BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Biochemistry 2010, 49, 10691-10701 10691
DOI: 10.1021/b1100580s

Probing the Structural Determinants for the Function of Intracellular Loop 2 in

Structurally Cognate G-Protein-Coupled Receptors’

Jufang Shan,* Harel Weinstein,*® and Ernest L. Mehler**
*Department of Physiology and Biophysics and SThe HRH Prince Alwaleed Bin Talal Bin Abdulaziz Alsaud Institute for

Computational Biomedicine, Weill Cornell Medical College, Cornell University, New York, New York 10065, United States

Received April 15, 2010, Revised Manuscript Received October 18, 2010

ABSTRACT: Intracellular loop 2 (/L2) in G-protein-coupled receptors (GPCRs) is functionally important, e.g.,
in binding to G-protein and S-arrestin. Differences in secondary structure of 7L2 in the crystal structures of
the very similar ;- and f,-adrenergic receptors (5;AR and (,AR, respectively), i.e., an a-helix and an
L-shaped strand, respectively, emphasize the need to understand the structural basis for /L2 functionality. We
studied the properties of /L2 in the context of experimental data using a Monte Carlo-based ab initio method.
The procedure was validated first by verifying that the /L2 structures in ;AR and ,AR crystals were
correctly reproduced, even after conformational ensemble searches at >1200 K where most secondary
structure had been lost. We found that /L2 in ;AR and ;AR sampled each other’s conformation but
adopted different energetically preferred conformations, consistent with the crystal structures. The results
indicate a persistent contextual preference for the structure of /L2, which was conserved when the /L2
sequences were interchanged between the receptors. We conclude that the protein environment, more than the
IL2 sequence, regulates the /L2 structures. We extended the approach to the molecular model of 5-HT,R for
which no crystal structure is available and found that /L2 is predominantly helical, similar to /L2 in 5;AR.
Because the P3.57A mutation in /L2 had been shown to decrease S-arrestin binding and internalization, we
predicted the effects of the mutation and found that it decreased the propensity of /L2 to form helix,

identifying the helical /L2 as a component of the GPCR active form.

G-Protein-coupled receptors (GPCRs)' are membrane pro-
teins with highly dynamic structures that access many conforma-
tional states related to their functional mechanisms as well as to a
biologically important functional plasticity, such as the ability to
respond differentially to different ligands (/, 2). Not surprisingly,
the function-related structural flexibility is particularly pronounced
in some of the loops, as demonstrated for the second extracellular
loop, the second intracellular loop (/L2), and the third intracellular
loop (3—10). In particular, there is also substantial evidence in the
literature for the involvement of two specific residues in the
observed functional actions of /L2, at positions 3.57 and 3.58
[Ballesteros—Weinstein numbering (1/)], where mutations were
shown to affect G-protein activation, binding to fS-arrestin, and
p-arrestin-mediated internalization (12— 15). Both loci are highly
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conserved in class A GPCR (position 3.57, 64% Pro and 26% Ala;
position 3.58, mostly bulky and hydrophobic with 75% of GPCRs
having Ile/Leu/Val/Phe) (14). The P3.57A (Pro3.57 mutated to
Ala) mutation in human muscarinic cholinergic receptor 1 or 3
(Hm1 or Hm3, respectively) inhibits phosphatidylinositol turnover,
and substitution of Pro3.57 with polar residues such as Asp or Asn
in Hml results in defective coupling (13). P3.57A in the f3,-
adrenergic receptor (8,AR) and serotonin 2C receptor (5-HT,cR)
decreases f-arrestin binding and f-arrestin-mediated internaliza-
tion, whereas the inverse mutation A3.57P in opp-adrenergic
receptor (abAAR) and neuropeptide Y type 2 receptor (NPY2R)
increases internalization (/4). Mutating Pro3.57 or Met3.58 to Ala
in rhodopsin reduces R175E-arrestin binding (12). In the 5-HT,¢R,
RNA editing that changes the INI sequence (Ile3.54-Asn3.56-
11e3.58) to VGV causes significant structural changes in the loop
and its interaction with G-protein (/6, 17), and these lead to
significant changes in both pharmacological and physiological
properties (18, 19). All these observations suggest that the highly
conserved proline/alanine at position 3.57 is a key determinant of
IL2 function and that it determines the probability of transition
between its active and inactive form. In the present study we
identify the structural characteristics and identify the determinants
for differences in propensity for the two forms in the structurally
similar GPCRs.

Experimental data show that /L2 can adopt both helical and
nonhelical conformational states, under different conditions. It
was suggested that /1.2 is helical in m5 muscarinic receptor and is
a determinant for G-protein coupling (3). In the angiotensin II
(ATI1A) receptor IL2 does not have a defined secondary structure
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1.0A
Calculated B,AR-IL2 (blue)

FiGURE 1: Structures of 7L2 in ;AR and ,AR. (A) Superposition
of the TMH domains of the crystal structures of 5;AR (orange) (44)
and B,AR (green) (45) using their seven n.50 residues (24, 55) yields a
backbone rmsd of 0.6 A for the TMH. Note the large difference in the
structures of /L2 (indicated in the oval). (B) /L2 in ;AR calculated
with MC-SCYV (yellow) is an o-helix, with a backbone rmsd of 0.3 A
to the a-helix in the crystal structure (orange). (C) IL2 in $,AR
calculated with MC-SCV (blue) is an L-shaped strand with a back-
bone rmsd of 1.0 A to the crystal structure (green).

in solution but adopts a helical conformation in the presence of
2,2, 2-trifluoroethanol or negatively charged model mem-
branes (20). An NMR study suggested that the major conforma-
tion for IL2 in a,pAR is a-helical (27). Crystallography has
captured an L-shaped nonhelical conformation of this loop in
rhodopsin (22) and $,AR, but a helical one in $;AR and Ajx
adenosine receptor (AyaAR) (23). Notably, these three receptors
(51AR, f,AR, and A,4AR) are very similar in overall molecular
structure. In particular $;AR and 5,AR, with 67% sequence
identity, have a backbone “global” rmsd of 0.62 A [based on
superposition of the backbones of the seven n.50 residues, the
most conserved residues in seven transmembrane helices (TMH)
as defined in ref 17]. Given the high sequence homology of ;AR
and 5,AR (70% in TMH regions), and the fact that their /1.2
loops differ by only two chemically similar residues (Arg vs Lys
and Met vs Leu in ;AR and ,AR, respectively), the remarkable
difference observed crystallographically in the /2.2 conformation
was unexpected (Figure 1A). The hypothesis underlying the
present study was that the observed differences reflect different
propensities for adopting either form of loop conformation, but
that both can be achieved by the compared GPCRs, albeit with
different probabilities.

