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This work describes for the first time the structure of purine nucleoside phosphorylase from Mycobacte-
rium tuberculosis (MtPNP) in complex with sulfate and its natural substrate, 20-deoxyguanosine, and its
application to virtual screening. We report docking studies of a set of molecules against this structure.
Application of polynomial empirical scoring function was able to rank docking solutions with good pre-
dicting power which opens the possibility to apply this new criterion to analyze docking solutions and
screen small-molecule databases for new chemical entities to inhibit MtPNP.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction since it becomes more difficult and expensive to treat, and more
Epidemiological studies have indicated that 1.7 billion people,
as much as one third of the world’s population, are infected with
Mycobacterium tuberculosis, the causative agent of human tubercu-
losis (TB). This pathogen is responsible for more human deaths
than any other single infectious agent throughout the centuries
of human history, accounting for 26% of all preventable deaths
and 7% of all deaths.1 It is estimated that approximately 95% of
TB cases are distributed among developing nations, which account
for 98% of the deaths worldwide,2 mostly because these countries
have both limited resources to ensure the proper treatment and
high incidence of human immunodeficiency virus infection.3,4

The resurgence of TB as a global public health threat in devel-
oped countries has been attributed to various factors, the most
worrisome being the widespread emergence of drug-resistance,3,5
ll rights reserved.
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likely to be fatal.6,7 As no drugs have been developed for the last
few decades to replace the ones M. tuberculosis has acquired resis-
tance for,8 and since bacille Calmette–Guérin vaccine cannot pre-
vent reactivation of latent infection in adults,9 new drugs and
vaccines are needed to combat TB in a chemotherapeutic and pro-
phylactic manner.10

The complete genome sequencing of M. tuberculosis11 has given
the scientific community a databank on which to explore singular
features of this pathogen. Enzymes of metabolic pathways can be
evaluated as possible targets for drug development.12,13 The purine
recycling and salvage pathways represent essential cellular pro-
cesses that are critical for the life of many organisms.14 M. tubercu-
losis purine metabolism has been implicated in bacterial
latency.15,16 Purine nucleoside phosphorylase (PNP; EC 2.4.2.1)
plays a critical role in the phosphorolysis of purine nucleosides
and deoxynucleosides to generate purine bases.14 The enzyme
from M. tuberculosis (MtPNP) is a member of the trimeric class,
which includes the human (HsPNP) and bovine homologues,
among others, a family of PNPs that differs significantly from the
hexameric class usually present in bacteria.17 Substrate specifici-
ties are considerably dissimilar among these classes, as a conse-
quence of the substantial divergence of residue composition at
the catalytic site.18

Even though PNP activity is shared between mammals and M.
tuberculosis, drugs with selective toxicity against MtPNP can be
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Table 1
Data collection and refinement statistics

Cell parameters
a = b (Å) 113.48
c (Å) 85.01
Space group H3
Number of measurements with I > 2r(I) 145364
Number of independent reflections 21219
Completeness of data (%) 96.9
Rsym

a (%) 8.6
Highest resolution shell (Å) 2.27–2.15
Completeness in highest resolution shell (%) 81.8
Rsym

a in the highest resolution shell (%) 13.8
Resolution range used in the refinement (Å) 28.34–2.15
Rfactor

b (%) 17.5
Rfree

c (%) 24.9

Observed RMSD from ideal geometry
Bond length (Å) 0.022
Bond angles (�) 1.976

B valuesd (Å2)
Main chain 17.21
Side chains 18.61
20-Deoxyguanosine 22.39
Waters 23.52
Sulfate groups 23.17

Residues in the most favored regions
of Ramachandran plot (%)

90.2

Residues in additionally allowed regions
of Ramachandran plot (%)

8.6

Residues in generously allowed regions
of Ramachandran plot (%)

0.5

Residues in the disallowed regions of Ramachandran plot (%) 0.7
Number of water molecules 209
Number of sulfate molecules 2

a Rsym = 100R|I(h) � hI(h)i|/RI(h) with I(h), observed intensity and hI(h)i, mean
intensity of reflection h over all measurements of I(h).

b Rfactor = 100R|Fobs � Fcalc|/R(Fobs), the sums being taken over all reflections with
F/(F) > 2 cuttoff.

c Rfree = Rfactor for 10% of the data, which were not included during crystallo-
graphic refinement.

