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ABSTRACT. Electron paramagnetic resonance spectroscopy at 139.5 GHz has been used to stady p21
complexed with Mn(Il) and guanosiné-g3,y-imidotriphosphate), an analog of GTP. The p21 sample
studied was selectively labeled witHQ,]threonine to a final enrichment of 30%. A Mn(#}’O hyperfine
interaction was observed, but the value of the coupling constant,40.0D4 mT, is the smallest such
value yet reported Ab initio calculations indicate that this value is consistent with direct coordination of
the threonine hydroxyl group and provide an estimate for the Maflp bond length of 2.7 A. The
measured hyperfine coupling constant and associated bond length starkly contrast with typical values for
Mn(ll) -1’0 coordination complexes, namely;0.25 mT and~2.2 A, respectively. This contrast
underscores the peculiar weakness of this Ma{@)interaction in p21 and persuasively argues that the
nucleotide-induced conformational change, which is known to encompass the region of p21 involving
Thr35, is not driven by Mn(ll) coordination of the Thr35 hydroxyl group.

The ras gene product, p21,belongs to the family of its hydroxyl group to the divalent metal in the GTP form
homologous GTP-hydrolyzing proteins and plays a major but not the GDP form. Significantly, it has been asserted
role in cell signal transduction (Bourret al, 1990). The  that the coordination of Thr35 is a cause of the pivotal
active and inactive forms of p21 bind the metal complexes conformational change in p21 involving residues—3®
of GTP and GDP, respectively (Milburet al, 1990). (Marshall, 1993; Milburret al, 1990; Paiet al, 1990). In
Auxiliary proteins catalyze the interconversion between the gyalitative agreement with crystallographic work, ESEEM
two states, as discussed in the preceding paper (Beltew stydies of p2aMn(ll)-GMPPNP in solution also show that
al., 1996). _ , _ , Thr35 is closer in the GTP than in the GDP state; however,

X-ray diffraction studies of p21 in the two nucleotide pgEgp places Thras further away from the divalent metal

forms have delineated two regions of conformational . .
. . the GTP f than d X- tall h
changes: the first encompasses residues48and the I((I)—|nalll<ri1desit al 1990 ‘:;n an does A-ray crystaflography

second residues 6’6 (Milburn et al, 1990; Paiet al,
1990). While not agreeing on all points, both crystal- In order to determine the distance between the divalent
lographic studies showed that Thr35 was coordinatied cation and Thr35 in the absence of interprotein contacts that
might perturb the molecular structure in the crystal, ESEEM
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product of Kev-1. argued that coordination of the hydroxyl group is unlikely
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to drive the conformational change on energetic grounds: Scheme 1

weak threonine hydroxyl coordination is likely to be a 174
consequence of, rather than a cause of, the larger confor- PhH.C )k 1 PHHLG
mational change (Halkidest al., 1994). 2 9 H” CH, 27 0 CHs

this view, we have undertaken to characterize more fully

(\NJ\(&O,
o N
the interaction between the threonine hydroxyl group and O s<o " *s

To provide decisive experimental evidence in support of (\NJ\/NCS Sn(0S0:CF3)2
o\<
(0]

N

the metal ion of Mn(l1}-p21 complexes in solution. Bellew 2 CH,CHs 3
et al. (preceding paper) employed continuous wave EPR THF
spectroscopy together with protein preparation 7@ to 780 23C LiOH
determine the number of water molecules coordinating the TH(F,ngo
manganous ion of p21 in the GTP form. Since three non-
aquo ligands other than Thr35 are observed to coordinate .
. . . o ‘oH O  CHg

the divalent cation, a hydration number of three would J\/\
indicate the presence of an intervening water ligand. A HO” Y “Me 12M HCI Ho/L\)’\o'
hydration number of two, however, was observed, thus +NH, Ol 105°C ;\1_«
suggesting the absence of an intervening water molecule in 5 s H S
the linkage between the manganous ion and the hydroxyl
oxygen of Thr35. and imide?2 to establish the absolute and relative stereo-

To probe the nature of this linkage more directly, we have chemistry of the amino acid (Scheme 1). Tf@-enriched
undertaken a complementary measurement of-fag]Thr— acetaldehyde was obtained frdf®-enriched water (Mon-

