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Considering our interest in the design of innovative radiometal-based complexes for in vivo imaging
of nitric oxide synthase (NOS), we have recently introduced a set of M(CO)3;-complexes (M=%"™Tc, Re)
containing a pendant N®-NO,-L-arginine moiety, a known inhibitor of the enzyme. Enzymatic assays
with purified inducible NOS have shown that the non-radioactive surrogates with 3-(Rel; K; =84 M)
or 6-carbon linkers (Re2; K; =6 M) are stronger inhibitors than the respective metal-free conjugates
L1 (Ki=178 wM) and L2 (K;=36 wM), with Re2 displaying the highest inhibitory potency. Aiming to
rationalize the experimental results we have performed a molecular docking study combined with molec-
ular dynamics (MD) simulations and free energy perturbation (FEP) calculations. The higher inhibitory
potency of Re2 arises from the stronger electrostatic interactions observed between the “Re(CO);” core
and the residues Arg260 and Arg382. This interaction is only possible due to the higher flexibility of
its C6-carbon spacer, which links the N®-NO,-L-arginine moiety and the “Re(CO);” organometallic core.
Furthermore, FEP calculations were carried out and the resultant relative binding energies (AAGE?III% =
0.690 £ 0.028 kcal/mol, Re1/L1 and 1.825 £ 0.318 kcal/mol, Re2/L2) are in accordance with the experi-
mental results (AAG;", = 0.461 + 0.009 kcal /mol, Re1/L1 and 1.129 + 0.210 kcal/mol, Re2/L2); there is
an energetic penalty for the transformation of the Re complexes into the ligands and this penalization is
higher for the pair Re2/L2.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Nitric oxide (NO) is an endogenous free radical that results
from the catalytic oxidation of L-arginine (L-Arg) to L-citrulline (L-
Cit) by the heme-containing enzyme nitric oxide synthase (NOS),
which has three distinct isoforms: endothelial (eNOS), neuronal
(nNOS) and inducible (iNOS). They differ in tissue distribution and
biological role. The eNOS and nNOS are constitutively expressed
and are calcium/calmodulin dependent. Under normal physiolog-
ical conditions, these isoforms generate low transient levels of
NO (100-500 nmol/mg of NOS min) in response to the increase
in intracellular Ca%* concentrations. These low levels of NO reg-
ulate blood pressure, platelet aggregation and neurotransmission
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[1,2]. The iNOS is expressed and induced at a transcriptional
level by inflammatory stimuli (e.g. interferon, IFN-y and bac-
terial lipopolysaccharide, LPS) and is calcium independent. This
isoform can generate high amounts of NO (up to 1.5 wmol/mg
of NOS min), which can cause cellular cytotoxicity and tissue
damage. The overexpression of iNOS is thought to contribute to
the pathophysiology of several diseases, such as stroke, hyper-
tension, cancer, ischemia, inflammation, colitis, and rheumatoid
arthritis [1-3]. Imaging of NO/NOS expression would allow earlier
diagnosis, earlier treatment and individualized patient manage-
ment in the clinical set. Considering our interest in the design
of innovative radioactive probes for in vivo targeting of NOS
by the nuclear imaging technique Single Photon Emission Com-
puted Tomography (SPECT), we have recently introduced a set
of 99MTc(CO)3-complexes containing NOS-recognizing units (e.g.
L-Arg derivatives, guanidino or S-methylisothiourea moieties)
[4-6]. Enzymatic activity of iNOS in the presence of the Re(CO);-
complex analogs, prepared as “non radioactive” surrogates, have
shown that Rel (K;=84uM) and Re2 (K;=6 M), which con-
tain the N®-NO,-L-Arg inhibitor, still presented inhibitory action
(Fig. 1).
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Fig. 1. Organometallic complexes of the type fac-[Re(CO)3(k3-

Indeed, Re1l and Re2 are the first examples of organometal-
lic complexes able to inhibit the iNOS. Interestingly, the rhenium
complexes presented higher inhibitory potency than the respec-
tive metal-free conjugates L1 (K;=36 wM) and L2 (K;j=178 uM)
(Fig. 1). Moreover, Re2 displayed the highest inhibitory potency,
which is comparable to that of free non-conjugated N®-NO,-L-Arg
(Ki=3-8 M) [5].

Both Re(I) complexes permeate through macrophage cell mem-
branes and interact with the cytosolic target enzyme, as confirmed
by the inhibition of NO biosynthesis in LPS-induced macrophages.
Improvement of the inhibitory effect after metal coordination was
also observed in this cell model [5]. Aiming to shed light on the
specific protein (iNOS)/ligand (rhenium complexes) interactions
and to establish a preliminary structure-activity relationship, we
have performed a molecular docking study to evaluate the bind-
ing modes of the N®-NO,-L-Arg-containing ligands (L1 and L2)
and the corresponding rhenium complexes (Re1 and Re2). Molec-
ular dynamics simulations were used to refine the conformations
obtained by docking and to identify the most prevalent interac-
tions between the Re complexes and the iNOS isoform. The relative
binding energy between the pairs Re1/L1 and Re2/L2 bound to iNOS
were also evaluated by free energy perturbation calculations.

