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ABSTRACT. As a molecular switch, thas protein p21 undergoes structural changes that couple recognition
sites on the protein surface to the guanine nuclestitiealent metal ion binding site. X-ray crystallographic
studies of p21 suggest that coordination between threonine-35 and the divalent metal ion plays an important
role in these conformational changes. Recent ESEEM studies of p21 in solution, however, place threonine-
35 more distant from the metal and were interpreted as weak or indirect coordination of this residue. We
report high frequency (139.5 GHz) EPR spectroscopy ofida{ll) complexes of two guanine nucleotides

that probes the link between threonine-35 and the divalent metal ion. By analysis of high-frequency EPR
spectra, we determine the number of water molecules in the first coordination sphere of the manganous
ion to be four in p2iMn(Il)-GDP, consistent with prior low-frequency EPR and X-ray crystallographic
studies. In the complex of p21 with a GTP analog, p&i(ll) -GMPPNP, we determine the hydration
number to be 2, also consistent with crystal structures. This result rules out indirect coordination of
threonine-35 in the solution structure of pRIN(I1) -GMPPNP, and implicates direct, weak coordination

of this residue as suggested by Halkides et al. [(18d¢hemistry 334019]. The'’O hyperfine coupling
constant of H'O is determined as 0.25 mT in the GDP form and 0.28 mT in the GTP form. These
values are similar to reported values ¥®@-enriched aquo ligands and some phosphato ligands in Mn(ll)
complexes. The high magnetic field strength (4.9 T) employed in these 139.5 GHz EPR measurements
leads to a narrowing of the Mn(Il) EPR lines that facilitates the determinatidi©dfiyperfine interactions.

The proteirras p21* (hereafter referred to as p21) belongs two forms, binding, alternately, the divalent metal ion
to the important family of homologous GTP-hydrolyzing complexes of GTP or GDP (Milburn et al., 1990). Interac-
proteins, which also includes elongation factors (exemplified tions of p21 with other proteins in the signaling pathway
by EF-Tu) and thex subunits of heterotrimeric G proteins regulate the cycling between the two forms. Likewise, p21
(Bourne et al., 1990) among its widely-studied members. p21 transmits a signal for cell growth or differentiation through
transduces and amplifies signals regulating cell growth and binding to its principal downstream effector, Raf-1 (Shirouzu
differentiation (Bourne et al., 1991). p21 cycles between et al., 1994). The GTP form of p21 transduces the signals
promoting cell growth or differentiation, while the GDP form
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1 Abbreviations: ras, theras gene; p21, product of thes gene; N, et a-v_ ), an . \ (Pai et al., : ) have been
neuroblastoma; H, Harvey; GAP, GTPase-activating protein; EF-Tu, examined by X-ray diffraction. These studies suggest that
elongation factor Tu; EPR, electron paramggnetic resonance; ESEEM.the function of p21 as a molecular switch is linked to
electron spin-echo envelope modulation; NMR, nuclear magnetic conformational differences between the GDP form and GTP

resonance; ENDOR, electromuclear double resonance; GDP, gua- . .
nosine 5diphosphate; GTP, guanosiné-tBphosphate; GMPPNP, ~ form of p21. The conformational changes at the nucleotide

guanosine 5(B,y-imidotriphosphate); GMPPCP, guanosine(y- binding site are apparently coupled to two highly exposed
methylenetriphosphated, the firsta-helix of p21 (residues 526);  sjtes on the protein surface. These sites, which are part of
o, the s_econdx-hellx of p21 (residues 6775); 44, the flrst loop of the Switch | (amino acid residues -308) and Switch I

p21 (residues 10614); i, the second loop of p21 (residues-237);

A4, the fourth loop of p21 (residues 586); R, inorganic phosphate;  (residues 6676) regions, are also part of the recognition
ADP, adenosine'sdiphosphate; ATP, adenosinetfiphosphate; pZ1 sites for proteins which bind p21 (Marshall, 1993). In order

cellular H+as p21 containing Gly-12 and Ala-59; pgI24 mutant ; PR ;
form containing Val-12; p21 viral H-ras p21 containing Arg-12 and to study a protein whose function is modulated by protein

Thr-59; AK, adenylate kinase; CK, creatine kinase; PK, pyruvate kinase; proteip interaCtiO_nSa it_ is desirable to augment crystallo-
Thr-35, threonine-35. graphic studies, in which the structure may be altered by
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interactions between p21 molecules in the crystal (Foley et Reed and co-workers developed a useful scheme for
al., 1992), with studies of the isolated protein in solution. measuring manganous ion hydration numbers by EPR. The
Recently, we initiated a series of experiments, using EPR method relies on the detection of hyperfine broadening from
spectroscopy in conjunction with isotopic labeling, designed ’O-enriched aquo ligands within the relatively sharp Mn(ll)
to probe the nucleotide binding site structure of p21 in EPR central fine structure transitién’O hyperfine broad-
solution. ening competes against other sources of broadening

