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ABSTRACT: Ras is a small monomeric GTPase acting as molecular
switch in multiple cellular processes. The N-terminal G domain of Ras
binds GTP or GDP accompanied by a magnesium ion, which is strictly
required for GTPase activity and performs a structural role. Another
ion-binding site on the opposite face of the G domain has been recently
observed to specifically associate with calcium acetate in the crystal
[Buhrman, G., et al. (2010) Proc. Natl. Aacd. Sci. US.A. 107, 4931—
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4936]. In this article, we report thermodynamic measurements of the

affinity and specificity of the remote ion-binding site in H-Ras as observed in solution. Using "N—'H nuclear magnetic
resonance spectroscopy, we determined that, in contrast to the crystalline state, the remote site in solution is specific for a
divalent cation, binding both calcium and magnesium with anions playing a minimal role. The affinity of the remote site for
divalent cations is in the low millimolar range and remarkably different for GDP- and GppNHp-bound forms of the G domain,
indicating that the GTP-binding pocket and the remote site are allosterically coupled through the distance of more than 25 A.
Considering that the remote site is oriented toward the membrane surface in vivo, we hypothesize that its cognate biological
ligand might be a positively charged group extending from a lipid or an integral membrane protein.

Ras is a prototypical member of a superfamily of small
monomeric GTPases that function as molecular switches
in a multitude of cellular processes." The switchlike behavior of
these proteins is based on distinct conformations observed in
GTP-bound (“on”, active) or GDP-bound (“off”, inactive)
states. Ras is kinetically trapped in both end states of a switch,
in the active conformation bound with GTP because of low
intrinsic GTPase activity and in the inactive conformation
because of the extremely slow release of the reaction product,
GDP.>* The switch is “flipped” by the action of specific
catalysts accelerating these processes, GEFs and GAPs.*
Numerous downstream effectors recognize the GTP-bound
conformation of the effector interface of Ras (switches I and II)
and become activated upon binding."*

Ras consists of a well-folded N-terminal G domain linked
with an unstructured C-terminal hypervariable region (HVR) of
22 or 23 amino acids, which is responsible for the specific
localization of Ras at the membrane surface® (Figure 1). It has
recently been proposed that the G domain and HVR do not
function completely independently as was once believed but,
instead, exhibit a degree of allosteric coupling.” "'

The effector interface has a deep cleft flanked by switch I
(residues 32—38), which accommodates a GTP or GDP and a
structural magnesium ion (Figure 1). The magnesium ion is
hexacoordinated by oxygen atoms of - and y-phosphates as
well as hydroxyls of S17 and T3S and two conserved water
molecules.”> The presence of magnesium is an absolute
requirement for both intrinsic and GAP-catalyzed GTPase
activity."* The ternary complex of Ras with guanine nucleotide
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and magnesium ion is very stable and characterized by
picomolar dissociation constants for nucleotides (in the
presence of millimolar magnesium) as well as a low micromolar
dissociation constant for magnesium itself."*” 'S Recently,
Buhrman and co-workers described the second ion-binding
pocket in the G domain of H-Ras-GppNHp as being more than
25 A from the GTPase active site."* In their X-ray diffraction
study, the novel ion-binding site was observed to be specific for
calcium acetate with the acetate anion buried underneath the
calcium cation. Buhrman and co-authors hypothesized that the
Ca’**CH;COO" ion pair mimics a yet unknown biological
ligand and, in the follow-up paper, obtained evidence that the
natural ligand, interacting with this remote site, might be
present in the native environment of Ras in the NIH 3T3 cell
line."”

