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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(II)
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 z Mn(II) z 5*guanylylimido-diphosphate
(p21 z Mn(II)-GMPPNP) complexes: these additives did not alter the
distances of these nuclei from the Mn(II) ion. In particular, in p21
incorporating [2H-3]Thr, the Mn(II)-[2H-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(II) ion was
probed by 2H ESEEM in solutions made with d5-glycerol and d7-
methyl a-D-glucopyranoside (d7-MG). In p21 z Mn(II)GMPPNP, the
large deuterium modulations from the d5-glycerol exhibit saturation
behavior with increasing d5-glycerol concentration, implying that
glycerol, a widely used cryoprotectant, replaces the aquo ligands of
the Mn(II) ion. The interaction between the Mn(II) ion of p21 and
MG, however, is less intimate: the deuterium ESEEM amplitudes are
much smaller for samples prepared with d7-MG than with d5-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 z 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 advan-
tages of low sample temperatures. In the realm of magnetic
resonance spectroscopy, these advantages begin with increased
sensitivity from larger Boltzmann factors at low temperatures.
In addition, interactions that would be averaged out in solution,
such as dipolar couplings, are retained in frozen solutions (4).
In electron paramagnetic resonance (EPR) spectroscopy, the
reduction in spin relaxation rates achieved at low temperatures
is often crucial to the observation of paramagnetic species such
as transition metal ions. Likewise, extremely low sample tem-
peratures are typically required for the observation of electron
spin echoes, which are central to the electron spin-echo enve-
lope modulation (ESEEM) method, pioneered by Mims, Pei-
sach, and their collaborators (5, 6). Our ongoing ESEEM
studies of the structure of Mn(II) guanosine nucleotide com-
plexes in the protein p21ras are performed on frozen-solution
samples at a temperature of 4.2 K (1).

When biological samples in aqueous solution are frozen,
precautions must be taken to inhibit the segregation of the
sample into a purified ice phase and a second phase that
contains concentrated solutes (7–9); this segregation phenom-
enon can have several adverse effects on the sample. The shear
associated with ice crystal formation can damage biological
specimens (10). Proteins within the solute-rich phase can ex-
perience detrimental changes in ionic strength and pH (7, 9).
An increase in local concentration of a paramagnetic species
upon freezing can lead to a loss of resolution in EPR (8),
electron-nuclear double resonance (ENDOR) (11), and
ESEEM (5) spectra, presumably as a result of increased struc-
tural microheterogeneity and/or electron spin–spin interac-
tions.

A primary technique employed to inhibit damage from
freezing is the addition of cryoprotective co-solvents or sol-
utes, typically polyalcohols or sugars (12, 13). Cryoprotectants
retard the formation of the purified ice phase by lowering the
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temperature of homogeneous nucleation, and thus facilitate the
formation of a glassy phase in which the distribution of dif-
fusible components, and thus the relevant interactions between
components of the system, is maintained (12, 14). The addition
of glycerol or sucrose to protein solutions has been found to
stabilize the protein (15) and to protect against inactivation
during cold-storage, freezing, thawing, or lyophilization (16–
18). Cryoprotectants play a crucial role in cryoenzymology
(19, 20) and are widely employed in biological microscopy,
diffractometry, and spectroscopy (21–23). Glycerol is routinely
added to protein solutions to improve spectral characteristics in
ESEEM (5), ENDOR (24, 25), and EPR spectroscopy (26).

A second method to limit ice formation during the freezing
process is to increase the rate of cooling (7, 27). Cooling rates may
be increased by using cryogenic liquids with low melting and high
boiling points (7) or by replacing the cryogen altogether with a
rapidly spinning metal block (28), and by increasing the surface
area of the sample by dispersing it into small (;1023 mL) parti-
cles. These tactics are combined in spray-freezing techniques,
which have been found to decrease protein aggregation markedly
as compared to rapid cooling of undispersed, microliter-volume
samples (29). Spray-freezing has also been used in conjunction
with cryoprotective additives (27). Arguably the most important
application of the spray-freezing technique is the rapid quenching
of dynamic processes, which enables the study of reactive species
(28, 30–32).

Our interest in p21ras is broadly motivated by the important
functional properties of this protein: its absolute requirement in
signal transduction for cellular growth or differentiation, and
its occurrence in point-mutant forms in about 30% of all human
tumors (33). The critical role that protein–protein interactions
play in key aspects of its function—including signal transduc-
tion, nucleotide exchange, and GTP hydrolysis (34)—provides
a further impetus to our ESEEM studies: ESEEM is well-
established as a local structural probe, applicable to high mo-
lecular weight, complex biological molecules in frozen solu-
tions (5) and is thus ideally suited for probing structural
transformations that accompany the interaction of p21 with its
auxiliary proteins. An important component of this ESEEM
approach to structural biology is to confirm that the cryopro-
tective additives introduced and freezing methods utilized do
not significantly perturb the protein. Such checks are routine in
the area of cryoenzymology (19, 20), but are less common in
spectroscopy (6).

The issues raised in our ESEEM and EPR studies of p21 (1,
35) heighten the importance of careful scrutiny of the freezing
technique. ESEEM measurements give results that closely
match the X-ray structures in the phosphate-binding region of
the protein, but differ in a region that undergoes a conforma-
tional change of pivotal importance to the signaling process.
Specifically, the distance between the divalent metal and var-
ious nuclei in Thr35 in the Switch I region of the protein was
found by ESEEM (1, 35) and EPR (2, 36) to be significantly
larger than in the crystal structures. X-ray structures of p21
with a GTP analog, 59-guanylylimido diphosphate (GMPPNP),

show the Thr35 hydroxyl group to be coordinated to the
divalent metal ion. This ligation has been suggested to be the
driving force in the switch-actuating conformational change (3,
34, 37)—a notion difficult to reconcile with the ESEEM (1)
and EPR results (36). Since the presence of glycerol additives
or the freezing methodology could conceivably affect the pro-
tein structure, it is especially important to rule out the possi-
bility that this structural distinction is an artifact of sample
preparation methods.

