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The tuberactinomycin antibiotics are essential components in the drug arsenal against Mycobacterium
tuberculosis infections and are specifically used for the treatment of multidrug-resistant tuberculosis. These
antibiotics are also being investigated for their targeting of the catalytic RNAs involved in viral replication and
for the treatment of bacterial infections caused by methicillin-resistant Staphylococcus aureus strains and
vancomycin-resistant enterococci. We report on the isolation, sequencing, and annotation of the biosynthetic
gene cluster for one member of this antibiotic family, viomycin, from Streptomyces sp. strain ATCC 11861. This
is the first gene cluster for a member of the tuberactinomycin family of antibiotics sequenced, and the
information gained can be extrapolated to all members of this family. The gene cluster covers 36.3 kb of DNA
and encodes 20 open reading frames that we propose are involved in the biosynthesis, regulation, export, and
activation of viomycin, in addition to self-resistance to the antibiotic. These results enable us to predict the
metabolic logic of tuberactinomycin production and begin steps toward the combinatorial biosynthesis of these
antibiotics to complement existing chemical modification techniques to produce novel tuberactinomycin
derivatives.

It was recently estimated that between the years 1998 and
2030 there will be 225 million new cases of tuberculosis (TB)
and 79 million TB-related deaths (40). These numbers are
astonishing when one considers that treatments for this dis-
ease, in the forms of vaccines or chemotherapy, have been
available for more than 50 years (29). Mycobacterium tubercu-
losis, the causative agent of TB, is notoriously slowly growing
and during infection can persist in a latent form in many
individuals. These attributes contribute to the reasons why
typical chemotherapy regimens for TB last 6 to 9 months (6)
and why TB is so persistent. This prolonged treatment presents
significant hurdles in the development of new antibiotics and in
retaining the efficacies of the antibiotics used at present. Side
effects and toxicity from a particular compound can be mag-
nified when a patient takes a drug for this length of time, and
there are increased incidences of poor adherence to the che-
motherapy regimen by unmonitored patients, resulting in the
development of multidrug-resistant (MDR) TB infections.
These facts, together with alarming interactions between hu-
man immunodeficiency virus and TB infections that can result
in increased numbers of infected individuals and MDR TB
(30), make it of paramount importance to develop new che-
motherapy agents or introduce modifications to the agents
available at present to reduce their toxicities and increase their
activities against MDR TB.

The tuberactinomycins (TUBs; this abbreviation refers to
the antibiotic family as a whole) (Fig. 1) are used specifically
for the treatment of MDR TB (14). The importance of TUBs
is reflected by some members being included on the World
Health Organization’s Model List of Essential Medicines (57).

In addition to their historical use for the treatment of TB, the
TUBs have recently become of interest for their use for the
treatment of other bacterial infections, such as those caused by
vancomycin-resistant enterococci and methicillin-resistant
Staphylococcus aureus (15, 32, 33), and in the targeting of
catalytic RNAs to disrupt viral replication (25, 45). In these
cases, the TUBs are considered encouraging lead compounds
for the development of more potent drugs.

The TUBs are peptide antibiotics containing nonprotei-
nogenic amino acids; as a result, it is anticipated that these
molecules are biosynthesized via a nonribosomal peptide
synthetase (NRPS) mechanism. The unusual amino acids
synthesized and condensed to produce these antibiotics are
2,3-diaminopropionate, �-ureidodehydroalanine, �-lysine,
and L-capreomycidine, with the last two amino acids being
hydroxylated at the � carbon and the C-6 carbon, respec-
tively, in certain members of the TUB family.

To understand how TUB antibiotics are biosynthesized,
we have isolated, sequenced, and annotated the viomycin
biosynthetic gene cluster from Streptomyces sp. strain ATCC
11861. Genetic inactivation of the first gene in the
biosynthetic gene cluster abolishes viomycin production,
confirming that this gene cluster is involved in viomycin
biosynthesis. The gene cluster consists of 36.3 kb of DNA
encoding 20 open reading frames (ORFs) involved in the
biosynthesis, regulation, export, and activation of the anti-
biotic, in addition to the viomycin resistance gene. From this
information, hypotheses on how all of the necessary non-
proteinogenic amino acids are biosynthesized, incorporated
into the hexapeptide, and modified were developed. This
information sets the stage for enhancing our ability to gen-
erate new structural derivatives of the TUBs, using combi-
natorial biosynthesis, for the treatment of MDR TB, as well
as other bacterial and viral infections.
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MATERIALS AND METHODS

Bacterial strains and growth media. Streptomyces sp. strain ATCC 11861 was
obtained from the American Type Culture Collection and was grown on ISP
medium 2 (0770; Difco). The strain was grown in Bacto Tryptic Soy Broth (TSB)
to obtain mycelia for chromosomal DNA isolation. For the production and
purification of viomycin, mycelia grown in TSB were used to inoculate 100 ml of
viomycin production medium (44). Mannitol soy flour agar was used for conju-
gations (27).

