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Electron spin-echo envelope modulation (ESEEM) spectroscopy is
widely used to investigate the active sites of biological molecules in
frozen solutions. Various cryoprotection techniques, particularly the
addition of co-solvents, are commonly employed in the preparation of
such samples. In conjunction with ESEEM studies of Mn(ll)
guanosine nucleotide complexes of p21 ras, we have investigated the
effects of cryoprotection on the spectroscopy, the structure, and the
activity of this protein. Echo decay times, which typically govern
ESEEM spectral resolution, were found to vary linearly with the
concentration of glycerol or methyl a-D-glucopyranoside (MG), with
both additives equally effective on a per-mole basis. The effect of
glycerol and MG on the ESEEM amplitudes of various protein nuclei
was studied in ras p21-Mn(ll) -5 guanylylimido-diphosphate
(p21 - Mn(I1)-GMPPNP) complexes: these additives did not alter the
distances of these nuclei from the Mn(ll) ion. In particular, in p21
incorporating [*°H-3]Thr, the Mn(l1)-[?H-3]Thr35 distance was found
to be unaffected by the concentration of cryoprotectant or the rate of
freezing. The proximity of the cryoprotectants to the Mn(l1) ion was
probed by 2H ESEEM in solutions made with ds-glycerol and d,-
methyl a-D-glucopyranoside (d,-MG). In p21 - Mn(I1)GMPPNP, the
large deuterium modulations from the dg-glycerol exhibit saturation
behavior with increasing ds-glycerol concentration, implying that
glycerol, a widely used cryoprotectant, replaces the aquo ligands of
the Mn(l1) ion. The interaction between the Mn(l1) ion of p21 and
MG, however, is less intimate: the deuterium ESEEM amplitudes are
much smaller for samples prepared with d,-MG than with ds-glyc-
erol. Several polyhydroxylic compounds were found to have essen-
tially no effect on the ability of the guanosine 5’-triphosphate (GTP)
hydrolysis activating protein, GAP334, to catalyze hydrolysis of
p21 - guanosine 5'-triphosphate. This observation implies that the
introduction of cryoprotectant does not significantly perturb the
structure of p21 and gives insight into the mechanism of the GTPase
reaction. © 1998 Academic Press
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INTRODUCTION

A variety of techniques in structural biology and biochem:
istry employs frozen solutions to exploit the numerous advar
tages of low sample temperatures. In the realm of magnet
resonance spectroscopy, these advantages begin with increa
sensitivity from larger Boltzmann factors at low temperatures
In addition, interactions that would be averaged out in solutior
such as dipolar couplings, are retained in frozen solutidhs (
In electron paramagnetic resonance (EPR) spectroscopy, |
reduction in spin relaxation rates achieved at low temperatur
is often crucial to the observation of paramagnetic species su
as transition metal ions. Likewise, extremely low sample tem
peratures are typically required for the observation of electro
spin echoes, which are central to the electron spin-echo en\
lope modulation (ESEEM) method, pioneered by Mims, Pei
sach, and their collaborator®,(6). Our ongoing ESEEM
studies of the structure of Mn(ll) guanosine nucleotide com
plexes in the protein p2das are performed on frozen-solution
samples at a temperature of 4.2 K.

