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Redox Regulation of RhoA
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ABSTRACT:. We have previously shown that redox agents including superoxide anion radical and nitrogen
dioxide can react with GXXXXGK(S/T)C motif-containing GTPases (i.e., Racl, Cdc42, and RhoA) to
stimulate guanine nucleotide release. We now show that the reaction of RhoA with redox agents leads to
different functional consequences from that of Racl and Cdc42 due to the presence of an additional
cysteine (GXXXCGK(S/T)C) in the RhoA redox-active motif. While reaction of redox agents with RhoA
stimulates guanine nucleotide dissociation, RhoA is subsequently inactivated through formation of an
intramolecular disulfide that prevents guanine nucleotide binding thereby causing RhoA inactivation. Thus,
redox agents may function to downregulate RhoA activity under conditions that stimulate Rac1 and Cdc42
activity. The opposing functions of these GTPases may be due in part to their differential redox regulation.
In addition, the results presented herein suggest that the platinated-chemotherapeutic agent, cisplatin, which
is known for targeting nucleic acids, reacts with RhoA to produce a RhoA-thkisplatin—thiol adduct,

leading to inactivation of RhoA. Similarly, certain arsenic complexes (i.e., arsenate and arsenic trioxide)
may inactivate RhoA by bridging the cysteine residues in the GXXXCGK(S/T)C motif. Thus, in addition

to redox agents, platinated-chemotherapeutic agents and arsenic complexes may modulate the activity of
GTPases containing the GXXXCGK(S/T)C motif (i.e., RhoA and RhoB).

Similar to Ras GTPases, Rho family GTPases regulate a In addition to these protein regulatory factors, we have
host of cellular processes involved in regulation of cellular recently demonstrated that reactive oxygen species (ROS)
growth control, i.e., cell proliferation, apoptosis, and dif- and reactive nitrogen species (RNS), particularly superoxide
ferentiation (—3). However, Ras and Rho GTPases interact anion radical (@) and nitrogen dioxide*NO,), respec-
with distinct regulatory factors and cellular targets to mediate tively, can enhance GDP release from a subset of Rho
pathways that control these procesges3). Moreover, Rho ~ GTPases (i.e., Cdc42, Racl, and RhoA) and thus modulate
GTPases regulate pathways that modulate cell morphologytheir activity ). The redox sensitivity of these Rho GTPases
and motility through actin cytoskeletal rearrangements as is due to the presence of a redox-active GXXXXGK(S/T)C
well as oxidant production2-5). motif located in the phosphoryl-binding lood)( This

The activity of Rho GTPases is modulated by protein GXXXXGK(S/T)C motif is also found in other Rho family

regulatory factors which control cycling between active GTP- GTPases (i.e., RhoT and TC10), several Rab GTPases as

bound and inactive GDP-bound states. For example, guaninewe" as the Ran family GTPase, TCA. Intriguingly, a variant

: f the GXXXXGK(S/T)C motif, which contains an
nucleotide exchange factors (GEFs) upregulate Rho GTPasgom.] 0 . . .
activity by facilitating exchange of bound GDP with GTP 22?;Ir?gzlthcgfg;(r;?xé%}}é(swfémnoﬂrpb‘i, r;ggl)q ddiséggagigt
to populate the active GTP-bound state of the GTPase. ' I, 1s found| u

. L : of redox-active GTPases, including RhoA and RhoB. In
Downregulayon_ of Rho _GTPase activity is ach|eve<_j t_)y RhoA., the redox-active C§&(equivalent to Racl C¥8 is
GTPase-activating proteins (GAPs) and GDP dissociation d A f e val 8 |
inhibitors (Rho GDIs) which enhance the intrinsic GTP ~3.6 and~10.3 A away from P (equ!va entto Ph€in
hydrolysis and prevent membrane association and GDPRas and Racl) and CYs(not present in Ras and Racl),
dissociation, respectivelys(7). Exchange of GDP for GTP respectively 9). Although the redox architecture of RhoA

leads to a conformational change in the GTPase that greatly(g) 's nearly identical to that of Racl and CdcAm(11),

enhances their affinity for downstream effectors. The interac- electronic interaction between Cyand Cys"in RhoA may
tion between the acﬁive GTP-bound GTPase-and effectorgive rise to di_s t_inct re_dox prop_erties_ c_ompared to Rho

. . ) : GTPases containing a single cysteine within the GXXXXGK-
leads to stimulation of GTPase effector-mediated signal (SIT)C motif, such as Rac1L?)

transduction pathways. cis-Diamminedichloroplatinum (1) (cisplatin) is widely

used in chemotherapy to target and modify nucleic acids
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atin) is a second generation platinum complex that is often 177), and wt Cdc42(1188) proteins were expressed and
effective in cisplatin-resistant cell lines and tumors and purified as described previous|$,(34). RhoA C16A/F25N
appears to be less mutagenic than cispldtifi(19). Part of and C20A/F25N mutants were prepared by QuikChange Site-
the mutagenic and toxic affects associated with thesedirected Mutagenesis Kit (Stratagene). Vav2 DPC was
platinated-chemotherapeutic agents may result from reactivityexpressed and purified as described previou8K).(The
with cellular proteinsZ0—22), due to their high affinity with prepared proteins were95% pure as determined by SBS
thiols (23, 24). For example, platins (i.e., cisplatin and PAGE, and the protein concentration was determined by the
oxaliplatin) can react and bridge vicinal protein thiols in Bradford method 35). The purified Rho proteins were

thioredoxin reductase resulting in inactivatio®5). Like incubated with DTT (10 mM) for 10 min under anaerobic

platins, many metal complexes (i.e., arsenic and vanadiumconditions. DTT was then removed by passing redox-active
complexes), can cross-link protein bithio6(-28). In fact, Rho protein samples through a size exclusion column (G-
one arsenic complex, phenylarsine oxide (PAO), has been25, 1 x 5.0 cm) that was pre-equilibrated anaerobically with
shown to cross-link the Cysand Cy# thiols of RhoA, the assay buffer under anaerobic conditions.

leading to RhoA inactivation29). As the GXXXCGK(S/ Preparation and Quantification of Oxidized Rho Proteins

T)C motif of RhoA contains a bithiol, we postulated that DTT-treated Rho GTPases were introduced into anaerobi-
platins as well as other thiol-reactive metals and their cally sealed vials containintNO, (0 to ~5 uM) in assay
derivatives could target RhoA, resulting in alteration of buffer and incubated for 10 min. Ascorbate (1 mM) was then
RhoA-mediated signaling events. added to quench the remainingO, and radicalized protein

In this study, mutagenesis, kinetic, fluorescence spectros-prior to air exposure. RhoA GTPases treated WO,
copy, and mass spectrometry approaches have been employddllowed by ascorbate were applied to a size exclusion
to investigate the role of reactive oxygen and nitrogen speciescolumn (G-25, 1x 5.0 cm) to removeNO, and ascorbate
on GXXXCGK(S/T)C motif-containing GTPases. We have reaction derivatives (i.e., chemically modified GBNO;
also investigated the effect of various platinated-chemother- adduct) as well as unreacted ascorbate from oxidized Rho
apeutic and arsenic agents on the guanine binding andGTPases. RhoA protein derived from this treatment is
exchange properties of GXXXCGK(S/T)C-motif-containing referred to herein as “N&treated RhoA”. Treatment of Rho

GTPases. GTPases withNO; in the absence of £did not produce
Rho-SNO (not shown). Thus, under our experimental condi-
MATERIALS AND METHODS tions (anaerobic conditions), Rho-SNO does not appear to

be generated. Furthermore, even if Rho-SNO was formed
(by potential Q@ contamination), treatment with ascorbate
converts Rho-SNO into its sulfhydryl form. However,
ascorbate treatment did not affect the stability of TKE,-

