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Functional Cross-talk between Ras and Rho Pathways

A Ras-SPECIFIC GTPase-ACTIVATING PROTEIN (p120RasGAP) COMPETITIVELY INHIBITS
THE RhoGAP ACTIVITY OF DELETED IN LIVER CANCER (DLC) TUMOR SUPPRESSOR BY
MASKING THE CATALYTIC ARGININE FINGER™
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(Bacl(ground: The regulatory mechanism of the DLC1 tumor suppressor protein is unclear.
Results: Structure-function analysis revealed determinants for the selectivity, activity, and inhibition of DLC1 RhoGAP

Conclusion: p120RasGAP competitively and selectively inhibits DLC1 by targeting its catalytic arginine finger.
Significance: This mechanistic study emphasizes the importance of the functional inter-relationships of GTPase-activating
proteins mediating cross-talk between the Ras and Rho pathways.
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The three deleted in liver cancer genes (DLC1-3) encode
Rho-specific GTPase-activating proteins (RhoGAPs). Their
expression is frequently silenced in a variety of cancers. The
RhoGAP activity, which is required for full DLC-dependent
tumor suppressor activity, can be inhibited by the Src homology
3 (SH3) domain of a Ras-specific GAP (p120RasGAP). Here, we
comprehensively investigated the molecular mechanism under-
lying cross-talk between two distinct regulators of small GTP-
binding proteins using structural and biochemical methods. We
demonstrate that only the SH3 domain of p120 selectively inhib-
its the RhoGAP activity of all three DLC isoforms as compared
with alarge set of other representative SH3 or RhoGAP proteins.
Structural and mutational analyses provide new insights into a
putative interaction mode of the p120 SH3 domain with the
DLC1 RhoGAP domain that is atypical and does not follow the
classical PXXP-directed interaction. Hence, p120 associates
with the DLC1 RhoGAP domain by targeting the catalytic argi-
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nine finger and thus by competitively and very potently inhibit-
ing RhoGAP activity. The novel findings of this study shed light
on the molecular mechanisms underlying the DLC inhibitory
effects of p120 and suggest a functional cross-talk between Ras
and Rho proteins at the level of regulatory proteins.

The Ras and Rho families of small GTP-binding proteins are
key transducers of a variety of cellular processes ranging from
reorganization of the cytoskeleton to transcriptional regulation
and control of cell growth and survival (1). Loss of the control
mechanisms and aberrant activation of Ras and Rho proteins
are one of the most common molecular alterations found in
cancer cells promoting tumor growth and metastasis (2-5).
Ras signaling stimulates diverse pathways and signals toward
Rho proteins, which are known to be required for cell trans-
formation by oncogenic Ras (6 —8). Emerging evidence sug-
gests that the GTPase-activating proteins (GAPs),” in partic-
ular p120RasGAP (also known as RAS p21 protein activator 1 or
RASA1; here called p120) and the Rho-specific p190ARhoGAP
(also known as ARHGAP35; here called p190), p200RhoGAP
(also known as ARHGAP32, p250GAP, GC-GAP, Rics, or Grit)
and deleted in liver cancer 1 (DLC1; also known as ARHGAP?7,
p122RhoGAP, or STARD12), act as a linker between Ras and
Rho signaling pathways (9-11). GAPs are multifaceted and
multifunctional molecules (12, 13) and are the principal inacti-
vators of Ras and Rho signaling. They utilize a catalytic “argi-
nine finger” to stimulate the inefficient intrinsic GTP hydrolysis
reaction of these small GTP-binding proteins by several orders
of magnitude (14).

® The abbreviations used are: GAP, GTPase-activating protein; DLC, deleted in
liver cancer; SH, Src homology; SAM, sterile « motif; START, steroidogenic
acute regulatory related lipid transfer; aa, amino acids; tamra, tetrameth-
ylrhodamine; aSEC, analytical size exclusion chromatography; ITC, isother-
mal titration calorimetry.
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Frequent loss of DLCI gene expression was first described in
liver cancer (15) and later in breast, colon, gastric, prostate,
cervical, esophageal, and other cancers (16-18). DLC1
RhoGAP function is required for the maintenance of cell mor-
phology and the coordination of cell migration (11, 19-21).
DLCI1 and its isoforms DLC2 (also known as ARHGAP37 or
STARDI13) and DLC3 (also known as ARHGAP38 or STARDS)
consist of an N-terminal sterile « motif (SAM) domain, a cen-
tral phosphorylation region followed by the catalytic RhoGAP
domain, and a C-terminal steroidogenic acute regulatory
related lipid transfer (START) domain (see Fig. 14) (22, 23).
The SAM and GAP domains are linked by a serine-containing
region, which contains a recognition motif for the phosphoser-
ine/phosphothreonine-binding 14-3-3 adaptor proteins (22).
DLC1 has been reported to interact with tensin, talin, focal
adhesion kinase, and a-catenin (22, 24 —29) and with lipids (30).
However, the precise mechanism of DLC1 regulation remains
unclear.

