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Allosteric regulation provides highly specific ligand recognition and
signaling by transmembrane protein receptors. Unlike functions
of protein molecular machines that rely on large-scale conforma-
tional transitions, signal transduction in receptors appears to be
mediated by more subtle structural motions that are difficult to
identify. We describe a theoretical model for allosteric regula-
tion in receptors that addresses a fundamental riddle of signaling:
What are the structural origins of the receptor agonism (specific
signaling response to ligand binding)? The model suggests that
different signaling pathways in bovine rhodopsin or human g;-
adrenergic receptor can be mediated by specific structural motions
in the receptors. We discuss implications for understanding the
receptor agonism, particularly the recently observed “biased ago-
nism” (selected activation of specific signaling pathways), and for
developing rational structure-based drug-design strategies.
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llostery [Greek for “other site” (1, 2)] indicates a mecha-

nism in which a stimulus acting at a regulatory protein site
(often called the orthosteric site or the effector site) causes a
response at a spatially distant functional site (the allosteric site)
(3). Allosteric regulatory mechanisms (i.e., regulation of protein
functions by binding an effector molecule at an allosteric site)
are ubiquitous throughout biology; they control vital biomolecular
and cellular functions, including enzymatic catalysis and biosyn-
thesis, molecular recognition and response to messengers, cell
signaling, energy transduction, cell division and cancer, and many
others (4-7). Signaling is perhaps the most fascinating and signif-
icant set of processes in which allosteric communication plays a
central role (8, 9); biochemical signaling pathways lie at the core of
most biological processes in cells, most notably signaling responses
to binding endogenous ligands and drugs (10-12). Therefore,
an understanding of allosteric signal transduction mechanisms in
protein receptors is critical for describing cell regulation.

The investigation of allosteric regulatory mechanisms in signal-
ing is difficult because of the complexity of receptor structure,
the presence of thermal fluctuations, the range of relevant time
scales, and, often, the subtlety of the underlying structural changes
(13-15). Although experimental techniques such as FRET (16),
time-resolved X-ray crystallography (17), time-resolved spec-
troscopy (18), cryo-EM (19), and biochemical methods (20, 21)
provide valuable insights into specific aspects of allosteric interac-
tions, a comprehensive atomic-level description of the connection
between receptor structure and signaling is still beyond reach. As
such, advanced computational methods could be instrumental for
revealing the structural origins of allosteric regulation in signal
transduction.

Computational approaches have been used recently in attempts
to explore signal transduction in receptors. Although all-atom
molecular dynamics (MD) simulations of various membrane pro-
teins revealed nanosecond-long structural motions (22-27), it is
unclear how exactly these motions relate to signal transduction.
Normal mode analysis (NMA) based on coarse-grained (CG)
protein models successfully described allostery in a variety of
molecular machines that exhibit large-scale conformational tran-
sitions (28-35), but these methods are less suited for studying
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subtle structural changes that mediate signaling (13-15). Although
bioinformatics methods based on the analysis of conserved amino
acids in the receptor sequence (36-38) identify some allosteric
sites, these methods do not provide a direct mechanistic link
between structure and allostery. Therefore, developing a theo-
retical description of allosteric regulation in signaling ultimately
requires new strategies.

We describe a model for allosteric regulation in protein recep-
tors that addresses a key puzzle of signal transduction: the struc-
tural origins of the receptor agonism, i.e., the specific signaling
response to ligand binding. How can minor differences in ligand
structure translate into major differences in receptor response?
Can a single receptor relay multiple signaling pathways, and if so,
how are different signals “encoded”? Can ligand binding selec-
tively activate one signaling pathway and suppress another, and
how could such ligands be identified (or designed) for a specific
receptor? To address these questions, we explore allosteric inter-
actions between different protein sites in bovine rhodopsin (39, 40)
and human B,-adrenoreceptor (B2AR) (41, 42), 2 members of the
G-protein coupled receptor (GPCR) superfamily that comprises
over 50% of the marketed drug targets (43). Our analysis suggests
that different signaling pathways can be mediated by specific struc-
tural motions within the receptor, which may be triggered by the
binding of different ligands. Although investigating specific signal-
ing responses will require modeling on the atomic scale, structural
origins of the receptor agonism can be inferred at the CG level.