2. Results and discussion
2.1. Docking calculations

We have used the AutoDock software to dock the inhibitors
L1, L2, Rel and Re2 into the iNOS isoform. In order to identify
important residues for iNOS ligand binding we used the LIGPLOT
[7] program to generate schematic diagrams of the protein-ligand
interactions observed in some X-ray structures published in the
Brookhaven Protein Databank. Crystal structures of the heme oxy-
genase domain of iNOS complexed with the substrate L-Arg (1, pdb
id 1INOD) [8], with a variety of L-Arg derivatives like N®-OH-L-Arg
(2, pdb id 1DWV) [9], N®-propyl-L-Arg (3, pdb id 1QW4) [10],
L-thiocitrulline (4, pdb id 3NOD) [9] and 4-fluoro-iminoethyl-L-
lysine (5, pdb id 1R35) [11], as well as with non L-Arg derivatives
(e.g. 11, pdb id 3EAI) [12] have been used in this study (Figs.
S1-S3, figures labeled “S” are in Supporting Information). For the
sake of example, Fig. 2A displays a LIGPLOT diagram showing the

+

H2N NH—No2

N’\ 1+

/ N\R NH2
| €0

Rel (n =1, K; = 84 uM)
Re2 (n =4, K; = 6 uM)

L)] (L=L1 and L2) containing a pendant N®-NO,-L-arginine moiety.

interactions observed between N®-propyl-L-Arg and the binding
site residues of iNOS. A thorough analysis of the various LIGPLOT
diagrams, has shown that in most cases the nitrogen atoms of the
guanidine/amidine moieties are bound by two H-bonds to Glu371
and one H-bond to Trp366 (Fig. 2B).

Additionally, the a-amine group also forms an H-bond with
one of the Glu371 carboxylate O atoms, whereas the carboxylate
group of the amino acid function interacts by means of H-bonds
with Tyr341 and Tyr367. These residues seem to give an important
contribution for stabilizing the L-Arg derivatives and were consid-
ered fully flexible during the docking process of L1, L2, Re1 and
Re2. Although GIn257 does not always interact with the various
inhibitors, this residue has been shown to have different conforma-
tions in several crystal structures, which have also been carefully
explored through flexible protein-ligand docking [12,13]. The bind-
ing site residues of iNOS considered flexible during the docking
process are shown in Fig. 2C.

Several studies demonstrated that, although the dimer is biolog-
ically meaningful for the correct function of the enzyme, it is still
possible to affect the iNOS specificity by modifying the microenvi-
ronment of the active center of the monomer: (i) Xue et al. have
used docking studies at the monomer to drive the experimen-
tal design of new inhibitors to nNOS [14]; (ii) Maccallini et al.
have also performed molecular docking on the monomer to obtain
selective inhibitors of iNOS [15]; (iii) Francis et al. have used the
monomer to design and dock new scaffolds with higher selectiv-
ity for iNOS isoform [16]; (iv) Aparna et al. have also used MD
simulation of the monomer to study the specificity of various
inhibitors of the iNOS enzyme [17] Recently, we have also clearly
shown that the iNOS monomeric form fulfills the requirements
needed for studying the structural factors of the active site that
account for the different behavior of closely related compounds,
which is the main goal of this work [13]. Docking studies were
performed using the 3D-structure information of the heme oxy-
genase domain of iNOS obtained from the 1QW4 crystal structure
(monomer A). The most straightforward way to validate the accu-
racy of a docking procedure is to determine if it is able to correctly
reproduce the experimental binding pose. For validation of our
docking conditions, besides the L-Arg derivatives 1-5, we have also
selected non-amino acid compounds from different families of NOS
inhibitors like isothiourea- (6, pdb id 1DF1) [18], acetamidine- (7,
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Fig. 2. (A) LIGPLOT diagram depicting interactions between the inhibitor N®-propyl-L-Arg and the binding site residues of iINOS. The inhibitor is shown in blue and the protein
micro-environment is shown in orange. The atoms are color coded (carbon, black; oxygen, red; nitrogen, blue). Hydrogen bonds are presented as green dashed lines with
distances in A. Residues in hydrophobic contact with the inhibitor are represented by red semicircles. (B) Interactions considered important for stabilization of compounds
analogs of L-arginine. (C) Binding site residues of iNOS considered flexible during the docking process. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

pdb id 1TQW5) [10], coumarin- (8, pdb id 2BH]) [19], nitroindazole-
(9, pdb id 1MS8E) [20], quinazoline- (10, pdb id 3E7T) [12] and
aminopyridine-based inhibitors (11, pdb id 3EAI) [12] (Fig. S1).
Compounds 10 and 11 are potent and highly selective inhibitors of
iNOS, being included in the class of compounds that extend out of
the enzyme binding site where large structural differences among
the NOSisoforms are found [ 12]. All small molecules were extracted
in the conformation found in the crystal structures and re-docked
into the corresponding binding pocket with the aim of determining
the ability of AutoDock to reproduce the orientation and position
of the inhibitors observed in the crystal structures.

The root-mean-square-deviation (RMSD) between the X-ray
and the docked structures for the eleven compounds ranged
between 1.03 and 2.90 A (Table S1). As an illustrative example, Fig. 3
displays the docked conformations obtained for inhibitors 3, 7 and
10, which were compared with the corresponding X-ray conforma-
tions. Docking results for the remaining molecules are presented
in Fig. S4. Brought together, analysis of the results confirm that the
docking conditions reproduce the experimental binding modes of
the selected small molecules.

