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those of GSH in GSH-producing organisms. A recent
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Mycothiol (MSH) is the major low molecular weight
hiol in mycobacteria. Two chemical mutants with low
SH and one with no MSH (strain 49) were produced

n Mycobacterium smegmatis mc2155 to assess the role
f MSH in mycobacteria. Strain 49 was shown to not
roduce 1-D-myo-inosityl-2-amino-2-deoxy-a-D-glucopy-
anoside (GlcN-Ins), an intermediate in MSH biosyn-
hesis. Relative to the parent strain, mutant 49 formed
olonies more slowly on solid media and was more
ensitive to H2O2 and rifampin, but less sensitive to
soniazid. Complementation of mutant 49 with DNA
rom M. tuberculosis H37Rv partially restored produc-
ion of GlcN-Ins and MSH, and resistance to H2O2, but
argely restored colony growth rate and sensitivity to
ifampin and isoniazid. The results indicate that MSH
nd GlcN-Ins are not essential for in vitro survival of
ycobacteria but may play significant roles in deter-
ining the sensitivity of mycobacteria to environmen-

al toxins. © 1999 Academic Press

Mycothiol, 1-d-myo-inosityl-2-(N-acetyl-l-cysteinyl)
mido-2-deoxy-a-d-glucopyranoside (MSH, AcCys-
lcN-Ins), is a novel conjugate of N-acetylcysteine, glu-

osamine and myo- inositol (Fig. 1) that is produced by
ost actinomycetes but apparently not by other bacte-

ia or eukaryotes (1). These bacteria, which include the
edically important mycobacteria, do not produce
SH, an important coenzyme in reactions which pro-

ect against oxygen toxicity and electrophilic toxins
2,3). Since MSH is more resistant than GSH to autox-
dation (4) and, like GSH, occurs at millimolar levels, it

ay have functions in actinomycetes analogous to

1 To whom correspondence should be addressed. Fax: (619) 534-
864. E-mail: rcfahey@ucsd.edu.
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xample is the demonstration for the actinomycete
mycolatopsis methanolytica that MSH is the factor

or NAD/factor-dependent formaldehyde dehydroge-
ase, playing an analogous role to that of GSH in
he well-characterized NAD/GSH-dependent formalde-
yde dehydrogenase (5,6). If MSH is a key protectant

n these bacteria, then the biochemical steps involved
n its production and utilization may represent impor-
ant new targets for drug development (1,4,7,8). The
ast steps of MSH biosynthesis are thought to involve
oupling of Cys to GlcN-Ins followed by acetylation
Fig. 1) based upon studies by Bornemann et al. (8)
ith partially purified cell extracts from Mycobacte-

ium smegmatis and by Anderberg et al. on cellular
evels of possible biosynthetic intermediates in M.
megmatis (9).
We wanted to answer two questions in the present

tudies. First, is MSH essential for survival of myco-
acteria, thereby making mutants in its production
naccessible? Second, does MSH play an important role
n the sensitivity of mycobacteria to peroxides and
rugs? To answer these questions we sought chemical
utants blocked in MSH production. This was facili-

ated by development of an immunoassay for MSH (10)
nd of sensitive high performance liquid chromatogra-
hy (HPLC) assays for key intermediates in MSH bio-
ynthesis (9). We describe here the production and
haracterization of three mutants of Mycobacterium
megmatis mc2155 having significantly reduced MSH
evels.

ATERIALS AND METHODS

The organisms used were M. smegmatis mc2155, kindly provided
y W. R. Jacobs, and M. tuberculosis H37Rv strain 102 (ATCC
7294). N-Methyl-N9-nitro-N-nitrosoguanidine (MNNG) was from
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ldrich; rifampin (RIF) and isoniazid (INH) were from Sigma; hy-
romycin B and diamide were from Calbiochem. Growth media were
escribed previously (9). All other chemicals were of reagent grade or
igher purity from Fisher.
Mutants of M. smegmatis mc2155 were produced from mid-log

hase cultures on Middlebrook 7H9 liquid medium supplemented
ith 0.05% Tween 80 and 0.4% glucose. Cells were harvested by

entrifugation and the pellets resuspended in the original medium at
2.5 x 109 colony forming units per ml (CFU ml21), using the factor
.5 x 108 CFU ml21 for A600 5 1.0 (11). A 1 ml aliquot in a 15-ml
entrifuge tube was vortexed after addition of 4 ml of a freshly-made
olution of 100 mg/ml MNNG in dimethylsulfoxide (DMSO). A control
as similarly prepared using pure DMSO and both samples were