d B values = average B values for all non-hydrogen atoms.
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developed based on the knowledge of their differences.13,19 A num-
ber of research groups have dedicated their efforts to determine
specificity of substrates, kinetic mechanisms, and three-dimen-
sional structures for PNPs from different bacterial sources18,20–26

in comparison with HsPNP. In the present work, efforts have been
made to determine the crystallographic structure of MtPNP in
complex with 20-deoxyguanosine (2dGuo; Fig. 1), a natural sub-
strate for PNPs, and sulfate ion. Furthermore, we employed purine
nucleoside as a pharmacophore to build up a database of similar
compounds and performed virtual screening (VS) focused on the
MtPNP active site. The ligand with the highest affinity for the
MtPNP active site is 2-methyl-adenosine, a molecule that has been
previously shown to display antimycobacterial activity.13,27,28 In
addition, a polynomial empirical scoring function (POLSCORE)29,30

was employed to estimate ligand-binding affinity and applied to
rank docking results.

2. Results and discussion

2.1. Overall analysis of MtPNP:sulfate:20-deoxyguanosine crystal
structure

Parameters of data collection, refinement statistics, and struc-
ture quality are listed in Table 1. Since it has been verified that
MtPNP requires the presence of inorganic phosphate in order to
bind 2dGuo,20 we used sulfate instead of phosphate to gather infor-
mation on the crystal structure of an active form of the ternary
complex with no enzyme-catalyzed chemical reaction. This same
strategy has been previously reported using 2-amino-6-mer-
capto-7-methylpurine ribonucleoside (MESG), a nucleoside ana-
logue.31 In a simple assay at 258 nm, sulfate proved to have no
capacity in kinetically replacing phosphate (data not shown).
Accordingly, although MtPNP:sulfate:2dGuo represents an active
form of a ternary complex, it cannot support chemical reaction.

2.2. Crystallographic structure of MtPNP:sulfate:2dGuo

All MtPNP crystallographic structures solved so far (PDB access
codes: 1G2O, 1I80, 1N3I, and the present structure)32,33 show dif-
ferences between Rfree and Rfactor of approximately 7%. This differ-
ence may indicate intrinsic flexibility of these structures,
represented experimentally by crystallographic B values observed
in regions close to the active site and at N and C termini.

The structure of MtPNP:sulfate:2dGuo follows the same fold as
other PNPs.26,32,33 The crystallography data revealed that the struc-
ture is a dimer in the asymmetric unit although the canonical tri-
mer can be built from the symmetry relationship. Figures 2 and
Figure 1. Structure of 20-deoxyguanosine.
3 show the crystal packing and the crystallographic trimer, respec-
tively. Each monomer displays an alpha/beta fold consisting of a
mixed beta-sheet surrounded by alpha-helices. The analysis of
the electron density maps at the final stages of the crystallographic
refinement shows that the ligand (2dGuo) is, not surprisingly, in
the binding site of PNP (Fig. 4) and is anchored by the two main
residues of the binding pocket (Glu 189 and Asn 231).

The specificity and affinity between an enzyme and a ligand de-
pend on directional hydrogen bonds and ionic interactions, as well
as on the shape complementarity of the contact surfaces of both
partners.34,35 The interaction of the ligand and MtPNP was evalu-
ated with the program MOLDOCK, which revealed six hydrogen bonds
between the ligand and the residues Ser 35, Glu 189, Asn 231, and
His 243, and hydrophobic contacts with other residues of the bind-
ing pocket (Ala 120, Tyr 188, Val 205, Met 207, and Val 246).

2.3. Docking simulations

The use of the MOLDOCK
36,37 to the structure of MtPNP in complex

with 2dGuo was capable of correctly predicting its positioning in
the binding pocket of MtPNP. Figure 5A shows the superposition
of the best docked structure and crystallographic structure, the
root mean square deviation (RMSD) of superposition of non-hydro-
gen atoms is 0.7 Å. In addition, we applied the same docking pro-
tocol to three previously solved structures of MtPNPs (PDB access
codes: 1G2O, 1I80, and 1N3I) deposited in the PDB, which gener-
ated RMSD from 0.2 to 0.4 Å. These altogether, strongly indicated
that the present docking protocol can be employed against any



Figure 2. Crystal packing for the MtPNP:sulfate:2dGuo complex.

