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Blasticidin S is a potent antifungal and cytotoxic peptidyl nucleo-
side antibiotic from Streptomyces griseochromogenes. The mixed
biosynthesis of the compound is evident from the three distinct
structural components: a cytosine base, an amino deoxyglucuronic
acid, and N-methyl [3-arginine. The blasticidin S biosynthesis gene
cluster was cloned from S. griseochromogenes and the pathway
heterologously expressed in S. lividans from a cosmid harboring a
36.7-kb fragment of S.griseochromogenes DNA. The complete
DNA sequence of this insert has now been determined and evidence
suggests a contiguous 20-kb section defines the blasticidin S
biosynthesis cluster. The predicted functions of several open
reading frames are consistent with the expected biochemistry

Introduction

The peptidyl nucleoside family of antibiotics encompasses a
structurally diverse group of compounds, many of which exhibit
potent and varied biological activities. Most members of the
family are comprised of three distinct structural elements: a
heterocyclic base, an amino sugar, and an unusual amino acid or
peptidyl moiety. Representative examples include blasticidin S
(1), nikkomycin X (2), puromycin (3), and streptothricin F (4).
Interest surrounding these compounds largely stems from their
broad spectrum of biological activities, which include antitumor,
antiviral, antibacterial, and antifungal activity. Formation of the
individual structural components and assembly of the final
product are expected to involve unusual biochemistry and there
has thus been substantial effort devoted to studying their
biosynthesis. The biosynthetic gene clusters for the nikkomy-
cins,™ puromycin,? and streptothricin F&4 have been cloned
and sequenced. Investigations of individual steps in nikkomycin
formation have revealed unique routes to the pyridyl moiety™
and the novel role of three proteins involved in transforming
histidine into the 4-formyl-4-imidazolin-2-one base of nikkomy-
cin X, among other discoveries.”-% Similarly, the roles of several
individual gene products of the puromycin pathway have been
characterized.'>"¥ More limited biochemical work has been
directed at streptothricin F formation, about which a single study
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and include an arginine 2,3-aminomutase, a cytosylglucuronic acid
synthase, and a guanidino N-methyltransferase. Insight into other
steps in the assembly of blasticidin S was evident from sequence
homology with proteins of known function and heterologous
expression of fragments of the cluster. Additionally, the gene that
directs the production of free cytosine, blsM, was subcloned and
expressed in Escherichia coli. Characterization of BlsM revealed
that cytidine monophosphate serves as the precursor to cytosine.
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on the steps required for activation and incorporation of the -
lysine residues was recently reported.' Biochemical studies on
blasticidin S have included purification and characterization of a
unique glucuronosyltransferase that forms the cytosylglucuronic
acid intermediate.l™™ Work performed in crude cell-free systems
detected activities for an aminosugar tautomerase and acetyl
and methyltransferases and an unusual self-resistance mecha-
nism.l"® 71 Previously, we identified and cloned the blasticidin S
gene cluster from Streptomyces griseochromogenes and ex-
pressed the pathway in S. lividans.''®

Blasticidin S (1) was first identified from an extract of
S. griseochromogenes in 1958 in a screening effort to discover
nonmercurial fungicides." Specifically, 1 was effective at
protecting rice plants from infection by the fungus that causes
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the primary precursors as glucose, cytosine, L-
arginine, and methionine.?® Through the use of
both radioactive and stable isotope-labeled
compounds, -arginine, cytosylglucuronic acid
(CGA), and cytosinine were identified as ad-
vanced intermediates in the pathway.!'s 2% 28
Efforts to unravel the biochemical steps in the
assembly of 1 resulted in the purification and
characterization of CGA synthase, the enzyme
catalyzing the first committed step in the
pathway, the condensation of cytosine and
UDP-glucuronic acid (UDP, uridine diphosphate)

rice blast and was eventually produced on a large scale to
support commercial agricultural use.?? Blasticidin S exerts its
cytotoxic action primarily through binding to the 50S ribosomal
subunit, which results in inhibition of protein synthesis, and
exhibits competitive binding with puromycin (3), a well-studied
agent that affects the peptidyl transfer step on prokaryotic and
eukaryotic ribosomes.?" 22 Blasticidin S has recently found
widespread use as a selectable marker in cell-culture applica-
tions when coupled with an acetyl transferase- or deaminase-
resistance gene.l?>-2%

