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A recent study reported a model of the human A, adenosine re-
ceptor and its agonist binding site, proposing two putative bind-
ing modes in the same binding site for the natural agonist,
adenosine. The present work investigates the flexibility of this
binding site by exhaustive exploration with the natural agonist
and with three other adenosine derivatives: N6-cyclopentyladeno-
sine (CPA), 2-chloro-N6-cyclopentyladenosine (CCPA), and 5'-N-
ethylcarboxamidoadenosine (NECA). Our aim was to find a
common binding mode for agonists that would explain the role

Introduction

The nucleoside adenosine exerts its extracellular effects
through coupling with transmembrane adenosine receptors
(ARs), a family of G protein-coupled receptors (GPCRs). In the
last few decades much effort has been made in pursuit of
pharmacological understanding of the four adenosine receptor
subtypes: named A,, A,,, A, and A;. Among them, the A, sub-
type is of particular interest, both because it is widely studied"
and because of the physiological functions in which it is in-
volved, making it attractive as a potential drug target.*® In
this respect, A;AR agonists can be of therapeutic interest in dif-
ferent biological systems: in the CNS, this receptor is located
on cortex, hippocampus, cerebellum, and thalamus, where its
activation leads to neuroprotective effects through the block-
ade of neurotransmitter release.” In the heart, A;AR agonists
cause negative chronotropic, dromotropic, and inotropic ef-
fects, which makes them attractive as potential cardioprotec-
tive and anti-infarct agents.”

Selective and potent agonists for the A, receptor have been
developed, providing tools for better understanding of its
pharmacology. Agonists for ARs are chemically related to the
natural agonist adenosine (see Table 1). The ribose moiety ap-
pears to be essential for both affinity™ and agonistic profile®
of adenosine derivatives. Single modifications on either the 2'-
or the 3'-hydroxyl group lead to molecules that show a partial
agonist profile,”® while removal of both substituents at the
same time confers antagonistic properties.”! Modifications of
the ribose moiety maintaining a full agonist profile are limited
to 5’-uronamido derivatives, of which NECA (5’-N-ethylcarbox-
amidoadenosine) is a potent non-A,-selective example."” The
introduction of small aromatic or cycloalkyl substituents at the
N6 position leads to more potent and selective A, derivatives,
such as N6-cyclopentyladenosine (CPA).”? Another substitution
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in the binding process of the different substitutions allowed at
the 2, N6, and 5' positions of adenosine. This problem was ad-
dressed through docking simulations, molecular dynamics stud-
ies, and estimations of the ligand-binding free energy with both
the AUTODOCK scoring function and the linear interaction
energy (LIE) approach. The results point to a single receptor-bind-
ing position that explains the effects of the different chemical
modifications on the adenosine derivatives considered here.

position is the 2-position, where a chlorine atom in conjunc-
tion with N6 substitution yielded CCPA (2-chloro-Né6-cyclo-
pentyladenosine),!"” the most potent agonist known for the
A,AR."? Thus, molecules such as NECA, CPA, and CCPA have
been used for years to study this receptor subtype (see
refs. [6,13], and references therein). In order to investigate the
location of the agonist binding site and the role of several
amino acids known to influence ligand binding, we have re-
cently developed a model for the human A, adenosine recep-
tor" (hA,AR) based on the X-ray crystal structure of bovine
rhodopsin.™ Using this model and the GROUP module in the
GRID software package,"® we have exhaustively explored the
putative ribose-binding site. A single solution was found, locat-
ed between helices 1, 2, and 7 and composed of residues
Ser1.46, Asp2.50, His7.43, and Ser7.46. The high polarity of this
pocket is able to establish enough hydrogen bond (H-bond)
interactions to balance the ribose desolvation energy, and also
showed close similarity to other experimentally determined
ribose-binding sites. This ribose-binding pocket was a starting
anchoring point for the search for the binding position for the
natural agonist, adenosine (ADO), carried out by docking and
molecular dynamics (MD) simulations, and concluded that two
adenosine-binding modes were possible, both involving heli-
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Table 1. A, adenosine receptor agonists studied.
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[a] Standard numbering of adenosine derivatives is shown for adenosine.
[b] Inhibition of adenylate cyclase in rat A;AR." [c] Values in human A,AR
extracted from ref. [12]. [d] AG calculated by use of K;=e*“*" at 25°C.