GDP and GMPPNP complexes of pRIn(ll) were studied primarily unresolvedH and3'P hyperfine interactions and
by ESEEM in frozen solution (Halkides et al1994; Larsen second-order fine structure broadening. Since the contribu-
et al, 1992). Initially (Larsen et al., 1992), selectively tion of second-order fine structure broaderimginversely
labeled °N) and natural abundancé&® and!H) nuclei of proportional toB,, whereas hyperfine broadening is field-
the amino acids glycine and serine, and of the nucleotide independent, the latter is accentuated at higher magnetic field
GDP, were examined. This work was subsequently extendedstrengths. EPR of Mn(Il) complexes wiffO labeling is
to include all of the putative ligands of the divalent metal therefore often done at 35 GHz rather than at the more
by selectively labelingfC, 15N, and?H) the amino acids  conventional frequency, 9 GHz (Buchbinder & Reed, 1990;
serine, glycine, aspartate, and threonine, and by utilizing the Feuerstein et al., 1987; Kalbitzer et al., 1984, 1983; Kofron
natural abundance & nuclei to study the nucleotides GDP et al., 1992; Latwesen et al., 1992; Leyh et al., 1982; Lodato
and GMPPNP (Halkides et al., 1994). These ESEEM studies& Reed, 1987; Moore & Reed, 1985; Olsen & Reed, 1993;
yield the distances between the manganous ion and theReed & Leyh, 1980; Smithers et al., 1990; Wittinghofer et
labeled nuclei of the amino acids and nucleotides; coordina-al., 1982). Nevertheless, even at 35 GHz, fine structure
tion of the manganous ion by the amino acids and nucleotidesinteractions can maskKO hyperfine couplings. A number
is inferred from the measured distances and from the presencef systems, including p2Mn(Il) -GTP analog complexe®(
of contact hyperfine interactions. ~ 20 mT) and EF-TeMn(I1) -GTP analog complexes, appear

The ESEEM studies of p21 have yielded structural results to have zero-field splitting parameters so large that EPR
in general accord with those derived from X-ray crystal- measurements of hydration numbers could not be carried out
lography regarding the relation of the divalent metal ion to at 35 GHz. TheD?%B, dependence of the fine structure
the Switch | ¢,) and Switch Il 44 andoy) regions, and to  broadening, however, leads to the prediction th&D
the phosphate binding regiof;(anday) in the GDP form; hyperfine broadening could be observed in EPR spectra of
likewise, in the GTP form, there is general accord regarding a p2:Mn(ll):GTP analog complex at 140 GHz. The
its relation to the Switch Il and phosphate binding regions. experiments reported here provide the first determination of
An intriguing difference, however, is found in the Switch | the hydration number of a p2¥n(Il) -GTP analog complex.
region.

X-ray crystallographic studies show threonine-35 to be a MATERIALS AND METHODS

ligand in the GTP form, but not in the GDP form. The g,y qies Cloning, overexpression, and purification of the
binding of threonine-35 has accordingly been alleged to drive | 4 Nras p21 proteins as well as preparation of p21

the pivotal change in the conformation of the Switch | complexes of Mn(INGDP and Mn(I)GMPPNP were
domain that distinguishes the growth-active and q“iescentperformed as described previously (Halkides et al., 1994),
forms of p21 (Marshall, 1993). ESEEM measurements \ i, the exception that protein solutions were prepared with
consistently show that the distance between the manganousy 51, (wiv)n-octyl S-glucopyranoside. Two aliquots, each
ion and the hydroxyl oxygen of threonine-35 must be greater g uL, were taken from the protein solution-{ mM).
than the canonical distance2.2 A) of first sphere oxygen _ Aporayimately 200 nL of the first aliquot was transferred
manganous ion coordination (Halkides et al., 1994). The by capillary action to a fused silica sample tube with id 0.40
difference between the crystal structure and the ESEEM 1., and od 0.55 mm (Wilmad), which was then sealed with
results is likely to be an effect of crystal packing: the gjjicone high vacuum grease (Dow Corning). The second
interprotein contacts near threonine-35 could perturb the 5jiq 0t was lyophilized and subsequently rehydrated to its
protein structure in this region. In addition, Switch | and, original volume with 309670-enriched water (Cambridge

particularly, Switch Il show greater than average disorder Isoto ; : : )
) ) . . pe Laboratories). A portion of this sample was trans
(Milburn et al., 1990; Pai et al., 1990) in the crystal tarred to and sealed into a sample tube.

