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The RAS-related C3 botulinum toxin substrate 2 (RAC2) is a
member of the RHO subclass of RAS superfamily GTPases
required for proper immune function. An activating mutation
in a key switch II region of RAC2 (RAC2°*X) involved in recog-
nizing modulatory factors and effectors has been identified in
patients with common variable immune deficiency. To better
understand how the mutation dysregulates RAC2 function,
we evaluated the structure and stability, guanine nucleotide
exchange factor (GEF) and GTPase-activating protein (GAP) ac-
tivity, and effector binding of RAC2%**, Our findings indicate
the E62K mutation does not alter RAC2 structure or stability.
However, it does alter GEF specificity, as RAC2F°? is activated
by the DOCK GEF, DOCK?2, but not by the Dbl homology GEF,
TIAM]1, both of which activate the parent protein. Our previous
data further showed that the E62K mutation impairs GAP activ-
ity for RAC256X, As this disease mutation is also found in
RAS GTPases, we assessed GAP-stimulated GTP hydrolysis for
KRAS and observed a similar impairment, suggesting that the
mutation plays a conserved role in GAP activation. We also
investigated whether the E62K mutation alters effector binding,
as activated RAC2 binds effectors to transmit signaling through
effector pathways. We find that RAC25°*" retains binding to an
NADPH oxidase (NOX2) subunit, p67ph"x, and to the RAC-
binding domain of p21-activated kinase, consistent with our
earlier findings. Taken together, our findings indicate that the
RAC25*€ mutation promotes immune dysfunction by promot-
ing RAC2 hyperactivation, altering GEF specificity, and impair-
ing GAP function yet retaining key effector interactions.

RAC2 is a 21-kDa RAS superfamily GTPase that cycles
between inactive GDP- and active GTP-bound states to regu-
late hematopoietic cell signaling in the immune system (1-3).
In the most abundant white blood cell type, neutrophils, RAC2
regulates chemotaxis, phagocytosis, superoxide production,
and actin polymerization (1, 4, 5). RAC2 is essential for proper
immune function, and mutation of RAC2 leads to immune
deficiencies (2, 6). Recently, a RAC25°* mutant was identified
in common variable immune deficiency (CVID). This hyperac-
tivating mutation causes recurrent lung infections in patients
and in RAC25*'* mice (2). Neutrophils from RAC2F**/*
CVID patients and mice showed enhanced macropinocytosis
and superoxide production yet reduced chemotaxis (2). Given
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that the E62K mutation results in up-regulation of some RAC2-
mediated processes and down-regulation of others, the mecha-
nism of RAC2"%%* dysregulation is likely complex.

RAC2 activation and cell signaling are controlled by the
binding of regulatory factors and effector proteins, which asso-
ciate with RAC2 via two highly dynamic regions termed “switch
I (Tyr32—Asp38) and “switch II” (Ala®*~Leu®”) (3). These
regions rapidly “switch” between an open GDP-bound inactive
conformation and a closed GTP-bound active conformation.
Switching between the GTP- and GDP-bound states is con-
trolled by the exchange of GDP for GTP and GTP hydrolysis,
both intrinsically slow processes (3). Guanine nucleotide
exchange factors (GEFs) stimulate GDP dissociation to up-reg-
ulate RAC2, whereas GTPase-activating proteins (GAPs)
down-regulate RAC2 by stimulating GTP hydrolysis (7, 8).
Guanine nucleotide dissociation inhibitors (GDIs) also down-
regulate RAC2 by preventing association with the plasma
membrane (7). Activated RAC2-GTP can bind downstream
effectors such as p67°"°*, which regulates superoxide produc-
tion (9), and p21-activated kinases (PAKs), which regulate
actin cytoskeleton organization (10), gene expression, and
cell growth (11).

The RAC2F* mutation is located directly within switch II,
which engages GAPs as well as a subset of GEFs and effectors
(12). Disease-causing mutations in RAC GTPases are rare and
include the activating RAC1%S mutant in melanoma (13) and
the inactivating RAC2P*N mutant identified in CVID (6).
These mutations directly perturb intrinsic guanine nucleotide
binding yet do not affect GTP hydrolysis. The Glu®® residue is
well-conserved across the RAS GTPase superfamily (in 100 of
141 family members) (14) and is adjacent to GIn®!, which plays
a key role in catalyzing GTP hydrolysis (15). We previously
determined that the E62K mutation does not affect intrinsic
GTP hydrolysis but is defective in p50 RHOGAP-catalyzed
GTP hydrolysis (2). Whereas Glu®* lies at the GAP-binding
interface, it is unclear whether it plays a role in GAP-mediated
hydrolysis. The RAS E62K mutation is impaired in p120
RASGAP-mediated GTP hydrolysis and promotes RAS activa-
tion (16), consistent with the identification of this mutant
in malignant melanoma (17-19). Similarly, the GAP defect
in RAC25°*X likely accounts for hyperactivation of RAC25°*X in
RAC25** neutrophils and increased GTP loading observed
in COS cells (2).

Whereas RAC2 is defective in p50 RHOGAP-mediated GTP
hydrolysis, RAC2¢* GDP dissociation is not stimulated by the
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addition of the Dbl homology (DH) GEF domain of TIAM1 (2).
Intrinsic GDP dissociation rates for RAC25°** were unaffected,
suggesting that the mutation does not directly affect nucleotide
binding. Glutamate 62 likely modulates GEF activity in multiple
GTPases (14, 15), as substitutions in RAS and RHOA to E62A
or E62K inhibited GEF activity for CDC25 GEFs (RASGEFs)
and DH domain RHOGEFs, respectively (14). Given these
observations, it is unclear whether TIAM1 (and other DH do-
main GEFs) contributes significantly to RAC25°** nucleotide
dissociation and activation in cells. RAC GTPases can also be
activated by dedicator of cytokinesis (DOCK) GEFs, which bind
RAC and CDC42 GTPases via switch I instead of switch II.
Known RAC2 GEFs include the DH domain GEFS, TIAM1/2,
VAV, and PREX]1, and the DOCK domain GEFS, DOCK2 and
DOCKS5 (20-22). These GEFs not only activate RAC2, but also
help direct RAC2-mediated signaling through their additional
role as scaffolding proteins (20, 21). Hence, the severity of the
RAC25%?X GEF defect will not only affect GEF-mediated RAC2
activation but may alter localization with other RAC2-binding
proteins that modulate downstream signaling.

The RAC2"°*" hyperactivating mutation is a monogenic
cause of CVID (2). We recently determined that RAC2E62K
retains intrinsic biochemical properties but exhibits defects in
TIAM1 and p50 RHOGAP activity (2). To understand why
these defects exist and to predict other potentially affected pro-
tein-protein interactions, we sought to more comprehensively
characterize the RAC2"°** CVID mutant. Whereas CD analysis
and molecular dynamics simulations indicate that the E62K
mutation does not significantly alter RAC2 stability and struc-
ture, the E62K mutation impairs GAP activity for multiple
GTPases (2). We find that KRAS* is defective in p120 RAS-
GAP-stimulated GTP hydrolysis, suggesting a conserved role
of Glu®® in both GEF and GAP interactions. In a more thorough
study of RAC2%* TIAMI1 GEF-stimulated dissociation
herein, RAC25%** is completely insensitive to TIAM1 stimula-
tion, indicating that TTAM1, and likely other DH domain GEFs,
do not significantly contribute to RAC2¥** activation. Nota-
bly, whereas the E62K mutation ablates TIAMI activity,
DOCK?2 activity is retained. These findings highlight a potential
shift in RAC2 GEF specificity. Finally, we find that the E62K
mutation retains binding to the effector proteins p67°"°* and
PAK, consistent with observations that RAC2%* promotes
superoxide production and the actin cytoskeleton network in
cells (2). Our findings suggest that the changes in RAC2"*%-
mediated cell signaling may be driven by altered interactions
with regulatory proteins. Results from this study not only high-
light possible molecular mechanisms for RAC2-driven CVID
but also outline a critical role for Glu®® in GTPase regulation.

