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Abstract—Homology model of Leishmania SIR2 shed new light on the ligand binding features of this enzyme. The molecular elec-
trostatic potentials (MESP), the cavity depth analysis, and LmSIR2-hSIRT2 models’ superposition suggested that the nicotinamide
binding catalytic domain has several minor but potentially important structural differences. These differences could be exploited for

designing antileishmanial compounds.
© 2006 Published by Elsevier Ltd.

Leishmaniasis is a complex disease caused by at least 17
different species of the protozoan parasite Leishmania.
The parasite exists in two forms; the flagellated promas-
tigote in the female phlebotomine sandfly vector and the
amastigote in the mammalian host. Amastigotes are obli-
gate intracellular parasites of macrophages (and rarely
other cell types), where they survive and multiply within
a phagolysosome compartment. Leishmaniasis has tradi-
tionally been classified in three different clinical forms,
visceral leishmaniasis (VL), cutaneous leishmaniasis
(CL), and mucocutaneous leishmaniasis (MCL), which
have different immunopathologies and degrees of mor-
bidity and mortality. VL caused by Leishmania donovani
is fatal if untreated, whereas CL, caused by species such
as Leishmania major, Leishmania mexicana, Leishmania
braziliensis, and Leishmania panamensis, frequently self-
cures within 3-18 months, leaving disfiguring scars.
Although human leishmaniasis is distributed worldwide,
it is more frequent in the tropics and sub-tropics, with a
prevalence of over 12 million cases and an approximated
incidence of 0.5 and 1.5 million cases of VL and CL,
respectively. General aspects of leishmaniasis and overall
control strategies have been reviewed recently.!? In the
recent years, visceral leishmaniasis is reported to be
rapidly emerging as an opportunistic infection in HIV
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patients,>* in pregnant females, and in organ transplant
patients.>® Globalization and consequent travel of peo-
ple across the world has increased the chances of spread-
ing the infection.”-

Pentavalent antimonials were brought into use against
this disease more than 50 years ago. Along with pen-
tamidines, polyene antibiotic amphotericin B have also
proved to be successful for the treatment of L. donovani
VL. However, these have the disadvantage of high tox-
icity. Immunocompromised leishmaniasis patients, espe-
cially those co-infected with HIV, are difficult to treat
with conventional drugs because relapses can occur
and repeated treatment is required.

Since the available treatment for leishmaniasis poses
many problems, researchers are looking at novel bio-
chemical targets in order to develop new drugs. In
1996, Ouaissi group had cloned a L. major SIR2 gene
(LmSIR2) encoding a protein, bearing characteristics
of sirtuin proteins.” Overexpression of LmSIR2
increased the survival of amastigotes'® and sirtinol, a
sirtuin inhibitor, showed a stage specific cell killing
activity against Leishmania parasites in vivo'! while
nicotinamide inhibits LmSIR2 in vitro.!> Results
depicted in the literature demonstrate that LmSIR2
protects parasites against environmental stress and
may be considered as a potential drug target. Since,
SIR2 is present in human as well; the inhibitor for
the purpose of drug design needs to have selectivity
for the parasite target. This study was performed with
the aim to understand the active site and the binding
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characteristics of the ligands in the target. Molecular
electrostatic potential surface analysis and cavity
depth analysis of both the proteins revealed character-
istic differences between LmSIR2 and hSIRT2 which
can be exploited for selective ligand design.

All computations and molecular modeling of LmSIR2
were carried out on a Silicon Graphics Fuel Work
station with IRIX 6.5 operating system using the
MOE-03 (Molecular Operating Environment)'* and
SYBYL6.9'* molecular modeling packages. Homology
modeling module of the MOE was used for comparative
protein modeling. The amino acid sequence of Leish-
mania SIR2 was obtained from the NCBI protein data-
base (SIR2_LEIMA; SWISSPROT Accession No.
Q25337) and WU-BLAST (Washington University
BLAST)'> retrieved four sirtuin crystal structures from
Protein Data Bank!® (Table 1).

