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Molecular dynamics simulations of a fitted multimeric structure of Mycobacterium tuberculosis
o-crystallin (Mtb Acr) identify solvent exclusion from the B4-Bs hydrophobic groove as a critical factor
driving subunit assembly. Dehydration is also implicated as a determinant factor governing the
chaperone activity of the dimer upon its dissociation from the oligomer. Two exposed hydrogen bonds,
responsible for stabilizing the Bg—ps fold are identified as key mechanistic elements in this process. Based
on the overproduction of the chemokine CXCL16, observed after macrophage exposure to Mtb Acr, the
proteases ADAM10 and ADAM17 are mooted as possible targets of this chaperone activity.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Tuberculosis, resulting from infection by Mycobacterium
tuberculosis (Mtb), is the leading cause of death worldwide due to
a bacterial pathogen. The manifestation of the majority of active
tuberculosis disease cases results from re-activation of latent Mtb
infection acquired years, or decades, previously. It is estimated that
fully one third of the world’s population harbors latent Mtb
infection [1]. For such individuals quiescent infection has been
correlated with the appearance of the tuberculous granuloma [2],
where macrophages containing small numbers of dormant bacteria
are surrounded by uninfected macrophages. The immunologic
mechanisms that cause granuloma formation have not been
completely characterized [3]. Considering the highly cellular
encapsulation afforded by the tuberculous granuloma, it has been
postulated that nutrient and oxygen deprivation are likely environ-
mental cues that could induce the Mtb latency [4,5]. The bacterial
protein produced in the largest amount during the Mtb early-stage
hypoxic response is Mtb Acr, an a-crystallin (Acr) homolog encoded
by the hspX gene [6]. Acris a 16.3 kDa protein with homology to the
human small heat-shock protein (sHSP) protein o-crystallin [7],
and like its human analog has been shown to act as a molecular
chaperone by protecting against the aggregation of target proteins
[8]. The overproduction of Acr under microaerobic conditions,
combined with its heat shock activity, suggests a role for Acr in
the establishment of the tuberculous granuloma.
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Recent protein microarray data from our group revealed 10
supernatant proteins whose concentrations were increased by at
least 2-fold following exposure of murine macrophages to
Acr-coated polystyrene beads, when compared to levels for cells
exposed to control beads [9]. Of these proteins the chemokine
CXCL16 demonstrated the largest change, approximately a 3-fold
increase. CXCL16 is a CXC-type chemokine that has been shown
to be expressed by a variety of cell types, including antigen-pre-
senting cell types such as macrophages [10-12]. This chemokine
has also been associated with recruitment of many of the cell types
that are also important in granuloma development including Ty1
type CD4" T cells, Tc1 CD8* T cells and natural Killer T cells. All
these cell types express the cognate receptor for CXCL16. CXCL16
is expressed as a transmembrane protein with a large extracellular
domain tethered to the membrane by a mucin-like “stalk”. Release
of CXCL16 results from activation of one of two A Disintegrin and
Metalloproteinase (ADAM) proteases, namely ADAM10 or ADAM17
which cleave the stalk region to release the bioactive extracellular
domain of CXCL16 [13,14]. These studies have suggested that
ADAM17 is primarily responsible for induced release of CXCL16
whereas ADAM10 performs constitutive release of CXCL16. This
leads to the possibility that Acr-induced release of CXCL16 involves
activation of ADAM10 and/or ADAM17.

The dodecameric character of Mtb Acr has recently been deter-
mined by nanoelectrospray mass spectrometry [15]. The atomic
structure of the related a-crystallin domain from Triricum aestivum
(wheat) was docked into the Mtb Acr density map obtained by elec-
tron microscopy to generate the structure shown in Fig. 1A. This
fitted structure included the conserved IXI/V motif of the C-terminal
extension but omitted the remainder of the C-terminal tail.
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Fig. 1. (A) The dodecamer obtained by fitting the atomic coordinates of the wheat a-crystallin domain to the electron density for Mtb Acr (available as pdb code 2BYU). (B)
The tetramer from 2BYU after insertion of missing residues in the C-terminal extension. (C) Surface map showing the “patching” of the C-terminal extension into the B4—Bg
hydrophobic groove, with the IXI/V motif shown in stick and the “plug” residue, Lyseg, displayed as red surface. (D) Critical hydrogen bonding interactions linking the Bg and
Bo strands. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Insertion of the missing residues at positions 138-146, obtained
from the wheat structure (available as pdb code 1GME), yields the
tetrameric structure shown in Fig. 1B, where the C-terminal loop
containing the conserved IXI/V motif of one dimer is shown making
intersubunit contact with the adjacent dimer. This structure is con-
sistent with a model of sHSP function in which the larger assembly
acts as a reservoir from which the chaperone-active dimer is re-
leased to interact with protein targets [16]. The surface image,
Fig. 1C, shows the C-terminus extending into the hydrophobic
groove formed by the B4 and Bg sheets of the neighboring dimer, a
motif that has been previously referred to as “patching” [17]. Ther-
modynamic profiles of sHSP chaperone capacity have identified this
dimer-dimer interface as a vital element in conferring the oligomer
with a plasticity necessary for the detection of non-native proteins
[18]. Critical hydrogen bonding interactions within the Ig fold of
the dimer are shown in Fig. 1D.