Chemicals and Experimental Conditiofi$he typical assay
buffer consists of 5 mM ammonium acetate, 5 mM MgCI
and 50 mM NacCl (pH 7.5). The metal content in the assay
buffer was minimized by passing the buffer through a metal- ° S ;
chelating Bio-Rad Chelex-100 cation exchange column and mduced_ RhQA d|sulf|<_je _(not ShOWf?)- qu experiments
by adding 10Q:M DTPA to the buffer prior to performing employing thiol c.ross—lln.klng ggents (i.e., cisplatin), RhoA
the experimentsg 30). ‘NO, (99.5%) and M (99.9%) gases was prepared using an identical procedure to that used for
were obtained from Aldrich. The determination ™O, treatment of RhoA withNO,, except that various concentra-
content (0 to~5 uM) in anaerobically sealed vials containing I.‘IOHS of th_e thiol cross-lmklng_ agent were substituted for
assay buffer has been described previously Aquated NO, z_ind mcub_ate_d for 60 min. RhoA, once treated with
cisplatin and oxaliplatin were employed as thiol cross-linking the thiol cross-linking agent, was not affected by ascorbate

; ; ; ; . treatment (not shown). Furthermore, upon treatment with
agents. Cisplatin was obtained from Sigma; Pt(dach)@bk . . o \
provided by Dr. S. D. Wyrick (UNC). All platination NO; and thiol cross-linking agents, RhoA proteins were

reactions were carried out with aquated derivatives of the stable unde_r_opt_an atmosphere and could be _exp_osed to air.
platinum complexes to facilitate their reaction with other Thus, qu_arjtlflcatlon, mass spectrometry, and kinetic analys_es
substrates. The aquated complexes were prepared usin fthe_ QX|d|zed Rh(.)A proteins were performed under aerobic
methods described elsewheBd{ 33). Fluorescence labeled onditions. Quant|f|cat|on of ox_|d|zed RhOA f‘?”.“e‘?' upon
mant-GDP was obtained from Molecular Probes. Other ‘Tef”‘tme”t W'mNO.Z was determined using 4;dithiodipy-
chemicals used for the experiments were purchased fromrldlne (36) according to eq 1:
Sigma and Aldrich, and were of the highest grade.
Preparation of Protein Sampleg/t RhoA(1-181), RhoA
F25N, RhoA C16A/F25N, RhoA C20A/F25N, wt RacH1

oxidized RhoA proteir~
untreated reactive protein sulfhydryts

‘NO,-treated protein sulfhydryls (1)

1 Abbreviations: Vav2 DPC, catalytic fragment from the Vav2 fyer :
guanine nucleotide exchange factor that contains the DH, PH, and CRDThe amount of oxidized RhoA formed upon treatment with

domains (DPC): DPTA, diethylenetriaminepentaacetate; DTT, dithio- @ thiol cross-linker was also determined using'-lithio-
threitol; GSH, glutathione; PAO, phenylarsine oxide; mant-GDP, 2  dipyridine (36) and eq 1.

(or-3)-O-(N-methylanthraniloyl)guanosiné-Bbose diphosphate; Rac1- MALDI-TOF Mass Spectrometric Analysi§or mass
Cys® intermediate, Racl C¥sthiyl radical intermediate; RhoA C¥s . . .
intermediate, RhoA Cy&thiyl radical intermediate; RhoA Cy% spectrometric data a representative RhOAF25N protein

intermediate, RhoA Cy&thiyl radical intermediate; MALDI-TOF, sample was utilized because of its enhanced protein expres-
matrix assisted laser desorption/ionization time of flight mass spec- sion and functional equivalence to wt RhoA. The protein

trometry; NO, nitric oxide;*NO,, nitrogen dioxide; RhoA-SNO, ; ; ; 3
S-nitrosylated RhoA; RNS, reactive nitrogen species; ROS, reactive was dlgeSted with Promega sequencing grade modified

oxygen species; CysSH, free cysteine; Qsuperoxide anion radical; ~ 17YPSin in a 25 mM ammonium bicarbonate solution (1
wt, wild type. trypsin:10 protein by mass ratio)rfd h at 37°C. After the
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digestion was complete, the sample was lyophilized and thenfrom the beads with 2xL of elution buffer containing 50
resuspended in 50% acetonitrile:0.1% trifluoroacetic acid. mM NaH,PO, (pH 8), 300 mM NacCl, 250 mM imidazole,
The sample (0.3L) was then spotted on an ABI (Applied 0.05% Tween 20. An equal volume ofk2sample buffer
Biosystems) MALDI target and then mixed with a saturated supplemented with3-mercaptoethanol was added to the
matrix solution (0.3«L). The matrix ¢-cyano-4-hydroxy- eluates, and the samples were boiled for 5 min and
cinnamic acid; Sigma) was previously recrystallized and then centrifuged for 30 s at 120@0at room temperature. The
resuspended in 50% acetonitrile:0.1% trifluoroacetic acid: supernatants were collected and separated by SDS/PAGE
20 mM ammonium citrate. MALDI mass spectrometer (15% polyacrylamide gel) and transferred onto PVDF
analyses were performed on an ABI 4700 Voyager TOF/ membranes. Samples were subjected to immunoblot analysis
TOF with pulsed ion extraction, and the data were analyzed and visualized with the alkaline phosphatase (AP)-reaction
using “Data Explorer-Software (ABI)”. solution. The primary antibodies used were anti-RhoA, anti-
Kinetic Measurements of Rho GTPase Guanine NucleotideHis, and anti-panRas (Santa Cruz Biotechnology) mouse
Exchange The buffer used for the fluorescence measure- monoclonal antibodies. Secondary peroxidase-conjugated
ments contained 20 mM mant-GDP and 10@ DPTA in anti-mouse horseradish antibodies were purchased from
assay buffer (5 mM ammonium acetate, 5 mM Mg@ind Amersham Biosciences.
50 mM NaCl, pH 7.5). Rho GTPase guanine nucleotide
exchange was initiated by addition of untreatediQ,- or RESULTS

cisplatin (2QuM)-treated Rho GTPase into the assay buffer The intrinsic guanine nucleotide exchange properties of

containing mant-GDP (20 mM), and the exchange of RhoA- . ) .
bound GDP with mant-GDP was measured as a change inWt and mutant RhoA proteins were characterized prior to
addition of redox agents, platin, and arsenic compounds.

the fluorescence intensity over time using a LS50B Perkin- ) . )

Elmer fluorimeter 84, 37). To aid in detecting the intrinsic élztg&ugz tze blocherlmpdal a;pd lredc;x rr])ropertletsRog V\At and
rate of RhoA guanine nucleotide exchange under our 2% oS 8 BN TR (10 SO, O BLEL M
experimental conditions, excess RNoA protein 4M) was RhoA variants, C16A and C20A were generated in the

employed. .
Kinetic Measurements of V2 DPC-Mediated Rho GT-  context of the F25N mutation, as the RhoA F25N mutant

