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PROTEIN—WATER INTERACTIONS FROM 24 NMR RELAXATION STUDIES: INFLUENCE OF

HYDROPHILIC, HYDROPHOBIC, AND ELECTROSTATIC INTERACTIONS

Thomas F. Kumosinski, Helmut Pessen, and Harold M. Farrell, Jr.
U.S. Department of Agriculture, ARS, Eastern Regional Research
Center, 600 East Mermaid Lane, Philadelphia, PA 19118

ABSTRACT

The importance of water interactions with proteins in food systemsﬁis
well documented. A controversy exists, however, as to the nature of these
interactions and the effect of protein structural changes on them. To clari-
fy these questions, a method has been developed for determining hydration
from the protein concentration-dependence of deuteron resonance relaxation
rates. Measurements were made in D,0 on B-lactoglobulin A to study effects
of hydrophilic interactions, and on both casein micelles and submicelles to
study hydrophobic and electrostatic effects. From the protein concentration-
dependent relaxation rates, the second virial coefficients of the proteins
were obtained by nonlinear regression analysis. Using either an isotropic
tumbling or an intermediate asymmetry model, hydratioms, v, and correlation
were calculated for the protein-associated water; from 7., the
Stokes radius, R, was obtained. Variations in v and R were in accord with
known structural changes in molecular states of the proteins. The NMR re-
sults are compared with hydrations and structural information derived in-

dependently from small-angle X-ray scattering.

times, T,

GENERAL INTRODUCTION

tions with naturally occurring biological
It is generally considered that the
n enabling investigators to under -

The importance of water interac
macromolecules is well documented.!
quantitation of this interaction will aid i
stand the energetics of protein secondary, tertiary, and quaternary structure
as well as changes in the relevant global structural parameters with varying
environmental conditions. However, to date, not even the amount of water
"bound" (i.e. of reduced mobility) to a globular protein (hydration) can be
determined with confidence, much less can one directly observe the constitu-
ent groups on the protein responsible for the "binding" of water. To further
complicate the problem, the hydration values of proteins have been found to
be dependent on the methodology used in the study. Traditionally, hydrody-
namic methods, i.e. sedimentation, translational and rotational diffusion,
and viscosity, have been used to measure the hydration of proteins with some
success; with these, however, an assumption of the overall shape of the un-

hydrated protein must be made . 27

it will be shown in this chapter that NMR

In lieu of hydrodynamic data,




relaxation techniques are capable of giving information on hydration. Vhi],
the absolute values of NMR hydration are not completely independent of as.

sumptions regarding relaxation mechanism, relative values are largely inge.
pendent of such assumptions and can serve to assess changes in structure o,
biochemical behavior as a function of varying environmental conditions, The
interpretation of such changes, of course, will depend on the system Studieg

One way of using NMR relaxation to obtain this kind of information hg
been by means of frequency dependence.5 There are, however, few 1’.nst:n.1me,.lts
available on which dispersive measurements can be made. Attention must als,
be paid to the frequencies chosen: if measurements are made at two differey,
frequencies to eliminate the use of a second mode of relaxation, care must
taken that the frequencies are sufficiently different to exhibit a substay. ¢
tial-enough dispersion for adequate relaxation statistics. In any case, gy,
frequencies must be high enough (and so must the molecular weight, on whicy
the correlation time depends) to escape the line-narrowing region, i.e. tp,
product w,27.2 (where w, is the Larmor frequency and 7, the correlation tipe)
must be clearly larger than 1. Otherwise, the system of requisite simultap,.
ous equations will either have no solution, or the solution will be very i,

precise.

In place of frequency dependence, concentration dependence (readily a.
cessible with any modern NMR instrument) may be used to advantage. Two mode
of relaxation, longitudinal and transverse, have been used with deuteron rgg.
onance to avoid the cross relaxation encountered with spin-lattice relaxatigy
of protons. Relaxation of 70 has also been used, for similar reasons.®7 1,
a different method, proton spin-lattice relaxation was employed, but cross.
relaxation effects were determined and allowed for by the joint examinatiop
of two genetic variants of the same protein, which differed only in the knoy,
extent of an association reaction.® Again, the combination of protein molec-l
ular weight and resonant frequency must satisfy the condition for avoiding
the line-narrowing mentioned.

In addition to hydration, NMR relaxation can give other valuable infor.
mation that can be correlated with structural and biochemical changes. Cor.-
relation times are related to molecular size and shape and are relevant to
hydrodynamics. Virial coefficients, for which concentration-dependence data
are indispensable, can be calculated directly from a concentration plot. It
is true for either mode of relaxation that the observed relaxation rates are
linear functions of hydration, concentration, and an exponential containing
both the concentration and the virial coefficient, B,. Nonlinear regression,
applied to this relationship, will give B, directly. Virial coefficients,
related to the average net charge carried by molecules, provide a particular-
ly useful measure of molecular interaction. All of these parameters can in
turn be related to known structural states of biomacromolecules. Correla-
tions between changes in structural state and NMR-derived parameters give nev
insights into the dynamic interactions of a system.

Water and NMR Relaxation: The individual molecules of water, although
constrained by water structure, as discussed in other chapters, are in a dy-
namic state and show very rapid movements such as translation and rotation.
It is important to keep these properties in mind for the following discus-
sion. A water molecule can rotate about its own axis once every 3 picosec-
onds: in addition, it can exchange position with another molecule in the
water matrix, on a scale of femtoseconds. If we impose a properly selected
external magnetic field, these dynamic properties are not interfered with,
but the spinning nuclei of the water protons will begin to align their mag:
netic moments with this field.!™ At thermal equilibrium, a majority of the
magnetic moments of these nuclei will be aligned with the field. By putting
energy into the system in the form of pulsed radio frequencies, we can force
these nuclei out of alignment (more energy) in specified directions. When




che pulse is ended, we can measure the rates at which the nuclei return to
their original (less energetic) states. Their return to the original
(ground) state is modulated in part by the translational and rotational mo-
rions of the excited water molecules; in a sense, they give up their energy
through their motions. The radio-frequency pulse sequences selected, as de-
scribed in Methods and Materials, result in relaxation in two modes: R,;, or
jongitudinal relaxation, and R, or transverse relaxation. These rates of
relaxation of the water molecules as a whole are measured in these experi-

ments.

Proteins and Water Relaxation: 1f we introduce proteins into the water
and then conduct the relaxation experiments, the relaxation rates (both R;
and R,) tend to increase as a function of added protein concentration.®® The
reasons for this phenomenon are quite complex, and the theory and testing of
the hypotheses connected to this have been demonstrated and reviewed in
detail elsewhere.s'9 Briefly, an explanation is as follows:

1 - water "bound" to the protein has a different rate of relaxation than
nfree" (i.e. of unrestricted mobility) water; the "bound" water moves essen-
tially with the more slowly rotating protein (e.g. on a scale of nanoseconds
for B-lactoglobulin).