Accordingly, we have experimentally surveyed various
freezing methods and cryoprotective additives and have eval-
uated their effects from spectroscopic, structural, and func-
tional perspectives. Variation of the cryoprotective compound,
its concentration, or the rate of sample cooling is found to
produce large changes in echo decay rates and thus in ESEEM
spectral resolution. In addition, we find a surprisingly intimate
interaction between the active site Mn(II) ion and the cryopro-
tectant glycerol, which is observed to replace metal-
coordinated aquo ligands. This interaction, which clearly raises
the possibility of cryoprotectant-induced structural distortion,
is not manifest when the bulkier, closed-chain cryoprotectant,
MG, is used. Notwithstanding these important effects, we find
that the local protein structure, as directly gauged by the
ESEEM-determined Mn(II)-Thr35 distance, is not significantly
perturbed by cryoprotectant techniques. Moreover, the ability
of p21 to hydrolyze guanosine-59triphosphate (GTP) in the
presence of the truncated GTPase-activating protein (GAP334)
is likewise unaffected by the presence of cryoprotectants in
solution. These results specifically establish the structural and
functional innocence of the cryoprotective methods that are
employed in ESEEM studies of p21. They give insight into the
comparative utility of different freezing methods, and more
generally, delineate the types of control experiments that can
be performed to confirm the innocence of freezing methods
used in low-temperature ESEEM spectroscopy.

RESULTS

Phase memory time as functions of cooling conditions.In
two-pulse ESEEM experiments, the electron spins are sub-
jected to ap/2 pulse, a delay of lengtht, and ap refocusing
pulse. The echo is observed at a timet after the second pulse.
The value of t is increased in small increments, and the
amplitude of the echo is plotted as a function oft. Such
ESEEM patterns typically show nuclear modulation effects
superimposed on a decaying echo signal. The rate of this
decay, gauged by the phase memory time (Tm), determines the
ESEEM spectral linewidths (whenTm

21 is appreciably greater
than the inherent ESEEM spectral linewidths) and resolution.
Figure 1 shows a sampling of electron spin-echo envelopes
(amplitude of the echo versust) for p21 in various frozen
solutions, with clear variations inTm.

All of the samples studied exhibited decay profiles that are
fit by single exponential-decay functions. The exponential-
decay constants obtained by analysis of the data are listed as
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the experimentalTm values in Table 1. The dependence ofTm

on cryoprotectant concentration is of particular interest, inas-
much as this relation discloses the cost—in degradation of
ESEEM spectral resolution—of curbing our use of exogenous
cryoprotectants. Relevant data from Table 1 are plotted in Fig.

2, and illustrate that, in this system,Tm increases in an approx-
imately linear fashion with the concentration of either glycerol
or MG. Moreover, these two cryoprotectants give roughly
equal protection at equal molar concentration. For example, the
Tm values obtained with 15% glycerol and 40% MG solutions,
both of which are;2 M in cryoprotectant, are essentially the
same. The data in Fig. 2 also show that deuteration of the
glycerol leads to a small increase inTm as compared to protio-
glycerol. This type of behavior is known to occur when nuclear
spin flip-flops contribute significantly to the local-field fluctu-
ations. Notably, this isotope effect is not evidenced upon
deuteration of the MG (vide infra).

To test the idea that plunge-freezing into an isopentane slush
might largely reduce the need for cryoprotective additives, we
measuredTm values of samples, thus frozen, with cryopro-
tectant concentrations of;0.7 M (15% MG, 5% glycerol). We
found that these samples behaved essentially the same as
analogous samples frozen in liquid N2: freezing in isopentane
produced no significant benefit. In the complete absence of
cryoprotective additives, plunge-freezing in isopentane slush
or in liquid ethane actually appeared to yield poorer results (Tm

0.3ms) than plunge-freezing in liquid nitrogen (Tm 0.9ms). We
similarly probed the comparative utility of spray-freezing with
samples containing only;0.3 M cryoprotectant to plunge-
freezing in isopentane or liquid nitrogen in the presence of
0.5–0.7 M of cryoprotectant (5% glycerol or 10–15% MG).
The spray-frozen sample had a slightly shorter decay time.
Spray-freezing in the absence of cryoprotectant gave a result
that was poor (Tm 0.5 ms), albeit slightly better than plunge-
freezing cryoprotectant-free samples in isopentane or ethane.

In Fig. 3, we show two-pulse ESEEM spectra of [2H-3]Thr/
[13C-4]Asx-labeled p21z Mn(II)GMPPNP as a function of
glycerol addition (0, 10%, and 50% glycerol). The peak at 2.1
MHz is 2H from Thr35; the peak at 3.5 MHz is13C from

FIG. 1. Time-domain ESEEM patterns of p21z Mn(II)GMPPNP as a
function of cooling conditions. (A) Sample was plunge-frozen in liquid N2 in
the presence of 50% glycerol. (B) Sample was plunge-frozen in liquid N2

without glycerol. (C) Sample was spray-frozen in the absence of glycerol. (D)
Sample was plunge-frozen in isopentane in the absence of glycerol. (E) Sample
was plunge-frozen in ethane in the absence of glycerol.

TABLE 1
Electron-Spin Phase-Memory Time (Tm)

as a Function of Freezing Conditions

Cryoprotectant Cryogen Method of freezing Tm (ms)a

50% d5-glycerol N2 Plunge 3.8 6 0.2
30% d5-glycerol N2 Plunge 2.8 6 0.1
15% d5-glycerol N2 Plunge 1.776 0.04
5% d5-glycerol N2 Plunge 1.166 0.01
50% glycerol N2 Plunge 3.6 6 0.1
30% glycerol N2 Plunge 2.126 0.05b

10% glycerol N2 Plunge 1.016 0.02
0% N2 Plunge 0.946 0.01
0% Ethane Plunge 0.276 0.01
40% d7-MG N2 Plunge 1.816 0.03
30% d7-MG N2 Plunge 1.636 0.05
20% d7-MG N2 Plunge 1.356 0.02
15% d7-MG N2 Plunge 1.216 0.01
10% d7-MG N2 Plunge 1.146 0.02
15% MG N2 Plunge 1.216 0.02
15% MG Isopentane Plunge 1.096 0.01
5% glycerol Isopentane Plunge 1.036 0.01
0% Isopentane Plunge 0.276 0.02c

5% MG Isopentane Spray-freeze 0.906 0.01c

1.5% glycerol Isopentane Spray-freeze 0.686 0.01
0% Isopentane Spray-freeze 0.496 0.01

a The uncertainty represents the error in the fit.
b Average of three determinations.
c Average of two determinations.

