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ESR studies on spin-labeled amorphous RNase A as a function of varying concentrations of
sorbed H,O and D,O will be presented. A relaxation analysis of saturation transfer (ST-)ESR
spectra of "“N("H) nitroxide spin-label molecules essentially fixed at amino acid residue His-105

will be given.

A characteristic correlation has been observed between the microdynamic behavior — express-
ed by the rotational correlation times of the paramagnetic label — and the macroscopic thermo-
dynamic entropy for the sorption process of H,O and D,O at RNase. This correlation is particu-
larly pronounced at low water concentrations, viz., Nyo/Npyoein = 100. A significant difference in
this concentration range exists between the two systems “RNase-H,O” and “RNase-D,0”, which
is manifested not only by the thermodynamic data but also by the microdynamic behavior ex-
tracted from the corresponding non-linear ESR absorption line shapes.

Introduction

The hydration of proteins is a phenomenon of con-
siderable biological importance and physicochemical
interest. An understanding of this hydration requires
information about the nature and strength of water-
protein interactions; the structural arrangement, if
any, of the hydration of water; the mobility of the
water molecules within the structural arrangement;
and the effects of hydration on the structure, the
dynamics, and the enzymatic activity of the protein
itself [1].

In the present investigation an attempt is made to
adduce such information from the results of ESR
relaxation and thermodynamic measurements of
(spin labeled) bovine pancreatic ribonuclease A
(RNase A) with varying degree of hydration. The
amount of sorbed water (H,O, D,0O) was controlled
accurately by equilibration with water at known
activities [2]. RNase was labeled with N-(1-oxyl-
2,2,5,5-tetramethyl-3-pyrrolidinyl)bromoacetamide
(BSL) at the position of the N-3 atom of histidine-

Abbreviations: RNase, ribonuclease A; BSL, N-(1-oxyl-
2,2,5,5-tetramethyl-3-pyrrolidinyl)bromoacetamide.
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105 [3]. In the following discussion, the labeled
derivative will be abbreviated as “BSL-RNase”. Al-
though the BSL reporter group is fixed near the ac-
tive center of RNase, and therefore gives informa-
tion on conformational changes from this molecular
region, its influence on the enzymatic activity is
negligible small [4].

From nitroxide radical spin-label probes much use-
ful information can be obtained from the effects of
motion of the probe on the ESR spectrum [5]. Spec-
tral lineshapes show maximum sensitivity to motion
when the rotational correlation time is of the same
order of magnitude as the inverse of the anisotropy
of the magnetic interactions, typically 107 s. There-
fore, with conventional (linear) ESR spin label
experiments, motional effects are evident in the line-
shape of the spectra, which are characterized by cor-
relation times of the reporter group in the range
between 107! s and 1077 s. For powdered protein
samples (with varying water activities) as they were
investigated in the present study, however, the
mobility of the spin probe is drastically diminished
resulting in correlation times between 107°s and
10 %s;a dynamical range, in which the conventional-
ly detected ESR spectra are insensitive to molecular
random motions. In order to extract dynamic data
from this “very slow motional” region by an ESR
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lineshape analysis, non-linear techniques such as sat-
uration transfer (ST-)ESR spectroscopy are appro-
priate [6].

This technique has been applied in the present
study for an analysis of ESR spectra of “BSL-
RNase” at varying degrees of hydration. At low
water concentrations (2 < 20) the extracted dynami-
cal data correlate with corresponding thermo-
dynamic data, such as the entropy or enthalpy of the
sorption process.

Experimental Section
Materials

Ribonuclease A from bovine pancreas (EC
3.1.27.5) was obtained from Fluka, and the BSL
nitroxide label from Aldrich. RNase was labeled as
described in the literature [3] without the final ion
exchange chromatography. The spin concentration
was determined by ESR using a reference sample of
known BSL concentration. In order to circumvent
line broadening by electron spin-spin interaction, the
spin-labeled RNase was diluted with its unlabeled
analogue by a ratio of 1:40.