When biological samples in aqueous solution are frozel
precautions must be taken to inhibit the segregation of th
sample into a purified ice phase and a second phase tl
contains concentrated solutés-@); this segregation phenom-
enon can have several adverse effects on the sample. The st
associated with ice crystal formation can damage biologic:
specimens {0). Proteins within the solute-rich phase can ex:
perience detrimental changes in ionic strength and HH)
An increase in local concentration of a paramagnetic speci
upon freezing can lead to a loss of resolution in ERBR (
electron-nuclear double resonance (ENDORJ)( and
ESEEM 6) spectra, presumably as a result of increased stru
tural microheterogeneity and/or electron spin—spin interac
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retard the formation of the purified ice phase by lowering th
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temperature of homogeneous nucleation, and thus facilitate #imw the Thr35 hydroxyl group to be coordinated to the
formation of a glassy phase in which the distribution of difdivalent metal ion. This ligation has been suggested to be tt
fusible components, and thus the relevant interactions betwekiving force in the switch-actuating conformational chargje (
components of the system, is maintain&#,(14. The addition 34, 37)—a notion difficult to reconcile with the ESEEMLY
of glycerol or sucrose to protein solutions has been found amd EPR results3@). Since the presence of glycerol additives
stabilize the protein15) and to protect against inactivationor the freezing methodology could conceivably affect the pro
during cold-storage, freezing, thawing, or lyophilizatidl6 ¢ tein structure, it is especially important to rule out the possi
18). Cryoprotectants play a crucial role in cryoenzymologhility that this structural distinction is an artifact of sample
(19, 20 and are widely employed in biological microscopypreparation methods.
diffractometry, and spectroscop®1-23. Glycerol is routinely ~ Accordingly, we have experimentally surveyed various
added to protein solutions to improve spectral characteristicsfirezing methods and cryoprotective additives and have ev:
ESEEM 6), ENDOR @4, 25, and EPR spectroscopg). uated their effects from spectroscopic, structural, and fun
A second method to limit ice formation during the freezingional perspectives. Variation of the cryoprotective compounc
process is to increase the rate of cooling7). Cooling rates may its concentration, or the rate of sample cooling is found t
be increased by using cryogenic liquids with low melting and higbroduce large changes in echo decay rates and thus in ESEI
boiling points {) or by replacing the cryogen altogether with apectral resolution. In addition, we find a surprisingly intimate
rapidly spinning metal block2@), and by increasing the surfaceinteraction between the active site Mn(ll) ion and the cryopro
area of the sample by dispersing it into smaill0 3 ulL) parti- tectant glycerol, which is observed to replace metal
cles. These tactics are combined in spray-freezing techniquesprdinated aquo ligands. This interaction, which clearly raise
which have been found to decrease protein aggregation marketily possibility of cryoprotectant-induced structural distortion,
as compared to rapid cooling of undispersed, microliter-volunige not manifest when the bulkier, closed-chain cryoprotectar
samples 29). Spray-freezing has also been used in conjunctiddG, is used. Notwithstanding these important effects, we fin
with cryoprotective additives2{). Arguably the most important that the local protein structure, as directly gauged by th
application of the spray-freezing technique is the rapid quenchiB EEM-determined Mn(Il)-Thr35 distance, is not significantly
of dynamic processes, which enables the study of reactive spepiegurbed by cryoprotectant techniques. Moreover, the abilit
(28, 30-32 of p21 to hydrolyze guanosin€tfiphosphate (GTP) in the
Our interest in p2tasis broadly motivated by the importantpresence of the truncated GTPase-activating protein (GAP33
functional properties of this protein: its absolute requirement ia likewise unaffected by the presence of cryoprotectants |
signal transduction for cellular growth or differentiation, andolution. These results specifically establish the structural ar
its occurrence in point-mutant forms in about 30% of all humamnctional innocence of the cryoprotective methods that at
tumors B3). The critical role that protein—protein interactionemployed in ESEEM studies of p21. They give insight into the
play in key aspects of its function—including signal transducomparative utility of different freezing methods, and more
tion, nucleotide exchange, and GTP hydroly84){—provides generally, delineate the types of control experiments that c:
a further impetus to our ESEEM studies: ESEEM is welbe performed to confirm the innocence of freezing methoc
established as a local structural probe, applicable to high mesed in low-temperature ESEEM spectroscopy.
lecular weight, complex biological molecules in frozen solu-
tions () and is thus ideally suited for probing structural RESULTS
transformations that accompany the interaction of p21 with its
auxiliary proteins. An important component of this ESEEM Phase memory time as functions of cooling conditioris.
approach to structural biology is to confirm that the cryoprdwo-pulse ESEEM experiments, the electron spins are su
tective additives introduced and freezing methods utilized glected to an/2 pulse, a delay of length, and aw refocusing
not significantly perturb the protein. Such checks are routinefiulse. The echo is observed at a timafter the second pulse.
the area of cryoenzymology g, 20, but are less common in The value ofr is increased in small increments, and the
spectroscopyf). amplitude of the echo is plotted as a function ©of Such
The issues raised in our ESEEM and EPR studies of 21 ESEEM patterns typically show nuclear modulation effect
35) heighten the importance of careful scrutiny of the freezinguperimposed on a decaying echo signal. The rate of th
technique. ESEEM measurements give results that closdgcay, gauged by the phase memory tifig)( determines the
match the X-ray structures in the phosphate-binding region BSEEM spectral linewidths (wheR,, * is appreciably greater
the protein, but differ in a region that undergoes a conform#zan the inherent ESEEM spectral linewidths) and resolutiol
tional change of pivotal importance to the signaling procedsigure 1 shows a sampling of electron spin-echo envelop:
Specifically, the distance between the divalent metal and véamplitude of the echo versu§ for p21 in various frozen
ious nuclei in Thr35 in the Switch | region of the protein wasolutions, with clear variations if,.
found by ESEEM ¢, 35 and EPR 2, 36 to be significantly  All of the samples studied exhibited decay profiles that ar
larger than in the crystal structures. X-ray structures of p2it by single exponential-decay functions. The exponential
with a GTP analog, 5guanylylimido diphosphate (GMPPNP),decay constants obtained by analysis of the data are listed
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FIG. 1. Time-domain ESEEM patterns of p2ZMn(I)GMPPNP as a  F|G. 2. Relaxation time T,,) as a function of concentration and type of
function of cooling conditions. (A) Sample was plunge-frozen in liquiditN  cryoprotectant. Relaxation times appear to increase linearly with increases
the presence of 50% glycerol. (B) Sample was plunge-frozen in liqyid Noncentration of cryoprotectant. The solid diamonds represent different conce
without glycerol. (C) Sample was spray-frozen in the absence of glycerol. (R}tions of MG; the open circles represent different concentrationg-glyderol;

Sample was plunge-frozen in isopentane in the absence of glycerol. (E) Samplecrosses represent different concentrations of unlabeled glycerol.
was plunge-frozen in ethane in the absence of glycerol.

2, and illustrate that, in this systeffj, increases in an approx-
the experimental ,, values in Table 1. The dependenceTqf imately linear fashion with the concentration of either glycero
on cryoprotectant concentration is of particular interest, inagr MG. Moreover, these two cryoprotectants give roughly
much as this relation discloses the cost—in degradation &fual protection at equal molar concentration. For example, tl
ESEEM spectral resolution—of curbing our use of exogenogs, values obtained with 15% glycerol and 40% MG solutions
cryoprotectants. Relevant data from Table 1 are plotted in Figbth of which are~2 M in cryoprotectant, are essentially the

same. The data in Fig. 2 also show that deuteration of tt

glycerol leads to a small increaseTip, as compared to protio-
TABLE 1 glycerol. This type of behavior is known to occur when nuclea
Electron-Spin Phase-Memory Time (T..,) spin flip-flops contribute significantly to the local-field fluctu-
as a Function of Freezing Conditions ations. Notably, this isotope effect is not evidenced upo
deuteration of the MGvde infra).

Cryoprotectant Cryogen Method of freezing T (usy . L .
To test the idea that plunge-freezing into an isopentane slu

50% d-glycerol N, Plunge 38+02 might largely reduce the need for cryoprotective additives, w
30% d-glycerol N, Plunge 28=0.1 measuredT,,, values of samples, thus frozen, with cryopro-
é‘i’/"%‘gﬁgg‘zﬂ & 2:3:32 11; 8'8‘11 tectant concentrations ef0.7 M (15% MG, 5% glycerol). We
50% glycerol N Plunge 36+ 01 found that these samples_ be_ha_ved ess_entl_ally the same
30% glycerol N Plunge 212+ 009 analogous samples frozen in liquid,:Nreezing in isopentane
10% glycerol N Plunge 1.0 0.02 produced no significant benefit. In the complete absence
0% N, Plunge 0.94-0.01  cryoprotective additives, plunge-freezing in isopentane slus
2‘(’;‘(’% MG Etha”e PT::gge 10512_3 g'gé or in liquid ethane actually appeared to yield poorer resilts (
30% d-MG Nz Plunge 163 0.05 0_.3 /_us) than plunge-freezing in Ilquu_j_nltroge'rﬁn( 0.9 pLs)_. We _
20% d-MG N, Plunge 1.35- 0.02 Similarly probed the comparative utility of spray-freezing with
15% d-MG N, Plunge 121+ 0.00  samples containing only-0.3 M cryoprotectant to plunge-
10% d-MG N Plunge 1142002  freezing in isopentane or liquid nitrogen in the presence c
ig;‘j mg :\;Zopemane Plgru%Ze 1'?598'8? 0.5-0.7 M of cryoprotectant (5% glycerol or 10—-15% MG).
5% glycerol Isopentane Plunge 1lez:0L 1he spray-f_roze_n sample had a slightly shorter decay timi
0% Isopentane Plunge 0.2700F Spray-freezing in the absence of cryoprotectant gave a res
5% MG Isopentane Spray-freeze oem.or that was poorT,, 0.5 us), albeit slightly better than plunge-
1.5% glycerol Isopentane Spray-freeze 0:68.01  freezing cryoprotectant-free samples in isopentane or ethan
0% Isopentane Spray-freeze 04D.01 In Fig. 3, we show two-pulse ESEEM spectra &#{3]Thr/