FIG. 2. Relaxation time (Tm) as a function of concentration and type of
cryoprotectant. Relaxation times appear to increase linearly with increases in
concentration of cryoprotectant. The solid diamonds represent different concen-
trations of MG; the open circles represent different concentrations of d5-glycerol;
the crosses represent different concentrations of unlabeled glycerol.
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Asp57; and the peak at 4.0 MHz is31P from GMPPNP (1). The
effect of smallTm values on the ESEEM spectral resolution is
clearly illustrated by these spectra: the absence of glycerol
leads to the almost complete loss of resolution between carbon
and phosphorus peaks.

The spectra in Fig. 3 also give important information re-
garding the impact of cryoprotectants on the p21 structure. The
relative intensities of the2H, 13C, and 31P peaks are nearly
identical in each of the spectra. Evidently, in stark contrast to
the behavior ofTm, the hyperfine couplings of these nuclei are
not sensitive to the freezing methodology. Detailed simulations
of the [2H-3]Thr peak in the presence of 0%, 10%, and 50%
glycerol yield Mn(II)-[2H-3]Thr35 distances that are identical
within experimental error (namely 4.96 0.2 Å) 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(II)-[2H-3]Thr35 distance of 4.96 0.2 Å.

Deuteration of cryoprotectants.The addition of a cryopro-
tectant to an aqueous solution can be viewed, in effect, as a
substitution of cryoprotectant molecules for various water mol-
ecules in the solvent. The active site of p21 is readily acces-
sible to the solvent; the divalent cation in the active site has
several aquo ligands. We were interested, therefore, to deter-
mine whether the cryoprotectant could replace not only water
molecules in the bulk solution, but also those located in the
active site of p21. The presence of cryoprotectant near the
active site would be detected in a system containing a deute-

rium labeled cryoprotectant by a2H ESEEM signal. The am-
plitude of the2H ESEEM signal, as in the case of isotopically
labeled protein, depends on the proximity of cryoprotectant
molecules to the Mn(II) ion. Figure 5 depicts a series of
ESEEM patterns for samples of p21z Mn(II)GMPPNP in the
presence of increasing amounts of d5-glycerol (deuterated at
the carbon positions). The low-frequency oscillations that in-
crease in amplitude with increasing glycerol concentration
arise from deuterium. Figure 6 shows a similar series for
d7-MG; the deuterium modulations are not nearly as strong in
this series as in Fig. 5. The amplitude of the ESEEM peak at
the 2H Zeeman frequency, as a function of concentration of
each cryoprotectant, is plotted in Fig. 7.

Two points are clearly illustrated in Figs. 5–7. First, at equal
molarity, d5-glycerol produces a much more intense 2H
ESEEM signal than does d7-MG, even though the two cryo-
protectants have nearly identical effects onTm (Table 1).
Second, the2H ESEEM clearly exhibits a saturation effect with
increasing cryoprotectant concentration. The solid lines in Fig.
7 represent binding-site saturation curves (Eq. [1]), generated
with the least-squares best-fit dissociation constants: 0.86 0.1
M (6% v/v) for glycerol, and 0.046 0.4 M (0.8 % w/v) for
MG. The dissociation constant for glycerol is better determined
than the dissociation constant for MG. The asymptomatic
amplitude of the deuterium modulations (24.7 for glycerol and
5.5 for MG) can be further analyzed to gain some insight into
the location of the bound cryoprotectant. This estimation is
facilitated by the stark distance-dependence (inverse sixth
power) of ESEEM amplitudes, which thus tend to derive
predominantly from the closest nuclei (1). By employing the

FIG. 4. Two-pulse ESEEM spectra of p21z Mn(II)GMPPNP labeled with
[2H-3]Thr and [13C-4]Asx spray-frozen in the presence of 5% MG (solid line)
or plunge-frozen in the presence of 15% MG (dashed line). For the spray-
frozen sample, peaks are apparent at 2.02 MHz (2H), 3.06 MHz (13C), 4.23
MHz (31P), 11.92 MHz (31P combination), and 14.65 MHz (1H). The EPR
frequency was 9.9375 GHz, and the field strength was 3441 G. For the
plunge-frozen sample the EPR frequency was 9.858 GHz and the field strength
was 3286 G. The deuterium signal arises from Thr 35 and its amplitude yields
a Mn(II)-2H distance of 4.96 0.2 Å.

FIG. 3. Two-pulse ESEEM spectra of p21z Mn(II)GMPPNP labeled with
[2H-3]Thr and [13C-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 in
the presence of 10% glycerol, and the dashed curve is in the presence of 50%
glycerol. The field strengths of the three spectra were 3425, 3349, and 3272 G,
respectively, for the spectra at 0%, 10%, and 50% glycerol. The EPR frequen-
cies were 9.802, 10.042, and 9.858 GHz. The effect of increasing values ofTm

with increasing concentrations of glycerol is evident as greater resolution
between carbon and phosphorus and as greater overall signal-to-noise. The
deuterium signal arises from Thr 35 and its amplitude yields a Mn(II)-2H
distance of 4.96 0.2 Å, in all three cases.

145CRYOPROTECTANTS AND p21ras



single nucleus and equivalent nuclei approximations (1), we
obtain lower and upper bound estimates of the distance of the
deuterium atom(s) that are, by hypothesis, singularly close to
the Mn(II) ion. For glycerol, these bounds embrace the range
3.1–4.1 Å. This result strongly suggests the coordination of a
glycerol molecule to Mn(II) in place of aquo ligands. In con-
trast, the single-nucleus and the equivalent nuclei approxima-
tions for d7-MG yield a distance range of 3.9–5.1 Å, incom-
patible with direct coordination.

