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Abstract—Intracellular thiols are essential biomolecules, which play several critical roles in living organisms including controlling
intracellular redox potential and acting as cofactors for several vital detoxification enzymes including S-transferases and formalde-
hyde dehydrogenases. The tripeptide c-LL-glutamyl-LL-cysteinylglycine, more commonly known as glutathione, is well known as the
major intracellular thiol in eukaryotes and in some bacteria. However, glutathione is absent in the Actinomycetales bacteria such as
Mycobacteria and Streptomyces and is believed to be replaced by 1-DD-myo-inosityl-2-(N-acetyl-LL-cysteinyl)amido-2-deoxy-a-DD-
glucopyranoside, mycothiol, in these organisms. Although much is known about the chemistry and biochemistry of glutathione,
currently much less is known concerning mycothiol and its properties. The structure of mycothiol is composed of a glycoside linkage
between myo-inositol and DD-glucosamine with an N-acetyl-LL-cysteine linked to the 2 0-amino group of the DD-glucosamine moiety.
Mycothiol is currently of intense interest due to its essential role in the cellular physiology of Mycobacteria, such as Mycobacterium

tuberculosis, and its possible role in antimycobacterial drug resistance. A detailed investigation of its chemistry is therefore essential
in ameliorating our knowledge of this key glycothiol, and in shedding additional light on its biochemical role in these pathogenic
organisms. This report presents a detailed conformational analysis of mycothiol utilizing a variety of force fields and stochastic
search protocols. Cluster analyses of energetically low lying conformations have indicated the presence of several key conformations
that are populated in the gas phase and with implicit water solvation. These conformations are compared to recent NMR studies on
a derivative of mycothiol. This information should be an important contribution to our basic understanding of the chemistry of this
glycothiol and critical in the design of novel inhibitors of pathogen enzymes that require it.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Intracellular thiols are essential for the maintenance of
cellular redox homeostasis, as well as for the protection
of the cell from reactive oxygen and nitrogen species.1,2

The most well studied of these thiols is the tripeptide
glutathione (c-LL-glutamyl-LL-cysteinylglycine, GSH, 1).
GSH is the major thiol in eukaryotes and most
Gram-negative bacteria including the cyanobacteria,
and the purple bacteria.3 Not all organisms use GSH
as their major thiol: the halobacteria use c-LL-glutamyl-
LL-cysteine,4 the pathogenic protozoa of the genera
0008-6215/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Trypanosoma and Leishmania use trypanothione
(N1,N8-bis(glutathionyl)spermidine, 2),5 and the Actino-

mycetales bacteria use mycothiol (1-DD-myo-inosityl-
2-(N-acetyl-LL-cysteinyl)amido-2-deoxy-a-DD-glucopyrano-
side, MSH, 3).6

The Actinomycetales bacteria include Streptomyces

and Mycobacteria; the former being an industrially
important producer of a large number of antibiotics,
and the latter being of great clinical and agricultural
importance. The most well known disease associated
with Mycobacteria is tuberculosis (TB), which is caused
by Mycobacterium tuberculosis in humans7 and Myco-

bacterium bovis in mammals.8 The emergence of antibio-
tic resistant strains of M. tuberculosis has brought this
disease back to the forefront of clinical research: strains
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resistant to single drugs have been reported in every
country surveyed and strains that are resistant to all of
the major TB drugs have been documented.7 According
to the World Health Organization, a third of the world’s
population is infected with TB.7 Mycobacteria are linked
to a number of other clinically and agriculturally impor-
tant diseases including Johne’s disease (Mycobacterium

avium subspecies paratuberculosis, MAP), which affects
cattle and causes losses to the dairy industry in excess
of $1.5 billion (US) per year.9 The ability of Mycobacte-
ria to resist the oxidative stresses placed upon it by mac-
rophages during host infection may be due to MSH and
its biochemistry.10 Mutants of Mycobacterium smegma-

tis deficient in MSH production have been found to be
hypersensitive to a host of toxic agents; therefore,
MSH and its biosynthetic pathways act as an attractive
target for the development of novel antimicrobial agents
specific for Mycobacteria.11

