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ABSTRACT. The dynamic properties of the-subunit of bovine transducin () were studied using
molecular dynamics simulations and essential dynamics analyses. The helical domain of transducin seems
to move toward the guanosine triphosphate hydrolase (GTPase) domain. Our studies suggest that this
movement is facilitated by a hinge bending motion that is centered on residues Gly56 and Gly179 and
that this motion may be involved in GDP release and GTP hydrolysis. The dynamic properties of the
GTPase domain of &-GDP were compared to thoserak p21 and reveal a significant degree of similarity,
indicating common dynamic properties for an equivalent domain in two different proteins.

G-protein are the cytosolic messengers for the largest By complex. Gx-GTP and often also th8y complex then
gene family in vertebrates, the G-protein-coupled receptors.interact with the appropriate effector proteins. Finally, an
G-proteins are involved in a wide variety of signal-trans- intrinsic GTPase activity in the @&subunit hydrolyzes bound
duction events controlling important processes such as cellGTP to GDP and the protein returns to the inactive GDP-
division and differentiation (Barbacid, 1987; Gibbs et al., bound state (Berstein et al., 1992; Noel et al., 1993). The
1985; Kleus et al., 1994). External stimuli generate signals crystal structures of bovinedcomplexed with GTP (Noel
that are transduced to the cytosolic side of the membraneet al., 1993) and with GDP (Lambright et al., 1994) have
where heterotrimeric G-proteins interact with the transmem- been determined and have revealed that there are three
brane receptors, thereby initiating the GTPase cycle. Re-regions (called switch I, Il, and 11I) which undergo confor-
cently, the crystal structure of the visual heterotrimeric mational change on ligand exchange.

G-protein transducin (was determined (Lambright et al., There are three major families of proteins that possess
1996), revealing that the & subunit has three distinct GTPase activities and are structurally relateds p21, the
structural components: the helical domaima{-ag), the heterotrimeric G-proteins, and the elongation factors. Mam-
GTPase domain (a six-strandg@esheet surrounded by siX  malian ras genes encode proteins of 189 residues with
helices, cu—as and ag), and an N-terminal helix ofy). approximate molecular masses of 21 kDa, hence named the
Between the two domains is a cleft, which is occupied by p21 proteins. They play an important role in the regulation
GDP and GTP in the inactive and active forms of the protein, of cell growth and differentiation and have been strongly
respectively. Inthe GDP-bound formpGs associated with  implicated in the process of malignant cell transformation
the y complex and possibly with a receptor in the cell (Pincus etal., 1987). The crystal structure of the GDP-bound
membrane. On G-protein activation, GBBTP exchange  form of rasp21 was described by Tong et al. (1991). Here,
occurs and @ dissociates from both the receptor and the e report the dynamics properties ofx@omplexed with
GDP, using computer simulation, and compare them with
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! Abbreviations: ED, essential dynamics; EM, energy minimization; . . .
Gay, G-protein transducimu-subunit; GAP, guanosine triphosphate  molecular dynamics (MD) calculations were performed with

hydrolase activating protein; GDP, guanosine diphosphate; G-protein, GROMOS (van Gunsteren & Berendsen, 1987) using the
guanine nucleotide binding protein;;,G5-protein that mediates the  force field that is specific for proteins in a water environment.

inhibition of adenylate cyclase; GTPase, guanosine triphosphate hy- iotidi ;
drolase; G-GDP, guanosine diphosphate-bound G-protein transducin The protons of the histidine residues were placed on #t N

a-subunit; MD, molecular dynamics; p24s, C—H— ras p21 oncogene or Ne2 atoms as required by the local hydrogen-bonding
protein; p21ras-GDP, guanosine diphosphate-bouias. patterns. The overall charge on the GDP molecule was
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protein was placed in a truncated octahedral box with sides |
of 84.91 A. The remaining space was filled with water,
descent algorithm was performed until no significant energy
changes could be detected. The MD simulation was then
cutoff radius of 10 A, a temperature coupling constant of
0.1 ps, and a pressure coupling constant of 0.5 ps. After
was continued for a further 500 ps. These resulting * E; | L
time (ps)

