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Abstract—This study constitutes a preliminary rationalization, at the molecular level, of antagonist selectivity towards the three
cloned ol-adrenergic receptor (0.1-AR) subtypes. Molecular dynamics simulations allowed a structural/dynamics analysis of the
seven o-helix-bundle models of the bovine oala-, hamster alb-, and rat ald-AR subtypes. The results showed that the
transmembrane domains of these subtypes have different dynamic behaviours and different topographies of the binding sites,
which are mainly constituted by conserved residues. In particular, the ola-AR binding site is more flexible and topographically
different with respect to the other two subtypes. The results of the theoretical structural/dynamics analysis of the isolated receptors
are consistent with the binding affinities of the 16 antagonists tested towards the three cloned al-AR subtypes. Moreover, the
theoretical quantitative structure-affinity relationships obtained from the antagonist-receptor interaction models further
corroborates the hypothesis that selectivity towards one preferential subtype is mainly modulated by receptor and/or ligand
distortion energies. In other words, subtype selectivity seems to be mainly guided by the dynamic complementarity (induced fit)
between ligand and receptor. On the basis of the quantitative models presented it is possible to predict both affinities and
selectivities of putative a1-AR ligands as well as to estimate the theoretical al-AR subtype affinities and selectivities of existing
antagonists. - 1997 Elsevier Science Ltd.

Introduction named heuristic direct.'" This approach, applicable
when the atomic resolved structure of the target is
unknown but predictable by means of the available
experimental information, is able to handle the hetero-
geneous experimental data on the ligands and their
targets and to synthesize and translate them into QSAR
models. The first step of this procedure consists of the

Drug selectivity towards different target receptors is a
challenging problem, which is further complicated by
the continuous identification of new receptor families
and new receptor subtypes inside the same family. This
process imposes a frequent updating of the pharma-
cological classification of the ligands as well as of their computer-aided 3-D model building of the receptor.
structure-activity relationships (SAR.). In this context, The second step involves docking simulations with
o-adrenergic receptors (o-AR) constitute a very repre- selected ligands, maximizing the complementarity
sentative example. The subclassification of the a-AR between ligand and receptor. In the final step, a
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into the ol and a2 subtypes” made possible the detailed, extensive correlation analysis between the

development of effective antihypertensive drugs that computed intermolecular interaction descriptors and
either selectively block the al-AR or activate the o2- the experimental binding affinities is carried out in
AR subtype. About 10 years after this subclassification, order to evaluate the consistency of the QSAR model
the first suggestion for further subdivisions was made proposed. In the present work, the heuristic direct
on the basis of functional and radioligand binding approach has been applied to the study of selectivity of
data.™ Currently, the presence of at least three al-AR various antagonists towards the cloned bovine ala-, the
subtypes (ala, alb and ald) has been established by hamster alb-, and the rat oeld-ARs. The results of this
means of molecular biology, radioligand binding and study have been presented in terms of comparative
functional studies.”"" The functional evidence of further analyses that have been performed at three different
distinct subtypes showing low affinity for prazosin is still levels. Firstly, the three al-AR subtypes have been
awaiting confirmation from molecular biology."*™" compared in their primary sequences. Secondly, the

seven a-helix bundle models of the three AR subtypes
The study of drug selectivity is now approachable by have been compared in their structure/dynamic fea-
means of molecular modelling procedures, which help tures. Finally, the minimized average structures of the
elucidate the three-dimensional (3-D) molecular deter- three subtypes have been compared in their interaction
minants of ligand affinity/selectivity. modes with 16 non-selective and subtype-selective

antagonists. In this context, ligand/receptor docking
Recently, we proposed a novel theoretical quantitative simulations have allowed us to compute theoretical
structure-activity  relationship (QSAR) approach intermolecular interaction descriptors that help to
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rationalize the antagonist binding affinities measured
on the three cloned receptors.

The results of this work provide an explanation, at the
molecular level, of antagonist selectivity towards the ol-
AR subtypes.

