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ABSTRACT: p21R3s(Ras) proteins cycle between active GTP-bound and inactive GDP-bound states to mediate
signal transduction pathways that promote cell growth, differentiation, and apoptosis. To better understand
how cellular regulatory factors, such as guanine nucleotide exchange factors (GEFs) and nitric oxide
(NO), modulate Rasguanine nucleotide binding interactions, we have conducted NMR and kinetic studies
to investigate the pH dependence of R&DP interactions and Raguanine nucleotide exchange (GNE).
pH-sensitive amide protons were identified and found to be associated with residues in the switeb (Phe
Asp®%) and switch Il (Asp’ and ThP®) regions of Ras. Furthermore, most of the residues that interact
with Mg?+ exhibit pH-sensitive amide proton chemical shifts which appear to be coupled to pH-dependent
Ras Md@" binding and guanine nucleotide binding affinity. These results suggest that perturbation of
Mg?" interactions within the Rasguanine nucleotide complex is critical for pH-dependent dissociation

of guanine nucleotide ligands from Ras. Notably, these same regions undergo conformational changes
upon association with the Ras GEF, SOS. In addition, although we have recently shown that addition of
NO to Ras in the presence of oxygen produces a Ras thiyl radical intermediate that promotes Ras GNE,
we have also postulated that another byproduct of this reactiort, ankly contribute to NO-mediated

GNE. However, the results presented herein suggest thatthHgy/ptoduct of the reaction is unlikely to

be involved in the NO-mediated Ras GNE.

The human ras family consists of three proto-oncogenes, To accelerate GTP hydrolysis, needed to downregulate the
H-ras, K-ras, and N-ras, which encode 21 kDa protein transient burst of signaling activity mediated by R&TP,
products, often termed p3%® (Ras) (). Ras proteins are  regulatory proteins such as GTPase activating proteins
localized to the inner plasma membrane, bind guanine (GAPs} bind to the GTP-bound form of Ras and stimulate
nucleotide ligands (GDP and GTP) with high affinity, and GTPase activity §). Other types of regulatory proteins,
possess a slow nucleotide dissociation rate and intrinsicguanine nucleotide exchange factors (GEFs), act to upregu-
GTPase activity]—3). Ras proteins mediate a diverse array late Ras signaling by stimulating the intrinsically slow
of processes, including cellular growth, proliferation, dif- guanine nucleotide exchange (GNE) rafg. (Nitric oxide
ferentiation, and apoptosi4,(3). Ras exists predominantly (NO) has also been shown to regulate Ras activity by
in its inactive GDP-bound form in the unstimulated cdll (  stimulating GNE on Ras8j. Nucleotide binding regions of
5). A variety of extracellular stimuli such as growth factors Ras proteins include residues within switch | (broadly defined
and neurotransmitters promote release of GDP and thehere as residues 2%10) that interact with nucleotide base,
subsequent binding of GTP. GTP binding, in turn, promotes ribose, and/-phosphate (in the GTP-bound form), the P-loop
conformational changes in the Ras switch | and switch Il GxxxxGK(S/T) motif (residues 10617), the switch Il DxxG
regions that enhance the interaction of Ras with effector motif (residues 5#60) that interacts with the phosphate
molecules. Activation of downstream effectors by R&TP group, and residues 13319 (NKCD motif) and 145147
leads to the transmission of intracellular signals, through a (SAK motif) which interact with the guanine bas@, (L0).
plethora of downstream signaling pathways. The signal is Comparison of crystal structures of active (R&TP) and
subsequently downregulated by hydrolysis of Ras-bound inactive (Ras-GDP) forms of Ras revealed conformational
GTP to GDP and inorganic phosphate. changes that were mainly localized to the switch | and switch

The intrinsic guanine nucleotide exchange and GTP Il regions (L0). Notably, the switch | region contains the
hydrolysis rates of Ras are too slow to modulate Ras effector-binding region (located between residues 32 and 40)
activation or deactivation on the time scale of cellular events.
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§ Lineberger Comprehensive Cancer. NKCD to describe this guanine nucleotide-binding motif in Ras.
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and represents an essential element for regulatory interaction®MATERIALS AND METHODS

with Ras downstream effectors, GEFs and GAP proteps ( Preparations of Chemicals, Ras Proteins, and Buffére

Key binding of proteins and ligands can be divided into chemicals used for all experiments were of the highest grade
two primary types of interactions, electrostatic (including unless otherwise noted.'(2)-O-(N-Methylanthraniloyl)-
hydrogen bond) and hydrophobic. Analysis of Ras crystal guanosine 5diphosphate (mant-GDP) was purchased from
structures shows the presence of multiple intricate hydrogenMolecular Probes. A mixed buffer that consists of 10 mM
bond interactions between NMigguanine nucleotide ligand ~MES, MOPS, Tris-HCI, HEPES, and 50 mM NaCl was used
complexes (Mg"-GTP and M§+-GDP) and residues in Ras, for fluorescence and Mg binding studies at various pHSs.
indicating that hydrogen bond interactions may constitute The mixed buffer was passed through a Bio-Rad Chelex-
the majority of interactions that contribute to high affinity 100 cation exchange resin to remove any trace transition
and specific binding of Ras with M§-GDP or Mg+-GTP ~ Metals, including Mg" (13). Isotope-enriched {{C,"*N])

(10). As such, mechanisms of Ras regulation in which human Harvey-Ras (H-Ras, residueslb6) was expressed
perturbation of hydrogen bond interactions between Ras and®"d Purified as described previouslg4). NMR buffer
its ligand, Mg"-GDP, leads to decreased Ras nucleotide containingd-Tris-maleate (.10 mM), MgGI(S mM), NaCl
binding affinity can be envisioned, a mechanism which (50 mM), GDP (20uM), azide (0.001%), and D (10%)

thereby alters Ras GNE and Ras activity in the cell. Binding was used for NMRpH titration of Ras.

of the Ras-GEF (SOS) to the Ras switch | and Il regions Acqwsm_on anq Analys,ls_, of NMR Spectrdl NMR data
. . ; were acquired using a Varian Inova 600 spectrometer at 298
has been shown to induce conformational changes in Ras

