Conformational Movement of F251 Contributes
to the Molecular Mlechanism of Constitutive
Activation in the C5a Receptor

Saurabh Sen'}, Thomas J. Baranski' and
Gregory V. Nikiforovich?*

"Division of Endocrinology, Metabolism and Lipid Research,
Department of Internal Medicine, Washington University School of
Medicine, Box 8127, St Louis, MO 63110, USA

2Department of Biochemistry and Molecular Biophysics, Washington
University School of Medicine, Box 8036, St Louis, MO 63110, USA
*Present address: Center for Neurodegeneration and Experimental
Therapeutics, Department of Neurology, University of Alabama at
Birmingham, 1719 6th Ave. S, Birmingham, AL 35294, USA
*Corresponding author: Gregory V. Nikiforovich,
gregory@cch.wustl.edu

The activation mechanism of G-protein-coupled
receptors triggered upon binding of a ligand repre-
sents a very important ‘conformational switch’ in
the biological array of signal transduction. How-
ever, the molecular and functional details for this
activation switch remain unknown. Random satu-
ration mutagenesis data on the complement factor
5a receptor has provided a large data set of
mutants including several constitutively active
mutants. In the present study, we employed com-
putational modeling to rationalize the constitutive
activity for two constitutively active mutants, NQ
(1124N/L127Q) and F251A, and we then made pre-
dictions for a series of mutants that either pro-
mote or constrain constitutive activity. Biological
testing of the site-directed mutants confirmed
most of the predictions of the computational mod-
eling. These results support a molecular mecha-
nism of constitutive activity in complement factor
5a receptor mutants that is associated with con-
formational changes in a network of residues
neighboring F251 as the focal point of origin.
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G-protein-coupled receptors (GPCRs) are membrane-bound cell sur-
face receptors involved in communication between the external
environment and biological information machinery housed within
the cell. They comprise a superfamily with more than 800 members
(1,2) and constitute one of the largest subclasses of the human
genome. It is estimated that ca. 40% of all present day drugs act
through these receptors (3), thus illustrating their promise as targets
for the pharmaceutical industry. G-protein-coupled receptors are
integral membrane proteins, and include seven helical transmem-
brane (TM) stretches as well as non-TM parts, namely the N- and
C-terminal fragments and the extracellular and intracellular loops
connecting the TM helices.

Upon ligand stimulation, GPCRs undergo a conformational change
from their resting states (the R states) to the activated states (the R*
states) to attain the active state conformation. It is in this active con-
formation that the signaling machinery is turned on resulting in intra-
cellular protein activation. How a small molecule ligand can lead to
such a conformational change remains to be the unanswered ques-
tion in this activation machinery. One way of addressing this problem
is to identify and generate constitutively active mutants (CAMs),
which are believed to exist in an active conformation resulting in pro-
duction of second messenger, even in the absence of an agonist. The
‘constitutive activity' is a gain-of-function phenotype and is defined
as the number of receptors spontaneously adopting an active confor-
mation, which cannot be measured directly (4). Therefore, CAMs may
be convenient models for studying the activated states of GPCRs (5)
given that CAMs mimic the active conformations of GPCRs. This
assumption was the main rationale for the present study. Another
assumption was that the R and R* states likely do not differ signifi-
cantly in their relative energies, as binding of a ligand, which is
normally of much smaller size than a GPCR, cannot force the GPCR
to adopt a conformation of significantly higher overall energy. This
should be especially true for CAMs; indeed, energy calculations
performed for rhodopsin and its CAMs confirmed this suggestion (6).

The CAM receptors have become useful experimental tools in
studying the activation process in the absence of agonists, while
their increased affinity and efficacy for agonists is an advantage for
ligand screening (7). There has been much work and discussion on
the constitutive activity of GPCRs including the conceptual frame-
work of the constitutive activity in GPCRs (8,9), insights into struc-
tural basis for constitutive activation (10,11), theoretical basis of
activation (2,12—14), and the disease states related to constitutively
active receptors (15). Deciphering the molecular mechanism for con-
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stitutive activation would shed light on the receptor activation
mechanism as well as have a great impact on drug discovery.

