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Proton relaxation rates of water in dilute solutions of S-lactoglobulin.
Determination of cross relaxation and correlation with structural changes by the
use of two genetic variants of a self-associating globular protein

In order to relate resonance relaxation behavior to protein structural states, pulse Fourier transform NMR
was employed to obtain water proton longitudinal and transverse relaxation rates (R, and R,,=R),) of
bovine B-lactoglobulins A and B in buffered solutions. Measurements at concentrations from 5 to 100
mg /ml were made at pH 4.65, 6.2 and 8.0, at 30 and 2°C, to monitor specific structural changes. The
parameters characterizing the concentration dependence of the observed R, and R, were used to derive a
number of quantities relating to protein-influenced water, including 2’ hydration parameter . Changes in h
under the different sets of conditions were correlated with (a) the irreversible denaturation of this protein at
pH 8.0, 2°C and (b) the dimer 2 octamer association at pH 4.65, 2°C. Corresponding correlation times,
however, were low, indicating cross relaxation which had not manifested itself as nonexponential relaxation
because of the large amount of water present. Differences in the extent of the dimer = octamer association
between genetic variants A and B allowed an evaluation of dynamics and extent of hydration from R, alone,
assuming the absence of intermolecular interactions. Derived parameters were in agreement with hydrody-
namic and X-ray values in the literature. Cross relaxation was likewise evaluated and was found to contribute
to R, to a large extent. The results show that changes in proton relaxation rates in solutions of a globular
protein occurring as genetic variants with different physical properties (such as B-lactoglobulin) can be
utilized to detect variations in hydration corresponding to changes in molecular association and conformation,
as well as to obtain cross relaxation and structural data.

Introduction

The state of water in systems of biomacromole-
cules has been the subject of intensive study in
recent decades [1-3]. One of the investigative
methods employed has been nuclear magnetic res-
onance and, in particular, nuclear spin relaxation
[4,5]. Beall et al. [6], among others, have suggested
that changes in observed proton relaxation rates of
cellular water relative to those of bulk water may
be attributable to the conformational state as well

as to the nature and concentration of macromole-
cules in the cell. There has been little unanimity on
the general subject because of the complex nature
of hydration phenomena and their relationships to
NMR relaxation, and because of complicating fac-
tors such as cross relaxation between protein and
water protons. Examination of water-protein inter-
actions by measurement of proton spin relaxation
of water in a well-defined system of a protein
capable of undergoing structural changes should,
however, afford opportunity to observe corre-



lations between these changes and the measured
relaxations.

A suitable protein for this purpose is S-lacto-
globulin, which occurs in two genetic variants, A
and B, possessing physical properties nearly iden-
tical except for the extents of specific structural
changes [7-13]. We report here measurements of
the longitudinal (R;) and transverse (R,) proton
relaxation rates of water in buffered solutions as a
function of protein concentration, with pH and
temperature varied to allow examination of several
of the protein structural states for concomitant
differential behavior between the two variants.
These data are evaluated first in terms of very
simple model assumptions for the water-macro-
molecule interaction, with the aim of determining
(i) whether significant changes in this interaction

can be found for dilute solutions of this model .

protein as a result of environmental changes and
(ii) whether such changes can be shown to reflect
the respective molecular states of the protein, as
reported in the literature from studies by other
methods under the same conditoins. Next, the
consequences of considering cross relaxation are
examined. As a special alternative to such other
methods as those using magnetic field dependence
of NMR relaxation [14,15] or measurements on
solvent 'O and *H nuclei [15-17], we explore the
combined use of proton NMR data from the two
genetic variants, making use of their differing as-
sociation behavior. The results of cross relaxation
evaluated in this way are compared with results
from hydrodynamics, X-ray diffraction and
small-angle scattering, and deuteron NMR relaxa-
tion.

Preliminary reports of this work were presented
at the 174th and 176th National Meetings of the
American Chemical Society, 1977 and 1978.

Materials and Methods

Materials. B-Lactoglobulins A and B, furnished
by R.E. Townend of this laboratory, were the
recrystallized lyophilized products, prepared from
the milk of homozygous A/A and B/B cows by
the method of Aschaffenburg and Drewry [18]. To
exclude the possibility that observations might be
affected by paramagnetic enhancement due to the
presence of heavy-metal ions, some experiments

were carried out both with and without prior
treatment of the preparations with EDTA. In no
case was a significant difference found. Distilled
water from an all-glass still was used without
further treatment. The buffers employed were: pH
4.65, 0.1 M acetate (B-lactoglobulin B) and 0.3 M
acetate (B-lactoglobulin A); pH 6.2, 0.1 M phos-
phate (B-lactoglobulin A) and 0.1 M acetate (-
lactoglobulin B); pH 8.0, 0.1 M glycylglycine /0.1
M K], adjusted to pH by addition of KOH. All
buffer salts were the potassium salts of the respec-
tive acids and were Baker analyzed reagents *.
Glycylglycine was purchased from Calbiochem,
and benzene-dg and acetone-d (99.5 atom %) were
purchased from Wilmad Glass Co., Inc.