GTPase assays. The rate of GTP hydrolysis catalyzed by
p21 is greatly stimulated by the auxiliary protein GAP. The
active region of GAP is located in the C-terminal 334 amino
acid residues (38). The stimulation of the GTPase activity of

p21 by a GAP protein truncated to this domain, namely
GAP334, is shown in Table 2 as a function of sucrose or MG
concentration, in aqueous solution. When 1 mM MnCl2 re-
places 1 mM MgCl2, the GTPase rate is stimulated 3-fold
(Table 2). Table 3 shows the GAP334-stimulated GTPase rate
as a function of glycerol concentration. The data show that
glycerol, sucrose, MG, or MnCl2 have only modest effects on
the rate of GTP hydrolysis.

DISCUSSION

Echo decay times.We surveyed a variety of cryoprotective
methods in an effort aimed at simultaneously optimizing
phase-memory times to increase ESEEM spectral resolution,
while minimizing the concentration of cryoprotective additives
to reduce the risk of detrimental effects on protein structure and
function. The variation ofTm with molar concentration of the
additives glycerol and MG, shown in Fig. 2, islinear over the
range 0–7 M. Accordingly, the co-solvent composition can be
adjusted,ad libitum, to achieve the optimal compromise be-
tween resolution and additive concentration.

Tm is characteristic of the rate of fluctuations of local mag-
netic fields which arise from electron–electron or electron–
nuclear interactions (5). The typical relation betweenTm and
the concentration of paramagnetic centers,C, can be expressed
asTm

21 5 a1bC, in which the constanta subsumes concen-
tration independent effects such as nuclear spin diffusion, and
b reflects the electron spin–spin effects that vary linearly with
concentration (39). The concentration,C, must be understood
as the local concentration of the paramagnetic center. If there
were a separation of a pure ice phase during the freezing of the
solution, then the Mn(II)-protein concentration in the remain-
ing solution, that is, the local Mn(II)-protein concentration,

FIG. 5. Time-domain ESEEM signals of p21z Mn(II)GMPPNP as a func-
tion of d5-glycerol concentration by volume. The large, low-frequency oscil-
lations arise from deuterium. Successive curves (A)–(E) show 0%, 5%, 15%,
30%, and 50% d5-glycerol, respectively.

FIG. 6. Time domain ESEEM patterns of p21z Mn(II)GMPPNP as a
function of d7-MG concentration by weight-percentage. The size of the deu-
terium oscillations is much smaller than in Fig. 4. Successive curves (A)–(E)
show 10%, 15%, 20%, 30%, and 40% MG.

FIG. 7. The deuterium peak amplitude plotted as a function of concen-
tration of deuterated cryoprotectant. Solid circles represent d5-glycerol and
open diamonds represent d7-MG. The data for d5-glycerol and d7-MG were fit
to a saturation curve as described in the Experimental section and dissociation
constants of 0.86 0.1 M and 0.046 0.04 M were obtained for glycerol and
MG, respectively.
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would be increased by the freezing process andTm would
decrease (5). Within this framework, the variation ofTm with
the concentration of cryoprotectant in the the solution demon-
strates that the cooling rate and/or cryoprotectant concentra-
tions employed were not sufficient to suppress ice formation
totally. This result accords with the work of MacKenzie (12),
who found that moderately fast freezing could not prevent ice
nucleation at low concentrations of cryoprotectants but was
required to prevent ice formation in solutions with moderate
cryoprotectant concentrations.

We have found glycerol and MG are essentially identical, on
a per mole basis, in increasingTm, even though these additives
interact with the protein in observably different ways (vide
infra). This contrast reinforces the view that these additives
exert cryoprotective effects by affecting properties of the bulk
aqueous solvent, rather than the solvation of the protein.
MacKenzie has observed that the additive-induced depression
of the freezing point of water and its temperature of homoge-
nous nucleation are linearly correlated (12). The former prop-
erty, of course, depends only on the concentration of the
additive, thus so also must the latter. Accordingly, the notion
that cryoprotectants facilitate the formation of a glassy phase
by lowering the temperature of homogenous nucleation is
entirely in accord with our results.

In plunge-frozen samples, the properties of the cooling bath,
that is, the nature of the cryogen, determine the cooling rate. We
expected ethane and isopentane to provide more rapid cooling
than liquid nitrogen and thus to enhanceTm (7, 31). We found,
however, that nitrogen generally gave slightly betterTm values.
Inasmuch as these observations are limited and no direct mea-
surement of the cooling rate was undertaken (7), these data are
more tentative. Nevertheless, they are in accord with results from
cryocrystallography (40). The cooling rate can be dramatically
increased through spray-freezing (31, 32), and we anticipated that
spray-freezing might alleviate or possibly eliminate the need for
cryoprotective additives altogether. We found, however, that sam-
ples spray-frozen in the complete absence of such additives ex-
hibit unacceptably small phase-memory times. Our results are
similar to those found for spray-frozen CuCl2 and MnCl2 solu-
tions in EPR linewidth studies (8, 41). Likewise, solid-state1H or
13C NMR studies of frozen glycine showed that spray-freezing
did not markedly change theT1 or theT1r values relative to slowly
frozen samples (42). Some of these results may reflect the forma-

tion of a pure ice phase that can form during the removal of the
cryogen (8). Spray freezing may allow one to reduce the concen-
tration of cryoprotectant necessary to achieve the desired degree
of vitrification (27); therefore, the combination of spray freezing
and cryoprotection may be beneficial in cases where high con-
centrations of cryoprotectant are undesirable (13).

Deuteration of cryoprotectants.The large modulation am-
plitudes evidenced in Fig. 5 from deuterium labels in the
samples of p21z Mn(II)GMPPNP prepared in d5-glycerol are
striking, particularly as compared to the relatively small deu-
terium modulations from the d7-MG samples exhibited in Fig.
6. At 2 M concentration of the cryoprotective additives, for
example, the modulations in d5-glycerol are about 4 times as
large as in the d7-MG, while the ratio of the number of
deuterium atoms in the two compounds is 0.7. This disparity
indicates that the additives are not simply dispersed in the bulk
solvent—in which case the modulation depths would be nearly
equal—but that each of the two additives interacts with the
protein in some specific, but distinct manner. The disparate
behavior of the deuterium ESEEM signals of these cryopro-
tectants extends to their concentration dependence: if these
signals originated from bulk solvent molecules, their amplitude
would show alinear increase with increasing concentration
(43). As illustrated in Fig. 7, however, both systems show
saturation behavior. The dissociation constants are 0.8 M for
glycerol and 0.04 M for MG; the ratio of the limiting modu-
lation amplitudes (glycerol vs MG) is;4.5. These data indi-
cate that the MG molecule that gives rise to the ESEEM
interacts more avidly with p21 than does the corresponding
glycerol molecule, but maintains a greater distance from the
active site Mn(II) ion.