Escherichia coli strains were grown in Luria-Bertani (LB) medium or on LB
agar supplemented with the appropriate antibiotic, as indicated. When cosmid-
containing strains were grown in microtiter plates, the strains were grown in
freezing medium (56) supplemented with kanamycin (50 �g/ml). The E. coli
strains used were DH5�, XL-1 Blue MR (Stratagene), HB101/pRK2013 (18)
(from M. Rondon, University of Wisconsin—Madison), and ET12567 (34) (from
C. Khosla, Stanford University).

Genomic DNA isolation and cosmid library construction. A total of 3.0 g (wet
weight) of Streptomyces sp. strain ATCC 11861 mycelia was used for genomic
DNA isolation by a previously described protocol (43). Genomic DNA was
partially digested with Sau3AI to give 30- to 50-kb fragments that were subse-
quently ligated into the BamHI site of SuperCos1 (Stratagene), prepared ac-
cording to the instructions of the manufacturer. The DNA was then packaged
into lambda phage by using the Gigapack III XL Packaging Extract kit (Strat-
agene), and the cosmid was used to infect E. coli XL-1 Blue MR, according to the
instructions of the manufacturer. A total of 1,248 cosmid-containing clones were
isolated and frozen at �80°C individually in microtiter dish wells as well as in
pools of 8 clones consisting of 25 �l from each member of a microtiter dish
column. Thus, the 1,248 individual cosmid-containing clones were also repre-
sented in 156 cosmid-containing pools.

Screening of the cosmid library. The cosmid library was first screened by PCR
amplification for those cosmids that contained vph, the viomycin resistance gene
(4). The following primers were used: primer Vph/FEco (5�-AGAAGTGGAG
AATTCGCCCACCATGAG-3�) and primer Vph/REco (5�-CCTTCAGAATTC
CTGTCACGCTGCCCG-3�). Boiled cells of each cosmid pool were used as a
source of template DNA for PCR amplification. Individual members of each
vph-positive cosmid pool were subsequently screened by PCR amplification to
identify the specific cosmid containing vph. Cosmid pVIO-P2C3RG was identi-
fied in this manner.

Two primers based on the putative viomycin biosynthetic gene vioG were
designed from the pVIO-P2C3RG sequence, primer vio-P2-5p (5�-GGGGAGA
CGTACTTCTTCCA-3�) and primer vio-P2-3p (5�-GGCGAGTTCACGGGAG
ATA-3�). These primers were used to screen the library a second time by PCR
amplification to identify cosmids containing vioG. The vioG-positive cosmids
were then screened by PCR amplification for the absence of vph. A vioG-positive
but vph-negative cosmid, pVIO-P8C8RH, was thus isolated.

Sequencing and annotation of the viomycin biosynthetic gene cluster. Frag-
ments of 2 to 3 kb from cosmids pVIO-P2C3RG and pVIO-P8C8RH were
subcloned into pSMARTLCKan by Lucigen Corp. (Middleton, Wis.). Subclones
were submitted to the Genome Center Sequencing Facility at University of

Wisconsin—Madison, where they were sequenced (sevenfold coverage, twofold
minimum). Contigs were assembled by using the SeqMan program (Lasergene,
Madison, Wis.). Annotation of ORFs and putative gene functions were assigned
by using a combination of MapDraw (Lasergene) and the blastp, PSI-BLAST,
and RPS-BLAST (National Center for Biotechnology Information) programs
(2).

Insertional inactivation of vioA. An internal fragment of vioA was introduced
into the suicide vector pOJ260 (5) by PCR-based cloning. The primers used for
vioA amplification by PCR were as follows: primer VioA/Pst (5�-TCACGCCG
GTCGAGCAGGA-3�) and primer VioA/Eco (5�-ACGCCGTACTCGCGCAG
G-3�). The PCR-amplified product was digested with PstI and EcoRI and cloned
into the corresponding restriction sites of pOJ260, yielding pOJ260-vioA. This
plasmid was transformed into ET12567, and the resulting strain was used for
conjugation of pOJ260-vioA into Streptomyces sp. strain ATCC 11861 by a
triparental mating protocol (27). The triparental mating involved ET12567/
pOJ260-vioA, HB101/pRK2013, and Streptomyces sp. strain ATCC 11861.