2 - "free" water and "bound" water exchange rapidly, so that excited
vfree" water can "bind" to the protein, give up jts energy (relax), and rap-
jdly return to the solution, and vice versa.

Other mechanisms of relaxation can occur and can cloud the issue of
whether or not NMR relaxation measurements can measure "bound" water. Per-
haps the most serious consideration of these is the phenomenon of cross-re-
laxation. Since this occurs in R; measurements of protons but not deuterons,
we shall discuss only 2H-NMR R, and R, relaxations of the proteins. Other
complications, such as whether one needs to consider two or three "states" of
water (that is, "bound" vs. "free", or vbound" vs. "free" vs. protein-influ-
enced) -have also been reviewed."'9 For this chapter, we will concentrate only
on a simple two-"state" model.

INFLUENCE OF PROTEIN HYDROPHILIC SELF-ASSOCIATION ON WATER-PROTEIN INTERAC-
TIONS: f-LACTOGLOBULIN A

Previously derived relationships®® were tested on bovine B-lactoglobulin
A (B-Lg A). the major whey protein in milk, under various environmental con-
ditions. At pH 5.2, B-Lg A exists as a dimer of molecular weight 36,200. At
pH 4.65, B-Lg A undergoes a dimer-to-octamer self-association involving hy-
drophilic groups. 24 NMR relaxation measurements made at the above condi-
tions served to test whether the notion of increased hydration with increas-
ing hydrophilic self-assocation is valid.

Experimental Procedures

Preparation of Solutions: The following procedures are described to
{llustrate methods that have led to.satisfactory results in studies of B-Lg
in solution.’ Protein solutions to be used for proton resonance measutre-
ments, prepared 1 day before use, were exhaustively dialyzed overnight
against buffer at 0-5°C; dilutions for the concentration series to be studied
were made with the appropriate dialyzate. Solutions to be used for deuteron
resonance measurements were made up from a stock solution prepared by partial
deuterium exchange. A suitable amount of crystalline protein in a stoppered
vial was allowed to equilibrate repeatedly for 24-h periods at 4°Cas a slurry
with a small quantity of D,0, followed by high-speed centrifugation and addi-
tion of fresh D,0, for a total of five times. The solutions were buffered by
direct addition of solid potassium phosphate, and the pH was adjusted by ad-
dition of 0.1 N NaOD in D,0. Concentrations of B-Lg were determined spectro-




photometrically from an absorption coefficient of 0.96 mlemg tecm™® at 278
10

nm.

Relaxation Measurements: Deuteron NMR spectra were obtained by Fouriey
Transform spectroscopy with a JEOL FX60Q spectrometer operating at a noming]
proton frequency of 60 MHz. The frequency of observation was 9.17 MHz. Ray
data were in the form of relative intensities as calculated by the JEOL 9803

computer.

Since the high concentration of water (D,0) in a dilute solution pro-
duces an intense signal, a single accumulation at the particular sample tep.
perature (2°, 15°, or 30° + 1°C) was sufficient for each spectrum. Even they
care was necessary to avoid exceeding the dynamic range of the computer Witﬂ
consequent truncation. To this end, small sample volumes were employed by
use of a microcell assembly with an expendable 35-pl sample bulb, available
from Wilmad Glass Co., Inc. The protein solution was introduced very slowly
into the spherical bulb by means of a fine-gauge syringe needle inserted
through its capillary neck, to avoid the inclusion of any air bubbles. Bub.
bles trapped below the neck could lead to vortex formation in the spinning
sample bulb, vitiating the necessary assumption of a spherical sample geome.
try. The bulb, suspended by its neck from a chuck attached to a plastic cap
was positioned snugly inside a precision 5-mm 0.D. sample tube which, ini-
tially, contained also the lock-signal solvent. The small amount of this
solvent in the residual annular space outside the bulb was not always suffj.
cient to assure maintenance of the lock; occasional failure of the lock
during a lengthy series of automatic measurements resulted in loss of usable
data. A second arrangement was then used in which the 5-mm tube, containing
the sample bulb but no solvent, was positioned by means of fluorocarbon plas.
tic spacers concentrically within a precision 10-mm 0.D. sample tube accommo.
dating a much larger quantity of lock-signal solvent. Incidental advantages
of this arrangement were that the outside of the sample bulb was thus kept
dry, and that the solvent could be sealed within the annular space between
the two tubes and so kept from contamination for a greatly extended time.
Except for these advantages, either arrangement resulted in the same measure.
ments. The cell assembly, in either case, was positioned in the JEOL FX600
10-mm 'H/*3C dual-probe insert.

Longitudinal relaxation rates, R,, were measured by the inversion-recov-
ery method, where the repetition time, T, in the pulse sequence [...T...7. .1
...x/2...) was chosen to be at least five times T; (= R;"!), and the values of
the variable delay time, 7, ranged from 10 ms to 3s, for a total of between 5
and 20 7 values, depending on the detail desired. Under the conditions of
this method, the relation of the peak intensity, A,, to the pulse delay time,
7, becomes

A, = Ay [1 -2 exp(-R;7)], oY

where A, is the limiting peak intensity for 7 - «. Independent measurement of
A,, a source of irreducible error, can be dispensed with, and the problem of
weighting the data points in the conventional linear plot of the logarithm of
a function of relative peak heights ¢an be eliminated, by fitting directly to
the data points (7, A,), by least squares, an exponential of the form of
Equation [1], from which the two parameters, A, and R;, can be obtained (Fig.
1, curve A). The fitting of this two-parameter exponential was carried out
by computer by means of an iterative program. For each sample, R; was deter-
mined at least four times, and the results were averaged; standard errors a-
mounted to 1-2%. This procedure was repeated at each concentration; a minimut
of six concentrations were used under each set of conditions of temperature
at which resonance relaxation was examined.

Transverse relaxation rates, R,, were determined by spin-locking meas
urement!! of R,,, the longitudinal relaxation rate in the rotating frame. Ry,




-100
r ] ! ! ] ! !
0 !

