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ABSTRACT. Mycothiol is a novel thiol produced only by actinomycetes and is the major low molecular
weight thiol in mycobacteria. The mycothiol biosynthetic pathway has been postulated to involve ATP-
dependent ligation af-cysteine (Cys) with &-myainosityl 2-amino-2-deoxy-b-glucopyranoside; GIcN-

Ins) catalyzed by MshC to produce Cys-GlcN-Ins. The ligase activity was purifiag¢00-fold from
Mycobacterium smegmatisd two proteins of slightly differer#l, ~ 47000 were identified with MshC
activity. The N-terminal sequence of the smaller protein revealed that it was coded by a gene in the
databases foM. smegmatisnd M. tuberculosigpreviously designated aysS2 The larger protein was
coded by the same genehh smegmatidut included an eight amino acid N-terminal extension involving

a different start codon. The ligase was found to hEwevalues of 40+ 3 and 72+ 9 uM for Cys and
GlcN-Ins, respectively. TheysS2gene was thought to encode a second cysteinyl-tRNA synthetase in
addition tocysSbut the present results indicate tlatsS2is actually themshCgene encoding ATP-
dependent Cys:GIcN-Ins ligase.

Mycothiol (MSH; AcCys-GIcN-Ins; b-myainosityl 2-(N- significant role in protecting these bacteria against oxidative
acetylt-cysteinyl)amido-2-deoxy=p-glucopyranosidé)is stress 8, 4), and a disulfide reductase capable of maintaining
a novel low molecular weight thiollj produced by most it in the reduced state has been recently characterized (
actinomycetes?). Like glutathione, MSH appears to play a 7). In addition, MSH functions in the detoxification of
formaldehyde&—10) and of alkylating agentd (). Enzymes

tThis work was supported by grants from the National Science of MSH metabolism would appear to be potential targets
Foundation (9981850) and from Cytoclonal Pharmaceutics Incorporated.for new drugs directed against actinomycetes, including
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858-534-2163: FAX 858-534-4864. Mycobacterium tuberculosigvhich produces especially large

! Abbreviations: GIcN-Ins, d-myoinosityl 2-amino-2-deoxyx-b- quantities of MSH 2).
glucopyranoside; Cys-GIcN-Inspdmyainosityl 2-(L-cysteinyl)amido- The biosynthesis of mycothiol would seem to offer the

2-deoxye-D-glucopyranoside; GSH, glutathione; HEPBEE2-hydroxy- - -
ethylpiperazineN -2-ethanesulfonic acid; HPLC, high performance MOSt attractive targets for new drugs but our understanding

liquid chromatography; mBBr, monobromobimane; MSH and AcCys- of the enzymology of this process is still in the early stages
GlcN-Ins, mycothiol or b-myainosityl 2-(N-acetylt-cysteinyl)amido- of discovery. Upon the basis of studies with cell extracts,

2-deoxye-D-glucopyranoside; PAGE, polyacrylamide gel electrophore- ;
sis; PCR, polymerase chain reaction; RSmB, bimane derivative of Bornemann et al.1@) proposed that the final steps of the

corresponding thiol RSH; SAS, saturated ammonium sulfate; SDS, Piosynthesis involve ATP-dependent ligationietysteine
sodium dodecyl sulfate. with GlcN-Ins (MshC) followed by acetylation of the product
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MshA MshB complished with a 370 nm excitation filter and a 4180
2 —2 o GlcNAcins deacetylase o nm emission filter. The appareNt.x and K, values were
Cys + ATP calculated by least-squares analysis of Eadie-Hofstee plots
MshC with initial rate data using KaleidaGraph 3.5 (Synergy
ligase Software).
AcCys-GlcN-ns tran::‘z';glase AMP + PP; Protein concentration was measured by the method of
MSH Cys-GlcN-Ins Bradf(_)_rd a_6) using BSA as stand_ard. _
CoA AcCoA Purification of Ligase All operations were carried out at
FiGUrRE 1: Biosynthesis pathway for mycothiol. 4 °C in the presence of 3 mM 2-mercaptoethanol unless

