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ABSTRACT From analyses of the magnetic field dependence of 1 /Tj (NMRD profiles) of water protons in solutions of calf lens
a-crystallin at several concentrations, we find two regimes of solute behavior in both cortical and nuclear preparations. Below
- 15% vol/vol protein concentration, the solute molecules appear as compact globular proteins of - 1,350 (cortical) and 1,700
(nuclear) kD. At higher concentrations, the effective solute particle size increases, reversibly, as evidenced by the appearance of
spectra-like 14N peaks in the NMRD profiles and a change in the field and temperature dependence of 1 /T1. At these higher
concentrations, the profiles are very similar to those of calf -y,-crystallin, a crystallin that undergoes an analogous transition near
- 15% protein (Koenig, S. H., C. F. Beaulieu, R. D. Brown Ill, and M. Spiller. 1990. Biophys. J. 57:461-469). By comparison with
recent analyses of NMRD results for solutions of immobilized proteins as models for the transition from protein solutions to tissue
(Koenig, S. H., and R. D. Brown Ill. 1991. Prog. NMR Spectr. 22:487-567), we argue that a-crystallin solute behaves as aggregates
. 50,000 kD as protein concentration is progressively increased above 15%. Finally, the concentration dependence of the NMRD
profiles of a- and -y,,-crystallin can readily explain recent osmotic pressure data, in particular the intersection of the respective
pressure curves at 23% vol/vol (Veretout, F., and A. Tardieu. 1989. Eur. Biophys. J. 17:61-68).

INTRODUCTION

There have been recent suggestions that crystallins, the
proteins of eye lens, have evolved unusual associative
properties to minimize gradients of osmotic pressure
that would otherwise accrue from the gradients of
protein concentration in lens (Koenig et al., 1989, 1990;
Magid et al., 1989; Veretout and Tardieu, 1989). Such
behavior would be reflected in unusual intermolecular
association in crystallin solutions at high concentration
since, to first order, osmotic pressure is proportional to
the number of solute molecules per unit volume of
solution.
Most experimental techniques for studying protein

association and oligomerization are of value over a
limited range of protein concentration; by contrast, the
technique used here is uniformly useful over the range
3-30% protein. We measure the magnetic field depen-
dence of the longitudinal magnetic relaxation rate 1IT1
of solvent protons, known as a 1/T, NMRD (nuclear
magnetic relaxation dispersion) profile. Diamagnetic
globular protein solute induces changes in the NMRD
profile of solvent water protons, producing a monotoni-
cally decreasing profile with an inflection from which the
rotational relaxation time of solute macromolecules, and
hence the molecular weight of spherical proteins, can be
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inferred (Koenig and Schillinger, 1969; Hallenga and
Koenig, 1976; Koenig and Brown, 1987, 1991). On the
other hand, if the rotational mobility of the protein is
restricted (such as can occur upon irreversible heat
denaturation or reversibly at high concentration in
special cases), a spectra-like set of features ('4N peaks),
which is known to arise from cross relaxation ("magneti-
zation transfer" of Zeeman energy) between solvent
protons and the 14N nuclei of backbone NH moieties
(Winter and Kimmich, 1982a, b; Koenig et al., 1984;
Koenig, 1988), appears in the NMRD profile, most
visibly between 2 and 3 MHz. The change in the
monotonic background is less predictable; what is becom-
ing more clear is that it, too, can have a large component
arising from protein-water interfacial magnetization
transfer between solvent and solute protons (Koenig et
al., 1978; Grad and Bryant, 1990). This contribution
depends critically upon whether the solute entities are
sufficiently large (rotation appropriately slow) so that
solute protons relax as though in the solid state, or
sufficiently small so that liquid-state theory is applicable.
It depends, further, on the extent to which this behavior
is communicated, by magnetization transfer, to solvent
protons (Koenig and Brown, 1991).

It was recently shown (Koenig et al., 1990) that there
is an unusual dependence of the state of association of
calf y1j-crystallin on concentration and temperature.
This crystallin begins to oligomerize at relatively low
concentrations, the more so the lower the temperature.
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With increasing concentration, oligomerization in-
creases the size of the solute macromolecular entities
roughly 10-fold at fixed temperature, to -300 kD at
15% vol/vol -y11-crystallin and 25°C, at which point a

reversible transition occurs that induces "4N peaks at
higher concentrations.

