
Native Quaternary Structure of BovineR-Crystallin†

Jos Vanhoudt, Saı¨d Abgar, Tony Aerts, and Julius Clauwaert*

Biophysics Research Group, Department of Biochemistry, UniVersity of Antwerp, B-2610 Antwerp, Belgium

ReceiVed February 17, 1999; ReVised Manuscript ReceiVed October 5, 1999

ABSTRACT: R-Crystallin is the most important soluble protein in the eye lens. It is responsible for creating
a high refractive index and is known to be a small heat-shock protein. We have used static and dynamic
light scattering to study its quaternary structure as a function of isolation conditions, temperature, time,
and concentration. We have used tryptophan fluorescence to study the temperature dependence of the
tertiary structure and its reversibility. Gel filtration, analytical ultracentrifugation, polyacrylamide gel
electrophoretic analysis, and absorption measurements were used to study the chaperonelike activity of
R-crystallin in the presence of destabilized lysozyme. We have demonstrated that the molecular mass of
the in vivo R-crystallin oligomer is about 700 kDa (Rnative) while the 550 kDa molecule (R37°C,diluted),
which is often found in vitro, is a product of prolonged storage at 37°C of low concentratedR-crystallin
solutions. We have proven that the molecular mass of theR-crystallin oligomer is concentration dependent
at 37°C. We have found strong indications that, during chaperoning, theR-crystallin oligomer undergoes
a drastic rearrangement of its peptides during the process of complex formation with destabilized lysozyme.
We propose the hypothesis that all these processes are governed by the phenomenon of subunit exchange,
which is well-known to be strongly temperature-dependent.

Eye lensR-crystallin is an oligomeric protein containing
four different kinds of peptides:RA1, RA2, RB1, andRB2.
All four peptides are structurally equivalent and occupy
equivalent sites in the native multimer (1, 2). Their primary
structures have been reported (3). In contrast, the 3D structure
of the monomers and their precise state of association are
still unclear. In solution,R-crystallin forms a broad molecular
weight distribution (4), either continuous (with heterologous
assemblies), or discrete (with defined subclasses). Previous
studies suggested that the average molecular mass of the
R-crystallin multimer is below 700 kDa, the value commonly
found after purifying the protein at 4°C (5, 6).

A variety of tentative models have been proposed to
describe the quaternary structure ofR-crystallin. They can
be divided in three main groups: three-layer assemblies,
micellelike structures, and assemblies of tetrameric building
blocks (3, 7). More recent models are rhombododecahedral
structures (8), a two-layer structure composed of annuli of
peptides (9), an open micellelike structure based on computer
predictions for the tertiary structure of the peptides (10, 11),
and a “pitted-flexiball” model that combines tetrameric
subunit building blocks in an open micellelike arrangement
(12). Since different purification strategies yield different
average molecular weights (depending on pH, temperature,
ionic strength, etc.) (13, 14), all models need to consider
broad distributions of size and geometry (15). In this context,

it has been assumed that the protein concentration has no
significant effect (3, 16).

To clarify the impact of protein concentration, temperature
and time on the molecular weight distribution ofR-crystallin,
we examined in the present study the protein isolated and
stored at different temperatures by photon correlation
spectroscopy (PCS)1 and static light scattering (SLS). Our
experiments include the comparison of measurements in
dilute buffer solution and in cytoplasm of the eye lens, thus
allowing conclusions regarding the in vivo situation. Apart
from the effect of the temperature on the tertiary and
quaternary structure we have also studied the chaperonelike
activity of the different forms ofR-crystallin, using the
molten globule state of lysozyme as a model substrate.

MATERIALS AND METHODS

R-Crystallin of 6-month ((2 weeks) old calves was freshly
prepared at 4 or 37°C as described in detail elsewhere (15).
We used a phosphate buffer containing 50 mM NaH2PO4,
50 mM Na2HPO4, and 0.02% NaN3, pH ) 7.4 ( 0.1 at 4
°C and 7.3( 0.1 at 37°C, and ionic strength 0.2 M. Only
the top fractions of the low molecular massR-crystallin
elution zone were collected and sometimes concentrated by
using an XM-100 filter system (Amicon Corp.). Lysozyme
from chicken egg white was bought from Sigma (L 6876),
and it was purified by gel filtration in order to remove large
aggregates. We have used the absorption at 280 nm to
determine the concentration, accepting anA280nm,1cm

1% value
of 7.75 for R-crystallin and a value of 26.0 for lysozyme.
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Photon Correlation Spectroscopy. PCS was used for the
determination of the hydrodynamic diameterDH of the
particles (17). The light scattering setup is described in detail
elsewhere (18). The scattering volume was hold at constant
temperature ((0.1°C) by circulating dust-free water from a
thermostated water bath. Because we measured at low
concentrations ((1 mg/mL), the measured hydrodynamic
diametersDH are nearly equal to the extrapolated value at
zero concentrationDH,0. We have used the cumulant method
and the nonnegatively least-squares method (NNLS) imple-
mented by Brookhaven (included in the ISDA software
packet) to retrieve theDH from the measured autocorrelation
functions. We always calculated the averageDH of 10
measurements. Before the measurements the solutions were
centrifuged for 30 min at 9325g to remove dust particles or
large aggregates.