In this study, we have applied previously developed procedures of
molecular modeling (6,16,17) for rational design of CAMs of the
complement factor 5a receptor (ChaR), a rhodopsin-like GPCR
expressed primarily on the surface of neutrophils and other myeloid
cells. This receptor has been fully investigated by random saturation
mutagenesis (RSM) in the yeast system (18-20). The RSM analyses
focused on the TM regions of C5aR elucidated several CAMs in the
yeast system, mostly due to mutations in TM helices 3 and 6 (TM3
and TM6; 18,19). Two of the CAMs, namely NQ (I1124N/L127Q) and
F251A, showed high basal activity also in the mammalian cells (21).
In addition, a complementing mutation (N296A) restored ligand-
dependent signaling in the NQ-mutated ChaR expressed in mamma-
lian cells (21). Thus, NQ and F251A are the only two known CAMs
of C5aR in the mammalian system obtained by point mutations in
the TM region of ChaR.

In the present study, we asked: (i) which conformational changes of
side chains (if any) are most characteristic for CAMs and (ii) which
novel mutations will stimulate conformational changes associated
with constitutive activity? We have used molecular modeling to
reveal conformational changes occurring in the TM region of the
C5aR as a result of NQ and F251A mutations to probe for the pos-
sible molecular mechanism of constitutive activity, and to design
mutations presumably enhancing/impairing the corresponding con-
formational changes. The designed mutants were then tested in the
mammalian system to validate predictions from molecular modeling.

Methods

Molecular modeling

The 3D structure of the TM regions of CbaR was modeled by the
same energy calculation procedure described elsewhere (20,22).
Briefly, the procedure of packing the TM helical bundle minimized
the sum of all intrahelical and interhelical interatomic energies in
the multidimensional space of parameters that included ‘global’
parameters (those related to movements of individual helices as
rigid bodies) and 'local' parameters (the dihedral angles of the side
chains for all helices). The extracellular and intracellular loops as
well as the N-terminal and C-terminal non-TM fragments of C5aR
were not modeled. The dihedral angles of the side chains for all
helices were optimized (repacked) prior to energy minimization
according to the algorithm developed earlier (23). The ‘global' start-
ing point for the TM bundle corresponding to the resting R state of
C5aR was selected by spatial alignment of TM helices onto the
X-ray structure of rhodopsin (the PDB entry 1F88, chain A). Energy
minimization that started from these global parameters yielded a
3D structure of the TM bundle differing from that of 1F88 by the
rms value of 2.40 A (Ca-atoms only). Energy calculations for the
C5aR mutant receptors were performed exactly as for ChbaR itself.
For each receptor, including the wild type, two runs of energy mini-
mization were performed. They differed by the starting dihedral
angle y; for F251, which value was selected as either ca. 180/
(trans-rotamer, #) or ca. —60/ (gauche-minus rotamer, g—). This
particular dihedral angle was excluded from procedure of repacking
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side chains according to Ref. (23) prior to energy minimization, but
it was involved in the subsequent process of energy minimization.

Biological studies

Generation of mutants

The mutants used in this study were generated from wild-type eGFP-
tagged C5aR by site-directed mutagenesis (Pfu turbo mutagenesis;
Strategene, La Jolla, CA, USA) using homologous recombination in
yeast BY1142. Mutants were first screened using fluorescence and
further confirmed with sequencing at the Washington University Pro-
tein and Nucleic Acid Chemistry Laboratory. Cloning in the mammalian
vector was carried out by a simple step of restriction endonuclease
digestion and ligation after introducing the restriction sites through a
PCR. The clones in the mammalian vector were confirmed with
restriction mapping with an internal restriction site.

