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ABSTRACT: Mycothiol is comprised ofN-acetylcysteine (AcCys) amide linked to 1D-myo-inosityl 2-amino-
2-deoxy-R-D-glucopyranoside (GlcN-Ins) and is the predominant thiol found in most actinomycetes.
Mycothiol S-conjugate amidase (Mca) cleaves the amide bond of mycothiolS-conjugates of a variety of
alkylating agents and xenobiotics, producing GlcN-Ins and a mercapturic acid that can be excreted from
the cell. Mca ofMycobacterium tuberculosis(Rv1082) was cloned and expressed as a soluble protein in
Escherichia coli. The protein contained 1.4( 0.1 equiv of zinc after purification, indicating that Mca is
a metalloprotein with zinc as the native metal. Kinetic studies of Mca activity with 14 substrates
demonstrated that Mca is highly specific for the mycothiol moiety of mycothiolS-conjugates and relatively
nonspecific for the structure of the sulfur-linked conjugate. The deacetylase activity of Mca with GlcNAc-
Ins is small but significant and failed to saturate at up to 2 mM GlcNAc-Ins, indicating that Mca may
contribute modestly to the production of GlcN-Ins when GlcNAc-Ins levels are high. The versatility of
Mca can be seen in its ability to react with a broad range of mycothiolS-conjugates, including two different
classes of antibiotics. The mycothiolS-conjugate of rifamycin S was produced under physiologically
relevant conditions and was shown to be a substrate for Mca in both oxidized and reduced forms. Significant
activity was also seen with the mycothiolS-conjugate of the antibiotic cerulenin as a substrate for Mca.

Mycothiol [MSH,1 AcCys-GlcN-Ins, 1D-myo-inosityl
2-(N-acetylcysteinyl)amido-2-deoxy-R-D-glucopyranoside] is
the primary low-molecular weight thiol in most actino-
mycetes and is present at especially high levels in myco-
bacteria (1). Like glutathione, mycothiol is maintained in a
reduced state by mycothiol disulfide reductase and appears
to play a key role in protecting the cell against oxidative

stress and challenge by electrophilic toxins (2-4). Mycothiol
plays a role in the detoxification of formaldehyde (5-7) and
nitric oxide (8), in the neutralization of alkylating agents (9),
and in the metabolism of certain antibiotics (10, 11).

A key enzyme involved in MSH-dependent detoxification
is mycothiolS-conjugate amidase (Mca), first isolated from
Mycobacterium smegmatis(9). Mycothiol S-conjugate ami-
dase hydrolyzes the cysteinyl-glucosamine amide bond of
the mycothiol S-conjugate (MSR), releasing the AcCys
S-conjugate (a mercapturic acid), which can be excreted into
the medium, and the GlcN-Ins moiety, which is retained in
the cell and used for the regeneration of mycothiol (Scheme
1). Mercapturic acid production is a major detoxification
pathway in mammals, but the source of the cysteine in the
mercapturic acid pathway is GSH (12). The pathway in
mammals utilizes at least four enzymes from various tissues
and several transport systems. In contrast, formation of the
mycothiol S-conjugate in mycobacteria is followed im-
mediately by Mca-promoted cleavage which releases the
mercapturic acid (9).

Although the natural substrates of the mycothiolS-
conjugate amidase are not known, theS-conjugate of the
tuberculosis drug cerulenin has been shown to be a substrate
of Mca (9). Searching structural databases (SciFinder Scholar,
Chemical Abstracts Service, Columbus, OH) reveals that the
majority of naturally occurring mercapturic acids are found
in either mammals or actinomycetes (4). Homologues of Mca
have been reported in the antibiotic biosynthetic operons of
other actinomycetes (4), the majority of which produce
mycothiol (1). This, combined with the finding of mercap-
turic acids in the fermentation broths of streptomycetes, has
led to the proposal that Mca is used to detoxify antibiotics
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and electrophilic drugs in actinomycetes (4). Recently,
inhibitors of Mca have been found in natural product and
synthetic libraries, and these provide potential lead com-
pounds for the development of drugs directed against the
Mca target (13-15). Mycothiol and Mca are not found in
GSH-producing mammals, so drugs inhibiting Mca may be
less toxic than those for other drug targets. Thus, Mca may
be an attractive new target for drugs directed against drug
resistant tuberculosis (16).

In the study presented here, themcagene ofMycobacte-
rium tuberculosis(Rv1082) was cloned and expressed in
Escherichia coli as the native protein and purified to
homogeneity. The enzyme was characterized in terms of its
metal ion requirement and its substrate specificity. Products
of the reaction of rifamycin S with mycothiol were identified
and shown to be substrates for Mca.

MATERIALS AND METHODS

Reagents. MSH was isolated fromM. smegmatisand was
purified along with its oxidized form (MSSM) by preparative
HPLC as described previously (17). N-Formyl-CySmB-
GlcN-Ins (previously designated U18) and CySmB-GlcN-
Ins were isolated by preparative HPLC, using a protocol
similar to that described elsewhere (18), from a mono-
bromobimane (mBBr, Molecular Probes)-derivatized 50%
acetonitrile extract of a 26 g wet weight pellet of late
exponential cells ofM. smegmatisstrain mshD:Tn5 (19).
GlcNAc-Ins was prepared from the bimane derivative of
MSH (MSmB) by enzymatic cleavage with Mca and acety-
lation as previously described (20). The bimane derivative
(AcCySmB-GlcN) of 1-(N-acetylcysteinyl)amido-2-deoxy-
R-D-glucopyranose (AcCys-GlcN) (17) was prepared by
derivatization with mBBr according to the method for
production of standards (21). Rifamycin S was kindly
provided by R. M. Vohra (Institute of Microbial Technology,
Sector 39A, Chandigarh 160036, India). The sodium salt of
rifamycin SV was purchased from Sigma. Unless otherwise
specified, other reagent chemicals were purchased from
Fisher and were ACS grade or the highest purity offered.
All growth media were purchased from Difco (Becton
Dickenson).