Despite the medical importance of the organisms that
utilize MSH, very little is known concerning MSH
biochemistry.� Much of the work published thus far
has focused on the enzymes believed to be involved in
the MSH biosynthetic pathway (MshA through
MshD).1 In addition, three enzymes have been charac-
terized to date as requiring MSH as a cofactor; all of
these enzymes have parallel functions to GSH-utilizing
detoxification enzymes: MSH-dependent formaldehyde
dehydrogenase,1 MSH-disulfide reductase1 and MSH-
S-conjugate amidase (MCA). Several partial or total
chemical syntheses of MSH have been reported.12,13

There is very little information available with regards
to the chemical reactivity and conformational prefer-
ences of MSH, information that could be of benefit to
the design of novel inhibitors of MSH-utilizing enzymes.
Based upon these considerations, a detailed conforma-
tional study of MSH was undertaken. The findings
reported herein result in the elucidation of important
characteristics of the major conformations of MSH pre-
dicted by these methods. The results of these investiga-
tions should not only aid in our fundamental
understanding of this glycothiol but also should serve
to aid in the design of MSH analogues, including con-
formationally restricted derivatives as important leads
in the development of novel antimycobacterial agents.
�

2. Computational methods

2.1. General methods

A conformational study of MSH was undertaken using
MacroModel (versions 8.1 and 9.0, Schrödinger Inc.,
�A recent survey of the PubMed database retrieved 65 publications on
MSH, as compared to 69,370 publications on GSH (February 21,
2006).
Portland, OR, USA) and the Molecular Operating Envi-
ronment program suite MOE2004MOE2004 (Chemical Computing
Group Inc., Montreal, QC, Canada). MacroModel
and MOE use the Generalized Born/Surface Area
(GB/SA) continuum model14 to create an implicit solva-
tion environment and this model was used as imple-
mented by each software package. The MacroModel
calculations were performed on an SGI O2 workstation
or the University of Waterloo multi-CPU Silicon
Graphics Origin 3800 system (Flexor) in the gas phase
and with implicit water solvation. MOE2004MOE2004 calculations
were performed using implicit water solvation on a PC
Pentium 4, 2.40 GHz CPU.

2.2. MacroModel calculations

All MacroModel minimizations were performed using
the same protocol. The electrostatic treatment was
dependent upon the force field used, with a dielectric
constant of 1.0; the charges were defined by the force
field library. Hydrogen-bonding interactions were cut
off at 4 Å. Van der Waals and charge–charge interac-
tions were cut off at 7 and 12 Å, respectively, in the
gas phase, at 8 and 20 Å under implicit solvation. A
Polak–Ribiere Conjugate Gradient (PRCG)15 was used
and each structure was subjected to 5000 iterations.
The minima converged on a gradient with a threshold
of 0.05.

An initial survey of the force fields available in
MacroModel was undertaken to determine, which were
appropriately parameterized for application to the MSH
conformational study. Initial minimizations of MSH
with each of the following force fields,� AMBERAMBER*,16

AMBER94AMBER94,17
MM2MM2*,18

MM3MM3*,19
MMFFMMFF,20

OPLSOPLS
21 and

OPLSOPLS-AA-AA,22 were performed, which returned information
on the number and quality of the bend, stretch and
torsional parameters for the MSH structure (Table 1,
see also Results and discussion). Of the force fields
available in MacroModel v. 8.1, the OPLS-AAOPLS-AA

§ force field
appeared best suited to model MSH; therefore, OPLS-AAOPLS-AA

was chosen as the main force field for the conforma-
tional study performed using MacroModel.

An X-ray structure of MSH is not currently available;
therefore, the corrected structure of MSH,–,23 was
drawn in Maestro (Schrödinger Inc.) and was minimized
in the gas phase and with implicit water solvation
(GB/SA) using the OPLS-AAOPLS-AA force field. The minimized
structures were then used as the starting molecular
structures for all MacroModel conformational searches.
The conformational space of MSH was searched using
As implemented by MacroModel v. 8.1.
§

OPLS-AAOPLS-AA was used as implemented by MacroModel v. 8.1.
– There was initial confusion regarding the stereochemistry of the

inosityl moiety of MSH as it was often written as 1-DD but drawn as
1-LL; MSH has since been confirmed to be 1-DD.23



Table 1. Number of each quality of the various force field parameters available in MacroModel for bond stretching and bending and torsion angle
rotation in MSH

