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ABSTRACT: Mutation of the Arg120 residue in the human RB-crystallin sequence has been shown to be
associated with a significant ability to aggregate in cultured cells and have an increased oligomeric size
coupled to a partial loss of the chaperone-like activity in Vitro. In the present study, static and dynamic
light scattering, small-angle X-ray scattering, and size exclusion chromatography were used to follow the
temperature and pressure induced structural transitions of human RB-crystallin and its R120G, R120D,
and R120K mutants. The wild type RB-crystallin was known to progressively increase in size with
increasing temperature, from 43 to 60 °C, before aggregating after 60 °C. The capacity to increase in size
with temperature or pressure, while remaining soluble, had disappeared with the R120G mutant and was
found to be reduced for the R120K and R120D mutants. The R120K mutant, which preserves the particle
charge, was the less impaired. The deficit of quaternary structure plasticity was well correlated with the
decrease in chaperone-like activity previously observed. However, the mutant ability to exchange subunits,
measured with a novel anion exchange chromatography assay, was found to be increased, suggesting
subtle relationships between structural dynamics and function. From molecular dynamic simulations, the
R120 position appeared critical to conserve proper intra- and intersubunit interactions. In silico mutagenesis
followed by simulated annealing of the known small heat shock protein 3D structures suggested a
destabilization of the dimeric substructure by the R120 mutations. The whole of the results demonstrated
the importance of the R120 residue for structural integrity, both static and dynamic, in relation with function.

The RB-crystallin (RB)1 belongs to the small heat shock
protein (sHSP) family. The sHSPs are ubiquitous proteins,
usually expressed to protect cells against a variety of
stress (1, 2). In humans, 11 sHSPs are known (ref 3 and
references therein, 4), including RA-crystallin (hRA), which
is essentially expressed in the lens, and hRB, which is also
expressed in other tissues such as muscles. In lenses, RA
and RB, only found mixed in variable ratios, formed the so-
called RN for native R-crystallins. An increasing number of

point mutations leading to pathologies have now been
identified. The most well known is the mutation of Arg-120
to Gly in hRB (R120G), which is responsible for an
autosomal dominant desmin-related myopathy associated
with cardiomyopathy and cataract (5). The corresponding
mutations in hRA (R116C) and HSP22 (K141E or K141N)
are also involved in inherited human diseases (6, 7), and
several mutations in HSP27, located in the vicinity of the
residue at the equivalent 120 position, (R127W, S135F,
R136W, R140G, K141Q) are implicated in axonal Charcot-
Marie–Tooth disease and distal hereditary motor neuro-
pathy (8, 9).

The sHSP family is characterized by a highly conserved
C-terminal domain, the R-crystallin domain (ACD) (10), and
the variable N-terminal domain and C-terminal extension.
A typical feature of sHSPs is the formation of large
assemblies, either monodisperse or polydisperse (2-40
subunits of 12-50 kDa). The origin of such a diversity
remains unknown at present. Moreover, within each sHSP
class, the number of subunits is further controlled by the
environmental conditions, through subunit exchange. So far,
only three three-dimensional (3D) structures of sHSPs are
known, one from a hyperthermophile archae Methanoccus
jannaschii, HSP16.5, with 24 subunits (11); one from wheat,
Triticum aestiVum, HSP16.9, with 12 subunits (12); and one
from a parasitic flatworm, Taenia saginata, Tsp36, with 2
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subunits (13). Each subunit of HSP16.5 and HSP16.9
comprises 1 ACD; instead, each of the 2 subunits of Tsp36
comprises 2 ACDs separated by a linker. Several other 3D
structures have now been analyzed at lower resolution by
cryoelectron microscopy (14-18). The R-crystallins, either
native bovine (bRN) or recombinant hRA and hRB, were
actively studied in solution (18 and reviews in refs 19 and
20). Moreover, a number of residues and peptides, specifi-
cally involved in subunit-subunit interactions and assembly,
have been identified, thanks to the construction of a variety
of mutants and the development of pin array analy-
ses, coupled to the structural information available
(21-24).

From a functional standpoint, it is generally accepted that
the antistress function of the sHSPs relies on their chaperone-
like activity, also associated with their dynamic quaternary
structure and subunit exchange. These common structural
and functional properties remain, however, compatible with
tissue specific expression and specific target binding. Some
of the sites involved in specific substrate associations of
R-crystallins have been identified (25-29). Tertiary and
quaternary structure appear, however, of utmost importance
since, for instance, the 24-mer yeast HSP26 was observed
to dissociate in Vitro into dimers in heat shock conditions
(30-32), whereas native R-crystallins (RN) required a
doubling in size to associate the physiological substrates, �-
and γ-crystallins, at the onset of their denaturation (33). We
also demonstrated previously that, as far as the temperature
induced structural transitions were concerned, RB alone did
not behave as RN (31). Since, in addition, the R120G
mutation is known for a long time to damage in Vitro RB
structure and chaperone-like activity (34, 35), and since a
series of mutations at the R120 position had been observed
recently to impair hRB behavior in cellulo (K, D, G, and C
mutations) and hRB size in Vitro (K, D, and G mutations
since C was exclusively found in inclusion bodies) at ambient
temperature (36), it was challenging to further investigate
these R120 mutants. The present article started with the
biophysical analysis of the temperature and pressure induced
structural transitions of the three soluble hRB R120 mutants.
Then, subunit exchange was analyzed using a new in Vitro
assay, in order to establish relationships between the
quaternary structure or structural transitions and the RB
dynamic properties. Finally, in silico models of the four R120
mutations were constructed in the dimeric substructures of
the three available 3D structures (HSP16.5, HSP16.9, and
Tsp36) in order to obtain clues on how these mutations may
be responsible for structural destabilization and impaired
function.