ces 1, 2, 3,6, and 7 and almost the same residues. One binding
mode had the adenosine amino group facing the extracellular
side, interacting with Thr7.42, while in the other complex ob-
tained the amino group was linked with another threonine
(Thr3.36) located in helix 3, therefore facing towards the cen-
tral core of the helical bundle. The adenine moiety was in each
case stabilized by hydrophobic interactions with Val3.32, a con-
served residue in ARs that corresponds to the aspartate that
binds the basic nitrogen of the ligands in aminergic recep-
tors."” Both binding modes may explain mutagenesis data
concerning residues such as Thr3.36,"® or His7.43,"*? and
consequently no criteria for determining the preferred binding
mode were found in the previous study.This work reports a
deeper and comparative analysis of such binding modes by
considering the docking of other relevant A, agonists. This
analysis is intended to explore structure-activity relationships
in adenosine derivatives, identifying the role of the different
chemical substitutions and their relative counterparts in the re-
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ceptor. Moreover, the obtained docking model should be pre-
dictive for the differences in potency of the ligands studied. To
make progress towards this goal, we made use of different
computational simulation methods such as docking, molecular
dynamics, and binding free energy calculations.

Computational Methods

Human A, adenosine receptor model: The previously reported™
human A, adenosine receptor model (hA;AR) was used in these
calculations. This model incorporates only the seven-helix bundle,
discarding the loop regions. Briefly, each helix was separately built
and geometrically optimized, followed by packing of the seven
helices with use of the experimentally measured structure of
bovine rhodopsin™ as a template. Finally, the model was energy-
optimized and refined by molecular dynamics techniques. The gen-
eralized numbering scheme proposed by Ballesteros and Wein-
stein®?" has been used to name the residues through the text. This
nomenclature allows easier identification of the residues within the
seven-helix bundle, as well as simpler association of equivalent
residues of different GPCRs or of the same receptor in different
species.

Modeling of the ligands: The four agonists studied—ADO, NECA,
CPA, and CCPA—are depicted in Table 1, together with their experi-
mentally determined binding data. The 3D structures of adenosine
derivatives were built by modification of the crystallographic coor-
dinates of adenosine (refcode ADENOS10 in the Cambridge struc-
tural database®) with appropriate substituents by use of the
Builder module in Insightll.?® Each molecule was then energy-mini-
mized with the semiempirical AM1 Hamiltonian as implemented in
MOPAC93.2% Final geometries and partial charges obtained in this
step were used as input for AUTODOCK computations.

In order to identify necessary force-field parameters for the molec-
ular dynamics and binding free energy calculations, we performed
single-point ab initio calculations with the aid of the GAUSSIAN98
suite of programs,?” with use of the Hartree-Fock method and the
6-31G* basis set. The restrained electrostatic potential fitting pro-
cedure® was applied on the calculated electrostatic potentials in
order to obtain partial atomic charges compatible with the Amber
Parm94?” force-field.

Docking studies: A docking exploration with AUTODOCK3.0® was
performed for each agonist examined. This program allows full
flexibility in the ligands, while keeping the geometry of the recep-
tor frozen. The exploration of docking positions was carried out
through 100 runs of the Lamarckian genetic algorithm (LGA), with
use of AUTODOCK default parameters. The resulting docking posi-
tions were clustered according to an RMS criterion of 1 A. The
force-field implemented in the program was modified by use of a
united-atom model for both protein and ligand, and 12-10 hydro-
gen bond parameters for all the O--H and N--H interactions, when-
ever the involved nitrogen atoms have a lone pair. We restrained
the docking exploration to the region containing the residues ex-
perimentally known to influence agonist binding, by defining a
20° A2 grid centered on NO of His7.43.

Molecular dynamics and binding free energy predictions: In ad-
dition to the empirical binding energies provided by AUTODOCK,
free energies of binding were calculated by the linear interaction
energy (LIE) method.?*3*% This method is based on thermal confor-
mational sampling of the ligand, both in the free state (i.e., solvat-
ed in water) and bound to the solvated protein. The estimated
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energy of binding is calculated as a linear combination of the dif-
ferences in the average ligand—surroundings interactions (where
“surroundings” relates to protein and water when the bound state
is considered, or just water if considering the free state). Interac-
tion energies are split into electrostatic and van der Waals terms,
and weighted by different factors:

AG = a (V™) —vi™,) + (v )—(ve),) + v (1)

Here the () terms denote thermal averages sampled during molec-
ular dynamics of the electrostatic (el) and van der Waals (vdW) en-
ergies for the ligand atoms in the protein (p) and water (w) envi-
ronments. The coefficients in the above equation are taken as =
0.5, when the linear electrostatic response approximation is
valid,®" and 0.=0.181 for the nonpolar interactions. In our case,
given that all ligands are neutral molecules with two or more hy-
droxyl groups (which has been shown to cause deviations from
exact linear response®®?), the parameter 8 was set at the previously
determined value of 0.33.2% The constant parameter y#0 can be
adjusted by least-squares optimization in order to improve the cal-
culated absolute binding energies quantitatively with respect to
the experimental ones. Such a constant term appears to be de-
pendent on the nature of binding site studied, and this issue is dis-
cussed elsewhere.® Here, we are mainly concerned with relative
binding energies, and also have only a few compounds to work
with, so a detailed optimization of this parameter is not warranted.