Inositol phosphate accumulation measurement
Activation of PLCS by ChaR requires the presence of human Goug.
For all the inositol phosphate (IP) measurements in the current
study the Goyg [in pcDNA3.1(+)] was co-transfected along with the
DNA constructs into COS-7 cells with Lipofectamine 2000 (Invitro-
gen Inc., Carlsbad, CA, USA), according to the manufacturer's
instructions. Cells were treated with 1 um W5Cha (GenScript, Pis-
cataway, NJ, USA) or no ligand, and IP3 levels were measured as
previously described (24). Radioactive counts were determined in
Scintiverse scintillation fluid (Fisher, Fair Lawn, NJ, USA) and the
counts were recorded until 5% significance. The data are repre-
sented as the ratio of IP; to total inositol (fraction 3/fraction
1 + fraction 3) x 100. Curve fitting was performed with priSM v 4.0
(GraphPad Software, San Diego, CA, USA). Statistical significance
was determined using a one-way analysis of variance test with
Dunnett's post-test and a 95% confidence level.

Electrophoresis and Western blotting

COS-7 cells transfected with the various constructs (under same
conditions as in case of IP assay) were used for the expression
studies. The cells were lysed with 1X SDS sample buffer (50 mm
Tris, pH 6.8, 2% SDS and 10% glycerol) supplemented with 2%
f-mercaptoethanol, 1 pg/mL leupeptin, 1 ug/mL aprotinin, and
500 um phenylmethysulfonyl fluoride by aspirating through a 27-
gauge needle 10 times. The samples were analyzed on a 12%
SDS-PAGE and electro-transferred onto nitrocellulose membranes
for Western blotting. For immunostaining, polyclonal C5aR primary
antibody (raised against a peptide corresponding to the N-terminus)
was used and the signal was detected using horseradish peroxi-
dase-conjugated anti-rabbit antibody (1:10 000) for IgG; (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) followed by chemilumines-
cence (Roche, Palo Alto, CA, USA).

Binding assay

Binding assays on isolated membranes were performed using
['%[]-C5a (40 uCi/mL; Perkin-Elmer, Waltham, MA, USA) as a radio-
ligand. Using the membranes prepared, the binding assays included
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5 ug of total protein for each data point. After the membranes
were thawed on ice, the protein concentration was determined
using BSA as standard. The binding reaction was set up using the
Binding Buffer (Hanks buffer, 25 mm HEPES, pH 7.5, BSA 0.1%) con-
taining the membrane fraction and cold Cba (concentration varying
between 107" and 107°). The reaction was initiated upon addition
of 100 pm of ['?[]-C5a. After incubation for 45 min, the reaction
was terminated through filtration with a Millipore (Temecula, CA,
USA) harvester using GF/C filter presoaked in Binding Buffer con-
taining 0.1% poly(ethylenimine) (Sigma, St. Louis, MO, USA). Upon
three rounds of washing, the filters were dried, folded into quarters
and added to scintillation tubes with 3 mL of the scintillation liquid.

Results

Molecular modeling

We have modeled the 3D structure of the TM region of ChaR in
the resting R state by homology to the X-ray structure of rhodopsin
(the PDB entry 1F88), as described in Methods. The same 3D model
was employed by us earlier, where we have revealed the unique
structural role of the side chain of the conserved F251 residue in
maintaining the network of interactions between the functionally
essential (preserved) residues in C5aR determined by the RSM (22).
Specifically, the residues that are both preserved in CbaR and con-
served in the rhodopsin-like family of GPCRs form two clusters of
residues in close contact (defined as a distance of <5 A between
at least one pair of atoms belonging to the side chains of contact-
ing residues). The two clusters are connected through interactions
between residues F251 in TM6 with S123 and L126 in TM3 as well
as with N296 in TM7 (22). The side chain of F251 is in close con-
tact not only with the preserved residues S123, L126, and N296,
but, depending on the particular rotamer of the side chain, also
with the side chains of residues 1124, 1127 (TM3), V247, F254,
W255 (TMB), and N292 (TM7). In this model, F251 contacts resi-
dues that when mutated (1124N/L127Q in the NQ mutant) evoke
constitutive activity; in addition, an alanine substitution at F251
results in a pronounced CAM. Combined, these findings suggest
that residues in the vicinity of F251 may form a hot spot for design-
ing new CAMs of CbaR.