Sample preparation

ESR samples were prepared by equilibrating lyo-
philized RNase at 25 °C in U-shaped quartz tubes on
a high vacuum line, connected with a flask containing
a mixture of (thoroughly degassed) sulfuric acid
and water of known composition (cf. ref. [7]). The
vapour pressures, p, of these mixtures at different
temperatures were taken from the literature [8].
Parallel to the sample equilibration, the sorption
isotherms of RNase were measured in a thermo-
balance of the type described elsewhere [9]. Equilib-
rium was assumed until a state had been achieved,
where no further changes of the weight (within the
experimental error interval of £ 2x 1077 g) over a
period of at least two days were observable. For the
ESR measurements the sample tubes were sealed.
Sorption temperature was controlled to be better
than 0.5 K over a period of several weeks.

ESR measurements

All ESR spectra were recorded at 9.5 GHz with a
VARIAN-E 209 spectrometer equipped with a
E 207 modulation and detection unit. Sample tem-
peratures were controlled by a stream of precooled
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nitrogen using the VARIAN V-6040 variable tem-
perature assembly. ST-ESR signals were registered
at a microwave power, where the maximum of the
corresponding ESR signal did occur. At this power
level an optimum between weak saturation of the
spin ensemble and reproducibility of the spectra can
be achieved. The “90°-out-of-phase” calibration of
the detector system was performed by the “self-null-
method” as proposed by Thomas ez al. [10].

In general there are eight displays (U, ,, U’ 5, V.,
V'1,) which have to be considered in an ST-ESR
experiment, where U refers to the dispersion mode,
V stands for the absorption mode and the prime on
either U or V means that the “out-of-phase” re-
sponse is detected. The subscript corresponds to the
particular harmonic of response. In the present in-
vestigation, ST-ESR experiments have been ob-
served only in the V', mode, i.e., the second har-
monic out-of-phase absorption.

Computer simulations

The g-tensor and the hyperfine tensor A were de-
termined by a least-square-fit method [11]. The ESR
spectra in the “slow motional” region were simulated
by the model of Freed et al. [12]. All calculations and
spectra simulations were executed on a CYBER 175
computer.

Results
Sorption isotherms

The amount of sorbed water (H,O or D,0) is
given by the ratio of weight &4 = g(water)/g(dry pro-
tein). The sorption isotherms at 298 K are presented
in Fig. 1 through h as a function of the water vapour
activity a,, = p/p,, where p, is the saturation vapour
pressure given by the sulfuric acid-water mixture at
a particular temperature. The different isotherms
marked by roman numbers correspond to various
sorption cycles. Curve I refers to the first sorption
process on lyophilized RNase; whereas curve II rep-
resents the second and all following sorption experi-
ments following an exhaustive dehydration from the
previously sorbed water on a high vacuum line. The
desorption branches which are given by curve III are
identical for both sorption processes I and II. Sorp-
tion isotherms with D,0O were obtained from
lyophilized RNase which was dissolved in D,O, so
that all exchangeable protons were replaced by
deuterium.
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Fig. 1. Sorption isotherms of H,O and D,O on RNase at
298 K. Curve I: first sorption cycle; curve II: second and
following sorption cycles; curve III: desorption.

The sorption temperature was 298 K and 277 K,
its accuracy was better than 0.5 K.

ESR experiments

For a quantitative analysis of ST-ESR spectra, a
parametrization technique similar to the one de-
scribed by Thomas et al. [10] has been applied. The
parameters, which are most sensitive to dynamical
processes in the V', detection mode, are given by the
ratios (H"/H, L"/L, C'/C) as depicted in Fig. 2. For
the procedure used in the present study, the compo-
nents of the g-tensor and the hyperfine coupling ten-
sor A of powdered “BSL-RNase” as well as of “BSL-
RNase” in glycerol have to be known for reasons
which will be discussed in more detail below (next
section).

The lineshape of “BSL-RNase” dissolved in glyc-
erol resembles that of a powder spectrum and there-

fore can be simulated by the method of least-square-
fit as described in ref. [11]. The results are collected
in Table I together with corresponding data of pow-
dered “BSL-RNase”. Within experimental error a
fairly good agreement exists between both sets of
data. This will be of importance for the determina-
tion of the correlation times from spectra parameters
described in the following section.

Table I. g-Tensor and hyperfine tensor A. a) “BSL-RNase”
in glycerol; b) “BSL-RNase” with 0% sorbed water.