MATERIALS AND METHODS

Cloning, Mutagenesis, Expression, and Purification of
hRB-WT and R120 mutants. The various steps from cloning
to purification of all the hRB constructs have been recently
described (31, 33-36). Briefly, sequences were cloned in
pET24d (WT) or pET16b (R120 mutants) (Novagen) and
transformed in E.coli BL21 strains. The expression was
induced by the addition of 0.1 mM IPTG for 4 h at 37 °C.
The purification protocol began with the cell wall disruption
by the bug buster master kit (Novagen) supplemented with
the protease inhibitor cocktail set VII (Calbiochem). The

soluble protein fraction was obtained by centrifugation, then
dialysed against 150 mM phosphate buffer at pH 6.8 (Buffer
A ) 22 mM Na2HPO4, 28 mM KH2PO4, 70 mM KCl, 1.3
mM EDTA, 3 mM NaN3, and 3 mM DTT) with 0.6 mM
PMSF (phenylmethylsulfonyl fluoride). In order to precipitate
nucleic acids, 0.12% of PolyEthyleneImine (Qiagen) was
added and then centrifuged. Finally, a single step of size
exclusion chromatography on a Sephacryl S200 (GE Health-
care) was sufficient to obtain pure soluble proteins (as
checked by SDS-PAGE and/or mass spectrometry). The
purified proteins (always in buffer A, unless specified) were
stored at 4° C. Concentrations were determined with a ND-
1000 UV-visible spectrophotometer (NanoDrop Technolo-
gies), using an extinction coefficient ε (0.1%, 1 cm) of 0.69.

Dynamic Light Scattering (DLS). Hydrodynamic radii,
(Rh), and percentages of polydispersity (% Pd) were measured
by DLS using a DynaPro from Wyatt Technology Corpora-
tion (formerly Protein Solutions) using regularization meth-
ods (software Dynamics V6). The laser light wavelength was
830 nm, and the scattered light was collected at 90° by an
optic fiber until it reached a detector. Temperature of the
sample cell, from 4 °C up to 80 °C, was controlled with a
Peltier element. As macromolecules are subjected to Brown-
ian motions, their relative positions change as a function of
time in a size-dependent manner. With solutions of identical
particles, the calculation of the autocorrelation function of
the measured 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 Stockes-Einstein equation according to the fol-
lowing:

Rh )KBT/6πDTη (1)

where KB is the Boltzman constant, T the absolute temper-
ature, and η the viscosity of the solvent (η is given by the
program and is taken equal to 1.019 for the PSB buffer at
20 °C). With solutions of polydisperse yet monomodal
particles, an average Rh is obtained in the same way, and
the % Pd is calculated in addition. A monomodal DLS profile
indicates the presence of a single population of structures in
solution. This means that the size distribution can be ideally
fitted by a Gaussian. When several species are present in
solution, the number of species (e3), together with the
average Rh and polydispersity of each, can be determined,
if the species present are sufficiently different (by regulariza-
tion methods (37)). The technique was used to measure the
hRΒ-WT and mutant size and polydispersity at ambient, 37,
48, 55, and 60 °C and to check the stability of these values
as a function of time. All of the samples were filtered before
experiments on Nanosep to eliminate large aggregates, dust
particles, or bubbles. The protein concentration was measured
and adjusted if necessary to be in the 0.1-1 mg/mL range
(to get a sufficient signal-to-noise ratio and avoid the detector
saturation), the sample volume 50 µL, the correlation time,
τ, 0.5 µs, and the acquisition time for one measurement 10 s.
Each experiment consisted of at least 20 up to 360 measure-
ments. In some temperature experiments, the total scattered
intensity, Is, was recorded. The following normalized scat-
tered intensity, In, was used: In ) (Is at T - 〈Is at T0〉)/〈Is
at T0〉.

Small Angle X-ray Scattering (SAXS). Temperature and
pressure induced oligomeric transitions were analyzed with
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SAXS. Data collection was carried out at the ID2 beamline
(38) at the European Radiation Synchrotron Facility (ESRF,
Grenoble, France). The scattering intensity was measured
with a 2D detector (fiber optically coupled FReLoN CCD
based on Kodak image sensor) as a function of q, defined as
q ) 2πs ) (4π/λ)sinθ, where s is the amplitude of the
scattering vector, λ is the wavelength of the X-rays, and 2θ
is the scattering angle. The sample to detector distance was
set to 2 and 3 m.

The temperature experiments were performed at λ )
0.0995 nm (energy 12.4 keV), using a thermostatted ID2
flow-through cell (quartz capillary) filled and rinsed in situ,
as previously described (31). Between two frames, fresh
protein solution was pushed, using a remote controlled
syringe coupled with the data acquisition program.

The pressure experiments were performed with the high-
pressure cell and a biologically compatible sample holder
as previously described (31). The spectra were recorded at
higher energy (16.5 kev corresponding to λ ) 0.0751 nm)
in order to reduce the absorption coming from the diamond
windows and the longer water path.

The protein concentrations varied from 3 to 8 mg/mL, to
get a sufficient signal-to-noise ratio. The sample volume was
40-50 µL for the capillary experiments and 80-100 µL for
the pressure one. The exposure time was chosen according
to the protein concentration, the beam filling mode, and the
experimental setup to obtain a sufficient signal-to-noise ratio
and avoid the radiation damage from 0.1s to 3.0 s; 3 to 10
frames were recorded at each condition for the protein and
10 to 30 frames for the buffer. The 2D data reduction is
described elsewhere (39).

The values of the intensity at the origin, I(0), and of the
radius of gyration, Rg, were derived from the scattering
intensities, I(q), using the Guinier approximation (40):

I(q)) I(0)exp(-q2Rg
2/3) (2)

Rg and I(0) were inferred, respectively, from the slope and
the intercept of the linear fit of ln(I(q)) versus q2 at low q
values (qRg < 1.0). The particle molecular weight (MW in
Da) or molar mass (MM in g/mol) and their changes
occurring at the temperature or pressure induced transitions
were followed from the variations of I(0). An estimate of
the particle size was obtained from Rg and its variations.