Constitutive Activation in the C5a Receptor

Figure 1A displays the lowest energy conformation of the wild-type
C5aR found by our energy calculations. In this conformation, the
side chain of F251 was placed on the interface between TM3,
TM6, and TM7 (shown as white shadowed ribbons), which corre-
sponded to the g— rotamer of F251. In the F251A mutant, which is
a pronounced CAM, the bulky side chain of F251 was replaced with
a much smaller alanine and, therefore, was effectively eliminated
from the TM6/TM7 interface. Significant constitutive activity was
also observed in the NQ mutant, where the bulky aliphatic residues
1124 and L127 that are close to F251 were replaced by the less
voluminous and more flexible N124 and Q127, respectively. The net
effect of these substitutions may result in movement of the F251
side chain from rotamer g— to rotamer t upon which F251 enters
the pocket formed by residues Q127 and N124 in TM3 and F254
and W255 in TM6 (Figure 1B). This ‘conformational switch' would
allow the side chain of F251 to clear the TM6/TM7 interface thus
allowing possible rotations of both helices, which may accompany
conformational transitions from R to R*. These observations imply
that the 'activation switch mechanism' involves the conformational
transition of the F251 side chain from one rotamer (Figure 1A) to
another (Figure 1B), and suggests that mutations that facilitate this
rotations would trigger constitutive activity in the C5aR mutants.

To achieve this transition to the active state, the side chain of F251
should enter the pocket formed by residues L127 and 1124 in TM3 and
F254 and W255 in TM6. The residues L127 and F254 gate the pocket
preventing the side chain of F251 from entering. Therefore, elimina-
tion of the side chains of L127 and/or F254 could facilitate possible
entering of the F251 side chain in the pocket. Also, elimination of the
bulky Y300 side chain may additionally clear the TM6/TM7 interface.
On the other hand, diminishing the volume of the side chain in posi-
tion 251, such as in F251N, may also have some effect on constitutive
activity both in the wild type and in the NQ background. Accordingly,
we may expect that the novel designed mutants L127A, F254A,
Y300A, L127A/Y300A, F254A/Y300A, F251N, NQ-F251N, NQ-Y300A,
and NQ-F251N/Y300A would potentially display constitutive activity.

The above considerations were based on qualitative estimations;
Figure 2 shows the final results of molecular modeling for each of
the designed mutants together with the results obtained for WT,

Figure 1: 3D model structures. Sketch of the conformations of the wild-type C5aR (A) and the constitutively active mutant NQ (B) differing
by rotamers of the side chain of F251 (shown in red). Only side chains of the labeled residues are shown. The side chain of all residues
except F251 are shown in white shades. Fragments of TM3, TM6, and TM7 are shown as white-shaded ribbons.
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Figure 2: Energy landscape. Differences in energies (kcal/mol)
between 3D structures of the Cha receptors corresponding to two
different rotamers of the F251 side chain.

NQ, and NQ-N296A. Each bar in Figure 2 represents difference in
conformational energies, AE, calculated for a given receptor, assum-
ing that the side chain of F251 occupies spatial positions corre-
sponding to those depicted either in Figure 1A ('non-CAM' position,
g— rotamer) or in Figure 1B ('CAM' position, t rotamer), while all
other side chains are repacked (see Methods). Note that despite
including the dihedral angles of the F251 side chain in the energy
minimization (but not in the side chain repacking), no transitions
were observed between the two rotamers during minimization. Also,
changes in spatial positions of residues other than F251 between
the minimized 3D structures corresponding to g— versus t rotamers
of F251 were very small with the corresponding rms values varying
from 0.172 (for F251N) to 0.439 A (for NO-N296A), the rms values
calculated involving all Ce, Cf3, and Cy atoms.