Sequence alignment was done using ‘Roundrobin itera-
tive refinement option’ and ‘tree based alignment ap-
proach’ in MOE-Align module. BLOSUMG62 matrix
was used and all the templates were aligned against
SIR2_LEIMA sequence. Manual alignment was done
at certain regions.

Homology modeling module of MOE was used for the
model building. Employing Coarse model refinement
10 independent models were constructed by the Boltz-
mann-weighted randomized modeling procedure. Each
of these intermediate models was subjected to a suffi-
cient degree of minimization to relieve any serious steric
clashes. The model with the best packing quality was
chosen and subjected to minimization steps. Validation
of the model was done with PROCHECK.!” Subse-
quently, homology model of LmSIR2 was superimposed
onto the hSIRT2 crystal structure (1J8F) and corre-
sponding residues within a radius of 7 A of the substrate
(NAD) binding in the 1J8F crystal structure were
identified.

The electrostatic interaction is a crucial part of the non-
covalent interaction energy between molecules. The elec-
trostatic potential on a molecular surface can be used to
visually compare two molecules, guiding docking studies
and identifying sites that interact with ligands because of
opposite electrostatics. The following equation is used to
calculate the MEP values.

Table 1. Selected templates for modeling, showing percentage identity
with LmSIR2 using MOE-align, along with PDB CODE and
resolution in (A) unit

Identity with PDB  Resolution (A)
LmSIR2 (%) code

Name Source

SIRT2  Homo sapiens 42 1J8F  1.700

yHST2  Saccharomyces 36 1Q14  2.500
cerevisiae

Sir2Af2  Archaeoglobus 32 1ICI  2.100
Sfulgidus

Sir2 Escherichia coli 30 IS5P  1.960

_

EP() = > (1)
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where EP (i) is the electrostatic potential at the surface
point i due to atom j having the partial charge ¢; and
separated by distance r;. The electrostatic potential
(EP) on the surface is generally colored according to
the sign and magnitude of the potential. The color ramp
for EP ranges from red (most positive) to purple (most
negative). To understand more characteristic differences
in active site of LmSIR2 and hSIRT2, we performed
cavity depth analysis along with MEP calculation.

The cavity depth measures how deep a surface point is
located inside a cavity of a molecule. The calculation
of this property is based on the difference of two molec-
ular surfaces. The unit of the cavity depth is A. The col-
or ramp for cavity depth ranges from blue color (low
depth value) to light red (high depth value).

All MEP and cavity depth analysis calculations and
visualization were carried out using the MOLCAD pro-
gram implemented in the SYBYL6.9 molecular model-
ing package. The Gasteiger-Hiickel charges were
assigned to the atoms of both structures (LmSIR2 and
hSIRT2) and surfaces were generated and visualized.

Strategy used for homology modeling of the LmSIR?2 is
described below. WU-Blast2 server (Washington Uni-
versity Basic Local Alignment Search Tool; http:/
www.ebi.ac.uk/blast2/) and BLOSUM 62 matrix with
an E-value cut off of 10 were used for the template
search. The results revealed the presence of four sirtuin
crystal structures, which could be used as template for
LmSIR2 modeling (Table 1). The best hit, human
SIRT2 (1J8F), was aligned pairwise (globally) with
LmSIR?2 using Needleman—Wunsch Dynamic program-
ming to identify the overall similarity between the pro-
tein sequences (needle program in EMBOSS).'® The
identity and similarity between the target and template
was 33.5% and 49.6%, respectively. Since the two pro-
teins presented good alignment in the N-terminal region,
250 amino acid sequences in N-termini of both the pro-
teins were taken for local alignment using water algo-
rithm in EMBOSS package. This alignment showed
45.7% identity and 65.8% similarity between the
sequences indicating high conservation along the N-ter-
mini of the two proteins. This region includes the sub-
strate-binding site of the enzyme.

