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Nucleotide binding to the G12V-mutant of Cdc42
investigated by X-ray diffraction and fluorescence
spectroscopy: Two different nucleotide

states in one crystal
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Abstract

The 2.5 A crystal structure of the full length human placental isoform of the Gly12 to Val mutant Cdc42 protein
(Cdc42G12V)) bound to both GDPMg?*™ and GDPNH (guanosine-5diphosphog-amidate is reported. The crystal
contains two molecules in the asymmetric unit, of which one has bound/®B#, while the other has bound
GDPNH, without a Mg?* ion. Crystallization of the protein was induced via hydrolysis of the CdG4pNHp complex

by the presence of contaminating alkaline phosphatase activity in combination with the crystallization conditions. This
prompted us to compare the binding characteristics of GDPMH GDP. The amino group of GDPNHirastically
reduces the affinity to Cdc42 in comparison with that of GDP, causes the loss of thie ibly and apparently also
increases the conformational flexibility of the protein as seen in the crystal. Both the switch | and switch Il regions are
visible in the electron density of the GDP-bound molecule, but not in the molecule bound to GDPINHC-terminus
containing the CaaX-maotif is partly ordered in both molecules due to an intramolecular disulfide bond formed between
Cys105Cys188 and Cys30%ys388, respectively.

Keywords: crystallography; fluorescence; mant-nucleotides; nucleotide analogues; nucleotide binding; Rho-family;
small GTPases

Members of the Rho-family of Ras-related GTP binding proteins,reported and showed the switch regions to be disord@rettham
namely Rho, Rac, and Cdc42, are involved in the regulation of thest al., 1997. Furthermore, a complex between RhoGAP and either
actin cytoskeletoriNobes & Hall, 1995%. Like Ras, they function =~ Cdc42 GppNHp in the ground state or Rhe@&DP-AlF,~ in the
as molecular switches cycling between a biologically inactive GDP-+ransition state has recently been reported, but without mentioning
bound state and an active GTP-bound state. The relative abumletails of the nucleotide binding sitRittinger et al., 1997a, 1997b
dance of these states is regulated by guanine nucleotide exchang¢hile some of these structures are of the truncated versions of the
factors (GEF9 and GTPase activating proteif€APS (Bourne  GTP-binding proteins, which lack the C-terminal end containing
et al., 1990. In the GTP-bound state, they interact with effectors the CaaX box and the motifs for posttranslational modification,
that are defined as molecules having a high affinity to the GTPother structures did not show density for this region. In our efforts
bound state as opposed to a low affinity to the GDP-bound stateo understand differences in nucleotide binding properties and to
Structures of Rac complexed to a GTP analogue, RappNHp  understand the contribution of the C-terminus, we sought to crys-
(Hirshberg et al., 1997and of RhoAGDP (Wei et al., 1997 and tallize the full length Cdc42 protein complexed to GppNHp. Ser-
RhoA-GTPyS (lhara et al., 1998 have been solved by X-ray endipitously, crystals of full-length Cdc4@12V) in the GDP-
crystallography and showed interesting variations in the nucleotiddound form as well as with the GDP-analogue GDRNkkre
binding site. An NMR structure of Cdc42 in both the GDP and obtained, which brought interesting insights into nucleotide and
GppCHyp (guanosine-5(8,y-methylengtriphosphate form was ~ Mg?"-binding properties as well as the structure of the C-terminal
extension.

Reprint requests to: Ingrid Renate Vetter, Max-Planck Institut fir mole- Resylts
kulare Physiologie, Abteilung Strukturelle Biologie Rheinlanddamm 201,
44139 Dortmund, Germany; e-mail: ingrid.vetter@mpi-dortmund.mpg.de.
Abbreviations:Cdc42G12V), G12V mutant of human placental Cdc42; Overall structure
GppNHp, guanosine‘§ B,y-imido)triphosphate; GDPNK guanosine-5 .
diphosphog-amidate; mant, N-methyl-anthraniloyl-; mGDP; and 3-0-  Crystals were grown from solutions of Cdd&12V)-GppNHp
(N-methylanthraniloylguanosine diphosphate. and analyzed for nucleotide content. Surprisingly, HPLC analysis
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Cdc42(G12V) structure with GDR®Ig?* and GDPNH 779

of dissolved crystals showed a 1:1 ratio of GDP and GDPNH
instead of GppNHp. These results will be discussed in detail be:
low. The asymmetric unit contains two molecules of Cd@IR2V)
whose overall structure shows the expected topology of the Ra
protein, namely an open twistef-sheet flanked byw-helices
(Fig. 2). The two proteins form a dimer with a twofold noncrys-
tallographic symmetry and a buried surface area of 76Qpdr
monomer(1.7 A probe radius; Connolly, 19930nly 15 specific
interactions stabilize the dimer in the crystals, which apparently
is not sufficient for significant dimerization of Cdc42 in solution
as judged from gel filtration studigdvl. Rudolph, unpubl. obs.