Intrigued by this discovery of a remote binding site in the G
domain, we undertook a solution NMR study to further define
its structural and thermodynamic parameters. In the absence of
knowledge of a cognate biological ligand, we utilized calcium,
magnesium, and sodium salts to probe the specificity and
binding affinity of the site in the H-Ras G domain (residues 1—
166) complexed with GDP or the GTP mimic GppNHp. The
remote site was found to specifically bind divalent cations with
millimolar affinity in solution yet not discriminate between
calcium and magnesium. It is remarkable that the ions
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Figure 1. Schematic of the Ras GTPase showing general structural
features as well as the remote ion-binding site near a C-terminal
region. The structure of the G domain of H-Ras (residues 1—166)
complexed with GppNHp, Mg?*, and Ca®* (Protein Data Bank entry
3K8Y'?) is shown as a cartoon with magnesium (green sphere) in the
GTPase active site and calcium (blue sphere) in the remote site. The
GTP mimic, GppNHp, is shown in a stick representation with oxygen,
nitrogen, and carbon atoms colored red, blue, and green, respectively.
Switch regions are depicted as cyan (switch I) and red (switch II)
cartoons. The C-terminal hypervariable region (HVR) is schematically
represented as a dashed line tethering the G domain to the membrane
surface (drawing not to scale).

interacted stronger with the remote site in the GDP form of the
G domain than in the GTP-mimicked form, despite the 25 A
distance from the nucleotide-binding pocket. Structural analysis
of the pocket reveals its flexible nature, thus accounting for
weak interactions with small ions and indicating that the site
may be adaptable to accommodate a larger natural ligand.

B MATERIALS AND METHODS

The G domain of H-Ras residues 1—166 was expressed in
Escherichia coli as inclusion bodies, isolated, refolded, and
purified as described previously'® with little modification. After
ion-exchange and size-exclusion chromatography steps, the
protein purity was greater than 95% (judged by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis).

Nucleotide exchange was performed as described previ-
ously'® in the presence of GppNHp (Sigma) at a 2:1 molar
ratio of nucleotide to protein. Shrimp alkaline phosphatase
(Fermentas) was added (10 units) to hydrolyze released GDP
molecules and drive the exchange reaction to completion.
Exchange was allowed to proceed for 120 min at 20 °C. The
obtained Ras-GppNHp complex was extensively dialyzed
against “NMR buffer” containing 10 mM TRIS (pH 7.2), 1
mM DTT, 10 mM NaCl, 10 uM MgCl,, and 0.01% NaNj;. The
equilibrium concentration of magnesium in the buffer has been
chosen to significantly exceed the dissociation constant of the
magnesium ion in the GTPase active site (2.8 yM in the H-
Ras:GDP complex'*). Following dialysis, the protein was
concentrated using centrifugal filters (Amicon) with a
molecular mass cutoff of 3000 kDa. The final concentration
of Ras in NMR samples ranged from 0.4 to 1.0 mM.

A typical titration series included eight points corresponding
to different molar ratios of ligand to protein in a sample (L/P)
equal to 0, 0.5, 1, 2, 3, §, 10, and 20. To prepare these solutions
most accurately, we started with two protein solutions: A,
without a ligand (L/P = 0), and B, with the ligand added to
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create an L/P of 20. These two solutions correspond to the
starting and ending points of the titration series. To prepare
intermediate titration points, we added solution B in small
aliquots to solution A in the NMR tube. Addition of the last
remaining volume of solution B to solution A created the final
titration point with an L/P of 10. In this titration design, one
avoids a pH drift during titrations because pH values of both
solutions A and B are made equal. The protein concentration
also remains constant, allowing for equal sensitivity throughout
the titration series. Measurement of sequential aliquots of
solution B was performed using an eVol NMR Edition
precision electronic syringe (SGE Analytical Science).