Detailed analysis of the deuterium modulation amplitudes,
according to thesingle nucleusandequivalent nuclei approx-
imations,is consistent with a single nucleus at 3.1 Å or with
five equivalent nuclei at 4.1 Å from the Mn(II) ion. These
values represent the lower and upper bounds, respectively, for
distances from Mn(II) to deuterium atoms on the closest,

TABLE 2
The Effect of Sucrose, MG, or Mn(II) on the

GAP334-Stimulated GTPase Rate of p21

Weight %
Relative GTPase rate

(Sucrose)
Relative GTPase rate

(MG)

0 1 1
5 0.86 0.61

10 0.75 1.51
15 0.72 0.78
0 3.0 (1 mM MnCl2)

TABLE 3
The Effect of Glycerol on the GAP334-Stimulated

GTPase Rate of p21

Volume % glycerol Relative GTPase rate Viscositya

0 1.00 0.89
5 0.91

10 1.09 1.06
15 0.74
20 1.00 1.54
25 1.09
30 0.66 2.12
40 0.75 3.18
50 0.69 5.2

a R. K. Scopes, “Protein Purification,” Springer-Verlag, New York (1987).
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labeled molecule, which is assumed3 to dominate the ESEEM
response. These distances are quite reasonable for an alcohol
coordinated to a transition metal (44). The chelation of divalent
metals, including Mn(II), by a hydroxyl groupa to an acidic
group is documented in thermodynamic and crystallographic
studies (45, 46). Most importantly,glycerol itself has been
observed to coordinate free Mn(II) in aqueous solution,
through NMR relaxation studies (47). These studies set ample
precedent for the coordination of glycerol by Mn(II) in p21.
Both the amplitude of the deuterium signal and its saturation
behavior are thus best explained by direct coordination of the
Mn(II) ion by glycerol. Inasmuch as ESEEM and EPR studies
in aqueous-glycerol solutions implicate the coordination of two
protein and phosphate oxygen atoms in p21z Mn(II)GMPPNP,
glycerol must be replacing aquo ligands of the Mn(II).

In light of the widespread use of glycerol as a cryoprotectant
(25, 26), these results underscore the general importance of
probing the effects of glycerol on the structure and function of
the system under study. In the particular case of p21, we are
especially interested in the interactions between the Mn(II) and
the nucleotide and protein. Such interactions could conceivably
be disrupted if active site water molecules are replaced by
glycerol.

The behavior of MG, as contrasted with glycerol, likely
stems from the fact that MG is a bulkier molecule with a ring
structure that hinders its access to the active site cation,
whereas glycerol is a relatively small, open-chain molecule. If
the deuterium ESEEM from d7-MG arises from asinglemol-
ecule bound near the active site, it is located at a distance;1.5
times greater than the glycerol ligand—a distance difficult to
reconcile with coordination to the Mn(II) ion. Moreover, this
remoteness, together with the comparative bulkiness of MG,
suggests that some caution should be exercised in assuming
that ESEEM is dominated by the single nearest molecule to the
Mn(II) ion.

Cryoprotectant deuteration was found to provide a small
increase inTm for samples prepared with glycerol but not MG.
This observation reinforces the results of the ESEEM measure-
ments regarding the relative distances between the Mn(II) ion
and the hypothetically closest cryoprotectant molecules. A
glycerol molecule must be in close proximity to the Mn ion so
that spin flip-flop processes of glycerol hydrogen nuclei are
effective in generating fluctuating fields at the Mn(II) ion and
hence a shorterTm value is obtained. Deuterium, with a gyro-
magnetic ratio 6.5 times smaller than that of hydrogen, gener-
ates significantly smaller fields and does not affectTm. The
proton spin flip-flop processes are allowed so long as they are
energy conserving, a condition satisfied when the glycerol
proton hyperfine splittings are smaller than the matrix proton
linewidth (;100 KHz). From simulation of the deuterium peak
amplitudes of the deuterated glycerol samples, we estimate
proton hyperfine couplings of 0.1–0.4 MHz; this range of
couplings indicates that some protons of the coordinated glyc-
erol molecule are not detuned from the matrix protons and
energy conserving flip-flop processes may occur. In contrast,
the local field exerted at the Mn(II) ion by hyperfine interac-
tions with the MG hydrogen nuclei is not effective in shorten-
ing Tm, suggesting that MG is more distant from the active site
than glycerol.

Distances between Mn(II) and selectively labeled protein
nuclei. Our previous ESEEM results provided measurements
to selected nuclei on p21 that were generally in agreement with
those derived from X-ray crystallography (1, 35). The dis-
tances we observed between Mn(II) and several nuclei on
Thr35 in the GTP form of p21, however, place this critical
residue (34) farther from the metal than observed in the crystal
structure. We concluded that the interaction between the hy-
droxyl group and the Mn(II) ion must be relatively weak in
solution (1, 36). We suggest that intermolecular (protein–protein)
forces probably alter the interaction between Thr35 and the metal
in the crystal or that these crystal contacts reduce the mobility
of loop 2 observed in solution (35). This situation is prece-
dented by the differences in the coordination of zinc exhibited
in Concanavalin A in solution vs in crystals (21) and in the
coordination of zinc and cobalt in carboxypeptidase A (48).

The coordination of the hydroxyl group of Thr35 to the
active site cation has been described as the driving force for
inducing the conformational change that is critical to signal
transduction in p21 (34). Accordingly, the discrepancy be-
tween the crystal and solution structures deserves close scru-
tiny. In particular, the possibility that the ESEEM distance
measurements are artifactually influenced by the sample freez-
ing process or by the presence of cryoprotectant additives must
be examined. Moreover, since we have established (vide supra)
that glycerol replaces water molecules at the active site of p21,
it is important to determine whether this substitution has sig-
nificant structural or functional consequences.

