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ABSTRACT: The missense mutation Arg-120 to Gly (R120G) in the humanRΒ-crystallin sequence has
been reported to be associated with autosomal dominant myopathy, cardiomyopathy, and cataract. Previous
studies of the mutant showed a significant ability to aggregate in cultured cells and an increased oligomeric
size coupled to an important loss of the chaperone-like activityin Vitro. The aim of this study was to
further analyze the role of the R120 residue in the structural and functional properties ofRΒ-crystallin.
The following mutants were generated, Arg-120 to Gly (R120G), Cys (R120C), Lys (R120K), and Asp
(R120D).In cellulo, after expression in two cultured cell lines, NIH-3T3 and Cos-7, the capacity of the
wild-type and mutant crystallins to aggregate was evaluated and the protein location was determined by
immunofluorescence.In Vitro, the wild-type and mutant crystallins were expressed inEscherichia coli
cells, purified by size exclusion chromatography, and characterized using dynamic light scattering, electron
microscopy, and chaperone-like activity assays. Aggregate sizesin cellulo and in Vitro were analyzed.
The whole of the data showed that the preservation of an Arg residue at position 120 ofRΒ-crystallin is
critical for the structural and functional integrity of the protein and that each mutation results in specific
changes in both structural and functional characteristics.

The R-crystallins belong to the small heat shock protein
(sHSP)1 family (1). The sHSPs are found in most organisms
(archea, bacteria, plants, and animals) where they are
generally induced in response to a variety of physiological
and environmental stress (2, 3). In humans, 10 sHSPs have
been identified (4, 5). WhereasRΑ-crystallin (RΑ) is
essentially expressed in lens,RΒ-crystallin (RΒ) is also
expressed in other tissues (muscle, heart, lung, etc.), where
it is often found to be associated with other sHSPs (6, 7). A
number of point mutations leading to pathologies have now
been identified (8). The most well-known is the mutation of
Arg-120 to Gly inRΒ (R120G), which is responsible for an
autosomal dominant myopathy associated with cardiomyo-

pathy and cataract (9). The R120 residue seems particularly
interesting. The corresponding mutation inRΑ (R116C)
causes congenital cataract (10) and in HSP22 (K141E or
K141N) is responsible for distal hereditary motor neuropathy
and Charcot Marie Tooth disease (11, 12). In all these
inherited diseases, the transmission is autosomal dominant.
Moreover, the equivalent mutation in HSP27 (R148G)
induces accumulation of aggregates in cells (13). The
involvement of this conserved residue in inherited human
diseases highlights its important role in the structure and
function of sHSPs.

The sHSP family is characterized by a highly conserved
C-terminal domain of∼90 amino acids, “theR-crystallin
domain” (14), and a variable N-terminal domain. A typical
feature of sHSPs is the formation of large oligomeric
complexes (12-40 subunits of 12-50 kDa). In plants and
archae, sHSPs have a fixed number of subunits, whereas in
mammals, they are polydisperse. In mammalian lenses,RA
and RB associate in a 3/1 ratio to form polydisperse
oligomers of∼40( 5 subunits and of 800 kDa (15), whereas
RA and RB alone form polydisperse oligomers smaller in
size,∼30 subunits and 600 kDa (16). So far, only three three-
dimensional (3D) structures of sHSPs are known, one from
a hyperthermophile archaeMethanoccus jannaschii, HSP16.5,
with 24 subunits (17); one from wheat,Triticum aestiVum,
HSP16.9, with 12 subunits (18); and one from a parasitic
flatworm, Taenia saginata, Tsp36, with two subunits, each
subunit containing twoR-crystallin domains (19). A fourth
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one is in progress, from the bacteriaXanthomonas axonopo-
dis pv. citri (20), whereas the multiple assemblies of a fifth
one, HSP26 from the yeastSaccharomyces cereVisiae, have
been modeled from cryoelectron microscopy, yet at a lower
resolution (21). Sequence comparison coupled with structure
analysis revealed that the R120 mutation was located on a
highly conservedâ-strand (19).

TheR-crystallins share unique physicochemical properties,
including the ability to rapidly exchange their subunits while
keeping the same average number of subunits (22, 23).
Moreover, they can change their size and oligomeric state
with thein Vitro environment (pH, temperature, etc.) through
subunit exchange (24). Both in ViVo andin Vitro they function
as molecular chaperones (9, 25-31), whose main function
is to associate, not refold, a variety of stress-denatured
proteins and prevent further aggregation, in an ATP-
independent process. Subunit exchange might control the
chaperone-like activity, often associated with changes in
oligomeric state (32).

TheR-crystallins therefore exhibit structural and functional
properties in the living world that seem closely associated
with their dynamic structure, yet the process by which a point
mutation may be sufficient to modify these properties and
lead to pathologies remains to be determined. To address
these questions, we constructed and expressed in different
systems several position 120RΒ mutants: R120G, R120C,
R120K, and R120D. Thein cellulo and in Vitro properties
of wild-type (WT) and mutant crystallins were analyzed.
After expression in cultured cell lines, the capacity to
aggregate of the WT and mutant crystallins was evaluated
and the protein location was determined by immunofluores-
cence. The soluble assemblies were characterizedin Vitro
by dynamic light scattering, electron microscopy, and
chaperone assays.