: . . . . : ; . K. The data were processed and analyzed using NMRpipe
leading to dlsruptlon OT multiple interactions, |n_c|ud|ng and NMRview, respectivelyl§, 16). Heteronuclear single-
hydrogen bond interactions, between Ras and itS'Mg . antum correlation (HSQC) NMR spectra, as a function of
nucleotide ligands 7). Mqreover, like the action of R.als pH, were acquired by exchanging*C- and*N-enriched
GEFs, treatmenF of Ras with NO has. been showp to'fa}cmtate Ras sample with NMR buffer that had been adjusted to the
Ras GNE, leading to Ras3TP loading and activatiom  desired pH. Briefly, the Ras NMR sample volume was
vivo (11). We have recently elucidated the chemical process reduced to 10QuL by using a centricon (Millipore). The
of Ras NO modification and its relevance to Ras GNB(  concentrated NMR sample was then diluted to 2 mL with
On the basis of results from these studies, we have proposedreshly prepared NMR buffer, at the desired pH. The diluted
that NO initially reacts with @to produce nitrogen dioxide ~ NMR sample was reconcentrated to 0using a centricon
(*NOy), which in turn reacts with the Ras Gy%thiol (Ras- (final concentration of 0.4 mM). Amide (NH) chemical shift
S'18H) to produce a Ras thiyl radical intermediate (Ra¥5 assignments were obtained previously)( and were used
and a proton (F). Reaction of Ras“$* with NO then to assign resonances detected at different pH values by
generates the end product of the reaction, S-nitrosylated Rasareful inspection of HSQC spectra as a function of pH. The
(Ras-$3NO). Although the previous study demonstrated that amide proton (k) and**N chemical shift changes at each
formation of Ras-8® promotes dissociation of Mg-GDP pH were quantified by using the Pythagorean relation (eq
from Ras, it was also postulated that thé byproduct of 1) (18):
this reaction may also contribute to Raguanine nucleotide
dissociation by perturbing pH-sensitive interactions between ANH = JAH? + (AN/6)? 1)

Ras and its Mg -nucleotide ligands, Mg -GDP and Mg"-
GTP. Whatever the mechanism of Ras GNE, perturbation whereAH andAN Correspond tdH and*®N chemical shift

of hydrogen bond interactions between Ras and®™Mg  changes (parts per million) for a particular NH, respectively.
nucleotide ligands is likely an important driving force in The Hy exchange experiment was initiated by suspending
facilitating Ras GNE. 13C- and®®N-enriched Ras (residues-166) in 100% DO

(pD 6.9), to a final Ras protein concentration of 0.4 mM.
The Ras sample was equilibrated at 298 K for 5 min in the
NMR spectrometer, and the first HSQC spectrum was
acquired 20 min after fD exchange was initiated. Because
of the time required to prepare the sample and set up the
amide exchange experiment, the earliest time point was 20
min. Additional spectra were acquired at 10 min intervals

We have employed NMR and kinetic approaches to
investigate the pH dependence of Rag?"-GDP interac-
tions and Ras GNE. Our results provide fundamental
biophysical information about electrostatic (including hy-
drogen bond) interactions between Ras and*Mg@DP,
which in turn provides insight into how perturbation of pH-

dependent interactions in Ras promotes GNE. Our studiesover a time period of 26970 min. Since the peak intensity
also provide insight into how modulatory agents such as Ras ¢ the GIyt2 NH resonance was insensitive te@exchange
GEFs and .NO regulate Ras_nucleotlide affinity by perturbing jver the experimental time period (970 min), volume
electrostatic Ras1g®"-GDP interactions to promote GNE,  jyteqrals of all observable NH Ras residues were normalized
leading to Ras activatiom »ivo. Our determination of pH- {5 the nonexchangeable NH of Gly NH exchange rate
dependent Ras Mg affinity provides further mechanistic  constantsk,) were obtained by fitting the decrease in peak
information about the role of Mg in Ras-guanine nucle-  intensity as a function of time to a first-order exponential
otide interactions. Altogether, this study provides fundamen- decay using NMRview.

tal yet critical information about binding interactions between  Unlabeled H-Ras (residues-166) was used fo#P NMR
Ras and Mg'-nucleotide ligands, which will aid in under-  studies. Buffers and sample preparation protocols3Br
standing GEF-mediated and, further, NO-mediated mecha-NMR data collection at pH 6.1 and 8.0 were identical to
nisms of Ras GNE. those used for collection of HSQC spectra.
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Determination of NH Chemical Shift-Based ApparenipK
in the RasMg?"-GDP Complex The chemical shift of the
IH and its attachedN nucleus can be detected in a two-
dimensionalH—N HSQC spectrum, and are sensitive to
changes in their electrochemical environment and, as such
are sensitive to changes in pH. Given that tli palues
for protein Hys (K, > 9) are typically beyond the pH range
(5.9-8.0) that was being studied, pH-dependent NH chemical
shifts observed for Ras most likely correspond to proximal
pH-sensitive titrating groups that alter the electrochemical
environment of the NH group that is being investigated. The
pKa values were determined by monitoring pH-dependent
NH chemical shifts and reflect pH-dependent changes in the
chemical environment of Reg?"-GDP functional groups
proximal to the NH groups that are being investigated. Hence,
we will refer to the X, values derived from pH-dependent
NH chemical shifts as apparent NHKpvalues {PPNHK,).
TheaPNHK, values for Ras GDP interacting residues were
determined by fitting pH-dependent NH chemical shift
changes to the monoprotic Hendersdtasselbalch equation
(19). Notably, chemical shift data for pH values ©6.9 and
>8.0 were unavailable, since Ras (residuesl@6) is
unstable outside the pH range from 5.9 to 8.0. &K,
values for certain Ras residues (e.g., Plaad Vaf°) were
estimated by examining the trend of pH-dependent chemical
shifts, since pH-dependent chemical shifts could not be
determined over the pH range required for accurdfg p
determination. For instance, significant NH chemical shifts
for Phet® were observed between pH 5.9 and 6.5, while minor
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Ficure 1: HSQC spectra for wild-type Ras (residues1b6) at
various pHs. NMR data procedures for acquisition, spectra process-
ing, and resonance assignments are described in Materials and
Methods. Contour plots in black, red, blue, and green correspond
to spectra acquired at pH 5.9, 6.5, 7.0, and 8.0, respectively. Most
pH-sensitive residues are circled in red. Critical Rgaanine base
interaction residues in Ras NKCD and SAK motifs are denoted
with black circles. Ras residues that coordinate*?Mare circled

in green.

chemical shifts were observed between pH 6.5 and 8.0. These

data indicate that th#PNHK, values of Ph# must be less
than 5.9 (5.9> aPNHHK ).