The program Q®* was used for the MD simulations and analysis,
with employment of the Amber parm94 force-field®” implemented
in the program. In both the “bound” and the “free” states, the
ligand was solvated with a randomly oriented TIP3P®" water
sphere of 18 A radius, in which water molecules were confined to
the sphere through a radial restraining potential.*****” |n the
“bound” simulation, ionic groups of the protein within this sphere
that are not too close to the boundary (Asp2.50 and Glu1.39) were
modeled as charged. The resulting net charge for the sphere of
simulation was —2, since there were no Arg or Lys residues that
could be ionized to counterbalance negative charges. Furthermore,
neither of the histidines inside the simulation sphere (His7.43 and
His6.51) are likely to be positively charged according to experimen-
tal data.®

The solvent was relaxed by use of a strong thermal bath coupling
(z=1fs), a temperature of 0K, and restraint of solute atoms
with a force constant that decreased from 50 to 25, 10, and
5 kcalmol™'A~? in blocks of 0.8 ps each. This step, which is very
similar to a steepest-descendent energy minimization, was fol-
lowed by a heating phase consisting of blocks of 6 ps at 50K,
150 K, and 300 K, while the bath coupling was relaxed (t=>5 fs)
and the 5 kcalmol'A~2 force constant was maintained on all the
protein and ligand atoms. In some cases, a set of five simulated an-
nealing (SA) cycles was performed at this point, consisting of a
4 ps smooth (=50 fs) warming up until 900 K followed by a fast
cooling down similar to energy minimization (z=>5 fs), in order to
allow the system to explore conformational changes requiring
crossing of high-energy barriers from the initial docking position. A
harmonic constraint of 10 kcalmol™'A~2 was applied on the Co.
protein atoms in this step to keep the trace of the protein fixed
while the ligand and protein side chains were relaxed.

Productive MD simulations for the data collection were performed
at 300 K (coupling to the temperature bath was set to 7=10 fs)
with a time step of 1.5 fs. No cut-off was applied to the ligand in-
teractions, while a 10 A cut-off was applied to other non-bonded
interactions, together with use of the local reaction field ap-
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proach® for long-range electrostatic interactions beyond that cut-
off. A 10 kcalmol~'A~2 force constant was imposed on the atoms
in the boundary zone between 16.5 and 18 A from the sphere
center and, due to the absence of loops and the membrane, a
force constant of 5 kcalmol™' A2 was maintained for the alpha car-
bons inside the sphere. (Note that, due to the size of the protein,
no water penetrates into the membrane region.) The rest of the
protein inside that sphere and all ligand atoms were completely
free to move, while the protein atoms outside the sphere of simu-
lation were fixed by a high (100 kcalmol~'A~%) harmonic con-
straint. Energy data were collected at this stage for 300-1500 ps
starting from a moment at which the system could be considered
equilibrated. The length of the sampling stage was such than the
energy data could be split into two halves with equal average
energies.

In the “free” simulation, the solvent was first relaxed by means of
0.2 ps MD through a strong bath coupling (r=0.2 fs) followed by
15 ps (relaxing bath coupling to =10 fs) at temperature of 300 K
and application of a harmonic constraint (10 kcalmol~'A~?) on all
ligand atoms. For the data collection, the central atom of the
ligand was geometrically restrained to the center of the grid by
use of a 50 kcalmol 'A~2 force constant, to ensure a homogenous
solvation. Time step and bath coupling were set to the same
values as in the “bound” state.

Analysis of the MD results was performed with the tools provided
in the Q software package plus additional visual inspection with
VMD 9!

Results and Discussion

The starting point for this study was the previously reported
hA,AR adenosine binding site that, given the relative symmetry
of H-bond acceptor groups in adenosine derivatives,*" was
able to accommodate two potential agonist-binding modes."
In order to deal with this ambiguity, we picked three classic
and potent full A,AR agonists (NECA, CPA, and CCPA) for which
experimental affinity constants had been determined for the
human receptor, as well as the natural ligand, adenosine (see
Table 1), and studied their binding to our hA;AR model. This
was done in a two-step protocol as follows. Firstly, an automat-
ic docking exploration provided ideas about the most relevant
binding positions for each compound. Then, each relevant po-
sition was further analyzed by MD and an estimation of the
free energy of binding by the linear interaction energy (LIE)
approach was performed.