For 'H-""N HSQC experiments, '*N-labeled Ras samples
were placed in a 3 mm tube with a final volume of 200 uL or a
S mm tube with a final volume of 500 uL. Experiments were
performed at 293.15 K using Bruker Avance II and Varian
VNMR:-S spectrometers operating at a magnetic field strength
of 14.1 T and equipped with cryogenic probes. Spectra were
processed with NMRPipe'® and visualized with Sparky.”* NMR
signal assignment for the Ras:GDP complex has been
performed following the protocol described previously”' and
deposited in the BioMagResBank (entry 18479). NMR
assignments for the Ras-GppNHp complex were taken from
our earlier publication.*"

For chemical shift perturbation maps, to achieve maximal
resolution, we used a shifted sine-bell apodization function. To
prepare spectral data for analysis of NMR line shapes, we
employed an exponential apodization function. Chemical shift
perturbations were calculated as a weighted average of chemical
shift changes in proton and nitrogen dimensions according to
the equation™

Aw = \/(sz + a)NZ/ZS)/Z

To identify peaks affected by ligand binding, the chemical
shift perturbations were plotted as a histogram (Figure S1 of
the Supporting Information) showing the observed number of
peaks experiencing the particular chemical shift change.
Perturbations of chemical shifts due to nonspecific effects
(overall solvent effect and/or sample temperature fluctuations)
were observed as a narrow distribution centered around 0.008
ppm. This “random” distribution quickly falls off; very few
residues are expected to show large chemical shift changes.
Therefore, when a significant number of residues were observed
experiencing large Aw values, this was interpreted as a signature
of specific binding. Mapping of chemical shift perturbations on
Ras crystal structures was performed using the PyMOL
molecular visualization system (Schrodinger).

Extraction of one-dimensional line shapes for fitting to
determine binding affinity was performed with the custom
Sparky extension, IDAP 1D NMR (E. L. Kovrigin, unpublished
work), followed by fitting using Integrative Data Analysis
Platform (IDAP).*® In brief, NMR data are processed with an
exponential apodization function to obtain Lorentzian line
shapes in the frequency domain.>* The one-dimensional NMR
line shapes, extracted from two-dimensional HSQC planes, are
combined in one data set as a function of an increasing
ligand:protein ratio (L/P). The position and line width of the
resonance at L/P = 0 are determined by fitting with the
Lorentzian line shape function. Theoretical NMR line shapes
for the two-state binding model are simulated using Bloch—
McConnell equations™ as a function of L/P and fit to the
experimental data to obtain the dissociation constant, off rate
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constant, frequency, and line width of the fully saturated
resonance, and an intensity scaling factor (see also refs 23, 26,
and 27). Fitting parameters were determined individually for
each data set followed by global fitting of a superdata set
containing spectral series from multiple residues and (where
possible) orthogonal frequency dimensions. Monte Carlo
simulations were used to estimate the uncertainty of the best-
fit parameters. The exchange between free and bound forms of
Ras was fast as judged by the observation of continuously
shifted peaks with minimal line broadening. Correspondingly,
fitting for Ky and k.g resulted in well-defined values of the
former and poorly defined values for the latter (95% of Monte
Carlo results for k. fell between 1500 and 5000 s7!).
Therefore, in our analysis of binding affinity, the k. was
fixed to a value between 2000 and 3000 s\, the choice of which
did not affect fitting quality or results.

B RESULTS

Mapping of lon-Binding Sites in the Active and
Inactive Forms of the Ras G Domain. To probe ionic
interactions of the G domain in biologically active and inactive
forms, we utilized H-Ras residues 1—166 in a complex with a
GTP mimic, GppNHp, or with GDP (in the following text,
Ras:GppNHp and Ras-GDP, respectively). The two-dimen-
sional 'H-""N HSQC NMR spectra of isotopically labeled
Ras-GppNHp and Ras-GDP samples were acquired in solution
at pH 7.2 and 20 °C with calcium acetate added to a final
concentration 20 times that of the protein. The ligand addition
resulted in significant perturbations of chemical shifts of NH
groups of a number of residues. Figure 2A shows representative
specific perturbations at residues V109 and 1139 upon addition
of calcium acetate. The small shift of a cross-peak for E49 is
characteristic of an overall solvent effect. Chemical shift
perturbations induced by calcium acetate at different residues
in Ras-GppNHp and Ras-GDP are summarized in panels B and
C of Figure 2, respectively. Among all assigned and sufficiently
resolved NH cross-peaks in Ras-GppNHp, addition of calcium
acetate perturbed the position of signals for residues Y4, K16,
F28,L79, V109, V112, G138, and I139. In Ras-GDP, significant
perturbations were induced at residues T2, N26, TS8, L79,
D92, 193, H9S, R97, V109, M111, V112, G138, 1139, L159,
1163, R16S, and H166. Figure 3 depicts localization of these
sites in the structural models of Ras-GppNHp and Ras-GDP.