Mn(ll) hyperfine interaction of the p2Mn(Il)-GMPPNP santo)via a slight modification of th.e method of Sawyer
complex in frozen solution, using high frequency EPR (1972). Imide2 has been used previously in the syntheses
spectroscopy. AlthougHO labeling of exogenous ligands ~ ©f several amino acids, including threonine (Evans & Weber,
has often been employed fruitfully to probe oxygen coor- 1986). Reaction of the tin enolate a@fwith 1 proceeded
dination (Lodato & Reed, 1987), the study reported here is Smoothly, affording diastereomerically pusen 53% yield
the first applied to an endogenous ligand in a protein after silica gel chromatography. Conversior8ab threonine
incorporating a selectivel§7O-labeled amino acid. followed our previous procedure (Weber, 1987). Hydrolysis
As discussed more extensively in the preceding paper© 3 Provided both the acidt and recovered 4-(phenyl-
(Bellew et al, 1996), the measurement &0 hyperfine methy!)-2-oxazolld|none in q'uantltat|ve yleld: .Removgl' of
interactions in manganous ion-based systems depends upoﬂﬂe thiocarbonate was achieved under acidic conditions,

the detection of hyperﬁne broadening frolfO-labeled gIVIng the threonine sahk as a ||ght tan solid in 98% y|8|d
oxo ligands against a background of other sources of Trituration of this material with cold tetrahydrofuran afforded

broadening-principally unresolvedH and 3P hyperfine the anajytically pure hydrochloride salt used in this study.
interactions and second-order fine structure broadening. The, Protein. The Hrasgene was cloned from plasmid pXVR
contribution of unresolved hyperfine interactions to the (@ generous gift of Professor L. Feig) into ptrc99C by
overall line broadening is independent of magnetic field Standard methodology (C. J. Halkides, unpublished experi-
strength; the contribution of second-order fine structure MeNts). Overexpression and purification ofrés p21 in
broadening is inversely proportional to the external magnetic the Escherichia colistrain DL39TG (auxotrophic for threo-
field strength (Abragam & Bleaney, 1970). Accordingly, Nin€) and the preparation of the pXin(ll)-GMPPNP
EPR of manganous ion-based systems Withlabeling has ~ ComMPplex in 15% methylo-p-glucopyranoside were per-
been extended to 139.5 GHz in order to determine the formed as described previously (Halkidesal, 1994; Bellew

number of coordinated £f0 molecules (Bellevet al, 1996 €t @l 1996 (preceding paper)). The activity of p21 was
(preceding paper)) and, in this work, to determine the assayed in GAP334-dependent GTPase reactions (Gateon

magnitude of’O hyperfine interactions. al., 1992), as described previously (Halkidetsal,, 1994).

. A
Structural details of the Mn(I}[*"O,]Thr coordination thr'\élgr?isnesvszgt(ralzrtgerz:?i/ﬁzzeb eir:t'ri)zrsgr: ;Lo?g (l)nSfrrﬁe/

in the p22Mn(ll)-GMPPNP complex influence the strength mL alcohol/water solution of{hreonine in%o a Finné ang4500

of the [’O,] hyperfine interaction. Here we report the 9

experimental determination of this hyperfine interacti GC/LC/MS directlyzia a moving belt LC/MS interface over

smalest yet reported {070 coordinated to Mn(1), as wel 2 & SRR BREE S B 2 T S L el as
as comparisons withb initio calculations on a Mn(bkD)e>" P '

model system. These studies, in conjunction with previous two mixtures of known composition of labeled and unlabeled

. . material. Scans were taken over-60B0 mass units every
ESEEM results on p2Mn(ll) -GMPPNP, are consistent with . : 0
a [0, Thr—Mn(ll) bond which is substantially longer than 5s. The enrichment ofO was determined to be 33.8%.

