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ABSTRACT: Mutations in RAS are associated with many
different cancers and have been a therapeutic target for more
than three decades. RAS cycles from an active to inactive state by
both intrinsic and GTPase-activating protein (GAP)-stimulated
hydrolysis. The activated enzyme interacts with downstream
effectors, leading to tumor proliferation. Mutations in RAS
associated with cancer are insensitive to GAP, and the rate of
inactivation is limited to their intrinsic hydrolysis rate. Here, we use
high-resolution native mass spectrometry (MS) to determine the
kinetics and transition state thermodynamics of intrinsic hydrolysis
for K-RAS and its oncogenic mutants. MS data reveal heterogeneity
where both 2’-deoxy and 2’-hydroxy forms of GDP (guanosine
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diphosphate) and GTP (guanosine triphosphate) are bound to the recombinant enzyme. Intrinsic GTPase activity is directly
monitored by the loss in mass of K-RAS bound to GTP, which corresponds to the release of phosphate. The rates determined
from MS are in direct agreement with those measured using an established solution-based assay. Our results show that the
transition state thermodynamics for the intrinsic GTPase activity of K-RAS is both enthalpically and entropically unfavorable.
The oncogenic mutants G12C, Q61H, and G13D unexpectedly exhibit a 2’-deoxy GTP intrinsic hydrolysis rate higher than that

for GTP.

AS proteins regulate diverse cellular processes, including

cell proliferation, apoptosis, differentiation, migration,
and cell growth.1_6 RAS proteins function as a molecular
switch cycling between inactive guanosine diphosphate
(GDP)- and active guanosine triphosphate (GTP)-bound
states.”” '’ Conformational changes in three main regions of
RAS are associated with the exchange of bound GDP for GTP:
switch I (residues 30—38), switch II (residues 59—76), and P-
loop (residues 10—17)."" In the active state, RAS binds and
activates downstream effectors (Raf kinase, PI3K, and Ral
guanine nucleotide dissociation stimulator)."’ RAS proteins
possess low intrinsic GTP hydrolysis and guanidine nucleotide
exchange rates.'”'” These attributes are regulated by guanine
nucleotide exchange factors (GEFs), which accelerate the
exchange of GDP for GTP, and GTPase-activating proteins
(GAPs), which stimulate the hydrolysis of GTP leading to
deactivation of the active state.'*

The first mutated genes in human cancers were discovered
nearly four decades ago that mapped to activating mutations in
RAS genes.ls’16 To date, the three RAS proteins (H-RAS, K-
RAS, and N-RAS) have a high overall level of sequence identity
and are the most commonly mutated of all discovered
oncogenes with 30% of human cancers containing RAS
mutations.”'”'® Nearly all oncogenic RAS genes contain
mutations that map to residues G12, G13, and Q61, which
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often impairs the intrinsic and GAP-stimulated GTP hydrolysis
leading to unregulated cell signaling and tumor growth.'*'*~**
More specifically, K-RAS is the most frequently mutated
isoform that has a high frequency in pancreatic cancer (70—
90%), colon cancer (30—50%), and lung cancer (20—
30%).2*7*° K-RAS oncogenic mutants exhibit differences in
the biological behavior of tumors, and understanding the
intrinsic biochemical and structural properties of oncogenic
mutants can potentially accelerate the development of
therapeutics.”*™**

The kinetics of GTP hydrolysis for RAS proteins has been
extensively studied by an arsenal of biochemical and
biophysical methods, such as nuclear magnetic resonance
(NMR), Fourier transform infrared spectroscopy (FTIR),
radiolabeled substrates, and spectroscopic assays wherein the
amount of phosphate released by enzymatic hydrolysis is
monitored.””*” ™' RAS proteins can switch to an inactive state
either through intrinsic hydrolysis or by interacting with GAPs
that accelerate the hydrolysis rate by 10°-fold.”> Previous
studies have shown RAS has a slow intrinsic hydrolysis rate and
oncogenic mutations display an even slower rate of GTP
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hydrolysis that essentially locks RAS in an active state. The
energetics of intrinsic GTP hydrolysis determined for H-RAS
suggests that the enthalpic effect is the dominant barrier of the
transition state.”

