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Site-directed mutagenesis studies and indepen-
dent molecular modeling studies were combined
to investigate the network of inter-residue interac-
tions within the transmembrane region of the
angiotensin AT,, receptor. Site-directed mutagen-
esis was focused on residues Tyr292, Asn294,
Asn295, and Asn298 in transmembrane helix 7,
and the conserved Asp74 in helix 2 and other
polar residues. Functional interactions between
pairs of residues were evaluated by determining
the effects of single and double-reciprocal muta-
tions on agonist-induced AT,, receptor activation.
Replacement of Tyr292 by aspartate in helix 7
abolished radioligand binding to both Y292D and
D74Y/Y292D mutant receptors. Reciprocal muta-
tions of Asp74/Asn294, Ser115/Asn294, Ser252/
Asn294, and Asn298/Sen115 caused additive
impairment of function, suggesting that these
pairs of residues make independent contributions
to AT,, receptor activation. In contrast, mutations
of the Asp74/Tyr298 pair revealed that the D74N/
N298D reciprocal mutation substantially increased
the impaired inositol phosphate responses of the
D74N and N298D receptors. Extensive molecular
modeling yielded 3D models of the TM region of
the AT, receptor and the mutants as well as of
their complexes with angiotensin I, which were
used to rationalize the possible reasons of impair-
ing of function of some mutants. These data indi-
cate that Asp74 and Asn298 are not optimally
positioned for direct strong interaction in the rest-
ing conformation of the AT,, receptor. Balance of
interactions between residues in helix 2 (as D74)
and helix 7 (as N294, N295 and N298) in the AT,
receptors, however, has a crucial role both in

determining their functional activity and levels of
their expression.
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The octapeptide hormone, angiotensin Il (Ang II; Asp'-Arg’Val*-
Tyr*-lle/Val®-His®-Pro’-Phe®), is the major effector molecule of the
renin-angiotensin system. Ang Il acts as a crucial regulator in the
maintenance of electrolyte and cardiovascular homeostasis by
binding to specific cell surface receptors in its numerous target
tissues. Pharmacologic and molecular biologic studies have identi-
fied two major Ang Il receptor subtypes (1,2) termed AT, and AT,
receptors, both of which are heptahelical transmembrane (TM)
molecules that belong to the superfamily of G-protein-coupled
receptors (GPCRs). To date, the known physiologic actions of Ang
Il appear to be mediated by the AT; receptor. Agonist binding to
the AT; receptor is believed to induce a conformational change in
the receptor molecule that is transmitted to the intracellular loops
by the TM helices (3,4) and serves as an initial step for signal
transduction (5-7).

Despite the great structural diversity in size and chemical composi-
tion of their activating ligands, all GPCRs share a common molecu-
lar architecture of seven TM o-helical domains that are linked by
alternating extracellular and intracellular loops. So far, the 3D struc-
ture for only one GPCR, the photoreceptor rhodopsin, has been
revealed at high resolution by X-ray crystallography (8—11) corres-
ponding to its dark-adapted resting state. The 3D structure of the
TM region of rhodopsin in the activated state was deduced from
the experimental data of site-directed spin labeling (see Ref. 12);
this structure is in good agreement with the results of independent
energy calculations (13). The X-ray structure of rhodopsin has been
used as a template for building 3D structures of other rhodopsin-
like GPCRs, such as AT, in their inactive states [see, e.g. a minire-
view (14)]. The aim of the present study was to combine data on
the 3D structure of the TM region of the AT, receptor independ-
ently obtained by molecular modeling and the results of the site-
directed mutagenesis involving conserved residues in TM helices 2
and 7.

Specifically, several conserved residues on the polar surface of
TM7, including Tyr292, Asn294, Asn298, and Tyr302, have been
shown to be important for the agonist-induced conformational chan-
ges that initiate signal transduction from the AT; receptor (15-18).
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Mutation of these residues causes significant impairment of the
receptor's ability to couple to G proteins and activate inositol phos-
phate production (16,17,19,20). Also, the highly conserved aspartic
acid residue (Asp74 in TM2 of the AT, receptor) is a major deter-
minant of agonist-induced activation in many GPCRs, including the
AT, receptor (19,20), where it was suggested to interact with
Tyr292 or Asn295 in TM7 (15,21,22).

In the present study, we performed molecular modeling of the AT,
receptor and its complex with Ang Il, which elucidated various
possibilities of residue—residue interactions involving the side
chain of Asp74. Independently, site-directed mutagenesis was util-
ized to identify possible interhelical side chain interactions of
Tyr292, Asn294, and Asn298 with Asp74 or other adjacent polar
residues during receptor activation. Tyr292, Asn294, and Asn298
were substituted with their possible counterpart amino acids, and
the latter were replaced with tyrosine or asparagine, respectively.
To obtain gain-of-function evidence for interhelical interactions
during AT, receptor activation, the ability of double mutant amino
acids (in which tested pairs of amino acids were reversed) to res-
cue the impaired activation of the single mutant receptors was
investigated.