The commercial importance and novel structural features of 1
prompted biosynthesis studies that are summarized in
Scheme 1. Classical radiolabeled precursor studies established

to form CGA." To further our investigations into

the biosynthesis of 1, we identified a 36-kb DNA
fragment from an S. griseochromogenes genomic library in
pOJ446 that contains the blasticidin S gene cluster and
demonstrates heterologous production of CGA and other
intermediates in the biosynthetic pathway in S. lividans.'® We
later revised the biosynthetic pathway to include leucylblastici-
din S (LBS) as the penultimate compound in the pathway
(Scheme 1).'"2 Here we report the complete nucleotide sequence
and organization of the blasticidin S biosynthesis gene cluster
and describe the initial characterization of individual gene
products.

Results and Discussion

Sequence and organization of the

H NH, biosynthesis gene cluster

HNYN\/\/\[]/OH glucose — UDP-glucuronic acid + cytosine .
NHe L argnine © Several segments of S. griseochromogenes
chromosomal DNA cloned in the p0J446
l vector produced intermediates of blastici-
H HO.C din S biosynthesis when expressed in
HNYN\/\‘/\H/OH . z:0)< - S. lividans.l"” 18 One cosmid, cos9 (Figure 1A
NH, NH, O HNvQ_ =ot ~—— and B), produced late intermediates, in-
B-arginine cytosinine cytosylglucuronic acid cluding leucylblasticidin S (LBS), and was
- selected for DNA sequencing. Sequence

p-arginine L-leucyl-p-arginine : i H
ATF/ 2 analysis of the 36.7-kb cos9 insert with the
Frameplot program?” identified 28 open
HO:C o H02C o reading frames (ORFs) organized into three
H H Lleucine H G groups based on transcriptional direction
HNYNV\‘/\H/N Q—Cyt ATP N\/\A/Y o (Figure 1C). The first group consists of blsA
NH . NH2 NHO o to bisN. The second set of ORFs, blsO to bisS,
demethylblasticidin S Hy leucyldemethylblastcidin S is transcribed in the opposite direction. An
additional nine ORFs between blsS and the
5" end of the insert have mixed orientations
AdoMet . . . .
and are not believed to participate in
HO,GC Hozc blasticidin S formation.
CH, H o} CHo 0 The boundaries of the bls gene cluster
HN N\/Y\H/N'“ _ /o ~— \/\l/\ﬂ/ C— O \were defined by correlating metabolite
NH, NH, O l-leu HO NHz expression profiles with restriction analysis
L N of cosmids that directed blasticidin inter-
blasticidin S HN' leucylblasticidin S

Scheme 1. Overview of blasticidin S biosynthesis.
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mediate production in S.lividans. All cos-
mids lacking blsS, such as cos14, only
produced early intermediates like cytosine
and CGA (Figure 1A). Cosmid clones con-
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Figure 1. A) Overlapping cosmids that produced blasticidin-S-related metabo-
lites when expressed in S. lividans; B) partial restriction map of cos9 illustrating
BamHI cleavage sites and functions associated with particular fragments;

C) organization of the fully sequenced cos9 insert containing the bls gene cluster
(filled arrows).

taining an intact B6 BamHI fragment harboring blsS were able to
produce later intermediates like LBS. This result suggests the
entire blasticidin S cluster, with the possible exception of the
final peptidase that cleaves the leucyl-f-arginine bond of LBS, is
contained in an approximately 20-kb fragment of DNA.

Function of bls open reading frames deduced through
sequence homology

Predicted functions for all 28 gene products identified on the
cos9 insert (Figure 1C) were assigned by BLAST analysis and
exhibit varying degrees of sequence similarity to proteins in the
public databases.?® The proposed functions of each ORF and its
closest homologues are presented in Table 1. Many of the ORFs
encode products without significant sequence similarity to
proteins of known function. Open reading frames with clear or
demonstrated roles in the assembly of blasticidin S are detailed
below.