Measurements. Protein solutions, prepared 1 day
before use, were exhaustively dialyzed overnight
against buffer at 0-5°C, except for the study at
pH 8.0. In that case, all manipulations, including
filling of the sample cells, were carried out at room
temperature, and the low-temperature measure-
ments were made last. All dilutions were made
with the appropriate dialyzate. Protein concentra-
tions were determined with the use of an absorp-
tion coefficient of 0.96 ml- mg~!-cm™~! at 278 nm
[19].

Proton NMR spectra were obtained by pulse
Fourier transform spectroscopy at 90 MHz (Bruker
WH-90, R, measurements) and at 60 MHz (JEOL
FX60Q spectrometer, R, measurements). Since the
high concentration of water in a dilute solution
produces an intense signal, a single accumulation
at the particular sample temperature (2°C or 30 +
1°C) was sufficient for each spectrum. To avoid
exceeding the dynamic range of the computer with
consequent signal truncation, it was necessary to
provide the Bruker WH-90 with a 20-db attenua-
tor in the probe preamplifier, in addition to reduc-
ing the sample volume for both instruments by the
use of a microcell assembly with an expendable
35-pl sample bulb (Wilmad Glass Co., Inc.). The
assembly included this microbulb, filled with the
sample and inserted into either a 10-mm or 5-mm
outer diameter sample tube containing deuterated

* Reference to brand or firm name does not constitute en-
dorsement by the U.S. Department of Agriculture over others
of a similar nature not mentioned.



solvent (benzen-dq or acetone-dg) to provide an
external heteronuclear lock signal.

Determination of relaxation rates. Proton longi-
tudinal relaxation rates R; were measured by the
inversion-recovery method [20], where the repeti-
tion time 7T in the usual pulse sequence
(...T...180°...7...90°...) was chosen to be at
least 5-times the longitudinal relaxation time T;
(= R{'1). Under the conditions of this method, the
relation of the peak intensity 4, to the pulse delay
time 7 becomes:

In(1— A, /A) =In(1— Ao /A)— Ry7 &)

where A, is the peak intensity at 7= 0, and 4, is
the limiting and maximum peak intensity at 7.
Five sets of values of 4, as a function of 7 were
determined. In a departure from conventional
practice, the value of 4, used was the average of
five independent measurements at long 7 taken
alternately with the measurements for variable 7,
in order to provide proper statistical weighting in
the linear regression of In(1 —A4,/A4,) on 7, from
which the coefficient (— R,) was evaluated (cf. Fig.
1A). Each such determination of R, was replicated
four times and the results were averaged. This
procedure was repeated for each of a minimum of
five concentrations under each set of conditions of
temperature (30°C and 2°C) and pH (4.65, 6.2
and 8.0) investigated.

Proton transverse relaxation rates R, were de-
termined on the JEOL FX60Q by spin-locking
measurement [21] of R;,, the longitudinal relaxa-
tion rate in the rotating frame. R;, equals R, in
dilute solutions of low viscosity whenever the mag-
nitude of R, is independent of Hj,, the spin-lock-
ing radio-frequency field in the rotating frame;
this was found to be the case, within the limits of
experimental error, in the present work. The
evaluation of R, was as described above for Ry,
except that the pertinent relation between peak
intensity A, and decay time 7 in this case becomes:

Ind,=Indy— R,7 ()

where A4, is the maximum peak intensity (cf. Fig.
1B).

Data reduction. The theory of Zimmerman and
Brittin [22] implies a linear dependence of R; or
R, on macromolecular concentration if one as-

sumes a simple two-state, fast-exchange model,
where the states refer to ‘bound’ (protein-in-
fluenced) and ‘free’ (bulk) water, respectively. (This
simple theory is used as a point of departure; an
extension to a more complex model including the
effects of cross relaxation will be considered later.)
The observed proton relaxation rate R, (regard-
less of mode, T, T, or T,) can then be expressed
as the sum of contributions from the relaxation
rates of the two states (b for bound, f for free),
each contribution being the product of the water
proton relaxation rate (R, or R;) and the fraction
of protons ( p,, or p;) in the respective state:

Rops=PoRbo+ PeRs, potpr=1 3

If h is the degree of hydration in grams of
b-state water per gram of anhydrous solute, and ¢
the concentration in grams of anhydrous solute
per gram of total water, one has p, =hc, pr=1—
hc, and:

Robs=Rbhc+Rf(1—-hc)=Rf+(Rb—Rf)hc 4)
or
Rops=R;+ke, k=(Rp,—R;)h=hAR (5a,b)

where AR is the total excess relaxation rate (i.e.,
the difference between the relaxation rates of the
protein-influenced and free states' of water in-
volved).

For dilute protein solutions, the concentrations
may be more conveniently expressed, with negligi-
ble error, in units proportional to molarity (e.g.,
mg/ml) instead of molality, as above. With due
attention to the conversion of units, linear plots of
R, vs. ¢ (shown in Fig. 2A and B) then conform
to Eqn. 5a, with extrapolation to infinite dilution
giving the ordinate intercept R;. The slope k is a
characteristic parameter which may be viewed as a
relaxation increment, in analogy to similar param-
eters related to such quantities as dielectric con-
stant, refractive index and conductance. It is im-
portant, in principle, to distinguish between (i) this
relaxation increment (strictly speaking dR ./ dc),
(ii) the specific excess relaxation rate, (R p—R¢)/c
(with which it is identical if the concentration
dependence of R, is, indeed, linear), and (iii) the
quantity #AR, termed here the hydration product,



because it is the product of the hydration and the
total excess relaxation rate. The hydration product
equals the other two quantities only in the absence
of cross relaxation (see further under Discussion);
otherwise k equals an uncorrected hydration prod-
uct, relating to an apparent hydration uncorrected
for cross relaxation.