) _ stated otherwise. Cells (182 g wet weight) were suspended
(C_Zys-GICN-Ins) to _product MSH (MshD) as illustrated in i, 780 mL of 50 mM HEPES pH 7.5 in the presence of 35
Figure 1. Production of GIcN-Ins from GIcNAc—In; was M of the protease inhibitordl-a-p-tosyl+-phenylalanyl-
shown to be catalyzed by a deacetylase (MshB) which was cpjoromethyl ketone and-o-p-tosyl--lysinechloromethyl
identified as coded by the open reading frame Rv1170 of yetone. The cells were disrupted by ultrasonication (Branson
M. tuberculosisthe first, and until now the only, mycothiol  ggnifier 200) in an ice bath. The cell debris was removed
biosynthesis gene to be identifietl3). For several years, by centrifugation at 1000@pfor 1 h at 4°C. A solution of
we have sought to identify the ligase (MshC) utilizing both  gatyrated ammonium sulfate (Fisher) was added to the
genetic and enzyme isolation protocols. The task proved gperatant to 15%, and the mixture was allowed to stand
surprisingly difficult, but we finally s_ucce.ed'ed in purifying  gn ice for 2 h. After centrifugation at 280§Gor 30 min,
the enzyme fromM. smegmatisand identifying themshC  gqgitional SAS was added to the supernatant to 50%
gene ofM. tuberculosis as reported herein. saturation, and the mixture was stored overnight 4C4
After centrifugation at 280afor 30 min, the protein pellet
MATERIALS AND METHODS (32 g) was resuspended in 500 mL of 50 mM HEPES pH
Bacterial Culture. M. smegmatsgrain mé155 was grown 7.5 and was desalted by passing it through Sephadex G-25
in Middlebrook 7H9 broth supplemented with 0.05% Tween column (7.5x 36 cm). The collected eluent (550 mL) was
80 and 0.4% glucose at 3T and 250 rpm. After 28 h of  applied on a Toso Haas DEAE 650-M column (5226
cultivation, the bacterial cells were collected by centrifugation cm, 500 mL) equilibrated with 50 mM HEPES, pH 7.5. The
at 800@ for 15 min. The cell pellets were stored-a?0 °C enzyme was eluted with a linear gradient ef@4 M NaCl
until used. in 16 column volumes of the buffer at 600 mL/h. The
ReagentsMiddlebrook 7H9 was purchased from Difco fractions (315-350) containing the third peak of enzyme
Laboratories, and glucose and Tween 80 were from Fisher.activity were combined (670 mL) and were diluted 3-fold
MSH was isolated fromM. smegmatisderivatized with with Milli-Q water to lower the salt concentration. The
monobromobimane (mBBr, Molecular probes) to form diluted solution was applied to a hydroxyl apatite column
MSmB, and purified as described earliéd). GIcN-Ins was (Bio-gel HTP from BioRad; 2.6x 26 cm) at 120 mL/h,
prepared by hydrolyzing MSmB quantitatively, with purified which was preequilibrated with 10 mM potassium phosphate
M. smegmatisnycothiol S-conjugate amidase, as previously (Fisher) buffer pH 6.8 containing 100 mM NaCl. The bound
described11). CysmB-GIcN-Ins was purified by preparative  proteins were eluted at 240 mL/h with a linear gradient of
HPLC, after acid hydrolysis of MSmB, as described earlier 10—100 mM phosphate (1660 mM NacCl) in 20 column
(15). volumes. The activity in fractions (#51L25) was collected
AssaysA minor modification of the protocol described (800 mL) and diluted to 1800 mL with Milli-Q water to
by Anderberg et al.15) was used for routine measurement lower the salt concentration. The pH was adjusted to 6.4
of ATP-dependent ligase activity. The enzyme activity was with 1 M potassium dihydrogen phosphate. The diluted
assayed in a final volume of 28 containing 12.5uL of material was applied to a Reactive Brown 10 dye affinity
the ligase in different dilutions, 50M GIcN-Ins, 100uM column (Sigma, 1.5¢ 11 cm, 20 mL) at 60 mL/h preequili-
Cys (Calbiochem), 1 mM ATP (Sigma), 1 mM MgCl brated with 50 mM potassium phosphate buffer pH 6.5 and
(Fisher), 1 mM DTT (Calbiochem), 25 mM HEPES (Sigma), washed with buffer until no absorption was evident in the
pH 7.5, and 3%M each of the protease inhibitors (Sigma) effluents (200 mL, 120 mL/h). The ligase was eluted with
N-a-p-tosyl4 -phenylalanylchloromethyl ketone ahbda-p- 50 mM phosphate buffer pH 8.0 at a flow rate of 120 mL/h.
tosyl+ -lysinechloromethyl ketone. The mixture was incu- The fractions containing optimal ligase activity {1@4) were
bated at 37°C for 30 min. The assay was terminated by collected (104 mL). The protein was concentrated by adding
addition of 25uL of 8 mM mBBr in acetonitrile and heating  solid ammonium sulfate to 80% saturation and allowing
the mixture at 60C for 5 min to derivatize the thiols. The precipitation to continue on ice for 2 h. It was collected by
derivatization was quenched with the addition of 1&00f centrifugation at 28009for 30 min at 4°C and resuspended
10 mM methanesulfonic acid and vortexing. HPLC analysis in 50 mM HEPES pH 7.5 containing 150 mM NaCl and 3
of CySmB-GIcN-Ins and CySmB was carried out by HPLC mM 2-mercaptoethanol. This was loaded on a Sephadex
using a Beckman Ultrasphere IP (2504.6 mm) analytical G-100 column (Pharmacia, 1:695 cm, 170 mL) and eluted
column fitted with a Brownley OD-GU & C-18 cartridge with the same buffer. The active fractions were collected (2
using the following linear gradients: 0 min, 100% A (0.1% mL each) and analyzed for purity on 12.5% SBFAGE.
TFA in water); 10 min, 100% A; 30 min, 80% A; 33 min, Purified protein thus obtained was stored &CAfor further
100% B (7.5% methanol in acetonitrile); 36 min, 100% B; characterization.
38 min, 100% A; 50 min, 100% A (reinjection). The flow Protein SequencingAmino acid sequencing was per-
rate was 1 mL/min and fluorescence detection was ac-formed after electroblotting the two bands of active ligase
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Table 1: Purification oM. smegmati€ys:GIcN-Ins Ligase (MshC)

