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ABSTRACT: The motional dynamics of lens cytoplasmic proteins present in calf lens homogenates were
investigated by two 13C nuclear magnetic resonance (NMR) techniques sensitive to molecular motion to
further define the organizational differences between the cortex and nucleus. For the study of intermediate
(mobile) protein rotational reorientation motion time scales [rotational correlation time (rg) range of 1-500
ns], we employed !*C off-resonance rotating frame spin-lattice relaxation, whereas for the study of slow
(solidlike) motions (79 = 10 us) we used the solid-state NMR techniques of dipolar decoupling and
cross-polarization. The frequency dependence of the peptide bond carbonyl off-resonance rotating frame
spectral intensity ratio of the lens proteins present in native calf nuclear homogenate (42% protein) at 35
°C indicates the presence of a polydisperse mobile protein fraction with a 74 ¢ (mean) value of 57 ns. This
mean value is consistent with the average value calculated from the known water-soluble nuclear lens protein
polydispersity assuming a cytoplasmic viscosity 3 times that of pure water. Lowering the temperature to
1 °C, a temperature which produces the cold cataract, results in an overall decrease in 7 to 43 ns, suggesting
a selective removal of By-, LM-, and possibly ys-crystallins from the mobile lens protein population. The
presence of solidlike or motionally restricted protein species was established by dipolar decoupling and
cross-polarization. The fraction of motionally restricted protein in the nuclear region varied from 0.35 to
0.45 in the temperature range of 35-1 °C. For native cortical homogenate (25% protein), the off-resonances
rotating frame spectral intensity ratio frequency-dependent curves for the protein carbonyl resonance yielded
ot Values of 34 and 80 ns at 35 and 1 °C, respectively. Both values were reconciled with the known lens
cortex soluble protein polydispersity using an assumed cytoplasmic viscosity 1.5 times that of pure water
at the same temperature. Comparison of proton dipolar-decoupled and nondecoupled !3C NMR spectra
of native cortical homogenate at 20 °C indicates the absence of significant contributions from slowly tumbling,
motionally restricted species. This interpretation was confirmed by the failure to detect significant lens
protein '*C—'H cross-polarization at this temperature. However, at 1 °C, the fraction of solidlike protein
was 0.15. Concentrated cortical homogenates at 20 °C (42% protein), by contrast, gave cross-polarization
spectra with maximum absolute signal intensities 50-70% of native nuclear homogenates, but with similar
magnetization parameters. These studies establish the presence of both mobile and solidlike protein phases
in calf lens nuclear homogenate, whereas for the native cortical homogenate, within the detection limits
of NMR, the protein phase is mobile, except at low temperature where a small fraction of solidlike protein
phase is present.
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’]?he molecular basis of lens transparency is ultimately de-
pendent upon the spatial order of the high concentrated cy-
toplasmic proteins, the a-, 8-, and y-crystallins. Lens opa-
cification, the medical condition of cataract, occurs following
loss of this order, concomitant with the occurrence of enhanced
light scattering. For the lens cortex, Delaye and Tardieu
(1983) have argued that transparency is dependent upon
short-range spatial order established by the high packing
density of the constituent cytoplasmic proteins.

In this study, the motional dynamics of the cytoplasmic lens
proteins are investigated by the use of two nuclear magentic
resonance (NMR)! techniques sensitive to molecular motion
to further define the organizational differences between the
cortex, the outer portion of the lens, and the more inert central
nuclear region. The cortex consists of cells that are the product
of the differentiation of the epithelial cells which cover the
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anterior lens face. These cells elongate to form successive
cellular lamellae throughout life. They are metabolically active
and exhibit active protein synthesis. With time, they lose their
nuclei and most organelles, and are displaced inward. With
inward displacement, a number of alterations occur to form
the nuclear region.

The rationale for this investigation is based on the consid-
erable evidence for organizational differences in these two lens
regions. For example, the three-dimensional architecture of
the cytoplasmic matrix as visualized by high-voltage electron
microscopy suggests a more ordered molecular organization
in the nucleus (Farnsworth et al., 1980); the nucleus is sig-
nificantly dehydrated (Philipson & Fagerholm, 1973; McEwan
& Farnsworth, 1987); water diffusion is 2-3 times slower in
the nucleus than in the cortex (Neville et al., 1974; Haner et

! Abbreviations: NMR, nuclear magnetic resonance; QELS, quasi-
elastic light scattering; CP, cross-polarization; CP/MASS, cross-polar-
ization/magic angle sample spinning; FID, free induction decay; RF,
radiofrequency; CSA, chemical shift anisotropy; NMRD, nuclear mag-
netic resonance dispersion; Me, methyl.
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al., 1989); resistivity, which is dependent in part on ion mo-
bility, is greater in the nucleus by at least a factor of 2
(McEwan & Farnsworth, 1987); protein concentration in-
creases as nuclear fibers form (Philipson & Fagerholm, 1973);
with time, a progressive conversion of the soluble protein
fraction to an insoluble form occurs in the nucleus (Zigler &
Goosey, 1981); finally, the proteins synthesized during de-
velopment of the lens are different in composition than those
synthesized in the adult (Carper et al., 1985), and, therefore,
the initial composition of the central region of the nucleus is
different from the adult cortex.

In this investigation, we employ two NMR techniques for
the study of intermediate [correlation time (7) of 107-1076
s] and slow (74 > 107 s) protein molecular motion time scales
in lens homogenates: '3C rotating frame spin-lattice relaxation
in the presence of an off-resonance radio-frequency field
(James et al., 1977, 1978, 1979) is employed for the detection
of mobile macromolecular species, and the presence of solidlike
structural elements is detected by the solid-state double-res-
onance NMR techniques of dipolar decoupling and cross-po-
larization [for reviews, see Yannoni (1982) and Lyerla et al.
(1982)].

The NMR techniques utilized in this study of lens protein
motional dynamics offer information complementary to that
afforded by QELS applied previously to the lens. Both
techniques are sensitive to molecular motion. QELS yields
a correlation time(s) from which a translational mutual dif-
fusion coefficient is calculated. The off-resonance rotating
frame relaxation technique, by contrast, provides a rotational
correlation time. Solid-state NMR techniques furnish evidence
for the occurrence of slow solidlike (74 > 1075 s) molecular
motions.