The importance of a transition between the two conforma-
tional families of the 7L2 is substantiated by ample experimental
data, briefly outlined above, which suggest that the functional
state (i.e., active or inactive) of /L2 in $;AR and S,AR is
controlled by its secondary structure and that this control may
be general for /L2 in other class A GPCRs. Thus the central
question is one of commonality, not difference, i.c., (i) is it
reasonable to conclude that the helical form of the loop is
associated with the active form, and (ii) is there an explanation
for the difference captured by the crystal structures that accom-
modates this conclusion? Within the constraints defined by the
experimental findings, we have used a modified Monte Carlo
(MC) simulation approach (see Methods) to identify the deter-
minants for the structural variability of wild type (WT) and
mutant forms of /L2, and how these determinants modulate the
observed functional properties of /L2 in $;AR and f,AR. The
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modified MC simulation approach used here (see Methods)
determines an approximation of the absolute minimum free
energy ensemble, which is necessary to carry out the function-
related analysis reported in this work. This capability allows us to
identify not a single, frozen conformation, but (i) the ensemble of
conformations that can be adopted by the various loops, (ii) the
possibility that all of the GPCRs have some probability for
adopting the helical form of IL2, and (iii) the structural determi-
nants for differences in the propensity for selecting a structure in
the WT, unliganded form, which might also explain the different
conformations observed in the crystal structures.

The experimental findings observed in the adrenergic receptors
were recapitulated in other cognate GPCRs, including the
serotonin receptor, SHT,cR (/4). Although crystal structures
are not yet available for the serotonin receptors, all loops of the
serotonin 2A receptor (SHT,oR) were calculated (24) for an
earlier homology model based only on rhodopsin (25). For the
present studies a refined homology model was built on the basis
of rhodopsin and ,AR crystal structures, and the loops were
rebuilt using this updated model in order to examine the
determinants for the structural variability and its functional
consequences. With the modeling and simulation approaches,
we answer here a set of questions that are essential for under-
standing the functional role of structural flexibility in the /L2
region, and the relation to the molecular details revealed by the
structural determinations: (i) are the two conformations found
for /L2 1in §;AR and 5,AR accessible to both receptors, and if so,
(ii) what is the determinant for the helical structure of /L2 in
Bi1AR while in 5,AR it is an L-shaped strand (e.g., the protein
context, or the differences in the sequence of 7L2)? (iii) Do the
structural properties of IL2 determined for ;AR and AR
extend to those calculated for the refined model of SHT>4R, and
(iv) how does the mutation of the functionally important proline
at position 3.57 (14) affect the secondary structure preferences
of IL2?