Results

RAC255%X retains similar secondary structure and stability to
RAC2"T

In RAS superfamily GTPases, Glu®” is positioned within the
highly dynamic switch II region. Given its position adjacent to
Gly®° and GIn®', which are essential for GTP hydrolysis (3, 15),
structural perturbations at Glu®” could perturb GTPase activity
as well as RAC2 structure and stability. However, existing crys-
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tal structures for RAC1YT, RAC1?', and RAC25"?Y suggest
that Glu® is solvent-exposed and does not form intramolecular
contacts or interact with the guanine nucleotide in either the
inactive GDP-bound or active GTP analog (GMPPNP)-bound
states (23—-26). To determine whether the E62K mutation alters
the structure and stability of RAC2, we performed biophysical
studies of RAC2"°*" in its active and inactive conformations.

To assess protein secondary structure and stability, we con-
ducted CD analyses on RAC2YT and RAC25%** in both the
inactive GDP-bound state and the active GTP-bound confor-
mation at 20°C in the far-UV region (200-250 nm) (27). The
GTP-bound state was maintained by loading RAC2 with the
nonhydrolyzable GTP analog GMPPCP. As shown in Fig. 1 (4
and B), no significant change in the CD spectrum was observed
for the mutant in either the GDP- or GMPPCP-bound state,
respectively. Additionally, the profile of the CD scans is similar
to those observed for other RAC and RAS GTPases (28, 29),
indicating that RAC2Y" and RAC2"%** exhibit the secondary
structure and fold of other closely related small GTPases.

To access protein stability, thermal denaturation scans were
conducted at 222 nm over a temperature range from 20 to 95 °C.
The melting temperatures of GDP-bound (Fig. 1C) RAC2¥ " and
RAC2"* were 55 and 54 °C respectively, whereas the GMPPCP-
bound (Fig. 1D) melting temperatures were slightly lower at 52 °C
(Table S1). The minimal changes observed in the thermal melting
temperature indicate that RAC?2 is stably folded in both nucleo-
tide (GDP, GTP)-bound states. Additionally, similar cooperativity
of the denaturation curves is observed, indicating that both pro-
teins unfold in a similar manner. Taken together, these results
indicate that the E62K mutation does not significantly alter
RAC2 structure or stability. CD can also indirectly detect changes
in guanine nucleotide binding, as RAC GTPases are stabilized
by multiple interactions with guanine nucleotide ligands. A
decrease in guanine nucleotide binding, such as that observed
for RAC17%® (25) and glutathiolated RAC1 (28), results in a
decrease in protein stability and is reflected by a decreased
thermal denaturation temperature (7,,). The similar melting
temperatures observed for RAC2Y" and RAC25%* support
retention of nucleotide binding, consistent with our previous
findings that RAC2**-GDP dissociation rates are similar to
those for RAC2YT (2).

Molecular dynamics simulations predict that the E62K
mutation does not significantly alter the three-dimensional
structure of RAC2

To further assess whether the E62K mutation alters the con-
formation and dynamics properties of RAC25% in both the
active-GTP and inactive-GDP bound states, we ran 750-ns
molecular dynamics simulations for both WT RAC2 and
RAC2F%? in the GDP- and GTP-bound states. As a crystal
structure of RAC2Y 7 in either the GDP- or GTP-bound state is
lacking, we first generated structural models of RAC2Y T and
RAC25°? bound to GDP and GTP from the existing crystal
structures of RAC2'?V-GDP (26) and RAC1¥'-GMPPNP
(23), respectively, and performed AMBER molecular dy-
namics simulations in triplicate, for a total of 12 simulations.
Calculations of structural fluctuations, time-averaged
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Figure 1. RAC2%X retains secondary structure and thermal stability. A
and B, CD spectral overlay of RAC2"" (orange) and RAC25°* (blue) bound to
GDP (A) and GMPPCP (B). Scans were collected at 20 °C from 200 to 250 nm.
Mean residue ellipticity was calculated as described previously (27, 28). Ther-
mal unfolding was measured by CD (222 nm) over a temperature range of
20-95°C for 5 um GDP-bound RAC2"" and RAC25%¢ (C) and GMPPCP-bound
RAC2YT and RAC255% (D). Thermal unfolding was quantified by the loss of
mean residue ellipticity at 222 nm and normalized relative to the maximum
and minimum ellipticity. Thermal denaturation curves and T,, were calcu-
lated by fitting the thermal denaturation data (C and D) to a Boltzmann sig-
moidal curve using GraphPad Prism. Plots are representative of three
independent experiments. Thermal denaturation curves are representative
of triplicate and duplicate experiments for GDP- and GMPPCP-bound RAC2,
respectively.

structures, and density peaks clustering analyses (30) were
completed.

We first calculated the root mean square deviation (RMSD)
in the positions of the Ca atoms for residues 4—24 and 43-177
(omitting the dynamic switch I), by comparing with the starting
structural models. Representative trajectories for each of the
four conformations are plotted in Fig. 2 (A and B), clearly show-
ing that the simulations have equilibrated by 100 ns. We then
calculated average RMSDs, along with average structures, over
all snapshots in the trajectories of the three replicates. The
RMSDs serve as one measure of the variation in the RAC2 con-
formational ensemble. Simulations of the GTP-bound confor-
mations had mean RMSDs of 1.16 = 0.24 and 1.12 = 0.20 A for
RAC2YT and RAC2E®%K, respectively. Simulations of the GDP-
bound conformations had RMSDs of 1.37 = 0.27 and 145 =+
0.29 A for RAC2¥T and RAC2EO%K, respectively.

Fluctuations about average structures serve as a second mea-
sure of variation in the conformational ensemble and were
calculated over the range of 100-750 ns for the combined tra-
jectories (Fig. 2C). Root-mean-square-fluctuations about the
average structure for GTP- and GDP-bound conformations
showed a constrained switch II in the GTP-bound conforma-
tion compared with the GDP-bound conformation, as expected
due to the coordination of the y-phosphate of GTP. Impor-
tantly, there were no significant differences in fluctuations
of switch II, which contains the E62K mutation, between
RAC2YT and RAC2"*X in either the GDP- or GTP-bound
conformations.
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Figure 2. Molecular dynamic simulations predict that the E62K muta-
tion does not significantly alter the RAC2 structure. Representative trajec-
tories from MD simulations of GTP-bound (A) and GDP-bound (8) RAC2WT
and RAC2%%¢ show that equilibrium was achieved within 750 ns. GTP-bound
RAC25%¢ shows smaller RMSD fluctuations (C) about the average structure
relative to GTP-bound RAC2"T, as calculated from the combined trajectories
of three independent MD simulations over 100-750 ns. Variability between
RAC2YT and RAC255% is localized to the dynamic switch | region. D and E,
overlay of average structures from three independent 750-ns MD simulations
for RAC2YT (in orange) and RAC255% (in blue) in both the GTP-bound (darker
shades) and GDP-bound forms (lighter shades). Switch | and switch Il are in
the foreground (in D) and the background (in £) and are indicated in brackets.
Starting structural models for RAC2 bound to GDP and GTP were generated
from the crystal structures of RAC2°'?-GDP (PDB entry 2W2T) (27) and
RACTWT-GMPPCP (PDB entry 1MH1) (24), respectively. Data representing
RAC2YT and RAC2%6% simulations are colored in orange and blue, respec-
tively, The Glu®? C-« is shown as a sphere in orange and blue for RAC2"'" and
RAC25 respectively. The cofactor Mg is indicated as a sphere, and the
bound nucleotide is colored by element.