Size Exclusion Chromatography (SEC) and Multiangle
Light Scattering (MALS). MM (or MW) determination was
performed by SEC-MALS experiments immediately after
sample preparation. Size exclusion chromatography was
carried out on a silice KW 804 column (Shodex), connected
to an AKTA Purifier chromatography system (GE Health-
care) with a three angle laser light scattering device and a
refractive index detector (Treos Wyatt technology). Samples
of 50 µL at around 1 mg/mL were used. All of the
chromatography experiments were done at room temperature.
In order to analyze temperature induced MW changes, the
samples were preincubated for one hour at the desired
temperature, cooled on ice for a few minutes (to block the
subunit exchange process), and filtered at 4 °C for 10 min
on Nanosep MF GFP 0.2 µm centrifugal devices (Pall life
science) to eliminate dust particles, high MW aggregates,
and bubbles prior to chromatography. Incubation tempera-
tures were 4, 37, 48, 55, and 60 °C.

Anion Exchange Chromatography. Subunit exchange
between hRΒ-WT or mutants and bRN (1:1 ratio) was further
analyzed using 1 mL HiTrap ANX FF columns (GE
Healthcare). The equilibration buffer was 20 mM Tris at pH
6.8, and the elution buffer was the same including 1 M NaCl.
These buffers were chosen to be able to separate the hRB-
WT (pI ) 6.8, not retained on the column) from the bRN
(pI ) 5.6, eluting around 29.5% NaCl) and possibly
exchanged intermediate species. The elution was done at
ambient temperature, the elution rate was 1 mL/min, the
injected volume was 100 µL, and the gradient was fixed at
1.5% per mL. The protein concentration range was from 1
to 2 mg/mL. After mixing at 4 °C where exchange does not
take place, the samples were directly injected (0 h) or
preincubated at 37 °C for different times, typically 1, 3, 5,
16, and 24 h, before loading on the anion exchange column.

Multiple Sequence Alignment. The multiple sequence
alignment of the N-terminal domain N-ter), R-crystallin
domain (ACD), and C-terminal extension (C-ter) of 6 sHSPs
was achieved: Methanococcus jannaschii HSP16.5 (pdb
code: 1SHS; Swiss-Prot accession number: Q57733), Triti-
cum aestiVum HSP16.9 (1GME; Q41560), Taenia saginata
Tsp36 (2BOL; Q7YZT0), and Homo sapiens HSP27 (P04792),
HSP22 (Q9UJY1), RA (P02489), and RB (P02511). Tsp36
comprises one N-ter domain, two ACDs separated by a linker
(41 amino acids), followed by one C-ter extension. The
sequences of the N-ter and C-ter regions were manually
aligned. The multiple alignment of the ACD sequences was
achieved by MUSCLE ((41); http://www.drive5.com/muscle);
the available 3D structural data were also taken into account
in order to align the sequences of the L57 loop (between
the B5 and B7 �-strands).

In Silico Site-Directed Mutagenesis. Dimer mutants were
generated by amino acid replacement (with K, D, C, or G)
in each 3D coordinate file (1SHS, 1GME, and 2BOL) at the
R position of the A chain equivalent to the RB-crystallin
R120 position (107 in 1SHS, 108 in 1GME, 158 in 2BOL),
as follows; note that the second ACD in the Tsp36 sequence
shares a lysine at this homologous site and is therefore not
concerned by this amino acid replacement. For each protein,
the PHYRE threading program was used first ((42); http://
www.sbg.bio.ic.ac.uk/phyre); PHYRE uses a rotamer library
to attach the amino acid side chain along the backbone to
avoid clashes and simultaneously attain an energetically
favorable and compact arrangement. The second step con-
sisted in the fit of the monomer (mutant model or wild-type
chain A) on the 3D coordinates of the second monomer
involved in the dimer (1SHS C chain, 1GME and 2BOL B
chain). We thus obtained a dimeric substructure composed
of two identical monomers, composed of 1 ACD surrounded
by a N-ter domain and a C-ter extension for 1SHS and
1GME, or of 2 ACDs separated by a linker and surrounded
by a N-ter domain and a C-ter extension for 2BOL (indeed,
part of the N-ter region was not visible in the 1GME B chain,
and the L57 loop was not visible either in the first ACD of
the 2BOL B chain). Fitting was performed using the
McLachlan algorithm (43), as implemented in the program
ProFit (Martin ACR and Porter C.T.; http://www.bioinf.-
org.uk/software/profit).

The GROMACS package ((44); http://www.gromacs.fr)
was then used to center and solvate each dimer (wild-type
or mutant, partial or complete) in a cubic box with explicit
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solvent (water). Energy minimization by the steepest descent
method, followed by the conjugate gradient method was used
to remove bad contacts and reduce the potential energy of
each system. The dimers and their mutants were negatively
charged; each system was neutralized by the replacement of
n water molecules by n sodium counterions (1SHS, nWT/K )
8, nD ) 12, nG/C ) 10; 1GME, nWT/K ) 2, nD ) 6, nG/C ) 4;
2BOL: nWT/K ) 14, nD ) 18, nG/C ) 16).

Simulated Annealing. Molecular dynamic (MD) simula-
tions on the dimeric substructures were carried out using the
GROMOS energy function (GROMOS96 43a1 force field).
Solvent equilibration was first achieved by a 20 ps MD
simulation at 300 K: the solvent was relaxed, while the dimer
was kept frozen, using 2 fs time steps; in subsequent MD
simulations, each system was heated from 300 to 600 K in
1 ps, equilibrated for 1 ps and then cooled in 4 ps from 600
to 300 K (with 1 fs time steps); this 6-ps simulated annealing
process was repeated 100 times. Snapshots and averaged
atomic coordinates were taken every 0.5 ps; the collected
data were used for the analysis of both contact sites and
structural fluctuations.

Contact Analysis. The intra and intermolecular hydrogen-
bonds (atomic distance <3.6 Å) involving atoms of the
residue 120 were computed by the program Contact imple-
mented in the CCP4 package ( (45); http://www.ccp4.ac.uk).