Assembly and modification of the amino dideoxynucleoside
core

Cytosylglucuronic acid (CGA) is the earliest committed inter-
mediate in blasticidin S formation (Scheme 1). CGA synthase
catalyzes the specific coupling of UDP-glucuronic acid and
cytosine, and has been purified and characterized from wild-type
S. griseochromogenes."™ The sequence of blsD exhibits some
similarity to glycosyltransferase genes and is predicted to
encode CGA synthase. During efforts to express the entire
blasticidin S pathway in S. lividans, we also expressed fragments
of cos9 to identify regions coding for the production of separate
precursor components. Cos9 BamHI fragments greater than 1 kb
were cloned into the Streptomyces expression vector plJ702 and
the resulting plasmids were used to transform S. lividans. When
cultures of the S.lividans transformant expressing the 6.5-kb
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BamHI fragment (B3) harboring blsD (Figure 1B) were supple-
mented with cytosine, CGA was produced, which supports the
assigned function of BlsD.!"8!

An intriguing feature of blasticidin S biosynthesis is that free
cytosine is incorporated at exceptionally high levels (around
95%)2 and the addition of exogenous cytosine can greatly
increase CGA levels (up to 70-fold) while having a modest effect
on blasticidin S production (1.6-fold).*? Hence, it appears that
the availability of free cytosine may be a limiting factor in
blasticidin S biosynthesis. The intracellular pyrimidine bases exist
almost exclusively at the nucleotide level and free cytosine is not
a precursor to cytidine or the cytidine nucleotides cytidine
monophosphate (CMP), diphosphate (CDP), and triphosphate
(CTP). Rather, CTP is synthesized at the triphosphate stage
directly from uridine triphosphate (UTP) by the action of CTP
synthetase.*”! Therefore, we anticipated an activity associated
with the bls cluster specifically for producing cytosine from
cytidine nucleotides. Such a system is found in Streptoverticillium
rimofaciens, the producer of mildiomycin, which contains
hydroxymethylcytosine (HMC). A purified nucleotide hydrolase
from this organism is specific for HMC monophosphate and does
not hydrolyze CMPM A nucleosidase acting on pyrimidine
nucleosides and 2’-deoxynucleoside monophosphates from
S. virginiae has been reported.””!

When the 2.1-kb cos9 BamHI fragment B7 (Figure 1B) was
expressed from plJ702 in S. lividans a 7-fold increase in cytosine
production was observed relative to the wild-type species.
Restricting B7 with Apal afforded an 826-bp fragment, AC3,
containing only the intact b/sM gene. Both B7 and AC3 were
cloned into the constitutive expression site of a new shuttle
expression vector pXY200 derived from elements of the
Streptomyces expression vector plJ4123%“8 and the Escherichia
coli vector pT7-7"%I. The resulting plasmids, pXY270 and
pXY280, respectively, and a control lacking an insert were
introduced into S. lividans by protoplast transformation and after
six days the cytosine levels in the broths were determined by
HPLC. Quantities of cytosine in the pXY270 and pXY280
transformants were 20 - 27-fold greater than in wild-type S. livid-
ans (Table 2).

The blsM gene encodes a 174 amino acid protein similar to
nucleoside 2'-deoxyribosyltransferase (Ndt), a nucleoside recy-
cling enzyme first found in lactobacilli, and its orthologues and
paralogues (COG 3613, NCBI). These enzymes catalyze cleavage
of the glycosidic bond of 2’-deoxyribonucleosides by way of a
covalent deoxyribosyl-enzyme intermediate. Most members of
COG 3613 are between 150 and 190 amino acids in length and
show little sequence homology except at key functional
residues. Studies of the crystal structure of the Lactobacillus
leichmannii enzyme and mutagenesis experiments implicate
Glu98 as the active site residue that undergoes deoxyribosyla-
tion and suggest that Asp92 and/or Asp72 function as general
acid catalysts, depending on the substrate.5® Genes for two
related enzymes, DRTasel and DRTasell, were recently cloned
from L. helveticus CNRZ32. DRTasel is specific for purine nucleo-
sides as donors, while DRTasell shows preference for pyrimidine
nucleosides as donors and purine bases as acceptors.”” In the
absence of an acceptor, DRTasell exhibits hydrolase activity and
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Table 1. Deduced functions of bls open reading frames.