In the present paper, we extend the earlier work on

-y,,-crystallin (Koenig et al., 1990) and lens homogenates
(Beaulieu et al., 1988, 1989) to calf cortical and nuclear
a-crystallin. We find limited association in solutions of
a-crystallin at low concentrations and evidence for very
large solute entities at higher concentrations (associated
with the appearance of 14N peaks). The molecular weight
of ac-crystallin, which can depend somewhat on prepara-
tion procedures, has been reported at as high as 1,100
(Tardieu et al., 1986). In the present study, we infer
somewhat higher, and relatively constant, molecular
weights (- 1,350 and 1,700 at 25°C for cortical and
nuclear preparations, respectively) in solutions in the
range 5-15% vol/vol. At higher concentrations, suffi-
cient solute protein is altered to make "4N peaks visible
(Koenig, 1988; Beaulieu et al., 1989). Unlike the case for
'yh-crystallin, for which these forms retain sufficient
rotational mobility to contribute to the monotonic back-
ground of the NMRD profiles as do globular proteins,
the a-crystallin particles appear sufficiently large, >5 x

104 kD, to be regarded as "microsolids," judging from
their slowed rotation. The NMRD profiles become
much like those of (irreversibly) immobilized protein
(Lindstrom and Koenig, 1974; Bryant et al., 1982, 1991;
Beaulieu, 1989; Koenig and Brown, 1991), which, in
turn, appear to be models for the NMRD profiles of
water protons of most tissue. Indeed, recent ideas on the
distinctions between relaxation of water protons in
protein solutions and in tissue indicate a transition from
liquid- to solid-like behavior for relaxation of the macro-
molecular protons (Koenig and Brown, 1991) that alters
the solvent proton NMRD profiles through magnetiza-
tion transfer across the protein-water interface. These
earlier conjectures are not only enhanced by the results
here but, conversely, the present results give added
support to the conclusions reached regarding the nature
of the changes in solute a-crystallin that set in near 15%
protein.

ing to cortical a-crystallin was collected. Since the protein from the
nuclear region contains a large proportion of so-called high molecular
weight (HMW) protein fraction, the a-crystallin fraction thus obtained
contained 5-10% HMW. It was therefore rechromatographed in the
same column under identical conditions to remove theHMW fraction.

Final crystallin solutions were made in buffers of two different ionic
strengths, comparable to those used by Veretout et al. (1989). The low
ionic strength buffer (I = 17 mM) was 10 mM sodium phosphate
containing 1 mM EDTA, 0.2 mM DTT, and 0.01% sodium azide at pH
7.0. The high ionic strength buffer (I = 167 mM) contained, in
addition, 150mM sodium chloride.

oa-crystallin solutions were concentrated using Filtron stirred-cell
concentrators (Pharmacia Fine Chemicals) and Centricon concentra-
tors (Amicon, Beverly, MA) with molecular mass cutoffs of either 10 or
30 kD. Samples were stored at - 18°C; the nuclear preparation turned
faintly turbid after 4 d (with no influence on the NMRD data),
whereas the cortical preparation remained clear for 1 wk.
The concentrated preparations were diluted as needed by addition

of the corresponding buffer solutions. The concentrations of the initial
and final solutions, determined optically, were 24 + 0.2 and 5 ± 0.5%
vol/vol, respectively, using an extinction coefficient ofA "

= 0.8.

Measurement and interpretation of
NMRD profiles
1T, of solvent water protons can be measured at any value of
magnetic field over the range 0.01-50 MHz proton Larmor frequency,
corresponding to 0.00024-1.2 T, with an automated field-cycling
relaxometer developed in our laboratory (Koenig and Brown, 1987). A
sample, in a stoppered test tube, is surrounded by circulating freon,
allowing measurements in the range -8 to 35°C, with the temperature
regulated to within ±0.2°C in order to stabilize the relaxation rates to
within the uncertainty of ±0.5% with which they can generally be
measured.
Measurements of 1T, NMRD profiles, which yield the rotational

relaxation time TR of compact macromolecular solutes, have proven to
be particularly useful for studying interactions of diamagnetic globular
proteins in solution. Details and references are given in earlier papers
of this series (cf. Koenig et al., 1990). In short, the data are fit to the
four-parameter Cole-Cole expression (Cole and Cole, 1941) to charac-
terize the monotonic parts of the NMRD profiles, both for the
information they contain and for use as a subtractive background so

that the structured regions of the profiles can be expanded. Rewritten
for 1T, NMRD data, it becomes (Hallenga and Koenig, 1976)

