


















F
ig

.5
.(

I
an

d
II

)
C

on
ti

n
u

ed
.

TM7 Interactions with Substituted Benzamides 481

 at A
SPE

T
 Journals on Septem

ber 25, 2017
jpet.aspetjournals.org

D
ow

nloaded from
 



of eticlopride, which had an intermediate increase in affinity,
SBAs lacking polar groups at these positions, including na-
fadotride, remoxipride, and raclopride, were insensitive to
the T7.39A substitution (Table 6; Fig. 3).

In contrast to the D4 subtype, the SBAs tested were uni-
formly insensitive to the T7.39A substitution in D2 with
respect to affinity changes. This suggests that interactions
between position 7.39 and the polar ring substituents are not
likely to be mediated through direct contact because the loss
of threonine’s side-chain hydroxyl group would be antici-
pated to reduce affinity with directly interacting polar
groups. This was affirmed by the binding mode observed for
eticlopride in the D3 crystal structure (Supplemental Fig. 1)
where only the hydrophobic pyrrolidinyl group and/or alkyl
substituents of this ring made contacts near Thr7.39 and the
benzamide ring p- and m-substituents were directed toward
TM5 and TM6.

The position of conserved residue Thr7.39 in our dopamine
receptor structural models is adjacent to TM2 and TM3. It
has been shown previously that residue positions in these
TMs are critical determinants for D2/D4 selectivity in the
1,4-DAP class of ligands (Kortagere et al., 2004; Ericksen et
al., 2009). In a previous study, moderate enhancements in
the affinity for the SBAs raclopride and nafadotride were
observed in D4 constructs with multiple D2 residues
swapped into the TM3 cleft-facing positions, but not for TM2
cleft-facing substitutions (Schetz and Sibley, 2000). From
previously published contact measurements of the crystalline
structure of the D3-eticlopride complex (Chien et al., 2010),
eticlopride makes relatively few contacts with positions
Val2.61 (Phe2.61 in D4) and Phe3.28 (Leu3.28 in D4). It is
likely that SBAs do not make extensive contacts with resi-
dues in TM2 and occupy a binding mode that is then distinct
from those we have proposed previously for the 1,4-DAPs
(Kortagere et al., 2004; Cummings et al., 2009) where one of
the aryl substituents is directed prominently into the TM2/
TM3 interface (Kortagere et al., 2004; Cummings et al., 2009;
Ericksen et al., 2009).

To gain a molecular perspective on the role of position 7.39
on SBA selectivity for the D4 receptor, we docked a set of
eight SBAs with ranging sensitivity toward the T7.39A mu-
tation into D4-WT and D4-T7.39A receptor models. Among
the resulting poses, we obtain a cluster where the benzamide
ring is oriented into the orthosteric pocket between TM3,
TM5, and TM6, and their pyrrolidinyl/diethyl amine end is
oriented to form the expected H-bond reinforced ionic inter-
actions with Asp3.32 (Floresca and Schetz, 2004) and hydro-
phobic interactions with the 
-methyl of Thr7.39 (Fig. 4;
Supplemental Fig. 2). This cluster of poses matches the mode
of binding observed for eticlopride in the D3 crystal structure
(Chien et al., 2010) (Supplemental Fig. 1). The orthosteric
pocket of the cleft is the region of occupancy expected for the
catechol ring of catecholamine agonists in amine receptors
and is observed for the ring structures of antagonists (or
partial inverse agonists) cyanopindolol [(S)-4-[3-(tert-butyl-
amino)-2-hydroxypropoxy]-1H-indole-2-carbonitrile] and carazolol
[1-(9H-carbazol-4-yloxy)-3-(propan-2-ylamino)propan-2-ol] in �1
and �2 adrenergic receptor crystal structures, respectively (Cher-
ezov et al., 2007; Warne et al., 2008). To determine contact resi-
dues in D2-like receptors, we selected a representative pose for
each SBA as the one being most similar in position to that of
eticlopride in the D3 crystal structure. After aligning our D4 mod-