The average structures of the combined trajectories capture
the dynamic motions in switches I and II, as shown in Fig. 2 (D
and E), and do not show significant differences outside switch I
and II, for either the GDP- or GTP-bound conformations over
100-750 ns. In the GTP-bound state, the average structures
show slight differences in the conformation of switch I, which
has been reported to be more dynamic in RAC2 GTPases com-
pared with the other RAC isoforms (31). We performed a den-
sity peaks—based clustering analysis (30) on the combined tra-
jectories to identify clusters of conformations within each
trajectory. For RAC2YT-GTP, two clusters were identified, one
containing 77.6% of the snapshots and the other with 22.4% of
the snapshots (Fig. S1A), with the smaller cluster showing a
more open conformation for switch I. A single cluster contain-
ing 100.0% of the snapshots was identified within the trajectory
from the RAC25¢* GTP-bound simulations (Fig. S1B). These
snapshots are similar to those observed in the larger cluster for
GTP-bound RAC2VT, Together, these results show that the
E62K mutation does not alter RAC2 structure but may induce
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Figure 3. The E62K mutation in both RAC2 and KRAS perturbs GAP-stimulated GTP hydrolysis. Glutamate 62 is highly conserved in RAS superfamily
GTPases and lies at the GAP interface in structures of multiple GTPase/GAP complexes. A, ribbon diagram of the RAC1"T crystal structure (PDB entry 1HET)
bound to the GAP domain of ExoS (not shown) generated in PyMOL, highlighting the RHOGAP-binding site (salmon) (38). B, ribbon diagram of the HRAS""
crystal structure (PDB entry TWQ1) bound to the GAP domain of p120 RASGAP (not shown) generated in PyMOL highlighting the RASGAP-binding site (cyan)
(37). Glutamate 62 lies in proximity to the binding interface and is color-coded by atom. Residues within 5 A of ExoS or p120 RASGAP are shown in salmon and
cyan, respectively, as calculated using the Protein Interactions Calculator web server (73). The cofactor Mger isindicated as a sphere, and the bound nucleotide
(GDP and AlF3 to mimic GTP) is colored by element. C, single-turnover intrinsic (open circles) and GAP-stimulated (closed circles) GTP hydrolysis curves for
KRAS"T (green) and KRAS®®* (purple) as measured by the detection of P; using FLIPPi 5U. Intrinsic and p50 RHOGAP-stimulated GTP hydrolysis curves for
RAC2YT (orange) and RAC25%%¢ (blue) are shown for comparison as reported previously (2). These data were compared with our findings on the KRAS®?K mu-
tant to highlight the similar trends in GTP hydrolysis for both mutants. KRAS (5 um) was preloaded with GTP and hydrolysis of GTP initiated by the addition of
1 mm MgCl, in the absence (open circles) and presence (closed circles) of the p120 RASGAP (25 nm) catalytic GAP domain, as described previously for RAC2 (2).
GTP hydrolysis rates were calculated by fitting single-phase association curves using GraphPad Prism. Curves are representative of two independent experi-

ments each, collected in duplicate. GTP hydrolysis rates are reported as mean = S.D.in Table S2.

minor perturbations localized to switch I in the active GTP-
bound state.

In the inactive GDP-bound state, two clusters were identified
for both the WT and mutant proteins in the snapshots from the
respective trajectories. RAC2™" had one cluster containing
66.8% of the snapshots with the remaining cluster containing
33.2% (Fig. S1C). RAC2E?K had a similar distribution between
the two clusters, with 66.7% of the snapshots in the largest clus-
ter and 33.3% of the snapshots in the smaller cluster (Fig. S1D).
For the GDP-bound conformations, most of the variability
between clusters also lies within switch I. However, the variabil-
ity is consistent between RAC2% " and RAC2"*X, In summary,
the RAC2 E62K mutation does not appear to alter the RAC2-
GDP structure. Moreover, only minor changes in the dynamic
switch I regions are observed for the RAC2-GTP structure.
These results are consistent with CD analysis of protein sec-
ondary structure and thermal stability. Together, these results
suggest that that the E62K mutation does not significantly alter
the three-dimensional structure of RAC2 in either the GDP- or
GTP-bound state.

The E62K mutation impairs GAP activity in both RAC2 and
KRAS

RAC2* is an activating mutation that increases RAC2
GTP activation and alters RAC2-mediated cellular phenotypes
in neutrophils (2). Hyperactivation of RAC2 by the E62K muta-
tion is likely driven by the p50 RHOGAP defect, as intrinsic
GTP hydrolysis is unaffected (2). Whereas Glu®® does not
appear to contribute to intrinsic GTP hydrolysis, it lies directly
within the GAP-binding interface in multiple RAS superfamily
GTPases (32—-34) and may disrupt GAP association with other
RAS-related GTPases. The GAP-binding interfaces of RAC1
(Fig. 34) and HRAS (Fig. 3B) with the RHOGAP EXOS (35)
and p120 RASGAP (34), respectively, are highlighted to illus-
trate the location of Glu® within the GAP-binding interface.

To examine whether the E62K mutation disrupts GAP activ-
ity for multiple GTPases, we measured the intrinsic and p120
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RASGAP-stimulated GTP hydrolysis rates for KRASY' and
KRAS®?X (both in Fig. 3C) and compared these activities with
those previously observed by us for RAC2 (2). We selected RAS
because Glu®®> mutations have been identified in human can-
cers for all RAS isoforms (KRAS, HRAS, and NRAS) (16-19,
36). To measure KRAS GTP hydrolysis activity, we monitored
the production of P; using the phosphate-binding protein,
FLIPPi 5U, as described previously (37, 38). To measure single-
turnover hydrolysis rates, KRAS™ ' and KRAS®*** protein were
preloaded with GTP, and hydrolysis was initiated by the addi-
tion of MgCl, without and with the catalytic GAP domain
(GAP-334) of p120 RASGAP (1:200 GAP/RAS). Consistent
with previous findings for KRASY™" (29, 39), p120 RASGAP
stimulates KRASY™ GTP hydrolysis ~7-fold (Fig. 3C) relative
to the intrinsic rate (Table S2).

Similar to RAC25°*X, the RAS E62K mutation does not sig-
nificantly perturb intrinsic GTP hydrolysis compared with
KRASYT but is defective in GAP-mediated GTP hydrolysis
(1:200 p120 RASGAP catalytic domain/RAS). The observed
KRASF?® GAP defect may cause KRAS hyperactivation and
may drive deregulated growth control in cancer patients with
this mutation (16-19). To compare the effects of the E62K
mutation between RAC2 and KRAS on GTP hydrolysis, we
overlay our previously reported results for RAC2 (2) with the
results for KRAS. As shown in Fig. 3C, the E62K mutation does
not perturb intrinsic GTP hydrolysis but induces a GAP defect
in both RAS and RAC2 GTPases. This is a valid comparison
because the data were collected using the same methods (2).
Hence, these findings support a conserved role of Glu®? in
GAP-stimulated GTP hydrolysis and provide evidence that
the E62K mutation can induce hyperactivation in multiple
GTPases.