that observed in X-ray diffraction studies. The role of Thr35 T:)e cgrnef:jrrir:] ;hel Ig;’fgl?;;ﬂ::?gm:?é’ uasiiecsggosﬁ@ilfogzs
in the interactions ofas p21 with other proteins is interpreted brep gy 9
in light of these results. and 6 keV xenon atoms for bombardment. Data were

collected by scanning a limited mass range over the ap-
MATERIALS AND METHODS propriate molecular region. The enrichment 60 was
determined to be 33.9%, in excellent agreement with the CI
1"0-Labeled Threonine.The synthesis ot’O,-enriched =~ method.
threonine relied on an Evans asymmetric aldol reaction To determine the'’O enrichment of the amino acid
(Evanset al,, 1983) betweert’O-enriched acetaldehyde residues, in particular threonine, within p21, we hydrolyzed
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The pulsed 139.5 GHz EPR spectrometer is described in
detail elsewhere (Becerrat al, 1995). The external
magnetic field was swept through the lowest-field member
of the ®*Mn hyperfine sextetNl, = —5/,) within the central
fine structure transitionMs = +Y, = —1/,) (Reed &
Markham, 1984), from 4.9513 to 4.9620 T in 0.0250 mT
increments. The microwave power at the resonator was
approximately 80Q:W, which corresponds to B; field of
0.06 mT. The po,—7—p, (Hahn echo) and p—t—pa2—
T—Pu2 (Stimulated echo) pulse sequences were employed.
The z/2 pulse width was~200 ns, and the time between
pulsesg, was typically 350 nd. The resulting electron spin
echo was integrated and averaged 1000 repetitions per datum.
‘ | . | A steady flow of cold helium gas over the resonator

550 552 554 556 558 560 562 564 566 568 570 572 574 576 578 580 maintained the sample withi#&0.5 K of, typically, 20 K. In

Mz order to assess the influence of homogeneous broadening
FiGURe 1: A portion of the mass spectrurmfz = 550—-580) for on the observed EPR lineshapes, we measured the charac-
theN-[(heptafluoro)butyryljisobutyl derivative of threonine obtained  teristic time constant of the Hahn echo envelope decay (the

from the hydrolysis ofras p21. The hydrolysate was derivatized :
and subjected to GC and ammonia Cl as described under Materials” hasan(;rer?)gi?stlr;fe)sgklgjeivedlif?e?i?gargdn@ t ?27&%?
.

and Methods. The peak at 568 is the parent (molecular) iof-(M ~ NS)- _
1), in which60 is present in the hydroxyl group. The peak at 569 €enrichment, phase memory times were measured to be the
arises primarily from the species in whiéfO is present in the same within~5%.

hydroxyl group, with contributions from natural abundance heavy

isotopes elsewhere in the molecular ion. Likewise, the peak at 570 ANALYSIS

arises primarily fromt80 in the hydroxyl group. From these data,
we calculate the enrichment of threonine residues labeled@xh
in the protein to be 30.% 0.5%.

Intensity

Hyperfine Coupling ConstantWe determine the magni-
tude of the }’O,]Thr—Mn(ll) isotropic hyperfine interaction
using a technique similar to that introduced previously

a sample of protein and synthesized thg(heptafluoro)- i : X
butyryl] isobutyl esters of the resulting amino acids, as (Kalbitzeretal, 1984; Reed & Leyh, 1980) and described

described previously (Halkide al, 1994). GC/MS onthe I full detail in the preceding paper (Belleet al, 1996).
mixture employed a 30 m by 0.25 mm column of DB5 Spectra obtained from'0,]Thr-enriched sampless, are
MSFSCC (J & W Scientific). The injector temperature was compared with a series of simulations generated by variation
275°C. The time program was an initial temperature of 8o ©f the*’O hyperfine coupling constant. As a check to ensure
°C for 2.5 min, followed by an increase of"€/min to 240 that the hyperflne coupling constants can be determined
°C and held there for 20 min. Compounds were subjected 2ccurately using spectra with echo-detected as well as
to ammonia Cl at 0.7 Torr with an ion source temperature modulation-detected lineshapes, we applied the simulated
of 170°C. 70 scans/minn@iz= 270-700) were taken. The broadening technique to integrated modulation-detected
170 enrichment of threonine in the protein was determined 2PSorption spectra qbta|1n7ed from pR(1l)-GDP and

by analysis of mass spectrometric intensities exhibited by P21:Mn(Il)*GMPPNP in HO. The results obtained were
the derivatived protein hydrolysate in the 55880 range |den_t|cal to those c_iescrlbed in the previous paper. We also
of m'z relevant to threonine precursors (Figure 1). In this @PPlied the technique to pseudo-modulated (Hydeal,