Analyses of secondary structure and hydrogen bonds of i - .
Gay-GDP during the MD simulations were performed using Ficure 1: (a) Rms deviation of structure during the last 500 ps of
1990) in order to check the quality of these simulations.  (c) Number of backbonebackbone hydrogen bonds in the MD

Essential Dynamics Essential dynamics was previously Simulation.

oxygen of thes-phosphate of GDP, were restrained, using
a force constant of 4500 kJ mélnm=2. For solvation, the
resulting in the addition of 8579 water molecules. ‘ "

First, a short energy minimization (EM) using a steepest
carried out at a temperature of 300 K, a time step of 2.0 fs,
a nonbonded cutoff radius of 8 A, a long-range Coulomb
the MD simulation reached equilibrium, as assessed by
evaluation of global geometrical properties (see below), it 3 s
trajectories were employed in the essential dynamics (ED) %% | ‘ ‘ ‘ ‘
ana|yseS. 100 200 300 400 500 600

- the MD simulation in water compared with the crystal structure

DSSP (Kabsch & Sander, 1983) and WHAT IF (Vriend, (Ca only). (b) Number of residues in random coil conformation.
described by Amadei et al. (1993) and is based on the To quantify visually observed hinge bending motions
diagonalization of the covariance matrix, built from atomic described by an eigenvector, the two most conformationally

fluctuations relative to their average positions: distant structures found by projection of the trajectory on
the eigenvectors were analyzed using the moving window
G = 0% — X o) (xj — Xj,o)D RMS method (van Aalten et al., 1995b). In this approach,

two configurations are superposed using a sliding window
in which X; andX; are the separate y, z, coordinates of the of 31 amino acids and the rms deviations of all gositions
C, atoms, ancK, are the average positions of the coordinates in each window are calculated. Peaks in the rms values
and the average is calculated over all structures. A set of versus the number of the residue in the middle of the window
eigenvalues and eigenvectors is obtained by diagonalizingindicate hinge bending.
this matrix. The eigenvectors represent concerted motions GTPase Domain Comparisor tertiary structure align-
of atoms in Cartesian space, and the eigenvalues give thenent of the crystal structures oiGDP andras-GDP was

amplitudes of the motions. performed using the WHAT IF superposition option (Vriend,
The position of each individual structure along an eigen- 1990). The parts of the protein that were present in both
vector may be investigated by projection: structures were selected, forming a common core. This core
consist of 84 residues, in which all-helices orS-sheets
dij = X7, present in either G-protein amdswere included. Therefore,

it represents the overlapping regions of thet @nd ras
wherex is a structurey; is an eigenvector, and; is the ~ GTPase domainog—as andfi—fg). These residues were
disp|acement of th&th structure a|ong thﬁh eigenvector extracted from the MD simulations ofdgGDP described
with respect to the average structure. This allows, for here and ofas-GDP described by Mello et al. (1997). The
instance, the study of the time dependence of a certain motion@im was to analyze the dynamics of the common GTPase
during an MD simulation. The structure corresponding to domain. For this, an essential dynamics combined analysis
such a projection can be studied as follows: was performed using 400 ps of each of these simulations.

_ RESULTS
X = X+ dim,

Ga-GDP Analysis. The root-mean-square (rms) devia-
where X, is the average structural; is the projection tions between the positions ofoCatoms in the structures
described above, ang is an eigenvector. arising from the MD simulations and those in theu&DP

