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ABSTRACT: Pathogenic mutations in “undruggable” Ras superfamily
proteins challenge drug development by inducing subtle, dynamic
conformational changes. Here, we integrated X-ray crystallography with
native mass spectrometry and ultraviolet photodissociation (nMS-
UVPD) to reveal a cryptic conformation in the oncogenic Y42C mutant
of RhoA. While crystallography alone resolved two ambiguous structures,
nMS-UVPD determined the dominant conformation by directly
mapping the mutant’s conformational dynamics, identifying an enhanced
Mg2+-locked conformation. We explored the mechanism of mutation
impairing GTP hydrolysis. This state unmasks a previously hidden,
druggable pocket adjacent to Cys42, guiding our identification of a
covalent inhibitor. Our integrated approach establishes a roadmap for
targeting pathogenic protein mutants previously considered “undrug-
gable” due to their highly dynamic nature.

1. INTRODUCTION
The Ras superfamily represents a class of pivotal molecular
switches that control fundamental cellular processes. Their
aberrant activity is a hallmark of numerous human cancers,
making them prime targets for therapeutic intervention.1

However, these proteins have long been deemed “undrug-
gable” due to their intrinsically dynamic nature and lack of
well-defined binding pockets, posing a significant challenge to
drug discovery.2 This therapeutic hurdle is also prominent for
cancers driven by specific Ras homologue family member A
(RhoA) mutations, such as the Tyr42Cys (Y42C) variant
frequently found in diffuse gastric cancer (DGC).3

RhoA functions as a molecular switch by cycling between an
inactive GDP-bound state and an active GTP-bound state.4

The nucleotide exchange is facilitated by Rho guanine
nucleotide exchange factors (RhoGEFs),5,6 whereas GTP
hydrolysis is catalyzed by Rho GTPase-activating proteins
(RhoGAPs).6 In the cytosol, RhoA is associated with Rho
guanine nucleotide dissociation inhibitors (RhoGDIs) and
maintained in an inactive state.7 In addition to GDP/GTP,
RhoA requires magnesium ions (Mg2+) as an essential cofactor.
Mg2+ ion adopts an octahedral coordination geometry formed
by six ligands, including phosphate oxygen atoms of the bound
nucleotide, the hydroxyl side chain of Thr19, the backbone

carbonyl oxygen of Thr37, and two/three coordinating water
molecules.8,9

As a gain-of-function driver in DGC, the Y42C mutation
impairs GTP hydrolysis, enhances ROCK1 interaction and
FAK activation,10 and promotes immunosuppressive remodel-
ing of the tumor microenvironment by conferring a metabolic
advantage to regulatory T cells.11 Moreover, loss of Tyr42
phosphorylation enables Y42C RhoA to evade ubiquitin-
mediated degradation, resulting in aberrant protein accumu-
lation and sustained oncogenic signaling.12 Despite its
established role as an oncogenic driver, the molecular
mechanism of the Y42C mutant remains an outstanding
question. Located distally from the canonical effector region
switch I,13 Y42C mutation is hypothesized to exert its
pathogenic effects by subtly altering the protein’s conforma-
tional landscape. The central challenge is that such dynamic
perturbations are often invisible to conventional structural
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methods such as X-ray crystallography, which may trap
nonphysiological states or fail to capture the predominant
conformation in solution. A comprehensive understanding
therefore demands a multipronged approach that integrates
structural snapshots with solution-phase dynamics.
Native mass spectrometry (nMS) is a powerful approach for

probing structural dynamics in solution, providing an essential
complement to static, solid-state methods.14 When integrated
with MS activation techniques, nMS can yield complementary
information on protein stability, topology, and stoichiometry.15

Among these, 193 nm ultraviolet photodissociation (UVPD) is
particularly notable for its ability to induce extensive backbone
fragmentation while preserving noncovalent interactions that
define the protein fold.16 The resulting fragmentation patterns
serve as high-resolution fingerprints of conformational
dynamics, where site-specific fragmentation yields reflect the
local structural flexibility. This capability enables precise
mapping of interaction and stability changes at single-residue
resolution, offering unique advantages for characterizing subtle
perturbations in mutant proteins.17,18