Determination of the Specificity of the lonic
Interactions. To help identify individual contributions of
cations and anions to binding, we performed titrations of
RasGppNHp and Ras-GDP with sodium acetate, calcium
chloride, and magnesium chloride. The titration with calcium
chloride that is shown in Figure 4A was most similar to the
titration with calcium acetate shown in panels B and C of
Figure 2. Magnesium chloride produced the same pattern of
chemical shift perturbations (Figure 4B) with a smaller overall
amplitude, while addition of a 20-fold molar excess of sodium
acetate did not induce significant shifts in NH cross-peaks
(Figure 4C), indicating a lack of specific interaction of the
acetate ion.

Affinity of lonic Interactions in GTP-Mimicking and
GDP Forms of Ras. To determine binding affinities, we
extracted one-dimensional line shapes from a series of two-
dimensional HSQC spectra (Figure SA) at multiple ligand:-
protein ratios and fit them with Bloch—McConnell equations
(Figure SB). Figure S2 of the Supporting Information
additionally illustrates these line shape fitting results in the
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Figure 2. Chemical shift perturbations due to addition of calcium
acetate to the G domain of H-Ras(1—166) to a final concentration of
10-20 mM (20-fold molar excess with respect to Ras). (A)
Representative HSQC spectral regions demonstrating shifts of cross-
peaks upon addition of calcium acetate to Ras-GppNHp (with 10 uM
MgCl, in the background). Blue and red contours represent spectra at
the ligand:protein ratios of 0 and 20, respectively. Chemical shift
perturbations of amide '*N and 'H (a combined weight-average value)
are shown as bar graphs for all assigned residues in Ras-GppNHp (B)
and Ras-GDP (C). The top half of each panel corresponds to the first
83 amino acids, and the bottom half shows the rest of the sequence
(residues 84—166). Places where bars are missing correspond to
residues with signals broadened or insufficiently resolved for reliable
analysis, and also to prolines 34, 110, and 140. Gray horizontal bars
indicate locations of switch regions I and II. Green horizontal bars
indicate amino acids D108—V112 and Y137—I139 in the remote ion-
binding site identified by Buhrman and co-workers.'> The dashed line
represents a cutoff used to identify NH groups with statistically
significant perturbations.

form of a conventional chemical shift titration curve. We chose
the amide NH cross-peaks of G138 and I139 as reporters for
the affinity and ligand preferences of the remote ion-binding
site because they were sufficiently isolated in all titrations.
Results of fitting of these residues as a set are listed in Table 1
for each individual titration.
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Figure 3. Chemical shift perturbations due to calcium acetate binding
at the remote site in Ras:GppNHp (A) and Ras:GDP (B). The G
domain is shown in the same orientation as in Figure 1. Red spheres
represent amide NH groups with the combined chemical shift
perturbation exceeding the cutoff values shown by the dashed lines in
panels B and C of Figure 2. The backbone trace is represented as a
tube. The black tube corresponds to unassigned regions (regions
where the bars are missing in Figure 2). Panel A shows the H-Ras(1—
166)-GppNHp-Mg**-Ca?* model based on the crystal structure of
PDB entry 3K8Y'? with a calcium ion (blue sphere) bound to the
remote site. Because the calcium-bound H-Ras-GDP-Mg’* structure is
not available, panel B represents titration data mapped onto the H-
Ras(1—169)-GDP-Mg?* structural model from PDB entry 1Q21°% in
the same orientation.