structures. The ESEEM observations allow two interpreta-  £pp SpectroscopyEPR measurements were made at

tions regarding metal coordination in solution: either threo- 139.500 GHz with a super-heterodyne spectrometer designed

nmti-35 c_oorglgates éhe Tangznous_'on dlr?ctly btljt Wleakly and fabricated in this laboratory and described elsewhere
or thréonine-s5 coordinates in irectiia a water molecule (Becerra et al., 1995; Prisner et al., 1992). The external
(Halkides et al., 1994).
In order to clarify the nature of the coordination of 2 At high fields B> D, whereD is th field sofit .
i : ‘At igh fields B, > D, whereD is the zero-field splitting parameter
threon_lne 35, we undertook. anl EPR |n\{est|gat|on of -the andBy is the magnitude of the external magnetic field), oAlyls =
hydrat'on of the manganous ion In p?l. Smce the Coord]na' +1 transitions make a significant contribution to the EPR signal of
tion number of the manganous ion is, with rare exception, Mn(ll) (electron spinS = 5>, Mn nuclear spinl = %) (Reed &
six, the measurement of the hydration number also deter- Markham, 1984). In orientationally disordered samples, the zero-field
! - S splitting (also referred to as the fine structure interaction) broadens the
mines the_ nu_mber of non-aquo ligands. Thus, in view of Ms = 45/, = +%, andMs = +%, = +3, transitions by & and D
the coordination of serine-17 and tffe and y-phosphates  respectively. The fine structure interaction broadens the central fine
in the GTP form (Milburn et al., 1990; Pai et al., 1990), the structure transitionMs = —*, = +/,) by ~(55/9)D%B, (Abragam &
expected hydration number is 2 if threonine-35 coordinates Bléaney, 1970). Thus the significantly narrower central fine structure
. T . . transition dominates the EPR signal of manganous ions at high field.
d”'eCﬂ)_/v if it Coord|r_‘at99/|a a water molecule, the expected  The central fine structure transition is typically split into a well-resolved
hydration number is 3. hyperfine sextet by a hyperfine interaction with ###n nucleus.
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magnetic field was modulated at a frequency of 400 Hz and broadening) of the composite spectrum. Now consider a

an amplitude of 0.080 mT. Two lock-in amplifiers (E.G.&G.

Princeton Applied Research, Model 5210) detect the resulting
quadrature pair of modulated signals. The spectrometer is

interfaced to a VAX workstation for data acquisition and
processing.

difference spectrunty, of the following form:
S=S S 4)

in which k is an adjustable parameter between 0 and 1. This

A superconducting solenoid operating in the persistent difference spectrum can be rewritten as:

mode generates the main field (4.95 T). The field is swept

(£0.075 T, maximum) by varying the current in a concentric

superconducting solenoid operating in the nonpersistent

mode. A precision field sweep system, comprised of a

= Wo— S + 5
Si=Wo — )S k;WkSK )

deuterium NMR spectrometer and magnet power supply in which the decomposition & (eq 1) as well as the identity

interfaced to the VAX workstation, measures and controls
the magnetic field value (Un et al., 1989). In the determi-
nation of the manganous ion hydration numiiyris swept
through the lowest-field (narrowest) member of #3&In
hyperfine sextet, from 4.9513 to 4.9620 T in 0.0250 mT
increments.

of §, andS, have been invoked. K is less thawg, Siis a
sum of alln + 1 subspectra with positive contributions for
each, albeit with a reduced contribution fr&@n If « is equal
to Wo, S is a sum of only then 'O hyperfine broadened
subspectra with no contribution fro8. If « is greater than
Wo, & is a sum of alln + 1 subspectra, but with a negative

Samples are contained within sample tubes positioned (anti-phase) contribution from the unbroaderfgd Since

concentrically in a remotely-tuned, remotely-matched cy-
lindrical TEg;; mode resonator designed and built in this
laboratory. Microwave power at the sample is approximately
20 uW, which corresponds toB, field approximately equal

to 0.01 mT. A steady flow of cold nitrogen gas over the

S is relatively narrow, this subtraction yields a difference
spectrum with extraneous features when the intrinsic line-
width is not so large as to overwhelm th& hyperfine
interaction.

The treatment of the EPR data requires tBaand S, be

resonator maintains the temperature at the sample withinnormalized with respect to each other. A pair of modulation-

+0.5 K of, typically, 180 K.

detected absorption signals is taken to be normalized when

Each pair of quadrature-detected spectra was corrected fotheir respective double integrals are equal at the upper bound.

a base-line offset plus linear base-line drift. The quadrature-

From the pair of normalized spectra, a series of difference

detected spectra were then phased to isolate the absorptiospectraS;, are calculated with parametric variationgfuntil

and dispersion signals.

For each sample, approximatelywe find the greatesk that yields a difference spectrum

9—16 spectra were summed both to increase signal to noisewithout extraneous features and the leaghat yields a

ratios and to reduce phasing uncertainties (0)05

ANALYSIS

The Spectral Subtraction Methodn order to determine
the number of HO molecules coordinated to the manganous

ion (the hydration number), we employ the spectral subtrac-

tion method initially developed by Reed (Kofron et al., 1992;
Latwesen et al., 1992; Lodato & Reed, 1987; Moore et al.,

difference spectrum with extraneous features. The former
is the best estimate afy, and the latter is an upper bound
on its value. Ifwg is found to be essentially equal to {4

fo)", then the simplest interpretation is that the metattah

all sites within the sampteis coordinated by spectroscopi-
cally equivalent'’O-enriched oxo ligands. We find it
convenient to initiate our analysis with a coarse variation of
« with values defined by = (1 — f)™ man integer. This

