Biochemistry2002,41, 3875-3883 3875

Articles

Structural and Biophysical Insights into the Role of the Insert Region in Racl
Functior

Roopa Thapar,* Antoine E. Karnoub, and Sharon L. Campbell*

Department of Biochemistry and Biophysics, School of Medicine, and Lineberger Compreh@ascer Center,
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599

Receied Naember 1, 2001; Résed Manuscript Receed January 15, 2002

ABSTRACT: A 13 amino acid insertion that forms a shogp Belix betweerg-strand 5 andx-helix 4 is a
distinguishing feature among most members of the Rho family of GTPases, yet the precise role of this
region in signal transduction is poorly understood. Previous in vivo functional studies have implicated
the insert region of RhoA, Racl, and Cdc42 to be important for cell transformation, regulation of the
actin cytoskeleton, controlling DNA synthesis, and in the activation of downstream targets. In Racl, our
recent biological studies have suggested that the insert is important for SRF activation and the formation
of lamellipodia but is dispensable for all other cellular functions of this protein. In the studies reported
herein, we have characterized the effect of the insert deletion on Rac1l structure, thermodynamic stability,
and the kinetics of nucleotide association. These in vitro studies help clarify biological data and provide
further insights as to the role of this 13 amino acid region in modulating Racl function. The studies
reveal that deletion of the insert has no effect on Racl structure and causes only a ma@i@adcal/

mol) decrease in thAG™!d of RactGDP-Mg?2*. The intrinsic rate of nucleotide dissociation of Rat'ls

is decreased by about 1.5-fold compared to that of wild type, and a 3-fold increase in the GEF (Vav2)-
mediated exchange rate is observed. In addition, deletion of the insert does not chaKgefdhehe
interaction of Racl with GDI, and similar to that previously observed for Cdc42, no inhibition of GDP
dissociation is observed for the deletion mutant relative to that for the native protein. Taken together, the
structural and biochemical studies reported here are consistent with our biological data reported previously
and suggest that the most likely role of the insert region must be to serve as a binding interface for
downstream effectors, particularly those important for actin regulation.

Rho GTPases such as RhoA, Cdc42, and Racl are The cellular functions of small GTPases depend on their
important members of the Ras superfamily of small gua- interactions with downstream effectors in a GTP-dependent
nosine triphosphatases (for reviews ge€). Rho proteins manner; hence, there is considerable interest in identifying
control multiple signaling pathways and play critical roles regions and residues on a GTPase that may be important for
in regulating the cytoskeleton, activating gene transcription, imparting specificity in signal transduction pathways. Similar
controlling cell cycle progression, cell proliferation, and to Ras, Rho proteins shuttle between an active GTPfMg
apoptosis. A unique feature of these proteins is the presencecomplex and an inactive GDP/Mttbound state. Solution
of a 13 amino acid helical “insert” betweghstrand 5 and ~ NMR and crystallographic studie§{12) reveal that Rho
a-helix 4. In this study, we investigate the structural and GTPases share a similar overall topology with-Rias
thermodynamic consequences of deleting this region in the (Figure 2), and the exchange of GDP for the activating GTP
Rho famlly protein Racl, and we describe how deletion of (or the GTP-mimic GMPPNP) is accompanied by a confor-
this helical insert region affects the association of Racl with mational change that affects two regions of the protein,
guanine nucleotide substrates, with its regulators Vav2 andpamely, loop 28-strand 2 (Ras residues 388, switch 1)
Rho-GDI, and with phospholipids. The structural and zng |oop 44—helix 2/loop 5 (Ras residues 597, switch
biochemical studies reported herein are done in vitro (i.e., ||)  These regions are conserved and are functionally
in a cell-free system) and complement in vivo studies that jmportant for interaction of Rho proteins with GEFs, GAPs,
were previously performed on this deletion mutant in Racl 44 downstream effectors such as ACK, PAK, and NADPH
(6). oxidase.