1 1 1
-l T,+ D +A(vj)Re 1 + (iv/vC)r/2j

(1)

where Re means "the real part of"; 1/T,, is the contribution of solvent;
D and A (which is a function of vj) are the amplitudes of a high field
limiting and a low field dispersive contribution, respectively, to the
NMRD profile; and v is the proton Larmor frequency. The curve has
an inflection point (which corresponds to the half-amplitude point of
the dispersive component) at

MATERIALS AND METHODS
= 1v/c = 1 (2)

Calf eo-crystallin
Calf a-crystallin from lens cortex (the outer one third by weight) was

purified by size-exclusion chromatography at room temperature, using
a Sepharose CL-6B (Pharmacia Fine Chemicals, Piscataway, NJ)
column as described by McDermott et al. (1988). The a-crystallin from
the nuclear region (the inner one third) was prepared in exactly the
same manner, and protein eluting in the volume fraction correspond-

and ,3 is a parameter that determines the slope of the profile at the
inflection. ,B = 2 gives a Lorentzian; its value for proton NMRD
profiles of most globular proteins is in the range 1.4-1.7 (Hallenga and
Koenig, 1976). lv, is related to T'R; for spherical proteins (Koenig and
Schillinger, 1969; Koenig and Brown, 1991),

1/vC = 2'r(V3)'R = 10.9'rR; TR = 4'rr/3kT, (3)
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where r is the radius of the hydrated solute protein, T is the absolute
temperature, and vq is the (temperature-dependent) microscopic
viscosity as experienced by the solute particles. In the dilute limit, 'X =

, the viscosity of the neat solvent, and q/rh increases with protein
content due to hydrodynamic effects, as discussed by Koenig (1980).
The dependence of v, on viscosity, temperature, and protein size has
been well studied and amply verified (cf. Fig. 2, Koenig and Brown,
1991). The result is vC (MHz) = 350/[molecular mass (kD)] at 25°C.
A has an implicit dependence on v,; from relaxation theory, the

productAvc should have no explicit dependence on v,. In addition, the
product of v, and A per millimole (AR) is found to be linear in
molecular weight (Hallenga and Koenig, 1976; Koenig and Brown,
1991); the relation is (cf. Fig. 4, Koenig and Brown, 1991) AR = 9.4 x

10- x [molecular mass (kD)]2. Finally, below -25% protein by
volume,A can be taken to be linear in molar concentration (cf. Koenig
et al., 1990) for noninteracting solute molecules; at higher concentra-
tions, effects of one solute molecule on the hydrodynamics of another
cannot be neglected.
The utility of the Cole-Cole description for analyzing the 1/7T'

NMRD profiles of globular protein solutions is that empirical relations
among molecular weight, vc, and AR are satisfied by at least one dozen
proteins (Koenig and Brown, 1991) ranging over almost three decades
in molecular weight; deviations from such behavior are thus indicative
of anomalies in protein conformations and interactions. The Cole-
Cole expression also provides an excellent description of the NMRD
profiles of immobilized protein (Koenig and Brown, 1987, 1991) and
tissue (Koenig et al., 1984; Koenig and Brown, 1988), even though the

profiles disperse far more slowly than do those of mobile protein. Most
of these profiles have similar functional forms (Koenig and Brown,
1991), with - 1, vc near 0.1 MHz and the inflection of the profile

rather indistinct (Koenig et al., 1984; unpublished analyses).

RESULTS AND ANALYSES

Data for cortical a-crystallin were taken for low (17 mM)
and high (167 mM) ionic strength preparations; no
differences were found. Results are reported for only
the low ionic strength samples. For a-crystallins, as in all
NMRD studies of lens proteins, the effects of concentra-
tion and temperature are reversible.