Analysis of the Structural Fluctuations. For each system,
rmsd values (root-mean-square deviation, which is the
average distance between atoms of superimposed structures)
were computed between each time-specific structure (or
substructure) and the initial one after minimization (0 ps of
the MD simulation; g_rms, GROMACS package). We have
also computed the mean and the standard deviation of the
rmsd values, among the 100 time-specific structures with the
lowest potential energy (i.e., the 100 cooled structures
collected at 6n ps of the MD simulation). Indeed, the rmsd
values were computed between the given time-specific
structure and the corresponding one after the first minimiza-
tion (0 ps of the MD simulation), for both backbone and
side chain atoms: 6 Å (WT), 6.4 Å (K), 6 Å (D), 8.2 Å (G),
and 8 Å (C); these values are characteristic of each system
during the MD simulations. The structures that have their
rmsd as close as possible to the average rmsd may not
correspond to the same number of cycles. Indeed, for the
WT it was obtained after 28 cycles (168 ps) of simulated
annealing, and the following values were obtained for the
mutants: K (39 cycles, 234 ps), D (70 cycles, 420 ps), G
(81 cycles, 486 ps), and C (66 cycles, 396 ps). For each,
statistical analysis of variance values were achieved (Anova
in the R package; http://www.r-project.org/) in order to test
whether the mean of the rmsd values of WT and mutants do
significantly differ.

RESULTS

Assembly State and Polydispersity Analysis As a Function
of Temperature by DLS. The hRB-WT and R120 mutants
(the soluble ones: R120K, R120D, and R120G) were
investigated with DLS as a function of temperature to
determine the hydrodynamic radii (Rh) and the percentages
of polydispersity (% Pd). The stability of the different
proteins was also followed as a function of time. To analyze
the temperature induced structural modifications, the Rh and
the % Pd were measured at each temperature of interest.

DLS is a versatile approach that can be used in different
ways. A rapid exploration of the system was done in the
following way: after equilibration of the sample at physi-
ological temperature for 15 min, the total scattered intensity
was measured every 2 °C from 37 to 63 °C, for 200 s (20
points at 10s each, Figure 1A). This total scattered intensity
originates from the scattering of the particles of interest and
from their associations. In the following, we distinguish the
changes in size or number of subunit reproducibility induced
by increasing the temperature (called the temperature induced
transitions), from the uncontrolled formation of high MW
aggregates of denaturated materials. In particular, the DSL
intensity is sensitive to the formation of high MW, yet
soluble, species or aggregates, and increases rapidly as soon
as such aggregates are formed. As already described (36),
the size distribution profiles at ambient temperature (not
shown) were rather different for hRB-WT and for the
mutants. The mutant size distribution profiles were much
more asymmetrical, indicating the presence of a significant
fraction of particles with large sizes and MW. The presence
of aggregates (Rh g 100nm, not shown) may be detected as
early as 43 °C with the R120G mutant, at 59 °C for the hRB-
WT and the R120D mutants and around 61 °C for the R120K
mutant.

In another series of experiments, the sample holder was
first equilibrated at the desired temperature: ambient, 37, 45,
48, 55, or 60 °C. Then the sample was placed in the sample
holder, and the autocorrelation function was recorded
continuously as a function of time over a 1 h period (360
points, 10 s each) or until the detector saturation for the
highest temperatures, allowing us to calculate Rh and % Pd
afterward at any time. Fresh samples were used at each
temperature. Until 50 °C, the equilibration occurred in about
10 min, and then the system remained stable for at least 1 h.
The Rh and % Pd values were finally compared, after 1010 s.
The values observed at different temperatures for the different
hRB and averaged over the different preparations, are given
in Table 1. The Rh are plotted in Figure 1B. The preparations
that gave unexpectedly large Rh values (1 out of 12 for the
hRB-WT and up to 5 out 12 for R120G) were not taken
into account.

Between ambient temperature and about 45 °C, the Rh

values at the maximum of the distribution were found to
increase in the following order: hRB-WT < R120K <

FIGURE 1: DLS analysis of (O) hRB-WT, (0) R120K, ()) R120D,
and (∆) R120G mutants as a function of temperature. (A) Kinetic
experiments: the total scattered intensity was measured every 2 °C
from 37 to 63 °C, for 200 s (20 points at 10 s each). (B) Static
experiments: the Rh values were calculated after equilibration of
each sample for 1010 s at the chosen temperature and averaged
over the different preparations.
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R120G < R120D. The % Pd was increasing in the same
order. The hRB-WT, the R120K, and R120D mutants were
found to remain stable at 4 °C for several days. On the
contrary, the R120G mutant was forming whitish precipitates
sedimenting at the bottom of the tube in a few days.

As can be seen in Figure 1B and Table 1, the size and
polydispersity of the hRΒ-WT was minimum at 37 °C (the
total scattered intensity was also minimum at 37 °C). The
Rh of the hRΒ-WT, 7.3 nm at 37 °C, started to slowly
increase after 40 °C, to reach 11.2 nm at 60 °C. The
polydispersity increased at the same time. The irreversible
formation of large aggregates (>50nm) was observed after
60 °C. Each mutant behaved in its own and different way.
The Rh of the R120K mutant first decreased until about 45
°C from 11.9 to 7.6 nm, possibly owing in part to the
decrease in polydispersity, and then increased rapidly up to
32.5 nm at 55 °C indicating a rapid transformation of the
initial particle population into much larger species. After 48
°C, the system was unable to differentiate the particles and
the growing aggregates, and the measured Rh was an average
taken over a wide range of species of different sizes. The Rh

of the R120D mutant remained stable around 22 nm up to
48 °C, then increased until 33.2 nm at 55 °C, indicating the
growth of larger species. The Rh then decreased again,
probably owing to the sedimentation of these larger species
outside the laser beam. All of the changes observed were
found irreversible. The R120G mutant behaved differently.
The mutant Rh decreased from 12.0 nm at ambient temper-
ature to 10.9 at 37 °C and remained stable until 45 °C. The
Rh then increased because of the formation of high MW
aggregates, increasing as a function of time.

Temperature Induced Transitions as ObserVed by SAXS.
The SAXS intensity curves of the hRΒ-WT and the 3
mutants were recorded as a function of temperature from
ambient to 60 °C. The evolution of the scattering curves as
a function of temperature are shown in Figure 2A-D, and
the scattering curves of the hRΒ-WT and the 3 mutants at
ambient temperature are compared in Figure 2E. The
evolution of the corresponding radius of gyration (Rg), as a
function of temperature, is plotted in Figure 2F.