Native mass spectrometry (MS) is an emerging biophysical
technique for studying protein structure and function.”*** In
native MS, protein complexes in a volatile, nondenaturing
solution (typically ammonium acetate) are ionized using
nanoelectrospray ionization®>*” and the instrument is tuned to
preserve protein structure and noncovalent interactions in the
mass spectrometer.”® *’ This unique ability has enabled the
analysis of direct ligand binding, protein dynamics and
topology, and subunit stoichiometry and measurement of
thermodynamics and binding affinities."'~* More recently,
high-resolution native mass spectrometry has been used to
characterize the binding of small molecules such as drugs,
nucleotides, lipids, metals, and small enzyme cofactors. >0
Ion mobility (IM) is a gas phase electrophoretic separation of
molecules based on the size and shape of ions, and when it is
combined with MS, it can provide structural information by
measuring the rotationally averaged collision cross section
(CCS). Native IM-MS can monitor direct molecular
interactions of molecules with protein complexes and also
provide unparalleled insight into the purity of protein
samples.’”**

Here, we use high-resolution native MS to directly measure
the kinetics and energetics of intrinsic GTP hydrolysis of K-
RAS and oncogenic mutants: G12C, G13D, and Q61H. The
“as-isolated” mass spectra of K-RAS and mutants reveal the
heterogeneity of the enzyme where both 2'-deoxy and 2'-
hydroxy forms of GDP and GTP are bound. Hydrolysis of
GTP to GDP and inorganic phosphate was monitored directly
by the decrease in m/z of the intact ion from K-RAS-GTP to
K-RAS-GDP. The intrinsic hydrolysis rates determined by
native MS are in direct agreement with a spectroscopic assay
that measures the concentration of inorganic phosphate. The
hydrolysis rate of 2’-deoxy GTP (dGTP) was also monitored
using mass spectrometry, and results show that three
oncogenic mutants, Q61H, G13D, and G12C, have a dGTP
hydrolysis rate that is higher than that for GTP. The energetics
of hydrolysis for K-RAS and oncogenic mutants reveal the
transition state is both enthalpically and entropically
unfavorable, with the enthalpic term being the largest barrier
in the hydrolysis of GTP. Taken together, our results
emphasize the utility of native high-resolution MS to study
the kinetic and thermodynamic properties of K-RAS, including
other GTPases, and uncover heterogeneity of nucleotides
bound to K-RAS that might be unrecognized using other
biophysical techniques.

B MATERIALS AND METHODS

Protein Expression and Purification. The K-RAS4B
(residues 1—170, UniProt entry P01116-2) plasmid for
expression in Escherichia coli was a kind gift from K. D.
Westover (University of Texas Southwestern Medical Center,
Dallas, TX). The K-RAS4B (here termed K-RAS) construct
included an N-terminal TEV protease cleavable Hisy tag. All
mutations were generated using the QS site-directed muta-
genesis kit (New England Biolabs) following the manufac-
turer’s protocol. Plasmids were transformed into Lemo21-
(DE3) E. coli (New England Biolabs) for protein expression.
Several colonies were grown overnight at 37 °C in Luria broth
(LB) supplemented with SO pg/mL kanamycin. One liter of
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LB was inoculated with an overnight culture and grown at 37
°C to an OD (600 nm) of 0.8. Protein expression was induced
by addition of isopropyl $-p-1-thiogalactopyranoside (IPTG)
to a final concentration of 500 xM, and cells were grown
overnight at 18 °C. Cells were harvested by centrifugation at
5000g, and cell pellets stored at —80 °C. Cell pellets were
thawed at room temperature and resuspended in resuspension
buffer [S0O0 mM sodium chloride and 20 mM 2-amino-2-
(hydroxymethyl)-1,3-propanediol (TRIS) (pH 7.4) at room
temperature] supplemented with a complete protease inhibitor
tablet (Roche) and S mM f-mercaptoethanol (8-ME). The cell
suspension was passed three times through a microfluidizer
(Microfluidics M-110P) at 20000 psi. The lysate was clarified
by centrifugation at 30000g for 30 min, and imidazole was
added to a final concentration of 20 mM. The lysate was
filtered using a 0.45 pm syringe filter prior to being loaded
onto a S mL HisTrap HP column (GE Healthcare) pre-
equilibrated in buffer A [300 mM NaCl, 20 mM imidazole, S
mM S-ME, 20% glycerol, and 20 mM TRIS (pH 7.4) at room
temperature]. The protein was eluted with buffer A containing
500 mM imidazole. The peak fractions were pooled and
desalted using a HiPrep 26/10 desalting column (GE
Healthcare) equilibrated in buffer A. The desalted protein
was then digested with TEV protease at 4 °C overnight to
remove the N-terminal purification tag. The sample was passed
over a S mL HisTrap HP column, and the flow-through
containing tag-less protein was collected. The sample was
further diluted (six times), loaded onto a S mL HiTrap Q HP
column (GE Healthcare) equilibrated with buffer B [S0 mM
sodium chloride and 20 mM TRIS (pH 8) at room
temperature], and eluted with a linear gradient to 100% buffer
C [1 M sodium chloride and 20 mM TRIS (pH 8) at room
temperature] over S column volumes. The peak fractions
containing protein were pooled, concentrated, and injected
onto a Highload 16/600 Superdex 75 pg column (GE
Healthcare) equilibrated in buffer D [150 mM sodium
chloride, S mM f-ME, 20% glycerol, and 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (ad-
justed to pH 7.4)]. Peak fractions containing protein were
pooled, concentrated using a centrifugal concentrator [Milli-
pore, 10K molecular weight cutoff (MWCO)], flash-frozen
with liquid nitrogen, and stored at —80 °C.