Herein, we integrated nMS, 193 nm UVPD, and X-ray
crystallography to systematically dissect the subtle conforma-
tional dynamics induced by the pathogenic Y42C mutation
(Figure 1). We resolved two crystallographic structures of

GDP-bound Y42C mutants with distinct coordination modes
of Mg2+. Through nMS and UVPD analysis, we identified the
predominant conformation within dynamic ensembles in
solution. Based on these observations, we proposed an
enhanced Mg2+ locking effect. We further elucidated the
mechanism by which the Y42C mutation impairs GTP
hydrolysis at the molecular level. Structural comparisons also
revealed a specific druggable pocket for the Y42C mutant,
within which we successfully identified a covalent inhibitor.

2. RESULTS AND DISCUSSION

2.1. Higher Mg2+ Binding Affinity of RhoAY42C Mutant
Given that RhoA typically cycles between GDP- and GTP-
bound states in vivo, we first utilized nMS to characterize the
wild type (WT) and Y42C mutant of RhoA expressed in E. coli.

The nMS analysis revealed that RhoAY42C-GDP/Mg2+ complex
exhibited a narrow charge state distribution (CSD) nearly
identical to that of the WT (Figure 2A), indicating a preserved

global fold.19 Specifically, both Mg2+-free (RhoA-GDP) and
Mg2+-bound (RhoA-GDP-Mg2+) species were resolved in the
spectra. However, the relative abundance of RhoA-GDP to
RhoA-GDP-Mg2+ was significantly lower in the Y42C mutant
compared to that in the WT (Figure 2B), suggesting increased
affinity for Mg2+ induced by the Y42C mutation. Furthermore,
the GTP-bound form of RhoA was also detected in the purified
RhoA samples, consistent with previous nMS analysis of other
GTPases such as KRAS.20 However, a striking difference in the
relative abundance of the GTP-bound species was observed
between the Y42C mutant and the WT. The GTP-bound form
was prominent in the Y42C samples but substantially less
abundant in the WT samples (Figure 2B). This difference
implies an impaired intrinsic GTPase hydrolysis activity
induced by the mutation, thereby allowing the Y42C mutant
to preferentially retain the co-purified GTP form.

Figure 1. Schematic diagram of workflow to interrogate the RhoA
subtle conformational dynamics induced by single amino acid
mutation, including (A) native mass spectrometry, (B) 193 nm
ultraviolet photodissociation, and (C) X-ray crystal diffraction.

Figure 2. Enhanced Mg2+ locking effect of RhoAY42C mutant. (A)
nMS spectra of RhoA samples in 200 mM NH4Ac; (B) deconvoluted
spectra of nMS spectra shown in panel A. The different forms of
RhoA were labeled. Asterisks denote sodium-, potassium-, and
ammonium-bound adducts. (C) Comparison of endogenous GDP
release rates at different Mg2+ concentrations. GDP release rates were
determined using MANT-GDP, based on the fluorescence decrease
upon MANT-GDP dissociation. The Kobs values for RhoAWT/
RhoAY42C are 2.4 × 10−3/3.0 × 10−4 s−1 (1:0), 1.2 × 10−3/1.4 ×
10−4 s−1 (1:1), 2.8 × 10−4/1.2 × 10−4 s−1 (1:10), and 1.1 × 10−4/1.0
× 10−4 s−1 (1:100). Data are mean ± SD (n = 3 biologically
independent experiments). Significant differences were observed for
RhoA:Mg2+ = 1:0 (P = 0.0003), RhoA:Mg2+ = 1:1 (P = 0.0004), and
RhoA:Mg2+ = 1:10 (P = 0.0025), whereas RhoA:Mg2+ = 1:100 (P =
0.6445) showed no significant difference. Two-sided unpaired t test
(threshold, α = 0.05).
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Thus, we investigated substrate dissociation kinetics using a
N-methyl-anthraniloyl-GDP (MANT-GDP) fluorescence assay
under different Mg2+ concentrations, since exchanging Mg2+