25
20
15
10

total specific
activity  activity
protein (nmol (nmol mint yield purif
step (mg) min7Y) mg1) (%) factor

crude extract 9660 227 0.023 (100) (1)
15-50% SAS 6900 1030 0.15 454 6.5
DEAE ion exchange 847 465 0.55 205 24
hydroxyl apatite 90 300 3.3 132 139
Reactive Brown 10 15 150 10 66 435
affinity chromatography B
gel filtration G-100 0.2 10.8 54 4.8 2350 0.15 > 7

o o

from 12.5% SDSPAGE to a poly(vinylidene difluoride) 010} . e 7
membrane. The N-terminal amino acid sequence was deter- 0.05 L . .
mined on an Applied Biosystems model 494 Procise gas- , .
phase protein sequencer at the UCSD Department of Biology ooobt e
Protein Sequencing Facility. 100 150
Cloning of the Ligase. M. tuberculosi$37Rv genomic
DNA (kindly provided by Y. Av-Gay, University of British
Columbia) was employed to amplify timeshCgene by PCR
using the primers DF-1 (85CGGATCCATGCAGTCGTG-
GTATTGCCC-3) and DR-1 (5CCAAGCTTCTACAG-
GTCCACCCCGAGCA-3, and Platinum Pfx DNA poly-
merase (Gibco BRL). The PCR product was cloned into the
BarH I/Hind Il (New England Biolabs) sites of pRSETA
(Invitrogen) using T4 DNA ligase (Gibco BRL). The
expression plasmid was transformed iftocoli TOP10F 0.30
(Invitrogen) and the presence of the insert verified by
cleavage wittBarrH | andHind Ill. The MshC ligase, which 0.20
contains an N-terminal Hieextension, was expressedin
coli BL21 (DE3) plys S (Invitrogen) with induction overnight 0.10
by 0.5 mM isopropyls-bp-thiogalactopyranoside (Fisher) at 0.00