Experimental Procedures

Materials

Inositol-free DMEM, FBS, and antibiotic solutions were from Bioflu-
ids (Rockville, MD, USA). Ang Il was from Sigma Chemical Company
(St Louis, MO, USA). '?I-Ang Il and "?I-[Sar", 11e%]Ang Il were from
Covance Laboratories (Vienna, VA, USA) or DuPont New England
Nuclear (Boston, MA, USA). my&[2-3H]Inosit0| was from Amersham
(Arlington Heights, IL, USA). OpitMEM and LipofectAMINE were
from Life Technologies (Gaithersburg, MD, USA). Losartan was a gift
from Dr P. C. Wong (DuPont, Wilmington, DE, USA).

Molecular modeling

The general procedure for building the TM bundle of the AT,
receptor was essentially the same as described previously
(23,24). First, TM helical fragments have been located in the
sequence of the rat AT, receptor by sequence homology to the
rhodopsin helices found by the cLustAL w procedure (http://ca.
expasy.org/tools). The TM helices were thus determined as fol-
lows: TM1, F28-V41-Y54 (the first, middle and last residue,
respectively), TM2, A63-C76-M90; TM3, H99-A114-1130; TM4,
M142-W153-V164; TM5, 1193-1205-L217; TM6, R234-F249-1265;
and TM7, T282-Y292-Y302. The helical fragments were then
assembled in a TM helical bundle for the AT, receptor and the
mutants following the procedure of ‘enhanced homology mode-
ling', which consisted of (i) determining conformations of individ-
ual helices by independent energy minimization involving all
dihedral angles starting from the values corresponding to the

rhodopsin TM helices; (ii) superimposing the obtained conforma-
tions over the X-ray structure of Rh according to sequence
homology, and (i) packing helices by finding the energetically

best arrangement of the individual helices, in which dihedral
angles of the backbone are ‘frozen' in the values obtained
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earlier. In fact, packing consisted of minimization of the sum of
all intrahelical and interhelical interatomic energies in the multi-
dimensional space of parameters that included the 6 x 7 = 42
‘global' parameters (those related to movements of individual
helices as rigid bodies, namely, translations along the co-ordinate
axes X, Y Z and rotations around these axes Tx, Ty, and T2
and the 'local' parameters [the dihedral angles of the side chains
for all helices; the starting values of those angles were opti-
mized prior to energy minimization by an algorithm described
earlier (25); see also Ref. (24)].

The co-ordinate system for the global parameters was selected as
follows: the long axial X co-ordinate axis for each TM helix
(TM1-TM7) has been directed from the first to the last C*-atom;
the Y axis was perpendicular to X and went through C*-atom of
the 'middle' residue of each helix; and the Z axis was built per-
pendicular to X and Y to maintain the right-handed co-ordinate
system. For the complex of the AT, receptor with Ang II, the
‘receptor-bound’ conformation of All deduced by us earlier has
been docked to the developed 3D model of TM helical bundle of
the AT, receptor starting from the 6 x 8 = 48 global parameters
employed in the previous study (23). All energy calculations were
performed using the ECEPP/2 force field with rigid valence geom-
etry (26,27). Only trans-conformations of Pro residues were consid-
ered, and residues of Arg, Lys, Glu, and Asp were present as
charged species. Each single run of energy minimization with
energy convergence criterion of 1 kcal/mol required ca. 6-8 h on
a single PC node of 2.8 GHz

Mutagenesis and transient expression of
mutant rat AT, receptors

The rat ATy receptor cDNA was subcloned into the mammalian
expression vector, pcDNAI/Amp (Invitrogen, San Diego, CA, USA) as
previously described (20). Mutant receptors were created using the
Mutagene kit (Bio-Rad, Hercules, CA, USA) and mutated sequences
were verified by dideoxy sequencing using Sequenase Il (Amersham,
Arlington  Heights, IL, USA). COS-7 cells were seeded at
5 x 10* cells/well in 24-well culture plates and cultured in DMEM
containing 10% (v/v) FBS, 100 IU/mL penicillin, and 100 ug/mL
streptomycin  (COS-7 medium) for 3 days. Transfection was per-
formed with 0.5 mL of OptiMEM containing 8 ug/mL of LipofectA-
MINE and the required amount of DNA (usually 2 ug/mL) for 6 h at
37 °C. After replacement of fresh COS-7 medium the cells were
cultured for a further 2 days prior to use.

[Sar’,lle®]Ang Il binding to intact cells

To determine the expression level and structural integrity of the
mutant receptors, the number of Ang ll-binding sites was deter-
mined by incubating the transfected cells with 2®1-[Sar’ lle%]Ang II
(0.05-0.1 uCi/sample) and increasing concentrations of unlabeled
[Sar' lle®)Ang Il in Medium 199 (HEPES) for 6 h at 4 °C. The cells
were washed twice with ice-cold Dulbecco's phosphate-buffered
saline and their associated radioactivity was measured by y-spectr-
ometry after solubilization with 0.5 M NaOH/0.05% SDS. The dis-
placement curves were analyzed with the Ligand computer program
using a one-site model (28).
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Binding to COS-7 cell membranes

Forty-eight hours after transfection the cells were washed and
scraped into 1.5 mL ice-cold 10 mm Tris—HCI (pH 7.4), 1 mm EDTA,
then lysed by freezing and thawing. Crude membranes were pre-
pared by centrifuging the samples at 16 000 x g. The pellet was
resuspended in binding buffer (containing 100 mm NaCl, 5 mm
MgCl,, and 20 mm Tris—HCI, pH 7.4) and the protein content was
determined. Binding assays were performed at 25 °C in 0.2 mL
binding buffer supplemented with 2 g/L bovine serum albumin
(BSA). Saturation binding experiments with '?°-Ang Il or '?|-[Sar",
lle®JAng Il were performed by adding increasing concentrations of
the respective radioligand (up to 2 nm) to 15-30 ug of crude
membranes. In displacement studies, each sample contained 0.05—
0.1 uCi "1-Ang 1l or '®I-[Sar" lle®lAng II, 15-30 pug crude mem-
branes, and the indicated concentrations of unlabeled ligand. After
90-min incubation at 25 °C, the unbound tracer was removed
by rapid filtration and the bound radioactivity was measured by
y-spectrometry.