Determination of the Protein Concentration. The
protein concentration was determined using an ultraviolet—
visible (UV—vis) spectrometer (Biospectrometer eppendorf)
at 280 nm using an extinction coefficient of 11920 M~ cm™".

Nucleotide Exchange Assay. K-RAS and its oncogenic
mutants at a concentration of 100 #M were incubated in buffer
D supplemented with 10 mM ethylenediaminetetraacetic acid
(EDTA) and either 2 mM GTP (guanosine $'-triphosphate,
Sigma-Aldrich) or dGTP (2’-deoxyguanosine 5'-triphosphate,
Sigma-Aldrich) for 2 h at 4 °C. The nucleotide exchange
reaction mixture was then supplemented with 10 mM
magnesium chloride and incubated for an additional 1 h at 4
°C. Excess nucleotide was removed using a centrifugal buffer
exchange device (Micro Bio-Spin 6 Column, Bio-Rad). To
fully exchange GDP with GTP, this procedure was repeated
once more. The nucleotide-exchanged sample was then
supplemented with either GTP or dGTP at a final
concentration of 2 mM, added to a Slide-A-Lyzer MINI
device (2000 Da MWCO, Thermo), and dialyzed against 200
mM ammonium acetate overnight at 4 °C.
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Figure 1. Native mass spectrometry reveals heterogeneity of “as-isolated” K-RAS and its mutants. (A) Native mass spectrum of 2 yM K-RAS in 200
mM ammonium acetate (pH 7.4). The inset is an expansion of the isotopically resolved 8+ charge state of K-RAS bound to GDP. (B)
Deconvolution of the mass spectrum shown in panel A using UniDec.”” The different nucleotide-bound states of K-RAS are labeled. Asterisks
denote sodium- and/or magnesium-bound adducts. Mole fractions of K-RAS and its mutants bound to the 2’-deoxy and 2’-hydroxy forms of (C)

GDP and (D) GTP.

Native Mass Spectrometry. The protein loaded with
either GTP or dGTP was buffer exchanged using a Micro Bio-
Spin 6 device into 200 mM ammonium acetate (pH 7.4) (pH
adjusted with ammonium hydroxide) and incubated at 25 °C.
To monitor hydrolysis, samples were loaded into pulled
borosilicate glass capillaries prepared in house® and electro-
sprayed with a voltage applied through a platinum wire
inserted directly into the solution. Samples were introduced
into Thermo Exactive Plus with an extended mass range
Orbitrap mass spectrometer. The mole fractions of GDP-
bound K-RAS (Fyprascpp) at different time points were
deconvoluted using Unidec™ and calculated as follows:

¥ ,K-RAS-GDP-A,
> JK-RAS-GDP-A, + ¥ K-RAS-GTP-A,

Fras.gor =

where i represents the number of adducts (A) bound to K-
RAS. The mole fraction was converted to concentration:

[K-RAS-GDP],; = Bafic-ras-cpp

and P, is the total concentration of the enzyme. The mole
fraction and concentration of K-RAS-bound GTP were
calculated in a similar fashion. To obtain thermodynamic
parameters for GTP hydrolysis, loaded proteins were
incubated at four different temperatures: 10, 25, 30, and 37
°C. Instrument parameters (Table S1) were tuned to minimize
gas phase activation and to preserve noncovalent interactions.

Native lon Mobility Mass Spectrometry. K-RAS and its
mutants were fully loaded with GTP and analyzed using an
Agilent 6560 ion mobility Q-TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA).>" For native ion mobility
mass spectrometry (IM-MS) measurements, ions were
generated from a nanoelectrospray ionization source. Ions
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were then pulsed into the drift tube filled with ~3.95 Torr of
nitrogen gas, where they traveled under the influence of a weak
electric field (S V em™ Torr™"). Ions exiting the drift tube
were refocused by a rear ion funnel prior to QTOF MS
detection, and their arrival times (t,) recorded. CCS values
were determined from first principles with data acquired at
different drift voltages.”> Instrumental settings are listed in
Tables S2 and S3. The Agilent IM-MS Browser software was
utilized to extract arrival time distributions (ATDs), IMS data
processing, and all stepped field CCS calculations.