analysis we assume natural isotopic abundance for all atomslggz_) EDEPR spectra of th&Q, IThr—Mn(ll) sample_and
with the soleexception of the threoning oxygen (indicated obtained results identical to those presented in this study.
by the * in Scheme 1), and thereby determine a 30.3% As discussed in the previous paper, the small anisotropic
relative abundance of0,]threonine. component of thé’O hyperfine coupling is not explicitly
Echo-Detected EPR Spectroscopy.the preceding paper ~modeled in these simulations. This is justified by the
(Bellew et al, 1996),170 hyperfine interactions with Mn-  typically small value of the anisotropic component, which
(I) were determined through the simulation of phase- is less than 20% of the isotropic value (Glotfelty, 1978; Tan
quadrature detected cw EPR spectra. The same procedurét al, 1995, 1993). Furthermore, we have confirmed through
was initially applied in this study and yielded results Simulations that its inclusion has a negligible effect on the
consistent with an*fO,] Thr35 hyperfine coupling constant ~ determination of the isotropic hyperfine coupling. This
of less than 0.15 mT:de infra). Subtle lineshape Method was employed in the preceding paper to determine
distortions-deviations from pure absorption lineshapeslated ~ H2'’O—Mn(ll) isotropic hyperfine coupling constants which
to minor phasing errors (0.08%impose an undesired limit ~ were found to be in excellent agreement with values obtained
on precision of this method for determining such small by other methods. Moreover, the inclusion of only isotropic
hyperfine coupling constants. In order to eliminate this coupling in the analysis requires that any spectral broadening
phasing uncertainty and thus to determine more precisely
the [YO,]Thr hyperfine coupling, we employed EDEPR 2 1ne gmail amount of power available at the sample W),
(echo-detected EPR) spectroscopy. By carefully maintaining together with signal-to-noise considerations, forced the microwave pulse
appropriately small nutation angles, this technique produceswidths to be on the order of the interpulse delays. Although not ideal

spectra analogous to integrated modulation-detetected CWfor the precise definition of nutation angles and precession times, the
low-power/long-pulse experiment is advantageous in this application

absorption signals without the need for phase correction of echo-detected EPR for the excitation of narrow spectral bandwidths
schemes. and for the suppression of nuclear modulation effects.
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Fleld (M Ficure 3: The solid EPR signalsra p21-Mn(ll)

. . _ IGURE 3: The solid traces are signalsrak p21-Mn(Il)-

FIGURE 2: Overlying echo-detected EPR S|g_na|srt3$ p21-Mn- GMPPNP in frozen solutions as in Figure 2 with (A) natural
(IN)-GMPPNP in frozen solutions at pH 7.3 with 15% methyb- abundance and (B) 30.3% enrichédd,]Thr. The dashed traces
glugopyre_mosme. (A) Natural abundance [Ohr, and (B) 30.3+ represent spectrum A after being broadened by a simulated
0.5% enriched {O,]Thr. hyperfine interaction with 30.3% enriched®,]Thr using ant’0

hyperfine coupling constant equal to (C) 0.05, (D) 0.10, (E) 0.15,
resulting from hyperfine anisotropy be accounted for by and (F) 0.20 mT respectively. These data imply that the hyperfine
an increase in the isotropic component. This would tend interaction is 0.11 mT.
to favor an overestimate of the isotropic hyperfine coup-
ling constant and subsequently an underestimate of the
7O—Mn(ll) bond distance; any distance estimates derived
from these measurédO hyperfine values can be considered 0.99

1.00

as lower bounds. We feel this method is preferable to £
making assumptions regarding the value of the hyperfine f 0.98
anisotropy, particularly in the present application in which § 0.97

an unusually lond’O—Mn(ll) bond is reported. v
= 0.96

RESULTS s
0.95
Experimental Determination of thEO Hyperfine Cou- 054

pling. A portion (the low-field line of the®>Mn hyperfine
sextet belonging to théls = +%, = —%/, transition) of 0.93
EDEPR spectra representative of those used to determine

the E’O,]Thr hyperfine coupling constant in p2din(Il)-

GMPPNP are shown in Figure 2. Spectrum A is an Feure4: Relative peak height of a normalized echo-detected EPR
experimentally acquired EPR signal of natural abundance signal forras p21-Mn(Il)-GMPPNP with 30.3% enriched’D,]-

p21:Mn(ll)-GMPPNP frozen in an aqueous solution of 15% Thr. The experimentally acquired EPR signalras p21-Mn(Il) --