Inositol phosphate measurements

Transfected COS-7 cells in 24-well plates were labeled by 24-h
incubation in inositol-free DMEM containing 0.1% (w/v) BSA, 2.5%
(v/v) FBS, antibiotics, and 20 uCi/mL myo-[2-3Hlinositol. After wash-
ing and preincubation with 10 mm LiCl for 30 min, 1 um Ang Il was
added for a further 20 min and incubations were stopped with per-
chloric acid. Inositol phosphates were extracted as described (16)
and applied to Bio-Rad AG 1-X8 columns (Hercules, CA, USA). After
washing three times with water and twice with 0.2 M ammonium
formate, the combined inositol bisphosphate (InsP,) + inositol tris-
phosphate (InsPs) fractions were eluted with 1 M ammonium for-
mate in 0.1 M formic acid, and radioactivities were determined by
liquid scintillation counting. At the expression levels used in this
study, there was a linear relationship between cell surface receptor
expression and the magnitude of agonist-stimulated inositol phos-
phate production (17).

Results
Molecular modeling

AT, receptor

Initial building of the 3D model of the TM bundle of the AT, recep-
tor was performed in accordance with structural homology to the
X-ray structure of rhodopsin (the PDB entry 1F88, chain A) as out-
lined in Experimental Procedures; the procedure was quite similar
to that described by us previously (23,24). This initial model differed
from the X-ray structure of rhodopsin by the RMS value of 2.46 A
(C*-atoms only). As our study was aimed at elucidation of possible
interactions between residues in TM helices TM2 (as Asp74) and
TM7 (as Tyr292, Asn294, and Asn298), we performed extensive con-
figurational sampling of the TM bundle in the vicinity of the 'rho-
dopsin' configuration by rotating TM2 and TM7 along the long axes
Txs on the grid of AT, AT, with the step of 10°. Sampling was
started from the reference point of AT, = 0°, AT; = 0° (the rho-
dopsin configuration) and covered most of the points on the grid of
AT, from —20° to 40° and AT; from —20° to 20°. Totally, 25-30
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configurations of the TM bundle were subjected to energy minimi-
zation.

Our energy calculations showed that the single configuration
emerged as a clear local energy minimum for the TM bundle of
AT receptor. This configuration differed from the rhodopsin confi-
guration by the slight deviations in parameters (the 'rhodopsin-like'
configuration, AT, = 30°, AT; = 10°). This particular configur-
ation was of distinctly lower relative energy (up to 20 kcal/mol)
compared with the rhodopsin configuration. One can see that in
this 3D structure the side chain of Asp74 is surrounded by three
asparagine residues, namely Asn46 in TM1, Asn111 in TM3, and
Asn295 in TM7 (see Figure 1). The side chains of asparagines
bear the p-NH, and f-CO groups, bath of which can be involved
in hydrogen bonding and/or favorable electrostatic interactions
with Asp74. The f-amide group of Asn298 is also oriented toward
Asp74, though interaction between these two residues is weaker
than those between Asn111 and Asn295 and Asp74. The spatial
position of the Asn295 side chain is additionally stabilized by fav-
orable interaction between the f-amide group of Asn295 and its
own backbone carbonyl. Other significant inter-residue interactions
highlighted in Figure 1 are the hydrogen bonding of the Ser115
hydroxyl to the a-carbonyl of Asn111; the close contact between
the e-amino group of Lys199 and the hydroxyl of Ser109; the fav-
orable interaction between the p-carbonyl of Asn294 and the
hydroxyl of Ser252; and close contact between the Asn200 and
GIn257 side chains.

Complex of AT; and Ang Il

Further, the initial 3D model of the complex of AT, receptor and
Ang Il was built according to Experimental Procedures based on the
3D model developed by us previously (23). The same procedure of
configurational sampling by rotating TM2 and TM7 along the long
axes in the vicinity of the rhodopsin configuration was performed
for the AT, receptor + Ang Il complex. The clear local energy mini-
mum discovered in this case corresponded to the rhodopsin confi-
guration (AT, = 0°, AT; = 0°). It can be assumed, therefore, that
the TM bundle of AT, receptor may undergo slight configurational
changes upon initial binding of Ang Il.