Determination of the M& Binding Affinity of Ras at
Various pHs The Mg binding affinity of Ras was estimated
by measuring the dependence of Rag>"-mant-GDP dis-
sociation rate constants on the Mgoncentration at various
pHs at 25°C (20, 21). Ras protein samples were dialyzed
with metal-free buffer to remove Mg ions, and Mg"-free
mixed buffer was used for all Mg binding assays.

Analysis of Ras StructureBDB coordinates for Ras NMR
solution structures (1AA9, 1CRQ, and 1CRR for Rag?*-
GDP) and crystal structures (1Q21 and 4Q21 for-Rigg+-
GDP and 1QRA for Rad#g?t-GTP) were employed for the
examination of the Rablg®t-guanine nucleotide ligand
structures.

RESULTS

Although the NMR pH titration of H-Ras (residues-166)
was limited to the pH range from 5.9 to 8.0 due to the
instability of RasMg?t-GDP, the pH titration conducted in

switch | and switch Il (Figure 1, green circle). These regions
of Ras form interactions with Mg and the o- and
B-phosphates of bound GDP, primarily through hydrogen
bonds. In detail, significant pH-dependent NH chemical shift
changes corresponding to Ras switch | residueg®P¥ial?®,
Asp®®, and Th#5, as well as switch Il residues AZpand
Thr®8, were observed over the pH range of 580 (Figure
2 and Table 1). Minor NH chemical shift changes are also
observed for P-loop residue Se¢Figure 2 and Table 1); in
contrast, NH chemical shifts associated with residues in the
conserved nucleotide base binding motifs (NKCD/SAK) and
nucleotide phosphate binding P-loop residues are virtually
unchanged (Figures 1 (black circle) and 2 and Table 1).
Slow Hy exchange rates were observed for residues in the
NKCD/SAK matifs, the nucleotide phosphate binding P-loop
residues, and switch Il residue A$gTable 1). In contrast,
a moderate K exchange rate was observed for switch Il
residue Thtd, and fast | exchange rates were observed for
switch | residues (particularly PHe-Asp®9), including Mg?™
coordination residues. These NMR results suggest a cor-
relation between residues that possess fastéhange rates

this study encompasses a physiologically relevant pH regimeand the most pH-Sensitive residues in Ras, with the exception

for Ras.*H—'N HSQC spectra were acquired on Rdg>*-
GDP over a pH range of 5:8.0 to determine the amide
protons (H) in Ras that are sensitive to pH changes.
Although pH-dependent amide (NH) chemical shifts are

of Set’.

Analysis of pH-Dependent Perturbation of Ras Residues
in Switch | The NMR studies show that the NH resonances
corresponding to Ras switch | residues Bh&/al?®, and

observed for residues outside the guanine nucleotide-bindingAsp*® are sensitive to changes in pH over the range of-5.9

site (such as A$p and GIrf®), we have focused on pH-

8.0 (Figure 3 and Table 1), with an estimaf@®NbK, of

dependent NH chemical shifts associated with Ras residues<5.9. Analysis of RadMg?"-GDP NMR solution structures

that interact with the M# -nucleotide ligand. As shown in
Figure 1, these pH-dependent NH chemical shiftd)(are
localized to regions of Ras corresponding to the P-loop,

(PDB entries 1AA9, 1CRQ, and 1CRR) indicates the
presence of multiple electrostatic interactions (including
hydrogen bond interactions) associated with the?Phasp®°
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Ao Thr® is within the Ras switch | region and possesses a
09 F <E> ﬁ E} small pH-sensitive NH chemical shift and fast Eixchange
Tos L rate. Interestingly, while the T#rNH forms a hydrogen bond
g or L interaction with a GTPy-phosphate oxygen atom in Ras
€ Mg?t-GTP complexes, this interaction is not present in‘Ras
w06 Mg?"-GDP complexes. Hence, it is likely that the pH
Sos | dependence and\Hexchange rate associated with Ftwill
§ 0.4 differ between GTP- and GDP-bound forms of Rag8)(In
% 03 both the NMR (PDB entry 1AA9) and X-ray structures (PDB
= entries 1Q21 and 4Q21) of R&g?"-GDP, Th#® is further
g 2 removed from the guanine nucleotide-binding pocket but the
0.1 distance varies in all three structures. This likely reflects
0.0 increased dynamics of loop 2 in Rg?"-GDP versus Ras
1 11 21 31 41 51 61 71 81 91 101111 121131141151 161 Mg?"-GTP complexesq2). Given the weak pH dependence
Ras Residues (1-166) and@PNHK, of 6.2, the pH sensitivity of the THrNH may

reflect transient hydrogen bond interactions, either directly
or indirectly with Mg?*-bound HO.