Model

Our model is largely motivated by the recent approach devel-
oped by Zheng, Brooks and Thirumalai (32, 33) and by Ming
and Wall (34), who used first-order perturbation theory com-
bined with NMA to study the coupling between ligand binding and
collective protein motions. We extend this approach to describe
the allosteric coupling between specific protein sites. We model
the primary signaling event (such as ligand binding or photoex-
citation) and the response (a structural change at the distant
allosteric site) as local structural perturbations that are coupled by
collective structural motions in the receptor. These motions are
described by protein normal modes, assuming that signal trans-
duction in receptors is mediated by relatively small structural
motions around equilibrium (13-15). Fig. 1 explains the connec-
tion between thermal motion along a normal mode k and the
corresponding structural distortion in the environment of the CG
atom m (characterized by a region S,,,, hereafter taken as a sphere
of radius R; centered at the CG atom m). The motion of atoms
within S, in the original CG structure (blue) along normal mode
k by the mode unit vector (solid arrows) generates a new structure
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Fig. 1. The coupling between a local structural perturbation and a collec-
tive normal mode (Eq. 1). A fragment of the original CG structure is shown
with the blue open circles (atoms) and the blue curve (protein backbone).
The gray sphere marks the region S, around the CG atom m (coordinates
Fm). The CG structure obtained by moving each CG atom along the corre-
sponding component of the normalized eigenvector for normal mode k (solid
arrows) is shown in magenta (coordinates F,’s,k)). The CG structure aligned to
the region S, of the original structure (dashed arrows) (44) is shown in red
(coordinates F,',’,(k)).

(magenta), resulting in a structural perturbation within S, as well
as a translation and rotation of S,, as a whole. To characterize
the structural perturbation alone, the translation and rotation
effects are removed by root mean square aligning the region S,,
in the new structure to the same region in the original structure
(dashed arrows) (44). The mean square deviation between the
CG atoms within S, in the aligned structure (red) and the origi-
nal structure quantifies the local structural perturbation within S,
as follows:

k 1 AL k) =\2
o =~ 2 Y =) )]
" ieSm

where 7; are Cartesian coordinates of CG atom i in the original

structure, ?;/(k) are the coordinates of CG atom i in the aligned
structure, and N,, is the number of CG atoms within S,,. Notably,
xX, is a purely geometric characteristic of the CG structure, and
it does not depend on temperature or the NMA potential spring
constant. Although its magnitude depends on the size of S,,, the

model predictions were found to be robust to variations of R, from
7to 11 A (at larger R, values, the model no longer resolves indi-
vidual amino acids). Similar definitions of ¥, e.g., those based on
a local coordinate system instead of the structural alignment, are
also possible.

The allosteric coupling between local structural perturbations
within regions S,, and S,, mediated by a single normal mode k is
then defined as

3kgT
X = YB 2 Xk, 2]

where y is the NMA spring constant (45), and A, is the eigen-
value of the kth normal mode. The prefactor in Eq. 2 describes
the mean square magnitude of thermal fluctuations along the kth
normal mode (see Eqs. 6 and 7 in the Appendix). Finally, assuming
that structural perturbations arising from different normal modes
are independent, we obtain the net allosteric coupling between
regions S,, and S, by adding all normal mode contributions:
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Importantly, the definition of the allosteric coupling matrix /
is formally similar to the definition of the covariance matrix C
(Eq. 7 in the Appendix). This similarity indicates that either quan-
tity describes a connection between 2 distant localized events
(atomic motion for C, structural distortion for /) that is mediated
by collective protein motions described by normal modes.

Similar forms of coupling between a local structural perturba-
tion and a collective protein motion have been recently used to
describe allosteric effects in biomolecular machines (see, e.g., ref.
46 for a review). For example, Miyashita et al. (28), Maragakis
et al. (29), Hyeon et al. (30), and Whitford et al. (31) used local
structural distortion to characterize mechanical strain arising from
conformational transitions in the enzyme adenylate kinase and the
molecular motor kinesin. Their analysis suggested that local pro-
tein unfolding (“cracking”) in regions where elastic stress becomes
sufficiently high may lower the transition free-energy barrier and
thereby facilitate the transition (28-31). Zheng et al. investigated
structural motions in several molecular machines including the
chaperonin GroEL (32) and the enzyme hepatitis C virus NS3
helicase (33). They identified functionally important protein sites
by modeling effects of point mutations as local perturbations of
the NMA spring constants at each site (one at a time) and analyz-
ing the influence of these perturbations on protein normal modes
(32, 33). Chennubhotla et al. (35) combined NMA with proba-
bilistic modeling of interactions among amino acids in GroEL.
The success of these and similar studies depends largely on the
fact that function of the molecular machines is coupled to well-
characterized large-scale conformational transitions that are often
dominated by one or a few normal modes (46).

