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ABSTRACT We report the magnetic field dependence of 1 /T1 of solvent water protons and deuterons (nuclear magnetic relaxation
dispersion, or NMRD, profiles) for solutions of steer lens :3L-crystallin. Such data allow the study of intermolecular protein interactions over
a wide concentration range, here 1-34% vol/vol, by providing a measure of the rotational relaxation time of solute macromolecules. We
conclude that, for S5% protein, the solute particles are noncompact, with a rotationally averaged volume approximately three times that
of a compact 60-kD sphere. (Earlier results for a-crystallin, - 1,000 kD, from optical and osmotic measurements (V6r6tout and Tardieu,
1989. J. Mol. Biol. 205:713-728), show a similar, approximately twofold, effect.) At intermediate concentrations, to -20% protein, there
is evidence for limited association or oligomerization, as found for the structurally related 'y,-crystallin (Koenig et al. 1990. Biophys. J.
57:461-469), to a limiting size about two-thirds that of a-crystallin. The difference in NMRD behavior of the three classes of crystallins is
consonant with their differing osmotic properties (V6r6tout and Tardieu. J. Mol. Biol. 1989. 205:713-728; Kenworthy, Mcintosh, and
Magid. Biophys. J. 1992. 61:A477; Tardieu et al. 1992. Eur. Biophys. J. 21:1-12). We indicate how the unusual structures and
interactions of these three classes of proteins can be combined to optimize transparency and minimize colloid osmotic difficulties in
eye lens.

INTRODUCTION

The refractive and transmissive properties of mamma-
lian eye lens depend on the presence of high concentra-
tions of a-, fd-, and 'y-crystallins, broad classes ofproteins
that vary in size over several orders of magnitude and
whose evolutionary relationships are becoming better
understood (1-3). All mammalian crystallins have un-
usual interactive properties in solution, particularly at
high concentrations (4), ostensibly needed both to mini-
mize gradients ofosmotic pressure that would otherwise
accrue from radial gradients of crystallin concentration
in lens (5-10 ) and to maximize lens transparency ( 10).

Solute a-crystallin molecules are the largest crystallins
(- 1,000 kD (11)). At high concentrations, their os-
motic pressures (10) are greater than the "ideal" values
obtained using a hard sphere model, including higher
order virial corrections ( 12), if it is assumed that the
solute molecules are compact. Consistent with this, a
successful first order description ofboth x-ray scattering
and osmotic effects can be had by assuming that solute
a-crystallin molecules are noncompact hard spheres
with an excluded volume somewhat over twice that of
compact hard spheres of the same protein mass (when
computed using a partial specific volume of 0.73
cm3/g) (10).
The several -y-crystallins are the smallest crystallins

(- 20 kD ( 13)). In contrast to a-crystallin, a solution of
mixed y-crystallins has a larger osmotic pressure at low
concentrations (as expected from the lower molecular
weight) which, however, increases only slightly with in-
creasing protein concentration; the osmotic pressures of
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a- and y-crystallin solutions become equal at - 30% by
weight (9). This has been attributed, on the one hand, to
an attractive intermolecular interaction in solutions of
mixed (9) and separated ( 14) y-crystallins and, on the
other hand, to extensive oligomerization until the solute
molecules (for -y11-crystallin) approach the size of solute
a-crystallin (6). On either view, there is a fundamental
difference in the osmotic behavior of a- and -y-crystal-
lins. However, for both, particularly at high concentra-
tions, their interprotein interactions are far different
from what can be modeled by compact spheres that only
interact upon contact.
The f3-crystallins, oligomers of several related acidic

and basic subunits ( 15-17), are intermediate in size be-
tween y- and a-crystallins. The A subunits are relatively
small (-27 kD) and structurally similar to y1l-crystallin
(3, 18, 19). fl-crystallins account for over 40% of the
crystallins in the bovine lens (with -40% a-crystallin in
cortical and -2 1% in nuclear extracts (see reference 9)).
Separation of lens crystallins by size-exclusion chroma-
tography typically yields two fl-crystallin weight classes,
3L-crystallin and fH-crystallin (for "light" and "heavy,"
respectively), although under certain conditions greater
separation has been obtained (20-22). A weight-average
molecular weight of 59 kD was estimated for /3L-crystal-
lin (23) from sedimentation equilibrium measurements
of dilute solutions. Recently, osmotic pressure-concen-
tration isotherms for calf cortical f-crystallin ( 14) and
steer fL-crystallin have been reported (24, 25). The os-
motic data for steer L-crystallin are similar to those for
hemoglobin (26) (of comparable molecular weight),
and can be modeled over the range 0.03-0.30 gm/cm3
by the (nonlinear) behavior of compact hard spheres of
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80 kD (Kenworthy, Magid, and McIntosh, manuscript
in preparation).
We report the magnetic field dependence of the longi-