Docking studies

An exhaustive docking exploration of the binding site with
each of the four ligands considered was performed with the
aid of AUTODOCK software.”® This program has been previ-
ously used for docking of flexible ligands into models of
GPCRs,*** and its usefulness has been further tested by us in
the experimental case of bovine rhodopsin.!¥

Results of docking explorations are summarized in Table 2.
For each of the ribose-unmodified ligands (ADO, CPA, and
CCPA), two binding positions appear, in agreement with the re-
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Table 2. Summary of the docking results for the four A,AR agonists, show-
ing the energy of binding predicted by the scoring function and the ranking
of each solution among those provided by AUTODOCK.

Compound Position A Position B

AG Rank AG Rank
ADO —-10.6 1@ -104 3@
NECA - - —-11.1 1
CPA -10.7 6 -13.5 1
CCPA —10.8 6 —-12.7 1

[a] Docking solutions 1-3 for ADO are, in practice, energetically equiva-
lent.

sults reported in our previous article. Both positions show the
adenosine scaffold located in the cavity between helices 2, 3,
and 7 and involve essentially the same residues, but playing
different roles in agonist binding in each case. These docking
positions are referred to from now on as “position A” and “po-
sition B” (see Figure 1). It should be pointed out that other
docking positions were also found for each ligand, but that
none of them showed consistency among the ligand series
and/or agreement with mutagenesis data, thus comprising
low-quality solutions not selected for further investigation. In
position A, the docking positions of ADO and CPA show the 5'-
hydroxyl of adenosine interacting with the carboxylic acid of
Asp2.50, whereas the OH3’' and OH2' groups are surrounded
by Ser1.46, His7.43, and Ser7.46, and the N6 amino group
points towards Thr3.36. In this orientation, the hydrophobic
pocket that accommodates the N6 hydrophobic substitution
(N6-cyclopentyl in the cases of CPA and CCPA) is composed of
Leu3.33, Thr3.36, Leu6.51, and Thr7.42 (involving the methyl
groups of the side chains in the case of threonines). The CCPA
ligand is predicted to dock slightly closer to the extracellular
part of the receptor, thus missing interactions with helices 1
and 2. The substituent at position 2 (chlorine in CCPA) points
towards the extracellular part of the receptor in the region be-
tween helices 1 and 7. According to the AUTODOCK scoring
function, this docking solution is isoenergetic for the three
ribose-unmodified ligands, thus not explaining the experimen-
tal increase in affinity found when 2 and N6 substituents are
present. Furthermore, this binding mode was not found for
NECA, probably due to steric hindrance between the 5 sub-
stituent and Asp2.50. With the other orientation (position B),
AUTODOCK provided this solution as the best ranked binding
position for all the ligands except for ADO (for which the scor-
ing energies for positions A and B are very similar, though). In
this case, Asp2.50 interacts with the ribose group through the
2" and 3’ hydroxyl groups, also surrounded by Ser1.46 and
Ser7.46, and the 5’ hydroxyl points towards the backbone
oxygen of His7.43. The amino group is close to residue
Thr7.42, thus pointing upwards in this orientation to the ex-
tracellular side of the receptor. The hydrophobic pocket
needed for the N6 substitution is made up of Leu6.51, lle7.39,
Thr7.42, and to a lesser extent by Leu3.33 and Thr7.35. These
hydrophobic interactions, related to the structural difference
between CPA and ADO, imply an increase in the free energy of
binding, both found experimentally and estimated by the
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Figure 1. Superposition of agonists considered in the docking positions A and B
obtained by AUTODOCK. Ligands: red (ADO), blue (CPA), green (CCPA), and
yellow (NECA). Note that this last ligand was not found in position A (see text
for details).

AUTODOCK scoring function (Table 2). The 2-Cl substituent in
CCPA is accommodated between residues Thr3.36 and Trp6.48,
facing in this case towards the cytosolic side of the receptor.
However, this chemical modification is not translated into an
increase in the estimated receptor affinity with respect to CPA
as expected from experimental data; on the contrary, a small
decrease is predicted. With regard to the O5’ position of ade-
nines, when a carboxamido group is present (5'-N-ethylcarbox-
amide in NECA), the NH points towards His7.43, whilst the
ethyl chain is located between helices 1 and 2. The estimated
free energy of binding of NECA lies between the values calcu-
lated for ADO and CPA, in accordance with experimental data.

These docking results point to position B as the one that
best explains the experimental results, for several reasons.
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Firstly, the ranking within the series obtained in this position
with the scoring function estimation of the free energy of
binding is fairly close to the experimentally ascertained one.
Additionally, the estimated affinity is greater in position B than
in position A in all cases (with the exception of equal energetic
values for ADO). Finally, position A was not automatically
found for NECA and the ligand CCPA did not fit well with
respect to both ADO and CPA. The correct ranking of com-
pounds in the docking position B is disrupted by the CPA-
CCPA pair, the ranking of which is inverted. These two ligands
present the greatest similarity in the data set, both in structure
and in experimentally determined AG (AAG=0.6 kcalmol™),
and the prediction of such a small difference may be beyond
the scope of the AUTODOCK scoring function, especially when
the only structural difference lies in a chlorine atom, which
could be deficiently parametrized.