RAC255%X js insensitive to DH RAC GEF TIAM1 regulation

Previously, we determined that RAC2* GDP dissociation
is not stimulated by the catalytic DH GEF domain of TIAM1
(2). Because RAC2F%?X intrinsic GDP dissociation was not

J. Biol. Chem. (2020) 295(34) 1213012142 12133


https://www.jbc.org/cgi/content/full/RA120.012915/DC1
https://www.jbc.org/cgi/content/full/RA120.012915/DC1
https://www.jbc.org/cgi/content/full/RA120.012915/DC1
https://www.jbc.org/cgi/content/full/RA120.012915/DC1

Molecular basis for RAC2 E62K dysregulation
A B

=
£
)
Q>
o
&
)

Figure 4. RAC25%*X retains intrinsic nucleotide binding but is defective in TIAM1 GEF-stimulated GDP dissociation. The Glu®? residue lies adjacent to
the TIAM1-binding interface. A, ribbon diagram generated in PyMOL of nucleotide-free RAC1"'T (PDB entry 1FOE) bound to TIAM1 (not shown), highlighting
the TIAM1-binding site (43). Glutamate 62 lies in proximity to the binding interface and is color-coded by atom. Residues within 5 A of TIAM1 (purple) are hi%vh—
lighted as calculated using the Protein Interactions Calculator web server (73). B, intrinsic and GEF-stimulated MANT-GDP dissociation curves for RAC2"",
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um (brown)). Nucleotide dissociation rates were calculated by fitting curves with a single-phase exponential decay using GraphPad Prism. Curves are represen-
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perturbed, the TIAM1 GEF defect is likely due to a decrease in
TIAM1 binding. Multiple crystal structures show that the
Glu® residue lies at the binding interface for multiple GEFs
and GTPases, including in the crystal structures of RAC1¥ " in
complex with TIAM1 (40), HRAS with SOS (41), and RHOA
with DBS (42). Indeed, Glu®? substitutions in both RHOA and
KRAS cause defects in GEF-stimulated GDP dissociation (14).
To illustrate the position of Glu®® within the TIAM1-binding
interface, residues in RAC1 that are within 5 A of TIAM1 are
highlighted in Fig. 44. TIAM1 is one of several DH domain
GEFs that activate RAC2. Others include VAV1 and PREX1
GEFs, which also play a role in RAC2-mediated cell signaling in
neutrophils (43, 44). We have focused on RAC25%** TIAMI-
stimulated GDP dissociation because TIAM1 is highly specific
for RAC2 (31). Additionally, the RAC-TIAM1-binding inter-
face is well defined (40, 42), and we have previously used this
TIAM1 construct to assess GEF-stimulated GDP dissociation
in vitro (28, 45). Importantly, the DH domains in VAVI,
PREX1, and TIAMI are structurally conserved and bind to
RACI1 at the same interface (40, 46, 47). Thus, our TIAM1 find-
ings herein are likely predictive of other DH domain RAC2
GEFs.

Our previous finding that the TTAM1 GEF domain does not
stimulate RAC2* GDP dissociation indicates that the E62K
mutation causes a GEF defect (2). However, because those
studies were only completed at a single concentration (1:1 ratio
RAC2/TIAM1), the extent of this defect was unclear because
the catalytic efficiency was not assessed. To quantitatively
assess how the E62K mutation affects TIAM1 activity, we con-
ducted nucleotide dissociation assays to calculate the catalytic
efficiency, kca/K,,, for TIAM1-stimulated GDP dissociation.
To measure nucleotide dissociation rates in vitro, we preloaded
RAC2 with fluorescent MANT-GDP and observed MANT-
GDP dissociation upon the addition of excess GDP. The intrin-
sic GDP dissociation rates for RAC2¥7T (1.9 + 0.9 X 10 *s™1)
and RAC29?X (2.1 = 0.3 X 10 *s™ ) are consistent with those
reported previously (2). Representative nucleotide dissociation
curves for RAC2YT and RAC2%* are shown in Fig. 4B and
Fig. S2A, respectively, with the rates quantified in Fig. 4C. As
expected for RAC2YT the addition of the TTAM1 GEF domain
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increases GDP dissociation over the intrinsic rate. RAC2Y '
GDP nucleotide dissociation is catalyzed by the addition of the
TIAM1 GEF domain with a catalytic efficiency (ke./K,,) of
560 M~ ' s~ ! (Table S3). Importantly, RAC25°* GDP dissocia-
tion was not stimulated by TIAM1 at even 5-fold excess
TIAM1/RAC2, indicating that the E62K mutation completely
abolishes TIAM1 stimulation of GDP dissociation. This
complete loss in TIAM1 catalytic activity strongly suggests
that TIAM1 (and likely other DH domain GEFs) does not
contribute to RAC2F*" activation in cells.

RAC2%5%K s activated by the DOCK2 GEF

Whereas the Glu®? lies at the binding interface for DH do-
main GEFS, another class of RAC-GEFs exists. The DOCK-A
subfamily GEFs (DOCK180, DOCK2, and DOCK5) bind to
RAC GTPases at a distinct interface from DH domain GEFs. As
shown in Fig. 54, DOCK GEFs primarily engage RAC GTPases
through switch I rather than switch II and activate RAC
GTPases via a distinct mechanism (48, 49). Thus, we postulated
that RAC25%* retains DOCK GEF-stimulated GDP dissocia-
tion. To test whether RAC25°*" can be activated by DOCK A
GEFs, we used the DOCK?2 catalytic GEF domain to carry out
GDP dissociation assays. We chose DOCK2, as this GEF is
expressed selectively in hematopoietic cells and is required for
superoxide production and macropinocytosis in neutrophils
(4). Importantly, the DOCK homology region 2 (DHR2) cata-
lytic GEF domain is highly conserved between the DOCK A
GEFs and is representative of the ability of DOCK180, DOCK2,
and DOCKS to activate RAC2*X,

To determine whether the E62K mutation alters the catalytic
activity of the DOCK2 DHR2 domain, we measured MANT-
GDP dissociation rates at varying concentrations of DOCK2
for RAC2Y™ and RAC2"%%, Representative nucleotide dissoci-
ation curves are shown for RAC2Y" and RAC2"%* in Fig. S2B
and Fig. 5B, respectively, with nucleotide dissociation rates
quantified in Fig. 5C. Importantly, the DOCK2 GEF domain
stimulated GDP dissociation for both RAC2%T and RAC2F*X
with catalytic efficiencies (keo/K,,) of 3100 M~ s~ ' and 4100

M tsT respectively. The k., and K,,, values reported in Table
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Figure 5. RAC25°% retains DOCK2-stimulated nucleotide exchange. The DOCK2 DHR2 GEF domain binds a distinct region of RAC from DH GEFs. A, ribbon
diagram of nucleotide-free RAC1WT (PDB entry 2YIN) bound to DOCK2 (not shown) (51), highlighting the DOCK2-binding site. Glutamate 62 lies outside of the
DOCK2-binding interface and is color-coded by atom. Residues within 5 A of DOCK2 are shown in teal and were calculated using the Protein Interactions Calcu-
lator web server (73). B, intrinsic and GEF-stimulated MANT-GDP dissociation curves for RAC25°2¢. RAC2 was preloaded with fluorescent MANT-GDP, and disso-
ciation was initiated by the addition of 1000-fold excess GDP and varying concentrations of the DOCK2 DHR2 GEF domain. DOCK2 concentration is indicated
as follows: intrinsic dissociation (0 um, in red) and increasing DOCK2 concentration (0.3 um (orange) to 10 um (brown)). Nucleotide dissociation rates were calcu-
lated by fitting curves with a single-phase exponential decay in GraphPad Prism. Curves are representative of three independent experiments. C, nucleotide
dissociation rates were plotted as a function of DOCK2 concentration to assess changes in DOCK2 catalytic activity. RAC2 concentrations were constant at 3
M, and DOCK2 concentrations were varied from 0.3 to 10 um. Nucleotide dissociation rates are reported as mean = S.D. for three independent experiments.