tudinal magnetic relaxation rate 1 / T1 of solvent deuter-
ons and protons in water solutions (known as 1/ T,
NMRD or nuclear magnetic relaxation dispersion pro-
files) of bovine fL-crystallin. Proton relaxometry mea-

surements are among the few experimental approaches
available for studying interprotein interactions and oli-
gomerization over a wide range of protein concentra-
tion, used here for 1-34% solute vol/vol. Deuteron data
must often be restricted to the lower one-third of this
concentration range to keep 1 / T, from becoming too
large to measure accurately on our system. 1 / T, of sol-
vent water nuclei in the presence of diamagnetic globu-
lar protein solute decreases monotonically with increas-
ing field, with an inflection-determined by the
rotational relaxation time TR of solute macromolecules
-from which the molecular weight of compact spheri-
cal proteins can be inferred (27-29). For deuterons, the
profiles arise solely from alterations ofthe molecular dy-
namics of solvent water at the solute-solvent interface
(30), and should, in principle, yield the more reliable
values for TR . (For protons, there is an additional effect,
which involves transfer ofZeeman energy across the sol-
ute-solvent interface. The extent of this transfer contri-
bution, and its dependence on field, are determined by
the mechanism ofdiffusion ofZeeman energy within the
solute protein, which in turn depends on TR; this can
distort the form ofthe proton NMRD profiles somewhat
and make the absolute values obtained for TR less reliable
(31).) Qualitative changes in the form of the proton
1 / T, profiles occur near - 50,000 kD (see reference
29). Below this value, Brownian rotation of solute pro-
tein is sufficiently rapid for proton relaxation to be liq-
uid-like; at higher weights, it becomes solid-like. We will
call these "mobile" and "immobile" protein systems re-

spectively.
Previous papers have reported proton 1/ T, NMRD

studies of calf lens homogenates (32-34), purified calf
,y1l-crystallin (5, 6), and cortical and nuclear calf a-crys-
tallin (35). Common to all these systems are transitions,
when the solute concentration exceeds -15% protein
vol/vol, from mobile to immobile behavior. These tran-
sitions are characterized, not only by a change in func-
tional form ofthe profiles (discussed critically for a-crys-
tallin (35)), but by the appearance, at higher concentra-
tions, of spectra-like features ('4N peaks, most visible
between 2 and 3 MHz) known to arise from cross-relaxa-
tion (magnetization transfer ofZeeman energy) between
solvent protons and the 14N nuclei ofbackbone NH moi-
eties (36-40). It was argued, particularly for -yl-crystal-
lin, that the common transition near 15% protein vol/
vol (about equal to the solids content ofblood and most
tissues) relates to a need to minimize osmotic problems
in vivo while achieving lens function. Colloid osmotic
pressure of protein solutions (when approximated by

hard spheres) depends on both the number and excluded
volume of solute particles ( 12). Increase in particle mo-
lecular weight due to rapidly increasing association with
increasing concentration could make the osmotic pres-
sure relatively insensitive to concentration by scaling
down both components. Such osmotic behavior has
been reported for -y-crystallin mixtures (9, 14), and at-
tributed to oligomerization (6), but is not exhibited by
a-crystallin ( 10).

Calf -yl1-crystallin, with a monomer of 20 kD, has an
unusual, essentially unique, dependence ofsolute size on
concentration in solution below the 15% transition, as
inferred from NMRD results. It begins to oligomerize at
relatively low concentrations, the more so the lower the
temperature; with increasing concentration, oligomeri-
zation increases the average size ofthe solute macromo-
lecular entities from the 20 kD monomer value to -30
kD at 3% and - 300 kD at 15% vol/vol -yl-crystallin at
35°C, at which point the reversible transition occurs that
induces 14N peaks (6). For a-crystallin, by contrast, the
molecular weight derived from NMRD data is relatively
independent of concentration and temperature, 1,350-
1,700 kD, assuming the solute molecules relatively com-
pact and spherical, a range of values consistent with
other findings (10) that the solute occupies about twice
the volume that a compact protein would. Within this
framework, the NMRD behavior of a-crystallin and ym-
crystallin is consistent with what is known oftheir molec-
ular weights, and with the few other data, notably os-
motic pressure (10), which compare these two protein
classes over a wide range of concentration.
The present work, the first to combine deuteron and

proton NMRD studies to characterize interprotein inter-
actions, examines the behavior of jL-crystallin, of inter-
mediate molecular weight. These studies can be expected
to answer the following questions: Does L-crystallin ex-
hibit the mobile-immobile transition, as indicated by
14N peaks? If so, is its onset in the same concentration
range as found for other crystallin preparations? As
found for the structurally related -yl-crystallin, does L-

crystallin oligomerize below the transition concentra-
tion? And, can the NMRD profiles of this protein be
related to its osmotic properties over a wide concentra-
tion range?