Functional motions in protein receptors are, however, essen-
tially different from those in molecular machines. Receptors do
not exhibit well-manifested large-scale transitions between dis-
tinct conformations; instead, they undergo small-scale motions
among multiple metastable states that are hard to characterize
experimentally (13-15). The magnitude of these motions is com-
parable with that of thermal fluctuations, making it difficult to
detect signal transduction events in the “sea” of thermal noise
(13-15). As such, conventional NMA methods that rely on well-
manifested transitions are not well suited for studying protein
receptors. Conversely, our model, defined by Eqgs. 1-3, does not
depend on specific transitions, and it is capable of identifying
allosteric sites and functional motions in receptors, as described
below.

Results

Allosteric Coupling Analysis Vs. Conventional NMA. A comparison
of our analysis with conventional NMA for bovine rhodopsin
[PDB code 1U19 (39)] and human B2AR [PDB code 2RH1 (41)]
is illustrated in Fig. 2. The covariance matrices calculated by
using Eq. 8 in the Appendix for rhodopsin (Fig. 24) and B2AR
(Fig. 2B) are similar, suggesting that they reflect the common
7-transmembrane helix (TMH) fold, rather than distinguishing
features of the individual structures. Although the maps show the
nearest neighbor and higher-order interactions among the TMHs,
the orthosteric site (ligand environment) and the main allosteric
site [the G-protein binding site located at the E(D)RY motif (40)]
are not identified. Neither does conventional NMA identify what
normal modes are most relevant for signal transduction. These
results clearly indicate that NMA alone can not properly describe
allosteric interactions in protein receptors.

The allosteric coupling maps calculated by using Eq. 3 for
rhodopsin (Fig. 2C) and B2AR (Fig. 2D) exhibit distinct peaks.
The diagonal elements of I are strongly correlated with those
of C: The correlation coefficient is 0.85 for rhodopsin and 0.90
for B2AR. This correlation indicates that both metrics provide
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Fig. 2. Covariance maps (A and B), allosteric coupling maps (C and D), and the identified allosteric sites (E and F) in bovine rhodopsin (Left) and human
B2AR (Right), respectively. For clarity, amino acids resolved in the B2AR crystal structure were reenumerated continuously starting with 1. Ligands are shown
as green spheres, and the E(D)RY motif is shown as orange spheres. The covariance maps reflect the common 7TMH structure of the receptors, whereas
the allosteric coupling maps identify pairs of distance sites involved in allosteric communication. The identified allosteric sites are marked with red arrows
in A-D and with red ribbons in E and F. (E) In rhodopsin, residues 113-115, 182-184, and 299-301 are located in the ligand environment, residues 135-137
nearly coincide with the ERY motif (residues 134-136), residues 66—68, 225-227, 143-147, 235-245, and 312-323 are known to participate in G-protein binding
(40), and residues 18-20 and 278-283 may influence signaling by interacting with ligands (47, 48). The C-terminal residue 348 could interact with allosteric
modulators. The sites predicted by Ranganathan et al. (36) are shown with magenta ribbons, the sites predicted by Nussinov et al. (38) are shown with blue
ribbons, and experimentally identified sites are shown with yellow ribbons (21). (F) In B2AR, the ligand binding sites inferred from the receptor structure are
shown with blue ribbons, and the cholesterol binding sites are shown with magenta ribbons (49). Residues 196-200 and 295-305 are in contact with the ligand
environment, residues 136-140 are in close spatial proximity to the DRY motif (residues 130-132), and residues 226-230 are located near the p-arrestin binding
site (40). Residues 62-66, 148-152, and 335-340 may influence cholesterol binding, and residues 95-99 and 178-183, as well as the N-terminal residues 29-34,
could interact with allosteric modulators (13, 43).

