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ABSTRACT. The effect of M@" binding on the conformation of the inactive GDP-bound complex of the
heterotrimeric G proteie subunit Gy has been investigated by X-ray crystallography. Crystal structures
of the Gu1°GDP complex were determined after titration with 5, 10, 100, and 200 mktMGomparison

of these structures with that of the Kfgfree complex revealed Mg bound at the same site as observed
in the structure of the active, & GTPyS-Mg?*-bound complex of Ga, with a similar coordination scheme
except for the substitution of a water molecule for an oxygen ligand ofthbosphate of G;-GTPyS-
MgZ". In contrast to the GD#®Mg?" complex of G, and of other G proteins, switch | residues of.G
participate in M@* binding and undergo conformational changes as a consequence?ofdifgling.
Partial order is induced in switch Il, which is disordered in the?Mfyee complex, but no order is observed
in the switch Il region. This contrasts with the GBWg2" complex of G, in which both switch Il and

[l switch are ordered. Mg binding also induces binding of an $O molecule to the active site in a
manner which may mimic aG-GDP-PO2 -Mg?" product complex. Implications of these findings are
discussed.

The a subunits of heterotrimeric G proteins {Gare G, subunits belong to the G protein superfamily of
GTPases which, in concert with G protein heterodimers GTPases, members of which contain a conserved guanine
composed off andy subunits (G,), transduce intracellular  nucleotide binding domain and cycle between inactive GDP-
signals from membrane-bound receptors to downstreambound and active GTP-bound statés®). Gi,1, the subject
effector molecules]( 2). Biological activities which employ  of this report, is activated bw2-adrenergic ) and m2
Gqp, proteins include vision, hormone-mediated responses, muscarinic receptors8) and inhibits isoforms I, V, and VI
and synaptic nerve signal transmissionys@roteins couple  of adenylyl cyclaseq, 10).
activated membrane-bound receptors to downstream effector The conformational changes that occur within G proteins
molecules by cycling between inactive (nonsignaling) and have been observed by X-ray crystallographic analysis of G
active (signaling) states. In the inactive statggz,(roteins proteins activated with either GDP or nonhydrolyzable GTP
exist as heterotrimeric &,GDP complexes with GDP  analogues and Mg. Comparison of the active and inactive
bound tightly to the G subunit. Upstream signaling events structures of Rasl{l—13) and other G proteinslé, 15) has
begin when ligand-activated receptors catalyze the exchangeevealed two polypeptide segments that differ significantly
of GDP bound to the Gsubunit for GTPMg?*. Binding in conformation in the GDP- and GTP-bound states. These
of GTP-Mg?" to the G, subunit results in dissociation of two regions, dubbed switch | and switch I, contribute
the heterotrimer, forming free Gcomplex and the active,  residues that are involved in binding thephosphate of GTP
Gu*GTP-Mg?" species. @, and the active @GTP-Mg?" and Mg" (e.g., Figure 1). Structures of G proteins com-
complex may then bind to and regulate downstream effectors.plexed with effectorsi(6, 17) or other proteinsi8, 19) reveal
Upon hydrolysis of G:GTP-Mg?" to G,-GDP by the that switch | and switch Il are also involved in nucleotide-
GTPase activity of @[in some cases assisted by stimulatory dependent proteinprotein interactions. In particular, the
proteins 8, 4)], the inactive G*GDP complex dissociates  structure of G, complexed with the catalytic domain of its
from effector and combines with £3to re-form the non-  effector, adenylyl cyclase, indicates that switch Il directly
signaling Gg,*GDP complex. The (,°GDP complex may interacts with the effector1). Switch | and Il thus
then rebind to receptor and undergo further rounds of the constitute the heart of the conformational switching mech-
signal transduction cycle. anism which both senses the presence or absence of a
y-phosphate group within the active site and controls the

* X-ray coordinates for the -GDP-Mg*" complex have been nteraction of G proteins with other molecules.
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and other features of zand Gyi are essentially identical  stabilize these regions, providing an alternate model of the
in the active GTPSMg?*-bound complexes, the inactive, inactive state. Alternatively, failure of Mg to induce order
GDP-bound complexes are distinctly different. In particular, in these regions would strengthen, in the case @f, Ghe
switch Il and switch 1l are completely disordered in & hypothesis that these regions become completely disordered
GDP whereas they are well-ordered in,&GDP. The after loss of the/-phosphate group of GTP and that this loss
dissimilarity between these inactive, GDP-bound structures of order promotes dissociation from effector.