Molecular dynamics and binding free energy predictions

In attempted prediction of bind-

free energies within the 1 kcalmol™ range.***’ However, meth-
ods using conformational sampling are always associated with
convergence errors and it is essential to provide estimates of
these in order to judge whether predicted binding energy dif-
ferences are statistically significant.

The free energy of binding estimation obtained with the AU-
TODOCK scoring function for the first docking position studied
(position A) was not very encouraging (see Table 2). In fact, the
influence of the different chemical substitutions in the adeno-
sine scaffold is not reflected in any improvement in the affinity
of the compounds. Because of the lack of good superposition
of the four agonists after AUTODOCK computations (which
locate CCPA slightly closer to the extracellular side than the
other ligands and do not predict binding for NECA) the MD
simulations of CCPA and NECA started from the geometry
found in the CPA and ADO simulations, after mutation of the
corresponding ligand structures. The LIE predictions of ligand
affinities do not predict the ranking of binding free energies
better than AUTODOCK in this binding position A (see Table 3).

ing positions for a certain ligand
on a protein, an automatic dock-
ing exploration provides good

Table 3. Average ligand-surroundings interaction energies [kcalmol~'] for each compound in water and in the
two binding positions together with the calculated relative binding free energies.

: H Water Position A Position B
starting points for further de- ) e ot
tailed analyses Of the Stablllty Of ngand <V/Els>w <V7ELN>W <V!els>p <V;,ij¥v>p AAthf:dd[] <Vlels>P <V‘/IE;N>9 AAGbir:dd[]
ligand—-protein complexes and | ADO —69.4 ~165 617  —330 05404  —633  —348 13406
the interactions involved in bind NECA ~76.1 -202 496  —419 48+2.1 —77.1 427 44414
the interactions involved in bind- 1 ¢pp ~650  —257  —461  —50.7 21405  —651  —484  —42+04
ing. Such analyses are preferably | ccpa 583 ~265 488 507 13409  —65.1 —475 63405

done by molecular dynamics

[a] Binding free energies calculated from Equation (1) without any optimization of the constant vy.

(MD) simulations, thus allowing
the effects of the receptor flexi-
bility and the explicit water sol-
vation on the complex of interest to be taken into account.
With the LIE approach, it is possible to estimate ligand-binding
free energies from MD simulation averages of the non-bonded
intermolecular ligand potential energies. In our case, these esti-
mated binding free energies might not be expected to repro-
duce the absolute values for each complex quantitatively for
several reasons. Firstly, it has been shown earlier that hydro-
phobic binding sites require a negative value of the constant y
in Equation (1), which in the case of a very hydrophobic site
such as that of retinol binding protein can reach a value of
about —7 kcalmol™".5* Secondly, the fact that we are working
here with a homology model that does not incorporate loop
regions and the membrane environment of the hA,AR struc-
ture may have some effect on the absolute AG scale of the cal-
culated energies. Nevertheless, the influence of these features
is expected to be the same through the whole data set, since
the ligands considered are full agonists and should conse-
quently share a common binding site. Thus, the differences in
binding free energy and the ranking predicted for the series of
agonists should in our opinion be reliable, as has been found
in previous studies,***! and therefore be informative about
the relevance of each binding mode proposed. In this context,
it should be noted that the LIE method without reparameteri-
zation has been successfully used to predict relative binding

ChemBioChem 2004, 5, 841-849  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In fact, only the LIE estimation of CCPA binding free energy
showed this compound with a slight improvement with re-
spect to the natural agonist (ADO), while both CPA and NECA
were predicted to bind more poorly than ADO (positive values
of AAG, in disagreement with experimentally ascertained
data). A careful analysis of the protein-ligand interactions re-
veals a common pattern of interactions between the ribose
and the protein. The hydrogen bond requirements of the
ribose moiety in the protein binding site are not well satisfied,
and only a single strong interaction was achieved, between
OH5" and Asp2.50. The other two hydroxyl groups (at 2’ and
3’ positions) display H-bonds only with low occurrence with
surrounding side chains (His7.43 and Ser1.40 and Asp2.50 re-
spectively), the first hydroxyl being most involved in intramo-
lecular interactions. This binding profile is different in the
ribose-modified ligand NECA. The MD simulation of this last
ligand started from the corresponding mutation of adenosine
to NECA, in such a way that the 5'-N-ethylcarboxamido substi-
tution was located between helices 2 (Asp2.50), 3 (Leu3.35),
and 6 (Phe6.44). The 2’ hydroxyl group of NECA shows a stable
H-bond with His7.43, and the adenine core overlaps well with
that of the ribose-unmodified ligands. However, these new
contacts are not able to explain the experimental increase in
affinity due to the 5'N-alkylcarboxamido modification of aden-
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osine. Taking the high polarity of the ribose into account, it
would be expected that the ligand-receptor complex should
be able to generate enough H-bond interactions to balance
the ribose desolvation energy. In contrast, the electrostatic
energy term is more favorable (more negative values for (Vf[s>)
in water than in the binding position A for the four agonists
studied (Table 3). Additionally, all the ligands adopt a south
conformation (Scheme 1) in this binding position, with an in-