similar (although not identical) measures of local protein flexi-
bility at each amino acid. The strongest off-diagonal peaks of I
form distinct grid-like patterns with the rows and columns indi-
cating protein allosteric sites. Most of these sites are involved
in multiple allosteric interactions; these sites are marked with
arrows in Fig. 2. In both receptors, the allosteric maps identify the
orthosteric site as well as the main allosteric site (40). Notably,
the identified allosteric sites in the 2 receptors are similar, albeit
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not identical, indicating that the allosteric coupling I reflects the
common overall fold as well as the structural differences between
the receptors.

Allosteric Sites. The allosteric sites predicted from our model,
from bioinformatics analysis of conserved residues (36, 38), and
obtained in experiments (21) are shown in Fig. 2 E and F.
In rhodopsin (Fig. 2E), our model identifies residues 113-115,
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182-184, and 299-301 (located in the immediate environment of
the retinal cofactor), residues 135-137, which nearly coincide with
the ERY motif [residues 134-136 (40)], and residues 66—68, 225—
227, 143-147, 235-245, and 312-323 (the eighth a-helix), which
are also known to participate in G-protein binding (40). Our
model also suggests that loop residues 278-283 at the periplas-
mic side may be involved in allosteric regulation by influencing
ligand binding (47, 48).

The results of the allosteric coupling analysis described here are
consistent with experimental data (21). The allosteric map indi-
cates the importance of the interactions of TMH3, TMHS, and
TMH7 with the retinal cofactor and identifies most of the residues
previously implicated in G-protein binding. The more rigid pro-
tein core residues are not identified in the allosteric maps at this
level of coarse-graining, indicating that multiscale modeling may
be needed to identify those residues. The theoretically identified
allosteric sites are also consistent with the sequence-based analy-
sis of Ranganathan et al. (36) [residues 113, 293-295, 299, and
302 (301 in our analysis)] and with the topology-based analysis
of Nussinov et al. (38) (residues 67, 301, and 312). Although the
predictions of the different models are not identical, they are con-
sistent and successful in capturing the key allostericsites, including
the ligand environment and the G-protein binding site.

In B2AR (Fig. 2F), our model identifies residues 196-200 and
295-305 which are located near residues 203, 204, 207, 293, 308,
and 312, which in turn are known to be involved in ligand bind-
ing (41, 42, 49). Residues 136-140 are in close spatial proximity
to the DRY motif (residues 130-132), and residues 226-230 are
located near the assumed B-arrestin binding site (40). Interest-
ingly, the allosteric coupling map also identifies residues 62-66,
148-152, and 335-340, which are located near residues 70, 147-
151,154,158, and 341 which may be involved in cholesterol binding
(49). Residues 95-99 and 178-183, which form solvated loops, may
interact with allosteric modulators. Indeed, the significance of the
extracellular loop conformations for the receptor function has
been observed in experiments (13, 43), and simulations showed
that loop motions may occur on time scales much slower than
submicroseconds (27).

Our model suggests that, in both rhodopsin and B2AR, the pro-
tein N- and C-termini may be involved in multiple allosteric inter-
actions. This suggestion needs to be examined further, because
the higher flexibility of the protein termini [the “tip effect” (50)]
might influence the allosteric analysis to some extent. Experiments
indicate that the protein termini may indeed engage in interac-
tions with signaling and scaffold proteins (42) or lipids (49). As
such, the role of the protein termini in signal transduction requires
additional investigation.

Allosteric Interactions. Mapping the strongest allosteric couplings
onto the structures of rhodopsin and B2AR yields the allosteric
interaction networks shown in Fig. 3. The 2 networks are similar
on the cytoplasmic side, indicating similar mechanisms of acti-
vating the G-protein in the 2 receptors. On the periplasmic side,
however, the networks are different, in part because of the dif-
ferent solvated loop conformations in the 2 receptors that reflect
the different activation mechanisms: photoexcitation of retinal in
rhodopsin vs. agonist binding-induced activation in B2ZAR.