The chaperone activity of the sHSP dimer of various a-crystal-
lins has been postulated to coincide with the exposure of hydro-
phobic interface sites after a temperature-regulated subunit
exchange or dissociation of the oligomer [19,20]. This provides
for exposure of substrate binding sites, that in turn result in the
sequestration of the target protein in a high mass complex, thereby
preventing formation of an amorphous protein aggregate [16]. Not
surprisingly the groove covered by the IXI/V motif has been previ-
ously mapped to o-crystallin substrate binding sites [21,22].

Solvent-exposed intramolecular backbone hydrogen bonds, or
dehydrons, have been previously identified as vulnerabilities or
structural defects in the packing of a wide array of proteins
[23,24]. Exposure of such dehydrons to an aqueous environment
has previously been shown to weaken protein secondary struc-
tures [25,26]. In turn excluding solvent from protein regions con-
taining exposed hydrogen bonds has been implicated as a
determinant factor in ligand-protein [27] and protein-protein
[28] interactions. Indeed a screening protocol that identifies such
structural vulnerabilities, or dehydrons, has been developed [29],
and used to guide the rational development of more selective
inhibitors [30]. Since dehydron distributions have been shown to
correlate with protein subunit assembly [28] as well as playing
potentially determinant roles in protein binding, it must be consid-
ered highly possible, if not probable, that protection of exposed
backbone hydrogen bonds by solvent exclusion plays a role in
the chaperone activity of Mtb Acr.

2. Methods

The dodecameric structure resulting from the docking of the o~
crystallin domain from T. aestivum (wheat) into the density map of
Mtb Acr is available from the RCSB (www.rcsb.org) as Protein Data
Bank (pdb) code entry 2BYU. Molecular dynamic (MD) simulations
were performed using the tetrameric subunits of 2BYU. This fitted
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Fig. 2. The a-crystallin domains of four sHSPs with the solvent exposed backbone hydrogen bonds, or dehydrons, identified as green segments connecting the C,, of the linked
residues [images generated with YAPView, available from http://sourceforge.net/projects/protlib/files/yapview/].

structure includes the conserved IXI/V motif of the C-terminal
extension but lacks the remainder of the C-terminal tail. The miss-
ing residues at positions 138-146 were added from the wheat
structure (available as pdb code 1GME) after superposition of the
backbones of residues 133-138 and 147-151. After adding hydro-
gens the inserted loop residues and the hydrogen positions were
subjected to a short energy minimization using the CHARMm force
field [31] as implemented in the Discovery Studio program suite.

Complexes were constructed from the tetramer with and with-
out the IXI/V motif, and solvated with TIP3P explicit water mole-
cules occupying a sphere of radius 25 A from the C, carbon of
Lysss, and employing an explicit spherical boundary with harmonic
restraint. The system was minimized by steepest descent and con-
jugate gradient. A harmonic restraint was then applied to the di-
mer containing the C-loop extension, though the IXI/V motif,
when present, was left unrestrained and therefore free to move.
The complexes were then heated to 300K, and equilibrated at
300K for 5 ns. The SHAKE algorithm was employed to keep bonds
involving hydrogen atoms at their equilibrium length, allowing the
use of a 2 fs time step.