1985: Reed et al., 1980; Smithers et al., 1990). In a Samp|eprocedure gives a hydration number under the assumption

with a metal ion coordinated hy spectroscopically equiva-
lent1’O-enriched oxo ligands (withO enrichment fraction
equal tof,), the experimentally acquired spectruf, can
be viewed as a weighted sumroft- 1 conceptual subspectra,
S, belonging to complexes witk= 0, 1, ...,n 7O ligands:

&= kiwksk 1)

The fractional weighting coefficientsy,, can be expressed
as:

nl fek(l _ fan*k

==K

(2)
and in particular,

Wo=(1—f)" 3

that there is a single coordination humber applicable to all
sites in the sample. This assumption is then scrutinized by
a fine variation ofx in the appropriate neighborhood.

Note that the only assumption made in this analysis is that
all of the "O-enriched oxo ligands being counted are
spectroscopically equivalent. The spectral subtraction method
does not require simulations and therefore does not rely on
a determination ot’O hyperfine coupling constants.

Magnitude of thé’O Hyperfine Interaction.Beyond the
application of the spectral subtraction method, we further
characterize Mn(ll) hydration by determining the size of the
70 hyperfine interaction for the aquo ligands, using a method
similar to that previously described (Kalbitzer et al., 1984;
Reed et al., 1980). Inasmuch as #® hyperfine splittings
are typically unresolved, the coupling constant is determined
by comparison o& with spectral simulations. Sinc® is,
by definition, identical to a perfect simulation incorporating
all magnetic interactions except th& hyperfine interac-
tions, we take§, as a starting point and further simulate only

Since'’0 has a natural abundance essentially equal to zerothe 7O hyperfine interactionsS, is numerically broadened
(0.037%), the experimentally acquired spectrum of a sampleby convolution with a lineshape that models the isotropic

unenriched in'’0, §, can be taken as identical to sub-
spectrumS,, which is the narrowest subspectrum (H®

hyperfine interaction witm (as determined by the spectral
subtraction method) equivalent oxo ligands of some known
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170 enrichment. Thus there is only one free parametiee

170 hyperfine coupling constant. This coupling constant is
varied parametrically in order to calculate a series of
numerically broadened spectra. Comparisofafith this
series of spectra yields a lower and an upper bound for the
magnitude of the actudlO hyperfine interaction. Interpola-
tion is used to refine the determination.

Because thé’O hyperfine coupling is manifest only as a
broadening of the EPR spectra, the isotropic and anisotropic
components of the interaction cannot be independently
determined. Therefore, the small anisotropic component of
the 17O hyperfine coupling, which arises from dipolar and
psuedo-dipolar interactions, is not explicitly modeled in this
analysis. Anisotropic contributions are expected to<B8%
of the isotropic coupling based offO—Mn(ll) ENDOR
studies (Glotfelty, 1978; Tan et al., 1995, 1993). Effects of J
such small anisotropic couplings are likely to fall within the
uncertainties assigned to the values obtained for the isotropic
couplings. The small*’O quadrupole coupling inter- 20 mT
action (on the order of 0.02 mT) (Tan et al., 1995) is also
neglected. Ficure 1: EPR spectra of frozen solutions of (top) rabs

Simulations. As a check on results, all experimentally p21-Mn(ll)-GMPPNP acquired at 9.755 GHz and 4.2 K and
acquired spectra and difference spectra are compared withlbottom) Hras p21-Mn(ll)-GMPPNP acquired at 139.5 GHz and
detailed simulations done on a VAX workstation. Fifteen 181 K.
polar angles are sampled at equal intervals from @.tét ) ) o
each polar angle, a number of azimuthal angles between ondnteraction ¢-9.0 mT). The peak-to-peak linewidths of the
and thirty (and roughly equal to 30 times the sine of the individual sextet members are less than 1.0 mT at 140 GHz,

polar angle) were sampled at even intervals from 0o 2 but at 10 GHz the linewidths vary from 2.0 to 6.0 mT. This
In order to simulate the effects & strain, the simulation  Vvariation of linewidths across the sextet at 10 GHz arises
also included a truncated Gaussian distributioBothe zero- ~ from an additional term, proportional td,D?A/B¢? in the
field splitting parameter; the variance of the distribution was Perturbative expression for the fine structure induced line-
assumed to be equal to one-half of the mdamas allowed ~ Width (Abragam & Bleaney, 1970). Clearly, the fine
to take on values within one variance from the mean. The Structure interaction plays a significant role in broadening
55Mn nuclear spin took on all possible valubt = <5/, the 10 GHz EPR spectrum. This broadening would make it
+31,, +1/,. The resonant field for the central fine structure relatively difficult to quantify*’O hyperfine interactions at
transition Ms = —Y, = +/,) was first calculated assuming that frequency.