A useful tool to compare two systems is combined crystal structure are shown in Figure la. The number of
essential dynamics (COMB) (van Aalten et al., 1995a). The residues in a coil conformation (Figure 1b) and the number
trajectories from two simulations of similar systems (for of backbone-backbone hydrogen bonds (Figure 1c¢) com-
instance, a wild-type protein and a mutant) are concatenatedputed during the @G-GDP MD simulation in water show
This concatenated trajectory is then used for essentialno significant drift. This indicates that the tertiary structure
dynamics analysis. Analysis of the projection of the two of Go-GDP remains stable throughout the simulation and
separate trajectories on these “combined” eigenvectors carone can reliably interpret the observations.
reveal similarities and differences in structure and dynamics The eigenvectors and eigenvalues were obtained by
between the systems being compared. diagonalization of the covariance matrix constructed from
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Table 1: Distances between Selected Residues of the Minimum and
Maximum Projection Structures of Eigenvectors 1 add 2
distance (A)
maximum proj. minimum proj.
5 20 EV1 G92-G288 43.4 33.2
& A95—K276 35.8 26.9
& D127-E39 19.3 14.8
8 D129-S271 28.9 21.6
g E131-V231 11.0 4.2
o Al148—S543 17.0 15.9
N0 EV2  V231-E39 14.3 11.3
V231-G113 26.9 24.4
V231-S173 23.6 19.4
V231-S202 23.2 22.7
@ See Figure 4. EVE eigenvector 1; EV2= eigenvector 2.
00 0 50 100 150 200 250 300
residue number Gly 179 are conserved in the family, suggesting an important

FiIGURE 2: Output from the shifting-window rms method using role for these residues.

frames from the @-GDP simulated in water, projected onto the  The Gy —Cq, distance difference matrixes for these eigen-
first and second eigenvectors calculated from their covariance . . .
matrix. Solid line, eigenvector 1: dotted line, eigenvector 2. vectors (Figure 3) further confirm a motion between the
helical and the GTPase domain imGubunits. As a further
the Go-GDP simulation, as explained in the Experimental illustration of this motion, Table 1 shows the distances
Procedures section. Only a few eigenvectors with relatively between selected residues involved in the movement de-
large eigenvalues were obtained, a feature observed beforescribed by eigenvectors 1 and 2. These residues are indicated
for most other proteins (Amadei et al., 1993; van Aalten et in Figure 4, which shows the superpositions of the minimum
al., 1995b). About 71% of the motion in the sampled and the maximum projections for both eigenvectors. These
configurational space can be described by five eigenvectors(minimum and maximum) projection structures correspond
with the largest eigenvalues. to the two extremes structures along an eigenvector during
We concentrate our analysis on the motion described by the simulation. The centers of mass of each domain for the
eigenvectors 1 and 2, which appears to be a rigid-body minimum and maximum projections of both eigenvectors
rotation between the two main (helical and GTPase) domainswere measured. The distances between corresponding
in the protein. Shifting-window rms calculations (Figure 2) centers of mass were 27.6 and 28.8 A for the maximum and
employed to estimate positions of hinge residues suggestminimum projections, respectively, of eigenvector 1 and 27.3
hinge bending motions around residues Gly 56, Gly 148, and 27.7 A for the equivalent projections of eigenvector 2.
Gly 199, and Gly 213 for eigenvector 1 and around Gly 179 Thus, in eigenvector 1, the helical and the GTPase domains
for eigenvector 2. move with respect to one another, opening and closing the
Gly 56 is part of the linker 1 region that connects the cleft between them where the ligand binds (Figure 4a). In
helical and GTPase domains. Gly199 and Gly213 are locatedeigenvector 2, the helical domain shows less difference
in the loops before and after-helix 2 (the switch Il region), between the two extreme structures, but residues that
respectively. It is known that this latter region undergoes surround the ligand binding cleft in the GTPase domain move
conformational change upon ligand exchange (Lambright et toward each other (Figure 4b).
al., 1994). Gly 179 lies in the linker 2 region. It seems  GTPase Domain Analysis: &G vs ras p21l. Sequence
that glycines 56 and 179 are involved in the motion between alignment of & andras p21 indicates an identity of 19.9%.
the two domains in eigenvectors 1 and 2, respectively. A Despite this low sequence conservation, their 3D structures
sequence alignment ofdasubunits shows that Gly 56 and  reveal similar folds, which are nearly superimposable. The
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Ficure 3: Co—Ca distance matrix of eigenvectors 1 (a) and 2 (b) from 500 ps of the trajectories;@&BP simulated in water.
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FIGURE 4: Stereo pictures of the superposition of the minimum and the maximum projection structuresstio&ing the kind of motion

described by eigenvectors 1 (panel a) and 2 (b) (white and black coils, respectively). (a) Movement between the helical and the GTPase
domains, opening and closing a pocket, exposing and protecting the ligand. (b) residues from the GTPase domain that surround the ligand
pocket move closer and further apart, oscillating. * anghow the positions of Gly 56 and Gly 179; these are the most likely residues
allowing this motion. The GDP molecule is shown in ball-and-stick form.
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FIGURE 5: Mean square fluctuation of the projections af&DP FiGURE 6: Cumulative square inner products between eigenvectors
(solid line) andras p21-GDP (dotted line) trajectories projected obtained from @-GTPase domain MD simulation and eigenvectors
onto the COMB eigenvector set. from ras p21 simulation.