As expected from the high sequence homology, the structure o
Cdc42G12V) is very similar to Racl1(81% similarity)y and
RhoA (70% similarity). A comparison of the coordinates of the
Racl GppNHp (PDB entry 1mh}l and the RhoAGDP structure
(PDB entry 1ftn) with Cdc42G12V) shows a root-mean-square
deviation (RMSD) of only 0.94 A (165 Cw-atomg and 1.16 A
(171 Gx-atomg, respectively(Fig. 2). In contrast, the NMR struc-  Fig. 2. Overlay of Cdc42G12V) (blug) with Racl GppNHp (red) and
ture of Cdc42(PDB entry 1ajé superimposes with the crystal RhoA-GDP(green. Left: Ca-trace stressing the differences in structure of

- the switch | regions. The switch Il region and the insert region are very
structure of Cdc4@512V) with an RMSD of 4.26 A(178 Ga- similar independent of the nucleotide steféght: View rotated 90 com-

atomg mainly because of drastic differences in the switch regionspared to left. The figure was drawn with GRA$Richolls et al., 1991
the insert region, and the C-terminal péste below Omitting
these regions for comparison, the core turns out to be quite similar
with 122 Ga-atoms overlaying with an RMSD of 1.88 A.

The major difference between Rho proteins and other subfam- . . .
ilies of Ras-related proteins is an insertion of 13 residues betweewselrt regionlencompassing residues lle117 to lleladopts the

B5 anda4, which adopts a helical structure. Since coordinates of2me helical conforr_naﬂon an_d p_osmon as in th P and
. . Racl GppNHp. The insert region is only visible in molecule 1,
none of the Rho-family members were available when the struc-

ture determination was in progress, R&DB entry 421 had and not in molecule 2. In molecule 1, the insert helix is solvent
! gé(posed and has almost no contacts with symmetry-related mol-

ecules, which is consistent with the highfactors in this part of
the molecule. This is in line with the situation in the RaGppNHp
structure where this region is found to have higBefactors as
well. In contrast, the insert region in the RhaBDP structure
packs tightly against symmetry-related molecules, thus explaining
the lowerB-factors in this structure.

of electron density for the insert region is therefore a proof for
the validity of the structure determination of Cd¢@&2V). The

twofold
axis

) ) Nature of the substrates and nucleotide affinity
insert region o . )
_ In the original electron density generated from the starting model
without nucleotide and Mg, no density was identified that could
be interpreted as g-phosphate. Instead, GDP and Mgwere
found in the active site of the first molecule. Furthermore, density
for neither ay-phosphate nor a Mg at the corresponding position
was observed in the second molecule of the asymmetric unit. These
features were puzzling and prompted us to investigate the nucle-
otide composition in the crystals. High-performance liquid chro-
matography(HPLC) analysis of crystals revealed a 1:1 ratio of
the nucleotides GDP and GDPNHas shown in Figure 3 in
comparison with appropriate marker nucleotides. The peaks have
identical areas but differ in shape. The peak of GDBN&Hvery
sharp and well resolved, whereas the GDP peak is broader in-
dicating a slower dissociation of GDP than GDPNfdfom the
Cdc42G12V)-nucleotide complex under the conditions of the
HPLC. Since the two molecules in the asymmetric unit show
differences in the active sitesee below and the observed GIP
GDPNH, ratio is 1:1, we have to assume that one molecule is bound
. . . . to GDP’Mg?*, while the other is bound to GDPNHThis finding
Fig. 1. Overall structure of the asymmetric unit of Cd¢@2V). Indi- .

cated are the twofold noncrystallographic axis, the termini, the insert relS further corroborated by the fact that the Cd@@22V)-GDP com-

gion, and the switch Il region. The figure was drawn using MOLSCRIPT Plex did not crystallize, whereas Cdda&212V) - GDP supplemented
(Kraulis, 1992. with a mixture of GDP and GDPNHyielded crystalgalthough

L
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trace amounts of phosphatase activity. It remains unclear as to why
the separation of alkaline phosphatase and C@842V) has not
been achieved in spite of a gel filtration step after the exchange
standard reaction._ Thus, it i'_s most likely that the GDP is proo!uced by
enzymatic hydrolysis of GppNHp due to traces of alkaline phos-
| phatase in the protein preparation.
GDPNH, ] Second, a control experiment showed that GppNHp is cleaved
and almost quantitatively converted into GDPHNiA the protein-
free crystallization solution itself0.1 M NaOAc pH 4.7, 5% PEG
4000, 0.3 M LpSOy). This degradation occurs in a time span of
several days and yields only GDPNHut no other degradation
products(~90% of the GppNHp is converted to GDPMNMithin
k 3 weeks. The presence of 0.3 M k$0, leads to a drastic increase

GMP
GppNHp
——= GTP

GDP]

A254

in the dissociation rate constaaiata not shownof both GDP and
GppNHp from Cdc42G12V) (3.5 X 1073 s ! and 12.0x 1073
. e s™1, respectively as compared to the absence 0§3®, (2.0 X
1075 st and 39.0x 1075 s, respectively, which means that
the nucleotides are more easily accessible to the phosphatase.
Since theB-phosphate is considered to be an important element
of the tight binding of guanine nucleotides to Ras-related proteins
(John et al., 1990; Rensland et al., 199%e wondered how the
reduction of negative charge on tephosphate would influence
the binding characteristics under physiological buffer conditions.
Figure 4A shows that the dissociation rate constant of GDPNH
(0.34 s71) in 40 mM HEPEQNaOH pH 7.4, 100 mM NacCl, 5 mM
MgCl, is 10,000-fold faster than that of GOB.33X 104 s™1).
In the case of Ras, it was found that any modification of the
nucleotide or of the protein does not affect the association rate
M constant significantly, but only the dissociation rdfensland