Aftervalidation of the docking model we have docked L1,L2,Re1
and Re2 inside the active pocket of iNOS. Firstly, the docking results
were evaluated using as criteria the ability of AutoDock to place the
common pendant N®-NO,-L-Arg moiety over the heme unit and,
secondly, to reproduce the conformation of N®-NO,-L-Arg in the
crystal structure of N®-NO,-L-Arg complexed with nNOS (pdb id
1K2R). In the first set of conditions the compounds were considered
fully flexible, and the results obtained were unsatisfactory, most
likely due to the large size and high flexibility of the molecules. A
second set of docking simulations was conducted considering some
rotatable bonds of L1, L2, Re1 and Re2 (Fig. S5) rigid. More pre-
cisely, the pendant N®-NO,-L-Arg moiety was locked in the same
conformation found in the X-ray (pdb id 1K2R). Fig. 4 shows the
four lowest-energy conformations obtained for L1, L2, Rel and
Re2 inside the iNOS isoform. Figs. S6 and S7 present the top 10
lowest-energy conformations obtained for the docking of L1 and
Rel.

In general, the binding modes obtained by docking the
N®-NO,-L-Arg-containing compounds resemble the binding
mode of free N®-NO,-L-Arg found in the crystal structure of

N®-NO;-L-Arg:nNOS (pdb id 1K2R). The N®-NO,-L-Arg moiety
of L1, L2, Re1 and Re2 is situated near the Fe atom and almost
parallel to the heme group. However, some peculiarities were
found: docking results for L1 and L2 revealed that, in the lowest
energy cluster, two different binding modes are preferred. In one
of them, the ligands are placed above the heme group with the
N®-NO,-L-Arg moiety anchored by the Glu371 of the active site
(Fig. 4A and B). In the second binding mode the ligand is “flipped”
and, instead of the N®-NO,-L-Arg moiety, the pyrazole ring is
placed over the heme group (Fig. S6).

For Re1 and Re2, the best-docked conformations share a similar
binding mode, with the complexes being anchored in the active site
through a bidentate interaction between the NO,-guanidine moi-
ety and Glu371 of the enzyme (Fig. 4A’ and B’). The flexible tail of the
complexes is extended above the heme propionate arms, with the
“ReCO3” core interacting with Arg260 and Arg382. The amine of the
chelator interacts with the CO group of the H4B cofactor. Interest-
ingly, comparison of the data obtained for L1/L2 and Re1/Re2 has
shown that in the case of the rhenium complexes there is a higher
number of docked conformations where the NO,-guanidine moi-
ety is placed over the heme group (Figs. S6 and S7). These results
suggest that the metal center plays a key role in the organization
and orientation of the organic ligands inside the active pocket of
iNOS.

2.2. Molecular dynamics simulations

Docking results are often affected by slight conformational
changes of the protein residues. Therefore, aiming to overcome the
shortcomings generally associated to docking studies, we have re-
evaluated the interactions of L1, L2, Re1 and Re2 with iNOS using
further MD simulations. The MD simulations allow to relax the
docked complexes and therefore to examine structural changes
expected to occur in the iNOS binding pocket due to the binding
of the sterically bulky rhenium complexes. Furthermore, these MD
simulations results can be used as predictive tools to identify struc-
tural modifications that might improve the binding properties of
rhenium complexes bearing pendant N®-NO,-L-Arg derivatives.

MD simulations were performed to refine and optimize the con-
formations of L1, L2, Re1 and Re2 chosen from the docking studies.
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Fig. 3. Binding modes obtained by docking inhibitors 3, 7 and 10 inside iNOS. Inhibitors are shown in cyan sticks (predicted binding conformation) or in yellow sticks (X-ray
binding conformation). The heme group and the H4B cofactor are shown in ball and stick representation. Nitrogen, oxygen, sulfur, fluor and iron atoms are depicted in blue,
red, yellow, light blue and orange, respectively. H-atoms are omitted for clarity. The same representation will be used in the following figures. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

The 3D-structure of iNOS used in the simulations was taken from
pdb 1QW4 [10] because of its reasonable resolution (2.4A) and
intact X-ray structure. The MD simulations were set up as described
in the Methods section and in reference [13].

2.3. Structural stability during MD simulations

The RMSD of the backbone with respect to the initial structures
were calculated along the MD trajectories to assess the stability of
the systems. RMSDs were computed for L1, L2, Re1 and Re2, and
for the respective iNOS complexes. As an example, the RMSD values
for Rel, Re2, Re1:iNOS are Re2:iNOS are presented in Fig. 5A and
B.

The Re1:iNOS and Re2:iNOS systems (Fig. 5A and B) appear to
have reached a plateau after 1.5-2 ns of equilibration, where the

RMSD converged to a value around ~2.0-2.5 A, indicating that 8 ns
simulation is probably enough for stabilization. To investigate the
dynamic features in the binding of the compounds, RMSD was also
monitored along the MD trajectories for the Re1 and Re2 complexes
(Fig. 5A and B). The RMSD plots show that Re1 and Re2 underwent
conformational changes at the active site of iNOS relative to the
initial position obtained from the dockings (Fig. 5A and B). Such
behavior can be explained based on the flexibility associated to the
3- or 6-carbon alkyl spacers as can be concluded by the analysis of
the RMSD of the C3- and C6-organometallic moieties displayed in
Fig. 5A’ and B'.

To check for conformational changes in the binding mode of
Rel and Re2 inside the active pocket of iNOS MD snapshots of
the Re1:iNOS and Re2:iNOS complexes were selected every 0.2 ns
and superimposed on the initial structure. As shown in Fig. 6A, the

Fig. 4. Lowest-energy conformations of the docked inhibitors L1 (A), Re1 (A’), L2 (B) and Re2 (B'). All distances shown in A.
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Fig.5. RMSD of the systems Re1 and Re1:iNOS (A); Re2 and Re2:iNOS (B) during 8 ns simulation. Panels A’ and B’ depict the RMSD of the spacers (C3 or C6) and N®-NO,-L-Arg

moiety for Re1 and Re2.

location of the organometallic core of Rel changes significantly
after MD refinement, which is in accordance with the previous
calculated RMSD values (Fig. 5A”).

