glu Lieu Ala Lys Ala Leu Ser 
1315 1320 1325 

His Asp Glu Thir Phe Val Ala Val Ala Asp Val Asp Trp Glu Arg Phe 
1330 1335 1340 

Ala Pro Ala Phe Thr Val Ser Arg Pro Ser Leu Lleu Leu Asp Gly Val 
1345 1350 1355 1360 

Pro Glu Ala Arg Glin Ala Leu Ala Ala Pro Val Gly Ala Pro Ala Pro 
1365 1370 1375 

Gly Asp Ala Ala Val Ala Pro Thr Gly Glin Ser Ser Ala Lieu Ala Ala 
1380 1385 1390 

Ile Thr Ala Lieu Pro Glu Pro Glu Arg Arg Pro Ala Leu Lieu. Thir Lieu 
1395 14 OO 1405 

Val Arg Thr His Ala Ala Ala Wall Leu Gly His Ser Ser Pro Asp Arg 
1410 1415 1420 

Val Ala Pro Gly Arg Ala Phe Thr Glu Leu Gly Phe Asp Ser Leu Thr 
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1425 1430 1435 1440 

Ala Val Glin Leu Arg Asn Glin Leu Ser Thr Val Val Gly Asn Arg Lieu 
1445 1450 1455 

Pro Ala Thr Thr Val Phe Asp His Pro Thr Pro Ala Ala Leu Ala Ala 
1460 1465 14 FO 

His Lieu. His Glu Ala Tyr Lieu Ala Pro Ala Glu Pro Ala Pro Thr Asp 
1475 1480 1485 

Trp Glu Gly Arg Val Arg Arg Ala Lieu Ala Glu Lieu Pro Leu Asp Arg 
1490 1495 15 OO 

Leu Arg Asp Ala Gly Val Lieu. Asp Thr Val Lieu Arg Lieu. Thr Gly Ile 
1505 1510 1515 1520 

Glu Pro Glu Pro Gly Ser Gly Gly Ser Asp Gly Gly Ala Ala Asp Pro 
1525 1530 1535 

Gly Ala Glu Pro Glu Ala Ser Ile Asp Asp Lieu. Asp Ala Glu Ala Lieu 
1540 1545 1550 

Ile Arg Met Ala Leu Gly Pro Arg Asn Thr 
1555 15 60 

<210> SEQ ID NO 4 
&2 11s LENGTH 1346 
&212> TYPE PRT 
<213> ORGANISM: Streptomyces venezuelae 

<400> SEQUENCE: 4 

Met Thr Ser Ser Asn. Glu Glin Leu Val Asp Ala Lieu Arg Ala Ser Lieu 
1 5 10 15 

Lys Glu Asn. Glu Glu Lieu Arg Lys Glu Ser Arg Arg Arg Ala Asp Arg 
2O 25 3O 

Arg Glin Glu Pro Met Ala Ile Val Gly Met Ser Cys Arg Phe Ala Gly 
35 40 45 

Gly Ile Arg Ser Pro Glu Asp Leu Trp Asp Ala Val Ala Ala Gly Lys 
5 O 55 60 

Asp Leu Val Ser Glu Val Pro Glu Glu Arg Gly Trp Asp Ile Asp Ser 
65 70 75 8O 

Leu Tyr Asp Pro Val Pro Gly Arg Lys Gly. Thir Thr Tyr Val Arg Asn 
85 90 95 

Ala Ala Phe Lieu. Asp Asp Ala Ala Gly Phe Asp Ala Ala Phe Phe Gly 
100 105 110 

Ile Ser Pro Arg Glu Ala Lieu Ala Met Asp Pro Glin Glin Arg Glin Lieu 
115 120 125 

Leu Glu Ala Ser Trp Glu Val Phe Glu Arg Ala Gly Ile Asp Pro Ala 
130 135 1 4 0 

Ser Val Arg Gly Thr Asp Val Gly Val Tyr Val Gly Cys Gly Tyr Glin 
145 15 O 155 160 

Asp Tyr Ala Pro Asp Ile Arg Val Ala Pro Glu Gly Thr Gly Gly Tyr 
1.65 170 175 

Val Val Thr Gly Asn Ser Ser Ala Val Ala Ser Gly Arg Ile Ala Tyr 
18O 185 19 O 

Ser Leu Gly Leu Glu Gly Pro Ala Val Thr Val Asp Thr Ala Cys Ser 
195 200 2O5 

Ser Ser Lieu Val Ala Lieu. His Leu Ala Lieu Lys Gly Lieu Arg Asn Gly 
210 215 220 
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Asp Cys Ser Thr Ala Leu Val Gly Gly Val Ala Val Leu Ala Thr Pro 
225 230 235 240 