isotropic electronic Zeeman, isotrogitMn hyperfine, and GDP Form of p21.In order to facilitate comparison with
scalar’0 hyperfine interactions. The resonant field was the ESEEM results of Halkides et al. (1994), we made EPR

then corrected to include the effect of second-order terms measurements on frozen solutions under identical conditions

proportional to D%B, and A%B,, and third-order terms  Of cryoprotection. In addition, we examined solutions frozen
proportional toAD?/By2, A2D/B2, andA3/By2, whereA is the without cryoprotection. The effect of cryoprotection upon
5Mn hyperfine coupling constant (Reed et al., 1984). The the Mn(ll) EPR linewidth in the p2Mn(Il) -GDP complex

g value and®Mn hyperfine coupling constant were measured s illustrated in Figure 2. The lowest-field member of the
from the spectra. The value Bffor p21-Mn(ll)-GDP was 5Mn hyperfine sextet of the central fine structure EPR
taken from Smithers et al. (1990); the value Bf for transition is shown. The spectrum labeled B is an EPR signal
p21-Mn(I1)-GMPPNP was reported to us by George Reed of p21:Mn(Il)-GDP in frozen aqueous solution containing
(personal communication). The resulting distribution of 15% (w/v) of the cryoprotectant methyto-glucopyranoside.
resonant field values was convolved with Gaussian absorp-The spectrum labeled A is an EPR signal of the same
tion and dispersion first-derivative lineshapes. The width complex in frozen aqueous solution without cryoprotection.
of the lineshapes was determined by varying the width The peak-to-peak linewidths of spectra A and B are 0.85
parametrically until there was good agreement between aand 0.63 mT, respectively. As is commonly observed in

simulated spectrum an. EPR spectroscopy, the spectrum of the sample frozen without
cryoprotection is significantly broader than that of the same
RESULTS AND DISCUSSION sample frozen with cryoprotection.

In order to verify that addition of the cryoprotectant does

Before illustrating specific applications of the spectral not affect the hydration, we applied the spectral subtraction
subtraction method, it is instructive to contrast the linewidths method to samples frozen with and without cryoprotection.
in 10 and 140 GHz Mn(ll) EPR spectra. For this purpose, The application to N-as p21:Mn(Il)-GDP frozen without
typical EPR signals of Nias p21:Mn(ll) -<GMPPNP acquired  (left) and with (right) 15% methyb-D-glucopyranoside is
at 9.755 GHz (top) and kas p21:Mn(ll)-GMPPNP acquired illustrated in Figure 3.
at 139.5 GHz (bottom) are shown in Figure 1. The spectra Spectra A and B in Figure 3 are experimentally acquired
are dominated by the central fine structure transition, which EPR signals of N-as p21-Mn(Il) :GDP in frozen solutions
is split into a well-resolved sextet by t#éMn hyperfine of natural abundance and 30%0-enriched water, respec-
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B
A
B
A
C
D
E
4.951 4.954 4.957 4.959 4.962 4.951 4.954 4.957 4.959 4.962
Field (T) Field (kG)

Ficure 2: EPR spectra of Mas p21-Mn(ll)-GDP in frozen FiGUrRe 4: (Upper) Overlying dispersion mode EPR spectra of
solutions (A) with no cryoprotectant and (B) with 15% (w/v) methyl  N-ras p21:Mn(ll)-GDP in frozen solutions with no cryoprotectant
a-D-glucopyranoside. Experimental parameters: microwave fre- and (A) unenriched water and (B) 3090-enriched water. (Lower)
quency, 139.5 GHz; temperature180 K; modulation amplitude,  Overlying difference spectra calculated with (€ 0.7, (D) «
76.5uT; modulation frequency, 0.400 kHB;, ~3 uT. = 0.7C¢, and (E)x = 0.70" The local maximum appearing in (C)
and (D), but not (E), shows that there are four waters in the first
coordination sphere.

suprg, the best interpretation of this result is that the first
coordination sphere contains four water molecules.
Spectra F and G are EPR signals ofréé p21-Mn(ll) -
GDP in cryoprotected (15% methw-p-glucopyranoside)
frozen solutions of natural abundance and 30@enriched
water, respectively. Traces H, |, and J are difference spectra
calculated with the same fractiong) (as for traces C, D,

& 1 and E. The pair of local extrema appearing in traces H and
MAV_ __W‘ I, but not trace J, together with other calculated difference
spectra (not shown) lead to the conclusion that the hydration

0951 4954 4957 4950 4062 4951  asee 4957 4950 4962 number is four, as in the unprotected sample. Note that the
Field (T) Field (T) reduction of the EPR linewidth in the presence of the
FiIGUre 3: (Upper Left) Overlying EPR spectra of fds p21:Mn(1l) - cryoprotectant leads to a more pronounced effectof

GDP in frozen solutions with no cryoprotectant and (A) unenriched hyperfine interaction as can be appreciated by comparison
water and (B) 309470O-enriched water. (Lower Left) Overlying  of traces | and D in Figure 3.