NH, NH,
N~ N Nf\N
Y 7
OH <NI:J or <N \NJ
oRoH"

HO

OH
OH

South North

Scheme 1. South and north conformations of adenosine. The dashed line indi-
cates the intramolecular hydrogen bond between OH2' and N3 present in the
south conformation.

tramolecular hydrogen bond between OH2'--N3. This feature is
in disagreement with the results of conformational analysis of
ribose-modified adenosine derivatives,*? which show a prefer-
ence for the north-anti conformation. The adenine core makes
favorable hydrophobic interactions with Val3.32 in all four
cases, and an H-bond between N3 and His7.43 is achieved in-
termittently. The behavior of the N6 position is stable along
the MD simulation, with a single H-bond with Thr3.36 and, in
the case of CPA and CCPA, favorable hydrophobic interactions
with the previously described hydrophobic pocket are attained
(residues Thr7.42, Leu6.51, Leu3.33, and Thr3.36). Nevertheless,
these additional hydrophobic interactions do not contribute to
any enhancement of the estimation of the free energy of bind-
ing of CPA, while in the case of CCPA the combination of the
N6 and 2-Cl substitutions leads to a slight increase in pre-
dicted affinity with respect to the natural agonist (AAG=
0.8 kcalmol™).

As was also the case with the AUTODOCK scoring function,
the LIE predictions of the free energy of binding are much
better for the other binding position considered (position B).
The potency profile of the four ligands studied is now close to
the observed order of potency (see Table 3), although the low
value predicted for the binding of CPA results in an inverted
order of the NECA-CPA pair. Analysis of the MD simulations in
more detail suggests an explanation for these results and
allows an interpretation of how the ranking of compounds is
related to the chemical modifications on the adenosine scaf-
fold. First of all, there is a better arrangement of the ribose in
its polar binding site than in the binding position A, it adopt-
ing the north-anti conformation in the three ribose-unmodified
ligands in this case (Figure 2A, C, and D). Stronger electrostatic
interactions are achieved: both the hydroxyl groups at the 2’
and 3’ ribose positions show stable H-bonds with Asp2.50,
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whereas the 3’ one also interacts with Ser7.46, whilst OH5’ dis-
plays an alternating H-bond with Ser1.40 and His7.43. In the
case of NECA (Figure 2B), the chemical modification on 5" in-
duces changes in this interaction profile: the 5'-amide makes
additional H-bonds with the side chains of Asp2.50 and
Ser1.46, while the side chain of His7.43 changes its conforma-
tion slightly due to a stable H-bond with O4'. The ethyl chain
of the N-ethylcarboxamido group is located in the groove be-
tween helices 1 and 2, surrounded by hydrophobic residues
(Ala1.43, Val1.47, Gly2.54, and lle2.58). This pocket is well con-
served between A, and A, receptors (the only change is
Val1.47lle in A,,), which is in agreement with the non-selective
profile of this ligand. Additionally, this pocket shows steric hin-
drance for large substituents, a fact that could explain the low
tolerance for such modifications in the 5-carboxamido deriva-
tives.”” The different arrangement of this ligand in “position B”
results in stronger binding for NECA than for the related 5’ un-
substituted agonist, the natural ligand adenosine, although in
this case the ligand NECA adopts the south conformation.

