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The Trojan horse antibiotic albomycin, produced by Streptomyces sp. strain ATCC 700974, contains a
thioribosyl nucleoside moiety linked to a hydroxamate siderophore through a serine residue. The seryl
nucleoside structure (SB-217452) is a potent inhibitor of seryl-tRNA synthetase (SerRS) in the pathogenic
bacterium Staphylococcus aureus, with a 50% inhibitory concentration (IC;,) of ~8 nM. In the albomycin-
producing Streptomyces sp., a bacterial SerRS homolog (Alb10) was found to be encoded in a biosynthetic gene
cluster in addition to another serRS gene (serS1) at a different genetic locus. Alb10, named SerRS2 herein, is
significantly divergent from SerRS1, which shows high homology to the housekeeping SerRS found in other
Streptomyces species. We genetically and biochemically characterized the two genes and the proteins encoded.
Both genes were able to complement a temperature-sensitive serS mutant of Escherichia coli and allowed growth
at a nonpermissive temperature. serS2 was shown to confer albomycin resistance, with specific amino acid
residues in the motif 2 signature sequences of SerRS2 playing key roles. SerRS1 and SerRS2 are comparably
efficient in vitro, but the K,, of serine for SerRS2 measured during tRNA aminoacylation is more than 20-fold
higher than that for SerRS1. SB-217452 was also enzymatically generated and purified by two-step chroma-
tography. Its IC,, against SerRS1 was estimated to be 10-fold lower than that against SerRS2. In contrast, both
SerRSs displayed comparable inhibition kinetics for serine hydroxamate, indicating that SerRS2 was specif-
ically resistant to SB-217452. These data suggest that mining Strepfomyces genomes for duplicated aminoacyl-
tRNA synthetase genes could provide a novel approach for the identification of natural products targeting

aminoacyl-tRNA synthetases.

Aminoacyl-tRNA synthetases (aaRSs) are enzymes that cat-
alyze the ligation of specific amino acids to their cognate
tRNAs that are subsequently used in protein synthesis (13).
While this process is essential and the reaction mechanisms are
universal in all three domains of life, aaRS genes are remark-
ably evolutionarily divergent, leading to a wide range of aaRS
proteins with subtle structural differences in various organisms
(19). In most pathogenic bacteria or fungi, aaRSs are encoded
by single-copy genes and are attractive antimicrobial drug tar-
gets for screening and designing enzyme inhibitors of high
specificity (18, 22). For example, the antibiotic pseudomonic
acid (mupirocin), a potent inhibitor of bacterial isoleucyl-
tRNA synthetase, has been used clinically as a topical agent to
prevent Staphylococcus aureus infection (6) and another novel
class of aaRS inhibitors has also recently emerged (26). For
many environmental bacteria, genomic analyses have revealed
two or three homologous genes encoding aaRSs of the same
amino acid specificity in one microorganism (21, 37). In several
cases, one of these isozymes is demonstrably resistant to an
enzyme inhibitor of another (15, 20, 37). This phenomenon is
quite common in bacteria such as soil-dwelling actinomycetes
that are capable of producing diverse secondary metabolites
and antibacterial natural products. A mupirocin-producing
Pseudomonas fluorescens uses such a self-resistance mechanism
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(6, 37), and a similar scenario has been postulated for Strep-
tomyces parvulus producing borrelidin (a threonyl-tRNA syn-
thetase inhibitor) (20). All known Streptomyces species and
related bacterial genera host a large array of multiple aaRS
gene homologs in their genomes (21). The aaRS genes can
either stand alone or associate with biosynthetic gene clusters.
Only one of these aaRSs has been biochemically characterized
to be drug resistant (15). However, more recent evidence
points to an additional physiological role of aaRSs, especially
when the second aaRS gene is dedicated to a biosynthetic
pathway (9, 10). Because aminoacyl-tRNAs have been shown
to serve as substrates in other cellular processes, including
phospholipid modification, peptidoglycan biosynthesis, and
porphyrin biosynthesis (reviewed in reference 25), a pathway-
specific aaRS would obviously meet the need for increasing
local concentrations of the charged aminoacyl-tRNA. In Strep-
tomyces viridifaciens, which produces the antibiotic valanimy-
cin, the pathway-specific seryl-tRNA synthetase (SerRS) VImL
is believed to produce L-seryl-tRNA, from which the seryl
residue is transferred directly to another reactant in the val-
animycin biosynthetic pathway (10). However, vimL does not
encode a valanimycin-resistant SerRS.

The Trojan horse antibiotic albomycin, produced by Strep-
tomyces sp. strain ATCC 700974, has a thioribosyl nucleo-
side moiety linked to an iron-chelating siderophore through
a serine residue (Fig. 1) (3). The seryl-glycine dipeptide-
linked 4'-thioribosyl-N*-carbamyl-5-methyl-4-imino-cytidine
structure, named SB-217452, has been isolated from a Strep-
tomyces fermentation culture and identified as a potent inhib-
itor against Staphylococcus aureus SerRS (50% inhibitory con-
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FIG. 1. Structure of the Trojan horse antibiotic albomycin and the
SerRS inhibitor SB-217452 linked to the hydroxamate siderophore.