It is important to note that these titrations were performed at
a low ionic strength, in the presence of 10 mM NaCl, to
improve NMR sensitivity. To measure the effect of the
physiological ionic strength on the jon binding affinity of the
remote site, we performed a titration of Ras-GDP with calcium
acetate in the presence of 150 mM NaCl. Because of signal
overlap of 1139, spectral data for fitting were extracted from
both proton and nitrogen spectral dimensions for V109 and
G138. The best-fit K4 from the global fitting of all four data sets
is given in the bottom row of Table 1. The corresponding
chemical shift perturbation map and the representative fitting
graph are shown in Figures S3 and S4 of the Supporting
Information. Analysis of the ionic strength effect on the
dissociation constants revealed that the remote site is likely to
carry a charge of —2 [with a 95% confidence interval from —1.7
to —2.7 (see the Supporting Information for details)].

Additionally, binding interactions of the T2 NH group in
Ras-GDP with calcium acetate were also evaluated as being
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representative of perturbations seen at the extreme N-terminus
of the G domain at 10 mM NaCl. Global fitting of line shapes
extracted from both nitrogen and proton dimensions of the T2
NH cross-peak resulted in a K4 of 3.0 mM with the 95%
confidence interval ranging from 2.4 to 3.3 mM.

B DISCUSSION

The Second lon-Binding Site (the “remote site”) Exists
in Ras‘GppNHp and Ras:GDP. This work has been inspired
by the crystallographic study of Buhrman and co-workers
reporting a remarkable pocket on the C-terminal part of the G
domain in H-Ras-GppNHp that specifically bound a calcium
acetate ion pair.'”” Our results in Figure 2 indicate that, in
solution, chemical shifts of a number of sites in both
Ras-GppNHp and Ras-GDP are sensitive to addition of calcium
acetate with many significant perturbations localized to the
neighborhood of the remote site (indicated by green bars in
Figure 2 and seen on a molecular model of the G domain in
Figure 3). Therefore, we can conclude that the remote site is
present in both active and inactive Ras conformations (GTP-
mimicking and GDP forms). Our assignment coverage was
significantly better in Ras-GDP, allowing for a more accurate
mapping of perturbations in the immediate vicinity of the
remote site (Figure 6). Perturbations accurately map out
roughly a S A X 10 A pocket on the rear surface of the G
domain at the end of helix 4, flanked by loop 7 and C-terminal
helix S.

It is notable that the ion binding event affects not only
residues on the surface of the protein but also residues in the
hydrophobic core (L79 and V112) and, in the GDP form, at
the more distant helix 3 (D92, 193, Q9S, and R97 in Figure
3B). The perturbation of chemical shifts that are deep in a
protein structure cannot occur because of direct physical
contact with the ligand and is, typically, a signature of a ligand-
induced conformational rearrangement that is altering the local
magnetic environment of the *N and 'H nuclear spins.”* When
calcium acetate was found in the remote site in the
Ras-GppNHp crystals, Buhrman and co-workers noted a
significant shift of helix 3 and ordering of the switch II region
(elongation of helix 2)."* Unfortunately, we cannot comment
on the involvement of helix 2 in the proposed allosteric
transition in solution because signals from most of helix 2 in
Ras-GppNHp in our experiments were broadened beyond
detection (indicated by the black coloring of the ribbon in
Figure 3A; consistent with an earlier report by Ito and co-
workers*). However, we did achieve nearly complete signal
assignment in the Ras-GDP form, and signals from helix 2 are
observable and well-resolved. We did not observe the expected
massive perturbations in switch 2 upon addition of calcium
acetate (Figure 3B), but it is also not known whether calcium
binding to the remote site in Ras-GDP in the crystal should
trigger a similar allosteric conformational change.