GDPNH,”|

GDP
e

<
a
=h

A254

et al., 1995. Assuming the same for Cdcé@12V), the binding
constant for GDPNHK should be greatly reduced as well. Direct
titration of GDPNH, to nucleotide-free Cdc4%12V) using in-
trinsic protein fluorescence as a proleg. 4B) yielded a rela-
Fig. 3. HPLC analysis of a Cdc4B512V)-nucleotide crystal. A crystal  tively large equilibrium dissociation constant &f; = 0.22 +
grown under the same conditions and of the same age as the one frof ggg uM (three independent measurementEhe affinity of

which the native data set was collected was dissolved and subjected . g
isocratic HPLC analysis as described under Materials and methods. Uppe7 OF t0 nucleotide-free Cdcd@12V), however, was too high to

panek standard otincreasing retention t|m¢§3MP’ GDPN]—L GDP, be measured by titration. Kinetic determination K)& for the
GppNHp, GTP. Lower panel: crystal. Note the differences in shape buCdc42G12V)-GDP complex as the ratio of the rate constants
the equal areas of the GDP and GDP{Nptaks. for the dissociation and association reactidgss = 3.5 X
106 M~1 s~ for mGDP, data not showryielded aKy = 9.4 pM,
which, within the experimental error, compares well with the dif-
ference in dissociation constants of the Cd&322V)-nucleotide
smal), stressing the importance of the asymmetry in the active sitesomplexes mentioned above.
for successful crystallization.

Ras and other GTP-binding proteins have been successfullxﬂ
crystallized as GppNHp complexes. To address the question as
to how the Cdc4@512V)-bound GppNHp got decomposed into Figures 5A and 5B show an omit map around the nucleotide
GDP and GDPNH, solutions of Cdc4@512V)-GppNHp were  sites of the two molecules in the asymmetric unit. For
checked for activities hydrolyzing the supposedly nonhydrolyzableCdc42G12V)-GDP, the M@* is coordinated essentially like in
GTP analogue. the RasGDP structurg Milburn et al., 1990; Tong et al., 1991

First, the Cdc42G12V) preparation was assayed for contami- with the side chain of Thr17Serl7 in Rag one B-phosphate
nating phosphatase activity since GppNHp complexes were presxygen, and four water molecules as ligands of the first coordina-
pared by exchanging the originally bound GDP against GppNHgion sphere forming a distorted octahedron as one of the axial
using soluble alkaline phosphataglvhn et al., 1990 This en-  water moleculesH,0 1,000 in Fig. 5A,G is not in line with the
zyme, known to hydrolyze GDP, but not GppNHp, drives the Mg?* and the other axial ligan¢a 8-phosphate oxygenbut is
exchange reaction toward completidohn et al., 1988 Yet, a  offset by an angle of approximately 43ts position is stabilized
control experiment showed that prolonged incubation of GppNHpby three hydrogen bonds with the side chain of Thrl7, the side
with alkaline phosphatase at ambient temperature and neutral pehain of Asp57, and an equatorial water molecule complexed to the
results in the cleavage of GppNHp into GDP, GMP, and guanosineMg?" (Fig. 50). The space that results from the shift of the axial
It turns out that the solutions of Cdc#212V)-GppNHp purified  water moleculgH,O 1,000 in Fig. 5A,Q is occupied by the side
according to our standard protocdohn et al., 1988contained  chain of Phe37, which is located closer to the interior of the mol-

time
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Fig. 4. Dissociation of Cdc4@12V)-nucleotide complexg#\) and fluorescence titration of GDPNItb nucleotide-free Cdc4512V)

(B). A: 0.1 uM nucleotide free Cdc4&12V) in 40 mM HEPESNaOH pH 7.4, 100 mM NaCl, 5 mM MgGwas preincubated with

2 uM GDPNH; and dissociated with *M mGDP in a stopped flow apparatiteft pane); 0.14 uM Cdc42G12V)-GDP was
dissociated by addition of 4,2M mGDP (right pane). Fluorescence was excited at 295 nm and the increase in fluorescence due to
energy transfer from Trp97 to the mant moiety measured at 435 nm. The amplitudes of the spectral increases were normalized. Single
exponentials were fit to the data yielding apparent dissociation rate constants of 84 §DPNH, and 0.33x 104 s™* for GDP,
respectivelyB: 0.4 uM nucleotide-free Cdc4&12V) in 40 mM HEPE$NaOH pH 7.4, 100 mM NaCl, 5 mM MgGiwas titrated

with increasing concentrations of GDPMNHIhe decrease in tryptophan fluorescence of Cd@42V) was followed at 328 nm after
excitation at 295 nm. The solid curve represents the best fit of an equation describing a simple binding equilibrium to the data and yields
a dissociation constant of 0/3M.
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Fig. 5. Omit maps of the nucleotide binding sites and selected side chains
of the environment of GDPA, B: F, — F. omit map calculated after
simulated annealing refinement of the final model without nucleotides and
Mg?* cut at the 2r level showing the presence of the substrates GDP and
GDPNH, as well as the asymmetric distribution of the Mgon. Density

for the M@ ion is present only in the first molecul@), whereas in the
second molecule an additional stretch of den&lyow) is visible around

the putative position of the nitrogen atofB). C: Schematic plot of the
residues interacting with GDP in molecule 1. Panels A and B were pro-
duced with BOBSCRIPTEsnouf, 1997.