Detailed analyses of the ESEEM results presented in Figs. 3
and 4 indicate that the distances between the Mn(II) ion and the

3 The deuterium modulation amplitudes cannot be accounted for by contri-
butions from more distant molecules that are also more numerous—e.g.,
glycerol molecules in the second coordination sphere of the metal ion, or at
even more remote locations. In order to account for the amplitude of the
modulations by second sphere coordination, six glycerol molecules would have
to surround the Mn(II) ion at a distance of;5.5 Å. Our previous ESEEM
studies of p21 have shown direct coordination of the polyphosphate chain of
GMPPNP as well as Ser 17 (1). EPR studies with H2

17O have shown that only
two water molecules coordinate the divalent metal ion, implying that the metal
ion is predominantly surrounded by protein (2). Consistent with this observa-
tion is the fact that X-ray studies have indicated that there are four ligands to
the divalent ion belonging to the protein or the tightly bound GMPPNP and
two waters which complete the octahedral coordination scheme (3). Further,
the structure of p21 indicates that the metal ion is essentially sequestered from
bulk solvent (see below) and only three water molecules appear to be in the
second sphere (2). Indeed, the fact that the metal ion is nearly surrounded by
protein and nucleotide makes it very unlikely that six glycerol molecules could
fit into the second coordination sphere of Mn(II). Successively more distant
solvation spheres cannot account for the observed amplitude, owing to the
much more rapid decrease of modulation depth, which declines as r26, than the
increase in the number of solvent molecules, which can rise only as r2.
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observed nuclei, including nuclei on Thr 35, are unaffected by
either the presence or the varied concentration of glycerol or
MG. Therefore, the presence of glycerol or MG cannot be the
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 milli-
seconds, the protein can sample only the conformations avail-
able to it on this time scale; therefore, the possibilities for
conformational re-equilibration are severely circumscribed
(28). These results confirm that the distance between the
Mn(II) ion and the Thr35 deuterium label in [2H-3]Thr-labeled
p21z GMPPNP, in frozen aqueous solution, is 4.96 0.2 Å,
independent of the presence of cryoprotectant additives or the
sample cooling rate, and indicate that the greater Mn(II)-2H
distance observed in frozen solution versus the crystalline state
is not ordained by the freezing method. As viewed in solution,
therefore, the coordination of the Thr35 hydroxyl to the Mn(II)
must involve an unusually long Mn(II)-oxygen bond. As we
have previously argued on the basis of ESEEM and EPR
measurements, and on strictly energetic grounds, the metal
coordination of the Thr35 hydroxyl group cannot drive, but
evidently simply accompanies, the biologically crucial confor-
mational change induced by the replacement of GDP by GTP
in p21 (1, 36).

GTPase activity. As a further check on the influence of
cryoprotectants, we assayed the GAP334-accelerated hydroly-
sis of p21-bound GTP in solutions containing glycerol, MG,
and sucrose. GAP334 may be considered to be an enzyme, with
p21GTP its substrate and p21GDP1Pi the products of its
catalytic reaction. Let k1 be the rate constant for the association
of GAP334 and p21GTP, k21 be the dissociation rate constant,
and k2 be the rate constant for conversion to products (Scheme
1). In this mechanism the Michaelis constant, Km, 5 (k2 1
k21)/k2 and kcat5 k2 (49). We assayed the GAP334-dependent
GTPase activity with [p21GTP]5 1 mM—a concentration
much smaller than its Michaelis constant, 19mM (38). Under
these circumstances, the ratio of the reaction rate coefficient to
the enzyme concentration is kcat/Km. We found the activity in
the presence of as much as 15% sucrose, 15% MG, or 50%
glycerol to be at least;70% of the velocity in the absence of
these substances (Tables 2 and 3), thus maintaining a;104

enhancement of the basal (GAP334-independent) GTPase rate.
These results imply that sucrose, MG, and glycerol do not
significantly alter the ability of GAP334 to recognize p21GTP
or the ability of the GAP334z p21GTP complex to react. In
addition, the rate of reaction is slightly faster in the presence of
Mn(II) than in the presence of Mg(II). This strongly argues that
Mn(II) is a conservative replacement for Mg(II) the putative
cofactorin vivo.

The data also indicate that GAP334-dependent GTP hydro-
lysis operates under equilibrium, rather than under diffusion-
controlled conditions. The addition of cryoprotectants in-
creases the viscosity of the solution, which may reduce the rate

of reaction (50–52). If k2 @ k21, then kcat/Km 5 k1, and this
quotient should vary inversely with solvent viscosity; in this
regime, the reaction operates under diffusion-control. If, how-
ever, k2 ! k21, then kcat/Km 5 k2/Ks and the viscosity effects on
k1 and k21 cancel; in this regime, the reaction operates under
essentially equilibrium conditions, with Km 5 Ks 5 k21/k1 (52).
The extensive results with glycerol, over the viscosity range
0.9 to 5.2 p (Table 3), evince little variation in kcat/km; similar
results were found in more limited studies with sucrose and
MG (Table 2). These results indicate that the GAP334z p21GTP
complex dissociates more quickly than it forms products, i.e.,
that k21 @ k2, and thus GAP334 operates under equilibrium
conditions. The dissociation constant, Ks, of the GAP334z
p21GMPPNP complex to GAP334 and p21GMPPNP is 21mM
(38). This value is essentially equal to the value of Km, 19mM,
for the GAP334 catalyzed hydrolysis of p21GTP (38). If one
assumes that the dissociation constant for GAP334z
p21GMPPNP is equal to the value for GAP334z p21GTP, the
similarity of Ks to Km for GAP334z p21GTP supports our
conclusion that GAP334 functions under equilibrium, rather
than diffusion-controlled conditions.