Results and Discussion

This theoretical study focuses on the transmembrane
(TM) domains of the bovine ala-,* hamster o1b-,” and
rat a1d-AR°® subtypes. The TM primary sequences of
these al-ARs are aligned in Chart 1. The squared
sequences refer to the extraceliular half of TM domains
that contain the putative ligand binding site. The amino
acids that differ only in one subtype are typed in bold,
whereas the amino acids that differ within all the three
subtypes are shadowed. By comparing these sequences
it is seen that (a) the TM domains of the ala-AR and
the alb-AR differ for 47 amino acids (27 lie in the
extracellular half); (b) the TM domains of the ala-AR
and the ald-AR differ for 59 amino acids (31 lie in the
extracellular half); and (c) the TM domains of the alb-
AR and the a1d-AR differ for 47 amino acids (22 lie in
the extracellular half). The TM domain of the ala-AR
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subtype shows the lowest degree of homology with
respect to the other two subtypes.

To compare the structural/dynamic features of these
domains we have performed molecular dynamics (MD)
simulations on the seven a-helix bundle models of the
three subtypes and we have considered the structures
averaged over the last 100 ps of the equilibrated
simulation time period. From the topographical analysis
of the three minimized average structures the following
observations can be made. (a) Among the amino acids
that differ between the ola-AR and the olb-AR
subtypes, 16 are directed towards the phospholipid
bilayer and the others mainly lic in interhelical
positions. The four non-conserved residues are directed
towards the receptor core in the environments of D3:07,
which is the putative key residue for the cationic ligand/
receptor recognition,” and lie in positions 2:14, 5:07,
6:20, and 7:06 (Chart 1). (b) Among the amino acids
that differ between the ola-AR and the old-AR
subtypes, 17 are directed towards the phospholipid
bilayer and the other mainly lie in interhelical positions.
There are four putative binding site residues non-
conserved between these two subtypes and they lie at
the same positions as the putative binding site residues
non-conserved between the ola and the alb-AR

_ HELIX 1
bovine ala A 1 G LI LJ G V N I L VI L 8V
hamster a1b A A F I LI A NI L VI L S8V
rat aid G V A F I LIt awv N L L VI L 8V
bovine ala Y YI V NL AV A DL L P F S E |
hamster a1b Y F1 V NL A1! A DL L P F S E V
rat ald Y F1 V NL AV ADL L P F S E V
H
bovine ata N vV WA AUGVTDUVTLT CCT I M G L C S |1 D
hamster a1b DI WAAVDVLTCOCT Il L s L C S 1 D
rat atd DV WAAVDVLGCCT ! L S L C S vV D
H — —
bovine ala A L W A L S T S | P L F W R
hamster a1b AL WV L S 1 8§ 1 G P L L G WK
rat a1d L W A V A V S V G P L L K
________H
bovine ata G Y VLFSGSALTGTST FY L TIL I LV MYZC
hamster a1b F Y AL F S SL GSFY L AV I L VMYZC
rat oid G Y Al F S SV CSF Y M A VI VVMYC
HELIX 6
bovine ala T L G} V V F vicWwWTtLUPF M P I G S
hamster o.1b T L GI V V G F1 L ciwlL P F L PL G S
rat ald T L A1 V V F VL CIWEUZPF L P L G S
HELIX 7
bovine aia F K 1 F WL G Y LIN S I I Y P C S
hamster a1b F K V F WL G Y FIN s I I Y P C S
rat a1d F K V F WL G Y FIN s L1 Y P C S

Chart 1.
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Figure 1. Fluctuations of the ‘putative’ binding site residues of the three al-AR subtypes. The colours orange, green, pink, yellow, light blue, and

violet label for TM2, TM3, TM4, TMS5, TM6, and TM7, respectively.

subtypes. (¢) Among the amino acids that differ
between the alb-AR and the old-AR subtypes, 16
are directed towards the phospholipid bilayer, while the
others mainly lie at interhelical positions. The binding
sites of these two subtypes differ for only one residue
lying at position 7:06.