molecule 2
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ecule compared to Glu37 in Ras and Phe37 in Racl. Interestingh

in the RhoAGDP structure this coordination site is occupied g \ @ \ @ \
by the carbonyl oxygen of Thr37. The corresponding Thr35 in A NV | ‘ﬁ,‘ J‘
Cdc42G12V) hydrogen bonds to Asp63 of a symmetry-related P &-/ - —
molecule. Therefore, neither the side-chain nor the main-chair Phe 80 7| > 'J!"I-euﬂﬁ ‘_..-ﬂuﬂs-
carbonyl is available for interaction with the ¥Ig. yd 17 Mz /.,,—Fl'i"“"

A superposition of the models of Ras and Cdg&22V)-GDP ‘,/" 4\:‘ ‘.-1 # - /_I)_f'_\ra_ssp
reveals a very similar position of the nucleotide. A distinguishing % , ;/"7’ |\ L, )
feature of the RhpRag/Cdc42 subfamily is a degeneration of the 1 & EAY .
NKxD sequence motif of GTP-binding proteins[fBN][K,Q]xD. % }@‘/ lle 101 v
Most of these proteins contain a threonine instead of asparagin¢ f e
and Cdc42 and TC10 have a glutamine instead of the lysine. In th \
Cdc42G12V) structure, the glutamine packs against the guanine @“
base like the equivalent lysine in RéSig. 5A,B). Thus, only two T "tf._,s%
methylene groups of the side chdas opposed to four in lysine T aspes
are available for hydrophobic interaction with the guanine base. Ar - g
additional consequence is the loss of a hydrogen bond betwee . \
Lys117 in Ras(which is GIn116 in Cdc4Rand the main-chain /
carbonyl of Glyl3 in the P-loop. The other interactions of / ﬂ,fswim“

Cdc42G12V) with the guanine base, involving the invariant Phe28, switch |
Aspl18 (Asp119 in Ras and Alal59(Alal46 in Ra$ are as

expecied from Ras-relatgd GTP-blndlng.prote_ﬂﬁg.S). . Fig. 6. Spatial arrangement of Trp97 and the nucleotide explaining the

The second molecule in the asymmetric unit, which is bound toypserved fluorescence behavior of Cdc42. The indole ring is in the hydro-
GDPNH,, shows some interesting differences compared to thehobic core of Cdc42 and within 18 A distance from the ribose moiety of
first molecule, which is bound to GDIVIgZ*. The Cdc42G12V). GDP, which carries the mant grodped bal) in fluorescent nucleotides.
GDPNH, molecule shows somewhat longer distances between thBesidues Val9 and Lys96 sandwiching Trp@reen are outlined. On the

. . . N- and C-terminal side of the discontinuity in heti8 Val93 and 1le101 are

oxyge.n atoms and t_he maln-chalh NH gr_oups. Although this Ob'highlighted in cyan and residues hydrophobically interacting with them are
servation has to be interpreted with caution due to the less wellpytiined in yeliow. The figure was drawn with BOBSCRIREsnouf,
defined density for this molecule, this difference was observedl997) and rendered with Raster3errit & Bacon, 1997.
consistently in spite of the application of NCS-constraints and thus
appears to be significant. The same argument holds fétan F.
map at a cut-off of @, which shows additional density in molecule
2 stretching from the3-phosphate via two putative water mol- 1990; Vetter et al., 1996s probably stabilized by flanking resi-
ecules toward Ala259 in the switch Il regigarrow in Fig. 5B. dues, which are deeply buried in the hydrophobic core, namely
This could indicate a putative water mediated hydrogen bond tarp97, a residue that is invariant among the Rho-family members,
the NH, group of GDPNH, which would fix the position of the Val93 (1le95 in RhoA), and lle101(Val103 in RhoA. Trp97 is
NH, group. sandwiched hydrophobically between the side chains of Val9 and

The structure described contains the G12V mutation, which ha&ys96, which lock the indole ring in a rigid conformatigRig. 6).
been shown to block both the intrinsic and RhoGAP-mediatedOn the N-terminal side of the looped-out Glu95, Val93 is inti-
GTPase activity(Lancaster et al., 1994; Ahmadian et al., 1997 mately involved in hydrophobic interactions with Val80, Phe82,
and has been used in microinjection and transfection experimen®he90, Leull2, Leul45, and Leul49. C-terminal to Glu95, lle101
as constitutively active gene for filopodia induction and cell trans-is part of a hydrophobic core with Tyr72, Phe78, Val98, and Phe110
formation (Nobes & Hall, 1995; Olson et al., 1996; Qiu et al., (Fig. 6).
1997). The P-loops of mutant Cdc4@12V)-GDP, RhoAGDP, Additionally to its hydrophobic interactions, Trp97 is sur-
and RaclGppNHp overlay without significant deviation leading rounded by a hydrogen bond network made up by Glu100, Arg68,
to the conclusion that the G12V mutation does not alter the conGly60, Aspll, and Asn92. As shown by tryptophan fluorescence
formation of the P-loop in Cdc4%12V)-GDP, supporting the quenching and fluorescence emission spectra, the environment of
argument put forward for the homologous mutations found in RasTrp97 is not totally solvent inaccessib(eéeonard et al., 1994
oncogenes that even large side chains in position 12 of the P-looghich is in accordance with the position of Trp97 in the structure.
do not alter the structure per ¢érengel et al., 1990; Tong et al., Trp97 is about 18 A away from the ribose moiety of the nucleotide
1991; Franken et al., 1993 (Fig. 6), a distance that is well within the range where fluorescence
energy transfer from tryptophan to the mant group can occur. The
almost total quenching of the tryptophan fluorescence by a mant
group bound to the ribose can conveniently be explained by the
A peculiarity of the Rho-family protein structures determined sorigid conformation the Trp97 side chain adopts in the structure.
far is the presence of a kink in heli, at residue Glu95 in Cdc42 The fluorescence of Trp97 was shown to be sensitive to the nu-
(Fig. 6). The corresponding helix in Ras does not show this feacleotide state of Cdc42Leonard et al., 1994 However, the
ture. Glu95 is looped out in the middle of the longhelix, and  surroundings of the Trp97 are not significantly different in the
Lys96 in Cdc42G12V)-GDP and GIn95 in Ras as well as Asn92 Cdc42G12V)-GDP and the RacTGppNHp structures. Since NMR
(Cdc42 and Asp92 Ras are structurally equivalent. This presum- studies have detected chemical shift changes in the region of Trp97
ably energetically unfavorable helix insertig@ondek & Shortle, upon change of the nucleotide state from GDP to Gpp@Eéltham