with the surrounding milieu is known to promote GDP
release.21 As the concentration of Mg2+ decreased, RhoAWT

exhibited progressively accelerated dissociation of MANT-
GDP (Figure 2C and Figure S1A). In contrast, while RhoAY42C

showed a comparable release rate to WT at high Mg2+

concentrations, its GDP dissociation was significantly slower
than that of WT under low Mg2+ conditions, consistent with
enhanced Mg2+ binding observed by nMS. Collectively, the
Y42C mutation confers increased Mg2+ affinity for RhoA,

thereby stabilizing the nucleotide binding pocket and reducing
substrate release under Mg2+-limiting environments.
2.2. Mg2+ Locking Effect in Dynamic RhoA Cycling
Conformations

To investigate the structural basis for the enhanced Mg2+
affinity, we determined the crystal structures of both WT and
Y42C mutant proteins (Table S1). The crystal structure of WT
closely resembles a previously reported stabilizing mutant,
Phe25Asn,8 with a root-mean-square deviation (RMSD) of
1.193 Å (with major differences in Switch II; Figure S2A−C).
Remarkably, we resolved two distinct conformations of the
Y42C mutant. One form is nearly identical to the WT structure

Figure 3. Dynamic conformation of GDP-bound RhoAY42C mutant. (A) Superposition of crystal structures of RhoAY42C-GDP-Thr37 (PDB code:
9VNI, orange) and RhoAWT-GDP (PDB code: 9VNH, blue), exhibiting similar Switch I motif and Mg2+ coordination. (B) Superposition of crystal
structures of RhoAY42C-GDP-Pro36 (PDB code: 8ZNY, red) and RhoAWT-GDP (PDB code: 9VNH, blue), exhibiting significant differences in
Switch I motif and Mg2+ coordination. (C) Changes in residue FY (ΔFYs) in UVPD analysis induced by Y42C mutation. The significance
threshold was set at p < 0.01 and |ΔFY| ≥ 0.3. The yellow asterisk denotes the mutation site (Y42C). (D) Structural mapping of UVPD FY changes
on the RhoAY42C-GDP/Mg2+ complex. The structure is colored based on the FY changes, where red indicates enhanced fragmentation and blue
indicates suppressed fragmentation in the mutant. (E) Water bridges between Switch I and GDP in the WT structure. Distance of annotated
hydrogen bonds is between 2.4 and 3.4 Å. (F) Water bridges between Switch I and GDP in the Y42C mutant structure. Distance of annotated
hydrogen bonds is between 2.5 and 3.2 Å. (G) Interaction details between Tyr34 and Mg2+. Tyr34 interacted more strongly with α, β-phosphate of
GDP through a water molecule in RhoAY42C. (H) Distance between oxygen of Tyr34 side chain and Mg2+ in molecular dynamics simulation, with
1.209 nm in RhoAWT compared to 0.459 nm in RhoAY42C in average. Significant differences were observed with P < 0.0001. Data are mean ± SD (n
= 40001 during molecular dynamics simulation trajectories). Two-sided unpaired t test (threshold, α = 0.05).
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(RMSD = 0.674 Å), where the backbone carbonyl of Thr37
coordinates Mg2+ (Figure 3A and Figure S2D,E). In contrast,
the second form adopts a different conformation in which
Mg2+ is coordinated by the backbone carbonyl of Pro36,
resulting in a greater deviation from the WT structure (RMSD
= 1.685 Å; Figure 3B and Figure S2F,G). The presence of two
distinct conformational states in the crystal structures indicates
the conformational heterogeneity of the Y42C mutant.
However, static crystallographic snapshots alone are insuffi-
cient to determine which conformation predominates in
solution.
Thus, we further investigated changes of conformation