Static Light Scattering. The same light scattering setup
was used as for PCS. The standard procedure was used as
described elsewhere (19). For the temperature dependence
of the Rayleigh ratio for toluene we have used the expression
Rv

tol(t) ) (1.4573× 10-5)t + (3.5957× 10-3) m-1 (20, 21)
wheret is the temperature in degrees Celsius. For the index
of refraction of toluene the expressionntol(t)) 1.507+ (t -
25)(6 × 10-4) (22) was used. We used the Brookhaven
Instruments BI9000 AT Zimm plot program 4.0.1 to retrieve
Mw of the particles from our experimental data.

Ultracentrifugation: Equilibrium Sedimentation. The Beck-
man Optima XL-A analytical ultracentrifuge was used to
determine theMW of theR-crystallin-lysozyme complexes
by performing sedimentation equilibrium runs. The detailed
procedure is described elsewhere (15). The corrected equi-
librium absorption profiles were analyzed with the Beckman
software, which is based on nonlinear least-squares tech-
niques (23), and the equilibrium/velocity analysis programs
of Holladay and co-workers (24, 25).

Fluorescence Measurements. Fluorescence emission spec-
tra in the range of 300-400 nm were recorded with a
Shimadzu RF5000 spectrofluorometer with an excitation
wavelength of 290 nm and a bandwidth of 3 nm for the
excitation and emission beam. The temperature of the sample
was controlled ((1 °C) by circulating water from a thermo-
stated water bath. The primary intensityI0 was controlled
by means of a standard fluorescent probe. Every experimental
point is an average of eight subsequent measurements with
a rSD less than 2%. The buffer spectra were subtracted from
the sample spectra and the resulting spectra were normalized
by the concentration.

Destabilizing Lysozyme and the Chaperone Function of
R-Crystallin. Lysozyme (14 400 Da) is stabilized by four
disulfide bridges in an oxidizing solvent. This protein can
be destabilized by reducing the disulfide bridges by adding
20 mM DTT (1,4-dithiothreitol). This results in the formation
of large aggregates acting as strong light scatterers (I ∝ cM)
that make the solution opaque. The absorption at 400 nm is
related to the turbidityτ ) -ln (I/I0) of a solution (I0 andI
are, respectively, the incident and emerging intensities). So
the absorption represents the degree of denaturation by
indicating the presence of large aggregates in the solution.
It thus forms a good probe to studyR-crystallin’s chaper-
onelike activity. Absorption spectra at 400 nm were measured
with an UV-2101 Shimadzu double-beam spectrophotometer,
equipped with a four-cell holder. The temperature was

controlled ((0.1°C) by circulating water from a thermostated
water bath.

We have measured under the same experimental conditions
the absorption of four solutions as a function of the time: a
mixture of lysozyme andR-crystallin with (solution 1) or
without (solution 2) 20 mM DTT, and a solution of lysozyme
(solution 3) and a solution ofR-crystallin (solution 4) both
in the presence of 20 mM DTT. Solutions 2 and 4 can be
considered as negative blank solutions as no changes are
expected to happen; solution 3 can be considered as a positive
blank solution since here maximal absorption changes are
expected. So solution 1 informs about the kinetics of the
denaturation and aggregation of the destabilized proteins.

Isolation and Characterization of theR-Crystallin-
Destabilized Lysozyme Complex. To separate highMW

particles (R-crystallin and lysozyme aggregates) we have
used a combination of a Bio-Gel A 0.5M column (φ 1.0 ×
60 cm, Bio-Rad) and a Sepharose CL4B column (φ 1.0 ×
60 cm, Pharmacia). The eluent was monitored at 280 nm
with an LKB Uvicord II detection unit and collected in 0.5
mL fractions.

RESULTS

To identify the native structure of theR-crystallin oligomer
(section II below) and to study the concentration dependence
of R-crystallin’s quaternary structure (section III below),
some detailed data about the temperature dependence of the
molecule’s quaternary structure were gathered. Although
some basic data about this subject were published before
(13, 14) we did some extra preliminary experiments (section
I) to collect more detailed data under optimal conditions. In
sections IV and V we describe some experiments concerning
the tertiary structure ofR-crystallin and its chaperonelike
activity in the presence of destabilized lysozyme.

(I) Temperature Dependence ofR-Crystallin’s Quaternary
Structure. Four different experiments were done to investi-
gate the changes in the quaternary structure under different
temperature conditions. These structural changes are caused
by an exchange ofRA and RB monomers among the
individual R-crystallin oligomers (26-29). We paid special
attention to the time scale and reversibility. PCS was used
to measureDH in real time. When the time scale of the
phenomenon allowed it,MW was measured by SLS. Because
of practical considerations the SLS measurements were
limited to only one single concentration. Earlier experience
with SLS measurements onR-crystallin at different temper-
atures (15) made it possible to perform an extrapolation
(second virial coefficientB ) 3 × 10-5 mL‚mol/g2) to
concentrationc ) 0 in order to obtain a reasonable estimate
for MW. This limited the experimental error to 5% as
indicated by the BI Zimm plot program. The relative standard
deviation (rSD) of 1.1% on a series of eight consecutiveMW

measurements indicated a high precision forMW. We also
found a very high precision forDH since the rSD for each
series of 10 PCS measurements was less than 0.5%.
Systematic errors due to temperature drift were less than
0.2%. Other noise sources, intrinsic to PCS (18), are not
relevant since this study is mainly interested in relative
numbers.