Fig. 1. Deuteron resonance peak intensities. A,, as
a function of time, 7, for casein micelle
colution at pH 6.75, 15°C, in D0 (78.5 mg/
ml) and in PIPES-KCl-CaCl, buffer. A. Longi-
tudinal relaxation measurements (R,) from
inversion-recovery method. B. Transverse
relaxation measurements (Rp) from spin-locking
measurements of Ty,. Solid lines are best fit
(F-test) of corresponding equations in text
(Equation (1] and [2]) to experimental inten-
sities by nonlinear regression.

equals R, in dilute solutions of low viscosity whenever the magnitude of Ry,
is independent of H,, the spin-locking radio-frequency field in the rotating
frame:!! this was the case, within the limits of experimental error, in the
present work. R, was evaluated as described above for R;, except that the
relation between peak intensity, A,, and decay time, 7, in this case becomes

A, = A, exp (-Rp7), [2]

vhere the initial intemsity, A&, replaces A, as the maximum peak. intensity.
Again, a least-squares two-parameter exponential fit to the data points was
performed by an jiterative computer program, from which A, and R, were ob-
tained (Fig. 1, curve B).

For each sample, R, was determined with the same number of replications
as R,; standard errors amounted to 2-3%. Measurements of one mode of relaxa-
tion were made on the jdentical sample and immediately following the comple-
tion of measurements of the other mode, or at the latest, the next day.
Measurements for deuteron relaxation at 9.17 MHz were made at pH 7.0 and at
2°, 15°, and 30°C + 1°C, respectively. These rates were measured in D,0 to
eliminate cross-relaxation effects between water and protein protons, such as
observed by Edzes and samulskil? and Koenig et al.!® Residual H,0 in the
sample will have little effect on the D,0 rates, since evenat elevated (1:1)
ratios, D,0 relaxation is not compromised by the presence of H,0.1® However,
in samples prepared as described above, the residual H,0 is always < 5%.

Analysis of Data

Protein Activity Model: For a two-"state" model ("bound" and "free"
water), Kumosinski and Pessen‘ have shown that for the change in Ry, the
observed longitudinal or transverse relaxation rate of water in the presence
of varying protein concentration, ¢,




Reps — Rg = (Ry = Re) v, ap/wv

where Ry is the appropriate relaxation rate of "free" water (R; or Ry), Ry i
the corresponding relaxation rate of "bound" water, W is the total concenty,
tion of water, and ap is the activity of the protein. Wy is the degree of ;'
dration (i.e. basically, the average number of molecules of water "bounw'pe'
molecule of dry protein or, in units consistent with the concentration Uniur
employed, the number of grams of "bound" water per gram of dry protein). p,
ligands in general, v, differs from n, the number of available binding Sitesr
per substrate molecule, the difference being a function of association con.

stant and ligand concentration. In the case of water, however, which is 5

ligand present in such vast excess that the substrate is saturated with it

the distinction between v, and n disappears. In the following, we will, fér
simplicity and convenience, use the expression "hydration” for short to ingj.

cate the quantity v, in units of g/g. Also,
ap = c exp (2B,c + R
where B, is the second virial coefficient of the protein.

Data points of the observed relaxation rate (longitudinal or transverse)
vs. protein concentration were fitted with a combined function of Equations
(3] and [4] via an iterative Gauss-Newton nonlinear regression program deve].
oped at this laboratory. Analysis by this program produced values for B,
[(R, - R¢) v,], and Re. Values for Ry, or Ry, v,, and 7, were obtained by sj.
multaneous solution of the Kubo-Tomita-Solomon equations,l"'15

Ry, = 2K7 [(1 + w2 )™+ 4l + b w27 7]
and
Ry = K7 (3 + 5(1 + w2 AT+ 2(1 + b w2t 7,

where R, and Ry, are the longitudinal and transverse relaxation rates, re-
spectively, and 7. is the correlation time of the "bound" water; Vv, (or v, =
2nv,) is the nuclear angular precession frequency (Larmor frequency) in Hz or
in radians per second, respectively; and K is a measure of the strength of
the nuclear interaction, i.e.

K = (3/80) (e2qQ/M)%(n?/3 + 1)S*.

Here, e is the electronic charge, 1.6022 x 10°1® coulomb, q is the electric
field gradient, Q is the nuclear electric quadruple moment, 4 is Planck’s
constant divided by 2=, 1.056 x 10°% erges, 5 is a dimensionless parameter
measuring the deviation from axial symmetry,16 and S is the order parameter
for intermediate asymmetry of the motion of the "bound" water.’ Hence, this
thermodynamic theory can be used whether isotropic (S = 1) or anisotropic
motion (S + 1) is hypothesized, where in the latter case, the "bound water"”
should be thought of in the sense of "hydrodynamically influenced layers" or
wsurface-induced probability distribution of water molecules."” For these
experiments, 7 is assumed to be zero; v, = 9.17 MHz and e?qQ/h = 215.6 Kkhz .V

Proof of Activity Model and the Multicomponent Expression: At this
point, an observation regarding predictions resulting from the derived mul-
ticomponent expressions above may be in order. Since these are based ulti-
mately on equilibrium constants, the mass terms should be properly expressed
as activities instead of concentrations. Consequently, relaxation rate Vs
concentration curves should be expected to be nonlinear whenever there are
appreciable protein activity coefficients. The concentration dependencesOf
R, and R, for p-Lg A at pH 6.2 and 30°C, and of R, at pH 4.65 and 2°C, were
studied. Under these conditionms, the charge-to-mass ratio and the second
virial coefficient are relatively small (B, = 0.9 ml/g).® In fact, all these
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Fig. 2. Dependence of water proton relaxation
rates of B-Lg A on both concentration
and activity, at pH 2.7 and 10°C. Trans-
verse relaxation rates (squares) as
function of X (-O-0-: X = concentra-
tion; --w--m--: X = activity). Longi-
tudinal relaxation rates (circles) as
function of X (-0-0-: X = concentra-
tion; --e--e--: X = activity). All
points represent experimental values;
lines represent least-squares polyno-
mial fits of highest degree to make a
statistically significant contribution
to goodness of fit (F-test). Depend-
ence on concentration is found to be of
second degree as consequence of charge
effects at pH2.7. (Polynomial coeffi-
cients for Ry, a, = 0.562, a; = 2.926,
a, = 75.86; for R,, a, = 0.606, a;, =
3.468, a, = 125.9.) Activities take
these effects into account, and depend-
ence on activities is linear. (Coeffi-
cients of straight line: for R;, a, =
0.541, a, = 4.691; for R,, a, = 0.560,
a; = 7.061). (Taken from ref. 9.)