centration [ICsy], ~8 nM) (31). It was speculated that SB-
217452 could mimic seryl-adenylate, the intermediate of the
SerRS-catalyzed reaction, thus blocking the aminoacylation
activity of the enzyme. In fact, albomycin as a whole can be
actively taken up by a bacterium through its siderophore-de-
pendent iron acquisition system, which results in an extremely
low MIC (11, 23). SB-217452 is released and activated from the
prodrug albomycin inside cells by peptidases reported to be
PepN in Escherichia coli and PepN and PepA in Salmonella
enterica serovar Typhimurium (4). Several natural antimicro-
bial agents, such as microcin C (17) and agrocin 84 (14), em-
ploy similar Trojan horse strategies to transport hydrophilic
aaRS inhibitors across the membrane into target cells. To
further investigate this important class of emerging antibiotics,
we first cloned and sequenced the albomycin biosynthetic gene
cluster in Streptomyces sp. strain ATCC 700974 (38). A bacte-
rial SerRS gene homolog (alb10) was identified in the gene
cluster. Given several unusual aspects of the serylation systems
in bacteria, yeasts, archaea, and mammalian mitochondria (re-
viewed in reference 34), it was of interest to study the proposed
drug-resistant properties of Alb10 and use it as an example to
explore the evolutionary divergence of Streptomyces aaRSs.
Here we report the in vitro and in vivo characterization of two
SerRSs, one pathway specific and the other housekeeping, in
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the albomycin-producing Streptomyces strain. Our findings now
set the stage to elucidate the albomycin biosynthetic pathway,
improve the production level of albomycin, and expand the
discovery of microbial natural products that are aaRS inhibi-
tors.

MATERIALS AND METHODS

Strains, plasmids, and reagents. Streptomyces sp. strain ATCC 700974 was
cultivated in production medium consisting of 20 g starch, 5 g L-ornithine-
HCI, 1.8 g KH,PO,, 10.2 g Na,HPO, - 2H,0, 2 g (NH,),SO,, 2 g NaCl, 2 g
MgSO, - 7TH,O, 0.8 g CaCl,-2H,0, 0.28 g FeSO,-7H,0, 0.02 g
ZnSO, - 7TH,O, and 1 liter of deionized water. E. coli IM109 was used as a
general cloning host. E. coli K28 was obtained from the Yale E. coli Genetic
Stock Center. The vectors used for protein production were pET30a(+) and
pET15b (both from Novagen) and pUC19 (NEB). High-fidelity PCR enzyme was
used. All reagents were from Sigma, NEB, and Fisher Scientific. Molecular
biology procedures followed standard methods.

DNA manipulations. We created a cosmid library from Streptomyces sp. strain
ATCC 700974 genomic DNA. An ~38-kb region was identified as the albomycin
biosynthetic gene cluster (38). serS2 was amplified from cosmid 8F8 using an
N-terminal primer containing an Ndel site, serS2-Ndel, and a C-terminal primer
with a Xhol site, serS2-Xhol (Table 1). The PCR product was cloned into the
Ndel and Xhol sites of pET30a(+) to produce pET30-SerRS2. serS2 was also
amplified with the SerRS2 N-terminal primer and a reverse primer containing a
PstI site, serS2-Pstl. The PCR product was cloned into pSUP (27) to yield
pSUP-SerRS2. An ~1.3-kb fragment including the glnS" promoter was excised
from pSUP-SerRS2 by HindIII and PstI and cloned into pUC19 to yield pUC-
SerRS2. A SerRS2 H270G mutant was created by site-directed mutagenesis of
the serS2 gene, using primers serS2mut2-F, serS2mut2-R, serS2mut-Nco-F, and
serS2mut-BamH-R. The mutations were introduced in the PCR primers. The
product was cloned into the Ncol and BamHI sites of pET15b to produce
pET15b-SerRS2mut. The serSI gene was amplified from genomic DNA. Based
on the conserved sequences of the homologous housekeeping gene serS and the
adjacent genes in Streptomyces coelicolor and Streptomyces avermitilis, degenerate
primer pairs were designed to amplify the two end sequences of serSI in Strep-
tomyces sp. strain ATCC 700974. For the N-terminal region, primers serS1-N-F
and serS1-N-R gave an ~850-bp product. For the C-terminal region, primers
serS1-C-F and serS1-C-R gave an ~1,000-bp product. Sequencing results con-
firmed that they both contained either the N or C terminus of a SerRS homolog.
The full-length serS1 gene was amplified with an N-terminal primer containing
an Ndel site, serS1-Ndel, and a C-terminal primer with a PstI site, serS1-Pstl.
The SerRS1 PCR product was cloned into pUC-SerRS2 cut by Ndel and PstI to
replace the SerRS2 DNA. This resulted in plasmid pUC-SerRS1. The SerRS1
N-terminal primer and a C-terminal primer containing an Xhol site, serS1-Xhol,
were used to amplify the serS7 gene that was cloned into the Ndel and Xhol sites
of pET30a(+) to produce pET30-SerRS1. The E. coli serS gene, including its
native promoter and terminator, was amplified from E. coli IM109 genomic
DNA using primers EcserS-F and EcserS-R. The product was cloned into the

TABLE 1. Oligonucleotide primers used in this study

Primer Sequence (5’ to 3")
SETST-N-F Lottt GTAAAACGACGGCCAGGASGAGCGSCGCMGGTC
serS1-N-R ..CAGGAAACAGCTATGACCGGATSGWCRGCCGGCGGGMCTGGAA
serS1-C-F . ...CGCTGCCAGGACGGCCGGTTCT
serS1-C-R.... ..GACGAAGTCCTCCTCGCCGCCGAC
serS1-Ndel .. ..AGGGCATATGATTGACCTTCGCCTGCT
serS1-Xhol .. . AGTCTCGAGCTTGGCTACCGGTTCCAGGA
serS1-Pstl .... ..GGAAGTCTGCAGTCACTTGGCTACCGGTTCCAGGA
serS2-Ndel .. ..CGCCATATGCTTGATCTGGACCTGATTCG
serS2-Xhol .. ..TCCCTCGAGACGCTTGGGGCGGACCAG
serS2-Pstl ... ..TCCCTGCAGCTAACGCTTGGGGCGGACCAG

serS2mut2-F
serS2mut2-R ..
serS2mut-Nco-F ...
serS2mut-BamH-R..
EcserS-F...