major differences are the “insertion regions” presentin.G  domains of the two proteins. Figure 6 shows the projection
The residues that have a functional role are highly conservedof single eigenvectors 44 and 10 from the G protein
and are located at similar positions in the two proteins. For simulation onto the eigenvector set from tfas simulation.
example, Thrl77 and Gly199 inds(corresponding to Thr35 It indicates that the former eigenvectors are represented by
and Gly60 inras p21, respectively) are involved in binding the first few eigenvectors fromas. In other words, even
the y-phosphate of GTP and the [fgion. though eigenvector 2 suggests a difference in fluctuation
Figure 5 shows the mean square fluctuation in the between the two proteins, the overall motions in the GTPase
projections of the two trajectories onto the eigenvectors core of both proteins are essentially the same. The motion
calculated from the COMB trajectory. The plot indicates described by eigenvector 2 is present ie; But constrained
that, except for the motion described by eigenvector 2, therein ras p21. The residues involved here (Figure 7) mainly
are elements of similarity in patterns of motion of the GTPase face the helical domain and move toward it. It may be that
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Ficure 7: Three-dimensional representation ofu&DP showing the main residues (thick line) involved in the motion described by
eigenvector 2 from the COMB analyses between @ndras p21 GTPase domain. The GDP molecule is shown in ball-and-stick form.

this kind of motion is related to the presence of the helical Activated rhodopsin may open the nucleotide binding site
domain, which would explain its absence in tlas protein. cleft in transducin (Lambright et al., 1994). Thus, we believe
Two of these regions (residues-343 and 186-190) are that the motion between the two domains, revealed in this
also present in eigenvector 1 from theu@&ingle analysis,  study, may be necessary for the processes that facilitate GDP
which describes the motion between the two domains. release and GDP/GTP exchange.