implies that their mechanism of dissociation from their  The possibility that M&" binding may induce conforma-
respective effectors may also differ. Alternatively, a possible tignal changes in G-GDP may also reveal some of the
reason for these differences is thai-GDP (crystallized in  effects of M@" during activation of G4. Full activation of
200 mM Mg*) has Mg* bound to the active site, whereas G proteins following exchange of GDP for GTP appears to
Gia1*GDP (crystallized in the absence of fy does not. require Mg@" bound to the active site. Conformational
G proteins are sensitive to the presence or absence ofchanges upon addition of Mgto isolated G-GTP subunits
Mg?*. All members of the G protein family require Mg can be observed by changes in fluorescence inter3gy (
in order to catalyze hydrolysis of GTR,(24). Structures  34) and decreased sensitivity to trypsin digesti8s, (36).
of G proteins complexed with nonhydrolyzable GTP ana- G, subunits bearing certain mutations«{G G226A, Geu:
logues and Mg (including Ga and Ga1) show that Mg@* G203A or G42V) behave normally as isolatedsubunits
binds to the active site and interacts with switch I, and the (that is, they bind GTP and have normal GTPase activity
Bly-phosphate groupsl4, 15). Similarly, structures of G and unaltered ability to modulate effectors), but have lost
proteins complexed with GDP and Fgreveal Mg* bound the ability to dissociate from the -GTP complex 87—
to the same position; however, the conformation of switch I 39). These mutant Gsubunits have greatly reduced affinity
is altered such that it is no longer involved in RMdinding. for Mg?* and appear to have lost the ability to adopt the
Many nonheterotrimeric G proteins, such as EF-Tu and fully active conformation. It is inferred from these observa-
Ras, bind Mg" in the GDP-bound state, with Mgincreas-  tions that Mg+ must bind to the @,*GTP complex in order
ing their affinity for GDP @5-27 and references cited to effect release of GGTP from the heterotrimer. Mag-
therein). It has been proposed that some nucleotide exchang@esijum ion may thus play a structural role in the mechanism
mechanisms release GDP, in part, by disrupting?Mg  of conformational switching to the active, G TP-Mg?" state
binding 28-30), and that physiologically Mg may main-  in addition to its role in catalysis.
tain the inactive state by acting as a nucleotide dissociation 1, yetermine whether Mg can bind to crystalline @
inhibitor (27). This activity would prevent nucleotide  gpp complexes, to elucidate its mode of binding, and to
exchange-and hence unwarranted activation by GTRthe i estigate its potential role in conformational changes, we

absence Ohf a nuc!gotldtc)e exchanﬁe facei) ( I;orr]thgse __have solved a series of structures qf;&5DP complexed
proteins, the transition between the active and the inactive,yiin vg2*. The experiment was carried out as an X-ray

state is mediated by the presence or absence of thecrystallographic titration experiment in which crystals of

y-phosphate group qf GTP alone. o ] the Gq1*GDP complex containing 5, 10, 100, and 200 mM
In contrast, Mg" binds to heterotrimeric G proteind& g2+ were chosen for structure determination in order to

GDP and Gy,-GDP complexes with weak affinity, does not a5 oyt the lower and upper limits of potential Mgffects.
increase GDP binding affinity, and is not required in order thege structures have been compared to the structures of
to maintain the inactive, GDP-bound sta8d), However, the Mg2*-free Go*GDP complex, the Gi-GTPyS-Mg?* and

as noted, the structure of the GDP-bound complex of the G GTPYSMg?* complexes, an'd other G protein structures.
heterotrimeric G proteit subunit transducin () (crystal- The titrated structures reveal that Mgdoes bind to Ga-

lized in 200 mM Mg") (21) reveals M§" bound to the  Gpp byt that the mode of binding differs from that observed
active site in a manner that is similar to that observed in , other G protein GDMMg2*-bound complexes. Confor-

other G protein GDMVg?®" complexes. This finding indi-  1ational changes in switch | and limited ordering of switch
cates that, in at least one case, #lgan bind to a GGDP Il are observed; however, switch Il and switch Il remain

complex, although it is not known whether Kigbinds to ggsentially disordered. In addition, Ktgoromotes binding
this complex at physiological concentrations of ¥g In of SOZ to the active site, thus forming ad GDP-Mg2*-
contrast, the structure of the GDP-bound complex of the SO2- complex which may mimic a G-GDP-Mg2+-PO2"
homologous heterotrimeric G proteinsubunit Gu (Crystal- — terpary product complex formed following GTP hydrolysis.
lized in the absence of Mg) exhibits an empty My Implications of these effects with respect to #Mgnduced
binding site, and is thus a rare example of a GDP-bound G hanges during activation, events following hydrolysis of

protein structure which contains no Fgand is not  Tp“and loss of effector binding affinity are discussed.
complexed with other protein®28). [The structure of the

EF-GGDP complex also contains no KIg this molecule  ExpERIMENTAL PROCEDURES
does not bind GDP well, and appears to undergo nucleotide
exchange without the need for an exchange fa@ay.| Crystallization and Data Collection.Nonmyristoylated,
The lack of order of switch Il and Il in (*GDP, in nonpalmitoylated recombinant rat.& (354 residues, 40.5
contrast to G-GDP-Mg?", could be a consequence of the kDa) was synthesized i&. coli and purified as described
absence of MY in the Gyi*GDP complex. It is possible  previously @0). Crystals of G,°GDP-Mg?" were grown
that, like Gq, Mg?" may bind to G,*GDP and might then  in ammonium sulfite under conditions identical to those used
to obtain crystals of the Md-free G,1*GDP complex 41),
L Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet-  €Xcept that either 5 or 10 mM MgS@as included in the
raacetic acid; GTPS, guanosine '50-3-thiotriphosphate. crystallization solution. Crystals do not grow in solutions
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Table 1: Data Collection Statistics

data set X-ray source total obsd unique obsd resolution (A) completeness (%) Rmergd /o0
5 mM Mg?" Raxisll 74197 15461 152.6 99.8 0.080 20.4
10 mM Mg?t CHESS Al 74642 22913 152.2 89.7 0.052 18.9
100 mM Mg?* Raxisll 65673 15379 152.6 99.5 0.080 17.2
200 mM Mgt CHESS A1 91667 25367 2.2 97.3 0.039 27.5

2 All data sets collected at 100 K Rnerge = 100 x 5 |l — DhaVY Ohll ¢ CHESS: Cornell High Energy Synchrotron Source.

Table 2: Refinement Statistics

data set protein atoms solvent atoms resolution (A) R (%) ree (%0)
5 mM Mg?* 2583 51 15-2.6 21.4 25.9
10 mM Mg?* 2583 83 15-2.2 21.8 26.6
100 mM Mg?* 2591 60 15-2.6 215 255
200 mM Mg?+ 2591 88 15-2.2 23.0 26.7