EXPERIMENTAL PROCEDURES

Cloning and Site-Directed Mutagenesis.Cloning of the
hRΒ-WT and R120G cDNA into the pcDNA3 vector
(Invitrogen) has been reported previously for thein cellulo
studies (9). The R120C, R120D, and R120K mutants were
generated by site-directed mutagenesis. For thein Vitro
studies, each mutant DNA was then subcloned into bacterial
expression vector pET16b (Novagen); the hRΒ-WT cDNA
used for expression inE. coli was kindly provided by W.
W. de Jong (33) and was cloned into vector pET24d
(Novagen). Detailed cloning information and primers used
are given in Table 1. All the recombinant vectors were
sequenced by automated sequencing.

Cell Culture, Transfection, and Immunofluorescence.Two
different cell lines, adherent and easy to transfect, were
chosen. The murine NIH-3T3 cells are devoid of sHSP
expression in the absence of stress. The monkey Cos-7 cells
are devoid ofRB expression but express HSP27 constitu-
tively. The cells were grown in DMEM Glutamax medium
(Gibco), supplemented with 10% fetal calf serum (FCS,
Gibco) and penicillin/streptomycin (Gibco) in a 5% CO2

humidified atmosphere. One day prior to transfection,
cultured cells were trypsinized and plated on glass coverslips
placed in a culture dish. Transfection with 3µg of each
pcDNA3 recombinant vector was carried out using Fugene
6 (Roche Diagnostics) according to the manufacturer’s

instructions; 24 or 48 h later, cells were rinsed twice with
phosphate-buffered saline (PBS) before being fixed and
permeabilized by incubation in a cold methanol/acetone
solution (7/3) for 5 min at 4°C. After several washes in
PBS, cells were probed using monoclonal mouse antibody
anti-RΒ (1/200, Stressgen) diluted in PBS containing 2%
FCS. The primary antibody was then detected using a goat
anti-mouse antibody coupled to Alexa Fluor 11031 (1/1000,
Molecular Probes) diluted in PBS and 2% FCS. The samples
were mounted on coverslips using Mowiol (Sigma). Cells
were examined using a fluorescence microscope (LEITZ)
and images collected via an ORCA-ER digital camera
(Hamamatsu) and processed using Simple PCI 6.0 (Compix
Inc. imaging systems).

To test the expression level of each transfected construct,
cells were lysed 48 h post-transfection in buffer A [125 mM
Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 400 mM
dithiothreitol, and 0.01% bromophenol blue] prior to the
analysis by Western blotting using the monoclonal mouse
anti-RΒ-crystallin antibody (1/10000, Stressgen). A mono-
clonal mouse anti-vimentin antibody (1/2000, DakoCyto-
mation) was used to normalize the amount of total protein
loaded.

Assessment of the Ability of hRB-WT and Mutants To
Aggregate in Cell Cultures.The presence or absence of
aggregates in transitory transfected cells was scored for, at
least, 100 randomly transfected cells for each construct. Each
datum is the mean value of three independent experiments
( the standard error. A one-way ANOVA test was applied
to compare results between sample groups. Differences
between groups were considered statistically significant if
the p value was<0.05.

Expression and Purification of hRB-WT and Mutants.RB-
Crystallins were expressed inE. coli strain BL21(DE3) and
induced with 0.1 mM isopropylR-D-thiogalactoside (IPTG)
for 3.5 h at 37°C. After disruption of the cell wall using the
“Bug Buster master mix” (Novagen) completed with 0.2µM
AEBSF (Novagen), which is an irreversible inhibitor of
serine proteases, and 100 mM NaCl, the soluble protein
fraction was dialyzed against buffer B [22 mM Na2HPO4,
28 mM KH2PO4, 70 mM KCl, 1.3 mM EDTA, 3 mM NaN3,
and 3 mM DTT (pH 6.8)] with 0.6 mM phenylmethane-

Table 1: Detailed Information about the Used Constructs

construct
number

construct
designation

method of cloning/
source of the cDNA

restriction
site used primersa

1 pcDNA3-RB WT described previouslyb KpnI/XbaI -
2 pcDNA3-RB R120G described previouslyb KpnI/XbaI -
3 pcDNA3-RB R120C site-directed

mutagenesis
KpnI/XbaI a, b, c, d

4 pcDNA3-RB R120D site-directed
mutagenesis

KpnI/XbaI a, b, e, f

5 pcDNA3-RB R120K site-directed
mutagenesis

KpnI/XbaI a, b, g, h

6 pET24d-RB WT described previouslyc XhoI/EcoRI -
7 pET16b-RB R120G subcloning from 2 NcoI/XhoI -
8 pET16b-RB R120C subcloning from 3 NcoI/XhoI -
9 pET16b-RB R120D subcloning from 4 NcoI/XhoI -