MATERIALS AND METHODS

Bovine flL-crystallin
Eyes from 18-24-mo-old steers were freshly harvested at slaughter and
transported to the laboratory on ice. All further procedures were
carried out at room temperature. From decapsulated lenses, cortical
tissue (the outer 50% by weight) was separated and extracted, in two
volumes of buffer, in a motor-driven glass-Teflon homogenizer. Ex-
tracts were clarified by centrifugation (20,000 g for 30 min), applied to
a size-exclusion column (100 x 2.5 cm) containing Sepharose CL-6B,
and eluted at 8-10 cm/ h. The buffer for homogenation and elution was
50 mM NaCl, 50 mM Tris. HCI, 1 mM EDTA, 5 mM NaN3, pH 7.6.
Pooling of fL-crystallin fractions was guided by analysis using discon-
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tinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
slab gels. fL-crystallin fractions were concentrated to -0.1 g/ml by
ultrafiltration, using an Amicon device with 10 kD cut-offmembranes,
and concentrated further in dialysis bags packed in dry Sephadex G-25.
Dilution to intermediate protein concentrations was with the buffer
augmented to 150 mM NaCl and 0.2 mM dithiothreitol (DTT), and
the pH lowered to 6.8.

Initial and final protein concentrations (g/ml) were determined by
refractive index measurements using a specific refractive increment of
0.187 ml/g (8). Concentrations are given throughout in volume frac-
tion of protein, obtained from the concentration in units of g/ml of
solution multiplied by 0.73 cm3/g, the partial specific volume of pro-
tein. This is done for ease ofcomparison with NMRD results for other
crystallins, and should not be confused with the total volume excluded

by solute (as used, e.g., in computing osmotic pressure); the two quan-
tities are equal only if the solute particles are compact, incorporating
little water within their structure.

Measurement and interpretation of
NMRD profiles
1/ T, of solvent water protons can be measured at any value of mag-
netic field over the range 0.0 1-50 MHz proton Larmor frequency,
corresponding to 0.00024-1 .2T, with an automated field-cycling relax-
ometer developed at IBM (41). For deuterons, with a gyromagnetic
ratio lower by a factor 1/6.5, the accessible field range is in principle
0.0015-7.5 MHz deuteron Larmor frequency. For technical reasons,
the highest measuring field used here was 5.4 MHz. The relaxometer
can be set to detect either deuterons or protons by adjusting the reso-
nance field during the appropriate part of the cycle to resonate either
nucleus at 7.5 MHz. The initial magnetization of the deuteron spin
system is also sixfold lower than for protons, which reduces signal in-
tensity by the same factor. Finally, deuteron relaxation rates are intrin-

sically greater than proton rates by an order ofmagnitude for compara-
ble circumstances (in diamagnetic systems), which can increase signifi-
cantly the amount of signal lost while waiting for the magnetic field to
switch and stabilize (42). These several factors can only be partially
overcome by repeating data points, so that the NMRD profiles for
deuterons are, in general, noisier and less accurate than those of pro-
tons for reasonable data acquisition times.

A sample, in a stoppered test tube, is surrounded by freon in contact
with chamber walls maintained at fixed temperature with a circulating
water-ethylene glycol mixture, allowing measurements in the range -8
to 350C, with the temperature regulated to within ±0.20C in order to
stabilize relaxation rates to within the uncertainty of ± 1% with which
they can generally be measured (for protons).
Measurements of deuteron and proton 1/ T, NMRD profiles, both

of which yield the rotational relaxation time TR ofcompact macromo-
lecular solute, have proven to be particularly useful for studying inter-
actions of diamagnetic globular proteins in solution. Details and refer-
ences are given in earlier papers of this series (see references 6, 35). In
short, the data are fit to the four-parameter Cole-Cole expression (43)
to characterize the monotonic parts ofthe NMRD profiles, both for the
information they contain and to use as a subtractive background so
that the structured regions ofproton profiles can be expanded. Rewrit-
ten for 1 / T, NMRD data, it becomes, for deuterons and protons (28):

1 I + D + A( _c)R i ( I )

where Re means "the real part of", 1/ T1w is the contribution of sol-
vent, D and A (which is a function of v,) are the respective amplitudes
of a high field limiting and a low field dispersive contribution to the
NMRD profile, and v is the Larmor frequency. The curve has an inflec-
tion point (which corresponds to the half-amplitude point of the dis-
persive component) at v/va = 1; i# is a parameter that determines the
slope of the profile at the inflection. = 2 gives a Lorentzian; its value
for proton NMRD profiles of most globular proteins is in the range