20 °C. 0 10 20 30 40 50 60
FRACTION NUMBER

RESULTS Ficure 2: Chromatographic profiles for purification of MshC: (A)
. . . - DEAE ion exchange; (B) hydroxyl apatite; (C) Reactive Brown
Purification Pf .the CYS-Q|CN'|nS ligase prOV?d d'ff'cun_ 10 affinity chromatography; (D) Sephadex G-100 gel filtration.
and many preliminary studies were needed to finally obtain

sufficiently pure protein for N-terminal sequencing. The  The purification was monitored by SB®AGE (Figure
major problems encountered were multiple interconverting 3), which suggested that only a few proteins of varying size
forms of the enzyme activity which eluted separately on were present after chromatography on the Brown-10 column.
chromatography and instability of the enzyme activity in The peak activity from this column was pooled, precipitated
purification buffers. The method that was eventually suc- with ammonium sulfate, and taken up in HEPES buffer pH
cessful depended upon selection of the correct peak of7.5 for chromatography on Sephadex G-100. The activity
activity at each stage of purification and intensive effort to eluted in two peaks corresponding b, ~150 000 and
complete the protocol before activity was lost. ~89 000 (Figure 2D), the second peak exhibiting highest
The first purification step (Table 1) involved a -350% specific activity. Each fraction of the second peak was
ammonium sulfate fractionation and this resulted in a 6.5- concentrated and examined by SBISAGE (Figure 3). Two
fold increase in specific activity with very little loss of closely migrating proteins oM, ~ 47 000 were detected
protein. After the sample was desalted on G-25, this material (Figure 3, lanes 1814), with the larger protein rich in the
was chromatographed on DEAE 650-M. The elution profile earlier fractions (lanes 10 and 11) and the smaller protein
(Figure 2A) revealed three major peaks of activity, the major dominant in the later fractions (lanes 13 and 14).
portion of the activity residing in the first and third peaks. The smaller protein was submitted for N-terminal amino
Experience revealed that the third peak was more readily acid sequencing, and the sequence MQSWSAPAIPVVPGRG-
susceptible to further purification, and the central fractions PALR was obtained. When this sequence was BLAST
from this peak were combined for chromatography on searched against the TIGR website of unfinisihkdsmeg-
hydroxyl-apatite (Figure 2B). Activity eluted primarily in  matisgenomic sequence, a 100% identity match was obtained
one broad peak. The most active fractions were combinedwith the N-terminal sequence for an open reading frame
and bound to a Reactive Brown-10 dye affinity column at found on contig 3267 (1222384L223620) and encoding a
pH 6.5. After unbound protein was washed off, the column protein of 412 amino acid residues. A BLAST search of the
was eluted by increasing the pH to 8.0 over 5 column N-terminal sequence against tiM: tuberculosisgenome
volumes (Figure 2C). The activity eluted at pH 8 in a sharp databasel(7) on Tuberculist retrieved the sequence assigned
but tailing peak. as CysS2 (Rv2130c) as the only one with significant

o = N W b~ O

LIGASE ACTIVITY (pmol/min)

A2s0
Q
[4;]
o
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Sequencing of the cloned DNA verified that the cloning was
accurate. The Histagged protein was expressedEn coli
after induction with isopropyp-p-thiogalactopyranoside.
Assay of the crude extract with 1 mM ATP, 0.1 mM Cys,
and 50uM GIcN-Ins gave 0.12 nmol mirt mg* of ligase
activity, whereas analogous measurementg oooli trans-
formed with the blank vector yielded no measurable ligase
activity (<0.01 nmol min! mg).

