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The nonproteinogenic amino acid capreomycidine is the signature residue found in the tuberactinomycin family of
antitubercular peptide antibiotics and an important element of the pharmacophore. Recombinant VioG, a single-module
peptide synthetase from the viomycin gene cluster cloned 8tieptomycesinaceugATCC11861), specifically activates
capreomycidine for incorporation into viomycin (tuberactinomycin B). Insertional disruption of the putative hydroxylase
genewioQ resulted in a mutant that accumulated tuberactinomycin O, suggesting that hydroxylation at C-5 of the
capreomycidine residue is a post-assembly event. The inactivated chromosomal e@® oduld be complemented

with a wild-type copy of the gene to restore viomycin production.

The tuberactinomycins are a small family of peptide antibiotics products. The biosynthetic gene cluster for viomycin has been
characterized by a 2,3-dehydroureidoalanine moiety and the argi-cloned and sequenced frdBtreptomycesinaceusATCC118618°
nine-derived (& 3R)-capreomycidinettCap) residué-2 The com- In the first biochemical investigation of the pathway, recombinant
pounds are clinically effective antibiotics, and capreomycin is used VioC and VioD were shown to act in tandem to carry out the
as a second-line agent for the treatment of tuberculosis. These agentsonversion ofL-Arg to L-Cap®12 VioC is a non-heme iron,
act by inhibiting bacterial protein biosynthesis and interfere with a a-ketoglutarate-dependent dioxygenase that conveiis) to (39-
variety of ribosomal functions. The mechanism of action of hydroxy+-Arg. This product of VioC then serves as substrate for
viomycin (tuberactinomycin B) has been the most extensively VioD, which promotes a pyridoxal phosphate (PLP)-dependent
studied, and it has been widely used as tool to study ribosome dehydration and intramolecular cyclization to genetateap. As
structure and functiofr.” part of our continued studies on the formation and function of the

L-Cap residue in these peptides, we report here the characterization
o OH of the ATP-dependent activation ofCap by VioG and the VioQ-
H\/[L H dgpendent hydroxylation of C-5 Qf the-Cap residue in the
: N OH viomycin precursor tuberactinomycin O.

©  Sw Oun-0
j H H Results and Discussion

HaN © N VioG (see Figure 1E) is a single-module NRPS with an
HN 6 H O N-terminal adenylation (A) domain followed by a peptidyl carrier
protein (PCP or T) domain, an incomplete condensation (C) domain,
HN™ "N™ 7R and an unusual C-terminal domain that exhibits significant homol-
Viomycin: R = OH ogy only with a protein associated with an aminoglycoside cluster
Tuberactinomycin O: R = H from S. ribosidificus'® Analysis of the VioG A domain substrate
recognition elements indicated it had a unique substrate-binding
pocket that was most similar to A domains activating\rg or
H N\)k /g( L-Orn, suggesting VioG may activateCap’4~16In order to confirm
2 r\ this prediction, full-lengthvioG and a fragment coding for the A
domain were amplified by PCR from cosmid pTOV106, which
contains a portion of the viomycin gene clusterhe fragments

o) Ho NH, were then sequenced and cloned into the pET28a vector for
o H expression as N-terminal Hisagged proteins irE. coli. The
HN recombinant proteins were purified by €ometal affinity chro-
HN&I\N matography, and the efficiency of purification was verified by SDS-
H PAGE (Figure 1A,C). The production levels of VioG and VioG A
Capreomycin IA: R = OH domain were 2.4 and 8 mg/L, respectively.

Capreomycin B: R = H The substrate specificity of VioG was analyzed by the standard

amino acid-dependent ATHPPi exchange assayln addition to
L-Cap, other substrates evaluated includeger and 2,3-diamino-
propionate (-Dap), the other amino acids found in viomycin. We
also tested the basic amino acidérg, L-Orn, and pb,L.-enduraci-

+ Corresponding author. Tel: 541.737-5774. Fax 541.737-3999 Qidine ©,.-End) as ppssible substra_tes. The latter _ar_nino acid and
E-mail: mark.zabriskie@orégonétate.edu. : it ﬁ-hydroxy derl\_/atlve are _found in th_e enduracidin and man-
T Program in Molecular and Cellular Biology. nopeptimycin peptide antibiotics, respectivély?The assay results
* Dept. of Pharmaceutical Sciences. confirmed the prediction that VioG is the NRPS in the viomycin