One can see that for WT and NQ-N296A (non-CAMs) the energy
differences were >15 kcal/mol, whereas for NQ (CAM) the differ-
ence was negligible (0.03 kcal/mol). Notably, the results obtained
for NQ and NQ-N296A showed that replacement of the gating resi-
due L127 by Q127 is not per se sufficient for stahilization of the
position of F251 inside the pocket; the more general system of resi-
due—residue interactions is to be involved in this stabilization.

Based on the energy differences, AE, the designed mutants may be
roughly divided into two more or less distinct parts as potential CAMs
and non-CAMs. Specifically, the results in Figure 2 predicted that
within the group of mutants designed to facilitate the entry of the
F251 side chain in the pocket, L127A and L127A/Y300A would more
likely display constitutive activity, while F254A, Y300A, and F254A/
Y300A would be non-CAMs. Regarding the mutants in the NQ back-
ground or mutation F251N, all were predicted to be possible CAMs,
though, perhaps, with lower basal activity compared to that of NQ.

Site-directed mutagenesis

Each of the mutant receptors was constructed by site-directed
mutagenesis, expressed in mammalian COS-7 cells, and the ligand-
stimulated or basal activities assessed by measuring IP3 accumula-
tion. The results are illustrated in Figure 3A. The wild-type receptor
demonstrated low basal activity and relatively robust IP3 accumulation
upon ligand stimulation. For comparison, the NQ receptor showed
about 2.5-fold increase in the basal signaling relative to the wild-type
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Figure 3: Results of biological testing in the mammalian cells.
(Panel A) COS cells were transiently transfected with Geig plus the
wild type or mutants and treated with 1 um W5Cha (black bars).
Data represents the mean of three independent trials, +SD. The
white bars represent basal activity of the wild type and the mutant
receptors expressed in mammalian cells. (Panel B) Constitutive activ-
ity for the mutants that showed functional activity (ligand activation)
in mammalian cells. Displayed are average figures from four of more
experiments carried out in duplicates or quadruplicates. Asterisks
denote p < 0.05, relative to the basal activity of the C5aR WT.

receptor, which is consistent with previous studies [e.g. threefold
increase found earlier (21,24)]. The designed mutants L127A, F254A,
NQ-F251N, and NQ-Y300A also displayed IP; accumulation upon
ligand stimulation at the level not <0.5 of that for WT (Figure 3A).

Figure 3B represents the basal activities of the above four mutants
together with WT and NQ. Three of the designed mutants, L127A,
NQ-F251N, and NQ-Y300A, showed constitutive activity in the mam-
malian system exceeding that of the wild-type receptor in all exper-
iments. Specifically, the levels of basal activity were as follows
(normalized to the WT): NQ, 250 + 0.22 (number of experi-
ments = 4); L127A, 157 + 0.21 (n = 4); F254A, 1.00 + 0.14 (n = 4);
NQ-F251N, 2.08 + 0.20 (n = 4); and NQ-Y300A, 1.34 + 0.21 (n = 4).
Not surprisingly, the mutants that did not respond to ligand also
did not show any increase in basal signaling levels: Y300A,
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Figure 4: Western blot for expression of the wild type and mutant constructs. Western blot on whole cell extracts from COS cells expressing
the wild-type and mutant receptors. The samples were separated on a 12% SDS-PAGE, blotted onto nitrocellulose membrane, and probed with
C5aR antibody (see Materials and methods). Asterisks represent the complex oligosaccharides which traverse to the plasma membrane and (+)
represents the high-mannose oligosaccharides which are sensitive to EndoH treatment and are generally hung up in the internal compartments.
The Western blot is a representative experiment from one of the transfections that was used for the inositol phosphate assay.