[*3C-4]Asx-labeled p2iMn(I)GMPPNP as a function of

2 The uncertainty represents the error in the fit. -
b Average of three determinations. glycerol addition (0, 10%, and 50% glycerol). The peak at 2..

© Average of two determinations. MHz is ?H from Thr35; the peak at 3.5 MHz i§°C from
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rium labeled cryoprotectant by % ESEEM signal. The am-
plitude of the®H ESEEM signal, as in the case of isotopically
labeled protein, depends on the proximity of cryoprotectar
molecules to the Mn(ll) ion. Figure 5 depicts a series o
ESEEM patterns for samples of p2Un(I)GMPPNP in the
presence of increasing amounts gfglycerol (deuterated at
the carbon positions). The low-frequency oscillations that in
crease in amplitude with increasing glycerol concentratio
arise from deuterium. Figure 6 shows a similar series fo
d-MG; the deuterium modulations are not nearly as strong i
this series as in Fig. 5. The amplitude of the ESEEM peak :
the ?H Zeeman frequency, as a function of concentration ¢
each cryoprotectant, is plotted in Fig. 7.

3 5 6 Two points are clearly illustrated in Figs. 5—7. First, at eque
Frequency (MHz) molarity, d-glycerol produces a much more intense 2H

ESEEM signal than does,d4MG, even though the two cryo-

protectants have nearly identical effects @p (Table 1).

[2H-3]Thr and [3C-4]Asx in the presence of varying concentrations of glyc? . . .
erol. The dotted curve is in the presence of 0% glycerol, the solid curve is%econd’ théH ESEEM clearly exhibits a saturation effect with

the presence of 10% glycerol, and the dashed curve is in the presence of 30@easing cryoprotectant concentration. The solid lines in Fig
glycerol. The field strengths of the three spectra were 3425, 3349, and 327Z/Grepresent binding-site saturation curves (Eq. [1]), generats
respectively, for the spectra at 0%, 10%, and 50% glycerol. The EPR frequg{ith the least-squares best-fit dissociation constants:-0081

cies were 9.802, 10.042, and 9.858 GHz. The effect of increasing valles ofM (6% vIv) for glycerol, and 0.04= 0.4 M (0.8 % wiv) for
with increasing concentrations of glycerol is evident as greater resoluti gly ’ : ) )

between carbon and phosphorus and as greater overall signal-to-noise. % The diS_SOCiati(_)n constant for glycerol is better determine_
deuterium signal arises from Thr 35 and its amplitude yields a MAdI)- than the dissociation constant for MG. The asymptomati

distance of 4.9- 0.2 A, in all three cases. amplitude of the deuterium modulations (24.7 for glycerol an
5.5 for MG) can be further analyzed to gain some insight int
the location of the bound cryoprotectant. This estimation i
Asp57; and the peak at 4.0 MHz3 from GMPPNP). The facilitated by the stark distance-dependence (inverse six
effect of smallT,,, values on the ESEEM spectral resolution igower) of ESEEM amplitudes, which thus tend to derive

clearly illustrated by these spectra: the absence of glycegkdominantly from the closest nuclei)( By employing the
leads to the almost complete loss of resolution between carbon

and phosphorus peaks.

The spectra in Fig. 3 also give important information re- rorrrrrrE e
garding the impact of cryoprotectants on the p21 structure. The ;
relative intensities of théH, *3C, and*'P peaks are nearly
identical in each of the spectra. Evidently, in stark contrast to
the behavior off,,,, the hyperfine couplings of these nuclei are
not sensitive to the freezing methodology. Detailed simulationsg
of the PH-3]Thr peak in the presence of 0%, 10%, and 5096,
glycerol yield Mn(I1)-[PH-3]Thr35 distances that are identical 2
within experimental error (namely 4.2 0.2 A) in the three
samples. Figure 4 shows the spectra of analogous samples
which were alternatively plunge-frozen in the presence of 15%
MG or spray-frozen in the presence of 5% MG; both samples
also yield a Mn(I1)-fH-3]Thr35 distance of 4.9 0.2 A.

Deuteration of cryoprotectants.The addition of a cryopro- 0 3 10 15 20 25 30
tectant to an aqueous solution can be viewed, in effect, as a Frequency (MHz)
substitu_tion of cryoprotectant molec_ules for va_rious w_ater mol-,s 4 Two-pulse ESEEM spectra of p2Mn(I\GMPPNP labeled with
ecules in the solvent. The active site of p21 is readily acc8s.3jthr and £C-4]Asx spray-frozen in the presence of 5% MG (solid line)
sible to the solvent; the divalent cation in the active site has plunge-frozen in the presence of 15% MG (dashed line). For the spra
several aquo ligands. We were interested, therefore, to defeazen sample, peaks are apparent at 2.02 Mit),(3.06 MHz (°C), 4.23
mine whether the cryoprotectant could replace not only watdfz ¢'P). 11.92 MHz {'P combination), and 14.65 MHZH). The EPR

| | in the bulk uti but al th | ted i tfrequency was 9.9375 GHz, and the field strength was 3441 G. For tf
molecuies In he bulk solution, but aiso those located In ﬁmge-frozen sample the EPR frequency was 9.858 GHz and the field stren

active site of p21. The presence of cryoprotectant near thgs 3286 G. The deuterium signal arises from Thr 35 and its amplitude yiel
active site would be detected in a system containing a deusevn(il)-2H distance of 4.9- 0.2 A.