Pase Guanine Nucleotide Exchangév2 DPC-mediated expresses E,it higher. yiglds Hscherichia coli(41).
Rho GTPase guanine nucleotide exchange was initiated by “NO-Mediated Oxidation of Rho GTPas@oA GTPases
addition of Vav2 DPC (M) into assay buffer containing tr'ea.ted'wnhl}loz were charag:terlzed for oxidation usmg'4,4
mant-GDP (20 mM) as well as untreateldQ,-, or cisplatin-  dithiodipyridine @6) according to eq 1. Results shown in
treated Rho GTPase (LM) for 30 min, and the exchange Figure 1A indicate thatNO, promotes oxidation of F25N
of mant-GDP to Rho GTPase was measured as a change iffnd Wt RhoA, but not wt Racl. The samples were further
the fluorescence intensity over time using a LS50B Perkin- analyzed by MALDI-TOF mass spectrometry, demonstrating
Elmer fluorimeter as previously describe84). Although that the observed oxidation is due to formation of a <_j|sulf|de
this fragment of Vav2 containing the DH, PH, and CRD bPetween Cy$and Cys? (Cys®-Cys”) in both F25N (Figure
domains (DPC) can facilitate RhoA guanine nucleotide 2) @nd wt RhoA (not shown). Consistent with this observa-
exchange, we have previously shown that the DPC fragmenttion, the RhoA variants, C16A/F25N and C20A/F25N, that
is more active on Racl relative to Rhavitro (34). Hence,  ack a cysteine at these positions, do not form a protein
higher concentrations of Vav2 DPC M) were employed disulfide upon the treatment dlO, (Figure _2). Morepver,
for RhoA measurements. Typically, the catalytic rate of WtRaclandwt Cdc42 possess a redox-active cysteinéqCys
enzymatic processes can be determined by using the enzym& Racl numbering, equivalent to RhoA Csbut lack the
concentrations less than its dissociation constiig} (39). cysteine residue equivalent to RhoA €8), and thus do
Thus, the enhanced rate of the Vav2 DPC-mediated RhoA ot form a disulfide (not shown).
guanine nucleotide exchange presented in this study does Although ~2 uM *NO, can promote wt RhoA guanine
not correspond to the true rate, as shown in our previous nucleotide dissociation8f, RhoA disulfide (Cy%*-Cys®)
studies 84). formation was observed alO, concentrations between 3
Coprecipitation of RhoA with a Catalytically Acé and 5uM (Figure 1 and 2). These results suggest that RhoA
Fragment of Va2. To determine if oxidation of RhoA (RhoA  Cys'®-Cys® disulfide formation occurs after guanine nucle-
S—-S) interferes with binding to the catalytically active oOtide dissociation, consistent with observations that the
tridomain of Vav2 (termed DPC; and contains the DH, PH, cysteines in GDP-bound RhoA do not possess the right
and CRD domains), an immunoprecipitation pull-down assay distance and geometry to form a disulfid®.(
was employed. For precipitation of the overexpressed 6 Results shown in Figure 1B indicate that cisplatin can
His-tagged Vav2 DPC, Ni-NTA Magnetic Agarose Beads oxidize both wt and F25N RhoA. However, the mode of
(Qiagen GmbH) were used. Ten microliters of a 5% Ni- oxidation for cisplatin-treated RhoA is likely to differ from
NTA Magnetic Agarose Beads/Vav2 DPC protein suspension *NO,-mediated RhoA disulfide formation, as cisplatin oxi-
(2 mg/mL of protein) was added to oxidized RhoA, purified dizes adjacent protein sulfhydryls by formation of a thiol
nucleotide-free apoRhoA, and apoRas prepared as previouslycisplatin—thiol adduct 23, 24). Given that PAO has been
described 89, 40) and incubated for 2 h at 4C. The shown to inactivate RhoA by bridging the Cysnd Cys4®
supernatants were separated from the beads by centrifugatiorthiols (29), we postulated that cisplatin oxidizes F25N and
and the beads were washed three times with washing bufferwt RhoA (Figure 1B) by a similar mechanism, i.e., by
containing 50 mM NakPQ, (pH 8), 300 mM NaCl, 20 mM  formation of a complex with the C§sand Cy3° thiols
imidazole, 0.05% Tween 20. The proteins were then eluted contained within the RhoA GXXXCGK(S/T)C motif. We
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£08 F25N RhoA
]
g 06 F { (Fozrf\”\': g:\‘g:) LVIVGDGACGKTCLLIVNSK
{ ¢
! &
1
2 F25N RhoA + *NO,
&
c 021
C20A/F25N RhoA + "NO,
{ 1] 5 % Wt Rac1
00 [o} O Q 1 J
B 1 2 3 4 5 B C18A/F25N RhoA + 'NO,
‘NO, (uM) ‘ , : )
B 10rp 1980.0 1990.8 1896.2 2001.8 2007.0
F25N RhoA _m'z ) . )
=08 } {or wt RhoA) FIGURE 2: Mass spectrometric analysis of oxidiz&tD,-mediated
e RhoA. Wt and variant RhoA proteins (AM) were treated with
S *NO, (~5 uM) followed by addition of ascorbate (1 mM). Methods
2 06 | for detection of RhoA protein disulfides using MALDI-TOF are
8 described in Materials and Methods. A mass peak ([LVIVGD-
2 L GACGKTCLLIVNSK + H]* = 2001.26 Da) representing a peptide
L 04 containing disulfide between Cyfsand Cys° upon the treatment
£ Wit Rac of *NO, was found in F_25N RhoA, bu; not the C16A/F25N and
= } { C20A/F25N RhoA variants. A peptide fragment mass peak
Eo2 { ([LVIVGDGACGKTCLLIVFSK + H]* = 2036.1 Da) containing
disulfide between Cy§ and Cy3° was also detected (not shown)
3 upon treatment of wt RhoA wittNO,. Multiple mass peaks are
0.0 : — observed for the RhoA F25N sample in the range from 1990 to
0 50 100 150 200 250 1996 Da. As these peaks overlap with the mass peaks obtained for
cisplatin {uM) the RhoA F25N variants, they most likely represent fragments that

) . are not modified upon trypsin digestion of the Rho protein samples
Ficure 1: A. Redox-mediated oxidation of Rho GTPases. Treat- treated withtNO,. Furthermore, as the peaks detected in the 990
ment of F25N RhoA (or wt RhoA) (kM) with *NO; induces a 1996 Da mass range do not correspond to trypsin-digested Rho

concentration dependent increase in protein fraction oxida®n ( protein fragments that possess RhoA @yand Cy&°, they were
Treatment of wt Racl (kM) with *NO; does not induce protein  not assigned.

oxidation ©). Details of*NO,- mediated oxidation and detection
of Rho GTPases are described in Materials and Methods. The data
presented in the figure are mean values of triplicate measurements; - — -
B. Cisplatin-mediated oxidation of Rho GTPases. Treatment of 1aple 1: Dose-Dependent Oxidation of F25N RhoA by Various
F25N RhoA (or wt RhoA) (1uM) with cisplatin induces a  1Niol Cross-Linking Agents

concentration dependent increase in protein fraction oxida#gn ( 50% oxidation 80% oxidation
Treatment of wt Racl (M) with cisplatin induces a concentration

dependent increase in protein oxidation to a lesser exan{lhe Al\rlgeznate (AsE) Nﬁi é ngi 3
?naetﬁtgresented in the figure are mean values of triplicate measure- arsenic trioxide (AsOy) 8719 156+ 8

) cisp[atin_ 102+ 4 197+ 5
have also observed that cisplatin can oxidize wt Racl (Figure_©xaliplatin 189+ 8 286+ 11

1B), albeit to a lesser degree relative to wt and F25N RhoA.