els to the D3 coordinates of the D3-eticlopride crystal structure
complex, the representative pose was taken as that with the lowest
RMSD with respect to the pharmacophore atoms (amine, amide
group, and benzamide ring carbons) shared with eticlopride in the
D3 structure. In every case except for amisulpride, a low RMSD
pose (	 0.75 Å) was identified that clearly matched the eticlopride
pose in the D3 structure. Because we failed to find a suitable
match for amisulpride, a favorable (low energy), but slightly dif-
ferent, mode of binding was used for amisulpride. This pose main-
tains the expected overall orientation and H-bond reinforced ionic
interaction with D3.32; however, it is noticeably deeper in the
pocket than eticlopride in the D3 structure, diverging 3.8 and 4.1 Å
RMSD from eticlopride in D3 in D4-WT and D4–7.39A, respec-
tively (Supplemental Fig. 3). The shift in binding position is likely
caused by a steric conflict arising from the large 5-ethylsulfonyl
group on the benzmide ring.

Residue-ligand interaction energy maps were then calcu-
lated for the representative pose for each SBA ligand (Fig. 5),
separating the interactions into electrostatic (Fig. 5, I and II,
A) and vdW (Fig. 5, I and II, B) components, and residue
interaction energy totals (Fig. 5, I and II, C). Inspection of the
contact maps confirms that the contact distributions are not
only similar to those reported for eticlopride in the eticlo-
pride-D3 crystalline complex, but also consistent among the
different SBAs and between the wild-type and mutant D4
constructs. A banded pattern of interaction is evident for the
extracellular portions of TM2, TM3, TM5, TM6, and TM7,
reflecting ligand contacts with the regular intervals of cleft-
facing segments of the helical structures. Only very weak
interaction energy contributions are made from residues in
TM1 and TM4. It is noteworthy that the net contribution
made by vdW components to the interaction energy total
(Etotal) are significant (23.4%) despite the fact that electro-
static interactions (76.6%) are longer range and fall off much
more slowly (with distance squared) than vdW interactions
(with distance to the sixth power). Moreover, if the strong
H-bond reinforced ionic interaction with Asp3.32 is ne-
glected, the vdW interactions then comprise approximately
60% of the total interaction energy. Because of the observed
mixtures of favorable (positive) and unfavorable (negative)
electrostatic interactions that negate each other’s contribu-
tion to the total energy, a net electrostatic contribution to the
total interaction energy predominates only at TM3 and TM7.
The vdW contributions are more significant at TM2 and TM6
because of the aromatic cluster of receptor residues. Both
types of interactions are significant with the subtype-vari-
able EL2 segment (C-terminal to the disulfide cysteine) and
the connecting TM5. Residues with significant vdW interac-
tions are fewer but generally interact favorably with the
exception of positions 7.39 and 7.43 (Fig. 5, I and II, B). As
expected, the vdW repulsion from Thr7.39 in D4-WT seems to
be mitigated by the T7.39A substitution in the most sensitive
SBAs. However, this does not explain the observed SAR
because the T7.39A mutation also diminishes the site’s fa-
vorable electrostatic interactions with the sensitive ligands,
offsetting the energetic reward for reducing the apparent
vdW clashes. From the interaction energy maps (Fig. 5, I and
II, A–C), we computed the changes in residue-ligand inter-
action energies (difference maps) for each SBA between
D4-WT and D4-T7.39A receptors (Fig. 5, I and II, D). From
the difference maps, it is confirmed that the interactions
specifically with 7.39 are, in terms of net interaction ener-
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gies, made less favorable by the mutation (Fig. 5, I and II, D).
It is noteworthy that in the case of the mutation-sensitive
SBAs, the mutation produces more favorable interactions
with residues one intracellular helical turn (below) from 7.39
(7.41–7.44) and less favorable electrostatic interactions with
residues one extracellular helical turn (above) from 7.39. In
contrast, the insensitive SBAs show an opposite trend in the
mutant where some steric clashes are exacerbated with con-
tact residues one helical turn below 7.39, whereas electro-
static interactions are enhanced one helical turn above 7.39
(Fig. 5II, D).