The ESEEM results presented here, together with related
ESEEM studies of model complexes (Luchsingeret al., un-
published results) and high-field EPR measurements (2) indi-
cate that, at the concentrations of glycerol normally employed
for cryoprotection, the two aquo ligands of the Mn(II) in
p21z GMPPNP are replaced by a glycerol molecule. The ab-
sence of a significant effect on the GAP334-accelerated GT-
Pase rate, despite the replacement of these aquo ligands, sup-
ports the conjecture (3) that the active nucleophile in the
hydrolysis reaction derives from a water molecule that isnot
coordinated to the metal ion. In this regard the behavior of the
GAP334z p21GTP complex differs from, for example, staph-
ylococcal nuclease (6), but is analogous to ribonuclease H,
which retains essentially full activity when its Mg(II) ion is
replaced by Co(NH3)6

31, and which therefore cannot require a
metal-coordinated water molecule in its catalytic reaction (53).
In an interesting further parallel, when the amine ligands in the
cobalt complex are replaced by bulkier ethylenediammine li-
gands—akin to a glycerol for water substitution—the activity
of ribonuclease H remains essentially unaffected.

Cryoprotectant–protein interactions.Despite the numer-
ous advantages that accompany their use, cryoprotectants in-
evitably introduce the potential for interactions that perturb the
molecule under investigation. At one extreme is the potential
for covalent modification. For example, certain sugars, includ-
ing glucose, can glycosylate a protein by Schiff base formation
with its lysine residues (54). This problem is easily avoided, of
course, since glycerol as well as glycosides like sucrose and

SCHEME 1
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MG do not react in this fashion. Weak interactions at the
protein-solvent interface might lead to more subtle effects. In
mixtures of water and glycerol, however, proteins tend to be
preferentially hydrated (55). Methods such as fluorescence
emission and circular dichroism have proven useful in probing
for structural perturbations induced by such weak interactions
(20, 50).

The replacement of water inside a protein, at its active site,
exemplifies an intermediate case. Polyhydroxylic compounds
have been observed to act as alternate acceptors (substrates) in
place of water in acyl- and phosphoryl-group transfer reactions
(19, 52). These observations suggest that the polyhydroxylic
compounds bind at the active sites of these enzymes in place of
water, but do so without significantly changing the protein
structures, inasmuch as the enzyme function is maintained.
Enzymatic properties of a number of proteins more closely
related to p21—members of the G-protein superfamily—have
also been studied in glycerol-containing solutions. Our conclu-
sion that glycerol can bind to the metal cation in the p21
suggests that glycerol–metal interactions might also be impor-
tant in these related proteins, and be involved in some of the
intriguing effects that glycerol has on their actions. For exam-
ple, in the case of the elongation factor EF-Tu, glycerol con-
centrations greater than 10% inhibit the GTPase of the wild
type protein, but stabilize the GTPase rate of the D80N mutant.
We note that Asp80 indirectly coordinates the divalent metal in
EF-Tu through an aquo ligand bridge (18). The GTPase rate of
tubulin is stimulated about 5-fold by 3.4 M glycerol (15). The
binding, dissociation, and hydrolysis of guanine nucleotides to
a protein complex formed from the domains of Ga were also
performed in the presence of 30% glycerol (56). The potential
for interactions that could significantly alter the enzyme kinet-
ics emphasizes the importance of appropriate controls: either
the elimination of additives or the use of nonhydroxylic com-
pounds (12–14).

SUMMARY

In p21 the Mn(II)z nucleotide binding site is solvent-acces-
sible, and therefore is also accessible to cryoprotectants, whose
effect on structure and function had not been assessed. Our
results show that glycerol binds in the first coordination sphere
of the protein’s divalent metal ion. The fact that no changes in
distances between the metal ion and various nuclei within the
protein are observed when we change the concentration of
glycerol, use other cryoprotectants, or omit any cryoprotection
implies that glycerol replaces waters of hydration. None of the
cryoprotectants used had a profound effect on the GAP334-
dependent GTPase rate, confirming our conclusion that the
cryoprotectant is not perturbing the structure. We found that
MG is equally effective per unit molarity as the more-widely
used glycerol in cryoprotection, but does not coordinate di-
rectly to the metal site.

When selecting a cryoprotectant for low-temperature studies
of proteins, the following criteria may be used. If the protein

retains activity in the presence of the cryoprotectant, it is likely
that no structural changes or chemical modifications of conse-
quence have occurred. Because most cryoprotectants increase
viscosity, it may be preferable to use alternate, slow substrates
since the rate of enzymatic reactions of alternate substrates will
be less affected by changes in viscosity (50–52). ESEEM
spectroscopy in the presence of labeled cryoprotectant may be
used to show the proximity of the cryoprotectant to a paramag-
netic center. Other techniques include circular dichroism (50)
and fluorescence emission (20) which might be sensitive to
putative conformational changes brought about by the cryo-
protectant. If these studies suggest that a high concentration of
cryoprotectant is deleterious, the sample may be spray-frozen
in the presence of a low concentration of cryoprotectant.
Spray-freezing also minimizes the possibility of conforma-
tional rearrangement during cooling (28). Among polyhydroxylic
compounds, MG and sucrose are less reactive than glucose
(54) and are larger than glycerol, making them excellent
choices. Polymeric cryoprotectants such as polvinylpyrroli-
done, poly(ethyleneglycol) (13), and crosslinked dextran (12,
41) have not received as much attention as they might merit.
Two cryoprotectants may be used to increase the confidence
that the cryoprotectant is having no significant effect on the
protein (52).

EXPERIMENTAL METHODS

The expression and purification ofrasp21, the incorporation
of the GTP analog, GMPPNP, and the substitution of Mn21 for
Mg21 and the preparation of samples for spin-echo spectros-
copy were carried out as described previously (1). The mixed
aqueous solvent compositions are given byvolumefraction for
glycerol andweight fraction for MG and sucrose.

Synthesis of (1,2,3,4,5,6,6-d7)methyl a-D-glucopyranoside.
This compound was synthesized from 1.5 g (1,2,3,4,5,6,6-d7)
D-glucose (Cambridge Isotope Laboratories) according to a
published procedure with minor modifications (57). HPLC
grade methanol (Fisher) was dried and distilled from magne-
sium methoxide (58). The methyla-D-glucopyranoside (MG)
was recrystallized from ethanol and dried under vacuum (M.P.
165–166°C, uncorrected). Unlabeled MG (15 g, Fluka) was
recrystallized from 75 mL methanol (58) and dried under a
vacuum (M.P. 167–168°C, uncorrected).