To confirm pOJ260-vioA insertion into the chromosomal copy of vioA, chro-
mosomal DNA was purified from the mutant strains and analyzed by PCR
amplification and subsequent restriction enzyme analysis of the amplified prod-
ucts. The primers used for this analysis were primers VioA/Pst and VioA/Eco,
which anneal to regions outside the region cloned into pOJ260, and primer FOR
(5�-CGCCAGGGTTTTCCCAGTCACGAC-3�) and primer REV (5�-TCACAC
AGGAAACAGCTATGA-3�), which anneal to regions just outside the multiple
cloning site of pOJ260. During this analysis it was determined that the 5� end of
vioA in one mutant strain (strain MGT1001) had undergone a deletion of ap-
proximately 400 bp between a BglII and an NcoI restriction site within vioA (data
not shown). This was not characterized further because vioA was inactivated
regardless of the nature of this deletion. The two other vioA mutants isolated
(strains MGT1002 and MGT1003) did not contain this deletion (data not
shown).

Production and isolation of viomycin. Cultures of 100 ml of the wild-type or
mutant strains of Streptomyces sp. strain ATCC 11861 were grown in viomycin
production medium at 28°C for 5 days. Mycelia were removed by centrifugation,
and the resulting supernatant was used for viomycin purification by a previously
published protocol (48).

HPLC of purified viomycin. Purified viomycin samples were analyzed by high-
performance liquid chromatography (HPLC; Beckman System Gold) with a
Macrosphere SCX 300A 7U column (Alltech) at a flow rate of 1 ml/min. The
following buffers were used: buffer A (20 mM Tris-HCl [pH 6.4]) and buffer B
(20 mM Tris-HCl, 1 M sodium acetate [pH 6.4]). The separation profile was 5
min of isocratic development with 100% buffer A–0% buffer B, 15 min of a linear
gradient from 100% buffer A–0% buffer B to 0% buffer A–100% buffer B, and
5 min of isocratic development with 0% buffer A–100% buffer B. Elution of
viomycin was monitored at the characteristic absorbance of 268 nm. The purified
viomycin had the same UV and visible light spectra and HPLC retention time as
authentic viomycin and also coeluted from the high-performance liquid chro-
matograph with authentic antibiotic, regardless of the elution profile.

FIG. 1. Chemical structures of the TUB family of antibiotics. The numbers within the cyclic pentapeptide core identify the residue numbers
noted in the text. The figure is as presented elsewhere (55), with modifications.
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Nucleotide sequence accession number. The completed viomycin biosynthetic
gene cluster has been deposited in GenBank under accession no. AY263398.

RESULTS AND DISCUSSION

Cloning and sequencing of the viomycin biosynthetic gene
cluster. We constructed a cosmid library of the Streptomyces
sp. strain ATCC 11861 genome and used PCR amplification to
screen the library for cosmids containing vph, the known vio-
mycin resistance gene (4). The resistance gene was targeted
because the resistance gene for a particular antibiotic is typi-
cally encoded in the same region of the chromosome as the
biosynthetic gene cluster for that antibiotic (37). Sequencing
out of the resistance gene from one of the vph-positive cos-
mids, pVIO-P2C3RG, identified an ORF that encoded a pu-
tative lysine 2,3-aminomutase. Since viomycin contains a �-ly-
sine moiety and lysine 2,3-aminomutases catalyze the
formation of �-lysine, we hypothesize that pVIO-P2C3RG
contains a portion of the viomycin biosynthetic gene cluster.

Preliminary analysis of the DNA sequence from pVIO-
P2C3RG suggested that only a portion of the viomycin biosyn-
thetic gene cluster was contained on the cosmid. We then
screened the library a second time using PCR primers whose
sequences were based on a putative viomycin biosynthetic
gene, vioG, that was present on pVIO-P2C3RG. The vioG-
positive cosmids were then screened for the absence of vph,
and cosmids containing DNA that overlapped but that was not
redundant with the insert in pVIO-P2C3RG were identified.
From this analysis, pVIO-P8C8RH was isolated and both cos-
mids were completely sequenced.