(wiv) methyl a-p-glucopyranoside; spectrum B is the cor- GMPPNP with natural abundance,JOhr is broadened numerically

responding signal of p2Un(Il)-GMPPNP with 303 0.5%  pyparion mismciog o /e simulates the effects of 4t

[1"O,] enrichment in the threonine residues. For the purpose

of quantitative comparison, these spectra are normalized agincertainty in the value of A. Another source of uncertainty
described in the preceding paper. . . in the final estimate of A is uncertainty in th&Q,]Thr en-
Figure 3 illustrates the method by which we estimate richment: a+1% uncertainty in the enrichment leads to a
the magnitude of the’O hyperfine coupling constant. 401 mT uncertainty in the value of A. Analysis of several
Spectra A and B (solid) are the same pair of EPR signals a5 yields a J'0,JThr35 hyperfine coupling of 0.12-0.03/
shown in Figure 2. Traces C, D, E, a_nd_ F (dashed) represent_q 04 T in p2iMn(ll)-GMPPNP. This value is substan-
spectrum A after numerical broadeningde supra by 'O oy smaller than previously observed for a variety@

hyperfine coupling constants equal to 0.05, 0.10, 0.15, and, -
0.20 mT, respectively. The relation of spectrum B to traces ligands to Mn(ll) (Table 1, preceding paper).

D and E shows the actual hyperfine coupling constant is Ab Initic_) Calculations. To gain in_sight into_ the implica-
between 0.10 and 0.15 mT. Interpolation yields a value of tions of this unusually small hyperfine coupling for the Mn-
0.11 mT as the best estimate of the hyperfine coupling (I) —[O,]Thr structure, we carried out MO calculations for
constant. a model compound, Mn@#®D)s?*, in various octahedral
The dependence of relative peak height up@nhyperfine geometries.Ab initio unrestricted HartreeFock molecular
coupling constant is summarized in Figure 4. The curve orbital calculations were performed with ti@aussian 92
shows that a relative peak height of 0.976 corresponds to aRevision A suite of programs (Frisckt al, 1992). The
hyperfine value of 0.11 mT. The slope of the curve in the LANL1IMB basis set comprises the STO-3G basis set for
region of A = 0.10-0.15 mT suggests that a&1% first row elements and the Los Alamos EGP MBS on
uncertainty in the relative peak height leads to a 0.03 mT atoms Na-Bi (Hay & Wadt, 1985a,b; Wadt & Hay, 1985).

000 005 010 015 020 025
IAl (mT)
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r 0.30 typical Mn(I)—%"O complexes establishes that the manganese
is directly coordinated by the labeled oxygen, with no
025 intervening water ligand. On the other hand, the relatively
small size of the coupling suggests that the manganese
oxygen linkage is unusually weak.
L 0.15 Al (mT) Some insight into the origin of this weakness can be
obtained by considering theariation among the'’O
L 0.10 hyperfine couplings observed for Mn(ll) coordinated to
various'’O-labeled oxo ligands (Table 1, preceding paper).
r 0.05 The couplings observed for,HO are tightly clustered in
the range 0.250.28 mT, whereas values for th#®-labeled
2.0 ligand atoms in nucleotide polyphosphates span a signifi-
524 cantly wider range (0.160.4 mT). This distinctive behavior
R(A) is most readily understoetparticularly in light of the MO
FiGURES: Isotropict’O hyperfine coupling as a function of position ~ Calculations reported aboves reflecting distinctions in
and orientation. Couplings are based on Fermi contact analysis ofcoordination geometries. For small ligands such a®,H
ab initio calculations for the model compound [Mnf®)e]**. R is the metat-ligand structure is determined predominantly, if
the Mn—0O distance® is the angle between the MiD axis and ¢ ey clusively, by the manganesexygen interaction itself,
the normal to the HO—H plane. -

whereas for much larger ligands, the adopted structure

We initiated these calculations using the structure of the represents a compromise between the mangarbsgen