Signal

1.5

FIG. 3. Two-pulse ESEEM spectra of p2Mn(I[)\GMPPNP labeled with

5% aMG spray frozen

B 15% MG plunge frozen
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FIG. 7. The deuterium peak amplitude plotted as a function of concen
tration of deuterated cryoprotectant. Solid circles represemlyterol and

. FIG.5. Time-domain ESEEM signals of p2ZMn(I)GMPPNP as a func- .open diamonds representMG. The data for g-glycerol and ¢-MG were fit
tion of ds-glycerol concentration by volume. The large, low-frequency oscil-

. . ) . ~ 0 0 ho a saturation curve as described in the Experimental section and dissociat
lations arise from deuterium. Sucgesswe curves (A)~(E) show 0%, 5%, 15c/B’nstants of 0.8 0.1 M and 0.04+ 0.04 M were obtained for glycerol and
30%, and 50% gglycerol, respectively.

MG, respectively.

single nucleus and equivalent nuclei approximatiolls Wwe p21 by a GAP protein truncated to this domain, namel
obtain lower and upper bound estimates of the distance of T@Q\p334, is shown in Table 2 as a function of sucrose or M(
deuterium atom(s) that are, by hypothesis, singularly CloseéBncentration, in aqueous solution. When 1 mM Mn@-

the Mn(ll) ion. For glycerol, these bounds embrace the range o< 1 mm MgCJ, the GTPase rate is stimulated 3-fold
3.1-4.1 A. This result strongly suggests the coordination o (Rable 2). Table 3 shows the GAP334-stimulated GTPase ra

glycerol molecule to Mn(ll) in place of aquo ligands. In conzg 4 fynction of glycerol concentration. The data show th:

trast, the single-nucleus and the equivalent nuclei approxinqﬁycerm, sucrose, MG, or MnGhave only modest effects on
tions for d-MG yield a distance range of 3.9-5.1 A, INCOMiha rate of GTP hydrolysis.

patible with direct coordination.

GTPase assays The rate of GTP hydrolysis catalyzed by DISCUSSION
p21 is greatly stimulated by the auxiliary protein GAP. The
active region of GAP is located in the C-terminal 334 amino Echo decay times. We surveyed a variety of cryoprotective
acid residues3g). The stimulation of the GTPase activity ofmethods in an effort aimed at simultaneously optimizing
phase-memory times to increase ESEEM spectral resolutic
while minimizing the concentration of cryoprotective additives
to reduce the risk of detrimental effects on protein structure ar
function. The variation off,,, with molar concentration of the
additives glycerol and MG, shown in Fig. 2,linear over the
range 0—7 M. Accordingly, the co-solvent composition can b
adjusted,ad libitum, to achieve the optimal compromise be-
tween resolution and additive concentration.

T, is characteristic of the rate of fluctuations of local mag
netic fields which arise from electron—electron or electron
nuclear interactions5j. The typical relation betweem,, and
the concentration of paramagnetic cent&s;an be expressed
asT,, ' = a+pC, in which the constank subsumes concen-
tration independent effects such as nuclear spin diffusion, at
B reflects the electron spin—spin effects that vary linearly witl

Time (us) concentration39). The concentrationC, must be understood
, _ as the local concentration of the paramagnetic center. If the

FIG. 6. Time domain ESEEM patterns of p2Mn(Il)GMPPNP as a . . - .
function of d-MG concentration by weight-percentage. The size of the deM‘-’ere_a separation of a pure ICe_ phase durm_g th_e freezing OTt
terium oscillations is much smaller than in Fig. 4. Successive curves (A)—(Bplution, then the Mn(ll)-protein concentration in the remain
show 10%, 15%, 20%, 30%, and 40% MG. ing solution, that is, the local Mn(ll)-protein concentration,

Signal
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TABLE 2 tion of a pure ice phase that can form during the removal of th
The Effect of Sucrose, MG, or Mn(ll) on the cryogen 8). Spray freezing may allow one to reduce the concer
GAP334-Stimulated GTPase Rate of p21 tration of cryoprotectant necessary to achieve the desired deg
Relative GTPase rate Relative GTPase rate of vitrification (2_7); therefore, the c_ornbi_nation of spray fr(_aezing
Weight % (Sucrose) (MG) and cryoprotection may be beneficial in cases where high co
centrations of cryoprotectant are undesirafi).(

g cl).se 3.61 Deuteration of cryoprotectants.The large modulation am-

10 0.75 1.51 plitudes evidenced in Fig. 5 from deuterium labels in the
15 0.72 0.78 samples of p2iMn(I)GMPPNP prepared in #glycerol are

0 3.0 (1 mM MnCl) striking, particularly as compared to the relatively small deu

terium modulations from the.eMG samples exhibited in Fig.

would be increased by the freezing process dpdwould 6. At2 M concentrati_on of the cryoprotective addiFives, for
decreases). Within this framework, the variation of,, with ~€xample, the modulations inygjlycerol are about 4 times as
the concentration of cryoprotectant in the the solution demoig’9e as in the gMG, while the ratio of the number of
strates that the cooling rate and/or cryoprotectant concentfguterium atoms in the two compounds is 0.7. This disparit
tions employed were not sufficient to suppress ice formatidpdicates that the additives are not simply dispersed in the bu
totally. This result accords with the work of MacKenzi), solvent—in which case the modulation depths would be near
who found that moderately fast freezing could not prevent i@ual—but that each of the two additives interacts with th
nucleation at low concentrations of cryoprotectants but wasotein in some specific, but distinct manner. The dispara
required to prevent ice formation in solutions with moderateehavior of the deuterium ESEEM signals of these cryoprc
cryoprotectant concentrations. tectants extends to their concentration dependence: if the
We have found glycerol and MG are essentially identical, agignals originated from bulk solvent molecules, their amplitud
a per mole basis, in increasifig,, even though these additiveswould show alinear increase with increasing concentration
interact with the protein in observably different ways (vidé43). As illustrated in Fig. 7, however, both systems shov
infra). This contrast reinforces the view that these additiveaturation behavior. The dissociation constants are 0.8 M f
exert cryoprotective effects by affecting properties of the bulilycerol and 0.04 M for MG; the ratio of the limiting modu-
aqueous solvent, rather than the solvation of the protejation amplitudes (glycerol vs MG) is-4.5. These data indi-
MacKenzie has observed that the additive-induced depressi@ifie that the MG molecule that gives rise to the ESEEN
of the freezing point of water and its temperature of homoggrteracts more avidly with p21 than does the correspondir
nous nucleation are linearly correlatet?). The former prop- glycerol molecule, but maintains a greater distance from tr
erty, of course, depends only on the concentration of thetve site Mn(ll) ion.
additive, thus so also must the latter. Accordingly, the notion petailed analysis of the deuterium modulation amplitudes
that cryoprotectants facilitate the formation of a glassy _pha§€cording to thesingle nucleusindequivalent nuclei approx-
by lowering the temperature of homogenous nucleation jigaions,is consistent with a single nucleus at 3.1 A or with

entirely in accord with our results. five equivalent nuclei at 4.1 A from the Mn(ll) ion. These