Analysis of pH-Dependent NH Chemical Shifts Associated
with Ras Residues in the P-Loop and the Switch Il Region
Our NMR results indicate that the NH backbone resonances
of Ras switch Il residues involved in interactions with #g
are susceptible to Hmediated chemical shift perturbation.
Analysis of NMR solution structures (PDB entries 1AA9,
1CRQ, and 1CRR) indicates that side chains of-Sarthe
P-loop and Asp’ in the switch Il DxxG motif form
interactions with the nucleotide- andS-phosphates as well
as Mg, either directly and indirectly via water molecules.
The analysis also shows that the distances from the side chain
of Asp?” to Hys of Aspp’ and ThF® are 2.68 and 2.07 A,
respectively. We have not been able to observe the carboxyl
side chain resonance associated with Asp H(CA)CO
experiments modified for detection of side chain carboxyl
groups (data not shown). Our inability to detect this
resonance may be due to chemical exchange 6f"Nrgm
RasGDP (20, 21) resulting in line broadening of the A%p
3C carboxyl resonance. We postulate that the *Aside
FIGURE 2: pH-dependent wild-type Ras chemical shift changes. chain exists primarily in its carboxylate form over the pH
(A) NH chemical shifts Ad) of Ras residues as a function of pH range from 5.9 to 8.0 (Figure 5), since the protonated from

5.9-8.0 were calculated using eq 1. Arrow bars denoted-as a - - . o .
represent switch I, switch II, the Ras NKCD motif, and the Ras (carboxylic acid) of the Asjs side chain is unlikely to form

SAK motif, respectively. (B) Ribbon diagram of Ras highlighting Mmultiple hydrogen bonds with NHs of Aspand ThP® or a
pH-sensitive Ks. The NH chemical shifts shown in panel A were proton of the hydroxyl group of S€r If the pK; of the Asp’
categorized into four groups, negligible-Q.00 ppm), small  side chain is approximately 4, the A8mide chain will be

(~0.00-0.05 ppm), medium (0.650.20 ppm), and large>0.20 ; P :
opm) changes, which are represented in gray, gold, magenta, anodeprotonated over the pH range that is being investigated,

red, respectively. Nucleotide and Kigare colored blue and green, ~and the®?P"pK, values derived from the pH dependence of
respectively. This figure was generated using MOLMQ@B)(using both the Asp’ and ThP® NH resonances will not be
Ras PDB entry 1QRA. significantly influenced by their hydrogen bond inter-
actions with the Asp side chain carboxylate. Indeed,
apPNHHK , values of Asp’ and ThP® are estimated to be 7.2
and 6.8, respectively, which do not correlate with the lower
pKa (presumably~4) associated with an Asp side chain
(Table 1).

Although we cannot eliminate the possibility that the Ksp

residues (Figure 5). The carbonyl oxygen of Asjs
unusually close to its carboxyl side chain with a distance of
2.49 A. Moreover, the ks for Asp® and VaP are tightly
packed with a hydrogen atom on the side chain of?Pae

a_dlstanc_e of 2.05 and 2.12 A, re_spect|vely, and the phenyl side chain titrates in the pH range that is being studied, the
side chain of P packs perpendicular to the guanine base 1,,¢t yeasonable candidate that can account for the pH
via a stabilizing hydrophobic interaction (Figure 5). Although sensitivity of the Asfy and ThF8 NH resonances is Mg-

itis intriguing to speculate that the electrostatic interactions po nd HO. A possible [, range for the titratable Mg-
between Asf/Val*® Hys and the side chain hydrogen atom pound HO is 6.8-7.2, since thé”NHK, values estimated

of Phé® are perturbed by pHP"pK, estimated to be<5.9),  from NH chemical shifts of Asff and ThP8 are 6.8 and 7.2,
the pH dependence of such interactions has not yet beerrespectively (Table 1). Both Ras crystal and NMR solution
investigated, and thus, further studies are required to structures clearly depict a link between Mgthe Asp” side
determine whether pH perturbations of these interactions chain, and thes-phosphate of Ras-bound GDP. As shown
affect RasMg?*-GDP binding interactions. in Figure 5, the s of Asp” and ThP® have been predicted
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Table 1: Determination of Apparent NH<p Values for pH-Sensitive kb and Rates of NH Exchange for Residues Involved in Nucleotide

Binding
total chemical Kex (x 1073 total chemical ke (x 1072

region residue  shift (ppm} appNHpK P min—1) region residue  shift (ppm}y appNHHK P min~1)
M? ~0.0000 ND >150.00 sl ~0.0000 ND ~0.00

T? ~0.0000 ND >150.00 NS 0.1386 NM ~0.00

= 0.1156 NM >150.00 N6 ~0.0000 ND 0.03

Y4 ~0.0000 ND >150.00 T’ ~0.0000 ND 0.26

K5 ~0.0000 ND >150.00 K8 ~0.0000 ND ~0.00

L6 ~0.0000 ND 0.98 g0 0.0489 NM 0.14

V7 ~0.0000 ND 0.07 PO ~0.0000 ND 0.11
Ve 0.0503 NM ~0.00 = 0.0415 >8.0 0.33
A ~0.0000 ND 0.08 2 0.1241 <5.9 0.21
G10 0.1922 NM 0.01 3 0.0010 6.9+ 2.1 2.61

Al ~0.0000 ND 4.56 H4 0.0113 6.3+ 1.6 ~0.00

nucleotide G2 ~0.0000 ND 0.61 Q° 0.4111 7212 ~0.00
phosphate-binding G ~0.0000 ND ~0.00 Y96 0.0002 ND 12.23
residues V4 ~0.0000 ND 8.12 R7 ~0.0000 ND ~0.00
G5 ~0.0000 NM 0.15 = ~0.0000 ND ~0.00

K16 0.0001 NM 0.34 Q° ~0.0000 ND ~0.00

s 0.0522 7227 0.61 foo 0.0530 NM ~0.00

A8 ~0.0000 ND 0.69 Kio1 ~0.0000 ND 0.60

L1 ~0.0000 ND ~0.00 Ro2 ~0.0000 ND ~0.00

T20 ~0.0000 ND 0.11 V103 ~0.0000 ND 9.06

|2 ~0.0000 ND ~0.00 K04 ~0.0000 ND ~0.00

Q?*? ~0.0000 ND 0.08 DHos ~0.0000 ND ~0.00

L2 ~0.0000 ND ~0.00 S06 0.0366 NM ~0.00

|24 ~0.0000 ND 0.34 D7 0.1028 NM ~0.00

Q% 0.1726 7.31.4 >150.00 B ~0.0000 ND ~0.00

N26 0.1508 6.8+ 1.3 53.45 \}09 ~0.0000 ND ~0.00

H?7 0.0129 <6.2 2.55 pio ND¢ ND¢ ND¢

F28 0.4077 <5.9 >150.00 ML 0.1869 NM ~0.00

V29 0.1581 <5.9 >150.00 \112 ~0.0000 ND ~0.00

D30 0.0486 <5.9 >150.00 [213 0.0440 NM 0.22

B3 0.0890 7.1+£29 >150.00 \A14 0.0359 NM 0.09

switch | Y3 ~0.0000 ND >150.00 Gt ~0.0000 ND 0.02
D33 ~0.0000 ND >150.00 N116 ~0.0000 ND 0.89