10 pET16b-RB R120K subcloning from 5 NcoI/XhoI -
a a, 5′-aaaaaaggtaccatggacatcgccatccaccac-3′; b, 5′-aaaaaatcta-gac-

tatttcttgggggctgcggt-3′; c, cagggagttccactgc aaataccggatccca; d, 5′-
tgggatccggtatttgcagtggaactccctg-3′; e, 5′-tccagggagttccacgataaatac-
cggatccc-3′; f, 5′-gggatccggtatttatcgtggaactccctgga-3′; g, 5′-tccaggg-
agttccacaaaaaataccggatccc-3′; h, 5′-gggatccggtattttttgtggaac tccctgg-3′.
b From ref9. c From ref33.
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sulfonyl fluoride (PMSF). The next step was a nucleic acid
precipitation with 0.12% poly(ethyleneimine) (PEI). Finally,
hRΒ-WT and mutants were purified by gel filtration FPLC.
According to the culture volume, chromatography was
conducted either on a S200PG column or on a S200HR
column (Amersham Bioscience) and eluted in buffer B. The
identity was controlled by mass spectrometry (MS/MS). The
purity of theRΒ preparations was assessed by 12% SDS-
PAGE, colored with Coomassie blue. Purified proteins were
stocked at 4°C and never freeze-dried.

Dynamic Light Scattering (DLS) Measurements of Rh and
Polydispersity.DLS measurements were performed on a
DynaPro from Wyatt Technology Corp. (formerly Protein
Solutions) using regularization methods (software, Dynamics,
version 6). With this equipment, the laser light wavelength
is 830 nm and the scattered light is collected at 90° by an
optic fiber until a detector is reached. The sample cell can
be thermostated with a Peltier element, from 4 to 80°C. As
macromolecules are subjected to Brownian motions, their
relative positions change as a function of time in a size-
dependent manner. With monodisperse solutions of particles,
the measurement of the autocorrelation function of the
scattered light as a function of time allows us to determine
the diffusion coefficient of the species in solution,DT. The
hydrodynamic radius,Rh, is then calculated from the Stokes-
Einstein equation, in whichRh ) KBT/6πDTη, whereKB is
the Boltzman constant,T the absolute temperature, andη
the viscosity of the solvent. With globular particles and
assuming a level of hydration of∼25%, the MW can be
estimated using the equation MW) 4/3πNa(Rh)3.

With a monomodal distribution of polydisperse particles,
an average hydrodynamic radius is obtained and the percent-
age of polydispersity is calculated in addition. These values
are calculated with DynaProDYNAMICS. When several
species are present in solution, the number of species can
be determined, as well as the average hydrodynamic radius
and the polydispersity of each species, yet the accuracy is
better when only two or three clearly different species are
present. The technique was used to measure the hRΒ-WT
and mutant size and polydispersity at 20 and 48°C and to
check the stability of these values as a function of time. All
the samples were filtered before experiments on Nanosep
MF GHP, 0.45µm centrifugation devices to eliminate large
aggregates or dust particles. The protein concentration was
0.1-1 mg/mL, the sample volume 50µL, the acquisition
time for one measurement 10 s, and the laser power
sensitivity 50%. Each experiment consisted of 15-360
measurements.

Assay for the Determination of Chaperone-like ActiVity
of hRB-WT and Its Mutants with Alcohol Dehydrogenase
(ADH). The capacity of hRΒ-WT and different mutants to
prevent 1,10-phenanthroline-induced ADH (Sigma) dena-
turation and aggregation was determined. The assay was
conducted at 42°C in 500µL reaction volumes in buffer C
[50 mM sodium phosphate buffer (pH 7.2) and 100 mM
NaCl] containing ADH at 0.4 mg/mL in the presence or
absence of hRΒ-WT or mutants at 0.08 mg/mL (i.e., 5/1
ADH/RB ratio). The assay was monitored for 40 min at 360
nm on a UVIKON 923 spectrometer. Control experiments
were conducted with hRΒ-WT and mutants alone under the
same conditions.