Figure 1 shows three typical particle size distributions,
calculated by NNLS, ofR-crystallin under different temper-
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ature conditions. All measured samples were clearly mono-
modal and all had a PI of only 0.006( 0.003, which is very
low for R-crystallin. The latter is confirmed by the very high
accordance between theDH ((1%) found by the cumulant
method used for different degree fits. For the following four
sets of experiments we used the sameR-crystallin top fraction
(1.1 mg/mL) of a gel filtration at 4°C.

(A) Diameter as a Function of the Temperature. Samples
of the same stock solution were stored at nine different
constant temperatures ((0.1 °C) by incubating them in a
water bath at temperatures between 4 and 50°C (4, 21, 26,
30, 33, 37, 40, 45, and 50°C). We have stored the solutions
at the specified temperature for 48 h to be sure that the
oligomers had reached their new equilibrium state. For each
sample 10 different PCS measurements were done at the
appropriate temperature and the resulting averageDH is given
in Figure 2. Immediately after isolation at 4°C theDH was
19.75 nm. It did not change after keeping the sample for
several days at 4°C. At storage temperatures above 20°C,
the molecules were smaller after 48 h. There is a clear
minimum of 17.9 nm in the curve at about 40°C. This is
strikingly close to the in vivo body temperature of cattle (39
°C). At temperatures above 40°C, the molecule starts
increasing its hydrodynamic dimensions again as a function
of the temperature and reaches values even higher than the
initial value at 4°C.

(B) Time Scale of the Quaternary Structure Change at 37
°C. A (rapid) change in theR-crystallin secondary structure
is reported upon temperature change from 4 to 37°C (30).
The changes in the quaternary structure are much slower.
We have mapped the kinetics of this process by performing
PCS and SLS. After starting the incubation of the sample at
37 °C (DH ) 19.75 nm), the measurements were performed
every hour. Figure 3 (× and lefty-axis) shows that theDH

changes very fast during the first hours but slows down

afterward. After 148 h the molecule had clearly reached its
equilibrium state with a minimalDH of 17.9 nm. If we look
at the whole course of the process, we recognize more or
less logarithmic behavior,DH(t) ) 19.35- 0.7 log (t). The
results of the SLS measurements (data not shown) reveal a
similar behavior for theMW. TheMW, which was about 740
kDa at the beginning at 4°C, decreased in a logarithmic
way until it reached its minimal value after 148 h of about
590 kDa. These values are in good correspondence with our
earlier study (15), which profoundly investigated some
molecular quantities (DH, MW, etc.) of R-crystallin after
storage for a prolonged time at 4, 37, and 50°C by PCS,
SLS, and equilibrium sedimentation.

These observations aboutDH andMW confirm the hypoth-
esis that the changes of the aggregate are actually caused by
a reorganization of the monomers in the individualR-crys-
tallin oligomers accompanied by a decrease of the total
number per oligomer. One can conclude that it takes about
48 h for theR-crystallin molecule to reach its new structural
equilibrium at 37°C. PAGE has not shown any proteolytic
or other degradation of the peptides during the whole time
of the different experiments (data not shown).

(C) Time Scale of the Quaternary Structure Change at 30
°C. A similar experiment was performed at 30°C. After
incubation of the sample at 30°C (DH ) 19.63 nm), the
measurements were done every hour. Figure 3 (4, right
y-axis) shows that theDH decreases again much faster in
the first few hours and reaches an equilibrium value after a
few days (DH ) 18.7). Again we can see a logarithmic
behavior in time. Compared to the experiment at 37°C, the
initial decrease inDH is a bit slower and the final equilibrium
value forDH is significantly larger (DH ) 18.7 versus 17.9
nm). Again MW showed a similar decrease as theDH,
decreasing this time from 735 to 630 kDa.

FIGURE 1: PCS particle size distributions (with error bars) calculated by NNLS. The vertical axis is the intensity in arbitrary units; the
horizontal axis is the hydrodynamic diameterDH: (Left, /// FreshR-crystallin (1.1 mg/mL) stored for 48 h at 37°C. (Middle, solid bars
R-crystallin (1.1 mg/mL) freshly isolated and measured at 4°C. (Right, \\\ FreshR-crystallin (1.1 mg/mL) stored for 9 days at 50°C.
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(D) Time Scale of the Quaternary Structure Change at
50 °C. The same experiment at 50°C reveals a behavior
that one would not expect from Figure 1. TheDH of the
molecule first decreased very fast until it reached a minimal
value of 18.3 nm (rather close to its equilibrium value at 37
°C) after about 2 h (Figure 4). Since this very dynamic
behavior of the molecule in the beginning of the experiment,
we did our PCS measurements every 2 min during the first

hour of the experiment. After staying close to this minimal
value for some time, the diameterDH started to increase
slowly, linearly in time. It took about 30 h before the
molecule reached its original dimensions at 4°C again. But
the expansion went on till it reached aDH of about 27 nm
after 9 days and started to slow its growth rate to reach more
or less an equilibrium state after 20 days at 28 nm. The size
distributions (NNLS) of these samples did not indicate an

FIGURE 2: PCS was used to measure the hydrodynamic diameterDH of the R-crystallin oligomer (which was freshly isolated by gel
filtration at 4 °C) after storage for 48 h at the specified temperatures at 1.1 mg/mL.