Viomycin is typical of natural product peptides assembled by
nonribosomal peptide synthetases (NRPS) that commonly incor-
porate nonproteinogenic amino acids, suchLaSap, into the
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Figure 1. Expression, purification, and substrate specifity of recombinant VioG A domain and full-length VioG. (A) Expression and
purification of VioG A domain. Lane 1, soluble protein; lane 2, flow-through; lane 3, purifiegYAmG A domain; lane 4, MW markers.

(B) ATP—PPi exchange assay of VioG A domain. Activity is relative to that observed-foap, which was normalized to 100%. (C)
Expression and purification of VioG. Lane 1, total protein; lane 2, soluble protein; lane 3, flow through; taGewdshes; lane 7, MW
marker; lane 8, purified HisVioG. (D) ATP—PPi exchange assay of recombinant VioG. (E) Domain organization of VioG. (F) Structures
of basic amino acids evaluated as substrates in B and D.

pathway that activates-Cap. Full-length VioG showed slightly The only gene other thanioC in the viomycin cluster that is
greater specificity than the excised A domain (Figure 1B,D), but predicted to encode a hydroxylasevieQ, which was speculated
there was no significant difference in the specific activities of the to introduce the hydroxyl group on the-Cap residué.Sequence
two proteins. It was initially surprising that VioG was able to analysis of VioQ reveals the N-terminal region has a conserved
completely differentiate betweanCap and enduracididine. Sub-  [2Fe—2S] cluster binding domain found in bacterial Rieske non-
sequent to performing these assays, we cloned and sequenced thieeme iron dioxygenases typically involved in aromatic ring
enduracidin biosynthesis gene clusteithe substrate-specificity  hydroxylation?* To determine if VioQ is responsible for the C-5
sequence for the enduracididine A domains (DAETDGSV) is hydroxylation of the capreomycidine residue in viomycin, we
markedly different from that found in VioG (DPQDVGIV) and inactivatedvioQ in S.vinaceusby insertional disruption via double-
helps explain why VioG does not activate enduracididiné® To crossover homologous recombination. The disruption of the target
determine ifo,L.-End was simply not recognized by VioG or bound gene was confirmed by Southern blot analysis (Figure 2A,B). The
to the active site in an unproductive manner, we tested if 2 mM metabolite profile of thevioQ~ mutant (SvdQ13) revealed that
D,L-End could competitively inhibit the activation ofCap in the viomycin production was abolished and a new compound appeared
ATP—PPi exchange assay. The addgd-End had no effect on with a retention time of 19.13 min (Figure 2C, trace iii) and a mass
L-Cap activation (data not shown), and the result suggests thatof m/z 670.33 ([M + H]*), which is 16 mass units less than
enduracididine is not recognized by the VioG active site. viomycin and matches the molecular weight of tuberactinomycin