Hydrations and correlation times. R, and k data
derived from both R; and R, were utilized with
suitable expressions which permit solution of a
system of simultaneous equations for h. As sug-
gested by Daskiewicz et al. [23], R, and R, of the
bound-water fraction may both be expressed in
terms of a common rotational correlation time, 7.
Subject to the assumptions stated initially, the
appropriate expressions [24] are:

Rlb = 0.3h274b—67c [(1 + w(21,17'c2)_1 +4(1 +4w(2,‘11-c2)_]] (6)
and

Rop= 015Ky %7, [3+5(1+ wdpn2) '
+2(1 +4wg,273)“] (7)

where % is Planck’s constant divided by 2, or
1.0546 - 10~ " erg - s; v is the nuclear gyromagnetic
ratio, 2.6752-10* gauss™'-s™'; b is the proton
internuclear distance for water, 1.526 A; and w1
and w,, are the angular resonance frequencies, in
radians - s, corresponding to 90.00 and 59.79
MHz, respectively. Eqns. 6 and 7, and the use of a
common correlation time, involve the assumption
of isotropic tumbling and thus represent an ap-
proximation which, however, is not unreasonable
for a globular protein.

Two expressions of the form of Eqn. 5b, one for
each mode of relaxation, contain a total of three
unknowns (Ry,, Ry, and h); two of these (R,
and R,,) may be eliminated by means of Eqns. 6
and 7 in terms of 7.. The resulting system of two
equations in two unknowns (7, and ), although
not solvable for either unknown in closed form,
can be evaluated by numerical approximation. In-
put data are the three constants (0.15 A2y*b~9),
w51, o2, and the data parameters k, k, Ry, and
R ;. The required iterations are readily performed
with adequate precision on a desk calculator with
program storage.

An alternative approach would have been to
use, in place of the R, data, a set of R, data at the
second frequency; two applications of Eqn. 6
would then furnish the requisite number of simul-
taneous equations. It was found, however, that the
two frequencies available (60 and 90 MHz) were
too close to give data sufficiently different to allow
solution for the unknowns with satisfactory preci-
sion, as might be surmised also from the data of
Hallenga and Koenig [15], from which it is clear
that frequency dispersion effects become relatively
small for frequencies above 10 mHz.

A third approach, use of a separate set of data
from a single mode of relaxation for each of two
variants, was also implemented. It permits an ex-
plicit consideration of cross relaxation and is de-
tailed under Discussion.

Results and Discussion

Relaxation rates

R, data for three selected concentrations of
B-lactoglobulin B at pH 6.2 and 2°C are il-
lustrated in Fig. 1A. The slope of the line fitted to
data for the 4.01% solution, as a typical example,
gives R, = 0.687, with a standard error of 0.003, or
T,=1.456 + 0.006 s. R, data for three selected
concentrations of S-lactoglobulin A at pH 8.0 and
30°C, with 4, normalized to facilitate compari-
sons, are illustrated in Fig. 1B. The slope of the
line fitted to values for the 2.46% solution, as a
typical example, gives R, = 0.726, with a standard
error of 0.033, or 7, = 1.38 £ 0.06 s.

Relaxation increments and free-water relaxation
rates

Typical concentration dependences for R; and
R, data are shown in Fig. 2A and B, respectively,
and are seen to be linear, in agreement with the
simple theory. Values of k, and R;, and of k, and
R, calculated by linear regression of the respec-
tive dependence of relaxation rates on protein
concentration (Eqn. 5a), are listed in Table I. As
expected [25], the relaxation rates of bulk water
protons, R,; and R, increased at the lower tem-
perature in each of these systems; the magnitude
of the change did not differ significantly among
the solvent buffers used. The relaxation increments
k, and k, also changed in the same direction.
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Fig. 1. Measurement of proton relaxation rates of water in
dilute B-lactoglobulin solutions. Pulse NMR experiments per-
formed as described under Materials and Methods. (A) Proton
longitudinal relaxation rates (R,) of water in S-lactoglobulin B
solutions at 2°C in 0.1 M acetate (pH 6.2), as function of pulse
delay time. Protein concentrations: (O) 11.9 mg,/ml; (@) 40.1
mg/ml; (O) 60.1 mg/ml. (B) Proton transverse relaxation rates
(R,) of water in B-lactoglobulin A solutions at 30°C in 0.1 M
glycylglycine /0.1 M KCl (pH 8.0), as function of decay time.
Protein concentrations: (O) 16.4 mg/ml; (@) 24.6 mg/ml; (O)
55.4 mg/ml.