The four crystal structures from WU-BLAST search
were used to provide overlapping structural data for
the model building. Structure based information was
incorporated to the process for final multiple-sequence
alignment (Fig. 1) which showed regions corresponding
to residues R270 to E287 and A304 to D328 in LmSIR2
sequence as difficult to model regions. These regions did
not have any structural coordinate information from
any templates from PDB. The consensus secondary
structure prediction programs in Expasy predicted the
regions to be predominantly random coils. This indicat-
ed that modeling of these regions could be difficult and
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10 20 30 40 50
B S IS [ [P [ [P I I
SIR2 LEIMA 1  MTGS-PRAPHQEHALGEPTVEGLARYIREKDVRRILVLVGAGASVAAGIP 49
1J8F.A 1  GEADMDFLRNLFRLLDELTLEGVARYMQSERCRRVICLVGAGISTSAGIP 50
1ICT.A 1  GS------- HHHHHHGSHMDEKLLKTIAESK--YLVALTGAGVSAESGIP 41
1014.A 1  GMASM----SVSTASTEMSVRKIAAHMKSNPNARVIFMVGAGISTSCGL- 45
1S5P.A 1 e KP--RVLVLTGAGISAESGIR 19
60 70 80 90 100
B I I I TSP [Py P I
SIR2 LEIMA 50 DFRSSDTGIYAKLCKYNLDDPTDAFSLTLLREKPEIFYSIARELNLWPGH 99
1J8F.A 51 DFRSPSTGLYDNLEKVHLPYPEAIFEISYFKKHPEPFFALAKE--LYPGQ 98
1ICT.A 42 TFRGKD-GLWNRYRPEELANPQA-FAKD-- PEKVWKWYAWRME-KVE--N 84
1014.A 45 ——mmmmmmm - ARLKLPYPEAVFDVDFFQSDPLPFYTLAKE--LYPGN 80
1S5pP.A 20 TFRAAD-GLWEEHRVEDVATPEG-FDRD--PELVQAFYNARRR-QLOQPE 64
110 120 130 140 150
B I [ [ [ [Pt [P [P [
SIR2_LEIMA 100 FQPTAVHHFIRLLQDE-GRLLRCCTQNIDGLEKAAGVSPELLVEAHGSFA 148
1J8F.A 99 FKPTICHYFMRLLKDK-GLLLRCYTQNIDTLERIAGLEQEDLVEAHGTFY 147
1ICI.A 85 AQPNKAHOAFAELERL-GVLKCLITQNVDDLHERAGSRN--VIHLHGSLR 131
1014.A 81 FRPSKFHYLLKLFQDK-DVLKRVYTQNIDTLERQAGVKDDLIIEAHGSFA 129
1S5pP.A 65 IQPNAAHLALAKLQDALGDRFLLVTQNIDNLHERAGNTN--VIHMHGELL 112
160 170 180 190 200
B I [ [P [ [Pt [ I