1.4-1.7 (28). 1 /v, is proportional to TR, here taken to be the time
appropriate for relaxation of interactions with the symmetry ofsecond
rank tensors, i.e., d-like symmetry; this is one-third the Debye value,
which is for p-like symmetry. In light of recent work (30), which has
established that solvent senses the rotation of protein by exchange of
hydration waters with a residence lifetime Thy 1 As, the usual relation
between vl, and TR (see reference 35) must be altered somewhat to
include Thy. It then becomes convenient to define a correlation time TC
such that

I /v, - 27r(V3)Tr = 10.9T,

where, for spherical proteins (27, 29),

1 1 1

- + ; TR 47rsr3/ 3kT.
1*C TR Thy

(2a)

(2b)

Here r is the radius of the hydrated solute protein (assumed spherical
but not necessarily compact), T is the absolute temperature, and X is
the (temperature dependent) microscopic viscosity as experienced by
the solute particles. The inclusion of Thy becomes relevant only at high
concentrations of fL-crystallin, when TR Z Thy, corresponding to an
effective molecular weight Z 3,500 kD. The effective particle size can
increase another order of magnitude with no change in Tr, until the
transition to immobile behavior sets in and the form of the profile
changes.
For proteins that are nonspherical, but approximately ellipsoidal, TR

(as derived from vt) is a complex average which, however, differs little
from that of a sphere of the same volume unless the protein is highly
anisotropic, Z2: 1 axial ratio (44, 45). (TR is independent ofthe density
of the solute particle, so long as its mass distribution is uniform.) For
proteins of more complex shape, e.g., approximated by an hour-glass,
one expects that TR would be close to that ofa hydrodynamically equiv-
alent sphere defined by rotational averaging ofthe space occupied by a
protein molecule. In the dilute limit, n is equal to no, the viscosity ofthe
neat solvent. The ratio n/In increases with protein content due to hy-
drodynamic effects, only becoming significant in the present context
for Z20% protein (46). The dependence of vP on viscosity, tempera-
ture, and protein size has been well studied and amply verified for
protons (see Fig. 2 of reference 29). The result is molecular weight
(kD) - 350/(vc(MHz)) at 25°C, although this approximation overes-
timates the mass of lighter proteins somewhat (see reference 29). For
deuterons, the results are similar, although the data are less extensive.

Notwithstanding the experimental difficulties, deuteron 1/ T,
NMRD profiles are intrinsically more accurate for comparing protein
molecular weights than are proton profiles because the former are gen-
erated only by Brownian rotation of solute and its influence on the
relaxation rates of specific bound water molecules (30), whereas the
detailed form of 1/ T, proton profiles (including vc) are affected by
magnetization transfer (31). For proteins of the molecular weight
range of interest here, one has the particular advantage that essentially
the entire major NMRD dispersion can be obtained by observing deu-
terons; hence the emphasis below on deuteron NMRD profiles.
From relaxation theory, the product Avcshould have no explicit de-

pendence on vP, although A has an implicit dependence on vc. When
expressed in terms of AR, the value of the A-term per millimole of
solute (the relaxivity), the productARVC is found to be linear in molecu-
lar weight (28, 29). (A naive expectation would be that AR is propor-
tional to the protein surface area, or weight2'3.) For protons, the data
give (see Fig. 4 of reference 29) AR - 9.4 x 10-5X (molecular weight
(kD))2. Finally, below -20% protein by volume, AR can be taken to be
independent ofconcentration (6) for noninteracting solute molecules;
at higher concentrations, effects ofone solute molecule on the hydrody-
namics of another cannot be neglected.
The utility of the Cole-Cole description for analyzing the 1/ T,

NMRD profiles of globular protein solutions is that the empirical rela-
tions among molecular weight, vP, and AR are satisfied by at least one
dozen proteins (29) ranging over almost three decades in molecular
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FIGURE 1 Deuteron 1/ T1 NMRD profiles of steer 13L-crystallin, 5%
(V), 2.5% (v), and 1.25% (A) vol/vol, and 5% vol/vol bovine serum
albumin (BSA) (0), at 25°C. The solid curve through the data points
for the 2.5% sample, and the dot-dashed curve through the BSA data,
derive from least squares comparisons of the data with the Cole-Cole
expression, Eq. 1. The dashed curves associated with the 1.25 and 5%
(3L-crystallin profiles were obtained by scaling the solid curve by the
factors 0.5 and 2, respectively (correcting appropriately for the buffer
background indicated). The excellent agreement with the 1.25% data
indicates no change in solute association between the two concentra-
tions; the - 12% difference for the 5% data suggests a small, but not
significant, increase in association at the higher concentration. The
more than four-fold higher value inflection field of the (68 kD) BSA
profile indicates that the molecular weight of/L-crystallin, assuming it
is compact and reasonably spherical, is greater than that ofBSA by this
factor (see text).

weight; significant deviations from such behavior are thus indicative of
anomalies in protein conformation and interactions in solution.