Malachite Green Assay. The intrinsic hydrolysis of K-
RAS was monitored using a malachite green assay.‘3 In brief,
malachite green reagent (1 mg/mL malachite green, 100 mg/
mL ammonium molybdate, and 0.01% Triton X-100 in 50 mL
of 1 M hydrochloric acid) was prepared as described
previously.”* A standard curve was generated by serial dilutions
of 1 mM dipotassium phosphate. The concentration of
inorganic phosphate released during hydrolysis was determined
at different time intervals for K-RAS loaded with GTP. For
each time point, 30 uL of malachite green reagent was added
to 10 uL of 10 uM K-RAS and the mixture incubated for 15
min. The absorbance was measured at 650 nm using a Synergy
(MX) plate reader. All measurements were done in triplicate,
and solutions were made using OmniTrace Ultra water
(Sigma-Aldrich) to minimize background phosphate.

Analysis of Intrinsic GTPase Data. Kintek Explorer
(version 7.6) was used to globally fit the kinetic data to a first-
order rate constant as follows:

K,
K-RAS-GTP —5 K-RAS-GDP + P,
And the integrated form:

[K-RAS-GTP] = [K-RAS-GTP],e
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Figure 2. Ton mobility mass spectra of K-RAS and its Q61H mutant. (A) K-RAS and (B) K-RAS®'™ loaded with GTP. The mass spectra are

shown at the bottom.

The rate of the reverse reaction was assumed to be negligible.
To obtain the energetics of intrinsic hydrolysis, the temper-
ature dependence of the rate constants was analyzed using the
EyringSD equation:

kgT

h

where ky,q is the intrinsic hydrolysis rate constant, h is Planck’s
constant, kg is Boltzmann’s constant, R is the gas constant,
AH? is the enthalpy of activation, and AS* is the entropy of
activation. To calculate AH¥ and AS¥, the linearized form of
the Eyring equation was used:

_ —AH¥/RT+AS¥/R
khyd = e

k —AH*  As? k
P — A 457 +1In =2
T RT R
The natural log of ky,4/T was plotted as a function of 1/T.
AH* and AS* parameters were calculated from slope and
intercept of this plot as follows:

AH* = —slope X R

k
AS¥ = (intercept —In ?B)R

B RESULTS

Heterogeneity of “As-Isolated” K-RAS and Its Onco-
genic Mutants. Previous work suggested that native MS can
accurately reflect the solution binding properties of small
molecules with proteins.*' = Therefore, we recorded native
mass spectra of purified protein samples on an Orbitrap mass
spectrometer tuned to preserve noncovalent interactions
(Figure 1A).** After deconvolution of native mass spectra,”’
a number of molecular species were observed for the “as-
isolated” proteins (Figure 1B and Table S4). For K-RAS, the
most intense signal has a molecular weight in agreement with
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that of K-RAS bound to GDP (guanosine S’-diphosphate), a
hydrolysis product (Figure 1B).

Interestingly, a mass that is 16 Da lighter is also measured,
which corresponds to K-RAS bound to 2'-deoxyguanosine 5'-
diphosphate (dGDP), although at lower abundances, a signal is
present for the molecular weights of K-RAS bound to dGTP
(2'-deoxyguanosine S'-triphosphate) and GTP (guanosine S'-
triphosphate). Native mass spectra for oncogenic mutants
acquired with the same instrument settings also show binding
of dGDP, GDP, GTP, and dGTP (Figure S1 and Table S4).
However, a peak with a molecular weight greater than the mass
of GTP is also observed for K-RAS“"*" (Figure S1B). In
addition, adducts, such as sodium and magnesium, are bound
to K-RAS and its mutants (Figure S1D). There are also
considerable differences in the mole fractions of dGDP, GDP,
dGTP, and GTP bound to K-RAS and its oncogenic mutants
(Figure 1C,D). For example, the wild-type (WT) protein has
an almost equal abundance of dGTP and GTP bound, whereas
K-RAS¥™ and K-RAS®'*C were bound to a larger fraction of
GTP and dGTP, respectively. These results illustrate the ability
of native MS to provide insight into sample heterogeneity and
also suggest that each oncogenic mutant may have different
affinities for the 2’-deoxy versus 2'-hydroxy forms of guanosine
nucleotides.