Values of k;, k,, Ry and Ry so found were
used, as described, in the calculation of apparent
degrees of hydration &, uncorrected for cross re-
laxation (also listed in Table I), as well as apparent
rotational correlation times and longitudinal and
transverse relaxation times for water in the bound
state, R;, and R, (not listed). In each case, Ry,
increased while R,y decreased at the lower temper-
ature. This temperature effect is consistent with
the absence of an exchange contribution, as is
implicit in Eqgns. 6 and 7 [4].
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Fig. 2. Proton relaxation rates of water in B-lactoglobulin
solutions as a function of protein concentration. The slope (k)
is the relaxation increment, and the intercept (R) is the
relaxation rate of free water, as described under Results. (A)
Proton longitudinal relaxation rates (R;) of water as function
of B-lactoglobulin B concentration at pH 6.2. Temperatures:
(®) 30°C (k; =1.94+0.18, Ry; = 0.271+0.009); (O) 2°C (k,
=1.49+0.11, R, =0.643+0.006). (B) Proton transverse re-
laxation rates (R,) of water as function of B-lactoglobulin A
concentration at pH 8.0. Temperatures: (®) 30°C (k,=7.0+
0.2, R, =0.53+0.01); (O) 2°C (k;=279+1.3, R,y =0.61%
0.06).

Structural states and hydration

The temperatures at which measurements. were
made had been chosen because of known proper-
ties of the protein. At both pH 4.65 and 8.0 it is
known to undergo significant structural changes,
mainly in the cold; at pH 6.2, no change in
structure accompanies the same temperature
change. On inspection of the temperature and pH



TABLE I

RELAXATION INCREMENTS (LONGITUDINAL, k;, AND TRANSVERSE, k,) AND SOLVENT RELAXATION RATES
(Ry¢ AND R ) FOR SOLUTIONS OF TWO VARIANTS OF 8-LACTOGLOBULIN

Longitudinal measurements (at 90.0 MHz) and transverse measurements (at 59.79 MHz), made at two temperatures and three values
of pH, as indicated. Values of the parameters are the results of linear least-square fits to points at five to seven concentrations, each
representing the mean of quadruplicate relaxation rate determinations based on measurements at five time values each. Error terms
indicate standard errors of the parameter.

pH Variant Temp. Relaxation increment Solvent relaxation rate Uncorrected
O ™" Bwater 8piot) s™h hydration gh)
K, k, Ry Ry (8 water Bprot)
4.65 A A 30 1.52+0.25 89+15 0.307+0.011 0.23+0.07 0.070+0.012
) 2 3.56+0.23 55.3+44 0.603+0.010 0.70+0.24 0.298 +0.021
4.65 B 30 1.26 +£0.26 52404 0.314+0.004 0.3410.02 0.047 +0.008
2 2.18+0.24 277126 0.64410.011 0.60+0.16 0.163+0.017
6.2 A 30 1.92+0.26 45102 0.301+0.007 0.31+0.01 0.056 +0.005
2 - 104+1.2 - 0.8940.06 0.077 £0.007
6.2 B 30 1.94+0.18 - 0.271£0.009 -
2 1.4910.11 - 0.643 1+ 0.006 -
8.0 A 30 1.77+0.13 7.0+0.2 0.264 1 0.005 0.53+0.01 0.064 +0.004
2 2.73+0.51 279+1.3 0.514+0.015 0.61+£0.06 0.178 +£0.023

dependence of the various parameters in Table I, it
is noticeable that not only % but also the hydration
product k, appears to be suitable as at least a
preliminary measure of hydration: allowing for the | | |
temperature effect (exhibited by itself at pH 6.2), , L P e

t, and h on going from 30 to 2°C at pH 4.65 e T
display increases by factors of 2.7 and 3.1 for the vith B-Alncold :

A variant and of 2.3 and 2.5 for the B variant,

while at pH 8.0 the A variant shows increases by
factors of 1.7 for k, and 2.0 for A. These indica-
tions of pronounced increases in apparent hydra-
tion in the cold at both pH 4.65 and 8.0 may be
interpreted in terms of the known molecular be-
havior of B-lactoglobulin.

This protein has been reported to occur natu- M Lo, | I
rally in five genetic variants [26]. The A and B %7 %7 =™ ‘
forms employed here undergo a variety of changes I I 37T 4aeslsy T 75 1 o7
. . T 20 30 40 50 60 70 80 90
in conformation and state of association, sum- PH
marized in Fig. 3. The present investigation focuses

Above pH 6.5, the dimer is known to begin to
dissociate [27-29] and then to denature irreversi-
bly [28,30,31] while at first remaining in solution.
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Fig. 3. Schematic representation of changes in the structure of

on two of these: a slow, irreversible denaturation
[13] and a rapid dimer @ octamer equilibrium
[7,9-12], both occurring primarily in the cold. The
2-subunit, 36700 dalton dimer is the kinetic unit
persisting over a wide range of moderate condi-
tions of pH from 3 to about 7 [9]; its structure has
been reported in detail [32-33].

B-lactoglobulins as a function of pH. B, B-lactoglobulin. Insets
(molecular models): (A) dimer; (B) octamer, with square
decahedral faces on top and bottom; ®, octamer bonds;
Xeamenann X, tetrad axis; circular lines indicate monomer equa-
tors and parallels perpendicular to the dimer axes; (C), oc-
tamer, with square faces in front and back, tetrad axis per-
pendicular to plane of paper. (Based on data of Refs. 7-13,
27-33,45))



The time-dependent denaturation, referred to as
‘cold denaturation’ since it is accelerated in the
cold as compared to room temperature, occurs
about three times faster with B-lactoglobulin A
than with B-lactoglobulin B [13]. This correlates
well with the observed indication of increased
hydration of B-lactoglobulin A on exposure to the
cold, since both the concurrent dissociation and
subsequent denaturation presumably involve
increased availability of water-binding sites on the
denatured protein molecule.