In_plunge-frozen samples, the propert|_es of the cpollng ba%\Iues represent the lower and upper bounds, respectively,
that is, the nature of the cryogen, determine the cooling rate. W

) ) : iStances from Mn(ll) to deuterium atoms on the closes
expected ethane and isopentane to provide more rapid cooling

than liquid nitrogen and thus to enharite (7, 31). We found,
however, that nitrogen generally gave slightly beffgrvalues.
Inasmuch as these observations are limited and no direct mea-
surement of the cooling rate was undertakén these data are

more tentative. Nevertheless, they are in accord with results frem

TABLE 3
The Effect of Glycerol on the GAP334-Stimulated
GTPase Rate of p21

cryocrystallography 40). The cooling rate can be dramaticallyvolume % glycerol Relative GTPase rate Visco8ity
increased through spray-freeziri( 39, and we anticipated that
spray-freezing might alleviate or possibly eliminate the need for 0 1.00 0.89
cryoprotective additives altogether. We found, however, that sam- > 0-91

: ' e 10 1.09 1.06
ples spray-frozen in the complete absence of such additives ex- 15 0.74
hibit unacceptably small phase-memory times. Our results are 20 1.00 1.54
similar to those found for spray-frozen CyGind MnC)}, solu- 25 1.09
tions in EPR linewidth studies( 41). Likewise, solid-statéH or jg 8'32 gig

3C NMR studies of frozen glycine showed that spray-freezing
did not markedly change ttg or theT,, values relative to slowly
frozen samples4@). Some of these results may reflect the forma- 2 R. K. Scopes, “Protein Purification,” Springer-Verlag, New York (1987).

50 0.69 5.2
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labeled molecule, which is assum&tb dominate the ESEEM  Cryoprotectant deuteration was found to provide a sma
response. These distances are quite reasonable for an alcotekase inT,, for samples prepared with glycerol but not MG.
coordinated to a transition met&l4). The chelation of divalent This observation reinforces the results of the ESEEM measur
metals, including Mn(ll), by a hydroxyl group to an acidic ments regarding the relative distances between the Mn(ll) ic
group is documented in thermodynamic and crystallograptaed the hypothetically closest cryoprotectant molecules. .
studies 45, 46. Most importantly, glycerol itself has been glycerol molecule must be in close proximity to the Mn ion sc
observed to coordinate free Mn(ll) in aqueous solutiomhat spin flip-flop processes of glycerol hydrogen nuclei ar
through NMR relaxation studieg). These studies set ampleeffective in generating fluctuating fields at the Mn(ll) ion and
precedent for the coordination of glycerol by Mn(ll) in p21lhence a short€F,, value is obtained. Deuterium, with a gyro-
Both the amplitude of the deuterium signal and its saturatignagnetic ratio 6.5 times smaller than that of hydrogen, gene
behavior are thus best explained by direct coordination of thees significantly smaller fields and does not affgt The
Mn(ll) ion by glycerol. Inasmuch as ESEEM and EPR studigsroton spin flip-flop processes are allowed so long as they a
in aqueous-glycerol solutions implicate the coordination of twénergy conserving, a condition satisfied when the glycer
protein and phosphate oxygen atoms in pIh(INGMPPNP, - proton hyperfine splittings are smaller than the matrix proto
glycerol must be replacing aquo ligands of the Mn(ll). linewidth (~100 KHz). From simulation of the deuterium peak
In light of the widespread use of glycerol as a cryoprotectaginplitudes of the deuterated glycerol samples, we estima
(25, 29, these results underscore the general importancebton hyperfine couplings of 0.1-0.4 MHz; this range of
probing the effects of glycerol on the structure and function @buplings indicates that some protons of the coordinated gly
the system under study. In the particular case of p21, we &i®| molecule are not detuned from the matrix protons an
especially interested in the interactions between the Mn(ll) a@ﬂergy conserving flip-flop processes may occur. In contras
the nucleotide and protein. Such interactions could conceivalghe |ocal field exerted at the Mn(ll) ion by hyperfine interac-
be disrupted if active site water molecules are replaced fyns with the MG hydrogen nuclei is not effective in shorten:

glycerol. _ _ _ing T, suggesting that MG is more distant from the active siti
The behavior of MG, as contrasted with glycerol, likelfnan glycerol.

stems from the fact that MG is a bulkier molecule with a ring . ) ]
structure that hinders its access to the active site cationDistances between Mn(ll) and selectively labeled protei

whereas glycerol is a relatively small, open-chain molecule. #/Clei.  Our previous ESEEM results provided measuremen
the deuterium ESEEM from,eMG arises from asinglemol- 0 selecteq nuclei on p21 that were generally in agreement wi
ecule bound near the active site, it is located at a distaricé those derived from X-ray crystallography, (39. The dis-

times greater than the glycerol ligand—a distance difficult {§NC€s we observed between Mn(ll) and several nuclei c
reconcile with coordination to the Mn(ll) ion. Moreover, thisThr35 in the GTP form of p21, however, place this critical
remoteness, together with the comparative bulkiness of Mtgsidue 84) farther from the metal than observed in the crysta
suggests that some caution should be exercised in assunfiigcture. We concluded that the interaction between the h

that ESEEM is dominated by the single nearest molecule to #&@Xy! group and the Mn(ll) ion must be relatively weak in