- ) b In addition, most Rho family proteins also have a 13 amino
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RhoA, Racl, and Cdc42, suggesting that these residues mightis by electrospray mass spectrometry. The DH-PH-CRD
be involved in conferring specificity to Rho GTPase targets. tridomain of Vav2 was expressed from a pET28a vector
In Racl, numerous studies have sought to investigate the(Novagen) and purified using Ni affinity chromatography
involvement of the insert in mediating interactions with its as previously described ). Rho-GDI (gift from G. Bokoch,
downstream effectord 8—15); however, as yet, none of the  Scripps Research Institute) was expressed as a GST fusion
known Racl effectors has been shown to interact directly protein and purified on GSH-agarose beads (SIGMA). Rho-
with Racl through the insert region. We evaluated the effect GDI was cleaved off the beads in the presence of thrombin
of the insert deletion on Racl-mediated cellular signaling and further purified on an S100 column.
and transformation@) and found that deletion of the insert NMR Spectroscopyracl NMR samples contained 6-5
region did not abolish the transforming activity of Racl but 0.7 mM Racl in NMR buffer (20 mM Tris maleate, 50 mM
sustained ROS production in REF-52 cells and NF-kB NaCl, 100uM GDP, 20 mM MgC}, 10 mM DTT, 0.1%
activation in NIH3T3 cells. However, deletion of the insert sodium azide) at pH 6.5 in ¥/ ?H,0 (90:10). NMR spectra
region did diminish SRF activation and completely abrogated for Rac1 (C178S, 4£188) were collected at 2% on Varian
the formation of lamellipodia or membrane ruffles, which Inova 600 or 800 MHz spectrometers equippedwits mm
is the hallmark of Racl activation. These studies conflicted triax or 8 mm z-gradient triple resonance probe. All data
with previous reports on Rac1%), wherein deletion of insert ~ were collected with @H sweep width of 8210 Hz and an
residues 124135 was found to have no effect on actin 15N sweep width of 2189 Hz, with 512 complex points
polymerization in COS1 cells but did abrogate Racl-induced sampled in the direct dimension, and were acquired in a
stimulation of DNA synthesis and superoxide production. States-TPPI mannerl?). Data were processed using the
The inconsistencies in the two reports could be attributed to software Felix 98.2 (Accelrys). Resonance assignments for
either cell line differences used in the two studies (NIH3T3 wild-type (WT) Racl were obtained using standard triple
vs COS cells), the nature of the transforming mutants usedresonance techniques. Complete assignments and structural
(Racl Q61L vs Racl G12V), or the method of Racl characterization of WT Racl (residues 188, C178S) by
expression (transient vs stable). solution NMR are the focus of another studyB) and will

The loss of membrane ruffling and actin reorganization be described elsewhere. Due to limited chemical shift
observed for the Racl deletion mutant in our studies raisesperturbations observed ifH,**N) HSQC spectra, the Racl
the question of whether deletion of the Racl insert has A" mutant was assigned in a straightforward manner, in
introduced a conformational change in the protein, altered comparison to WT Racl, and the assignments were con-
the kinetics of nucleotide binding, or affected proteprotein firmed from 1°N-edited NOESY data. Analysis of NOESY
or protein-lipid interactions that may be crucial for down- data was performed for WT and the RaaTs mutant from
stream signaling. The insert deletion mutant has been widelydata collected at high field (800 MHz). Identical gradient
used as a reagent for functional studies in RhoA, Cdc42, sensitivity enhanced versions (ProteinPack, Varian Inc.) of
and Racl, yet its structural and biochemical properties remain75 ms!*N-edited 3D NOESY-HSQCI@, 20) spectra were
uncharacterized. In the studies reported herein, we havecollected for both WT Racl and Radf"s. Amide H-D
characterized the effect of deleting the insert region of Racl exchange rates were obtained by rapidly diluting a highly
on its overall structure, thermodynamic stability, kinetics of concentrated sample of Racl (6D of Racl in 90%’H,0O
nucleotide association both in the presence and absence obuffer into 700uL of 99% ?H,O NMR buffer) followed by
the exchange factor Vav2, GDI association, and phospholipid acquisition of {H,*>N) HSQC spectra (dead tinve 2 min,
interactions. These studies provide quantitative information acq time= 20 min). Peak intensities were fit to a single
regarding Rac%nucleotide, RactGDI, and Rac#lipid exponential using the program Kaleidagraph 3.0.5 (Abelbeck
interactions in vitro and provide a structural basis for the software).3'P spectra were recorded on an Inova 600 MHz
observed cellular effects. On the basis of the in vitro studies spectrometer operating at 243 MHz. One-dimensigtl
reported herein, we propose that the loss of membranespectra were collected with 4000 scans, a spectral width of
ruffling observed for this mutant in vivo is most likely 60 ppm, and a 65pulse using a repetition time of 3 ¥P
attributed to the attenuation of a key effector interaction that spectra were referenced to 85% phosphoric acid. Chemical

is important for the regulation of the cytoskeleton. shift mapping studies to test for Raefhospholipid interac-
tions were performed by slowly titrating increasing amounts
MATERIALS AND METHODS (up to a 5-fold molar excess of phospholipid relative to the