dynamics induced by Y42C mutation by using nMS coupled
with 193 nm UVPD (Figures S3A,B and S4), which directly
interrogates the conformation dynamics of the protein in the
solution phase. In UVPD analysis, alterations in residue
fragmentation yields (FYs) serve as informative proxies for
local structural flexibility, where changes can indicate altered
local interactions.17,22 Besides, residue properties also influence
FYs.23 The comparable FY profiles of WT and Y42C mutants
indicate they share overall similar conformations (Figure S3C),
consistent with the X-ray crystallography results. A significant
FY decrease was observed at the mutation site (Figure 3C and
Figure S3D), primarily attributed to the difference in photon
absorption between tyrosine and cysteine. Through examining
the changes in residue FYs, a general increase in FYs across the
Switch II region (residues 61−78) was observed for the Y42C
mutant (Figure 3C−D), indicating enhanced conformational
flexibility. This observation is consistent with the above-
mentioned X-ray crystallography results, which showed
substantial disorder in Switch II in both Y42C crystal
structures (Figure 3A,B and Figure S2E,G). A marked increase
in FYs in the region spanning Pro36 to Phe39 was observed in
the Y42C mutant compared to the WT (Figure 3C−D),
indicating significant local destabilization. As reported
previously,8,24−26 coordination of Pro36/Thr37 with Mg2+
directly affects the stability of Phe39 (Figure S5A,B). Our
crystal structures show that only in the Pro36-coordinated
state does the Phe39 side chain flip outward, losing stabilizing
interactions with Ile23 and becoming highly flexible (Figure
S5C,D). Further, the backbone carbonyl of Pro31 forms a
water bridge to the ribose hydroxyl of GDP in RhoAWT (Figure
3E and Figure S5E). Although the Thr37-coordinated Y42C
structure shares a similar interaction with WT (Figure S4F,G),
this water bridge is absent in the Pro36-coordinated Y42C
structure (Figure 3F and Figure S5H). Additionally, RhoAWT
exhibits a more intricate hydration network around Pro36
compared to the Y42C mutant (Figure 3E,F). Thus,
converging evidence from X-ray crystallography and UVPD
supports the Pro36-coordinated conformation as a major
solution-relevant structural state of the Y42C mutant.
Based on this preferred conformation, we elucidated the

molecular basis for enhanced Mg2+ binding. A key feature of
this state is a novel water-mediated interaction between the
side chain of Tyr34 and the α, β-phosphates of GDP (Figure
3G). We hypothesized that this Tyr34-GDP bridge acts as a
‘latch’ to better secure the Mg2+. This model was supported by
a 400 ns molecular dynamics (MD) simulation, which
confirmed a significantly shorter and more stable distance
between the Tyr34 hydroxyl group and Mg2+ in the Y42C
mutant compared to WT (Figure 3H and Figure S5I). In
addition, the dynamic differences in the Switch regions
between the Y42C mutant and WT were also observed in

MD simulation (Figure S5J), consistent with the observation
of UVPD.
We further found that this novel "Mg2+-locked" state in

Y42C mutant hinders GDP release, thereby impairing the
kinetics of GDP/GTP exchange. We compared the GDP/GTP
exchange rates between RhoAWT and RhoAY42C in the presence
of EDTA, a Mg2+ chelator. Consistent with the reduced
substrate release rate resulting from enhanced Mg2+ binding,
the Y42C mutation significantly impaired the GDP/GTP
exchange rate of RhoA (Figure S5K). Additionally, the Y42C
mutation markedly inhibited GDP/GTP exchange catalyzed by
the DH-PH domain of RhoGEF Dbs under Mg2+-deficient
conditions (Figure S5L), further underscoring the mutation’s
disruptive effect on nucleotide cycling.
2.3. High Binding Affinity of Mg2+ Causing a Lower Cycling
Rate