ps4 NDd ND¢ NDd . K17 ~0.0000 ND 0.07

T35 0.0696 6.2£22  >15000  NKCD motif e ~0.0000 ND 0.23

|36 0.0112 7.1+ 1.9 >150.00 D9 ~0.0000 ND 0.63

= 0.0194 <59 >150.00 [120 ~0.0000 ND 0.60

D38 0.0265 <5.9 >150.00 AL ~0.0000 ND 1.54

S 0.0443 <5.9 >150.00 A22 ~0.0000 ND 1.48

Y40 ~0.0000 ND >150.00 R% ~0.0000 ND 30.78

R4 ~0.0000 ND 1.68 24 ~0.0000 ND ~0.00

K42 ~0.0000 ND ~0.00 125 ~0.0000 ND ~0.00

Qe ~0.0000 ND 5.21 B26 ~0.0000 ND 48.10

\/44 ~0.0000 ND ~0.00 S ~0.0000 ND ~0.00

V45 ~0.0000 ND ~0.00 R28 ~0.0000 ND ~0.00

|46 ~0.0000 ND ~0.00 (e ~0.0000 ND ~0.00

D47 ~0.0000 ND 0.44 A0 ~0.0000 ND ~0.00

G*8 ~0.0000 ND ~0.00 Qs ~0.0000 ND 4.46

E*° 0.0718 74+ 1.1 ~0.00 D2 ~0.0000 ND 1.43

TS0 ~0.0000 ND 5.61 L1338 ~0.0000 ND ~0.00

(o ~0.0000 ND ~0.00 A4 ~0.0000 ND 0.01

L52 ~0.0000 ND 0.03 R3S 0.2118 NM 0.19

LS8 ~0.0000 ND 1.04 S36 ~0.0000 ND 9.85

D5 0.1721 6.5+ 1.6 ~0.00 Y137 0.0754 NM 2.45

|55 ~0.0000 ND ~0.00 Gse ~0.0000 ND ~0.00

L56 ~0.0000 ND ~0.00 fr39 ~0.0000 ND 0.00

D57 0.0676 7.2+-2.6 0.94 po ND¢ ND¢ ND¢

. T8 0.8232 6.8 1.5 17.19 4t ~0.0000 ND 0.09
switch I A% 00549  6.1£27  >150.00 fa2 00240  NM 9.29
G50 ~0.0000 ND >150.00 g4 ~0.0000 ND 0.14

Qst ~0.0000 ND >150.00 T4 ~0.0000 ND 3.30

E6? ~0.0000 ND >150.00 Sl45 ~0.0000 ND ~0.00

ESS ~0.0000 ND >150.00 SAK motif A6 0.0007 6.3+ 3.6 ~0.00

Y64 ~0.0000 ND >150.00 K47 0.0002 6.4+ 2.0 ~0.00

S5 ~0.0000 ND >150.00 T8 0.0000 ND 0.41

A®6 ~0.0000 ND >150.00 R#° ~0.0000 ND ~0.00

Mmé7? 0.0646 >8.0 >150.00 Q3 ~0.0000 ND ~0.00

R%8 0.0822 NM >150.00 ex ~0.0000 ND ~0.00

Do? ~0.0000 ND >150.00 \152 ~0.0000 ND ~0.00

70 ~0.0000 ND >150.00 g5 ~0.0000 ND 2.62

Y7 ~0.0000 ND 31.37 B ~0.0000 ND 68.77

M72 ~0.0000 ND ~0.00 ALSS ~0.0000 ND 79.38

R™ 0.0744 NM ~0.00 ps6 0.1192 NM 0.09
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Table | (Continued)

total chemical ke (x 1078 total chemical ke (x 1078
region residue shift (ppm} aPPNHK P min~?) region residue shift (ppmy: aPPNHK P min~?)

T™ 0.0348 NM 0.90 Yis? ~0.0000 ND 0.05
G” 0.1130 NM ~0.00 T8 0.0602 NM ~0.00
(= ~0.0000 ND 7.16 1150 0.1241 NM 0.17
G’ 0.0474 N 5.58 /260 0.0754 NM 0.07
Fe ~0.0000 ND ~0.00 R6L ~0.0000 ND 0.18
L™ 0.1761 N ~0.00 E62 ~0.0000 ND 2.32
ceo ~0.0000 ND 0.04 [63 ~0.0000 ND ~0.00
vl ~0.0000 ND 0.06 Ro&4 ~0.0000 ND 0.04
Fe2 ~0.0000 ND 0.03 Q% 0.0679 NM 23.08
AB3 ~0.0000 ND 0.20 He6 0.3139 NM >150.00

aTotal NH chemical shifts 40) were calculated using eq 1. Errors (standard deviation, SD) for the values presented were less than 0.0002.
b Chemical shift-based apparent N pvalues {PNK,) for GDP interaction residues were determined by fitting quantified pH-dependent NH
chemical shift changes to the monoprotic Hendergdasselbalch equation (detailed in Figure 3). The method used to detekminedescribed
in Materials and Method$?? values and the SD for the determinieglvalues are greater than 0.9000 and less than 9.0@ 2 min~?, respectively.
¢ Hy exchange rate. PreciseyHxchange rates for some Ras resonances are unavailable sincgsthsddciated with these residues underwent
deuterium exchange by the time the first HSQC spectrum was acquired (20 min). Peak intensities smaller than 5% (0.05 as a fraction) of the
original peak intensity were not quantified. The exponential decay equation can be expressgd=ag %!, whereFyu, kex, andt equal the
fraction of the remaining NH peak intensity, the rate gf #&kchange, and time, respectively. This assumption in combination with the exponential
decay equation simplified to 0.05 e %, Solving the equation fokex (whereFyy = 0.05 andt = 20 min) provides approximate rates of fast NH
chemical shifts of>150 x 10-2 min~. 9 Not determined because these residues are not directly involved in thegRasine nucleotide binding
interactions® Not measurable because of indistinguishable chemical shifts.