In this series of curves, the protein concentrations were
in between 3-8 mg/mL to obtain a sufficient signal-to-noise
ratio. The curves can be considered to be close to the form
factor, as shown at ambient conditions in Figure 2E: the
shapes of the scattering curves were typical of globular
particles, with size and polydispersity increasing in the order
hRΒ-WT < R120K < R120D ∼ R120G. Indeed, the width
of the central maximum was found to decrease and Rg to
increase according to this order (the Rg values were found
to be, respectively, 6.1 nm, 7.5 nm, 9.2 nm, and 9.5 nm).

Also, after the central maximum, the hRΒ-WT exhibited a
shoulder around q ) 1 nm-1. The shoulder is a rough
indication of polydispersity since it becomes more pro-
nounced when polydispersity decreases. It was barely visible
with the R120K mutant and had disappeared with R120D
and R120G, as expected with an increasing polydispersity.
The presence of a few percent of large particles in the R120D
and R120G samples can also be guessed from the increase
of the scattering curves near the origin.

Table 1: DLS Dataa

temperature ambient 37 °C 45 °C 48 °C 55 °C 60 °C

hRB-WT Rh (nm) 7.6 (0.1) 7.3 (0.1) 7.8 (0.1) 8.3 (0.2) 9.8 (0.2) 11.2 (0.3)
% Pd 29.7 (2.8) 21.5 (1.4) 21.3 (1.8) 21.6 (6.8) 36.8 (4.2) 23.0 (2.0)

R120K Rh (nm) 11.9 (0.6) 8.7 (0.9) 7.6 (0.8) 8.2 (0.6) 32.5 (0.1) 59.3 (8.6)
% Pd 35.7 (3.0) 21.4 (3.8) 17.6 (2.5) 17.7 (4.9) 39.9 (1.1) 24.3 (3.7)

R120D Rh (nm) 21.6 (0.8) 21.8 (0.5) 23.3 (0.3) 22.1 (1.4) 33.2 (0.5) 30.2 (1.3)
% Pd 39.0 (3.6) 46.5 (5.1) 47.7 (4.4) 43.6 (1.5) 43.3 (2.6) 27.1 (4.7)

R120G Rh (nm) 12.0 (0.4) 10.9 (0.5) 12.1 (0.8) 20.9 (3.2) N.D. 63.4 (1.8)
% Pd 34.7 (4.7) 37.4 (5.4) 51.6 (3.5) 53.5 (2.8) N.D. 29.7 (2.4)

a Average Rh values and % of Pd after an equilibration time of 1010 s at the chosen temperature. The standard errors are given in parentheses. N.D.:
not determined.

FIGURE 2: Temperature induced structural transitions as observed
by SAXS. Temperature scans at ambient pressure of (A) hRB-WT,
(B) R120K, (C) R120D, and (D) R120G mutants. The normalized
X-ray scattering intensities were recorded as a function of the
scattering vector q between ambient temperature and 66 °C at P )
0.1 MPa (1 atm). (E) Normalized X-ray scattering intensity curves
of (O) hRB-WT, (0) R120K, ()) R120D, and (∆) R120G mutants
at ambient temperature and pressure. For the sake of clarity, the
curves were vertically shifted. (F) Corresponding Rg values as a
function of temperature.
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Size and MW of the hRB-WT were stable until 40 °C
and then were seen to increase with temperature (Figure 2A).
The increase was continuous until 59 °C (31). At 59 °C,
MW, as estimated from the I(0) value (not shown), was about
twice the initial MW, and Rg was 7.9 nm as compared to
6.1 nm at 20 °C. The transition was irreversible. Above 60
°C, the formation of large aggregates (sedimenting at the
bottom of the tube) was observed. A minimum of polydis-
persity, estimated from the shape of the shoulder around q
) 1 nm-1, could be observed around 37 °C. As seen from
Figure 2B, the R120K mutant behaved in a similar way, with
a Rg value rather stable until 48 °C, but starting from a higher
Rg (7.5 nm at 20 °C and 7.8 nm at 48 °C) and increasing
afterward, up to 9.1 at 58 °C. Yet the change in size was
less important than that for hRΒ-WT since Rg increased about
17% between 48 and 58 °C instead of 30% for the hRΒ-
WT between 40 and 59 °C. The temperature induced
transition of the R120D mutant (Figure 2C) was even more
restricted, with Rg increasing from 9.1 nm up to 10.2 nm
between 48 and 60 °C (12%). All of these data were in
agreement with the DLS results and complemented them.
The R120G mutant (Figure 2D) was visibly contaminated
with aggregates even at ambient temperature, probably
because protein purification had to be prepared a few days
before the X-ray experiments. The corresponding Rg, equal
to 9.5 nm at 20 °C increased up to 11.8 at 61 °C. In this
case, it remained unclear whether a temperature induced
transition, i.e., a temperature controlled size increase, was
present, or the changes observed near the origin of the
scattering curves from ambient temperature were already due
to the formation of large aggregates (corresponding to the
first step toward uncontrolled precipitation of denatured
material).

Pressure Induced Modifications as ObserVed by SAXS at
Ambient Temperature. The pressure scans for hRΒ-WT,
R120K, and R120G are shown in Figure 3A, B, and C and
the corresponding Rg in Figure 3D from ambient pressure
to 300 MPa. R120D was precipitated and could not be
studied during the experiment at the synchrotron. In all three
cases, two effects are superimposed: (i) the overall scattering
intensity decreases as the pressure increases, reflecting the
decrease of the contrast between protein and solvent; (ii) the
pressure induced structural modifications observed between
ambient pressure and 300 MPa mimic the temperature
induced modifications observed between room temperature
and 60 °C. For hRΒ-WT, the transition roughly corresponded
to a doubling in size. The transition was, however, fully
reversible with some hysteresis as can be seen on Figure
3D. The size of the R120K mutant also increased with
pressure yet was relatively less (Figure 3B and D). As with
temperature, the maximum Rg increase was about 20%,
although the transition was essentially reversible. Finally,
the changes observed for the R120G scattering curves were
the most difficult to interpret since they were consistent with
a simultaneous increase in size and in polydispersity or, in
other words, with the formation of larger aggregates. The
changes, at the limit between transition and precipitation,
were only partially reversible. In all cases, the high pressure
state was similar to the high temperature state, in agreement
with what is expected for equilibrium states.