METHODS

Loop Modeling with Monte Carlo-Scaled Collective
Variables. The loop modeling algorithm is based on searching
conformation space for the absolute free energy minimum
ensemble, i.e., the cluster of conformations that belong to the
absolute free energy minimum of the system. The computational
algorithm consists of Monte Carlo (MC)-simulated annealing
followed by a MC-scaled collective variables (26) approach (here
the complete algorithm is termed the MC-SCV). It has been
described in detail in previous publications (24, 27, 28), and its
application has been illustrated in several systems (24, 27, 29, 30).
The approach was programmed into CHARMM (3]) in the
context of the PAR22 (32) force field. The basic strategy of the
method consists of tethering the loop (or larger variable segment)
to its attachment point at either the N- or C-terminus. At the
other terminus a dummy residue is attached that is identical to a
fixed target residue with known coordinates (this dummy residue
makes no contribution to the system’s potential energy, but only
enters the total energy via a harmonic force term). Using an
increasing harmonic force [effected by increasing the force
constant (k) using a schedule k;; = 10k;], the dummy residue
at the open end of the loop is driven toward the target residue [the
process can be reversed, i.e., the loop reopened, by decreasing &
(ki1 = k;/100), although the final open conformation will not
necessarily be the same as in the previous open state]. One such
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complete opening and closing of the loop is designated as an
“open—close cycle” (OCC) or T-OCC, where T refers to the
temperature at which the OCC is carried out. As described in the
Supporting Information, step 3 consists of open—close cycles
where the loop is opened, heated to a high temperature, e.g., 1210
K, and closed at the high temperature; a complete cycle of this
type is termed OHC-T. In the MC-SCV the solvent is modeled as
a continuum using the screened Coulomb potential-implicit
solvent model (SCP-ISM) in which the macromolecular system
is assumed to be immersed in a fluid characterized by a sigmoidal
screening function. The method has been described in detail (33)
and shown to yield reliable results in various applications such as
molecular dynamics simulations (34, 35), and calculation of
pH-dependent electrostatic effects in proteins (36—39). The
SCP-ISM was programmed into CHARMM (37) and has been
generally available in the distribution package for several years.
The analysis reported below requires representations of the
native ensembles of WT and various mutations of /L2 from
several GPCRs. By comparing the calculated populations of
secondary structures adopted by /L2 in the ensembles, we
estimate the relative stability of various classes of conformations.
This analysis is similar to an earlier study in which it was shown
that only the naturally occurring mutations in the autosomal
disease Noonan syndrome (40) caused a shift in the active
state—inactive state equilibrium, which results in a “gain of
function” (29). This finding from the calculations was later
verified experimentally (4/). Additional details of the methodol-
ogy and loop closing protocol are given in the Supporting
Information.
The ensembles resulting from the 310-OCCs carried out in step
4 of the protocol (see the Supporting Information) are used to
identify a good representative of the native ensemble. Because the
native funnel is thought to be a rather narrow minimum
surrounded by high peaks, a 310-OCC started from a conforma-
tion that is a member of the native ensemble will generate a
condensed ensemble with small rmsd and energy fluctuations,
whereas a 310-OCC started from a contribution far from the
native funnel will generate a diffuse ensemble with a large rmsd
and energy range. That this indeed is the case can be seen from
Figure 5 of ref 28, although it is noted that there also is another
condensed ensemble with higher energy than the native ensemble.
To differentiate between the absolute free energy minimum
ensemble and nearby secondary minima, a ranking is defined on
the basis of a Helmholtz-like free energy defined by AAA =
AA— Ey,where AA = Epyy— RTInQ,and Q = S exp[—(E; —
Enin)/(RT)], with M being the number of replicas used in the
Monte Carlo calculation and E,;,, Ey, and E; representing the
minimum energy of the given ensemble, the reference energy, and
the energy of the ith conformation in the distribution, respec-
tively. The ensemble with the lowest A4 (or AAA) is assumed to
be the best representative of the native ensemble. The minimum
AA can be determined by iterating steps 3 and 4 until convergence
is achieved. For most constructs, five low-energy structures from
step 3 were selected for step 4 except for the P3.57A mutant in
PB1AR, for which seven step 3 low-energy structures were selected.
Helicity Analysis of the IL2 Structure. The STRIDE
algorithm (42) in VMD (43) was used to determine helicity for
residues at positions 3.57—3.63 in /L2 that correspond to the
seven positions that assume a helical conformation in §;AR (44)
and A»oAR (23). If all seven residues are designated as o-helix by
STRIDE, the conformation is labeled “helix”. If fewer than seven
residues are designated as a-helix, the conformation is labeled
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“partial helix”. “Helixlike” structures are defined as those with a
local Cy atom rmsd (LC,rmsd, based on the superposition of the
segment only) of no greater than 2 A compared to the crystal
structure of /L2 in ;AR (44), but not defined as helix or partial
helix according to STRIDE. Similarly, “$,AR-like” structures
are defined as those with an LCyrmsd no greater than 2.5 A
compared to the crystal structure of /1.2 in ,AR (45) (note that a
less stringent local rmsd cutoff is used to define structures similar
to IL2 in B,AR, which is an L-shaped strand). Finally, using the
STRIDE nomenclature, the secondary structure distribution of
an ensemble is annotated as helix/partial helix/helixlike/5,AR-
like/random coil.

Homology Modeling. A homology model of the TMH
portions of 5-HT,4R was built with MODELER 9vl (46) using
as templates the crystal structures of S,AR [PDB entry
2RHI (45)] and bovine rhodopsin [PDB entry 1U19 (47)]. The
resulting 100 models were closer to ,AR than to rhodopsin,
especially in the TMH regions. The slight difference between the
new models of 5-HT, 4R and 5,AR lies mostly in TMH]1. In more
than 90 conformations, the orientation of TMHI is similar to
that of S,AR, while in the remaining structures, the orientation of
TMHI1 was between those of TMHI in $,AR and rhodopsin.
After these 100 models had been clustered with nmrclust (48), a
representative structure was selected from the most populated
cluster as the new 5-HT,sR model. The new model was closer to
B-AR with a small all-TMH backbone rmsd of 0.6 A to /AR
(2.1 Ato rhodopsin); the individual TMH rmsd to $,AR was <1
A except for TMH7, for which it was 1.2 A while the individual
TMH rmsds to rhodopsin were 1.5—3.2 A.

Side chain rotamers were added with SCWRL3.0 (49), and the
results were compared with the MODELER-predicted rotamers.
If rotamers predicted by these two programs were similar
(defined as all-atom rmsd of <1.5 A) we kept the MODE-
LER-predicted structures. If rotamers were predicted differently
by the two methods, visual inspection was performed to
choose those that could form specific interaction networks,
1.e., conserved structural motifs and functional microdomains
including the DRY motif (25, 50). After minimization, loop
coordinates were calculated for this model with MC-SCV as
detailed above.

RESULTS AND DISCUSSION

Structural Properties of IL2 in ;AR and B,AR. (i)
Validation of MC-SCV in Calculations of IL2 with Known
Structures. To validate the method for the specific analysis
presented here, we modeled /L2 in ;AR and ,AR with the
protocols detailed in Methods. A preliminary report was given
elsewhere (57). The 310-OCC protocol was applied to IL2
conformations in these structures to generate ensembles, each
consisting of 128 conformations of /L2. Five lowest-energy
conformations were selected from those; a new set of 128 replicas
was generated for each (i.e., a total of 640 replicas), and each
replica was subjected to the OHC-1210 runs defined above. When
the 1.2 was fully open at 1210 K, the helix in 5; AR melted while
it was allowed to sample conformational space freely. However,
upon closing even at this temperature, nearly 200 melted con-
formations of a total of 640 structures refolded into helices, and
these conformations had lower energies than the nonhelical
conformations. The lowest-energy conformation had a backbone
rmsd of 0.3 A against the crystal structure (Figure 1B). In the
parallel procedure for /L2 in AR at this high temperature, the
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128 replicas

F1GURE 2: Conformational transitions of /L2 in ;AR during OHC-
1210. The lowest-energy conformation from step 2 was replicated 128
times for OHC-1210, and the helicity of these 128 replicas was
monitored during OHC-1210. Helicity is color-coded and shown as
a function of the harmonic constant k& and temperature, with red
indicating that all seven residues in /2.2 (PFRYQSL) form a helix,
yellow that some residues form a partial helix, and blue that none of
the residues forms a helix. The plot is divided into three regions: I,
opening at 310 K with k decreasing in steps of k;.; = k;/100; II,
heating to 1210 K with constant k; and III, closing with increasing k
(kiy1 = 10ky).

loop folded back to conformations similar to the crystal structure
with 247 conformations having a local backbone rmsd of <1.0 A
[the lowest-energy conformation had a backbone rmsd of 1.0 A
against the crystal structure (Figure 1C)].