ncubated 30 min at 37°C with shaking (240 rpm). The cell suspen-
ions were diluted with 9 ml of fresh medium, vortexed, and centri-
uged 10 min at 1000 x g; 9 ml of the supernatant was discarded. This
ashing protocol was repeated twice after which the cells were

esuspended in 10 ml fresh medium, transferred in 5 ml aliquots to
terile culture tubes, and incubated 8.5 h at 37°C with shaking (240
pm). The cells were diluted in fresh medium and passed several
imes through a 22-gauge needle to break up cell clumps before
lating on Middlebrook 7H9 agar (containing 0.05% Tween 80 and
.4% glucose) with 1 mM diamide added. Plates were incubated for 9
ays at 37°C in a humidified incubator, and scored daily for the
ppearance of new colonies. Individual colonies were marked accord-
ng to the day of appearance. Treatment with MNNG reduced sur-
ival to 20% of that of the untreated control. Slow-growing colonies
ere replated in duplicate as described above but without diamide
sing a grid layout in 100 mm culture dishes. After colony develop-
ent, one plate was used to screen for MSH-deficient mutants using
membrane-based immunoassay highly specific for MSH (10).

riefly, this assay involves transfer of colonies to a nitrocellulose
embrane coated with bovine serum albumin linked to
-ethylmaleimide, lysing of cells with N-acetylglucosaminidase to

elease MSH and permit its reaction with the maleimide residue,
ashing unbound material from the membrane, and detection of
SH using a rabbit antibody specific for bound MSH. Cells not

eacting with MSH antibody were identified as potential mutants in
SH production and were further characterized.
Cosmid libraries for complementation of M. smegmatis mc2155

train 49 have been constructed from M. tuberculosis H37Rv using
huttle plasmid pYUB412, kindly provided by W. R. Jacobs, essen-
ially as described by Jacobs et al. (12) for pYUB18 constructs.
enomic DNA from M. tuberculosis H37Rv was partially digested
ith Sau3A for 45 min at 37°C. The digestion mix was ethanol
recipitated and ligated to BclI-cut vector. The pYUB412::H37Rv
ibrary was packaged in lambda phage and used to transfect maltose-
reated Stratagene Escherichia coli XL-1 Blue MRF’ according to the
anufacturer’s instructions. The E. coli cosmid library was grown on

FIG. 1. Structure and biosynthesis of mycothiol in M. smegmatis.
240
he mycobacterial library was generated by standard alkaline lysis of
he pooled E. coli clones. This plasmid DNA was purified by treat-
ent of the plasmid with DNAse-free ribonuclease followed by ex-

raction with chloroform-phenol. It was then used to transform M.
megmatis strain 49 by electroporation as previously described (13).
he cells were plated on 7H9 agar containing hygromycin (100 U per
l) and the transformants were manually picked and gridded on the

ame media for screening of mycothiol production by immunoblot-
ing as described above. Transformants that appeared to be MSH
ositive by immunoblotting were grown in Middlebrook 7H9 medium
nd the thiol content determined by monobromobimane labeling and
PLC as described below.
For growth rate studies in liquid medium an overnight starter

ulture of each M. smegmatis strain was prepared in Middlebrook
H9 with glucose (0.4%) and Tween 80 (0.05%) producing A600 5 1 -
. From this starter culture duplicate 50 ml cultures were inoculated
n the same medium in 125 ml Erlenmeyer flasks to A600 5 0.1 and
haken at 225 rpm at 37°C. Aliquots of 1 ml were removed from one
ask for absorbance (A600) measurements using a Beckman model
U640 spectrometer. At A600 ; 0.8 the second culture was chilled on

ce and pelleted by centrifugation at 4°C for amine and thiol analysis
see below). The log phase doubling time (TD) in liquid culture was
ssessed from a plot of log A600 versus time at A600 # 0.8.
For peroxide toxicity studies a 24 h culture in Middlebrook 7H9
ith glucose (0.4%) and Tween 80 (0.05%) was prepared and ad-

usted to 2.5 3 107 CFU per ml based upon the A600 value. Hydrogen
eroxide (Fisher) was diluted in MilliQ water to prepare 1 M or 0.2