In the case of Re2 the simulation has shown a smaller shift in the
location of the “Re(CO)3” core (Figs. 5B’ and 6B). Additionally, the
simulations also revealed that the N®-NO,-L-Arg moiety occupies
in all cases the expected binding site, being stable throughout the
simulation (Figs. 5A’, B’ and 6).

2.4. Binding modes of L1, L2, Re1 and Re2 in iNOS isoform

Common features can be found in the binding modes of
L1, Rel and Re2 inside iNOS. The compounds are anchored
in the active site through a bidentate interaction between the
nitrogen atoms (Ng, Nm1) of the NO,-guanidine moiety and the
oxygen atoms of the CO,~ of the Glu371 residue (Fig. 7). The
H-bonds involved are relatively short [d(Ne---OE1)=2.68 +0.09 A
and d(Nm1.--0E2)=2.72+0.10A for L1:iNOS;
d(Ne---0E1)=2.82+0.13A and d(Nm1.--OE2)=2.80+0.12A
for Re1:iNOS; d(Ne---OE1)=3.03+0.16 A and
d(Nm1---OE2)=2.85 + 0.14 A for Re2:iNOS]. This critical H-bonding
network plays a key role in keeping the inhibitors over the heme
unit, probably stabilizing the inhibitors inside the active pocket
of iNOS. This stable interaction is most likely responsible for
the lower RMSD values found for the N®-NO,-L-Arg moiety, as
exemplified in Fig. 5 for Re1 and Re2. The carbonyl group of the
residue Trp366 interacts with the Nm1 atom of the NO,-guanidine
moiety, also assisting in the positioning of the inhibitors. In
contrast, L2 underwent a remarkable change during the MD
simulation as shown in Fig. 7B. In fact, the inhibitor adopted a
curled conformation in iNOS instead of the extended conformation
found for L1, Rel and Re2. In the case of L2, the H-bond inter-
actions between the NO,-guanidine moiety and the CO,~ of the
Glu371 residue, are no longer present [d(Ne- - -OE1)=8.71+1.44A,
d(Nm1..-0E2)=8.23+1.69 A for L2:iNOS] and the NO,-guanidine
moiety is closer to the heme propionates arms (Fig. 7B).

Our previous enzymatic studies have demonstrated that con-
jugation of N®-NO,-L-Arg to the pyrazolyl-diamine chelating unit

affected negatively their binding to the active site of iNOS. In fact,
we have found K; values significantly higher for L1 (178 uM) and
L2 (36 M) than for the corresponding free inhibitor (3 wM). More
recently, MD simulations performed with iNOS complexed with
N®-NO,-L-Arg have shown that the affinity of this inhibitor for iNOS
can be most likely attributed to strong H-bonds formed between the
a-NH3* of N®-NO,-L-Arg and the CO,~ group of the heme propio-
nate A [13]. The conjugation of N®-NO,-L-Arg, through the a-NH3™*
group, to the pyrazolyl-diamine ligand prevents this interaction,
leading to inhibitors with lower affinity for the enzyme.

Since water molecules can play an important role in ligand bind-
ing, water-mediated interactions between L1/L2 and iNOS were
checked aiming to rationalize the differences found in the binding
affinities. The most conserved water molecules that persist during
the last 3 ns of simulation of L1:iNOS (A) and L2:iNOS (B) are shown
in Fig. 8.

Despite the presence of conserved water molecules in the
binding pockets of both L1:iNOS and L2:iNOS complexes, the H-
bond networks showed some differences. In L2:iNOS the water
molecules at the binding site mediate H-bonds between each side-
chain of the important polar residues Arg260, Asp274, and Arg382
and the primary amine of L2, contributing most probably, for its bet-
ter affinity (L1, 178 uM and L2, 36 pM). Additionaly, various water
molecules intensify the interaction between the NO,-Arg moiety
and the heme propionate arms, which are essential for stabilization
of L-Arg, preventing in this way the binding of the substrate.

Metallation of L1 and L2 yielded complexes Re1 (K; = 84 M) and
Re2 (K; =6 M), respectively, which are stronger inhibitors than the
corresponding free ligands. The improvement in the affinity is more
evident when the spacer length between the NO,-Arg moiety and
the metal fragment increases (Re1 versus Re2). The longer linker in
the Re2 seems to provide more flexibility to the molecule allow-
ing the accommodation of the “Re(CO)3” core near the Arg260 and
Arg382 residues. For Re1l, the bulky organometallic moiety is ori-
ented toward the peripheral C1 pocket (Met114, Asn115, Pro116,
Thr120 and Tyr485) at the edge of the active site, preventing the
interactions found for Re2 (Fig. S8). However, the hydrophobic con-
tacts between Met114,Pro116, Thr120 and Tyr485 and the pyrazole



18 B.L. Oliveira et al. / Journal of Molecular Graphics and Modelling 45 (2013) 13-25

heme

Fig. 6. Left panel: 3D structures of the Re1:iNOS (A) and Re2:iNOS (B) complexes observed along 8 ns of MD simulation. MD snapshots were selected every 0.2 ns and
superimposed using heavy atoms. Right panel: superimposition of snapshots at 0 ns and 8 ns of simulation of the complexes Re1:iNOS (A) and Re2:iNOS (B). The starting
structure is represented in green sticks and the last structure from the MD simulation is represented in pale green sticks. Protein and hydrogen atoms are omitted for clarity.

group of Re1, combined with the interactions between the protein
and the N®-NO,-L-Arg moiety, correlate well with the reasonable
affinity found for this complex (K; =84 wM).