An important issue for validating the procedure is to ascertain
that the final results, when the loops are closed, are independent
of the starting conformations, i.e., all memory of the initial
conformations has been lost. This validation is illustrated by the
results shown in Figure 2 for the conformational changes of
P1AR-IL2 during OHC-1210. The columns show the progression
with changing the harmonic constant (the k parameter) and
elevating the temperature for the 128 replicas that make up the
rows of the matrix. In the leftmost columns, indicating the degree
of helicity (highest in red, none in blue) during the opening phase
at 310 K, all replicas are seen to have maintained their helical
conformations. With progression to the right, some begin to lose
helicity when heated, and in the rightmost columns more and
more replicas are seen to have lost helicity during the closing
phase at 1210 K (for example, from column 12 to 19 the number
of helical conformations decreases steadily from around 54 to 26
in column 19). However, the most striking result in Figure 2 is
that in the final column (20) the number of helical conformations
has increased back to 36 (of 128), although only three replicas
retained some helicity throughout the closing process, while the
others melted completely (shown by the blue in the columns to
the left of 20 in Figure 2). Transition of a conformer from red to
blue (in Figure 2) is taken to signify that all memory of the
starting helix has been lost. Thus, the validation tests confirm that
MC-SCV at 1210 K can efficiently sample conformational space
during OHC-1210, and that the procedure reproduces the
structures for /L2 in 5AR and (,AR independently of the
starting conformation. This conclusion is further supported by
earlier calculation of loops in rhodopsin (28) using the MC-SCV
protocol in which OHC-T at temperatures >1310 K were found
to conserve only one or two of 128 replicas that were similar to
the original starting conformation with an rmsd <1 A, while
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Table 1: Distribution of Conformations in OHC-1210 Ensembles of the
WT and P3.57A Mutant /L2 in ;AR

partial random
ensemble’ helix” helix® helixlike? p,AR-like  coil’

WT 1 25 11 13 13 66
2 22 7 19 10 70
3 31 9 9 11 68
4 18 14 9 8 79
5 31 13 10 8 66
total® 127 54 60 50 349
P3.57A 1 3 2 1 6 116
2 0 1 6 118
3 2 2 1 14 109
4 1 4 0 4 119
5 2 2 1 4 119
total® 11 10 4 34 581

“Five lowest-energy conformations were selected from step 2 (310-OCC)
of the WT and P3.57A mutant /L2 in $;AR, and each was replicated 128
times for OHC-1210 to generate five hot (OHC-1210) ensembles. Ensembles
are ranked by the energies of their starting conformations from 310-
OCC. ’Number of complete helices. “Number of partial helices. “Number
of helixlike structures. “Number of $,AR-like conformations (see Methods
for definitions). “Number of random coils in each hot ensemble. Random
coils are conformations that are none of the above. *The total number of
helices, partial helices, helixlike conformations, 5,AR-like conformations,
and random coils in five hot ensembles of the WT and P3.57A mutant /L2 in
B1AR.

the mean rmsd went up to 5.9 A and maximum values of up to
16 A for 1810 K (see Table 3 of ref 28).

The starting structures for the above analysis were the /L2
crystal structures of the two adrenergic receptors. Since the loops
are usually located at the surface of the protein it is possible that
lattice contacts with neighboring molecules would affect their
structure in a manner not accounted for in the calculations (see
Methods). Indeed, it had been proposed that helical /2.2 would
not be possible in 5,AR structures because it would clash with its
crystal lattice contacts, and thus helical /12 was likely the
physiologically relevant structure in all SAR structures (44). To
explore this issue the MC-SCV protocol [for loop structure
prediction (28)] was used to predict the structure of the /L2 loop
in A,AR starting from a completely extended (i.e., arbitrary)
structure, and the calculations yielded an rmsd range of 1—-1.5 A
from the superposition of the loop structures in the ensemble on
the crystal structure. This rmsd range indicates that the structures
of all members of the ensemble are essentially identical to the
crystal structure, so that any additional interactions between /L2
and the crystal environment have an only a minimal effect on the
observed structure, thus validating the calculations on WT and
mutant constructs of /2.

(i) Accessible Conformations for IL2. The validated
procedure was used to address the basis for the puzzling
difference in the crystallographically observed structures of /1.2
in $;AR and f,AR in spite of the similarity in the loop sequence
and overall molecular structure of these two GPCRs. Two key
questions were addressed in this respect: first, are both classes of
loop conformations accessible to each protein, and second, which
components of the molecular environment determine the pre-
ferred conformation and might control the interconversion?

To explore these issues, high-temperature conformations
(HCs) obtained from OHC-1210 and OHC-1435 were compared
to the crystal structure conformations of /L2 in ;AR and f,AR
to assess if OHC ensembles had sampled both helical and
nonhelical conformations in both receptors. For ;AR we found
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F1GURE 3: Plots of energy vs LCyrmsd for hot ensembles of /L2 in ;AR and 5,AR. (A and B) The OHC-1210 ensemble of /.2 in ;AR obtained
from the lowest-energy conformation in step 2 with LC,rmsd calculated relative to the X-ray structure of ;AR (A) and 5,AR (B). (C and D) Hot
ensemble of /L2 in S,AR obtained from OHC-1435 with LC,rmsd calculated as described above. Each symbol represents an individual HC in the
ensemble, OHC-1210 (5;AR) or OHC-1435 (5,AR). Conformations are colored by helicity assigned by STRIDE (42) (see Methods): dark red, a
complete helix; orange, a partial helix; blue, a nonhelical structure; and green, the X-ray structures of /L2 in ;AR (A) and S,AR (C). Individual
replicas discussed in the the text are labeled by their energy ranking (indicated by the number sign) in their own ensembles.