stock solutions, which were filter-sterilized and stored on ice. The
equired amount of H2O2 stock solution (at least 10 levels) was added
o 1 ml of cell suspension in a 15 ml culture tube and the suspension
as shaken at 37°C for 2 h. Cells were syringe resuspended, diluted

nto fresh medium, and plated on 7H10 agar. Plates were incubated
t 37°C until colonies were approximately 1-2 mm across. The time
n days (TCF) for aerobic growth of M. smegmatis strains on 7H10
gar was assessed using the peroxide-free controls in these experi-
ents.
The amine components of MSH (GlcN and GlcN-Ins) were deter-
ined by HPLC analysis of the 6-aminoquinolyl-N-hydroxy-

uccinimidyl carbamate (AccQ-Fluor) derivatives and the thiol com-
onents were measured as the 4-bromomethyl-3,6,7-trimethyl-1,5-
iazabicyclo[3.3.0]octa-3,6-diene-2,8-dione (monobromobimane, mBBr)
erivatives as described previously (9).
Cys/GlcN-Ins ligase activity was measured on crude, undialyzed

upernatants at a final concentration of 1 mg protein per ml (A280 5
.0) as described earlier (9) with the following changes. Reaction
ixtures (25 ml) were reacted for 0 and 45 min using 25 mM 4-(2-
ydroxyethyl)-1-piperazineethanesulfonic acid buffer, pH 7.5, in
lace of phosphate buffer to eliminate interfering peaks in the HPLC
nalysis. An equal volume of 8 mM mBBr in warm acetonitrile was
hen added and the mixture heated 3 min at 60°C. The derivatization
eaction was quenched by 4-fold dilution in 10 mM methanesulfonic
cid and samples analyzed by HPLC (9). Direct comparison revealed
hat the change in buffer produced no change in reaction rate.

For drug toxicity studies, filter sterilized stock solutions of ri-
ampin (RIF) (in 50% DMSO in water) and isoniazid (INH, aqueous)
ere diluted into warm (;45°C) Middlebrook 7H9 agar at not less

han 15 different levels between 0.01 mg/ml and 100 mg/ml and
llowed to solidify overnight in the dark prior to use. Log phase
ultures were plated as above for the peroxide sensitivity studies to
ive about 300 colonies on control plates. Colonies were counted after
4 days for mc2155, ;5 days for strains 5, 6 and A18 and 8-10 days

or strain 49 in control experiments. Experiments with the highest
evels of RIF or INH took an additional ;5 days for colony formation.
he MIC50 value is defined as the drug concentration that gives 50%
f the control survival level.
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ESULTS

An approach analogous to that used to obtain mu-
ants defective in glutathione biosynthesis (14) was
dopted here for MSH-deficient mutants. Mycobacte-
ium smegmatis mc2155 was mutagenized with MNNG
nd colonies developed on medium containing 1 mM
iamide. Diamide penetrates cells and oxidizes intra-
ellular thiols (15). A concentration of 0.15 mM dia-
ide served for selection of E. coli mutants in gluta-

hione metabolism (14) but 1.0 mM was needed with M.
megmatis which was found to be more resistant to
iamide. M. smegmatis colonies were selected which
ere apparent only after 7-11 days of incubation.
hese were classified as slow-growing on diamide me-
ium since control cells all developed within 3-4 days
n this medium. A total of 415 slow growing colonies,
7% of the total colonies, was selected. These were

eplated on medium without diamide and the resulting
olonies screened for MSH production by immunoblot-
ing (10). Immunoblotting identified 29 colonies with
pparent low or no MSH production and these were
rown in bulk culture for full thiol analysis by fluores-
ent labeling with mBBr and HPLC (9,16). Most of
hese mutants proved to have normal or near-normal
SH content when grown in liquid medium. Why

hese mutants failed to give positive immunoblots is
nclear, but may reflect a difference in MSH produc-
ion between culture on solid versus liquid medium or
difference in membrane or cell wall properties which

esulted in poor transfer or lysis in the immunoblotting
rotocol. However, three mutants proved to have mea-
urably low MSH content when grown on liquid me-
ium. Two of these, designated strains 5 and 6, had low
ut measurable MSH content and a third, designated
train 49, was essentially devoid of MSH (Table 1).
Although mutant 49 appeared to be a mycobacte-

ium, its slow growth and failure to produce mycothiol
ight be taken as evidence that it was actually a

ontaminant. This was excluded by sequencing a PCR-
mplified internal fragment of the 16S rRNA which