What kinds of structural motion underlie the strongest allosteric
interactions? To address this question, we examined the contribu-
tions of each normal mode to the allosteric couplings between
different receptor sites (Eq. 3). Fig. 4 shows the normal mode
“spectra” for a strong allosteric interaction R29-P138 and a ran-
domly chosen weak interaction G162-L.230 in B2AR. Remark-
ably, >50% of the allosteric coupling R29-P138 is provided by
1 normal mode (number 26). Other strong allosteric interactions
are also dominated by 1 or, less often, 2 normal modes. In contrast,
the weak interaction G162-1.230, as well as other nonfunctional
interactions, is influenced by a large number of normal modes.
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Fig. 3. The network of the strongest allosteric interactions in bovine
rhodopsin (A) and human B2AR (B). Amino acids shown in green indicate
the ligand binding site, those shown in orange indicate the E(D)RY motif,
and those shown in yellow indicate the assumed B-arrestin binding site. The
allosteric sites are explained in Fig. 2. In rhodopsin, normal mode 25 is indi-
cated in red, normal mode 31 in purple, normal mode 52 in pink, and normal
mode 65 in blue. In B2AR, normal mode 25 is shown in red, normal mode
26 in purple, normal mode 28 in pink, and normal mode 29 in blue. The
allosteric interactions are represented as cylinders with radii proportional to
the interaction strengths. For clarity, only long-range interactions are shown.
The cylinders are color coded by the dominant normal mode for each inter-
action (see Eq. 3 and Fig. 5). Strong allosteric interactions controlled by 2 or
more normal modes are shown in silver.

Fig. 3 shows that, in both receptors, the allosteric network is
dominated by only a few normal modes, and interactions between
different receptor sites are mediated by different modes. In par-
ticular, the coupling to the B-arrestin binding site in B2AR is
dominated by normal mode 25, and the coupling to the G-protein
binding site (the DRY motif) is dominated by normal mode 26.
The structural motions associated with these modes are heavily
localized at the allosteric sites, and the rest of the receptor (par-
ticularly the more rigid receptor core) exhibits small-scale motion
(see Movies S1 and S2).

It is truly intriguing that only the allosteric couplings between
protein functional sites are strong and dominated by one or a few
normal modes, whereas couplings between non-functional sites
are weak and mediated by a large number of modes. This fact
indicates that positions of allosteric sites in receptors, as well as
structural motions that couple these sites, are defined by the recep-
tor structure and can be identified with our analysis. Although
many other normal modes exhibit similar types of motion, only

2x107*F 2x10°

(units)

mn

Xk

Fig. 4. Dissection of the allosteric coupling strength /,,, into contributions
from individual normal modes, X,‘;,,, (see Eq. 3) for a strong allosteric interac-
tion between the extracellular side and the G-protein binding site (R29—P138,
red) and a randomly picked weak nonfunctional interaction (G162 — L230,
blue) in human B2AR. More than 50% of the allosteric interaction strength
is provided by normal mode 26 alone. In contrast, the weak nonallosteric
interaction is influenced by a large number of normal modes.
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a few are important for allostery (see Movies S1-S4). Although
allostery dominated by a few normal modes has been observed in
protein molecular machines that undergo well-manifested large-
scale motions (46), it is surprising that the same occurs in signaling
receptors that do not exhibit such motions.

Discussion

Our model provides a framework for understanding the structural
origins of receptor agonism. In a simplified view, a ligand binding
event triggers a ligand-specific structural change at the receptor
orthosteric site. How does this local structural change translate
into signaling responses at the remote allosteric sites, and if it
does not, why not? The answer depends on whether this struc-
tural change facilitates any of the structural motions that mediate
signal transduction to the allosteric sites. As shown, in the Results
section, our model identifies these motions, and the couplings
between these motions and the ligand-induced structural change
can be calculated by using Eqs. 1-2. If none of these couplings is
significant, the structural perturbation triggered by ligand binding
will not be relayed to any of the receptor allosteric sites, and no
signaling response will follows (antagonist ligand). If one or more
of these couplings are sufficiently large, ligand binding will cause
structural changes at the corresponding allosteric sites that can
either activate the associated signaling pathways (agonist ligand)
or suppress them (inverse agonist ligand). The specific response
will then depend on atomic-scale details of the structural changes
at the allosteric sites (that can be identified by using, e.g., all-atom
MD simulations). If the receptor mediates 2 or more signaling
pathways, ligand binding could activate one pathway but suppress
another. Indeed, selected activation of the “G protein-mediated”
pathway or the “B-arrestin-mediated” pathway in B2AR (termed
“biased agonism” or “functional selectivity”) has been recently
discovered in experiments (47, 48).