Gly Ala Phe Ile Glu Phe Ser Ser Glin Glin Ala Met Ala Ala Asp Gly 
245 250 255 

Arg Thr Lys Gly Phe Ala Ser Ala Ala Asp Gly Lieu Ala Trp Gly Glu 
260 265 27 O 

Gly Val Ala Val Lieu Lleu Lleu Glu Arg Lieu Ser Asp Ala Arg Arg Lys 
275 280 285 

Gly His Arg Val Lieu Ala Val Val Arg Gly Ser Ala Ile Asin Glin Asp 
29 O 295 3OO 

Gly Ala Ser Asn Gly Lieu. Thir Ala Pro His Gly Pro Ser Glin Glin Arg 
305 310 315 320 

Lieu. Ile Arg Glin Ala Lieu Ala Asp Ala Arg Lieu. Thir Ser Ser Asp Wal 
325 330 335 

Asp Val Val Glu Gly. His Gly Thr Gly Thr Arg Lieu Gly Asp Pro Ile 
340 345 35 O 

Glu Ala Glin Ala Leu Lieu Ala Thr Tyr Gly Glin Gly Arg Ala Pro Gly 
355 360 365 

Glin Pro Leu Arg Lieu Gly. Thir Lieu Lys Ser Asn. Ile Gly His Thr Glin 
370 375 38O 

Ala Ala Ser Gly Val Ala Gly Val Ile Lys Met Val Glin Ala Lieu Arg 
385 390 395 400 

His Gly Val Leu Pro Lys Thr Leu. His Val Asp Glu Pro Thr Asp Gln 
405 410 415 

Val Asp Trp Ser Ala Gly Ser Val Glu Lieu Lieu. Thr Glu Ala Val Asp 
420 425 43 O 

Trp Pro Glu Arg Pro Gly Arg Lieu Arg Arg Ala Gly Val Ser Ala Phe 
435 4 40 4 45 

Gly Val Gly Gly Thr Asn Ala His Val Val Leu Glu Glu Ala Pro Ala 
450 455 460 

Val Glu Glu Ser Pro Ala Val Glu Pro Pro Ala Gly Gly Gly Val Val 
465 470 475 480 

Pro Trp Pro Val Ser Ala Lys Thr Ser Ala Ala Lieu. Asp Ala Glin Ile 
485 490 495 

Gly Glin Leu Ala Ala Tyr Ala Glu Asp Arg Thr Asp Wall Asp Pro Ala 
5 OO 505 51O. 

Val Ala Ala Arg Ala Lieu Val Asp Ser Arg Thr Ala Met Glu His Arg 
515 52O 525 

Ala Val Ala Val Gly Asp Ser Arg Glu Ala Lieu Arg Asp Ala Lieu Arg 
530 535 540 

Met Pro Glu Gly Leu Val Arg Gly Thr Val Thr Asp Pro Gly Arg Val 
545 550 555 560 

Ala Phe Val Phe Pro Gly Glin Gly Thr Gln Trp Ala Gly Met Gly Ala 
565 570 575 

Glu Lieu Lieu. Asp Ser Ser Pro Glu Phe Ala Ala Ala Met Ala Glu Cys 
58O 585 59 O 

Glu Thr Ala Leu Ser Pro Tyr Val Asp Trp Ser Leu Glu Ala Val Val 
595 600 605 

Arg Glin Ala Pro Ser Ala Pro Thr Lieu. Asp Arg Val Asp Val Val Glin 
610 615 62O 

Pro Val Thr Phe Ala Val Met Val Ser Leu Ala Lys Val Trp Gln His 
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625 630 635 640 

His Gly Ile Thr Pro Glu Ala Val Ile Gly His Ser Glin Gly Glu Ile 
645 650 655 

Ala Ala Ala Tyr Val Ala Gly Ala Lieu. Thir Lieu. Asp Asp Ala Ala Arg 
660 665 67 O 

Val Val Thir Lieu Arg Ser Lys Ser Ile Ala Ala His Leu Ala Gly Lys 
675 680 685 

Gly Gly Met Ile Ser Lieu Ala Leu Ser Glu Glu Ala Thr Arg Glin Arg 
69 O. 695 7 OO 