Mycothiol Component Levels in Early Log Ph
49::M. tuberculosis

Strain/Complement

Cellular Mycothi

GlcN GlcN-Ins

mc2155 0.02 0.2
Mutant 49 0.042 ,0.004
Mutant 5 0.023 0.19
Mutant 6 0.023 0.15
49::H37Rv A18 0.027 0.026
49::H37Rv F17 0.044 0.006

a Levels listed as “,” showed no discernable peak larger than fou
241
roved to be identical with that for the parent strain
c2155 (data not shown). Mutant 49 has been repeat-

dly passaged in culture and found to retain its unde-
ectable MSH content, indicating that the spontaneous
eversion rate is quite low.
Complementation of the mycothiol-devoid mutant 49
as attempted to restore MSH production with a ran-
om M. tuberculosis library comprised of ;18 kb frag-
ents cloned into the integrative shuttle plasmid

YUB412. Cells were transformed by electroporation
nd plated with hygromycin selection. Colonies were
isible in 8-10 days; single colonies were picked, grid-
ed on the same medium and screened for MSH pro-
uction by immunoblotting with MSH-specific antibod-
es (10). Six colonies of 220 screened were found to be
ositive for mycothiol production by immunoblotting.
hese colonies were cultured in liquid media and were

ound to produce levels of mycothiol ranging from
–31% of that for the parent strain (mc2155). Results

or analysis of the high (strain A18) and low (strain
17) MSH-containing complements are included in
able 1.
In an effort to determine the stage at which MSH

iosynthesis was modified in the mutant strains, the
ellular levels of GlcN-Ins and Cys-GlcN-Ins were de-
ermined using methods recently developed to charac-
erize intermediates involved in MSH biosynthesis and
egradation (9). Strains 5 and 6 had measureable lev-
ls of GlcN-Ins comparable to that of mc2155, but Cys-
lcN-Ins was not detectable in any of the strains dur-

ng early log phase growth (Table 1). However, strain
9 produced no detectable GlcN-Ins whereas comple-
ents F17 and A18 had GlcN-Ins levels corresponding

o 3 and 13%, respectively, of the parent strain (Table
), paralleling their relative MSH content which was
espectively 6 and 31% of that for the parent strain
c2155. Thus, the complementation of mutant 49 with
. tuberculosis genomic DNA partially restores the

bility of 49 to produce GlcN-Ins, and thus also to make
SH.

M. smegmatis Strains, Mutants and Mutant
7Rv Complements

omponent Contenta (mmol g21 residual dry weight)

Cys Cys-GlcN-Ins MSH

0.16 ,0.002 10.6
0.20 ,0.001 ,0.004
0.13 ,0.002 2.8
0.13 ,0.001 3.3
0.24 ,0.001 3.3
0.25 ,0.001 0.66

in the NEM-mBBr control sample.
ase
H3

ol C

nd
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Extracts of mc2155 and mutant strains were exam-
ned for Cys/GlcN-Ins ligase activity, the ability to form
ys-GlcN-Ins from GlcN-Ins, cysteine and ATP. The
ssay was performed on a unfractionated, undialyzed
upernatant fraction using a minor modification of the
ssay of Anderberg, et al. (9). Cys-GlcN-Ins was deter-
ined as the fluorescent mBBr derivative by HPLC (9).
he extracts were analyzed for production of Cys-GlcN-
ns after incubation for 0 and 45 min at 30°C. Mea-
ured activities (nmol per min per mg protein) from
uplicate determinations were 0.36 6 0.03, 0.52 6
.05, 0.22 6 0.01, and 0.20 6 0.01 for strains mc2155,
9, 5 and 6, respectively. Thus, mutant 49 is capable of
orming Cys-GlcN-Ins, and presumably MSH, if sup-
lied with a source of GlcN-Ins.
Mutants 5 and 6 grew at rates comparable to that of

he parent strain on solid medium and in liquid culture
ut growth of mutant 49 was a factor of two slower
Table 2). Complementation of strain 49 largely re-
tored the growth rate on solid medium but not in
iquid culture (Table 2 and data not shown). In Middle-
rook 7H9 liquid medium, the mutant strains achieved
aximal A600 values 30–50% below that of the parent