Between pH 3.7 and 5.1, self-association of
B-lactoglobulin dimer to octamer occurs as tem-
perature decreases. This is a rapid equilibrium
process that is also well characterized [12]; it oc-
curs to a greater extent with the A variant than
with the others. Since self-association involves pro-
tein-protein interactions which should remove
some of the potential water-binding sites on the
dimer surface, a decrease in hydration might be
expected. The observed increased hydration
requires a more detailed examination of the molec-
ular geometry. The octamer, as determined by
Tiamsheff and Townend [10], is a closed ring,
consisting of four dimers associated symmetrically
about a tetrad axis; its general shape is that of a
decahedron with a substantial central cavity (Fig.
3). Because of a sizable hole (approx. 1.4 nm
diameter) in each of the two square faces of the
decahedron (Fig. 3, inset C), the water in the
interior of the octamer is readily accessible for fast
exchange with the bulk water on the outside, as
was assumed by the theory above.

An estimate of the amount of water contained
in the cavity may be obtained from the geometric
parameters [10], which indicate that an inscribed
sphere, tangent to the interior van der Waals
surfaces of the octamer, would have a volume of
about 6.45 nm’. (This estimate neglects the spaces
in corners and crevices of the cavity; these will be
largely offset by the dimer-dimer contact areas
between the eight monomer units made unavaila-
ble to water binding upon tetramerization at the
twelve new protein-protein contact sites.) From
the molecular weight and volume of water and the
molecular weight of the protein [33], one finds that
this cavity corresponds to 0.264 g H,0/g protein.
It can, therefore, accommodate a considerable
amount of water detectable by NMR, giving rise

to the increased hydration observed under the
conditions where octamer formation occurs. It may
now also be seen that the relative enhancements of
the hydration parameters noted above (i.e., factors
of 3.1 for h and 2.7 for k, for the A variant vs. 2.5
and 2.3, respectively, for the B variant) are con-
sistent with the known higher degree of octamer
formation by B-lactoglobulin A compared with B
[12].

There is thus qualitative agreement between the
hydrations shown in Table I and the known struc-
ture of the corresponding states of the protein, but
it remains to be examined how this agreement may
be affected by a consideration of cross relaxation.

Dynamics and hydration from transverse relaxation

Values of apparent correlation times calculated
from Eqns. 5b, 6, and 7 range from 1.4 to 7.1 ns,
considerably lower than corresponding estimates
obtained for B-lactoglobulin from the Debye-Ein-
stein relation [25] for dielectric relaxation (i.e.,
15-53 ns [34]) or fluorescence depolarization
(20-78 ns [35]), or from NMR by means of a
method which obviates the effects of cross relaxa-
tion (10-32 ns [17]). The lowered apparent correla-
tion times may be considered a clear indication of
cross relaxation [36], not evidenced here in the
form of nonexponential relaxation (cf. Fig. 1A and
B) because of the vast excess of bulk water protons
in dilute solutions. Instead, it shows its presence
by its effect on the apparent 7, and by increasing
“the apparent water proton relaxation rate, R,
[36,37] and thus the values of k;. These, as well as
the validity of Eqn. 5b, require further examina-
tion, especially as there is definite evidence for the
general occurrence of cross relaxation in protein
systems [16,36-38].

Since, however, cross relaxation affects prim-
arily longitudinal relaxation [16,38], one may start
by dealing separately with the transverse relaxa-
tion, for which Eqn. 5b will continue to serve in
conjunction now with the added information sup-
plied by the availability of data for both genetic
variants at pH 4.65. For this purpose, the extents
of tetramerization for each variant at this.pH at
2°C can be calculated from light-scattering data of
Kumosinski and Timasheff [12] as 91.2% (B-
lactoglobulin A) and 31.0% (8-lactoglobulin B).

This information allows the values of k, from



Table I to be expressed in terms of the relative
contributions of dimer and octamer and, together
with the knowledge of the amount of water in the
cavity and Eqn. Sb, provides two simultaneous
equations for the two variants. In this way, a
number of parameters of interest not affected by
cross relaxation can be obtained (Appendix, A).
These include the hydrations of dimer, 4 = 0.0276
g/8, and octamer, hg = 0.0540 g /g, various corre-
lation times, and the Stokes radius of the octamer,
R, o =3.82 nm. Repetition of this calculation for
30°C with the separately determined values of k,
of Table I at that temperature, combined with the
information [12] that the extents of tetramerization
here are 26.9% (B-lactoglobulin A) and less than
0.02% (B-lactoglobulin B), gives A = 0.0223 g/g,
ho=0.0487 g/g, and R, = 3.75 nm. The values
of R, from measurements at the two tempera-
tures thus are in close -agreement, as would be
expected since the Stokes radius should be nearly
temperature-independent. They are in general
agreement with literature values of 4.33 nm, from
sedimentation [40]; 4.44 nm, from small-angle X-
ray scattering [40]; and 3.04 nm, from 2H NMR
7.