The NMR studies presented in this paper provide evidence
for the occurrence in lens nuclear homogenates of an iso-
tropically mobile phase of protein and a solidlike phase,
possibly a gel, whereas for cortical homogenate, essentially all
of the lens protein behaves as an isotropically mobile phase
at physiologically relevant temperatures.

THEORY

The theoretical formalism relating the off-resonance rotating
frame spin-lattice relaxation time (77,°T) to molecular motion
has been described by James and co-workers (James et al.,
1977, 1978, 1979; Schleich et al., 1989). The pulse sequence
consists of the application of a low-power off-resonance '*C
radio-frequency field for a time period of no less than 3 times
the spin-lattice relaxation time (7) followed by a 90° 13C
observe pulse to assess the steady-state magnetization estab-
lished along the effective field (B.y). The effective magne-
tization (M) is given by M = M T,/ T\, where M, is
the thermal equilibrium magnetization along B,. The ratio
(R) of the 13C signal intensity in the presence of an off-res-
onance field to the intensity obtained in the absence of the field
is given by Mg/ M, (=T,°%/T)). This spectral intensity ratio
is related to the correlation time for rotational tumbling (7q)
by means of appropriate spectral density functions (James et
al., 1978; James, 1984; Schleich et al., 1989). Plots of R vs
7o at different values of the off-resonance frequency and the
frequency dependence (dispersion) of R with the Larmor
precessional frequency in the effective magnetic field, w,, for
different values of 74, assuming a monodisperse isotropically
tumbling population of particles, have been previously pres-
ented (Schleich et al., 1989). In the original formalism de-
veloped by James and co-workers, only contributions from
dipolar relaxation were assumed to occur, as was monodis-
persity of the spherical tumbling particles. Because the present
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experiments were conducted at a much higher B, value (7.05
T), we have extended the formalism to include relaxation
contributions from chemical shift anisotropy and the effects
of polydisperse mixtures (Schleich et al., 1989).

For solidlike materials (7, = 1073 s), the magnetic dipole—
dipole interactions do not motionally average to zero, and the
dominant source of line broadening in a *C NMR spectrum
arises from protons located in the immediate vicinity of the
BC nucleus [for a review, see Yannoni (1982)]. These nearby
protons generate a substantial local magnetic field (B,H) which
either adds or subtracts to the external field By, thus causing
significant upfield or downfield chemical shift changes in the
I3C resonance frequency resulting in very broad (kilohertz)
resonant line widths, too broad for detection. Two different
approaches to achieve resonance signal narrowing are utilized
in this study. The first is the application of a high-power
proton decoupling field such that yyByy/27 3> Avyy (vB,/27
=~ 30-60 kHz), i.e., dipolar decoupling, resulting in the removal
of the static 13C—'H dipolar interaction (Bloch, 1958; Pines
et al., 1973; Gerstein & Dybowski, 1985), which contributes
in part to the broad spectral line shapes observed for solidlike
samples. The second method, cross-polarization of magne-
tization under Hartmann—Hahn (1962) match conditions from
abundant proton spins to rare *C spins (Pines et al., 1973;
Gerstein & Dybowski, 1985), results in a proton-enhanced 1*C
resonance signal only from those *C and 'H spins which have
a nonvanishing static dipolar interaction, i.e., from motionally
restricted (solidlike, 7, = 107° s) molecular species.

Thus, the application of a scalar decoupling irradiation field
(vuBam/27 ~ 3 kHz) permits detection of isotropically mobile
species; the dipolar decoupled spectrum [irradiation field
strengths of at least 8—10 G (34-43 kHz)] contains resonances
from both motionally narrowed and motionally restricted
species, whereas the cross-polarization spectrum (obtained in
the presence of dipolar decoupling) only contains contributions
from motionally restricted species. Comparison of the inte-
grated spectral intensity for a dipolar-decoupled with the
corresponding scalar proton-decoupled *C spectrum permits
the assessment of the fraction of motionally restricted species
(nuclear spins) provided that the repetition time for spectral
accumulation is sufficiently long to allow the z magnetization
of both the mobile and solidlike species to recover their thermal
equilibrium values and that significant nuclear Overhauser
effects are absent. The latter assumption is realistic given the
correlation times of the lens proteins. In addition, chemical
shift anisotropy of the carbonyl carbon and static dipolar
BBC-1“N coupling lead to resonance line broadening of mot-
ionally restricted (7, = 107 s) peptide backbone 3*C carbonyl
carbons (Torchia & VanderHart, 1979). The former can be
removed by magic angle spinning, a technique not employed
in this study.

The increase of spectral intensity in a CP experiment is
governed by the cross-polarization transfer rate (Tis™!) which
in turn is dependent upon the second moment of the IS (13C-
'H) dipolar interaction (Demco et al., 1975; Gerstein & Dy-
bowski, 1985). In the absence of interactions other than di-
polar, the second moment is proportional to rig®. The decay
of carbon polarization mirrors the decline in proton magne-
tization which is governed by 7,('H) in the CP experiment
(Schaefer et al., 1977; Gerstein & Dybowski, 1985). The
intensity of a CP spectral band is dependent primarily on the
spin—lattice relaxation time of the protons in the rotating frame
[T,,('H)] and the cross-polarization transfer time (7¢y). Both
T,,("H) and T¢y are dependent upon molecular motion.
Optimum CP signal intensity is attained when 7,('H) > CP
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contact time > Tcy. Thus, changes in molecular dynamics
are reflected in altered CP spectral intensities.

The magnetization transfer kinetic parameters governing
polarization transfer between 'H and 13C nuclei can be ob-
tained by varying the CP contact time. Magnetization transfer
theory is well worked out (Mehring, 1983). Difficulties as-
sociated with the determination of kinetic parameters from
variable CP contact time data have been noted (Earl et al.,
1987; Alemany et al., 1983).

This magnetic resonance strategy, utilizing solid-state
techniques, is very similar to that employed by Sutherland et
al., (1979) for the successful study of hemoglobin S gelation
in concentrated protein solutions and the intact red blood cell.