Protein Amino acids Proposed function Sequence similarity Similarity, Accession number Ref.
(protein, origin) identity

Orf9 273 ATP-binding protein SCF43A.14, 60%, 42% CAB48901 [31]

partial Streptomyces coelicolor
Orf8 392 2-component system SCH10.32¢, 46 %, 34% CAB42041 [31]
sensor kinase S. coelicolor

Orf7 222 2-component system response regulator SCl41.37, 71%, 48% CAB59507 [31]
S. coelicolor

Orfé 522 secreted peptidase SlpD, 55%, 44% CAB38476 [32]
S. coelicolor

Orf5 328 hydrolase IpbD, 49%, 30% AAC03446 [33]
Psuedomona putida

Orf4 155 oxidoreductase MitO, 58%, 46 % AAD28457 [34]
S. lavendulae

Orf3 244 transcriptional regulator SC5A7.19¢ 43%, 33% CAA19948 [31]
S. coelicolor

Orf2 343 unknown; pggE/moaA family NirJ 50%, 30% NP633750 [35]
Methanosarcina mazei

Orf1 909 serine/threonine protein kinase SC7A12.07, 39%, 29% CAB94054 [31]
S. coelicolor

BIsS 610 oxidoreductase Rv0492c, 57 %, 46 % Q11157 [36]
M. tuberculosis H37Rv

BIsR 479 unknown Rv0493c, 50%, 40% Q11158 [36]
M. tuberculosis H37Rv

BlsQ 239 transcriptional regulator; GntR family Rv0494, 46 %, 32% Q11159 [36]
M. tuberculosis H37Rv

BlsP 159 3-helix membrane protein Putative plasmid transfer 60 %, 40% CAC36626 [31]
protein S. coelicolor

BlsO 156 2-helix membrane protein SCF56.03, 52%, 32% CAB62748 [31]
S. coelicolor

BIsA 246 methyltransferase Hypothetical protein, 53%, 36% ZP00063806 [37]
Leuconostoc mesenteroides

BlsB 513 carboxylesterase Putative carboxylesterase, 69%, 59 % BAB69209 [38]
S. avermitilis

BlsC 141 regulatory protein; yjgF family SC5F1.25, 57 %, 42 % CAC16451 [31]
S. coelicolor

BlsD 328 cytosylglucuronic acid synthase SCC75A.28¢, 42%, 28% CAB61728 [31]
S. coelicolor

BIsE 344 unknown MoaA, 42%, 31% CAB59437 [31]
S. coelicolor

BlsF 317 unknown SCJ11.24c, 43%, 31% CAB52909 [31]
S. coelicolor

BlsG 410 arginine 2,3-aminomutase KAM, 66 %, 48 % AADA43134 [39]
Clostridium subterminale

BlsH 392 aminotransferase RifK, 48%, 32% AAC01720 [40]
Amycolatopsis mediterranei

Blsl 398 ligase Niks, 40%, 28% CACI1141 [41]
Streptomyces tendae

BlsJ 414 self-resistance; transporter SC8F4.05, 37%, 26% CAB70631 [31]
S. coelicolor

BlsK 579 Unknown lysyl-tRNA synthetase, 42%, 30% CAD55312 [31]
S. coelicolor

BlsL 213 guanidino methyltransferase Guanidinoacetate methyltransferase, 45%, 27 % NP036925 [42]
Rattus norvegicus

BlsM 160 CMP hydrolase 2'-deoxyucleoside transferase, 63%, 42% ZP00063804 [43]
Leuconostoc mesenteroides

BIsN 264 unknown SCG11A.10c, 77 %, 71% CAB61591 [31]
S. coelicolor

releases 2'-deoxyribose. DRTasel and DRTasell share approxi-
mately 80% identity with Ndtl and Ndtll from L. helveticus ATCC
8018.152 53

Figure 2 illustrates the alignment of nucleoside 2’-deoxyribo-
syltransferase active sites with the corresponding region of BIsM.
A glutamate residue corresponding to position 98 of L. leich-