..GCCGGAGCCGGCTCCGACGAGCGCGGCACGGTCCGGGGCCA
..CGCTCGTCGGAGCCGGCTCCGGCCCGCTCCCGCCGGTA
..CACGCCCATGGTTGATCTGGACCTGATTCGTAAG

. AACTGGATCCCTAGTGATGATGATGATGATGACGCTTGGGGCGGACCAG
..CTACCGTCTAGATTAATGTTATCGTTGCGG

ECSerS-R ... GAGGAGGAATTCTAATTATTGTTCGGTATC




VoL. 53, 2009

Xbal and EcoRI sites of pUC19 to produce pUC-EcSerRS. DNA sequencing
was performed by the Ohio University Genomics Facility. Sequence analysis and
alignments were performed with Vector NTI Advance 10.3 (Invitrogen).

Complementation of temperature-sensitive E. coli strain K28. E. coli strain
K28 (5, 33) was transformed with the three pUC plasmids carrying the Strepto-
myces serS1 and serS2 and E. coli serS genes. To test complementation, a single
colony of each transformant was inoculated in low-salt LB (0.05% NaCl) liquid
medium with 100 pg/ml ampicillin and grown overnight. The culture was then
diluted to an A4y, of ~0.01, and 5 pl of the dilution was dispensed onto low-salt
LB agar plates with ampicillin. The plates were grown at the permissive (30°C)
or nonpermissive (40°C) temperature for 15 h.

Agar diffusion assay for measuring albomycin susceptibility. An overnight
culture (with an antibiotic added if required for maintaining a plasmid) of a
tester bacterial strain was diluted with saline to an optical density at 600 nm of
~0.08. A cotton swab tip was saturated with this bacterial dilution and swiped
across a Mueller-Hinton agar (BD Biosciences) plate that would grow a lawn of
bacteria. Holes of ~0.4 cm in diameter within an appropriate distance were
punched in the agar. An albomycin dilution (20 pl) was pipetted into the holes.
The plate was incubated at 37°C for 16 to 24 h. The size of the growth inhibition
zone surrounding the holes indicates the sensitivity of the tester organism to the
antibiotic at the concentration tested.

Overexpression and purification of Hiss-tagged SerRS1, SerRS2, and SerRS2
H270G proteins. Fresh transformants of E. coli BL21 harboring the desired
plasmids were grown overnight in LB medium supplemented with antibiotics at
37°C and then diluted 100-fold into fresh LB medium with the antibiotic. The
culture was grown at 37°C until the A4, reached ~0.6, whereupon isopropyl-1-
thio-B-p-galactopyranoside was added to a final concentration of 0.5 mM. The
culture was then shifted to 18°C and grown overnight to achieve a high yield of
soluble proteins. Purification and analysis of the Hisg-tagged SerRS2, SerRS2
H270G mutant, and SerRS1 were carried out with Ni-nitriloacetic acid spin
columns (Qiagen) according to the manufacturer’s protocols (native conditions).
Then proteins were dialyzed and concentrated using an Amicon Microcon
YM-10 ultrafiltration membrane (nominal molecular weight limit, 10,000). Pro-
tein concentrations were determined by the Bio-Rad protein assay (Bio-Rad).
The purified proteins were stored at —20°C in 10 mM Tris buffer (pH 7.5)
containing 15% glycerol and 10 mM dithiothreitol. SerRS2 and SerRS1 were
produced at approximately 5.6 mg and 1.8 mg per liter of culture, respectively. By
denaturing protein gel analysis, the purified proteins exhibited the molecular
weights expected for the monomers and appeared to be >95% pure. In the
following enzymatic kinetic analyses, we used the active-site titration assay to
quantitatively assess the active concentration of the purified proteins.

Active-site titration and filter-binding assays. The active-site concentration
was determined by formation of the seryl-AMP-enzyme complex, using a pro-
cedure modified from a published protocol (36). aaRS-catalyzed reactions go
through a two-step reaction sequence. First, the amino acid and ATP react to
form an aminoacyl adenylate intermediate; then, in the second step, the amino
acid is transferred to the 3'-OH group (in the case of SerRS) of the 3'-terminal
ribose of the tRNA. In the absence of tRNA but the presence of pyrophos-
phatase (PP;ase), the serine-AMP will be trapped in the enzyme and no turnover
will occur. When the reaction mixture is passed through a nylon filter (Whatman
Protran BAS85), the seryl-AMP-enzyme complex will be retained on the filter. By
determining the amount of the radioactive serine left on the filter, the active sites
in an enzyme preparation can be quantified. Since SB-217452 is a mimic of
Ser-AMP and it competes for the binding sites on SerRS1, this assay can be used
in the presence of the inhibitor to estimate available active sites in the enzyme.
The reaction was performed in a 50-pl volume at 37°C in 100 mM HEPES (pH
7.2), 10 mM KCI, 10 mM MgCl,, 4 mM ATP, 20 pM [**C]serine (~170 cpm/
pmol), 0.25 to 2.3 uM SerRS enzyme, and 5 pl PP;ase (Roche). The inhibitor
(SB-217452) was added when necessary, the mixture was incubated for 10 min,
and then an aliquot was spotted on the filter under vacuum. The filter was
immediately washed with 5 ml of a cold buffer containing 100 mM HEPES (pH
7.2), 10 mM KCl, and 10 mM MgCl,. The filter was then dried at 80°C for 25 min,
followed by liquid scintillation counting.