Some pressure experiments were also performed at other
temperatures, 37 and 48 °C (not shown). Essentially, the

pressure induced contrast variation between protein and
solvent was reduced at higher temperatures. The pressure
effect then was enhanced at higher temperatures yet, with
the mutants, the higher temperature seemed to favor the
irreversible formation of a variable percentage of high MW
aggregates, competing with the reversible high MW as-
semblies corresponding to a reversible structural transition.
In the case of hRΒ-WT, the combination of high temperature
(43.5 °C) with pressure, favored the reversible structural
transition (31).

Molecular Weight Determination as a Function of Tem-
perature by SEC-MALS. Differential refractive index profiles
of purified hRB were measured by SEC-MALS as a function
of incubation temperature in order to determine the corre-
sponding MM (or MW). The results are given in Figure 4A
for the hRB-WT and Figure 4B for the R120K from ambient
to 55 °C. After 1 h at 60 °C, a significant part of the protein
formed high MW aggregates, which were eliminated in part
by the filtration step. The remaining soluble part eluted at
around 2400 kDa, close to the void volume (not shown).
The averaged value of the MW and the estimated averaged
number of subunits are reported in the Table 2. In the case
of the R120D and the R120G mutants, the profiles obtained
at ambient temperature already indicated very large MW and
polydispersities, with a significant part of the sample eluting
in the void volume (not shown). These parameters were no
more pertinent, and the temperature evolution was not
pursued.

For hRB-WT and for R120K, as can be seen on the Figure
4A and B and Table 2, no significant evolution of the samples
occurred between 4 °C, the storage temperature, and 20 °C,
the temperature of the chromatography experiment, and the
variation of the MW with temperature confirmed that the

FIGURE 3: Pressure induced structural transitions as observed by
SAXS. Pressure scans at ambient temperature of (A) hRB-WT, (B)
R120K, and (C) R120G mutants. The normalized X-ray scattering
intensities were recorded between 0.1 and 300 MPa (1 and 3000
atm). (D) Corresponding Rg values as a function of pressure. A
complete hysteresis cycle is shown. The lower points were recorded
during the pressure increase; the upper points correspond to the
return to ambient pressure, as indicated with the arrows.
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temperature induced changes were not reversible. The MW
of hRB-WT were found to be similar at 4 and 37 °C and
equal, respectively, to 646 kDa and 623 kDa, corresponding
to 32 and 31 subunits in average. The MW then regularly
increased as a function of temperature, to reach 734 kDa at
48 °C and 886 kDa at 55 °C (44 subunits in average). The
same experiments, performed with the R120K mutant (Figure
4B), showed that the R120K assembly exhibited a higher
MW compared to that of the wild type, as previously shown
by DLS and SAXS. The estimated MW corresponded to
1307 kDa at 4 °C, 1151 at 37 °C, 1275 at 48 °C, and 1694

at 55 °C (up to 84 subunits). The overall evolution of this
mutant appeared similar to hRB-WT, yet the formation of
aggregates started earlier, around 55 °C, and was overwhelm-
ing at 60 °C. The lower MW observed at 37 °C, as compared
with 4 °C, corresponded to a smaller polydispersity of the
samples at physiological temperatures, as already observed
by DLS and SAXS.

Subunit Exchange of hRΒ-WT and Mutants InVestigated
by Anion Exchange Chromatography. To identify subunit
exchange, in concentration conditions similar to those used
for DLS and SAXS, conditions leading to new particles with
different sizes or charges were looked for. We choose to
use bRN as the exchanger, for its high stability and charge
difference with hRB. Two different approaches, sensitive to
changes in charge, were tested. The first one was direct
visualization of the new particles formed with IEF gels.
Although the technique was successfully used to follow the
exchange between hRΒ-WT and bRN (not shown), the
mutant sizes were found too large to reproducibly migrate
in the IEF gels and the experiments were not pursued. The
second method, the anion exchange chromatography with
Hi-Trap ANX 1 mL columns, was preferred to measure the
subunit exchange of hRΒ-WT and R120 mutants with bRN.
A 1:1 ratio was chosen for all experiments.

In a pH 6.8 buffer, hRB-WT, that has an isoelectric point
(pI) close to the buffer pH, is not expected to be retained on
the column. However, bRN, which has a pI around 5.2, is
eluted only by the addition of salt. Indeed, in the gradient
conditions used, hRΒ-WT eluted in the void volume, whereas
bRN eluted at the end (29.3-29.6%) of the NaCl gradient.
It was first checked that the elution profiles for bRN alone
and for each (WT and mutants) of the hRΒ samples were
the same when the injection was done with samples kept at
4 °C and with samples incubated alone at 37 °C for 24 h. It
was also checked that exchange within the mixtures of bRN
and hRB did not occur at 4 °C and remained marginal at
ambient temperature after 24 h of incubation. These neces-
sary controls allowed us to perform the chromatography
experiments (that last for about 50 min) at ambient temper-
ature. The hRΒ and bRN mixtures were then incubated at
37 °C, and the reactions were stopped at will by putting the
samples on ice for a few minutes, after incubation times from
1 h up to 24 h. Figure 5A shows the exchange experiment
as a function of incubation time for an hRΒ/bRN mixture.
A 1:1 ratio was chosen for all experiments. As can be seen
in the figure, a new peak eluted before the bRN peak,
indicating that exchange was taking place and that a new
mixed population was formed and was measurable by this
technique. Subunit exchange was found already significant
after 1 h of incubation time, and only one type of particles
was visible after 5 h. It was verified by SDS-PAGE (not
shown) that the new particles indeed contained both hRΒ-
WT and bRN: RA and RB give two distinct bands, whose
intensities can be directly correlated to the protein ratio. A
few experiments were performed with incubations at 40 °C
(not shown). As expected, for identical incubation times the
exchange was found to occur faster.