Understanding the signal transduction mechanisms revealed
by our model may facilitate computational structure-based drug
design for protein receptors. After the collective structural
motions that dominate allosteric communications in the receptor
are identified, further analysis can focus on the couplings between
these motions and the ligand-induced structural changes at the
receptor orthosteric site. The goal then will be to identify (or
to design) ligands that maximize the couplings to specific struc-
tural motions and minimize the couplings to the other motions.
Although that analysis needs to be performed at the atomic level, it
may be limited to the orthosteric site environment, which is much
smaller than the entire receptor and has much shorter relaxation
times. As such, the proposed strategy could facilitate the design of
receptor-targeting drugs with higher selectivity and reduced side
effects (51-53). Although a comprehensive atomic-scale theory of
the receptor signaling response lies ahead, our results indicate that
key features of the allosteric regulation mechanisms in receptors
are revealed at a CG level.

Appendix: Normal Mode Analysis

The NMA was performed by using an anisotropic elastic network
model (45, 54, 55). The protein CG models were based on the
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crystallographic structures of rhodopsin [PDB code 1U19 (39)]
and B2AR [PDB code 2RH1 (41, 42)], coarse-grained to C, atoms.
Calculations were performed by using several CG models of reti-
nal (rhodopsin) and carazolol (B2AR) ligands that included from 1
to 7 CG atoms. The contact matrix I' included N x N blocks of 3 x3
elements, where N is the number of the CG atoms in the model.
The stepwise distance dependence of the spring constant used in
ref. 45 was replaced with a smooth sigmoidal distance dependence,
improving the robustness of the NMA eigenvectors to the protein
conformation. The off-diagonal contact matrix elements were
o _ 1 Sj-e%s;-eéf (4]
v L+exp((Is5] —Re)/q) I3l 1541
where indices i and j indicate the interacting CG atoms, §j; is the
vector that begins at CG atom i and ends at CG atom j, indices o
and B indicate coordinate axesx, y, or z, €* is a unit vector on axis
a (o = x,y,2), R, is the cutoff distance, and ¢q is the width of the
sigmoid transition. The diagonal elements of the contact matrix
were defined as (45):

T I I B g

kB pra

The cutoff distance R, was set to 11 A, and the transition width ¢
was set to 2 A. Simulations with the cutoff distance varying from
7-20 A and different transition widths confirmed that the chosen
values of R, and g are well in the range of the model’s robustness.
The covariance matrix that describes the correlation of atomic

fluctuations is (45):
Ci= Y (aRIARY) = > "YBT S, (6]

y

o o

where vy is the spring constant (45). Since the first 6 eigenvalues of
the contact matrix I are zero (they correspond to translations and
rotations of the molecule as a whole), C was computed by using
pseudoinversion of I" (45):

3k

T d aa
30 [ w7 171
Y T %

where uy is the kth eigenvector of I', and the summation over k&
starts with the seventh normal mode. In our analysis, y was chosen
such that the average B-factor (which is proportional to the diag-
onal elements of C) is equal to the average B-factor for the C,
atoms obtained from the crystallographic data. For clarity, visu-
alizations of correlations in protein motion (Fig. 2) are based on
the normalized covariance matrix

Cj =

C;j = Cyi/\/CiC. (8]

ACKNOWLEDGMENTS. I.A.B. thanks Nagrajan Vaidehi (City of Hope Medical
Center, Duarte, CA) for providing early B2AR structural models and Vadim
Cherezov, Mikhail Dobrikov, and lan Dance for extremely helpful discus-
sions. This research was supported by National Institutes of Health Grants
GM-048043 and GM-061870.

10. Krauss G (2003) Biochemistry of Signal Transduction and Regulation (Wiley, Weinheim,
Germany), 3rd Ed.

11. Okazaki K, Takada S (2008) Dynamic energy landscape view of coupled binding and
protein conformational change: Induced-fit versus population-shift mechanisms. Proc
Natl Acad Sci USA 105:11182-11187.