ATP-32PP; exchange assay. The reaction was carried out at 30°C in an 80-pl
volume containing 100 mM Na-HEPES (pH 7.2), 30 mM KClI, 10 mM MgCl,, 2
mM NaF, 2 mM ATP, 2.5 mM dithiothreitol, 2 mM 3?PP; (~2 cpm/pmol;
PerkinElmer), and 100 to 200 nM enzyme. The concentrations of L-serine ranged
from 25 to 1,600 wM. After various incubation times, 18 pl reaction mixture was
withdrawn and quenched by adding the mixture to 980 pl of a solution containing
1% charcoal, 5.6% perchloric acid, and 75 mM PP;. The radiolabeled ATP bound
to the charcoal was filtered through a Whatman 3MM filter paper under vacuum
and washed three times with 5 ml water and once with 5 ml ethanol. The filters
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were dried at 80°C for 15 min, and the radioactivity was counted by Ecolite (MP
Biomedicals) liquid scintillation counting.

Aminoacylation of tRNA and ICs, determination. Seryl-tRNA formation was
measured as trichloroacetic acid (TCA)-precipitable radioactivity in 40-ul reac-
tion mixtures containing 0.1 M HEPES (pH 7.2), 10 mM MgCl,, 30 mM KCl, 4
mM ATP, 1 to 1,200 pM [**C]serine, 4 mg/ml E. coli total tRNA, and 20 to 50
nM enzyme that gave linear initial velocities (V;). Reactions were carried out at
37°C or 30°C for 1 to 8 min and stopped by adding the mixture to a 5%
TCA-soaked 3MM filter paper. The filter paper was washed three times with 5%
TCA (5 min each) and once with ethanol (15 min). After the filter paper was
dried at 80°C for 15 min, the radioactive Ser-tRNA was counted by liquid
scintillation counting and used to calculate the V;. The steady-state kinetic
constants K,,, and k,, were calculated in KaleidaGraph 3.0 using a Michaelis-
Menten equation fit. For ICs, measurements of inhibitors, the procedures and
conditions were similar to those described above. [*Clserine was at 8.5 pM
(close to its K,,,) in the SerRS1 reactions and 250 wM (close to its K,,,) in the
SerRS2 reactions. SerRS1 (50 nM) or SerRS2 (20 nM) was added to each
reaction mixture. SB-217452 (0.01 pM to 10 uM) was incubated with other
components before the enzyme was added. Reactions were carried out at 30°C.
The V; within 4 or 8 min was calculated and normalized to the rate of the control
reaction. The percent reduction of V; was plotted against the concentrations of
the inhibitor.

Enzymatic generation and purification of SB-217452. For the purification of
albomycin, we followed the published procedure (7) and used an Agilent 1100
series high-pressure liquid chromatography (HPLC) system. The purified albo-
mycin was eluted from a Phenomenex Spherclone C,3-HPLC column at 15 to
20% acetonitrile in water. Starting with 500 pg pure albomycin, a desferric
compound was obtained after treatment with 8-hydroxyquinoline (35). The linear
peptide was digested by pronase E (final concentration, 1 mg/ml; Sigma) for 2
days at 37°C, and FeCl; was later added to 1 mM. The reaction mixture was first
fractionated using a Biogel P-2 size exclusion column (diameter, 1.2 mm; height,
95 cm) with 20 mM NacCl buffer. Fractions that inhibited the aminoacylation of
tRNAST were retained on the column longer than the albomycin fractions. The
inhibitory fractions were collected, concentrated with a freeze-dryer, and further
separated by HPLC with a polar C,z Ascentis RP-Amide column (4.6 mm by 15
mm; 5-pm particle size; Sigma). The fractions were eluted with two solvents:
H,O0 plus 0.1% trifluoroacetic acid (TFA) (solvent A) and acetonitrile plus 0.1%
TFA (solvent B). Proportions of solvent B to solvent A in the mixture at various
times were as follows: 0 to 7 min, 0.1% B; 8 to 15 min, 0.1% to 70% B; and 15
to 17 min, 70% B. The flow rate was 1.5 ml/min. Elution was monitored with
306-nm- or 254-nm-wavelength UV light. SB-217452 was isocratically eluted at
~6 min as a single peak in water with 0.1% TFA. Electrospray ionization-mass
spectrometry (ESI-MS) confirmed its identity and showed that the preparation
was free of serine and other peptides. The SB-217452 concentration was esti-
mated based on an extinction coefficient (€) at 306 nm of 14,791 mM~' cm™'.

Nucleotide seq e accessi bers. The DNA sequences of the Strepto-
myces serS1 and serS2 genes were deposited in GenBank, National Center for
Biotechnology Information (http:/www.ncbi.nlm.nih.gov), with accession num-
bers GQ465789 and GQ465790, respectively.