Mycothiol S-Conjugates. Mycothiol S-conjugates other
than MSmB were prepared by reaction of excess electrophile
with mycothiol followed by preparative HPLC purification.
Reaction of cerulenin (Sigma, 110 mM stock in methanol)
andN-ethylmaleimide (Sigma, 310 mM stock in methanol)
at 35 mM in 150 mM HEPES chloride (pH 7.5) was initiated
by the addition of mycothiol to a final concentration of 30
mM from a 107 mM stock solution in H2O (pH ∼3) and
was allowed to proceed for 2 h in the dark. Reactions
with 7-(diethylamino)-3-(4′-maleimidylphenyl)-4-methylcou-
marin (CPM, Molecular Probes, 50 mM stock in methanol)

and 3-(N-maleimidopropionyl)biocytin (MPB, Molecular
Probes, 50 mM in dimethyl sulfoxide) at 20 mM in 150 mM
HEPES chloride (pH 7.5) were initiated by the addition of
mycothiol to a final concentration of 10 mM from a 107
mM stock solution in H2O (pH ∼3) and were allowed to
proceed for 2 h in thedark. The mycothiol adducts (MS-
cerulenin, MS-CPM, MS-MPB, and MS-ME) were
isolated by preparative HPLC on a Beckman Ultrasphere IP
(250 mm× 4.6 mm) analytical column equipped with a C-18
HPLC guard column using the following elution protocol:
100% A (water, pH unadjusted) from 0 to 5 min, a linear
gradient to 40% B (acetonitrile for the MS-CPM and MS-
ME conjugates or methanol for the MS-cerulenin and MS-
MPB conjugates) from 5 to 40 min, 100% B at 45 min, and
returning to 100% A at 50 min with reinjection at 60 min.
The flow rate was 1 mL/min, and the effluent was monitored
by the absorbance at 220 nm (Waters 486). The mycothiol
adducts were taken to 10% of the collected volume in a
Savant Sped-Vac and brought back to the desired concentra-
tion in water. The MSH adduct of acetophenone (MS-
acetophenone) was prepared by reaction of 13 mM bro-
moacetophenone (Acros) with 10 mM MSH in 50%
acetonitrile containing 25 mM Tris (pH 8) for 30 min at 22
°C. The residual level of thiol was less than 2% by titration
with 5,5′-dithiobis(2-nitrobenzoic acid) (Sigma). The con-
jugate was purified by HPLC on a 22 mm× 250 mm
Beckman Ultrasphere ODS IP column. The mycothiol
S-conjugates of RifS13 and RifS17 are described below.

The mycothiolS-conjugate stock solutions were calibrated
by determination of the amount of GlcN-Ins released upon
treatment with purified Mca. Reaction of∼500 pmol of
S-conjugate in 50µL of 50 mM HEPES (pH 7.5) containing
50 mM NaCl and 0.1 mM DTT was initiated by addition of
3 µg of purified Mca. The reaction mixture was sampled
(10 µL) at 30, 60, 90, and 120 min, and an additional 1.4µg
of Mca was added at the first three time points. The reactions
were quenched by mixing with an equal volume of aceto-
nitrile containing 10 mM NEM (Sigma) and 2 mM 1,10-
phenanthroline (Kodak) followed by incubation at 60°C for
10 min. After being cooled on ice, the samples were clarified
by centrifugation for 5 min at 14000g. The GlcN-Ins content
was determined as described below, and the values measured
after no further increase with time were used to calculate
the original mycothiolS-conjugate concentration. For the
MS-acetophenone adduct, the concentration was calculated
from the absorbance at 243 nm using anε of 13 200 (22).

Cloning and Expression of M. tuberculosis RV1082.The
M. tuberculosis mcagene (Rv1082) was amplified by PCR
from genomic DNA ofM. tuberculosisH37Rv (NCTC 7416)
using the 5′-TAGCCATGGTGAGCGAACTGCGGTTGATG-
3′ and 5′-GGATCCCGATCCCGGCGAACAATTCGGT-3′
primers. These primers were designed to contain anNcoI

Scheme 1: Hydrolysis of MycothiolS-Conjugates (MSR) by Mca
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restriction site at the 5′ end and aBamHI site and a stop
codon at the 3′ end. After denaturation for 45 s at 95°C, 30
cycles (94°C for 40 s, 60°C for 1 min, and 72°C for 1
min) were performed and the PCR product was ligated into
a pCR2.1 vector (Invitrogen). Clones containing the correct
size of insert inside pCR2.1 were digested withNcoI and
BamHI and separated on a 1% agarose gel.M. tuberculosis
Rv1082 was eluted from the gel and cloned into pET16b
(Novagen) that had been previously digested withNcoI and
BamHI. The ligation mix was used to transformE. coli
DH5R. Selection of recombinants was performed on LB agar
containing 100µg/mL ampicillin. A plasmid preparation was
performed from positive colonies that were found to contain
the Rv1082 gene, and this preparation was used for trans-
formation of E. coli BL21(DE3) from Stratagene. The
transformants were selected on LB agar containing100µg/
mL ampicillin and designated PET16b Rv1082.

Enzymatic Assays.The Mca amidase activity was typically
assayed by quantitation of the bimane derivative (AcCySmB)
of N-acetylcysteine (Sigma) produced from MSmB. A
representative assay contained 14 ng of enzyme in 50µL of
50 mM HEPES (Sigma) (pH 7.5), 50 mM NaCl, and 0.1
mM dithiothreitol (Calbiochem) prewarmed to 37°C for 1
min. The reaction was initiated by the addition of the
substrate (0.1 mM MSmB). Samples (20µL) were removed
at intervals, and the reaction was quenched by mixing the
sample with 60µL of 40 mM methanesulfonic acid on ice.
The mixture was centrifuged for 3 min at 14000g in a
microcentrifuge at room temperature, and the supernatant
was analyzed by shortened HPLC method 1 (19) to quantitate
MSmB and AcCySmB.