12. Boehr DD, Wright P (2008) How do proteins interact? Science 320:1429-1430.

13. Vauquelin G, Van Liefde | (2005) G protein-coupled receptors: a count of 1001
conformations. Fundam Clin Pharmacol 19:45-56.

14. Popovych N, Sun S, Elbright RH, Kalodimos CG (2006) Dynamically driven protein
allostery. Nat Struct Mol Biol 13:831-838.

15. Cui Q, Karplus M (2008) Allostery and cooperativity revisited. Protein Sci 17:1-13.

16. Rueda D, et al. (2004) Single-molecule enzymology of RNA: Essential functional
groups impact catalysis from a distance. Proc Natl Acad Sci USA 101:10066—
10071.

17. Knapp JE, PahlR, Srajer V, Royer WE (2006) Allosteric action in real time: Time-resolved
crystallographic studies of a cooperative dimeric hemoglobin. Proc Nat!/ Acad Sci USA
103:7649-7654.

PNAS August 25, 2009 vol. 106 no. 34 14257

BIOCHEMISTRY


http://www.pnas.org/content/vol106/issue2009/images/data/0901811106/DCSupplemental/SM1-M4.mov

SNAS

yd

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

14258

. Sato A, Gao Y, Kitagawa T, Mizutani Y (2007) Primary protein response after ligand

photodissociation in carbonmonoxy myoglobin. Proc Nat/ Acad Sci USA 104:9627-
9632.

. Xu GZ, Liu RT, Zak O, Aisen P, Chance MR (2005) Structural allostery and binding of

the transferrin center dot receptor complex. Mol Cell Proteomics 4:1959-1967.
Johnson SJ, Beese LS (2004) Structures of mismatch replication errors observed in a
DNA polymerase. Cell 116:803-816.

Madabushi S, Gross AK, Philippi A, Meng EC, Lichtarge O (2004) Evolutionary trace
of G protein-coupled receptors reveals clusters of residues that determine global and
class-specific functions. J Biol Chem 279:8126-8132.

Dror RO, et al. (2009) Identification of two distinct inactive conformations of the
B2-adrenergic receptor reconciles structural and biochemical observations. Proc Nat/
Acad Sci USA 106:4689-4694.

Huber T, Menon S, Sakmar TP (2008) Structural basis for ligand binding and speci-
ficity in adrenergic receptors: Implications for GPCR-targeted drug discovery. Biochem
47:11013-11023.

Abankwa D, et al. (2008) A novel switch region regulates H-ras membrane orientation
and signal output. EMBO J 27:727-735.

Filizola M, Wang SX, Weinstein H (2006) Dynamic models of G-protein coupled recep-
tor dimers: Indications of asymmetry in the rhodopsin dimer from molecular dynamics
simulations in a POPC bilayer. J Comput Aided Mol Des 20:405-416.

Spijker P, Vaidehi N, Freddolino PL, Hilbers PAJ, Goddard WAI (2006) Dynamic behav-
ior of fully solvated p,-adrenergic receptor, embedded in the membrane with bound
agonist or antagonist. Proc Nat/ Acad Sci USA 103:4882-4887.

Faraldo-Comez JD, et al. (2004) Conformational sampling and dynamics of membrane
proteins from 10-nanosecond computer simulations. Proteins Struct Funct Genet
57:783-791.

Miyashita O, Onuchic JN, Wolynes PG (2003) Nonlinear elasticity, proteinquakes, and
the energy landscapes of functional transitions in proteins. Proc Nat/ Acad Sci USA
100:12570-12575.

Maragakis P, Karplus M (2005) Large amplitude conformational change in proteins
explored with a plastic network model: Adenylate kinase. J Mol Biol 352:807-822.
Hyeon C, Onuchic JN (2007) Internal strain regulates the nucleotide binding site of
the kinesin leading head. Proc Nat/ Acad Sci USA 104:2175-2180.

Whitford PC, Gosavi S, Onuchic JN (2008) Conformational transitions in adenylate
kinase: Allosteric communication reduces misligation. J Biol Chem 283:2042-2048.
Zheng W, Brooks BR, Thirumalai D (2007) Allosteric transitions in the chaperonin GroEL
are captured by a dominant normal mode that is most robust to sequence variations.
Biophys J 93:2289-2299.