EXPERIMENTAL PROCEDURES

Nuclear Magnetic Resonance Measurements. All mea-
surements were made at 7.05 T using a General Electric
GN-300 spectrometer equipped with a broad-band decoupler
and Chemagnetics accessories to permit high-power *C-'H
double-resonance experiments. The T,,° experiment was
performed using a 20-mm broad-band probe as previously
described (James et al., 1978; Schleich et al., 1989). The
broad-band decoupler was used to provide the off-resonance
B, field. Calibration of the off-resonance B, field was achieved
by determining the nutational frequency of the broad-band
decoupler output at a given power level on a standard sample.
The standard sample contained 2% (w/v) 1-13C-enriched so-
dium acetate (99 atom %) adjusted to the appropriate ionic
strength with NaCl and ca. 35 uM MnCl, to reduce the
carbonyl 13C T, to ~6.5 s. The probe tune varied somewhat
from the standard to the sample of interest but could be
compensated for with slight adjustment of the tune capacitor.
The coil quality factor (“Q”) did not change significantly upon
replacing the standard with the sample. In most experiments,
the '3C off-resonance field strength was ca. 0.5 G; off-reso-
nance frequencies ranged from 2 to 36 kHz from the carbonyl
resonance. All off-resonance rotating frame spectra were
referenced against a control spectrum acquired at a resonance
offset of 200 kHz. Typically, spectra were taken with sweep
widths of £15 kHz and 4K data points. Quadrature phase
detection and phase cycling to remove base-line artifacts were
used. Between acquisitions, the off-resonance field was con-
tinuously applied for approximately 3T, (8-18 s) of the protein
carbonyl resonance. Sample temperature was regulated to
within £0.5 °C of the desired value.

Three kinds of '*C-'H double-resonance experiments were
performed: dipolar-decoupled, scalar-decoupled, and proton-
enhanced cross-polarization. Initial experiments utilized a
Chemagnetics Double Resonance CP/MASS probe which was
used without sample spinning. Glass NMR sample tubes
(8-mm o.d.) were employed for these measurements. The
sample temperature was maintained within &1 °C of the
desired value. For the dipolar-decoupled experiments and
subsequent CP experiments, a '3C-'H double-resonance
high-power probe was constructed. A modified design (R.
Wittebort, personal communication) similar to that devised
by Jiang et al. (1987) was adapted for use at 7.05 T. A GE
GN-300 blank probe body was modified to allow for instal-
lation of high-power RF circuitry. Components were chosen
for minimal losses at high power levels. The 75.45- and
300.1-MHz leads were made of low-loss, semirigid coaxial
tubing (0.25-in. diameter) (Precision Tubes) and matched
connectors (Omnispectra). The A/4 filter on the high-fre-
quency side of the coil utilized air-articulated, semirigid coaxial
tubing (0.5-in. diameter) (Precision Tubes). Variable capa-
citors were of nonmagnetic design (Voltronics), while the
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fixed-chip capacitors employed were designed for low losses
at high frequencies and voltages (American Technical Ce-
ramics).

The uppermost portion of the probe consisted of a sample
chamber contained within a glass dewar which allowed sample
temperature regulation within £1.0 °C using the standard
GN-300 variable-temperature controller unit; 12-mm glass
NMR sample tubes were used.

For a 10 mm long, 12-mm diameter solenoidal coil, a 10-us
13C 90° pulse width was obtained at a power input of 200 W
with a sample of adamantane. Coil “Q’s” were determined
on a loaded coil (adamantane) at room temperature: Q('*C)
= 190; Q('H) = 470.

The dipolar-decoupled and scalar-decoupled experiments
consisted of a 7—-90° pulse sequence. High- (dipolar decoupled)
and low- (scalar decoupled) level 'H irradiation during ac-
quisition of the FID was employed. A 13C 45° tipping pulse
(5 us), a sweep width of £20 kHz (quadrature phase detec-
tion), 2K data points (acquisition time = 25.6 ms), and a
4.025-s repetition time were used. An 8-G (v,B,/2x = 34
kHz) 'H irradiation field was applied during the acquisition
of the 13C FID (dipolar decoupling) whereas an 0.8-G
(v:B,/27 = 3.4 kHz) irradiation field was employed for scalar
decoupling. '>C spin—lattice relaxation times were estimated
for the cross-polarizable material in nuclear homogenate
samples by using the T1CP method of Torchia (1978). The
inversion recovery method was used to estimate 3C T, values
for the mobile protein species following procedures previously
described (Matson et al., 1984),

Cross-polarization spectra were obtained by establishing the
Hartmann-Hahn condition (y,B; = v,B,) on a sample of
adamantane. The proton and carbon channels were carefully
tuned to maximize and minimize the forward and reflected
power, respectively. The 1>C transmitter power was varied at
fixed 'H irradiation power until the best match was obtained
as manifested by a maximum in the CP spectral intensity. This
was followed by optimization of the 90° 'H preparation pulse
duration. Typical match conditions were the following: 13C,
500 W, B, = 33.4 G; 'H, 400 W, B, = 8.4 G. Alternation
of the proton spin temperature was used to suppress unwanted
signal intensity (Stejskal & Schaefer, 1975). Data were
collected with a 180° phase shift after each scan. More recent
CP experiments employed phase cycling after every second
scan with superior artifact suppression (Stejskal & Schaeffer,
1975). Contact times varied from 7.5 us to 3 ms, and a
repetition time of 2 s was used. No delay to permit dipolar
dephasing was imposed between the termination of the contact
period and the start of the acquisition of the dipolar-decoupled
BC FID. The proton channel tune and match were optimized
to each experimental sample.

Spectra were calibrated by using the chemical shifts of
adamantane (Earl & VanderHart, 1982). Methyl, «, 8, and
carbonyl carbon band assignments follow those presented for
elastin from intact calf ligamentum nuchae fibers (Torchia
& VanderHart, 1979).

Data Analysis. Off-resonance rotating frame relaxation
spectra were analyzed by determining the carbonyl resonance
band intensity using the GE NMR GEM software integration
routine. The spectral band intensities at each offset were then
divided by the reference area obtained far off-resonance to
yield an intensity ratio. The intensity ratios from the dispersion
data were then fit to relaxation models (Schleich et al., 1989)
by using nonlinear least-squared methods (Daniel & Wood,
1980) to obtain mean values of the rotational correlation time
(To.eft)-
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Line-shape deconvolution using the GE NMR GEMCAP
routine was employed to obtain relative resonance band areas
in the case of overlapping resonances. Typically, three of four
bands were fit to the CP aliphatic signal from lens homo-
genates and gel samples. The fits were constructed with lines
consisting of 70% Gaussian and 30% Lorentzian character.
In each case, the RMS error was minimized.