amount of Racl) of either soluble;@hositol 4,5-bisphos-

Protein Expression and Purificatiohe RaciA™s mutant phate or G-inositol 3,4,5-triphosphate (Echelon Inc) into a
(residues +188 of Racl, with deletion of residues 124  0.25 mM solution of Racl-GDP/Mg and by following
134 and introduction of the point mutations P136A and spectral changes usingH,*>N) HSQC spectra.
C178S) was subcloned from the mammalian vector pPCGN  Fluorescence MeasuremeniBhe dissociation rate con-
into the Nde | and EcoRI restriction sites of pET21a stants for intrinsic and GEF (Vav2 DH-PH-CRD)-mediated
(Novagen). Unlabeled and uniformi¥N-labeled RaciA™s exchange for WT Racl and Raad™ were measured by
was expressed and purified in a manner similar to the wild- monitoring the decrease in fluorescence intensity due to
type protein using cation-exchange chromatography over andissociation of preloaded fluorescent (mant-GDP) nucleotide
S-sepharose column (Amersham Pharmacia Biotech), fol-in the presence of a 400-fold excess of unlabeled nucleotide.
lowed by gel filtration chromatography using an S100 Fluorescence measurements were made in 20 mM Tris pH
column (Amersham Pharmacia Biotech). The proteins were 7.5, 50 mM sodium chloride, 5 mM Mggland 1 mM DTT
>95% pure as judged by SDS PAGE. The identity of the in a PerkinElmer LS 50B fluorescence spectrometer, with
RacXA™ mutant was confirmed by DNA sequencing as well excitation and emission wavelengths of 358 and 440 nm,
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Ficure 1: Overlay of tH,55N) HSQC spectra of uniformly®N-labeled Racl WT (in blue) and Radl™s (in red) in (A) GDPMg?t and
(B) GMPPCPMg?" bound forms. Spectra were obtained at pH 6.5 and@5Insert residues that are absent in the deletion mutant and
residues with the largest chemical shift changes are labeled.

respectively, and monitoredrf@ h at 37°C for the intrinsic and GDP and MY are the free ligands. The program
rates and at 28C for the Vav2-mediated rates. The rates of Kaleidagraph 3.0.5 was used to fit the data.
nucleotide dissociation were also obtained under multiple Phospholipid @erlay AssaysTo test for phospholipid
turnover conditions (i.e., by increasing the concentration of binding, phospholipid PIP-Strips (Echelon Inc.) with twelve
Rac*3'mantGDP at a constant concentration of Vav2 DH- phospholipids (at 100 pmol/spot) were blocked with 3% (w/
PH-CRD. The fluorescence intensity at the end point was v) fatty acid-free BSA in TBST buffer (10 mM Tris pH 8.0,
obtained by adding 50 mM EDTA (final concentration) to 150 mM NaCl, 0.1% Tween-20) f@ h atroom temperature.
the cuvette. Fluorescence titrations for the interactions of WT The blots were washed three times in TBST buffer and then
Racl and RacA™ with Rho-GDI were carried out by incubated with 500 ng/mL of either wild type or mutant Racl
adding increasing amounts of Rho-GDI to 3 mL of Racl (Ai"sor Rac1(}177) mutants) in 3% fatty acid-free bovine
3'mantGDP in the above buffer and monitoring the increase serum albumin (BSA) in TBST buffer overnight at°€.
in fluorescence anisotropy with each addition. The excitation The blots were washed three times with TBST buffer and
and emission wavelengths were 358 and 440 nm, respecthen incubated o2 h atroom temperature with a goat
tively. Equilibrium dissociation constants were obtained by polyclonal primary antibody toward the carboxy terminus
plotting the change in fluorescence anisotropy as a function of Racl (Santa Cruz Biotechnology, Inc). This procedure
of [GDI] added and fitting the data to a hyperbolic function was followed by extensive washing of the blots and incuba-
assuming a single binding site for the interaction using the tion with a peroxidase conjugated goat anti-mouse secondary
program Kaleidagraph 3.0.5. Inhibition of mant-GDP dis- antibody (Pierce). The blots were washed extensively and
sociation from Racl in the presence of a 10-fold excess of visualized using enhanced chemiluminescence (ECL).
GDI was performed as described above at'e5

Chemical Denaturation StudieRacl and the deletion ~RESULTS

mutant were dialyzed extensively against 10 mM sodium o el Structure The resonance frequencies of individual
phosphate pH 7.0, 0.1 M sodium chloride, 5 mM MgCl  5mige protons in NMR spectra are acutely sensitive to the
0.1 mM GDP, and 1 mM DTT. The protein was diluted 10 cpemical and electronic environment of the nucleus and
varying final urea concentrations in the above buffer and |efiect structural perturbations due to the introduction of a
equilibrated for 48 h at 25C prior to data collection. Final 1, tation. Comparison ofd,15N) HSQC spectra of the insert
Racl concentrations ranged from 10 to//d. The equi-  gejetion mutant to that of WT Racl (Figure 1) reveals that
librium unfolding reaction was monitored using chemical yajetion of 13 amino acids from Racl has no effect on the
(urea) denaturation by following the change in circular yosonance frequencies of most residues in the protein.
dichroism at 222 nm using a path length of 1 cm. Equilibrium  ~peamical shift perturbations observed in either RA#E
unfolding data for ternary RaeGDP-Mg?" and Raci GDP-Mg?" or RactA™-GMPPCPMg?" are small and

GMPPCPMg?" were fit to a two-state model, as previously jimited to the local environment around the site of mutation.
described 21):

K 2+ ! Abbreviations: mantGDP, fluorescent analogue of GDP containing
N=U+ Mg“" + GDP the fluorescent mant group, 2-(N-methylanthraniloyl); GEF, guanine
nucleotide exchange factor; GDI, guanine nucleotide dissociation
N is the native state, U the unfolded state without ligands, inhibitor; NMR, nuclear magnetic resonance; CD, circular dichroism.