Analysis of the viomycin biosynthetic gene cluster. We pre-
dict that the viomycin biosynthetic gene cluster includes ap-
proximately 36.3 kb of contiguous DNA encoding 20 ORFs
involved in the biosynthesis, export, regulation, and activation
of the antibiotic, in addition to the previously isolated resis-
tance gene vph (Fig. 2; Table 1). An additional �20 kb on
either side of the predicted gene cluster was sequenced, and
analysis of this DNA did not identify any genes predicted to be
involved in viomycin production. Thus, we predict that vioA,

vioT, and the genes between them constitute the viomycin
biosynthetic gene cluster.

Biosynthesis of the nonproteinogenic amino acids. Viomycin
is a 6-amino-acid peptide consisting of two L-serine residues and
one residue of each of the following nonproteinogenic amino
acids: L-2,3-diaminopropionate, �-ureidodehydroalanine, �-ly-
sine, and L-tuberactidine. On the basis of the common observa-
tion that secondary metabolite biosynthetic gene clusters typically
encode all the enzymes needed for the production of any precur-
sors specific for that particular metabolite (12, 16, 53), we predict
that the viomycin gene cluster should encode the enzymes needed
to generate L-2,3-diaminopropionate, L-capreomycidine, and
�-lysine. The conversion of L-2,3-diaminopropionate to �-ureido-

FIG. 2. Schematic representation of the viomycin biosynthetic gene cluster. The center line denotes the 37 kb encoding all ORFs involved in
viomycin biosynthesis, with the bars above and below the center line representing DNA present on cosmids pVIO-P8C8RH and pVIO-P2C3RG,
respectively. Arrows above and below the center line identify the direction of transcription of ORFs. Coding of ORF biosynthetic function is as
follows: grey, NRPS; black, L-2,3-diaminopropionate; white, L-2,3-diaminopropionate3�-ureidodehydroalanine; vertical lines, L-capreomycidine;
horizontal lines, L-capreomycidine hydroxylation; right-slanted lines, �-lysine; left-slanted lines, resistance and activation; checkerboard pattern,
regulation; waves, export.

TABLE 1. Summary of genes and predicted encoded functions

Gene Start-stop
positions Predicted encoded functiona

vioA 415–6786 NRPS (A-PCP-C-A-PCP-C)
vioB 6981–8021 2,3-Diaminopropionate synthase
vioC 8018–9094 L-Arg hydroxylase
vioD 9091–10260 Capreomycidine synthase
vioE 10257–11600 Permease
vioF 11597–14818 NRPS (A-PCP-C)
vioG 14908–18174 NRPS (A-PCP-C/-?)
vioH 18171–18959 Type II thioesterase
vioI 18956–20608 NRPS (PCP-C)
vioJ 20605–21777 2,3-Diaminopropionyl �,�-desaturase
vioK 21827–22909 Ornithine cyclodeaminase
vioL 22906–23832 Carbamoyltransferase
vioM 23829–25202 NRPS (C)–�-lysine transferase
vioN 25199–25390 MbtH homolog
vioO 25396–27228 NRPS (A-PCP)–�-lysine activation
vioP 27303–28640 Lysine 2,3-aminomutase
vph 29557–28676 Viomycin phosphotransferase
vioQ 29590–30621 Capreomycidine hydroxylase
vioR 31397–30660 Transcriptional regulator
vioS 31896–33110 Viomycin-phosphate phosphatase
vioT 36299–33717 Trascriptional regulator

a Abbreviations for NRPS domains: C/, truncated condensation; ?, domain of
unknown function. The other abbreviations are defined in the text.
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dehydroalanine and the conversion of L-capreomycidine to L-
tuberactidine are predicted to occur after precursor incorporation
into the growing peptide chain, as will be discussed below.

(i) Biosynthesis of L-2,3-diaminopropionate. Precursor la-
beling studies with viomycin (9) and the capreomycins (54)
have determined that L-serine is the precursor for L-2,3-di-
aminopropionate. Bioinformatic analysis of the viomycin bio-
synthetic gene cluster suggests that the conversion of L-serine
to L-2,3-diaminopropionate is catalyzed by the concerted ac-
tions of VioB and VioK (Fig. 3A).