824 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mannii Ndt is strictly conserved, as is Asp72. Interestingly, a
serine residue replaces Asp92 in BIsM and Lmes1293, a hypo-
thetical protein from Leuconostoc mesenteroides and the closest
homologue to BIsM; a histidine residue occupies the same
position in Ndtll. Additional biochemical evidence will be
required to confirm if these changes affect substrate specificity

www.chembiochem.org ChemBioChem 2003, 4, 821-828
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Table 2. Levels of cytosine production in S. lividans transformants expressing amount when BIsM was incubated with CMP (Figure 4), while
blsM. dCMP and, to a lesser extent CDP, led to lower levels of cytosine.
Unlike the nucleoside 2'-deoxyribosyltransferases to which BlsM
Plasmid Cytosine [mgL~"] . . L -
shows active site similarity, BlsM does not accept cytidine as a
plJ702/87 48 substrate and the observed function is most similar to the
PXY220 (control 4 hydroxymethylcytosine nucleotidase activity reported in S. rimo-
pXY270 145-152 yaroxy yicy yrep
pXY280 177-190 faciens."*®
Expression of cosmids missing all or part of the B6 fragment
(for example, cos14, Figure1A) did not vyield detectable
LleiNdt 57 = = 85 DE R g N T I H 115
DRTasel 58 BIG r-.fm BTY %-IL‘-L. 118
DRETasell 58 -— IE’;’-IE%’I‘ Yisih D LHSIHD"-.-"MLG 116
LhelNdtI 58 BIGEH ;f-.h"—';’l"‘x‘*'-—lﬂl_. EASHNATOC 118
LhelNdtII 58 eY--I AT YIRINDLNG T KRS DY 116
Lmesl293 50 E-WGLE% h 108
BlsM 54 -WCAQUESTPEECTPLIE 112

Figure 2. Alignment of BIsM with known nucleoside 2'-deoxyribosyltransferase active sites. LleiNdt is from L. leichmannii; DRTasel and DRTasell are from L. helveticus
CNRZ32; LhelNdt! and Il are from L. helveticus ATCC 8018, and Lmes1293 is from L. mesenteroides.

and hydrolase versus transferase activity. A final notable feature
of the blsM gene is the presence of a TTA codon, which makes
the translation dependent on cellular levels of the bldA gene
product, a specific tRNA' that coordinates the events of
antibiotic biosynthesis with the development cycle in many
Streptomyces species.® A similar situation is found in the
puromycin pathway."%

To confirm the function of BIsM in vitro and explore the scope
of the reaction, blsM was amplified from cos9 and cloned into
the pET41a + vector to yield a construct encoding a glutathione-
S-transferase (GST)/BIsM fusion protein that possesses a C-ter-
minal Hisg tag. The GST/BIsM fusion protein was expressed in
E. coli, purified, GST was removed by thrombin cleavage, and
soluble BIsM was isolated by Co*" affinity chromatography
(Figure 3).

MW 4 5 6

1 2 3
50 - -"
40 -
30 - sy

2508
20 =

o —

W W BisM

Figure 3. SDS-PAGE analysis of GST/BIsM fusion protein overexpressed in E. coli,
and purification of BIsM. Lane 1, insoluble fraction; Lane 2, cleared cell lysate;
Lane 3, unretained fraction from GST-Bind (Novagen) affinity column; Lane 4,
fraction released from GST-Bind column after thrombin treatment; Lane 5,
unretained fraction from Co?" affinity column; Lane 6, BIsM eluted from the Co**
daffinity column.

To identify the natural substrate(s) of BlsM, various cytosine
nucleosides or nucleotides were incubated with BlsM in 50 mm
sodium phosphate buffer at pH70 and 37°C for 1hr. The
product and substrate were separated and quantified by
reverse-phase HPLC. Free cytosine was generated in the greatest
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intermediates beyond CGA. Partial and complete genes con-
tained on B6, bisR and blsS, are predicted to encode a protein of
unknown function and a glucose-methanol-choline (GMC)
oxidoreductase homologue, respectively, and are likely involved
in the elaboration of CGA to an amino deoxynucleoside such as
cytosinine (Scheme 1). Along with blsQ, these genes are highly
similar to, and occur in the same order as three uncharacterized
genes found in the Mycobacterium tuberculosis H37Rv genome
(Table 1).B81 Both Rv0494 and BlsQ are predicted to contain a
conserved domain that places them in the FadR subgroup of the
gntR family of DNA-binding transcriptional regulatory pro-
teins.ko