The activation of -Cap by VioG suggests that hydroxylation of ~O. To further confirm the role of VioQ, we complemented the
this residue in viomycin occurs either while an advanced precursor disrupted chromosomal copy of the gene by expressing a wild-
is attached to the NRPS or after the peptide core is assembledlype copy ofzioQ integrated into the chromosome of mutant
The latter scenario seems most probable in light of the isolation of SvdQ13. The wild-typesioQ was amplified by PCR and cloned
tuberactinomycin O (TubO) from some speciesiowever, 5-hy- into the integrative vector pXY152, and the resulting plasmid was
droxy-L-capreomycidine is not available as a substrate for use in introduced to the mutant strain SvdQ13 by conjugatfithis
the A domain assays to validate this assumption. Interestingly, recombinant strain, SvdQ13::pXY152-vioQ, was cultured under
hydroxylation at the8-carbon of the enduracididine residues found Viomycin production conditions, and LC-MS analysis revealed the
in the mannopeptimycins occurs prior to incorporation into the restoration of viomycin production and the disappearance of
peptide. The A domain responsible for the incorporation of the tuberactinomycin O (Figure 2C, trace iv).
p-hydroxyenduracididine residues in this peptide showed high  The finding that theioQ disruption did not affect formation of
specificity for the hydroxylated amino acid in vittd However, a the pentapeptide core of viomycin is consistent with the observed
mutant strain of the mannopeptimycin producer with a nonfunctional activation ofL-Cap by VioG and indicates that hydroxylation of
B-hydroxylase genenfppQ will accept enduracididine as an theL-Cap residue probably occurs after the amino acid is loaded
alternate substrate and produces dideoxymannopeptinijdihese onto the NRPS or the nascent peptide is released from the enzyme
findings prompted us to investigate further the timing of the complex. Demonstrating thamh trans complementation o£ioQ
modification ofL-Cap. results in the conversion of tuberactinomycin O to viomycin also
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Figure 2. Disruption and complementation ofoQ and metabolite analysis. (A) Insertion of the 1 kb apramycin resistance nmeaker
(3)IV into 2ioQ via double-crossover homologous recombination. (B) Southern blot analysis of genomic DNA digest&gjitifrom
wild-type S. vinaceus(lane 4) and disruptants SvdQ?7, 10, and 13 (lanes 1, 2, and 3, respectively). The blot was probed with DIG-labeled

2i0Q. (C) LC-MS metabolite analysis: (i) viomycin standard. Extracted fermentation broths of (ii) wildSypeaceus (iii) »ioQ mutant
strain SvdQ13; (iv) complemented mutant SvdQ13::pXY152-vioQ.

suggests that hydroxylation is a post-assembly modification. The and capreomycidine hydroxylation combinations, suggesting the
attachment of th@-lysine residue to the pentapeptide core is also order of these two tailoring events may be arbitr&ry.

very likely a tailoring event. Various tuberactinamines and tuber-  The results presented here, along with our earlier reports on the
actinomycins have been isolated that exhibit all posgislgsine roles of VioC and VioD in the biosynthesis ofCap, delineate the
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complete route for the transformationicfirg into the 5-hydroxy-
capreomycidine moiety of viomycin. This knowledge should help
with applications to engineer the production of novel tuberactino-

mycins and their semisynthetic derivatives as leads for new agents

to treat tuberculosis.

Experimental Section

Bacterial Strains, Plasmids, Cosmids, and Culture Conditions.
StreptomycesinaceusATCC11861) ancE. coli S17-1 (ATCC47055)
were purchased from American Type Culture Collection (ATCE).
coli EPI300 (Epicentre) was routinely used as hosEocoli plasmids,
cosmids, andk. coli—Streptomyceshuttle vectors, anH. coli Rosetta
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carried out in our laboratord?8 Tetrasodium $P]-pyrophosphate was
purchased from NEN-Perkin-Elmer. Assays (300 were conducted
by incubating 2 mM enzyme in reaction buffer (50 mM Tris, 100 mM
NaCl, 10 mM MgC}, 1 mM tris(2-carboxyethyl)phosphine, 5 mM DTT,
pH 8.0) containing 4 mM ATP, 0.&Ci tetrasodium $P]-pyrophos-
phate, and 2 mM amino acid substrate 3oh at 30°C. The reaction
was terminated by the addition of stop mix (5d0 1.2% w/v activated
charcoal, 0.1 M tetrasodium pyrophosphate, and 0.35 M HCkdee
[32P]-pyrophosphate was removed by centrifugation of the sample and
washing the charcoal pellet three times with wash buffer (0.1 M
tetrasodium pyrophosphate and 0.35 M H@IOQhe final wash solution
was aspirated and 1 mL of deionizeg@was added to each tube
before the level of bound radioactivity was determined by scintillation

(DE3) (Novagen) was used for protein expression. Standard media andcunting on a Beckman LS 6800.

methods were used to cultugtreptomyce® All DNA and protein
manipulations irE. coliwere performed following standard protocéls.
Plasmid pSET152 was obtained from Prof. Keith Chater (Norwich),
plasmid pWHMB860 was obtained from Prof. Bradley Moore (UC, San

Diego), the pGEM-T easy cloning vector was purchased from Promega

and the pET28a expression vector was from Novagen.