2R =100 x Y||Fo| — |Fell/3|Fol. ® Rree = R for a random 10% of the data excluded from the refinement.

containing [MgSQ@] above 10 mM. Therefore, crystals weighted , — F. and F, — F. difference maps45).
containing 100 or 200 mM Mg were prepared by transfer- ~ Simulated annealing omit map46) were used to confirm

ring crystals grown in 10 mM MgSg£nto Li,SO, stabiliza- that the observed differences were not caused by model bias.
tion solutions containing 100 or 200 mM Mg$%@s described  The protein model was then manually rebuilt, and theeMg
below. Crystals containing Mg are isomorphous to Mdg- and S@* ligands were added using the interactive graphics

free crystals and belong to space gradipvith a, b= 121.3 model building program O4(7, 48). Positional and atomic
A andc=67.7 A, and contain one molecule per asymmetric temperature factor refinement was carried out on the rebuilt
unit. Crystals were prepared for freezing by first stabilizing model using XPLOR44) followed by additional rounds of
them in a solution containing 2.0 M SOy, 1 mM GDP, 3 model building and refinement. In the final rounds, water
mM DTT, 100 mMN,N-bis(2-hydroxyethyl)-2-aminoethane- molecules were added to the model and a bulk solvent
sulfonic acid (BES) (pH 7.0), and either 5, 10, 100, or 200 correction 49) was applied using XPLOR. The fréefactor
mM MgSQ,. The crystals were then sequentially transferred method was used to monitor the refinemes@)( (In order
into the above solution containing 5%, 10%, 15%, and finally that the freeR factor would not be biased by data used for
20% glycerol (v/v) included as a cyroprotectant. Ap- refinement of the Mg -free model, the fre® factors for
proximately 15 min passed between each transfer step.all data sets were calculated using the same reflections chosen
Crystals were flash-frozen on rayon loops by plunging them for free-R factor analysis in the Md-free data set.) TheiG-
into either liquid nitrogen (5, 10, and 100 mM Rfgerystals) GDP-Mgsmm, Gie1*GDP-Mgi0omm @and Ggi*GDP-Mg200mm
or liquid propane (200 mM Mg crystals), and stored in  models were built using the above procedure with the-G
liquid nitrogen prior to data collection. These stabilization GDPMgiomm COOrdinates as the starting model. In all cases,
and freezing conditions are identical to those used previouslyinitial sigmaA-weighted difference maps were made using
for the Mg**-free G.1°GDP crystals 23), except for the the Mg**-free model, and simulated annealing omit maps
inclusion of Mg+ and the absence of EDTA. X-ray were used to verify the differences between thgGDP
diffraction data were collected using either a Rigaku RU300 and G,1-GDP-Mg?" structures. Each structure exhibits good
rotating anode generator equipped with an Raxis Il phosphor-stereochemistry, with 9892% of the residues in the most
imaging plate detector or the Cornell synchrotron source favored region of the Ramachandran plot as analyzed by
(CHESS) A1 line £ = 0.91 A) equipped with a CCD PROCHECK 61). Model comparisons and superpositions
detector (Table 1). Data were processed using the DENZO/were carried out using O. Final refinement statistics
SCALEPACK programming packagé?). A Wilson scaling calculated using all data are given in Table 2.
procedure implemented using the TRUNCATE feature of  Determination of the Occupancy of the Mgand SQ?~
the CCP4 protein crystallographic packad8)(was used to Sites. The occupancies of the Mgand SQ? sites within
place all data on an approximate absolute scale to facilitatethe active site of the different crystal structures were
map comparisons. Data set collection statistics are given inestimated using electron difference density maps. Data from
Table 1. each of the Mg"-titrated crystals were placed on the same
Model Building and Refinementlnitial model building scale by individually scaling each set to the Nidree data
was begun using synchrotron data obtained from crystals ofset using the SCALEIT procedure of the CCP4 package.
Gio1*GDP-Mg?T10mm as these crystals produced the highest Prior to scaling, the M -free data were placed on an
resolution data set before data obtained from;-GDP- approximate absolute scale using the Wilson scaling proce-
Mg?*200mm Crystals became available. The Mgfree struc- dure of the TRUNCATE feature of the CCP4 package.
ture of Gy1*GDP 23) with the water molecules omitted was NonsigmaA-weighted, — F. omit maps were then made
used as the starting model. This model was fit to thg*G  using coefficients and phases calculated using the scaled data
GDP-Mg?*10mm data by rigid-body refinement using XPLOR  and a model in which the active site Kfgand SQ?>~ were
(44), and was then used to calculate phases for initial maps.omitted. All maps were calculated using data sets which
Regions of G;*GDP-Mg?*1omm that differed from the G- contain the same number of reflections within 2%, and were
GDP model, and the Mg and an SG~ bound at the active  calculated for the same resolution range<{2% A). As a
site, were identified as difference peaks observed in sigmaA-test of the method, Ala 41 was also omitted from the
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- ¥ (residues 231242) are disordered, in contrast to their
helical domain ordered state in the;G-GTPyS-Mg2* complex. However,
certain key residues of switch Il (Gly 26&ly 203) are
ordered in the 100 and 200 mM,&GDP-Mg?" structures
as is discussed below. The,&GDP and G,;*GDP-Mg?*
structures also possess an additional helical microdomain that
is formed by the amino and carboxyl termini (residues-10
33 and 344-354; residues 49 are disordered), and which
contains an S@  molecule derived from the crystal
stabilization solution. The role of this microdomain dn
subunité subunit interactions has been previously discussed
(23).