3878 Biochemistry, Vol. 41, No. 12, 2002 Thapar et al.

between WT and the RacA™™ mutant, even for those cross-
peaks that are shifted in the HSQC spectra. Intriguingly, loop
residues L84, V85, and S86 show a paucity of both intra-
and interresidue NOEs in both the wild type and the mutant,
suggesting that either these backbone amides or side chains
(due to conformational averaging of their side chains) do
not adopt a well-defined or fixed conformation in solution
a3 or the backbone amides of residues—86 show a high
degree of internal motion. Nevertheless, the chemical shift
perturbations and NOE data taken together indicate that
deletion of the insert does not result in a major conforma-
tional change in either Rag&GDP-Mg?" or RactGMPPCP
Mg?*.
These NMR data are also substantiated by the amide
B proton hydrogen exchange rates of the RA®t mutant. The
protection of amide protons from exchange with solvent
[ p1-01-p2-p3-02-—P4-a3-p5———-a4-p6-a5-—— water is influenced by the primary, secondary, and tertiary
. structure of a polypeptide. Amide protons that are buried
(and hence inaccessible to solvent) or those that are in well-
defined secondary structure elements (and hence hydrogen
) ] bonded) exchange slowlkg < 1072 s71) with bulk water
o e delotad in solution. Comparison of HD exchange rates between
wild-type and mutant proteins reveals no major differences
in the exchange behavior for most amide protons. Only five
residues show significant differences in their amide proton
exchange rates in the Ra&l"™ mutant relative to that in
NN NN NN NN WT Racl. Residues R120 and S86 show increases in their

insert
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chemical shift difference (Hz) Rac1 wt-mut

0 15 30 45 60 75 90 105 120 135 150 165 180 195 exchange rates by 1000-fold and 100-fold, respectively

Residue # (Figure 3). The observed increase is not surprising: R120

FiGURE 2: (A) Residues that show significant chemical shift lies in a helical turn just preceding the insert, and deletion
perturbations are mapped onto the R&WMPPNPMg>" crystal of the insert region forces it into a loop, thus rendering it

structure (PDB code 1MH1). The largest perturbation is observed : : Lo : ~
for Leu84, Val85, and S86. The side chain of Val85 packs against more solvent-accessible. Similarly, S86 is more solvent

residues Thr125, Ile126, Leu129, and Pro136 of the insert in the 8XP0sed in the mutant because of the loss of the hydrophobic
RactGMPPNPMg2* crystal structure. The insert region is shown  interaction of insert residues T125, 1126, and L129 with V85.
in orange. Residues with shifts greater that 1 line width are shown |n addition, three residues that lie in the nucleotide-binding

i rﬁd, whet.;rea% resiézlues éhat' ihg"." Sbrl]ifﬁ((gr)](?rr\lmidttr;) |Or are itud pocket (K116, G114, C18) show decreased amide exchange
exchange-broadened are depicted in blue. e total magnitude . . : . .

(*H + ™N) of chemical shift perturbations (in Hz) observed in ra;?sh'ﬂ the ”?”ta”t p_r(;]teml!’erl]at:jve to that_ mr:hedwlld t_yp_e,
(1H115N) HSQC spectra p|0tted vs residue number for R&EIP which Is consistent with a s |g t decrease In the dissoclation

Mg?* The Figure was generated using the program SPOCK (Jonrate of the mutant (see below) and may reflect a small
A. Christopher, Department of Biochemistry and Biophysics, Texas stabilization of the nucleotide-binding pocket upon insert
A & M University). deletion. Residues 122, 123, and 137 exchange too rapidly
after H-D exchange in both the wild-type and mutant
As expected, deletion of 12 residues in Racl results in the proteins to be detected in the first HSQC spectrum; hence,
loss of 12 resonances from the spectrum and shows theany difference in their exchange rates cannot be measured
presence of a new cross-peak for A136 because this residudy the H-D method. The amide proton of V85 remains well-
is a proline in native Racl. protected in both WT Racl and Raad, and no difference
The largest chemical shift perturbations observed in HSQC in its exchange rate is observed. The chemical shift data,
spectra of both RaeGDP-Mg? and RaciGMPPCPMg?* NOEs, and amide exchange rates suggest that even though
are for residues L84, V85, S86, D122, K123, and 1137 residues 8486 lie in proximity to the insert region deletion
(Figures 1 and 2). These residues either flank (residues D1220of insert residues 124134 does not result in a major
K123, 1137) or lie in close proximity to the insert (residues conformational change in th@4/o3 loop in the protein.
L84—S86) in the RaclIGMPPNPMg?* crystal structureq). In addition to perturbations observed for loop residues 84
In the Racl crystal structure, the side chain of V85 packs 86 and residues flanking the insert, small perturbations (of
against the side chains of residues T125, 1126, L129, and~1 line width) or decreased intensities are also observed for
P136 of the insert, forming a loosely defined hydrophobic residues that lie near the nucleotide-binding pocket (i.e., in
core, although backbone amides in the-8& loop are>5 the phosphate-binding loop (residues-18) or the guanine-
A away from any other backbone or side-chain atom in the recognition loops (residues 14318)). In addition, small
protein. Deletion of the insert residues does not result in NOE chemical shift perturbations are observed for residues 19
changes for loop residues 886 in 3D '*N-edited NOESY 25 of a-helix 1 and 94-95 of a-helix 3. However, our
spectra of RaclA™s. In addition, a residue-by-residue findings that no NOE and HD differences are observed
comparison of NOESY cross-peaks in SN-edited NOESY for most residues reflect minor changes in the local environ-
spectra of the RaeA™ mutant reveals no major differences ment of these nuclei in response to mutation.
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Ficure 3: Protection of amide protons from-+HD exchange in RacAi's-GDP-Mg?* (red) compared to that of RacdDP-Mg2*t (blue).