Ile Glu Asn Lieu. His Gly Lieu Ser Ile Ala A 
705 710 7 

a. Val Asn Gly Pro Thr 
720 5 

Ala Thr Val Val Ser Gly Asp Pro Thr Glin Ile Glin Glu Leu Ala Glin 
725 730 735 

Ala Cys Glu Ala Asp Gly Ile Arg Ala Arg Ile Ile Pro Val Asp Tyr 
740 745 750 

Ala Ser His Ser Ala His Val Glu Thir Ile Glu Asn. Glu Lieu Ala Asp 
755 760 765 

Val Leu Ala Gly Leu Ser Pro Gln Thr Pro Glin Val Pro Phe Phe Ser 
770 775 78O 

Thr Leu Glu Gly Thr Trp Ile Thr Glu Pro Ala Leu Asp Gly Gly Tyr 
785 790 795 8OO 

Trp Tyr Arg Asn Leu Arg His Arg Val Gly Phe Ala Pro Ala Val Glu 
805 810 815 

Thr Leu Ala Thr Asp Glu Gly Phe Thr His Phe Ile Glu Val Ser Ala 
820 825 83O 

His Pro Val Leu Thr Met Thr Leu Pro Asp Llys Val Thr Gly Leu Ala 
835 840 845 

Thr Lieu Arg Arg Glu Asp Gly Gly Gln His Arg Lieu. Thir Thr Ser Lieu 
85 O 855 860 

Ala Glu Ala Trp Ala Asn Gly Lieu Ala Lieu. Asp Trp Ala Ser Lieu Lieu 
865 870 875 88O 

Pro Ala Thr Gly Ala Leu Ser Pro Ala Val Pro Asp Leu Pro Thr Tyr 
885 890 895 

Ala Phe Gln His Arg Ser Tyr Trp Ile Ser Pro Ala Gly Pro Gly Glu 
9 OO 905 910 

Ala Pro Ala His Thr Ala Ser Gly Arg Glu Ala Val Ala Glu Thr Gly 
915 920 925 

Leu Ala Trp Gly Pro Gly Ala Glu Asp Lieu. Asp Glu Glu Gly Arg Arg 
930 935 940 

Ser Ala Val Lieu Ala Met Val Met Arg Glin Ala Ala Ser Val Lieu Arg 
945 950 955 96.O 

Cys Asp Ser Pro Glu Glu Val Pro Val Asp Arg Pro Leu Arg Glu Ile 
965 970 975 

Gly Phe Asp Ser Lieu. Thr Ala Val Asp Phe Arg Asn Arg Val Asn Arg 
98O 985 99 O 

Leu Thr Gly Leu Gln Leu Pro Pro Thr Val Val Phe Glu His Pro Thr 
995 10 OO 1005 

Pro Wall Ala Lieu Ala Glu Arg Ile Ser Asp Glu Lieu Ala Glu Arg Asn 
1010 1015 1020 

Trp Ala Val Ala Glu Pro Ser Asp His Glu Glin Ala Glu Glu Glu Lys 
1025 1030 1035 1040 
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Ala Ala Ala Pro Ala Gly Ala Arg Ser Gly Ala Asp Thr Gly Ala Gly 
1045 105 O 1055 

Ala Gly Met Phe Arg Ala Leu Phe Arg Glin Ala Val Glu Asp Asp Arg 
1060 1065 1 OFO 

Tyr Gly Glu Phe Leu Asp Wall Leu Ala Glu Ala Ser Ala Phe Arg Pro 
1075 1080 1085 

Glin Phe Ala Ser Pro Glu Ala Cys Ser Glu Arg Lieu. Asp Pro Val Lieu 
1090 1095 1100 

Leu Ala Gly Gly Pro Thr Asp Arg Ala Glu Gly Arg Ala Val Lieu Val 
1105 1110 1115 1120 

Gly Cys Thr Gly Thr Ala Ala Asn Gly Gly Pro His Glu Phe Leu Arg 
1125 1130 1135 

Leu Ser Thr Ser Phe Glin Glu Glu Arg Asp Phe Leu Ala Val Pro Leu 
1140 1145 1150 

Pro Gly Tyr Gly Thr Gly. Thr Gly Thr Gly Thr Ala Leu Leu Pro Ala 
1155 1160 1165 

Asp Lieu. Asp Thr Ala Lieu. Asp Ala Glin Ala Arg Ala Ile Leu Arg Ala 
1170 1175 118O 

Ala Gly Asp Ala Pro Val Val Lieu Lieu Gly His Ser Gly Gly Ala Lieu 
1185 11.90 11.95 1200 

Leu Ala His Glu Lieu Ala Phe Arg Lieu Glu Arg Ala His Gly Ala Pro 
1205 1210 1215 

Pro Ala Gly Ile Val Leu Val Asp Pro Tyr Pro Pro Gly His Glin Glu 
1220 1225 1230 

Pro Ile Glu Val Trp Ser Arg Glin Leu Gly Glu Gly Lieu Phe Ala Gly 
1235 1240 1245 

Glu Lieu Glu Pro Met Ser Asp Ala Arg Lieu Lieu Ala Met Gly Arg Tyr 
1250 1255 1260 