The volumes of the free inhibitors L1, L2, Rel and
Re2 as well as the volume of the active site cavities for
L1:iNOS, L2:iNOS, Rel:iINOS and Re2:iNOS were calculated
using the in-house VolArea software [21], and the follow-
ing average results were obtained: L1, 352.42+0.43A3; L2,
396.11+0.32A3; Rel, 429.26+0.57A3; Re2, 437.09+0.53A3;
L1:iNOS, 2444.09+50.19A3; L2:iINOS, 3321.37+62.59A3;
Re1:iNOS, 2330.15+30.04A3; Re2:iNOS, 2253.49+22.07 A3.
The smaller volume of the active site of Re2:iNOS combined with
the larger volume of Re2 suggest an increased complementarity of
shape and charge (Fig. 9).

Brought together, our results suggest that the metal center plays
a key role in the organization and orientation of the organic lig-
ands, and thus defining the overall shape of the inhibitors that fit

betterin the active pocket of iNOS. Such situation results in stronger
van der Waals interactions between rhenium complexes and iNOS,
which most probably accounts for their better affinity toward
iNOS. Moreover, several recent studies suggest that conformational
entropy might contribute significantly to binding affinity. Changes
in the conformational entropy of the ligand, upon binding, have
been investigated, underlining the advantage of designing confor-
mationally restricted ligands [23-27]. The structurally restricted
conformations of the rhenium complexes may also contribute for
their higher affinity.

To get further insights into the binding affinity differences found
for Re1 and Re2, for each MD trajectory, we have calculated the
electrostatic interaction energies between the “Re(CO)3” core and
Arg260 and Arg382, using the NAMD [28] energy plugin of VMD
[29] (Fig. 10). We found more favorable electrostatic interactions
for Re2 than for Re1, which support the binding affinity experimen-
tal data (K; of Re2 > K; of Re1) [5].
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Fig. 7. Structural micro-environment around the active site of the average structures of the systems L1:iNOS (A), Re1:iNOS (A’), L2:iNOS (B) and Re2:iNOS (B'). All distances
shown in A.

Fig. 8. Hydrogen bond networks stabilizing L1 (A) and L2 (B) within the iNOS binding pocket. The buried water molecules shown in red spheres do not exchange and persist
throughout the last 2 ns of the simulation. All distances shown in A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of the article.)
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Fig. 9. Molecular surfaces of the active site of the complexes L2:iNOS and Re2:iNOS colored according to electrostatic potential. This figure was generated using the VASCo

PyMOL plug-in [22].

2.5. Free energy calculations

To validate our simulations and gain a deeper insight into the
influence of the “Re(CO)3;” core in the affinity of the complexes, we
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Fig. 10. Electrostatic interaction energy observed between the “Re(CO)3” core and
the iNOS residues Arg260 and Arg382, calculated for the last 3 ns of simulation:
Re1:iNOS (A) and Re2:iNOS (B).

have used the Alchemical Free Energy Perturbation method (FEP)
within the NAMD software to calculate the free energy difference
for the pairs Re1/L1 and Re2/L2 bound to iNOS (Fig. 11) [30-32].

The average structures of the complexes Re1:iNOS and
Re2:iNOS calculated for the last 3 ns of simulation were used as
starting point for the alchemical transformations. Rather than using
equally spaced windows, within the FEP calculations, more win-
dows were constructed in the end regions of the simulations, to
ensure adequate sampling (32 windows betweenA=0and A =1, see
the Methods section). At each window, the system was equilibrated
for 24 ps, followed by 240 ps of accumulation (8.45 ns, optimized
conditions). The transformations were carried out in solution, and
within the protein environment. In each case, both the forward
(A=0— 1) and the backward transformations (A =1 — 0) were per-
formed, with the final coordinates for the forward transformation
used as the starting point of the backward simulation. Consider-
ing the simulations in both free and bound states, as well as in the
forward and backward directions, the total time of simulation was
~33ns.

Representative free energy differences obtained by FEP for the
transformation of Re1 into L1 and Re2 into L2, both in solution and
bound to the protein, are depicted in Fig. 12.

To assess the accuracy of our calculations, the results were com-
pared with the experimental binding data and the values found are
shown in Table 1.

As an example, the free energy for the mutation of Re2 into
L2 in solution (AG,y Re — L) was —32.57 kcal/mol, while bound
to the protein (AGg Re — L) was -30.52 kcal/mol. These values
have no meaning by themselves, but the difference between them
(2.05kcal/mol) is the difference in the free energy of binding
between the ligand and the rhenium complex. The free energy in
solution for the same transformation but calculated in the reverse
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direction (AGgoy Re — L) was 31.29 kcal/mol, while bound to the

Despite the difference between the calculated AAGping

protein (AGg Re — L) was 29.69 kcal/mol, giving a A AGpi,q Re — L Re—L (AAGpjng Rel—L1=0.690+0.028 kcal/mol; AAGping
of —1.60 kcal/mol (Fig. 12). Overall the forward and backward FEP Re2 - L2=1.8254+0.318 kcal/mol) and the experimental
calculations show an average decrease of 1.825 + 0.318 kcal/mol in data (AAG:" Rel—L1=0.461+0.009kcal/mol; (AAGP

the binding affinity upon the transformation of Re2 into L2.