4
i
=
ﬂlﬂr
—
By

1 1T

DISCUSSION

|
|
|
I 1

It appears that the difficulty in purifying the Cys:GIcN-
Ins ligase derives in part from the presence of two different
forms of the MshC protein and their tendency to oligomerize.
Some of the different forms apparently elute separately on
some chromatography columns but once separated can
rearrange to regenerate multiple forms. The ligase activity
eluted from Sephadex G100 as an apparent tetramer but the
purified ligase was collected as what appeared to be partially
resolvablen, andf, dimers. Since th&l. tuberculosigyene
did not exhibit upstream homology to thl smegmatigene

30 Ny in the region coding for the N-terminal extension of the larger
8 9 10 1 12 13 14 IS protein, this problem may be unique tb. smegmatisThe
FiGURE 3: SDS-PAGE gels showing purification of MshC: (lanes ~Significance of multiple forms of the enzyme under physi-
1, 7, and 8) Bio-Rad Broad Range molecular mass standards; (lanedlogic conditions is not clear and could not be explored with
2) crude cell free extract; (lane 3) $50% saturated ammonium  the limited amounts of purified enzymes available. This

Sﬁlfate textractk;] (|f(i|ne 4)5)900|(|9ddffr30ti9”5 ffﬁs? fronp] '3EAE| would likely be most conveniently explored if the two
chromatography; (lane 5) pooled fractions #2125 from hydroxy ; s
apatite chromatography; (lane 6) pooled fractions-#32 from proteins can be cloned and purified separately.

Reactive Brown 10 chromatography; (lane 9) Sephadex G-100 The catalytic nature of the enzyme activity is consistent

fraction fraction 50 (lacking ligase activity) and (lanes—1%) with its assignment as the ligase involved in MSH biosyn-

fractions 52-57, respectively, with purified ligase. thesis. The cellular concentration of CysNh smegmatis
during exponential growth has been measured-atl5

_N—ter_minal sequence_gorrespondence and reveale_d a 700/&mo|/g of residual dry weight1(5), which corresponds to a
identity and 80% positive homology for the N-terminal 20 ce|jyjar concentration of 5@M assuming that the cellular

amino acid residues. The full sequences for the two proteinsyater content is three times the residual dry weight. This is
are compared in Figure 4. comparable to the appareft, = 40 uM for Cys determined
The larger protein was also submitted for sequencing andhere. The cellular level of GIcN-Ins iM. smegmatisvas
produced the sequence (G/S/M)(E/Q)HLKVDAMQSW(S/ measured at 33 14 uM (15), roughly half theK,, value of
D/P)APAIP. This sequence overlaps that of the smaller 72+ 9 4M determined here. This value is significantly below
protein and when thé/l. smegmatisgene was examined  the value of 140+ 9 uM determined by Bornemann et al.
upstream from the terminal Met of the smaller protein a (12) at [ATP] = 2 mM and [Cys]= 245 uM using a 306-
matching sequence SEHLKVDAMQSWSAPAIP was found. 50% SAS fraction prepared from . smegmatiscrude
However, no sequence other than CysS2 was found whenextract supernatant.
Tuberculist was searched with this sequence and the upstream g teria generally produce one aminoacyl-tRNA syn-
residues of thé. tuberculosis cysSgene are not homolo- - {hetase for each of the 20 natural amino acids, but some
gous to those of thél. smegmatigene. Thus, the ligase of oy cantions are knowrl8). However, in those cases where
M. smegmatisnay be translated in two forms, one having 4 aminoacyl-tRNA synthetases for the same amino acid
an N-terminal extension of eight residues starting with Ser 5\ peen identified, they have nearly identical size. This is
and the other having Met as the N-terminal residue. i the case with CysS and CysS2 (MshC) whichMn
Alternatively, the larger protein may have been translated yhercylosisare comprised of 475 and 414 residues, respec-
and partially processed by proteases. tively. There are structural similarities and differences
The remaining active enzyme fractions were utilized to petween CysS and MshC froM. tuberculosis(Figure 5).
estimateKy and Vimax values for Cys and GIcN-Ins from  CysS Jacks the N-terminal sequence (residue$d, Figure
Eadie-Hofstee plots. With [ATP} 1 mM and [GICN-Ins]  4) partially conserved in the MshC genes. The CysS and
= 300 uM, the apparenKy, for Cys (5-400 uM, n = 8) the MshC genes possess the “HIGHY(20) and “KMSKS”
was determined to be 46 3 uM and the appareMdmaxWas (21, 22) signatures characteristic of class | aminoacyl-tRNA
83+ 3 nmol mim! mg™*. For [ATP] = 1 mM and [Cys]= synthetases 18). However, whereas the CysS proteins
100uM the apparenKn for GIcN-Ins (5-600uM, n = 7) contain the actual HIGH sequence near residue 40 (Figure
was 724+ 9 uM and the apparen¥ma was 90+ 7 nmol  5) the sequence is H(L/M)GH in the MshC proteins shown
min~t mg~*. in Figure 4. The substitution of Leu or Met for lle is found
Confirmation thatysS2f M. tuberculosisodes for MshC in several class | aminoacyl-tRNA synthetasé&$)( The
was obtained by using PCR to clone the gene into pRSETA. CysS protein oM. tuberculosishas a 76-residue extension