The Remote Site Is Specific for a Divalent Cation.
When the remote site was discovered in 2010, it was found to
be strictly specific for the calcium acetate ion pair (not calcium
chloride or magnesium acetate)."? In solution, we observed that
both calcium acetate and calcium chloride bind to the remote
site (cf. Figures 2B,C and 4A), and magnesium chloride has
similar binding properties (Figure 4B). On the contrary,
sodium acetate did not interact with the G domain (Figure 4C).
These data indicate that it is a divalent cation that makes
important interactions with the remote site in the G domain
while the role of the anion in defining specificity is relatively
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Figure 4. Chemical shift perturbations in Ras-GppNHp (left) and Ras-GDP (right) induced by a 20-fold molar excess of calcium chloride (A),

magnesium chloride (B), and sodium acetate (C).

minor. Quantitative analysis of the titrations (Figure S and
Table 1) revealed millimolar dissociation constants for binding
of the divalent cation to the remote site. The titration of
Ras'GDP with calcium acetate at the physiological ionic
strength showed a moderate 4-fold reduction in binding
affinity.

On the basis of measured millimolar dissociation constants of
the magnesium and calcium ions, it is likely that binding of
these ions by themselves is irrelevant in the biological context.
The intracellular concentration of free magnesium in the
cytosol of a eukaryotic cell is ~0.5 mM,* which is smaller than
the Ky values reported in Table 1, implying that the remote site
is occupied by magnesium in vivo for only a small fraction of
time. The intracellular concentration of calcium ions is even
lower, in the 10 nM to 1 uM range, which may increase upon
stimulation to only 10 uM,*' significantly lower than the
measured millimolar Ky values. These results support the
proposal that the cognate biological ligand must be different
from calcium or magnesium'” but could, possibly, cooperate
with them upon binding; therefore, we considered divalent ions
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in our experiments only as probes of the remote site to reveal
its relationship to the rest of the G domain structure.

The Remote Site and the Nucleotide-Binding Pocket
Are Allosterically Coupled. Table 1 demonstrates that the
exchange of the nucleotide from GppNHp to GDP leads to a
statistically significant decrease in the Ky for all three salts:
calcium acetate, calcium chloride, and magnesium chloride. In
the G domain, the remote site is located more than 25 A from
the nucleotide-binding pocket (Figure 1) and no direct
influence of a nucleotide structure on the remote site properties
is possible. Therefore, the observed dependence of the remote
site affinity upon a particular type of nucleotide bound at the
effector interface may serve as clear evidence of the allosteric
coupling between opposite faces of the G domain.

We propose that this allosteric coupling is related to the
structural rigidity of the G domain as a whole. GppNHp is
known to be a relatively weakly binding mimic with a 10-fold
lower affinity than GDP." Accordingly, Ras-GppNHp was
reported to be more flexible than Ras-GDP; significant
exchange broadening was observed at multiple peaks in
HSQC spectra of Ras-GppNHp but not Ras-GDP.** We also

dx.doi.org/10.1021/bi301304g | Biochemistry 2012, 51, 9638—9646
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Figure S. Quantitative analysis of ion titrations. (A) Representative
overlay of the amide “N—'H HSQC spectra corresponding to
sequential additions of calcium acetate to H-Ras(1—166)-GDP-Mg*".
A rainbow color scheme is used to show progressive shifting of the
1139 resonance. The one-dimensional line shapes extracted from this
HSQC series in the proton dimension are shown in panel B. The
corresponding ligand:protein molar ratios are indicated next to the
traces. Experimental spectral data are given by symbols connected by
straight lines (noise root-mean-square deviation was on the order of
magnitude of the symbol size); the best-fit results are shown as smooth
solid lines. A vertical dashed line indicates the best-fit frequency of a
fully saturated resonance.