data exhibit linear relationships over a concentration range from O to 0.08 g
protein/g water, where y does not differ greatly from unity. Fig. 2, on the
other hand, shows corresponding plots for pH 2.7 and 10°C, where the net
charge is approximately 40 and the second virial coefficient is 8.5 ml/g.t®
The plots in terms of concentration here are clearly nonlinear. A change in
the concentration scale to g protein/g water had no significant effect on the
nonlinearity of the plots. (Low-temperature data were used at this pH for
experimental reasons: the protein under these conditions undergoes a dissoci-
ation from dimer to monomer, but at low temperature, the amount of monomer at
concentrations in excess of 0.01 g/ml is negligible.la)

A polynomial curve-fitting program was used with all data in Fig. 2 as
well as all other concentration-dependent data in order to determine lineari-
ty or nonlinearity, the degree of the polynomial being determined by goodness
of fit as judged by the standard F-test. (The regression program used selects
the lowest-degree expression for which the sum of squares due to the addition
of one higher degree is statistically insignificant.) The two concentration
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Table 1. Deuteron NMR Relaxation and Hydrodynamic Results for B-Lactoglobu.
lin in Solution®

pH T,°C Ry, s& Ry, s 7., ns  Iyg, DM Teq, MM (T¢)caler DS
6.2 30 1.93 1.93 10.0 2.32 2.70 10.2
+0.01 +0.04 +2.7 +0.19
2 5.46 5.25 25.6 22.5
+0.24 +0.28 +4.1
4.65 30 2.01 1.79 22.5 3.04 4.35 65.9
+0.04 +0.12 +3.3 +0.15
2 4.90 4.67 32.2 145.0
+0.16 +0.44 +4.6

2 Adapted from ref. 9.

b Error terms in this and subsequent tables represent the standard error of
the parameter.

¢ Spherical model assumption.
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Fig. 3. Dependence of deuteron relaxation rates
: on B-Lg A concentrations (g protein/g

water) in D,0. Transverse relaxation
rates, R, (-e-e-), at pH 4.65, 2°C and
at pH 6.2, 30°C. Longitudinal relaxa-
tion rates, R; (--o0--0--), under the
same two sets of conditions. Points
represent experimental values; lines
represent least-square fits. Points at
all concentrations show linear relation-
ship of relaxation rates to concentra-
tion, at both sets of pH and tempera-
ture conditions, and for both modes of
relaxation. (Taken from ref. 9.)

plots of Fig. 2 give polynomials of degree two. Protein concentrations, ¢,
were then transformed into activities, a, by means of the relationship a =
7c, where the activity coefficient, v = exp(2B,c), was obtained (see Eq.

(4]




from the second virial coefficient, B, = 8.5 ml/g, as cited above. Activity
ots corresponding to the concentration plots are also shown in Fig. 2; it
is evident that these are linear by the same criteria.

Under the conditions of Fig. 2, 7 1is sensibly larger than unity and,
even in the presence of salt, failure to treat R as a function of activity
cather than concentration will evidently lead to excessively high values of
hydrat10n~ The opposite would be true under conditions when, in the absence
of salt, charge fluctuations and consequent jntermolecular attraction exist.
gith 7 less than unity, a concentration plot in place of the correct activity

1ot for R must Jead to inordinately low values of hydration. Alternatively,
rotein concentrations could continue to be used, provided the relevant terms
are multiplied by (da/dc),, the change in activity with concentration at con-
stant chemical potential.

These results may be taken to demonstrate the validity of the multicom-
ponent expression. This expression is used in the following in analyzing the
data to describe the hydration of the genetic A variant of B-lactoglobulin,
p-lg A, under nonaggregation conditions, as well as under the well-character-
jzed dimer-to-octamer axssociat:ion.m'22 (This phenomenon, because it involves
a 4-fold assocation of dimer under conditions where dissocation to monomer is
negligible, is referred to in the following as vtetramerization.") It has
peen demonstrated that here the virial coefficients are small,? 18 so that it
is permissible to simplify the treatment by using protein concentrations.

1sotropic "Binding," Two-"State" Model

Determination of Correlation Times: Concentration plots of R, and R;
for D,0 (Fig. 3) showed no evidence of nonlinearity, at either pH and either
temperature, over the concentration range studied. This agrees with the low
virial coefficient of B-Lg A under these conditions.'® The relaxation incre-
ments, k, and Kk, together with the corresponding intercepts, R,; and Rye (Fig.
3), were used to determine the "bound" -water correlation times, 7., shown in
Table 1. As can be seen, 7. increased as the temperature decreased; this is
in quantitative agreement with the requirement of Stokes’ equation that 7.
increase with both increasing viscosity and decreasing temperature. Further-
more, 7. also increased when the pH was jowered from 6.2 to 4.65, as would be

[
predicted from the experiments of Timasheff and co-workers. 8%

Determination of Hydration Parameters: The deuterium NMR relaxation
increments were used, with a value of e?qQ/h = 215.6 kHz!? and with the asym-
metry parameter, 7, assumed to be zero. This type of calculation gives low
values of v,, as shown in Table 2; however, low values could be expected,
because the relaxation increment probably samples only a percentage of the
total hydration of a protein, since at 9.17 MHz, any "bound" water with 7,
values less than 6 ns would have a T,/T, ratio of unity. At pH 4.65, where
tetramerization occurs, the hydration markedly increases with decreasing tem-
perature, whereas at pH 6.2, where none occurs, the hydration is lower and
independent of temperature. This is consistent with the findings of Timasheff
and co-workers?®:# from small-angle X-ray scattering that the geometry of the
octamer must include a large central cavity in which trapped water could
reside.

Comparison of Results with Other Structural Information: Dynamics of B-
Lg Dimer. With the 7. values calculated from kp/ky from deuteron NMR spin-
spin and spin-lattice relaxation increments, dR,/dc and dR,/dc, a Stokes
radius, rgg, for the "bound" water can be calculated from the Stokes-Einstein
relation? on the basis of a spherical model (Table 1). At pH 6.2, where fB-
Lg A exists as the unassociated dimer, the value of ryg is slightly lower
than the one for the protein jtself derived from hydrodynamic data, rs,d.s
This discrepancy could be due to the spherical approximation inherent in the
use of the Stokes-Einstein equation, jnasmuch as the B-Lg dimer actually has



Table 2. Hydration and Thermodynamics for B-Lactoglobulin from Deuteron
NMR Using (e?qQ/h) = 215.6 kHZ 2P

pH T, °C v,, g H,0/g protein AG, kcal -0H, kcal -AS, e.u,
6.2 30 0.0063 0.90
+0.0008 +0.08 v
0.8 6
+3.0 +10
2 0.0072 0.74
+0.0020 +0.15
4.65 30 0.0095 0.65
+0.0002 +0.01
6.9 24.8
+1.6 +5.8
2 0.0301 -0.044
+0.0003 +0.006