Assuming that the al-AR antagonists interact in their
protonated form with D3:07 (long-range coulombic
interactions) as well as with the residues close to this
aspartate (short-range intermolecular forces), the topo-
graphical distribution of all the amino acids non-
conserved among the three al-AR subtypes suggests
that they are not directly involved in the interaction with
the antagonists and that their main effect might be
exerted on the structural/dynamic features of these
subtypes. To test this hypothesis we have analysed the
MD trajectories of the three ol-AR models. By
considering several conserved amino acids close to
D3:07, we have superimposed 10 putative binding site
structures obtained by averaging the coordinates
collected over 20 ps time intervals (Fig. 1). Interestingly,
we have found that the ola binding site is constituted by

the most fluctuating amino acids and shows a quite
different shape with respect to the olb and the «ld
subtypes. In other words, the ala-AR binding site
shows a higher degree of flexibility than the other two
subtype binding sites and, hence, is able to accommo-
date structurally different ligands without incurring
significant deviations from the allowed conformational
states. These dynamic features are consistent with the
pharmacological profile of the antagonists tested on the
three cloned receptors (Chart 2). In fact, the binding
affinity data values listed in Table 1 show that high
affinities for the a1-ARs subtypes can be achieved with
a structurally heterogeneous series of ligands. In
particular, the selectivity for the ola-AR subtype is
reached by lowering the affinity for the other two
subtypes.

To provide a quantitative description of the above
theoretical results, which are based on the structural/
dynamic analysis of the free receptor forms, we have
docked each of the antagonists listed in Chart 2 into the
average minimized structures of the three ol-AR
subtypes. For each ligand/receptor minimized complex
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Chart 2.

the theoretical binding energies (BE) have been
computed and correlated with the experimental binding
affinities measured on the three cloned subtypes; the
resulting linear correlations are reported in Figure 2.
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The BE of the ligand-receptor minimized complexes
have been computed according to the following
formula: BE = IE + ER + EL, where IE is the
ligand/receptor interaction energy and ER and EL are
the distortion energies of the receptor and of the ligand,
respectively, calculated as differences between the
energics of the bound and of the free optimized
molecular forms. Computed BE values are also
reported in Table 1 together with their components,
IE, ER, and EL. By analysing this table it results that
non-selective antagonists give similar BE values on
docking to the three ol-AR subtypes, whereas antago-
nists showing selectivity towards one receptor subtype
give lower (energetically favoured) BE values when they
are complexed with the preferential target subtype with
respect to the other two AR subtypes.

Receptor and ligand distortion energies provide a
measure of both ligand and receptor penalities to go
from the free to the bound state. In other words, the
distortion energies being positive values, the higher the
receptor and ligand distortion energies, the lower the
ligand/receptor interaction propensity and hence, the
lower the ligand-receptor dynamic complementarity.

According to our models, the ‘theoretical ala selectiv-
ity’, that is the selectivity encoded by theoretical
descriptors, is mainly modulated by receptor and ligand
distortion energies. In fact, the interaction energy
values computed on the three complexed subtypes are
linearly correlated (IE1a/IElb: r = 0.82; IE1a/IE1d: r =
0.95; IE1b/IE1d: r = 0.85), whereas only the alb-AR
and ald-AR distortion energies give a linear trend
(ER1a/ER1b: r = 0.44; ER1a/ER1d: » = 0.49 ER1b/
ER1d: r = 0.83). In particular, high affinity and
selective ala-AR antagonists (WB 4101, Rec 15/2739,
S-(+)-niguldipine and SNAP 5089) give similar IE
values when they are complexed with the three
subtypes, whereas they induce lower distortion energies
to the ala-AR than to the other two subtypes (Table 1).
The interaction energies modulate the alb selectivity of

Table 1. Experimental binding affinites (pK) and computed binding (BE, kcal/mol). interaction (IE, kecal/mol), receptor distortion (ER, kcal/mol),
and ligand distortion (EL, kcal/mol) energies of the ligand-al adrenoceptor subtype complexes