The product of blsH is also predicted to function in amino
deoxynucleoside formation. BlsH exhibits closest similarity to
aminotransferases such as the pyridoxyl phosphate-dependent
perosamine synthase®” and RifK from Amycolatopsis mediterra-
nei $699.4° The latter similarity is interesting because RifK was
shown to function as the 3-amino-5-hydroxybenzoic acid (AHBA)
synthase in rifamycin biosynthesis and more recently was found
to also operate in tandem with the NAD*-dependent dehydro-
genase RifL in the conversion of UDP-glucose to UDP-kanos-
amine_[s& 59]

Formation, attachment, and methylation of f-arginine

The S-arginine moiety found in blasticidin S was shown by Seto’s
group to originate from L-arginine.?¥ Stable isotope labeling
studies by Gould et al. established an intramolecular migration
of the a-nitrogen, as previously observed for 5-lysine formation
catalyzed by lysine-2,3-aminomutase from Clostridium subtermi-
nale SB4.1%% Extensive work by Frey's group revealed that native
lysine 2,3-aminomutase (KAM) is a hexamer of 48-kDa subunits
possessing three [4Fe-4S] centers and six molecules of pyr-
idoxal phosphate (PLP), requires AdoMet and is O,-sensitive.'?l
BLAST analysis reveals the predicted product of bisG is 48%
identical and 65 % similar to C. subterminale KAM, and includes

825
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Figure 4. Conversion of CMP to cytosine catalyzed by BIsM. A) Time-dependent
formation of cytosine and concomitant loss of CMP. B) Increased production of
CMP as a function of BIsM concentration.

the conserved lysine for PLP attachment. We have expressed and
purified BlsG from E. coli and S. lividans but have not detected
aminomutase activity®'®,

The process for attaching -arginine to the nucleoside core of
blasticidin S has been of considerable interest to us. Prior to
obtaining the DNA sequence of cos9, attempts to amplify
nonribosomal peptide synthetase (NRPS) gene fragments from
cos9 or detect S-arginine carboxy activation in cell-free extracts
failed. Similar efforts were fruitless when we attempted to
discern how leucine was incorporated into leucylblasticidin S.'”!
Mechanisms for amino acid incorporation by other peptidyl
nucleosides vary. Genes similar to NRPSs are present in the
streptothricin F cluster from S. rochei.> ¥ More detailed inves-
tigation of how f-lysine is incorporated into streptothricins (also
known as nourseothricins) in S. noursei identified a stand-alone
adenylating enzyme (NpsA) that specifically activates S-lysine for
transfer to an N-terminal peptidyl carrier protein (PCP) domain
on NpsB."¥ In the case of puromycin, attachment of the tyrosine
moiety to the nucleoside core is predicted to be mediated by
Pur6, a protein that shares little resemblance to NRPSs and lacks
an obvious AMP binding domain."” NikS is a ligase in the
nikkomycin pathway that activates 4-pyridyl-2-oxo-4-hydroxy-
isovaleric acid (POHIV) as the acylphosphate and belongs to the
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ATP-grasp-fold superfamily of enzymes.®® Members of this
superfamily are characterized by a unique ATP binding structure
and include p-Ala-p-Ala ligase, glutathione synthetase, and
several CoA ligases, all of which activate their substrate carboxy
groups as acylphosphates, rather than acyladenylates. The
product of bls/ shares the ATP-grasp fold and is predicted to
catalyze the coupling of peptidyl and nucleoside moieties in
blasticidin S. Possible roles for Blsl include activating -arginine
or leucyl-$-arginine for coupling with an amino deoxynucleo-
side, or activating leucine for attachment to S-arginine or
demethylblasticidin S to give the dipeptide or demethylleucyl-
blasticidin S, respectively (Scheme 1). Precedent for these ligases
activating a dipeptide carboxy group is found in the cases of the
p-Ala-p-Ala adding enzyme (MurF) in peptidoglycan biosyn-
thesis®® and glutathione synthetase.®® The intermediacy of
leucylblasticidin S in the pathway requires the involvement of
two amino acid activating enzymes; one to activate leucine and
one to activate S-arginine or leucyl-B-arginine. The best
candidate for the second sort of protein is BlsK, which exhibits
modest similarity to a putative lysyl-tRNA synthetase from
S. coelicolor.

The penultimate step in the biosynthesis of 1 is methylation of
the $-arginine guanidine residue.'” BlsL is similar to a number of
guanidoacetate methyltransferases and is the best candidate for
carrying out the final constructive step in the pathway.