that of the 640 HCs obtained from OHC-1210, a total of 38% are
helical, and notably, there are also 50 (8% ) conformations similar
to IL2in 3,AR (see Table 1, WT). For example, in ensemble /, 13
(10%) of 128 replicas are 5,AR-like with an LCyrmsd of <2.5 A
(Figure 3B), such as conformer #31 (where #x designates the
energy ranking of the conformer in its ensemble, indicated in
Figure 3A,B, illustrated in Figure 4a), but their energies are
higher than those of helical conformations (Figure 3A,B). This
distribution of the conformers is typical for the five lowest-energy
ensembles of $;AR given in Table 1. Note that the same
conformational types are also sampled at 1435 and 1660 K.

IL2 in ,AR also sampled both helical and nonhelical con-
formations during OHC at high temperatures (Figure 3C,D).
Interestingly, OHC-1210 did not produce any helical structures,
but heating the loops further, to 1435 K, did. OHC-1435 sampled
a partial helical structure #22 labeled in Figure 3C, and a helixlike
structure #23 with an LCyrmsd of 1.47 A (shown in Figure 3C)
when superimposed on f;AR-IL2. However, most low-energy
structures are similar to /L2 in $,AR (Figure 3C,D). Further
heating did not change the distribution, as OHC-1660 gave
similar results.

Together, the results obtained separately for /L2 in the two
receptors indicate that the helical and nonhelical conformations
of IL2 can be interchanged in the high-temperature simulations
that increase accessibility to rare events. These findings suggest
that although the different GPCRs have clear preferences for one
conformation of /L2 or the other, both conformations are
available to the loop and are visited with different probabilities.

(iit) Structural Preference of f;AR-IL2. To quantify the
structural preference of IL2in 5;AR, 18 structures obtained from
OHC at different temperatures were selected with the following
attributes: nine were helical (including helix, partial helix, and
helixlike conformations), five were f,AR-like, and four were
random structures (neither helical nor f,AR-like) (see Table S1
of the Supporting Information for detailed results from the
simulations). One hundred twenty-eight replicas were created

from each of these structures for use in 310-OCC. Analysis of the
resulting ensembles showed that low-energy helical conforma-
tions remain helices and helical ensembles have lower energies
compared to other ensembles (Figure 4b and Table S1). In
addition, one partial helix (#4) and one helixlike conformation
(#3) from OHC-1660 (Figure 4c,d and Table S1) yielded com-
plete helices in their 310-OCC ensembles with an LCurmsd
against ;AR of <1 A (see Figure 4). Interestingly, both random
and B,AR-like structures obtained from OHC (Figure 4e.f) also
turned into complete helices with energies improved after the
second run of 310-OCC and converged after the third 310-OCC
(Table S1). The calculations thus established a clear trend to
transit from nonhelical conformations to helices at 310 K, with
uniformly lower energies for the helical solutions compared to
nonbhelical structures. This finding is in good agreement with the
crystallographic data suggesting that the helical conformation
represents the native conformation of /L2 in the 5;AR.

(iv) Structural Preference of >AR-IL2. Comparison of
results in panels A and B of Figure 3 to those in panels C and D of
Figure 3 shows that the tendency of /L2 in 5,AR to form helical
conformations at high temperatures is considerably smaller than
for AR, and occurs only at temperatures of >1210 K. For
example, only one of 128 structures obtained from OHC-1435 in
P.AR is a partial helix, one is helixlike, while 48 (including the
low-energy ones) are f,AR-like structures. The remaining 70
structures are random coils. To explore these conformations
further, we selected 11 structures (see Table S2 of the Supporting
Information) [seven S,AR-like (five lowest-energy conforma-
tions from OHC-1210, #1 from OHC-1435 and #2 from OHC-
1660), two partial helical or helixlike HCs (#22 and #23 from
OHC-1435), and two random structures (#1 and #13 from
OHC-1660) (Table S2)] and created 128 replicas of each for 310-
OCC. After 310-OCC, the p,AR-like conformations in all the
ensembles were found to have lower AAA4 values than partial
helical or helixlike conformations obtained from #22, #23,
and #13. In contrast to the behavior of /L2 in ;AR, none of the
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Source “hot” replica After 310-OCC Source “hot” replica After 310-OCC
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FiGurE 4: Conformational transitions during 310-OCC following OHC. Conformations of sample replicas obtained from OHC at high
temperatures and their conformations after 310-OCC. The Source column identifies the structural context of the loop, the figure or table that
discusses this loop in the paper, the energy ranking of the HC in its ensemble (indicated by the number sign), and the OHC temperature. The
calculated loops (cyan) and those from the X-ray structures (orange; the helical one is from 5; AR and the nonhelical one from ,AR) are shown in
their orientation when the receptors are globally superimposed. The numbers in the inset in the hot replica and the After 310-OCC columns are
LCyrmsds of the cyan replica relative to 5;AR/S,AR. For the 310-OCC replica, the energy ranking in its ensemble is also denoted in front of its

LCyrmsds to 5;AR/S,AR.

partial or helixlike conformations folded into complete helices
(Figure 4g—1). The number of partial helices (Figure 4g, #27, and
Figure 41, #102) in the resulting 310-OOC ensembles is much
smaller than for the ;AR calculation (only two for 5,AR as
compared to 20—100 for 5;AR), but like the latter, transitions
to the alternative conformation are observed with 310-OCC
(Table S2). Thus, the simulations indicate that /L2 in $,AR
overwhelmingly prefers the nonhelical conformation represented
in the crystallographic findings (45). Several considerations sup-
port this conclusion: (i) after 310-OCC the nonhelical 5,AR-like
conformers always have lower energies; (ii) hot helical conforma-
tions did not fold further into complete helices and did not
generate ensembles with large numbers of helical conformations
during 310-OCC (contrary to what was observed with /L2 in
B1AR); (iii) any transition from S,AR-like conformations to
helical ones took place at temperatures higher than 1210 K,
where the helical conformations in 5; AR had converted to $,AR-
like conformations.