DNA Isolation and Manipulation. QIAprep spin miniprep kits
(Qiagen) were used to prepare plasmids and cosmids forooli
strains. Restriction enzymes, T4 DNA ligase, and DNA polymerase
were purchased from various suppliers and used following the
manufacturers’ protocols. QIAprep spin miniprep and QIAquick gel
extraction kits (Qiagen) were used for DNA purification. DNA

Disruption of »i0Q. To disruptvzioQ, a 2.8 kb fragment carrying
the entirevioQ gene and flanking regions was amplified by PCR from
cosmid pTOV106 using primers vioQDpf,-BTACATATG CC-
GACGTGTCGAGTC-3 and vioQDpr, 5 AGCGAATTCCGGGTGT-
GTAAAGCGA-3'. This fragment was cloned into pGEM-T-easy vector

'to yield the intermediate plasmid pGEMTE-vioQ. An internal native

BanH|I site in »ioQ was used as the site to introduce tBanHlI-
restricted apramycin-resistance marker (\into pGEMTE-vioQ. The
apramycin resistance gene was amplified by PCR from pSET152 using
primers apraRf, 5SCACGGATCQAAGCTTGGTTCATGTGCA-3, and
apraRr, SATCGGATCQRAGCTTCACGTGTTGC-3 (BanHl sites are
italic). The insert of the resulting plasmid was excised BgoR|
digestion and ligated with th&caRl linearized vector pXY300to

sequencing was conducted at the Center for Genome Research angeliver the final gene disruption construct pXY300-vioQ-AnThe

Biocomputing at Oregon State University.

Construction of E. coli Expression Plasmids forzioG and »ioG
A Domain. PCR primers were designed to amplifpG and a fragment
of 2i0G coding for the A domain. The forward PCR primer used to
amplify both thevioG andvioG A domain fragment was vioGf (5
CTGACATATGRACCACCACGTCCCA-3) (Ndd site is italic). The
respective reverse primers were vioG-EGCTCGAGTACTGCT-
TCTCCTCCGCT-3 Xhd site is italic) and vioG-Ar (5GACCTC-
GAGTAAGATCGCCGATTCCACTGG-3 Xhd site is italic). Cosmid
pTOV106 contains a portion of the viomycin biosynthesis gene cluster
and was used as template for the POReactions were carried out in
a total volume of 5Q:L containing 100 ng of template Xl buffer A
(AccuPrime GC-rich polymerase system, Invitrogen), 100 pmol of each
primer, and 2.5 units of DNA polymerase (Expand Long Template PCR
System, Roche). Gel-purified PCR products were ligated with pGEM-T

disruption plasmid was introduced inBvinaceusby conjugation, and
double-crossover mutants were identified as previously desctibed.
Southern blot analysis to confirm incorporation of inactivatéaQ
into the chromosome was conducted using digoxigenin-labetsg
as probe, and hybridization was revealed using a digoxigenin-DNA
detection kit (Roche).

Complementation of Mutant SvdQ13.The integrative expression
plasmid pXY152-vioQ was used to introduce a wild-type copyiof)
into the chromosome of SvdQ13. The vector pXY152 is a derivative
of the commonly used integrative conjugal vector pSET#5&hich
was modified by introducing the strong constituti&reptomyces
promoterermE7p in front of the multicloning site and replacing the
apramycin resistance marker with a hygromycin resistance gene (Yin
and Zabriskie, unpublished data). Primers vioQfA5ACATATGC-
CGACGTGTCGAGTC-3 Ndd site italic) and vioQr (5AAT GAAT-

easy vector (Promega). The correct plasmid constructs pPGEMT-vioG TCTCACCGGCTTTCCTTGAAATT-3, EcaRl site italic) were used

and pGEMT-vioGA were confirmed by sequencing, and the inserts
were excised by digestion witlidd and Xhd and ligated with similarly
prepared pET28a vector (Novagen) for expressiok.ioli as Hig-
tagged proteins.