As thiol cross-linkers can react with a single sulfhydryl to L . .
produce a thiotcisplatin adduct as well as bridge two  Kinetics of Oxidized RhoA Treated witNO,. Results

adjacent thiols of appropriate distance and geometry to shown in Figure 3 indicate that the guanine nucleotide
produce a thiot-cisplatin—thiol adduct, we speculate that €xchange rate observed fo¥O,-treated F25N RhoA (10
treatment of cisplatin with wt Rac1 produces an oxidized u#M) is largely inhibited compared to that of untreated F25N
form of wt Racl, a Racl Cy%thiol—cisplatin adduct. RhoA. However, reduction of the CisCy<s disulfide by
Unlike *NO,, however, cisplatin-mediated oxidation of GSH restores the rate of guanine nucleotide exchange for
F25N and wt RhoA requires excess cisplatin (Figure 1B). F25N RhoA (Figure 3). GSH does not affect the intrinsic
For example, 50% oxidation of F25N and wt RhoA can be rate of GDP exchange for untreated F25N RhoA (not shown).
obtained at anNO, concentration of-4 uM, while ~11  gimjjar to F25N RhoA,’NO, inhibits the rate of GDP
uM arsenate or~100uM cisplatin is required to obtain an exchange for wt RhoA, which is restored by GSH (not

equivalent amount (50%) of oxidized RhoA. Among the o .
tested thiol cross-linkers (Table 1), the most effective agent shoyvn), indicating that the redox properties of wt Rh.OA are
similar to those of F25N RhoA. In contrast, minimal

for RhoA oxidation is arsenate, while the least effective . )
is oxaliplatin, with the order of effectiveness in oxidation Perturbation in the rate of GDP exchange is observed for
as follows: arsenate arsenic trioxide > cisplatin > both *NO-treated C16A/F25N and C20A/F25N RhoA

oxaliplatin. (Figure 3). These kinetic results suggest thid,-mediated
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E ; C16A/F25N RhoA 2E 150 CoOA/F25N RhoA
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Ficure 4: Kinetic measurements of Vav2 DPC-mediated RhoA
0 200 400 600 800 1000 . .
] GTPase guanine nucleotide exchange. The effect of Vav2 DPC (1
Time (s) uM) on the rate of guanine nucleotide exchangefd, (~4 uM)-

Ficure 3: Kinetic measurements of RhoA GTPase guanine and cisplatin (10:M)-treated RhoA (1Q:M) was examined, as
nucleotide exchange. The apparent intrinsic guanine nucleotide described in Materials and Methods. The changes in fluorescence

dissociation rates of untreateblO.-treated variant RhoA GTPases  intensity were fit to a simple exponential association to give Vav2
(104M) were measured using fluorescence mant-GDP as describedDPC-enhanced rates for untreated F25N (or wt), cisplatin-treated
in Materials and Methods. The changes in fluorescence intensity F25N (or wt), and*NO,-treated F25N (or wt) RhoA GTPase
were fit to a simple exponential association to give rates of untreated corresponding to 0.0094, 0.0018, and 0.0008 spectively. The
and *‘NO.-treated F25N RhoA of 0.0019 ane0.0001 s!, rates ofNO,-treated C16A/F25N and cisplatin-treated C16A/F25N,

respectively. The rates of untreated aN®,-treated C16A/F25N  *NOy-treated C20A/F25N and cisplatin-treated C20A/F25N RhoA
RhoA were determined to be 0.0017 and 0.0016 espectively ~ GTPase (not present) were 0.0057, 0.0059, 0.0054, and 0.0858 s
and are indistinguishable. The rates of untreatedhi@}-treated respectively. These rates were not enhanced by addition of the
C20A/F25N RhoA, determined to be 0.0034 and 0.003% s  catalytically active Vav2 DPC fragment. For all fits, the regression
respectively, are also nearly identical. Given that the rates of both values werg? > 0.9995.
untreated anaNO,-treated C20A/F25N RhoA are nearly identical,
the graphic representation ftMO,-treated C20A/F25N RhoAwas  sociation, a Rho GTPase-specific GEF fragment, which
B o o S (L, o Gl o s COTIANS an actve catalyte widomaln (DPC) of Vaim)
determined tg be 0.0031% The regreséion values assgciated with \Was added_to the assay. RhoA GT_PaseWQ were used
all fits werer2 > 0.9985. (Figure 4) in GEF-mediated guanine nucleotide exchange
assays to allow comparison with the intrinsic rate of RhoA
Cys'®-Cys disulfide formation prevents F25N and wt RhoA  guanine nucleotide exchange (Figure 3). Figure 4 shows that
guanine nucleotide exchange. Vav2 DPC is able to enhance F25N and wt RhoA guanine
As shown in Figure 3, the rate of GDP exchange for nucleotide exchange, consistent with our previous studies
untreated andNO.-treated C20A/F25N RhoA is-2-fold (34). However, little stimulation of guanine nucleotide
faster than that of F25N and C16A/F25N RhoA. Moreover, exchange is observed in the presence of Vav2 DPC for wt
GDP exchange for untreated amdiO,-treated C20A/F25N  RhoA samples treated wittNO, or cisplatin (Figure 4).
RhoA is saturated at earlier times compared with that of Furthermore, given that cisplatin is highly reactive with thiols
F25N and C16A/F25N RhoA (Figure 3). Although it is (23, 24) and the rate of guanine nucleotide exchange for both
unclear why incomplete GDP exchange (saturation at an°NO,- or cisplatin-treated C16A/F25N and C20A/F25N
earlier stage) occurs in untreated aiND,-treated C20A/ RhoA is enhanced by the Vav2 DPC fragment (Figure 4),
F25N RhoA, we postulate that the 2-fold enhanced rate of oxidative formation of either the RhoA C3fsCys!é disulfide
GDP exchange results from destabilization of RhoA nucle- or RhoA Cy&’-cisplatin-Cy3° bridge may block Vav2 DPC-
otide interactions. In the Rho GTPase Cdc42, the*Ride mediated RhoA guanine nucleotide exchange under our
chain forms packing interactions with the guanine nucleotide experimental conditions.
base that contributes to Cdc42 guanine nucleotide binding Similar to cisplatin, pretreatment of RhoA with other
(11, 42). The structural topology of RhoA9J is similar to potential thiol bridging agents, such as oxaliplatin (between
that of Cdc42 11). As Phé%in RhoA (equivalent to Cdc42 50 and 200uM), arsenate (between 1 and 20/), and
Phe?) is proximal to the redox-active C3&(~3.6 A) (9), it arsenic trioxide (between 10 and 10®1), shows a concen-
is possible that mutation of RhoA C¥sinto alanine may tration-dependent inhibition of guanine nucleotide exchange
alter interactions between RhoA Phwith bound GDP or (not shown), which is consistent with dose-dependent thiol
possibly other proximal residues that interact with GDP (i.e., cross-linker-mediated oxidation of RhoA (Table 1).
o-phosphate of bound GDP, Ptaequivalent to Ha-Ras Electrospray ionization mass spectrometry analyses indi-
Val?d) that interacts with RhoA-bound GDP ribose), resulting cate that RhoA samples containing either a ‘G@ys?°
in an enhanced rate of GDP exchange. In fact, mutation of disulfide or Cy3&°-cisplatin-Cy$° bridge lack guanine nucle-
Phe® to a leucine in Cdc42 greatly enhances the rate of otide (not shown), suggesting thalO,- and cisplatin-
guanine nucleotide dissociatioAZ). mediated formation of RhoA C¥5Cy<° and RhoA Cy&-
Kinetics of*'NO, and Cisplatin-Mediated Oxidized RhoA cisplatin-Cy&® promotes release to GDP to generate a
in the Presence and Absence of the¥&ho GEF Catalytic nucleotide-deficient form of RhoA.
Fragment, DPC To explore the effect of Rho GEFs on Coprecipitation of Oxidized RhoA and ¥ DPC. Last
*NO,- and cisplatin-treated RhoA guanine nucleotide dis- we sought to determine if the RhoA samples containing a
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A. endothelial permeabilityl@). It has been also shown that
IP: Vav2 Racl-mediate_d_ROS production res_ults in the downregulation
: of RhoA activity in HelLa cell lines 43), where the
IB: RhoA interaction of Rac1l with the £ -producing NADPH oxidase
complex mediates activation of NADPH oxidage); Thus,
under certain conditions, RhoA and Racl may respond
antagonistically to cellular redox signals. Moreover, inhibi-
tion of RhoA has been shown to increase production of NO
by endothelial nitric oxide synthasé5—49). In these studies,
RhoA inhibition was achieved by a variety of approaches,
including use of dominant negative RhoA variants, statins,
B. bacterial toxins, and the Rho-binding domain of Rho kinase
(ROCK). RhoA also regulates NO productioia the PI3K/
protein kinase Akt pathwayb(). Inhibition of RhoA or Rho
kinase can lead to the rapid phosphorylation and activation
of Akt via PI3K, resulting in increase in NO production from
20kDa — s e : endothelial nitric oxide synthasBX). Inhibition of the RhoA/
Rho kinase pathway in endothelial cells may also stimulate
Akt activity by decreasing the activity of the PTEN (phos-
phatase and tensin homologue deleted on chromosome Ten)
(52). However, it is unclear whether the alterations observed
in Rho GTPase-mediated signaling and NO production
observed in theses studies result from direct redox regulation
FiGURE 5: Coprecipitation of oxidized RhoA and Vav2 DPC. A. of Rho GTPases and/or whether modulation of Rho GTPases
Anti-RhoA blot of purified Vav2 DPC co-immunoprecipitated with ~ function occurs indirectly.
apoRhoA and oxidized RhoA (RhoA-SS) from Ni-NTA magnetic Distinct Redox Regulation of RhoX\/e have previously
e e e and Moo i o Semonsirated hat reacion ofredox agents, ROS and RNS,
appropriate RhoA antisera. B. Samples from panel A were subjectedWlth RhoA, Cdc42, and Racl stimulates guanine nucleo_tlde
to Coomassie Blue staining as a standard control. All data are 'élease ). In contrast to Racl and Cdc42, RhoA contains
representative of three independent experiments. an extra cysteine (C¥$ RhoA numbering) in the redox-