0.82 £ 0.10 (n=2); F251N, 0.79 + 0.08 (n = 2); NQ-F251N-Y300A,
0.86 + 0.03 (n=2); F254A-Y300A, 0.71 + 0.07 (n=2); and L127A-
Y300A, 0.82 + 0.05 (n = 2).

To further characterize the mutant ChaRs, we investigated the lev-
els of expression for the mutant receptors (Figure 4). The expression
levels of each mutant ChaR varied, and the CAMs (lanes 5, 8, and
11) had lower levels of overall expression than that of the wild-type
receptor (lane 2), when the immunoreactivity is compared with the
corresponding lanes. Earlier, we have observed in case of the wild-
type receptor that the band corresponding to about 75 kDa (marked
by an asterisk in Figure 4) represents the complex N-linked oligo-
saccharides insensitive to EndoH treatment (25) thus representing a
fraction of the receptor which reaches the plasma membrane.
Another fraction was presumably kept in the internal compartments,
such as endoplasmic reticulum (ER), which is evidenced by the band
marked (+) in Figure 4. Based upon this analysis, a fraction of the
expressed mutants L127A, F254A, F251N, NQ-F251N, NQ-Y300A,
and L127A-Y300A were correctly folded, and traversed to the
plasma membrane. With the exception of F251N, these mutant
receptors also displayed noticeable ligand stimulation and showed
functional ligand binding (compare Figure 3A, black bars, and Fig-
ure 4). Conversely, several mutant receptors (Y300A, NQ-F25TN-
Y300A, F254A-Y300A; lanes 4, 9, and 10; Figure 4) migrate as high
mannose-containing receptors, and thus did not appear to fold well
enough to traverse to the plasma membrane. A low expression
level for NQ (lane 3 in Figure 4) was observed as much of the
receptor was internalized for this mutant and was not detected
easily. This phenomenon was not investigated in detail for the
CAMs L127A, NQ-F251N, and NQ-Y300A, but green fluorescence
levels of the GFP-tagged receptors were qualitatively comparable
with that of wild type as unlike in case of NQ (data not shown).

The above findings were supported also with the data obtained
from competition-binding studies with '?I-labeled C5a ligand (see
Table 1). The wild-type C5aR demonstrated two populations of bind-
ing activity: a smaller number of high affinity-binding sites (8.8—
19.3 pmol/mg of receptors with Ky of 0.67—1.05 nwv) and a larger
number of low-affinity sites (3.0-5.7 nmol/mg of receptors with Ky,
of 163—-400 nm). The presence of a large fraction of lower affinity
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Table 1: Binding parameters for the wild type and mutant con-

structs
High-affinity sites Low-affinity sites
BmaxW BmaxZ
Construct Ky1 (nwv) (pmol/mg) Ky (nm) (nmol/mg)
C5aR WT 1.05 + 0.07 137 440 + 45 5.70
0.67 £ 0.01 8.8 305 + 26 421
1.05 + 0.08 193 163 + 54 3.00
NQ 0.05 £ 0.01 49 151 £75 1.62
<0.001 0.69 534 +49 0.47
0.197 + 0.041 13.9 143 £ 20 10.14
L127A 0.267 + 0.202 3.04 830 + 31 9.50
<0.001 0.03 884 + 18 6.08
NQ-F251N N.A. N.A. 188 + 11 2.76
254 + 16 1.99
NQ-Y300A N.A. N.A. 784 + 26 3.69
260 + 22 2.91
F254A N.A. N.A. 1390 + 200 10.8
3460 + 90 494
F251N N.A. N.A. 2000 + 270 1.51

6770 + 250 2.46

Apparent Ky values and approximate relative Byax were directly derived from
the raw data of the homologous competition-binding assay by fitting into
two-site competition-binding models and taking the best fit A values. Val-
ues are represented from each experiment, where the experiments have
been repeated two to three times at least in duplicates and the SE values
are representative of the data from within the experiment.