Although an account of the TM7 interactions with the
ligand does not provide a simple basis for the observed SAR,
favorable benzamide ring interactions at TM5 and TM6 com-
pensate for weakened favorable electrostatic interactions at
TM7 and favor the mutation-sensitive SBAs in the T7.39A
construct as indicated by the total interaction energies
summed over all residues in Fig. 5, I and II, D. Note that the
compensatory changes in TM5 and TM6 total interaction
energy components in the difference map vary substantially
with the ligands, reflecting the variation in ring substitu-
tions among the SBAs tested. These results suggest that the
SAR with respect to the T7.39A effect on SBAs arises as a
consequence of the complexity of interactions between the
ring substituents and TM5 and TM6. Encouragingly, the
mutation-induced shifts in net energy changes calculated for
each pose approximately fit with the observed rank order of
affinity shifts for the SBAs, supporting our assumption that
most of these ligands bind in a very similar orientation to
that of eticlopride in the D3 crystal structure.

Discussion
In our analysis of the role of conserved residue Thr7.39

with regard to D2/D4 dopamine receptor ligand selectivity for
several different ligand chemotypes, we found the benzaz-
epines, 1,4-DAPs, and dopamine exhibit weak sensitivity to
the alanine substitution, showing small or no reductions in
affinity (less than 5-fold). However, particular SBAs were
sensitive to the T7.39A substitution, exhibiting improved
affinity. Limited to the D4 subtype, this effect seems to
depend on the benzamide ring’s 4- and 5-substituents. In
SBAs with the strongest affinity increases (11- to 21-fold), a
polar ring substituent, such as sulfone or sulfonamide, occu-
pied the 5-position as in the cases of amisulpride, sulpiride,
and tiapride or a primary amine occupied the 4-position as in
the case of bromopride and metoclopramide, or both as in the
case of amisulpride.

After docking a set of SBAs with varied experimental re-
sponse to the T7.39A substitution in D4, we selected a pose
for each SBA in each construct that best matched eticlopride
in the D3 crystal structure (Chien et al., 2010), except in the
case of amisulpride where an alternative mode was observed.
For the selected poses, we measured a consistent pattern of
interactions between SBAs and cleft residues. In this mode,
the benzamide ring is directed into the primary orthosteric
cleft lined by residues of TM3, TM5, TM6, and EL2. An amide
substituent bridges the ring to a tertiary amine group that
makes an H-bond reinforced salt bridge (reinforced ionic
bond) with D3.32. The amine group’s ethyl groups or pyrro-
lidinyl ring interacts with residues of TM2, TM3, and TM7
(Figs. 4 and 5, I and II, A-C), primarily with Met3.29,

Thr7.39, Val3.33, Tyr7.43, Glu2.65, Leu3.28, and Phe2.61, in
decreasing order of total absolute interaction energy (Table 7).
Absolute values assess the overall strength of interaction,
whether favorable or unfavorable.

Here, we consider interaction energies as approximations to
residue contributions to the ligand binding free energy because
we apply one fixed representative pose to our analysis rather
than a representative ensemble reflecting a more physical dis-
tribution of states from an equilibrated bulk system at physio-
logical temperature corresponding to experimental conditions.
Entropic contributions and the important solvation, ion, and
membrane effects were also neglected. For further studies, we
plan to apply free-energy methods with molecular dynamics
simulations to look more precisely at the molecular determi-
nants of subtype selectivity. However, the energy profiles com-
puted here are useful in that they indicate key interaction
residues for the SBAs as well as those with interactions that
change in response to the T7.39A mutation.