Fig. 1 shows the 1/T1 NMRD profiles of a 5% vol/vol
solution of cortical a-crystallin, the lowest protein con-
centration reported here, at three temperatures. The
closely spaced data points in the range 1-4 MHz show
little evidence of 14N peaks. The solid curves are the
Cole-Cole fits (with the 1-4-MHz data left out), with vc
values indicated by arrows. At 25°C, the value of vy =
0.26 MHz corresponds to a mean molecular weight of
1,350, assuming the solute molecules spherical (Koenig
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FIGURE 1 1IT7 NMRD profiles of 5% vol/vol calf cortical a-crystallin at 5 (A), 25 (0), and 35°C (-). The solid curves through the data points
derive from a least-squares comparison of the data, excluding the 1-4-MHz region, with the Cole-Cole expression, Eq. 1. The arrows indicate the
derived inflection points of the curves, vc (cf Table 1). The dashed curves show the profiles expected, relative to the 35°C data, if the variation with
temperature could be accounted for only by the expected variation of vc, D, and water background with viscosity. 1IT1 values at 0.01 MHz for
nuclear protein at the same concentration are indicated by large symbols.
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and Brown, 1991). The two dashed curves show the
proffles expected, relative to the 35°C data, assuming
that the observed variation of the profiles with tempera-
ture arises only from the variation of solvent viscosity.
The good agreement indicates that there is no observ-
able change in either the shape or state of association of
the solute molecules with temperature. The profiles of
nuclear a-crystallin differ only in minor details (large
symbols at 0.01 MHz), with somewhat lower values of v,
corresponding to 1,700 mean weight and a somewhat
reduced variation with temperature. All results of the
Cole-Cole analyses are given in Tables 1 and 2. Al-
though the values of the Cole-Cole parameters suggest
that, at 5% protein, a-crystallin in solution does not
behave as an ideal compact protein, nonetheless this is a
very good first-order description.

Fig. 2 shows the 1/T1 NMRD profiles, at 25°C, of
solutions of five concentrations of cortical a-crystallin.
The solid curves derive from the Cole-Cole fit. For 24%
protein, were the data point at 0.01 MHz left out, there
would be no clear inflection point; thus, the value
obtained for vc is clearly very sensitive to the accuracy of
the 0.01-MHz point. This is true for all the fits for 24%
protein, Tables 1 and 2.
The data, Fig. 2, clearly show an onset of peaks, near

2.1 and 2.9 MHz, in the range 15-20% protein. This was
previously found for lens homogenates (Beaulieu et al.,
1988, 1989) as well as for y,,-crystallin, although the
magnitudes of the a-crystallin peaks are not as large and

TALE 1 Cole-Cole parameters for cortical a.crystallln

Concentration Temperature A D p VC

% vol/vol °C s-i s-1 MHz
24 5 93 0.6 1.16 0.077

25 56 ~ 0 1.05 0.086
35 49 ~ 0 0.97 0.074

20 5 66 1.3 1.2 0.101
25 37 0.7 1.17 0.126
35 32 0.5 1.10 0.112

15 5 43 0.9 1.26 0.112
25 24 0.5 1.24 0.149
35 18 0.6 1.25 0.173

10 5 24 0.67 1.32 0.146
25 13 0.38 1.33 0.207
35 9.9 0.34 1.31 0.227

5 5 11 0.39 1.37 0.171
25 5.3 0.18 1.39 0.257
35 4.2 0.13 1.39 0.298

A (Which is a function of vc) and D, amplitudes of a low field dispersive
and a high field limiting contribution, respectively, to the nuclear
magnetic relaxation dispersion profile; (, a parameter that determines
the slope of the profile at the inflection; vc, the inflection frequency.

TABLE 2 Cole-Cole parameters for nuclear a-cryatallln

Concentration Temperature A D 3 vc

% vol/vol °C s1' s-I MHz
24 5 77 0.6 1.17 0.076

25 50 ~ 0 1.03 0.074
35 43 0 0.98 0.075

20 5 62 0.7 1.19 0.085
25 38 0.2 1.10 0.095
35 35 ~ 0 1.01 0.076

15 5 40 0.6 1.25 0.104
25 24 0.3 1.20 0.124
35 21 0.2 1.15 0.115

10 5 23 0.5 1.28 0.117
25 14 0.2 1.25 0.141
35 12 0.2 1.23 0.143

5 5 10 0.29 1.32 0.135
25 5.6 0.10 1.31 0.177
35 4.8 0.1 1.27 0.176

their onset is not as sudden as for -y,1-crystallin (Koenig
et al., 1990). Also, unlike the behavior of -y,-crystallin,
the onset of peaks is not accompanied by a marked
increase in the magnitude of the underlying monotonic
dispersions.
The data for nuclear a-crystallin are not substantively