Trp97 and fluorescence studies
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et al., 1997, these changes have to be either very subtle or are In spite of the high sequence similarity, the effector loop of

suppressed in the crystal structures. Cdc42G12V)-GDP also differs from the RhoAGDP structure
(Fig. 2). The most pronounced conformational change between
Cdc42G12V) and RhoA occurs at the side chain of PhéBhe39

Structure of the C-terminal end in RhoA), which packs against other residues of the effector loop

In the structure of full-length Cdc4&12V)-GDP reported here, n RhOA’ wherea§ in Cdc4B12V) it is stretched out toward .
: . . St the switch Il region. The sequence from Pro29 to Pro34 in

the C-terminal 13 amino acids are partly visible in the eleCtronCdc42(612V).GDP overlavs well with the corresponding region

density, probably due to a stabilizing disulfide bond between y P g reg

Pro31 to Pro36 in RhoAGDP. In both the RhaGDP and the
Cys105 and Cys188. Electro spray mass spectrometry has Shov@dmZGlZ\/)-GDP structure, crystal packing is probably in-
that a shortened construct of Cd¢@A2V) lacking the CaaX S ’ .
) . . . volved in fixing the effector loop. However, the conformation of
motif readily reacts with3-mercaptoethanol and glutathiofi!.

Rudolph. publ. obB Snce il other Cys residueSyss, Cys1s, ¢S I TORE 85 0T B 2O B i
Cys81 are buried inside the hydrophobic core of the protein, it Y ’ ydrog

. . . . . the carbonyl oxygen of Phe28 and the side chain of Tyr32 is held
appears that Cys105 is the reactive cysteine residue in theslﬁ osition by an intramolecular hydrogen bond with the hydroxyl
experiments as well. Cys105 is conserved among the Rho- P y ydrog y Y

family and positioned at the C-terminal end of arhelix (a3) group of Thr35. A hydrophobic cluster is formed by the side chains
. of Cys18, lle21, Phe28, Pro29, and Pro34.

where usually only a small effect on th&pvalue of a cysteine The switch | region or effector loon of RacEpoNH

residue is observe@Kortemme & Creighton, 1995 However, g P PPNFP

Cys105 is preceded in sequence by two histidine residues th:%\‘\"thOWS poor densityHirshberg et al., 1997 The maximum dis-

) . . . - ance of &-atoms in this region between Cdd€212V)-GDP and
might increase the reactivity of the cysteine, similar to the I Racl GopNHD is 7.6 A(Pro34, underlining the large conforma-
active cysteine in protein tyrosine phosphatad®sPg (Fauman PPHP ) ' 9 g

& Saper, 19956 or enzymes of the fatty acid synthetase or thio- tpnal change Qf the effec_tor loop ator(_fsr Racl a partly occu-
lase family (Huang et al., 1998 all of which work via nucleo- pied conformation for residues 32—36 in the crystal structure was

philic attack of a thiolate and formation of a thiolated enzymetaken' In contrast to Cdca@z12V), the effector loop of Racl has

intermediate. As a result of the disulfide bond. the C-terminaIaImOSt no crystal packing contacts. It is, therefore, not clear whether

. 3 . the difference in conformations is due to the different nucleotide
end is strongly bent. A number of interactions between thestates or to the crystal contacts in the Cd¢@22V) structure. No
C-terminal end and the main body of the G-domain stabilize this Y )

region but the structure of the G domain itself is not perturbedstructural comparison could be done for the solution and crystal

as compared to Rho&SDP or RaclGppNHp. Why the Rho- strl_Jctures o_f Cdc42 beca_use in the NMR structure of Cdc42 the
. . . switch | region was not tightly constrained and suggested to be
family members conserve an apparently hyperreactive cysteing

residue (Cys105 that leads to artificial disulfide formation in mob|le(FgItham et f?‘"’ 199).7 . .
o The switch Il region(residues 60 to 70differs from that in
vitro is not clear at present.