The configuration of the complex is illustrated in Figure 1B. Spatial
positions of the side chains of the residues discussed above are
somewhat different from those in the AT receptor without ligand.
With the new o-carboxyl group of Phe® in Ang Il introduced, the
f-amide group of Asn111 interacts with both the o-carboxyl group
of Phe® and the f-carboxyl of Asp74. The side chain of Asn295
may still be in close interaction with Asp74. Also, the spatial posi-
tion of the side chain of Phe® of Ang Il is stabilized by a 'sand-
wich-like' interaction with the side chain of His256. In addition, the
p-carboxyl of Asp74 also interacts with the [-amide group of
AsndB. It is noteworthy that a delicate balance exists in the entire
system of these interactions. For instance, according to calculations
the Asn295 side chain may change its spatial position to interact
with the new a-carboxyl group, which weakens its interaction with
the p-carboxyl of Asp74. As a result, the a-carboxyl group of Phe®
in All becomes co-ordinated by favorable interactions with both
p-amide groups of Asn111 and Asn295.
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Mutant AT, receptors

Molecular modeling was also performed for a variety of AT, recep-
tor mutants that were experimentally studied by site-directed muta-
genesis either in this report (such as S115N, N294S, D74N, N294D,
D74N/N298D, S252N, N298S, N298D, and Y292D) or in related
studies from this [D74N (20), N294A, N295A (16) and N298A (17)]
and other laboratories [D74E (19) and N298A (18)]. For all mutants,
energy calculations were performed for two configurations, the rho-
dopsin one with AT, = 0°, AT; = 0° and the rhodopsin-like confi-
guration with AT, = 30°, AT; = 10° for two cases, namely for
mutants with and without Ang Il. Rhodopsin-like configurations
were always those with lower energy for mutants without Ang Il
(differences in relative energies up to 40 kcal/mol) with the only
exception being the poorly expressed N298D (see Table 1). In con-
trast, for mutants complexed with Ang Il the energies of the rho-
dopsin configurations were always lower than those of the
rhodopsin-like ones (with differences up to 50 kcal/mol).

Finally, energy calculations for the wild-type (WT) AT, receptor and
the mutants were repeated with some modifications of the
employed ECEPP force field; first, electrostatic interactions were
eliminated, and secondly, an additional cut-off for the non-bonded
atomic interactions (for atom-atomic distances <8 A) was intro-
duced. As in the original calculations, the relative energies of the
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Figure 1: Sketches of 3D mod-
els of the TM region of the AT,
receptor (A) and the receptor—-Ang
Il complex (B). TM helices are sho-
wn as one-line ribbons in the fol-
lowing colors: TM1 in green, TM2
in cyan, TM3 in magenta, TM4 in
purple, TM5 in green-blue, TM6 in
red, and TM7 in orange; the trace
of Ang Il in panel B is shown in
green. Both views are from the
extracellular side normal to the
membrane. Side chains of the dis-
cussed residues (including C*-ato-
ms) are shown as ball-and-stick
models; side chains of Val®, Tyr*,
Val®, His®, Pro’, and Phe® are
shown in panel B in green, except
the C-terminal carboxyl of Ang II.

rhodopsin versus rhodopsin-like configurations were higher for the
TM bundles without Ang II, and lower for the AT, receptor + Ang Il
complexes in both cases. These results strongly suggest that the
differences in relative energies were not due to some specific
terms of the force fields used in our calculations.

Biologic data

[Sar’ l1e®JAng Il-binding properties of mutant AT, receptors

A series of substitution and reciprocal mutant AT, receptors was
constructed to determine the dependence of AT, receptor activation
on the interaction of the functionally most important residues in
TM7 with adjacent residues based on this model, or suggested to
interact in previous studies. Most mutations had no major effect on
the affinity of the receptor for the peptide antagonist, [Sar' lle®]JAng
Il (Table 1), indicating that they did not disturb the structure and
folding of the expressed receptors. To test the possibility of interac-
tion between Asp74 and Tyr292, the effect of reversing these resi-
dues was examined. The presence of a negatively charged aspartic
acid residue in position 292 was not tolerated, however, and no
detectable binding of [Sar',lle®]Ang Il to the Y292D point mutant or
the D74Y-Y292D reverse mutant AT, receptors was observed. The
other mutant AT, receptors displayed considerable variation in their
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Table 1: Binding parameters of mutant AT, receptors for
1251.[Sar",lIe®lAng I

Receptor Ky (nm) Binding sites (% of wild type)
Wild type 16+0.1 100

S115N 17+04 130 + 32
N294S 13+02 140 + 44
S115N-N294S 16 +0.1 180 + 40
D74N 17 +0.1 102 + 20
N294D 13+02 23+5
D74N-N294D 15+02 48 + 9
S252N 23+02 14 +3
S252N-N294S 2404 17 +4
N298S 1.7 £0.1 47 + 3
ST15N-N298S 16+0.1 64 +3
D74N-N298S 25+02 M1 +2
N298D 13+02 6+1
D74N-N298D 16 +0.1 47 + 2

D74Y 23+05 23+5
Y292D Not detectable Not detectable
D74Y-Y292D Not detectable Not detectable

All K and By,ax values were calculated using the LIGAND program. The num-
bers of expressed binding sites are shown as a percentage of the binding
sites of the wild-type AT, receptors measured in the same experiment. The
expression level of the wild-type AT, receptor was 2.54 + 0.53 pmol/mg
protein. The data are expressed as mean + SEM of three independent
experiments each performed in duplicate.

expression levels compared with the WT receptor, while the expres-
sion level of the N298D mutant receptors was also substantially
reduced (Table 1).