RESULTS

Sequence comparison of two SerRS paralogs and expression
and purification of the enzymes. In the recently identified
albomycin biosynthetic gene cluster (alb) of Streptomyces areni-
cola strain ATCC 700974 (38), the alb10 gene encodes a pro-
tein showing homology to several bacterial SerRSs, with the
highest identity (68%) to an actinomycete SerRS, Salinispora
sp. SerRS. Only one serS gene (SCO3961) has been found in
the Streptomyces coelicolor genome. This serS gene is highly
conserved (>80% homology) in several other Streptomyces
species, such as SAV4244 in Streptomyces avermitilis. SCO3961
should encode proteins that are involved in primary metabo-
lism and have housekeeping functions, while a/b10 is located in
the alb gene cluster and may have been acquired through
horizontal gene transfer. The ~35-kbp DNA region containing
alb10 is completely absent in the four Streptomyces genomes in
GenBank. This suggests that another, more conserved, serS
gene exists in the genome of the albomycin producer in addi-



4622 ZENG ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

A. Motif 1
SerRS2 (156)
E.coli SerRS (157)
SerRS1  (157)
SAV4244 (158)
SCO3961 (158)
Viml (155)
Motif 2
241 T 320
SerRS2  (232) TSETAFLEAHODEIFAEADLEH BCERRERAGAHSDERGTVRGHOFNKVEEFOFTT! QAESLL
E.coli SerRS (237) TAEVELTNLVRGE ' Ednsmsz@mq:wgmmm GHAEKVL
SerRS1  (229) PL PCF '!GKD‘!RGII‘RVHQE‘DKVMS!VDP DAEAF R NEK
SAV4244 (230)
SCO3961 (220)
VimL (230)
SerRS2  (312)
E.coli SerRs (317)
SerRS1  (309)
SAV4244 (310)
SC03961 (310)
VimL (210)
SerRS2 (391)
E.coli SerRS (396)
SerRS1  (386)
SAV4244 (387)
sco3961  (387)
vimL (387) GmlvnlndN vrIPPALV'E!T@!'H PDGTTL
B.
SerRS2 SerRS1
E. coli SerRS 33.9% 37.6%
SCO3961 33.5% 82.2%
VimL 33.1% 36.2%
SerRS2 - 31.6%

FIG. 2. Sequence alignment of bacterial SerRSs (A) and comparison of amino acid identities between select enzymes (B). (A) The SerRS
amino acid sequences are partially shown. Numbers in parentheses indicate the position of the beginning amino acid residue in each protein
sequence. Numbers above the alignment are the positions of the consensus sequences. Conserved class II motifs 1, 2, and 3 are labeled. The
histidine residue marked with an asterisk (*) in SerRS2 was mutated to a glycine to make the H270G mutant. SerRS1 and SerRS2 are discussed
in the text. SAV4244 is from Streptomyces avermitilis (GenBank accession no. NP_825421). SCO3961 is from Streptomcyes coelicolor (NP_628145).
VImL is from Streptomyces viridifaciens (AAN10249). Escherichia coli SerRS is under accession no. AAC73979.

tion to albl0. A series of primers based on the regions sur-
rounding the serS gene in S. coelicolor were used to amplify a
PCR product that had about the same length as SCO3961. An
open reading frame designated SerRS1 was identified in the
DNA sequence and translated into protein for comparison
with Alb10 and other bacterial SerRSs by BLAST and se-
quence alignment. SerRS1 displays a stronger degree of simi-
larity to other housekeeping Streptomyces SerRSs (Fig. 2A).
Like the pathway-specific VmIL, Albl0 (named SerRS2
herein) exhibits only minimal identity (~33%) to other bacte-
rial SerRSs (Fig. 2B). Both SerRS1 and SerRS2 contain three
motifs that are characteristic of class II aaRSs, including all
SerRSs. Motif 3 seems most conserved, while motif 1 is more
divergent between a Streptomyces housekeeping SerRS and E.

coli SerRSs (Fig. 2A). In motif 2, where the protein interacts
with its cognate tRNA, all the compared SerRSs except
SerRS2 are similar. A SerRS2 H270G mutant was generated to
better characterize the enzyme’s activity (see below). The cor-
responding genes were cloned into pET vectors for overexpres-
sion as C-terminal Hiss-tagged proteins in E. coli BL21. In
conclusion, two SerRS paralogs were identified in the Strepto-
myces sp. strain ATCC 700974 genome. We then investigated
whether they are both biochemically functional and if their low
sequence homology correlates with functional divergence.
The two SerRS paralogs display divergence in the binding of
serine. The ATP-pyrophosphate (PP;) exchange assay was first
used to confirm that SerRS1 and SerRS2 can exchange the
radiolabel from *?PP; to ATP in the presence of serine and the
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TABLE 2. Kinetic parameters of SerRS1, SerRS2 from Streptomyces
sp. strain ATCC 700974, the SerRS2 H270G mutant, and yeast
SerRS obtained in aminoacylation assay

kea kead/K,,(min ™!
SerRS and assay temp K, (pM) (mini‘) P«M(fl)
SerRS1
37°C 86*x05 75x1.1 09 =x0.07
30°C 12+04 34x07 03=x0.05
SerRS2 (30°C) 240 =65 82+55 0.3 =+0.08
SerRS2 H270G mutant (30°C) 410 11 0.03¢
Yeast SerRS (30°C) 63.00 58.20 0.92