Figure 3. Trimeric structure for the MtPNP:sulfate:2dGuo complex.

Figure 4. 2Fo � Fc electron density map for the active site of MtPNP contoured at
1.0 r.

Figure 5. Crystallographic (light gray) and respective docked (dark gray) structures
for complexes of MtPNP and (A) 20-deoxyguanosine (3IOM), (B) 1,4-dideoxy-4-aza-
1-(S)-(9-deazahypoxanthin-9-yl)-D-ribitol (1G2O), (C) 9-deazahypoxanthine (1I80),
and (D) 3-hydroxy-4-hydroxymethyl-1-(4-oxo-4,4A,5,7A-tetrahydro-3H-pyrrol-
o[3,2-d]pyrimidin-7-ylmethyl)-pyrrolidinium (1N3I).
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of these MtPNP structures (Fig. 5B–D). Since this docking protocol
seems capable of reproducing the crystallographic structure, we
applied it to a data set of molecules having a purine nucleoside
core in their structures.

Furthermore, in order to carry out a set of cross-docking simu-
lations for MtPNP, all ligands taken from the crystal structures of
the MtPNP were docked onto a selected structure (PDB access
code: 3IOM). RMSDs were taken after superposition against the
crystallographic structure and range from 0.4 to 0.7 Å, which fur-
ther validate the present docking protocol.

2.4. Virtual screening (VS)

The VS results were analyzed taking into account the piecewise
linear potential (PLP), which is obtained from the MOLDOCK program.
The small-molecule database employed in the present work was
built using the purine core as inspiration. The analysis of the 581
docked structures indicated a docking re-ranking score ranging
from �110.96 to 149.357, being the lowest considered the highest
affinity ligand. Docking simulations of these molecules against the
active site of MtPNP yielded 2-methyl-adenosine as the best ligand
(lowest re-rank score: �110.96). Figure 6 shows 2-methyl-adeno-
sine docked to the active site of MtPNP (red ligand). Analysis of
the intermolecular interactions indicates the participation of Ser
36, Glu 189, Asn 231, and His 243 in intermolecular hydrogen
bonds, as observed for the MtPNP:sulfate:2dGuo complex. Super-
position of 2-methyl-adenosine (docking structure) with 2dGuo
(crystallographic position) (white ligand) indicates that the overall
intermolecular interactions are maintained with superposition of
the purine rings (Fig. 6).

Especially interesting is the previously observed antimycobac-
terial activity of this compound. It has been reported that 2-
methyl-adenosine has antimycobacterial activity that is effective
in vitro and intracellularly within host macrophages.13,27,28 Fur-
thermore, although these previously published studies did not
identify the precise mode of action for 2-methyl-adenosine, they
suggested a general mode of inhibitory activity with regard to
known inhibitors of RNA, DNA, and protein synthesis, which in-
clude the purine salvage pathway.

In order to further investigate protein–ligand interactions for
the docked complex MtPNP and 2-methyl-adenosine, we em-
ployed a POLSCORE to estimate pKd. We recently developed and
implemented this function in the program POLSCORE,29,30 and tested
these functions against binary complexes involving PNP. Table 2



Figure 6. Structure of 2-methyl-adenosine (red) docked in the MtPNP active site and the crystallographic positioning for 2dGuo (white).
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shows estimated pKd using POLSCORE and XSCORE
38 for 10 different

complexes involving HsPNP for which structural information and
experimental pKd’s were available. Application of POLSCORE to this
test set of 10 binary complexes generated a correlation coefficient
of 0.95, against 0.58 obtained using XSCORE, which strongly indicates
the ability of this computational approach to estimate binding
affinity for binary complexes involving PNP. We applied this poly-
nomial function to further evaluate binding affinity for 2-methyl-
adenosine. The computational estimated Kd was 138 mM, which
shows low affinity, even with the low re-rank score obtained using
MOLDOCK. To confirm whether 2-methyl-adenosine inhibits MtPNP,
we carried out experimental analysis of this interaction. No inhibi-
tion of MtPNP enzyme activity could be observed up to 1 mM of 2-
methyl-adenosine.