An emerging theme is that RhoGAPs, such as the OPHN1
and GRAF1 (31, 32) and p50RhoGAP (33-36), require activa-
tion through the relief of autoinhibitory elements. These ele-
ments are collectively membrane-binding modules, including
BAR (Bin/Amphiphysin/Rvs), PH (pleckstrin homology), C1,
and Secl14 domains (31-33, 36). The SAM domain of DLC1 has
been suggested to act as an autoinhibitory domain of DLC1
RhoGAP activity in vitro and in vivo. SAM domain-deleted
DLC1 displayed enhanced catalytic activity for RhoA (20).
However, it is still unclear how such an autoregulatory mecha-
nism of DLC1 may operate.

p120 contains multiple domains with different functions (see
Fig. 1B) (37). Whereas the C terminus of p120 with the catalytic
GAP activity is responsible for Ras inactivation (38 —40), its
N-terminal Src homology 2 and 3 (SH2 and SH3) domains have
been suggested to possess an effector function (41-44). p120
functionally modulates Rho signaling by direct binding to two
Rho-specific GAPs, p190 and DLC1 (9, 11, 45). The association
of p120 with the tyrosine phosphorylated p190 via its SH2
domain promotes Rho inactivation (45—47). Thus, p120 posi-
tively regulates the RhoGAP function of p190. Another mech-
anism, which connects the Ras and Rho pathways and regulates
the actin cytoskeleton, is dependent on the p120 SH3 domain
and controls Rho activation (41). This mechanism was later
revealed to involve DLC1 but not p190 (11). Here, the p120 SH3
domain (called p120°*?) binds to the RhoGAP domain of DLC1
(called DLC1S4") and inhibits the DLC1-dependent Rho inac-
tivation (11). Hereby, p120 acts as a negative regulator not only
for Ras but also for the GAP activity of DLC1. However, the
molecular mechanisms underlying these cross-talk phenomena
have not yet been elucidated.

In this study, we have explored the regulatory mechanism of
DLC1 at the molecular level, in particular its trans-inhibition by
p120°H2. We have characterized the selectivity of the interac-
tion between the DLC194" and p120°"* using a large number
of purified SH3 and RhoGAP proteins and identified structural
and functional determinants for the DLC1-p120 interaction.
This study provides deep insights into the underlying regula-
tory cross-talk between the Rho and Ras family of small GTP-
binding proteins.
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EXPERIMENTAL PROCEDURES

Constructs—Human Abr®AY (aa 559-822), DLC1? (aa
1-1091), DLC1S4" (aa 609-878), DLC1°*M (aa 1-96),
DLC15TART (32 880-1079), DLC2SA? (aa 644 —916), DLC3SA?
(aa 620 —-890), GRAF19A” (aa 383-583), MgcRac“* (aa 343—
620), Nadrin®A? (aa 245-499), OPHN1SAP (aa 375-583),
p50°4F (aa 198 —439), p1904P (aa 1250-1513), N-terminal
truncated p120*™*® (aa 129 -1047); SH2-SH3-SH2-encoding
p1205H2732 (32 129 -447), p120°™ (aa 275-350), Src*™*® (aa
77-140), and human RhoA (aa 1-181), Cdc42 (aa 1-178), and
Racl (aa 1-184) were amplified by standard PCR and cloned in
pGEX-4T1 and pGEX-4T1-NTEV, respectively. Constructs of
SH3 domain of Crk15"® (aa 131-191), Grb253! (aa 1-55),
Grb25t3-2 (aa 159-217), Nck1%3! (aa 5-60), Nck15M32 (aa
109-163), and Nck1°3% (aa 173-262) were created as
described previously (48).

Site-directed Mutagenesis—Point mutations N311R; L313A;
W319G; and N311R,L313A,W319G in p120°™3 and R677A in
DLC1°A” were generated using the QuikChange™" site-di-
rected mutagenesis kit (Stratagene) and confirmed by DNA
sequencing.