Inositol phosphate responses of mutant AT, receptors

The abilities of the single and reciprocal double mutant receptors
to induce inositol phosphate signal generation were evaluated in
transfected COS-7 cells prelabeled with [PHinosital for 24 h. The
radioactivities of combined InsP, + InsP; fractions were measured
after stimulation of the cells with maximally effective concentration
of Ang Il (1 wum) for 20 min in the presence of 10 mm LiCl.

The possible interactions of Asp74 in TM2 with Ser115 in TM3,
and Ser252 in TM6 during receptor activation were also tested. In
accordance with previous studies (19,20), the D74N mutant recep-
tor had markedly impaired inositol phosphate responses (Figure 2).
The N294D mutant receptor exhibited similarly reduced Ang
ll-induced inositol phosphate responses, as well as relatively low
expression. A considerable decrease in the amplitude of the inosi-
tol phosphate responses of the N294D mutant was evident after
normalization of the responses to the expression level of the
receptor (Figure 2, lower panel), consistent with the impaired
G-protein coupling of this receptor (16). The (D74N/N294D) recip-
rocal mutation did not restore the impaired signaling of the indi-
vidual mutants, and its inhibitory effect on inositol phosphate
generation appeared to be additive.

To test the possible interaction of Asn294 with Ser115 or Ser294,
an N294S mutant AT, receptor was created. Substitution of
Asn294 with serine attenuated the agonist-induced inositol
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Figure 2: Inositol phosphate responses of Asp74/Asn294 mutant
AT, receptors. [PHlInositol-labeled COS-7 cells expressing the indica-
ted receptors were preincubated with 10 mm LiCl for 30 min prior
to addition of 1 um Ang Il for a further 20 min. In this and subse-
quent figures, Ang Il-stimulated [*Hjinositol phosphates were meas-
ured as described in Experimental Procedures. (A) Combined
radioactivities of InsP,/InsP3 production for each mutant; (B) inositol
phosphate responses data were normalized to an equal number of
binding sites for each mutant, and expressed as a percentage of
the wild-type response. The data represent mean + SEM from three
independent experiments each performed in duplicate.

phosphate response (Figures 3 and 4) but did not change the
expression level of the receptor (Table 1). Substitution of Ser115
with asparagine also reduced the inositol phosphate signal. The
N294S/S115N reciprocal mutation did not rescue the signaling
response of the receptor, but instead decreased it to below those
of the individual mutant receptors (Figure 3). Substitution of
Ser252 with asparagine also impaired signal generation by the
receptor, but this effect was largely due to its reduced expression
level (Figure 4). The N294S/S252N reciprocal mutation did not
restore the impaired inositol phosphate signal generation of the
N294S receptor (Figure 4), and also had a low expression level.
These data argue against the roles of Asp74, Ser115, and Ser252
as counterparts of Asn294 in an intramolecular interaction during
AT, receptor activation. However, the latter conclusion may be
considered less reliable, as both S252N and N294S/S252N were
poorly expressed.

The possible interactions of Asn298 with Ser115 or Asp74 during
receptor activation were also evaluated. Asn298 is part of the
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Figure 3: Inositol phosphate responses of  Ser115/Asn294
mutant AT, receptors. Transfected COS-7 cells were prelabeled with
[*Hlinositol, preincubated with 10 mm LiCl, and incubated in the
absence (black bars) or presence (gray bars) of 1 um Ang Il (A)
Combined radioactivities of InsP, + InsP5 fractions of each mutant;
(B) inositol phosphate responses normalized to an equal number of
expressed binding sites for each mutants and expressed as a per-
centage of wild-type response. The data represent mean + SEM
from three independent experiments each performed in duplicate.

highly conserved NPX,_3Y sequence in most GPCRs, and has been
proposed to interact with the highly conserved Asp residue in TM2,
based on the effects of reversal of these amino acids in several
GPCRs (29-33). Substitution of Ser115 with asparagine, or Asn298
with serine, moderately impaired inositol phosphate generation by
the mutant receptors, but the effect of reciprocal mutations of
Asn298-Ser115 appeared to be additive (Figure 5). Substitution of
Asn298 with aspartic acid markedly reduced the expression level of
the receptor (Table 1). In accordance with this finding, inositol phos-
phate generation by the N298D mutant was also diminished
(Figure 6). The very low expression of the N298D receptor (6% of
WT) prevented accurate normalization of the inositol phosphate
responses in the lower panel of Figure 6. The D74N/N298D recipro-
cal mutation increased the expression of the receptor to almost
50% of the WT (Table 1), and substantially increased the agonist-
induced inositol phosphate response above that of the D74N recep-
tor (Figure 6). As a control for the enhancing effect of the N298D
mutation, an N298S mutant receptor was created and was found to
be well expressed. However, the D74N/N298S double mutation did
not correct the impaired inositol phosphate responses of the D74N

244

22000

20000 mmmm Control

18 0004 l C 1umAngll
16 000+
140004

‘© 12000+
L 100004
8000+
6000+

Inositol phosphate response

4000+

2000+
04 -

WT S252N

N294S  S252NN294S

220

200
180+
160

140
120
100
804
60
40
20 ES

0

WT S252N N294S  S252NN294S

Inositol phosphate response
(% of wild-type)

Figure 4: Inositol phosphate responses of S252/Asn294 mutant
AT, receptors. [*H]Inositol-labeled COS-7 cells expressing the indica-
ted receptors were preincubated with 10 mm LiCl for 30 min prior
to the addition of 1 um Ang Il for an additional 20 min. (A) Com-
bined radioactivities of InsP, + InsP; fractions of each mutant; (B)
inositol phosphate responses normalized to an equal number of
expressed hinding sites for each mutant and expressed as a per-
centage of the wild-type response. The data represent mean + SEM
from three independent experiments each performed in duplicate.

receptor (Figure 6), indicating that the positive effect of the D74N/
N298D mutation on receptor function was specific for the aspartic
acid substitution of Asn298.