To explain the D4-specific SAR, we first examined subtype
differences in the local structural environment of Thr7.39. This
environment includes the TM2/3 microdomain region estab-
lished to confer D2/4 selectivities for numerous 1,4-DAPs
(Kortagere et al., 2004). D4 residues in this region that differ
from the D2/3 subtypes include Phe2.61, Leu3.28, Met3.29, and
Val7.35, which provide contact surfaces for the SBA moiety
pyrrolidine ring moiety or alkyl substituents of the tertiary
amines. The D4 receptor’s Val7.35 seemed a likely candidate for
conferring the SAR because a tyrosine occupies 7.35 in the D2/3
subtypes. However, T7.39A substitution had little effect on SBA
affinities in D2, suggesting that any steric conflicts arising from
the bulky tyrosine ring are not mitigated by T7.39A substitu-
tion. In addition, the enhanced affinity does not depend on the
hydrophobic substituents of the tertiary amine groups of the

TABLE 7
SBA contact residues ranked by mutation-induced interaction energy
changes (�Etotal) with corresponding dopamine receptor subtype
residue identities
Bold type indicates a significant difference in side chain polarity. Italic type indicates
minor residue variation between D2 and D4 subtypes.

D2 D3 D4 Index D4 Residue �Etotal* Etotal**

kcal/mol

ASP ASP ASP 3.32 112 40.0 1367.5
TYR TYR TYR 7.43 358 31.9 47.8
ASN ASN ARG 6.58 337 27.8 43.7
ALA SER GLU 183(C � 3)*** 183 24.0 40.7
THR THR THR 7.39 354 23.5 68.7
VAL VAL VAL 5.39 188 20.4 33.3
PHE PHE PHE 6.52 331 19.0 29.4
TRP TRP TRP 6.48 327 17.3 36.1
GLY GLY GLY 7.42 357 17.3 59.8
PHE PHE PHE 6.51 330 14.6 80.9
VAL VAL MET 3.29 109 14.2 79.8
HIS HIS HIS 6.55 334 12.2 116.2
SER SER SER 5.42 191 10.8 73.2
SER SER SER 5.43 192 9.3 44.3
ILE ILE LEU 182(C � 2)*** 182 8.1 39.8
CYS CYS CYS 180(C � 0)*** 180 7.6 54.0
VAL VAL PHE 2.61 88 6.6 16.3
PHE THR VAL 7.38 353 6.3 21.1
VAL VAL VAL 3.33 113 6.2 57.7
GLU GLU GLU 2.65 92 6.1 35.4

* �Etotal absolute values for a given residue, summed over all selected SBA docked
poses.

** Sum of Etotal absolute values for a given residue, summed over all selected SBA
poses.

*** Residues in EL2 are designated by position with respect to the disulfide
bridge cysteine 180(C � 0).
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SBAs. The effect, although achieved through the T7.39A muta-
tion, instead depends on the SBA ring substituents that inter-
act with D4-specific residues in TM5/6 on the opposite side of
the binding cleft.

A comparison of aligned subtype binding site sequences
shows D4 diverges substantially from the D2/3 subtypes. The
contact positions that exhibit greatest mutation-induced
shift in interaction energy (�Etotal) are Asp3.32, Tyr7.43,
Arg6.58, Glu183(C � 3), Thr7.39, and Val5.39 (the top 20 are
listed in order in Table 7 and reordered by Etotal in Table 8).
Among positions having both strong Etotal and �Etotal,
Arg6.58 (Asn6.58 in the D2/3 subtypes) and Glu183(C � 3)

(Ala/Ser in D2/3) differ most between D2 and D4 subtypes in
chemical properties (black highlights in Fig. 5E and bold type
in Tables 7 and 8). Based on our interaction energy analysis,
positions that potentially confer subtype-selectivity of the
SAR involving the SBAs also include Met3.29[Val], Val7.35[Tyr],
Leu182

