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Introduction
The α-subunit of heterotrimeric GTPases oscillates between an active GTP-bound state and an inactive 
GDP-bound state. The cycling between the two states is regulated internally, through its intrinsic 
GTPase activity, and externally, through interactions with other proteins (regulators of G protein 
signaling, guanine exchange factors, effectors and [βγ]-subunit). While some of these proteins establish 
interactions within the active site of the GTPase subunit, most act in an allosteric fashion through yet 
undetermined mechanisms. 

With the purpose of identifying the dynamical properties that characterize the two states of the α-
subunit and define its allosteric regulation, we have simulated by molecular dynamics the α-subunit of 
transducin (Gt-alpha) in complex with GDP and GTPγS. The simulations are termed GDP_MD and 
GTPγS_MD respectively.

An allosterically induced conformational change requires that the structural elements involved in the 
transmission of the change be dynamically coupled. Here we characterize the correlation between the 
dynamics of various structural eletments in Gt-alpha when bound to GDP and GTPγS. The results show 
that in both the active and inactive forms of Gt-alpha, the Helical and GTPase domain undergo similar 
re-orientations with respect to each other. But the nucleotide specific positions of the switches, and that 
of switch-I in particular, amplify the intensity and the period of some of these interdomain motions in the 
case of GTPγS. The GTPγS form of Gt-alpha is characterized by more intense as well as new couplings 
between the dynamics of its structural elements. A relatively long-lived but not irreversible dynamical 
state, DS-II, appears in the GTPγS_MD simulation, and the nature of the conformational changes that 
characterize DS-II give insight into the allosteric mechanisms that regulate the function of Gt-alpha.  
The detailed analysis of the atomic interactions responsible for these properties leads to testable 
hypotheses about the role of specific residues in nucleotide exchange and hydrolysis.

Summary
This study shows that in both the active and inactive forms of Gt-alpha, the Helical and GTPase domain 
undergo similar periodic oscillations with respect to each other. The amplitude and the period of these 
oscillations depends on the nature of the bound nucleotide. These properties in combination with the 
stronger and more widespread network of cooperativity in GTPγS_MD establish the structural basis for 
the transmission of an allosteric change that links the nucleotide binding site to remote regions of the 
protein that may contact the receptor or other allosteric regulators of G protein function. A detailed 
molecular analysis shows how a conformational change can be transmitted from the Helical domain 
through the linker-1 region and the α1 helix to the α5 helix. This allosteric transition defines a new 
dynamical state of Gt-alpha when bound to GTPγS. This state is characterized by a re-orientation of the 
α5 helix with respect to the GTPase domain, and by an auto-inhibited configuration of the catalytic 
arginine (Arg-174), and provides a basis for understanding the molecular determinants for the allosteric 
regulation of G-alpha proteins, and to design mutations to test these relationships computationally and 
experimentally.

Conformational flexiblity beyond the switch regions.
Based on X-ray crystallography, three regions of Gt-alpha, termed switch-I, switch-II and swtich-III, 
were found to undergo conformational changes upon nucleotide exchange or hydrolysis [1]. However, 
changes in atomic mobility take place as well. This is suggested by the differences in the 
crystallographic B-factors for the C-alpha atoms in the GDP and GTPγS-bound crystal structures of Gt-
alpha (Figure1). 

Comparison of the root-mean-square fluctuations (RMSF) values obtained from the MD trajectories 
with the crystallographic B-factors shows a qualitative agreement for both systems. Comparison of the 
two MD simulations shows that beyond the differences for the switch regions, the two structural 
domains of the Gt-alpha have a markedly different behavior, with the Helical domain (red in Figure 2A) 
being more flexible than the GTPase domain (green in Figure2A).

ROLE OF INTER-DOMAIN MOTIONS IN THE REGULATION OF 
NUCLEOTIDE EXCHANGE AND GTPase ACTIVITY IN TRANSDUCIN.
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GTPγS strengthens the cooperativity of Gt-alpha.

Specific molecular interactions relay dynamical changes 
from the Helical domain to the α5 helix.
A number of investigations have suggested that the α5-helix participates in the receptor-catalyzed nucleotide 
exchange process by acting as a relay or by being in direct contact with the receptor [5,6]. However, the 
mechanism by which a putative conformational change at α5 could affect nucleotide affinity remains undefined. 
Here we show the molecular details of a mechanism capable of transducing a structural change from the 
nucleotide binding site to the α5 helix.

Arg-174 assumes an auto-inhibited orientation in the 
DS-II form of GTPγS_MD.
Arg-174 plays a critical role in the hydrolysis mechanism by stabilizing the charge distribution of the 
transition state [6].  In the crystal structures, the guanidinium moiety of Arg-174 hydrogen bonds the γ-
phosphate group in the GTPγS complex [1], and one of the fluorine atoms in the GDP.AlF4- transition 
state analog [4]. However, these interactions, which are buttressed by an ion-pair interaction with the 
carboxylate group of Glu-39, were lost in the GTPγS_MD simulation during the transtion from DS-I to 
DS-II. In DS-II, Arg-174 became part of a hydrogen bond network which included Asn-72, Gln-75 and 
Ser-76, thus adopting an orientation different from the catalytically productive one and that could be 
thought as being auto-inhibited.