S3 show that this modest difference in DOCK2 catalytic effi-
ciency is not significant. These findings indicate that RAC25**
retains DOCK2 catalytic activity relative to RAC2Y ™. Given the
direct correlation between GEF binding and activity, the E62K
mutation also does not perturb RAC2-DOCK?2 binding. Our
results for TITAM1- and DOCK2-stimulated GDP dissocia-
tion together suggest that the E62K mutation alters GEF
specificity so that DOCK GEFs, but not DH-RAC GEFs, acti-
vate RAC2"%*" in cells.

RAC25%?¥ binds the effectors p67°"°* and PAK

Once activated, RAC2-GTP binds effectors to direct cell sig-
naling downstream; thus, any perturbations in effector binding
will dysregulate RAC2-mediated cell signaling. In neutrophils,
RAC2 activates NADPH oxidase (NOX2) by binding p67°"*%,
the cytosolic catalytic subunit of the NOX2 complex. Upon
RAC2-p67P" binding, a conformational change occurs in
NOX2 that drives electron transport across the membrane to
molecular oxygen producing superoxide (50). As the RAC2F**¥
mutant displays increased and sustained production of super-
oxide in CVID patient neutrophils and in mice (2), we antici-
pated that the mutant would retain p67°"°* binding. The RAC-
binding domain (RBD) of p67°"** binds RAC via switch I, as
shown in Fig. 64, and the binding interface is far away from the
E62K mutation site.

To measure p67]F’h°X binding to RAC2¥T and RAC2E%*K we
employed isothermal titration calorimetry (ITC), as this
method not only provides stoichiometry and binding affinity,
but also thermodynamics associated with binding. The heat
absorbed upon binding of p67°"**-RBD to GMPPCP-loaded
RAC2YT and RAC2*  is shown (Fig. 6B) along with the bind-
ing isotherms associated with titration of p67°P"°* with
GMPPCP-bound RAC2YT and RAC25?X, Binding affinities,
stoichiometry, and heats of binding are listed in Table S4. Bind-
ing was approximately stoichiometric (n ~ 0.8-0.9) with equi-
librium dissociation constants (Kp = 2.6 and 1.8 um for
RAC2Y" and RAC2"?X, respectively) similar to that reported
previously for RAC2! (51). The results indicate that
RAC2%K binds to p67° hoX with similar affinity as RAC2YT,
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consistent with enhanced superoxide levels observed for this
mutant in RAC2** patient neutrophils and COS cells (2).

RAC2 also regulates multiple cell-signaling pathways
through the activation of PAKs, which in turn activate multiple
targets, including LIM kinase (52), p47°"°* (53), and RAF1
(RAF proto-oncogene serine/threonine kinase) (54). Addition-
ally, the PAK-binding assay is an important tool for measuring
RAC activation in cells, including the RAC activation assay
reported in our previous work (2). A change in RAC2-PAK
binding would lead to errors in assessing cellular RAC activity
using PAK pulldown approaches. Using this assay, we recently
observed increased RAC25%** activation in COS cells, indicat-
ing a retention of PAK binding (2). To assess whether the E62K
mutant retains PAK-RBD binding similar to RAC2™ ", we con-
ducted ITC experiments with GMPPCP-loaded RAC2. As
shown in Fig. 6C, we find that RAC25¢* binds PAK with a sim-
ilar affinity as RAC2™™. The binding affinities, stoichiometry,
and heat upon binding are reported in Table S3. RAC binding
to the PAK-RBD is approximately stoichiometric (n = 0.78 and
0.88 for RAC2YT and RAC2F%%K, respectively; Table S3).

PAK-RBD binding to RAC2 causes heat release (exothermic
reaction) compared with the heat absorbed (endothermic reac-
tion) associated with binding of RAC2 to p67°"*, This differ-
ence in binding energetics is most likely attributable to differ-
ences in binding interactions. As shown in Fig. 64, the binding
interfaces of RAC2 with the RBDs of PAK and p67°"°* are quite
distinct. The PAK-RBD engages RAC2 via 82 and switch 2 (55),
whereas p67°"°* binds primarily via switch I (51). Notably,
RAC25%%€ retains both p67°"°* and PAK-RBD binding even
though the effectors bind at different sites (Fig. 6A4). These find-
ings are consistent with the structural model shown in Fig. 2D,
indicating retention of RAC25*-GTP structure. Given these
results, we predict that only effectors or regulatory proteins
that directly bind near the mutation site may be affected by this
activating mutation.

Discussion

The RAC2 small GTPase is required for immune function
(56, 57). Recently, it was shown that the RAC25°*/* mutation
directly causes CVID (2). Herein, we further characterize this
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Figure 6. RAC255%K retains binding to the RAC-binding domains of p67°"°* and PAK. The RAC RBDs of p67°"* and PAK bind to different sites on GTP-
bound RAC Q61L. A, ribbon diagram of RAC12°'" generated in PyMOL. RAC residues that contact p67°"°* and PAK-RBD mapped onto the GTP-bound RAC1°'
structure (PDB entry 1E96) as shown in blue and green spheres, respectively (53). The p67°"°*-RBD contacts switch | and the B5/a5 loop in RACTVT (53), whereas
the PAK-RBD contacts switch Il and 82 in CDC42 (57). Glutamate 62 is indicated as spheres and colored by atom. The nucleotide GTP is shown as sticks colored
by atom, and the cofactor Mg?" is shown as a magenta sphere. B, isothermogram of RAC2"T and RAC25°%K in the presence of varying concentrations of
p67°"* RBD at 25 °C. The p67P">-RBD (0-100 M) was injected at 510 uM into a cell containing 25 um GMPPCP-loaded RAC2. The data were processed and
curve-fit using a single-site model in Origin 7.0. Data are representative of triplicate experiments. C, isothermogram for RAC2"T (orange) and RAC2%6% (blue) in
the presence of varying concentrations of PAK-RBD at 25 °C. The PAK-RBD (0-30 um) was injected at 150 um into a cell containing 15 um GMPPCP-loaded
RAC2. Data were fit as in A and are representative of duplicate experiments. The heat absorbed (upon p67 binding) or released (upon PAK binding) was inte-
grated per 2-ul injection over 20 injections using a microCal ITC 200 instrument. Binding stoichiometry (n), Kp, enthalpy, and entropy values were calculated

using Origin 7.0. Values are reported as the mean =+ S.D. in Table S3.

immune dysfunction mutant. Consistent with previous results
showing retention of intrinsic GTP hydrolysis and GDP disso-
ciation, we found that RAC2* structure, fold, and stability
were not significantly perturbed in either the active GMPPCP-
bound or inactive GDP-bound state in vitro (Fig. 1). Further,
molecular dynamics simulations and clustering analyses indi-
cate that the E62K mutation does not significantly alter the
RAC2 structure (Fig. 2 and Fig. S1). These results are consistent
with the surface exposure and lack of intramolecular contacts
associated with Glu®? in multiple crystal RAC structures (23,
24, 26).