Homology models for the o-crystallin domains of Mtb Acrl,
Mycobacterium leprae 18P and human o-crystallin A were gener-
ated from sequence alignments (UniProt POA5B7, P12809 and
P02489, respectively) with the 2BYU homolog, using the MODELER
protocol as implemented in the Discovery Studio program suite
from Accelrys Inc. The extent of hydrogen bond desolvation is
quantified as the number of non-bonded, carbonaceous groups,
p, contained within a domain centered on the residues linked by
the interaction [29]. This desolvation domain is defined as two
intersecting spheres of fixed radius centered on the C, atoms of
the linked residues. Dehydrons are then identified as those back-
bone hydrogen bonds that are underwrapped by non-polar groups,
and defined as those interactions with p values at or below the
average minus one root mean squared deviation. In this work the

default values for domain radius, 6.2 A, and dehydron cutoff,
p <19, were used as per reference 29. These dehydrons for the
o~crystallin domains of four heat shock proteins are shown as
green connectors in Fig. 2.

3. Results and discussion

Given its exposed character the Ig-like B fold structure of Acr
provides an almost optimum topology for the presentation of sol-
vent-exposed backbone hydrogen bonds. Dehydron analysis, Fig. 2,
identified two solvent-accessible backbone hydrogen bonds con-
served across different o-crystallin domains. To test the thesis that
this vulnerability is related to patching of the B4—Bg hydrophobic
groove, 5 nanosecond (ns) MD equilibriations were performed on
partially solvated, pre-minimized and pre-heated Acr tetramers,
both with and without the IXI/V groove-covering motif. Trajectory
analysis of the backbone hydrogen-bonds linking the Gly;o4 resi-
due of the Bg strand and the Thry3; residue of the By strand,
Fig. 3, for the final 0.5 ns timeframe clearly confirms these specific
inter-strand forces as vulnerable to solvent exposure. From Fig. 3A
one can see two diverging trends highlighting the critical role that
the IXI/V motif plays in excluding water from the vicinity of the
(Gly124)NH-O(Thry31) hydrogen bond. Whereas over the 5 ns equil-
ibriation for the tetramer with the motif inserted into the groove
the hydrogen bond actually strengthens over time to a median va-
lue of 2.58 A over the final 500 ps, exposure to water by removing
the IXI/V motif reveals a dramatic weakening of this hydrogen
bond to a median value over the final 500 ps of 2.83 A.! A similar

1 A median hydrogen bond distance criteria of <2.7 A (chosen to accommodate
small thermal motions which might result in transient excursion beyond the more
generally accepted 2.5 A limit) and angle criteria 180 + 60° are taken from reference
[32].
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Fig. 3. (A) Trajectory analysis for the (Gly;24)NH-O(Thr;3;) hydrogen bond, in A, for the Acr tetramer with the IXI/V motif (diamond) and without (square). (B) Trajectory
analysis for the (Gly;24)0-HN(Thry3;) hydrogen bond, in A, the Acr tetramer with the IXI/V motif (diamond) and without (square). (C) Trajectory analysis for the
(Glyq24)NHO(Thry31) angle, in degrees, for the Acr tetramer with the IXI/V motif (diamond) and without (square). (D) Trajectory analysis for the (Gly;,4)ONH(Thry3;) angle, in

degrees, for the Acr tetramer with the IXI/V motif (diamond) and without (square).

trajectory for the (Gly;24)0-HN(Thr;31) hydrogen bond is shown in
Fig. 3B and indicates a progressive shortening of the critical donor
acceptor distance for both scenarios, with the distance for the sol-
vent exposed tetramer contracting to an average of 2.15 A over the
final 500 ps while the solvent excluded system yields a final average
of 2.03 A. However, trajectory analysis of the putative hydrogen-
bond angle (Fig. 3D) identifies that the solvent-exposed interaction
regularly fluctuates outside of the 60° tolerance from linearity for
the NHO angle [32]. The calculated median value of 125¢° for the sol-
vent-exposed tetramer over the final 500 ps of equilibriation stands
in marked contrast to the median value of 148° calculated for the
tetramer with the motif inserted into the groove, where the thermal
fluctuations are consistently within tolerance. The angular depen-
dence for the (Gly;24)NH-O(Thr;31) hydrogen bond is also shown
in Fig. 3C. Taken together these trajectory analyses indicate that sol-
vent exposure triggers a small but important dislocation of the Bg
strand relative to the Bg strand, initiated by the migration of solvent
molecules towards the underwrapped, and thus exposed, backbone
hydrogen bonds (Fig. 4A). This dislocation is sufficient in scope to
disrupt key Bs—Po inter-strand stabilizing forces. Homology model-
ing identifies that the Gly;,4-Thr;3; inter-strand hydrogen bonding

pair is conserved as a Thry1¢-Thry,3 interaction in Mth Acr (circled
in Fig. 4B).