In all cases the adenine core is stabilized by hydrophobic
interactions with the hydrophobic side chains of Val3.32 and
Trp6.48. Available mutagenesis data for A; and A,, ARs reveal
that a hydrophobic amino acid is necessary at posi-
tion 3.32.%8 With regard to Trp6.48, which is highly con-
served in GPCRs, experiments on A;AR have shown its critical
role in receptor activation,*? which is consistent with results
obtained on other GPCRs.”**" Additional interactions of the
adenine core involve one H-bond between the nitrogen in po-
sition 1 of the adenine ring and the hydroxyl group of Thr3.36,
bridged through a water molecule, whereas the amino group
in N6 is located close to Thr7.42. These interactions are main-
tained in the four complexes during the MD simulations, al-
though slight differences in the strength of a given contact are
observed among ligands. With regard to the N6 substitution
on the adenosine scaffold, the cyclopentyl group of CPA and
CCPA appears to be surrounded by a hydrophobic pocket
formed by Leu6.51, 1le7.39, Thr7.42, and in a minor way
Leu3.33 and Thr7.35 (Figure 2C and D), a pocket that contrib-
utes to an increase in the estimated affinity of both ligands
with respect to adenosine, in agreement with experimental
data (see Table 3). Several pieces of experimental data point to-
wards these residues in the ligand-binding process. Mutation
of Leu3.33 to alanine results in a substantial reduction in bind-
ing not only of the agonist, but also of N-O840, an adenine-
like antagonist bearing a cyclopentyl group in the same posi-
tion as CPA."® It is also worth noting that CPA exhibits a more
than 10000-fold greater affinity for hA,; than for hA,,">*? a re-
lated receptor in which Thr7.42 is replaced by a serine and
Leu3.33 is replaced by a valine. We presume that this affinity
difference could be related to an optimal complementarity,
and consequently improved hydrophobic interactions, be-
tween the N6-substituent and the corresponding receptor
pocket of the A, receptor. With regard to the nature of the res-
idue 7.35, it has also been implicated in species differences in
the binding of N6-substituted adenine analogues.®®

The calculated LIE binding free energies predict the CPA
complex in binding position B to be more than 2 kcalmol™
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Figure 2. Snapshots from MD simulations of ADO (A), NECA (B), CPA (C), and CCPA (D) in binding position B. Dashed lines indicate hydrogen bonds frequently de-

tected in the MD trajectory.

more stable than the corresponding one with ADO (see
Table 2). The interactions between the shared adenosine scaf-
fold (ribose and adenine) and the receptor are the same in
both molecules and consequently the N6-cyclopentyl group
appears to be responsible for the enhancement of binding
affinity for CPA in relation to ADO.

If we look at the influence of the 2-chloro substitution in
binding position B, the ligand bearing such a chemical modifi-
cation (CCPA) is predicted to bind more strongly than the
corresponding ligand without the chlorine, CPA (AAG=
2.1 kcalmol™). This difference is in qualitative agreement with
the experimentally found difference of 0.6 kcalmol™ reported
by Klotz etal,'? but clearly overestimated here (chlorine
charges resulting from the RESP procedure may, however, ap-
parently be more uncertain than those for other atoms®*). The
chlorine atom of CCPA is favoring the anchoring of the ligand
into the binding site, making weakly favorable electrostatic in-
teractions with Thr3.36, while the interactions of the common
scaffold of both ligands are conserved. On the other hand, the
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main difference between these two ligands comes from the
behavior in water of CCPA, which alternates frequently be-
tween the south conformation and the north conformation,
while CPA does not explore the south conformation in water.
This conformational equilibrium results in a ligand electrostatic
interaction energy ((V¢'),) that is less negative for CCPA, with
a concomitant increase in its predicted affinity. NECA would
bind more strongly to the hA,AR than to ADO (AAGyq=
—3.1 kcalmol™) and more weakly than CCPA (1.9 kcalmol™),
again in qualitative agreement with the experimentally deter-
mined differences. On the other hand, our results predict es-
sentially the same binding energy for NECA as for CPA. Thus,
only for this pair of ligands is the experimental ranking not re-
produced, since there is an experimentally measured difference
of 1.1 kcalmol™ in favor of CPA. It should be noted here that
the predicted binding energy of NECA is associated with larger
convergence errors than the other compounds, which makes
the comparison for this particular pair of molecules more un-
certain.

847


www.chembiochem.org

BIO

Conclusion

The previously reported hA;AR putative agonist binding site
has been investigated by docking and binding free energy pre-
dictions of representative agonists, in an attempt to reproduce
the known structure-activity relationships of A,AR agonists'® in
our molecular model. In the first part of this study, an exhaus-
tive docking exploration of the receptor model with the four
agonists considered was performed, with the aid of AUTO-
DOCK. This was aimed at covering all available possibilities for
agonist-receptor docking and yielded the result that no other
solution apart from those denoted “A” and “B” should be con-
sidered for further investigation. With regard to these two
docking positions, the empirical scoring function implemented
in the docking software pointed to position B as the more pre-
dictive of experimentally measured affinity data. In addition,
the superposition of the four ligands on the predicted posi-
tion B was much better than on the alternative position A,
which was only found for three of them.