Hyperactivation of RAC previously observed in COS
cells is likely driven by the observed p50 RHOGAP defect (2).
RAC2, like other RHO GTPases, is down-regulated by both
GAPs and RHOGDIs. Whereas GAPs inactivate by accelerating
GTP hydrolysis, GDIs prevent activation by preventing mem-
brane association (7). Because RAC25°*X is hyperactivated in
cells, it is unlikely that GDI binding is perturbed as this would
down-regulate RAC25%?X activity. The GAP defect observed for
both KRASF®** and RACF*®X (Fig. 3C) suggests that Glu®? plays
a key role in GAP association and catalysis across the RAS
superfamily GTPases. Crystal structures of CDC42 and RHOA
in complex with the catalytic domain of p50 RHOGAP show a
contact between Glu®* (Glu®*, RHOA numbering) and Arg>*
in p50 RHOGAP (32, 58). Thus, in RAC2, Glu®” likely makes a
similar contact with p50 RHOGAP, with the E62K mutation
disrupting this key contact and thereby perturbing p50 RHO-
GAP-stimulated GTP hydrolysis. Similarly, the crystal struc-
ture of HRAS with p120 RASGAP shows a contact between
Glu®? in HRAS and Arg749 in RASGAP (34) and provides
insight into how this nonconservative charge-reversal mutation
perturbs GAP binding. Our results herein suggest that Glu®>-
GAP interactions facilitate GTP hydrolysis and that the E62K

2E62K
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mutation causes a GAP defect that mediates RAC2 (and poten-
tially RAS) up-regulation in cells.

The Glu®* residue plays a key role in GEF-stimulated GDP
dissociation by DH domain GEFs. In crystal structures of
GTPases with DH domain GEFs, Glu®* forms a salt bridge with
Lys'® in the phosphoryl-binding loop (14, 15). In the structures
of RAC1 in complex with the DH GEF domains of VAV1 (46),
PREX1 (47), and TIAM1 (45), similar reorientation of Glu®? to-
ward Lys'® is observed, supporting a key role of Glu®” in stabi-
lizing the nucleotide-free from of RAC. Additionally, Gasper et
al. (14) found that RHOAF®*® and KRASF®* substitutions
abolish GEF-stimulated GDP dissociation by p115 RHOGEF
(also known as ARHGEF1) and SOS, respectively. Based on
these observations, we predict that the TIAM defect observed
for RAC2E62K (Fig. 4) will translate to other DH domain GEFs,
including VAV, PREX, and TIAM2, as well as to other
GTPases. Because RAC2* DOCK2 activity is retained,
DOCK?2 likely compensates for the loss in DH domain GEF ac-
tivity and contributes to RAC25¢** in cells.

RAC2 is activated by the DOCK A GEFs (DOCK180/1,
DOCK?2, and DOCKS5) (48), which disrupt GDP binding and
stimulate nucleotide exchange by extending the conformation
of switch I and displacing the cofactor Mg** (59). The DHR2
GEF domain of DOCK2 used herein is 68% conserved within
the DOCK A GEFs (48); thus, we predict that RAC2* can be
activated by other DOCK A GEFs as well. Because DOCK GEFs
are only catalytically active with RAC and CDC42 GTPases,
this mutant in the context of RAS or RHOA likely lacks a simi-
lar compensatory mechanism for activation.

Based on our RAC25°*" results and the previous study of
KRASH?* GEF activity (14), we predict that the E62K mutation
in the context of RACI1 and RHOA GTPases will not signifi-
cantly perturb GTPase structure or nucleotide binding but will
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be defective in DH-GEF-stimulated nucleotide exchange (16—
19). However, RHOA and RAS GTPases differ from RAC
GTPases in that they are not activated by DOCK GEFs. Reten-
tion of DOCK GEF regulation may partly compensate for the
loss in DH-GEEF activity. As RAC1 and RAC2 are >90% homol-
ogous, with the most significant differences restricted to the
hypervariable C terminus (60), we anticipate that RAC1%°*¢
will possess structure and effector recognition similar to that of
RAC2E62K

Whereas RAC2%*¢ alters regulation by GEFs and GAPs,
binding is retained with at least two downstream effectors, the
p67°"°% subunit of NOX2 and PAK (Fig. 6). These results are
consistent with the known binding interfaces of the p67Ph
and PAK-RBDs with RAC (Fig. 64). The PAK-RBD binds RAC
and CDC42 GTPases via 32 and switch II (55, 61), whereas the
tricopeptide repeat (TPR) domain, also known as the RBD, of
p67°"°% binds the B5/a5 loop and switch I (51). Our finding
that RAC25*X retains binding to p67°"°* and PAK-RBDs (Fig.
6) suggests that the E62K mutation does not induce significant
structural changes in switch I, switch II, or 81-3 in the acti-
vated GTP-bound state of RAC2"%* and is consistent with our
structural analyses. We predict that the E62K mutation will
only perturb binding to those effectors that directly bind or
change the orientation of Glu®”. However, based on our review
of RAC effector complexes, no effectors that bind Glu®* have
been identified, and we do not predict that RAC25%* will per-
turb interactions with these known effectors (61).

Our findings of enhanced RAC2** activation in COS cells
(2) and retention of RAC2F* pe7Ph**_RBD binding are con-
sistent with the increased and sustained superoxide production
in RAC2FO?/+ neutrophils and COS cells (2). RAC2 activation
and RAC2-p67P"** binding are the final steps toward NOX acti-
vation and superoxide production (50). Whereas the associa-
tion of RAC2 with p67P™ has a single function, the association
of activated RAC with PAK results in the phosphorylation of a
myriad of PAK targets (11). In neutrophils, PAK’s roles include
regulating extracellular trap formation (neutrophil extracellu-
lar traps) (62), NOX2 activation (through p47°"*) (63), and cell
migration (10). Whereas RAC25°?® neutrophils have F-actin
and chemotaxis defects (2), our results indicate that these
defects are not caused by a change in PAK-binding affinity. We
predict that the phenotypes observed in RAC25°** neutrophils
are driven by RAC25** hyperactivation, caused by the GAP
defect we observed previously (2). However, differences in cell
signaling are likely mediated by a shift in GEF recognition.
Defects in DH domain GEF-mediated activation will likely shift
the stimuli that activate RAC2 toward those that activate
DOCK GEEFs. A loss in DH domain GEF activity, and likely
binding, would alter which effectors RAC2"** colocalizes
with, given the additional function of GEFs as scaffolding pro-
teins (20, 21, 43). Multiple studies are needed to understand the
roles of RAC GEFs in RAC2-mediated hematopoietic cell sig-
naling before the effects of the E62K mutation, and the result-
ing defects in GEF catalytic activity, can be characterized in
neutrophils.

In conclusion, our results suggest that the E62K mutation
dysregulates RAC2 activity by perturbing interactions with
GAPs and a subset of GEFs. These perturbations by the E62K

SASBMB

Molecular basis for RAC2 E62K dysregulation

mutation are likely present in other GTPases, as Glu®” is highly
conserved in RAS and RHO subclass GTPases. The perturba-
tion of GAP activity by the E62K mutation is an important
mode of RAC2 hyperactivation in CVID. This mutation may
promote activation of other GTPases in human cancers, such
as the KRAS™*" mutation identified in malignant melanoma
(16-19). The Glu®* residue in RAC GTPases plays a key role in
GEF-stimulated GDP dissociation for DH domain but not
DOCK domain GEFs; thus, the E62K mutation likely shifts GEF
recognition toward DOCK GEFs. Glutamate 62 mutations are
an important mode of GTPase dysregulation that drives
RAC25%* _induced CVID (2) and may drive RAS Glu®* mu-
tant cancers (18, 36).