Mca amidase activity was also assayed by assessing the
production of GlcN-Ins using a minor modification of the
method of Anderberg (23). A typical reaction included 0.1
mM mycothiol S-conjugate as a substrate in 100µL of 50
mM HEPES (pH 7.5) containing 50 mM NaCl and 0.1 mM
dithiothreitol at 37°C. The reaction was initiated by addition
of 14 ng of purified amidase. Samples (20µL) were taken
at 0, 3, 10, and 20 min and reactions quenched by mixing
each sample with an equal volume of acetonitrile containing
10 mM NEM (Sigma) and 2 mM 1,10-phenanthroline
(Kodak) followed by incubation at 60°C for 10 min. After
being cooled on ice, the samples were clarified by centrifu-
gation for 5 min at 14000g. The GlcN-Ins was then
derivatized with AccQ-Fluor and assayed by HPLC method
5 as previously described (23).

If substrates are prepared in solvents containing organic
components, it is important that no significant amount of
organic solvent become incorporated in the final assay since
such solvents can produce substantial inhibition of Mca
activity. Thus, an assay in buffer containing 5% methanol,
DMSO, or acetonitrile results in a 20, 50, or 75% reduction
in Mca activity with MSmB, respectively.

Purification of Mycothiol S-Conjugate Amidase.The E.
coli pET16b Rv1082 was plated on LB agar containing 100
µg/mL ampicillin (Sigma). A single colony was taken from
the plate and transferred into 50 mL of LB broth containing
100 µg/mL ampicillin. Nine 1 L cultures of LB broth
containing ampicillin (100µg/mL) were inoculated from the
50 mL culture and incubated at 37°C with shaking. Protein
expression was induced by the addition of isopropylâ-D-
thiogalactopyranoside to a final concentration of 0.75 mM

when theA600 reached 0.55, and incubation was continued
overnight at 22°C before the samples were harvested by
centrifugation at 5000g for 20 min at 4°C. The cells (47 g
wet weight) were resuspended in 200 mL of 50 mM HEPES
(pH 7.5) containing 3 mM 2-mercaptoethanol and protease
inhibitors N-p-tosyl-L-phenylalanine chloromethyl ketone
(Sigma) andN-p-tosyl-L-lysine chloromethyl ketone (Sigma),
each at 35µM. The cells were disrupted by sonication
(Branson Sonifier Cell Disruptor 200) on ice. The extract
was clarified by centrifugation for 45 min at 100000g at 4
°C, and the supernatant was mixed with solid ammonium
sulfate to 15% saturation and incubated for 1 h onice. After
centrifugation at 15000g and 4°C for 30 min, the pellet was
discarded. The supernatant was adjusted to 50% saturated
ammonium sulfate, incubated on ice overnight, and then
centrifuged for 45 min at 15000g at 4 °C. The pellet was
resolubilized in 120 mL of 50 mM HEPES (pH 7.5) and
was desalted on a Sephadex G-25 column (Pharmacia, 7.5
cm× 36 cm). The collected eluent (250 mL) was applied at
a rate of 120 mL/h to a hydroxyapatite column (Bio-gel HTP
column from Bio-Rad, 2.6 cm× 38 cm), which was pre-
equilibrated with 10 mM potassium phosphate buffer (pH
6.8) containing 100 mM NaCl. The bound proteins were
eluted at a rate of 240 mL/h with a linear gradient from 10
to 300 mM potassium phosphate (from 100 to 0 mM NaCl)
in 20 column volumes. The active fractions were pooled,
and ammonium sulfate was added to 10% saturation. After
1 h on ice, the solution was clarified by centrifugation for
30 min at 10000g and the pellet was discarded. The
supernatant was applied to a 2.6 cm× 26 cm column of
Phenyl Sepharose 4B (Sigma) equilibrated with 10% satu-
rated ammonium sulfate in 50 mM HEPES (pH 7.5) at 4
°C. The column was washed with 5 column volumes of 10%
saturated ammonium sulfate and eluted with a linear gradient
from 10 to 2% saturated ammonium sulfate in 50 mM
HEPES (pH 7.5) over 10 column volumes. Elution was
continued from 2 to 0% saturated ammonium sulfate in 50
mM HEPES (pH 7.5) over 15 column volumes, and the
amidase activity eluted at 0% saturated ammonium sulfate.
The active fractions were concentrated at 4°C using a
Biomax-50 (Millipore) ultrafilter. Peak activity fractions were
determined by SDS-PAGE to be more than 95% pure.
Protein concentrations were estimated using an extinction
coefficient ε280 of 44 900 cm-1 M-1 calculated from the
amino acid sequence by the method of Gill and von Hippel
(24), verified by amino acid analysis (see below).

InactiVation by Phenanthrolines.Stock solutions (100
mM) of 1,10-phenanthroline (Kodak) and 1,7-phenanthroline
(Aldrich) were prepared in 20% methanol. Solutions of Mca
at 8.5 nM, 4.3µM, and 43µM in 50 mM HEPES (pH 7.5)
with 50 mM NaCl, 0.1 mM DTT, and 1.0 mM phenanthro-
lines were preincubated at 37°C for 10 min. The solutions
were diluted as necessary in the same buffer to an ezyme
concentration of 8.5 nM for amidase assay initiated by the
addition of MSmB to a final concentration of 0.1 mM.
Aliquots (20µL) were removed at 5 and 15 min and mixed
with 180 µL of 40 mM methanesulfonic acid on ice. The
samples were clarified by centrifugation for 5 min at 14000g
and injected, undiluted, onto the HPLC system for analysis
using the previously described shortened HPLC method 1
(9).
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A solution of Mca (0.43µM) in 4 mL of 50 mM HEPES
(pH 7.5) with 50 mM NaCl and 5.0 mM 1,10-phenanthroline
was treated for 30 min on ice before 2µL was removed for
the amidase assay. The protein solution was then split into
equal (A and B) aliquots and transferred to dialysis tubing
(Spectra/Por Membrane MWCO 6-8000). All of the dialysis
tubing and containers were washed with 50 mM EDTA and
then rinsed with chelexed water. All buffers used for dialysis
were treated over 100 mL of Chelex 100 (Sigma). Sample
A was dialyzed against 600 mL of 50 mM HEPES (pH 7.5)
containing 50 mM NaCl, 10µM zinc acetate and 10µM
CaCl2. Sample B was dialyzed against 600 mL of 50 mM
HEPES (pH 7.5) with 50 mM NaCl with no metals. Both
protein solutions were allowed to equilibrate at 4°C for 24
h; the dialysis buffer was changed, and dialysis continued
for an additional 24 h. Both samples were assayed for
amidase activity as described above.