FIGURE 3: Hydrodynamic diameterDH (with error bars) of theR-crystallin oligomer (which was freshly isolated by gel filtration at 4°C)
as a function of the storage time at 1.1 mg/mL at 37°C (×, left y-axis) and at 30°C (4, right y-axis). A logarithmic trendlineDH(t) ) 19.35
- 0.7 log (t) was added for 37°C andDH(t) ) 19.5 - 0.4 log (t) for 30 °C.
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increase in the PI. This argument disfavors the possibility
that individual R-crystallin oligomers aggregate to form
dimers, tetramers, etc. Also, the hypothesis that the size
increase finds its origin in a subsequent binding of temper-
ature-denatured peptides is extremely unlikely because the
presence of denatured peptides would strongly disturb the
light scattering (low PI) of the sample.

The MW showed basically the same behavior asDH and
thus indicates again that the mass and size of the oligomers
are increasing because of an increase in the numbers of
monomers per oligomer. Nevertheless it is worth mentioning
that the mass density (MW/DH

3) of the oligomers, in contrast
to the situation below 37°C, decreases upon size increase.

(II) NatiVe Structure of theR-Crystallin Molecule. (A)
IrreVersibility of the Temperature-Induced Structural Changes.
By putting our heated samples back at a lower temperature
(4 or 37°C) it was easily proven that the temperature-induced
structural changes were irreversible. To exclude the pos-
sibility of an artifact caused by the isolation procedure
(cooling of the cytoplasm from 37°C in vivo to 4 °C and
the gel filtration at 4°C), we set up the following experiment.
R-Crystallin was prepared at 4°C and the top fractions were
measured with PCS (19.4 nm) and SLS (760 kDa). These
samples were stored at 37°C for 4 days and measured again
(DH ) 17.7 nm,MW ) 556 kDa). Then these fractions were
concentrated again at 4°C and another gel filtration at 4°C
was done. The new top fractions had aDH ) 17.4 nm and
aMW ) 552 kDa. These results offer clear evidence that the
structural changes are irreversible and not caused by gel
filtration.

(B) Fast Isolation at 37°C. To get an idea about theMW

of R-crystallin in vivo, we isolated theR-crystallin from the
eye lens as fast as possible after the animal died. We kept
the cytoplasm at 37°C during the preparation of the
R-crystallin and throughout the whole experiment. Within 4

h after the start of the isolation procedure all PCS and SLS
measurements were done. We obtained aDH of 18.95 nm
and aMW of 631 kDa for theR-crystallin top fraction. After
this sample was kept for another 21 h at 37°C, these values
had decreased toDH ) 18.3 nm andMW ) 539 kDa. As a
control we repeated the experiment but this time we isolated
the R-crystallin at 4°C (DH ) 19.7 andMW ) 730 kDa).
After storing this sample for 25 h at 37°C, we foundDH )
18.2 andMW ) 550 kDa. It is striking how well these values
for DH fit in the time course in Figure 3. These results prove
that R-crystallin in vivo has a highMW of about 740 kDa
and that the lowerMW molecule, which appears at 37°C, is
the result of storing a dilutedR-crystallin solution in vitro
for a prolonged time at 37°C.

(III) Concentration Dependence ofR-Crystallin’s Qua-
ternary Structure at 37°C. (A) Delayed Isolation at 37°C.
To get an idea about the physicochemical cause of this
change of theMW in vitro, we have stored some intact eye
lenses for 24 h at 37°C before preparing the cytoplasm.
Then we performed exactly the same procedure as before.
The results were very similar. Immediately after isolation
(3 h) at 37°C we foundDH ) 18.93 nm. After another 21
h at 37°C DH was 18.2 nm. Similar results were found for
MW. The conclusion is that the decrease of theMW only starts
after the molecules were removed from their natural environ-
ment in the eye lens at 37°C. So there are no postmortem
biochemical processes (e.g., enzyme activity) that cause the
phenomenon.

(B) Study of the Cytoplasm at 37°C. To figure out the
importance of the presence of other molecules in the eye
lens cytoplasm, we performed some PCS measurements on
the complete cytoplasm. We prepared cytoplasm at 4°C and
centrifuged the diluted cytoplasm to remove cell membranes.
No gel filtration was done, so all the molecular species were
conserved in the cytoplasm. Doing PCS measurements on

FIGURE 4: Hydrodynamic diameterDH ([, left scale in nanometers) and the molecular massMW (2, right scale in kilodaltons) of the
R-crystallin oligomer (which was freshly isolated by gel filtration at 4°C) as a function of the storage time at 50°C at 1.1 mg/mL.
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such a complex solution which contains many (R-, âH-, âL-,
andγ-crystallins, etc.) different molecular species is not an
easy task. The resolution of PCS is too low to identify all
individual species. Therefore we used the mean diameter
value given by the first-order cumulant fits. Because of its
high concentration and highMW, 90% of the light scattered
by the cytoplasm is due toR-crystallin. The measured mean
diameters are therefore mainly determined by the dimension
of R-crystallin but will be smaller than the actualDH of this
molecule.