Assay for the Determination of Chaperone-like ActiVity
of hRB-WT and Its Mutants with Citrate Synthase (CS).The
chaperone activity was assayed with DLS, by monitoring as
a function of time the light scattered at 90° by the sample.
Indeed, measuring the scattered intensity at 90° in DLS
equipment is equivalent to measuring the scattered intensity
in a spectrometer (although the wavelengths are different)
and can be used to monitor heat-induced aggregation. Most
CS assays reported in the literature have been performed
between 37 and 45°C (e.g., ref48), yet a rapid DLS analysis
of CS aggregation as a function of temperature demonstrated
a faster process at 48°C. The chaperone assay was therefore
conducted at 48°C so that it could be more significant. The
scattering of the CS alone and of the CS in the presence of
hRΒ-WT or mutants was first measured at 20°C in a separate
experiment and shown to remain constant as a function of
time. Then, after equilibration at 48°C of the DynaPro, the
sample cell was placed in the sample holder and the scattered
intensity was recorded as a function of time over 0.5 or 1 h
periods. To optimize the signal, the CS andRB concentra-
tions were∼2.2 and∼0.5 mg/mL, respectively (i.e., a CS/
RB ratio of 4.5/1). Control experiments were carried out with
hRΒ-WT and mutants alone under the same conditions; i.e.,
the scattered intensities were first recorded at 20°C and then
monitored for 1 h at 48°C. After 1 h at 48°C, the hRΒ-WT
scattering had increased by∼10% and the R120G scattering
by ∼25%. The values of the other mutants were between
those. Eighty microliter reaction volumes were used in buffer
B. The laser power sensitivity was 50%, and the acquisition
time for one measurement was 10 s. Each experiment
therefore consisted of 180 or 360 measurements.

Energy-Filtered Transmission Electron Microscopy
(EFTEM).Negative staining was carried out at 20°C using
carbon-coated grids. A sample drop at∼1 mg/mL was de-
posited on the grid and negatively stained with a 2% aqueous
uranyl acetate solution. The specimens were examined with
a LEO 912 (ZEISS 120 kV) “in-column” energy spectrom-
eter (Omega filter) transmission electron microscope.

RESULTS

Location and Characterization of hRB-WT and Mutant
Assemblies in Mammalian Cell Lines.The immunofluores-
cence location of hRΒ-WT and the different mutants was
determined 24 and 48 h after transfection in Cos-7 and NIH-
3T3 cells. These cell lines were chosen since NIH-3T3 cells
do not have endogenous sHSPs, whereas Cos-7 cells express
a high level of endogenous HSP27 associated with a low
level of RΒ. The differentRB-crystallin species presented
the same type of location in the two transfected cell lines
(Figure 1). As expected from previous work (9), hRΒ-WT
exhibited a diffuse cytoplasmic pattern at both 24 and 48 h
(Figure 1A,B,K,L). Instead, 24 h after transfection, the
R120G mutant was found essentially as well-defined mul-
tifocus-like aggregates in the cytoplasm (Figure 1E,O); 48 h
after transfection, the R120G-induced aggregates were bigger
and perinuclear (Figure 1F,P). The location of the R120G
mutant at 24 and 48 h is in agreement with previously
published studies (9, 34). The mutant R120K exhibited the
same pattern of distribution as hRΒ-WT (Figure 1C,D,M,N).
The mutants R120C (Figure 1G,H,Q,R) and R120D (Figure
1I,J,S,T) had a tendency to form aggregates and a location
similar to those of R120G 24 h after transfection. Note that
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the R120D aggregates seemed even bigger than those of
R120G. At 48 h, however, large aggregates were also
observed for R120C and R120G which can be seen in Figure
1. The presence of hRΒ-WT and mutants species in the
nucleus was observed only in a small, nonsignificant number
of cells, which can be seen in Figure 1E,J,O,P.

Aggregation Kinetics in Mammalian Cell Lines.As the
ability to aggregate is a time-dependent phenomenon (34),
we determined the percentage of transfected cells containing
aggregates 24 and 48 h after transfection in Cos-7 and NIH-
3T3 cells. Figure 2A shows the results obtained 24 h after
transfection in Cos-7 cells. No aggregates could be observed
with hRΒ-WT and R120K, with a background of<1%.
Instead, the R120G, R120C, and R120D mutants exhibited
a significant tendency to form aggregates with 20.2( 1.4,
23.9 ( 2.1, and 18.2( 1.4% of transfected cells, respec-
tively, containing aggregates, i.e., no significant difference
among these three mutants. The same observations were
established in NIH-3T3 cells (data not shown); 48 h post-
transfection (Figure 2B), the background of aggregation of
hRΒ-WT, 2.0 ( 1.0%, and R120K, 3.0( 1.7%, did not

show significant variation, whereas the R120D mutant and,
moreso, the R120G and R120C mutants showed an increased
number of transfected cells with aggregates with 34.0( 2.6,
35.7( 3.9, and 20.0( 5.2%, respectively. The same results
were obtained in NIH-3T3 cells (data not shown). Figure
2C shows the variation of the number of aggregates in
transfected cells as a function of time. It can be seen on the
figure that the increase in the number of transfected cells
with aggregates for the R120G and R120C mutants was more
important than for the R120D mutant, suggesting that, in
Cos-7 cells, R120G and R120C mutants aggregate quicker
than R120D. The level of synthesized protein was determined
to be similar in all the transfected constructs, eliminating
the possibility of a dose-dependent effect. The analysis was
done by Western blotting, with a specific antibody against
RΒ, on the total protein extracts of the transfected cells, 48
h post-transfection (data not shown).