VioB is a homolog of cysteine synthases and serine dehy-
dratases, enzymes that catalyze the pyridoxal phosphate
(PLP)-dependent replacement and elimination, respectively,
of the � substituents of their substrates (1). During catalysis,
both of these enzymes form a PLP-bound �-aminoacrylate
intermediate. We predict that VioB uses a similar mechanism
to form a Schiff base linkage between PLP and an �-aminoac-
rylate intermediate (Fig. 3A). VioB then catalyzes a �-substitu-
ent replacement reaction analogous to that seen for cysteine
synthases. However, while cysteine synthases use sulfur from
sulfide as the nucleophile, we predict that VioB uses the ni-
trogen of ammonia as the nucleophile (Fig. 3A). The source of
this nucleophile for viomycin biosynthesis is the ammonia lib-

erated from L-ornithine by VioK (Fig. 3A). VioK is a homolog
of ornithine cyclodeaminases, enzymes that convert L-orni-
thine to L-proline with the release of ammonia (13, 41, 42).
Thus, VioK is predicted to function as an amidotransferase
during viomycin biosynthesis since ammonia, not L-Pro, is the
relevant product of the reaction.

(ii) Biosynthesis of L-capreomycidine. Precursor labeling
studies have determined that L-tuberactidine of viomycin (10)
and L-capreomycidine of the capreomycins (22) are derived
from L-arginine. As discussed below, we hypothesize that L-
capreomycidine is incorporated into the growing peptide chain
and is subsequently converted to L-tuberactidine after peptide
synthesis is completed. Our prediction is that VioC and VioD
convert L-arginine to L-capreomycidine (Fig. 3B).

VioC is a homolog of clavaminic acid synthases, which are
nonheme iron dioxygenases involved in clavulanic acid biosyn-
thesis (52). The first reaction catalyzed by one of the clav-
aminic acid synthases, CS2, is the hydroxylation of the � car-
bon of the arginine moiety of 5-guanidino-2-(2-oxo-azetidin-1-
yl)-pentanoic acid (46). We predict that VioC catalyzes a
similar reaction to generate �-hydroxyarginine (Fig. 3B). This
product would then be a substrate for VioD, a homolog of
PLP-dependent aromatic amino acid aminotransferases. VioD
would catalyze a �-elimination reaction to generate a PLP-
linked �,�-dehydroarginine that would allow intramolecular
addition of the 	-guanido moiety to the � carbon, thus gener-
ating L-capreomycidine.

Gould and Minott (22) predicted the presence of the �,�-
dehydroarginine intermediate on the basis of their results from
feeding experiments with [2,3,3,5,5-2H5]arginine during ca-
preomycin biosynthesis. Their prediction was based on the loss
of the deuterium from C-2 and the loss of one deuterium from
C-3, which would be consistent with such an intermediate.
They also predicted that the conversion of L-arginine to L-
capreomycidine would occur after peptide synthesis so that the
�,�-dehydroarginine intermediate could be stabilized by an
amide bond. We predict that L-capreomycidine is produced
before peptide synthesis (Fig. 3B), with the PLP cofactor sta-
bilizing the �,�-dehydroarginine intermediate. Further exper-
imentation will be needed to differentiate between these hy-
potheses.

The two putative enzymes showing the highest amino acid
identity with VioC and VioD are SttL and SttM, respectively.
The genes encoding SttL and SttM are within the proposed
biosynthetic gene cluster for the broad-spectrum antibiotic
streptothricin (17), and L-capreomycidine is predicted to be an
intermediate in the biosynthesis of this antibiotic (20, 21, 24,
38). Thus, we predict that the L-capreomycidine intermediate
in streptothricin biosynthesis is generated by a mechanism
analogous to that proposed for viomycin.

(iii) Biosynthesis of �-lysine. Viomycin and streptothricin
also contain �-lysine moieties. Both biosynthetic clusters en-
code homologs to lysine 2,3-aminomutases (VioP, viomycin;
SttO, streptothricin). Frey (19) has extensively studied lysine
2,3-aminomutases and has shown that these enzymes catalyze
the migration of the �-amino group of L-lysine to the � carbon.
We predict that both VioP and SttO catalyze the same reaction
to generate a source of �-lysine for viomycin and streptothri-
cin, respectively (Fig. 3C).

FIG. 3. Schematic representations of the biosynthetic pathways for
the four nonproteinogenic amino acids in Vio. The abbreviations are
defined in the text. In panel D, R is OH or Otripeptide, and the last
step in �-ureidodehydroalanine biosynthesis occurs after cyclic pen-
tapeptide synthesis.
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Assembly of the cyclic pentapeptide core. Although viomycin
is a peptide consisting of 6 amino acids, we predict that the
cyclic pentapeptide core of the antibiotic would be biosynthe-
sized first, followed by acylation of residue 1 with �-lysine. This
hypothesis was based on the isolation of TUBs with or without
a �-lysine moiety (Fig. 1), suggesting that �-lysine addition is
separate from cyclic pentapeptide synthesis. We predict that a
five-module NRPS synthesizes and cyclizes the pentapeptide
core of viomycin.