2pdapted from ref. 9.
bMethod I, ref. 9.

an axial ratio of approximately 2:1.1° Moreover, the Stokes radius of the
protein obtained from sedimentation includes the water of hydration and
should therefore be larger than the Stokes radius of the "bound" water ca].
culated from the 2H NMR relaxation data. What should be compared with the ,
of the "bound" water is the 7. of the protein without any contribution frolnz
hydration. For the latter, values of 10.2 ns at 30°C and 22.5 ns at 2°C
(Table 1) can be calculated for the protein with the use of its partial spe.
cific volume, 0.751 ml/g, and an asymmetry factor of 1.1682 to account for
the dimer axial ratio of 2:1. These values are in excellent agreement with
the experimental 7, of the "bound" water at pH 6.2 at 30°C and 2°C (Table 1),

Comparison of Results with Other Structural Information: Hydration and
Dyn‘mics\ of B-lLg Octamer. At pH 4.65, where the protein exists, to a large
extent, as the octamer even at 30°C at concentrations above 0.01 g/ml, the
Stokes radius of the "bound" water is about 30% less than the Stokes radius
of the octamer itself. However, this value is still much closer to the theo.
retical value than those obtained by other investigators for other proteins.
5.6.2°2%  Purthermore, the 422-symmetry model for the octamer according to
Timasheff and Townend?® possesses a large central cavity which could accommo-
date trapped water; if the NMR experiment observed this trapped water, ther,
value found would be less than that of the protein. Also, if the assumption
is made that the NMR hydration of the octamer itself at 2°C equals ((V,), ¢
- (¥.)¢ 2). values from0.019 to 0.028 g H,0/g protein can be calculated by the
three methods described above. The total volume of the cavity, approximated
by an internal sphere tangent to the subunits on the basis of known structur
al patameters.” amounts to about 6.5 nm’. Taking the specific volume of
water as unity and thus its molecular volume as 0.03 nm®/molecule, this woult
correspond to about 220 moles H,0/mole of octamer, or 0.027 g H,0/g protein,
which is within range of the NMR-derived hydration values for the octamer.

Since the derived NMR correlation times are number-average values, the
hypothesis that the increase in hydration accompanying octamer formation is
largely due to trapped water may be tested by calculating a number-average
correlation time from the relationship (V)i .es Tc = (WWe.2 (7)o + [(W)ass ~
(Fu)e 2) (1) cc, where (7)o is the correlation time of the octamer at 2°C (i.e
145 ns, see Table 1), (7.). is the correlation time of the central cavity o
volume 6.5 nm® (i.e. 1.4 ns), and (V,)¢., and (¥,), ¢s are the NMR hydration




yalues at pH 6.2 and 4.65, respectively. Calculation of 7. from 2H NMR hy-
gration values by Method I at 2°C gives 36 ns, in fair agreement with the 2y
NMR experimental value of 32.2 + 4.6 ns at pH 4.65 and 2°C. Although the
results of this calculation furnish an indication of the reasonableness of
the approach, they do not, however, show any exact mechanism of increased
hydration accompanying octamer formation.

Anisotropic "Binding" Mechanism

The preceding calculations assume an isotropic relaxation mechanism, as
getailed above. In the presence of salt, all the relaxation at pH 6.2 can be
accounted for by a slow-tumbling and a fast-tumbling component, amounting to
13 and 204 moles H,0/mole dimer, respectively, and increasing at pH 4.65 and
2°C to 61 and 730 moles H,0/mole dimer; these may be considered reasonable
values for the hydration of a protein.! This does not, however, eliminate
the possibility of an anisotropic relaxation mechanism for "hydrodynamically
pound" water. The present results may be interpreted equally well on the
pbasis of the three-component derivation in conjunction with either a two- or
three-"state" model and an appropriate order parameter, S < 1. Here a three-
nstate"” model is defined, as for the isotropic mechanism, as comprising free-
motion water, a slow-motion component (i.e. 7.> 5 ns), and a fast-motion
component (i.e. 7. = 48 ps). For the latter, under extreme-narrowing condi-
tions, the factor S? attached to Eq. [7] is changed to (1 - $?).7 The slow
motion, in either the two or three-"state" anisotropic mechanism, may be due
to such processes as protein reorientation, internal motion of the protein,
or translational diffusion of water along the protein surface.”%

Reported values of S = 0.06 from 170 relaxation’ have been derived by
applying to a protein the line-splitting data obtained for a liquid crystal,
on the assumption that 3 to 6 water molecules are "bound" to carboxyl groups
and 1 to 3 to hydroxyl groups. Theoretical results of Walmsley and Shporer®®
give relationships for S (termed the scaling factor by these authors) based
on H, 2H, and 170 relaxation. From these, it follows that a value of S =
0.06 for 70 would imply S = 0.12 for 2H. At pH 6.2 (30°C and 2°C) and pH
4.65 (30°C and 2°C), one obtains hydrations, all in units of g H,0/g protein,
of 0.483, 0.500, 0.660, and 2.090 for the two-"state", and 0.298, 0.295,
0.509, and 1.250 for the three-"state" model, respectively. A more reason-
able estimate is obtained from the theoretical relationships of Walmsley and
Shporer, together with the experimental results of Koenig et al.,®®? which
give S = 0.23 and corresponding hydrations, in the same units, of 0.119,
0.136, 0.180, 0.569, and 0.102, 0.105, 0.163, 0.435. The AH of hydration at
pH 4.65 is found to be —6.8 for ‘the two-"state" and -5.9 kcal for the three-
nstate” model. These results agree with the isotropic mechanism (Table 2),
since S enters simply as a factor in the Kubo-Tomita-Solomon equations.

INFLUENCE OF PROTEIN HYDROPHOBIC SELF-ASSOCIATION AND ELECTROSTATICS:
CASEINS, SUBMICELLES AND MICELLES

The major milk proteins, the caseins, occur in milk as colloidal parti-
cles. As viewed by electron microscopy, these particles are roughly spheri-
cal and have average diameters of 1200 to 1500 A.*!:32 oOne fundamental defi-
nition of a colloid is a group of particles in suspension, which interact
with and are stabilized by their dispersion medium.?! Thus, the stability of
the colloidal casein system must depend to a large extent on interactions
with the major component of the dispersion system, water. This section will
focus on the study of water-casein interactions in dynamic systems by nuclear
magnetic resonance (NMR) relaxation techniques.