Mn(ll) ion. solution @, 36. We suggest that intermolecular (protein—protein
forces probably alter the interaction between Thr35 and the me
in the crystal or that these crystal contacts reduce the mobili

of loop 2 observed in solution3p). This situation is prece-

3 The deuterium modulation amplitudes cannot be accounted for by contrj-

butions from more distant molecules that are also more numerous—eféz?med by the differences in the coordination of zinc exhibite

glycerol molecules in the second coordination sphere of the metal ion, orl8t CONcanavalin A in solution vs in crystal2k) and in the
even more remote locations. In order to account for the amplitude of tm@ordination of zinc and cobalt in carboxypeptidase4®)(
modulations by second sphere coordination, six glycerol molecules would haveThe coordination of the hydroxyl group of Thr35 to the

to surround the Mn(ll) ion at a distance of5.5 A. Our previous ESEEM agtive site cation has been described as the driving force f
studies of p21 have shown direct coordination of the polyphosphate chain. o

GMPPNP as well as Ser 1T)( EPR studies with 570 have shown that only INducing the conformational change that is critical to signa
two water molecules coordinate the divalent metal ion, implying that the metffnsduction in p2134). Accordingly, the discrepancy be-
ion is predominantly surrounded by proteR).(Consistent with this observa- tween the crystal and solution structures deserves close sc
tion is the fact that X-ray studies have indicated that there are four Iigandsﬂﬁy. In particular, the possibility that the ESEEM distance

the divalent ion belonging to the protein or the tightly bound GMPPNP a . .
two waters which complete the octahedral coordination sché&nd-qrther, %easuremems are artifactually influenced by the sample free

the structure of p21 indicates that the metal ion is essentially sequestered ft6{d PrOCESS Of by the presence of Cry0pr0teCt§nt'add|t|Ves mt
bulk solvent (see below) and only three water molecules appear to be in @ examined. Moreover, since we have establishiel upra
second sphere?]. Indeed, the fact that the metal ion is nearly surrounded bthat glycerol replaces water molecules at the active site of p2

protein and nucleotide makes it very unlikely that six glycerol molecules couig is important to determine whether this substitution has Sig
fit into the second coordination sphere of Mn(ll). Successively more distant,

solvation spheres cannot account for the observed amplitude, owing to [Hé'ca”t_ structural or functional consequences. . .
much more rapid decrease of modulation depth, which decline’aghan the Detailed analyses of the ESEEM results presented in Figs.

increase in the number of solvent molecules, which can rise onlf.as r  and 4 indicate that the distances between the Mn(ll) ion and tf
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observed nuclei, including nuclei on Thr 35, are unaffected by k, k,
either the presence or the varied concentration of glycerol 6AP334+p21GTP <T(—' GAP334+p21GTP — ~ GAP334+p21GDP
MG. Therefore, the presence of glycerol or MG cannot be the B
cause of the differences between the ESEEM and X-ray struc-
tural results. Moreover, the distances for these nuclei are also
the same in a sample that was spray-frozen in the presence of _ _
5% MG. Since spray-freezing takes place in only a few mill2 réaction 60-52. It k, > k_,, then koK, = k;, and this
seconds, the protein can sample only the conformations av&iiotient should vary inversely with solvent viscosity; in this
able to it on this time scale; therefore, the possibilities fgF9ime, the reaction operates under d|ffus!on-c9ntrol. If, how
conformational re-equilibration are severely circumscribed®" I <k_y, therl _i%a{K_m - k?/ Ksand the viscosity effects on
(28). These results confirm that the distance between t éand_ K 1 can_c_el,_ in this regime, t_he reaction operates und
Mn(ll) ion and the Thr35 deuterium label ifH-3]Thr-labeled €SSentially equilibrium conditions, with )<= K = K_4/k, (52).
p21- GMPPNP, in frozen aqueous solution, is 4:90.2 A, The extensive results W'.th glycerol, over the V'SCOS'W rang
independent of the presence of cryoprotectant additives or %%Jl(:sg)ﬁe?eqssz?})r; ?r:/:)rlgelilrlrt:iltee gasrligfgs"svﬁﬁm;jggg an
Zfimple cooling ratg , and |nd|cat.e that the greater M'.?'HI)- MG (Table 2). These results indicate that the GAP3IBALGTP
istance observed in frozen solution versus the crystalline state€ . . : : .
. : . . . ._complex dissociates more quickly than it forms products, i.e
is not ordained by the freezing method. As viewed in solutio

therefore, the coordination of the Thr35 hydroxyl to the Mn(lli at i%l > ka, and_ thus_ G.AP334 operates under equilibrium
. onditions. The dissociation constant,, kof the GAP334
must involve an unusually long Mn(ll)-oxygen bond. As we

have previously argued on the basis of ESEEM and Eﬂ?};GMPPNP complex to GAP334 and p21GMPPNP igb

. . ). This value is essentially equal to the value gf,K9 uM,
measurements, and on strictly energetic grounds, the méa he GAP334 catalyzed hydrolysis of p21GTE8Y If one
coordination of the Thr35 hydroxyl group cannot drive, butOrt © vz yaroly P ‘

. . ) ; ! . assumes that the dissociation constant for GAP-334
eV|d'entIy simply accompanies, the biologically crucial confor- 1GMPPNP is equal to the value for GAP3BR1GTP, the
_matlonal change induced by the replacement of GDP by G énilarity of K, to K, for GAP334 p21GTP supports our
in p21 I, 36. conclusion that GAP334 functions under equilibrium, rathe