The spectrum on the left was initiated 2 min after the additiodHO, whereas the one on the right was taken aftérh (135 min).

Residues that show a significant difference between wild-type and mutant proteins are labeled. (B) Residues that show significant differences
in amide exchange behavior are mapped onto the crystal structure ofGRMEPNP. The insert region is depicted in yellow, R120 and

S86, in red, and G114, K116, and C18, in cyan.

Global Stability. The NMR studies performed on the or the increased stability of the unfolded state of the mutant
deletion mutant indicate that there are no structural changesrelative to that of the wild type. Nevertheless, the chemical
in Racl upon deletion of the insert. However, does deletion denaturation data are consistent with NMR studies showing
of the insert affect the conformational stability of Racl, and no major structural perturbations due to insert deletion.
are there any functional consequences associated with it7Antriguingly, the GMPPCP-bound form of wild-type Racl
To understand how the insert region alters the energetics ofis ~2.0 kcal/mol less stable than the wild-type GDP form.
Rac1 structure, we compared the global stability of the wild- NMR characterization of the structural and dynamic proper-
type and mutant proteins. It has previously been shown thatties of the GDP- and GMPPCP-bound forms of Rat8) (
solvent (urea) denaturation can be used to assess the globalhould help identify the source of this destabilization.
stability of H-Ras 21). Similar H-Ras, we found that Racl GDP Dissociation.Although the insert region does not
underwent a reversible unfoldirgefolding transition and  make direct contact with the bound nucleotide in any of the
that the equilibrium behavior fit well to a simple two-state known structures, residues at the enBeftrand-5 and the
model (see Methods and Materials). As shown in Figure 4 beginning of loop 8 (116120) in all GTPases interact with
and Table 1, deletion of the insert causes a small (averagethe N7 atom of the guanine ring and flank the insert region.
= 0.87 kcal/mol; range= 0.72—-1.0 kcal/mol depending upon  Since our NMR data indicated that small chemical shift
the m value used) decrease in the global stability of Racl perturbations were observed for residues in the phosphate
GDP-Mg?" and no change in the stability of the active and guanine nucleotide-binding loops, we determined the
GMPPCP-bound form. The midpoint of the unfolding GDP dissociation rates both in the presence and absence of
transition Cmig) for the mutant decreases by 0.4 M urea in the guanine nucleotide-exchange factor Vav2. Previous
the GDP-bound form but remains unchanged in the active studies 16) have shown that the DHPH—CRD tridomain
GMPPCP form. The small decrease in stability of the insert of Vav2 is the minimal fragment required for guanine
mutant by less than 1 kcal/mol in the inactive R&gDP- nucleotide-exchange activity and signaling in vivo; hence,
Mg?* form may be due to the loss of side chaside chain Vav2 DH—PH—CRD was used in our studies to assess the
interactions between insert residues with V85. Alternatively, contribution of the insert region to the rate of nucleotide
they may reflect the decreased stability of the native state dissociation (Figure 5). We found that deletion of the insert
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Table 1: Analysis of Urea Denaturation Curves at pH 7.0 and i : : : : : : : :
25°C 250 20.0 150 10.0 50 0.0 -5.0 -15.0 -25.0
protein Cmia(M urea)  m(kcal molt M1) ppm
Ract*GDP-Mag2+ 6.12+ 0.01 2.39+ 0.078 FIGURE 6: '31P NMR spectra Of (A) Wild-type RacGDP-Mg”,
Racl.AinS.GD?:LM92+ 5.7+ 0.03 1.78+ 0.065 (B) RaClA'r‘_S-GDF"Mgz+, (C) WIId-type RachMPPCPMgZ+, and
RactGMPPCPMg2* 4.8+ 0.05 1.17+ 0.068 (D) RackA"-GMPPCPMg?" collected on an Inova 600 MHz
RactA"-GMPPCPMg?* 4.840.01 1.14+ 0.062 spectrometer at 28C and pH 6.8. Two sets of resonances are

observed for the GMPPCP form. Resonances labeled with an
asterisk §) correspond to free GMPPCP in solution, and the second
set corresponds to the Racl bound form of GMPP&P spectra
were also collected at 5 and P&, and no change in either the
wild-type or mutant spectra were observed.