Mn(H,0)2" guest complex in lanthanum magnesium double interaction and numerous other constraints. A®Hgand

nitrate, previously characterized by EPR,and’0 ENDOR can thus generally attain a coordination structure that is
(DeBe,eret al, 1973; Glotfelty, 1978). In’ this structure, the “optimal” (with respect to the MiO interaction alone) and

oxygen atoms of the six water ligands surround the central thuS exhibita Mra-O bond length of-2.2 A and a hyperfine
Mn(ll) ion in a nearly regular octahedral array with Mn- _coupllng OfN.Z'S MHz. By contrast, a phosphoryl oxygen
(I —O bond lengths of 2.20 A: the ang® between the in a nu_cle0t|de polyphogphate is _su_bjected to ad_dltlonal
normal to the plane of a water ligand and its M@ axis is constraints by covalt_ant linkages within the nupleotlde, by
m/2. Additional details of the structure of this model noncqvalent Interactions b(_atween the nuchotuje and sur-
complex appear in (DeBeeat al, 1973; Glotfelty, 1978). rounding protein and, potentially, by the coord|nat.|on of.other
From a Fermi contact analysis of the results of the MO phosphate oxygens to the metal center“. Apcor?mgly, It may
calculation, we obtained a coupling constant-t#.9 MHz be compelled to adopt a less than “optimal” Mngtp

(—0.32 mT) in good agreement with the experimental value structure. Although such structural perturbations might be
of —7.6 MHz (~0.28 mT) (Glotfelty, 1978) small, they can nevertheless lead to substantial reductions

of the Mn(l1)—0O hyperfine couplings. In p2Mn(ll)-GDP,

for example, subtle alteration of the chemical environment
of the nucleotide induced by protein mutations leads to
readily observed variations in th@g-[’O,GDP hyperfine
couplings (Feuersteiat al., 1987).

The small’O hyperfine coupling observed iQ,] Thr35-
labeled p2iMn(Il)-GMPPNP is certainly more similar to
values observed in Mn(Il) complexes with phosphate ligands
i . than to any of the values observed with aquo ligands. In
neighborhood, calculated values of #1® hyperfine cou- light of the greater chemical similarity of the threonine

pling exhibited little sensitivity to the orientation of the . :
water ligand, but a steep dependence on bond length, ashydroxyl group to aquo rather than phosphate ligands, this

illustrated in Figure 5. Qualitatively, these results clarify result reinforces the contention that the M linkage in
the strong correlation of Mn-O bond length with tH&© p21:Mn(ll) -GMPPNP is strained: like the phosphate nucle-

hvperfine counling: quantitatively. thev suagest that the otide ligands, the Mn(Ih-O, coordination structure is
yp piing, q y, they sugg influenced by the covalent bonds that link Thr35 with the
measured coupling of 0.11 mT indicates a ™MD bond

length of~2.7 A rest of the protein, as \_NeII as hydrpgen bonds and other
T noncovalent contacts with the protein, the nucleotide, and
DISCUSSION structurally-integrated solvent. Apparently, in solution, these
interactions prevent Thr35 from forming a more typical bond
Structural Implications.In this study, analysis of repeated to the Mn(Il) and thus exhibiting a more typical hyperfine
EDEPR experiments oA’D,]Thr35 in p2:Mn(ll) -GMPPNP coupling.
reveals theO,] Thr hyperfine coupling constant to be 0.11 MO calculations carried out on the model compound Mn-
+0.03/~0.04 mT. This coupling is the smalle$O hyper- (H20)s?" indicate that this small hyperfine interaction is most
fine interaction reported for an oxo-ligand in the first probably the result of an unusually long M®, bond of
coordination sphere of a manganous ion as determined by~2.7 A. This interpretation is in complete accord with all
ENDOR (Glotfelty, 1978; Tan, 1993; Tast al., 1993), or of the spectroscopic results. In particular, ESEEM studies
by EPR (Feuersteiret al, 1987; Kalbitzeret al., 1984; of GMPPMP complexes of p21 with various isotope labels
Latwesenet al, 1992; Reed & Leyh, 1980) (Table 1, at Thr35 reveal an Mn(IFy[3-2H] distance of 4.85+ 0.2 A
preceding paper). The existence of &0[]Thr35 hyperfine (Halkideset al., 1994) and a Mn(Ih-[3-1*C] distance of 4.3
coupling of the samerder of magnitudas exhibited in more 4+ 0.2 A (Farraret al,, personal communication); data from

r0.20

/6
1: /4

/3
G)( rad) 57\7/1 2

/2 28 <

We then applied this computational procedure to explore
the effects of metatligand structure on thé’O hyperfine
coupling. Five of the aquo ligands were maintained at their
orientations and the 2.20 A bond lengths specified above,
while the position of the sixth ligand was parametrically
varied. We restricted this variation to the physically reason-
able geometries in which/6 < ©® < /2, and we sampled
the Mn—O bond lengths from 2.2 to 2.8 A. Within this
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the crystal structure of threonine (Shoemakerl., 1950)
imply that these two distances place absolute lower limits
on the Mn(ll)-oxygen bond length of 2.8 and 3.0 A,
respectively.