Immediately after the preparation at 4°C, a mean diameter
of 18.3 nm was obtained. After the sample was stored for
24 h at 37°C this value was reduced to 17.5 nm. These
values for the diameter are the averages of 25 measurements;
both results had rSD of less than 0.5%. The latter results
offer a significant indication to conclude that the presence
of the other molecules in the cytoplasm does not hinder the
decrease in size andMW of R-crystallin.

(C) Concentration Dependence at 37°C. The above
experiments show that theMW of R-crystallin is not depend-
ent on the concentration at 4°C. Next we investigated the
reversibility of theMW changes at 37°C by varying the
concentration. FreshR-crystallin was isolated at 4°C and
the top fractions (2 mg/mL) were used for our measurements
(DH ) 19.2 nm,MW ) 712 kDa). These top fractions were
stored at 37°C for 72 h and were measured again (DH )
17.6 nm,MW ) 527 kDa). Seventy-two hours is long enough
to reach the absolute minimumMW. Then this solution was
concentrated again as much as possible (255 mg/mL). This
concentrated solution was stored for 60 h at 37°C. Since
light scattering measurements at this high concentration are
impossible, we did a new gel filtration at 4°C and measured
the new top fractions (1.5 mg/mL) again. TheMW had
significantly increased and approached its original value of
712 kDa again (DH ) 18.8 nm andMW ) 696 kDa).

To check if we indeed succeeded in reversing the decrease
of the MW, we stored the latter top fractions for 72 h at 37
°C and measured them again (DH ) 17.2 nm,MW ) 521
kDa). Again theMW was reduced by about the same amount
as the first time. This shows that the concentration of
R-crystallin is indeed a determining factor for theMW of
R-crystallin at the in vivo temperature (37°C).

Since light scattering requires concentrations of about 1
mg/mL for optimal size measurements we have used analyti-
cal equilibrium sedimentation to measure lower concentra-
tions down to 0.05 mg/mL. This also resulted in a minimal
MW of 500 kDa at 37°C.

One can conclude thatR-crystallin can have different
quaternary structures under well-defined solvent conditions.
We will further call the 700 kDa form ofR-crystallinRnative,
and the 550 kDa formswhich is formed by storing a diluted
solution ofRnativefor prolonged times at 37°C or by isolating
the molecule at 37°Cswill be calledR37°C,diluted.

(IV) Changes in the Tertiary Structure ofR-Crystallin as
a Function of the Temperature: ReVersibility Study. We have
studied the changes in the tertiary structure ofR-crystallin
((0.1 mg/mL) upon changing the temperature from 4 to 37
°C and from 4 to 50°C by measuring the fluorescence
emission spectra. Special attention was paid to the revers-
ibility.

At 37 °C and even more at 50°C the spectra are shifted
toward larger wavelengths and the emission intensities are

decreased (Figure 5, panels A1 and B1) compared to 4°C.
Both factors suggest that the tryptophan residues are
relatively more exposed to the solvent at elevated temper-
atures (31). There are some clear differences compared to
the quaternary structure changes under similar conditions.
The tertiary structure transforms rather fast. Eighty percent
of the spectral changes take place immediately after the
solution is transferred to 37°C. These changes are mainly
reversible. On transferring theR-crystallin solution, after 24
h at 37°C, back to 4°C the original emission spectrum is
almost completely recovered (Figure 5, panel A2). This
suggests that on average the tryptophan residues returned to
an electronic environment similar to the original structure
at 4 °C.

At 50 °C, on the other hand, nearly 100% of the spectral
changes take place immediately after incubation at 50°C.
After the sample was placed back at 4°C the next day, the
spectrum was not completely recovered. One clearly sees
an irreversible shift in the spectrum toward larger wave-
lengths and a minor decrease in the intensity (Figure 5, panel
B2). This indicates that the environment ofR-crystallin’s
tryptophan residues is irreversibly changed at 50°C.

(V) Chaperonelike ActiVity of the Different Forms of
R-Crystallin. (A) Absorption Measurements. Absorption
measurements at 400 nm were used to test the chaperonelike
activity of R-crystallin by probing its capacity to prevent
the aggregation of destabilized lysozyme (Figure 6A).
Lysozyme solutions were destabilized by DTT (20 mM) in
the presence of a 4-fold quantity (g/g) of both forms of
R-crystallin (Rnative andR37°C,diluted). The final concentrations
of R-crystallin and lysozyme were 9.95 and 2.43 mg/mL,
respectively. Hoping to see a difference between both forms
of R-crystallin, we used a ratio of 4 g of R-crystallin to 1 g
of lysozyme (molar ratio of 2.9), which is at the edge of
R-crystallin’s chaperoning capacity. At higherR-crystallin/
lysozyme ratios no absorption was seen.

The rSD (<2%) of repeated absorption measurements
indicates a high experimental precision. Figure 6A clearly
indicates that lysozyme is destabilized by DTT and gives
rise to large aggregates in the solution. At 25°C this
aggregation is rather slow.R-Crystallin greatly reduces the
aggregation of lysozyme and the absorption curves suggest
that R37°C,diluted gives slightly better protection against the
aggregation thanRnative.