Ras GDP and adopts a helical conformation almost identical to the
one in Rac1GppNHp(RMSD 0.96 A within 11 @& atoms, Fig. 2

and RhoAGDP (2.1 A within 8 Cx atoms since residues 63—65
are disordered This is in contrast to the situation in solution
where no helical assignment for the switch Il region could be made
In Ras, the regions comprising residues 32—40 and 60-74 havd-eltham et al., 1997 However, in the NMR structure parts of the
been called effectofswitch 1) and switch Il regions, respectively, switch Il region were left unassigned precluding a detailed com-
because they undergo major structural rearrangements during GTRarison with the crystal structure. Because the observed dif-
hydrolysis. Mutations in the switch | region block the biological ferences in the switch Il region between inactive and active
effect of Ras, and indeed, the structure of the complex between theonformations are quite small, no large conformational change in
Ras homologue Rap and the effector Raf has shown that thegbe switch Il region of RhpRa¢/Cdc42 upon GTP hydrolysis is
residues are involved in the interaction with effectgféassar  expected. Since the sequence of this region is completely con-
et al., 1995, 1996 For Rho-type GTP-binding proteins, the same served between Rac, Rho, and Cdc42, it is likely that the observed
region also participates in binding to their specific effectors and isdifferences are due to the intrinsic flexibility of this region, which
involved in defining the specificity of interactiofBest et al., has been observed for the switch Il region in Ras by both X-ray
1996; Matsui et al., 1996; McCallum et al., 1996; Quilliam et al., crystallography and NMRMilburn et al., 1990; Pai et al., 1990;
1996; Li & Zheng, 1997. In the Cdc42G12V) crystal, both switch  Kraulis et al., 199%as well as for the switch Il region of Cdc42 in
regions are clearly defined in molecule 1 but not visible in mol- both nucleotide states in solutigfreltham et al., 1997

ecule 2. Figure 2 compares molecule 1 of Cd&R2V)-GDP
with the structures of RacGppNHp and RhoAGDP and depicts
the different positions of the effector loops.

The detailed conformation of the Cdo4z212V)-GDP loop 1  In this paper, we describe the crystal structures of C{842V) in
(residues Tyr32 to Tyr40, defined in analogy to Rd#fers from complex with GDPMg?* and GDPNH, which were obtained by
the RasGDP loop, which is not surprising because of the consid-serendipity from Cdc4@12V)-GppNHp. An attempt was made
erably different sequences. However, the canonical structural chande correlate the structural differences between the two molecules in
of Ras upon nucleotide exchange, where Thr35 contacts ththe asymmetric unit with biochemical data about nucleotide affin-
Mg?" in the GppNHp form, is observed in Cdc42 as well, asity and kinetic behavior. An alteration of the crystal composition
shown by the structure of Cdc4@ppNHp in complex with like seen with Cdc4@12V) is not uncommon as for instance in
RhoGAP(Rittinger et al., 1997a the structure of the regulatory GTPase Rap@erfils et al.,

Comparison of the switch regions of Cdc42(G12V)
to Ras, RhoA, and Racl

Discussion



784 M.G. Rudolph et al.

1997. GTP was found to reside in the active site although athe GTP to the GDP fornilhara et al., 1998 This is in line with
GDP-complex was set up for crystallization. Contaminating kinasethe fact that apart from the insert region other regions on Racl
activity from Escherichia coliwas made responsible for the phos- contribute to the nucleotide specific binding of certain effectors
phoryltransfer reaction. In the case of Cdt@22V), GppNHp  such as the NADPH oxidase subunit B&F (Freeman et al., 1996
was degraded to GDP and GDPWa&s found from HPLC analysis ~ Similarly, the insert region of Cdc42 was shown to be essential for
of the crystals. the inhibition of nucleotide dissociation by RhoGDI, but not for
The question arises why it has been possible to obtain crystalthe binding of the two protein@Nu et al., 1997. It seems, there-
of Ras and other GTP-binding proteins in complex with GppNHp.fore, that the insert region specific for the Rho proteins serves a
One difference might have been the fact that most crystals ofegulatory role in the binding of certain subsets of target proteins
small GTPases have been grown around neutral pH, which prolrather than to specifically discriminate between them. Such dis-
ably stabilizes the protein and slows down the spontaneous hydr@rimination is brought about by the switch regions and probably
lysis of GppNHp. The other difference between the standardhelix a3. It is known for example that the N-terminal part of
Ras GppNHp crystallization conditions and the conditions usedhelix a3 is involved in a major interaction with the Cdc42-GAP
for Cdc42G12V) is the presence of high concentrations of30, protein RhoGARRIttinger et al., 1997@gand it is thus tempting to
compared to low salt concentrations for R8sherer et al.,, 1989  assume that the looped-out conformation of Glu95 found in the
The effect of the salt is indeed important as exemplified by theCdc42G12V)-GDP structure might have a function in GAP bind-
more than 30-fold increased dissociation rate constapisof the ing or discrimination.
fluorescent nucleotides mGDP and mGppNHp from the complex Most three-dimensional structures of Ras-related proteins have
with Cdc42G12V) in the presence of 0.3 M bSO, as compared  been solved with truncated proteins constituting the actual G-domain,
to the absence of b80O,. The influence of the LISO, on nucle-  leaving out the C-terminal region required for posttranslational
otide binding is therefore expected to be similar(lH,4),SO;, modification and membrane attachment. In cases where full length
which is known to accelerate the nucleotide exchange in smalproteins were present in the crystals, the C-terminal end was found
GTPases considerablyohn et al., 1990 Therefore, under the to be disorderedMilburn et al., 1990; Pai et al., 1990; Scheffzek
conditions of high salt concentrations and low pH, crystalliza-et al., 1995; Hirshberg et al., 1997; Wei et al., 1989rom these
tion has to effectively compete with hydrolysis to explain the structures and biochemical studies comparing full-length vs. trun-
observed GDP and GDPNHn the crystals, otherwise the GDP cated proteingJohn et al., 1989 it has been assumed that the only
and GDPNH would have been degraded as well. Once therole of the C-terminal end, except for Ran, is to provide a flexible
Cdc42G12V)-nucleotide complex is incorporated into the crystal, tail that after posttranslational modification is responsible for an-
it seems not to be amenable to side reactions any more. choring the protein into the particular membrane compartment
Due to different conformations of the effector loop, the¥g  required for its biological role. This is supported by the fact that
coordination in Cdc4@12V)-GDP looks more like in Ra&DP the C-terminal end of Cdc4&12V) is, even in the presence of a
than in RhoAGDP, indicating that the mode of Mg binding can  disulfide bond, still only partially visible in the electron density.
be quite different within the group of the Rho-family proteins. The
flexibility in binding is supported by the fact that the ®ighas an
apparent equilibrium dissociation constant in the micromolar range .
and is in fast equilibrium with the solvent, dissociating also inde-Malterlalls and methods
pendently of the nucleotiddohn et al., 1993; Leonard et al., 1994;
M. Rudolph, unpubl. obs. The most consistent feature of the Protein production and purification
Mg?" binding site in GTP-binding proteins seems to be a mono-