Metal Ion Content.A protein solution containing (≈0.5
mg/mL) was prepared in 50 mM HEPES (pH 7.5) with 50
mM NaCl for amino acid and metal analysis. The protein
concentration of Mca (12.2( 0.7 µM) used for the
calculation of the metal ion content was established by amino
acid analysis as previously described (18). The metal ion
content was determined by inductively coupled plasma-
atomic emission spectroscopy at the Environmental Labora-
tory of the San Diego Gas and Electric Co. Analyses included
results (milligrams per liter) for Al, Sb, As, Ba, Be, B, Cd,
Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Ni, K, Se, Si, Na, Sr,
Th, Ti, V, and Zn. Results obtained with buffer alone were
subtracted from those for the Mca solution to generate
reported values.

Inhibition Studies.Inhibition of Mca activity by MSH with
MSmB as a substrate was examined at concentrations
between 1 and 20 mM MSH (9). The enzyme (28 ng) in 50
µL of 50 mM HEPES (pH 7.5) containing 50 mM NaCl
and 0.1 mM dithiothreitol was incubated for 5 min at 37°C
prior to the start of the reaction by the addition of MSmB to
a final concentration of 0.1 mM. Activity was monitored by
the production of AcCySmB. Sampling and analysis for these
assays are described above.

Mycothiol S-Conjugates of Rifamycin S. Stock solutions
of rifamycin S (100 mM) in acetone and MSH (40 mM) in
H2O were prepared. The kinetics of the reaction of MSH (1
mM) with rifamycin S (72µM) were studied in HEPES
buffer (pH 7.5) containing 20% ethanol. An initial test
reaction was monitored by wavelength scans (400-600 nm)
at intervals of 3 min (Beckman DU640 spectrometer). The
reaction of MSH (0.5-2.0 mM) with rifamycin S (72µM)
was then monitored at 445 nm for 30 min.

A larger-scale reaction was used for the preparation of
mycothiolS-conjugates. A 0.5 mL reaction mixture of 4 mM
rifamycin S in aqueous 50% acetonitrile with 25 mM Tris
chloride (pH 8.0) was incubated with 2 mM mycothiol at
23 °C. The reaction proceeded for 3 h in thedark and was
quenched by acidification to pH∼2 with 4 µL of trifluoro-
acetic acid. A 1µL aliquot was diluted 100-fold for analytical
HPLC analysis. Separation was carried out on a Beckman
Ultrasphere IP (250 mm× 4.6 mm) analytical column
equipped with a C-18 HPLC guard column using the
following linear gradient: 80% A (0.05% trifluoroacetic acid
in water) at 0 min, 100% B (acetonitrile) at 40 min, 20% A
at 42 min, and reinjection at 60 min. The flow rate was 1

mL/min, and the effluent was monitored by absorbance at
430 nm. In addition to the rifamycin S (24.5 min), the
analysis revealed two peaks at 13 min (RifS13) and 17 min
(RifS17). These were isolated by preparative HPLC using
the analytical method described above and taken to dryness
in a Savant Speed-Vac. The samples were dissolved in H2O
at ∼10 mM, and 1:100 dilutions were made in 50 mM
HEPES (pH 7.5) for spectral analysis in a Beckman DU640
spectrometer for comparison with authentic rifamycin S and
SV. Assignment of RifS13 as the hydroquinone form was
based on the correspondence of its UV-visible λmax at 445
nm with that of rifamycin SV, while RifS17 had aλmax at
525 nm, identical to that of rifamycin S (25, 26). Exact
masses of RifS13, RifS17, rifamycin S, and rifamycin SV
were assessed using MALDI-FTMS at the Scripps Research
Institute Mass Spectrometry Facility (La Jolla, CA).

The concentration of RifS17 was estimated spectropho-
tometrically using an extinction coefficientε525 of 4300 cm-1

M-1 for rifamycin S (27), and the concentration of RifS13
was similarly estimated from an extinction coefficientε445

of 14 200 cm-1 M-1 (28) for rifamycin SV.
Redox InterconVersion of RifS13 and RifS17.Previous

studies (25, 26) reported reversible reduction of rifamycin
S. RifS17 (0.4 mM) in 66% methanol containing 4 mM
ascorbic acid in a total volume of 80µL was allowed to
react for 30 min in the dark. A sample (20µL) was
withdrawn, diluted 1:4 in 20% acetonitrile, and analyzed by
HPLC. To the remaining 60µL was added NaNO2 in 20
mM sodium acetate buffer (pH 4.6) to a final concentration
of 70 mM. After 5 min, a sample was withdrawn, diluted
1:5 in 20% acetonitrile, and analyzed by HPLC.

RESULTS

Cloning and Purification of Mca. The ORF (Rv1082)
encoding themcagene was cloned into the pET16b vector
and expressed inE. coli to produce the Mca protein without
a His tag. A three-step purification of the enzyme was
accomplished by ammonium sulfate fractionation followed
by chromatography on hydroxyapatite and then on Phenyl
Sepharose (Table 1). The loss was large in the last step of
purification because only fractions that were>95% pure as
determined by SDS-PAGE (Figure 1A) were pooled for use
in detailed studies. Other less pure fractions (Figure 1B,C)
could be rechromatographed to provide additional pure
product.