Cross relaxation and longitudinal relaxation
Longitudinal relaxation data can be utilized in
similar manner when Eqn. 5b is modified by de-
composition into a corrected term, kj=h'AR
(where A4’ is a hydration corrected for cross relaxa-
tion), and a term for a cross-relaxation increment,
k,, to account for the contribution of cross relaxa-
tion to k;. The justification for such a procedure
derives from a consideration of a cross-relaxation
model which treats the water and protein protons
as separate thermodynamic systems in magnetic
interaction [16,26] (Appendix, B). This results in
values at 2°C (see Appendix, C) for the k, terms
for octamer and dimer, respectively, of k, o = 3.71
and k, , =1.39. Since spin diffusion, which is the
basis for cross relaxation, should be dependent on
distance from particle center of mass to surface
(see, e.g., Ref. 16), the pertinent distance for the
fairly- isotropic octamer should be approximately
its Stokes radius, 4.33 nm [40], whereas for the
dimer, consisting of two tangent, nearly spherical
monomer subunits, it should be approximately the
monomer radius, 1.79 nm [10]. The ratio of these

distances is 2.42, while the ratio k,o/k,p=3.71/
1.39 is 2.67, and therefore in good agreement with
the value estimated from the known geometry.
(The 30°C values, based on k; values and extents
of tetramerization much smaller, and therefore
containing larger relative errors, yield a ratio
kyo/kxp = 1.86, which is still of the correct order
of magnitude.)

To examine the phenomena at pH 8.0, we make
a first assumption that k, at 30°C may be ap-
proximated by its value for the dimer at pH 4.65,
at the oposite side of the isoelectric point of 5.1,
since additional cross relaxation due to higher pH
should be largely offset by decreased spin diffu-
sion with the then more disordered protein. For
pH 4.65, the modified Eqn. 5b, k; = hpAR, + k,,
with hp = 0.0223 obtained from k,, and with the
k, of Table I, gives k, = 1.088. This value, sub-
stituted in the same equation applied to the pH 8.0
conditions, gives ApAR, = 0.69 and, from Eqn. 6,
7.=5.36 ns, or a Stokes radius of 1.88 nm. Com-
pared to the approx. 1.79 nm Stokes radius of the
monomer [10], this implies that at this alkaline pH,
even at room temperature, a substantial fraction of
the protein exists as monomer. This is in agree-
ment with the findings of Townend et al. [27] and
Georges et al. [28], according to which the dimer at
room temperature above about pH 7.0 begins to
dissociate before alkaline denaturation takes place.
Since this might weaken the above assumption
regarding k,, we look, alternatively, to the pH 6.2,
2°C data for confirmation. Used as before, these
yield a k, of 1.43 which, applied to the pH 8.0,
2°C data, gives 7, = 8,67 ns, or a Stokes radius of
1.68 nm, and again the distinct indication is of a
prevalence of monomer, in accord with the litera-
ture.

Cross-relaxation increments and hydrations
calculated in this manner for the various forms of
the protein under the different conditions, as well
as the respective correlation times and Stokes radii,
are listed in Table II (where 4’ designates values
obtained by taking cross relaxation explicitly into
account). Correlation times here range from 10.2
to 51.2 ns, more in keeping with the literature
values cited above [17,34,35). In view of the vari-
ous approximations made and the high contribu-
tion of k, to k,, the values of A’ listed must,
however, be considered to be somewhat less accu-



TABLE 11

PARAMETERS CALCULATED FOR B-LACTOGLOBULIN SOLUTIONS WITH CROSS RELAXATION TAKEN INTO

ACCOUNT

Based on data of Table I and Eqns. 6, 7 and 11. For statistics, see legend to Table 1.

pH Variant Temp. ky(s™1 h’ T R gy oyes (nm)
or SPCCies (OC) Ewater’ g;rlot) (g water' 8 ;r})t) (ns) this work literature
4.65 A 30 1.341+0.25 0.029 +0.001 125+ 1.5
2 3.50+0.23 0.052+0.009 51.2+ 4.6
B 30 1.09+0.26 0.022 +£0.002 102+ 0.1
2 211+0.24 0.036 +0.008 33.0+ 1.6
Pure dimer 30 (1.094026)*  (0.022+0.002) 102+ 0.1
2 1.39+£0.32 0.028 +£0.010 236+ 0.1
Pure octamer 30 0.049 +0.002 18.6+ 5.6 3.75 4.33,4.44°
422+12.4)°
2 3.71+£0.25 0.054+0.010 538+ 5.0 3.82
2.03+129° - (102.6+38.4) 2
6.2 AorB 30 1.79+£0.18 0.019+0.001 102+ 0.1
2 3.52+0.19 0.021 £0.002 236+ 0.1
8.0 A 30 1.09+0.26 0.047 +0.009 54+ 0.3 1.88°¢ 1791
2 2.08+0.51 0.103 +0.007 124+ 0.6 1.68 ¢

2 Pure octamer without cavity contribution.
b Parameters of B variant.

¢ From cross relaxation at pH 4.65.