different from those of the cortical protein, although
there is a tendency for the interactions to be somewhat
greater (see below) for nuclear than for cortical protein,
particularly at concentrations above those at which the
peaks appear. The measured rates at 0.01 MHz are
shown in large symbols in Fig. 2.

In the absence of a concentration-dependent oligomer-
ization of the protein, vc would be independent of
concentration at the three lower concentrations (Fig. 2)
and decrease somewhat at the higher values because of
hydrodynamic effects. This is quantitated in Fig. 3, which
shows profiles for nuclear a-crystallin solutions analo-
gous to the cortical data (Fig. 2) but at 35°C. As in Fig. 1,
the dashed curves were generated from a profile with
ostensibly the least association (5% protein) to indicate
the profiles expected if (other than the direct effects of
concentration) only the relatively small concentration-
dependent hydrodynamic corrections to v, were ade-
quate to explain the variation of the profiles, as was done
in the earlier study of -y11-crystallin (Koenig et al., 1990).)
The results show that, below the concentration for which
the "4N peaks appear, this procedure slightly underesti-
mates the magnitudes of the observed profiles, whereas,
at higher concentrations, the procedure significantly
overestimates A; at 24% protein, the discrepancy is
almost a factor of two. It is as though the onset of 14N
peaks is accompanied by a (reversible) change of the
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FIGURE 2 l/T1 NMRD profiles of calf cortical a-crystallin, at 25°C, for 24 (0), 20 (0), 15 (A), 10 (A), and 5% (U), vol/vol. The solid curves
through the data points derive from a least-squares comparison of the data, excluding the 1-4-MHz region, with the Cole-Cole expression, Eq. 1.
The arrows indicate the derived inflection points of the curves, v, (Table 1). lIT1 values at 0.01 MHz for nuclear protein are indicated by large
symbols.

relaxation processes that generate the monotonic back-
ground. Accompanying this change is a decrease in the
value of ,B (Tables 1 and 2; see below).

Fig. 4 is analogous to Fig. 1, except that the a-crystal-
lin concentration is 24%, the highest used. Two aspects
of the a-crystallin data in Fig. 4 differ from the results
for 5% protein: (a) the dispersion appears much broader
(even on a logarithmic plot), expressed in the tables for
both cortical and nuclear protein by 10 1; and (b) the
three values for vc are about equal, with no correlation
with temperature. Indeed, the low value of c is about
that of most tissues and their model systems, for which
the relaxation mechanisms, particularly magnetization
transfer, differ in a substantive way from those of
solutions of rotationally mobile protein (Koenig and
Brown, 1991).

Fig. 5 shows an expansion of the 0.5-4-MHz region of
the data of Fig. 4 after (a somewhat imperfect) subtrac-
tion of the monotonic backgrounds. Although the spec-
tra are similar in form and magnitude above - 1.5 MHz
at the three temperatures, there is structure at lower
fields, including a peak near 1.25 MHz, that is most
prominent at the lowest temperature. These results also
imply, as do the data of Fig. 4, that the conformation of

a-crystallin (or distribution of conformers) at high con-

centration is temperature sensitive. Interestingly, the
5°C spectrum in Fig. 5 is much like those for 'Y11-
crystallin, with a prominent peak near 1.2 MHz (Koenig
et al., 1990), whereas the 35°C spectrum (at least for the
two main higher field peaks) is much like those of the
calf lens homogenate (Beaulieu et al., 1989). A major
difference is the near absence of a difference peak near

0.6 MHz (Koenig, 1988) in the present 35°C data, a peak
that is strong and isolated in the lens homogenate, and
one of a broad grouping in -y,1-crystallin.