Metal Ion Characterization of Mca. Established methods
for divalent metal ion chelation (29) were used to determine
the importance of divalent metal ions for Mca activity. When
43 µM Mca was preincubated for 10 min with 1 mM 1,10-
phenanthroline and its activity assessed in the presence of 1
mM 1,10-phenanthroline, residual activity was 0.19( 0.04%
of that of the control (Figure 2). To determine whether this

Table 1: Purification of RecombinantM. tuberculosisMca

purification step
protein
(mg)

total
activity
(units)

specific
activity

(units/mg)
yield
(%)

purification
factor

15% SAS supernatant 4700 610 0.13 (100) (1.00)
50% SAS pellet 3100 400 0.13 66 1.00
Sephadex G-25 3000 650 0.22 107 1.7
hydroxyapatite 430 580 1.35 95 10
Phenyl Sepharose 3.0 32 10.6 5.2 82
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inhibition is associated with the divalent metal ion chelating
property of 1,10-phenanthroline or with its general aromatic
character, inhibition by a nonchelating isomer was examined.
Slightly more than 50% inhibition was found with 1 mM
1,7-phenanthroline (Figure 2). Thus, the 500-fold reduction
in activity by 1 mM 1,10-phenanthroline is attributed
primarily to its divalent metal binding capacity, suggesting
that Mca requires a divalent metal ion for full activity. The
experiment was repeated at 4.3µM and 8.6 nM enzyme,
and the inhibition by the phenanthrolines relative to the
control was essentially the same as that at 43µM Mca.
However, at 8.6 nM Mca there was a loss (72( 2%) of
activity of the control during the preincubation more marked
than that found at the higher enzyme concentrations. When
a sample of Mca was analyzed for its content of 26 different
metal ions by inductively coupled plasma-atomic emission
spectroscopy, it was found to contain 1.4( 0.1 equiv of
zinc and 2.6( 0.2 equiv of calcium per 32 697 Da subunit.

To define conditions under which the 1,10-phenanthroline-
inactivated enzyme might be reactivated, we examined the
effect of zinc upon the native Mca. When Mca was assayed
in the presence of varying concentrations of zinc acetate,

the activity dropped significantly at concentrations above 1
µM, the activity being reduced by half at∼10 µM Zn2+.
This suggested that a low concentration of metal ion would
need to be used in attempted regeneration studies. However,
when 0.43µM Mca was inactivated with 5 mM 1,10-
phenanthroline, leaving 0.7% of the original activity, and
then dialyzed at 4°C against 50 mM HEPES (pH 7.5)
containing 50 mM NaCl in the absence or presence of Zn2+

and Ca2+ (10 µM each), the activity was 0.2 or 5%,
respectively, of the original activity. A non-phenanthroline-
treated control dialyzed against buffer containing Zn2+ and
Ca2+ retained 65% of the original activity. Thus, removal
of 1,10-phenanthroline by dialysis in the presence of divalent
metal ions restored activity to a level that was only∼8% of
that found for Mca dialyzed without prior inactivation by
1,10-phenanthroline.

Enzyme Kinetics and Substrate Specificity.A variety of
substrates were examined using the purified Mca at 37°C
in 50 mM HEPES (pH 7.5) containing 50 mM NaCl and
0.1 mM DTT. Values ofKm andkcat (Mr ) 32 697 Da) were
determined from Eadie-Hofstee plots, and the results are
presented in Table 2. In some cases, saturation was not
detected because of a very highKm value or because of the
limited availability of the substrate, and the value ofkcat/KM

was assessed from the slope of the increase ofV with
substrate concentration.

The pattern of reactivity forM. tuberculosisMca (Table
2) is generally similar to that reported earlier forM.
smegmatisMca (9). However, the specific activities for the
M. tuberculosisMca with MSmB as a substrate (Table 1)
are roughly 3-fold higher than the previously published
values for theM. smegmatisMca. This general increase in
the rates can largely be attributed to the more optimal assay
buffer conditions used here. The earlier assays were con-
ducted at a low ionic strength and temperature [25 mM
HEPES (pH 7.5) and 30°C, respectively], whereas the assays
described here used a higher ionic strength and temperature
[50 mM HEPES (pH 7.5) and 50 mM NaCl and 37°C,
respectively] as employed for other metalloproteins (30).
WhenM. tuberculosisMca was assayed under the previously
published conditions, the following values were obtained with

FIGURE 1: SDS-PAGE of purified recombinant Mca. Protein
standards with the size in kilodaltons at the left. Mca Phenyl
Sepharose fractions: (A) 215-222-pure Mca, (B) 210-214, and
(C) 203-209.

FIGURE 2: Phenanthroline inhibition of Mca activity with 0.1 mM
MSmB: Mca with no phenanthroline (O), Mca with 1 mM 1,10-
phenanthroline (b), and Mca with 1 mM 1,7-phenanthroline (9).
Error bars are shown where the error was larger than the symbol.

Table 2: Kinetic Parameters for Mca with Different Substrates
Determined in 50 mM HEPES (pH 7.5) Containing 50 mM NaCl
and 0.1 mM DTT at 37°C with 0.28-28 ng/µL (8.6-860 nM Mca
Subunit) Enzyme

amidase substrate Km (µM) kcat (s-1) kcat/Km (M-1 s-1)

MS-MB 160 ( 40 14( 2 (9 ( 2) × 104

N-formyl-CySmB-
GlcN-Ins

620( 70 2.6( 0.2 (4.2( 0.6)× 103

CySmB-GlcN-Ins - - 100( 10a

GlcNAc-Ins >2000 >6 × 10-4 0.30( 0.01a

AcCySmB-GlcNb - - 1.2( 0.1a

MSSM 4800( 1300 1.7( 0.7 350( 170
MS-acetophenone 690( 50 37( 2 (5.4( 0.5)× 104

MS-cerulenin 650( 130 7( 1 (1.1( 0.3)× 104

MS-CPM 440( 90 1.3( 0.2 (3.0( 0.8)× 103

MS-MPB >3000 >3 (1.03( 0.02)× 103 a

MS-ME 1300( 300 15( 2 (1.2( 0.3)× 104

RifS13 190( 30 0.82( 0.08 (4.3( 0.8)× 103

RifS17 450( 80 1.04( 0.12 (2.3( 0.5)× 103

a No saturation detected and value determined from the slope of rate
vs substrate concentration. Limits forKm andkcat are given on the basis
of the maximum substrate concentration tested if above 1 mM.
b Reaction assayed for the production of AcCyS-mB.
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MSmB as a substrate:Km ) 460 ( 60 µM, kcat ) 14.5 (
1.4 s-1, andkcat/Km ) (3.2 ( 0.5)× 104 M-1 s-1. The latter
value is slightly less than half that [kcat/Km ) (8.4 ( 1.3)×
104 M-1 s-1] calculated from the parameters reported for
M. smegmatisMca (9). These parameters were not available
for MSH which gave more complex kinetics withM.
tuberculosisMca (see below), but the activity of MSH at
0.1 mM under the earlier assay conditions was∼75% higher
than that published forM. smegmatisMca (9).