6 T ) _ o ) active motif. Results from the present study indicate that the
Cys'®-Cys® disulfide bridge interfered with its interaction  presence of this cysteine promotes formation of an intramo-

with Vav2 DPC which would support our findings that RhoA  |ecular disulfide that prevents guanine nucleotide binding and
oxidation may block Vav2 DPC-mediated RhoA guanine GEF association, thereby causing RhoA inactivation. Thus,
nucleotide exchange. Prior to coprecipitation, MALDI-mass yedox agents may function to downregulate RhoA activity
spectrometry was preformed to verify that the ©y8ys®  ynder conditions that stimulate Rac1 and Cdc42 activity. The
disulfide bridge remained intact over time. The analysis opposing functions of these GTPases (i.e., RhoA versus
demonstrated an identical spectrum as oxidized wt RNOA, Rac1) may be due in part to their direct differential response
indicating that the RhoA disulfide cross-link remained stable. {5 redox agents.

Therefore, examination of coprecipitation was continued by  pgiential Mechanism of RhoA Disulfide Formatiokc-
immobilizing Vav2 DPC on nickel beads and incubating with - ¢rding to the RhoA-GDP crystal structuredj, the buried
oxidized RhoA. Figure 5 demonstrates that oxidized RhoA rpoa Cyd6 thiol is ~10.3 A away from the solvent
(RhoA S-S) can be detected at the same molecular weight 5-cessible redox-active RhoA C9Yshiol, and thea-phos-

as free (unbound) RhoA but was not found to coprecipitate phate of the bound GDP intercalates between these two RhoA
with Vav2 DPC. In contrast, apoRhoA did coprecipitate with  cysteine thiols. Therefore, RhoA C§isand Cy&° thiols in
Vav2 DPC as indicated by anti-RhoA immunoblot detection he RhoA-GDP complex are not well positioned for

at a higher molecular weight than free RhoA. To demonstrate jisifide formation. Thus, given our kinetic and mass

specificity of the Vav2 DPC interaction with RhoA, the  gpectrometry results, we speculate that RhoA 1@y
analysis was also conducted with apoRas which does notgjsifide formation may require release of the RhoA-bound
bind to the Vav2 DPC. As expected, data illustrated in Figure gyanine nucleotide to alter RhoA guanine nucleotide-binding

5 indicates that Ras is unable to bind to Vav2 DPC (not pocket to facilitate interaction between the RhoA Eysd
shown). Therefore, we can conclude that the ‘&{ys?° Cys2 thiols.

disulfide bridge caused by oxidation of RhoA interferes with
RhoA specific interactions with the Rho GEF catalytic

fragment, Vav2 DPC, thereby preventing Vav2 DPC- magiated disulfide formation involves two successive redox
mediated guanine nucleotide exchange of oxidized RhoA. cycles. In the first cycle, tweNO, are consumed to produce
GDP-deficient RhoA and a free GBMNO, adduct. In this
DISCUSSION first cycle, reaction of the RhoA C¥%thiol with ‘NO,
Recent studies in pulmonary artery endothelial cells produces a RhoA-thiyl radical, postulated to be GDP-bound
suggest that RhoA and Racl show opposing responses tdRhoA Cy<®>. The Cyg’-thiyl radical of GDP-bound RhoA
hypoxia and reoxygenation resulting in altered phosphati- withdraws an electron from the bound GDP guanine base to
dylinositol-3 kinase (PI3K) activity and modulation of produce a RhoA-bound*GDP intermediate. AnotheNO,

!
-

!

20kDa —

@

Vav2

RhoA

Vav2 + apoRhoA
Vav2 + RhoA S-S

95kDa —» P —

RhoA
Vav2

Vav2 + apoRhoA
Vav2 + RhoA S-S ©

Based on these structural considerations in conjunction
with our previous studiesB( 53, 54), we propose thatNO,-
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can then be consumed to produce a GDP-deficient RhoAredox cycle). However, the GXXXXGK(S/T)C motif-
and a GDP-NO;, adduct. GDP-deficient RhoA can then bind containing GTPases (i.e., Racl), that lacks a second cysteine
fresh GDP to produce GDP-bound RhoA, or can undergo a near the guanine nucleotide binding site, can only undergo
second redox cycle. In the second cycle, additioNél, can the first redox cycle as Racl does not have a second cysteine
be consumed to produce a stable GDP-deficient oxidized necessary for disulfide formation.

RhoA (GDP-deficient RhoA Cy&-Cys?). We speculate that Our data also indicates that the GDP-deficient'&@y s
when the GDP-NO, adduct is released from RhoA, the disulfide form of RhoA cannot associate with the Rho GEF
RhoA Cys® thiol may become accessible t8O,. If so, a catalytic tridomain (DPC) of Vav2 to promote GEF-mediated
third *NO; can react with either the C¥fsor Cy<? thiol of guanine nucleotide exchange. This is perhaps not too
GDP-deficient RhoA to produce either GDP-deficient RhoA surprising, given the available structural and biochemical
Cys'® or GDP-deficient RhoA Cy® intermediate. In either  information available on RheGEF interactions 7). DH
case, a radical reaction between a thiyl radical and thiol could domains of Rho family GEFs cause remodeling of the switch
produce a GDP-deficient RhoA disulfide anionic radical regions to promote disorganization of the nucleotide binding
(GDP-deficient RhoA Cy$-Cys>~), which can be quenched pocket and direct occlusion of the Kfg binding site,