(C � 2)
[Ile], Val7.38[Phe], and Phe2.61[Val] (D2 subtype

residues in brackets).
Our ligand-receptor interaction maps (Fig. 5, I and II, A–C)

show abundant SBA interactions with conserved residues on
TM5 at Val5.39, Ser5.42, and Ser5.43 and TM6 at Trp6.48,
Phe6.51, Phe6.52, and His6.55. Isolating the interactions for
only the 4- and 5-substituents (Supplemental Tables 1 and 2)
reveals contacts with TM5, TM6, and EL2. Trends in interac-
tion energy arising merely from these substituents generally
follow those of the total interaction energies for the entire li-
gand (Tables 7 and 8), further suggesting that these substitu-
ents play a key role in the SAR. In previous studies with the
D2/D4 subtypes involving the SBA ligands, remoxipride,
sulpiride, raclopride, and epidipride, variable responses were
observed for mutations at each of the three conserved serines in
TM5 of dopamine receptors (for review see Floresca and Schetz,
2004). D2-S5.42A showed a 9.5-fold increase in affinity for re-
moxipride, whereas D2-C3.36S�S5.42C exhibited an 11.4-fold

increase in affinity for sulpiride relative to the D2-C3.36S mu-
tant. D2-S5.43A showed 4.6- and 3.6-fold weakened affinities
for sulpiride and epidipride, respectively. The D2-S5.46A sub-
stitution produced 6.8- and 4.2-fold losses in affinity for raclo-
pride in two different reports, and D2-C3.36S�S5.46C caused a
14-fold weakened affinity for sulpiride relative to the D2-
C3.36S mutant. In the D4 subtype, we recently reported 5.1-
and 4.7-fold decreases in sulpiride affinity at D4-S5.42A and
D4-S5.46A, respectively (Cummings et al., 2010). In regard to
TM6 mutations, a D2-H6.55L mutant was reported to have
moderately reduced affinity (�8-fold) for sulpiride and sulto-
pride, which are closely related analogs, each having either a
5-position sulfone or sulfonamide on the substituted benzamide
ring (Woodward et al., 1994). Likewise, a D2-C3.36S�H6.55C
mutant has a moderately decreased (7.7-fold) affinity for
sulpiride relative to the D2-C3.36S mutant to which it was
compared. Although a D2-F6.52A mutant was unable to bind a
number of radioligands, including [3H]raclopride, only a small
reduction (3.4-fold) in sulpiride affinity was observed for the
D2-C3.36S�F6.52C mutant relative to a D2-C3.36S mutant.

To explain the affinity enhancements in D4 arising from
T7.39A substitution, we propose that H-bonds between the side
chains of the conserved TM5 serines and the SBAs’ polar 4- and
5-ring substituents impose restraints on the ligand position
that, in turn, produce a distal steric conflict between pyrrolidi-
nyl/diethylamine moieties and Thr7.39 in the mutation-sensi-
tive SBAs. Contacts with the conserved serines are more abun-
dant for the T7.39A-sensitive ligands in the wild-type receptor
(Fig. 5, I and II, A and B), which might suggest some crowding
in this region. The T7.39A substitution increases accessible
volume for the SBAs’ hydrophobic pyrrolidinyl/diethylamine
moieties to occupy. The T7.39A-insensitive SBAs are less con-
strained because of the absence or apolarity of equivalent ring
substituents, which probably participate in nonspecific interac-
tions with the TM5/TM6 contacts and are not as spatially con-
strained by geometrically dependent H-bonding. The lack of
specific constraints on the benzamide ring position affords more
“wiggle room,” which manifests as insensitivity toward steric
changes at position 7.39.