Experimental Procedures

Sample Preparatioﬁ: Casein micelles were isolated from 2 1 of fresh
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warm milk to which 1 g of phenylmethylsulfonyl fluoride had been added to
retard proteolysis. The milk was centrifuged at 4000 x g for 10 min to
remove the cream fraction. Four hundred ml of this skim milk was centrifyg,
for 1 h at 88,000 x g (37°C). The pellets were washed twice in D,0 contaip.
ing 25 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) (pH 6.75), 20
caCl,, and 80 m¥ KCl. The final protein concentration was fixed at about 106
mg/ml (total volume of 5 ml). Subsequent dilutions were made with the sape
buffer. To produce submicelles, sodium caseinate prepared from the same skj,
milk was dialyzed and lyophilized at pH 7.2; the lyophilized protein was dis.
solved in D,0, in the same PIPES-KC1 buffer without CaCl,, but with added gj.
thiothreitol to promote self-association of k-casein.?®® These procedures
were designed to minimize the concentration of H,0 in the D0 solutions ang
to eliminate any significant contribution from deuterium exchange to the re.
laxation rates. Casein concentrations were determined spectrophotometricalj
on samples diluted 1/50 to 1/100 in 0.1 N NaOH; an absorptivity of 0.850 m],
mglecm? at 280 nm was used for whole casein. 3

Casein Interactions

Although the primary structures of the bovine caseins®* are now known,

the structure of the colloidal casein micelle is still not fully clarified. 3.
From the point of view of the currently available data, the following mode]
can be proposed.35 At pH 6.75 with no calcium present, studies of the indj.
vidual caseins have shown that they undergo hydrophobically driven self-as.
sociations which increase with increasing temperature and ionic strength.
Studies on whole casein are limited but show similar results.'3 Fig. 4
shows a proposed structure of three of these limiting polymers, which have
overall radii of 90 A and are commonly referred to as the submicellar form of
casein.?® Here, the hydrophobic core is considered to be composed mostly of
the hydrophobic portions of a,- and f-caseins, while k-casein is considered
to reside mostly at the surface, because of its ability to keep a,- and g-
caseins from precipitating at 37°C in the presence of calcium. All charged
groups, including the serine phosphates, are located at or near the surface
of the submicellar structure. In this model, the k-casein content of the sub.
micelles is variable. This representation (Fig. &) is based upon small-angle
X-ray scattering (SAXS) data’®® that indicate the presence of two nearly con-
centric regions of electron density for submicelles. Both centers exhibit
relatively low protein electron density (high solvent occupancy). The inner,
somewhat more electron dense area is dominated by hydrophobic interactions,
while the outer, less dense area contains most of the charge and is highly
hydrophilic.

Upon addition of calcium, the submicellar spherical particles are
thought to self-associate through calcium phosphate salt bridges, which re-
sults in formation of a large colloidal spherical particle of approximately
650 A radius, the micellar form of casein.?!'3 The characteristic of «-
casein to be predominantly on the surface of the micelle has been shown by
electron microscopy coupled with gold-labelled k-casein,3! and with ferritin
conjugate and anti-k-casein.?® While there is general agreement that micelles
are formed from submicelles in the lactating mammary gland,31 a controversy
exists as to whether or not the integrity of the submicelle is preserved upon
the addition of calcium and secretion of milk. Moreover, physical chemical
data suggest that in micelle formation, water is trapped within the micellar
structure:>?’ the exact nature of this water is, however, uncertain.

Data from SAXS suggest®® that the submicelles do retain a certain amount
" of their integrity, in that their scattering centers are relatively unchanged
upon incorporation into micelles. The three submicelles shown in Fig. 4 repre-
sent the nearest-neighbor approach for the submicelles within the micelle.
The micelle itself is then a repeat of this average substructure.3® The
degree of hydration predicted by SAXS argues for an extremely loose or hydrat:
ed overall structure. The water associated with this structure is most likely



Table 3. Hydration and Dynamics of Casein-"Bound" Water

Temperature 7. Vy ‘ Ry Ry

°C ns g H,0/g proteins s? s7!
Submicelle 30 38.9 0.00652 1904 10,510
15 34.7 0.00824 2080 9,840
-2 29.8 0.01201 2323 9,070
Micelle 30 63.6 0.0165 1249 14,790
15 51.1 0.0225 1515 12,570
2 45.1 0.0282 1689 11,530

Fig. 4. Schematic representation of three submicelles within casein
micellar structure. Cross-hatched area represents approximate
core region of higher electron density and higher concentration
of hydrophobic side chains. In lower-left particle, a few rep-
resentative monomer chains are jndicated. ' Shaded areas repre-
sent macropeptide portions of Kk-casein.

not "tightly bound" but trapped by the condensation of the submicelles.

Given the success experienced in detecting trapped water in B-lactoglob-
ulin by ?H NMR relaxation measurements,®® both longitudinal and transverse
relaxation measurements of D,0 with varying concentrations of casein were
performed, with and without calcium, at 30, 15, and 2°C. Fig. 5 shows R; and
R, measurements at 15°C under submicellar and micellar conditions. All data
were fitted by Equations [3] and [4) using a Gauss-Newton nonlinear regres-
sion program, as above. The experimental data and the data calculated from
the model are in excellent agreement, as shown by the solid line in Fig. 5.
Under these and all other conditions, the nonlinear portion of the curves
yielded a virial coefficient of 0.0032 + 0.0003 ml/mg, indicating the consis-
tency of the experimental results. The linear portions of the curves were
evaluated with a propagated standard error of about 4%; they contain the
product of the relaxation rate of the "bound" water, the hydration, and fi-



nally the asymmetry parameter, S. These will be separated, and each will y,
discussed in the following sections.

Hydration and Dynamics of Casein: Isotropic Model

From the linear portion of the longitudinal and transverse relaxation
results, Equation [3], and the Kubo-Tomita-Solomon equations, Equations [5)
and [6]), the following parameters for the caseins were calculated at the v,
jous environmental conditions: :

1 - correlation times, 7.; while these are primarily NMR parameters
arising from Equations (5] and [6], in previous work,%® 7. has been shown ¢,
be related to the rotational speed of water "bound” to the protein;

2 - hydration values, v,; expressed in g H,0 "bound" per g of protein,
for S = 1 in Equation [7]. This latter value implies that water is held op
the surface and is thus not moving independently of the motion of the Proteiy
(Isotropic Model);

3 . relaxation rates, R, and Ry,; the rates for water "bound" to the

protein, as defined above in 1 and 2.

The results of the analyses for these parameters are shown in Table 3,
Here, v, values increased from 0.00652 to 0.01201 g water/g protein, and 7,
values decreased from 38.9 to 29.8 ns, as the temperature decreased from 3¢
to 2°C for casein in the submicellar form; propagated standard errors were
about 8% for 7, and 6% for v,. The same temperature dependence of 7. and y,
was exhibited under micellar conditions, although at all temperatures, their
absolute values were larger for the micellar form than for the submicellar

form.