These results indicate that the antimycobacterial activity of this
compound cannot be attributed to MtPNP inhibition, which is in
agreement with a previous report showing that MtPNP is more
specific to natural 6-oxopurine nucleosides and synthetic com-
pounds, and does not catalyze the phosphorolysis of adenosine (a
6-aminopurine nucleoside).20 These results are also in agreement
with metabolic analysis of a mutant strain of Mycobacterium
smegmatis resistant to 2-methyl-adenosine that suggested that
adenosine kinase is involved in phosphorylation of this compound
to produce toxic metabolites.39 The results here described lend
support to 2-methyl-adenosine being a substrate for adenosine ki-
nase, and to a phosphorylated form of 2-methyl-adenosine acting
upon a yet unknown target in M. tuberculosis.

Application of POLSCORE to rank the best 100 hits identified in the
docking simulations returned three transition state analogues
(IMMH, DADME-IMMG, and DADME-IMMH) with pKd ranging
from 6.6 to 7.2. These compounds have been previously shown
to inhibit PNP in the picomolar range.33 7-[[(3R,4R)-3-Hydroxy-4-
Table 2
Experimental and computational determined biding affinities for PNP complexes

Ligandsa

Allopurinol (1,2-dihydropyrazolo[3,4-d]pyrimidin-4-one)
Quinazolinone (1H-quinazolin-4-one)
Oxoallopurinol (1,2-dihydropyrazolo[3,4-d]pyrimidine-4,6-dione)
Methylthioinosine (2-(hydroxymethyl)-5-(6-methylsulfanylpurin-9-yl)oxolane-3,4-di
Acyclovir (2-amino-9-(2-hydroxyethoxymethyl)-3H-purin-6-one)
6-Mercaptopurine (3,7-dihydropurine-6-thione)
5-Chloro-5-deoxy-8-aminoguanosine (5-chloro-2-amino-9-[(2R,3R,4S,5R)-3-amino-4-

(hydroxymethyl)oxolan-2-yl]-3H-purin-6-one)
2-Amino-6-methylthiopurine (6-methylsulfanyl-7H-purin-2-amine)
Ganciclovir (2-amino-9-(1,3-dihydroxypropan-2-yloxymethyl)-3H-purin-6-one)
9-Benzylguanine (6-phenylmethoxy-7H-purin-2-amine)

a IUPAC names indicated in parenthesis.
(hydroxymethyl)pyrrolidin-1-yl]methyl]-1,5 dihydropyrrolo[3,2-
d]pyrimidin-4-one (DADME-IMMH) had the highest pKd, 6.6.

Our results indicate that analysis of docking solutions of PNP
could be misleading, when taken alone. Additional evaluation of
protein–ligand interaction employing a POLSCORE that has been
shown to calculate binding affinity for PNP29,30 improves predict-
ing power of the present computational approach, is able to discard
a false positive (2-methyl-adenosine) and, fairly important, can
identify a true experimental positive result (DADME-IMMH).

3. Conclusions

The resolution of the structure of MtPNP in complex with sul-
fate and 2dGuo provides additional information for the structure-
based design of antimycobacterial drugs, since it captures the crys-
tal structure of an active form of the MtPNP:sulfate:2dGuo ternary
complex. We employed the atomic coordinates of this structure for
VS, focused on the MtPNP active site and using a database of purine
analogues. In the VS simulations it was identified that 2-methyl-
adenosine binds to MtPNP’s active site. Previously published stud-
ies13,27,28 reported that 2-methyl-adenosine presents antimycobac-
terial activity, nevertheless, without a definition of the target.

Furthermore, several purine nucleoside analogs showed selec-
tive antimycobacterial activity, 2-methyl-adenosine being the lead
compound in this series, which is active against proliferating and
nonproliferating bacteria due to its ability to inhibit protein syn-
thesis.13 The results here presented show that MtPNP is not the
target of 2-methyl-adenosine inhibitory activity. In summary,
analysis of the structures docked to the MtPNP active site indicates
that the binding pocket has ability to accommodate molecular
structures that are different from guanosine derivatives. However,
our results demonstrate that caution should be exercised when
pKd

(experimental)45
pKd

(POLSCORE)29,30
pKd

(XSCORE)38

3.0 2.3 4.5
3.5 3.5 5.2
3.1 2.8 4.7

ol) 4.9 5.3 5.5
4.9 4.5 5.0
4.1 3.6 4.6

hydroxy-5- 6.4 5.7 5.4

3.5 3.5 4.9
4.8 4.8 4.5
5.3 5.2 5.2
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trying to select enzyme activity inhibitors only by molecular dock-
ing simulations. Application of additional computational analysis
using POLSCORE was able to furnish more reliable information, con-
firmed by experimental analysis of protein–ligand interaction. It
seems that application of POLSCORE to rank molecular docking re-
sults, obtained with MOLDOCK, is able to eliminate false positives
and also to identify PNP inhibitors, as DADME-IMMH, that pre-
sented the highest pKd in the data set of 581 molecules, with better
overall performance than the native MOLDOCK scoring functions.