(a)

gy = 2.00583 A, = (0.482 + 0.13) mT
8aq = 2.00666+ =+ 0.00055 A, = (0.809 + 0.06) mT
g = 2.00217 A, = (3.245 + 0.02) mT
1/3%Tr(g) = 2.0049 1/3%Tr(A) = 1.512 mT
(b)

g = 2.00607 A,y = (0.466 + 0.07) mT
8 = 2.00757} +0.00055 A, = (0.639 + 0.04) mT
gn = 2.00210 A, = (3.296 + 0.01) mT

Discussion
Thermodynamic data

In dealing with sorption on polymers, it is reason-
able to define the thermodynamic standard state
(with a zero free enthalpy) for the swollen polymer
under its saturation pressure, p, [13—15]. The partial
molar free enthalpy of water is therefore given as

B 3 AG(T,p,
P (T,p,n)
dn

From AG, the partial molar enthalpy AH and
entropy A4S of sorption can be calculated, viz.,

d AH(T,p,n) 3 R T\T,
dn i Tl—Tz

= RTInp/p, = RT In a,. (1)

4H =

In (awi/aw'l) (2 a)

d AS(T,p,n) AH-AG AG,-AG,
dn " F =Ty

Fig. 3 shows AS as function of A, the amount of
sorbed water for the different sorption cycles on
RNase. For H,O the partial molar entropy A4S is
characterized by several distinct maxima and minima
which are developed most at low water concentra-
tion. Table II collects some molecular data of

A8 = - (2b)
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Fig. 3. Partial molar entropy of sorption
AS as function versus the amount

RNase. These data show, that — within the experi-
mental error interval of =4 sorbed water molecules
per protein molecule — a correlation exits between
the number of charged and polar groups and the
number of sorbed water molecules at the extremal
properties of AS and AH. Position #1 of Table II
gives the number of isolated charged polar groups (at

Table II. Binding sites of RNase for water sorption.

of sorbed water: & = gram{H,0}/
gram{protein}; 7 = N20/Mprotein-

pH 6—7, cf. ref. [16]) which corresponds to the
number of water molecules at the minimum of A4S for
the 2™ and all following sorption processes. Al-
though the experimental data points in the very low
concentration region are not sufficient in the present
investigation in order to give a more quantitative
analysis, it is interesting to note, that corresponding

Position Number of Description Water
binding sites of binding concentration
sites n = Ryz0/Nprotein
18 isolated charged
#1 18 groups 1S
five neighboured
#2 10 18 +5 ion-pairs 23
10 ion-pairs
#3 59 59 polar groups 90
18 + 10 + 59
175 exchangeable H-bonds
#4 164 —11 intermolecular H-bonds 160
379 hydrophilic groups
#5 272 —107 intra- and intermol. bonds 270
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changes of the specific heat capacity ¢, (= T-3S/07T)
have also been observed for lysozyme at low con-
centrations (h < 10) [17].

Considering the five pairs of oppositely charged
polar groups in RNase which are neighboured, a
sorption model may be envisaged, where two such
groups on the average share one water molecule.
Such a model rationalizes the maximum value of A4S
for the sorption and desorption (not shown in Fig. 3)
processes of HO observed on RNase. Between the
total of 59 uncharged and 28 charged polar groups
and the minimum of A4S at n = 90 again a correlation
seems to exist (#3 in Table II). Position #4 in
Table II gives the total amount of 175 exchangeable
protons [18] diminished by the number of 11 possible
intermolecular hydrogen bonds [19] resulting in 164
distinguished positions; a number which correlates
with the position of the broad entropy maximum at
n = 160. If, on the other hand, all of the 379 hydro-
philic groups in RNase are considered [20], and if
their number is reduced by the 107 intra- and inter-
molecular H-bonded groups [19], the resulting
number of 272 hydrophilic groups again corresponds
to an extreme value of A4S (#5 in Table II).