Occupancy and Coordination of Mg Mg?" was ob-
served bound at the active site in each of the four titrated
structures. Simulated annealing omit difference density maps
computed for each of the four;&GDP-Mg?" structures
(Figure 2B-F) exhibit electron density at the Mgbinding
site as observed in the structure of thg.&&TPyS-Mg?*
complex @2) and the corresponding region of other G
proteins (4, 15). This region is devoid of density in the
Mg?*-free Gq1*GDP complex (Figure 2A). The assignment
of this density to Mg" was based on the correlation between
FIGURE 1: Structure of the G1*GDP-Mg?"-SO;2~ complex in the its magnitude and [Mgf], the location of the density at the

presence of 200 mM Md. The a-helical and G domains are previously established Mg binding site in G,*GTPyS:

colored light and dark gray, respectively. N and C indicate the 24 : ;
positions of the first ordered residue at the amino terminus{@sp Mg an.d in other G. pro'Fems, ff‘”d th? nature of the
and the carboxyl terminus (L&Y). GDP (green), Mg" (blue), and surrounding ligands. Visual inspection of difference electron

the two SQ?" ligands (tan) are shown as ball-and-stick models. density maps and comparison with the same region in the
Switch | residues (177185) are colored brown, and the ordered G;,,;*GDP and Gu-GTPyS-Mg?" structures indicate that
residues of switch | (206203) are colored magenta. Most of switch occupancy of the site is partial at 5 and 10 mM ¥gbut

Il (residues 204-217) and switch Il (residues 23339) are _ N2t
disordered; their conformations as observed in thg-GTPyS approaches that of thei&rGTPyS-Mg=" structure at 100

Mg?2* structure are indicated in yellow. The figure was generated and 200 mM M@" (Figure 2). The occupancy of this site
using the program MOLSCRIPB(Q) and rendered with RASTER3D ~ was roughly estimated using, — F. electron difference

(61) density maps in which Mg was omitted from the model
) . ~_ (Figure 3). These indicate that the Rigsite is 50%
calculation of the phases and amplitudes. The similar occupied at 5 mM Mg, is 70% occupied at 10 mM Mg
magnitude of the maxima of the difference densities for this 5nq is fully occupied at 100 and 200 mM Rfg The
residue indicates that _the maps are on approxima_te_:ly the sam@quivalent occupancies of the Rigsite in the 100 and 200
scale. The peak heights observed at the positions of they\ Mg2+ structures and the absence of significant structural
magnesium and sulfur atoms were then used as estimates Ofjifferences between them indicate that the titration of the
the site occupancies. crystals has reached an end point and that th&"Minding
site is saturated at 100 mM.

RESULTS The mode of binding of Mg to the G,1°:GDP complexes

Overall Architecture. With the exception of the presence is unlike that observed in other G protein/GIDR?"
of Mg?* and SQ?" bound at the active site and the changes complexes-it closely resembles the binding of Migto the
in switch | (residues 17#187) and switch Il (residues 199 active Gu1*GTPyS-Mg?" complex rather than that observed
219) (see below), the fouriG-GDP-Mg?* crystal structures  in the inactive complexes. In the 200 mM Rtgstructure,
are essentially identical to that of@@GDP 3), with RMS the inner M@" coordination sphere contains six ligands and
(root-mean-square) differences between the correspondingexhibits octahedral geometry (Figures 4 and 5a). Thé"™Mg
Co. atoms of 0.18 A (5 mM Mg"), 0.21 A (10 mM Mg"), ligands are identical to those that coordinate?M the
and 0.28 A (100 and 200 mM Mg). The overall structure  Gi1*GTPyS*Mg2* structure, except that a water molecule
of Giq1 (Figure 1) is composed of two domains: a G domain fills the position that is occupied by an oxygen of the
(residues 3462 and 177343) which is similar in overall y-phosphate group (Figure 5). The four equatorial ligands
structure to that of Radl®, 13) and of the corresponding G are provided by the side chain hydroxyl groups of Ser 47
domains in other members of the G protein family,(15); and Thr 181 (part of switch 1), an oxygen from the
and, inserted into it, a 114 residuehelical domain (residues  S-phosphate group of GDP, and a water molecule (water
63—176) that is unique to the Gfamily. The guanine 803). The electron density for water 803 is weak in the 200
nucleotide binds to a pocket between the G domain and themM Mg?* G,1*GDP-Mg?" structure, appearing in difference
helical domain, making direct interactions with the G domain maps only at low contour levels (Figure 2F), and is not
only. This two-domain structure is essentially identical to observed in the 5, 10, and 100 mM Kigstructures (Figure
that of the homologous G protem-transducin (@) (21) 2B—D), indicating that this site is weakly occupied. Resi-
and is similar to that of G (52). As in the Gu*GDP dues corresponding to Ser 47 and Thr 181 are conserved in
structure, most of the residues of switch Il and switch Il all members of the G protein family). In particular, Ser

G domaln
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FiIGURE 2: Simulated annealing omit maps about the2Myinding site of the G1-GDP and G, *GDP-Mg?" structures. Blue contours
correspond td, — F. density in which GDP, S@~, Mg2*, and protein and water molecules witt8 A were omitted from the simulated
annealing refinement and the phasing model. Green contours in panel F correspbpd-té&2electron density generated using the entire

final refined model. GDP, Mg, SO2-, and selected waters and protein residues are labeled in panels A and E. The atoms at the carboxyl
end of V201 (0, 5, and 10 mM Mg) and G203 (100 and 200 mM Mg) are colored green; the residues following V201 or G203 are
disordered; thus, these atoms cannot be assigned as either oxygen or nitrogen. Map contour levels and resolution are as follows: (A) 0 mM
Mg2t (2.3 A, 2.05), (B) 5 mM Mg+ (2.6 A, 2.v), (C) 10 mM Mg+ (2.2 A, 2.v), (D) 100 mM Mgt (2.6 A, 2.v), (E) 200 mM Mg+

(2.2 A, 2.0), and (F) 200 mM M§&" (2.2 A, 1.5 for both the F, — F. andF, — F. maps).