The spectral data obtained from variable CP contact time
experiments were fit to eq 1 to obtain magnetic cross-polar-
ization kinetic transfer parameters (Earl et al., 1987) where

exp[~te/ T1,('"H)] - exp(te/ Tcw)

= H, 1)
° 1 - Teu/ Ty, ('H)

H is the observed signal intensity, Hy is the theoretical max-
imum signal intensity in the absence of T,,('H) relaxation,
t. is the CP contact time, and Ty is the cross-polarization
transfer time between 'H and 3C. The fitting was performed
by using nonlinear least-squares methods (Daniel & Wood,
1980).

Lens Homogenates. Calf lens material was prepared from
calf eyes obtained from a nearby slaughterhouse. Lenses were
removed under sterile conditions by way of a 270° incision on
the anterior portion of the globe circumscribing the iris.
Concomitant with slight pressure on the globe, a small nick
was made in the lens capsule resulting in lens expulsion and
decapsulation. The lenses were cooled to visualize the nu-
clear—cortical boundary, which was followed by dissection to
separate the two lens components.

Cortical homogenates were prepared with a glass hand-
operated tissue homogenizer at ice bath temperature. The
homogenate was centrifuged at 8000g and 4 °C for 2 h. The
less dense upper layer was discarded. The nuclear material
was homogenized with a motorized Teflon ball tissue homo-
genizer at ice bath temperature. No time-dependent changes
in the NMR behavior of either homogenate preparation were
observed.

The protein concentration of cortical and nuclear homo-
genate samples was varied by dehydration and dilution, re-
spectively. Cortical homogenate was concentrated by using
a vacuum centrifuge (Sorval Spin-vac) to 42% protein relative
to the native value of 25%. Nuclear homogenates were diluted
with distilled water to 22% and 31% protein compared to the
42% native value. Protein concentration was determined by
oven drying to constant weight and assuming dry weight to
be due entirely to protein.

Polyacrylamide Gels. The synthesis of polyacrylamide gels
followed published methods (Tanaka, 1978). After a 1-h
curing period, the gels were removed from the glass tubes and
placed in a deoxygenated water “stop” bath for 4 h. The gels
were then soaked in distilled water with at least three changes
over 24 h to remove any unreacted monomer. Soak baths were
at least 10 times the volume of the gel. Gels were stored in
H,0 at 4 °C.

RESULTS

Nuclear Homogenate. The off-resonance rotating frame
spin-lattice relaxation spectral intensity ratio frequency-de-
pendent (dispersion) curves for the carbonyl resonances of
native nuclear homogenate lens proteins (42% protein) at 35
and 1 °C are shown in Figure 1. Preliminary '*C 7| mea-
surements indicate a maximum value of ca. 6 s for the carbonyl
carbon of proteins present in lens homogenates under the
conditions employed in this study. The fitted curves, using
a monodisperse, isotropically tumbling protein system model
[dashed (74 = 57 ns) and solid (¢ = 43 ns) lines], do not
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FIGURE 1: Carbonyl 1*C intensity ratio (R) vs w, plots for calf lens
nuclear homogenate proteins at 35 °C (0) and 1 °C (@®). The latter
temperature induces a phase transition resulting in a “cold cataract”,
characterized by intense light scattering (opacification). The solid
and dashed lines represent the best-fit lines obtained by nonlinear
regression assuming a model of monodisperse isotropic reorientation
with 7o values of 43 and 57 ns, respectively. Spectral acquisition
parameters are noted under Experimental Procedures.
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FIGURE 2: Comparison of '*C NMR spectra of calf lens nuclear
homogenate lens proteins acquired in the presence and absence of
proton dipolar decoupling at 1 °C. (A) Scalar decoupled; (B) dipolar
decoupled. Spectral acquisition parameters are noted under Ex-
perimental Procedures. Number of accumulations = 512. A line-
broadening factor of 150 Hz was applied to the FID prior to Fourier
transformation.

quite attain the asymptotic limiting value of 1.00; values of
0.97 and 0.94 were obtained at 35 and 1 °C, respectively. This
discrepancy is most likely a manifestation of lens protein po-
lydispersity and/or the consequence of the monodisperse model
employed in the fits. In contrast to the 2.7-fold increase
expected for 7, upon reducing the temperature from 35 to 1
°C (the viscosity of pure water at each temperature was as-
sumed), the lower temperature of |1 °C, produced an overall
decrease in 7. Since this temperature supports the cold
cataract phase transition, the observed decrease undoubtedly
reflects the selective removal of higher molecular weight nu-
clear lens proteins into an NMR-invisible pool (which requires
high-power solid-state NMR techniques for spectral visuali-
zation).

In nuclear homogenates, a significant solidlike protein
fraction is indicated by an increase in 1*C resonance signal
intensity concomitant with dipolar decoupling compared to
spectra taken with scalar decoupling, i.e., without dipolar
decoupling (Figure 2). The approximate fractions (in terms
of the number of nuclear spins) of solidlike phase, i.e., dis-
playing restricted motion, are 0.35, 0.42, and 0.45 at 35, 20,
and 1 °C, respectively. Preliminary spin-lattice (7)) relaxation
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FIGURE 3: Cross-polarization '*C NMR spectra of calf lens nuclear
homogenate proteins recorded at 20 °C as a function of the cross-
polarization contact time. Spectra acquisition parameters are noted
under Experimental Procedures. Number of accumulations = 3000.
A line-broadening factor of 150 Hz was employed.
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FIGURE 4: Spectral line-shape deconvolution and resonance assign-
ments (1, C,; 2, Cg 3, C-methyl) of the aliphatic region in the
cross-polarization spectra of lens nuclear homogenate proteins shown
in Figure 4. (A) Individual component resonances; (B) calculated
spectrum; (C) experimental spectrum,

time estimations for the aliphatic carbons present in the
cross-polarizable material (solidlike) of a nuclear homogenate
indicate a maximum value of ca. 2.3 s under the temperature
conditions employed in this study, whereas the corresponding
value for the mobile fraction is ca. 2.0 s. Thus, measurements
of solidlike protein content were performed at a repetition time
of 6.025 s to minimize 7T, discrimination induced artifacts.