Expression and Solubility in the Bacterial Host.We
previously observed with native bovineR-crystallin that
renaturation procedures after, for example, dissociation in
urea yielded particles with a lower molecular mass. We

FIGURE 1: Cellular location of hRB-WT, R120K, R120G, R120C, and R120D in Cos-7 and NIH-3T3 cells 24 and 48 h post-transfection.
hRB-WT (A, B, K, and L) and R120K (C, D, M, and N) show a diffuse immunostaining within the cytoplasm in both cell lines 24 and 48
h after transfection. In contrast, the expression of R120G (E, F, O, and P), R120C (G, H, Q, and R), and R120D (I, J, S, and T) induced
the formation of cytoplasmic and/or perinuclear aggregates that can be observed 24 h after transfection in both cell lines. Arrows indicate
the presence of aggregates in cells. The scale bar is 50µm.
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therefore did not want to resolubilize inclusion bodies to
avoid any possible change in the “native” oligomeric state
and looked for expression conditions inE. coli that are able
to provide us with sufficient protein in the soluble fraction.
Under our optimal conditions, hRΒ-WT and the mutant
R120K were mainly found in the bacterial soluble fraction
whereas a significant fraction of the R120G and R120D
mutants remained in the insoluble one. The R120C mutant
was found exclusively in the insoluble fraction (data not
shown).

Purification and Characterization by Gel Filtration of
Recombinant Assemblies.Soluble total extracts of proteins
were purified by gel filtration via FPLC. Since only the
soluble fraction was used for the final purification, the mutant
R120C could not be purified. The yield for hRΒ-WT and
for the mutants was, on average, between 2 and 5 mg for a
100 mL culture. Typical elution profiles are shown in Figure
3. hRΒ-WT eluted as a sharp symmetrical peak at a position
corresponding approximately to 600-680 kDa (sometimes,
a few aggregates were eluting in the void volume). All the
other mutants eluted close to or in the void volume, indicating
a mass of>1000 kDa. The molecular mass was increasing
in the following order: WT< R120Ke R120D< R120G.
For the mutants, a shoulder was often observed in the elution
profile, corresponding to a lower molecular mass of∼500
kDa. For subsequent analyses, only the main peak was
considered. For all mutants, and especially for R120G, the
crystallin yield was shown to be higher and the FPLC profile
more reproducible when FPLC was performed immediately
after the preparation of the total protein extracts. Therefore,
in the experiments presented here, small culture volumes
were used and the purification was conducted with an S200
HR column to proceed with all the purification steps on the
same day.

Stability in Vitro.Once purified, hRΒ-WT was stable for
several weeks; i.e., both the solubility and the particle size

FIGURE 2: Capacity of hRB-WT and R120K, R120G, R120C, and
R120D mutants to aggregate in Cos-7 cells 24 and 48 h after
transfection. Percentage of transfected cells containing aggregates
(A) 24 and (B) 48 h after transfection in Cos-7 cells. Each histogram
represents the mean of three independent experiments. The bar
indicates the standard error. The data between groups were analyzed
using a one-way ANOVA. Differences between groups were
considered statistically significant ifp was <0.05. An asterisk
indicates groups significantly different from the hRB-WT and
R120K groups. A number sign indicates groups significantly
different from the hRB-R120G and R120C groups. (C) Representa-
tion of aggregate formation as a function of time in Cos-7 cells.
Note that the number of transfected cells containing aggregates
increases slowly for hRB-WT, R120K, and R120D and rapidly for
R120G and R120C.

FIGURE 3: Gel filtration chromatography of hRB-WT, R120K,
R120G, or R120D mutant performed on a S200HR column. The
flow rate was 0.75 mL/min. Fractions of 0.25 mL were collected
and checked via SDS gels. Only one band was observed for hRB-
WT. With the mutants eluting close to the void volume, and
especially with the R120G mutant, a few minor bands, barely
detectable, could be observed in addition.

Residue R120 andRB-Crystallin Properties Biochemistry, Vol. 46, No. 33, 20079609



remained essentially unchanged. On the other hand, the
R120G mutant exhibited a strong tendency to precipitate as
a function of time, with most of the material already
precipitated in a few days. R120K and R120D had interme-
diate behaviors: R120K increased slightly in size in a week
or so, whereas R120D rapidly increased in size in a few days;
both mutants formed a few percent of precipitates at the same
time (data not shown). This result led us to conduct the DLS
and chaperone assay measurements shortly after the purifica-
tion procedure.