Proteins—Escherichia coli BL21(DE3) pLysS, BL21(DE3)
CodonPlus-RIL, and Rosetta(DE3) strains containing the
respective plasmids (see constructs) were grown to an A, of
0.7 (37 °C at 140 rpm) and induced with 0.1 mm isopropyl B-p-
thiogalactopyranoside overnight at 25 °C as described before
(49, 50). All proteins were isolated in a first step as glutathione
S-transferase (GST) fusion proteins by affinity chromatography
on a GSH-agarose column and in a second step by size exclu-
sion chromatography (Superdex S75 or S200) after proteolytic
cleavage of GST. GTP-binding proteins without nucleotide
(nucleotide-free form) or with tetramethylrhodamine-conju-
gated GTP (tamraGTP) were prepared as described before (49,
50). Concentrations of proteins were determined by Bradford
assay or absorbance at 280 nm using the extinction coefficient
deduced from the protein sequence. Purified proteins were
snap frozen in liquid nitrogen and stored at —80 °C.

Analytical Size Exclusion Chromatography (aSEC)—aSEC
for the detection of complex formation was performed for
DLC1" and p120°*® on a Superdex 75 column (10/300) using
buffer containing 30 mm HEPES, pH 7.6, 5 mm MgCl,, 150 mm
NaCl, and 3 mm DTT. 10 um DLC194? was incubated with 15
uM p12053 for 5 min at 4 °C in the same buffer in a total vol-
ume of 150 ul. Before loading to an aSEC column, samples were
spunat 13,000 rpm at 4 °C to remove any particulate impurities.
The flow rate was maintained at 0.5 ml/min, and 500-pul frac-
tions were collected. Peak fractions were visualized by 15%
SDS-PAGE and subsequent Coomassie Blue staining.

Kinetics Measurements—All fluorescence measurements
were performed at 25 °C in a buffer containing 30 mm Tris-HCI,
pH 7.5, 10 mm K,HPO,/KH,PO,, pH 7.4, 10 mm MgCl,, and 3
mM DTT. The tamraGTP hydrolysis of Rho proteins (0.2 um)
was measured in the absence and presence of different amounts
of respective GAP proteins as described previously (49, 52). Fast
kinetics (<1000 s) were performed with a Hi-Tech Scientific
SE-61 stopped-flow instrument with a mercury xenon light
source and TgK Scientific Kinetic Studio software (version
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2.19). An excitation wavelength of 545 nm was used for tamra.
Emission was detected through a cutoff filter of 570 nm. Slow
kinetics (>1000 s) were measured on a PerkinElmer Life Sci-
ences spectrofluorometer (LS50B) using an excitation wave-
length of 545 nm and an emission wavelength of 583 nm. Data
were evaluated by single exponential fitting with the GraFit
program to obtain the observed rate constant (k) for the
respective reaction as described before (49, 52).

Isothermal Titration Calorimetry (ITC) Measurements—The
interaction of DLC19" and p120°"*® and analysis of DLC1°4”
variant and different p120°"*® variants were studied by ITC
(MicroCal™ VP-ITC microcalorimeter) as described (48). All
measurements were carried out in 30 mm Tris-HCI, pH 7.5, 150
mMm NaCl, 5 mm MgCl,, and 1 mm tris(2-carboxyethyl)phos-
phine hydrochloride. The data were analyzed using Origin 7.0
software provided by the manufacturer.

Structural Analysis—To obtain insight into the residues
responsible for the binding of the SH3 domain of p120 and
RhoGAP domain of DLCI, docking of their corresponding
structures (Protein Data Bank code 2J05 (53) and Protein Data
Bank code 3KUQ, respectively), was performed with the pro-
gram PatchDock (54). From the 20 best scored models, we
selected the lowest energy model, which also has the Arg finger
Arg-677 at the interface, and used it for further refinement with
the program CHARMM (55). As the arginine finger is assumed
to be crucial for the formation of the complex, we thoroughly
explored its conformation in the course of refinement. Torsion
angles of its side chain were additionally set up according to the
Dynameomics rotamer library (56), and the energy of each
complex was minimized by 2000 steps using the adapted basis
Newton-Raphson method.