CP experiments performed on nuclear homogenates at 1,
20, and 32 °C confirm the existence of a solidlike phase and
provide an indication of the relative molecular dynamics of
the C,, Cg, and methyl group carbons. Figure 3 illustrates
the variation in signal intensity with varying CP contact time.
The observed rapid increase of signal intensity with lengthening
CP contact time (a maximum occurs at ca. 500 us) is indicative
of strong dipolar interactions, i.e., solidlike, between carbon
and hydrogen atoms. Continued signal growth is prevented
by the decay of proton magnetization which is governed by
T,,(*H) relaxation. The CP experiments also reveal a high
degree of rigidity in the peptide carbonyl carbon framework
(160-200 ppm) since there is significant cross-polarization of
the carbonyl carbon atom. This is noteworthy because of the
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FIGURE 5: Cross-polarization signal intensity vs cross-polarization
contact time for the C, resonance of nuclear homogenate lens proteins
at 1 °C (0), 20 °C (A), and 32 °C (O). The fitted lines are the
nonlinear least-squares fits assuming the theoretical dependence by
eq 1. Spectral acquisition parameters are noted under Experimental
Procedures. Cross-polarization magnetization transfer parameters
obtained by nonlinear regression are tabulated in Table I.
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FIGURE 6: Cross-polarization signal intensity vs cross-polarization
contact time for the Cg resonance of nuclear homogenate lens proteins
at 1 °C (0), 20 °C (a), and 32 °C (O). The fitted lines are the
nonlinear least-squares fits assuming the theoretical dependence by
eq 1. Spectral acquisition parameters are noted under Experimental
Procedures. Cross-polarization magnetization transfer parameters
obtained by nonlinear regression are tabulated in Table I.
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FIGURE 7: Cross-polarization signal intensity vs cross-polarization
contact time for the C-methyl resonance of nuclear homogenate lens
proteins at 1 °C (0), 20 °C (A), and 32 °C (). The fitted lines
are the nonlinear least-squares fits assuming the theoretical dependence
expressed by eq 1. Spectral acquisition parameters are noted under
Experimental Procedures. Cross-polarization magnetization transfer
parameters obtained by nonlinear regression are tabulated in Table

absence of directly bonded protons. CSA broadening of the
carbonyl signal makes quantification difficult. Figure 4 shows
a typical CP spectrum of the aliphatic carbon region of lens
proteins (0—100 ppm) with the fitted bands and their assign-
ments.

The variable CP contact time experiments performed at 1,
20, and 32 °C (Figures 5-7) also provide insights into the
molecular dynamics of the motionally restricted, or solidlike,
lens proteins. The CP magnetization transfer parameters are
tabulated in Table I. The protein polypeptide backbone chain
a-carbons experience a restricted solidlike environment that
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Table I: Cross-Polarization Magnetization Transfer Parameters for
Native Calf Lens Nuclear Homogenate

resonance T(°C)  Hupu (% H) T,('H) (ms)  Tey (us)
C-Me 1 89 + 4 20=£0.2 657
C-Me 20 84+ 6 1.3£0.2 71 £ 12
C-Me 32 84+ 6 1.3£0.2 70 £ 11
Cs 1 915§ 1.3£0.2 305
Cs 20 925 1.4+ 0.2 29+ 5
Cs 32 87+ 6 09 £0.1 86
C, 1 88 £S5 1.2+0.1 43+ 6
C, 20 89 £ 5 1.3£0.1 40 £ 5
Cq 32 89+ 4 1.3+£0.1 319+£4
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FIGURE 8: Carbonyl 13C intensity ratio (R) vs w, plots for calf lens
cortical homogenate protein at 35 °C () and 1 °C (@). The solid
and dashed lines represent the best-fit lines obtained by nonlinear
regression assuming a model of monodisperse isotropic reorientation
with 7. values of 34 and 80 ns, respectively. Spectral acquisition
parameters are noted under Experimental Procedures.
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is essentially unchanged over the temperature range studied
(Figure 5). Corresponding data for the side-chain §-carbons
(Figure 6) suggest that their molecular environment is also
hindered and essentially unchanged from 1 to 20 °C. How-
ever, at 32 °C, the molecular environment of the S-carbons
becomes less hindered while still exhibiting solidlike cross-
polarization characteristics. Protein methyl groups likewise
demonstrate cross-polarization (Figure 7) but experience
change in polarization transfer kinetic parameters [7¢p,
T,(*H)] upon a temperature change of 1 to 20 °C. No further
change in these parameters occurs upon increasing the tem-
perature to 32 °C.

As can be seen in Figures 5-7, the fitted lines using eq 1
do not duplicate the behavior of the data exactly. This fitting
discrepancy may reflect nuclear protein domain heterogeneity
of the solidlike phase and, hence, heterogeneity in Tl,,(lH).
However, the calculated curves are useful for semiquantita-
tively comparing overall trends.

Dilution of the nuclear homogenate from 42% protein
(native) to 31% and 22% results in a decrease of the cross-
polarization spectra intensity by ca. 70% and 85%, respectively.
Little change occurs in cross-polarization kinetic parameters
[Tcu, Ti,(*H)] as reflected in data obtained from diluted
samples vs data from the native sample taken at four different
contact times (125, 250, 500, and 750 us) (data not shown).
Simple dilution does not affect the ability of the homogenate
to display the intense light scattering associated with the cold
cataract.