Compd pKla pKlb pKld BEla 1IEla ERla ELla BEIb IElIb ERIb ELlb BEId IEld ER1d ELId
Prazosin 9.14 9.34 8.77 —38.80 —77.15 35.00 3.35 -37.44 -90.11 45.64 7.03 —4096 —78.15 30.37 6.82
Urapidil 6.54 5.88 578 —1599 —82.30 59.27 7.04 —-17.79 —-83.53 60.84 490 —20.27 =85.99 5427 1145
WAY 100635 6.84 6.73 7.20 —-30.33 —82.13  43.39 8.41 —23.09 —85.73 5492 7.12 =32.09 -81.12  40.00 9.03
NAN 190 8.70 7.82 9.08 —46.94 —85.31 3445 392 -30.23 7291 38.51 417 —49.60 —77.19 1459 13.00
(R)(-)-Tamsulosin 9.82 8.17 8.75 —44.82 —93.04 4558 2.64 -30.57 —9798 59.64 7.77 —4991 —-89.03 3550 3.62
WB 4101 9.21 7.24 820 —43.42 —81.85 34.01 442 -2545 —77.81 49.74 2.62 —48.46 —73.02 1998 4.58
5-Methylurapidil 8.69 5.97 6.30 —36.71 —93.39 5245 423 —16.09 -73.16 5181 526 —1738 —91.77 58.14 16.25
Rec 15/2739 9.54 7.29 7.60 —4449 —-91.09 42.23 437 —-27.99 —89.82 56.18 5.65 —29.38—-100.09 58.04 12.67
(S)Y(+)-Niguldipine 9.42 7.60 7.08 —50.15—-105.51 4459 10.77 —23.38—105.70  72.72 9.60 —2831-111.58 6836 1491
SNAP 5089 9.30 712 6.32 —5491--107.93 4236 10.66 —22.00-105.14  75.05 8.09 —28.71-109.04 69.70 10.63
Rec 15/2615 8.12 9.35 791 —-39.42 —92.08 45.56 7.10 —42.15 —95.79 4280 10.84 —37.44 -94.86 50.81 6.61
Spiperone 7.87 8.15 7.66 —27.38 =77.66 46.97 331 —34.28 —80.67 44.74 1.65 —33.19 -76.41 36.13 7.09
(+)-Cyclazosin 7.48 9.15 7.53 -33.39 —82.23 41.66 7.18 —41.83-103.87 53.81 823 —3290 —89.03 4995 6.18
AH 11110A 6.79 7.40 6.42 —15.13 —68.04 4943 348 —20.31 —66.51 4234 3.86 —25.60 —70.00 34.50 9.90
BMY 7378 6.30 6.37 824 950 -8336 63.63 1023 -16.74 —-76.00 4854 1072 —43.83 -83.12 29.82 9.47
SKF104856 7.36 7.20 8.28 —21.53 —44.28 21.96 0.79 -=25.48 —44.96 1847 1.01 —44.11 -48.14 3.14 0.90
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Figure 2. Correlations between the experimental binding affinities (pK1a, pK1b, and pK1d) and the computed binding energics (BEla, BE1Ib, and
BE1d) of the ligand al-adrenoceptor subtype complexes. The linear regression equations are (a) pKla = 5.45 (20.37) — 0.08 (20.01) BEla,n =
16, r = 0.90,s = 0.52; (b) pKlb = 4.20 (£0.32) — 0.12 (£0.01) BElb,n =16,r = 0.94,s = 0.37; (c) pKld = 4.43 (20.36) — 0.09 (=0.01) BEld,n =
16, r = 0.92, s = 0.39; where n is the number of compounds, r is the correlation coefficient, s is the standard deviation, and the number in

parentheses give the 95% confidence intervals.

(+)-cyclazosin, whereas distortion energies are the
main modulators of ald selectivity of BMY 7378.