RESULTS

Low GAP Activities of the DLC Isoforms—Real time kinetic
measurements of the RhoGAP activities of the DLC isoforms
toward Cdc42, Racl, and RhoA were performed using purified
RhoGAP domains of the DLC proteins (Fig. 1) and fluorescent
tamraGTP. This GTP analog is sensitive toward conforma-
tional changes induced by GTP hydrolysis (52). As shown in
Fig. 24, the very slow intrinsic tamraGTP hydrolysis of Cdc42
(inset) was markedly increased in the presence of the RhoGAP
domain of DLC1 (DLC1%4"). Similar experiments were per-
formed under the same conditions with Racl and RhoA (Fig.
2B). Observed rate constants (k,,.) of respective DLC19A”
activities are presented in comparison with intrinsic hydro-
lysis rates as bars in Fig. 2B. DLC1“* exhibited the highest
activity for RhoA (1,650-fold) and Cdc42 (332-fold) and the
lowest activity for Racl (75-fold). We next focused on the
differences among the DLC isoforms and measured the activ-
ities of DLC2 and DLC3 for Cdc42 (Fig. 2C). Obtained data
show that DLC2 and DLC3 exhibit 78- and 11-fold lower GAP
activities, respectively, as compared with that of DLC1. Our
results indicate that the DLC family members are inefficient
GAPs, at least in vitro, with catalytic activities that are several
orders of magnitude lower than the activities of the RhoGAPs
p50 and p190 (Fig. 2C) or other highly efficient RhoGAPs, such
as GRAF1 or OPHNI1 (32).
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A comparison of the obtained data on the DLC isoforms with
those of other RhoGAP family members raised the question of
whether the extremely low GAP activities of DLC proteins stem
from effects on either binding affinity (K,) or catalytic activity
(kear). Therefore, we measured the kinetics of tamraGTP
hydrolysis of Cdc42 at increasing concentrations of DLC194?
and GRAF19*". The rate constants (k) of the fitted single
exponential decays increased in a hyperbolic manner as a func-
tion of GAP concentrations as described previously (52, 57).
We used Cdc42 in most experiments because of a large change
in fluorescence upon tamraGTP hydrolysis as compared with
Racl and RhoA. Fitting a hyperbolic curve to the points accord-
ing to Equation 1 led to the corresponding kinetic parameters

K,and k_,, (Fig. 2D).

C

kcat
K4
' oLer]

kobs =

Unlike the relatively similar K, values, there was a large differ-
ence in the k_,, values for the GTP hydrolysis reaction: 6.26 s~ *
for DLC1*Pcompared with 289 s~ ' for the highly efficient
GRAF19*", These data clearly indicate that the very low GAP
activity of the DLC proteins relies more on the catalytic activity
than on the binding affinity to Cdc42.

Insights into cis-Regulatory Modules of DLC1 Function—To
examine the influence of other domains of DLCI1 (Fig. 14) on its
GAP activity, we further measured tamraGTP hydrolysis of
Cdc42 stimulated by full-length DLC1 (DLC1"). As shown in
Fig. 34, DLC1" exhibited a strongly reduced GAP activity as
compared with the isolated DLC19*". The k,,; values obtained
from single turnover kinetic data were 0.02 and 0.47 s L
respectively, and reveal that the DLC1" activity was 23.5-fold
lower than that of DLC19" (Fig. 3B). This result strongly sup-
ports the previous notion that other regions of DLCI, such as
the SAM domain (20), may undergo an intramolecular interac-
tion with the GAP domain and thus contribute to its autoinhi-
bition in a cis-inhibitory manner.

To analyze whether the autoinhibitory effect is caused by N-
and C-terminal SAM and/or START domains of DLC1 (Fig.
1A), we purified these domains and measured their effects on
the DLC19AF activity in vitro. Using high concentrations of
SAM, START, or both (up to a 100-fold molar excess above the
GAP domain), we did not observe any significant inhibition of
the DLC194" activity using tamraGTP hydrolysis of Cdc42
(Fig. 3C). The fact that the isolated SAM and START domains
did not reveal any GAP-inhibitory activity strongly suggests
that the autoinhibitory mechanism of DLC1 may require addi-
tional regions of the full-length protein. One possibility is the
serine-rich 14-3-3 binding region between the SAM and the
GAP domains (Fig. 14).

p120 SH3 as a Potent trans-Inhibitory Factor of the DLC1%4”
Activity—The SH3 domain of p120 has been reported as a novel
binding partner of DLC1 with GAP-inhibitory and growth sup-
pression activity (11). To monitor this effect in real time,
DLC19A" activity was measured in the absence and presence of
purified p120%™ under the same conditions as in the experi-
ments described above (Fig. 2). As shown in Fig. 44, DLC14"-
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FIGURE 1. Schematic representation of domain organization and designed fragments of GAP (A) and SH3 domain-containing proteins (B) used in this
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stimulated tamraGTP hydrolysis of Cdc42 was drastically
reduced using a 10-fold excess of p1205"*® over the DLC14*
concentration. The respective k. value of 0.63 for DLC14
activity was reduced by 83-fold in the presence of p1205™ to
0.0076 s~ ' (Fig. 4B), which is close to the intrinsic tamraGTP
hydrolysis of Cdc42 (0.02 s~ *). These measurements were also
performed for RhoA and Racl using the same conditions as for
Cdc42 (Fig. 4B). Similarly, 247- and 15.5-fold reductions of the
DLC19A" activity for RhoA and Racl, respectively, were deter-
mined in the presence of a 10-fold molar excess of p1205'3, An
explanation for this large variation may be the significant dif-
ferences in DLC1*" binding affinity for the three members of
the Rho family.