Re2 - 12=1.129+0.210kcal/mol), the calculated values are
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Fig. 12. Thermodynamic cycle representing the transformation of Re1 into L1 and Re2 into L2 in solution and bound to the protein.
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Table 1

Calculated A AG values for the transformation of Re1 into L1 and Re2 into L2. Exper-
imental AAG values are also reported for comparison. Errors are estimated from
forward and backward calculations. Experimental binding free energies (K; values)
were converted into AG (kcal/mol) as follows: AGping =ksTInK;.

Transformation (AAGEk (kcal/mol) (AAGZ® (kcal/mol)

bind bind
Rel — L1 0.690 + 0.028 0.461 + 0.009
Re2 — L2 1.825 £ 0.318 1.129 + 0.210

sufficient to confirm that there is an energetic penalty when
the Re complexes are transformed into the ligands. This penalty
is higher for the pair Re2/L2 (1.825+0.318 kcal/mol) than for
Re1/L1 (0.690 & 0.028 kcal/mol), a tendency which is also found in
the experimental results (AAG:> Re2—12=1.129+0.210 and
(AAG;:P, Rel—L1=0.461+0.009). Despite the slight overesti-
mation of the absolute binding free energy, our FEP calculations
showed a good performance and a correct ranking of the inhibitiors
studied. This fact, validates our docking/MD methodology and
demonstrates that our structural conclusions were well retrieved
for these systems. The validation of our methodology (docking,
MD and FEP calculations) against experimental data suggests that
the same approach can be applied with confidence in the future
for designing novel rhenium complexes with higher capabilities.

3. Conclusion

Aiming to elucidate the effect of the structural parameters of
L1, L2, Re1 and Re2 in their inhibitory potency, we have docked
the compounds into the enzyme using the AutoDock software,
which was previously validated with a set of X-ray structures of
ligand:iNOS complexes. The best conformations of L1, L2, Re1 and
Re2 obtained by docking were refined based on MD simulations.
The decreased affinity of N“-NO,-L-Arg toward iNOS, after con-
jugation to the pyrazolyl-diamine-containing chelator to give L1
and L2, can be explained by the lost of strong H-bonding between
its «-NH3* group and the CO,~ group of the heme propionate A.
Upon metallation, the increased potency of the Re1 and Re2 com-
plexes, compared to L1 and L2, can be explained by the additional
contacts observed between iNOS and the rhenium complexes. The
higher inhibitory effect of Re2 arises from the stronger electro-
static interactions observed between the “Re(CO)3” core and the
residues Arg260 and Arg382. This interaction, which is absent in
the Re1:iNOS complex, is only possible due to the higher flexibility
associated to the C6-carbon linker when compared to the C3 linker
present in Re1l. For Re1, the hydrophobic interactions between the
pyrazolyl-diamine chelator and the hydrophobic pocket defined
by Met114, Asn115, Pro116, Thr120 and Tyr485, combined with
the interactions between the protein and the N®-NO,-L-Arg moi-
ety may account for its reasonable affinity. We have studied also
the effect of the transformation of Re1 into L1 and Re2 into L2 on
the binding affinity to iNOS using the FEP methodology. We have
observed that the free energy differences match the trend observed
in the experimental data: (1) there is an energetic penalty for the
transformation of the Re complexes into the ligands; (2) the higher
energetic penalty found experimentally for the pair Re2/L2 was
confirmed by FEP. These results suggest that the type of interactions
observed between the inhibitors and iNOS are correct. These find-
ings highlight the power of molecular modeling for structure and
binding affinity predictions and its potential for structure-based
drug design.

Brought together, our results demonstrated that molecular
docking combined with MD simulations and FEP calculations
showed a good performance and can be applied to predict the
affinity of novel rhenium complexes prior to synthesizing them.

4. Methods
4.1. Molecular docking calculations

AutoDock4.2 was employed to perform protein-ligand dock-
ing calculations. The protein structure used in the docking studies
were taken from the Research Collaboratory for Structural Bioinfor-
matics (RCSB) protein database (pdb id code 1QW4; monomer A)
[10]. A property of the AutoDock software is its ability to take into
account the flexibility of the enzyme during the docking process.
According to the literature, the most important residues of the iNOS
enzyme for catalytic activity were considered fully flexible dur-
ing the docking process (GIn257, Tyr341, Trp366, Tyr367, Glu371).
To validate the accuracy of our docking conditions, we docked
known inhibitors of iNOS (compounds 1-11, Fig. S1) and compared
the obtained conformation with the conformation found in the X-
ray structure. The 3D structures of the inhibitors were extracted
from the pdb structures (L-Arg, 1, pdb id 1INOD [8]; N®-OH-L-Arg,
2, pdb id 1DWV [9]; N®-propyl-L-Arg, 3, pdb id 1QW4 [10]; L-
thiocitrulline, 4, pdb id 3NOD [9]; 4-fluoro-iminoethyl-L-lysine, 5,
pdb id 1R35 [11]; isothiourea, 6, pdb id 1DF1 [18]; acetamidine, 7,
pdb id 1QWS5 [10]; coumarin, 8, pdb id 2BH] [19]; nitroindazole, 9,
pdbid 1M8E [20]; quinazoline, 10, pdbid 3E7T[12]; aminopyridine,
11, pdb id 3EAI [12]). The rotatable bonds and the atomic par-
tial charges (Gasteiger) were assigned by using AutoDock tools. All
rotatable bonds in the ligands were kept free (except the ring sys-
tems) to allow for flexible docking. The protein-ligand complexes
were prepared with AutoDockTools: For the protein hydrogen
atoms were added and Kollman united atom charges were assigned.
Hydrogens were also added to the ligands, heme and H4B, and
charges were calculated by the Gasteiger-Marsili method [33]. The
Fe atom of heme was assigned a charge of +3. The ligands were
docked inside a cubic grid box (48 A x 32 A x 58 A) centered on
the Fe atom of the heme group with a grid spacing of 0.375A.
In each docking simulation 100 independent Lamarckian genetic
algorithm (LGA) runs were performed, with the population size
set to 200, the number of energy evaluations set to 10,000,000
and the maximum number of generations set to 27,000. All other
parameters were maintained at their default settings [34,35]. The
resulting docked conformations within a RMSD of 2 A were clus-
tered together. The lowest and more populated energy cluster
returned by AutoDock that fulfilled some known structural criteria
important for enzyme activity was used for conformational bind-
ing analysis. RMSD between the experimental and computational
structures of the inhibitors were computed to evaluate the accuracy
of the calculated poses.