Force fielda Stretch Bend Torsion

High Med Low High Med Low High Med Low

AMBERAMBER* 37 0 0 111 1 0 152 11 0
AMBER94AMBER94

b — — — — — — — — —
MM2MM2 75 8 0 140 23 0 143 108 0
MM3MM3 35 14 14 58 73 137 82 20 1
MMFFMMFF 63 0 0 113 0 0 173 0 6
OPLSOPLS 63 0 0 112 0 1 170 9 0
OPLSOPLS--AAAA 63 0 0 113 0 0 179 0 0

a As implemented by MacroModel v. 8.1.
b Insufficient force field constants were available—no constants were available for the Oring–C1–Olinkage bend.

k
AMBERAMBER* was used as implemented by MacroModel 9.0.
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the Monte Carlo multiple minimization (MCMM)
method.24 The general procedure for a MCMM confor-
mational search involves the choice of a stable starting
structure, which then undergoes random variations of
dihedral angles, followed by minimization and compar-
ison of the new conformer to previously determined
minima. If the structure contains a ring, this ring is
opened prior to dihedral variation and then closed be-
fore minimization. The structure is either stored as
new and unique or rejected as identical and the cycle
is repeated. One cycle is termed a Monte Carlo (MC)
step.24 In this study the structures were allowed
500,000 MC steps and structures within 50 kJ/mol of
the global minimum were retained.

The starting structure for each step of this study was
selected from the conformations thus far generated (in
the case of the initial step, this was the inputted struc-
ture). This starting geometry was the ‘least used’ struc-
ture based on the number of times each conformer
had been used as the starting structure; this structure
would only be used if it is within 50 kJ/mol of the lowest
energy structure so far identified. For each starting
structure, x number of degrees of freedom, or in this
case torsional angles, were altered, where x is a ran-
domly generated number between 2 and 5. The bonds
would be rotated plus or minus a randomly generated
number between 0� and 180�. To adjust the torsional an-
gles within the DD-glucosamine and myo-inositol rings,
the bonds between C3 and C4 and C2 0 and C3 0 were
temporarily broken to open each ring. The dihedral an-
gles were then modified and the rings closed, with the
newly formed bonds constrained to between 0.5 and
2.5 Å in length. The absolute values of the torsion angles
of the amide bonds were monitored and the structure
was discarded if its angles were outside of 0–90� for
C2–N100–C200–O (DD-glucosamine) and 90–180� for
H–N500–C600–O (N-acetyl-cysteine).

The resultant conformation was then minimized using
the OPLS-AAOPLS-AA force field. After 1666 iterations, a preli-
minary energy test was performed and the minimization
was aborted if the structure’s energy was more than
100 kJ/mol higher than the current minima structure;
speeding the overall conformational search. The chiral-
ities of the stereogenic atoms, the carbon atoms of the
DD-glucosamine and myo-inositol rings and the a-carbon
of the N-acetyl-cysteine moiety, were saved by the com-
putation of an improper torsion with the first three sub-
stituents and then rejection of any structure whose
chirality was altered by minimization; the structure
was then compared to previously saved conformers for
redundancy. Structures whose least squares superimpo-
sition was less than 0.25 Å were considered identical and
the higher energy conformer was then discarded. Ini-
tially, all heavy atoms and polar hydrogen atoms were
used for comparison. After these initial conformational
searches 13,074 and 137,764 unique structures were
found in the gas phase and with implicit water solva-
tion, respectively. These conformers were then subjected
to the redundant conformation elimination (RCE) mod-
ule of MacroModel to remove conformers whose heavy
atom placement differed by less than 0.25 Å.

A second search was performed using AMBERAMBER*k to
account for any inadequacies of the OPLS-AAOPLS-AA force field
(see Results and discussion). MSH was minimized using
AMBERAMBER* with implicit solvation (GB/SA) and this was
used as the starting point for the conformational search.
The MCMM conformational search was performed sim-
ilar to the OPLS-AAOPLS-AA search except that the torsional
angles within the myo-inositol and DD-glucosamine rings
were not modified nor were these rings opened; the tor-
sional angles between these rings were subject to rota-
tion (see Results and discussion). After the initial
conformational search, 33,124 conformers were found,
which were then subjected to RCE.

Implicit water conformers within 3 kcal/mol of the
global minimum (OPLS-AAOPLS-AA: 198 conformers, AMBERAMBER*:
116 conformers) were then analyzed using the XCluster
module of MacroModel v. 9.0. The conformers were
grouped into families based upon the / (H–C1–O–
C1 0) and w (C1–O–C1 0–H) angles (for numbering, see
Fig. 1, 3) of the disaccharide portion of MSH. Conform-
ers containing five axial substituents on the myo-inositol



Figure 1. Important intracellular thiols.
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ring were excluded from further analysis (OPLS-AAOPLS-AA: 50
conformers, see Results and discussion).