During NRPS-catalyzed peptide synthesis, the domains,
modules, and subunits of these enzymes are typically aligned in
a sequence that is colinear with the resulting peptide. Addi-
tionally, the organization of the NRPS subunits usually follows
the order in which the corresponding genes are found on the
genome (8). The viomycin NRPS does not appear to follow
either of these rules. First, there are five modules for cyclic
pentapeptide biosynthesis, but one of these modules lacks an
adenylation (A) domain (Fig. 4). Therefore, one of the other A
domains must function twice (Fig. 4). Second, it is not antici-
pated that the NRPS subunits function in the order in which
their corresponding genes are arrayed on the chromosome
(Fig. 2 and 4A).

To determine the order in which the NRPS subunits func-
tion, we analyzed A domain specificity codes (11, 47), con-
served domain sequences (28), and domain organizations. As
shown in Fig. 4, we predict that VioF activates and tethers
L-2,3-diaminopropionate (residue 1) to its peptidyl carrier pro-
tein (PCP) domain. Thus, the first two domains (A and PCP)
of VioF would form the initiating module of the NRPS. The
condensation (C) domain of VioF would then catalyze peptide
bond formation between residue 1 bound to VioF and the
L-serine (residue 2) bound to the first PCP domain of VioA.
Thus, module 2 of the NRPS would span both VioF and VioA.
The first C domain of VioA would catalyze peptide bond
formation between the dipeptide (residues 1 and 2) bound to
the first VioA PCP domain and L-serine (residue 3) bound to
the second PCP domain of VioA. Consistent with the proposal,
both A domains of VioA have specificity codes for L-serine
recognition (DVYHFSLVDK and DVRHMSMVMK) (11,
47). The second C domain of VioA would then catalyze pep-

tide bond formation between the tripeptide (residues 1, 2, and
3) on VioA and L-2,3-diaminopropionate (residue 4) bound to
the PCP domain of VioI.

Two unusual aspects of the viomycin NRPS in cyclic pen-
tapeptide synthesis need to be highlighted at this point. First,
VioI lacks the necessary A domain to aminoacylate itself with
L-2,3-diaminopropionate. Thus, we propose that the A domain
of VioF aminoacylates VioI in trans (Fig. 4). Second, we pro-
pose that VioJ catalyzes the next step in peptide synthesis by
desaturating the �,� bond of residue 4 to generate a tetrapep-
tide that includes the desaturated 2,3-diaminopropionate (Fig.
4). This hypothesis is based on the fact that VioJ is a homolog
of acyl coenzyme A (acyl-CoA) dehydrogenases (50), but it
lacks the conserved aspartate residue in acyl-CoA dehydroge-
nases needed for the recognition of the adenine base of CoA
(3, 51). We have recently shown that acyl-CoA dehydrogenase
homologs in the undecylprodigiosin and pyoluteorin pathways,
which also lack this residue, catalyze �,�-desaturation of PCP-
bound substrates, not their CoA derivatives (49). Thus, we
propose that VioJ functions in an analogous manner and
would be the first �,�-desaturase to be an integral part of a
peptide synthesizing NRPS.

VioG is the best candidate for the terminal subunit since the
C terminus of VioG contains a truncated C domain (immedi-
ately after the C-3 core motif), suggesting that it is inactive.
This is consistent with a proposal that VioG contains the ter-
minal module, since peptide bond formation with a down-
stream PCP-bound substrate is not required. This truncated C
domain precedes a terminal domain of unknown function.
Typically, the terminal domain of an NRPS is a thioesterase
that catalyzes hydrolysis or cyclization and release from the
final PCP domain (36). While a weak thioesterase motif
(GSAG) could be found in this terminal domain, it is not clear
whether it plays any role in peptide cyclization and release;
therefore, the mechanism of pentapeptide macrocyclization
remains an open question.

Modifications of the cyclic pentapeptide. Following the for-
mation of the cyclic pentapeptide shown in Fig. 4A, three
modifications must occur: (i) carbamoylation of the �-amino
group of residue 4 to form �-ureidodehydroalanine, (ii) hy-
droxylation of the C-6 of residue 5 to form L-tuberactidine, and
(iii) acylation of the �-amino group of residue 1 with �-lysine.