Figure 2: Interdomain motions. (A) domain definitions: GTPase domain (green), Helical domain 
(red). The axes of inertia of each domain are in black for the GTPase domain and in blue for the 
Helical domain. (B) The instantaneous orientation of the two domains is defined by the 
projections ZH and ZH of the z-axis of the Helical domain onto the (z,y)-plane and the (x,z)-plane, 
respectively, of the GTPase domain. (C) The roll angle is defined as the angle between ZH and 
ZG. (D) The tilt angle is defined as the angle between ZH and ZG. (E) Time evolution of the roll 
and tilt angle (top) in degrees, and distance in nanometers between the centers of mass of the 
two domains for GDP_MD. (F) Corresponding values for the GTPγS_MD simulation.

Figure 3: Switch-I facilitates principal interdomain motion in GTPγS_MD. (A) The principal 
coordinate of the interdomain motion in GTPγS_MD defines a two dynamical states for the 
GTPγS-bound Gt-alpha protein. (B) Distance (nm) between the center of mass of switch-I and 
the Helical domain. (C) Superimposed structures representing the DS-I  (light blue) and DS-II 
(light red) forms of GTPγS_MD with switch-I highlighted in dark blue and dark red respectively.

Figure 4: Cooperativity of rigid-body motions. The cooperativity between the motions of any two 
structural elements was measured as the correlation coefficient between the principal 
coordinates of their respective motions. Correlation coefficients comprised within the intervals 
[0.5-0.6], [0.6-07] and [0.7-1.0] were respectively represented by a dotted, thin and thick line. (A) 
The GDP_MD connectivity. (B) GTPγS_MD: connections that were not present in GDP_MD are 
in red, connections whose intensity was weaker in GTPγS_MD vs. GDP_MD are in green.

Figure 5: Molecular movie of the dynamical transition from DS-I to DS-II. (A) The hydrophobic 
cluster joining the linker-1, αA and αF helices : time 0 ns. (B) Preliminary contacts between α1 
and α5: time 4 ns. (C) Strong contacts between α1 and α5: time 6 ns. (D) The "transition state": 
a network of hydrogen bonds finalizes the conformational change that leads to the DS-II form in 
GTPγS_MD.

Figure 6: Rigid-body motions of the α5 helix, in GTPγS_MD, with respect to the core of the 
GTPase domain (A) translation. (B) rotation.

Figure 7: A cage for the catalytic arginine, Arg-174. Close-up view of the binding site in 
GTPγS_MD, as seen in two representative snapshots for DS-I and DS-II. (A) In DS-I, 
Arg-174 interacts mostly with Glu-39 and the β- and γ-phospate groups. (B) In DS-II,  
Arg-174 is part of a hydrogen bond network which includes Asn-72, Gln-75 and Ser-76.
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Nucleotide specific oscillations of the relative 
orientation of the Helical and GTPase domains.
The crystallographic structure of the active (GTPγS-bound) form of Gt-alpha suggested that nucleotide 
exchange involves a change in the relative orientation of the two structural domains of Gt-alpha [1]. 
However, the subsequent structure  of the inactive (GDP-bound) form of Gt-alpha [2] showed that the 
two structural domains of the α-subunit of Gt-alpha have the same relative orientation in both the active 
and inactive crystallographic structures. On the other hand, in the cognate Gi-alpha protein, the relative 
orientation of the Helical and GTPase domain was different for each nucleotide [3]. 
The relative orientation of the Helical and GTPase domains of Gt-alpha was characterized by the roll 
and the tilt angles defined in Figure 2 as well as by the distance between their centers of mass.

Interdomain and switch dynamics define two 
dynamical states for Gt-alpha.
In order to focus on the rigid-body motions of largest amplitude the interdomain motion were filtered by Principal 
Component Analysis. This yielded a single coordinate representation (principal coordinate) for the change in 
interdomain orientation (Figure 3A), which could then be correlated to a physical quantity. In the case of 
GTPγS_MD this procedures showed that the principal interdomain transition was correlated with the variation of the 
distance between the centers of mass of switch-I and the Helical domain (Figure 3B). Comparison of two structures 
taken before and after the interdomain transition suggested that switch-I may facilitate the increase in roll angle by 
moving away from the Helical domain (Figure 3C). The transition in the principal interdomain motion effectively 
defined two dynamical states, DS-I and DS-II, for Gt-alpha in GTPγS_MD. 
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Figure 1: Comparison of atomic mobilities based on RMSF values 
from the MD trajectories and B-factors from the X-ray structures. 
The atomic mobility of C-alpha carbon atoms is plotted on a ribbon 
representation of the X-ray structures, using a color-coding which 
varies from the blue (lowest mobility) to red (highest mobility).
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