N The plasmid harboring the gene for the G12V mutant
dentate coordination to thg-phosphate oxygen of GDP and a 42G12 f the h | | 12 . Kind|
bidentate coordination to thg,y-phosphate oxygens in the tri- (Cdca2G12V)) of the human placental Cdca2 protein was kindly

hosphate struct but the details of th dinati provided by George Martin, Onyx Pharmaceuticals. Production of
P %s]p gde Asfzréi;\r/()asGDLIIDN € de a'? 0 d € coort |r;]a |0ndvar)_/t. Cdc42G12V) fused to glutathione-S-transferase and purification
€ zf . ’ H complex does not show ENSILY " of the Cdca2nucleotide complex have been reportgiudolph
for a Mg=" ion and apparently has a very much lower affinity

o7 o et al., 1998. After cleavage of the fusion protein with thrombin,
for _Mg than the Cdc4@_312V)-GDP complex. Substituting AN three additional amino acid residuésly-Ser-Pr9 preceded the
amino group for a negatively charged oxygen atom not only in-

. o starting methionine at the N-terminus of Cd¢@2A2V) as con-
\{erts the hydrogen bonding capability but also rgduces th? Ne9%imed by protein sequencing. The integrity of the C-terminus was
tive charge on the3-phosphate. The less negative potential of verified by mass spectrometry.
the B-phosphoramidate in GDPNHcould very well explain a
decreased affinity of GDPNHfor Mg?* as shown by fluo-
rescence and thus the lacking density for a 2NMgn the
Cdc42G12V)-GDPNH, structure. GDPNH could prove as an
interesting GDP analogue that like GB® could be useful for Fluorescence measurements were done &E2f a Fluoromak"
mechanistic studies such as the ¥Mgdependence of phosphoryl spectrofluorimete(SPEX Instruments S.A., Inc., Edison, New Jer-
transfer reactions or the inhibition of G-proteins. sey). Titration of nucleotide-free Cdc4&12V) with GDPNH,

On comparing the overall structure of Cd¢@12V)-GDP with was performed in 40 mM HEPESIaOH pH 7.4, 100 mM NacCl,
RhoA-GDP (Wei et al., 1997 and Rac1GppNHp (Hirshberg 5 mM MgCl, with an automatic titrator using a Hamilton syringe
et al., 1997, it is apparent that the conformations of the insertas reservoir for the nucleotide. The decrease in fluorescence at
regions are strikingly similar. Given the high degree of sequence328 nm(8 nm bandwidthwas followed after excitation at 295 nm
identity within the insert regions, it can be assumed that they dq0.2 nm bandwidth Equilibrium dissociation constants were ob-
not change their structures during the conformational switch frontained by fitting the solution of a quadratic equation describing a

Fluorescence studies
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bimolecular association model assuming a 1:1 stoichiometry to th@able 1. Crystal parameters, data collection,
data. The influence of LEO, on the nucleotide dissociation rate and refinement statistics

was measured as follows: Cdd€12V) complexed with mant-
labeled nucleotides was diluted to uM into 100 mM HEPEg  Crystal parameters

NaOH pH 7.4, 300 mM LiSO,, 0.5 mM MgCb. Dissociation of ~ Unitcell @.c) (&) 98.65, 104.16
the fluorescent nucleotides was initiated by addition of a 1,000-Data statistics
fold excess of unlabeled nucleotide. The decrease in fluorescenceResolution(A) 30-2.5
at 435 nm(2 nm bandwidth after excitation at 366 nn0.3 nm Collected reflections 88,071
bandwidth was followed. For measurement of the dissociation of ggﬁglee:::gg;%?;/h'gh) 0 991)3:;/295949

: | (1) . .
unlabeled nucleotides from Cdc#212V), ca. 0.1uM of complex R, (total/high) (%)° 4.9/46.0

was added to exce§$.2—5uM) mant-nucleotide in 40 mM HEPES
NaOH pH 7.4, 100 mM NaCl, 5 mM Mggland the increase in
mant-fluorescence at 435 nfd nm bandwidth due to energy Molecular replacement

transfer was followed after excitation of protein fluorescence at Search model Poly-Ala Ra&DP

{I/a(1)) (total/high) 15.6/3.3

295 nm(0.3 nm bandwidth The association constant of mGDP EESO:UEO” range [matiloff_\) A ;03:5
for nucleotide free Cdc4%12V) was measured using the same esolution range transia i) )
dout. | . trati f MG 6.5uM final Correlation coefficientR-factor
readout. Increasing concentrations of mG5-6.5uM fina (1%, 2 peak (%) 49.750.3, 41.354.2

concentratioh were mixed with nucleotide free Cdcé4212V)