100

80 turnover conditions as well (data not shown). Because the

insert is not directly involved in the binding interface between
GEFs and GTPase22), it is possible that deletion of the
insert affects a rate-limiting step in GDP dissociation. It is
also plausible that the decreased dissociation rate reflects
small changes in backbone or side chain dynamics for
residues in the phosphate binding loop or the guanine
recognition loops. The effect of insert deletion on back-
bone dynamics will be described elsewhet8)( Neverthe-
less, the observed effect on the kinetics of GDP dissociation

60

40

Bound mantGDP remaining %

20

(] : : : is small, especially when compared to those observed for
0 500 1000 1500 2000 transforming Ras mutants (for example, F28L H-Ras shows
time (s) a 140-fold increase in the rate of GDP dissociation com-

FIGURES: Measurement of the intrinsic (3,4) and GEF- (vav2-bH  Pared to that of H-Ras wild type28)) and are unlikely to
PH—CRD) mediated (1,2) GDP release rates for R&E1P-Mg?* contribute to the observed biological effects of the mutant
(O, a; black) and RaclA™-GDP-Mg>*(O, a; gray). The Racl in vivo. A change in the environment of the bound nucleo-
proteins were preloaded with mantGDP, and the decay of fluores- tiqe would also be reflected in the chemical shifts of #ie
cence intensity in the absence of GEF was monitored in the Presence 1o t f the i ¢ tant. The chemical shifts of
of a 1000-fold excess of unlabeled GDR @ h at 37°C. The Spectra ot the insert mutant. 1he chemical Shilts o
GEF-facilitated GDP dissociation rates were measured at Racl/the o-, -, and y- phosphate resonances of the bound
GEF ratios of 1:10 to 1:100 in the presence of a 400-fold excess nucleotide are the same in the insert and the wild-type protein
of GDP at 25°C. The fluorescence decay curves depicted are for (Figure 6), indicating that the environment for GDP in the

a Racl/Vav2 ratio of 1:100. Racl deletion mutant is similar to that in the wild-type

causes a small (1.5-foldJecreasein the intrinsic rate of ~ Protein.

exchange and a 3-foldcreasein the GEF (Vav2 DH-PH— Rac1-GDI Interactions.Rho proteins exist in the cytosol
CRD) stimulated exchange rate. The increase in the GEFin their inactive GDP bound forms in complex with Rho
stimulated rate is intriguing and was observed under multiple guanine nucleotide dissociation inhibitor or Rho-GDI (for a
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FIGURE 7: Association of non-prenylated RaGDP-Mg?" (a), Ficure 8: Comparison of GDI-induced inhibition of GDP dis-

RactAn-GDP-Mg?* (a), with Rho-GDI, measured using fluo-  sociation for non-prenylated Ra€@DP-Mg?" (without GDI (1),
rescence anisotropy. The change in fluorescence anisotropy iswith GDI (2)) and RaciA"s-GDP-Mg?* (without GDI(3), with
plotted against GDI added, and the resulting data were fit to a GDI(4)). The release of mantGDP from preloaded RaahtGDP
hyperbolic equation to obtain dissociation constants. Mg?+ was followed using fluorescence at 32 and pH 7.5 and in

the presence of increasing concentrations of GDI. The fluorescence
review se€24). Upon activation, Rho proteins dissociate from decay curves depicted are for a Racl/GDl ratio of 1:10.
GDI and are translocated to the plasma membrane. Previous ) i ) i
studies on Cdc42 have shown that the insert region does not!@t lacked both the insert region and 33 amino acids from

affect the affinity of Cdc42 for Rho-GDI26). Intriguingly, the C-terminus of the protein, we decided to further
however, the Cdc42 insert deletion mutant was found to be investigate Ractphospholipid interactions. Karnoub et al.
less susceptible to GDI-mediated inhibition of GDP dis- (6) have shown that the insert deletion mutant does not affect

sociation. To ascertain the effect of insert mutation on Rac1  Cellular localization of Racl in vivo. We therefore character-
GDI interactions, we first compared the association of 12€d the interactions of the wild type and mutant proteins
nonprenylated RaeGDP-Mg2+ and RaciAis -GDP-Mg?* (RaciA'"f and Ra_c%l??, yvhlch lacks the basic rgg!on) with
toward Rho-GDI. The studies were performed in the absenceP0SPholipids using solution NMR and phospholipid overlay
of the prenyl moiety so as to pick up small differences in 2SS2yS (see Methods). The NMR studies were performed by

binding in response to insert deletion. The results show thatlitrating & S-fold excess of the soluble,-Mositol 4,5-
as is predicted from the crystal structur@6,(27 deletion  PiSphosphate (€PIP,) and G-inositol 3,4,5-triphosphate (€

of the insert region has no effect on GDI interactions (Figure P!P3) into a 0.25 mM solution of*N-labeled V\{ST Racl and
7). TheKoy for the interaction of nonprenylated WT Racl Monitoring chemical shift perturbations ifH;**N) HSQC

toward Rho-GDI was found to be 118 0.4 xM and that spectra. Chemical shifts in NMR spectra are extremely
of nonprenylated RacA"™—GDI, 14.3+ 0.7 uM. Hence sensitive to macromolecular interactions; however, contrary

theKp's for the interaction of WT and RaeA™ are similar, [ Préviously reported studieS1), titration of soluble G-
These data are consistent with previous studies that show?!P2 Or Ca—PIPs analogues into the WT Racl NMR ?ample
that although the prenyl group may increase the affinity of did notinduce any spectral perturbations in the RAHE{N)