The results in Table 2 and Figure 4 show that the integrity
of the mycothiol moiety is an important factor in determining
substrate activity, as will be described in detail in Discussion.
Although Mca is relatively specific for the mycothiol moiety
of mycothiolS-conjugates, it is more flexible in its require-
ments with respect to theS-conjugate moiety. The best
substrate tested thus far is MSmB, which is approximately
twice as reactive as the MS-acetophenone adduct. The MS-
cerulenin and MS-ME adducts have similar reactivities,
∼10% of that of MSmB, whereas the MS-CPM and MS-
MPB adducts are substantially less reactive.

The least reactive substrate of Table 2 is GlcNAc-Ins and
is of special interest because of its role in MSH biosynthesis.

A homologue of Mca, the deacetylase MshB, has a high
activity with GlcNAc-Ins and a lower activity toward MSmB
(20). It plays a key roll in MSH biosynthesis by conversion
of GlcNAc-Ins to GlcN-Ins which is then ligated with
cysteine and acetylated by acetylCoA to produce MSH (4).
A null mutant inmshBhas been produced inM. tuberculosis
and accumulates large amounts of GlcNAc-Ins but still
produces MSH, albeit at a slower rate (31). Thus, some other
enzyme has a weak ability to catalyze the deacetylation of
GlcNAc-Ins, and Mca appeared to be a logical candidate.
We therefore evaluated the GlcNAc-Ins deacetylase activity
of Mca. The activity of Mca was measured at GlcNAc-Ins
concentrations from 0.05 to 2 mM and found to increase
linearly with no evidence of saturation. Least-squares analysis
of the data demonstrated that the dependence upon GlcNAc-
Ins had a slope of 0.55( 0.02 nmol min-1 mg-1 (mM
GlcNAc-Ins)-1, from which thekcat/KM value was calculated
(Table 2). Detailed calculations using this value to estimate
the activity under cellular conditions gave a value that was
sufficient to account for the production of MSH by theM.
tuberculosis mshBnull mutant (31).

MSH as a Substrate and Inhibitor of Mca. Since MSH is
present at high concentrations in mycobacteria, we examined
its role as a substrate and as an inhibitor for Mca. The
cleavage of MSH by Mca measured over the concentration
range of 0.1-10 mM did not follow simple Michaelis-
Menten kinetics, a plot ofV versus MSH concentration being
sigmoidal. A Vmax value of 800( 100 nmol min-1 mg-1

was estimated by extrapolation of the reciprocal values of
the rates at the highest MSH concentration to infinite
concentration and utilized to construct a Hill plot. The slope
of the latter yielded a Hill coefficientnH of 1.28 ( 0.05.
Rates determined at 2 and 5 mM MSH, representing
physiologic concentrations forM. smegmatisandM. tuber-
culosis, respectively, were 190( 30 and 290( 10 nmol
min-1 mg-1, respectively, and provide a basis for estimating
the extent of MSH degradation resulting from the action of
Mca.

To test whether MSH inhibits the amidase activity of Mca
toward mycothiolS-conjugates under physiologic conditions,
we examined the Mca amidase activity with 0.1 mM MSmB

FIGURE 3: Inhibition of Mca activity with 0.1 mM MSmB by MSH.
Error bars are shown where the error was larger than the symbol.

FIGURE 4: Structures for selected Mca substrates. Values in parentheses are rates relative to that for MSmB calculated from thekcat/Km
values of Table 2. Arrows denote the amide bond cleaved by Mca.
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as a substrate in the presence of millimolar levels of MSH
(Figure 3). The amidase activity was monitored by production
of AcCySmB and was not impacted by the production of
AcCys from hydrolysis of MSH which even at 20 mM MSH
proceeded at∼10% of the rate of MSmB hydrolysis. Mca
was 50% inhibited at 3 mM MSH and at 20 mM MSH Mca
still retained 23% of its original activity. This indicates that
MSH at a concentration of>3 mM may produce some
inhibition of Mca, but even at high levels of MSH, Mca still
retains significant activity.

Production of Mycothiol Conjugates of Rifamycin S and
Their Assessment as Substrates for Mca. Since MSH-
deficient mutants are more sensitive to rifampin than the
parent strain, it seemed possible that MSH is involved in
antibiotic detoxification (10, 11). The native antibiotic
rifamycin S is known to react with thiols (26), so it seemed
likely that MSH would form a conjugate with it. When
rifamycin S was reacted with mycothiol under physiologi-
cally relevant conditions (Figure 5A), the reaction produced
two highly colored products chromatographically distin-
guishable from the parent compound (Figure 5B). The two
new compounds were designated RifS13 and RifS17 ac-
cording to their elution times. RifS13 and RifS17 were
purified by HPLC, and an exact mass was obtained for each
compound by MALDI-FTMS. The results, 1204.49 Da
(RifS13) and 1204.44 Da (RifS17), both correspond to the
mass of MSH bound to a sodium salt of rifamycin SV. A
major fragmentation product present in both RifS17 and
RifS13 samples atm/e 718 [M - MSH (486 Da)] peak
corresponds to the loss of the mycothiol moiety from the
rifamycin SV molecule. As controls, the exact masses for
the sodium salt forms of both rifamycin S and rifamycin
SV were determined to be 720.30 and 720.29 Da, respec-
tively. A major fragmentation product at M- 32 Da was

observed for all samples. This fragment is reportedly
generated by the loss of the C-27 hydroxymethyl from
rifamycin (32).