2.3. MOE2004MOE2004 calculations

Stochastic conformational searches were performed
using the corrected structure of MSH–,23 as a starting
structure. These searches are similar to random incre-
mental pulse searches (RIPS),25 where new molecular
conformations are generated by random rotation of all
bonds (including ring bonds), instead of only Cartesian
coordinate perturbation. This method led to alterations
of the absolute configuration of the myo-inositol carbon
atoms during the perturbations; therefore, the heavy
atoms of this ring were fixed after initial minimization
with the PEF95SACPEF95SAC

�� force field.26 For all other linkages
that were allowed to rotate, a bias around 30� was
selected; therefore, the dihedral angles were rotated ran-
domly with a sum-of-gaussians distribution with peaks
at multiples of 30�. To make the search even more effi-
cient, a simultaneous Cartesian perturbation of 0.4 Å
was also applied. These random perturbations were
repeated 250,000 times per conformational search and
the structures were subsequently optimized using the
PEF95SAC force field using implicit solvation (GB/
SA). Two separate searches were performed and the
databases were combined for analysis. Initially each
new conformation was checked against the previously
found conformations using a root-mean-square (RMS)
tolerance of 0.1 Å on all atoms, including the hydrogen
atoms to account for possible hydrogen bonding. The
second search was carried out using a more stringent
RMS value (0.01 Å) applied to the heavy atoms only.
In both searches the calculations terminated at the end
of the 250,000 iterations as the number of failures crite-
ria to find new conformations (10,000 iterations in a
row) was never met for this large conformational search.
Structures that did not have the 4C1 conformation for
DD-glucosamine were eliminated (see Results and discus-
sion). Conformations with energies over 10 kcal/mol
above the global minima were rejected resulting in
25,852 structures.
��
AMBER94AMBER94 and PEF95SACPEF95SAC were used as implemented by MOE2004MOE2004.
The combined database was also re-minimized using
the AMBER94AMBER94 force field17 with implicit solvation (GB/
SA), which selected 10,656 structures within 10 kcal/
mol of the AMBER94AMBER94 determined global minimum. The
structures within 3 kcal/mol of the global minima for
each force field were then further analyzed for relation-
ships between the / and w angles: 1860 and 1067 confor-
mations for the PEF95SACPEF95SAC and AMBER94AMBER94 force fields,
respectively.
3. Results and discussion

MSH is a clinically important glycothiol believed to be
essential for Mycobacteria’s survival however there is
very little known regarding its biochemistry and confor-
mational preferences.1,27 Information regarding the con-
formational preferences of MSH may be useful in the
design of novel inhibitors aimed at MSH-utilizing
enzymes. MCA, for example, is an attractive target for
the development of inhibitors as it is believed to be
involved in the removal of electrophilic species from
Mycobacteria, and may be involved in the detoxification
of thiol reactive antibiotics, such as rifamycin S and
cerulenin.28 The design and synthesis of MSH-utilizing
enzyme inhibitors is ongoing, with some of these being
synthetic MSH analogues.29–32 The results of our mod-
elling study may aid in the design of inhibitors by iden-
tifying key dihedral angles in MSH, which are highly
populated and found in the solution.

MSH is an unusual thiol in that it contains a pseudo-
disaccharide moiety coupled to cysteine (Fig. 1, 3), this
results in a wider variety of atom and bond types within
MSH, complicating force field selection, as many force
fields are not parameterized for all of the MSH bond
and atom types. This parameterization is critical for
accurate energetic information. MacroModel returns
information regarding the quality (high, medium, or
low) of the parameters in use for each structure (Table
1). The lower the quality of the parameter, the less
experimental or ab initio data that have been utilized
in fitting the force field equation. A low quality rating
indicates that generalized parameters are in use, which
can lead to inaccurate conformational energy differences
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and geometries. The use of low quality stretch parame-
ters, in particular, can give crude partial charges, which
in turn can cause computed charges and solvation ener-
gies to be inaccurate.33