GDI for Racl it is not necessary for the association of Rac1 HSQC spectrum, and the spectra with and without (a 10-
with GDI (28—30). fold molar excess of) phospholipids were indistinguishable

(data not shown). Because it is possible that the interaction
of Racl with phospholipids requires a membrane bilayer,
we also tested the interactions of wild-type and mutant Racl
proteins using a phospholipid overlay assay in which
giposomes containing different phospholipid analogues were
spotted onto nitrocellulose membranes. The assay was
repeated three times using a Racl concentration range of 1
ug/mL to 0.1 mg/mL, but no interaction with either the wild-
type or mutant proteins was detected. Therefore, the data
indicate that in the absence of a geranylgeranyl moiety the
interaction of Racl with phospholipids is weak at best and
the prenyl moiety must be the main driving force for
membrane association.

In addition to the association of Racl with GDI, we also
compared GDI-mediated inhibition of GDP release from
Racl (Figure 8). The results show that in the presence of a
10-fold excess of Rho-GDI WT Racl exhibits a 2-fold
decrease in the rate of GDP dissociation whereas the inser
deletion mutant shows no inhibition of GDP release in the
presence of GDI. However, because the intrinsic rate of
mantGDP dissociation is slow (2-fold lower in the deletion
mutant), a further decrease in response to GDI is probably
not observed during the time scale of the experiment. The
apparent “lack of inhibition” of GDP dissociation observed
for the Ra&\™ mutant is hence due to the intrinsically lower
dissociation rate of the mutant and has no bearing on its
association with th—GDI. . . . . DISCUSSION