Discussion

Validity of 3D models for TM region of AT, and
its complex with Ang Il

The 3D models of the TM region of the AT, receptor and the AT,
receptor + Ang Il complex suggested by molecular modeling in this
study are largely similar, and the difference between them is pri-
marily the small rotation of TM2. One can assume that in the
absence of Ang Il the AT, receptor exists in its resting state in the
rhodopsin-like configuration, which undergoes slight changes upon
binding Ang Il by switching to the rhodopsin configuration. The
latter, however, cannot be regarded as the 3D model of the TM
bundle of the AT, receptor in the activated state, but rather as the
initial 3D model of the AT, receptor + Ang Il complex still in the
resting state (the 'preactivated' state).

Chem Biol Drug Des 2006; 68: 239-249
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Figure 5: Inositol phosphate responses of  Ser115/Asn298
mutant AT; receptors. [PHlinositol-labeled COS-7 cells expressing
the indicated receptors were preincubated with 10 mm LiCl for
30 min prior to the addition of 1 um Ang Il for an additional
20 min. Ang ll-stimulated [*H]inositol phosphates were measured as
described in the Experimental Procedures. (A) Combined radioactivi-
ties of InsP, + InsP5 fractions of each mutant; (B) inositol phosphate
responses normalized to an equal number of expressed binding
sites for each mutant and expressed as a percentage of wild-type
response. The data represent mean + SEM from three independent
experiments each performed in duplicate.

The 3D model of the ATy receptor—Ang Il complex suggested in the
present study is similar to the model developed and discussed by
us previously (23), which has been shown to be in good agreement
with most established data on site-directed mutagenesis of the AT,
receptors. For instance, the model brings together Asn111 and Phe®
(including the a-carboxyl), which are the two elements most crucial
for initiating constitutive activity and triggering InsP production in
the AT, receptor and Ang Il, respectively. It also agrees with the
observation that Asn295 may be replaced by a variety of amino
acid residues without significant loss of function (16,34,35). In these
cases, interactions of the p-amide group of Asn111 with the
a-carboxyl group of Phe® compensate for the loss of interaction
involving the fS-amide group of Asn295. The pivotal role of the
p-carbonyl of Asp74, as suggested by the model, is also consistent
with the available data on site-directed mutagenesis. Thus, the
D74N and D74E mutants exhibit markedly decreased functional
activity [(19); see also the discussion below], and [Sar1,||eS]Ang Il
almost completely loses affinity for the D74K mutant (36). The
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Figure 6: Inositol phosphate responses of Asp74/Asn298 mutant
AT, receptors. [*HlInositol-labeled COS-7 cells expressing the indica-
ted receptors were preincubated with 10 mm LiCl for 30 min prior
to the addition of 1 um Ang Il for an additional 20 min. (A) Com-
bined radioactivities of InsP, + InsP5 fractions of each mutant; (B)
inositol phosphate responses normalized to an equal number of
expressed binding sites for each mutants (except N298D, where the
binding sites were too low to normalize) and expressed as a per-
centage of the wild-type response. The data represent mean + SEM
from three independent experiments each performed in duplicate.

model also rationalizes the decreased affinity of the AT; receptor
for Ang II-NH, when compared with Ang Il (37), but does not sup-
port the proposed hydrogen bonding of the e-amino group of
Lys199 and the a-carboxyl group of Phe® (37). However, this interac-
tion, in our view, is also contradicted by the data on comparable
binding affinity of Ang Il and Ang II-NH, (and [Sar'}-Ang Il and
[Sar']-Ang II-NH,) to the K199E receptor (38).

More recent and direct experimental data lend additional support
for the model. For instance, extensive studies that employed pho-
tolabeled analogs of Ang Il (39-42) applied the methionine scan
of TM3, TM6, and TM7 of the AT, receptor determining residues
L112, Y113, F249, W253, H256, 1260, F293, N294, N295, C296,
and 1297 as those involved in binding pocket of Ang Il [the
Phe®-labeled analogs of Ang Il were used; (41)]. These results
are very close to our model, which shows residues of AT,
receptor directly interacting with Ang Il as follows: Phe77 with
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the o-carboxyl of Phe® Ser105 with Tyr"; Asn111 with the
a-carboxyl of Phe®; Leu112 with Val® Asn200 with Val® Phe249
with Val®; Trp253 with Val® His256 with His® and Phe® Thr260
with Val®; Met284 with Asp'; Asn294 with Phe®; and Asn295
with Phe® and with the o-carboxyl of Phe® (direct contact was
presumed when distances between at least one pair of atoms
belonging to the side chains of AT; receptor and Ang Il were
<4 A). In fact, the 3D model of the AT, receptor + Ang Il com-
plex proposed on the basis of the above experimental findings is
highly compatible with our current model as well as that sug-
gested earlier (23), as has been noted in a related publication
(40). The main difference between the models is in assuming
the extended conformation of Ang Il in Refs (39-41), which
appears to contradict the known high binding affinity of a variety
of cyclic analogs of Ang Il for the AT; receptor [see e.g. (43)
and references therein].