GTPase activity. As a further check on the influence ofthan diffusion-controlled conditions.
cryoprotectants, we assayed the GAP334-accelerated hydrolythe ESEEM results presented here, together with relate
sis of p21-bound GTP in solutions containing glycerol, MGESEEM studies of model complexes (Luchsingeral., un-
and sucrose. GAP334 may be considered to be an enzyme, witiblished results) and high-field EPR measureme2)téngli-
p21GTP its substrate and p21GBPi the products of its cate that, at the concentrations of glycerol normally employe
catalytic reaction. Let kbe the rate constant for the associatiofor cryoprotection, the two aquo ligands of the Mn(ll) in
of GAP334 and p21GTP, k be the dissociation rate constantp21- GMPPNP are replaced by a glycerol molecule. The at
and k, be the rate constant for conversion to products (Schesence of a significant effect on the GAP334-accelerated G’
1). In this mechanism the Michaelis constant,, k= (k, + Pase rate, despite the replacement of these aquo ligands, s
k_,)/k, and k.., = k, (49). We assayed the GAP334-dependenitorts the conjecture3]f that the active nucleophile in the
GTPase activity with [p21GTPE 1 uM—a concentration hydrolysis reaction derives from a water molecule thatas
much smaller than its Michaelis constant, 1™ (38). Under coordinated to the metal ion. In this regard the behavior of th
these circumstances, the ratio of the reaction rate coefficienf3¢P334: p21GTP complex differs from, for example, staph-
the enzyme concentration is ¥K . We found the activity in Ylococcal nuclease6], but is analogous to ribonuclease H,
the presence of as much as 15% sucrose, 15% MG, or 5@88ach retains essentially full activity when its Mg(ll) ion is
glycerol to be at least-70% of the velocity in the absence offeplaced by Co(NB)¢**, and which therefore cannot require a
these substances (Tables 2 and 3), thus maintaining@ metal-coordinated water molecule in its catalytic reactts).(
enhancement of the basal (GAP334-independent) GTPase ritén interesting further parallel, when the amine ligands in th
These results imply that sucrose, MG, and glycerol do né@balt complex are replaced by bulkier ethylenediammine |
significantly alter the ability of GAP334 to recognize p21GT@ands—akin to a glycerol for water substitution—the activity
or the ability of the GAP334p21GTP complex to react. In Of ribonuclease H remains essentially unaffected.
addition, the rate of reaction is slightly faster in the presence ofCryoprotectant—protein interactions.Despite the numer-
Mn(ll) than in the presence of Mg(ll). This strongly argues thajus advantages that accompany their use, cryoprotectants
Mn(ll) is a conservative replacement for Mg(ll) the putativevitably introduce the potential for interactions that perturb th
cofactorin vivo. molecule under investigation. At one extreme is the potenti:

The data also indicate that GAP334-dependent GTP hydfor covalent modification. For example, certain sugars, incluc
lysis operates under equilibrium, rather than under diffusiomg glucose, can glycosylate a protein by Schiff base formatic
controlled conditions. The addition of cryoprotectants inwith its lysine residues5d). This problem is easily avoided, of
creases the viscosity of the solution, which may reduce the rataurse, since glycerol as well as glycosides like sucrose al

SCHEME 1
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MG do not react in this fashion. Weak interactions at theetains activity in the presence of the cryoprotectant, it is likel
protein-solvent interface might lead to more subtle effects. that no structural changes or chemical modifications of cons
mixtures of water and glycerol, however, proteins tend to lspience have occurred. Because most cryoprotectants incre
preferentially hydrated 56). Methods such as fluorescenceiscosity, it may be preferable to use alternate, slow substrat
emission and circular dichroism have proven useful in probirgince the rate of enzymatic reactions of alternate substrates w
for structural perturbations induced by such weak interactiobs less affected by changes in viscosig0{59. ESEEM
(20, 50. spectroscopy in the presence of labeled cryoprotectant may

The replacement of water inside a protein, at its active sitesed to show the proximity of the cryoprotectant to a parama
exemplifies an intermediate case. Polyhydroxylic compoundstic center. Other techniques include circular dichroisg) (
have been observed to act as alternate acceptors (substrateshdinfluorescence emissio20) which might be sensitive to
place of water in acyl- and phosphoryl-group transfer reactiopsatative conformational changes brought about by the cryc
(19, 52. These observations suggest that the polyhydroxylzotectant. If these studies suggest that a high concentration
compounds bind at the active sites of these enzymes in place&foprotectant is deleterious, the sample may be spray-froz
water, but do so without significantly changing the proteim the presence of a low concentration of cryoprotectan
structures, inasmuch as the enzyme function is maintain&pray-freezing also minimizes the possibility of conforma:
Enzymatic properties of a number of proteins more closetipnal rearrangement during coolingg]. Among polyhydroxylic
related to p21—members of the G-protein superfamily—haeempounds, MG and sucrose are less reactive than glucc
also been studied in glycerol-containing solutions. Our concl(4) and are larger than glycerol, making them excellen
sion that glycerol can bind to the metal cation in the p2dhoices. Polymeric cryoprotectants such as polvinylpyrroli
suggests that glycerol-metal interactions might also be impaiene, poly(ethyleneglycol)1@), and crosslinked dextrari?,
tant in these related proteins, and be involved in some of th&) have not received as much attention as they might mer
intriguing effects that glycerol has on their actions. For exanfwo cryoprotectants may be used to increase the confiden
ple, in the case of the elongation factor EF-Tu, glycerol cothat the cryoprotectant is having no significant effect on th
centrations greater than 10% inhibit the GTPase of the wildotein £2).
type protein, but stabilize the GTPase rate of the D8ON mutant.
We note that Asp80 indirectly coordinates the divalent metal in
EF-Tu through an aquo ligand bridgegj. The GTPase rate of
tubulin is stimulated about 5-fold by 3.4 M glycerdls). The
binding, dissociation, and hydrolysis of guanine nucleotides t?
a protein complex formed from the domains of @ere also 0
performed in the presence of 30% glycerob). The potential
for interactions that could significantly alter the enzyme kine o . :
ics emphasizes the importance of appropriate controls: eit eous SO'Vef?t compo_smons are givervblumefraction for
the elimination of additives or the use of nonhydroxylic com? ycerol anaweightiraction for MG and sucrose.
pounds {2-19. Synthesis of (1,2,3,4,5,6,6}thethyl a-D-glucopyranoside.
This compound was synthesized from 1.5 g (1,2,3,4,5,6),6-d
D-glucose (Cambridge Isotope Laboratories) according to
published procedure with minor modification§7). HPLC

In p21 the Mn(ll) nucleotide binding site is solvent-accesgrade methanol (Fisher) was dried and distilled from magne
sible, and therefore is also accessible to cryoprotectants, whgtgn methoxide §8). The methyla-D-glucopyranoside (MG)
effect on structure and function had not been assessed. ®@g recrystallized from ethanol and dried under vacuum (M.f
results show that glycerol binds in the first coordination sphe}$5-166°C, uncorrected). Unlabeled MG (15 g, Fluka) wa
of the protein’s divalent metal ion. The fact that no changes fRcrystallized from 75 mL methanob®) and dried under a
distances between the metal ion and various nuclei within tf@cuum (M.P. 167-168°C, uncorrected).
protein are observed when we change the concentration ofGTPase assay.The GTPase activity of p21 catalyzed by
glycerol, use other cryoprotectants, or omit any cryoprotectithe C-terminal portion of the GTPase activating proteir
implies that glycerol replaces waters of hydration. None of t{&AP334) was assayed under similar conditions to those r
cryoprotectants used had a profound effect on the GAP33brted previously38). Buffers were adjusted to the desired pH
dependent GTPase rate, confirming our conclusion that tie24°C and made as 10-fold concentrated solutions. GAP3:
cryoprotectant is not perturbing the structure. We found thats diluted into 20 mM N-(2-hydroxyethyl)-N-2-piperazine-
MG is equally effective per unit molarity as the more-widelethanesulfonic acid (HEPES)NaOH pH 7.5, 5 mM dithiothre-
used glycerol in cryoprotection, but does not coordinate dtel (DTT), 1 uM each pepstatin and leupeptin, in 10% glyc-
rectly to the metal site. erol. Typically, guanosine 'Ediphosphate (GDP), was ex-