Table 1. Dissociation Constants, K;, of the Remote Site
Determined via Analysis of NMR Titrations”

Ky (95% confidence interval) (mM)

Ras-GppNHp Ras-GDP
Ca(CH,CO00), 5.9 (54-6.5) 1.5 (1.3-1.8)
CaCl, 4.5 (3.5-4.8) 0.90 (0.89—0.91)
MgCl, 5.4 (4.5-6.9) 1.9 (1.6-22)
Ca(CH,C00), at 150 mM NaCl ~ — 6.3 (5.7-8.3)

“All data correspond to 10 mM NaCl in the buffer except where
indicated. The results are given as the most likely value of K4 and (in
parentheses) the boundaries enclosing 95% of the best-fit results
determined via Monte Carlo analysis.

reported an observation of conformational dynamics that
encompasses most of the G domain in Ras-GppNHp,"
indicating that it is flexible on a millisecond time scale. If the
G domain is more rigid with GDP than with GppNHp, this
increased structural rigidity would reduce the entropic cost of
ligand binding at the remote pocket, resulting in the lower K4
values, which we observed in our titration experiments.
Other Sites Interacting with lons in the G Domain.
Examination of panels B and C of Figure 2 and panels A and B
of Figure 4 reveals some sites on a protein surface that are
distant from both the active site magnesium and the remote site
calcium ions yet are quite responsive to addition of the divalent
cations. In particular, these are T2 (Ras-GDP with calcium
acetate and Ras-GppNHp with magnesium chloride), Y4
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Figure 6. Top view of the remote ion-binding pocket. The amide NH
groups significantly perturbed by calcium acetate addition are shown as
red spheres. The protein backbone is represented as a ribbon diagram,
and the translucent surface shows the remote pocket on the H-
Ras-GDP-Mg”* complex modeled using PDB entry 1Q21.

(Ras-GppNHp with calcium acetate and calcium chloride),
N26 (Ras-GDP with calcium acetate), and Y28 (Ras-GppNHp
with calcium chloride). Inspection of published crystal
structures of Ras obtained in the presence of calcium (PDB
entries 30IW, 301V, 301U, 2RGE, 3L8Z, and 3K8Y) reveals that
calcium ions tend to associate with these sites. Their surface
location implies weaker affinity, which is indeed the case: for
example, the Ky of the T2 site in the titration of Ras-GDP with
calcium acetate was determined to be in the range from 2.4 to
3.3 mM, twice as high as that of the remote site in Ras-GDP.

Another site of perturbations with calcium salts is in the
vicinity of the magnesium ion in the GTPase active site (Figure
1), residues G12, K16, and Al8 and others. These
perturbations are consistent with competition for the active
site between calcium and magnesium, leading to partial
replacement with the former at high calcium:protein molar
ratios. Correspondingly, these sites experience minimal
perturbations upon addition of magnesium salts.

The Remote Site Is Negatively Charged. A recent
crystallographic and cell biological study by Mattos’ group
presented evidence that the natural ligand for the remote site
might exist in a human fibroblast cell line.'” The identity of this
ligand remains unknown, but some insights may be gleaned
from consideration of the shape and nature of the binding
pocket. The remote site is expected to be negatively charged
with the acidic side chains of D107, D108, and E162 forming
the outer rim of the binding pocket (Figure 7A). Our analysis
of the Ky as a function of ionic strength suggests the effective
charge of —2 (from —1.7 to —2.7) at the remote site in the
ligand-free form and —1 (from —0.7 to —1.7) after binding the
ion pair. The charged nature of the remote site was a likely
reason why it has not been highlighted in two recent small
molecule screenin% studies: Multiple Solvent Crystal Structures
by Mattos’ group”” and screening of a 3300-compound library
against H-Ras at Genetech.”> Both approaches used com-
pounds biased toward noncharged moieties that were aimed at
detection of nonpolar binding sites. The only screening
approach that reliably determined the remote site location
was an in silico fragment-based screening as implemented in
FTMap,** when a cluster of molecular fragments was reliably fit
into this pocket.’” Electrostatic interactions of metal chelates