It is noteworthy that, although contact residues in TM5
and TM6 are conserved across the D2-like subtypes and
cannot account for the D4 subtype-selective phenomenon,
many residues in the local environment of the contact
residues do indeed differ. TM5 positions Asp5.37[Ala] and
Tyr5.38[Phe] have charged and polar side chains in D4
subtype. Adjacent positions in TM6 include Thr6.57[Leu]
and Arg6.58[Asn] in the D4 subtype. Furthermore, posi-
tions on the C-terminal segment after the disulfide bridge
at Cys(Cys � 0) of EL2 leading into TM5 hold charged resi-
dues Glu183(Cys � 3)[Asn], Asp184(Cys � 4)[Phe], and
Arg185

(Cys � 5)
[Ala]. This region in D4 forming the extracel-

lular lid of the orthosteric pocket is significantly more
polar and charged and perhaps accounts for subtype vari-
ability in the role of polar 4- and 5-substituents on the
SBAs. Moreover, the subtype residue differences in this
region probably influence water accessibility to TM5 and
TM6 cleft residues with polar side chains (His6.55,
Ser5.42, Ser5.43, and Ser5.46) and local cleft water struc-
ture and H-bonding networks that play into the D4 sub-
type-selective effect for SBAs with polar substituents.

In conclusion, we have examined the role of conserved TM7
position 7.39 in D4 dopamine receptor recognition of some

TABLE 8
SBA contact residues ranked by total interaction energies (Etotal) with
corresponding dopamine receptor subtype residue identities
Bold type indicates a significant difference in side chain polarity. Italic type indicates
minor residue variation between D2 and D4 subtypes.

D2 D3 D4 Index D4 Residue �Etotal* Etotal**

kcal/mol

ASP ASP ASP 3.32 112 40.0 1367.5
HIS HIS HIS 6.55 334 12.2 116.2
PHE PHE PHE 6.51 330 14.6 80.9
VAL VAL MET 3.29 109 14.2 79.8
SER SER SER 5.42 191 10.8 73.2
THR THR THR 7.39 354 23.5 68.7
GLY GLY GLY 7.42 357 17.3 59.8
VAL VAL VAL 3.33 113 6.2 57.7
CYS CYS CYS 180(C � 0)*** 180 7.6 54.0
TYR TYR TYR 7.43 358 31.9 47.8
SER SER SER 5.43 192 9.3 44.3
ASN ASN ARG 6.58 337 27.8 43.7
TYR TYR VAL 7.35 350 4.8 41.9
ALA SER GLU 183(C � 3)*** 183 24.0 40.7
ILE ILE LEU 182(C � 2)*** 182 8.1 39.8
SER SER SER 7.36 351 5.6 37.2
TRP TRP TRP 6.48 327 17.3 36.1
ILE SER CYS 181(C � 1)*** 181 6.0 35.5
GLU GLU GLU 2.65 92 6.1 35.4
VAL VAL VAL 5.39 188 20.4 33.3

* �Etotal absolute values for a given residue, summed over all selected SBA docked
poses.

** Etotal absolute values for a given residue, summed over all selected SBA poses.
*** Residues in EL2 are designated by position with respect to the disulfide

bridge cysteine 180(C � 0).
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therapeutically relevant ligand chemotypes. In the SBA class
of ligands, we have uncovered a D4-specific SAR between
substitution pattern on the benzamide ring and sensitivity to
T7.39A substitution, leading to enhanced binding affinity for
specific SBAs. SBA contact patterns in our models, which are
supported by our experiments and the available D3-eticlo-
pride structure, imply a subtype-dependent mechanism
whereby the pattern of substitutions around the benzamide
ring leads to a different configuration of interactions with
conserved contact residues in TM5 and TM6. This in turn
affects hydrophobic pyrrolidinyl/diethylamine group interac-
tions in the secondary cleft region between TM2, TM3, and
TM7, accounting for sensitivity to the alanine substitution at
Thr7.39. Experimental analysis of a conserved contact resi-
due, Thr7.39, in the context of structural maps of SBA-
receptor interactions has provided a basis for understanding
and perhaps modulating dopamine receptor subtype selectiv-
ity for this particular class of ligands.
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