AMBERAMBER*, a well known force field
used for modelling carbohydrates, returned a medium
bend parameter for the bend of the Oring–C1–Olinkage

angle and medium torsion parameters for the cysteine
portion of MSH (Table 1). Based upon the quality of
the parameters returned by MacroModel (Table 1), the
OPLSOPLS--AAAA force field appeared to be best suited for
modelling MSH (Table 1) and therefore was used as
the main force field for the MacroModel search. The
OPLSOPLS--AAAA force field has traditionally been used to model
amino acids, but it has also been parameterized for,34

and successfully used with carbohydrates including
disaccharides35–37 and cyclodextrin.38 In addition, as
implemented by MacroModel, OPLS-AAOPLS-AA is parameterized
for sulfur in thiols.22

For a conformational study on a complex molecule
such as MSH to be undertaken, various conformations
must be generated that explore all or at least a substan-
tial portion of the conformational space of the molecule.
One technique to examine torsional angles is the dihe-
dral angle drive or adiabatic mapping method;39 how-
ever, due to the complexity of MSH, the number of
angles to be probed appeared prohibitive. If one ignored
the numerous dihedral angles in the disaccharide rings
themselves, there would remain nine dihedral angles to
evaluate, assuming only heavy atoms were considered.
If these dihedral angles were modified in 20� increments
this would result in 189 or over 198 billion possible
starting conformations to examine, which would be-
come a major computational undertaking. More tract-
able approaches are those of stochastic or MCMM
methods, which utilize random structural perturbations
Figure 2. Stereoview overlay of the global minimum conformations of MSH
OPLSOPLS--AAAA force field.
to generate starting conformers for minimization. If a
sufficient number of conformers are generated, this
should sample a large portion of the conformational
space available to the molecule and hence was chosen
for our MacroModel conformational search. This meth-
od has been useful in many studies including the study
of the coil-to-helix transition in polyalanine,40 and the
determination of the low energy conformations of syn-
thesized carbohydrates.41

During the MCMM conformational search using the
OPLSOPLS--AAAA force field, the rings were opened, followed by
torsional angle variation and ring closure. This yielded
an unbiased search of the ring conformations. The
results indicated that all of the structures within
3 kcal/mol of the implicitly solvated global minimum
had a 4C1 orientation for the DD-glucosamine moiety; this
is consistent with determined crystal42 and aqueous
phase43 structures of N-acetyl-DD-glucosamine. Struc-
tures having myo-inositol in the one equatorial/five axial
(1eq/5ax) conformation were eliminated (50 structures
within 3 kcal/mol of the global minimum), as it is
known from solution phase NMR44 and X-ray crystal-
lography45 that myo-inositol prefers the 5eq/1ax
conformation.

MSH was modelled in the gas phase as well as with
implicit water solvation using the GB/SA model, which
has been shown to be efficient for the modelling of carbo-
hydrates,46 and has been successfully applied to confor-
mational analyses of ganglioside head groups47 and
mannobiosides and triosides.48 The overlay of the global
minima of MSH in the gas phase and in implicit water
demonstrates the effect that solvent shielding can cause
(Fig. 2) as the importance of hydrogen bonding and
electrostatics can be exaggerated in the gas phase and
folded or collapsed structures become more probable.49
found for the gas (coral) and implicit water (cyan) phases using the



Table 2. Hydrogen-bonding interactions for the global minimum
conformations of MSH found for the gas phase and with implicit water
solvation (OPLS-AAOPLS-AA)

Phase No. of intramolecular H-bonds Atoms involveda

Gas 3 C600@O� � �H–O–C20

C600@O� � �H–N100

C200@O� � �H–O–C6

Water 2 C200@O� � �H–S
C600@O� � �H–N100

a See Figure 1 for numbering.

Figure 3. Clustering of the / and w angles of MSH conformers found
to be within 3 kcal/mol of their respective global minima. These
conformers were generated using the OPLS-AAOPLS-AA, AMBERAMBER*, AMBER94AMBER94 and
PEFPEF95SAC95SAC force fields. The purple box represents the / and w angle
ranges of MSH-S-bimane as determined by NMR data.27 There are
two conformers found using AMBERAMBER*, which are not shown in this
figure with (/,w) = (�27�,�155�) and (�28�, �155�).
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As can be seen in Table 2, the gas phase and implicitly
solvated global minimum structures differ in hydrogen
bond placement with the gas phase having a more closed
structure with the amino acid portion hydrogen bonding
to the disaccharide (Fig. 2).