Determination of Hydrodynamic Radii and Polydispersity
with DLS. The in Vitro size, shape, and polydispersity of
hRΒ-WT and R120 mutants were investigated at 20°C with
DLS. One series of preparations is shown in Figure 3, and
the corresponding best-fit distribution ofRh values and
polydispersities are shown in Figure 4. The numerical values
are given in Table 2. As we can see in Figure 4, the
distribution profiles were rather different for hRΒ-WT and
for the mutants. Moreover, the profiles observed with the
mutants were asymmetrical, indicating the presence of a
significant fraction of particles with large sizes and molecular
masses. TheRh values at the maximum of the distribution
were found to increase in the following order: hRΒ-WT e
R120K < R120D≈ R120G. The width of the distribution

was increasing in the following order: hRΒ-WT < R120K
< R120D e R120G. These data are representative of the
results obtained with different preparations (∼10) over a
period of 1 year. Indeed, the values obtained for hRΒ-WT
were reproducibly found to be 7.6( 0.3 nm with a
percentage of polydispersity of<20%. When analyzed on
the same day, the hydrodynamic radii of R120G were also
reproducibly found to be∼13.3 nm, yet the polydispersity
was much higher, on the order of 58%, with a significant
part of the particles having hydrodynamic radii of>30-50
nm. Moreover, over a period of a few days, the sample had
precipitated in part and theRh value of the remaining soluble
fraction had increased. Instead, the values found for the
R120K mutant were much more variable from one prepara-
tion to the other, e.g., between 11 and 15 nm up to 20 nm in
one case; however, the polydispersity remained generally
limited to ∼40%, and the observed values were stable with
time. The R120D values were both varying with the
preparation and increasing as a function of time with, in all
cases, a high percentage of polydispersity,∼50%. When
analyzed as a function of temperature, the hRΒ-WT and the
R120 mutants were found to be remarkably stable until 50
°C with only small variations in hydrodynamic radius and
polydispersity.

Visualization of Size and Polydispersity with EFTEM.The
electron microscopy studies were consistent with the DLS
data. On the EM fields, hRΒ-WT appeared homogeneous
in size with, on average, an external diameter of 15( 2
nm. An example is given in Figure 5A. All the mutants were
bigger and more polydisperse, as shown in Figure 5B-D.
The polydispersity particularly increased for the R120G
(Figure 5C) and R120D (Figure 5D) mutants, where the
presence of a significant number of large particles with a
variety of shapes, from quasi-spherical up to elongated ones,
was clearly visible. However, since the electron microscopy
could not always be performed immediately after the
preparation, part of these aggregates could also originate from
some aging of the preparation.

FIGURE 4: Best-fit distribution of theRh values calculated by the
DLS instrument for each sample. The measurements were taken at
20 °C immediately after purification. The acquisition time was 10
s and the laser power sensitivity 50%. The sample concentration
was 0.4 mg/mL. Each experiment was an average of at least 15-
360 measurements.

Table 2: Summary of the Dataa

charge
on residue

120
in Vitro
stability

Rh
(nm)

polydis-
persity

(%)

protection
of ADH

(%)

protection
of CS
(%)

hRB-WT +1 ++ 7.6 17.0 99 97
R120K +1 + 10.9 46.1 21 84
R120G 0 - - 13.3 58.2 0 61
R120D -1 - 12.8 48.5 0 77

a The averageRh and polydispersity values correspond to the
preparations shown in Figure 4 and dynamic light scattering conducted
at 20°C. For the chaperone assays, the percentages of protection toward
ADH and CS were calculated from Figures 6 and 7 att ) 1/2. Stability
refers to the ability of proteins to remain in solution as a function of
time.

FIGURE 5: Transmission electron micrographs of theRB samples
negatively stained with 2% uranyl acetate and photographed at a
magnification of 50000×. The solid bar represents 50 nm for all
micrographs: (A) hRB-WT, (B) R120K mutant, (C) R120G mutant,
and (D) R120D. Note that the particle size and polydispersity
increase from panel A to D.
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Chaperone-like ActiVity in Vitro. The chaperone-like
activity of hRB-WT and of the mutants was investigated
using two target proteins, ADH and CS. In the ADH assays,
the experiments were conducted with at least two different
protein preparations and were repeated, in each case, at least
three times. The assay was carried out at 42°C, using an
ADH/RB ratio of 5/1. As one can see in Figure 6, hRB-WT
was able to prevent 90-100% of the aggregation of ADH
by 1,10-phenanthroline at 42°C. In contrast, the R120G,
R120D, and R120K mutants had no effect at all on the
aggregation of ADH, indicating that all the mutants had lost
the in Vitro chaperone-like activity. Note, however, that CS
aggregation and/or precipitation started later for the R120K
mutant than for the other mutants.

The CS assay was adapted for DLS experiments, as
indicated in Experimental Procedures. The scattered intensi-
ties recorded at 48°C with CS incubated alone or in the
presence of hRΒ-WT or mutants (using a CS/RB ratio of
4.5/1) are shown in Figure 7. The curves were subtracted
for the values recorded at 20° to be directly comparable with
the curves in Figure 6. The percentages of protection
calculated at 30 min from Figure 7 are given in Table 2. As
one can see from Table 2 and Figure 7, hRΒ-WT was able
to prevent CS aggregation. The chaperone-like activity of
the mutants was found to decrease with an increase in size
and polydispersity, yet all the mutants retained a significant
chaperone-like activity toward CS. The results were repro-
ducible from one preparation to another. After some days,
however, the chaperone ability of the mutants, and especially
that of the R120G, was reduced, whereas that of hRΒ-WT
remained stable (data not shown).