In the case of the ligands (L1 and L2) and the rhenium com-
plexes (Re1 and Re2), for which no X-ray structure is available, the
validated method was used to predict their binding conformation
inside the iNOS enzyme. The protonation state of the inhibitors at
physiologic pH was determined with Epik 1.6 (Schrédinger) [36].

All rotatable bonds of the ligands L1 and L2 were kept free, with
the exception of the rotatable bonds of the pyrazolyl ring and the
N®-NO,-L-Arg moiety, which was kept rigid in the same confor-
mation found on the X-ray structure of this inhibitor complexed
with nNOS (pdb id 1K2R) (Fig. S5). In the case of Rel and Re2
the 3D-structure information of the pyrazolyl-diamine chelating
unit, which stabilizes the fac-[Re(CO)3]* core, was taken from the
Cambridge Crystallographic Data Centre (CCDC reference number
789827) [37]. The docking experiments were carried out allowing
Rel and Re2 to rotate freely with the exception of the rotatable
bonds of the pyrazolyl-diamine chelating unit and the N®-NO,-L-
Arg moiety (Fig. S5), which were kept in the conformation found in
the X-ray structures. A charge of +1 was assigned for the Rhenium
atom of Re1l and Re2. The chosen complexes L1:iNOS, L2:iNOS,
Re1:iNOS and Re2:iNOS were subjected to MD simulations.
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4.2. MD simulations

DFT calculations have been shown to give very accurate results
for systems involving transition metals [38]. Among the plethora of
existing density functionals, we chose B3LYP that has been shown
to be an appropriate choice for transition-metal complexes and
rhenium specifically [39-43].

The geometries of the inhibitors L1, L2, Re1 and Re2 were opti-
mized using the B3LYP/6-31G* level of theory with the Gaussian 09
program (version A.02), while charge fitting was performed using
the RESP program [44,45]. The Molecular Electrostatic Potential
(MEP) computations were carried out using the same level of the-
ory and the Connolly surface algorithm [46]. In the case of the Re
complexes it was used the B3LYP level of theory with the 6-31G*
basis set for all atoms and the SDD basis set for Re. The SDD basis
set uses the small core quasi-relativistic Stuttgart/Dresden electron
core potentials for transition elements [47-49]. A spin multiplic-
ity of 1, a charge of +1 and a radius of 1.47 A for the Re(I) were
considered in the DFT calculations. The charge derivation proce-
dure was carried out using the R.E.D. (RESP ESP charge Derive)
Server version 2.0 [50-52]. A detailed description of this proce-
dure is reported in the Supporting Information (Figs. S9-513). RESP
atomic charges calculated for L1, L2, Re1 and Re2 are presented in
Figs. S14-17.

To evaluate the ability of the chosen functional to reproduce
the X-ray structures of the rhenium complexes, the bond lengths
and angles of the optimized structures were compared with the
corresponding values found in the experimental crystal structures
(Table S2). The results have shown that both HF/6-31G*/SDD and
B3LYP/6-31G*/SDD calculated values reproduce satisfactorily the
X-ray crystal structures.

The topologies and parameters of the organic molecules
(L1 and L2) compatible with the CHARMM all atoms
force field were derived from the ParamChem server
(https://www.paramchem.org/) [42,53,54]. Parameters for the
metal fragment were taken from previous parameterization
studies of technetium and rhenium complexes [55-59]. All the
dihedral parameters involving the Re-ligand interactions were
set to zero. This procedure has been used with success in the
treatment of several different systems that have a metal atom
covalently bonded [60-62]. Lennard-Jones parameters are also
not parameterized due to the fact that the Re metal is buried
and that van der Waals interactions are not as important as the
electrostatics [63]. Lennard-Jones parameters for the Re metal
were taken from the literature [56].

Based on the docking results, MD simulations for compounds
L1, L2, Rel and Re2 were performed using NAMD [28] and
CHARMMZ27 force fields [64]. The 3D-structure of iNOS was taken
from pdb 1QW4 [10]. The MD simulations were set up as we
described recently [13]. Briefly, the oxo-ferryl form (compound
I) of heme, which has an oxygen atom at the sixth coordina-
tion position of iron, was used in the simulations. The force field
parameters of the H4B cofactor and compound I were kindly pro-
vided by Cho et al. [65]. The propKa module of the PDB2PQR
server (http://kryptonite.nbcr.net/pdb2pqr/) was used to adjust
the protonation states of ionizable residues at physiological pH
|66-68]. Water molecules observed in the crystals structures were
kept and additional TIP3P water molecules (box of dimension
10A x 10A x 10A) were modeled using the solvate package in
VMD. Next, the systems were neutralized by adding counter ions
with the autoionize package in VMD. The whole systems contained:
L1:iNOS - 418 residues, 17102 water molecules and 1 Na* (58217
atoms total); L2:iNOS - 418 residues, 17072 water molecules and
5 Na* (58135 atoms total); Re1:NOS - 418 residues, 17070 water
molecules and 3 Cl~ (58129 atoms total); Re2:NOS - 418 residues,
17064water molecules and 3 Cl~ (58120 atoms total).