RESULTS AND ANALYSES

Low-concentration-range molecular
weight of e&L-crystallin: deuteron
profiles
Fig. 1 shows deuteron 1 / T, NMRD profiles of /L-crys-
tallin at three relatively low protein concentrations (5
(V), 2.5 (v), and 1.25% (A)vol/ vol) obtained by succes-
sive dilution. The buffer contribution is also shown. The
solid curve through the 2.5% profile results from a Cole-
Cole fit with vC = 0.51 MHz. (A fit to the 5% profile gives
VC= 0.36 MHz, which is the more accurate because ofthe
higher rates.) The dashed curves associated with the
other #L-crystallin profiles were generated by scaling the
solid curve by the respective concentration ratios (with
appropriate corrections for the buffer contribution).
These curves should match the data points, assuming no
dilution errors and no change in average solute mass

with concentration. The results indicate little concentra-
tion-dependent mass change, with an increase - 12% in
the average TR at 5% protein, judged from the difference
in the magnitudes of the low field rates.
To estimate the mass of f3L-crystallin (more properly,

a mean hydrodynamic value ofTR), a deuteron profile of
5% bovine serum albumin (BSA, 68 kD) was measured.
BSA is a well behaved protein, and much data for both
the deuteron and proton profiles have been obtained,
with identical values of vc obtained for each (30), and
close to the value for hemoglobin, which has essentially
the same molecular weight. The BSA profile is also
shown in Fig. 1 (0); the Cole-Cole fit gives v, = 1.65
MHz, a factor 4.6 greater than the results for the 5%
crystallin data. Thus, as sensed by deuterated solvent,
and using the orientational relaxation rate of BSA as a
standard, the molecular weight of fL-crystallin, for the
solvent conditions of Fig. 1, is - 300 kD. That is, solute
fL-crystallin molecules reorient by Brownian rotation at
a rate equivalent to compact spherical protein of300 kD.
Extrapolation of the proton data to the dilute limit (see
below) lowers this value to 200 kD, whereas any correc-
tion for the known asphericity of BSA increases this
value. The increase is somewhat difficult to compute
since the orientations of all the hydration waters that
contribute to relaxation must be known (see Fig. 2 of
reference 44); for BSA, with axial ratio - 2.9, one can
estimate a factor - 1.5, assuming the waters randomly
oriented.

Low-concentration-range molecular
weight of flL-crystallin: proton profiles
Proton 1 / T, NMRD profiles were obtained over a wide
range of fL-crystallin concentration, with the results of
Cole-Cole analyses given in Table 1. It is clear that vc
decreases monotonically with increasing concentration.
A plot (not shown) of 1 / vc (proportional to solute size,
Eq. 2b) is linear below 15% protein; extrapolation to
zero protein concentration gives 0.63 MHz, or a factor
1.5 higher than vc at 5% protein. Applying this factor to

TABLE 1 Proton cole-cole parameters for ,6L-crystallin at 25°C:
comparison with cortical a-crystallin (parentheses) (35)

Concentration A D d PC

% vol/vol s-' s-' MHz

34 103 1.3 1.2 -0.12
30 83 1.1 1.2 0.13
25 (24) 54(56) 0.81 1.2 (1.1) 0.15 (0.086)
20(20) 35 (37) 0.48 (0.7) 1.2 (1.2) 0.19 (0.13)
15 (15) 21(24) 0.30 (0.5) 1.2 (1.2) 0.25 (0.15)
10 (10) 11 (13) 0.07 (0.38) 1.2 (1.3) 0.29 (0.21)
7.5 7.5 0.02 1.2 0.34
5 (5) 4.5 (5.3) -0 (0.18) 1.2 (1.4) 0.40 (0.26)
3.5 2.9 -0 1.2 0.44
1.75 1.2 -0 1.2 0.52
1 0.63 -0 1.2 -0.4
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FIGURE 2 Proton 1 / T, NMRD profiles of steer 3L-crystallin, at 25°C,
for 34% (L), 25% (0), 20% (-), 15% (A), 10% (o), and 5% (l)
vol/ vol protein. The solid curves through the data points derive from a
least squares comparison of the data, excluding all structure in the 1-4
MHz region, with the Cole-Cole expression, Eq. 1. The dashed curves
are similar fits to cortical a-crystallin, also at 25°C (35).

the deuteron data of Fig. 1, as noted, gives the estimate
for the effective molecular weight of OL-crystallin, in the
dilute limit, of - 200 kD. Note that this is a value related
to the orientational relaxation time of a compact sphere
ofthis mass; this could be reconciled with a lower molec-
ular weight if the solute protein were spherical but not
compact, or had a more complex shape, e.g., approxi-
mated by an ellipsoid or an hour-glass. For comparison,
a sphere which would just enclose the #B2 homodimer
unit cell (47) would have a molecular weight of 215 kD,
if composed of compact protein.