Materials and methods
Plasmids, protein expression, and purification

Genes for RAC2™T and RAC2* were cloned into the
pQlinkH vector using primers encoding for the BamHI and
NotlI cut sites. A stop codon was inserted prior to the NotI cut
site to truncate RAC2 prior to the C-terminal CSLL motif. The
CSLL motif is geranylgeranylated in mammalian cells but
remains unstructured and unmodified in bacteria, thus necessi-
tating its removal. The bacterial expression plasmid containing
the gene for His-tagged KRAS™ was generated by site-
directed mutagenesis from the KRAS™' plasmid (human
KRAS 4B, 1-169, C118S) in a pET21a vector. The bacterial
expression plasmid for the catalytic GAP domain of human
p120 RASGAP in the pQlinkH vector was described previously
(38). The gene for catalytic GEF domain of human TIAM1 (res-
idues 1033-1406) was a gift from the Sondek laboratory at the
University of North Carolina (Chapel Hill, NC, USA) (45) and
cloned into pGEX2T vector using EcoRI and Aatll restriction
enzymes. Our laboratory has used this plasmid described previ-
ously (28). The DHR2 catalytic GEF domain of the human
DOCK?2 (residues 1211-1624) gene in the pLic-MBP vector was
a gift of the Sondek laboratory The Rac-binding domain of
human PAK2 (residues 69-132, P76L,M98L) in a pGEX 2X
vector was also a gift from Keith Burridge. It contains an addi-
tional eight C-terminal (KETVNNQK) residues that are ho-
mologous to PAK3. This PAK-RBD protein construct has been
verified to bind activated RAC1/2 and CDC42 with high affinity
(64) and has been used extensively to pull down activated RAC
and CDC42 from whole-cell lysates. The His-tagged TPR do-
main of p67°"** in a pET30a+ was a gift from Edgar Pick (Uni-
versity of Tel Aviv). All plasmids were transfected into BL21
(DE3) codon + RIL (Agilent) and expressed at 18°C after
induction with 0.5 mm isopropyl 1-thio-3-p-galactopyranoside
as described previously (2). The RAC2, p50 RHOGAP,
DOCK?2, p120 RASGAP, p67°", and FLIPPi 5U were purified
using nickel nitrilotriacetic acid resin (Qiagen), followed by
tobacco etch virus cleavage (for RAC2 KRAS and RASGAP)
and gel filtration as described previously (28). The TIAM1
and PAK proteins were purified using GST-agarose (GE
Healthcare) followed by thrombin cleavage and gel filtration
as described (28).

The pRSet Flippi 5U plasmid, for use in the GTP hydrolysis
assays, was obtained from Addgene (37) and transformed into
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BL21 DE3 codon + RIL. The transformed cells were grown in
lysogeny broth supplemented with 33 mg/liter chlorampheni-
col and 100 mg/liter ampicillin at 21°C for 60 h in the dark.
Prior to harvesting, phosphate-free buffers were prepared using
nucleoside phosphorylase and inosine as described (65). All
buffers containing inosine were rendered phosphate-free by
dialyzing against 5 units of nucleoside phosphorylase for 48 h at
room temperature. The cells were harvested via centrifugation
and resuspended in phosphate-free lysis buffer (20 mm Tris
(pH 7.9), 50 mm NaCl, 20 mm imidazole, 1 mm inosine, 1 mg/ml
phenylmethylsulfonyl fluoride, 0.2 ul/ml protease inhibitor
mixture (Sigma, P8849)) and then lysed via sonication. Cell
debris was pelleted by centrifuging for 45 min at 15,000 X g at
4°C. His-tagged FLIPPI 5U was purified in lysis buffer on
nickel-nitrilotriacetic acid—agarose resin as described (64). Pu-
rification was completed on a 25-ml Q-column using a 15-col-
umn volume gradient of 20-80% high-salt buffer (20 mm Tris
(pH 7.9), 500 mMm NaCl, 1 mm inosine, 200 mm imidazole, 5 mm
B-mercaptoethanol). Purity was verified at >95% via SDS-
PAGE, and the protein was stored at —80 °C until use.

GMPPCP nucleotide loading and HPLC analysis

The recombinant RAC2 GTPases were loaded with the non-
hydrolyzable GTP analog GMPPCP for CD and isothermal ti-
tration calorimetry experiments as described previously (28).
The protein was buffer-exchanged into nucleotide-loading
buffer (20 mm Hepes (pH 8.0), 125 mm (NH4),SO4 1 mMm
EDTA, 50 mm NaCl, 1 mm DTT) to remove excess MgCl, and
GDP. Approximately 600 ul of 100 um RAC2 was incubated
with 1 mm MgCl, and 500 um GMPPCP overnight at 4°C in
the presence of 3 units of calf intestine alkaline phosphatase—
agarose (AP beads). The AP beads were removed by centrifuga-
tion. Nucleotide binding was induced by the addition of excess
10 mm MgCl,. To verify the hydrolysis of GDP (by alkaline
phosphatase), an aliquot of protein and nucleotide standards,
GDP and GMPPCP, were boiled and centrifuged, and the su-
pernatant was analyzed via HPLC. The nucleotide standards
and samples were individually injected onto a Zorbax C-18 col-
umn in an HPLC system (Agilent 1100 series) that was pre-
equilibrated with 100 mMm potassium phosphate (pH 6.5), 10
mM tetrabutylammonium bromide, and 5% acetonitrile. The
nucleotides were eluted using an isocratic elution at 0.5 ml/min
over 20 min. The elution times were used to verify >90%
GMPPCP loading.

CD and thermal stability assays

CD experiments were performed in triplicate as described
previously (28). Prior to CD measurements, recombinant
RAC2 protein was buffer exchanged in CD buffer (10 mm
KH,PO,/K;HPO, (pH 6.5), 500 um MgCl,, 15 um GDP (or
GMPPCP)) and concentrated to 5 uM. Constant and variable
temperature CD measurements were conducted using a Jasco
J-815 instrument equipped with a temperature control system
(Jasco PTC-423S) and a water bath (Fisher Isotemp 3016S).
Constant temperature CD scans were performed at 20 °C using
a 1-mm path length over 200 to 250 nm. Each scan is the aver-
age of three individual scans (accumulations). The Jasco wave-
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length scan settings used were: 2-s digital integration time, 2-
nm bandwidth, and 10-nm/min scanning speed. All data are
reported in units of mean residue ellipticity, which was calcu-
lated as follows, OpMRE = (Oraw X MRW) /(10 X ¢ X [), where 6,4,
is the ellipticity in degrees, MRW (mean residue weight) is (mo-
lecular mass (in Da)/(number of residues) — 1), ¢ is the concen-
tration in g/ml, and /is the path length in cm. Immediately after
the constant-temperature buffer and protein scans, thermal
melts were completed by monitoring the CD signal at 222 nm
while increasing the temperature 1.5°C/min from 20 to 95°C
using a 16-s digital integration time and 1-nm bandwidth. The
thermal melting temperature or unfolding temperature was
calculated by plotting the change in mean residue ellipticity
with temperature and fitting it to a Boltzmann sigmoidal curve
using GraphPad Prism.

Molecular dynamics simulations

Molecular dynamics simulations were completed for each of
the four RAC2 configurations (RAC2Y " and RAC25*X, each in
the GDP- and GTP-bound conformations). Models were gen-
erated for the simulations from existing crystal structures. The
GDP-bound RAC2¥" model was generated from the 1.95 A
crystal structure of RAC29'®Y in complex with GDP (PDB
entry 2W2T) (26). Prior to the molecular dynamics simulations,
the RAC2 Val'?> mutant was substituted with the Gly'” resi-
due in PyMOL (PyMOL Molecular Graphics System, ver-
sion 1.2r3pre, Schrodinger, LLC).