Other 3D models of the AT; receptor + Ang Il complex suggested
by means of molecular modeling and based on the structure of bac-
teriorhodopsin, which is not a GPCR, have been previously dis-
cussed in detail (23). Two other rhodopsin-based models are
currently available on the Internet and in the literature (44,45). The
general spatial arrangements of TM helices in both of these are
similar to our model, which is expected because all three models
are based on the same X-ray structure of rhodopsin. Differences in
the relative spatial positions of residues Asp74, Asn111, Asn294,
Asn295, and Asn298 are, however, more significant. The first model
places the side chain of Asp74 close to that of Asn46, but the side
chains of Asn111, Asn295, and Asn298 are separated from it by
ca. 6-8 A (44). On the contrary, the second model presumes hydro-
gen bonding between the p-carboxyl of Asp74 and the fS-amino
groups of both Asn111 and Asn298 (45). Neither of the models
suggests close contacts between His256 and Phe® of Ang Il, which
have been proposed to be important for receptor activation (37).
The Ang Il conformation employed in the first model resembles a
somewhat distorted conformation used in our model [see also Ref.
(44)]. However, the orientation of Ang Il differs from our model in
that the Tyr* residue of Ang Il is most deeply inserted into the TM
bundle, in contradiction with experimental data that show deep
immersion of Phe®, but not Tyr*, into the TM bundle (39-41). The
second model features the Ang Il conformation directly converted to
3D from 2D structure using the cHEM3D program [see Ref. (45)]; as a
result, the Tyr* residue acquired values of the backbone dihedral
angles ¢ and \ that are inconsistent with any low-energy confor-
mation of the L-amino acid residue (the positive ¢ combined with
the negative ). On the other hand, this model, like ours, contains
the close contact between the e-amino group of Lys199 and the
hydroxyl of Ser109. The e-amino group of Lys199 is also involved in
the salt bridge with the a-carboxyl of Phe® in both models.

Combining the data of modeling and
site-directed mutagenesis

We have applied our 3D models of the ATy receptor and the
mutants to interpret the data of site-directed mutagenesis obtained
in this study. The commonly accepted assumption is that the effects
of mutations at different positions of a protein molecule should be
additive if their actions are independent (46). In contrast, substitu-
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tion of interacting residues should not result in additive impairment
of function, and reversal of an interacting pair of amino acids may
restore the impaired function. The experimental findings of our
study show that the impairment of Ang ll-induced signal generation
was additive for the reversal mutants of the Asn294/Ser115,
Asn298/Asp74, and Asn298/Ser115 amino acid pairs. Based on
these data and on the above assumption, direct interactions
between these amino acid pairs are unlikely to contribute to the
stabilization of the active conformation of the receptor. The data on
the Asn294/Ser252 amino acid pair should be regarded as less reli-
able for interpretation purposes, as mutants S252N and S252N/
N294S were relatively poorly expressed (see Table 1).

Our 3D models of the complexes of the AT, receptors and Ang Il in
the resting state confirm that contributions of Asn294 and Ser115 or
Asn298 and Ser115 to receptor activation are independent. Those
residues are located far apart from each other (see Figure 1) and
their interactions are unlikely in any probable active state of the
receptor, which may differ from the resting state by rotations of TM
helices around their long axes, as suggested in several studies of
the AT, receptor (47-50). However, Asp74 and Asn298 are closer to
each other, and, in some cases may be involved in general interac-
tions between TM2 and TM7. This view is also in agreement with
experimental data obtained by the SCAM technique, which sugges-
ted rotation of TM2 in the process of constitutive activation due to
the N111G mutation, accompanied by rotation of TM7 (47,48). Simi-
larly, constitutive activation in N111G was suggested to be associ-
ated with movement of TM7 in the experimental SCAM study (49).

Mutations of the Asp74/Asn298 pair caused a pattern of changes
that differed from those of all other tested amino acid pairs. The
individual D74N and N298S mutant receptors showed impaired
inositol phosphate signaling, but the effects of these mutations were
not additive. The magnitude of the inositol phosphate response was
similar for the D74N mutant receptor and the D74N/N298S double
mutant receptor. The reciprocal D74N/N298D mutation rescued the
impaired inositol phosphate signaling capacity of the D74N mutant
AT, receptor. These findings suggest that the conserved Asp74 and
Asn298 residues could participate in an intramolecular interaction
that stabilizes the active conformation of the receptor.

The asparagine residue in position 294 was also found to be
important for manifesting functional activity; specifically, N294D
was poorly expressed (see Table 1), and N294S and N294A retained
only ca. 20-30% and ca. 15% of IP production of that of WT,
respectively [see Figures 3 and 4 and Ref. (16)]. In these cases, the
data from molecular modeling do not provide any clear indications
about possible changes in interhelical interactions. However, the
spatial orientation of the important Ser252 side chain in TM6 is
changed in N294A and N294S compared with WT, where it can be
involved in favorable interaction with Asn294 (see Figure 1).