Functional Implications.Both Raf-1 and GAP are known

Biochemistry, Vol. 35, No. 37, 1996.2199

must be a consequence of nonlocal effects. The assumption
that the metal ligand interaction is energetically dominant
and thus “drives” the nucleotide-dependent conformational
change, however, asserts the opposite: that the nonlocal
effects are negligible. Manifestly, the decisive role in

to bind p21 more tightly in the GTP state than the GDP state €ffecting the nucleotide-dependent conformational changes

(Moodie et al, 1993; Vogelet al, 1988). These results

is played not by threonine coordination but by the other

indicate that a conformational difference must exist between (nonlocal) interactions between the protein and the metal-

p21:GDP and p2iGTP when associated with these partner
proteins. In light of the role of p21 as a regulatory switch,
(Bourneet al,, 1990; Milburnet al, 1990) a conformation
difference must also be expected between-@ZIP and
p21:GTP prior to their association with the partner proteins.

nucleotide complex.

The most salient difference between the GDP and GTP
forms of p21 is, obviously, the presence of thphosphate
in the latter, which furnishes both additional negative charge,
and potential hydrogen-bonding interactions. It is tempting

Mutagenesis studies have indicated that residues in the regiod© suggest that the H-bond that links thephosphate and

26—60 are essential for p21 to bind its effectors and that
residues 3139 and 5765 are essential for interaction with
GAP and/or NF-1 (Johret al, 1993; Marshall, 1993;
Shirouzuet al,, 1994; Sunget al,, 1995; Whiteet al,, 1995).
Thus, these studies suggest that residues3®] the Switch

I region (Milburnet al, 1990), are of importance in actuating
the conformational change.

The presence of a nucleotide-associated conformationalt992: Sunget al,

change in p21 involving residues -3B89 has been directly
observed by X-ray crystallography (Pet al, 1990; Tong

et al, 1991) and by magnetic resonance spectroscopy

(Halkideset al, 1994; Milleret al,, 1993, 1992). We have

Thr 35 amide group (Milburrt al,, 1990; Paiet al, 1990)
plays the primary role in driving the conformational change
in the Switch | region of p21. Interestingly, another H-bond
that involves they-phosphate, linking it to the amide group
of Gly60, may likewise be largely responsible for the
nucleotide-dependent conformational change in the Switch
Il region of p21 (Milburnet al, 1990; Miller et al, 1993,
1995).

The attention focused on Thr35, together with the rigid
conservation of this residue among related proteins, has
motivated numerous mutagenesis studies directed at this site.
Mutations affecting Thr35 may cause changes in effector

emphasized that ESEEM and EPR give results that differ binding, in GAP binding, or in GAP-dependent acceleration

from those obtained by crystallography regarding metal
coordination of the Thr35 hydroxyl group; it is likewise
worth noting that differences exist among various X-ray
structures regarding the position of Thr35 in p21 (Halkides
et al, 1994). Nevertheless all of the structural studies give
a qualitatively similar picture of the impact of nucleotide

exchange: all map a pivotal structural change in residues

30—38 that specifically positions Thr35 closer to the metal
ion in the GTP form than in the GDP form of p21.
Following the crystallographic studies, the coordination
of the Thr35 hydroxyl group by the divalent cation was
regarded as an energetically favorable event that drives th

conformational change observed in its neighborhood (Mar-

shall, 1993; Milburnet al,, 1990; Paiet al., 1990). Our

ESEEM and EPR results clearly indicate that the metal-ligand
interaction is weak and is properly regarded as incidental to

the conformational change, rather than its driving force. This

conclusion is reasonable strictly on energetic grounds as well.
The free energy change associated with the replacement o

an aquo ligand by the Thr35 hydroxyl group can be

considered as the sum of local effects, characteristic of the

metal oxygen binding, and nonlocal effects, which do not
involve the metatoxygen interaction. Clearly, the local

effects are necessarily very similar in both the GDP and GTP .