(B) Gel Filtration and PAGE. To characterize theR-crys-
tallin-lysozyme complexes for bothR-crystallin forms we
loaded on a double column 2 mL of theR-crystallin +
lysozyme solutions, after storing them for 18 h at 25°C at
20 mM DTT. The same was done with a solution of
lysozyme+ DTT (without R-crystallin) and anR-crystallin
+ lysozyme mixture without DTT. Before the gel filtrations
these solutions were centrifuged for 30 min at 9325g to
remove a small amount of extremely large aggregates (>25
MDa). The two incubated solutions (R-crystallin+ lysozyme
+ DTT at 25 °C) of both R-crystallin forms gave similar
elution patterns: a small void peak (shoulder), a rather broad
peak with a distribution coefficientKd slightly larger than
for pureR-crystallin, and finally a peak withKd similar to
lysozyme or monomericR-crystallin (Figure 6). PAGE shows
that the small void peak contains similar quantities of
lysozyme andR-crystallin. The second peak mainly contains
R-crystallin peptides and a relative smaller amount of
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lysozyme. The last peak mainly contains lysozyme and a
smaller amount ofR-crystallin peptides (data not shown).

After incubation with DTT, the lysozyme solution still
contains about 50% of the original native lysozyme. This
suggests the following equilibrium state at 25°C: native
lysozymeS destabilized intermediatew irreversibly desta-
bilized intermediate and only the irreversibly destabilized
intermediate forms large aggregates in the absence of
R-crystallin or formsR-crystallin-lysozyme complexes in
the presence ofR-crystallin. This scheme has been confirmed
by activity measurements of the lysozyme (Table 1).

(C) Analytical Ultracentrifugation. Equilibrium sedimenta-
tion was used to determineMW of some fractions of the gel
filtration profiles of both incubatedR-crystallin+ lysozyme
mixtures. Although the elution profiles are very similar, with
only a small shift of theR37°C,diluted + lysozyme mixture
profile to smaller sizes,MW was different for equivalent
fractions (Table 2). This is because of the low resolution of
size-exclusion gels for globular proteins withMW > 1000
kDa.

In contrast to the symmetric form of the elution peak, the
MW of the fractions at the right side of the top is similar to
MW of the top fraction. So the broadening of the right side
of the elution profile is mainly caused by diffusion. The
fractions on the left side have aMW appreciably larger than
the top. So theR37°C,diluted + lysozyme mixture contains

mainly molecules with aMW of about 950 kDa and larger.
TheRnative + lysozyme mixture, on the other hand, contains
mainly molecules with aMW of 1075 kDa and larger. Notice
that the mass difference between bothR-crystallin forms is
conserved in their complexes.

DISCUSSION

This study demonstrated that theDH and MW of the
R-crystallin oligomer are temperature- and concentration-
dependent. The rate of the size changes rises with increasing
temperature and the final equilibrium size of the molecules
is determined by the concentration. It takes several days to
reach a new equilibrium state. TheMW of the native
R-crystallin oligomer has been proven to be about 700 kDa
(Rnative) while the 550 kDa molecule (R37°C,diluted), which is
often found in vitro, is a product of prolonged storage of
low concentration solutions at 37°C. Figures 2-4 suggest
the distinction of two situations (below and above 40°C)
partly governed by different processes.

Monomer Exchange Is the Basic Mechanism. Since the
mass density of the molecules stays constant during the
processes, it is clear that the number ofR-crystallin
monomers per oligomer changes. This happens by monomer
exchange among individual oligomers, which is known to
be very temperature-dependent (27). At 4 °C there is virtually

FIGURE 5: Fluorescence emission spectra ofR-crystallin measured at different times at 4, 37, or 50°C. All samples were freshly isolated
at 4°C and had a concentration of 0.1 mg/mL. All spectra are normalized to concentration 1 mg/mL. (Panel A1) Curves measured at 4°C
(upper two): (4) emission spectrum of freshly isolatedR-crystallin measured (at 4°C) immediately after isolation; (2) emission spectrum
of freshly isolatedR-crystallin measured (at 4°C) right after storing it for 24 h at 37°C. Curves measured at 37°C (lower two): (0)
emission spectrum of freshly isolatedR-crystallin measured (at 37°C) immediately after it was placed at 37°C; (9) emission spectrum of
freshly isolatedR-crystallin measured (at 37°C) right after storing it for 24 h at 37°C. (Panel A2) Ratio of the fluorescence emission
intensities ofR-crystallin at 4°C right before (∆ in panel A1) and right after (2 in panel A1) storage at 37°C for 24 h. (Panel B1: Curves
measured at 4°C (upper two): (4) emission spectrum of freshly isolatedR-crystallin measured (at 4°C) immediately after isolation; (2)
emission spectrum of freshly isolatedR-crystallin measured (at 4°C) right after storing it for 24 h at 50°C. Curves measured at 50°C
(lower two): (O) emission spectrum of freshly isolatedR-crystallin measured (at 50°C) immediately after it was placed at 50°C; (b)
emission spectrum of freshly isolatedR-crystallin measured (at 50°C) right after storing it for 24 h at 50°C. (Panel B2) Ratio of the
fluorescence emission intensities ofR-crystallin at 4°C right before (4 in panel B1) and right after (2 in panel B1) storage at 50°C for
24 h.
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no monomer exchange, while the exchange rate increases
fast with temperature, reaching a significant level at 25°C,
a very pronounced rate at 37°C, and continuing to increase
above 37°C. There is a very clear correlation between the
monomer exchange rate and the rate ofR-crystallin’s MW

changes as a function of the temperature.
One clearly has to distinguish between the temperature

ranges below 40°C and above. Below 40°C theMW changes
are due to a change in the number of monomers per oligomer,

realized by exchanging monomers. Of course this implies
that there also has to be a change in the total number of
oligomers in the solution because there was never found any
evidence for the existence of a pool of monomers, dimers,
or tetramers in anR-crystallin solution under physiological
conditions (16). Since the number of oligomers increases
upon decreasingMW, it is clear that the exchange of
monomers does not occur upon collision of two oligomers.
The monomers rather leave the oligomer to travel through