As compared with the standard MOLDOCK scoring functions (MOL-

DOCK Score and re-ranking Score), the new ranking criterion
employing polynomial empirical scoring function implemented
in the program POLSCORE considerably improved the selection of cor-
rect docking solutions tested here, which opens the possibility to
scan vast small-molecule libraries employing a more reliable scor-
ing function to predict binding affinity.
Figure 7. Docking sphere used in the re-docking and virtual screening simulations.
This sphere has a radius of 15 Å and it is centered at the active site of MtPNP.
4. Experimental

All chemicals used were of analytical or reagent grade and re-
quired no further purification. Na2SO4 and MgCl2 were from Merck,
2dGuo and poly(ethylene glycol) 3350 were from Fluka BioChemi-
ka, Tris was from Acros, MESG is commercially available in the Enz-
chek phosphate assay kit from Molecular Probes, and 2-methyl-
adenosine was a generous gift of Professor William B. Parker.

4.1. Crystallization, data collection and processing

Recombinant MtPNP was expressed and purified as previously
described.20 The protein was cocrystallized in a 2:0.5:1 stoichiom-
etry with Na2SO4 (500 mM) and 2dGuo (3 mM), respectively, by
hanging-drop vapor diffusion at 18 �C. MtPNP protein [1 lL of
25 mg mL�1 in Tris pH 7.6 (50 mM)] had been previously mixed
with an equal volume of the reservoir solution containing Tris pH
8.0 (100 mM), poly(ethylene glycol) 3350 (25%), and MgCl2

(25 mM), and hanging drops (3.5 lL) were equilibrated against
the reservoir solution (400 lL). Diffraction from the crystals was
consistent with the space group H3 (a = b = 113.48 Å, c = 85.01 Å),
with a dimer in the asymmetric unit.

MtPNP:sulfate:2dGuo crystals were cryoprotected by transfer
to crystallization solution supplemented with glycerol (50%) and
flash-cooled at 100 K. X-ray diffraction data were collected at
1.428 Å wavelength on a CDD detector (MARCCD) using synchro-
tron radiation at beamline D03B-MX1 at the Synchrotron Radiation
Source (Laboratório Nacional de Luz Síncrotron—LNLS, Campinas,
SP, Brazil) with an exposure time of 60 s per image at a distance
from crystal to detector of 80 mm. X-ray diffraction data were pro-
cessed to 2.15 Å resolution using the program MOSFLM and scaled
with the program SCALA.40 The data set for MtPNP:sulfate:2dGuo
was 96.9% complete to 2.15 Å resolution with Rsym of 8.6%. In the
highest resolution shell (2.27–2.15 Å), the reflections presented
Rsym of 13.8%.

4.2. Structure resolution and refinement

The crystal structure of MtPNP:sulfate:2dGuo was solved by
standard molecular replacement methods using AMoRe software
package,41 incorporated in the CCP4 program package,40 with MtPNP
(PDB Accession No. 1G2O)26 as the search model; the ligand and
water molecules were removed from the model. The best solution
after rigid-body refinement yielded an initial Rfactor of 28% and a
correlation coefficient of 76% using data in the resolution range
of 8–3 Å. We performed structure refinement using REFMAC,40

and atomic positions obtained from molecular replacement were
used to initiate the crystallographic refinement. The overall stereo-
chemistry quality of the final structure for MtPNP:sulfate:2dGuo
ternary complex was assessed by the program PARMODEL.42 The tri-
meric structure and atomic models were superposed using the pro-
gram LSQKAB from CCP4.40