47 is part of the diphosphate binding loop or P-loop, a highly A toward the G domain and Ser 47, and assumes a
conserved sequence motPEXXXXGK(S/T)] present in conformation and hydrogen binding scheme that is equivalent
all G proteins. The two axial ligands are water molecules to that observed in theG-GTPyS-Mg?" structure (Figure
(waters 801-802), one of which (water 801) is also found 5). In particular, the distance between the side chain
in the Mg?*-free structure. The latter forms a hydrogen bond hydroxyl group of Ser 47 and a carboxylate oxygen of Asp
with the side chain of Asp 200, which is part of a conserved 200 is reduced from 3.8 to 3.0 A. The Rfgligand bond
sequence motif29DXXG, found in all regulatory GTP distances are indicated in Figure 5a. Excluding the 2.7 A
binding proteins %), and forms the amino-terminal segment separation between Mgand the low occupancy equatorial
of switch Il. Aspartate 200 serves to connect the*Msjte water 803, these average 2.2 A and are similar to those
to switch Il via axial water 801 that is bound to the ¥g observed in the (G*GTPyS-Mg?" structure and other

In the Gg1*GDP-Mg?* structures, Asp 200 moves up to 1.0 Mg?*—protein complexes. The longer bond distance ob-
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complex. In concert with increased occupancy of theMg
binding site, residues 180182 of switch | progressively

0.4+ move toward the MY site (Figure 6). This ensemble of
conformations shows that switch | exhibits plasticity with
respect to Mg" binding. In the Gu*GDP-Mg?"200mm

0.3 structure, the @ atoms of Lys 180 and Thr 181 have moved,

respectively, 1.7 and 1.2 A away from their positions in the
Giq1*GDP structure and assume a conformation similar to
that observed in the active & GTPyS-Mg?t structure
(Figure 6). This movement allows the hydroxyl group of
Thr 181 to coordinate the Mg. When the G domains of
the Mg?*-free Goi*GDP and G,1*GTPyS-Mg?" structures
are superimposed, the RMS difference between thatGms

J’T

Peak Height (electrons/A3)

0.1 of switch | residues 180182 is 2.1 A. A similar superposi-
tion between the (*GDP-Mg? 200mm and Gui*GTPyS:
Mg?* structures gives an RMS difference of 1.0 A. If only
the o- and 5-phosphate groups and the RKigof the latter
04:-_ A A A two structures are superimposed, the RMS difference be-
<g - - ° 2 tween residues 180182 falls to 0.54 A. Therefore, the

mM MgSO position of switch I relative to the-phosphate and Mg
4 sites is nearly the same in the GIMR?*- and GTR'S-Mg?*-
FiGure 3: Maximum peak heights at the positions of the®g  pound conformations. The interaction between the hydroxyl

(S%Lﬂfgg) t:&:ﬁ;vf irslltf;zng('t::afgllfsg;nﬁnrﬂaa;)lgn(;??hg1M(g£[ed group of Thr 181 and Mg appears to cause the changes in

free and M@+-bound Gi1-GDP structures plotted vs the [MgGO the conformation of switch I. In theG-GDP structure, no
Mg?" and the active site S® were omitted from the calculated ~ electron density is observed for the side chain of Lys 180,
phases and amplitudes. Ala 41 was also omitted as a control (sedndicating that it is disordered. The main chain of this
Experimental Procedures). residue is oriented such that its side chain would be directed

served between Mg and equatorial water 803 indicates that .OUt of the active site. Hoyveyer, the side chain of Lys 180
this interaction is weaker than those with the other ligands, ' oztiserved as weak density in theS5DP-Mg** 10mwand
as is also indicated by the weak electron density observedMd” zoomw Structures, and it is directed into the active site
for this water ligand. The second sphere ligands of thé'Mg where it interacts with an S@ ligand as discussed below.
coordination sphere are identical to those observed in the In the Gu*GTPyS-Mg?* structure, the carbonyl oxygen
Gia1*GTPyS-Mg?" structure (Figure 5). of Thr 181 is hydrogen bonded to a well ordered water
Mg?*-Induced Changes in the Conformation of Switch I. which, in G, and other G protein structures, is positioned
Mg?" binding alters switch I, leading it to a conformation for nucleophilic attack upon the-phosphate of GTP1e,
similar to that observed in the active,8GTPyS-Mg?* 20, 22, 52—54). Although Thr 181 is in the correct

Wira —r-#_
o

Ficure 4: Mg?" and SQ?~ binding sites within the 200 mM Mg G;,1*GDP-Mg?™-SO,2~ complex showing significant residues, ligands,

and interactions. GDP, Mg, SO;2~, waters, and key protein residues are labeled. Hydrogen bonds are indicated as dashed lines. The atoms

at the carboxyl end of G203 are colored black; the residues following G203 are disordered; thus, these atoms cannot be assigned as either
oxygen or nitrogen. This figure and Figure 6 were rendered with the program SEGZR (
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FIGURE 6: Mg?"-induced structural transitions within switch | of
the inactive G,;°GDP complex and comparison with the structure
of the active state of (g (Gi,1*GTPyS‘Mg?™) and the inactive state
of transducin (G GDP-Mg?"). Selected main chain residues of
switch | (177185 Gg1, 173-181 Gy), switch Il (199-201 Gy1*
GDP and Gu*GDP-Mg?smm, 199-203 Gui1*GDP-Mg? 200mm
199-205 Gq1*GTPyS'Mg2*, 195-201 G.-GDP-Mg?), and the
/ P-loop (40-44 Gg1, 36-40 G,) are shown as & traces; other

features as labeled. The@GDP-Mg?" and G, GDP-Mg?*
structures have been superimposed onto the G domain (residues
34-62, 177-343) of Gu*GTPyS'Mg?™: Giu1*GDP (magenta),
S gi'T'l@.PyGSDI\F/)I.'\ggzzsmM (O)Vangg)g%bepl?l\i"\ggazomn(% l(ye)HOQ//V_), Glul'f