In the GDP-bound state, RhoGDIs inhibit RhoA activity and
stabilize C-terminal hydrophobic modification of RhoA by
binding to Switch I and Switch II regions.7 The structural
changes we observed in the Y42C mutant, including the
outward flip of Phe39 in Switch I and increased flexibility in
Switch II suggested that its interaction with RhoGDI might be
altered (Figure S6A,B). Thus, we investigated this interaction
using nMS and revealed a Mg2+-dependent interaction
between RhoA and RhoGDI1, with binding occurring
exclusively in the RhoA-GDP/Mg2+ state (Figure S6C).
Consistent with the enhanced Mg2+ binding observed in the
Y42C mutant, the Y42C mutant formed a more stable complex
with RhoGDI1 than the WT (Figure S6C). This strengthened
interaction was further validated by both in vitro pull-down
assay (Figure S6D) and co-immunoprecipitation assay (Figure
S6E).
Functionally, the increased affinity between RhoAY42C and

RhoGDI1 attenuated the substrate exchange rate catalyzed by
RhoGEF in the presence of RhoGDI1 (Figure S6F).
Furthermore, we reconstituted the entire RhoA nucleotide
cycle in vitro, including RhoGEF LARG, RhoGDI1, and
RhoGAP p50GAP. In this system, the Y42C mutant had a
reduced overall rate of GTP hydrolysis, confirming the entire
cycle is slower (Figure S6G). Collectively, these results suggest
that enhanced interaction with RhoGDI1 contributes to a
reduced effective GDP/GTP exchange rate for the Y42C. Such
a compensatory effect may partially offset the impaired GTP
hydrolysis of Y42C, providing a mechanistic framework for
why cellular GTP-bound RhoA levels in the Y42C mutant do
not increase dramatically relative to wild type, as reported
previously.10

2.4. Destabilization of GTP-Binding Pocket Impairs
Hydrolysis

We next investigated the impact of the Y42C mutation on
RhoA in the active GTP-bound state. To exclude the influence
of GTP hydrolysis, we used the nonhydrolyzable analogue
GMPPNP as a substitute. Unlike the GDP-bound form, nMS
did not reveal pronounced differences in the binding of
magnesium ions (Figure S7A). Notably, UVPD provided
further structural insights (Figure S7B−D). Compared with
the GDP-bound state, Switch I had a similar FYs increase when
bound with GMPPNP (Figure S8A). Consistently, crystallog-
raphy revealed a substantial conformational change in Switch I
(RMSD = 1.736 Å; Figure S8B−D and Table S1). As in GDP-
bound form, RhoAY42C coordinated Mg2+ via the Pro36
backbone carbonyl rather than the Thr37 side chain hydroxyl.
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In Ras superfamily proteins bound with GTP, Tyr42 (or a
homologous site) typically interacts with Asp59 (or a
homologous site) either directly or through a bridging water
molecule (Figure S8E). Substitution by cysteine abolishes this
interaction, leading to shortening of the β-sheet at the C-
terminal end of Switch I (Figure S8F,G). As a result, both
Switch I and Gln63 exhibited decreased stability, in agreement
with UVPD data (Figure S8H).
In the hydrolysis pocket, the conserved water molecule

normally stabilized by Gln63 to attack γ-phosphate was absent
in RhoAY42C, as no electron density could be detected (Figure
S8I,J). Together, these perturbations markedly impair the
hydrolytic capacity of the Y42C mutant (Figure S8K). To
directly assess the functional consequence of these structural
perturbations in a dynamic context, intrinsic GTPase activity
was also evaluated by nMS.20 Whereas WT underwent rapid
intrinsic GTP hydrolysis, the Y42C mutant exhibited a
pronounced reduction in catalytic activity, retaining a greater
GTP-bound population over the course of the experiment
(Figure S8L). These data are consistent with the disrupted
hydrolysis pocket observed crystallographically, indicating
impaired intrinsic GTP hydrolysis in the Y42C mutant.