Collision Cross Section (CCS) Measurements of K-RAS
and Its Oncogenic Mutants Bound to GTP. To structurally
compare the active state of K-RAS with those of its oncogenic
mutants, K-RAS proteins loaded with GTP were analyzed by
ion mobility mass spectrometry. The native mass spectra show
that the proteins are predominantly bound to GTP and
adducts with a molecular weight consistent with sodium or
magnesium (Figures S2 and S3). K-RAS-GTP bound to a
single magnesium is the most abundant species for the GTP-
bound enzyme. The previously bound adducts in the “as-
isolated” samples are completely removed. The rotationally
averaged CCS values of K-RAS and its mutants were measured
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using an ion mobility mass spectrometer. Figure 2A shows the
mass spectrum of K-RAS and its representative ion mobility
mass spectrum. The ion mobility mass spectra for G13D and
G12C and arrival time distributions (ATDs) for K-RAS-GTP
and its mutants are shown in Figures S3 and S4.

The CCS values for K-RAS and its mutants bound to GTP
are largely similar with the exception of that of K-RAS¥'
(Figure 2B), which has a smaller CCS implying that the
protein complex is more compact (Table 1). A slightly larger

Table 1. Collision Cross Section (CCS) Values for the 8+
Charge State of K-RAS and Its Mutants Bound to GTP“

protein CCS (AZ)
K-RAS 1932.3 + 1.1
K-RASG12¢ 1937.7 + 2.8
K-RASC13P 1939.5 + 1.3
K-RASUH 1921.7 + 2.9

“Reported are the mean and standard deviation for the centroid CCS
values (n = 3).

CCS is measured for K-RAS®*C and K-RAS®"3P compared to
that of the WT, suggesting that substitution of glycine with
either cysteine or aspartic acid may reorganize the con-
formation of the protein. No statistical difference was observed
for the centroid CCS values determined for K-RAS and its
mutants bound to dGTP (Table S5). The CCS values overall
are in agreement with those calculated®® for the crystal
structures (Table S6).

Intrinsic GTPase Activity of K-RAS and Its Mutants.
To monitor the intrinsic GTPase activity, the molecular
weights of K-RAS and its oncogenic mutants loaded with GTP
were monitored over time using native mass spectrometry
(Figure 3). At the start of the reaction, the proteins are
predominantly loaded with GTP (Figure 3A and Figure S2). A
number of adducts consistent with the molecular weight of
magnesium or sodium are present, and these adducts were
accounted for when deconvoluting mass spectra. After
incubation at 25 °C for 360 min, the hydrolysis of GTP to
GDP and inorganic phosphate by K-RAS is evident by the loss
of mass from K-RAS-GTP giving rise to a signal for K-RAS
bound to GDP (Figure 3A). The theoretical monoisotopic
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Figure 3. Determination of the GTP hydrolysis rate (khYd’GTP) for K-RAS. (A) Representative native mass spectra recorded at different time points
for K-RAS (2 uM) loaded with GTP incubated at 25 °C. The abundance of K-RAS bound to GDP increases as GTP is hydrolyzed. Asterisks
denote species with bound sodium or magnesium adducts. (B) The concentration of K-RAS bound to GDP and GTP was determined from
deconvolution of native MS data (dots) and fit to a first-order rate constant model (solid lines) using KinTek Explorer Software.””® (C) Plot of
inorganic phosphate concentration determined for K-RAS-GTP (20 uM) using a malachite green assay as a function of time (dots) and fit to a first-
order rate constant model (solid lines). The inset shows the rate constants determined by native MS and a malachite green (MG) assay, which are
statistically similar (two-tailed Student’s t test; p = 0.29). Reported are the mean and standard deviation (n = 3).
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Figure 4. Kinetics of intrinsic GTPase activity for K-RAS and its mutants. Protein samples loaded with (A) GTP or (B) dGTP were incubated at
25 °C, and hydrolysis was monitored by native MS. Reported are the mean and standard deviation (n = 3).

mass for HPO;™ is 80.0 Da, and the observed measured
difference in mass as a result of hydrolysis is 80.9 Da. Notably,
the loss of mass in K-RAS-GTP corresponds to HPO;~, but
this leaves the enzyme as inorganic phosphate (PO,*”). The
hydrolysis of GTP nearly reaches completion after 1260 min,
and the predominate signal is for K-RAS bound to GDP. The
concentrations of K-RAS bound to GDP and GTP, including
the species adducted with magnesium or sodium, were
determined from deconvolution of mass spectral data and fit
to a first-order rate constant model using KinTek Explorer
Software®” to determine the intrinsic rate of GTP hydrolysis
(khyd,GTP) (Figure 3B). Figure 3B shows the fit of this model to
the data. The kyqgrp for K-RAS at 25 °C in 200 mM
ammonium acetate (pH 7.4) is 2.42 X 107> min™".