Expression and Purification of VioG and VioG A Domain in E.
coli. The plasmids pET28a-vioG and pET28a-vioGA were used
separately to transforr&. coli Rosetta (DE3) cells. Single colonies
were picked to inoculate 5 mL of LB medium seed cultures containing
50 ug/mL kanamycin. After growing at 37C overnight, the seed
cultures were used to inoculate 500 mL of 2xYT medum containing
50 ug/mL kanamycin. Cells were grown at 2C€ without induction
until the Asoo = 1.8—2.0, harvested by centrifugation at 2@0@r 15
min at 4°C, and washed with phosphate-buffered saline (PBS; 100
mM NaCl, 50 mM NaHPO; NaH,PO;, pH 8.0). The washed cell pellets
were stored at-80 °C until used. Frozen cells were thawed on ice,

to amplify »ioQ from cosmid pTOV106.The amplicon was sequenced
and then cloned immediately downstream of #m/enE* promoter
region of pXY152 to give pXY152-vioQ. This plasmid was introduced
into SvdQ13 by conjugatioff. The recombinant strain SvdQ13::
pXY152-vioQ, in which pXY152-vioQ was integrated into the chromo-
some of mutant SvdQ13, was selected by the phenotype of resistance
to both apramycin (5@g/mL) and hygromycin (10@g/mL) on ISP2
agar plates. Ten randomly selected colonies showindt Antd Hydg?
were individually cultured and analyzed for viomycin production.
Extraction of Viomycin and Tuberactinomycin O. Wild-type S.
vinaceus,SvdQ13, and SvdQ::pXY152-vioQ were grown under condi-
tions previously described for the production of capreomycirSin
capreolus®® Cells from 500 mL of 7-day production culture were
harvested by centrifugation at 2apfbr 30 min. The broth was mixed
with an equal volume of MeOH and the volume reduced almost to

resuspended in PBS, and lysed by sonication in a Microson ultrasonic dryness by rotary evaporation. The concentrated solution was dissolved

cell disruptor. The lysate was centrifuged at 189®&@ 30 min at 4

in 20 mL of deionized HO and centrifuged at 45@Cfor 10 min, and

°C to remove cell debris. The supernatant was used as the cell-freethe pellet was discarded. The pH of the supernatant was adjusted to

extract for further purification. The HisvioG and His-VioG A
domains were purified using BD Talon metal affinity @presin (BD
Biosciences) following the manufacturer’s protocol. Purified proteins
were dialyzed twice agaihg L of dialysis buffer (50 mM Tris, 100
mM NaCl, 10 mM MgC}, 1 mM EDTA, 1 mM DTT, glycerol 10%,
pH 8.0) at 4°C overnight. Bradford assay (Bio-Rad) was used to
guantify the protein concentrations. The efficiency of the purification
was verified by SDS-PAGE, and purified proteins were stored 2

°C.

ATP—[%?P]PPi Exchange AssayThe assay was carried out es-
sentially as describet. All commercially available substrates were
purchased from Sigma. TheL-enduracididine was a gift from Wyeth
Research, and §3R)-capreomycidine was from previous studies

3.5 using HPO, and then centrifuged at 45@®@or 10 min. The pellet
was discarded, and the pH was adjusted to 7.5 using KOH. The sample
was centrifuged at 45@Cfor 10 min, and the supernatant was used for
further analysis.

LC/MS Analysis. Metabolite analysis was performed on a Ther-
moFinnigan LCQ Advantage LC/MS system (ThermoElectron), equipped
with an autosampler and photodiode array detector and controlled by
a PC running Xcalibur 1.3 software. Separation was done with a LUNA
SCX column (5um, 150 x 4.6 mm, Phenomenex). Samples were
passed through a 0.46m syringe filter, and injection volumes were
15 ulL. Elution buffers were (A) 25 mM NEDAc, (B) 500 mM NH-

OAc, and (C) acetonitrile. Gradient elution from 80% buffer (A) to
60% buffer (B) in 10 min then to 80% (B) over 10 min was carried
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out while buffer (C) was kept constant at 20%. Flow rate was 1.0 mL/

min. The effluent was monitored at 266 nm and scanned from 200 to

350 nm with the PDA detector. Positive mode electrospray ionization
with full scan mode fromm/z 150 to 900 was used for MS detection.
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