VioL is predicted to catalyze the carbamoylation of residue
4, based on the amino acid similarity between VioL and orni-
thine carbamoyltransferases (31). The biosynthetic pathway for
L-2,3-diaminopropionate conversion to �-ureidodehydroala-
nine is predicted to occur as shown in Fig. 3D. However, we
cannot eliminate the possibility that carbamoylation occurs
immediately after the desaturation of residue 4 while it is
bound to VioI. Further analysis is needed to discriminate be-
tween these possibilities.

The hydroxylation of the C-6 of residue 5, which generates
tuberactidine from L-capreomycidine, is likely catalyzed by
VioQ, based on its similarity to phenylpentanoic acid dioxyge-
nase and related ring-hydroxylating dioxygenases (39). We pro-
pose that the hydroxylation of residue 5 to generate the L-
tuberactidine moiety occurs after peptide synthesis, based on
the isolation of tuberactinomycin derivatives with and without
this hydroxylation (Fig. 1), which suggests that the hydroxyla-
tion is not a prerequisite for peptide synthesis. However, as

FIG. 4. Schematic representations of the viomycin NRPS. The do-
mains of each subunit are shown as circles. The bars below the NRPS
subunits denote specific modules, which are annotated M1 through
M5. The arrow between VioF and VioI represents the in trans amino-
acylation of VioI by the A1 domain of VioF. The grey arrows indicate
the direction of peptide synthesis. The abbreviations for the NRPS
domains are defined in footnote a of Table 1 and the text.
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with the carbamoylation discussed above, we cannot eliminate
the possibility that the hydroxylation precedes the completion
of peptide synthesis.

The sixth amino acid present in viomycin is �-lysine. This
attachment of �-lysine to the �-amino group of residue 1 is
predicted to occur by the actions of VioO (A and PCP) and
VioM (C) (Fig. 5). Since these two proteins contain the three
core domains of an NRPS module, these proteins can be con-
sidered a monomodular NRPS. We predict that VioO will
activate and tether �-lysine to its C-terminal PCP domain.
Consistent with this proposal, the A domain of VioO has the
specificity code for �-lysine (DTEDVGTMVK [23]), and pre-
liminary results with partially purified VioO suggest that it
activates �-lysine (Y. Chan and M. Thomas, unpublished
data).

VioM, a homolog of C domains, then catalyzes amide bond
formation between �-lysine bound to VioO and the soluble
substrate des-�-lysine-viomycin (Fig. 5). This monomodular
NRPS, therefore, does not function as a peptide synthetase per
se but, rather, as an N-acyltransferase. This proposed mecha-
nism is analogous to that for the biosynthesis of the terminal
portion of the vibriobactin, whereby the acceptor site of the
VibH C domain binds to a soluble substrate instead of an
amino acid tethered to a PCP (26).

It is not clear what role VioN plays in viomycin biosynthesis.
It is a homolog of a family of small proteins found in many
NRPS systems, the standard of which is MbtH, a protein of
unknown function in mycobactin biosynthesis (44). The loca-
tion of vioN between vioM and vioO suggests that VioN plays
some role in �-lysine addition.

Regulation, export, resistance, and activation. Two putative
transcriptional regulators are encoded in the viomycin biosyn-
thetic gene cluster. VioR belongs to the OxyR family of tran-
scriptional regulators, while VioT is a homolog of NysRI, a
putative transcriptional regulator in the nystatin biosynthetic
pathway (7). The involvement of both transcriptional regula-
tors in viomycin biosynthesis remains to be determined.

The export of the antibiotic is likely to be catalyzed by VioE,
which is a permease homolog. Our hypothesis is that viomycin
is exported in its phosphorylated form. This is based on the fact
that VioS is a homolog of StrK, the streptomycin phosphate
phosphatase that removes the phosphate and activates strep-
tomycin outside the cell (35). Thus, Vph, the previously iden-
tified viomycin phosphotransferase, catalyzes the phosphoryla-
tion of viomycin, which is then exported by VioE. VioS
reactivates the antibiotic once it is outside the cell. Further

analysis is required to determine whether this model is correct.
This mechanism of resistance and export will need to be con-
sidered when the viomycin biosynthetic pathway is engineered
metabolically.