Upper band | Ligase
“Lower band | ~ 47 kD
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1. M. smegmatis
2. M. tuberculosis
3. C. striatum

4. S. coelicolor

1. M. smegmatis RGHEYVE Y vON T DVDD PLFE RAER DGEID KR
2. M. tuberculosis \
3. C. striatum HIVHY VO
4. S. coelicolor (58) IRNAIINRYOIRVINERTKR QMSNATSNVINDIDIEET AT

3. C. striatum(123)
4. 8. coelicolor(119)

1. M. smegmatis (178) [ ERGGDPpRR PGKS[Je LDA LLWR AJaR}g GEPS
2. M. tuberculosis (180} 5 ERGGD RP(;KS 331 DALLWRAARIFGEPS
3. C. striatum (179)

4. S. coelicolor(174)

245

1. M. smegmatis (238) &
2. M. tuberculosis (240) I3
3. C. striatum (239)
4. S. coelicolor (235)

1. M. smegmatis (299)
2. M. tuberculosis (301)
3. C. striatum (300)

4. 8. coelicolor (296)

1. M. smegmatis (359)
2. M. tuberculosis (361)
3. C. striatum (361) DK

4. S. coelicolor (356)

FiGure 4. Sequence alignments for orthologs of MshC.

66

1. MshC M. tuberc. (1) MOSWYCPPVPVLP - MYVCGI -YD FD)
2. CvsS M. tuberc. (1} -----~------ vT A FATVe e VA FD)
3. CysS E. coli (1 ----------------- IF L KE eMYVCGITVYD VA EFD)

80 20 100 110 120 132
1. MshC M. tuberc. (64) LI B TDI PL FER¥A DR v RE AEVH CEi" -A plosyatle
2. CysS M. tuberc. (54) IL DVAFI ”iD DK I THE PEJAEPRA
3. CysS E. coli  (49) Vv, %0 J4YVRNITD IDDK I8 ESFVPMVDRMIIEMHKE DA N IR DMISIE
133 140 150 160 170 180 498

1. MshC M. tuberc (130) RAINR IBREMGEY DPTL - ITMLRLCEER B PR
2. CysS M. tuberc (120) MTEIU LFIR T TIOJA GHA YN e R DVH = --
3. CysS E. coli (115) TR TEORIKEINGI AR - - - - - QLQ DWED-
199 210 220 240 264

1. MshC M. tuberc. (196) Rp
2. CysS M. tuberc. (177) ---
3. CysS E. coli (175) --- NP

SGLisNIY DIt FPHH
(ZeFD T G DILYY FPHHE!
W FD THGGC SDLY FPHHE!

320 330

2 CvsS M tuberc (240) Jap¥Nels R A Cﬂ e(‘EKMSKSLGN L SMPI M- %@ R\YRIS AET IS8 M

3. CysS E. coli (238) ‘ - ) BI¥eN e = TR v K YYDA E TR FIIE 0

340 350 360 370 380 398

1. MshC M. tuberc. (328) RF OVED% ATALP- - --BAGPAA RR Yi#A/BJIDiRE KA T AEDGWVTDAV
2. CysS M. tuberc. (303) HRVRT AVCPd PT REAEALDDD HHV
3. CysS E. coli 302) RGTDK PAGGE‘.AFIA DDD Yc FDMA