2.5. Unique RhoAY42C Switch I Dynamics Make Selective
Targeting Possible

The constitutive alteration of the octahedral coordination
geometry centered on Mg2+ substantially affects the
interactions among its surrounding residues, thereby inducing
unique conformational dynamics within the Switch I region.
Crucially, this structural rearrangement creates an opportunity
for the selective inhibition of the Y42C mutant. The disruption
of the hydrophobic interaction between Phe39 and Ile23,
combined with the smaller side chain of cysteine relative to
tyrosine, generates a highly flexible region adjacent to Cys42,
as revealed by 193 nm UVPD analysis (Figure 4A). This
observation suggests an expansion of the local structural
environment around Cys42 in three-dimensional space, which
is corroborated by crystallographic data (Figure 4B). Drawing
inspiration from the successful development of covalent
inhibitors targeting the highly reactive cysteine in KRASG12C
mutant,27 we sought to explore whether a similar mutant-
selective strategy could be applied to RhoAY42C. In this context,
the newly formed pocket in RhoAY42C, termed the Cys42/
Switch I pocket, emerges as a potential site for the
development of mutant-selective inhibitors.
Subsequently, we conducted a fragment-based covalent

inhibitor screen targeting reactive Cys (Figure S9A and
Table S2), resulting in the identification of a covalent inhibitor,

Figure 4. Covalent inhibitor targeting RhoAY42C. (A) The Cys42/Switch I pocket was indicated by the changes in residue FY. (B) Cys42/Switch I
pocket of RhoAY42C-GDP (left) and inactive form of RhoAWT-GDP (right). (C) nMS analysis of RhoA interaction with LC-RhoAY42Cin. The main
peak, corresponding to the 9+ charge state, was selected for analysis. LC-RhoAY42Cin (In) was annotated as a modification. Increased mass due to
modification was detected in 23.5% of WT and 41.8% of the Y42C mutant, with a minor fraction carrying two modifications. (D) Changes in
residue FY of RhoAY42C induced by Cys42 modification mapped to the crystal structure of RhoAY42C. (E) Crystal structure of Y42C mutant and
LC-RhoAY42Cin complex, showing Glu40, Asn41, and Cys42 of RhoAY42C-apo (red) or RhoAY42C-LC-RhoAY42Cin complex (PDB code: 9VNG,
yellow). (F) Cys42/Switch I pocket of RhoAY42C-LC-RhoAY42Cin (yellow) or RhoAWT-GDP (blue). (G) Inhibition of the exchange of RhoAWT/Y42C
by LC-RhoAY42Cin. Inhibition was measured based on the fluorescence increase caused by MANT-GDP loading onto RhoA. Concentration of the
exchange system: 1 μM RhoA, 2 μM MANT-GDP, 5 mM Mg2+, 10 mM EDTA. IC50 of LC-RhoAY42Cin for RhoAWT/RhoAY42C is 57 ± 4.3/40 ±
1.8 μM. Significant differences were observed with P = 0.0004. Data are mean ± SD (n = 4 biologically independent experiments). Two-sided
unpaired t test (threshold, α = 0.05).
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termed LC-RhoAY42Cin (Figure S9B and Table S2, B10 differs
only in its modification site, and the more active B11 was
chosen for further study). Featuring a nitroethylene warhead,
LC-RhoAY42Cin engages in a Michael addition reaction with
the cysteine thiol, forming a stable covalent adduct (Figure
S9C). The selectivity of LC-RhoAY42Cin toward the Y42C
mutant was evaluated by nMS. Upon incubation at a 1:4 molar
ratio for 2 h, LC-RhoAY42Cin exhibited higher covalent
modification efficiency of the Y42C mutant (41.8%) relative
to WT (23.5%) (Figure 4C). Further UVPD sequence analysis
of the covalently modified RhoAY42C confirmed Cys42 as the
primary modification site, whereas in the WT, the compound
was found to primarily engage Cys20 (Figure 4D and Figure
S9D,E). Intriguingly, nMS revealed an increased relative
abundance of RhoAY42C-GDP compared to the RhoAY42C-
GDP/Mg2+ complex upon inhibitor binding (Figure 4C),
indicative of diminished Mg2+ stability. This finding aligns with
the elevated flexibility observed in the P-loop region by 193
nm UVPD (Figure 4D and Figure S9F), suggesting that LC-
RhoAY42Cin binding induces dynamic conformational changes
that partially alleviate the Mg2+-mediated conformational lock.
Consistently, crystallographic data show that binding of LC-
RhoAY42Cin to Cys42 induces displacement of the Switch I
terminus (Figure 4E, S9G,H and Table S1), with the indole
ring oriented toward the hydrophobic pocket region (Figure
4F). Functional assays demonstrated that LC-RhoAY42Cin
inhibited RhoA nucleotide exchange in a dose-dependent
manner, with an IC50 lower for the Y42C mutant compared to
WT (Figure 4G and Figure S9I), confirming its selective
inhibitory potency.
Furthermore, we identified a potential allosteric pocket in