“ Yeast data taken from a report by Lenhard et al. (16).
b At 37°C, keo/K,,, = 0.4 = 0.07 min ! uM 1,
€ At 37°C, keoy/K,, = 0.10 min ! uM L.

absence of tRNA substrate. PP; exchange measures the revers-
ible formation of the seryl-adenylate with serine and ATP as
substrates. With an excess of ATP, the kinetic parameters of
SerRS1 for serine obtained in this assay are a k,, of 420 = 30
min~ ' and a K,,, of 400 = 37 uM; for SerRS2, a k., of 106 =
30 min~! and a K, of 260 = 9 wM. In the aminoacylation
assay, since all tRNAS®" species possess a long variable arm
and it has been shown that bacterial SerRSs can charge het-
erologous tRNAS®", E. coli tRNAS®" from total tRNA was used
in the reaction as a substrate. The kinetic parameters are
displayed in Table 2 and are compared with the data for yeast
SerRS with serine in charging its cognate tRNAS". In sum-
mary, while the catalytic efficiencies (k.,/K,,) of SerRS1 and
SerRS2 are generally comparable in these two assays, there are
a number of differences between the two enzymes. Increasing
the temperature of the aminoacylation reaction mixtures from
30°C to 37°C increased the tRNA charging efficiency of
SerRS1 by approximately threefold but had a negligible effect
on SerRS2. When the K, s of the assays were compared, the
affinity of serine to SerRS1 was lowered dramatically (~40-
fold) in the presence of tRNA but that of serine to SerRS2
remained almost unchanged. The most striking difference is
that SerRS2 required at least 20 times more serine to reach its
maximum velocity in the aminoacylation assay, which was off-
set by the much higher turnover rate (k.,) of SerRS2 com-
pared to SerRS1. The aminoacylation K,,, of SerRS1 for serine
is close to those of other Streptomyces housekeeping aaRS
(e.g., the K,,, of TrpRS1 for tryptophan in Streptomyces coeli-
color is ~3.7 pM) but significantly lower than that of yeast
SerRS (~63 pM) and E. coli SerRS (~110 pM). The SerRS2
H270G mutant was ninefold less efficient than the wild type,
which suggests that the integrity of motif 2 is important to the
function of this SerRS.

Examination of the activity of SerRS1 and SerRS2 in vivo.
Genetic complementation was used to test the in vivo activities
of SerRS1 and SerRS2. The host strain was an E. coli mutant
(K28) that is ineffective at making its own serS gene product at
high temperature (5, 33). serSI1 and serS2 were separately
cloned into a high-copy vector, pUC19, under the control of a
constitutive ginS" promoter, which is a glnS mutant promoter
used for aaRS expression in E. coli (27), and the resulting
plasmids were transformed into E. coli K28. At the permissive
temperature (30°C), strains carrying different plasmids grew at
similar rates (Fig. 3A). At the nonpermissive temperature
(40°C), cells producing SerRS1 were able to grow to a high
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density while cells containing SerRS2 or empty vector had
weaker or no growth (Fig. 3A). This suggests that SerRS1
could charge E. coli tRNAS®" in vivo and genetically comple-
ment the loss of E. coli SerRS while SerRS2 was less compe-
tent at the high temperature. A plasmid containing the wild-
type E. coli serS with its upstream and downstream ~150-bp
regions did not seem to support healthy growth of the cells at

A. pUC-SerRS2 pUC-SerRS1 pUC  pUC-EcSerRS

30 C

40 C

B. Albomycin conc. 0.05 05 5
(ng/pl)

pucC

pUC-SerRS2

pUC-SerRS1

pUC-SerRS2H270G

FIG. 3. Invivo activities of Streptomyces SerRS1 and SerRS2. serS1,
serS2, E. coli serS, and the serS2(H270G) mutant were cloned into
pUC19 (pUC) vector under the control of the ginS" promoter (25).
(A) The plasmids were transformed into an E. coli temperature-sen-
sitive (t5) mutant strain K28 that cannot produce chromosomal SerRS
at 40°C. At 30°C, the chromosomal SerRS functions normally (pUC
control). The wild-type E. coli serS gene in the pUC vector was able to
complement the #s mutation but shows some toxicity when highly
expressed at 40°C. serRSI and serRS2 could also genetically comple-
ment the mutant and enable growth at the higher temperature.
(B) The plasmids indicated were transformed into wild-type E. coli
JM109. The transformants were used as test organisms in an agar
diffusion assay with albomycin dilutions (see Materials and Methods).
The size of the inhibition zone indicates the susceptibility of the trans-
formants.
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40°C, suggesting that overexpression of serS in its native host
generated some toxicity under these conditions.