Fig. 6 shows the magnitude of the major 2.8-MHz
peak as a function of protein concentration for six
crystallin preparations at 25°C, including data for chicken
lens homogenate, for which the secondary structure is
mostly a-helical, in contrast to calf lens crystallins, which
are predominantly 3-sheet. The present data are shown
in solid symbols, and analogous data for calf lens
homogenate are in corresponding open symbols. The
major point to emphasize is that, for all preparations
reported to date, the onset of '4N peaks is rather abrupt,
their presence becoming distinct above 17% protein.
The peak magnitudes are consistently greater for the
calf nuclear than for the cortical homogenates, but more
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FIGURE 3 l/T1 NMRD profiles of calf nuclear a-crystallin, at 35°C, for 24 (0), 20 (0), 15 (A), 10 (A), and 5% (U), vol/vol. The solid curves
through the data points derive from a least-squares comparison of the data, excluding the 1-4-MHz region, with the Cole-Cole expression, Eq. 1.
The dashed curves show the profiles expected, relative to the 5% data, if only concentration-dependent hydrodynamic effects on v, are considered.

data would be necessary to discern other systematic
variations.

Fig. 7 shows a comparison of the 1/T1 profiles of
a-crystallin (from Fig. 3) and -y,,-crystallin at 35°C for
pairs of samples with concentrations ranging from 10 to
24%. Several phenomena are apparent: a much lower
molecular weight of solute y,,-crystallin at 10% protein
(as estimated from the values of va); its rapid oligomeriza-
tion; the onset of 14N peaks, slightly different for the two
crystallins at this temperature; and the near equivalence
of the profiles of both crystallins near 24% protein.

DISCUSSION

Conclusion from x-crystallin NMRD
profiles
The major findings here are best summarized by refer-
ence to Figs. 2, 3, and 6, which show that the nature of
the solute a-crystallin entities changes significantly with
protein concentration; the solute particles go from
rotationally mobile, relatively unassociated, molecules
below 15% protein to a rapidly increasing fraction of
rotationally restricted forms at higher concentrations.
Similar behavior, with transitions near 15% protein, was

previously reported for calf -y,,-crystallin and lens ho-
mogenates and for concentrated chicken lens homoge-
nates (which have notably different secondary struc-
tures), indicating a general property of crystallins, one

relatively insensitive to solvent composition. (No indica-
tion of these changes was observed in earlier studies of
a- and -y-crystallin [Liang and Chakrabarti, 1982; Siezen
and Bindels, 1982; Kono et al., 1990], presumably
because of lower protein concentrations and less-
sensitive techniques.) It was noted at the time (Koenig et
al., 1990) that transition occurs at the solids concentra-
tion of blood and most tissues, and it was argued that the
rapid association of lens proteins above 15% vol/vol,
which reduces the number density of solute molecules,
relates to the need to minimize differentials of osmotic
pressure between lens and its surroundings and within
the lens itself. Evolutionary pressures for lens transpar-
ency have left lens cells without adequate metabolic
apparatus to overcome osmotic problems by active
pumping; hence the unusual protein-protein interac-
tions of crystallins as a class. This point will not be
elaborated further. Rather, what follows are arguments
that reinforce the foregoing interpretation of the present
data.
These conclusions regarding low and high concentra-
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FIGURE4 l/T1 NMRD profiles of calf 24% vol/vol cortical a-crystallin at 5 (A), 25 (0), and 35°C (-). The solid curves through the data points
derive from a least-squares comparison of the data, excluding the 1-4-MHz region, with the Cole-Cole expression, Eq. 1. The arrows indicate the
derived inflection points of the curves, vc (cf. Table 1).

tion forms of solute a-crystallin are considerably strength-
ened on comparison with a wide range of results, many
only recently brought together (Koenig and Brown,
1991). Thus, below - 15% protein, the values of A, vc,
and ,B (Tables 1 and 2) are sufficiently like those of a

wide variety of other proteins with known structures to
justify the conclusion that solute cortical and nuclear
a-crystallins are well-behaved compact proteins. Their
rotational relaxation times correspond to those of spher-
ical proteins of 1,350 and 1,700 kD for the cortical and
nuclear preparations, respectively. Moreover, the fact
that the relaxation rates in this regime (Fig. 3) increase
somewhat faster with concentration than expected shows
increasing association with increasing concentration.
But these are relatively small effects. However, above
- 15% protein, the profiles (Figs. 2 and 3) change in
several subtle ways, ostensibly reflecting profound
changes in the rotational mobility of the solute mole-
cules. First, rather than the rates increasing rapidly with
increasing concentration, they would appear to increase
more slowly. Second, , (which measures the slopes of
the profiles) decreases rather dramatically, stretching
out the dispersive region of the profiles (note that the
horizontal scale is logarithmic) and altering their func-
tional forms to those found for immobilized protein and