Analysis of both docking alternatives by the MD/LIE ap-
proach had a double objective, the first being to provide a de-
tailed description of the ligand-receptor interactions in a more
realistic, dynamic environment, with the aim of better identifi-
cation of the residues involved in each considered binding
mode and the effects of the considered chemical modifications
of adenosine. MD simulations allow relaxation of the receptor-
ligand complexes, and therefore the resulting pattern of specif-
ic interactions may be different from the initial static picture of
a docked complex. In fact, some complexes needed an equili-
bration period after which the average energies were stabi-
lized, reflecting that small conformational changes can lead to
increased ligand-receptor affinities. The second objective was
to assess the docking results through estimation of the ligand-
binding free energy obtained by the LIE method. This kind of
assessment of docking results by the LIE approach was found
useful in the investigation of the binding of blockers to K*
channels by Luzhkov and Aqvist.* In our case, the LIE method
predicts more stable complexes for the binding position B in
all cases, with binding energy differences between position A
and B that stretch from —0.8 to —9.2 kcalmol™' (extreme
values for ADO and NECA, respectively). The other issue that
arises is whether the affinity variations between compounds
are correctly predicted in position B and the structural reasons
for these differences. A comparison of the estimated (both by
the AUTODOCK scoring function and by LIE approaches) and
experimentally ascertained free energies of binding for posi-
tion B is depicted in Figure 3. Here, the absolute values derived
from the LIE approach have been adjusted to experimental
values by use of a least-squares-derived constant parameter
y=-—7.3 kcalmol™, that is found to be identical to that ob-
tained earlier for retinol-binding protein.®® Although the goal
of this work is not the prediction of absolute binding free en-
ergies, comparison of the differential values obtained is facili-
tated by the inclusion of this parameter in the LIE equation. As
discussed above, the interpretation of the y parameter is relat-
ed to binding site hydrophobicity and possibly to neglected
features in our homology-derived model: that is, absence of
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Figure 3. Comparison of experimentally measured (OBS) and estimated (AUTO-
DOCK and LIE) free energies of binding for binding position B. Standard errors
of experimental energies are derived from values in the original references.

loop regions and membrane environment, that should affect
all agonists in the same way. The origin of a negative y for hy-
drophobic binding sites has been addressed elsewhere™' and
can be understood from extrapolation of hydrophobic solva-
tion energies to zero solute size in polar and nonpolar environ-
ments. For a discussion about the relevant thermodynamic
cycles describing the microscopic binding process, see also
ref. [56]. Figure 3 shows that the ranking within the series is
quite reasonable by both AUTODOCK and LIE approaches,
even if the ligand CPA is overestimated by the scoring function
and underestimated by the LIE approach. Moreover, the role of
the chemical substitutions that enhance the affinity with re-
spect to the unmodified adenosine can be explained in terms
of ligand-receptor interactions. A hydrophobic pocket is iden-
tified between helices 3, 6, and 7 for bulky N6 substitutions
characteristic of A;-selective agonists; the 2-chloro substitution,
present in the most potent agonist of the series, is well accom-
modated between helices 3 and 6; finally, 5-substituents on
5’-N-alkylcarboxamidoadenosines are located in a binding
cavity with limited available space between helices 1, 2, and 7,
thus not suitable for large N-alkyl modifications. Additionally,
the proposed model for agonists binding to the hA,AR is ex-
planatory for some mutagenesis data that affect all the com-
pounds in the series, such as those related to Val3.32,®
Thr3.36,"® and His7.43."%% Our binding mode is also consis-
tent with the possible implication of Trp6.48 in receptor activa-
tion,“? although this biological process can not be simulated
with the current methodology. Recently, a model of agonist-re-
ceptor interactions for the A,, subtype has been published.®”
In that work, the proposed binding site partially overlaps that
postulated in this study, although differences are also ob-
served. In addition to the fact that the two studies have been
carried out in related but different receptors (hA,,AR vs.
hA,AR), it should also be pointed out that different strategies
underlie the two studies. The main aim of the study of Kim
and co-workers®” was to generate a model consistent with the
experimental evidence. With this purpose the authors intro-
duced manual interventions into the modeling process. Con-
versely, the present study uses automatic protocols free of
human intervention to obtain ligand-protein models. Experi-
mentally derived evidence is then used a posteriori to choose
among different solutions and to assess the quality of the
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models. If account is taken of the complexity of the interpreta-
tion of mutagenesis data® the two modeling approaches are,
in our opinion, complementary and useful for dealing with pre-
diction of ligand-binding positions in these systems. Besides
the relevance of these modeling results for guiding the design
of more potent agonists of the A,AR, it should be pointed out
that the strategy described, consisting of obtaining docking
positions automatically and assessing them by checking their
consistency for a series of ligands, could be useful in other sim-
ilar challenging situations.
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