Zheng W, Liao JC, Brooks BR, Doniach S (2007) Toward the mechanism of dynamical
couplings and translocation in hepatitis C virus NS3 helicase using elastic network
model. Proteins Struct Funct Genet 67:886-896.

Ming D, Cohn JD, Wall ME (2008) Fast dynamics perturbation analysis for prediction
of protein functional sites. BMC Struct Biol 8:5.

Chennubhotla C, Yang Z, Bahar | (2008) Coupling between global dynamics and sig-
nal transduction pathways: A mechanism of allostery for chaperonin GroEL. Mo/
Biosystems 4:287-292.

www.pnas.org/cgi/doi/10.1073/pnas.0901811106

36.

37.

38.

39.

40.

a1,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Stel GM, Lockless SW, Wall MA, Ranganathan R (2003) Evolutionarily conserved
networks of residues mediate allosteric communication in proteins. Nat Struct Biol
10:59-69.

Hardy JA, Wells JA (2004) Searching for new allosteric sites in enzymes. Curr Opin
Struct Biol 14:706-715.

del Sol A, Fujihashi H, Amoros D, Nussinov R (2006) Residues crucial for maintaining
short paths in network communication mediate signaling in proteins. Molecular Syst
Biol 2:1-12.

Okada T, et al. (2004) The retinal conformation and its environment in rhodopsin in
light of a new 2.2 A crystal structure. J Mol Biol 342:571-583.

Menon ST, Han M, Sakmar TP (2001) Rhodopsin: Structural basis of molecular
physiology. Physiol Rev 81:1659-1688.

Cherezov V, et al. (2007) High-resolution crystal structure of an engineered human
B2-adrenergic G protein-coupled receptor. Science 318:1258-1265.

Rosenbaum DM, et al. (2007) GPCR engineering yields high-resolution structural
insights into B,-adrenergic receptor function. Science 318:1266-1273.

Avlani VA, et al. (2007) Critical role for the second extracellular loop in the binding
of both orthosteric and allosteric G protein-coupled receptor ligands. J Biol Chem
282:25677-25686.

Kabsch W (1978) Discussion of solution for best rotation to relate two sets of vectors.
Acta Crystallogr Sect A 34:827-828.

Atilgan AR, et al. (2001) Anisotropy of fluctuation dynamics of proteins with an elastic
network model. Biophys J 80:505-515.

Onuchic JN, Kobayashi C, Miyashita O, Jennings P, Baldridge KK (2006) Exploring bio-
molecular machines: Energy landscape control of biological reactions. Philos Trans R
Soc London B 361:1439-1443.

Shukla AK, et al. (2008) Distinct conformational changes in B-arrestin report biased
agonism at seven-transmembrane receptors. Proc Nat/ Acad Sci USA 105:9988-
9993.

Kenakin T (2007) Collateral efficacy in drug discovery: taking advantage of the good
(allosteric) nature of 7TM receptors. Trends in Pharm Sci 28:407-415.

Hanson MA, et al. (2008) A specific cholesterol binding site is established by the 2.8
A structure of the human B,-adrenergic receptor. Structure 16:897-905.

Ma J (2004) New advances in normal mode analysis of supermolecular complexes and
applications to structural refinement. Curr Protein Pept Sci 5:119-123.

Drake MT, et al. (2008) p-arrestin-biased agonism at the B,-adrenergic receptor. J Biol
Chem 283:5669-5676.

Gilchrist A (2007) Modulating G-protein-coupled receptors: from traditional pharma-
cology to allosterics. Trends in Pharm Sci 28:431-437.

Wells JA, McClendon CL (2007) Reaching for high-hanging fruit in drug discovery at
protein-protein interfaces. Nature 450:1001-1009.

Tirion MM (1997) Large amplitude elastic motions in proteins from a single-parameter,
atomic analysis. Phys Rev Lett 77:1905-1908.

Bahar |, Jernigan RL (1997) Inter-residue potentials in globular proteins and the
dominance of highly specific hydrophilic interactions at close separation. J Mol Biol
266:195-214.

Balabin et al.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 801.000]
>> setpagedevice