Cortical Homogenate. The carbonyl spectral intensity ratio
frequency-dependent (dispersion) curves of the lens proteins
present in a cortical homogenate obtained from an off-reso-
nance rotating frame spin-lattice relaxation experiment at 35
and 1 °C are shown in Figure 8. The solid and dashed lines
indicate the fitted theoretical frequency dispersion expected
for a monodisperse collection of spherical tumbling macro-
molecules at the two temperatures with 74 ¢ times of 34 and
80 ns, respectively. As shown in Figure 8, the curves do not
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FIGURE 9: Cross-polarization '*C NMR spectrum of calf lens hom-
ogenate protein at 20 °C. (A) Cortex; (B) nucleus. The contact time
was 500 us. Number of accumulations = 8000. A line-broadening
factor of 150 Hz was applied to the FID prior to Fourier transfor-
mation. Other NMR parameters are listed under Experimental
Procedures.
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FIGURE 10: Comparison of '*C NMR spectra of calf lens cortical
homogenate proteins acquired in the presence and absence of proton
dipolar decoupling at 1 °C: (A) scalar decoupled; (B) dipolar de-
coupled. Spectral acquisition parameters are noted under Experimental
Procedures. Number of accumulations = 256. A line-broadening
factor of 150 Hz was applied to the FID prior to Fourier transfor-
mation.

quite reach the limiting value of 1.00, as was the case with
the nuclear homogenate; values of 0.96 are obtained at both
temperatures. The 2.4-fold increase in 7y which accompanies
a temperature change from 35 to 1 °C is in reasonable accord
with the theoretically expected increase of 2.7-fold due to a
decrease in temperature and an increase in temperature-in-
duced solvent viscosity.

Cross-polarization NMR experiments performed on native
cortical homogenate at 20 °C using the same spectral ac-
quisition parameters employed for nuclear homogenate failed
to yield significant CP signal intensity (Figure 9); for com-
parison, the corresponding nuclear homogenate CP spectrum
is shown in Figure 9. However, 1*C NMR spectra of the
proteins present in native cortical homogenate obtained in the
presence of dipolar decoupling compared with the corre-
sponding spectrum acquired under scalar decoupling conditions
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Table II: Cross-Polarization Magnetization Transfer Parameters for
Calf Lens Cortical Homogenate Concentrated to 42% Protein
(Temperature = 20 °C)

resonance Heyey (% Hy)  Ty,(‘H) (ms) Tey (us)
C-Me 84 %5 1.0 £ 0.1 598
Cs 89 £ 7 09 £ 0.1 297
C. 87 £ 4 0.8 £ 0.1 314

at 1 °C show a small difference in spectral intensity (Figure
10). Spectral integration of the aliphatic region indicates that
the fraction of solidlike material is 0.15. These results dem-
onstrate that the cortical homogenate is predominantly mobile;
i.e., the fraction of solidlike, or motionally restricted protein
is low.

Variable contact time cross-polarization experiments at 20
°C performed on concentrated cortical samples (42% protein
compared to 25% native) showed similar, but not identical,
magnetization transfer kinetics to native nuclear homogenate
(see Table II). The absolute signal intensity obtained from
cross-polarization experiments of concentrated cortical hom-
ogenate is 50-70% less than the corresponding nuclear hom-
ogenate cross-polarization spectral intensity at CP contact
times where maximum signal intensity is expected. Thus, a
lower fractional content of solidlike material is indicated.

Polyacrylamide Gels. Polyacrylamide gels (5% cross-
linking) with water contents ranging from 60% to 95% were
also studied as models for the motional dynamics behavior of
nuclear lens proteins. Off-resonance rotating frame !*C
measurements indicate substantial mobility of the side-chain
carbonyls (7o = 10 s). Gels with decreasing water content
displayed increasingly broad *C carbonyl spectral line shapes,
suggesting the occurrence of restricted polymer chain motion.
Dipolar-decoupled *C NMR spectra show substantial intensity
increases relative to the corresponding scalar-decoupled spectra
as shown in Figure 11. For a gel of 79% water content, ca.
65% of the aliphatic carbons are engaged in slow polymer chain
motion at 20 °C.

Variable contact cross-polarization experiments performed
on polyacrylamide gels at 20 °C yield similar values of Ty
and T,,(*H). When these two parameters are of the same
magnitude, signal to noise suffers with a maximum possible
signal of about 40% H, (Earl et al., 1987). Fitting the data
also presents a problem in that the two time constants are
highly correlated and are therefore indeterminant.

DiscussioN

The 13C NMR results of this study establish the presence
of both mobile and solidlike protein phases in calf lens nuclear
homogenate, whereas for the native cortical homogenate,
within the detection limits of the NMR technique, the protein
phase is predominantly mobile.

Lens protein motional behavior, a reflection of molecular
size and organization, has traditionally been investigated by
the noninvasive technique of quasi-elastic light scattering which
yields the translational mutual diffusion coefficient of the
scattering particle (Tanaka & Benedek, 1975; Tanaka &
Ishimoto, 1977; Nishio et al., 1984; Libondi et al., 1986; Latina
et al., 1987; Benedek et al., 1987).

QELS studies of lens tissue have been interpreted in terms
of two predominant classes of diffusing species, one slow and
the other rapid. On the basis of the translational diffusion
coefficient for purified a-crystallin (Andries et al., 1982), the
more rapidly diffusing species was assigned to this protein,
whereas the more slowly diffusing species, because of the
calculated enormous size, approaching lens fiber cell dimen-
sions, was simply referred to as an aggregated species. In the
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FIGURE 11: Comparison of 1*C NMR spectra of a polyacrylamide
gel (5% cross-linking) containing 79% water acquired in the presence
and absence of proton dipolar decoupling at 20 °C: (A) scalar
decoupled; (B) dipolar decoupled. Spectral acquisition parameters
are noted under Experimental Procedures. Number of accumulations
= 64. A line-broadening factor of 100 Hz was applied to the FID
prior to Fourier transformation. Resonance assignments: 1, carbonyl
carbon; 2, CH; 3, CH,.

rabbit lens, the more slowly diffusing component was attributed
to a gellike organization of the lens proteins (Libondi et al.,
1986; Latina et al., 1987), while for the less dense human lens
Benedek et al. (1987) proposed an aggregated form assembled
from the more rapidly diffusing unaggregated species.

Because of the square dependence of scattered light intensity
on molecular weight, all of the QELS studies of lens cytoplasm
failed to detect the lower molecular weight lens proteins, i.e.,
the By, 8-, LM-, and vy-crystallins, which constitute a sizable
portion of the cytoplasmic water-soluble lens proteins. Only
the presence of large proteins, such as a-crystallin and its
aggregates, is detected.