When selecting a cryoprotectant for low-temperature studieanged for 0.5 Ci/mmol*fP]GTP (ICN) by incubating 10
of proteins, the following criteria may be used. If the proteipM p21 with 100uM [*?P]GTP for at least 30 minutes at 25°C

EXPERIMENTAL METHODS

The expression and purificationi@fs p21, the incorporation
the GTP analog, GMPPNP, and the substitution of for
Mg?* and the preparation of samples for spin-echo spectro
gopy were carried out as described previoudly The mixed

SUMMARY
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in buffer A: 20 mM HEPESNaOH (pH 7.5), 10 mM DTT, 5 then applied in magnitude mode to eliminate interference e
mM ethylenediaminetetraacetic acid (EDTA). The total volfects of peaks and side-lobes found in cosine transforms
ume of the exchange mixture was 10@D. A PD-10 column discussed previoushi). In ESEEM spectra of weakly coupled
(Pharmacia) was equilibrated in buffer B: 20 mM HEPESnuclei 62), the peak amplitudes scale as 2 wherew, is the
NaOH (pH 7), 10 mM DTT, 0.02% sodium azide. The proteinuclear Zeeman frequency. Inasmuch as the various spec
was separated from the exchange mixture using this columvere not acquired at precisely the same valuevgf peak
with buffer B as the eluent, and the protein-containing fracticamplitudes were normalized, by scaling the observed amp
was stored on ice. tudes in proportion tas,, 2
Reaction mixtures of 20@L final volume were prepared in  Deuterium ESEEM amplitudes from deuterated cryopro
Buffer B plus 1 mM MgC}. These consisted of 50—1Qf. of tectants were fitted to the saturation equation
p21-GTP, 10uL 20 mM MgCl,, 20 uL Buffer B (at 10-fold
concentration), 70-12@L H,O. In reactions run in the presence AX
of glycerol or sucrose, these polyhydroxylic compounds replaced Y=B¥x’ (1]
some or all of the volume of water. The reaction was initiated by
the adqmon_of 75ng GAP334, and six Zm_—athiots were ta_ken in. which x is the concentration of cryoprotectant,is the
at 1 minute intervals. The temperature was 25°C. Inorganic phas- ) . .
: .__corrected deuterium peak amplitude, ahdndB describe the
phate (P was extracted antfP, counted essentially as described, : : . . e .
. uterium amplitude at saturation and the dissociation conste
(59). Control experiments also showed that the presence of 5 % tectant. r tivel
glycerol had little effect on counting efficiency. We observed ¢ cryoprotectant, respec elgg).

GAP334 10 have a speciic acty of 250 U, smilar to thg ' IUaTIYIng the proximity of the dferent crvoprotectants,
previously reported value of 330 U/m@§). e ' P

intensities, we account for the number of isotopic labels—fivi
Freezing methodology.Two different freezing methods for glycerol and seven for MG—by employing theingle

were assessed: plunge-freezing and spray-free88g The nucleus approximatiomnd theequivalent nuclei approxima-

majority of samples of p21 were placed in 4 mm O.D., 3 mon (1), which respectively give the lower and upper bound:
I.D. fused silica EPR tubes and cooled by plunging into variogs the distance between the Mn(ll) and the nearest cryopr
cryogens—including boiling nitrogen, boiling ethane, and isqectant molecule. In the single nucleus approximation, w
pentane slush—situated within an outer bath of liquid Nassume that a single closest deuterium nucleus dominates
Some samples were spray-frozen by injecting tiny droplets inéignal amplitude due to the severe distance-dependence
cold isopentane. The frozen droplets were then collected BEEEM amplitudes (r°, for weakly coupled nuclei). In the

filtration. The isopentane was removed from these samplesdyuivalent nuclei approximation, we assume that all ofrthe
evacuation at approximately 77°C, and the frozen dropletsdeuterium nuclei on the relevant molecule lie at the sam
were gently tamped to the bottom of the fused silica EPR tubefistance from the paramagnetic center and therefore contribt

Electron spin-echo spectroscopyTime domain ESEEM pat- equally to the signallamplitu'de. Ip this situation, the effegtive
terns were obtained at4.2 K, employing a spectrometer de-Mn-Cryoprotectant dlstanpe |§’ﬁ times greater than the dis-
scribed previously §0). Two- and three-pulse ESEEM experi-tanc_e that' Woulq be obtained Wlth the single nucleus approx
ments were performed at excitation frequencies in the range®#tion. Simulations of the experimental data to extract thes
8—12 GHz using different three-loop, two-gap resonators. Tylgjl_stance esﬁmates were performed as described in previc
cally the ESEEM spectra were acquired with microwave excit40rk (1) with one exception: the weight factor previously
tion at an intensity maximum in the Mn(ll) EPR spectrum. Thintroduced to.accc'Junt for the relative abundance of the isotop
two- and three-pulse echo decay envelopes were obtained!3j€! (100% in this case) is presently used to account for tf
averaging 5-10 scans of 256 points/scan with a 15-30 ns step JiAgtion of available binding sites occupied by the cryopro
The echoes were repeated at a rate-600 Hz. tectarlt; this I’atIO.IS determined from the deuterium ESEEN

The peak amplitudes of weakly coupled nuclei in ESEEfMPlitude saturation curve.
spectra of p2iMn(ll)nucleotide indicate the strength of the
electron—nuclear dipolar interaction, and thus, the distance ACKNOWLEDGMENTS
between the $=5/2) Mn(ll) ion and the coupled nucleus is
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