The ability of sHSPs to interact with a wide range of proteins
suggests a rather promiscuous mechanism of action [33]. While
some substrate specificity has been associated with hydrophobic
loci in the N-terminal arm of certain sHSPs [31], less is known
about substrate discrimination for binding sites within the Acr do-
main [34]. Structural analysis of the alignments of the a-crystallin
domains of five sHSPs (human oA and oB crystallin, Methanococcus
jannaschii HSP16.5, Mtb Acr and wheat HSP16.9), Fig. 4B, identifies
two residues within the B4-pg hydrophobic groove that, by serving
as a topological “plug” for the IXI/V patching motif, could confer
some degree of selectivity on the specific SHSP in question. While
it has been previously noted that the general architecture of sHSPs
favors conservation of the hydrophobic residues proline and leu-
cine at these positions (contained within the L34 loop connecting
the B3 and B4 strands, and the Bg strand, respectively) [35], the
structures for the alignments of wheat HSP16.9 and Mtb Acr in
Fig. 4B indicate that, even when the hydrophobic character of the
residue is not conserved, the orientation of the side-chains of the
polar residues, Lysgg in wheat HSP16.9 and Tyr;y7 in Mtb Acr, is



272 E.F. Healy, P,J. King/Biochemical and Biophysical Research Communications 417 (2012) 268-273

TEoRe B Muvnqsm!cs S Fee

: s v AP A0VDPLTITSShES vis
illvs ATVEKEENASAK N VILPK
GRS vGADEDDIKATKpE Vsvav
i v llR - 55 GE EOAKVEEVKACLEN WTVRK

h-bond pair —

Fig. 4. (A) The Bg—Bo fold of the 2BYU solvated tetramer without the patching IXI motif, after equilibriation for 5 ns at 300 K. The weakened (Gly;24)0-HN(Thr;3;) hydrogen
bond and a hydrogen bond between a water molecule and a Tyr sidechain are shown. No hydrogen bond is observed between the Gly,,4 amide and the Tyr;3; carbonyl, and
the dislocation of the Bg strand relative to the Bg strand is clearly visible. (B) Sequence alignments for the a-crystallin domains of human oA and aB-crystallin, Methanococcus
jannaschii HSP16.5, Mtb Acr and wheat HSP16.9; homology modeling of the a-crystallin domain of Mtb using 2BYU as a template, highlighting residues Lysgs and Leu;,s
(wheat), and Prog; and Tyry;7 (Mtb) in stick; the conserved hydrogen bonding pairs for Gly,4-Thry3; (Wheat) and Thry;6-Thry,3 (Mtb) are circled.

such that only the non-polar segments of the side-chains are direc-
ted towards the interior of the B4—Bg groove, thus maintaining the
groove's hydrophobic character.

Trajectory analysis of the MD simulations, in conjunction with a
structural analysis of the alignment sequences, combine to provide
a mechanistic picture of how the release of the chaperone-active di-
mer of Mtb Acr, thus exposing a hydrophobic groove, induces the
attachment of a target peptide loop; namely to exclude water and
maintain the integrity of the sHSP Ig p-fold. As noted previously
the Acr-induced release of CXCL16 implicates two ADAM proteases
as possible targets of this Acr heat shock activity. Both of these pro-
teases, ADAM10 and ADAM17, also called TACE, or (tumor necrosis
factor a)-converting enzyme, are expressed as zymogens, with large,
approximately 200 residue, prodomains maintaining the enzymes in
an inactive state. Studies have indicated that the procatalytic do-
main complex of TACE is inactive due to intramolecular inhibition
of the catalytic site by the prodomain [36]. The catalytic site in such
acomplexis said to be in a closed state. However conformational dis-
placement of the TACE prodomain during cellular routing serves to
open the conformation to yield an enzyme that, while still inactive,
now has sites exposed to intracellular proteinases. Proteolytic deg-
radation results in the cleavage of the prodomain to yield a truncate
that constitutes the active form of these enzymes. The observed
protein microarray data suggests the possibility that Mtb Acr has
the capacity to facilitate such an activation, which in turn leads to

the observed 3-fold increase in CXCL16 release. Taken together with
the microarray data the structural model studies above indicate that
release of the chaperone-active dimer of Mtbh Acr exposes a hydro-
phobic groove, inducing the attachment of a target peptide loop so
as to exclude water and maintain the integrity of the sHSP Ig p-fold.
If that target peptide sequence is part of either the ADAM prodomain,
or possibly the catalytic domain, it could facilitate the conforma-
tional change necessary for production of the active enzyme, thus
promoting CXCL16 cleavage.
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