Extensive lens protein purification and physical character-
ization studies (Siezen et al., 1979; Andries et al., 1982; Bindels
et al,, 1983; Harding & Crabbe, 1984) have established for
the calf lens the following protein species in the cortex: «-
crystallin, MW 780K, 40% of total soluble protein weight;
By-crystallin, MW 100K-200K, 18% of total soluble protein;
B -crystallin, MW 50K-80K, 27% of total soluble protein;
LM- (Bg- and yy-) crystallin, MW 23K-28K, 6% of total
soluble protein; v, -crystallin, MW 20K, 9% of total soluble
protein. In contrast, nuclear lens proteins are somewhat larger:
a-crystallin, MW 1100K, 35% of total soluble protein; Sy-
crystallin, MW 110K-270K, 26% of total soluble protein;
Bi-crystallin, MW 50K-80K, 11% of total soluble protein;
LM- (Bs-) crystallin, MW 28K, 5% of total soluble protein;
v -crystallin, MW 20K, 23% of total soluble protein. Nuclear
a-crystallin is also present in various oligomeric states, in-
cluding a polymeric form composed of a branched three-di-
mensional network (Siezen et al., 1979). It is important to
realize that such studies assess the aggregation state under
assumed in vitro conditions, which probably does not realis-
tically mirror the aggregation state in vivo. In addition, such
studies also fail to characterize the water-insoluble fraction,
which may be solubilized by sonication (Ortwerth et al., 1986).
The major protein component of the water-insoluble fraction
is a-crystallin (Ortwerth & Olesen, 1988).

The off-resonance rotating frame spin-lattice relaxation
experiment is sensitive to rotational correlation times for
molecular reorientation in the range of 1-500 ns (Schleich et
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al., 1989). Assuming isotropic protein tumbling, a partial
specific volume of 0.73 cm?/g, an average hydration value of
0.51 g of H,O/g of protein (Squire & Himmel, 1979), and
the viscosity of pure water, a rotational correlation time of 400
ns is calculated for a-crystallin at 20 °C; Kerr effect bire-
fringence measurements (Andries et al., 1982) give a value
of 670 ns. Thus, the molecular reorientation of a-crystallin,
as well as that of larger lens protein species, would not be
expected to contribute significantly to the off-resonance ro-
tating frame spin—lattice relaxation time measurements of lens
homogenate proteins reported in this study.

The correlation time (7q.y) for lens protein rotational motion
obtained by a nonlinear fit of R vs w, data is approximated
(within 5%) by an average correlation time by ¥ g,7%", where
a is a constant having the value of 0.56 and g; and 7; are the
weight fraction and rotational correlation time of the ith
component, respectively, present in the mixture (Morgan et
al,, 1989). The observed value of 7y for lens proteins in the
calf cortex at 35 °C is 34 ns. A precise theory linking the
rotational correlation time for protein tumbling to concen-
tration is lacking; however, it is known that 7, becomes longer
with increasing protein concentration and may reflect so-
lute-induced changes in solvent viscosity. It is also known that
the apparent viscosity of cytoplasm is ca. 2-3 times that of
pure water (Mastro & Keith, 1984; Mastro et al., 1984).
Using the known polydispersity of the water-soluble lens
cortical proteins (Bindels et al., 1983), and the definition of
the average rotational correlation time obtained in the off-
resonance rotating frame spin-lattice relaxation time exper-
iment, we calculated a value for 7y 0f 33 ns assuming the
protein parameters described above, and an apparent cyto-
plasmic viscosity 1.5 times that of pure water at the same
temperature. Contributions, as noted above, from a-crystallin
and larger aggregated protein species are not included. At
1 °C, the calculated mean value of 84 ns is in excellent
agreement with the observed value of 80 ns for 74y Thus,
the off-resonance rotating frame spin—lattice relaxation results
are consistent with the known protein polydispersity of
water-soluble lens proteins.

Similar calculations of the mean rotational correlation time
for the proteins found in the nuclear region of the calf lens
assuming an apparent cytoplasmic viscosity 3 times that of
pure water yield a value of 64 ns, which is in close agreement
with the measured value of 57 ns for 7y Reducing the
temperature of the nuclear homogenate to 1 °C, a temperature
below the cold cataract phase transition temperature (Clark
& Benedek, 1980; Delaye et al., 1981, 1982), results in intense
opacification and a observed 7q.; value of 43 ns, a value
smaller than the 2.7-fold larger value predicted for this tem-
perature decrease. The low temperature which produces the
cold cataract could result in the elimination of the 8y- and
LM-crystallin fractions, and possibly ~y.-crystallin as well, from
the NMR-visible protein population, thus accounting for the
decrease in Ty

QELS measurements of calf lens nuclear homogenates
under conditions of clarity and cold cataract opacity are
consistent with the presence of two motionally distinct classes
of broadly distributed scatters with mean radii of 100 A (a-
crystallin) and 1500 A (Delaye et al., 1982). The larger
species, which corresponds to the aggregated form, is re-
sponsible for opacification associated with the cold cataract
in the calf lens nucleus. This is supported by the observation
that the concentration of the large species increases while the
smaller species remains constant. These light-scattering results
provide no information concerning the origin of the lens protein
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species responsible for the increased concentration of the larger
aggregated form. The reduction in the mean value of the
observed rotational correlation time for lens proteins attendant
with cold cataract, and the analysis described above, suggests
that 8y- and LM-crystallins and possibly yg-crystallin are the
source of protein responsible for the increase in the fraction
of the larger species. This interpretation is consistent with
freeze—fracture electron microscopy studies of calf lens nuclear
cytoplasm under cold cataract conditions (Gulik-Krzuicki et
al., 1984) which reveal that the visualized segregated domains
contain significant quantities of low molecular weight crys-
tallins.

The off-resonance rotating frame spin—lattice relaxation
NMR experiments provide measurements complementary to
the light-scattering data by increasing the window of obser-
vation to the lower molecular weight proteins, thus affording
insights into the motional dynamics of this class of crystallins
in the lens.

To enable the detection, quantitation, and characterization
of solidlike protein domains in lens cytoplasm, we have taken
advantage of the differing 13C NMR spectral characteristics
of isotropically mobile and motionally restricted protein
macromolecular species. Two different approaches have been
utilized.

The spectral intensity of the resonances present in the *C
spectra, recorded in the presence and absence of dipolar de-
coupling (Figure 2), clearly establishes the presence of a
fraction of motionally restricted, i.e., solidlike, protein in the
calf lens nucleus. The fraction of motionally restricted or
solidlike material is 0.45 at 1 °C, 0.43 at 20 °C, and 0.35 at
35 °C. The carbonyl resonance region (160-200 ppm) displays
a line width characteristic of a mixture of mobile and partially
immobilized carbonyl carbons in both the dipolar and sca-
lar-decoupled spectra. The solidlike fraction contributes a
substantially broadened line width, the result of CSA relax-
ation and *C-'4N static dipolar effects, which are averaged
out in the case of the mobile carbonyl carbons.