difference spectra calculated with (€)= 0.7¢%, (D) « = 0.7C, . .
and (E)« = 0.70". The pair of local extrema appearing in (C), the _ Since the extraneous features in trace D are subtle, we

pair of thin shoulders appearing in (D), and the absence of any further analyze non-cryoprotected samples by dispersion
extraneous features in (E) show that there are four waters in themode spectroscopy as illustrated in Figure 4. Spectra A and
first coordination sphere. (Upper Right) Overlying EPR spectra of g in Figure 4 are the dispersion mode EPR signals ofsl-

N-ras p21:-Mn(ll) -GDP in frozen solutions with 15% methgtp- . . : :
glucopyranoside and (F) unenriched water and (G) 30 p21-Mn(Il)-GDP in frozen solutions of natural abundance

enriched water. (Lower Right) Overlying difference spectra calcu- 5_‘nd 30%*O-enriched water, re_spectively (no cryoprotec-
lated with (H)x = 0.7, (I) « = 0.7C¢, and (J)x = 0.7¢* The tion). Traces C, D, and E are difference spectra calculated
pairs of local extrema appearing in (H) and (I), but not (J), show by subtracting the same three canonical fractiah®f{ trace

that there are four waters in the first coordination sphere. A from trace B, withx equal to 0.78 0.7, and 0.70 for

tively (no cryoprotection). Additional broadening, evidently traces C, D, and E, respectively. The local maximum
from the’O hyperfine interaction, is clearly discernible in appearing in traces C and D, but not trace E, confirms that
the spectrum of the enriched sample. Traces C, D, and Ethe hydration number is four.

are difference spectra calculated by subtracting various Comparison of traces D in Figures 3 and 4 demonstrates
fractions ) of spectrum A from spectrum B. The fractions the advantage of applying the spectral subtraction method
were selected such that= (1 — fo)™, with mequal to 2, 3, to dispersion mode spectra for these relatively broad lines.
and 4 for traces C, D, and E, respectively. (With 30% In the absorption mode (Figure 3), the extra feature in trace
enrichment 1— f, = 0.70.) An extraneous pair of local D is merely a pair of thin shoulders, whereas in the dispersion
extrema appears in trace C, and a subtle but discernible paimode (Figure 4), the extra feature in trace D is a distinct
of thin shoulders appears near the center of trace D, whilelocal maximum. The potentially subtle features introduced
no extraneous features appear in trace E. As explained inthrough the subtraction method are better evidenced in
our discussion of the spectral subtraction methoilg dispersion-mode rather than absorption-mode spectra: in the
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former case, the difference features occur in an otherwise
stationary spectral region, near the intensity maximum; in
the latter, they occur in the region of greatest curvature, near
the zero-crossing.

The hydration number that we determine forr&é
p22:Mn(11)-GDP is in complete agreement with the analo-
gous results of an EPR study of ids p21-Mn(Il) :GDP in
fluid solution by Smithers et al. (1990) and Latwesen et al.
(1992) at 35 GHz. This agreement demonstrates the validity
of the spectral subtraction method in frozen solution not-
withstanding the slight anisotropy 810 hyperfine interaction
of aquo ligands in manganous ion complexes (Glotfelty, E
1978). We find the principal advantage of working with
frozen solutions is the achievement of higher signal-to-noise
ratios, not only because lower temperatures yield increased
Boltzmann factors, but also because of the possibility of
admitting larger sample volumes without degrading the EPR
resonator quality factor. Note that studies performed by us
and by others (Smithers et al., 1990) indicate that freezing/

A
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Field (T)

4.962

lyophilization does not affect the GTPase activity of the
thawed/rehydrated protein. The principal effect of cryo-
protection is to reduce the EPR linewidth. This linewidth
reduction enhances sensitivity 1@ hyperfine broadening

and facilitates the determination of hydration numbers by

Ficure 5: (Upper) Overlying EPR spectra of ks p21-Mn(ll) -
GMPPNP in frozen solutions with 15% methydb-glucopyranoside
and (A) unenriched water and (B) 309©-enriched water. (Lower)
Overlying difference spectra calculated with (€3 0.7¢, (D) «

= 0.7¢, and (E)x = 0.7¢%. The pairs of local extrema appearing
in (C), but not (D) and (E), indicate that there are two coordination

EPR spectroscopy. We also observe directly that the sites for water.

hydration number is unaffected by the introduction of 15%
methyl o-p-glucopyranoside. ESEEM results give cor-

spectra, lead to the conclusion that the hydration number is

roborating evidence that this particular cryoprotectant does two.

not displace any aquo ligands from the first coordination

These results represent the first EPR measurement of the

sphere, but show that the more widely used cryoprotectant, hydration number of the divalent metal ion in the GTP form
glycerol, can, at high concentrations, substitute for waters of p21. The result is consistent with the X-ray diffraction-

in the first coordination sphere (Halkides et al., submitted).
A hydration number of four is completely consistent with

complementary ESEEM studies of the same p21 complex.