to form hydrogen bonds with th&phosphate of Ras-bound a pH range from 5.9 to 8.0, indicating that interactions
GDP via the Asp’ carboxylate side chain. Therefore, the between these motifs and the guanine nucleotide ligand are

electronic state of these functional groups, the GFhos- insensitive to pH changes at the physiological pH regime.
phate and the kb of Asp’ and ThP8, may influence the Moreover, His associated with residues in the NKCD/SAK
pH-dependent NH chemical shifts of Agpand Thpe. motifs exhibit much slower [l exchange rates than Ras

However, as shown in Figure 6, tA# resonances of Ras- switch | and Il residues (Table 1). Despite the fact that the
bound GDP do not shift between pH 6.1 and 8.0, indicating residues in the NKCD/SAK motifs are located in loop regions
that the-phosphate of Ras-bound GDP is insensitive to pH of Ras, which are generally more accessible to solvent
changes over this pH range. As the oxygen atom of the Ras-exchange than NHs contained in secondary structure elements
bound GDPg-phosphate coordinates the A$gide chain (Figure 2B), the NMR results demonstrate thatrelsonances
(Figure 5), alteration of Mg binding coordination by  associated with residues in the NKCD and SAK motifs are
mutation of Asp’ to alanine is expected to influence the resistant to pH perturbations under physiological conditions
chemical environment of th&phosphate of Ras-bound GDP  and less accessible to solvent exchange than residues in the
and perturb théP chemical shifts of Ras-boungtphos- switch regions of Ras. Notably, mutations in these conserved
phate. John et al2(), however, have shown that mutation guanine nucleotide-binding motifs dramatically reduce gua-
of Asp®” to Ala (D57A) in Ras drastically decreases g nine nucleotide binding affinity and greatly enhance GDP
binding affinity, resulting in reduced Raguanine nucleotide  dissociation rate2B—25). We therefore propose that binding
binding affinity, but surprisingly, no significafi-phosphate interactions between Mg-GDP and the residues in the
3P NMR chemical shifts in Ras D57A were observ@@,( NKCD/SAK loops limit the solvent accessibility of residues
21). We are currently unable to provide a reasonable in the NKCD/SAK motifs, resulting in highly solvent
explanation for the inconsistencies between kinetic #Rd protected HN resonances. The NH resonances corresponding
NMR results observed in this study and previous studi®s ( to residues GRp and Lys® in the P-loop were also fairly
27). insensitive to changes over a pH range of-83 and
The Hys of Set?, Asp®’, and ThP® form multiple hydrogen  exhibited slow K, exchange rates (Table 1), suggesting that
bond interactions with the A8pside chain, suggesting that the binding interactions between nucleotide phosphate and
the Hys associated with these residues may be less accessibl®-loop residues are also likely to be unaffected by H
to solvent exchange. Consistent with these analyses, we havenediated perturbations in the physiological pH range.
observed that Ras nucleotide phosphate-binding residues, Kinetics of pH-Dependent Dissociation of Kgrom the
including Set” and Asp’, exhibit slow Hy exchange rates  RassMg?*-GDP Complex Our NMR results are further
(Table 1). On the other hand, faskxchange rates were supported by kinetic studies showing that the binding of
observed for Ras firesonances (e.g., A that are not Mg?" in nucleotide complexes of Ras is susceptible to the
involved in Ras-guanine nucleotide binding interactions. H™-mediated perturbation. As illustrated in Figures 1 and 2,
Intriguingly, a moderate klexchange rate was observed for NH resonances corresponding to residues in Ras involved
the Hy of Thr®8. A possible explanation for these observations in Mg?" coordination are quite sensitive to changes in pH,
is that the K, of Thr®® is more solvent-exposed relative to indicating that the apparent dissociation constant of"Mg
the Asp’ Hy, whereas the ASP Hy is more protected from  in Ras nucleotide complexes is pH-dependent (Figure 4A,B).
the solvent than the jof Ala®. Guanine nucleotide dissociation rates at pB.9 could not
Analysis of pH-Insensite Ras-Guanine Nucleotide Bind-  be measured because of the instability of Ras in this pH
ing Interactions NH resonances associated with residues in range. Hence, the low-pH asymptotic profile (Figure 4B,
the NKCD/SAK motifs are not perturbed by pH changes over inset) associated with the apparekt plescribing dissociation
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guanine nucleotide-binding residugsd-dependent NH chemical
shifts (Ad) for (A) Sef? (O) and Asjy’ (M) or (B) Pheé8 (O) and 0 2 4 6 8 10 12
Val?® (@) were plotted against pH. The plots were fit to the Mg?* (uM)

(rjneoprg]%rggtc a’;gg%i?&?‘;ﬁfsg)bsgseﬂg? SQHOLOS %l;t;’:l ﬂl_t'g%)_pH FiIGURE 4: Analysis of pH-dependent Ras kfgbinding affinity.
Errors in the"NhK , values are denoted with the standard deviation @S 10aded with mant-GDP (LM) was transferred into a
(SD). SD values forPPNK, values outside the pH range of 5.9 fluqrescence assay cuvette containing unlabeled GDEI(/BO;nd
8.0 were not included, since the estimated values were not fit using V2fious concentrations of Mg (0—10 uM) in metal-free mixed

the monoprotic HenderserHasselbalch equation, but rather esti- (tj).uffer.. (t'A) Thfe dectrgalsss f'n flulgrescence |nt$n5|3/ due tot.the
mated from visual estimation. issociation of mant- rom Ras was monitored over a time

period 0-1000 s at 25°C (pH adjusted at 6.0)29). (B) Mg?*

2+ i concentration-dependent mant-GDP dissociation of Ras at different
of Mg®" from Ras nucleotide complexe$pKp_yy,) does pHs was assessed with a procedure identical to that shown in panel