SIR2_LEIMA 149 AAACIE--CHTPFSIEQNYLEAMS---GTVSRCSTCGGIVKPNVVFFGEN 193
1J8F.A 148 TSHCVSASCRHEYPLSWMKEKIFS---EVTPKCEDCOSLVKPDIVFFGES 194
1ICI.A 132 VVRCTS--CNNSFEVESAP-KI----- PPLPKCDKCGSLLRPGVVWFGEM 173
1014.A 130 HCHCIG--CGKVYPPQVFKSKLAEHPIKDFVKCDVCGELVKPAIVFFGED 177
1S5pP.A 113 KVRCSQ--SGQVL--DWT-------—- DVTPEDKCP--LRPHVVWFGE- 146
210 220 230 240 250
B S [T [ [P [ [ I
SIR2 LEIMA 194 LPDAF----- FDALHHDAPIAELVIIIGTSMOVHPFALLPCVVPKSIPRV 238
1J8F.A 195 LPARF----- FSCMQSDFLKVDLLLVMGTSLOVOPFASLISKAPLSTPRL 239
1ICI.A 174 LBPDV----- LDRAMREVERADVIIVAGTSAVVOPAASLPLIVKQRGGAI 218
1014.A 178 LPDSFSETWLNDSEWLREKQQPLVIVVGTSLAVYPFASLPEEIPRKVKRV 227
1S5P.A 147 MBPLG------ MDEIYMALSMADIFIAIGTSGHVYPAAGFVHEAKLHGAHT 190
260 270 280 290 300
B [ IS [ [ [ [ I
SIR2 LEIMA 239 LMNRERVGGLLFRFPDDPLDTIHDDAVAKEGRSSSSQSRSPSASARREEG 288
1J8F.A 240 LINKEKAG------ QSDPFL-===GMIMGLG======== === =————mu 261
1ICI.A 219 EEINP-=— === o mm o e e e e e 223
1014.A 228 LCNLETVG--= === e e e e e e e e e e e e e e e e e e e 235
185P.A 191 PELN-==---cemmmc e e c e e m e e —— e — e ——————— 194
310 320 330 340 350
R B D PO DN PO NOTY DU DTN PO
SIR2 LEIMA 289 GTEDGSSSPNEEVEDASTSSSSDGYGQYGDYYAHPDVCRDVFFRGDCOEN 338
1J8F.A 262 GM-D--FDSKRAYRD--—-=-—====—=————————————— VAWLGECDQG 283
1ICI.A 223 ==-D--ETPLTPIAD--==========-—m-————————u YSLRGKAGEV 243
1014.A 235 ---D--FKANKRPTD--—-=-—-——=—=————————————— LIVHQVSDEF 255
1S5P.A 194 ------ LEPSQEFAE--—-=-—=——-————————— oo K¥YVYGPASQV 212
360 370 380 390
F P L L [P [ [ [ I e
SIR2 LEIMA 339 VLKLAECLGLREALAKRCASPVRHQLRHERRRMRRESELLPTW 381
1J8F.A 284 CLALAELLGWKKELEDLV---RRE---HASIDAQS-------- 312
1ICI.A 244 MDELVRHV--RRALS-======-m e e e e e e e e 256
1014.A 256 AEQLVEELGWQEDFEKILTA-QREQLLEIVHDLEN-------- 289
1S5P.A 213 VPEFVEKL--LKGER--------—==-=——-—————ooem 225