Self-resistance

Cosmids harboring the blasticidin S gene cluster were originally
identified by hybridization with a 4.8-kb BamHI fragment of
S. griseochromogenes chromosomal DNA that conferred resist-
ance to the antibiotic on S. lividans."® This fragment is repre-
sented as B4 in Figure 1 and contains blsJ. BlsJ is predicted to
contain 11 membrane-spanning domains and is similar to a
number of S. coelicolor proteins thought to be involved in
metabolite efflux and transport. S. lividans resistance to blasti-
cidin S was increased when a plasmid carrying a gene for an ATP-
binding protein was coexpressed with the B4 fragment, which
indicates that BlsJ is probably a component of an ABC trans-
porter.[54

Experimental Section

General methods and materials: The cloning of the blasticidin S
gene cluster from S. griseochromogenes, conditions for heterologous
expression in S. lividans TK24, and conditions for HPLC analysis have
been previously reported.'® Vectors used in these studies include:
Streptomyces vectors plJ702 (obtained from Prof.D. A. Hopwood,
John Innes Institute) and plJ2925 (a gift from Dr.M.J. Virolle,
Université Paris-Sud), pBluescript Il KS(+) (Stratagene), and pGEM11zf
(Promega). E. coli strains DH5a (Life Technologies, Inc.) and JM109
(Promega) were routinely used as hosts for E.coli plasmids and
E. coli- Streptomyces shuttle vectors. The new E. coli- Streptomyces
shuttle expression vector pXY200 was constructed by replacing the
kanamycin resistance marker present in plJ41238 with the apra-
mycin selection marker accC4%”! and introducing an intact ColE1
origin and ampicillin resistance marker (bla) derived from the E. coli
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expression vector pT7 - 7.4 All E. coli manipulations were performed
according to standard protocols.® Standard media and methods of
culture for Streptomyces are described in Kieser et al.”! Restriction
endonucleases, DNA ligase, DNA polymerase, and alkaline phospha-
tase were purchased from various sources and used according to the
manufacturers’ recommendations.

DNA sequence analysis: A cosmid clone (cos9) carrying a 36.7-kb
insert of S. griseochromogenes genomic DNA in pOJ446 and able to
direct LBS production in S. lividans was selected for sequencing.!'®
Digestion with BamHI yielded 13 fragments, each of which was
subcloned in pBluescript Il KS (+). Smaller inserts, ranging from
0.15-4.88 kb, were sequenced by a combination of delta-subcloning
and primer walking at the Center for Gene Research and Biotechnol-
ogy at Oregon State University by using the Amplitag dye-terminator
sequencing system (Perkin Elmer) and Applied Biosystems auto-
mated DNA sequencers. The two largest BamHI fragments (B1,
13.3 kb and B3, 6.2 kb) were sequenced by MWG Biotech Inc. (High
Point, NC). Nucleotide sequences were determined for both strands.
Sequence analysis was carried out with MacVector (Oxford Molecular
Group), VectorNTI (Informax), and FramePlot??! software packages.
Nucleotide and amino acid sequence similarity comparisons were
carried out in public databases by using the BLAST (basic local
alignment search tool) program.2? The DNA sequence of cos9 has
been deposited in GenBank; accession number: AY196214.

Heterologous expression of cos9 subfragments: BamHI fragments
of cos9 cloned in pBluescript Il KS (+) that have more than 1 kb were
excised with BamHlI, gel purified, and ligated with Bglll restricted
plJ702. The resulting plasmids, and an empty vector control, were
individually introduced into S. lividans by protoplast transformation.
Transformants were cultured and analyzed for blasticidin S precur-
sors as previously described.'®!

The 2.1-kb BamHI fragment from cos9 (B7) was also cloned in
plJ2925 linearized with BamHIl. The B7 insert was removed by
restriction with Hindlll and EcoRl, gel purified, and ligated with
Hindlll - EcoRI-digested pXY200 to yield pXY270. The B7 fragment
was also restricted with Apal and the 0.83-kb fragment (AC3) was
cloned into pGEM11zf. The AC3 fragment was then excised by
treatment with Hindlll-EcoRl and cloned into similarly restricted
pXY200 to yield pXY280. Plasmids pXY270, pXY280, and the empty
vector control were introduced into S. lividans by protoplast trans-
formation. Transformants were cultured and analyzed for cytosine as
previously described.!"®