FIGURE 6: (A) Absorption of a mixture of lysozyme (2.43 mg/mL), DTT (20 mM), andR-crystallin (9.95 mg/mL) as a function of the
storage time at 25°C. (2) Lysozyme in the presence of 20 mM DTT withoutR-crystallin: after about 2 h one can see that the absorption
reaches a maximal value. Next the apparent absorption starts to decrease because of the precipitation of very large aggregates. (s) Lysozyme
and a 4-fold (g/g) quantity ofRnative in the presence of 20 mM DTT. ([) Lysozyme and a 4-fold (g/g) quantity ofR37°C,diluted in the presence
of 20 mM DTT. (B) Elution profile after gel filtration at 4°C of a mixture of lysozyme (2.43 mg/mL), DTT (20 mM), andR-crystallin
(9.95 mg/mL) that was stored for 18 h at 25°C. ([) Lysozyme in the presence of 20 mM DTT withoutR-crystallin. Curve (s) Lysozyme
and a 4-fold (g/g) quantity ofRnative in the presence of 20 mM DTT. Lysozyme and a 4-fold (g/g) quantity ofR37°C,diluted in the presence of
20 mM DTT. (C) Elution profile after gel filtration at 4°C of a mixture of lysozyme (2.43 mg/mL), DTT (20 mM), andR37°C,diluted (9.95
mg/mL). (s) Lysozyme was mixed with a 4-fold (g/g) quantity ofR37°C,diluted and 20 mM DTT at 4°C. This mixture was immediately
loaded on the gel filtration column at 4°C. (2) Lysozyme was mixed with a 4-fold (g/g) quantity ofR37°C,diluted and 20 mM DTT. This
mixture was stored for 18 h at 25°C and subsequently loaded on the gel-filtration column at 4°C. (D) Elution profile after gel filtration
at 4 °C of a mixture of lysozyme (2.43 mg/mL), DTT (20 mM), andRnative (9.95 mg/mL). (s) Lysozyme was mixed with a 4-fold (g/g)
quantity ofRnative and 20 mM DTT at 4°C. This mixture was immediately loaded on the gel-filtration column at 4°C. (2) Lysozyme was
mixed with a 4-fold (g/g) quantity ofRnative and 20 mM DTT. This mixture was stored for 18 h at 25°C and subsequently loaded on the
gel-filtration column at 4°C.

Table 1: Enzymatic Activity

sample relative enzymatic activity

lysozyme stored for 18 h at 25°C 1
lysozyme stored for 18 h at 25°C in the presence of 20 mM DTT 0.51( 0.04
lysozyme stored for 18 h at 25°C in the presence of 20 mM DTT

and a 4-fold quantity (g/g lysozyme) ofR37°C,dilutedor Rnative

0.52( 0.04

lysozyme stored for 18 h at 30°C in the presence of 20 mM DTT 0.32( 0.05
lysozyme stored for 18 h at 37°C in the presence of 20 mM DTT 0
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the solution before attaching to another oligomer or beginning
to form a new oligomer by attaching to other single
monomers in the solution. Because no evidence was ever
found of the existence of single monomers inR-crystallin
solutions, we suppose this reorganization of monomers
happens very fast and a single monomer never stays in the
solution for a long time before attaching to another oligomer.
Because the exchange rate of monomers at 4°C is negligible,
the MW of the oligomers does not change at these low
temperatures. In this frozen state the molecule’s structure is
very stable and has minimal chaperone activity. There is a
clear correlation between temperature and monomer ex-
change, structural changes and chaperonelike activity (32-
35). They all seem to become increasingly relevant at
temperatures above 30°C.

ReVersible Concentration-Dependent Molecular Mass
Changes below 40°C. Any MW change below 40°C can be
completely reversed by properly adjusting theR-crystallin
concentration and storing the solution long enough at 40°C.
This concentration dependence at in vivo temperature can
explain the higherMW of the R-crystallin molecules in the
nucleus of the eye lens as compared to the outer cortical
regions where the concentration is significantly lower. This
is in contrast to the hypothesis that the age of the lens cells
is the determining factor for theMW of the crystallins (3).
Our fluorescence measurements reveal a rapid and reversible
change in the tertiary structure when the temperature is
increased from 4 to 37°C (Figure 5), which is associated
with an exposure of the tryptophan residues to the solvent.