active RhoAY42C that closely resembles the Switch I/II (SI/II)
pocket previously described in Kras mutants.28 This pocket
was not observed in RhoAWT. Moreover, UVPD analysis
revealed significant changes in FYs for residues surrounding
the SI/II pocket (Figure 5A), which is consistent with the
increased conformational flexibility of both the Switch I and
Switch II regions induced by this mutation (Figure S5I). These
differences were corroborated by MD simulations, which
indicated pronounced conformational divergence in this region
between RhoAWT and RhoAY42C (Figure S10A,B). Quantitative
analysis revealed that the SI/II pocket in RhoAY42C exhibited
markedly increased volume and average solvent-accessible
surface area (461.1 Å3 and 303.5 Å2, respectively) compared to
RhoAWT (198.5 Å3 and 125.9 Å2) (Figure S10C,D), suggesting
the emergence of a mutant-specific pocket. Structural align-
ment of the lowest energy conformation of RhoAY42C (from
MD simulation) with the crystal structure of KrasG12D-GDP
complex bound to the allosteric inhibitor BI-2852 revealed a
spatial resemblance (Figure 5B,C). This observation implies
that the SI/II pocket of RhoAY42C may serve as an additional
site for therapeutic targeting, in agreement with prior studies
reporting allosteric compounds interacting with RhoA at
Trp58.29

2.6. Discussion

Interrogating the subtle conformational dynamics of Ras
superfamily proteins is challenging, especially for the single-
point mutants. Minor changes can disrupt the normal
conformation of Switch I/II regions, leading to the instability
of the entire protein, further resulting in changes of substrate,
regulator, and effector binding capabilities.30 Although
continuous technological innovation has been carried

out,25,31 it is still impossible to fully capture the unique
conformational dynamics of single-point mutants of Ras
superfamily proteins, making them still “undruggable targets”.
In this study, crystallographic analysis resolved two distinct

GDP-bound conformations of the Y42C mutant, differing in
the coordination mode of cofactor Mg2+. nMS-UVPD further
revealed that Pro36-coordinated structure represents the
preferred conformation, exhibiting enhanced Mg2+-locking
effect and elevated RhoGDI1 binding. Y42C mutant was
identified to destabilize the GTP-binding pocket particularly
around the γ-phosphate when binding GMPPNP. This led to
the loss of a key catalytic water molecule, ultimately impairing
the hydrolytic activity of RhoA. This series of results suggests
that Y42C mutation may slow down cycling, characterized by
impaired GTP hydrolysis and, potentially in cells, by enhanced
interaction with RhoGDI leading to reduced GDP/GTP
exchange. This is unique because most of the existing RhoA
pathogenic mutations cause fast substrate cycles.26 In addition,
the increase in RhoGDI1 association observed for Y42C was
markedly weaker in cellular co-immunoprecipitation than in
biochemical pull-down assays, suggesting that a fraction of
Y42C may preferentially associate with membranes and
thereby escape RhoGDI-mediated sequestration, consistent
with previous reports of elevated FAK phosphorylation and
aberrant downstream signaling in Y42C-expressing cells.10