-Mg?* (green), and G- 0% 200mm (blue). Views o
NH the Gea1*GDP-Mg?*1omm and Gei*GDP-Mg?*100mm Structures are
RN omitted for clarity.

[erest—o,

with a different conformation, in the GDPOs2 -bound

-/\ . structures of the G203/36) and S42V 89) mutants of G.
7| ’ Likewise switch I1I, which is stabilized by contacts with

switch Il, is ordered in the structure ofi{@ GTPyS-Mg?*

but is disordered in the i@-GDP complex. In G-GDP

Mg?* 100mm @nd Gea*GDP-Mg? " 200mm, coONtinuous density for
switch 1l residues 201203 (VGG, part of the conserved
20DXXG sequence) is observed, and disconnected density
can be seen throughout the region that is occupied by the
switch Il helix in Go1*GTPyS-Mg?* (Figure 2E,F). As noted
FIGURE 5: Schematic diagram of the octahedral Mdinding site above, Asp 200 assumes the conformation and participates
observed in the 200 MM Mg Gi,*GDP-Mg?+-SO2~ and Gai- in the same interactions observed in the; & TPyS-Mg?*

GTPyS:Mg?" complexes showing the major interactions between structure. However, the conformation of residues22a3

protein residues and bound ligands. Distances betweéert &iud : ; : : .
its ligands are indicated in angstroms. Hydrogen bonding and salt(':Igure 4) differs from that observed in either the.S

bridge interactions are indicated as dashed lines. Formal charges3 TPyS-Mg?* structure or the GD#PO,”~-bound structures
on the phosphate and sulfate groups are not indicated. (a)of the G203A and S42V mutants ofi&@ Hence, Mg"

Gia1*GDPMg?*-SO?; (b) Goa'GTPyS Mg?*. binding promotes the active conformation of Asp 200 and

conformation to bind this water molecule in the,GGDP- an ordered conformation of certajn switch Il residugs, but
Mg?* structures, the water is not present, most likely becaused0€S not alone completely stabilize switch II or induce
its other ligand, they-thiophosphate of GTPS, is absent. Stability in switch Ill. Mg*" may partially stabilize switch
Mg?* thus binds to the crystalline;G-GDP complex and, !l by anchoring its amino terminus via the MgH,O-Asp™
primarily by its direct interaction with the side chain hydroxyl intéraction previously described. As noted under Experi-
group of Thr 181, stabilizes switch | and causes it to assumemental Procedures, crystals could not be grown de novo from
a conformation that is similar to that in the activated GTP- solutions containing 100 or 200 mM Mg When the

bound state. protein is saturated with Mg, it may assume a solution
Mg?*-Induced Ordering of Switch IIMg2* binding leads conformation that differs from that observed in the g
to a partial ordering of switch Il residues. In the Mefree titrated crystals, in which switch Il is more completely

Gio1*GDP structure, residues 26217 of switch Il are ordered. Inhibition of de novo crystallization by 100 and
disordered and were not observ@®)( whereas switch [1in 200 mM Mg may also be caused by the fginduced
the Go1*GTPyS-Mg?* structure 22) is ordered and consists movement of switch | toward the Mg binding site, which