(v) Determinants of IL2 Structure. As shown in the
previous sections, both the helical and 5,AR strand conforma-
tions are accessible to /L2 in ;AR and $,AR. Nevertheless, it is
also clear that 5, AR selects the a-helical conformation because it
is of lowest free energy in this protein, whereas in the 5,AR the
strand is of lowest free energy. These results from the simulations
on the WT receptors are in complete agreement with the crystal-
lographic findings and now allow the source of the structural
regulation to be explored. First, the role of the /L2 sequence and
the structural context of its protein environment were considered
to identify the determinant factors for the structural preference of
IL2 in the two similar receptors. To address the sequence

determinant, reciprocal double mutant constructs of 7.2 were
inserted into the two receptors, interchanging the corresponding
residues at positions 3.59 and 3.64 (i.e., Arg/Lys and Met/Leu for
P1AR/B-AR). The 128 replicas of the §;AR double mutant
(11L2dm) and the 5>,AR double mutant (5,I1L.2dm) were relaxed
with the 310-OCC protocol, and the resulting five lowest-energy
conformations were selected for OHC-1210. The distribution of
the resulting HCs shows that the mutants behave like the WT
(compare Figures 3 and 5 panel by panel, and see Table S3 of the
Supporting Information). For ;1L2dm, the secondary structure
distribution is (106/53/54/55/372) to be compared with the 5;AR
distribution of (127/54/60/50/349). Table S3 further shows that
the distributions of the individual ensembles in each panel are
similar and that distributions in panels A and B are similar as
well. An alternative approach to constructing the double mutants
is to use chimeras, e.g., by inserting /L2 from ;AR into /,AR
and then applying the same protocol as for the double mutants.
The results from the double mutant calculations suggest that the
propensity for forming ,AR-like conformations should increase
in the chimera, which is indeed the case, as their number increases
from 50 (of 640) conformations in the WT to 56 in the chimera.
The other chimera (/L2 from ,AR into 5;AR) behaves similarly,
but now the propensity to form helical structure should increase,
which it does from zero helixlike conformations in the WT to
three in the chimera. We note that given the structural preferences
of IL2 in ;- and B,AR (helix in the former and the L-strand in
the latter) the chimeras are much farther from convergence than
the double mutants, so that most calculations were carried out
using the double mutant constructs.
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FIGURE 5: Plots of energy vs LC,rmsd for hot ensembles of the mutant constructs 5;1L2dm and ,1L2dm. (A and B) OHC-1210 ensemble of
S1IL2dm obtained from the lowest-energy conformation in step 2, plotted as in Figure 3 except that here it is the mutant that is compared to the
X-ray conformation of /L2 in ;AR and S,AR. For details see Figure 3. (C and D) OHC-1210 ensemble of ,1L2dm obtained from the second

lowest-energy conformation in step 2, plotted as in panels A and B.

Figures 3A,B and 5A,B show the distributions of the OHC-
1210 ensembles (starting from the conformation with the lowest
energy in its 310-OCC ensemble) of ;AR and of f;1L2dm,
respectively. Similar to WT (Table S1), most low-energy con-
formations in this $;1L2dm ensemble are helixlike (Table S4 of
the Supporting Information). After 310-OCC, the five lowest-
energy conformations from the OHC-1210 ensembles form
mostly helical structures (Table S4). Helical ensembles have
lower energies than those obtained from hot ,AR-like confor-
mations (Table S4). Similar to WT, a nonhelical conformation
#41 from OHC-1210 also converts to a helix during 310-OCC
(Figure 4j). The f,1L2dm also exhibited behavior similar to
that of its corresponding WT (see Table S3, panels C and D).
Interestingly, the second ranking OHC-1210 ensemble of 5,1L2dm
sampled a helixlike conformation [#87 (Figure 5C,D)], although
the WT did not at this temperature. Like WT, after 310-OCC,
ensembles from hot $,AR-like conformations have energies
lower than those of other ensembles (Table S5 of the Supporting
Information). The helixlike conformation [#87 (Figure 4k and
labeled in Figure 5C,D)] and the one with the second smallest
LCyrmsd [#78 (Figure 41)] to 5;AR-IL2 from OHC-1210 did not
turn into complete helices and did not produce a large number of
partial helices (Table S5).

The similarity that both double mutants show in their con-
formational preferences to their corresponding WT structures in
all the conformational searches supports that the differences in
the sequence of these /L2 loops cannot be the main determinant
for their differing structural preferences in the cognate GPCRs,
i.e., helical for f;AR and nonhelical for S,AR. In contrast,
comparison of panels A and B with panels C and D in Figures 3
and 5, respectively, shows very different energy landscapes in the
P1AR panels than in the $,AR panels. This finding, together
with the elimination of the loop’s sequence as the main determi-
nant of conformation, indicates that it is the action of the
protein—solvent environment on the loops that determines
their preferred secondary structure. Thus, the biology of the
receptors is not different, but the loop undergoes transitions
between the helical and nonhelical conformations as a function of
the state of the receptor. Since the two crystal structures were

obtained from different conditions they appear to represent
different states.