The suite of variable contact time 3C cross-polarization
spectra shown in Figure 3 are further evidence for the presence
of solidlike protein domains in the lens nucleus. The maximum
in the spectral intensity vs CP contact time curves for the
different 13C resonances present in the protein spectrum occurs
at ca. 500 us, indicating a rapid increase of 13C cross-polar-
ization spectral intensity with increasing contact time. The
polymerized (gel) form of hemoglobin S, by contrast, has a
maximum in spectral intensity at contact times greater than
1 ms, which indicates a less rigid solid than found for nuclear
lens proteins. Of further importance is the substantial 3C
cross-polarization intensity observed for the peptide bond
carbonyl carbon which has no directly attached protons. The
variable contact time profiles for the major aliphatic resonance
classes observed in the 1°C protein spectra recorded at different
temperatures (Figures 5-7) provide insight into the motional
dynamics of different parts of the protein structure. At all
three temperatures studied, the polypeptide chain (C,)
backbone dynamics of lens proteins are similar and are rep-
resentative of a rigid structure. For the side-chain Cg carbons,
the dynamics are the same at 1 and 20 °C, whereas at 32 °C
there appears to be a loosening of the side-chain environment.
By contrast, the methyl group carbons experience substantially
greater freedom at 20 and 32 °C than at 1 °C, where there
appears to be less motional freedom. In all cases, the computed
curves do not mirror precisely the experimental data points
in the decay phase of the cross-polarization intensity. This
may be a reflection of solid protein domain heterogeneity with
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differing values of Tlp(‘H). The solidlike protein domains
persist upon dilution of the nuclear homogenate to a protein
content reduced to at least 22%. The cross-polarization
transfer rate and 7T ,(‘H) values are essentially invariant with
dilution, indicating little change in protein structure dynamics.
For cortical homogenate, at its native protein content, an
increase in 3C spectral intensity of lens proteins is not observed
at 20 °C upon dipolar decoupling, and, as expected, a sig-
nificant 3C cross-polarization spectrum is not obtained.
However, at low temperature (1 °C), a small fraction (0.15)
of solidlike phase is observed. When native cortical homo-
genate (25% protein) is concentrated to a protein concentration
equivalent to that of the calf lens nuclear homogenate (42%
protein), a 1*C lens protein CP spectrum is obtained. However,
the absolute *C spectral intensity is 50-70% less than the
corresponding CP spectrum obtained for nuclear material. The
rapid buildup of CP spectral intensity is indicative of a rigid
structure, thus illustrating the importance of molecular packing
in defining protein mobility in concentrated protein environ-
ments. The CP magnetization transfer parameters for con-
centrated cortical homogenate proteins tabulated in Table II
are indicative of a less rigid structure than displayed by the
nuclear proteins. Moreover, the appearance of cross-polar-
izability at cortical lens protein concentrations characteristic
of the nucleus may be related to the observation of the presence
of a slowly relaxing component at high cortical protein con-
centrations in QELS experiments (Delaye & Gromiec, 1983).
This slow relaxation time component may be related to the
diffusion of aggregates, some of which may be nontouching,
and thus, readily disappear upon dilution (Bauer, 1980).

Preliminary solid-state NMR studies of polyacrylamide gels
reveal proton to carbon cross-polarization over a broad range
of water contents, thus indicating the ability of a defined gel
network to cross-polarize. The ease of preparing precisely
defined polyacrylamide gels of known composition, cross-
linking, and water content may provide an appropriate model
system for lens protein gel studies.

As noted by Latina et al. (1987), three mechanisms may
produce a change in the extent of lens protein interaction.
These are as follows: (i) a change in molecular packing,
achieved by changes in concentration; (ii) the formation of
protein aggregates; and (iii) the process of gelation. These
mechanisms are pertinent to the protein motional dynamics
assessed by the NMR techniques employed in this study, which
have a combined correlation time dynamic range exceeding
4 orders of magnitude. The off-resonance rotating frame
spin—lattice relaxation studies and the scalar proton-decoupled
spectral investigations clearly establish the presence of a mobile
protein phase in both the lens cortex and nucleus. The presence
of motionally restricted protein molecules (domains) can be
accounted for either by aggregation, by gel formation, or by
close molecular packing. The fact that substantial solidlike
material is observed for a transparent lens nucleus, which does
not disappear upon dilution, is suggestive of a gellike phase.
To increase the rotational correlation time of a-crystallin to
107 s would require the association of at least 400 protein
subunits of M, 20K. Models of a-crystallin supramolecular
organization containing up to 48 20K subunits have been
proposed (Siezen et al., 1978; Siezen & Berger, 1978; Tardieu
et al., 1986). This maximum value is inconsistent with the
requirements imposed by cross-polarization. In turn, this
suggests a more extensive, and hence rigid, quaternary
structure for the proteins present in the nucleus, possibly a
water-insoluble fraction, which does not occur in the cortex
to any great extent at physiological temperature.
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Nuclear magnetic resonance dispersion studies (Beaulieu
et al., 1988) performed on calf lens nuclear homogenates at
protein concentrations below 19% are consistent with the
presence of a tumbling globular protein species of average
molecular weight 700K, a value similar to that for a-crystallin.
However, at protein concentrations greater than 19%, the
characteristic NMRD inflection point of globular proteins is
lost, suggesting a change in crystallin protein—protein inter-
action, and in turn organization. At high nuclear lens protein
concentrations, the NMRD profiles resemble those of polym-
erized deoxy sickle hemoglobin (Lindstrom et al., 1976). It
is interesting to note that the rotational correlation time for
a protein, such as hemoglobin, contained within a gel is
unaffected by the gel network (Lindstrom & Koenig, 1974).

The NMR studies presented here reveal a significant dif-
ference between the structure, organization, and motional
behavior of the lens proteins of the nucleus and cortex. This
finding undoubtedly has a bearing on the numerous biochem-
ical and biophysical differences observed for the cortex and
nucleus.
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