GTPase assay.The GTPase activity of p21 catalyzed by
the C-terminal portion of the GTPase activating protein
(GAP334) was assayed under similar conditions to those re-
ported previously (38). Buffers were adjusted to the desired pH
at 24°C and made as 10-fold concentrated solutions. GAP334
was diluted into 20 mM N-(2-hydroxyethyl)-N-2-piperazine-
ethanesulfonic acid (HEPES)z NaOH pH 7.5, 5 mM dithiothre-
itol (DTT), 1 mM each pepstatin and leupeptin, in 10% glyc-
erol. Typically, guanosine 59-diphosphate (GDP), was ex-
changed for 0.5 Ci/mmol [32P]GTP (ICN) by incubating 10
mM p21 with 100mM [32P]GTP for at least 30 minutes at 25°C
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in buffer A: 20 mM HEPESz NaOH (pH 7.5), 10 mM DTT, 5
mM ethylenediaminetetraacetic acid (EDTA). The total vol-
ume of the exchange mixture was 1000mL. A PD-10 column
(Pharmacia) was equilibrated in buffer B: 20 mM HEPESz
NaOH (pH 7), 10 mM DTT, 0.02% sodium azide. The protein
was separated from the exchange mixture using this column
with buffer B as the eluent, and the protein-containing fraction
was stored on ice.

Reaction mixtures of 200mL final volume were prepared in
Buffer B plus 1 mM MgCl2. These consisted of 50–100mL of
p21z GTP, 10mL 20 mM MgCl2, 20 mL Buffer B (at 10-fold
concentration), 70–120mL H2O. In reactions run in the presence
of glycerol or sucrose, these polyhydroxylic compounds replaced
some or all of the volume of water. The reaction was initiated by
the addition of 75 ng GAP334, and six 20-mL-aliquots were taken
at 1 minute intervals. The temperature was 25°C. Inorganic phos-
phate (Pi) was extracted and32Pi counted essentially as described
(59). Control experiments also showed that the presence of 50%
glycerol had little effect on counting efficiency. We observed
GAP334 to have a specific activity of 250 U/mg, similar to the
previously reported value of 330 U/mg (38).

Freezing methodology.Two different freezing methods
were assessed: plunge-freezing and spray-freezing (32). The
majority of samples of p21 were placed in 4 mm O.D., 3 mm
I.D. fused silica EPR tubes and cooled by plunging into various
cryogens—including boiling nitrogen, boiling ethane, and iso-
pentane slush—situated within an outer bath of liquid N2.
Some samples were spray-frozen by injecting tiny droplets into
cold isopentane. The frozen droplets were then collected by
filtration. The isopentane was removed from these samples by
evacuation at approximately277°C, and the frozen droplets
were gently tamped to the bottom of the fused silica EPR tubes.

Electron spin-echo spectroscopy.Time domain ESEEM pat-
terns were obtained at;4.2 K, employing a spectrometer de-
scribed previously (60). Two- and three-pulse ESEEM experi-
ments were performed at excitation frequencies in the range of
8–12 GHz using different three-loop, two-gap resonators. Typi-
cally the ESEEM spectra were acquired with microwave excita-
tion at an intensity maximum in the Mn(II) EPR spectrum. The
two- and three-pulse echo decay envelopes were obtained by
averaging 5–10 scans of 256 points/scan with a 15–30 ns step size.
The echoes were repeated at a rate of;500 Hz.

The peak amplitudes of weakly coupled nuclei in ESEEM
spectra of p21z Mn(II)nucleotide indicate the strength of the
electron–nuclear dipolar interaction, and thus, the distance
between the (S55/2) Mn(II) ion and the coupled nucleus is
obtained (1). The method of spectral analysis used to obtain the
peak amplitudes for the observed, weakly coupled deuterium
nuclei is the same as that discussed extensively elsewhere (61).
Briefly, the time domain patterns were normalized and fitted
with an appropriate decay function. The decay function was
subtracted from the data, which were then tapered with an
extended cosine-bell function to mitigate dead time artifacts,
and zero-filled to 512 data points. A Fourier transform was

then applied in magnitude mode to eliminate interference ef-
fects of peaks and side-lobes found in cosine transforms as
discussed previously (1). In ESEEM spectra of weakly coupled
nuclei (62), the peak amplitudes scale asnn

22 wherenn is the
nuclear Zeeman frequency. Inasmuch as the various spectra
were not acquired at precisely the same value ofnn, peak
amplitudes were normalized, by scaling the observed ampli-
tudes in proportion tonn

22.
Deuterium ESEEM amplitudes from deuterated cryopro-

tectants were fitted to the saturation equation

y 5
Ax

B 1 x
, [1]

in which x is the concentration of cryoprotectant,y is the
corrected deuterium peak amplitude, andA andB describe the
deuterium amplitude at saturation and the dissociation constant
of the cryoprotectant, respectively (63).

In quantifying the proximity of the different cryoprotectants,
d5-glycerol and d7-MG, to Mn(II) from the deuterium peak
intensities, we account for the number of isotopic labels—five
for glycerol and seven for MG—by employing thesingle
nucleus approximationand theequivalent nuclei approxima-
tion (1), which respectively give the lower and upper bounds
on the distance between the Mn(II) and the nearest cryopro-
tectant molecule. In the single nucleus approximation, we
assume that a single closest deuterium nucleus dominates the
signal amplitude due to the severe distance-dependence of
ESEEM amplitudes (r26, for weakly coupled nuclei). In the
equivalent nuclei approximation, we assume that all of then
deuterium nuclei on the relevant molecule lie at the same
distance from the paramagnetic center and therefore contribute
equally to the signal amplitude. In this situation, the effective
Mn-cryoprotectant distance is n1/6 times greater than the dis-
tance that would be obtained with the single nucleus approxi-
mation. Simulations of the experimental data to extract these
distance estimates were performed as described in previous
work (1) with one exception: the weight factor previously
introduced to account for the relative abundance of the isotopic
label (100% in this case) is presently used to account for the
fraction of available binding sites occupied by the cryopro-
tectant; this ratio is determined from the deuterium ESEEM
amplitude saturation curve.
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