Structural Properties of 1L2 in 5-HT>4R. In the earlier
calculation of the /L2 structure in the SHT,oR (24) a strand
conformation similar to that in rhodopsin was assumed, as
shown in Figure 6A, with a local backbone rmsd of 1.61 A for
the seven residues from position 3.57 to 3.63 in the sequence. In
the S,AR crystal structure (45) the local backbone rmsd is 1.47 A.
Starting from this loop, we recalculated the structure of /2.2 in the
updated 5-HT,5R model in the following way: First, the loop
was attached to the intracellular end of TMH3 in the new
homology model and closed using MC-SCVs. Then, 310-OCC
was carried out for the 96 structures (see Methods) to fully relax
them in the field of the updated 5-HT,oR structure. From the
resulting conformations, the four lowest-energy structures were
selected, each replicated 96 times for OHC-1210. The four
resulting ensembles are listed in Table S6A of the Supporting
Information. As for the adrenergic receptors, both helical and 5,-
like conformations are seen to be accessible to the predicted /2.2
in SHT,AR; from the resulting ensembles, the five lowest-energy
conformers (of which the lowest-energy conformer and two
others came from ensemble 3 in Table S6A) were selected, each
replicated 128 times for 310-OCC. Notably, even at a tempera-
ture as high as 1210 K, some loops transitioned to helical con-
formations when the loop was closed (Table S6A, ensemble 3),
and these were conserved during the subsequent 310-OCC. The
result is an ensemble highly populated with helices [123 complete
helices and four partial helices out of 128 replicas (see Table S7,
WT)]. This ensemble has lower energies compared to other
ensembles and was taken as the native ensemble. These results
strongly support our contention that the conformation of /L2 is
controlled by the protein—solvent environment because here the
IL2 sequence is identical in both calculations.

Although the /L2 sequence in 5-HT,sR shares only one
residue with those in ;AR and ($,AR, i.e., P3.57, and it was
modeled starting from a structure similar to S,AR, the lowest-
energy loop conformation in the resulting ensemble is similar to
that of f;AR-IL2 [with a small local backbone rmsd of 0.48 A
(Figure 6B)]. Remarkably, /L2 in 5-HT,oR not only adopts a
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rhodopsin
Initial 5-HT,,R

FiGure 6: Conformations of L2 before and after MC-SCV remo-
deling in the new model of the 5-HT,4R. (A) Previously calculated /.2
(blue) in the old model has a local backbone rmsd of 1.61 A against
that in rhodopsin (magenta) and 1.47 A against that in 5,AR (green)
for seven residues (from position 3.57 to 3.63). IL2 in rhodopsin and
P-AR were superimposed with that in 5-HT,4R using backbones of
residues from position 3.57 to 3.63. Residue Pro3.57 is shown in
stick representation. (B) Superposition of the remodeled L2 (cyan)
in the new model of 5-HT;5R and /L2 in the crystal structure of
B1AR (orange) (44). Partial TMH3, L2, and partial TMH4 helices
in 5-HT,AR and ;AR are shown as ribbons. Their /L2 side chains
are shown as sticks and labeled in the format of X/Y, with X
denoting the name for residues in 5-HT,oR and Y denoting the
name for residues in 5;AR. In addition the side chain of the conserved
D3.49 in the DRY motif is also shown in stick representation.

similar helical conformation but also maintains a similar fold
(orientation to the rest of the receptor) to that in ;AR (see
Figure 6B). Moreover, side chains in 5-HT,4R are predicted to
have similar orientations to those in S;AR, especially for residues
3.55Q/T (Q in 5-HT,oR and T in 5;AR), 3.57P/P, 3.581/F,
3.60H/Y, 3.61S/Q, 3.64N/M, and 3.65S/T. This helix-containing
structure of /L2 in 5-HT,oR remained stable in a 350 ns MD
trajectory obtained in an explicit environment of water and
lipids (52).

Role of the Conserved Proline in the Preference for the
Helix-Containing Conformation of IL2. As demonstrated
experimentally (see the introductory section), /L2 plays an
important functional role in the activation of G-proteins and
interaction with S-arrestin (8, 9), and the P3.57A mutants have
clearly different phenotypes. Moreover, the highly conserved
proline at position 3.57 appears to be a key component in the
regulation of /L2 function. To understand this regulation, the
effect of P3.57A on the structure of /L2 was modeled starting
from the ;AR crystal structure and using the same protocol as
for the WT. Like the WT, the original helices of the mutant /L2
started to melt during OHC-1210, when the temperature was raised
to 1210 K and the harmonic constraint was small (Figure 7A).
However, in sharp contrast to the WT protein, very few
conformers refolded into helices when the loop was closed (see
Figure 7A). As shown in Table 1 the same phenomenon was
observed in all five hot ensembles starting from different low-
energy cold conformations. In total, only 25 of 640 mutant
structures regained helical structures, compared to WT where 241
of 640 structures regained helical conformation (see Table 1).
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128 replicas >

B 5HT,,R-P3.57A

B,AR

FiGURE 7: Conformational changes of the P3.57A mutant /L2 in
A1AR. (A) Matrix of conformations annotated as in Figure 2. (B)
Conformations of the P3.57A mutant /L2 in 5-HT,5R (purple) and
B1AR (orange) compared to WT L2 in 5,AR (green).

Overall, the destabilizing effect of the mutation results in many
more mutant structures assuming a random coil conformation
with LC,rmsd up to 4.3 A compared to the starting conformation
even when the loops were fully closed. To search for the best
representative of the native ensemble in the WT and mutant
protein, the five lowest-energy HCs of the WT and the five
lowest-energy HCs (including one f»-like structure and four
helices) of the mutant were selected for generating 310-OCC
ensembles. Unlike the WT, the nonhelical HC did not yield
helices after 310-OCC but only yielded f,AR-like conformations
(Figure 7B). For the mutant, the nonhelical ensemble has a lower
energy [~5 kcal/mol (Table 2)] than the helical ones and thus
would be a better representative of the native ensemble of the
mutant. Furthermore, the low-energy regions of HCs of the
mutant had more (,-like structures while the low-energy regions
of HCs of the WT are mostly helical structures. 310-OCC starting
from the seventh lowest-energy mutant HC also generated a
pAR-like ensemble with lower energies than those helical
ensembles (data not shown). Taken together, the results show
that the P3.57A mutation destabilizes the helical conformation of
IL2 in B,AR, resulting in a B)AR-like structure with a local
backbone rmsd of 2.30 A relative to /L2 in 5,AR (Figure 7B).
To determine whether this mutation also reduces the helical
content of the predicted 712 structure in 5-HT,5R, steps 2—4
were repeated on that P3.57A mutant as for the WT structure.
The behavior of the mutant /2.2 loop in 5-HT, 4R was found to be
similar to the P3.57A mutant of $; AR in that (i) helices started to
melt when the temperature was raised to 1210 K during OHC-
1210 but fewer regained helical structures compared to the WT
(see Table S6B of the Supporting Information), (ii) after 310-
OCC nonhelical conformations had lower energies compared to
helical ones (Table S7), and (iii) the lowest-energy mutant was
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Table 2: Conformations of WT and P3.57A Mutant /L2 in ;AR after OHC-1210 and 310-OCC