High-concentration range of
BL-crystallin: proton profiles and
comparison with a-crystallin
In Fig. 2, the proton 1/ T, NMRD profiles of #L-crystal-
lin and earlier cortical a-crystallin data (35) are com-

pared for concentrations 2 5% vol/vol protein. The re-

spective Cole-Cole parameters are given in Table 1. Sev-
eral concentrations of steer a-crystallin prepared from
the same homogenates as the /3L-crystallin used here gave
profiles (unpublished data) in agreement with the pub-
lished results for calf a-crystallin (35). For 10-20% pro-

tein, Fig. 2 and Table 1, /L-crystallin behaves as if it were
somewhat lighter than, but otherwise similar to, a-crys-

tallin. The average ratio of vc values is 1.5, and that ofA
is 0.83.
There are several qualitative inferences that can be

drawn from the results in Table 1. For example, through-
out the range, # (which relates to the slope ofthe NMRD

profiles at vc) for fL-crystallin is relatively constant at
1.20, whereas that of a-crystallin decreases with increas-
ing concentration. (Recall that f = 2 corresponds to a
Lorentzian profile and arises from a mechanism that can
be characterized by a single correlation time. Since the
data are represented on a semilogarithmic plot, a sizable
spread of correlation times, from a superposition of
mechanisms, will look "quasi-Lorentzian," with A < 2.)
As the fL-crystallin profiles have obvious inflections, the
consistent low values of 3 suggest a limited spread of
correlation times about an identifiable mean value,
which could result from a significant shape anisotropy of
the solute particles. Such an anisotropy would also in-
crease the surface area for a given molecular weight, and
thereby the number of water-binding sites. This would
give a somewhat larger intrinsic value ofA for AL-crystal-
lin than for a-crystallin (after adjustment for the differ-
ent vC values), as seen in Table 1 for 10-25% protein.
As another example, the values of ,B suggest that 3L-

crystallin solute particles do not reach the very large
(solid-like) size (i.e., large values ofTR) found for a-crys-
tallin (35), i.e., do not become as rotationally immobile
as a-crystallin molecules for a given high protein con-
centration. (Recall that, for a-crystallin at high concen-
tration, the long TR arises from enhanced interprotein
interactions because of their noncompact solute struc-
ture.) This lesser interaction for 0-crystallin is evidenced
by the facts that the Cole-Cole parameter A does not con-
tinue to decrease, that a realistic value for vP can be ob-
tained even for the highest protein concentration, and
that the structured region varies more slowly with con-
centration than for other crystallins (see below). More
specifically, from the data for the 25% sample, Fig. 2 and
Table 1, using Eq. 2, a and b, vc = 0.15 MHz corresponds
to 1 /TR = 0.06 MHz, the rotational relaxation time of a
9,000 kD spherical equivalent protein. This is about five-
fold below the mobile-immobile transition and, accord-
ingly, peaks for this sample are barely apparent. Increas-
ing concentration to 34%, for which the data do not pro-
vide a good measure of the increased vP, show the peaks
clearly.

14N peaks of #L-crystallin and other
crystallins
The '4N peaks of/L-crystallin are shown on an expanded
scale in Fig. 3 ( 0), along with analogous published re-
sults for other crystallin preparations. The upper (V)
and lower (A) data are from preparations ofcalf cortical
lens homogenates, concentrated and native, respectively
(32). These data quite closely span the range of the phe-
nomena, as well as indicate the sensitivity of the magni-
tude ofthe peaks to protein concentration. A fourth pro-
file, for 24% a-crystallin (L1), is also shown. Except for
the absence of structure near 1 MHz, the '4N spectra for
/3L-crystallin do not differ substantively from those ofthe
other preparations, although a higher concentration is
required for a given rate. A comparison of the 2.8 MHz
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"4N peak of fL-crystallin with a wider range of crystallin
preparations is shown in Fig. 4. It may be ofnote that, for
fL-crystallin, the dependence of osmotic pressure on
concentration changes in functional form above - 2 1%
protein (Kenworthy, Magid, and McIntosh, manuscript
in preparation), near the onset of the 14N peaks, Fig. 4.
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FIGURE 4 Height ofthe 2.8 MHz '4N peak above the monotonic back-
ground, at 25°C, for steer f3L-crystallin (A) as a function of volume
fraction of protein (present work) compared with analogous data for
other preparations: calf nuclear (m) and cortical (-) (32); calf y11-crys-
tallin (V) (6); calf nuclear (E) and cortical (V) a-crystallin (35); and
chicken homogenate (A) (32). The volume fraction was obtained in
each case by multiplying the known weight fraction by 0.73.