Figure 1. Multiple-sequence alignment of Leishmania SIR2 with the templates (SIRT2, yHST2, Sir2Af2, and Sir2). Gray areas indicate the highly

conserved regions in sirtuin family.

may be unreliable. BLASTP against non-redundant pro-
tein database in NCBI showed these regions have simi-
larity only to Trypanosoma brucei Sir2 homologue
(EMBL: 096670) (similarity 63%) apart from similarity
to homologues in other Leishmania species. This indi-
cates that these regions may be characteristic of these
closely related species. Manual alignment was done at
region where the cysteine disulfide bridge was present
which corresponds to region C152 to C193 of LmSir2

(Fig. 1). Since default alignment did not align this region
properly cysteine residues were aligned manually.

Accordingly, structurally conserved regions (SCR) and
structurally variable regions (SVR) were defined, and
the model was built using human SIRT2 as the primary
template. The best of the 10 models built with good
packing quality was chosen as the final model. To con-
trol the degree of refinement by molecular mechanics
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to apply to the final model, the model was subjected to a
highly tethered series of conjugate gradient minimiza-
tion steps. The medium minimization options using
Truncated Newton optimization algorithm, with RMS
gradient tests of 1 A, were employed.

The quality of the modeled structure was assessed using
Ramachandran plot in PROCHECK validation pack-
age. After refinement, 95.7% of the residues were in
the allowed region, 2.7% were in the generously allowed
region. This indicated that the backbone dihedral an-
gles, phi and psi, in the model were reasonably accurate.
The residues in the disallowed region accounted only for
1.6% of the total protein. As the four residues in this dis-
allowed region were not a part of the active site under
investigation (Fig. 2), attempts to further refine the
model were not performed.

The LmSIR2 model exhibited the same overall folds of
the sirtuin family consisting of a large domain, a small
domain, and a long loop. The large domain of LmSIR2
contains parallel beta sheets forming a Rossmann fold
that is characteristic of many NAD/NADP binding en-
zymes. The small domain forms the roof of the nicotin-
amide group binding site. The large and small domains
do not make direct interactions, but, have fixed orienta-
tion to each other by virtue of interactions that are med-
iated by the extended connection loops. The region
between the small and large domains forms a pro-
nounced groove that runs roughly perpendicular to the
long axis of the molecule (Fig. 3). Studies on Sir2 family
members have revealed that hydrolysis of NAD to nico-
tinamide and ADP-ribose is tightly coupled to the
deacetylation of acetyl-lysine. Moreover, it has been
suggested that this coupled reaction generates a novel
product, 1-O-acetyl-ADP ribose, in which the acetyl
group from acetyl-lysine is transferred to the nicotin-
amide position of NAD.!%24

According to functionality of the active site regions,
the location of the active site has been referred to as

Psi (degrees)
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]
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Figure 2. Ramachandran plot of LmSIR2 model by PROCHECK
validation package.

Figure 3. Structural topology of LmSIR2. Carton model represents
overall folds of LmSIR2, NAD is colored magenta in a ball and stick
model.

sites B and C.!” Site B is located on the extreme edge
of the conserved region close to the nicotinamide side
of the NAD and contains an accessible and deep chan-
nel that possibly is the binding site for the substrate.
This site has a chemical environment that is consistent
with a putative role in acetyl-binding. Specifically, at
the bottom of channel is a histidine residue, which is
strictly conserved within the Sir2 family (Hisl87 in

Figure 4. The active site residues of hSIRT2 (magenta) superposition
onto the LmSIR2 (blue), along with ligand Nam interaction with
active site.
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hSIRT2) and is likely to play an important role in
catalysis. In addition, the region close to the histidine
residue and towards the outside of the channel contains
conserved hydrophobic residues that may serve to com-
plement the aliphatic chain acetyl-lysine. Subsequently,
superposition of LmSIR2 and hSIRT2 reveals the char-
acteristic differences in the active site (Fig. 4). The res-
idues, Lys131, Ser146, Asnl86, Vall87, and Alal4§ in
LmSIR2 are replaced by Argl74, Thrl189, Asp231,
I1e232 and Tyr191 in hSIRT2, respectively. These rela-
tive differences in the active site should undoubtedly
affect the steric and electrostatic interactions with
inhibitors.

The MEP is a popular indicator of electrophilic and
nucleophilic centers, which governs the strength of
bonds, the strength of non-bonded interactions, and
molecular reactivity. It affects the strength of the inter-
action of the ligand with the receptor protein. Bhatta-
charrjee and Karle have used the MEP to relate the
antimalarial potency of carbinolamine analogs® and
neurotoxicity of artemisinin analogs.?® In case of a li-
gand-protein interaction at the active site, the ligand
experiences a unique environment in terms of electro-
static, steric, and hydrophobic properties. Variations
in these properties in the active sites of different proteins
can contribute to selective/specific or tighter binding of
the ligand to enzyme proteins. Thus, a comparison of

|A

the MEPs of LmSIR2 and hSIRT?2 is one step toward
understanding selectivity in LmSIR2 inhibition.