When analyzing the results of a conformational study,
it is important to note that while the global minimum
structure may be the most energetically favourable
structure, it may not necessarily be the structure
required for biological activity and protein binding.50

Studies have indicated that the conformations of bound
ligands may be those within 3 kcal/mol of the global
minimum structure.49 In the case of highly flexible
ligands, the upper energy limit for binding conformers
has been suggested to be as high as 5 kcal/mol above
the global minimum.51 While MSH has a high degree
of flexibility in the amino acid portion, there is much less
flexibility around the disaccharide linkage of DD-glucos-
amine and myo-inositol; hence a 3 kcal/mol cut off
may be sufficient for MSH and only those conformers
within 3 kcal/mol of the implicitly solvated global mini-
mum were studied further.

Clustering analysis was performed using XCluster,
which has been utilized to study a wide range of systems
including antibiotic mutacin 1140,52 thrombin inhibi-
tors,53 agouti-related peptides54 and peptide-tannin sys-
tems.55 Clustering of the implicit water OPLS-AAOPLS-AA data,
using / (H–C1–O–C1 0) and w (C1–O–C1 0–H) as the
angles of interest, indicated the presence of three distinct
clusters (Fig. 3 and Table 3). An overlay of local mini-
mum structures from each cluster highlights the differ-
ences between these angles (Fig. 4). Cluster 1 is the
most highly populated, with 131 members and contains
the OPLS-AAOPLS-AA implicitly solvated global minimum struc-
ture, while Clusters 2 and 3 contain 13 and 4 members,
respectively (Fig. 3 and Table 3).

While OPLS-AAOPLS-AA was the initial choice for modelling
MSH, several additional force fields known for model-
ling carbohydrates46

AMBERAMBER*, AMBER94AMBER94 and PEF95SACPEF95SAC,
were used to detect conformational modelling inadequa-
cies in the OPLS-AAOPLS-AA results. Of the 148 structures kept
from the OPLS-AAOPLS-AA conformational search very little var-
iance in their ring torsional angles was observed (data
not shown). The subsequent AMBERAMBER* search therefore
froze the internal torsion angles of the DD-glucosamine
and myo-inositol rings after an initial minimization.
The AMBER94AMBER94 and PEF95SACPEF95SAC conformational searches
did not hold the DD-glucosamine ring of MSH rigid,
which allowed for ring flipping. Any conformations
not having the 4C1 DD-glucosamine orientation were elim-
inated from the databases as it has been shown that
N-acetyl-DD-glucosamine prefers the 4C1 orientation.42,43

The data obtained using the random torsion method
combined with Cartesian perturbation, implemented in
the MOE stochastic search, was in good agreement with
the MCMM results, indicating that both methods ade-
quately covered the conformational space of MSH.
There was some variation among the force fields with
respect to their cluster populations (Table 3). As
mentioned earlier, the majority of the OPLS-AAOPLS-AA derived
structures are found in Cluster 1, including the global
minimum. In the case of AMBERAMBER*, the majority of the
structures, including the global minimum, were found
in Cluster 1 (101 conformers), with only 10 conformers
being found in Cluster 2 and no conformers were found
with the / and w angle combination of Cluster 3. There
were some outlying AMBERAMBER* structures that belonged to
Cluster 1 with a / angle of �50� and w angles ranging
from ��20� to 20�, as well as two conformers with (/,
w) = (�27�,�155�) and (�28�,�155�). These structures
are not seen with any other force field and may be due to
the medium quality parameter seen for the Oring–C1–
Olinkage angle, which may allow for additional flexibility
of that angle, affecting the overall / and w torsional
angles. The AMBER94AMBER94 data had a more even distribution



Table 3. Comparison of the three clusters and global minima of the implicitly solvated MSH conformers generated in this study

Cluster 1 Cluster 2 Cluster 3 GMa

OPLSOPLS-AA-AA
b (MacroModel)

/ Dihedral �55� to �26� �33� to �14� 19� to 32� �48�
w Dihedral �49� to �10� 36� to 55� 17� to 24� �33�
No. of members 131 13 4 —

AMBERAMBER*c,d (MacroModel)

/ Dihedral �52� to �22� �37� to �23� — �25�
w Dihedral �34� to 19� 46� to 54 — �17�
No. of members 101 13

AMBER94AMBER94
e (MOE2004MOE2004)