In the next step, we analyzed the inhibitory effect of p120°3
on the GAP activity of DLC2 and DLC3 toward Cdc42. Fig. 4C
shows that the catalytic GAP activity of purified DLC2*" and
DLC3%“" was also inhibited in the presence of p1205*® but not
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as drastically as in the case of DLC1“". The next question we
addressed was whether the SH3 domain is freely accessible to
exert its inhibitory effect or whether other domains of p120 also
play arole in the inhibition of DLC GAP activity (Fig. 1). There-
fore, we purified the SH2-SH3-SH2-encompassing p120°572-3-2
and N-terminal truncated p120°™?® proteins and analyzed their
DLC19* inhibitory effects in direct comparison with isolated
p120°3, Larger p120 fragments inhibited the DLC194" activity
but to a 19- and 10-fold lower extent than p120°*3 (Fig. 4D).

Taken together, our in vitro data demonstrate that (i)
p120573 acts as a potent trans-inhibitory factor of the GAP
activity of the DLC isoforms and (ii) the SH3 domain of p120 is
not completely unmasked (freely accessible) in the presence of
other p120 domains, especially the adjacent SH2 domains.
Whether the N-terminal 128 amino acids play a role in this
regard remains unclear. Full-length p120 could not be purified
due to its instability.
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FIGURE 2. Inefficient GAP activities of the DLC isoforms. A, Cdc42-tamraGTP (0.2 um) was rapidly mixed with 5 um DLC1P to monitor the GAP-stimulated
tamraGTP hydrolysis reaction of Cdc42 in real time. Note the very slow intrinsic GTPase reaction of Cdc42 (inset) that was measured in the absence of GAP. Rate
constants (k,,,,) were obtained by single exponential fitting of the data. B, the k. values of GTP hydrolysis of Rho proteins (0.2 um) measured in the presence
of DLC1%"" (5 um) are represented as a column chart. Calculated -fold activation values were obtained by dividing the k., values of GAP-stimulated reactions by the
kos Values of the intrinsic reactions of respective GTPases. For convenience, the k,,, values are given above the bar charts. C, measured GAP activities of DLC1, DLC2,
and DLC3 (5 um, respectively) toward Cdc42 (0.2 um) were very low as compared with p150 and p190. D, the GTP hydrolysis of Cdc42 (0.2 um) was measured in the
presence of increasing concentrations of the respective GAP domains of DLC1 and GRAF1 (inset). The dependence of the k, values of the GAP-stimulated GTP
hydrolysis plotted on the concentrations of DLC1%AP and GRAF1 was fitted by a hyperbolic curve to obtain the kinetic parameters (k,, and K,,).
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FIGURE 4. p120°"* as a potent inhibitor of the DLC GAP function. A, kinetics of the tamraGTP hydrolysis reaction of Cdc42 (0.2 um) stimulated by DLC1¢4?
(5 um) was reduced in the presence of a 10-fold excess of p120°"3 (50 um). The complete reaction is shown in the inset. B, DLC1°A" activities toward Cdc42, RhoA,
and Rac1, measured under the same conditions as in A, are strongly inhibited by p120°", For convenience, the k., values are given above the bar charts. C,
DLC3%? (5 um) was not inhibited by p12053 (50 and 500 um) as efficiently as DLC1°AP and DLC254® (5 um, respectively). D, p120°72-32 and p1202"'28 (40 um)
inhibited the activity of DLC®A? (10 um) but not as efficiently as p120°" (40 um).