starting conformation”

conformation distribution and energy of 310-OCC ensembles

conformation energy ranking helix” partial helix® helixlike? Par-like® AA (keal/mol)’
WT helix 3 115 12 1 0 —6226.03
helix 2 123 5 0 0 —6225.18
helix 5 118 10 0 0 —6225.01
helix 1 128 0 0 0 —6222.98
helix 4 126 1 1 0 —6222.21
P3.57A pa-like 5 0 0 0 128 —6260.51
helix 2 127 1 0 0 —6255.26
helix 4 126 2 0 0 —6255.24
helix 3 128 0 0 0 —6254.42
helix 1 128 0 0 0 —6251.80

“Five lowest-energy conformations were selected from five OHC-1210 ensembles (step 3) of the WT and P3.57A mutant /L2 in AR, and each was
replicated 128 times for 310-OCC to generate five “cold” ensembles. The conformation for the hot replica is defined in Methods and is ranked by energies of
their starting conformation from OHC-1210. *Number of complete helices. “Number of partial helices. “Number of helixlike conformations. “Number of
BoAR-like conformations (see Methods for definitions) in each 310-OCC ensemble. “The energy A4 of the 310-OCC ensemble was calculated as described in
Methods. Bold denotes the dominant conformation in the 310-OCC ensembles or the 310-OCC ensemble with the lowest energy (AA).

also f,AR-like with a local backbone rmsd of 2.02 A relative to
the /L2 in S,AR (Figure 7B). Thus the P3.57A mutation has the
same destabilizing effect on the helical structure of /L2 in
SHT,4R as it did on the ;AR loop, which is consistent with
the well-known helix capping effect of proline (53).

CONCLUDING REMARKS

The results of this analysis for all the cognate GPCRs, and the
findings from recently described extensive simulations support-
ing the transition to helical conformation (54), indicate that both
the nonhelical L-shaped strand and helix-containing conforma-
tions of the /1.2 in the rhodopsin-like GPCRs 5;AR, ,AR, and
(model) SHT,oR are intrinsic conformations of /L2 that can
interconvert.

The structure of /L2 in 5-HT,R calculated in the context of a
refined structural model based on rhodopsin and 5,AR yielded
a helical conformation similar to that of 3;AR. In agreement with a
recent report that /L2 in f,AR transits into and maintains a helix
in a microsecond MD simulation (54), we found that starting
from an MD equilibrated structure of 5-HT,sR (a snapshot
taken at 200 ns) and carrying out 310-OCC and OHC-1210, the
propensity for /L2 in 5-HTsR to form helix is significantly
increased and similar to that for /L2 in ;AR (data not shown).

Our results also identified a sequence dependence of the
structural preference of /L2, to the extent that the helical form
is strongly destabilized upon mutation of the conserved P3.57.
However, for the WT systems the findings suggest that the
protein context of the loop is the primary determinant of the
conformational preference observed for the /L2s in ;AR and
B-AR that are so highly similar in sequence. Significantly,
receptor activation can produce large conformational rearrange-
ments in the environment of /L2 and thereby change the
propensity for adopting the helical conformation. This suggests
a direct mechanistic implication of our findings, related to ligand-
induced modulation of the probability for helical conformation
of IL2: We propose that the structural transition of /L2 is part of
the conformational change of these GPCRs that is required in
order to achieve the “ligand-activated conformation”. Indeed,
the behavior of the P3.57A mutant of /L2 in ;AR and 5-HT;5R
suggests that the structural transition to the helical form is
associated with activation, because the P3.57A mutation that
we found here to decrease significantly the propensity of the loop

to form helix also causes an observed decrease in S-arrestin
binding and induced internalization (/4). This makes the helical
conformation of /L2 the relevant form for binding S-arrestin,
consonant with its being part of the ligand-induced active
conformation. Given the apparently general characteristic of
the 712 structural transition in the cognate receptors we studied,
it becomes tempting to suggest that the crystal structure of
AR (45) with an L2 lacking the helical element might be
closer to the inactive conformation. This is consistent with 5,AR
in the crystal binding an inverse agonist, carazolol, whereas ;AR
and A,AAR are bound to antagonists, which show no preference
for the active versus inactive forms of GPCRs.
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SUPPORTING INFORMATION AVAILABLE

Additional discussion of the MC-SCV four-step protocol used
to calculate the model structures of the WT and mutant /L2
sequences and additional tables summarizing the energy and
conformations for 5;AR-IL2 (Table S1) and S,AR-IL2 (Table S2)
after OHC and 310-OCC, the conformation distribution of
B1AR-IL2, B,AR-IL2, f;1L2dm, and (,I1L2dm after OHC-
1210 (Table S3), the energy and conformation for f,IL2dm
(Table S4) and B,IL2dm (Table S5), the conformation distribu-
tion for the WT and mutant (P3.57A) IL2 in 5-HT,4R after
OHC-1210 (Table S6), and their energies and conformations
before and after 310-OCC (Table S7). This material is available
free of charge via the Internet at http://pubs.acs.org.
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