of a loop (residues 262204) followed by a helix (residues  partially breaks crystal lattice contacts between switch | and
205-217) (Figure 1). Switch Il is also ordered, although a neighboring molecule.
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Mg?*-Induced Recruitment of SO to the Catalytic Site. Binding of Mg?" to crystalline G,1*GDP does not induce
Mg?* binding causes an S& molecule from the solvent  a conformation of switch | similar to that observed ip,G
to bind at the active site. Discrete electron density appearsGDP-Mg?" or induce extensive order in the disordered
in a region of the active site of the &GDP-Mg?* regions, switch Il and Ill, which are well-ordered in.G
complexes that is unoccupied in theGDP complex and  GDP-Mg?". Therefore, the differences between the switch
is near, but not identical to, the position occupied by the regions of G,-GDP-Mg?" and Gui*GDP/Gy::GDP-Mg?*
y-phosphate group in the&&GTPyS-Mg?t complex and cannot be attributed to the presence or absence 6f Nbgit
the monophosphate in the structures of the G203A and S42Vrather may result from other factors, such as different crystal
mutants of Gy bound to GDPPO?~ (Figure 2). Based on  packing schemes. Switch | of (&GDP lies near the
its magnitude, shape, and proximity to protein side chains, N-terminal helix of a neighboring molecule, which prevents
this density was modeled as a sulfate ion derived from the it from assuming a conformation similar to that observed in
2.0 M Li,SO, crystal stabilization media. The refined G,-GDP-Mg?". Crystal packing interactions may push this
B-factors are consistent with this assignment. The occupancyswitch toward the catalytic site. In contrast, crystals gf G
of the SQ? site increases as a function of the concentration GDP-Mg?* were prepared with protein lacking the first 25
of MgSQy in the soaking solution, and parallels the oc- N-terminal residues, making such an interaction impossible.
cupancy of the Mg binding site (Figure 3), indicating that  In crystals of G,-GDP-Mg?*, switch Il makes extensive
Mg?t promotes S~ binding. However, Mg" and SQ?~ contacts with neighboring molecules that may serve to
do not directly contact each other; rather,80nteracts with stabilize its structure. In contrast, the regions surrounding
several other components of the active site (Figures 4 andswitch Il in the G,1*GDP/G,1*GDP-Mg?" structures are free
5a). The sulfate is bound by interactions with the side chain from intermolecular contacts. Differences in the switch
of Lys 46 and the backbone amide of Gly 203. TheS0  conformations exhibited by G and G,-GDP may also be
ion also interacts with water 803, the ligand that replaces attributed to primary structure (& and G, share 65%
the y-phosphate oxygen in the equatorial plane of theéMg sequence identity) and crystal growth and solvent systems
coordination sphere. This latter interaction may be patrtially (Gi,1.*GDP-Mg?" crystals were grown and stabilized in high
responsible for the Mig-induced binding of sulfate to the salt concentration systems at pH 7.0, ang-GDP-Mg?*
active site. However, as noted, electron density for this water crystals were grown and stabilized in PEG 8000 at pH 6.0).
is weak and is only apparent in the,&GDP-Mg?"200mm In addition, the G,;-GDP-Mg?" structures contain S@
structure. Hence, other Mtrinduced interactions may be bound at the active site.
important in binding the S&~. Mg?* may further support The inability of Mg to induce order in switch 1l and Il
SO binding by stabilizing Gly 203 and the amino terminus  in the G,.*GDP complex reinforces our hypothesis that these
of switch Il via the hydrogen bond between one of its ligands, regions are disordered in the inactive state, and that this
water 801, and Asp 200. Density for the side chain of Lys disorder is involved in dissociation from effector. The
180 is absent in the ia°GDP structure, but weak density structure of a different G subunit, G,, complexed with
appears in the G°GDP-Mg?" series. In the Gi-GDP GTPSMg?" and the catalytic domains of its effector,
Mg?*00mm Structure, side chain density for this residue is adenylyl cyclase, reveal that switch Il interacts directly with
present except for the terminal amino group, and its the effector 7). The conformation of switch Il in that
conformation indicates that it contacts an oxygen of the active complex is essentially identical to that o£,GGTPSMg>"
site SQ?~. This interaction may provide additional binding alone 62) and of G,1*GTPyS-Mg?". Given these similari-
energy for SG. ties, it is likely that G, also interacts with adenylyl cyclase

via interactions with switch Il. The loss of order of switch

DISCUSSION Il following GTP hydrolysis would naturally lead to a loss

We have determined the structure of5DP complexed  of affinity for the effector and inactivation of the system.
with Mg?* for several reasons. First, we wished to determine  The structure of G;-GDP-Mg?* reported here displays a
whether M@" binds to crystalline G;°GDP. Although the mode of Mg" binding which has not been previously
Gia1*GDP structure was initially solved in the absence of observedn a G protein/GDP-bound complex. The #g
Mg?*, the presence of Mg bound to the GDRVIg?*-bound binding mode is essentially identical to that observed in the
complex of the homologous protein,Guggested that Mg active Gu1*GTPyS'Mg?t structure, with the necessary dif-
would bind to G,1*GDP also. Second, we wished to ference that a water molecule replaces the absghibsphate
determine if addition of M§" to G,1*GDP would induce oxygen ligand. The conserved Thr residue of switch | binds
order in the disordered switch Il and Il regions, as these to the Mg* as in the activated state. This is in contrast to
regions are ordered ing&GDP-Mg?*. Third, we soughtto  the mode of M@" binding observed in the structures of
determine the mode of Mg binding, and the nature of any  nonheterotrimeric G proteins such as Ra$)(Ran £5),
other conformational changes that may occur relative to the Arf (56), Rap2A 67), and EF-TU §8) and the heterotrimeric
Mg?t-free Go1*GDP structure. Mg -induced conforma- G proteina subunit G,. In these structures, the mode of
tional changes could represent events that occur duringMg?" binding differs between the GDP and GTP or GTP
activation of Gy, and release from heterotrimer, or changes analogue bound states, and the conserved Thr of switch |
within the active site during release of product. Our results participates in Mg" ligation in the active GTP-bound state
indicate that crystalline -GDP, like G,-GDP and other only.
G proteins, does bind Mg. However, although the location Many of the latter G proteins may require Kigin order
of the Mg binding site is the same in all of these proteins, to bind GDP with high affinity, and consequently bind g
the identities of the metal ligands and conformations of the in both the active and inactive states at physiological{Nlg
adjacent switch regions differ. The transition from the active to the inactive state in these



14384 Biochemistry, Vol. 37, No. 41, 1998 Coleman and Sprang

proteins is thus driven entirely by loss of threphosphate remainder of switch Il as indicated by the presence of
upon GTP hydrolysis. In contrast, mos &ibunits do not  scattered electron density. $O and Mg+t may bind

require Md@* in order to bind GDP or to form complexes synergistically, through their mutual interaction with the
with Gg,. It has been proposed that the helical domains of water molecule that substitutes for the oxygen of the

G, subunits promote nucleotide bindingQj, thus eliminat- y-phosphate in GTP. Sulfate appears to order residues 201
ing the need for Mg binding in order to prevent unwar- 203 of switch Il by forming a hydrogen bond with the amide
ranted nucleotide exchange and activation ig:GDP group of Gly 203, thereby inducing partial order in the
complexes. remainder of switch Il. Magnesium ions might stabilize