N.A., only single low-affinity sites were demonstrated for those receptors.

sites has been reported for many GPCRs including the C5aR (26).
The high-affinity sites are promoted by coupling to G proteins,
while the low-affinity receptors likely represent uncoupled receptors
and receptors that reside in the ER (J. M. Klco, S. Sen, and T. J.
Baranski, unpublished data). As we have published previously
(19,21), the NQ receptors demonstrated a smaller number of sites
with higher affinity for ligand (0.69-13.9 pmol/mg with Kj; of ca.
0.05-0.197 nwm) relative to WT receptor. Regarding the L127A, the
number of high-affinity sites is lower than for the WT C5aR (0.03—
3.04 pmol/mg versus 8.8-13.7 pmol/mg, respectively) while the
affinity is slightly higher than that for the WT receptor.
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NQ-F251N and NQ-Y300A both demonstrated only single low-affin-
ity sites at receptor numbers similar to the low-affinity WT-ChaR
sites. The significance of only lower affinity sites is unclear and our
results do not exclude a small population of high-affinity sites that
could not be detected in these assays. Also, we did notice some
variability in the binding data between sets of transfections. In case
of NQ-F251N, from Figure 4, we observe that a significant fraction
of this receptor has complex oligosaccharides and is likely present
in the plasma membrane. The apparent discrepancy between the
Western blot and the binding data are hard to explain. It is most
likely that in this case, the receptor is not able to adapt itself in
the high-affinity conformation and thus we observe only a single
population. In case of F251N, a similar fraction of the receptors
reach the plasma membrane, when compared to wild-type receptor
(Figure 4, lane 7 versus lane 2). Despite this apparent normal fold-
ing and trafficking, the F251N mutant did not show either ligand-
stimulated or CAM activity. The binding affinity of the ligand for
the F251N is also relatively weak with the apparent Ky values of
2000-7000 nm. Interestingly, the NQ-F251N receptor displays near
normal activity in response to ligand (Figure 3A) and is also able to
bind the ligand with a higher affinity compared to F251N. Thus,
mutations in TM3 can rescue the defect imparted by the F251N
mutation.

Finally, F254A and F251N also demonstrated a single low-affinity
population of receptors that had lower affinity for C5a ligand rela-
tive to the WT-C5aR. Interestingly, F254A shows good signaling in
response to agonist stimulation (Figure 3A) while F25TN did not sig-
nal despite similar binding and expression levels relative to F254A.

Discussion

Based on our energy calculations, the mutant receptors L127A,
L127A/Y300A, F251N, NQ-F251N, NQ-Y300A, and NQ-F25TN-Y300A
were predicted as potentially CAMs, whereas receptors F254A,
Y300A, and F254A-Y300A were predicted as potentially non-CAMs.
Four of the designed mutants, namely L127A, F254A, NQ-F251N,
and NQ-Y300A also displayed IP; accumulation upon ligand stimula-
tion at the level not <0.5 of that for WT. The constitutive activity
for all of the above four receptors was predicted correctly. Specifi-
cally, L127A, NQ-F251N, and NQ-Y300A showed basal activity
higher than that of WT. Of note, for F254A the energy calculations
demonstrated an even greater energy difference AE between the
two states based on the position of the F251 side chain and pre-
dicted that this mutation should not result in a CAM. The calcula-
tion result is counterintuitive because qualitative inspection of the
model of the TMs would suggest the reducing the size of the F254
would promote movement of the F251 side chain inside the pocket
gated by F254 and L127. The experimental result confirmed the
computational prediction underscoring the need for a quantifiable
method of assessing the effects of potential mutations.