The reaction of MSH with rifamycin S was followed
kinetically by UV-visible spectroscopy (Figure 5). The weak
absorption of rifamycin S with aλmax of 525 nm is replaced
by the stronger absorption with aλmax of 445 nm character-
istic of rifamycin SV. This verifies that RifS13 is the initial
reaction product (Figure 6) and suggests that RifS17 is
formed by a subsequent air oxidation. The phenomenon of
reversible oxidation and reduction interconverting the hyd-
roquinone and quinone forms is well-established (25, 26).
HPLC was used to monitor the reaction of the RifS17 (Figure
5C) with ascorbic acid to produce a retention time corre-
sponding to the hydroquinone RifS13 (Figure 5D). With the
addition of the oxidizing agent NaNO2, the reaction was
reversed to produce the quinone form RifS17 (Figure 5E).
These reactions are shown in Figure 7.

The kinetics of the reaction of MSH (0.5-2.0 mM) with
rifamycin S (72µM) were studied in HEPES buffer (pH 8)
at 23 °C. The reaction was shown to follow second-order
kinetics, first-order in each reactant, with ak2 of (1.1( 0.1)
× 10-6 M-1 s-1.

HPLC-purified RifS13 and RifS17 were utilized as
substrates for Mca, and the amidase product GlcN-Ins was
assayed by HPLC. The results (Table 2) show that these are
fair substrates for Mca, 20-40-fold less reactive than MSmB.

DISCUSSION

The specific activities for Mca ofM. tuberculosisandM.
smegmatisare roughly comparable when tested with MSmB
and MSH as substrates under the same assay conditions. The
pattern of substrate specificity of theM. tuberculosisenzyme
(Table 2) is qualitatively similar to that reported forM.
smegmatisMca, although detailed kinetic analysis was not
performed in the latter case (9). Also, inhibition of Mca
activity with MSmB by MSH was similar for the two
enzymes (9). Thus, the properties of theM. tuberculosisand
M. smegmatisenzymes are similar, as might be expected
from their high degree of sequence identity.

The amino acid sequence ofM. tuberculosisMca is 72%
identical to that of theM. smegmatisenzyme (Figure 8).
Comparable or higher levels of sequence identity are found
for sequences of Mca orthologs from other mycobacteria,

FIGURE 5: Reverse phase HPLC analysis of the reaction of
mycothiol with rifamycin S and interconversion of mycothiol
S-conjugates of rifamycin S: (A) pure rifamycin S, (B) 2 equiv of
rifamycin S reacted with 1 equiv of MSH at room temperature for
3 h, (C) HPLC-purified RifS17, (D) RifS17 reacted with excess
ascorbic acid, and (E) RifS17 reacted with ascorbic acid followed
by reaction with excess NaNO2.

FIGURE 6: Spectral monitoring (400-600 nm) of the reaction of
rifamycin S (72µM) and MSH (1 mM) taken at 3 min intervals
from 0 (prior to MSH addition) to 27 min.
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includingMycobacterium boVis, Mycobacterium leprae, and
Mycobacterium aVium. Orthologs of theM. tuberculosisMca
are also found inCorynebacterium glutamicum(59% identi-
cal), Thermobifida fusca(36% identical), andStreptomyces

coelicolor A3(2) (52% identical), and their sequences are
shown in Figure 8. Also included is the sequence ofM.
tuberculosisMshB (Rv1170), a closely related homologue
(42% identical) which catalyzes deacetylation of GlcNAc-

FIGURE 7: Scheme for the reaction of MSH with rifamycin S to produce RifS13, the reversible oxidation of RifS13 to RifS17, and the
hydrolysis of RifS13 catalyzed by Mca.

FIGURE 8: Sequence alignment (GenBank entries) for Mca fromM. tuberculosis(NP_215598),C. glutamicum(NP_600215),T. fusca
(ZP_00057450), andS. coelicolor(NP_629119) and for MshB (Rv1170) fromM. tuberculosis(NP_215686).
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Ins but also has amidase activity with mycothiolS-conjugates
(9). The similarity between these structures extends through-
out the entire sequence, although for MshB the resemblance
is greatest in the N-terminal half of the chain. Although
MshB exhibits amidase activity toward mycothiolS-conju-
gates, its primary amidase activity is the deacetylation of
GlcNAc-Ins, a key step in mycothiol biosynthesis, and it is
therefore termed the “deacetylase” (20, 31, 34). For Mca,
on the other hand, the deacetylation of GlcNAc-Ins is
significantly slower than the amidase activity with even the
least reactive mycothiolS-conjugates (Table 2).

Mca is dependent upon divalent metal ions for activity,
and the pure enzyme contains Zn2+ and Ca2+ as the only
divalent metals. Since Zn2+, but not Ca2+, is a common
catalytic component in amidases, this strongly suggests that
Mca is a zinc metalloenzyme. Since Mca and MshB are
closely related, MshB is presumably also a zinc metallopro-
tein. There are a large number of residues with side chains
that can serve as potential ligands for Zn2+ and are conserved
among all of the sequences shown in Figure 8. These include
Asp14, -15, -132, and -141, Glu16, -44, -68, -264, and -279,
and His10, -12, -139, -142, -146, and -239 as numbered in
the M. tuberculosisMca sequence. Identification of those
actually involved in metal binding will have to await the
results of X-ray crystallographic studies.