by ascorbate to produce a GDP-deficient RhoA'GRy . resulting in enhanced guanine nucleotide exchange. Although
It is also possible that additionaNO, (third and fourth the phosphate binding loop undergoes minimal structural
*NO,, including the amount of consume&dO, from the first perturbation upon interaction of the GTPase with the GEF
redox cycle) may be consumed to produce GDP-deficient DH domain, the primary alteration of this loop involves &ys
RhoA Cys5-Cys°, where the third and fourttNO, react in Racl (Cy%° in RhoA) which moves out of bond forming
with both the Cy¥ and Cy%° thiols of GDP-deficient RhoA  distance with thex-phosphate and facilitates guanine nucle-
to produce a biradical GDP-deficient RhoA on the €gmd otide exchange. Thus, our data indicates that RheASS
Cys? thiols, i.e., GDP-deficient RhoA Cy&-Cys>. An represents an inactive form of RhoA, which cannot bind

intraradical reaction between Gfrsand Cy$* of the GDP- guanine nucleotide substrates nor interact with exchange
deficient RhoA could also produce a GDP-deficient RhoA factors.
Cyste-Cy<? disulfide. Given thatNO, may also react with RhoA Regulation by Various Anticancer Drudesults

other potential redox-active residue(s) in RhoA, titration of from these studies also indicate that the nucleic acid-targeting
RhoA with various quantified amournsO, may not provide anticancer drugs, platins (i.e., cisplatin and oxaliplatin) and

the exact redox stoichiometry tiO, used in the formation  arsenic compounds can inactivate RhoA. These results are
of the GDP-deficient RhoA Cy&Cys disulfide. Although not unexpected, given recent studies that the thiol cross-

we do not know the exact stoichiometry 0fO, consumed linker, PAO, inactivates RhoA by forming a bridge between
in formation of the disulfide, theNO,-mediated oxidation =~ Cys© and Cy$¢ in RhoA (29). Thus, in addition to PAQO,
profile of RhoA (Figure 1) indicates that 4 equiv ®fO; to other thiol cross-linkers (i.e., platins as well as arsenate and

RhoA is required to produce nearly 60% GDP-deficient arsenic trioxide) may inactivate RhoA by bridging and
RhoA Cys5-Cys disulfide, consistent with our premise that Cys'®. Thus, it is feasible that a number of thiol cross-linkers
generation of GDP-deficient RhoA C¥sCys>* may be including platinated-chemotherapeutic agents may form
required for formation of the GDP-deficient RhoA C§s complexes with GXXXCGK(S/T)C motif-containing GT-
CygCdisulfide. Like*'NO,, O~ may also mediate the RhoA  Pases (i.e., RhoA and RhoB) causing their inactivation.
redox cycling, since @ can also react with RhoA C35 Although platins are known for their ability to target nucleic
thiol to produce RhoA Cy® (8). If so, formation of the acids and are currently used as anticancer agé3tsi(g),
GDP-deficient RhoA Cy¥" and/or Cy$> intermediate ap-  one or many of the platin-induced cytotoxic effects may be
pears to be kinetically competent, as the rate constants fordue to oxidation of GXXXCGK(S/T)C motif-containing
reaction ofNO, with GSH and free cysteine-Q x 10’ and GTPases (i.e., RhoA). It is also possible that select platin
5 x 10" M7t s71 respectively) §5) are faster than the and arsenic agents may be useful in treatment of human
intrinsic rate of Ras guanine nucleotide associatief disease states (i.e., cancer) caused by the aberrant upregu-
10 Mt s71) (56). Moreover, our recent kinetic analyses lation of GXXXCGK(S/T)C motif-containing GTPases.
indicate that the intrinsic rate of RhoA guanine nucleotide  Potential Mechanism of RheACisplatin Adduct Forma-
exchange (Figure 3) is similar to that of Ras3) The tion. Given that cisplatin reacts with thiol23, 24), we
reaction rate of the GDP-deficient RhoA Cyand/or Cy%° speculated that cisplatin may be able to cross-link with?Cys
with *NO, may not be significantly different from that of  and Cy3® of RhoA to produce a RhoAcisplatin adduct (i.e.,
*NO, with GSH and free cysteine unless the GDP-deficient RhoA thiol-cisplatin—thiol). As the RhoA Cy¥ but not the
RhoA Cys® and/or Cy#° thiol becomes less accessible in  Cys'® site is solvent accessibl®)( cisplatin may initially
GDP-deficient RhoA. Hence, the formed GDP-deficient react with the RhoA Cy&8thiol. However, cisplatin may not
RhoA Cys® and/or Cy?° thiol may react with*“NO, to be able to immediately bridge between the Cysd Cy3°
produce aNO,-induced GDP-deficient RhoA C¥s and/or thiols, since the GDR: phosphate in the GDP-bound form
Cys'® intermediate, which does not associate with GDP of RhoA may prevent further reaction with the ¢¥thiol.
readily as the rate of GDP exchange is reduced for this stateMoreover, the distance between the &yand Cy4° thiols
of RhoA. in the GDP-bound form of RhoA is'10.3 A, which is likely
Our postulated redox cycle indicates that initially addition to prevent direct cross-linking®). Therefore, formation of
of *°NO; to RhoA facilitates RhoA GDP dissociation (the first a RhoA thiol-cisplatin—thiol adduct may require a confor-
redox cycle). However, whetNO; is in excess (i.e., 34 mational rearrangement in RhoA. Given the proximity of
equiv°NO; to RhoA), RhoA is inactivated by formation of Cys? to residues in Ras (such as Phetc.) that form
the GDP-deficient RhoA Cy&Cys disulfide (the second interactions with the bound GDM)( reaction of cisplatin



14488 Biochemistry, Vol. 45, No. 48, 2006 Heo et al.

with the Cyg° thiol may destabilize guanine nucleotide ACKNOWLEDGMENT
binding interactions leading to release of RhoA-bound GDP

to produce GDP-deficient RhoA. It has previously been preparation of protein samples used in this study. We thank

shown that the GDP-deficient form of Ras retains similar -
secondary structure, but possesses a molten-like tertiaryDr' Stephen Chaney (UNC-CH) for generously providing

. cisplatin and oxaliplatin for these studies. We also thank Dr.
structure §8). Although these studies were not conducted Debadeep Bhattacharyya and Dr. Jaap Van Buul for helpful
on RhoA, it is likely that the guanine nucleotide-binding site

. X . .~ discussions and critical feedback.
of GDP-deficient RhoA is more conformationally dynamic
and solvent accessible relative to GDP-bound RhoA. Thus, REFERENCES
if reaction of cisplatin with the Cy&8 thiol promotes release Lw b K R K. L., and Der, C. J. (2005) The R
6 f f f vwennerperg, K., Rossman, K. L., an er, C. J. e Ras
pf GDP fro_m. RhoA, the Cy®8 and Cy4° thiol side chaln_s superfamily at a glancel, Cell Sci. 118843-846.
in GDP-deficient RhoA may possess enough conformational 2. jaffe, A. B, and Hall, A. (2005) Rho GTPases: biochemistry and

mobility to bridge with cisplatin. biology, Annu. Re. Cell Dev. Biol. 21, 247—269.

. . . 3. Etienne-Manneville, S., and Hall, A. (2002) Rho GTPases in cell
On the basis of these structural considerations, we propose  pjology, Nature 420 629-635.

We thank Constance A. Rogers and MinQi Lu for the

a two-step RhoA thicetcisplatin—thiol formation mecha- 4. Takeya, R., and Sumimoto, H. (2003) Molecular mechanism for

nism. Cisplatin reacts initially with the RhoA C3ghiol to activation of superoxide-producing NADPH oxidaskEisl. Cells
roduce GDP-deficient RhoA. Once GDP dissociates from 16, 271-277.

p . i 5. Bokoch, G. M., and Knaus, U. G. (2003) NADPH oxidases: not

RhoA, the Cy# thiol of RhoA is likely to be more solvent just for leukocytes anymoreTrends Biochem. Sci. 2802-508.

exposed and conformationally mobile, thus facilitating reac- 6. Der'\fatrdlmss'lan, |C-, _af?ghB%(?gh, G. l\t/I (ngS)nglsli qulntral
; : A ; ; regulatory molecules in Rho ase activatidrends Cell Biol.

tion (\)Nlth the RQOA_ Cy¥ C|splat|r_1 addqct to bridge the 15 356-363.