The weak affinity of G,;*GDP for Mg?* at physiological residues 201203 indirectly by anchoring the carboxylate
[Mg?*] implies that the Gy-GDP-Mg?" complex (and of the neighboring residue Asp 200 via water 801 (Figure
perhaps that of other similar complexes observed crystallo-4). This set of interactions may also contribute to g
graphically at high [M§']) does not represent a stable induced binding of S¢3~. However, the S¢~ site is well
physiological species. Rather, the similarity of thedg  occupied in the 10 mM Mg structure whereas extensive
ligation sphere to that of the active@GTPyS-Mg?t density in the 201203 region appears only in crystals
complex implies that we have forced the,SGDP-Mg?" containing 100 and 200 mM Mg. Hence, the Sg-, and,
complex into a state that may represent?ftdependent by analogy, phosphate, may bind even if the amino terminus
features of the active GTMIg?*-bound state and the unstable of switch Il is largely disordered. Nevertheless, the?ig
complex of Gy, GDP, and P Further, this structure may and SQ?* -induced conformational changes in switch | and
exhibit features of a conformational state that lies on the Il are no doubt synergistic.

pathway leading to Mgy and Rrelease, and loss of effector With SO2~ serving as an analogue of FO, the
binding. Giaa*GDP-Mg2-SQ2~ series of structures, formed in the

The conformational change induced by the exchange of presence of increasing magnesium concentrations, may
GDP for GTPMg*" is in part due to the synergistic effects mimic the conformational changes that occur upon release
of Mg?*. In vitro studies show that addition of Mg to of phosphate and Mg from the quaternary product complex
G,'GTP causes an increase in tryptophan fluorescenceafter GTP hydrolysis. Although the body of the switch II
intensity @3, 34) and resistance to proteolysis by trypsin helix is disordered, its amino terminus adopts an ordered
(35, 36) at a site within switch 1I. The structures described conformation. However, the switch is displaced outward
here, although formed with GDP, provide some insight into from the active site in order to accommodate the quaternary
the mechanism by which Mg contributes to these confor- product complex of GDP, Mg, and S@* (Figure 6). As
mational changes. As Mgis added to crystals of thei{ with they-phosphate of the G5 complex, Gly 203 forms
GDP complex, switch | progressively assumes a conforma- 3 hydrogen bond with S@. We therefore infer that
tion similar to that observed in the activg,3GTPyS-Mg?* cleavage of thed—y bond of GTP is accompanied by a
complex, even as switch Il remains largely disordered. conformational change in switch Il that creates a binding
Hence, switch | activation is dependent primarily on®g  sjte for the product phosphate. Formation of the GBP
binding and does not require that switch Il be in its active complex in the G203A and S42V mutants of,Gis also
conformation. They-phosphate would serve to activate accompanied by a substantial rearrangement of switch I,
switch | indirectly by recruiting M§". The Mg*-stabilized  puyt the switch is kinked in the middle and fully order&®,
conformation of switch | may contribute toifz activity in 39). The phosphate ion in those complexes is also hydrogen
several ways. First, the movement of the switch toward the ponded to Gly 203, but, unlike the structures described here,
Mg?* site would be expected to disrupt interactions between jg directly hydrogen bonded to Thr 181 in switch I. The
Gi1 and @y in the heterotrimer, thus Contributing to Crysta|s of the @1 mutants were prepared at p{éﬁ and,
dissociation of G.*GTP-Mg*" from the complex %9). perhaps as a consequence, contain né*Mg the active
Second, the side chain of Thr 181 coordinates*M@nd site. Therefore, it is possible that the quaternary G+
the main chain carbonyl oxygen of this residue reorients to g2~ complexes described here are better mimics of the
occupy a position identical to that observed in the:G  quaternary product complex formed at physiological pH.
GTPyS-Mg?* complex, where it binds a water molecule that  Nevertheless, S@- is an imperfect analogue of the mono-
ultimately mounts a nucleophilic attack on the phosphate of protonated P and hence its interaction with the active site
GTP. . of Gix may differ.

Addition of Mg** to the G".“'GDP c_ryst.als also causes From the series of structures presented here, we can infer
the conserved Asp 200 of switch II, which is a second sphere that loss of PGF and Mg* from the active site is concerted
ligand of Mg?*, to assume the conformation and participate In vivo, this event leads to dissociation of,Gfrom its '

T ; i M a2+

|r1 mtteractl(_)rr;]s tha_t ?re otpserved n tht‘*.a‘ﬂl?;TP’bs.l.Mg itch effector. Upon GTP hydrolysis, B& moves away from

ﬁ rluc g_re. ¢ tﬁse '3 era(;: |on.;, mayt_par '? y Stah Illlze ?(‘j”' N the active site while maintaining hydrogen bond contact with
, leading to the ordered conformation of SWICh 11 FeSIQUES - =543 of gyitch 11 Complete release of Rfgand PQ2~

202—203, but do not lead to full stabilization of switch Il S . .

. ’ . ' leads to total destabilization of the switch, and correspondin
which presumably requires thephosphate of GTP for full 10-fold reduction in affinity for adenylyl cyclase. P 9
stability in the active state.

An unexpected result of the Mgtitration experiment is
the discovery that an S® occupies the active site in  ACKNOWLEDGMENT
proportion to the concentration of Mg in the crystals.
Sulfate appears to induce residues 203 of switch Il to We thank Ward Coates, Todd Harrell, Mark Mixon, Bryan
adopt an ordered conformation and partially stabilizes the Sutton, John Tesmer, Mark Wall, Tsan Xiao, and the staff
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