These studies implicate an oxygen of ffyphosphate and

derived binding site structures of p24g(ll)-GTP (Schli-
chting et al., 1990), p2Mg(ll) -GMPPNP (Pai et al., 1990),
and p2iMg(Il) -GMPPCP in crystals (Milburn et al., 1990).
These crystal structures show the divalent metal ion directly

an oxygen of the serine-17 hydroxyl group as direct ligands coordinated by the hydroxyl groups of serine-17 and threo-

of the manganous ion but rule out direct coordination by

nine-35, and by thes- and y-phosphates of GTP or its

aspartate-57 (Halkides et al., 1994). The overall picture of analogs.

metal ion coordination, in solution, is broadly consistent with
structures determined by X-ray diffraction ofs p21-
Mg(ll) -GDP crystals. The crystal structure of Tong et al.,
(1991) shows the divalent metal directly coordinated by an
oxygen from the3-phosphate and the hydroxyl oxygen of
serine-17 with the remaining four ligands presumably water

As discussed above, a hydration nhumber of two implies
that threonine-35 coordinates directly without an intervening
water molecule, consistent with X-ray crystallographic results
(Milburn et al., 1990; Pai et al., 1990). Direct coordination
of threonine-35 is also consistent with the ESEEM results
of (Halkides et al., 1994) provided that the oxygen

molecules. Schlichting et al. (1990), however, suggested thatmanganous ion bond is unusually long2.8 A). A direct

an oxygen from the carboxyl group of aspartate-57 might
also coordinate. The interpretation of Schlichting et al. (1990)

probe of the strength of that interaction is the measurement
of the 1’0 contact hyperfine interaction of the threonine-35

implies a hydration number of three and is thus incompatible hydroxy! (following paper: Halkides et al., 1996). Here,
with the results of this study, the ESEEM studies cited above we demonstrate the feasibility of quantifyiD hyperfine
(Halkides et al., 1994), and the EPR studies by Smithers etinteractions in the GTP form by high-field EPR spectros-

al. (1990) and Latwesen et al. (1992).

GTP Form of p21. The application of the spectral
subtraction method to EPR signals ofras p21:-Mn(ll) -
GMPPNP is illustrated in Figure 5. Spectra A and B are
EPR signals of p2Mn(Il)-GMPPNP in frozen solutions
(with 15% methyla-p-glucopyranoside) of natural abun-
dance and 30%/O-enriched water, respectively. Traces C,

copy: we report here the magnitude of th® hyperfine
coupling for the two aquo ligands.

The data from which we determine the magnitude of the
isotropic'’O hyperfine interaction for the two aquo ligands
in H-ras p21:Mn(ll)-GMPPNP are shown in Figure 6.
Spectra A and B (solid) of Figure 6 are EPR signals of
p221:Mn(Il)-GMPPNP in frozen solutions of natural abun-

D, and E are difference spectra calculated by subtracting thedance and 30%’O-enriched water, respectively. Traces C,

various fractions«) of spectrum A from spectrum B, with
« equal to 0.78 0.7¢, and 0.70 for traces C, D, and E,

D, E, F, G, H, and | (dashed) represent spectrum A after
numerical broadeningide supra by 'O hyperfine coupling

respectively. The pairs of local extrema appearing in trace constants equal to 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, and 0.35
C, but not traces D and E, together with calculated difference mT, respectively. The relation of spectrum B to traces G
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Table 1: Reported’O—Mn(ll) Hyperfine Interactiond

sample label |Aisol (MT) technique ref
p21-Mn(ll)-GDP R0 0.25 EPR this work
p22:Mn(ll)-GMPPNP HYO 0.28 EPR this work
Mn(H20)s?* H.'’0 0.27 ENDOR Glotfelty (1978)
Mn(H20)e2* H,'70 0.27 ENDOR Tan (1993)
MnADP(H,O)s~ H,"O 0.20 NMR Zetter et al. (1978)
Mn(ADP),(H,0)4~ H,70 0.25 NMR Zetter et al. (1978)
CK-Mn(ll) -ADP-formatecreatine p-1’O]ADP 0.3-0.4 EPR Reed and Leyh (1980)
CK-Mn(ll) -ADP-formatecreatine HCO,~ 0.3-0.4 EPR Reed and Leyh (1980)
EF-TuMn(ll)-GDP [B-10,)GDP 0.25 EPR Kalbitzer et al. (1983)
EE-TuMn(ll)-GDP-P, [3-170,]GDP 0.16 EPR Kalbitzer et al. (1984)
AK-Mn(Il)-ATP [B-1T0,)ATP 0.22 EPR Kalbitzer et al. (1983)
AK-Mn(1l)-ATP (R,)-[B-1OIATP 0.23 EPR Kalbitzer et al. (1983)
p21:-Mn(ll)-GDP [3-1"0,]GDP 0.16 EPR Feuerstein et al. (1987)
p21,Mn(ll)-GDP [3-1"0,)GDP 0.22 EPR Feuerstein et al. (1987)
p2%-Mn(ll)-GDP [3-1"0,]GDP 0.16 EPR Feuerstein et al. (1987)
p21erMn(ll) -GDP [3-1"0,)GDP 0.29 EPR Latwesen et al. (1992)
PK-Mn(ll) -oxalateATP [y-1"O]ATP 0.27-0.35 ENDOR Tan et al. (1993)
PK-Mn(ll) -oxalateATP G042 0.29-0.39 ENDOR Tan et al. (1993)

a Abbreviations: p24, cellular Hras p21 containing Gly-12 and Ala-59; p2T24 mutant form containing Val-12; p2¥iral H-ras p21 containing
Arg-12 and Thr-59; p2d4, mutant containing Val-12 and Thr-59; AK, adenylate kinase; CK, creatine kinase; PK, pyruvate kinase.

coupling constants is presented in the following paper
(Halkides et al., 1996).