Highly Selective Interaction between p120°*® and DLC1“*— RhoGAP and SH3 domains of other proteins (Fig. 1). We mea-
The next issue we addressed was the selectivity of the p120°™®  sured the effect of p120°™ on the GAP activity of Abr, GRAF1,
toward DLC1%“P. Therefore, we purified seven additional MgcRacGAP, Nadrin, OPHN1, p50, and p190 on the one hand
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inhibiting DLC15#? (10 uwm) was measured. Only p120°"™2 inhibited DLC1%*" but not the other SH3 domains.

and the effects of the SH3 domains of Crk1, ¢c-Src, Grb2 (N- and
C-terminal SH3 domains), and Nck1 (all three SH3 domains)
on the DLC1%4® activity on the other hand. As summarized in
Fig. 5, neither did p1205" inhibit the activity of other GAPs of
the Rho family (Fig. 5A) nor was the DLC194" activity affected
by the presence of other SH3 domains (Fig. 5B). These data
clearly demonstrate that the p1205™-mediated trans-inhibi-
tion of DLC isoforms is highly selective.

Potent DLCI Inhibition Due to High Affinity p120°73-
DLCI1“” Complex Formation—In the next step, we character-
ized in more detail the interaction between p120°™ and
DLC194" as well as the inhibition of the DLC1S4" activity
induced by p120°™ using different qualitative and quantitative
biophysical and biochemical methods. aSEC is an accurate and
simple method to visualize high affinity protein-protein inter-
actions. p120%*® (9 kDa) and DLC14* (31 kDa) alone and a
mixture of both proteins were loaded on a Superdex 75 (10/300)
column, and eluted peak fractions were analyzed by SDS-
PAGE. Data summarized in Fig. 6A clearly illustrate that a mix-
ture of p1205™ and DLC19*" shift the elution profile of the
respective protein domains to an elution volume of 10.5 ml,
indicating the formation of a complex between both proteins.
We next determined the inhibitory potency of p120°"% by
measuring DLC194" activity at increasing concentrations of
p120°H2. An inhibitory constant (K}) of 0.61 M was calculated
by fitting the Morrison equation for a tight binding inhibitor
(58) to individual k. values plotted against different p120°™3
concentrations (Fig. 6B). Furthermore, we measured the disso-
ciation constant of the p120°™-DLC1“A" interaction using
ITC. The results shown in Fig. 6C allowed the determination of
astoichiometry of 1:1 and a dissociation constant (K;) of 0.6 um
for the binding of p1205"** to DLC1%4" (Fig. 6C); this value
nicely resembles the K; value obtained from inhibition kinetics
(Fig. 6B). This binding affinity is remarkably high and unex-
pected considering the low micromolar range affinities of SH3
domains for their PXXP-containing proteins (59). Taken
together, these data strongly suggest that the mode of the
p120°H3.DLC1%*® interaction most likely differs from the con-
ventional SH3 interaction with PXXP loop motifs as recently

published (48).
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Structural Insight into a Putative Binding Mode between
p120°™ and DLC1°“"—The high nanomolar affinity of
p1205H3 for DLC1S4® and the absence of a PXXP motif in
DLC1%%" strongly support the notion that the p120°™-
DLC1A" interaction is mediated via a novel binding mecha-
nism. To gain insight into the structural basis of this interac-
tion, we first performed protein-protein docking of available
crystal structures of p1205™ (Protein Data Bank code 2J05) (53)
and DLC1%4® (Protein Data Bank code 3KUQ) using the Patch-
Dock program (54). The model of the complex ranked as the
first among 20 resulting models fulfilled the criteria for a close
proximity of p1205™2 to the catalytic arginine finger (Arg-677)
of the DLC194" domain and was thus selected for refinement
by molecular modeling methods. Inspecting the refined model,
we identified three potential DLC1*" binding residues of
p1205t3 (Asn-311, Leu-313, and Trp-319) that were closest to
the catalytic Arg-677 of DLC194" (Fig. 7A). We proposed that
mutation of these residues may impair binding of the SH3
domain, which otherwise masks the arginine finger of
DLC1%4P, Catalytic arginine is known to stabilize the transition
intermediate state of the hydrolysis reaction in the active center
of Rho proteins (Fig. 7B) (14, 60). This assumption also suggests
that p120 competitively inhibits DLC1 GAP function.