The results presented here allow a refinement of the
insights gained from earlier studies ofM. smegmatisMca
concerning the substrate specificity of the enzyme. With
respect to the mycothiol portion of the mycothiolS-conjugate,
the activity is strongly dependent upon the structure of the
AcCys moiety. Removal of the methyl residue of the acetyl
group of MSmB (Figure 4) to produceN-formyl-CySmB-
GlcN-Ins leads to a 20-fold loss of activity, whereas complete
removal of the acetyl group to produce CySmB-GlcN-Ins,
with the cysteinyl amino group now presumably charged at
neutral pH, results in a nearly 103-fold drop in activity. If
the Cys residue is removed completely, leaving GlcNAc-
Ins, the activity falls by a factor of 3× 105. Removal of the
Ins residue at the other end of the mycothiol molecule to
produce AcCySmB-GlcN results in an 8× 104-fold reduction
in activity (Table 2). Although Mca appears to be quite
specific with regard to the components of MSH, it was
recently reported that substitution of the Ins group of MSmB
with a cyclohexane mercaptan moiety to generate a thiogly-
coside resulted in an only 2-fold drop in activity with Mca
(35). Thus, the Ins residue can apparently be substituted with
other cyclohexane derivatives without a major loss of
activity. Cys-GlcN-Ins and AcCys-GlcN are not found at
significant levels in mycobacteria (23), so it is unlikely that
their S-conjugates play any rolein ViVo.

Mca is more accepting of changes in theS-conjugate group
of the substrate and will tolerate groups of widely varying
structure (Table 2 and Figure 4). Replacement of the ethyl
group at the maleimide residue of the MS-ME adduct with
the bulkier groups present in the MS-MPB and MS-CPM
adducts (Figure 4) reduces activity but does not eliminate
it. The MSH conjugate of cerulenin, an antibiotic active
against mycobacteria (36), is somewhat similar to the MS-
ME conjugate but contains two hydroxyl groups in the five-
membered ring and a longer hydrocarbon chain; it has
reactivity comparable to that of the MS-ME conjugate. Only
the MS-acetophenone adduct approximated MSmB in

reactivity, being 60% as reactive, but with rather different
and compensatingKm andkcat values (Table 2). The results
suggest that there is a hydrophobic pocket in Mca which
can accommodate the bimane or acetophenone group. The
intervening methylene group in both conjugates may provide
flexibility in optimizing the fit of the rings.

The acetophenone moiety (Figure 4) is substantially similar
in structure to the prodrug isoniazid. This suggests that an
MSH adduct or derivative of isoniazid would likely be a
good substrate for Mca. However, it is not at all clear what
adduct would be formed or what role the cleavage might
play in the currently proposed processes for activation of
isoniazid (37).

GlcNAc-Ins is found at low levels (∼1 nmol/109 cells or
∼0.2 mM) in exponential cells ofM. tuberculosis(31). In a
M. tuberculosis mshBnull mutant, the GlcNAc-Ins level was
found to be much higher, increasing from 5 to∼30 mM
upon the transition from the exponential to stationary phase
(31). This accumulation of GlcNAc-Ins was expected due
to inactivation of MshB, the GlcNAc-Ins deacetylase in-
volved in MSH biosynthesis (20). Surprisingly, a low level
of MSH was still produced, and this increased to above
normal levels in the stationary phase (31). Another enzyme
was apparently substituting for MshB and deacetylating
GlcNAc-Ins at a slow rate. In fact, the low but measurable
rate of deacetylation of GlcNAc-Ins byM. tuberculosisMca
as determined here proved to be of the correct magnitude to
account for the observed production of MSH (31). At the
concentration of GlcNAc-Ins of∼5 mM measured for
exponential cells of theM. tuberculosisErdmanmshBnull
mutant, the production of GlcN-Ins was estimated to be∼1
nmol day-1 (109 cells)-1 or ∼3 nmol/109 cells for each cell
division. Thus, if Mca were the source of MSH in themshB
null mutant, one would predict that its MSH content during
exponential growth would drop from the normal value of
10 nmol/109 cells to∼3 nmol/109 cells which agrees well
with the observed value of 2-3 nmol/109 cells (31).

The finding that MSH is itself a weak substrate for Mca
raises the possibility of a degradative pathway in which Mca
cleaves MSH to produce AcCys and GlcN-Ins. The AcCys
might be lost from the cell or be hydrolyzed to release
cysteine (23). The cysteine and the GlcN-Ins would then be
ligated via the action of MshC (38), and mycothiol would
be resynthesized from the product via the action of mycothiol
synthase, MshD (19). On the basis of the activity at 3 mM
MSH and if it is assumed that 0.04% of the total cellular
protein is Mca, as found forM. smegmatis(9), it can be
estimated that the degradation of MSH would occur at a rate
of ∼20% per hour. This may represent a tolerable side effect
of the beneficial degradation of mycothiolS-conjugates by
Mca, or it may have some favorable consequence for the
cell that is not yet apparent. Alternatively, the activity
determined with the purified protein in dilute solution may
not accurately reflect the environment in the cell where self-
aggregation or association with other cellular components
could produce changes in Mca, resulting in a decreased level
of MSH hydrolysis.

The largest mycothiolS-conjugates that were tested are
those produced from rifamycin S, and these proved to have
modest activity with Mca. The rifamycin adducts represent
the most complex mycothiolS-conjugates that have been
studied (Figure 7), and it might have been expected that the
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complexity of the structure would result in rather minimal
activity with Mca. However, thekcat/Km values are 3-5%
of that for MSmB which might very well be sufficient for
Mca to play a role in the detoxification of rifamycin S in
cells. To address this issue, studies of the metabolism of
rifamycin S byM. smegmatisare being carried out.

In summary, the results presented here demonstrate that
M. tuberculosisMca is very similar toM. smegmatisMca
and that it is active with a wide variety of mycothiol
S-conjugate substrates in which theS-conjugate group is
variable but the mycothiol moiety must be substantially
intact. Mca is a zinc metalloprotein in which the metal ion
is associated with the activity. The enzyme has a low
deacetylase activity with GlcNAc-Ins, but the rate is suf-
ficient to account for the slow production of MSH observed
in an M. tuberculosis mutant deficient in the normal
deacetylase, MshB. Rifamycin S readily reacts with MSH
to form anS-conjugate under physiologic conditions; this
S-conjugate, and its oxidized form, are modest substrates for
Mca. These results provide a basis for the rational design of
inhibitors of Mca and of experiments for testing the cellular
detoxification of rifamycin S by MSH.
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