Cys? and Cy$° thiols, thereby inhibiting RhoA GDP 7. Karnoub, A. E., Symons, M., Campbell, S. L., and Der, C. J. (2004)

exchange. Molecular basis for Rho GTPase signaling specificByeast

. . . . Cancer Res. Treat. 8461—71.
This mechanism explains how PAO bridges the RhoA g Heo, J., and Campbell, S. L. (2005) Mechanism of redox-mediated

Cy<%and Cy48 thiols, and possibly other thiol cross-linking guanine nucleotide exchange on redox-active Rho GTPdses,

agents, i.e., arsenate and arsenic trioxide, which can bridge _ Biol. Chem. 28031003-31010. - .
9. lhara, K., Muraguchi, S., Kato, M., Shimizu, T., Shirakawa, M.,

two ViCina_-I t_hi0|s @6-29). Intriguqngly, As0s has gained 'Kuroda, S., Kaibuchi, K., and Hakoshima, T. (1998) Crystal
therapeutic importance because it has been shown to be very  structure of human RhoA in a dominantly active form complexed
effective clinically in the treatment of acute leukem2s8), with a GTP analogue]. Biol. Chem. 2739656-9666.

. . _ 10. Hirshberg, M., Stockley, R. W., Dodson, G., and Webb, M. R.
Arsenate has been also shown to inactivate a plant redox (1997) The crystal structure of human racl1, a member of the rho-

active enzyme, carboxy arabinitol 1-phosphate phosphatase,  family complexed with a GTP analoguéat. Struct. Biol. 4147—
by bridging vicinal thiols 27). 152.

. .. 11. Feltham, J. L., Dotsch, V., Raza, S., Manor, D., Cerione, R. A,
In summary, the results described herein indicate that Sutcliffe, M. J., Wagner, G., and Oswald, R. E. (1997) Definition

reaction of redox agents (i.eNO,) with RhoA can initially of the switch surface in the solution structure of Cdc42Hs,
stimulate RhoA guanine nucleotide dissociation. However, 5&3?22&”5:3@?3735%72% L. Y., and Haworth, S. G. (2005)
_RhoA is subsquent!y inactivated through fqrmatlon of an Rac and Rho p|a’y obposing'roles in the regulatién of hypoxia/
intramolecular disulfide that prevents guanine nucleotide reoxygenation-induced permeability changes in pulmonary artery
binding and GEF association, thereby causing RhoA inac- L Wdothglial cglll_s_Am.dJ-SF’fj]Y?iZC(J)log)figL??—?GO- o of blat
R : .Wang, D., and Lippard, S. J. ellular processing of platinum
tivation. 'I_'h_us, redox age_n_ts may functlon to downregulate anticancer drugshiat. Re. Drug Discasery 4 307320,
RhoA activity under conditions that may stimulate Racl and  14. Decatris, M. P., Sundar, S., and O’Byrne, K. J. (2005) Platinum-
Cdc42 activity. The opposing functions of these GTPases ?asegl chemotherapl)y in metla?tatic ?Ireas:jc:;ncer: the Leicester
; i i ; ; U.K.) experienceClin. Oncol. (R. Coll. Radio).17, 249-257.
may .be due in pqrt o their differential re.dox regulaugn. ln. 15. Jakupec, M. A., Galanski, M., and Keppler, B. K. (2003) Tumour-
addltlon,_ the. plat'n_ated'ChemOIherapeu“C agents, C'Spla.tm inhibiting platinum complexesstate of the art and future perspec-
and oxaliplatin, which are best known for targeting nucleic tives, Rev. Physiol. Biochem. Pharmacol. 146—54.
acids, react with RhoA, but not Rac1 or Cdc42, to produce 16 SEr?]g?ig"%% (é:r?cfgrgﬂgoﬁg'gyo(f V\C/ﬁﬁts’%ﬂaggr;&g‘eggfigme”t of
a RhoA th|(_)|—_c|splat|n—th|ol addu_ct, leading to |r_1act|vat|on 17. Chaney, S. G., and Vaisman, A. (1999) Specificiiy of pla{tinum-
of RhoA. Similarly, certain arsenic complexes (i.e., arsenate DNA adduct repair,J. Inorg. Biochem. 7.771-81.

and arsenic trioxide) may inactivate RhoA by bridging the 18.Rixe, O., Ortuzar, W., Alvarez, M., Parker, R., Reed, E., Paull,

cysteine residues in the GXXXCGK(S/T)C motif. Thus, in K., and Fojo, T. (1996) Oxaliplatin, tetraplatin, cisplatin, and

. . . . carboplatin: spectrum of activity in drug-resistant cell lines and
addition to redox-mediated regulation of RhoA by various in the cell lines of the National Cancer Institute’s Anticancer Drug
redox agents54), platinated-chemotherapeutic agents and Screen paneBiochem. Pharmacol. 52.855-1865.

arsenic complexes may differentially modulate the activity ~19-Leopold, W. R., Batzinger, R. P., Miller, E. C., Miller, J. A., and

. . . S Earhart, R. H. (1981) Mutagenicity, tumorigenicity, and electro-
of Rho family GTPases leading to inactivation of GTPases philic reactivity of the stereoisomeric platinum(ll) complexes of

containing the GXXXCGK(S/T)C motif (i.e., RhoA and 1,2-diaminocyclohexanéancer Res. 414368-4377.
RhoB). While PAO and cisplatin can also react with GTPases 20. greene,l M-t ":3-4(3182_2%152 cisplatin a human carcinogén®atl.

. : . . ancer Inst. 8¢ .
cpntammg aGXXXCGK(S/T)C.motn‘ and lead to |nact!va}- 21. Sanderson, B. J., Ferguson, L. R., and Denny, W. A. (1996)
tion of the GTPases, the reaction occurs through a distinct  mutagenic and carcinogenic properties of platinum-based anti-
non-radical mediated reaction. However, critical to both cancer drugs(Mutat). Res. ?]555%70. or ol

; ; ; ; ; 2. Bose, R. N. (2002) Biomolecular targets for platinum antitumor
reactlor_ls is the generation of a confor_manonally r_nob_lle drugs.Mini-Rev. Med, Chem. 2103-111.
nucleotide-free state of the GTPases which allows disulfide 53 voickova, E., Dudones, L. P., and Bose, R. N. (2002) HPLC

or cross-linking to occur. determination of binding of cisplatin to DNA in the presence of

N



Redox Inactivation of RhoA GTPase

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

biological thiols: implications of dominant platinum-thiol binding
to its anticancer actiorRPharm. Res. 19124-131.

Sadowitz, P. D., Hubbard, B. A., Dabrowiak, J. C., Goodisman,
J., Tacka, K. A., Aktas, M. K., Cunningham, M. J., Dubowy, R.
L., and Souid, A. K. (2002) Kinetics of cisplatin binding to cellular
DNA and modulations by thiol-blocking agents and thiol drugs,
Drug. Metab. Dispos. 30183—-190.

Biaglow, J. E., and Miller, R. A. (2005) The thioredoxin reductase/
thioredoxin system: novel redox targets for cancer ther@aycer
Biol. Ther. 4 6—13.

Valko, M., Morris, H., and Cronin, M. T. (2005) Metals, toxicity
and oxidative stresCurr. Med. Chem. 121161-1208.

Heo, J., and Holbrook, G. (1999) Regulation of 2-carboxy-D-
arabinitol 1-phosphate phosphatase: activation by glutathione and
interaction with thiol reagent®iochem. J. 338409-416.