We used a wild-type E. coli strain (JM109) for testing albo-
mycin susceptibility when the SerRS-encoding plasmids were
present. The transformants were used as tester organisms in an
agar diffusion assay for measuring susceptibility to the purified
albomycin (Fig. 3B). When SerRS2 was overproduced, it in-
creased the albomycin resistance level at least 100- to 1,000-
fold. To confirm the role of SerRS2 and identify the resistance
determinant at the amino acid level, we introduced mutations
into the serS2 gene. In the cocrystal structure of Thermus
thermophilus SerRS, a seryl-adenylate analog (Ser-AMS) ap-
parently has substantial interaction with the amino acid resi-
dues of motif 2, a structural motif characterizing class II aaRSs
(8, 16). This motif is relatively well conserved among the Strep-
tomyces SerRSs, including VmlL, except for SerRS2 (Fig. 2).
We focused on the G268-t0-S271 region of SerRS2 that is a
loop linked by two conserved B sheets in the catalytic core. A
single amino acid change, H270G, reduced the albomycin re-
sistance of the cells carrying the mutant to 0.5 ng/ul (~0.5 pM)
(Fig. 3B). Although the SerRS2 H270G mutant is still active, it
maintains only one-ninth the aminoacylation activity of the
wild type (see above). From the crystal structure, this residue
does not seem to interact with Ser-AMS. It is unclear how
SerRS2 folds differently from the T. thermophilus SerRSs
model in the local structure. At the very least, the resistance of
SerRS2 does not result from mutations of SerRS1 in this re-
gion. In summary, serS2 encodes a protein with the biochem-
ical properties necessary to convey antibiotic self-resistance in
the albomycin-producing Streptomyces strain. SerRS2 His270
in motif 2 participates in binding the substrates and possibly
discriminates against the SB-217452 inhibitor. More-detailed
analyses of the resistance determinants in SerRS2 and delin-
eation of the binding of the tRNA, substrates, or inhibitor to
SerRS2 at motif 2 now require structural investigation.

Inhibition analysis of SerRS1 and SerRS2 with enzymati-
cally generated SB-217452 and serine hydroxamate (SHX).
SB-217452 could be isolated from large-scale fermentations of
Streptomyces as a by-product of albomycin biosynthesis (31). It
could also be enzymatically generated by digestion of albomy-
cin with many peptidases in vitro (2). Pronase E, a mixture of
at least three proteolytic activities, including an extracellular
serine protease, was shown to degrade albomycin to SB-217452
as the only UV-detectable product. No other structure related
to albomycin could be isolated. We utilized this approach start-
ing with the desferric compound from 500 wg pure albomycin.
After incubation with pronase E for 3 days, Fe** was added
back into the reaction mixture to reconstitute albomycin from
the undigested peptidyl nucleoside. The mixture was first frac-
tionated by size exclusion chromatography (Biogel P-2). Albo-
mycin was tracked by its bioactivity, and compounds inhibiting
the charging of tRNAS®" were monitored by the aminoacyla-
tion assay. Assays of fractions during purification showed that
the inhibition activity lagged behind albomycin by 1/10 of the
bed volume. The concentrated inhibiting fractions were further
separated on a reverse-phase HPLC column monitored by UV
absorbance (Fig. 4). SB-217452 was eluted as a symmetric peak
at ~6.1 min, and ESI-MS confirmed that it was the major
product and that the sample was devoid of serine. The final
yield of SB-217452 was estimated to be ~10 g (2% recovery).
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Desferri-albomycin and SB-217452 did not show any bioac-
tivity against E. coli whole cells, confirming that the hydrox-
amate-ferric complex structure is essential for the activity of
albomycin.

We then analyzed the inhibition of SerRS1 and SerRS2 with
the purified SB-217452 and SHX. The active-site titration
assay is essentially a filter-binding assay that measures the
amount of radioactive seryl-AMP-enzyme complex retained on
a nylon membrane filter after extensive washing. In the pres-
ence of a competitive inhibitor, the reaction will produce less
of the complex than the control reaction with the same amount
of enzyme. SHX is a known bacterial SerRS inhibitor with an
inhibition constant (K;) of 30 uM for E. coli SerRS (32) and 2.7
mM for Saccharomyces cerevisiae SerRS (33). In this experi-
ment, SHX did not have any inhibitory effect on the binding of
serine to the Streptomyces SerRSs (Fig. 5A) at a 1 mM con-
centration. We further tested SHX in the aminoacylation assay
with SerRSs at lower concentrations (~10 to 50 nM). SHX at
concentrations up to 500 wM did not change the initial velocity
of the reaction (data not shown). In contrast, 2 pM SB-217452
significantly inhibited the formation of the seryl-AMP-SerRS1
complex but had no effect on the seryl-AMP-SerRS2 complex
(Fig. 5A). The inhibitory activity of this compound was also
analyzed by the aminoacylation assay with SerRS1 at 50 nM
and SerRS2 at 20 nM. The ICj, of SB-217452 against SerRS1
was estimated to be ~1 to 2 uM (Fig. 5B). SerRS2 was not
significantly inhibited at the concentrations tested, which
agrees with our previous finding that serS2 (alb10) is the albo-
mycin resistance gene. In summary, SB-217452 is an effective
competitive inhibitor of the Streptomyces housekeeping SerRS.