Preparation of a blsM expression construct: The blsM gene was
amplified from cos9 by PCR with the forward primer 5'-ctcgagg-
gaattcggtgcgcagcgtctttctcgccggt-3' (EcoRl site underlined) and the
reverse primer, 5’-acgatgcggtgcacggttcggctcgagceg-3’ (Xhol site
underlined). The PCR was carried out in a volume of 50 uL containing
approximately 10 ng cos9 as template, 1X Promega Thermophilic
Buffer, MgCl, (1.25 mm), dNTP Mix (0.4 mm, MBI) and dimethylsulf-
oxide (5%) and Taq DNA polymerase (5 units, MBI). PCR products
were purified, digested with EcoRl and Xhol, and inserted into a
similarly restricted pET41a+ vector. The resulting plasmid, pET41/
BIsM, was used to transform E. coli JM109 cells and then transferred
to Rosetta (DE3)pLysS competent E. coli cells (Novagen) for expres-
sion.

Overproduction and purification of BlsM: Transformants carrying
pET41/BIsM were grown overnight in Terrific broth supplemented
with chloramphenicol and kanamycin (50 ugmL-" each). This seed
culture (5 mL) was used to inoculate Terrific broth (1 L) supplement-
ed to a final concentration of 50 ugmL~" chloramphenicol and
50 pgmL-" kanamycin. The cells were grown at 37°C to an optical
density at 600 nm (ODg) of 0.55 and then induced with isopropyl-3-
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p-thiogalactopyranoside (final concentration, 0.4 mm). The culture
was then grown for an additional 8 h at 37 °C. After centrifugation,
the cells were resuspended in phosphate buffered saline (PBS;
50 mL, containing 140 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 1.8 mm
KH,PO,), pH 7.3. Cells were lysed by sonication (7 x 60 sec at 10 watts,
with 1 min cooling on ice between bursts) and cellular debris was
pelleted by centrifugation (18000 x g, 40 min, 4°C). The soluble
GST-BIsM fusion protein was applied to a glutathione affinity
column (GST-Bind, Novagen) and the resin-bound complex was
treated with thrombin (10 U) for 18 h at room temperature. Free BlsM
was eluted from the column and further purified by Co?* affinity
chromatography (Talon resin, BD Biosciences). The BlsM was eluted
in imidazole (8 mL, 150 mm) in PBS at pH 7.3, followed by dialysis
against PBS (4L, pH73). The purified BIsM was diluted to
400 ug mL~" with PBS at pH 7.3 and glycerol (20%). The BIsM was
shown to retain equal activity when stored at either —80°C or 4°C
for 15 days.

Identification of the BlsM substrate: Enzyme assays were carried
out in a total volume of 100 uL containing sodium phosphate buffer
(50 mm, pH 7.0) and BIsM (1.2 ng) at 37°C for 1 hr. Various cytosine
nucleosides or nucleotides (100 mm) were evaluated as substrates.
The reactions were quenched by boiling for 5 min. After centrifuga-
tion (3 min at 18000 x g), the product and substrate were separated
and quantified by reverse-phase HPLC (Beckman Ultrasphere Cig
4.6 mm x 25 cm column; isocratic mobile phase containing 200 mm
sodium phosphate buffer (pH 5.3)/acetonitrile, 95:5) with UV detec-
tion at 260 nm. For each assay, 50 uL was loaded onto a 100-pL
injection coil for each run.

Assays to confirm the time-dependent formation of cytosine were
carried out in 650 pL total volume containing NaPO, (50 mwm, pH 7.0),
BIsM (7.8 ng) and CMP (100 pm). An aliquot (65 uL) was removed at
each time point and quenched and analyzed as described above.

We thank Prof. David Hopwood for plasmid plJ702, Prof. Jean-Luc
Pernodet for pHP45QaccC4, Dr. Marie-Joélle Virolle for plJ2925,
and Dr. Yukio Miyazaki of Kaken Chemical Company, Ltd. for the
culture of S.grisesochromogenes and generous samples of
blasticidin S. Dr. Steven J. Gould is thanked for his help and
interest in this work. Partial support came from the National
Institutes of Health (Grant n° GM32110) and the Northwest Health
Foundation.
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