Ala Arg Phe Leu Ala Gly Pro Arg Pro Gly Arg Ser Ser Ala Pro Val 
1265 1270 1275 1280 

Leu Lieu Val Arg Ala Ser Glu Pro Leu Gly Asp Trp Glin Glu Glu Arg 
1285 1290 1295 

Gly Asp Trp Arg Ala His Trp Asp Leu Pro His Thr Val Ala Asp Wal 
1300 1305 1310 

Pro Gly Asp His Phe Thr Met Met Arg Asp His Ala Pro Ala Val Ala 
1315 1320 1325 

Glu Ala Wall Leu Ser Trp Lieu. Asp Ala Ile Glu Gly Ile Glu Gly Ala 
1330 1335 1340 

Gly Lys 
1345 

<210 SEQ ID NO 5 
&2 11s LENGTH 281 
&212> TYPE PRT 

<213> ORGANISM: Streptomyces venezuelae 

<400 SEQUENCE: 5 

Val Thr Asp Arg Pro Leu Asn. Wall Asp Ser Gly Lieu Trp Ile Arg Arg 
1 5 10 15 

Phe His Pro Ala Pro Asn Ser Ala Val Arg Leu Val Cys Leu Pro His 
2O 25 3O 

Ala Gly Gly Ser Ala Ser Tyr Phe Phe Arg Phe Ser Glu Glu Leu. His 
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35 40 45 

Pro Ser Val Glu Ala Leu Ser Val Glin Tyr Pro Gly Arg Glin Asp Arg 
5 O 55 60 

Arg Ala Glu Pro Cys Lieu Glu Ser Val Glu Glu Lieu Ala Glu His Val 
65 70 75 8O 

Val Ala Ala Thr Glu Pro Trp Trp Glin Glu Gly Arg Leu Ala Phe Phe 
85 90 95 

Gly His Ser Lieu Gly Ala Ser Val Ala Phe Glu Thr Ala Arg Ile Leu 
100 105 110 

Glu Glin Arg His Gly Val Arg Pro Glu Gly Lieu. Tyr Val Ser Gly Arg 
115 120 125 

Arg Ala Pro Ser Leu Ala Pro Asp Arg Lieu Val His Glin Lieu. Asp Asp 
130 135 1 4 0 

Arg Ala Phe Leu Ala Glu Ile Arg Arg Lieu Ser Gly. Thir Asp Glu Arg 
145 15 O 155 160 

Phe Leu Glin Asp Asp Glu Lieu Lieu Arg Lieu Val Lieu Pro Ala Lieu Arg 
1.65 170 175 

Ser Asp Tyr Lys Ala Ala Glu Thir Tyr Lieu. His Arg Pro Ser Ala Lys 
18O 185 19 O 

Lieu. Thir Cys Pro Wal Met Ala Lieu Ala Gly Asp Arg Asp Pro Lys Ala 
195 200 2O5 

Pro Leu Asin Glu Val Ala Glu Trp Arg Arg His Thr Ser Gly Pro Phe 
210 215 220 

Cys Lieu Arg Ala Tyr Ser Gly Gly His Phe Tyr Lieu. Asn Asp Gln Trp 
225 230 235 240 

His Glu Ile Cys Asn Asp Ile Ser Asp His Lieu Lleu Val Thr Arg Gly 
245 250 255 

Ala Pro Asp Ala Arg Val Val Glin Pro Pro Thr Ser Leu Ile Glu Gly 
260 265 27 O 

Ala Ala Lys Arg Trp Glin Asn. Pro Arg 
275 280 

<210> SEQ ID NO 6 
&2 11s LENGTH 379 
&212> TYPE PRT 
<213> ORGANISM: Streptomyces venezuelae 
&220s FEATURE 
<221 NAME/KEY: 251 
<222> LOCATION: unsure 

<223> OTHER INFORMATION: unsure of amino acid at this position 

<400 SEQUENCE: 6 

Val Ser Ser Arg Ala Glu Thr Pro Arg Val Pro Phe Leu Asp Lieu Lys 
1 5 10 15 

Ala Ala Tyr Glu Glu Lieu Arg Ala Glu Thir Asp Ala Ala Ile Ala Arg 
2O 25 3O 

Val Lieu. Asp Ser Gly Arg Tyr Lieu Lieu Gly Pro Glu Lieu Glu Gly Phe 
35 40 45 

Glu Ala Glu Phe Ala Ala Tyr Cys Glu Thir Asp His Ala Val Gly Val 
5 O 55 60 

Asn Ser Gly Met Asp Ala Leu Gln Leu Ala Lieu Arg Gly Lieu Gly Ile 
65 70 75 8O 

Gly Pro Gly Asp Glu Val Ile Val Pro Ser His Thr Tyr Ile Ala Ser 
85 90 95 
























































