Arg 174, absent imas proteins, has been implicated as a
DISCUSSION key residue in GTP hydrolysis. It is located in the linker Il
Ligand-binding proteins have been analyzed in their region. The corresponding region o&s proteins, the
unliganded and liganded forms, and it has been found that“effector loop region” has been shown to bind GAPs.
many assume a different conformation upon ligand binding. Ahmadian et al. (1997) showed that GAPs supply a catalytic
In many proteins, large conformational transitions involve residue, termed the “arginine finger”, to the active site of
the relative movement of almost rigid structural elements ras, thereby increasing the GTP hydrolysis rate by over 1000-
(Schulz, 1991; Marques & Sanejouand, 1995). It seems thatfold. Arg 174 is in a flexible region as revealed by the
such domain motions require hinge regions in the protein, simulation of the GDP form, but it would be expected that
more than a simple rotation of a main-chain dihedral angle. this region is more restrained in the GTP form of the
The importance of glycines in hinge bending regions has subunit. The limitation of this motion may be important to
been discussed (van Aalten et al., 1997); glycines have ankeep catalytically important residues in their active positions.
important role in the internal mobility of the proteins, which The importance of the helical domain for GTP hydrolysis
can be important for their functions. It seems that glycine has been the subject of some debate. Noel et al. (1993)
residues in particular allow a substantial flexibility of protein suggested that the helical domain forms a barrier to ligand
regions in their vicinities due to their dihedral angle freedom, binding or dissociation and accounts for the slow rate of
although other residues are also likely to be involved in hinge intrinsic nucleotide exchange. However, Markby et al.
bending motions. Yeast phosphoglycerate kinase is formed(1993), working with the helical and GTPase domains as
from two domains and the cleft between them accommodatesseparate fragments, showed an increase in GTP hydrolysis
the substrates. Studies show that His388 is heavily involved by the GTPase domain in the presence of the helical domain.
in the domain motion, which was substantial affected when They suggested that the helical domain can act biochemically
this residue was replaced by glutamic acid (Graham et al.,as a GAP (GTPase activating protein). In this respect, it
1991). Adenylate cyclase is similar in having a cleft formed may resemble the RGS (regulator of G-protein signaling)
by two domains. This enzyme binds to two different family of proteins that has recently been described as GAP-
substrates (ATP and AMP), and a large conformational like equivalents for @ subunits. It has been shown that
change is expected to facilitate protection of ATP from RGS proteins stimulate the rate of GTP hydrolysis by
hydrolysis. An open form structure was observed when the different G-proteins (Watson et al., 1996; Hunt et al., 1996;
protein was not complexed with either substrate, a half-closedBerman et al., 1996; and Koelle, 1997). Tesmer et al. (1997)
form after binding AMP (Diederichs & Schulz, 1991), and demonstrated that &-AlF,© contacts RGS4 via residues
a fully closed form after binding both substrates (Mueller & situated in the three switch regions and that the helical
Schulz, 1988). The differences between the three forms weredomain of Gy makes no significant interactions with RGS4.
analyzed, revealing a large relative structural change of the They suggested that RGS proteins may increase the rate of
two polypeptide domains (Schulz et al., 1990). GTP hydrolysis in G-proteins using a mechanism different
Essential dynamics analysis ofaGGDP molecular dy- to that adapted by GAP proteins with respeatste Muegge
namics simulations reveal a hinge bending motion betweenet al. (1996) showed that GAP proteins make a contact either
the helical and the GTPase domains, which appears to bewith the y-phospate group or with théy bridging oxygen
dependent on conformational flexibility around residues Gly atom of the GTP molecule. Thus, GAP proteins have a direct
56 and Gly 179. It is known that, after being activated by involvement in the hydrolysis process, while RGS proteins
the receptor, @ has a lower affinity for GDP, which is  operate as inhibitors of effector binding. It is known that
released and replaced by GTP. ré&s proteins, the nucleotide  heterotrimeric G-proteins have a higher intrinsic rate of GTP
binding site is relatively freely accessible, while it is occluded hydrolysis thanras p21. Therefore, if the helical domain
in G-proteins due to the presence of the helical domain. has an important role in regulating this hydrolysis, the large
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concerted motions centered on the active site, and conseBarbacid, M. (1987Annu. Re. Biochem. 56779-827.

quently the GTP molecule, may be involved in this process. Berman, D. M., Wilkie, T. M., & Gilman, A. G. (1996Lell 86,
The hypothesis that glycines 56 and 179 are critical for Be?§t5e_ir?,5(2;'., Blank, J. L., John, D. Y., Exton, J. H., Rhee, S. G.,

the motion between the two domains, which may inturnbe = Ross 'E. M. (1992 ell 70, 411-418.

necessary for the GDP/GTP exchange activity, will be tested Diederichs, K., & Schulz, G. E. (1991). Mol. Biol. 217 541—

by mutational experiments. These experiments are neces- 549. _ ) ]

sary, since there is no biochemical evidence, so far, showingGibbs. J. B., Sigal, I. S., & Scolnick. E. M. (1985)ends Biochem.

thg importance O.f the.se residues. The invqlvement Of_ the Grgﬁlzlin%,ol-??g._,sv\slﬁl.iams, R. J. P, Littlechild, J. A., & Watson, H.

switch I and Il regions in GDP/GTP exchange is well studied. ¢ (1991)Eur. J. Biochem. 196261—269.

Lee et al. (1992) reported biochemical differences msG  Hilgenfeld, R. (1995)Curr. Opin. Struct. Biol. 5810-817.

when Gly 226 was mutated to alanine (Gly 199 inJGThe Hunt, T. W., Fields, T. A., Casey, P. J., & Peralta, E. G. (1996)

mutant could bind GDP and GTP with same affinity as the ,_Nature 383 175-177.