Subunit exchange between bRN and the R120 mutants
were measured in the same way and the results shown in
Figure 5B, C, and D. Subunit exchange was found to occur
faster between bRN and the mutants than versus hRΒ-WT.

FIGURE 4: SEC-MALS experiments. Differential refractive index
elution profiles (continuous lines) of (A) hRB-WT and (B) R120K
mutant, and corresponding molar masses (symbols). Each sample
was incubated for 1 h at the chosen temperature (1, 4 °C; 2, 37 °C;
3, 48 °C; 4, 55 °C) before injection on the column.

Table 2: Summary of SEC-MALS Dataa

temperature 4 °C 37 °C 48 °C 55 °C

hRB-WT MM
(103 g/mol)

646 623 734 886

SU nb 32 [26-46] 31[27-41] 36 [31-47] 44 [35-60]
R120K MM

(103 g/mol)
1307 1151 1275 1694

SU nb 65 [63-82] 57 [50-75] 63 [52-93] 84 [58-161]
a Weighted average molar mass (MM) values of hRB-WT and R120K

mutant, and the number of subunits calculated with subunit MM,
respectively, of 20.1589 and 20.1309 103 g/mol (kDa). Limits are given
in parentheses. Each sample was incubated for 1 h at the chosen
temperature before injection.
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With R120K and R120G, only one peak was visible after
3 h of incubation at 37 °C, and 1 h was sufficient for R120D.

In Silico Analysis. Direct visualization of the three known
3D structures indicated that the R residue equivalent to the
RB-WT R120 and its local environment were equivalent
(similar intramolecular contacts) and correctly superimposed
at the monomer level. In the dimeric substructures of
HSP16.5 and HSP16.9, this residue is also involved in ACD/
ACD intermolecular interactions. This interface (that one may
assume to be characteristic of the R-crystallin superfamily)
is not observed in Tsp36, neither between its 2 subunits nor
between the 2 ACDs of a given subunit. The multiple
sequence alignment of HSP16.5, HSP16.9, Tsp36, HSP27,
HSP22, hRA, and hRB was then performed on the total
sequences in order to locate the residues involved in the
equivalent R120 environment. The hRA, HSP22, and HSP27
sequences, where mutations responsible for inherited human
pathologies were known, were included in the alignment.
The multiple alignment of the ACD is fully coherent with
the already published ones (12, 13). Because of the low
sequence identity in the N-ter domain, the alignment in this
part was only tentative but not critical for the R120
environment. The result is shown in Figure 6A.

To further analyze the possible impact of R120 mutations
on structural integrity and assembly, mutants of the dimer
substructure were generated in silico by amino acid replace-
ment (with K, D, C, or G, C was also included in the series)
in each 3D coordinate file (1SHS, 1GME, and 2BOL) at the
critical R position, as indicated in Materials and Methods.
For each system, 6 ps MD simulations were carried out in
order to explore the energetical landscape (and assume, for
HSP16.5 and HSP16.9, which regions of the conformation
space may be explored by a given dimer during the assembly)
and the simulated annealing process repeated 100 times.

Then, the 20 structures with the lowest potential energy were
retained from the 100 cooled structures, and the contact sites
involving the residue at the equivalent 120 position were
defined as those where H-bonds were detected according to
atomic distances. We have defined and computed a conser-
vative index (C.I.) for each contact site, as the number of
structures (among the 20) where the given H-bond was
observed. The list of contacts observed, and the correspond-
ing conservative index, for the 20 structures of HSP16.9,
HSP16.5, and Tsp36, and, in each case, for the WT and the
K, D, G, and C mutants, are given in Table 3.

Examples of the dimeric substructures observed for
HSP16.5 WT (as in the pdb file) and the WT and mutants
during the simulated annealing process are shown in Figure
6B. HSP16.5 was chosen as an example since its sequence
in the equivalent R120 environment was the most similar to
that of hRB. The first structure displayed corresponds to the
dimer from 1SHS. Then, each substructure displayed cor-
responds to the structure (among the 100 structures with the
lowest potential energy) having the average root-mean-square
deviation, rmsd (i.e., mean value or within the standard
deviation).

The contacts observed in the 1SHS pdb structure were the
following: I37, S38, G39, K40, G41, F42, M43, L77, I79,
and E98 (the only intermolecular contact site). These contacts
were essentially conserved during the annealing process in
the WT (R in Figure 6B) substructure. Instead, as can be
seen in the table for the four mutant substructures considered,
large contact perturbations were observed. Yet, the R and
the K substructures preserved similar contact regions, with
intrasubunit contacts in the B1, L12 (or equivalent), and B5
regions, and intersubunit contacts in L57, whereas the
intersubunit contact was lost with the D, G, and C mutations.
Contacts in the L12 loop disappeared with mutations G and
C, and finally the G mutant lost the B1 contacts. The 1GME
case behaved in a similar way, i.e., only the K muta-
tion conserved the intersubunit contact, which was lost for
all mutations with 2BOL.

DISCUSSION

The Arg residue at position 120 is known to play a crucial
role in the quaternary structure control and functional
integrity of hRB-WT (34, 36, 46-48). In the present study,
complementary techniques, DLS, SAXS, SEC-MALS, and
subunit exchange assays were combined to investigate and
compare, as a function of the environment and in stress
conditions, the assembly state, the conformational transitions,
and the subunit exchange capacity of hRB-WT and of
different R120 mutants: the pathological R120G and the
constructed R120K and R120D mutations. Additional infor-
mation was obtained on mutant stabilities and their propensi-
ties to form high MW aggregates or insoluble precipitates.
Finally, MD simulations of the mutants of the three known
3D structures (site-directed mutagenesis at the R120 equiva-
lent position) suggested that the observed behavioral modi-
fications could result from a mutation induced destabilization
of the local environment; in the HSP16.5 and HSP16.9
structures, this destabilization could lead to the perturbation
of the ACD/ACD interface of the dimeric substructure.