/ Dihedral �55� to �28� �44� to �8�f 8� to 30�g �31�
w Dihedral �38� to �13� 22� to 51� 28� to 43�g 43�
No. of members 391 390 285 —

PEF95SACe (MOE2004MOE2004)

/ Dihedral �56� to �47� �39� to �27� 20� to 30� �36�
w Dihedral �29� to �23� 42� to 58� 43� to 45� 52�
No. of members 66 1782 12 —

Mycothiol-S-bimane (NMR data)h

/ Dihedral �66� to �42� — — —
w Dihedral �22� to 18� — — —

a Implicitly solvated global minimum.
b As implemented by MacroModel v. 8.1.
c As implemented by MacroModel v. 9.0.
d Two outlying angle combinations were found with (/,w) = (�27�,�155�) and (�28�, 155�), no angle combinations corresponding to Cluster 3 were

found.
e As implemented by MOE2004MOE2004.
f Only two conformers were found to have / angles of �8�, all others in this cluster were below �17�.
g One outlying conformer was determined with (/,w) = (54�, 61�).
h Angle ranges suggested by NOE data reported for mycothiol-S-bimane.27

Figure 4. Stereoview of the superimposition of the lowest energy conformers from each of the MSH clusters in implicit water determined using the
OPLSOPLS-AA-AA force field: cyan—Cluster 1 (also the global minimum); coral—Cluster 2; green—Cluster 3.
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between the clusters with the distribution slightly
favouring those of Clusters 1 and 2. In contrast, Cluster
2 from the PEF95SACPEF95SAC data had 1782 members with Clus-
ters 1 and 3 having populations of 66 and 12, respec-
tively. Unlike the OPLS-AAOPLS-AA and AMBERAMBER* data, the
global minima of AMBER94AMBER94 and PEF95SACPEF95SAC were found
in Cluster 2. While the energetics of the structures
differed among the various force fields, the overall /
and w angle ranges were in agreement among the four
force fields (Fig. 3 and Table 3) indicating the conforma-
tions obtained for MSH are independent of the force
field chosen. Based upon the population densities, there
is some flexibility around the / and w angles, however
MSH will most frequently be found with / and w angle
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combinations consistent with conformations in Clusters
1 and 2.

As previously mentioned, a crystal structure of MSH
is not available for comparison to our calculated values.
However, a solution phase structure of a bimane deriv-
ative of MSH (MSmB, Fig. 5, 4), has recently been
determined using NMR techniques.27 MSmB is a sub-
strate for MCA, the enzyme responsible for the cleavage
of MSH-S-conjugates formed from MSH and various
electrophiles.28 The structure of MSmB was therefore
used as a comparison against the implicitly solvated
MSH conformers found in this study. The local mini-
mum structures (C1–C3) of the three clusters, as found
by OPLS-AAOPLS-AA (seen in Fig. 4), were used as representative
structures from Clusters 1–3; in the case of Cluster 1, the
local minimum was also the OPLS-AAOPLS-AA global minimum
structure.

A comparison of the cysteinyl torsional angles (Table
4) reported for the MSmB are in good agreement with
those measured from C1. The MSmB structure was
determined using key inter-hydrogen distances obtained
from NOE data.27 A comparison of these distance
Figure 5. MSmB, a substrate for MSH-S-conjugate amidase.

Table 5. Comparison of key inter-hydrogen distances for implicitly solvated

Structure

H1–10 H1–20 H1–60 H5–10 H5–

NOEc Sd Md M Wd S
C1e 2.6 4.4 3.4 3.2 2.7
C2 2.3 2.7 4.5 4.3 3.6
C3 2.3 2.7 4.5 4.6 4.7

a See Figure 1 for numbering.
b The CH3 distance was obtained by averaging the distance from each H of
c Mahadevan et al.27

d S: strong (1.8–3.0 Å) M: medium (1.8–4.0 Å), W: weak (1.8–5.0 Å), S 0: (1.8
e Representative structures from Clusters 1 (C1), 2 (C2) and 3 (C3). These are

the OPLS-AAOPLS-AA force field.