4.3. Molecular docking

Docking applications can be classified by their search algorithm,
which is defined by a set of rules and parameters applied to predict
the conformations. When we consider the flexibility of the ligand
and/or the receptor docking, algorithms can be classified into
two major groups: rigid-body and flexible docking. We applied
the flexible docking protocol available in the program MOLDOCK,36,37

where the flexibility of the ligand is simulated. MOLDOCK is an imple-
mentation of a heuristic search algorithm that joins together differ-
ential evolution with a cavity calculation algorithm. In addition,
MOLDOCK evaluates the best poses applying a docking scoring func-
tion, which uses PLP, previously implemented in the program GEM-

DOCK.43,44 In the program MOLDOCK, the docking scoring function is
extended with an additional term, taking hydrogen bonds direc-
tionality into account. In addition a re-ranking procedure is also
applied in order to augment docking accuracy.

In order to validate the present docking protocol we performed
the docking simulation against the active site of MtPNP and com-
pared with the crystallographic structures. We used the default
protocol of MOLDOCK with center at coordinates x = 50.57,
y = �49.23, and z = 24.07 Å, and docking sphere with radius of
15 Å. Figure 7 shows the docking sphere used in the re-docking
simulations. The cavity search algorithm was set to identify up to
10 cavities in the structure. Sulfate molecules identified in the
crystallographic structure were kept in the structure of the dimer
identified in the asymmetric unit during the docking simulations.
All simulations were performed in an iMac (Intel Processor Core
2 Duo, 2.66 GHz, 2 GB SDRAM DDR3 1066 MHz).

It has been proposed that purine nucleoside is an important
pharmacophore for the development of antimycobacterial
drugs.13,45 The pharmacophore is an effort to capture the main
structural aspects of the protein–ligand interaction. Therefore, it
has to be specific enough to be functional for a particular target
and, at the same time, general enough so that the information
can be employed to find new molecules that are likely to bind
the target. Based on this observation, we employed the purine core
to carry out a search in the ZINC database46 to build a small-mol-
ecule database, using the pharmacophoric fingerprints of purine
with a Tanimoto coefficient cutoff of 60%. A total of 581 molecules
were retrieved and used to build this database (Supplementary
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data), which is also available for download at http://azevedo-
lab.net.47 To perform molecular docking simulations, we employed
the validated protocol described above.

Protein–ligand interactions were further investigated by use of
polynomial empirical scoring functions implemented in the pro-
gram POLSCORE.29,30 This polynomial function is shown below:

pKd ¼ c0 þ c1HBþ c2HB2 þ c3HCþ c4HB �HCþ c5HC2 þ c6RT

þ c7VDW

where cj are weighting terms for each term present in the scoring
function. Multivariate regression analysis was applied to find the
best fit between the predicted and experimental protein-binding
affinities obtained from a training set with crystallographic struc-
tures for which experimental binding information is available. HB
is the intermolecular hydrogen bond terms, HC is the intermolecular
hydrophobic contact, RT is the deformation effect, VDW describes
van der Waals and pKd is �log Kd, and the latter represents the over-
all dissociation constant for binary complex formation. All these
terms have been incorporated in the program POLSCORE, previously de-
scribed by our group.29,30

POLSCORE function was integrated in a proto-
col to rank docking solutions obtained with MOLDOCK.

We also employed a validated empirical scoring function imple-
mented in the program XSCORE

38 to compare with POLSCORE. We ap-
plied both methodologies to a test set of 10 binary complexes
involving HsPNP for which structural and binding information is
available.

4.4. MtPNP enzyme activity assays

2-Methyl-adenosine was solubilized in dimethyl sulfoxide
(DMSO). MtPNP enzyme activity assays were carried out under ini-
tial rate conditions at 25 �C in 100 mM N-2-hydroxyethylpiper-
azine-N0-2-ethanesulfonic acid (HEPES) pH 7.0 (500 lL total
reaction volume). The MtPNP conversion of 2-amino-6-mercapto-
7-methylpurine from MESG (e = 11,000 M�1 cm�1 at 360 nm) was
monitored spectrophotometrically by the change in absorbance
in the presence of inorganic phosphate. MESG and inorganic phos-
phate concentrations were maintained close to their KM values20 in
either absence or presence of 2-methyl-adenosine in the reaction
mixture to evaluate any possible inhibitory effect.

4.5. Deposit

The atomic coordinates and structure factors for the MtPNP:sul-
fate:2dGuo structure have been deposited at the Protein Data Bank,
access code: 3IOM.
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