Traditional crystallography provides only static structural
information, as illustrated by our observation of two distinct
conformations of the Y42C mutant. However, nMS coupled
with 193 nm UVPD enables residue-level interrogation of

Figure 5. Potential pocket for selectively targeting RhoAY42C. (A) SI/
II pocket colored with changes in residue FY and the SI/II pocket of
RhoA. (B) Superposition of the lowest energy conformation of GDP-
bound RhoAY42C and KrasG12D bound with GDP and BI-2852 (PDB
6ZL5, green). (C) Superposition of the lowest energy conformation
of GDP-bound RhoAWT and KrasG12D bound with GDP and BI-2852
(PDB code: 6ZL5, green).
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nearly every amino acid, offering rich insights into conforma-
tional dynamics, particularly for single-point mutations. For
example, UVPD revealed that the Pro36-coordinated state
represents the preferred binding mode in solution. Moreover,
UVPD captured conformational differences in Switch II, which
were unresolved in crystallography due to missing electron
density. Because of lattice constraints and the conserved fold of
protein, crystallography often overlooks subtle structural
variations.
DGC is a highly lethal malignancy with increasing incidence

and a poor prognosis. Y42C mutation of RhoA, frequently co-
occurring with CDH1 deletion, has been identified as a key
driver in DGC progression.10 Structural interrogation of
RhoAY42C thus offers a promising avenue to uncover the
mechanisms of tumorigenesis and inform therapeutic strat-
egies. In our study, an expanded surface region adjacent to
Cys42 was revealed, resulting from weakened hydrophobic
packing between Phe39 and Ile23. Exploiting these unique
conformational features, we identified a cryptic, mutant-
specific pocket and developed a prototype covalent inhibitor
(LC-RhoAY42Cin) that targets the Y42C mutant via Michael
addition within the Cys42/Switch I pocket. Although LC-
RhoAY42Cin exhibits differential activity toward the WT and
Y42C variants, this distinction remains insufficient to
constitute a true selectivity. Given that LC-RhoAY42Cin is a
small electrophilic fragment bearing a highly reactive warhead,
its application in cellular systems may be constrained by off-
target reactivity. Consequently, further lead optimization will
be required to enhance both selectivity and pharmacological
properties for potential in vivo applications.

3. CONCLUSIONS
In summary, we have elucidated the subtle conformational
dynamics of RhoAY42C by integrating orthogonal structural
techniques, including nMS, 193 nm UVPD, and X-ray
crystallography. This multidisciplinary approach, combining
dynamic and static structural information, has enabled us to
unravel the complex mechanisms underlying RhoAY42C
dysfunction and to identify druggable pockets suitable for
the development of potential mutation-specific inhibitors
targeting diffuse gastric cancer. Although RhoA undergoes
multiple post-translational modifications in cells, such as
prenylation7 and phosphorylation,12,32 which are not captured
in the bacterial expression system, these modifications mainly
regulate cellular localization and signaling context. The
structural and dynamic features identified here thus represent
intrinsic properties of the Y42C mutant and provide a
molecular framework for subsequent cellular regulation. We
note that the high-resolution structural insights provided by
this workflow rely on extensive backbone fragmentation
coverage, which currently limits its direct application to
proteins with a molecular weight below 50 kDa. However, for
high-molecular-weight proteins, this limitation can be circum-
vented by analyzing isolated functional domains, a strategy
previously validated in our work.33 Ultimately, our findings
highlight that probing unobvious yet distinctive conforma-
tional dynamics is essential for the selective targeting of
previously “undruggable” pathogenic mutants, thereby expand-
ing the conventional drug discovery paradigm that relies
predominantly on well-defined stable binding sites.
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