TABLE 2 Proton cole-cole parameters for ,L-crystallin at 50C

Concentration A D 0 PC

% vol/vol s-' s-i MHz

20 58 1.1 1.3 0.13
5 7.1 0.05 1.3 0.30
3.5 4.7 0.02 1.3 0.34
1.75 2.0 0.04 1.3 0.39
1 1.1 -0 1.2 0.41

At present, the theory of '4N peaks, including their
temperature dependence, is rather rudimentary (39,
40); a major indication is that peaks of the magnitude
plotted in Fig. 3 require that the magnetization of solute
protons be in magnetic contact with the majority ofpro-
tein NH protons. Whether this is dominated by direct
contact through chemical diffusion of solvent or magne-
tization transfer at the protein-solvent interface and spin
diffusion within the protein is an unsettled issue at pres-
ent, although there is increasing evidence that magneti-
zation transfer dominates (48, 49).

Temperature effects
The experiments of Fig. 2 were repeated at 5°C for sev-

eral samples with <20% protein; analyses of the data
gave the results in Table 2. Of particular note is that
nothing untoward occurs; the changes in the A-term and
in PC on going from 25 to 5°C are those expected from
changes in the neat solvent viscosity in a solution ofpro-
tein particles oftemperature independent mass, as found
previously for a-crystallin (35). The major distinction
between the behavior of the two crystallins at the two
temperatures is that, for fL-crystallin, the height of the
two major '4N peaks roughly doubles upon reducingtem-
perature from 25 to 5°C, as for yII-crystallin (6),
whereas for a-crystallin (35) the increase in the peak
heights is much less, Z 15%. (For calf lens homogenates,
there is no variation with temperature (see Fig. 1 ofrefer-
ence 33.)

DISCUSSION

Low-concentration behavior of
tL-Crystallin
The relatively large value of TR derived from the NMRD
data, Fig. 1, which corresponds to -200 kD for a com-
pact spherical protein in the dilute limit (as estimated
from rotational Brownian motion), means that the vol-
ume ofthis ostensibly 60 kD protein is about three times
its compact value. (This estimate assumes that BSA is
hydrodynamically spherical; as noted above, accounting
for asphericity can increase this value - 50%.) This find-
ing of a large hydrodynamic volume for fL-crystallin
may be attributed to the unusual shape ofthe solute mol-
ecules, much like a square hour-glass or two tetrahe-
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drons attached apex to apex (47). This shape, as noted
above, makes the NMRD data consistent with the os-
motic pressure data at lower concentrations, which are

compatible with a number density of solute particles de-
rived assuming 80 kD for #L-crystallin (25) (Kenworthy,
Magid, and McIntosh, manuscript in preparation). Inter-
estingly, the only other protein found to be noncompact
from NMRD measurements is a-crystallin (4, 35), a

much larger protein constructed of 20-kD subunits.
Even apoferritin, a hollow sphere about the size of a-

crystallin and assembled from 24 noncovalently asso-
ciated subunits of22 kD, appears compact from NMRD
measurements (50). Thus, it may be more than coinci-
dental, and related to crystallin function (see below),
that a- and #L-crystallins have large hydrodynamic ex-

cluded volumes.

Midconcentration behavior of
eL-crystallin
Over the range 10-20% vol/vol, Fig. 2 and Table 1, the
NMRD profiles (which arise from Brownian rotation of
macromolecular solute) of fL-crystallin are those ofpar-
ticles about two-thirds the hydrodynamically equivalent
spherical volume of a-crystallin, as already noted. These
observations can be accounted for by oligomerization,
which should not be surprising, given that -yl1-crystallin
oligomerizes dramatically (6) and that the major tertiary
structural motifs of y,,-crystallin and fL-crystallin are al-
most identical (47). From NMRD data, solute yi-crys-
tallin particles increase in size from - 20 kD to the equiv-
alent of a 300 kD compact protein at 15% vol/vol,
whereas L-crystallin becomes the equivalent of - 1,000
kD, threefold larger in equivalent spherical hydrody-
namic volume than yll-crystallin. However, it should be
noted that fL-crystallin may be unique among mamma-
lian crystallins because of its unusual molecular shape:
its apparent volume, as derived from effective hydrody-
namic size, cannot yet (4) be easily related to the (entro-
pic) excluded volume relevant to the computation of
osmotic virial coefficients as can, for example, the spheri-
cal a-crystallin ( 10).