All models were subjected to 3000 energy minimization steps
and then simulations continued for another 8 ns. Rigid bonds were
used for all hydrogen atoms, thus allowing a time step of 2fs to
be used. The force field parameters were kept standard as speci-
fied by the CHARMM force field. Short range nonbonded van der
Waals interactions were computed every 2 fs, and the long-range
electrostatic ones were computed every 4 fs. Starting from a switch-
ing distance of 10A, the Lennard-Jones potential was smoothly
reduced to zero at a cut-off distance of 12 A. The particle mesh
Ewald (PME) method was employed for full electrostatics, with
a grid point density of at least 1/A3 in all cases [69]. The simula-
tions were performed in the NPT ensemble, using the Nosé-Hoover
Langevin piston method for pressure control (1 atm), with an oscil-
lation period of 200fs and a damping time of 50fs; constant
temperature (T=310K) was enforced using Langevin dynamics
with a damping coefficient of 5/ps on all nonhydrogen atoms
[70-73].

Several detailed analyses were carried out for the trajectories
obtained from the last 3 ns of the equilibrated simulations. The
NAMD energy plugin of VMD was used to calculate the electrostatic
interaction energies between protein and inhibitors for each snap-
shot of the MD trajectory. The water molecules, which were within
3 A from the inhibitors in each snapshot were identified by using
appropriate Tcl script executed within VMD, and the percentage of
residence time calculated. The averaged-structures of the last 3 ns
of the simulations were also calculated using appropriate Tcl script.
All the pictures were made with the Pymol software [74].

4.3. Computational details for VolArea

The volumes of the active site cavities for L1:iNOS, L2:iNOS,
Re1:iNOS and Re2:NOS, as well as the volume of the inhibitors L1,
L2, Re1 and Re2 were calculated using the VolArea software with
a box volume of 20.9, 18.7 and 25.5 A3 centered in a point between
the heme propionates. The volumes were calculated using a probe
radius of 1.0A [21].

4.4. Free energy calculations

The alchemical FEP transformations were performed using the
dual-topology paradigm, in which the initial and the final states
are defined in terms of distinct, non-interacting topologies, and
the interactions of the transformed atoms with their environment
are scaled in terms of a linear parameter, A, often called coupling
parameter [28,75]. In general, the atoms in the molecular topol-
ogy are separated into three groups: (i) atoms which do not change
during the simulation, (ii) the atoms describing the reference state,
A, of the system, and (iii) the atoms that correspond to the tar-
get state, B, at the end of the alchemical transformation. The initial
state was chosen to be the equilibrium state of the Re complexes
Re1l and Re2. The final state was set up such that the “Re(C0O)3” core
in the complexes was vanished to give the ligands L1 and L2. The
energy and forces in the FEP simulations were defined such that the
interaction of the “Re(CO)3” core in the initial state with the rest of
the system is effective at the beginning of the simulation (A =0),
and nonexistent at the end of the simulation (A=1). In a typical
FEP calculation for a transformation from state A to state B, many
A are needed in order to obtain a smooth transition from the ini-
tial state A to the final state B. A source of error in a FEP calculation
involves the end points of the transformation. Due to the appearing
and disappearing atoms, van der Waals’ clashes occur and result in
“end point catastrophes”, which prevent correct convergence of the
calculation [76]. Anumber of schemes have been devised to circum-
vent this problem, among which the increasing of the number of
intermediate A states in the calculation to decrease the conforma-
tional difference between consecutive A states [77,78]. To obtain an
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accurate estimate of the free energy, we increased the number of
windows at the beginning and end of the FEP simulations, collecting
data at several points with A values close to zero or one. The bound
(soft-core) vdW potential was also used to repel all overlapping
particles when A tends toward either O or 1 [78-80].

The averaged structures of the complexes Re1l:iNOS and
Re2:iNOS calculated for the last 3 ns of simulation were used as
starting points for FEP calculations. Several different simulation
schemes were tried in order to find conditions that produced con-
verging energy results with minimal dispersion. It was observed
that the use of 24 intermediate states (0.0000001, 0.000001,
0.00001, 0.0001, 0.001, 0.01, 0.05, 0.1; between 0.1 and 0.9 the
change in A was linear with a AA of 0.1; at the final segments
the progression of A was 0.9, 0.95, 0.99, 0.999, 0.9999, 0.99999,
0.999999, 0.9999999) and simulations times of 0.28 ns were not
enough to obtain convergence. In order to achieve convergence
each FEP calculation was split into more intermediate A states
(0.0000001, 0.000001, 0.00001, 0.0001, 0.001, 0.01, 0.05, 0.1;
between 0.1 and 0.9 the change in A was linear with a AA of 0.05;
at the final segments the progression of A was 0.9, 0.95, 0.99, 0.999,
0.9999,0.99999, 0.999999, 0.9999999) and the simulation time was
increased. At each intermediate A state, equilibration was run for
24 ps, followed by 240 ps of FEP data collection. The extra inter-
mediate states and the use of more steps for equilibration and
acquisition ateach A increased the total length of the FEP simulation
to 8.45ns. To check the dependency of the results on the direc-
tion of the transformation, the free energy profiles of the backward
transformation were also calculated. Considering the simulations in
both free and bound states, as well as in the forward and backward
directions, the total time of simulation was ~33 ns.
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