Balance of residue-residue interactions in the
AT, + Ang Il complex

Although the 3D structure of the activated state of the AT, receptor is
not yet known, it is reasonable to assume that transition from the rest-
ing to the activated state could be hindered by intramolecular interac-
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tions stabilizing the former over the latter state. In this regard, com-
parison of the 3D models of the complexes of the AT, receptor
mutants and Ang Il with that of the WT shows that the balance of
interactions between residues in positions 74, 111, 295, 298, and the
a-carboxyl of Phe® in Ang II, may indeed change in the suggested way.
For instance, in the D74N mutant (ca. 15% of IP production compared
with that of the WT, see Figure 2), interaction between Asn74 and the
a-carboxyl of Phe® was more favorable than in the WT (the change in
interhelical energy associated with this mutation was ca. —14.7 kcal/
mol), which may hinder possible rotations of the TM2 helix. Similarly,
for the totally impaired D74E mutant (19), the longer side chain of
Glu74 allows more favorable interaction with Asn298 with only slight
weakening of interaction with the o-carboxyl of Phe® (total change in
the related interhelical energy was ca. —5.2 kcal/mol), which may limit
potential rotations of both TM2 and TM7. However, in D74N/N298D
the stronger interactions between Asn74 and the o-carboxyl of Phe®
(as in D74N) are compensated by greater electrostatic repulsion
between Asp298 and the a-carboxyl of Phe® (as in N298D, see above).
At the same time, elimination of the side chain in position 295 does
not significantly affect functionality [N295A, ca. 65% of IP production
of WT (16)], as the absence of interactions between Asn295 and
Asp74 or the a-carboxyl of Phe® leads to strengthening of the interac-
tions between Asn111 and the a-carboxyl of Phe®. On the other hand,
replacements of the asparagine side chain in position 298 by alanine
[N298A, ca. 40% of IP production of WT (17)] or serine (ca. 60%, Fig-
ures 5 and 6) causes rather small changes in interhelical interactions
in WT. In the double mutants with modifications in position 74, one
can expect more profound changes accompanied by lowering of InsP
production (as in D74N/N298S, ca. 10%, Figure 6).

Significance of interaction between the
conserved Asp and Asn residues

Residues Asp74 in TM2 and Asn298 in the NPX,_3Y sequence of TM7
are highly conserved residues in most GPCRs. Several studies investi-
gated mutations of these conserved residues in various receptors
introducing single D¢>N and N«>D mutations as well as the recipro-
cal N«~»D/D<>N mutation that in most cases has restored functional
activity impaired by the D<>N mutation (29-32,51). Earlier studies
considered the possibility of direct hydrogen bonding between the
two residues upon activation without involvement of other residues
[e.g. for the gonadotropin-releasing hormone receptor, GnRH-R (32),
and the human seratonin 5-HT, receptor (30)]. This was supported by
the fact that amino acids corresponding to Asp74 and Asn298 are nat-
urally reversed in some mammalian receptors of the GnRH-R. Interest-
ingly, while reciprocal mutation of these residues partially restored
GnRH binding in the mouse GnRH-R (32), no restoration was observed
in the same mutants of the rat GnRH-R (33). Subsequent studies sug-
gested the existence of a more extended hydrogen bond network
between the conserved residues that correspond to Asnd6, Asp74,
Asn298, and Tyr302 in the AT, receptor in the mouse thyrotropin-
releasing hormone receptor (31) and the human tachykinin NK,
receptor (29). A recent study on the human thyrotropin receptor (51)
described a system of interactions between the two residues that
involves residues in TM6 and the internal water molecules. Thus, our
data that emphasize the complex nature of interactions between TM2
and TM7 in the AT, receptor upon activation are consistent with
observations by other authors.
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In conclusion, our findings yielded 3D models of the TM region of
ATy and AT, + Ang Il that are in good agreement with the avail-
able experimental data. Comparison of the models showed slight
but important differences in rotations of TM helices 2 and 7
between the initial resting state of AT, (without Ang Il) and the
'preactivated’ state (with Ang Il bound to AT,). This observation
was employed to rationalize the results of site-directed mutagen-
esis that involve mutations of residues in TM2 (D74), TM3 (S115),
TM6 (S252), and TM7 (Y292, N294, and N298). Although not all
aspects of ligand binding and signal transduction were fully inves-
tigated by site-directed mutagenesis, the obtained experimental
data, together with data on other receptors, indicate that an inter-
action between the conserved aspartic acid residue in TM2 and
the asparagine residue of the conserved NPX,_sY sequence in
TM7 may have a general function in GPCR activation. However,
according to the data of molecular modeling, in the AT, receptor
this interaction is mediated by the balance of other interactions
between residues in TM2 (D74) and TM7 (D294, D295, and D298).
This suggests that, as residues corresponding to D294 and D295
in the AT receptor are not conserved in other GPCRs belonging
to the rhodopsin family, the molecular mechanisms determining
the crucial interactions between TM2 and TM7 could differ signifi-
cantly among individual receptors.
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