DISCUSSION

Genomes of Streptomyces species, high-GC gram-positive
bacteria, harbor many duplicated aaRS genes that would oth-
erwise be essential when presented as single-copy genes in
pathogenic gram-negative and most low-GC gram-positive
bacteria. These genes may have physiological roles in dealing
with harsh environments or be directly involved in biosynthetic
pathways given the huge metabolic potential of this group of
bacteria. For example, several structurally complex natural
products from actinomycetes are potent aaRS inhibitors, and
functional genomic analyses of the corresponding strains can
offer a means to explore the relationship between duplicated
aaRSs and identify antibiotic biosynthetic gene clusters (12, 29,
30). The identification of two serS genes in the antibiotic al-
bomycin producer Streptomyces sp. strain ATCC 700974 pro-
vided a means to explore the relationship between aaRS du-
plication and antibiotic biosynthesis metabolism. Comparison
of the two serS genes we identified revealed sequence and
structural differences consistent with significant functional di-
vergence between the two corresponding enzymes, SerRS1 and
SerRS2. SerRS1 has high sequence homology to other Strep-
tomyces housekeeping SerRSs, and its kinetic parameters are
similar to those of other Streptomyces aaRSs involved in pri-
mary metabolism. Upon the binding of tRNAS®", the affinity of
serine to SerRS1 is dramatically increased. serS2 is the alb
pathway-specific gene that was likely acquired through hori-
zontal gene transfer. Seven genes in the alb cluster have been
deleted in the wild-type strain, and the resulting mutants do
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FIG. 4. Reverse-phase HPLC profile of SB-217452. The column is an Ascentis RP-Amide HPLC column (4.6 mm by 15 mm, 5-um particle
size). The separation conditions are described in Materials and Methods. SB-214752 was eluted at ~6.1 min, and albomycin was eluted at ~10.4
min. (A) Digestion reaction mixture of pure albomycin with pronase E. (B) After size exclusion chromatography, the concentrated active fractions
(as described in the text) were further separated by HPLC. The peak at ~6.1 min was collected as SB-217452 and confirmed by ESI-MS; m/z =

47714 [M + H]* or 475.15 [M — H] .

not produce albomycin or albomycin analogs (S. Chen, unpub-
lished data). This is consistent with the finding here that het-
erologous expression of serS2 confers albomycin resistance to
the host cells, supporting the proposal that the ~35-kb DNA
sequences we cloned are indeed the albomycin biosynthetic
genes, as antibiotic resistance genes are often clustered with
the corresponding biosynthetic genes. This does not rule out an
additional role for SerRS2, such as generating Ser-tRNAS®" for
albomycin biosynthesis, since the source of the carrier mole-
cule that provides serine during antibiotic peptide bond for-
mation has not yet been identified.

Although SerRS1 and SerRS2 are comparable in their over-
all catalytic efficiencies, the aminoacylation K,,, of serine for
SerRS2 is ~20 times higher than that for SerRS1. Most genes
involved in antibiotic biosynthesis in Streptomyces were likely
acquired through late evolutionary events, and biosynthetic
processes are often initiated in the nutrient-depleted growth
phase, when the genes in biosynthetic operons are turned on by
pathway-specific regulators. Albomycin activity was detectable
only at 40 hours after inoculation in a fermentation study (7).
Thus, the expression of the biosynthetic enzymes is apparently
regulated. It would be interesting to investigate if serS2 is
expressed when serS1 is also expressed, as well as to determine
the ratio of the two proteins when albomycin is produced. How
SerRS2 interacts with other Alb biosynthetic proteins, perhaps
in an enzymatic complex, remains an intriguing question. As

the affinity of serine to SerRS2 is much lower than that to
SerRS1, the cells could use these as regulatory mechanisms to
control the amount of albomycin produced under different
growth conditions. An improved understanding of the physio-
logical constraints on antibiotic production may have impor-
tant practical implications. The lack of high-titer strains for
industrial-scale production was a deciding factor in the deci-
sion to abandon the development of albomycin for clinical use
(24). An improved understanding of the Streptomyces self-re-
sistance mechanism and the related Alb biosynthetic enzymes
now provides a basis for possible future improvements in al-
bomycin production.

From an evolutionary perspective, high-GC gram-positive
bacteria form a phylogenetic clade distinct from most human
pathogens that are low-GC gram-positive or gram-negative
bacteria. However, Streptomyces species and the pathogen My-
cobacterium tuberculosis are associated in the order Actinomy-
cetales. There are several examples of enzymes involved in
primary metabolism in actinomycetes that have a molecular
structure different from those of their counterparts in other
bacteria such as E. coli (28). Such enzymes are potentially
attractive as antimycobacterial drug targets (1). In the case of
SerRS, Mycobacterium tuberculosis has only one serS gene in its
genome, and the similarity of Mycobacterium SerRS to SerRS1
is 72%, compared to 50% between Mycobacterium and E. coli
SerRSs. Given that Streptomyces housekeeping SerRS1 and E.
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FIG. 5. In vitro inhibition of the two SerRSs. (A) Filter-binding
assay of the inhibition of SerRS1 and SerRS2 with SHX and SB-
217452. In a 50-pl reaction mixture, SerRS1 was at 230 nM and
SerRS2 at 200 nM. SHX was added to 1 mM and SB-217452 was added
to an ~2 pM final concentration. (B) ICy, determination. The SB-
217452 inhibitor concentration is shown in logarithmic scale. About 2
M inhibitor was required in the assay (see Materials and Methods)
with SerRS1 to achieve its 50% inhibitory activity. The assay was
repeated three times, and a representative set of data is shown. Dashed
line with squares, assay with SerRS1; gray line with circles, assay with
SerRS2; solid lines, predicted trend lines.

1.00E-02

coli SerRS display differences in SHX discrimination, it is
tempting to speculate that Mycobacterium SerRS might also
show exploitable specifics in the recognition of serine substrate
and reaction intermediate mimics such as albomycin. The ef-
ficacy of albomycin in treating mycobacterial infection has
never been studied, and Mycobacterium SerRS could be an-
other attractive antimycobacterial drug target for designing
genus-specific enzyme inhibitors. Future studies will now focus
on attempting to test whether SB-217452 can inhibit Mycobac-
terium SerRS in vitro and in cell-based assays.
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