4 From cross relaxation at pH 6.2.

¢ From Ref. 40.

f From Ref. 10.

rate than their standard errors would indicate.
The contributions of cross relaxation indicated
by k, (Table II) comprise the major portions of
the values of k; (Table I): for either variant, under
all three pH conditions, k, at 30°C amounts to
about 90% of k,. This could be expected, in-
asmuch as solutions of proteins ranging in molecu-
lar weight from 30000 to 100000, under various
conditions of concentration and temperature, have
been found to exhibit zero-field cross relaxation
rates already roughly equal to water proton relaxa-
tion rates [16]. At higher frequencies, the ratio of
cross relaxation to total proton relaxation must
increase further, since cross relaxation, particularly
for proteins of molecular weight above 20000 and
at resonant frequencies near 100 MHz, increases
substantially with frequency [23,36], while the
bound-water proton relaxation decreases (cf. Eqn.
7). This expectation should hold for the present
data relating to a 37000 dalton protein examined
at 90 MHz. It is notable, however, that k, at 2°C,

which for pH 4.67 and 6.2 amounts to more than
97% of k,, for pH 8.0 shows a marked drop to
76%, in agreement with the predicted loss of spin
diffusion in the more disordered state under these
denaturation conditions.

Significance of parameters

In regard to the significance of the hydration
parameter #, it is well recognized [2,4,41] that any
technique used to measure hydration of proteins
implies an operational definition of the water ob-
served as ‘bound’ that pertains to that particular
technique, as well as to the model used to analyze
the data thus obtained. The results pertain to
rotationally as well as irrotationally bound water,
together with the effects of inter- as well as in-
tramolecular contributions to relaxation. Cross-re-
laxation effects have already been mentioned. An-
isotropic surface effects also may well play a role,
as dealt with by Walmsley and Shporer [42] and
Halle et al. [43].



Using these authors’ approach, one can relate
the hydration values shown in Table II to hydro-
dynamic hydration values in the literature by tak-
ing into account the effects of the anisotropic
surface environment of the protein molecule. This
involves the use of a scaling factor [42] or order
parameter S [43], which is nearly independent of
the specific protein, and which enters Eqns. 6 and
7 so as to change the R, value by a factor of $?,
and consequently 4 (related to R, by Eqn. 5b) by
very nearly 1/S2. From the data of Koenig et al.
[44], and the arguments of Walmsley and Shporer
[42] as embodied in their Fig. 3, one obtains an
estimate of S as approx. 0.21. Applying this, as
indicated, to the values of A’ of Table II, gives
conventional hydrations from 0.43 to 0.50 for the
pH 4.65 and 6.2 dimer at room temperature. This
is squarely within the 0.30-0.54 range, clustering
around 0.46, reported for B-lactoglobulin in the
literature [2].

Without the use of S, the 4’ values of Table 11,
ranging from 0.019 for dimer at 30°C, pH 6.2, to
0.052 for the A variant at 2°C, pH 4.65, may be
directly compared with results from a method
based on deuteron NMR to avoid the effects of
cross relaxation, which gave corresponding values
from 0.015 to 0.043 (Table III, column II, of Ref.
17).

While the hydration values of Table II are
smaller than the uncorrected ones of Table I
(roughly half, or less), in either set the relation-
ships between them under the various conditions
are not greatly different. It is seen, therefore, that
no matter in which way one prefers to interpret
the data of Table I, one can obtain definite corre-
lations with known structural information, and
that, contrary to doubts expressed in the literature
[15,16], relaxation measurements at the frequencies
employed here contain considerable structural in-
formation relating to the solute protein. Further-
more, because we have been concerned mainly.
with changes rather than absolute values of A,
other effects not specifically evaluated may largely
cancel. Although absolute values obtained for a
hydration parameter may be very dependent on
model assumption, observed changes in such a
parameter are less dependent on assumptions and
can be equally useful in correlations with struct-
ural changes.

Returning to the questions posed at the outset,
one sees that it is possible by a simple procedure
to obtain useful hydration parameters which can
account, at least in a qualitative fashion, for the
effects of (i) cold-denaturation of B-lactoglcbulin
A at alkaline pH and (ii) of octamer formation of
B-lactoglobulin at pH 4.65; (iii) give a quantitative
account of the effect on relaxation of the marked
difference between variants A and B in octamer
formation; (iv) provide quantitative cross-relaxa-
tion information; and (v) confirm such conjectures
as that of Beall et al. regarding correlation of
water proton relaxation rate changes with changes
in molecular states of a protein. It thus indicates
that observed proton relaxation rate changes can
be used by way of the parameter 4 or 4’ to
evaluate concurrent structural changes in a given
system.

Appendix

(A) Parameters at pH 4.65, 2°C from transverse
relaxation increments and solvent relaxation rates
Summing the contributions to k, of dimer and
octamer for each variant according to Eqn. 5b, one
has, from Table I, the two simultaneous equations:

kya=553=0912hoAR, o+ (1-0.912) hpAR, 1 (8a)
and
kyp=277=0310hoAR, o +(1-0.310)hpAR, (8b)

where h, the hydration of the octamer, is that of
the dimer, A, augmented by the contribution of
the cavity; i.e., ho=hp+0.0264; and AR, and
AR, are the total excess transverse relaxation
rates for octamer and dimer, respectively. R, 1, can
be obtained by way of an estimate of the correla-
tion time of the dimer, 7, from the known dry
volume of the latter, suitably corrected for its
deviation from spherical shape.