train whereas complement strains A18 and F17
eached maximal A600 values 15–20% below that of the
arent strain. The same pattern in TCF values shown in
able 2 for growth on Middlebrook 7H10 agar was also
bserved when cells were plated on Middlebrook 7H9
gar for the drug sensitivity controls (data not shown).
The hydrogen peroxide sensitivity of M. smegmatis

trains was examined using a two hour exposure to
arious levels of H2O2 in Middlebrook 7H9 liquid me-
ia at 37°C. The cells were diluted, plated on 7H10
gar and monitored until colony formation had ceased
maximum 10 days). The parent strain mc2155 toler-
ted H2O2 up to 12 mM with ,10% loss in viability but
as .95% killed by 12.5 mM H2O2, yielding a concen-

ration for 50% lethality (LC50) of ;12 mM (Table 2). In
ontrast, the LC50 for mutant 49 was 12-fold lower and

Characterization of M. smegmatis Pa

Strain
Relative [MSH]

%
TCF

a

days

c2155 (100) 4-5
26 5-6
31 5-6

9 0 8-10
9::H37Rv A18 31 5-6e

a Time for colony formation (1-2 mm) after plating on 7H10 Middl
b Doubling time in 7H9 liquid culture, mean and range of duplica
c Mean and range of 3 experiments.
d Not determined.
e With or without hygromycin selection.
242
0% loss of viability occurred over a wider range of
2O2 concentration (0.5-3.5 mM).
Mutants 5 and 6 and complement A18 were found to

ave similar MSH contents, intermediate between that
f the parent strain and mutant 49, during exponential
rowth (Table 1), and their sensitivity to H2O2 was also
ntermediate (Table 2). However, the LC50 for strain
18 is nearly 3-fold lower than that for strain 5 so
ensitivity to peroxide is not quantitatively related to
SH content measured during exponential growth
ithout added peroxide.
Sensitivity of strains mc2155, 49, and A18 to RIF and

NH was also examined by determining the concentra-
ions required to inhibit growth by 50% (MIC50) on
iddlebrook 7H9 agar (Table 2). Mutant 49 was 20-

old more sensitive to RIF than the parent strain and
omplement A18 had a sensitivity largely restored to
hat of the parent strain. By contrast, mutant 49
howed a greater than 25-fold resistance to INH com-
ared to the parent strain but this resistance was
ubstantially eliminated in complement A18.

ISCUSSION

The isolation of mutant 49 fully blocked in GlcN-Ins
nd MSH biosynthesis leads to several conclusions.
irst, it demonstrates that production of measureable

evels of these compounds is not essential for the sur-
ival of M. smegmatis under normal laboratory growth
onditions. Second, it confirms that GlcN-Ins is an
ntermediate in the biosynthetic pathway leading to

SH and, coupled with the fact that complementation
artially restores both GlcN-Ins and MSH biosynthe-
is, it demonstrates that the biosynthetic route via
lcN-Ins is the sole pathway leading to MSH. The

pecific defect in mutant 49 has not yet been identified.
t might in principle involve a regulatory gene, but, if
o, this gene does not also control expression of the
ys/GlcN-Ins ligase gene as this activity was present

n mutant 49.

t, Mutant, and Complement Strains

D
b

rs
LC50 (mM)

H2O2

MIC50 (mg/ml)c

RIF INH

6 0.1 12 1.4 6 0.2 2 6 1
6 0.3 5 n.d.d n.d.
6 0.1 2.5 n.d. n.d.
6 0.5 1 0.07 6 0.04 ,50
6 1.0 1.8 0.3 6 0.2 6 6 1

ook agar (n511).
ultures.
ren

T
h

4.4
4.8
4.4
8.5
7.9

ebr
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hose of its parent strain and these differences provide
nsight into the potential role of MSH and its precur-
ors. The finding that mutant 49 grows more slowly on
olid media than the parent strain suggests that MSH
and/or GlcN-Ins) plays a role in general mycobacterial
etabolism enabling normal growth. The mutants
ere selected for slow growth and it is conceivable that
utant 49 has a defect in addition to that for GlcN-Ins

roduction which is responsible for this phenotype.
owever, all six complements with partially restored
SH content had restored growth rates on solid me-