not allow accurate determination of thi&pKp-ug value. A except that the sample pH was varied. The?¥goncentration-
Notwithstanding, th€pKp-wg value estimated in this study  dependent mant-GDP dissociation rates at various pHs were
is comparable to the previously determined apparent mono-determined by fitting to a single-exponential decay and plotted

protic pK, describing dissociation of GDP from Ras nucle- ?Qaif&St cor&cert\tratiotnsG %fp'\?[? In thet_inset, tthe M@; cotncetntra-h Ny
, ion-dependent mant- issociation rate constants at each p
otide complexes'tpKo-cor) (12). We therefore suggestthat oo 30 an equation for hyperbolic decrease, to estimatéghe
pH-medlateq perturbation of binding .of I@_r'gfrom Ras of Mg?* for Ras at various pHs. Thip of Mg?" for Ras was
correlates with pH-dependent nucleotide dissociation from plotted against pH, and fit to a monoprotic Hendersbiasselbalch

Ras. equation 19), which gave an apparenKpdescribing dissociation
of Mg?* from Ras PpKp_ng) of 5.9+ 2.1 (R2 = 0.9454). A best-
DISCUSSION fit plot using the HendersonHasselbalch equation, with an

aPpKp-mg Of 5.9, is enforced, and only the asymptotes are allowed
Ras GTPase activity is believed to be primarily regulated to float.

by factors that modulate guanine nucleotide binding affinity
(GEFs and NO) or GTPase activity (GAP$8). In this additional insights into RasGAP binding interactions that
study, we have investigated the relationship between pH, NH promote enhanced Ra&TP hydrolysis.
solvent protection, MY binding affinity, and Mg"-GDP pH-Sensitie Ras Residues and Redmce to Ras GEF-
binding affinity to better understand how Ras GNE is Mediated GNE The Ras-specific GEF, SOS (Son of sev-
regulated by GEFs and NO. Moreover, our results provide enless), regulates Ras activity by facilitating Ras GNE (
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Ficure 5: Schematic view of RasGDP (GTP) interactions. pH-sensitive NHs within Ras are shown in magef®t®%0.20 ppm) and

red (>0.20 ppm). M@" ion and its coordination with water molecules are shown in green, while GDP is in blue apepti@sphate of
GTP in sky blue. Hydrogen bond interactions are shown as dashed lines. Areamatiaatic interaction between the Phside chain and
guanine nucleotide base is shown as a pair of wavy lines, and putative electrostatic repulsive interactions betvaad ¥Xafi° are
represented by )(. Mg coordinates six ligands in the Ras NMR solution structure (PDB entry 1AA9); some of tAé-ddgrdinated
ligands were expressed as L. The nucleotide interaction with Ras residitfé wgs omitted for convenience. The schematic presentation
of Ras residues involved in interactions with Meguanine nucleotide ligands (Mg GDP and Mg*-GTP) is based on the NMR solution
structure 1AA9 (GDRMg?™-Ras complex) and X-ray crystal structure 1QRA (GWIig2"-Ras complex), although atomic distances and
their relative positions were changed arbitrarily for presentation.

Although structures of SOSRas complexes corresponding residues that coordinate Migbound water in the switch I

to the various reaction steps are not available, a mechanisnregion possess neutr@PNtK, values. We anticipated that
for SOS-mediated GNE on Ras has been proposed on thehe apparentIf, describing dissociation of Mg from Ras
basis of the crystal structure of Ras in a binary complex with nucleotide complexes, théPpKp-ug, would correlate with
the SOS Ras GEF domain combined with kinetic data on thePNHK, values for residues in the switch Il region, since
wild-type and mutant proteins7( 26). In the proposed the primary M@" coordination residues critical for high-
mechanism, the binding of the SOS GEF domain to Ras affinity Ras—guanine nucleotide binding interactions are
causes structural perturbations in switch | due to insertion located in the Ras switch Il regior2@, 21). However, the

of two helices (H and I) from SOS. In addition, insertion of 2PpKp_yg value of 5.9 shows a better correlation with the
side chains of Lel# and GI#*?from the SOS GEF domain  2PNHK, for pH-sensitive NH resonances corresponding to
into the Ras switch Il region destabilizes the Ras-bound residues in switch I. A possible explanation for these results
nucleotide by perturbing Mg coordination as well as the s that H-mediated perturbation of the switch | region may
spatial orientation of Ly§ in the P-loop, a residue connected alter the conformation of switch Il. This may, in turn, perturb
to Set’. The data, taken together, suggest that associationRasMg?*-nucleotide ligand binding interactions resulting in
of the SOS GEF domain with Ras competes with?Mg release of Mg", thus enhancing dissociation of guanine
guanine nucleotide interactions, thereby promoting releasenucleotide from Ras. Further studies will be required to

of the bound Mg"-guanine nucleotide ligand from Ras. elucidate how the conformation of the Rtgcoordinated
Our NMR results indicate that residues in switch | (Bhe residues in switch Il may be affected by pH-sensitive residues

Asp®) as well as residues involved in Mgbinding (Asp’ in the switch | region of Ras.

and ThP8 in switch Il and P-loop residue Séy are solvent pH-Sensitve NH Resonances in Ras and Ralece to NO-

accessible and sensitive to physiological pH changes. Intrigu-Mediated Ras GNEWe have recently investigated the
ingly, perturbations are observed in these same residues upomechanism by which NO mediates Ras GNE, and found that
SOS binding to Ras, indicating that certain residues in the it proceeds by a radical-based mechanidi®).(We have
switch | and Il regions of Ras may impart an energetically proposed that reaction of NO in the presence ppfoduces
favorable binding milieu necessary for SOS-mediated GNE *NO,, which then reacts with the Ras G¥#&hiol (Ras-3%H)
of Ras. to produce a Rasthiyl radical intermediate (Ras'%) and