dx.doi.org/10.1021/bi301304g | Biochemistry 2012, 51, 9638—9646



Biochemistry

A L
helix 4

helix3 V109 E162 helix5

Y137 D107
carbonyl O atoms

Figure 7. Composition of the remote binding pocket in the H-Ras G
domain (residues 1—166). Panel A shows a surface view of the
structural model of Protein Data Bank entry 3K8Y. Oxygen atoms are
colored red, nitrogens blue, carbons green, and hydrogens white. The
bound calcium ion is a yellow sphere. A dashed line indicates a
position of an orthogonal plane that corresponds to a cross section of
the pocket shown in panel B. The position of the calcium ion is
indicated with a yellow dashed circle. The counterion, acetate, bound
underneath the calcium is not shown. Panel C is a view of a pocket in
another calcium-bound structure, PDB entry 3LBH, demonstrating the
alternative orientation of the H166 side chain. The carbonyl oxygen
atoms of D107 and Y137 coordinating the calcium ion are labeled.

with the negatively charged side chains of loop 7 were also
detected by Rosnizeck et al, who reported the stable
association of Cu®* and Zn*" cyclens outside of the binding
pocket of the remote site.*®

The Binding Pocket Is Relatively Deep and Flexible.
Figure 7B depicts a cross section of the remote site passing
through the calcium ion. The pocket extends into the interior
of the protein with the inner part accommodating an acetate
anion in the structures of PDB entries 3K8Y and 3LBH (likely,
also accommodating the chloride ion in titrations with chloride
salts). Because of the lack of perturbations that was
documented with sodium acetate (Figure 4C), the anion
appears to occupy the pocket only in the presence of the
divalent cation (which is in accord with the predicted negative
charge of the remote site).

The pocket is flanked by loop 7 (S106, D107, and D108),
which provides flexibility to the pocket shape, and C-terminal
helix S with H166 serving as another “adjustable” wall (cf.
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panels A and C in Figure 7). Visual examination of the pocket
shape in multiple crystal structures (Figure SS of the
Supporting Information) further supports the idea that this is
an adaptable binding site. It is curious that the negatively
charged loop 7 and H166 also provided a binding surface for
the Cu®" and Zn*" cyclens, which were binding outside of the
remote site.>®

The Likelihood of Binding Interactions Is Increased
Because of the Proximity to the Membrane. In the cell,
Ras is always tethered to the membrane via the flexible C-
terminus that extends from helix S directly beyond the remote
site (schematically depicted in Figure 1)."*° Therefore, this face
of the G domain is necessarily membrane-oriented, making it
possible for a membrane-bound ligand (a lipid or a membrane
protein) to access the site. Having both binding partners (the
ligand and Ras itself) tethered to the membrane reduces the
entropy loss upon binding; therefore, even relatively weak
electrostatic and van der Waals interactions may result in a
significant Gibbs energy increase and higher binding affinity.

Another way of expressing this idea of a higher binding
affinity expected in the membrane-associated system is to
consider effective concentrations of the binding partners. When
both binding partners are bound to a membrane, they no
longer undergo three-dimensional diffusion but diffuse only in
two dimensions instead. It was estimated that the reduction of
dimensionality may increase effective concentrations of binding
partners by a factor of 1000.>”* Therefore, while calcium and
magnesium salts utilized to probe the binding properties of the
remote site in solution showed low affinities, the cognate
membrane-bound ligand might interact much stronger with the
remote site in Ras associated with a membrane surface.

B CONCLUSIONS

In this work, we analyzed the thermodynamic and structural
properties of the remote ion-binding pocket in the G domain of
H-Ras. We observed that this site is specific for divalent cations
and allosterically coupled to the classical nucleotide-binding
pocket. On the basis of this evidence, we hypothesize that the
remote site may be a part of yet another mechanism for
regulation of Ras signaling by membrane-bound positively
charged ligands.
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Estimation of the charge of the remote site, chemical shift
perturbation map and fitting results for titrations at 150 mM
NaCl, images of the remote site and its cross section in different
crystal structures, and a representative histogram of chemical
shift changes. This material is available free of charge via the
Internet at http://pubs.acs.org.
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