To validate our assumption, we performed mutational anal-
ysis of the above mentioned key residues at the p1205H3-
DLC1%4" interface: N311R, L313A, and W319G in p1205*3
(single, double, and triple single point mutations) and R677A in
DLC19A". Expectedly, DLC1S" with the catalytic arginine
finger substituted to alanine was deficient in stimulating
tamraGTP hydrolysis of Cdc42 (data not shown) and most remark-
ably in associating with p120°"*® (Fig. 8, A and B). The latter was
examined using two independent methods, ITC and aSEC.
Reciprocally, p120SH3MN3IRL3IBANSIG) wwas almost disabled
in inhibiting DLC194® activity (Fig. 8E), most probably due to
its inability to bind to DLC194" (Fig. 8, C and D). The analysis of
the single point mutations revealed that W319G substitution
had a minor effect on the association with (data not shown) and
on the inhibition of DLCSAY (Fig. 8F). p120SH3MN31IRL3IZA) o the
other hand significantly abolished both the inhibitory effect of
p120°3 (Fig. 8E) and the complex formation with DLC194* (data
not shown) as compared with wild-type p120°*>. Taken together,
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FIGURE 7. Structural insight into a putative binding mode between p120°"3 and DLC1%4P, A, molecular docking analyses were performed between the
available crystal structures of p120°H (Protein Data Bank code 2J05) (53) and DLC1°*? (Protein Data Bank code 3KUQ) using the program PatchDock (54). In the
best ranked and refined model, p120°"3 was located in close proximity of the catalytic arginine finger (Arg-677; magenta) of DLC1%*®. In this model, p120°H3
supplied three amino acids (Asn-311, Leu-313,and Trp-319) to directly contact the catalytic core of DLC1°*", especially Arg-677, and mask its accessibility to the
Rho proteins. B, p50GAP provides an arginine finger (Arg-282; red) in the active site of RhoA to stabilize the transition state of the GTP hydrolysis reaction

(Protein Data Bank code 1TX4) (60). GDP-AIF, mimics the transition state of the GTP hydrolysis reaction.

our mutational and biochemical analyses support the in silico
structural model (Fig. 74) and provide new insight into how
p120°™ may bind and inhibit the catalytic activity of DLC14".

DISCUSSION

In this study, we have elucidated the molecular mechanism of
how the RasGAP p120 selectively acts as a negative regulator of
the RhoGAP activity of DLC1. We have shown that p1205™3, by
utilizing a novel binding mode, selectively undergoes a high
affinity interaction with the RhoGAP domain of DLC1 and
effectively inhibits its GAP activity by targeting its catalytic
arginine finger. Interestingly, p120°"*® acts on the DLC iso-
forms but not on seven other representative members of the
RhoGAP family. Our data together support the notion of a
functional cross-talk between Ras and Rho proteins at the level
of regulatory proteins (11, 45).

In contrast to the molecular mechanism of Rho protein inac-
tivation by GAPs, which is well established (14, 61), it is still
unclear how GAPs themselves are regulated. Different mecha-
nisms are implicated in the regulation of GAPs, such as regulation
by protein phosphorylation, proteolytic degradation, intramolec-
ular autoinhibition, and changes in subcellular localization or pro-
tein complex formation (62, 63). “Intramolecular inhibition”
(also called “autoinhibition,” “cis-inhibition,” “autoinhibitory

” o«
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loop,” “autoregulation,” and “bistable switch”) of biological
molecules is a fundamental control mechanism in nature and is
an emerging theme in the regulation of different kinds of pro-
teins, including the regulators of small GTP-binding proteins
themselves. Besides the guanine nucleotide exchange factors
(64-69), GAPs also have been reported to require activation
through the relief of autoinhibitory elements (20, 31-33, 35,
36). Kim et al. (20) have shown that DLC1% has a reduced GAP
activity and have proposed that the N-terminal SAM domain
may be a cis-inhibitory element contributing to DLC1 autoin-
hibition. Our real time kinetic experiments, however, have
shown that neither isolated SAM or START alone nor both
domains in combination are directly responsible for the
observed DLC1" autoinhibition in a cell-free system (Fig. 3).
Taken together, it rather seems plausible that other regions,
probably together with SAM and START domains, are involved
in the autoinhibition of DLC1. In addition, it is important to
note that release of the autoinhibitory loop of DLC1 is most
likely subjected to posttranslational modifications (21, 70) and
interactions with other proteins (16, 28, 34) along with changes
in subcellular localization (30), collectively contribute to the
regulation of DLC1 GAP activity in intact cells. In this context,
PKD-mediated phosphorylation (70) and 14-3-3 binding and
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cytosolic sequestration (22) are good examples for the regula-
tion DLC1 function.