To validate the kyyqcrp value determined by native MS, an
established solution assay was used to monitor the intrinsic
GTPase activity of K-RAS.*”*” The concentration of inorganic
phosphate was quantified over time for K-RAS loaded with
GTP at 25 °C, and kyyqcrp Was determined as it was for the
native MS data (Figure 3C). The kiyacre Values determined by
the two techniques are statistically indistinguishable. These
results corroborate the native MS-derived values and indicate
that GDP remains bound to K-RAS after inorganic phosphate
is released.

In a fashion similar to that for the WT protein, the intrinsic
GTPase activity of K-RAS oncogenic mutants was determined
by native MS. Again, the hydrolysis of GTP by K-RAS mutants
is monitored directly by the appearance and disappearance of
signals corresponding to the protein bound to GDP and GTP,
respectively (Figure 4A).

In general, the k4 grp values were lower for the oncogenic
mutants that were studied than for the WT protein (Figure
SSA and Table 2). K-RAS®'™ has the smallest kyqcrp
compared to those of the other mutants, nearly 10-fold
lower than that of the WT protein. The mutant proteins have
hydrolysis rates that are lower than that of the WT but differ
among themselves.

Intrinsic Hydrolysis of dGTP by K-RAS and Its
Oncogenic Mutants. Inspired by the observation of dGDP
and dGTP bound to the “as-isolated” proteins, we loaded K-
RAS and its mutants with dGTP and measured the intrinsic
hydrolysis (Figure S6). For K-RAS, no statistically significant
difference was observed for the rate of dGTP hydrolysis
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Table 2. GTP and dGTP Intrinsic Hydrolysis Rates (X107
min~') at 25 °C“

Knyacre + Kiyaagre *

standard standard Kiyaare/knyacre £
protein deviation deviation relative uncertainty  p value
WT 242 + 0.1 191 + 0.52 0.79 + 0.27 0.2409
G12C 0.68 + 0.06 LS +0.11 2.20 £ 0.11 0.0008
G13D 0.92 + 0.06 1.19 + 0.03 1.29 £+ 0.07 0.0044
Q61H 0.25 + 0.01 0.38 + 0.02 1.52 + 0.06 0.0013

“Reported are the mean and standard deviation (n = 3) and the p
value from the two-tailed Student’s t test comparing ky,qgrp and

Kiya agre-

(Knyg,agre) compared to kyyqgrp (Figure 4B, Figure SSB, and
Table 2). In contrast, kygaqgrp values for K-RASCG2¢) K-
RASSBP and K-RAS®'™ differed from the rates measured for
GTP (Figure SSB and Table 2). Interestingly, the ratio of
kiyaage t0 kiyqgrp indicates that these three mutants (G12C,
G13D, and Q61H) hydrolyze dGTP at a higher rate, more
than 2-fold that for K-RAS®'2C. In other words, the half-lives
for these three mutants are much longer for the enzyme bound
to GTP compared to that for the enzyme bound to dGTP.
These results indicate that these oncogenic mutants preferably
hydrolyze the 2'-deoxy form of GTP.

Activation Energetics of Intrinsic GTPase Activity for
K-RAS and Its Oncogenic Mutants. To determine the
energetic barriers of intrinsic GTPase activity, the hydrolysis of
GTP by K-RAS and mutants incubated at three additional
temperatures (10, 30, and 37 °C) was monitored by native MS.
The kyyqgrp values were determined for the different
temperatures, which increased with an increase in temperature
(Figure S and Figure S7).