Racl-Phospholipid InteractionsPrevious studies using
pull-down assays have reported that the insert and the C- The insert deletion mutant has been used widely as a
terminus are important for the interaction of Racl with the reagent for cell biological studies, yet there seems to be
anionic phospholipids Ptdins(3,4,3)#hd PtdIns(3,4)R31). considerable disparity in the literature as to the functional
Because these in vitro studies were performed with a mutantconsequence of deleting this region in RhoA, Racl, or Cdc42.
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Studies on a RaeRho chimera32), wherein insert residues  for binding the nucleotide. The NMR studies are further
122—-135 of RhoA were replaced with those of Ras, have supported by chemical denaturation studies that show that
shown that the mutant protein retains effector binding toward the insert mutant is not significantly destabilized relative to
PRK2 and ROCK-1 but decreases transformation of NIH3T3 the stability of the wild type. Hence, the functional conse-
cells and abolishes stress fiber formation. Recent studiesquences of Racl deletion cannot be attributed to either a
suggest that these effects on transformation and the actinconformational change in the protein or decreased stability
cytoskeleton might be mediated via Rho kina88, (34) of the mutant in vivo.
because the RhoA insert deletion mutant is capable of To assess whether the cellular effects may be due to a
interacting with Rho kinase but it does not activate it. In change in the kinetics of nucleotide binding of Rac1 for the
Cdc42, deletion of the insert region abolishes its ability to bound nucleotide and hence a change in GTP/GDP cycling,
transform NIH3T3 cells14) but has no effect on either the  we compared the intrinsic and GEF-mediated GDP dissocia-
actin cytoskeleton or JNK1 activatiori4). Substitution of tion rates for wild-type and mutant Racl. The data show a
loop 8 of Ras for the insert region of Cdc42 results in a (small) 1.5-fold decrease in the intrinsic rate of dissociation
chimeric protein that shows wild-type exchange activity and a 3-fold increase in the GEF-mediated exchange rate of
toward the GEF Dbl as well as wild-type GAP-mediated GTP the RaciA™ mutant versus that of WT Racl. Because the
hydrolysis but is no longer susceptible to GDI-induced NMR data do not suggest a large-scale structural change for
inhibition of GDP dissociation. The insert region of Cdc42 residues that are important for nucleotide association, the
is also reported to be important for association with the small acceleration in the GEF-mediated dissociation rate most
Cdc42 effectors IQGAPL1 and IQGAPAS), whereas it likely reflects subtle changes in the nucleotide-binding pocket
modulates the activity of phospholipase D33) but does that contribute to the exchange mechanism. These effects
not affect association with it. In Rac1l, the closest homologue are small when compared to the effects of the transforming
of Cdc42, functional studies show no effect of insert deletion mutations F28L23) and N17A (36) that either increase the
on transformation, NkB activation, or ROS production in  rate of nucleotide cycling or populate Racl in the apo form,
vivo. However, we have shown that in contrast to Joneson respectively.
and Bar-Sagil5) deletion of the insert has a dramatic effect ~ We have also looked into the possibility that deletion of
on SRF activation and regulation of the actin cytoskeleton the Racl insert affects association with phospholipids. These
such that cells expressing the insert deletion mutant are nostudies were done in vitro, first by examining spectral
longer capable of lamellipodia formatioB)( perturbations introduced in WT Racl NMR spectra as a
These functional studies performed so far yield a number function of added soluble phospholipid and second by
of testable hypotheses as to the effect of deleting the insertmonitoring the binding of wild-type and mutant Racl
region in Racl. First, deletion of the insert region could result proteins in a dot blot assay wherein liposomes containing
in a conformational change in Racl, thereby preventing phospholipids were spotted onto nitrocellulose, thereby
association with downstream effectors that are necessary forincreasing the local concentration of phospholipids available
the observed cellular effects. Second, it could alter the for the interaction. NMR studies are very sensitive to changes
kinetics of nucleotide dissociation, thus altering the popula- in the electronic environments of nuclei; however, we were
tion of “active” GTP-bound Rac1 in vivo. Third, the insert unable to see any association of Racl with phospholipids.
region may mediate interactions with specific effectors that The lack of association observed in our studies suggests
are important for activating signal transduction pathways. strongly that unlike PH, FYVE, or PX domains that bind
Finally, there are contradictory reports that suggest that insertphospholipids with high affinity 7) the interaction of
deletion could alter membrane localization and thus decreasenonprenylated Rac1 with phospholipids is at best very weak.
the available pool of Rac1 for cell signaling. To address each The main driving force for membrane interaction is the
of these possibilities outside the context of the cellular milieu, geranylgeranyl moiety. These in vitro results reinforce our
we have characterized the structural, biophysical, and earlier in vivo observations that the Racl insert deletion
biochemical properties of the Racl insert deletion mutant. mutant does not mislocalize relative to native Rag)l (
Results from our NMR studies show that small chemical shift ~ Finally, deletion of the insert does not impair the associa-
perturbations are observed upon insert deletion in RzDP tion of Racl with GDI. Our fluorescence measurements
Mg?" or Rac:GMPPCPMg?". Residues in close proximity ~ suggest that there is no change in the equilibrium dissociation
to the insert (i.e., residues D122, K123, 1137, L84-S86) show constant for the RaciGDI interaction. No significant
the greatest perturbations in NMR spectra. In addition, impairment in GDI-mediated inhibition of GDP dissociation
residues ina-helix 1 (residues 1925) and o-helix 3 is observed for the RaeA™ mutant, which is most likely
(residues 9495) show small but significant chemical shift due to the 2-fold decrease in the intrinsic dissociation rate
perturbations. These chemical shift changes most likely of RactA"-GDP-Mg?t compared to that of WT RaeGDP
reflect subtle changes in the chemical environment becauseMg?".
comparison of NOE intensities or amide exchange rates Hence, our characterization of the structural, biochemical,
shows no change in these NMR parameters between wild-and biophysical properties of Ra&l"-GDP-Mg?" suggests
type and mutant forms, consistent with the lack of large that this molecule retains all of its intrinsic GTPase proper-
chemical shift perturbationg!P NMR analysis also shows ties, is perfectly capable of cycling guanine nucleotides, can
no change in the chemical shifts of the -, ory- phosphate  interact with GDI, and can be activated by exchange factors.
resonances of the bound nucleotide in either the GDP- or We suggest that the inability of this mutant to trigger
GMPPCP-bound forms. Therefore, deletion of 12 residues lamellipodia formation in NIH3T3 cells is therefore most
maintains the environment of the nucleotide-binding pocket likely due to the loss or alteration of a key effector interaction
and the overalb/f topology of Racl, which is necessary that is necessary for SRF activation and regulation of the
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actin cytoskeleton. There are numerous reports in the
literature that implicate the insert region of Rho proteins as
being necessary for downstream effector activation or
interaction. The insert region of Racl is deemed important
for direct interaction with at least one component of the
NADPH oxidase complex, possibly cytochromgghbbecause
deletion of the insert region is reported to inhibit oxidase
activation (L3). Using pull-down assays, other35 have
shown that the insert region of Cdc42 is important for its
association with IQGAP1 and IQGAP2 (). Hence, it is very
likely that similar to the two switch regions of the GTPases
the solvent-exposed, charged surface of the insert forms either
a distinct binding site or a secondary binding site for an
effector molecule that is specific for actin regulation.
Structural studies on Rho-CRIB motif8§, 39) reveal that
Rho proteins use regions other than the two switch regions,
such as the extreme C-terminus, to bind to CRIB-containing
targets. Therefore, it is likely that the insert region is also
important either for direct effector recognition or for inducing
conformational changes necessary for the activation of
targets. A likely candidate that is known to be involved in
lamellipodia formation is PI13K40). Future studies will test
this hypothesis.
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