Table 4. Comparison of selected cysteinyl torsional angles from
implicitly solvated MSH (OPLS-AAOPLS-AA) and MSmB (NMR)

Torsion angles NMR dataa GM (aq)b

H–C300–C200–O Trans 125.3�
O–C200–N100–H Trans 174.0�
H–N500–C300–H �150� �140.1

a Mahadevan et al. (2003).27

b Global minimum.
ranges to the distances observed for the implicitly
solvated representative structures C1–C3 are shown in
Table 5. An initial comparison of the distances found
for the three representative structures indicates that C2
and C3 are more similar to each other than to C1. The
similarity in structure can be seen in Figure 3 where
the myo-inositol ring of C1 (cyan) is oriented away from
the myo-inositol rings of C2 (coral) and C3 (green).

The representative structures from all three clusters
satisfy the inter-hydrogen distance ranges determined
by NMR27 for H1–1 0, H100–300, H500–300, H5–1 0 and
CH3–H500. However, only C1 satisfies the distance
ranges reported for H1–6 0, H5–2 0 and CH3–H6 0 as the
distances for C2 and C3 are outside of the ranges
reported for the NOE determined conformations. In
particular, the CH3 group of the acetyl group is distal
from the protons of the myo-inositiol ring; this can be
clearly seen in Figure 3 (C1: cyan, C2: coral, C3: green)
and Table 5. However, C2 and C3 satisfy the distance
range reported for H1–2 0. The orientation of the myo-
inositol ring brings H6 0 close to H1 in C1 and places
H2 0 away from H1, such that it cannot satisfy the H1–
2 0 NOE predicted distance range; the reverse is true
for C2 and C3. Thus, these results indicate that in solu-
tion MSH does not exist as a static structure, but is
likely conformationally flexible, leading to variable dis-
tances between the various protons during the time
frame of an NMR experiment. This is supported by
the inability of one representative structure to satisfy
all of the distances determined using NOE experiments.
This is also supported by a comparison of the / and w
angles calculated in this study and those determined
by Mahadevan et al.27 There is some overlap between
the NOE predicted angle ranges and those found in
Cluster 1, as seen in Figure 3 and Table 5.

The structure predicted by the NOE data is best fit to
the calculated distance and angle data as an average of
structures; this is consistent with the time scale of the
NMR experiment. Structures determined using NMR
are usually a composite of conformations that can exist
in solution and do not necessarily represent a single
conformation.56
MSH conformers (OPLS-AAOPLS-AA) to those of MSmB (NMR)

Atomsa

20 H100–300 H500–300 CH3–H60b CH3–H500b

S 0d W 0 W00d S00

2.5 2.9 3.1 3.0
2.2 2.9 7.1e 2.9
2.2 2.9 7.8 2.9

the CH3 group to either H6 0 or H500.

–3.2 Å), W0: (1.8–5.2 Å), S00: (1.8–3.5 Å), W00: (1.8–5.5 Å).
the implicitly solvated local minima from each cluster determined using



1172 C. E. Hand et al. / Carbohydrate Research 341 (2006) 1164–1173
4. Conclusions

A detailed conformational investigation was performed
on the novel intracellular glycothiol MSH (3), which is
found solely in the Actinomycetales bacteria, including
medically important M. tuberculosis. The OPLS-AAOPLS-AA force
field was used for MCMM calculations performed on
MSH in vacuo and with implicit water solvation. The
global minimum structures of MSH in the two phases
were found to be similar; however, intramolecular
hydrogen-bonding played a greater role in the confor-
mation of MSH in vacuo than in implicit water; this is
believed to be due to the lack of shielding and competing
interactions present when MSH is solvated in water.

To detect any inadequacies in the OPLS-AAOPLS-AA results,
MSH was also modelled using AMBERAMBER* and the MCMM
method, and using AMBER94AMBER94 and PEF95SACPEF95SAC and a sto-
chastic conformational search method. Conformers
within 3 kcal/mol of the respective global minima were
compared and it was found that these conformations
were independent of the force fields used. All conform-
ers were clustered into three distinct families based upon
the / and w angles of the disaccharide. Based upon the
population of these clusters it is expected that MSH will
be found predominantly in Clusters 1 and 2. Cluster 1
has / and w angle ranges of roughly �55� to �26�
and �49� to �10�, while Cluster 2 has / and w angles
ranges of approximately �44� to �14� and 22–58�. This
data compares favourably to a previous NMR confor-
mational study on MSmB, an MSH-S-conjugate con-
taining a bimane moiety. The knowledge of the
structures of these possible conformers of MSH should
be important in the future design and optimization of
inhibitors of MSH-utilizing enzymes.
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