(0.1 uM final concentratioh at 25°C in 40 mM HEPESNaOH  Refinement statistics

pH 7.4, 100 mM NaCl, 5 mM MgGlin a stopped flow machine ~ Resolution rangeA) 30-2.5
(Applied Photophysics, Leatherhead, United Kingdonith the Reflections(20- cut-off) 17,611

monochromators set to 1.5 nm and a cut-off filter of 408 nm. \Ijvrgttsrm atoms 63;3’098
Single exponentials were fitted to all kinetic data using the pro- oiere 57
gram Grafit(Erithacus Software, Staines, United Kingdorin- Bulk solvent(k, B) (e/A3, A2) 0.33/52.4
ear regression of the apparent association rate constants as a functiomg,/Ryee (%)¢ 22.5/28.0
of mMGDP-concentration yielded the microscopic association ratPStereochemicaI parameters
constaniass RMSD bondgangles(A,°) 0.0071.2
(B) mc first/second molecul¢A?)® 46.966.1
Crystallization, crystal analysis, and data collection (B) sc firs/second moleculéA?)® 49.3/67.1
(B) GDP (A%)® 35.2
Tetragonal crystals were grown at 45 using the hanging B Mg?" (A?)¢ 39.9
drop method by mixing 1.5uL of a 4 mM solution of (B) GDPNH, (A%)® 62.8
Cdc42G12V)-GppNHp in 20 mM HEPE&NaOH pH 7.4, 1 mM Mean coordinate errof)’ 0.39

MgCl, with 1.5 uL reservoir solution consisting of 0.1 M NaOAc
pH 4.7, 5% PEG 4000, and 0.3 M 430,. Crystals were frozen aCompletenesRm and(1/a(1)) are given for all data and those in the
after serial transfer to cryosolutions containing 0.1 M NaOAc pH highest resolution she(2.6-2.5 A.

4.7, 10% PEG 4000, 0.3 M k$0;, and 5, 10, 15, and 20%  .Rm= S|l — (DI/ZI.
glycerol, respectively. Other atoms correspond to one kg one GDP and one GDPNHn

B . the asymmetric unit.
A 100K native data set was collected from a single crystal on Reyst = 3| Fol = |Fel /2 |Fol-

beamline X31 at EMBL go DESY at a wavelength of 1.0774 A eMean values are given for main chaimc) and side chairisc) atoms.
using a MAR imaging plate scanner operating in 18 cm mode. 'According to Luzzati(1952.
Crystal to detector distance was 100 mm. Data reduction and pro-
cessing were done using the DENZSCALEPACK program pack-
age(Otwinowski & Minor, 1997. The data statistics are given in
Table 1. P4;2,2 with two and three molecules to search for. Since at the
The nature of the cofactors in the crystals was analyzed bystage of structure determination no coordinates of Rho-family pro-
isocratic HPLC(Tucker et al., 19860n a C18 reversed phase teins were available, the R&DP and RasGppNHp complexes
column (Bischoff, Leonberg, Germanyusing 0.1 M potassium (PDB accession numbers 4q21 and 5p21, respecjiliger as
phosphate pH 6.5, 10 mM tetrabutylammonium bromide, 0.2 mMare or with their loops successively truncated were used as search
NaNs, 7.5% acetonitrile as the mobile phase. The absorption demodels. Additionally, all models were used with either no changes
tector was set to 254 nm. Crystals survived washing several timesf the side chains, all nonconserved residues changed to Ala or as
with water and were dissolved in the above solution. poly-Ala. The results from AMORE were analyzed automatically
for steric overlap of the transformed models using a fast packing
analysis progranl. Vetter, unpubl. ob$. For this, the transformed
models were approximated by a sphere encompassing 80% of their
Because the interpretation of systematic absences was ambiguouadius and the overlapping radii were calculated. The remaining
the space group was determined to be eifgP2,P4,2,2, P4522, solutions with the largest difference in correlation coefficients and
or P452,2. The Matthews parameter indicated two or three mol-R-factors between the first and secoflzkst falsg solution were
ecules in the asymmetric uniy;,, = 2.9 or 2.0, respectively visually checked for packing consistency. For poly-Ala ReBP
Thus, a molecular replacement search using AMAQREP4, a solution was found for two molecules in space gréhq2,2.
1994 was performed in space group4,22,P4,2,2, P4;22, and  The difference in rotation angle for the two solutions matches the

Structure determination and refinement
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position of a noncrystallographic peak in the= 180" section of  chandran plot, respectiveljLaskowski et al., 1998 The atomic

the self-rotation function, which is consistent with a dimer in the coordinates and structure factors of the asymmetric unit have

asymmetric unit. been deposited at the Protein Data Bank, accession code la4r.
Because the molecular replacement solution from AMORE for

the second molecule was much weaker than for the first one,

separate cross rotation function searches using POLARREN4,  Acknowledgments
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]:994) were performed. The same solution as from AMORE for theand Iime Schiichting for discussions, Michael Hess for help with the fig-
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rigid body refinement of the secondary structure elements of théhe staff at the EMBL-outstation Hamburg is gratefully acknowledged, and
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second molecule was found after rotating this molecule around

the axis corresponding to the noncrystallographic twofold and usingh
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