397 410 420 450 462

1. MshC M. tuberc. (390) MY 7l Tim, 2 T i (70

2. CysS M. tuberc. (369) Aﬁgﬁgﬁﬁw ASAIRE Ml{-‘% fﬂﬁ ;JESRDET LAAVDY- LVORE IENEE KEREOR

3. CysS E. coli 368 NNa M H EPISAFLCS OADDSEDMAEI AL, eORL, DINIK AK

483 470 498

2. CysS M. tuberc. (434) EI EVT]p TADEPQSLLGGDTK
3. CysS E. coli (431 %PE% VL%GP@T%ERRK —————
Ficure 5: Sequence alignments of MshC and Cys®voftuberculosisand CysS ofE. coli.

beyond the C-terminus of MshC which has substantial probable that CysS d¥l. tuberculosids the true cysteinyl-
identity (29%) with the corresponding 69 residue extension tRNA synthetase and the protein originally classified as
in the CysS fronk. coli (Figure 5). Overall, the CysS o. CysS2 is actually the Cys:GIcN-Ins ligase (MshC).
tuberculosiss 42% identical to the CysS @&. coliand 32% A BLAST search with theM. tuberculosisMshC sequence
identical to MshC oM. tuberculosisFinally, CysS has been  on GenBank revealed additional homologueStreptomyces
normally found to be active as a monomer, whereas MshC coelicolor A3 (2) (accession no. CAC36366) ai@bryne-

is active in both dimer and tetramer forms. Thus, it is bacterium striatum(accession no. AAG03366). The se-
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0
adenine Cys O-AMP
- OH
O\ 'I J UZN m%HQOH
RNA-O”
t °© © O-Ins
0 Cys o)
| ~[AvP-O ot
tRNA-3'(2)-0 C - K
(@) 3 O OornH) | Ors JL4 NH-GlcN-Ins

2
Ficure 6: Chemistry of cysteinyl-tRNA synthetase and Cys:GIcN-
Ins ligase reactions.
quences for these MshC proteins are included in Figure 4
and have 5455% identity to theM. tuberculosissequence.
Moreover, orthologs oM. tuberculosisMshC were also
found (tblastn) at the Sanger Institute . leprae (82%
identity, ref 23),M. bovis (96% identity; www.Sanger.org/
Projects/M_bovis), an€orynebacterium diphtheria@4%
identity; www.Sanger.org/Projects/C_diphtheriae), and at
TIGR in M. avium (81% identity). All of these organisms

belong to genera of bacteria that have been shown to produce 6.

MSH (2).

It seems logical thainshCoriginated from thecysSgene
following a gene duplication. The enzyme mechanism of the
aminoacyl-tRNA synthetases involves activation of cysteine
to produce a cysteinyl-AMP intermediatedj. The activated
cysteinyl group is subsequently transferred to the@r23
ribosyl hydroxyl at the 3terminus of t-RNAY® to produce
the charged cysteinyl ester on t-RN#&Figure 6). The initial
step, formation of AMP-Cys (1), is the same for the ligase
reaction. The ligase mechanism differs chemically by
recognition of GIlcN-Ins in place of the ribose of t-RRA
and in the attack of the amino group, in place of a hydroxyl
group, upon AMP-Cys (Figure 6). A general base on the
enzyme presumably functions to remove a proton from the
hydroxyl or amino group leading to formation of a tetrahedral
intermediate Z) which decomposes to form an est8}, (in
the case of cysteinyl-tRNA synthetase, or an amieir{

the case of the ligase. The later process is chemically more

favorable owing to the greater nucleophilicity of amines over
alcohols and the greater thermodynamic stability of amides

relative to esters. These features, inherent in the chemistry

of the reactions, make evolution of the ligase from a
cysteinyl-tRNA synthetase a highly plausible route.

The ligase genemshG is the second gene of MSH
biosynthesis to be identified, the first being that coding for
GlcNAc-Ins deacetylasenshB(13). Identification of the
genes for mycothiol biosynthesis is the first step in evaluating
their utility as targets for development of new drugs and
vaccines directed against infections by actinomycetes. An
important next step is the characterization of mutants in

which these genes have been inactivated and this is the

subject of current studies.
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