The Einstein diffusion equation, expressing the
rotary diffusion coefficient D, in terms of
spherical volume V, provides a correlation time
equal to Vn/kT [25], where k is Boltzmann’s con-
stant, 1.381 - 107 erg /K, and 7 is the viscosity of
solvent, approximated sufficiently by that of water,
0.01673 and 0.00801 poise at temperatures T of
275.2 and 303.2 K, respectively. V equals tM/N,
where 7, the partial specific volume of B-lacto-



globulin, is 0.751 ml/g [39], M is 2- 18 370, and N
is Avogadro’s number, 6.022-10% mol~'. The
correlation times for spheres then would be 20.18
ns at 2°C and 8.77 ns at 30°C. Application of the
shape factor 1.168 for the elongated B-lactoglobu-
lin dimer [35] gives values for Tt of 23.57 ns at
2°C and 10.24 ns at 30°C; from Eqn. 8, together
with the values of R, from Table I, one obtains
for AR, , 488.6 s™' at 2°C and 231.8 s~1 at 30°C.

.Eqns. 8a and 8b can now be solved for the
remaining unknowns, which are found to be hp =
0.0276 and AR, =1096.8. It follows that ho =
0.0276 + 0.264 = 0.0540. From AR, o and R from
Table I at 2°C, one obtains R, o and, by means
of Eqn. 7, the correlation time 75, of the hydrated
octamer, 53.82 ns. The latter may be regarded as
the sum of weighted correlation times of dry oc-
tamer, 7o, and the cavity water, 7., = V,,n/kT.
With the values of V,,, and n above, 7., equals
2.839 at 2°C and 1.234 ns at 30°C. Thus, at 2°C,
53.82 = (0.0276/ 0.0540) 7, + (0.0264/ 0.0540)
(2.839), and 15 = 102.6 ns. But from 7o = Vn/kT
=47R3,/3kT, where R, is the Stokes radius of
the octamer, follows R, = 3.82 nm.

(B) Cross-relaxation increment

The cross-relaxation model results in a set of
simultaneous differential equations for the coupled
magnetization decays of water and protein protons
in terms of: corresponding reduced magnetiza-
tions, My, (¢) and Mp(¢), defined as M(t)= (4,
—A4,)/2A, (cf. Eqn. 1); corresponding longitudi-
nal relaxation rates in the absence of cross relaxa-
tion, Ry, and Rp; the rate of magnetization trans-
fer from water to protein protons, Ry; and the
ratio of water to protein protons, ny/np. Stan-
dard methods lead to a double-exponential solu-
tion of the form [16,22,38]:

My p(t)=CH pexp(— R*t)+Cypexp(—R71) ©®

where R* and R~ refer to two apparent relaxation
rates, fast and slow respectively, which are the
same for both kinds of proton and are given by:

2Ri =RP+ RW +Ran/np+RT
2 1/2
i[(RP"Rw“"RT”w/"P'RT) +4R?T"W/"P] (10)

Judging from the data of Koenig et al. [16],

where neglecting the 4R%ny/np term in Eqn. 10
in comparison with the terms preceding it resulted
in less than 5% error, we may approximate the
component rates of the double-exponential relaxa-
tion by:

R* =Rp+Rrny/np and R™ =Ry + Ry (102)

In dilute solutions, ny > np, and R* becomes so
large that the first right-hand term of Eqn. 9 is
small compared to the second term. (This, together
with a pulse-width dependence, was the reason
why the double exponential was not detectable in
Fig. 1A and B.) The observed relaxation rate then
becomes R = Ry, + Ry, and Eqn. 3 for longitudi-
nal relaxation can be rewritten as:

Rgps = PpoRyp + piR; + Ry 3)

Since for dilute solutions R should be propor-
tional to the protein concentration ¢, or Rt = k,c,
Eqns. 4 and 5b can be rewritten:

Rops=Ri+[(WAR)+ky]e=Re+(ki+ky)c @)
where
k{=hAR, ky=Fk|+k, (5v)

and the observed relaxation increment now equals
the sum of the hydration product and the cross-re-
laxation increment. The term k,, it should be

‘noted, represents Ry only approximately, reflect-

ing in addition the combined effects of the sim-
plifying assumptions made above.

(C) Parameters at pH 4.65, 2°C, from longitudinal
relaxation increments and solvent relaxation rates
In analogy to Eqns. 8a and b, one has:

ky a=3.56=(0.912)(0.0540) AR, o
+(1-0.912)(0.0276) AR p + k4 o (11a)

and

kyp=2.18=(0.310)(0.0540) AR, o

+(1-0.310)(0.0276) AR, p + ky 5 (11b)

Here, AR, and ARy, are found frorh Eqn. 6



with 75, = 53.82 and 7, = 23.57 ns, together with
the appropriate R;; from Table I, as 0.969 and
2.936 s, respectively. With these values, kea=
3.50 and k, 5 = 2.11. Considering each of these, in
turn, to be made up of contributions from oc-
tamer, k,, and dimer, k, one has the two
equations:

o= (0912) k, o +(1.088) k, 1, (12a)
= (0.310) k, o = (0.690) k, 1, (12b)

which yield k, o = 3.71 and k, , = 1.39.
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