tissue (Koenig and Brown, 1991). In our view, this
corresponds to a significant slowing of the rotational
relaxation of the protein solute, as well as an alteration
in the pathways for relaxation, as we now argue. More-
over, these results have implications for understanding
contrast in magnetic resonance imaging (MRI).

Associated with the growth of MRI as a diagnostic
tool for clinical medicine has been research on the
extent of transfer of magnetization between mobile
water and macromolecular protons in tissue (Wolff and
Balaban, 1989; Grad et al., 1991) and in what turn out to
be excellent model systems: solutions of rotationally
immobilized protein (Bryant et al., 1991; Koenig and
Brown, 1991). The general results are (a) for solutions of
proteins >5 x 10' kD, whether rotationally mobile or

immobile, magnetization transfer dominates the 1T1
NMRD profiles; (b) for mobile proteins, < 104 kD,
relaxation of the protein protons can be described by
liquid-state theory (motional narrowing), and relaxation
of the transfered magnetization involves only a surface
layer of the protein 5 A deep; and (c) for immobilized

protein (e.g., heat-denatured [Beaulieu et al., 1989],
cross-linked [Bryant et al., 1991], bound in cells [Koenig
and Brown, 1987], and in tissues generally [Koenig and
Brown, 1991]), relaxation of the protein protons re-
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FIGURE 5 The structured regions of Fig. 4, expanded, after subtrac-
tion of the monotonic backgrounds, at 5 (A), 25 (0), and 35°C (0), to
illustrate the temperature dependence of the spectral features.

quires solid-state mechanisms for an appropriate descrip-
tion, which involves transfer and diffusion of magnetiza-
tion to relaxation sinks deep within the macromolecules.
As a result, the form of the profiles changes, as does the
temperature dependence. In addition (and this has not
been remarked on earlier), the high field value of the
ratio T1IT2 increases dramatically for tissue (cf. Koenig
and Brown, 1988) and model systems (Koenig and
Brown, unpublished), compared with the predictable
behavior of solutions of mobile proteins (cf. Koenig and
Brown, 1987). And to further reinforce the circumstan-
tial arguments, Beaulieu (1989) reports anomalously
large values of T11T2 for undiluted calf lens homoge-
nates.

Such a transition, from liquid- to solid-like behavior of
solute protein, should occur when the rotational correla-
tion time for the magnetic dipolar interaction between
neighboring macromolecular protons (-105 s-1) be-
comes comparable to the Larmor precession frequency
of a proton in the magnetic field produced by its
neighbor. One can readily estimate 50,000 kD as an

approximate boundary between the two regimes, assum-

ing the proteins spherical. We emphasize that this
transition in the nature of the relaxation dynamics of
solute proteins is inferred from the NMRD profiles of
solvent protons, made apparent through magnetization
transfer at the protein-water interface. It is only recently
that details of the mechanisms involved have been
outlined (Koenig and Brown, 1991).
The present findings for the concentration depen-

FIGURE 6 The magnitudes of the 2.8-MHz "4N peaks at 25°C, as a
function of protein concentration, for calf nuclear (U) and cortical
(0) a-crystallin from the present work; calf y,,-crystallin (V) from
Koenig et al. (1990); calf nuclear (El) and cortical (0) homogenates
from Beaulieu et al. (1988, 1989); and chicken homogenates (x) from
Beaulieu et al. (1989) to illustrate the rather abrupt appearance of the
peaks near 17% protein vol/vol in all systems studied. The solid and
dashed curves are included as visual guides.

dence of 1/T1 in solutions of calf a-crystallin, quite
similar in all aspects to the behavior of lens homoge-
nates (Beaulieu et al., 1989), mimic the transition from
solution to tissue behavior; i.e., they are consistent with
a reversible mobile-to-immobile transition, concomitant
with the appearance of "4N peaks. The solute entities
change from being near 1,000 kD (approximately within
a factor of two) at low concentrations (below 15%
vol/vol) to solute entities that are solid state-like, from
the view of macromolecular protons, i.e., to protein
aggregates (assuming sphericity) with molecule weight
>50,000, corresponding to a structural scale of 500 A.