Different from these compounds, the antagonist 5-methyl-
urapidil realizes the ola/alb theoretical selectivity by
means of its interaction energies, whereas it realizes the
ala/ald selectivity by means of the binding energies. In
particular, when this antagonist is complexed with the
ola-AR it gives an interaction energy value lower
(more stable complex) than when it interacts with the
olb-AR (Table 1). As it can be seen from Figure 3, the
residues interacting with this selective antagonist are
mainly conserved among the three subtypes. However,
due to the different topographies of the three subtype
binding sites, the ligand realizes qualitatively and
quantitatively different interaction patterns. In parti-
cular, the highly conserved residues which constitute
the putative ola ligand-binding site are clustered
closer to D3:07 than the corresponding residues in
the alb-AR and a greater number of residues are
involved in the 5-methylurapidil-ala-AR interaction
than in the S5-methylurapidil-alb-AR interaction;
moreover, several conserved residues in the former
complex (i.e., D3:07, W6:13, F6:16, F7:07, and Y7:11)
give stronger interactions with the antagonist than the
same residues in the latter complex.

Conclusions

The results of this study constitute a preliminary
rationalization, at the molecular level, of antagonists’
selectivity towards the three al-AR subtypes.

Molecular dynamics simulations allowed a structural/
dynamics analysis of the seven o-helix-bundle models of
the bovine ola-, hamster olb-, and rat old-AR
subtypes. The TM domains of the three «l-AR
subtypes have different dynamic behaviours and differ-
ent topographies of the putative ligand binding sites,

which are mainly constituted by conserved residues. In
particular, the ala-AR binding site is more flexible and
topographically different with respect to the other two
subtypes. The results of the theoretical structural/
dynamics analysis of the isolated receptors are consis-
tent with the binding affinities of the 16 antagonists
tested towards the three cloned ol-AR subtypes.
Moreover, the theoretical quantitative structure—~affinity
relationships obtained from the antagonist/receptor
interaction models further corroborates this hypothesis.
In fact, ‘theoretical selectivity’ towards one preferential
subtype seems to be mainly modulated by receptor and/
or ligand distortion energies. In other words, subtype
selectivity seems to be mainly guided by dynamic
complementarity (induced fit) between the ligand and
the receptor.

The quantitative models presented allow the prediction
of affinities as well as the estimation of the theoretical
a1-AR subtype affinities and selectivities of existing
antagonists.

Methods

3-D model building of the receptor and docking
simulations

The building of the transmembrane (TM) model of the
hamster alb-AR subtype was described in detail in our
previous paper® in which a comparative molecular
dynamics (MD) study on the seven helix bundle
arrangement of seven G-protein coupled receptors
(GPCRs) was presented. Starting from a common
topography for the amino acids in the most conserved
positions, according to the helical wheel projection
models proposed by Baldwin,” we arranged the helix
bundle in ‘bovine-rhodopsin-like™ and ‘bacteriorho-

dopsin-like’ manners.” The bacteriorhodopsin like
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ta-5-METHYLURAPIDIL

1d-5-METHYLURAPIDIL

«1b-5-METHYLURAPIDIL

Figure 3. Details of the interactions between the ala-AR sclective antagonist 5-methylurapidil and the three al-AR subtypes. The amino acids

non-conserved among the three subtypes are indicated by squared labels.

input structure shares with the experimental coordi-
nates of bacteriorhodopsin only the inclination of the
helix main axes, the topography of the amino acid
positions being almost the same as in the ‘bovine-
rhodopsin-like’ input structure. For each receptor two
minimized average structures with a helix bundle
arrangement similar to that of the bidimensional
projection map of bovine rhodopsin were obtained.”
This was attributed to the fact that the topography of
some fundamental amino acid positions is substantially
the same in both the input structures and dictates,
through the establishment of similar hydrogen bonding
networks, the helix-helix packing.” The input structures
of the bovine ala-AR as well as of the rat «ld-AR were
built by using the backbone coordinates of the alb-AR
input structure as a template.” The initial models were
energy minimized and subjected to MD. The structures
averaged over the last 100 ps time period of each MD
simulation were then minimized.