. . . . Kabsch, W., & Sander, C. (198Bjiopolymers 2225772637.
native protein. However, the activatedsubunit was unable o ,s" ¢ 'Raw, A. S.. Lee, E., Sprang, S. R., & Gilman, A. G.

to dissociate frompy subunits and consequently its ability (1994) Proc. Natl. Acad. Sci. U.S.A. 99828-9831.

to activate the effector was significantly reduced. The Koelle, M. R. (1997)Curr. Opin. Cell Biol. 9 143-147.
authors suggested that the conformational change, whichLambright, D. G., Noel, J. P., & Sigler, P. B. (199Mpture 369
occurs in the switch Il region upon GDP/GTP exchange, was 21-628.

blocked by the mutation. This experiment also showed that L""Eb@?gﬁb% GF;’_ E‘_’r(‘fge'gé){l';‘ﬁ?eh%gglsﬁ'gig_'\" P-, Hamm, H.

although the switch Il region is involved with ligand |ee, E., Taussig, R., & Gilman, A. G. (1992) Biol. Chem. 267
exchange, it does not affect the motion between the two 1212-1218.

domains, the subject of this paper, since the GDP release'\”alfggéfég!v Onrust, R., & Bourne, H. R. (1998cience 262
was not affected by the mutf_;ltlon. . Marques, O., & Sanejouand, Y. H. (1998joteins: Struct., Funct.,
Comparison of the dynamics of the GTPase domains of '~ Genet. 23557-560.

Go; and ras p21 shows that these domains are not just Mello, L. V., van Aalten, D. M. F., & Findlay, J. B. C. (1997)
structurally similar but also have similar large concerted  Protein Eng. 10381-387.

motions in their common structural core. Although the two Muset?gghr'év 45:;‘;"_333 T., Langen, R., & Warshel, A. (1996)
proteins catalyze much the same reaction and are homologoug iejier, 'c. W, & Schulz, G. E. (1988). Mol. Biol. 202 909

in structure, despite their low sequence identity, it does not g2,

necessarily follow that all their characteristics and mecha- Noel, J. P., Hamm, H. E., & Sigler, P. B. (1998ature 366 654—
nisms of action will be the same. The mechanism by which  663.

the rate of GTP hydrolysis in G-proteins is controlled is still Pincus, M. R., Brandt-Rauf, P. W., Carty, R. P., Lubowsdy, J.,

. Avitable, M., Gibson, K. D., Scheraga, H. A. (1987)oc. Natl.
the subject of debate. However, there are some relevant »..4 sci U. S. A. 8/8375-8379.

biochemical data imas proteins, showing the importance  schulz, G. E. (1991Furr. Opin. Struct. Biol. 1883-888.
of a set of key residues (Hilgenfeld, 1995; Schweins et al., Schulz, G. E., Mueller, C. W., & Diederichs, K. (1990) Mol.
1994, 1995, 1996). Muegge et al. (1996) have determined _ Biol. 213 627-630.

the electrostatic contribution of individual residues to the SC{“"’EEE’ 42'4 Langen, R., & Warshel, A. (1994t. Struct. Biol.

_binding Of GDP and_GTP t(na_s proteins, giVi”Q insights . Schweins, T., Geyer, M., Scheffzek, K., Warshel, A., Kalbitzer,
into the side chains involved in GTP hydrolysis. There is  H. R., & Wittinghofer, A. (1995)Nat. Struct. Biol. 2 36—44.
high conservation of these residues among the GTPaseSchweins, T., Geyer, M., Kalbitzer, H. R., Wittinghofer, A., &
family. Thus, it is interesting to note that the dynamics _ Warshel, A., (1996Biochemistry 3514225-14231.
simulations carried out here demonstrate similar binding Te(slngg%\(]:.é]”. 869 285e1r£n2%n1’ D. M., Gilman, A. G., & Sprang, S. R.
modes and dynamics for two members of the family, which 1ong | "A ., de Vos, A. M., Milburn, M. V., & Kim, S. H. (1991)

may reflect the effects of a few important residues common  J. Mol. Biol. 217 503-516.

to them. Van Aalten, D. M. F., Findlay, J. B. C., Amadei, A., & Berendsen,
H. J. C. (1995apProtein Eng. 8 1129-1135.
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