CONCLUSIONS

In this paper we extend the EPR spectroscopsasip21
to high frequency. In spectra acquired at 139.5 GHz, in a
magnetic field of 4.95 T, the contribution of the second-
order fine structure broadening to the width of the central
fine structure transition is reduced relative to spectra acquired
at low field. High frequency EPR spectroscopy thus
enhances sensitivity {60 hyperfine broadening. The results
of this work suggest the feasibility of using high frequency
EPR spectroscopy, in conjunction with specifi®-labeling,
to probe Mn(ll) systems with larger fine structure interac-
tions, such as the GTP form of EF-Tu (Kalbitzer et al., 1984).

In order to effect meaningful comparisons between these
results and those of previous ESEEM studies (Halkides et
al., 1994; Halkides et al., submitted for publication), experi-
ments were carried out in frozen solutions containing 15%
methyla-b-glucopyranoside. For a p2din(ll) -GDP com-
plex, we have determined a hydration number in frozen
solution which is identical to that reported in fluid solution
FiGURE 6: The solid traces are the EPR signals ofdd-p21- and have demonstrated that the introduction of medtgt

Mn(ll) -GMPPNP with 15% methybti-p-glucopyranoside in (A) ;
unenriched water and (B) 30%0-enriched water. The dashed glucopyranoside as a cryoprotectant does not affect that

traces represent spectrum A after being broadened by simulated1ydrati0n number. We _have also e)_(tended the application
hyperfine interactions with two equivalent aquo ligands of 30% Of the spectral subtraction method introduced by Reed to

170 enrichment with’O hyperfine coupling constants equal to (C)  dispersion mode spectra. This extension is particularly useful
0.05, (D) 0.10, (E) 0.15, (F) 0.20, (G) 0.25, (H) 0.30, and (I) 0.35 for spectra which have broad lines despite the high magnetic
mT. field strengths €.g, broad lines resulting from insufficient
and H shows graphically that the actual hyperfine coupling cyroprotection) and for which absorption mode spectra yield
constant is between 0.25 and 0.30 mT. Interpolation yields equivocal results.

a value of 0.28 mT as the best estimate of the hyperfine We have determined the number of water molecules
coupling constant. We applied an analogous analysis to thecoordinating manganese in frozen solutions ofas-p21-
GDP complex and obtain a value of 0.25 mT as the best GDP and Hras p21-GTP to be four and two, respectively.
estimate of the average hyperfine coupling constant (dataThese results imply that threonine-35 is a ligand of the
not shown). These values fall within the narrow range of divalent metal ion in the GTP complex, as is suggested by
values previously reported fafO—Mn(ll) interactions and X-ray crystallography-derived binding site structures, and
are shown in Table 1. In particular, the measured coupling resolve a question raised by recent ESEEM studies (Halkides
constants are in excellent agreement with those determinecet al., 1994). In light of the ESEEM work, we infer that
for H,'70O, all of which lie between 0.20 and 0.29 mT this coordination, although direct, must be weak. A critical
(Glotfelty, 1978; Tan, 1993; Tan et al., 1993; Zetter et al., test of this conjecture is the measurement of'fiiecontact
1978). A further discussion of’O—Mn(ll) hyperfine hyperfine interaction for the hydroxyl group of threonine-

4.951 4.954 4.957 4.959 4.962
Field (T)
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35, presented in the following paper (Halkides et al., 1996).

To demonstrate the feasibility of our experimental protocol,

we have made the analogous measurement for the aqu

ligands in p2iMn(Il)-GMPPNP and p2Mn(ll)-GDP and
found the average magnitude of tH® hyperfine interaction

Biochemistry, Vol. 35, No. 37, 19962193

Kalbitzer, H. R., Goody, R. S., & Wittinghofer, A. (198&ur. J.
Biochem. 141591-597.

dlofron, J. L., Ash, D. E., & Reed, G. H. (199Bjochemistry 27

4781-4787.
Larsen, R. G., Halkides, C. J., Redfield, A. G., & Singel, D. J.
(1992)J. Am. Chem. Soc. 119608-9611.

to be 0.28 and 0.25 mT, respectively. These values areLatwesen, D. G., Poe, M., Leigh, J. S., & Reed, G. H. (1992)

consistent with measurements made in a variety’of-
Mn(ll) systems.
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