Given the high sequence homology (>90%) between RAC1
and RAC2, we generated the starting structure of GTP-bound
RAC2YT from the existing structure of RAC1Y T bound to the
nonhydrolyzable GTP analog, GMPPNP. The 1.38 A crystal
structure of human RAC1 (PDB entry IMH1) (22) was mutated
at 9 amino acid positions to the human RAC2 sequence using
PyMOL. Residues mutated included G48S, S78F, FO0Y, Y98F,
N107S, T135A, M145L, G150D, and A151S. All substitutions
were tolerated as suitable rotamers were selected that avoided
steric clashes. Further, the N3B atom in the GTP analog
GMPPNP was converted to O3B. These modifications gener-
ated a model of human RAC2 in the GTP-bound conformation
for the running of molecular dynamics simulations.

Three replicate molecular dynamics (MD) simulations were
completed for each of the four configurations (RAC2 and
E62K-RAC2 for both GDP- and GTP-bound conformations)
for a total of 12 simulations. The CUDA version of PMEMD
(66—68) from the Amberl8 suite of programs (University of
California, San Francisco) (69) was used for conducting the
simulations. Protein parameters were from the ff14SB force
field (70), and nucleotide parameters were from the Bryce
Group Computation Biophysics and Drug Design Amber pa-
rameter database (RRID:SCR_018815) (71). Starting structures
were placed in an octagonal box containing TIP3P waters that
extended at least 16.0 A from the protein surface. Counter ions
were included to bring the charge of the system to zero. While
the system was neutralized and the cofactor Mg>* was present,
no additional ions were added, giving an unphysiologically low
aqueous medium, which leads to an overemphasis of electro-
static interactions in the simulations. Parameter and topology
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files were generated using the tleap program (71). The SHAKE
algorithm was applied for constraining bonds involving hydro-
gens. The particle-mesh Ewald method was used for electro-
static interaction calculations with a cutoff of 8 A. Production
runs were under constant volume and constant temperature
periodic boundary conditions with an Andersen thermostat.
For minimization, 5000 steps of steepest descent were followed
by 5000 steps of conjugate gradient. The system was then
heated from 0 to 300 K over a period of 500 ps of constant
volume dynamics. Density was then equilibrated with 500 ps
of constant pressure dynamics before production runs were
started.

Each production simulation ran for a total length of 750 ns
with a 2-fs time step, recording snapshots every 10 ps. The anal-
ysis was conducted using the CPPTRA]J program included in
the AMBER suite of programs (72). The first 100 ns of the snap-
shots was designated as the equilibration time and excluded
from further analyses. Clusters were identified in the combined
trajectories from the three replicates using the density peaks
(dpeaks) algorithm (30). Appropriate cutoffs for distance and
density for each of the four complexes were chosen based on
visual inspection of the density versus minimum distance plot.
Density and distance cutoffs were chosen to select the outliers
as putative cluster centers.

GTP hydrolysis assays

Intrinsic and GAP-stimulated GTP hydrolysis rates were
determined for KRAS by measuring the production of phos-
phate using the phosphate-binding protein, Flippi 5U, as
described previously (38, 65). All buffers were made phosphate-
free using nucleoside phosphorylase as described above for pre-
paring Flippi 5U. To remove excess GDP, MgCl,, and P;, the
KRAS protein was exchanged into a chelating buffer containing
20 mMm Hepes (pH 8.0), 125 mm (NH,),SO,4, 1 mm EDTA, 2 mm
inosine, 50 mm NaCl. Next, KRAS, FLIPPi 5U, and p120 RAS-
GAP were exchanged into the hydrolysis reaction buffer, which
contained 20 mm Hepes (pH 7.4), 50 mm NaCl, 2 mM inosine.
Just prior to the reaction, 1 mm GTP was incubated 100 pm
KRAS at 37 °C for 2 min. Unbound GTP was removed using a
Zeba spin desalting column (Thermo). Hydrolysis was initiated
by the addition of 20 um MgCl, to a 384-well plate containing 5
uM KRAS and 5 um Flippi 5U (with and without p120 RAS-
GAP). For GAP-stimulated GTP hydrolysis, half of the wells
also contained 25 nm p120 RASGAP (200:1 RAC2/GAP). Pro-
duction of phosphate was measured by monitoring the Flippi
FRET signal (excitation, 435 nm; emission ratio for 530 and 485
nm, 475-nm cutoff) using a SpectraMax M5 microplate reader.
The data were normalized and fit to a single-phase exponential
using GraphPad Prism. GTP hydrolysis rates were calculated
using a single-phase association in GraphPad Prism and are
representative of two independent experiments. Significance
was calculated using one-way analysis of variance followed by
Tukey’s multiple-comparison test in GraphPad Prism.

GDP dissociation assays

Intrinsic and GEF-stimulated GDP dissociation rates were
determined by observing the dissociation of MANT-GDP
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(Jena) over time in the absence and presence of TIAMI1 or
DOCK2. First, RAC2 was buffer-exchanged into a low-Mg
buffer (20 mm Hepes (pH 8.0), 125 mm (NH,4),SO4, 0.1 mm
EDTA) to remove excess GDP and MgCl,. MANT-GDP load-
ing was achieved by incubating 10 um RAC2 in 100 um
MANT-GDP for 40 min at 37 °C followed by the addition of 20
mMm MgCl, and 1-h incubation at 4 °C. Excess MANT-GDP was
removed by buffer exchange into 20 mm Hepes (pH 7.4), 50 mm
NaCl, 5 mm MgCl,, and 100 um DTPA. Nucleotide dissociation
was initiated by adding 1000-fold excess unlabeled GDP.
MANT-GDP dissociation was measured using fluorescence
emission at 435 nm (excitation, 365 nm) on a SpectraMax M5
microplate reader. The nucleotide dissociation rates (k) at each
concentration of GEF were calculated by fitting the fluorescence
signal to a one-phase exponential decay equation using GraphPad
Prism. ks values are representative of three independent experi-
ments and are plotted as the mean * S.D. The change in the
RAC2 GDP dissociation rate was plotted as a function of GEF
concentration (0 uM (intrinsic), 0.3, 0.6, 1, 1.5, 2, 3, 4.5, 7, and 10
M) and was then fit to the k., function in GraphPad Prism to
calculate catalytic activity (Kcao). Keae is reported as the mean =+ S.
E., and significance was determined using an unpaired ¢ test.

Isothermal titration calorimetry binding assays

The RAC2-binding affinity for PAK and p67°"** were meas-
ured using ITC. GMPPCP-preloaded RAC2 and effector pro-
teins, p67°"°* and PAK-RBD, were exchanged into ITC buffer
(20 mm Hepes (pH 7.4), 50 mm NaCl, 5 mm MgCl,, 1 mM tris(2-
carboxyethyl)phosphine). ITC experiments were conducted
using a MicroCal autoITC200 instrument at the University of
North Carolina Macromolecular Interactions Facility within
the Center for Structural Biology. All ITC experiments were
completed at 25 °C using the same ITC settings. RAC2Y" and
RAC25%* samples were run in sequence for each experimental
replicate. The heat released or required during binding was
measured for 20 2-ul injections of the effector protein (either
PAK-RBD or p67°") into the sample cell containing RAC2. The
baseline heat for each experiment was set to 7, and the injections
were added 180 s apart to allow a complete return to the baseline
heat prior to the next injection. Origin software was used to cal-
culate the binding affinity, stoichiometry, enthalpy, and entropy.
GraphPad Prism was used to calculate the mean and S.D. for the
replicate experiments (# = 2 for PAK, 1 = 3 for p67°").

Data availability

All data are included within the article and supporting
information.
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