The kyyqrp values at different temperatures were used for
Eyring analysis,”> where the natural logarithm of Knya,GTp
divided by temperature is plotted against the reciprocal
temperature (Figure S8). The data were fit to the Erying
equation to determine the transition state enthalpy (AHT) and
entropy (AS*) (Table 3 and Figure S9). The thermodynamic
parameters for K-RAS derived from Eyring analysis are as
follows: AH¥ = 17 kcal/mol, TAS* = —3.9 kcal/mol (T = 298
K), and AG* = 21 kcal/mol. For all proteins studied, the
barrier of the transition state is dominated by a large positive
AH?* and to lesser extent by a small unfavorable contribution
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Figure S. Temperature dependence of the intrinsic GTPase activity of
K-RAS. Protein samples were incubated at four different temperatures
(10, 25, 30, and 37 °C), and the intrinsic hydrolysis was monitored
using native MS. Reported are the mean and standard deviation (n =

3).

from AS*. Interestingly, the K-RAS oncogenic mutants have
AH? values larger than that of the WT, explaining the decrease
in kyqgrp (Table 3). The AAHF (AH¥, 0 — AH¥yr)
depends on the mutant but ranges from 1.0 to 2.6 kcal/mol. In
contrast, the AS¥ term becomes more favorable for K-RAS'2¢
and K-RAS¥'™, Interestingly, the activation energetics for K-
RASS"P was similar to that of the WT protein. Moreover, the
activation energetics of K-RAS hydrolyzing dGTP is similar to
that determined for the enzyme loaded with GTP (Figure S8B
and Table S7).

B DISCUSSION

Native Mass Spectra of K-RAS and Its Mutants. Native
mass spectra of K-RAS and its mutants reveal heterogeneity in
guanosine nucleotides bound to the enzyme. The data show
binding of 2'-deoxy and 2'-hydroxy forms of GDP and GTP.
Binding of 2'-deoxy guanosine nucleotides has been previously
reported.”” K-RAS and its mutants were expressed and purified
from E. coli, where the concentration is 18-fold higher for GTP
than for dGTP.®" Interestingly, the ratio of GDP to dGDP is 4
for K-RAS, considerably less than the ratio of the nucleotide
pool in the expression host. While the abundances of the GTP-
and dGTP-bound nucleotides are almost similar for K-RAS
and K-RAS®"P, K-RASS"*¢ has more dGTP bound, implying
that the affinity for this nucleotide might be higher. Another

interesting observation is the abundance of a bound adduct
with a mass larger than that of GTP for K-RASS"P (Figure
S1B). The observed adduct has a mass difference of
approximately +133 Da from GDP, which is consistent with
the mass of a ribosyl group. Because this adduct was not
observed after loading K-RASS"P with GTP or dGTP, it
indicates the molecule is bound noncovalently and does not
have any effect on GTP hydrolysis. Identification of this ligand
and its biological relevance for G13D function warrant further
investigation. Native MS results reveal intrinsic differences in
K-RAS and its variants, implying unique biochemical binding
properties.

lon Mobility Mass Spectrometry Measurements.
Native ion mobility measurements of K-RAS and its oncogenic
mutants indicate that a native-like structure is preserved in the
ion mobility mass spectrometer. An NMR study suggests that
H-RAS bound to a nonhydrolyzable analogue of GTP
(GppNHp) populates active and inactive conformations that
interconvert on the millisecond time scale.®>”** Moreover,
molecular dynamics simulations of oncogenic mutants,
including G12D, G13D, and Q61H, suggest that these proteins
mainly populate an active conformation, whereas GI12C
behaves like K-RAS populating two conformations.”> The
ATD for K-RAS and mutants did not exhibit mobility profiles
with multiple peaks. The centroid CCS values are different for
the WT and mutants. For example, the CCS values for K-
RASS"€ and K-RAS®"P bound to GTP are larger than that of
the WT (Figure S4A,C). The CCS for K-RAS¥™ bound to
GTP is smaller than those of the other proteins, indicating a
more compact conformation that is also evident from the
width of the ATD (Figure S4B and Table 1). From X-ray
crystallography studies, H61 of K-RAS¥™ is less exposed to
the solvent due to formation of a hydrophobic cluster above
the complex of the nucleotide and water.’® This is consistent
with the smaller CCS measured for this oncogenic mutant.
These results show that native IM-MS can be informative for
structural changes induced by mutation, and the development
of higher-resolution IM-MS instruments’”® has great
potential to capture different conformations of K-RAS that
have been observed by NMR and X-ray crystallography.

Monitoring GTPase Activity by High-Resolution
Native MS. As revealed by high-resolution native mass
spectra, both 2’-deoxy and 2'-hydroxy forms of guanosine
nucleotides were bound in the “as-isolated” samples,
prompting us to determine the intrinsic dGTPase activity.
Several factors can impact the rate of hydrolysis, including the
temperature, buffer, ionic strength, pH, and concentration of
divalent metal ion, magnesium.”” The intrinsic GTP hydrolysis
activity for K-RAS is consistent with other reports using NMR
and radioactive methods.”””® Moreover, MS-derived rates are
in direct agreement with those determined by a solution-based
assay.