ium (Table 2 and data not shown). This would require
hat both defects were complemented by the same DNA
nd therefore involve proximal mutations. Although
he probability of multiple mutations is high, the
hance of two random mutations occuring within a
iven ;18 kb region of the genome is quite low. Thus,
he simplest and most probable explanation of the re-
ults is that the slow growth on solid medium is asso-
iated with the defect in MSH biosynthesis. The results
uggest that restoration of MSH to as little as 6% of the
evel of the parent strain, as in strain F17, suffices to
estore growth rates on solid medium (Table 1 and data
ot shown).
A different pattern was found for growth in liquid
edium. Complement A18 failed to exhibit a normal

rowth rate even though the MSH content was re-
tored to a level similar to that of mutants 5 and 6
hich did have normal growth rates (Table 2). Mutants
and 6 involve a different defect and have GlcN-Ins

evels 6- to 7-fold greater than complement A18. If
lcN-Ins is not only a precursor to MSH but serves

ome other function important for growth, then the
imited restoration of GlcN-Ins production in A18 could
e insufficient to restore normal growth in liquid me-
ium. Alternatively, a second mutation might be
resent in mutant 49 which is responsible for the slow
rowth in liquid medium and is not corrected by the
omplementation which partially restores MSH pro-
uction.
Mutants 5, 6, and 49 were all significantly more

ensitive to H2O2 than the parent strain mc2155 which
xhibited a marked resistance to peroxide (Table 2).
he difference in peroxide concentration dependence
uggests that a different mechanism of protection is
nvolved in strains mc2155 and 49. Strains 5, 6, and
18 have similar MSH content but vary 2- to 3-fold in
eroxide sensitivity, indicating that factors other than
SH content are also important in determining perox-

de sensitivity. Peroxide sensitivity correlates more
imply with GlcN-Ins content (Table 1), the IC50 value
Table 2) increasing sharply for GlcN-Ins content above
.15 mmol per g residual dry weight. No function for
lcN-Ins other than as a precursor of MSH has as yet
een reported and how it might function to influence
eroxide sensitivity is unclear.
243
re those for sensitivity to RIF and INH. Mutant 49 is
ramatically more sensitive to RIF than is the parent
train and complementation largely restores the sen-
itivity to that of the parent strain. This suggests that
SH or GlcN-Ins are involved in processes which re-

uce the activity of RIF. In mycobacteria RIF inhibits
NA-dependent RNA polymerase (17). Resistance to
IF has been associated with alterations of this en-
yme (18,19) or with ribosylation of RIF (20,21). MSH
ight react with RIF, thereby adding a highly hydro-

hilic group to the molecule and, like ribosylation,
ake it unable to bind the polymerase.
Cell wall permeability has also been considered to be

mportant in RIF sensitivity (22) and both GlcN and
ns play key roles in the biochemistry of the mycobac-
erial cell wall (23). Although no specific role in cell
all biochemistry has been demonstrated for a(1-.1)

inked GlcN-Ins, it is conceivable that this pseudodis-
ccharide plays an as yet unidentified function which
nfluences uptake of RIF. Further studies are needed to
larify the role of MSH biosynthesis in RIF sensitivity.
The opposite pattern was found for sensitivity to

NH. Mutant 49 was over 25-fold more resistant to
NH than the parent strain and partial restoration of
SH by complementation largely restores the INH

ensitivity (Table 2). This suggests that MSH might
lay a role in the activation of INH, most plausibly as
reductant. INH is a prodrug which is converted to an
ctive form by an oxidative process catalyzed by KatG,
ut the structure of the active form of INH has not
een identified (24,25). Reactive oxygen intermediates
ormed during INH oxidation may also function as
otential toxins (26,27). The resting form of KatG
ust be reduced before it can oxidize INH to the active

orm (28) which then interferes with mycolic acid bio-
ynthesis (29). One proposed mechanism involves in-
ibition of InhA, a fatty acyl enoyl reductase, by reac-
ion with the thiol group of Cys243 (25). It is
onceivable that MSH participates in the reductive
ctivation of KatG. Alternatively, MSH may maintain
ys243 in its reactive reduced state and its absence
ould result in Cys243 being oxidized to an unreactive
orm. However, if reactive oxygen intermediates are
mportant in the mechanism of action of INH, then the
resent result is difficult to understand since MSH
ould be expected to facilitate inactivation of these

oxins.
We conclude that it is possible for cells to grow with-

ut producing MSH but that its absence markedly
hanges its response to its environment.
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