Genetic evidence that the sequenced gene cluster encodes
the viomycin biosynthetic enzymes. To confirm that the gene
cluster that we identified is involved in viomycin biosynthe-
sis, vioA was inactivated as shown in Fig. 6A. We chose to
inactivate vioA because we propose that it encodes an es-
sential component of the viomycin NRPS (Fig. 4) and the
absence of VioA would abolish viomycin production. This
result would strongly support our hypothesis that the bio-
synthetic gene cluster that we identified assembles viomycin.
Three independently isolated vioA::pOJ260-vioA strains
(strains MGT1001, MGT1002, and MGT1003) were grown
under conditions optimized for viomycin production, and
the antibiotic was purified from the supernatants. The pu-
rified components of the supernatant were then analyzed for
the presence of viomycin by HPLC. Viomycin was not pro-
duced by any of the vioA::pOJ260-vioA strains (Fig. 6B).

FIG. 5. Schematic representation of VioO- and VioM-catalyzed
N-acylation of des-�-lysine-viomycin with �-lysine.

FIG. 6. (A) Schematic representation of the insertion of pOJ260-
vioA into the chromosomal copy of vioA by single homologous recom-
bination. Grey boxes, regions of identity between the cloned vioA
fragment and vioA on the chromosome; arrowheads, locations of prim-
ers used to confirm the vioA::pOJ260-vioA mutations; black box and
associated AprR, the apramycin resistance gene on pOJ260-vioA. Re-
sistance to this antibiotic was used for selection of the single-crossover
insertional inactivation of vioA. (B) Representative HPLC traces com-
paring the viomycin produced by a wild-type strain and one of the
vioA-negative (vioA�) strains (strain MGT1001) of Streptomyces sp.
strain ATCC 11861 to authentic viomycin (10 �g). Viomycin was not
detected in vioA-negative strain MGT1002 or MGT1003 (data not
shown).
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Therefore, we can conclude that the gene cluster sequenced
and analyzed is the viomycin biosynthetic gene cluster.

Conclusions. We have isolated, sequenced, and annotated
the biosynthetic gene cluster for the antibiotic viomycin from
Streptomyces sp. strain ATCC 11861. This pathway involves
novel precursor biosynthetic mechanisms and atypical NRPS
components in the generation of the hexapeptide antibiotic. It
is anticipated that all TUB antibiotics will be biosynthesized in
a manner similar to that for viomycin, with subtle changes to
generate the structural diversity shown in Fig. 1.

We hypothesize that Saccharothrix mutabolis subsp. capreo-
lus, the strain that produces the capreomycins, does not encode
a VioQ homolog since the capreomycins contain L-capreomy-
cidine, not L-tuberactidine (Fig. 1). We also predict that the
tuberactinomycin producers encode an additional enzyme that
catalyzes �-hydroxylation of the �-lysine residue to generate
tuberactinomycins A and N (Fig. 1).

The central pentapeptide core of the TUBs varies in two
respects besides the L-capreomycidine hydroxylation discussed
above. First, for viomycin and the tuberactinomycins, residue 3
of the pentapeptide core is L-serine, not L-2,3-diaminopropi-
onate, as seen in the capreomycins (Fig. 1). This difference is
one of the reasons why residue 3 of viomycin and the tuber-
actinomycins cannot be N-acylated with �-lysine, as seen in the
capreomycins. It is anticipated that the A domain specificity
code for module 3 in the capreomycin producer is altered to
activate L-2,3-diaminopropionate instead of L-serine. Second,
residue 2 in the capreomycins can be either L-serine or L-
alanine (Fig. 1), suggesting that the A domain of module 2 of
the NRPS has relaxed substrate specificity.

Finally, the capreomycins, while they contain L-2,3-diamin-
opropionate at residue 1 of the pentapeptide core, are N-
acylated only at residue 3 (Fig. 1). It is anticipated that the
VioM homolog in S. mutabolis subsp. capreolus has an altered
acceptor site, which leads to �-lysine addition at the opposing
side of the cyclic pentapeptide core compared to the side at
which it is added in viomycin and the tuberactinomycins. This
selectivity is due, in part, to the N-acylation of the � amino
group of residue 3, not the �-amino group of residue 1, as seen
in viomycin and the tuberactinomycins.

With the knowledge gained from the analysis of the viomy-
cin biosynthetic gene cluster, a clear picture of how the TUB
family of antibiotics is biosynthesized has been developed.
Testing of the hypotheses presented here sets the stage for
coordination of the metabolic engineering and chemical mod-
ification of this family of antibiotics to combat resistant bacte-
ria, remove unwanted side effects for MDR TB treatment, and
develop derivatives of these antibiotics for use in the treatment
of other bacterial and viral infections.
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