At this stage, we have no way of determining an upper
limit to the size of these entities, or even of inferring
their shape, except to note that an order of magnitude
increase in even a single linear dimension would pro-

duce significant light scattering, which is not observed.
The foregoing is consistent with recent work of

Morgan et al. (1989), who report two types of "3C high
resolution NMR measurements of the protein of bovine
lens homogenates. One, that of off-resonance relax-
ation, is sensitive to the presence of a liquid-like phase;
the other, involving carbon-proton interactions, is sensi-
tive to any solid-like phase. They give 35,000 kD as the
boundary between their liquid- and solid-like phases,
quite in accord with our mobile-to-immobile boundary
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FIGURE 7 Comparison of the lI/T NMRD profiles of calf y,,-crystallin (dashed curves) (Koenig et al., 1990) and cortical a-crystallin (data points)
at 35°C (from Fig. 3), for pairs of samples with comparable concentrations. The solid curves are Cole-Cole fits to the a-crystallin data, whereas the
dashed curves essentially interconnect the published -y,,-crystallin data points. For y,,-crystallin, the actual protein concentrations were, from the
top, 24.4, 21, 16, and 9.5% vol/vol; for a-crystallin, they were as labeled.

of - 50,000 kD. From quantitation of the resonances of
the mobile phase, they infer (but cannot characterize)
the presence of an immobilized component in their
(high concentration) homogenate. From their measure-
ments of the solid phase, they find comparable amounts
of material in the two phases (within a factor of two),
with a dependence both on temperature and source of
protein (cortical or nuclear). It is gratifying that infer-
ences drawn from the relaxation behavior of "3C nuclei
within solute crystallins can be related to the nature of
the NMRD profiles of solvent protons, even when the
details of the mechanisms of interfacial transfer of
magnetization are not yet understood.

Comparison with y,,-crystallin
A cursory summary of earlier conclusions for y11-

crystallin, based on NMRD results (Koenig et al., 1990),
is that the - 20-kD monomer oligomerizes with increas-
ing concentration: at 350C, the effective molecular mass

increases from -30 kD at 3% protein to -300 kD
(approaching the size of a-crystallins) at 15% protein.
This was offered as an explanation of the unusual
behavior of the osmotic pressure if -y,-crystallin as a

function of concentration (cf. Fig. 1 of Veretout and
Tardieu, 1989): its variation is concave downward with
increasing concentration, consistent with the number
density of solute molecules changing more slowly than
the volume fraction. The contrast of the ly11-crystallin
profiles with those of a-crystallin is shown in Fig. 7.
Compared with a-crystallin, -y,,-crystallin below 15%
protein oligomerizes dramatically. At higher concentra-
tions, both crystallins exhibit the behavior evidenced by
the appearance of '4N peaks. Near 24% protein, the
NMRD profiles of both crystallins are very similar,
indicating that the large solute entities, whether a-crys-

tallin or y1l-crystallin, are close to identical in size and
shape distributions, including their contribution to mag-
netization transfer, which, it should be emphasized,
depends on the total area of the protein-water interface.
Remarkably, the curves that describe the variation of
osmotic pressure of a-crystallin and (mixed) y-crystallin
with concentration (Fig. 1, Veretout and Tardieu, 1989)
cross at 23% vol/vol protein. At higher concentra-
tions, it would appear (both from the osmotic behavior
and extrapolation of the NMRD data) that -y11-crystallin
solute entities become larger than the a-crystallin aggre-
gates.
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Note added in proof: We have only recently come upon a report of light
scattering from solutions of a-crystallin at high concentrations (An-
dries, C., and J. Clauwaert. 1985. Biophys. J. 47:591-605), in which the
authors demonstrate the reversible formation of large solute clusters
containing -10 molecules of a-crystallin, corresponding to - 750,000
kD. The implications of this for the present work will be considered at
a later date; we only note that the amplitudes of both light scattering
and NMRD profiles are proportional to molecular weight.
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