Table 3. Transition State Thermodynamics for the Intrinsic GTPase Activity of K-RAS and Its Oncogenic Mutants”

protein AH¥ (kcal/mol) AS* (keal/mol)

WT 17.0 £ 0.3 —0.0133 + 0.0011
G12C 193 + 0.1 —0.0084 + 0.0005
G13D 18.0 = 0.5 —0.0119 + 0.0018
Q61H 19.6 + 0.5 —0.0076 + 0.0014

AG* (kcal/mol) AAS* (kcal/mol) AAH?* (kcal/mol)

20.9 £ 0.01

21.8 + 0.01 0.0049 + 0.0012 23 £ 04
21.6 + 0.02 0.0014 + 0.0021 1.0 + 0.6
22.3 £ 0.02 0.0058 + 0.0018 2.6 £ 0.6

“AG¥ is calculated directly from enthalpy and entropy at 25 °C. Reported are the mean and standard deviation of three replicates (1 = 3).
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The intrinsic GTPase activity for oncogenic mutants reveals
differences in hydrolysis rates of dGTP compared to those of
GTP. However, no difference in hydrolysis rates of dGTP and
GTP was observed for K-RAS. For K-RAS¥'H K-RASC!%€,
and K-RAS®"P, the rate of dGTP hydrolysis was higher than
that for GTP. From atomic structures of K-RAS and its
mutants, the ribose of the bound nucleotide is in a 2’-endo
conformation, and the 2’-hydroxyl group forms weak hydrogen
bonds with the side chain of Asp30 and the carbonyl group of
Val29.”' When dGTP is replaced with GTP, these hydrogen
bonds are lost, which probably leads to reordering of the
nucleotide and subsequently the enhancement of enzyme
activity.

RAS oncogenes have the ability to reprogram the metabolic
process in cancer cells.”” It has also been established that
imbalances in the deoxyribonucleotide triphosphate (dNTP)
pool are directly associated with different diseases, including
diabetes, obesity, and cancer, due to enhanced mutagenesis
that causes genomic instability.”> The relationship of the
dNTP pool and our observation of higher dGTP intrinsic
hydrolysis rates for oncogenic mutants compared to that of the
WT protein warrant further investigation.

Activation Energetics of Intrinsic GTPase Activity.
Activation energetics was determined for the intrinsic GTPase
activity of K-RAS and its mutants, providing insight into the
barriers of the transition state. The values determined for
GTPase activity of K-RAS are in excellent agreement with FT-
IR data™ (AH¥ = 19.8 kcal/mol, and TAS* = —2.3 kcal/mol)
and molecular dynamics (MD) simulations (AH¥ = 17.4 kcal/
mol, and TAS¥ = —4 kcal/mol).”* The observed small entropic
effects of K-RAS-catalyzed hydrolysis of GTP are consistent
with MD simulations that showed AAS¥ (ASernzyme
AS*,e:) makes a small contribution to the catalysis because
reactants do not lose their entire translational and rotational
motion when they are bound to the enzyme.”” The large
enthalpic barrier is also consistent with studies by Warshel et
al. that showed less free energy needed to orient dipoles at the
active site of an enzyme compared to uncatalyzed reactions in
water because the active site of the protein includes the ionized
residues, polar groups, and water molecules.”® This highly
polar and reorganized active site of the enzyme suggests that
the enthalpic effects make more contributions in catalysis, and
the small reorganization energy is paid during enzyme
folding.”>”” There is an increase in enthalpy for all of the
oncogenic mutants studied (AAH¥) and a small increase in
entropy (AAS¥) for the transition state of intrinsic GTPase
activity. The value for AAH* is higher for K-RAS®'M,
explaining why the hydrolysis rate for this mutant is much
slower followed by K-RAS“* and K-RAS®"P. The activation
energetics for K-RAS and its oncogenic mutants explains their
different rates of GTP hydrolysis.

In summary, high-resolution native MS was used to
determine the kinetics and thermodynamics of intrinsic GTP
hydrolysis of K-RAS and its mutants. Native MS is a rapid and
sensitive (minimal sample consumption) technique that
revealed heterogeneity of the nucleotide bound to the “as-
isolated” proteins. For oncogenic mutants, the rates of
hydrolysis of dGTP were faster than those of GTP hydrolysis.
This result implies that the mutants bound to dGTP spend less
time in an active state. Moreover, activation energetics reveals
the barrier of the transition state is dominated by enthalpy and
to a much lesser extent by entropy. The decrease in the level of
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intrinsic hydrolysis for oncogenic mutants is due to an increase
in the enthalpic barrier.
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