IrreVersibility at Temperatures aboVe 40°C. At temper-
atures above 40°C one has two different processes. First,
the molecules adapt very fast to the concentration by
adjusting theMW by means of exchanging monomers. Once
the equilibrium is reached,MW starts increasing irreversibly.
This irreversibility is in strong contrast to the processes below
40 °C. The size increase happens linearly in time until it
reaches an equilibrium state at constant temperature. Since
our PCS did not indicate any polydispersity increase, we
believe that the size increase is due to an increase in the
number of monomers per oligomer and not by aggregation
of different oligomers. The irreversibility finds its origin in
the irreversible changes in the secondary and tertiary structure
after prolonged exposure to temperatures above 40°C. The

latter is reported in the literature (36) and illustrated by our
fluorescence experiments. These irreversible changes in the
monomer structure make it impossible for them to form
nuclei for the formation of new low molecular weight
oligomers. Actually, it is still an open question whether the
monomers are still able to exchange between different
oligomers after prolonged storage at temperatures above 40
°C. It is also worthwhile to mention that the mass density
of the oligomers decreases when their size grows at tem-
peratures above 40°C. This is in contrast to the situation
below 40 °C, where all MW changes are attended by a
constant mass density.

Chaperonelike ActiVity and Peptide Rearrangement. Our
chaperone experiments with destabilized lysozyme fit this
model very well (Figure 6). In the presence ofR-crystallin
the aggregation of lysozyme is greatly reduced. At 25°C
the R37°C,diluted form gives slightly better protection against
aggregation thanRnativeand results inR-crystallin-lysozyme
complexes of at least 950 and 1075 kDa, respectively. Due
to the very limited amount of lysozyme (ratio 4 for the
R-crystallin/lysozyme weight ratio while 50% of the desta-
bilized lysozyme reversibly refolds to its native structure),
these high molecular masses cannot be explained only by
binding of lysozyme toR-crystallin oligomers. Only an
increase of1/8 in size can be explained by lysozyme binding.
It is highly probable that the presence of destabilized
lysozyme causes not only binding of the lysozyme molecules
but also a rearrangement of theR-crystallin peptides that
finally results in largeR-crystallin-lysozyme complexes.
This rearrangement of peptides during chaperoning finds its
origin in the phenomenon of monomer exchange as recently
suggested in the literature (37).

This explains why our PAGE analysis showsR-crystallin
peptides in all three peaks of our gel-filtration elution profiles
including the void peak and the low molecular weight peak
which contains the intact lysozyme molecules. Moreover,
since the monomer exchange rate increases significantly with
temperature (27), this is in accordance with the often-reported
fact that R-crystallin’s chaperonelike activity increases
significantly at higher temperatures (32, 34).

TheMW of theR-crystallin-lysozyme complexes (950 and
1075 kDa) indicates that the originalR-crystallin oligomers
(R37°C,diluted and Rnative) form the basis for the complexes

Table 2: Weight-Average Molecular Massesa

sample description
elution fraction

number molecular mass 1 (Da)
distribution of residuals of
fit to monodisperse sample molecular mass 2 (Da)

R37°C,diluted 54 600 000( 50 000 random 580 000( 50 000
R37°C,diluted-lysozyme 47 1 250 000( 75 000 not random 1 350 000( 75 000
R37°C,diluted-lysozyme 52 970 000( 75 000 deviation at higherr values 1 050 000( 75 000
R37°C,diluted-lysozyme 57 860 000( 75 000 random 860 000( 75 000
Rnative-lysozyme 47 1 400 000( 75 000 not random 1 850 000( 75 000
Rnative-lysozyme 52 1 000 000( 75 000 deviation at higherr values 1 150 000( 75 000
Rnative-lysozyme 57 1 000 000( 75 000 random 975 000( 75 000

a Molecular mass 1 has been obtained from the experimental curves by a nonlinear least-squares technique (23) and the equilibrium/velocity
analysis programs of Holladay and co-workers (24, 25) for the calculation ofMw. Both methods suppose monodisperse solutions. Column 3 describes
how the residuals of the fit to the monodisperse sample are distributed. A random distribution indicates a good fit (monodispersity), while a
nonrandom distribution indicates a more heterodisperse sample. Molecular mass 2 has been obtained from the experimental curves accepting a
molecular mass distribution as proposed by Lechner and Ma¨chtle (38). The experimental errors, which are added in the table, were calculated by
the programs. For the present calculations we have assumed a Poisson distribution. Other distribution functions, such as a Schulz-Zimm distribution
or a square-root distribution or a log-normal distribution, give similarMw values. It is suggestive to accept that the mass distribution function is
quite narrow if the methods of column 3 and 5 give similar results; the larger the difference between the results of both methods, the broader the
mass distribution function.
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because they maintain the same mass difference. Changing
the temperature or concentration cannot reverse the lysozyme
binding. This irreversibility is an analogy with the irreversible
polymerization ofR-crystallin peptides ascertained at tem-
peratures above 40°C and suggests that similar interactions
are at the basis of the binding process.

Our results correspond rather well with a recent study of
humanRB-crystallin (37) in which PCS and cryoelectron
microscopy were applied to study the quaternary structure.
In this study the authors report for their recombinantRB-
crystallin a highly variable asymmetric quaternary structure.
They also attribute the dynamic behavior of the rather
polydisperse quaternary structure to subunit exchange and
point to its importance for the chaperonelike activity.

Once again our experiments have confirmed that the
interactions between the individual monomers and the
interactions involved in the complex formation during
chaperone activity are very complex. Often these interactions
were solely ascribed to hydrophobic interactions.
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