High-concentration behavior of
1L-crystallin
Taken together with the NMRD data for a- and y-crys-

tallins at high concentrations, from which it was shown
that the profiles intersect (35) (much as does the colloid
osmotic pressure ( 10)), the present results indicate that
,BL-crystallin differs from yll-crystallin only in that the
mean hydrodynamic size of #L-crystallin oligomers does
not continue to increase with increasing concentration,
as does that of -yl-crystallin.

An overview of crystallins
The results, Fig. 4, indicate that all mammalian crystal-
lins, as well as chicken lens homogenate (mostly b-crys-

tallin), display an onset of intermolecular interactions
near - 17% protein that, as demonstrated previously
(6), does not appear in solutions of proteins other than
crystallins until -30% protein vol/vol, i.e., 41 wt%, (see
reference 29). Thus, it is a ready inference, from Fig. 4,
that all crystallins (as found for a-crystallin (9, 11, 51 )
and concluded here for fL-crystallin) are noncompact in
that their effective rotational hydrodynamic volumes per
solute particle are two- to threefold greater than calcu-
lated for compact spheres of equivalent molecular
weights. This explains the onset of intermolecular inter-
actions at a protein concentration as low as one-half the
weight-fraction expected, independent of the extent of
oligomerization (if any) of solute. The mechanisms un-

derlying the mobile-immobile (i.e., solid-state like)
"transition" in crystallins, as exhibited in NMRD pro-
files, has only recently been clarified (30, 35, 49), and
involves changes in the details of nuclear relaxation and
transport when Brownian rotation is slower than that of
a 50,000 kD sphere (see reference 29). (Indications of
both liquid- and solid-state behavior at high concentra-
tions have been reported in off-resonance and cross-po-
larization high resolution NMR measurements, respec-
tively, of bovine lens homogenates (52). Although it is
not clear which crystallins of the homogenates contrib-
ute to the NMR signals, the cross-relaxation data do
show an increase of solid-state behavior with increased
protein concentration. The off-resonance rotating frame
results, from which rotational relaxation times are de-
rived, are more questionable, since the interpretation of
such data in terms of rotational mobility has been re-

cently questioned (53).) However, despite incomplete
theoretical understanding, the phenomenology is clear.
One must then ask the reason for such universal behav-
ior among the different crystallins.

It has been pointed out ( 10) that the same total weight
of protein distributed among spherical macromolecules
ofthe same mass, compact in one case and noncompact
in another, scatter visible light to different extents. In
particular, for solutions of as large a protein as a-crystal-
lin, and near physiological concentrations, noncompact
solute would give 99% transmission whereas compact
solute would give 85% transmission. (The effect is less
dramatic for smaller proteins.) The mechanism is
straightforward: The less compact the protein, i.e., the
"smoother" the spatial variation of protein, the smaller
are the Fourier components of the index of refraction
fluctuations at the longer visible-light wavelengths that
contribute most to scattering.
A disadvantage of less compact solute is that the usual

repulsive intermolecular interactions, and the associated
increase in colloid osmotic pressure, become large at
lower total protein fraction. Oligomerization can offset
such osmotic effects (a ready explanation of the greater
a- to y-crystallin content (3:1 ) of calf lens cortex com-
pared with lens nucleus (2:3) (see Table 1 of reference
9). y-crystallin oligomers ofvarious sizes can also fill the
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voids between the much larger a-crystallin molecules,
thus augmenting transparency while mitigating osmotic
problems.
The total f3-crystallin content of cortex and nucleus is

relatively constant, although the relative amounts of 3L-
crystallin and fH-crystallin differ substantially (54). L-
crystallin, much as -y-crystallin, can also act as a "filler"
between the much larger a-crystallin molecules, reduc-
ing density fluctuations and thereby improving transpar-
ency, but with the opposite effect on osmotic pressure.
Osmotic problems (arising either from protein gradients
in the lens or from differential composition between the
lens and neighboring tissue) can be resolved dynami-
cally by pumping ions, but this requires metabolism and
the concommitant requirement of mitochondria and
heme chromophores which, in turn, compromises trans-
parency. The delicate balance of protein composition of
mammalian eye lens, and its spatial variation, addresses
the dual need to maximize transparency and maintain
static osmotic equilibria by using three classes of crystal-
lins with specialized densities, shapes, and associative
properties. The NMRD behavior of 3H-crystallin re-
mains to be studied.
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