Functional characterization and structural elucidation of the
trans-inhibitory mechanism of DLC1 mediated by the Ras-spe-
cific GAP p120 protein (11) was the central theme of this study.
Our data clearly revealed that the GAP activity of not only
DLC1 but also that of DLC2 and DLC3 was almost completely
abolished in the presence of the SH3 domain of p120 (Fig. 4).
We showed that larger fragments of p120, such as p12057232
and the almost full-length p120°"'?%, inhibit the DLC GAP
function but strikingly not to the same extent as seen for the
isolated SH3 domain (Fig. 4D). These data indicate that only a
freely accessible and exposed SH3 domain of p120, most prob-
ably following an upstream signal and in a defined subcellular
environment (11, 37), is able to potently inhibit DLC proteins.
One of the p120 binding partners is p190, which has been pro-
posed to induce a conformational change in p120 by binding to
its SH2 domains and exposing the adjacent SH3 domain for
additional protein interactions with additional proteins (47),
one of which is most likely DLCI.

Several studies have shown that DLC1 is able to inactivate
Cdc42 and the Rho isoforms (RhoA, RhoB, and RhoC) but not
Racl in vitro (20, 71-73). DLC194" activity toward other mem-
bers of the Rho family has not yet been published. Our preliminary
data showed that the DLC proteins are active in vitro on almost all
members of the Rho family that are able to hydrolyze GTP.®

¢ M. Jaiswal, E. Amin, and R. Dvorsky, unpublished data.
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Chan et al. (74) have shown an increased level of RhoA-GTP
in DLC2-null mice but not in samples from control mice. Con-
sistently, the overexpression of DLC isoforms has been shown
to lead to inactivation of RhoA and to the reduction of actin
stress fiber formation (75, 76), suggesting that DLC proteins are
Rho-selective GAPs and the role of the DLC trans-inhibitory
protein p120 is to retain Rho proteins in their active GTP-
bound states. Contrary to DLC proteins, p120 binding is part of
the p190 activation process that controls inactivation of Rho-
type proteins (45, 47, 77). A prerequisite for this interaction is
phosphorylation of p190 at tyrosine 1105, which is a target of
the p120 SH2 domains (77). In this regard, p120 oppositely
controls the activities of two different RhoGAPs and obviously
two different Rho/Rho effector systems; one is left activated,
and the other is switched off.

SH3 domain-containing cellular signaling proteins mediate
interactions via specific proline-containing peptides. The SH3
domain of p120 has been discussed recently to interact with
other proteins in a PXXP motif-independent manner (48). In
silico analysis revealed that the GAP domain of DLC1 does not
possess a proline-rich region and therefore, unlike classical
PXXP motif-recognizing SH3 domains, the interaction mode of
the p120 SH3 domain is atypical and utilizes different amino
acids to bind and mask the catalytic arginine finger of the GAP
domain of DLC1. The Ser/Thr kinases Aurora A and Aurora B
are other examples in addition to DLC1 for negative modula-
tion of biological processes by p120 (78). The SH3 domain of
p120 binds to the catalytic domain of Aurora kinases that inhib-
its their kinase activity. These interactions also do not involve a
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proline-rich consensus sequence. Two accessible hydrophobic
regions of p120 SH3 have been suggested to function as binding
sites for protein interaction (79). Our study supports this
notion as we have shown that mutation of three amino acids
close to one of these proposed binding sites indeed diminished
the DLC1“" binding and inhibiting ability of p120 SH3.

We demonstrated that the interaction between p1205™2 and
DLC1%4" displays at least three remarkable characteristics,
namely high affinity, high selectively, and a non-canonical
binding mode. The high affinity interaction of 0.6 uM is striking
because the binding constants of SH3 domains for proline-rich
motifs in their target proteins are mostly in the micromolar
range (48, 59). The very few examples of high affinity binding of
SH3 domains are those between Mona/Gads and SLP-76 (80),
C3G and ¢-Crk (51), and Grb2 and Wrchl (48).

CONCLUSION

Mechanistic and structural insights into selectivity, activity,
and regulation of DLC1 presented in this study shed light on the
role of the multifunctional, regulatory signaling molecule
p120RasGAP. It is evident that p120 acts in addition to its
RasGAP domain, which is required to switch off Ras signal
transduction, as an “effector” conversely controlling, via its SH2
domains and a non-canonical SH3 domain, the RhoGAP activ-
ities of the DLC and p190 proteins and hence Rho signal trans-
duction. Interestingly, p120 interacts, in addition to DLC1 and
p190, with a third RhoGAP, called p200RhoGAP. In contrast to
p190 and DLC1, which are downstream of p120, p200RhoGAP
has been proposed to bind to the p120 SH3 domain via its very
C-terminal proline-rich region and to sequestrate its RasGAP
function from inactivating Ras (10). These examples nicely
illustrate the interdependence of the Ras and Rho signaling
pathways and underline the multifunctional and multifaceted
nature of regulatory proteins beyond their critical GAP
functions.
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