At the same time, our modeling showed that the same replace-
ments, L127Q and 1124N in two different mutants, NQ and NQ-
N296A, result in different energetically preferable rotamers of F251,
namely t in one case, and g— in the other. It may suggests that
stabilization of the position of the F251 side chain inside the pocket
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depends mostly not from the size of the gating residues alone (and,
consequently, not from the energy barrier between the two posi-
tions of the side chain of F251) but rather from the general system
of residue—residue interactions within a specific mutant receptor.
This agrees with the observation that differences in energies calcu-
lated only for interactions between TM helices directly surrounding
F251, i.e. TM3, TM6, and TM7 (AEsg;), were not as predictive as
energy differences calculated for the entire TM helical bundles in
Figure 2. Specifically, the Afsg; values for WT, NQ, L127A, F254A,
NQ-F251N, and NQ-Y300A (the receptors represented in Figure 3B)
were 4.1 kcal/mol, —4.9 kcal/mol, 0.9 kcal/mol, 8.4 kcal/mol,
9.1 keal/mol and 3.8 kcal/mol, respectively, which most likely
would leave NQ-F251N and NQ-Y300A predicted as non-CAMs con-
trary to experimental data.

Interestingly, the constitutive activity of the mutant NQ-F251N was
of somewhat lower intensity than NQ, which may indicate a way to
diminish basal activity in the constitutively active background. Also,
the intensity of constitutive activation for NQ-Y300A was much
lower than that of NQ. In this case, when we introduce the Y300A
mutation in the NQ background thus eliminating the bulky group,
the side chain of F251 potentially can move toward the TM6/TM7
interface hence decreasing and turning off the constitutive activity.
It is important to note, however, that our modeling results were
based on the tacit assumption that all designed mutants are able
to fold properly in the 3D structure corresponding to the rhodopsin-
like R state. At the same time, our experimental results showed
that not all mutant receptors were functional upon ligand stimula-
tion. The apparent discrepancy between the computational predic-
tion and experimental data may also be due to inaccuracy of the
computational score function (energy). For functional receptors, one
can be sure that they are properly folded and available at the cell
membrane surface (functionality is also evidenced by ligand-binding
data); for others, one cannot exclude the improper folding, which
could not be foreseen in current molecular modeling studies.

The results of our molecular modeling studies agree with the pro-
posed crucial role of F251 as a focal point in the network of inter-
actions between the TM3, TM6, and TM7 helices located deeply
inside the TM core of the Cbha receptor (22), which allowed design
of new CAMs by modifications of residues contacting F251. Similar
focal point located deeply inside the TM core occupies, according
to our previous studies, the N111 residue in the TM3 helix of the
angiotensin receptor type 1 (17). Elimination of the N111 side chain
(such as in N111A or N111G) leads to the pronounced constitutive
activity (4). Changes in constitutive activity due to elimination of
the side chains of the residues directly or indirectly contacting
N111, such as in the double mutants N111G/L112A or
N111G/F117A, were correctly predicted by molecular modeling (17).
It suggests that determining the focal points of interactions of func-
tionally important residues by site-directed (such as in the angioten-
sin receptor type 1) or random (such as in the Cba receptor)
mutagenesis in conjunction with independent molecular modeling
studies may create a powerful tool for rational design of the novel
CAMs of GPCRs.

It is noteworthy that our predictions were based on molecular
modeling employing 3D models of the resting states of the Cbha
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receptors, and not on the 3D models of the activated state(s),
which is(are) still unknown. In this regard, elucidation of the 'con-
formational switch' that regulates display of constitutive activity in
the discussed mutants should be considered as the impaortant ini-
tial step toward the general activation mechanism, which may
include rotations of the TM helices around their long axis.

Finally, we note that this study presents a case where the hypothe-
sis was made that the side chain movement of F251 was the 'hot
spot’, which might influence constitutive activity in case of CbhaR.
The constitutively active receptors have been very useful as experi-
mental tools (27-29) for exploring varied functionalities in the area
of academics as well as in industrial domain. Experimental analysis
revealed that the design of the CAMs of a GPCR directly based on
predictions from molecular modeling agreed with the hypothesis.
This will in turn help us better understand how GPCRs function at
the molecular level.
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