At this point, it would be appropriate to note that although the caseins
are self-associating, we need to consider here only the aggregated form. The
concentrations used were high enough so that the association equilibrium
favors polymer formation.®’ - For both micelles and submicelles, no signifi-
cant differences in hydration would result from protein concentration-depend-
ent dissociation effects at 30°C. (At lower temperatures, this must be qual-
ified, as discussed below.) Also, these v, values will, in all probability,
show only a fraction of the total hydration, since at 9.17 MHz, any "bound"
water with 7, < 6 ns would have a R,/R, ratio of unity and would not be observ-
able by this methodology.

Since it has been shown previously that the 7. values derived from NMR
relaxation results are those for the unhydrated rather than the hydrated forn
of the protein,®? the Stokes radius, r, calculated from 7. values using the
Stokes-Einstein relationship, would indeed be a representation of the quater-
nary structure for the unhydrated protein. Such r values were calculated
from all 7. results and are listed in Table 4 for the caseins.

A Stokes radius of 36.4 A (Table 4), found at 30°C, is at the lower
limit of radii reported for submicelles, whose sizes range from 40 to 90 A,
depending on the method of measurement.®®:*%:%® (It should be noted that
direct comparison between Stokes radii derived by this NMR method and those
calculated from small-angle scattering (SAXS) data is somewhat inappropriate,
because these latter radii include all water of hydration, whereas the NMR
values®’ pertain to the anhydrous protein. Nevertheless, the Stokes radius
calculated from SAXS for the inner core depicted in Fig. &4 is 38 A3 It
could be that "tightly bound” water exists near the surface of the inner
core.) Variations in this hydration parameter are of interest, when viewed
in light of changing structures. Results for the submicelles show a decreas:
ing hydration value (Table 3) and an increase in the Stokes radius (Table &)
with increasing temperature. This suggests that hydrophobic interactioms are
involved in the formation of the submicelles, since as the temperature is
raised, water is excluded from the hydrophobic interface during an associa-
tion process.



Table 4. Molecular Parameters of Caseins Derived from Data of Table 3

Temperature r _ _
°C A Mp (V) : S V)5 = 0.237
submicelle 30 36.4 165,000 0.116
15 30.5 97,200 . 0.147
2 25.5 56,800 0.214
Micelle 30 42.9 270,700 0.469 0.188 0.294
15 34.8 144,500 0.357 0.251 0.400
2 29.3 86,200 0.380 0.272 0.502
500
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Fig. 5. Dependence of deuteron relaxation rates of
water on casein concentration in D,0 at pH
6.75 in PIPES-KCl buffer at 15°C: -e-o-, R
measurements, submicellar form; -m-s-, R, meas-
urements, submicellar form; -0-0-, R, measure-
ments, micellar form; -O-O-, R, measurements,
micellar form.

Although the absolute value of the Stokes radius, calculated from Tes
for the micelle is of the same order of magnitude as that of the submicelle,
it was not as large as would be expected, because of instrumental limita-
tions. These limitations are due to the large size of the casein micelle
(r = 650 A), which would result in a r_ value of nearly 200 us. Such a slow
motion would yield a transverse relaxation rate too large to be seen by NMR
experiments at 9.17 MHz. In one sense, what the data may show is the average
hydration of the caseins within the micelle, since the fastest motions domi-
nate relaxation data. The micelle exhibits the same temperature dependence
as the submicelle, suggesting hydrophobic interactions, in agreement also
with previous investigators who theorized that micelles are formed by aggre-
gation, via Ca®" salt bridges, of submicelles.3!:32 The slight increase in r
from submicelle to micelle is probably due to a gradual increase in internal
hydration (trapped water) as the submicelle is incorporated into the micelle.
This is also in agreement with the extraordinary hydration (2 to 7 g H,0/g
protein) found by SAXS® and by hydrodynamic measurements®’**® for the casein
micelle.

As noted above, caseins, both in micellar and submicellar forms, show




decreased hydration on going from 2°C to 30°C. This correlates wel] ..
changes in the viscosity of whole skim milk.“’ The relative visCoSithu
skim milk decreases dramatically over this temperature range (20'30°C’?f
change has been correlated‘’ with lowered hydration due to a dQCreaSe)3 t
volume occupied by the micelles (their voluminosity). The NMR hydrat}n:;
(Table 3) parallels these changes. At first sight, the increase in Nlon
radius (Table 4) with temperature would seem contradictory; hOWeVer' i -
not the total hydrodynamic radius which is increasing, but the siz, oftxs
hydrophobic core (the "anhydrous protein radius"), as the hydrophobiCalsm
driven associations increase at from 2° to 30°C. 1In a sense, the Caseiy
are becoming more compact as the temperature increases. Nate,

Derived Molecular Parameters of the Caseins: Since it has beep
that the Stokes radius of "bound" water derived from NMR relaxation
can be related to the anhydrous volume,®® a molecular weight of the
can be calculated from :

shcwn
esults
(:aSeihS

Mp = 4/3 7 N/,

where r is the Stokes radius (Table 4), N is Avogadro’s number, and § ;

. e s oo 35 P 1s th,
average partial specific volume of the caseins,” taken here to be 0.73¢ ¢
The results are presented in Table 4. Here, the increase in M; for boﬂ{th
submicelle and the micelle, as the temperature is increased, is a qualitay;
indication of hydrophobic self-association, not only for the submicellebu?e
also within the micelle structure itself.

To quantitate this temperature-dependent variation of Mg, apparent eqy;
librium constants, K,, were calculated from K, = Mp/23,300, where 23,309 isp
the average monomer molecular weight of casein. (This relationship is re,.
sonable, since the measurements were performed at high concentrations of
casein, where the equilibrium is driven nearly completely toward the aggre.
gated form.) K, and the temperature, T, were then used in the van't Hoff ¢,.
pression, according to which the slope of a plot of 1ln K, vs 1/T yields the
apparent enthalpy of self-association, AH, for submicellar and micellar
casein (see Fig. 6). The van't Hoff plots for the two forms of casein are
essentially parallel. In fact, AH values for the submicelle formation were
calculated to be 6.34 + 0.11 kcal, and only slightly higher, 6.81 + 0.28
kcal, for the self-association to the micelle.

These values are in good agreement with AH of 4.67 found for the associ.
ation of purified a,,- and k-caseins.‘’ This quantitation of the temperature
variation of the self-association strongly suggests that the integrity of the
submicelle is at least partly preserved when it is incorporated into the mi-
cellar form by calcium-phosphate salt bridges.