Taken together, the results obtained with the ADH and
CS assays demonstrate a target protein specificity of the
mutants and a direct connection between chaperone-like
activity and mutant quaternary structure and stability.

DISCUSSION

This study emphasizes the special role of residue 120 of
RΒ-crystallin. Indeed, the observation that all the mutants
that were studied, R120G, R120K, R120D, and R120C,
behaved in a different way, bothin cellulo andin Vitro, was
particularly striking. It was already established that, in
mammalian cells, hRΒ-WT was mainly localized in the
cytoplasm. Instead, the R120G mutant was known to result
in the formation of cytoplasmic aggregates in a time-
dependent process. First, multiple foci appear in the cyto-
plasm of transfected cells. Second, these multifocus-type
aggregates are retrotransported along microtubules to form
large peri-centrosomal masses (34). In the study presented
here, we have transfected Cos-7 and NIH-3T3 cell lines to
determine the localization of the hRB-WT and mutants
species. We have observed that hRB-WT and the R120K
mutant exhibited mainly a diffuse cytoplasmic localization
in both cell lines. In constrast, the R120G, R120D, and
R120C expression induced the growth of aggregates in both
cell lines. The location of the aggregates was also cytoplas-
mic. For all theRB species, a few Cos-7 cells also displayed
a nuclear immunostaining. To further characterize the ability
to form aggregates of the different mutants, we have
determined the number of transfected cells containing
aggregates both 24 and 48 h after the transfection. Our results
showed that hRB-WT and the R120K mutant remained
soluble in the cytoplasm. In comparison, the R120G, R120D,
and R120C mutants exhibited a significant level of trans-
fected cells with aggregates 24 h post-transfection, which
increased with time. The lack of solubility was presumably
associated with an increased level of exposure of hydropho-
bic patches on the surface and, therefore, an increased
tendency to associate and aggregate (35-37). Interestingly,
the increase in the number of transfected cells with ag-
gregates appeared to be slower for the R120D mutant than
for the R120G or R120C mutant. This phenomenon was not

FIGURE 6: Chaperone-like activity of theRB samples toward ADH.
Optic density at 360 nm was measured as a function of time at 42
°C. Each plot corresponds to the mean of two independent
experiments. hRB-WT protected ADH against aggregation and/or
precipitation, whereas R120K, R120G, and R120D mutants do not.
Note that the aggregation and/or precipitation of ADH in the
presence of the R120K mutant is delayed compared to the
aggregation and/or precipitation of ADH in the presence of R120G
or R120D. The ADH/RB ratio was 5/1.

FIGURE 7: Chaperone-like activity of theRB-crystallin samples
toward CS. Scattered intensity at 90° measured with the DLS
instrument as a function of time at 48°C. The CS andRB
concentrations were∼2.2 and∼0.5 mg/mL, respectively. The CS/
RB ratio was 4.5/1. The laser power sensitivity was 50%, and the
acquisition time for one measurement was 10 s. Each experiment
consisted of 180 or 360 measurements. Protection of CS provided
by RB samples indicated the following: R120G< R120D <
R120K < hRB-WT.
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due to a difference in the expression level of the proteins.
According to these results, whatever the modification of the
Arg residue, the cytoplasmic localization in unstressed Cos-7
or NIH-3T3 cells of the differentRB species was preserved.
On the other hand, conservation of the charge seemed to be
required to keep a sufficient solubility, which is able to
ensure a uniform localization. Indeed, the modification of
the charge always resulted in the formation of a significant
amount of aggregates. In addition, the level of aggregates
was a function of mutation type.

The results obtained in the mammalian transfected cells
were consistent with the expression patterns of hRB-WT and
of the different mutants inE. coli. hRB-WT and the R120K
mutant were essentially in the soluble fraction; the R120G
and R120D mutants were found in both soluble and insoluble
fractions, whereas the R120C mutant was completely found
in the insoluble fraction. Since the size and molecular mass
of R-crystallin were known to be particularly sensitive to
environmental conditions (38), no attempt was made to
resolubilize the inclusion bodies, which precluded any further
in Vitro study of the R120C mutant.

The purification of the differentRB species allowed us
first to check the stability of the differentRB speciesin Vitro,
when stored in a cold room, as assessed by their ability to
remain in solution as a function of time. Whereas the hRB-
WT properties remained unchanged for a couple of weeks,
we were able to show that any kind of mutation of the R120
residue destabilized theRB structure. Our study demonstrated
once more the specificity of the R120G mutation since, in
agreement with previous work (39), the R120G mutant was
found to be inherently unstable in solution. The R120K and
R120D mutants had a stability intermediate between those
of the WT and the R120G mutant. To avoid additional
complexity, thein Vitro experiments were conducted using
fresh protein preparations. Usually, DLS measurements were
taken immediately after purification, on the same day.