forms of p21. Thus, the contrary behavior of the GDP and
GTP forms of p21 as regards MnH#]O,]Thr35 binding

3 An alternative explanation for the small value of the experimentally
determined hyperfine coupling constant is that the incorporation of
isotopically labeled threonine is lower than expected. However, the
enrichment is determined by GC/MS analysis of protein hydrolyzate
in both the ESEEM work and the present EPR study (Figure 1). The
89% enrichment of the protein, relative to the starting amino acid, falls
in the range previously observed for the enrichment of threonine
residues, 7589% (Halkideset al., 1994). Thus, the level of incorpora-
tion of labeled threonine is consistently high and is explicitly taken
into each analysis.

€

of GTP hyrdolysis, as has been discussed (Halkates,
1994). The T35S mutant binds GAP and hydrolyzes GTP
in GAP-dependent manner, whereas the T35A mutant loses
both activities. Whether the non-transforming T35S mutant
can interact with its downstream target, Raf-1, appears to
depend on the particulars of the assay (Shirtzl., 1994;
White et al, 1995); however, other downstream effectors
can interact with the T35S mutant (Whéeal, 1995). These
data suggest that, at residue 35, a hydroxyl group is
necessary, but not sufficient, to equip p21 for proper
interactions with other proteins. In addition, mutation of
Serl7 to Asn has been hypothesized to disrupt the coordina-
tion of Thr35 in this dominant inhibitory mutant (Farnsworth
& Feig, 1991). Mutagenesis experiments, however, have not
yet truly evaluated the function of the hydroxyl group at
position 35, because the substitutions which have been made
at this position have not merely removed or altered the
position of the hydroxyl group (Alallo-Thr) but have also
hanged or removed the methyl group. To elucidate the role
of the hydroxyl group of Thr35 while keeping the methyl
group intact would require the testing of one or more of the
following substitutions at this position: Vat-aminobu-
tyrate, orO,-methylthreonine.
The structural basis by which mutations within p21 disrupt
interactions with other proteins is unclear. A suggestion,
however, emerges from the recently reported structure of the
complex between an effector of p21, Raf-RBD, and a relative
of p21, RaplA, which has a sequence identical to p21
between residues 32 and 44. While Thr35 of RaplA is not
in direct contact with Raf-RBD, its hydroxyl group is
hydrogen-bonded, via a water molecule, to its Asp38, which
forms a salt bridge with Arg89 of Raf-RBD (Nassetral,
1995). Removal of the hydroxyl group might enable a
mispositioning of Asp38 and consequent disruption of this
interprotein interaction. The loss of Raf-1 binding function
in the T35S mutant may have a similar origin: removal of
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the y-methyl group may again allow dislocation of the
hydroxyl group and ultimately disrupt the interprotein salt
bridge. Thus, the importance of the hydroxyl group may
lie in its interactions not with the metal, but with other parts
of p21. Finally, it is also worth noting that the hydrogen

Halkides et al.

Robb, M. A., Replogle, E. S., Gomperts, R., Andres, J. L.,
Raghavachari, K., Binkley, J. S., Gonzalez, C., Martin, R. L.,
Fox, D. J., Defrees, D. J., Baker, J., Stewart, J. J. P., & Pople,
J. A. (1992)Gaussian 92Gaussian, Inc., Pittsbugh.

Gideon, P., John, J., Frech, M., Lautwein, A., Clark, R., Scheffler,
J. E., & Wittinghofer, A. (1992)Mol. Cell. Biol. 12 2050~

bond network discussed above, that links the amide groups 2056.

of Thr35 and Gly6Qia the GTPy-phosphate, is more tightly
knit in the Raf-1(RBD)}-RaplA complex than in the unas-
sociated p21 protein (Nassatral, 1995). This comparison

Glotfelty, H. W. (1978) Ph.D. Thesis, University of Kansas.

Glusker, J. P., & Carrell, H. L. (1973). Mol. Struct. 15151~
159.

Halkides, C. J., Farrar, C. T., Larsen, R. G., Redfield, A. G., &

tends to underscore the significance of interactions involving  Singel, D. J. (1994Biochemistry 334019-4035.

the amidegroup of Thr35 and Gly60 and also gives some
preliminary indication of potentially important conforma-
tional changes that might occur when p21 is associated wit
its partners.
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