Our results indicate that pH-sensitive NH resonances a H'. The Ras-5%, in turn, reacts with NO to produce
associated with the Ras switch | region posses¥apK, S-nitrosylated Ras (Ras*aNO). We have further shown that
of <5.9, whereas the NH resonances corresponding to Rast is the Ras radical intermediate, proposed to be R&%;S
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exist, such reactions are unlikely to perturb pH-dependent

pH 6.1 Ras-guanine nucleotide binding interactions.
B-phosphate Since the H-producing site on Ras, Ras!$H, is con-
a-phosphate tained within the NKCD/SAK motifs of Ras and forms

critical hydrogen bond interactions with the guanine base,
we previously proposed that the"Hbyproduct may partici-
pate in promoting Ras GNE by perturbing these interactions
(12). To delineate the role of the Hbyproduct in NO-
mediated Ras GNE, we conducted a comparative kinetic
analysis of Rasguanine nucleotide dissociation rates as a
function of pH in the presence and absenceN®, (12).
Results from this study showed that whereas stimulation of
Ras-guanine nucleotide dissociation YO, treatment ¢ 1
M\)\V\N uM) was significant & 100-fold), the observed enhancement

in guanine nucleotide dissociation as a function of pH (2
pH units, from 8.0 to 5.9) was reducedLO-fold relative to
S T St St R S A R S P P that observed in the presencelD, (GNE stimulated~15-
3P (ppm) fold). These results indicate teO,-mediated Rasguanine
nucleotide dissociation is primarily driven by Ra¥¥as
opposed to F-mediated guanine nucleotide dissociation, yet
pH 8.0 it was unclear how a reduction in pH from 8 to 5.9 led to
stimulation of Ras-guanine nucleotide dissociation. Results
obtained from this study demonstrate that hydrogen bond
and/or electrostatic interactions between the guanine nucle-
otide base of GDP and residues in the Ras NKCD/SAK
motifs are not sensitive to Hmediated perturbation over a
pH range from 5.9 to 8.0. In contrast, since the Ras switch
I and Il regions appear to be sensitive to pH changes, a
reduction in pH may perturb pH-sensitive interactions with
Mg?"-GDP. These results suggest thatsHformed by
reaction of Ras antNO, are unlikely to directly perturb the
hydrogen bond interactions between the Ras NKCD/SAK
motifs and the guanine nucleotide base. Although it is
conceivable that H produced from the reaction of Ras and
*NO, may migrate to the pH-sensitive Ras regions (switch |
U T T T T T T 2 R I O T and ) to perturb M@"-guanine nucleotide ligand interac-
3P (ppm) tions, it is more likely that Fis generated from reaction of
FIGURE 6: 3P spectra of Ras-bound GDP. Resonances correspond-RaS. aT‘d NO diffuse away from Ras since the Cyside
ing to the - and B-phosphates of GDP at pH 6.1 and 8.0 are chain is exposed to the solvent. Hence, results from these
indicated. analyses indicate thatHmediated enhancement of Ras
guanine nucleotide dissociatiofd) is most likely due to
not the Ras-88NO end product, that promotes NO-mediated the titration of pH-sensitive Ras switch | and Il functional

Ras GNE under aerobic conditions. The Ra%¥s$ pK, is groups, rather than titration of functional groups contained
expected to be similar to those of free cysteine and within the Ras NKCD/SAK motifs.
glutathione (K, ~ 9) (19), since the Ras*$H thiol moiety pH-Sensitie Ras Residues and Redece to Ras GAP-

is highly solvent exposed in wild-type Ras structur@slLQ). Mediated Ras GTPase Adtly. The Ras specific GAP,
Therefore, at the physiological pH (i.e., pH 7.5), the Ras p12(°*", also binds to the switch | and Il regions of Ras
Cys'8 thiol group most likely exists as a thiol (Ra$t%H) (6). However, the residues in Ras that interact with GAP
rather than a thiolate (Ras“8"). Given the solvent acces- differ from residues of Ras that interact with SOS. GAP
sibility of the Ras-$'*H thiol side chain and the redox interacts with Ras residues P§rPrc®, and ll€8in the switch
potential of free thiols Z7), it is likely that *NO, directly | region that overlap with the Ras effector-binding region,
reacts with Ras“8*H to produce Ras*$* and a H as well as GIA—Tyr%* in the switch Il region ). In contrast
byproduct. However, since free thiolates have lower redox to SOS-interacting Ras residues, however, these GAP-
potentials than free thiol27), it is possible that, under our interacting Ras residues show neither pH-sensitive NMR
experimental conditions, the thiol moiety of Ra%¥®H chemical shifts nor fast flexchange rates. Unlike SOS, GAP
dissociates to Rast$~ and H" prior to reaction witltNO,, interacts with Ras to enhance Ras GTPase activity, which
to produce Ras*$NO. Notwithstanding, although we favor does not necessarily require perturbation of the binding
the radical-based mechanism for Ras NO modification as interactions between the nucleotide ligand and the Ras switch
detailed above, it is important to note that all possible |and Il residues. Therefore, previous findings that Ras GAPs
S-nitrosylation mechanisms that have been proposed producelo not decrease the affinity between Ras and GDP are
a H" (derived from the reactive SH) as a reaction byproduct consistent with our NMR observations that the NH reso-
(12). If pH-independent mechanisms of nitrosothiol formation nances associated with GAP-interacting residues in Ras are
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not solvent accessible and are also insensitive to small

changes in pH.

CONCLUSION

On the basis of our results in conjunction with the previous
studies, we postulate that electrostatic interactions involving

Ras Md"-binding residues, in particular, Pie Asp® in
switch | and Asp’ and ThPg in switch Il of Ras, appear to
be coupled to pH-dependent Ras M@pinding and guanine

nucleotide binding affinity and thus are sensitive to protein

protein or pH perturbations. Perturbation of Rasianine

nucleotide binding interactions by these agents leads to
enhancement of Ras GNE and modulation of cellular Ras

activity.
Results obtained from this study do not provide informa-

tion regarding hydrophobic interactions between Ras and its

Mg?*-guanine nucleotide ligands. Additional investigation
of these types of interactions may aid in further elucidating
energetic contributions responsible for high-specificity and
high-affinity binding interactions between Ras and its?Mg

guanine nucleotide ligands. This information, in turn, may
provide further insights into how various agents modulate
Ras nucleotide binding affinity and thus cellular Ras activity.
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