The most striking property of theR-crystallins is their
dynamic oligomeric structure. Previous studies had estab-
lished that the R120G mutation in hRB-WT led to an increase
in the average size of the oligomeric structure (39-42) while
keeping the secondary structure essentially unchanged (40).
Similar results were obtained for the R116C mutation inRA
(43-45). The FPLC, DLS, and EM measurements presented
here indicate that, whatever the amino acid replacing the
R120 residue, the mutation induced an increase in both the
average molecular mass and the polydispersity of the
oligomeric structure, according to the following order: WT
< R120K < R120D< R120G.

The behavior in solution of hRB-WT and R120 mutants
after purification can probably be considered to reflect the
behavior in a cell of freshly synthesized particles. It is
therefore interesting to note that the less soluble mutants that
were, in solution, the most prone to forming large oligomers
were those forming the largest aggregates in the transfected
cells. In both cases, R120K was quite similar to the WT,
R120G and R120C were the least soluble, and R120D was
between the WT and the other mutants. The mutation
destabilized the native structure and probably exposed an
increased number of association sites with, as a consequence,
an increase in the oligomeric size that, ultimately, led to
aggregation and precipitation. Keeping the same charge, i.e.,
replacing Arg with Lys, seemed to be the least traumatic,

yet not neutral, change, whereas a change in charge, i.e.,
the replacement of Arg with Asp, had severe consequences
in terms of aggregation. However, the situation seemed much
more complex than a simple electrostatic effect, since the
stability appeared to be modified as well, with the less stable
mutant being R120G. Finally, the R120C mutation, which
seemed to be associated with a particularly low solubility,
could correspond well to the exposure of a site particularly
sensitive to oxidation, leading to the formation of aggregates
through additional disulfide bonds. All these results suggest
that the presence of an Arg residue at position 120 ofRB is
essential to conserve its oligomerization properties. These
results are at variance with those obtained for hRA-WT in
which the replacement of R116 with a residue bearing the
same charge, R116K, was enough to essentially preserve the
oligomeric sizein Vitro (45).

The R-crystallin chaperone-like activity was known to
protect against stress through the binding of a variety of
partially unfolded substrates, in a substrate-dependent manner
(24, 25, 29, 46-49). In some cases, an “activation” could
be required; e.g., the active form of native calfR-crystallin
towardγ-crystallins was an 80-mer as compared to the 40-
mer of the native structure (24). Previous studies on the
R120G mutant had shown a decrease in the chaperone-like
activity associated with the increased oligomeric size and
the decreased stability (39-41, 50). Our study demonstrates
that all the mutants presented quaternary structure modifica-
tions and were functionally impaired. In addition, the results
obtained with the R120K mutant demonstrated that a
modified quaternary structure may result in functional
impairment even though sufficient solubility is retained to
ensure a normal cytoplasmic location. The functional impair-
ment varied in a substrate-dependent manner. In agreement
with previous studies, the chaperone activity of the R120G
mutant toward ADH was completely lost; in contrast, this
study shows that the chaperone activity toward CS was only
moderately reduced. Another novelty of our study was to
show that, as far as the chaperone-like activity is concerned,
all the mutants behaved in a similar way: none of them was
able to prevent ADH aggregation, and all of them were
providing some protection toward CS aggregation. In this
context, it is interesting to note that the R120 residue is
located in a region that had been identified as an interactive
sequence for chaperone activity with ADH but not with CS
(48). This might be the reason why mutations in the R120
region differently affect the chaperone activity toward the
two target proteins.

Similarities between the pathological consequences of the
R120G mutation inRB and of the R116C mutation inRA
are well-known. PreviousRΑ studies have demonstrated the
conservation of a positive charge at this position was enough
to preserve the functional properties ofRA (45). Indeed, the
replacement of the Arg residue with a Lys conserved the
chaperone function assessed as the ability to suppress ADH
aggregation. The study presented here demonstrates that
preserving the charge at position 120 ofRB was not sufficient
to preserve its chaperone-like activity toward ADH and that,
despite the high level of homology betweenRΑ and RΒ,
these two proteins possess their own characteristics.

Taken together, all the results seemed to indicate a
significant variability of the environment of the residue in
position 120 from the WT to the different mutants, or from
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one crystallin to another. In an attempt to visualize such an
environment, the 3D structure of a subunit dimer of HSP
16.5 (Protein Data Bank entry 1SHS) was represented in
Figure 8A,B. As one can see in the figure, the R107 residue
in one subunit, equivalent to the R120 residue ofRΒ,
interacts with residues localized on neighboring loops:
residues G41 and M43 on the loop which connects the
â-strands 1 and 2 of the same subunit and residue E98 which
is located on the large loop connecting the strandsâ5 and

â7, yet from the other subunit. R107 could therefore be
involved in the stability of the HSP 16.5 local dimeric
structure. Since the loop regions are flexible and, moreover,
the large loop is known to be especially variable from one
species to the other, it therefore appears rational that a single
mutation in such regions might modify a wide series of
interactions and associations with a huge variability among
species. The study advocates that the Arg residue at position
120 of RΒ plays a crucial role in the control of quaternary
structure and interaction sites and is mandatory for hRB-
WT quaternary structure integrity and function.
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