Carter, D. E., Aposhian, H. V., and Gandolfi, A. J. (2003) The
metabolism of inorganic arsenic oxides, gallium arsenide, and
arsine: a toxicochemical reviewpxicol. Appl. Pharmacol. 193
309-334.

Gerhard, R., John, H., Aktories, K., and Just, I. (2003) Thiol-
modifying phenylarsine oxide inhibits guanine nucleotide binding
of Rho but not of Rac GTPaseBlol. Pharm. 63 1349-1355.
Heo, J., Staples, C. R., Halbleib, C. M., and Ludden, P. W. (2000)
Evidence for a ligand CO that is required for catalytic activity of
CO dehydrogenase frofiRhodospirillum rubrumBiochemistry

39, 7956-7963.

Vaisman, A., Lim, S. E., Patrick, S. M., Copeland, W. C., Hinkle,
D. C., Turchi, J. J., and Chaney, S. G. (1999) Effect of DNA
polymerases and high mobility group protein 1 on the carrier
ligand specificity for translesion synthesis past platinum-DNA
adducts Biochemistry 3811026-11039.

Vaisman, A., and Chaney, S. G. (2000) The efficiency and fidelity
of translesion synthesis past cisplatin and oxaliplatin GpG adducts
by human DNA polymerase betd, Biol. Chem 275 13017
13025.

Vaisman, A., Masutani, C., Hanaoka, F., and Chaney, S. G. (2000)
Efficient translesion replication past oxaliplatin and cisplatin GpG
adducts by human DNA polymerase é&gchemistry 394575
4580.

Heo, J., Thapar, R., and Campbell, S. L. (2005) Recognition And
Activation Of Rho GTPases By Vavl And Vav2 Guanine
Nucleotide Exchange FactoiBjochemistry 446573-6585.
Bradford, M. M. (1976) A Rapid and Sensitive Method for the
Quantitation of Microgram Quantities of Protein Utilizing the
Principle of Protein-Dye BindingAnal. Biochem. 72248-254.
Riener, C. K., Kada, G., and Gruber, H. J. (2002) Quick
measurement of protein sulfhydryls with Ellman’s reagent and
with 4,4 -dithiodipyridine, Anal. Bioanal. Chem. 373266—-276.
Hemsath, L., and Ahmadian, M. R. (2005) Fluorescence ap-
proaches for monitoring interactions of Rho GTPases with
nucleotides, regulators, and effectokethods 37 173-182.

Segel, I. H. (1993tnzyme kinetigdViley-Interscience, New York.
Zhang, B., Zhang, Y., Wang, Z., and Zheng, Y. (2000) The role
of Mg2+ cofactor in the guanine nucleotide exchange and GTP
hydrolysis reactions of Rho family GTP-binding proteidsBiol.
Chem 275 25299-25307.

Lenzen, C., Cool, R. H., and Wittinghofer, A. (1995) Analysis of
intrinsic and CDC25-stimulated guanine nucleotide exchange of
p2lras-nucleotide complexes by fluorescence measurements,
Methods Enzymol. 25%5—-109.

Self, A. J., and Hall, A. (1995) Purification of recombinant Rho/
Rac/G25K from Escherichia colMethods Enzymol. 258—10.

42.

43.

44,

45,

46.

N
o]

50.

51.

54.

55.

56.

Biochemistry, Vol. 45, No. 48, 20064489

Adams, P. D., Loh, A. P., and Oswald, R. E. (2004) Backbone
dynamics of an oncogenic mutant of Cdc42Hs shows increased
flexibility at the nucleotide-binding sit&iochemistry 439968-
9977.

Nimnual, A. S., Taylor, L. J., and Bar-Sagi, D. (2003) Redox-
dependent downregulation of Rho by Riiat. Cell Biol. § 236—

241.

Joneson, T., and Bar-Sagi, D. (1998) A Racl effector site
controlling mitogenesis through superoxide productidnBiol.
Chem. 27317991-17994.

Rikitake, Y., Kim, H. H., Huang, Z., Seto, M., Yano, K., Asano,
T., Moskowitz, M. A., and Liao, J. K. (2005) Inhibition of Rho
kinase (ROCK) leads to increased cerebral blood flow and stroke
protection,Stroke 36 2251-2257.

Rikitake, Y., and Liao, J. K. (2005) Rho GTPases, statins, and
nitric oxide, Circ. Res. 971232-1235.

. Laufs, U., and Liao, J. K. (1998) Post-transcriptional regulation

of endothelial nitric oxide synthase mRNA stability by Rho
GTPaseJ. Biol. Chem. 27324266-24271.

. Laufs, U., Endres, M., Stagliano, N., Amin-Hanjani, S., Chui, D.

S., Yang, S. X., Simoncini, T., Yamada, M., Rabkin, E., Allen,
P. G., Huang, P. L., Bohm, M., Schoen, F. J., Moskowitz, M. A.,
and Liao, J. K. (2000) Neuroprotection mediated by changes in
the endothelial actin cytoskeletod, Clin. Invest. 106 15—24.

. Shiga, N., Hirano, K., Hirano, M., Nishimura, J., Nawata, H., and

Kanaide, H. (2005) Long-term inhibition of RhoA attenuates
vascular contractility by enhancing endothelial NO production in
an intact rabbit mesenteric artei@jrc. Res. 961014-1021.
Kureishi, Y., Luo, Z., Shiojima, I., Bialik, A., Fulton, D., Lefer,
D. J., Sessa, W. C., and Walsh, K. (2000) The HMG-CoA
reductase inhibitor simvastatin activates the protein kinase Akt
and promotes angiogenesis in normocholesterolemic anihais,
Med. § 1004-1010.

Wolfrum, S., Dendorfer, A., Rikitake, Y., Stalker, T. J., Gong,
Y., Scalia, R., Dominiak, P., and Liao, J. K. (2004) Inhibition of
Rho-kinase leads to rapid activation of phosphatidylinositol
3-kinase/protein kinase Akt and cardiovascular protect#ote-
rioscler. Thromb. Vasc. Biol. 241842-1847.

. Li, Z., Dong, X., Wang, Z., Liu, W., Deng, N., Ding, Y., Tang,

L., Hla, T., Zeng, R, Li, L., and Wu, D. (2005) Regulation of
PTEN by Rho small GTPaseNat. Cell Biol. 7 399-404.

. Heo, J., Prutzman, K. C., Mocanu, V., and Campbell, S. L. (2005)

Mechanism of Free Radical Nitric Oxide-mediated Ras Guanine
Nucleotide Dissociation]). Mol. Biol. 346 1423-1440.

Heo, J., and Campbell, S. L. (2006) Ras Regulation by Reactive
Oxygen and Nitrogen SpecieBjochemistry 452200-2210.

Ford, E., Hughes, M., and Wardman, P. (2002) Kinetics of the
reactions of nitrogen dioxide with glutathione, cysteine, and uric
acid at physiological pH;ree Radical Biol. Med. 3201314-1323.
Lenzen, C., Cool, R. H., Prinz, H., Kuhlmann, J., and Wittinghofer,
A. (1998) Kinetic Analysis by Fluorescence of the Interaction
between Ras and the Catalytic Domain of the Guanine Nucleotide
Exchange Factor Cdc®3, Biochemistry 377420-7430.

.Rossman, K. L., Der, C. J., and Sondek, J. (2005) GEF means

go: turning on RHO GTPases with guanine nucleotide-exchange
factors,Nat. Re». Mol. Cell Biol. 6, 167—180.

8. Zhang, J., and Matthews, C. R. (1998) Ligand binding is the

principal determinant of stability for the p21(H)-ras protein,
Biochemistry 3714881-14890.

B10610101