The MEP surfaces depicted in Figure 5A and B are
shown with absolute values of the electrostatic potential
for LmSIR2 (—7688 to —15,569 kcal/mol A; Fig. 5A)
and hSIRT2 (—7892 to —14,833 kcal/mol A; Fig. 5B).
Since the range of potentials in the two proteins is vary-
ing, electrostatic potential of the two proteins was
placed on the same scale (—7688 to —15,569 kcal/mol A;
Fig. 5C) to make the comparison easier. As is evident in
Fig. 5C, the electrostatic potential covering the active
site residues in the two proteins has sharply differing val-
ues. Within the LmSIR2 active site, the surface around
Pheld7, Aspl127, Gly128, and Asnl25 residues has a rel-
atively more electronegative potential than that created
by Ile169, Aspl170, Thr171, and Ilel75 residues within
hSIRT?2 active site. Moreover, a contrasting feature is
also visible for the region encompassing residues
Phe51 and Leu93 within the LmSIR?2 active site which
is less electropositive as compared to the corresponding
residues, Pro140 and Phe96, within hSIRT?2 active site.
Further, the difference in the value of the potential at
Aspl27 in LmSIR2 (—15,569 kcal/mol ’A) and Aspl170
in hSIRT2 (—14,371 kcal/mol A) might have a good im-
pact on the variable binding of NAD™ which is respon-
sible for the catalytic activity in sirtuins.!® This means
that the two proteins will bind the co-substrate

-1688
-8213
-8738

-9264

-12942
-13467
~13993
-1451¢8
-15044

-15569

Figure 5. Absolute molecular electrostatic potential (MEP) values displayed for active sites of LmSIR2 (A) and h SIRT2 (B). The deep blue color
indicates the highest negative potential, whereas the most positive potential is seen as a deep red color. The color spectrum shown to the left shows
the gradation of electrostatic potential in the respective enzymes. In order to make valid comparisons between two models the electrostatic potentials

have been put on the same scale (C).
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(NAD") in the same relative sense, but with different
binding affinities, due to the differences in the absolute
values of the electrostatic potential.

Subsequent cavity depth analysis of both proteins
revealed characteristic differences in the active site cleft
near to B- and C-pocket. (Supplementary material-1;
Fig. 1). In case of LmSIR2, area surrounding Ile126,
Aspl27, and Phel47 has depth value of 8.5 A which is
different from the corresponding Ilel69, Aspl70,
Phel90 area in hmSIR2 which has a depth value of
6.7-7.3 A. These differences in active sites of the two
proteins can possibly make a reasonable contribution
toward selective binding of substrates and affect the ste-
ric and electrostatic interactions of NAD™ analogues if
designed as inhibitors. Thus, along with MEPS and cav-
ity depth analysis of LmSIR2 and hmSIR?2 provides ba-
sic differences of active sites. However, molecular
dynamics simulations on active site of both proteins
may provide more clear and accurate understanding of
active site and selective binding of substrates. These dif-
ferences can possibly make a reasonable contribution to-
ward selective binding of substrates.

The chemotherapy currently available for leishmaniasis
is far from satisfactory and there is an urgent need for
discovering and developing safe, inexpensive, and orally
available drugs. The early stages of drug discovery are
done in phases of target identification, validation, and
hit/lead identification. In computer-aided drug design,
knowledge of the three-dimensional structure of a pro-
tein is of immense importance. Predictions of tertiary
structure can be made in the absence of crystallographic
structures by the study of sequence-structure—function
relationships. The most reliable method of protein struc-
ture prediction until now is modeling by homology. A
3D model of SIR2 in L. major was constructed by
homology modeling technique. This resulted in reliable
modeling of the ligand binding domain and shed new
light on the binding features of this enzyme, which has
not yet been crystallized. In particular, significant differ-
ences in the active sites for leishmania and human sirtuin
were identified. The model suggested several minor but
potentially important structural differences in the nico-
tinamide binding catalytic domain of the two proteins.
These differences could be possibly exploited in future
for design of antileishmanial compounds.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
J.bmcl.2006.08.128.
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