The maximum value of AS (at n = 30) for the first
sorption cycle of H,O on RNase corresponds to the
total number of 28 charged groups (position # 1 and
#2 in Table II) if it is assumed that no ion-pairs have
been developed at the beginning of the sorption
process on the lyophilized protein; while the position
of the broad minimum for the first cycle of H,O at
n = 160 again may be correlated with the values of
position #4 in Table II. The minimum of AS itself
may be rationalized by the idea that intermolecular
hydrogen bonds are created during the first sorption
cycle of HO on RNase. Such a conception would be
in good agreement with the observed macroscopic
changes of the state of aggregation, namely from a
loose (electrostatically charged) powder to a spongy
material, the remaining state of the protein during all
following sorption cycles. Such a process partially
explains the hysteresis between the first and all fol-
lowing sorption cycles for H,O on RNase.

For D,O on the other hand, neither a hysteresis
has been observed between the differing sorption cy-
cles nor macroscopic changes of the state of aggrega-
tion seem to occur. The position of the minimum
value of A4S at n = 180, a slightly higher water con-
centration if compared to H,O, indicates that no
such intermolecular hydrogen bonds are developed

for the “RNase-D,O” system, i.e., the possible 11
groups are obviously occupied by sorbed D,O
molecules.

Although the results collected in Table II suggest a
strong correlation between the number of hydro-
philic groups in RNase and the sorption process rep-
resented by the thermodynamic properties of Eqns.
(1, 2), the development of a simple sorption model
describing not only the isotherms but also the ther-
modynamic quantities AG, A4S, and 4H in an ade-
quate way is strongly hampered by conformational
changes which occur within the protein matrix during
the sorption process. It is quite obvious that voids are
created on drying a protein which give rise to high
unsatisfied intermolecular forces, that cause substan-
tial refolding of the polypeptide chains in order to
reduce the size of these voids. If, for example, the
surface energy is assumed to be of the order of
5% 107° J cm™ — a reasonable value for a protein —
then a spherical void 1.0 nm in diameter would have
a surface energy of about 100 kJ per mole of voids,
i.e., the dried protein crystals without conformation
changes of the polypeptide chains would be charac-
terized by an energy, which is at least several tens of
kilojoules higher than for its analogue with less un-
occupied voids. The hysteresis observed for the sorp-
tion and desorption isotherms as well as the differ-
ence of the first and all following sorption cycles (cf.
Fig. 1) have to be considered as a reflection of such
processes of conformational rearrangements within
the polypeptide matrices. For an interpretation of
the measured enthalpy and entropy associated with
the sorption process, this may be expressed by a
simple model, viz.:

(protein), + nW; == (protein)g + nW,  (3)

where nW; is the water species (vapour) converted to
nW, (sorbed) when the protein in its (conformational)
state A is converted to the hydrated form B with

AIEI = AI:-IA—B i A}_-inWI—nWZ (4)
A8 = ASp_p + AS;wi-nw2-

In Eqn. (4) the terms AH,_g and A4S, _p reflect all
conformational changes within the protein matrix
during the sorption or desorption process, and these
terms certainly cannot be neglected. In all models for
the description of the sorption isotherms, however,
only the strength and number of different binding
sides have been considered without taking into ac-
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count possible conformation changes of the protein
matrix itself.

In the present investigation the model by Hail-
wood and Horrobin [21] in its modification by
D’Arcy and Watt [22] was used for a simulation of
the experimentally determined isotherms. Although
good agreement between the experimental data
points and the calculated isotherms exists, the adjust-
able parameters of the model equation differ not
only for the various sorption cycles but also for dif-
ferent temperatures. This again demonstrates that
conformation changes cannot be neglected, neither
for an interpretation of the isotherms, nor for a
quantitative understanding of the thermodynamic
parameters such as, e.g., the entropy of sorption.
This argument also holds for the results observed in
case of the D,O sorption process on RNase (cf.
Fig. 3), where no differences between the first and
all following sorption cycles have been observed and
where A4S as a function of %, the water concentration
only shows one broad minimum at n = 170.