"Hydration: Anisotropic Tumbling Model

Up to this point, we have calculated all NMR hydration values using an
isotropic motion mechanism for the "bound" water. However, the motion of the
"bound” water may, in fact, be anisotropic (i.e. not identical to that of the
protein with S < 1 in Equation [7]). This will be true if the correlation
times are long with respect to the Larmor frequency used in these experi-
ments. Such may be the case for the casein micelles, where water may be trap-
ped at the surfaces of submicelles as they self-associate via calcium-phos-
phate salt bridges into micelles. An attempt has been made to estimate the
asymmetry factor, S, for casein using the following rationale. If it is as-
sumed that the increased radii of the micelles, relative to the submicelles
at the same temperature (Table 4), are due to increased hydration caused by
micelle assembly, then using the partial specific volume of the caseins, nev
hydration values for the micelle due to assembly can be calculated;3 these
values are given in Table &4, column 4, (V,),. From these latter values and
the isotropic hydration values of Table 3, column 3, S values were calculated
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Fig. 6. Van't Hoff plots for temperature dependence of the
self-association of casein: -e-e-, submicellar
form: -o-o-, micellar form.

at 30°, 15°, and 2°C. The § values for casein micelles are listed in Table &
and average 0.237 % 0.033, in good agreement with the value of 0.23 predicted
for anisotropic motion by Walmsley and Shporer.ao Therefore, new hydration
values, (P.)s = 0.237» can be calculated for an anisotropic motion mechanism
using the v, values of Table 3 and the average S of 0.237. These are listed
in the last column of Table 4. The absolute values of these new hydrations,
ranging from 0.116 to 0.502 g water/g protein for submicellar and micellar
casein, are closer to the expected hydration values derived by other methods,
9.40 and follow known changes in micelle voluminosity,*! described above.

it should be stressed that, although the above calculation is not proof
of the existence of water with anisotropic motion "bound" to casein, it does
furnish significant information. 1t would not be unexpected that, in a large
porous structure such as the casein micelle, water could be "bound" to the
protein components but show some partial motion of its own. What is impor-
tant here is the variation of hydration with quaternary structural changes of
the casein, rather than absolute values of hydration. It may be that the
absolute value of the hydration derived from NMR relaxation results will be
obtained only at some future time, when the controversy regarding the isotro-
pic vs. anisotropic nature of water "binding" to proteins in solution is re-
solved. At any rate, water "bound” at the surface of the micelles or influ-
enced by the slow motion of the large micellar particle would not be sensed
at the frequencies used here.

CONCLUDING REMARKS

The foregoing considerations add up to considerable agreement between
certain theoretically and experimentally derived quantities. However, none
of the above arguments should be interpreted as proof of any particular NMR
mechanism or model, nor of the identity of the particular groups on the pro-
tein surface that interact with water. Even without such conclusions, and in
place of the quest for absolute values of hydration, it can be useful to scru-
tinize relative changes in hydratiom, when these can be taken as functions of
changes in secondary. tertiary, or quaternary structure of a protein.



However, it must be stressed that the use of a frequency.depend
spectrometer in lieu of protein concentration-dependent relaxation mentgm
ments at a minimum of two frequencies can yield erroneous results. eﬁsu“.
virial effects can indeed be present in protein solutions, especialllgh
is not added to the system in order to minimize the protein-protejy eles S
static potential. However, by use of nonlinear regression analysig t;cnb
virial coefficient of the protein, which is related to (its net Char'e 3
also be extracted from these protein concentration-dependent relaxatﬁmcz

: ta

Furthermore, although the NMR relaxation mechanism controverg sti]
exists between the isotropic binding model and the intermediate asymmetl
model, it can be concluded from all the above results that the "hydrOdry
cally influenced water" model of Koenig et al.®®!* can finally be placyna?‘i.
rest. It is suggested here that only a model whereby water directly "b;;tf
to proteins can account for the water relaxation rate experiencing the cs
of the macromolecule in protein solutions and for the protein Structura) ge
sults presented in this chapter. In addition, the model of water mOVing;b
site to site on the asymmetric surface of a macromolecule with a fast.mOHK%
component equal to the diffusion coefficient of "unbound" water is alsobew
lieved to be unlikely in protein solution. With the abundance of "free
water" (i.e. 55.6 moles/liter of water) relative to the protein concentray;
(approximately 1072 moles/liter), such a phenomenon would be thermodynmﬁcaf:
ly unsound. In contrast, in experiments involving protein powders and Oﬂm;
two-phase biological systems, where only a limited amount of water is addeq
to a solid or amorphous material and where surface adsorption of water to 4,
insoluble second phase can take place, the above mechanism of asymmetric
motion along the macromolecular surface most likely does predominate.

Therefore, in a true protein solution, only the isotropic two-"state"
binding mechanism or the water "binding" with a fast motional component to
macromolecule with a slow anisotropic motion are suggested to be the most
reasonable models of choice at this time.

One point about the above results should be noted here. The use of the
2H NMR experiments, which, of course, yield a sharp and well-defined water
peak, can yield an extra relaxation resulting from fast-exchangeable protein
protons, such as those arising from arginine, lysine, and even aspartic and
glutamic acid side chains. However, in most cases, a calculation from the
amino-acid sequence of the protein in question can show the percentage con-
tribution of this term to the results, and in most cases, it will be small.
Nevertheless, in the above studies, this effect would still not account for
the change in hydration with temperature, as observed for casein self-associ-
ation or for the B-lactoglobulin tetramerization. However, investigators may
also perform experiments using *’0 NMR relaxation of the samples of protein
dissolved in D,0, if they are concerned with the magnitude of the exchange
contribution to the hydration term. :

Finally, the above absolute hydration results, using a two-"state" iso-
tropic "binding" model, are much lower than hydration values determined by
small-angle X-ray scattering and sedimentation velocity experiments. It ap-
pears that only an asymmetric "binding" model could bring the order of magni-
tude of these hydration results into line with SAXS and hydrodynamic values.
However, SAXS and hydrodynamic results may also contain another contribution
not considered by some investigators. In fact, there may also be a dynamic
contribution to the hydration, since it is measured by the difference between
two volumes. The concept of protein ‘breathing’ has been emphasized before,
“ and the entire topic of protein dynamics has been reviewed recently. 3:4
The effects of dynamic changes such as fluctuations (e.g. ring flipping and
domain hinge bending) on packing volumes and accessible surface areas remain
unclear. Progress on these questions may come from dynamic modeling by com-
puter simulation.
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