The input structures of the ligand/receptor complexes
were obtained by docking each ligand into the

minimized average structure of its target receptor. For
each complex several minimizations were performed in
order to probe different orientations of the ligands and
optimize several fundamental interactions, that is the
charge-reinforced H-bond between the protonated
nitrogen atom of the ligands and the carboxylate of
D3:07 (the first digit indicates the helix and the last two
digits indicate the position of the residues in the helix),
which is the putative key residue for the cationic ligand/
receptor recognition.’ In general, the protonated
nitrogen atom of all the antagonists makes ionic
interactions with the carboxylate of D3:07, whereas
the other molecular moieties fit two binding pockets
formed by TM1, TM2, and TM7 on one side, and by
TM4, TMS5, and TM6 on the other one and lying in an
almost symmetrical topography with respect to D3:07.
The al-AR antagonists mainly contain two aromatic
moieties on the two sides of the protonated nitrogen
atom. In our interaction models, the aromatic moiety
closer to the protonated nitrogen atom, docks the
hydrophobic pocket formed by residues of TM4, TMS5,
and TM6.
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Computational procedure

Modelling studies were performed with the molecular
graphics package QUANTA (version 4.0). Energy
minimizations and MD simulations of the receptors and
of the ligand/receptor complexes were obtained by
means of the program CHARMm (version 22).”

Minimizations were carried out by using 200 steps of
steepest descent followed by a conjugate gradient
minimization, until the rms gradient was less than
0.001 kcal/mol A. A distance-dependent dielectric term
(e = 4r) and a 12 A non-bonded cutoff distance were
chosen. The ‘united atom approximation’ was used for
computational efficiency.”

The minimized coordinates of the three «l-AR
subtypes were used as the starting point for a 150-ps
MD run. The proteins were heated to 300 K with 5 °C
rise per 6000 steps by randomly assigning velocities
from the Gaussian distribution. After heating, the
system was allowed to equilibrate for 34 ps. Velocities
were scaled by a single factor. The system was then
subjected to 110-ps MD simulation at constant tem-
perature (300 K). The results reported were collected
every 0.5 ps from the last 100-ps trajectory. The lengths
of the bonds involving hydrogen atoms were con-
strained according to the SHAKE algorithm,* allowing
an integration time step of 0.001 ps. The o-helix
conformation was preserved by using the NOE con-
straint facility of the program with a scaling factor of 10.
Integration of Newton’s equations of motion was done
by using the Verlet algorithm.

The charge distributions of the ligands in their
protonated form were obtained in the AMI1 frame-
work.”

Radioreceptor binding studies

The affinity of different antagonists for the cloned al-
AR subtypes was evaluated by studying their ability to
inhibit specific [’H]prazosin binding from COS-7
membranes.

Expression of rat ald-, hamster alb-, and bovine ala-
ARs was performed as previously described.®® The
membranes were resuspended in 50 mM Tris-HCI, pH
7.4, containing 10 pM pargyline and 0.1% ascorbic acid,
quickly frozen, and stored at —70 °C until utilized. The
membranes were incubated in 50 mM Tris-HCI, pH 7.4,
containing 10 pM pargyline and 0.1% ascorbic acid,
with 0.3-0.6 nM [*H]prazosin, in absence or presence of
the displacing drug to be tested over the concentration
range 10~* to 10~" M. Incubation volume was 0.22 mL
(35, 35, and 70 ug protein/sample for ala, alb, and
old, respectively). Non-specific binding was determined
in the presence of 100 pM phentolamine. The reaction
mixture was incubated for 30 min at 25 °C and then
stopped by the addition of ice-cold Tris-HCI buffer and
rapid filtration through 0.2% poliethyleneimine pre-

treated Whatman GF/B fibre filters using Brandel cell
harvester.
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