ESR experiments

The determination of rotational correlation times
from saturation transfer spectroscopy can either be
performed by i) theoretical computer simulations, or
by ii) a parametrization technique on model systems
[10]. Besides the need of a relatively high computer
capacity, the dependency on several unknown
parameters unfavors a theoretical computer simula-

tion. In the present investigation therefore we pre-
ferred a parametrization technique, similar to the
one described in ref. [13]. First, ESR spectra were
simulated in the so-called “slow motional region” of
BSL-RNase dissolved in glycerol at varying tempera-
tures. For these simulations the model of Freed et al.
[12] was used. The parameters which are necessary
for such a spectroscopic analysis are the g-tensor and
the hyperfine tensor A, which are collected in Table
I. Furthermore an isotropic rotational diffusion mod-
el was assumed for the stochastic motion of the spin
label in the protein matrix.

The ESR spectrum of “BSL-RNase” in glycerol is
composed by two components, which have been in-
terpreted as a result of different mobility caused by
two label configurations in RNase [3]. For both, a
reversible temperature dependence between 303 K
= T = 353 K has been registered. They were sepa-
rated by a superposition of two ESR spectra in the
“slow motional region”. Details on the separation
will be reported elsewhere [23]. From the correlation
times of the slowly tumbling component (cf. ref.
[23]) an Arrhenius plot was extracted and extrapo-
lated in the region of “very slow motion” — corre-
sponding to temperatures below 290 K. This is
shown in Fig. 4 (solid line). These (extrapolated)
values of 1. represent the basis for a parametrization
of the ST-ESR spectra. Fig. 2 depicts the calibration
curves for the characteristic spectroscopic ratios
L"/L, H"/H, and C'/C at different magnetic modula-
tion field strengths. These results are very similar to
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corresponding findings in ref. [10], obtained on
maleimide-labeled oxyhemoglobin in glycerol-water
mixtures. The dashed line in Fig. 4 gives the correla-
tion times calculated from the macroscopic viscosity,
n, of glycerol at varying temperatures for a sphere
6.6 nm in diameter as for RNase [18], using Debye’s
equation for the Brownian rotational diffusion, viz.,

4-n
3otk

The difference between the two curves in Fig. 4
reflects the possibility of an additional molecular mo-
bility of the label in RNase, on one side, and possible
shortcomings of the model (macroscopic viscosity,
spherical shape, etc.) underlying the deviation of
Eqn. (5), on the other side.

From the calibration curves in Fig. 2 the correla-
tion times of “BSL-RNase” at varying degrees of hy-

Tc
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o , — <
©
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Fig. 5. Correlation times t. of “BSL-RNase” at varying
degrees of hydration for H,O (a) and D,O (b). Dashed
line: values of t. from L"/L; solid line: values of t. from
(Cle:

dration have been determined. The results are shown
in Fig. 5. First it can be seen that for the sorption of
H,O the correlation times T, as a function of /4, the
water concentration, changes its slope drastically in
the concentration range between 5 < h < 20, a be-
havior which is also characteristic for the slope of A4S
vs. h in this concentration range (cf. Fig. 2). This
corroborates the assumption that conformational
changes within the protein matrix determine the
changes of AS at low humidities. The different values
of t. extracted from the ratios L"/L and C'/C (cf.
Fig.5) can be rationalized by the possibility of differ-
ent diffusion mechanisms of the spin marker
molecule fixed in the protein matrix, as they occur
for the protein dissolved in glycerol and the dried
material at varying degrees of hydration. The influ-
ence of different diffusion models on parts of the
ST-ESR spectrum has been studied [24], and it was
shown that the dependency of L"/L on the diffusion
mechanism is more pronounced than it is for the
ratio C'/C reflecting spectral changes in the central
part (m; = 0) of the ST-ESR spectrum.

Conclusions

In summary, one can state, that a correlation exists
between the macroscopic observable thermodynamic
quantities, such as the entropy of sorption and those
physical parameters which reflect the microdynami-
cal behavior of spin label molecules located near the
active center of RNase. These correlated effects (at
low water concentrations) have been attributed to
confirmational changes within the protein matrix.
Whether the conformation changes are localized at
the active center or if they are distributed over the
RNase molecule is subject of a forthcoming study on
differently labeled RNase [23].

There, the dependency of the hyperfine coupling
constant A of the spin label on the temperature and
water concentration, which have not been reported
in the present study, will be discussed in connection
with possible different sequential steps of sorption
for H,O and D,O. This analysis might give further
insight in the differing sorption processes of H,O and
D,0.
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