Special attention was paid in this study to optimize the
available tools. DLS and SAXS were extensively combined

FIGURE 5: Subunit exchange capacity of hRB-WT and R120 mutants
using anion exchange chromatography. Elution profiles (UV 280
nm) with NaCl gradient of mixtures of bRN and (A) hRB-WT or
(B) R120K, (C) R120D, and (D) R120G mutants incubated at 37
°C for different times as indicated. The protein ratio was 1:1. In
the absence of incubation at 37 °C (0 h), hRB-WT (1) or R120
mutants were not retained on the column, whereas bRN (2) eluted
around 29 mL (29.5% NaCl).
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to obtain different pictures of the temperature induced
changes. Because of its dynamic character and easy access,
DLS was particularly convenient to measure Rh and % Pd
in many conditions and therefore to analyze the temperature

induced modifications and for fast trials. In addition, it was
especially sensitive to the onset, with increasing temperature,
of large size soluble aggregates. However, SAXS was
particularly suited to obtain detailed information on the

FIGURE 6: Structural consequences induced by the R120 mutations: in silico analysis. (A) Multiple sequence alignment of the N-terminal
region (N-ter), R-crystallin domain (ACD), and C-terminal region (C-ter) of 6 sHSPs: Methanococcus jannaschii HSP16.5 (PDB code,
1SHS; Swiss-Prot accession number: Q57733), Triticum aestiVum HSP16.9 (1GME; Q41560), Taenia saginata Tsp36 (2BOL; Q7YZT0),
and Homo sapiens HSP27 (P04792), HSP22 (Q9UJY1), RA-crystallin (P02489), RB-crystallin (P02511) (see Material and Methods for
details). Tsp36 comprises one N-ter domain, two ACDs separated by a linker (sequence not shown), followed by one C-ter extension;
Tsp36-1 and Tsp36-2 refer to the first and second ACD sequences, respectively. In italic are the amino acids absent from the 3D structure.
The secondary structures of the ACD are indicated by B (beta-strands) or L (loops). The conserved amino acid sites (exact identity or
similar physicochemical properties) are highlighted in gray. The amino acids at position 120 (in the human RB-crystallin sequence) are
highlighted in red. The contact sites of these homologous residues (R107 in 1SHS, R108 in 1GME, and R158 in 2BOL ACD1) during the
simulated annealing process are in green (see Table 3 for details); in the case of 1SHS, the main contacts (CI > 5) are indicated by white
letters, and shown as 3D sticks in the Figure below. (B) 3D dimeric substructures of WT and mutants of the M. jannaschii Hsp16.5 during
the simulated annealing process. From left to right: the dimer structures are shown in the upper line, with the 107 (R, K, D, G, or C) and
E98 residues represented as sticks. Each 3D structure is partial, the main part of the N-terminal region being absent (until residue 33).
These structures correspond to the 1SHS pdb dimer (chains A and C in dark and light black, respectively), and after simulated annealing,
to the WT (blue), and the K (red), D (cyan), G (orange), and C (magenta) mutants. Each substructure displayed corresponds to one structure
(of the 100 structures with the lowest potential energy) having the average rmsd (mean value or within the standard deviation). The lower
line focuses on the local environment around the residue 107, its atoms being represented as spheres. The main intra and intermolecular
contact sites observed during the simulated annealing process within the WT structure (white letters in the multiple sequence alignment
above) are represented as green sticks: I37, S38, G39, G41, M43, L77, I79, and E98 (see Table 3 for details).
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average quaternary structure. More importantly, SAXS
allowed us to also study the pressure induced transitions (31).
Pressure was demonstrated to yield assemblies with larger
size and MW, similar to those observed when increasing
temperature. The pressure induced transitions were mostly
reversible, in contrast to the temperature induced transitions.
The latter property was exploited to use SEC-MALS to
follow the temperature induced MW changes.

The major experimental result obtained at that point was
that each mutant behaved in its own way, yet the data
consistently demonstrated that all of the R120 mutants, which
formed larger and more polydisperse assemblies, exhibited
lower stability than the hRB-WT. The mutants also presented
structural transitions under stress, i.e., a size increase as a
function of increasing temperature or pressure, indicative of
structural disorganization (31). The transitions were, how-
ever, of lesser amplitude for the mutants than for the hRB-
WT. Since it had been already shown that quaternary
structure integrity was necessary for full chaperone-like
activity (36), it was proposed that both the reduced chaperone-
like activity and the modified transitions of the mutants were
associated to perturbations in subunit exchange. Subunit
exchange is most often tested with FRET experiments (33,

49, 50) and sometimes by IEF gel electrophoresis (12, 51)
or mass spectrometry (52, 53). In the present study, we
choose to design a subunit exchange assay based on anion
exchange chromatography that was able to work in concen-
tration conditions close to those used in DLS and SAXS
experiments (of the order of 1 mg/mL) and did not require
any probe. The only requirement was that the two initial
particle populations had different isoelectric points (pI). The
formation of new complexes, with intermediate pI, could then
be easily demonstrated and resolved from the original ones.
The assay was fast, of low cost, and reasonably demanding
in terms of quantities. The charge difference between bRN
and hRB was found to be sufficient to obtain a good
resolution. The surprise was that the R120 mutant particles,
less well organized than the hRB-WT, exchanged subunits
faster. Relationships between the R-crystallin assembly state,
chaperone-like activity, and subunit exchange had been
documented in recent years (24, 26, 33). The results
presented here demonstrated that all of the R120 mutants
were able to associate an impaired chaperone activity and
an enhanced exchange capacity. This property is reminiscent
of a low-stability �-hairpin cysteine at the domain-pairing
interface of the �B2-crystallin, which was proposed to favor

Table 3: Contact Analysis: Sites and Conservation during the Simulated Annealing Processesa

N-ter ACD

B1 L12 B2 B5 L57

R 1SHS pdb I37 S38 G39 K40 G41 F42 M43 L77 I79 E98*

C.I. 8 11 10 4 14 1 6 14 19 7

1GME pdb S32 A40 F41 A44 M46 L79 V80 V81 E100*

C.I. 2 2 4 2 2 8 7 14 8

2BOL pdb S59 N68 G95 E96 L137 V139

C.I. 6 1 1 11 4 20

K 1SHS pdb S38 G39 K40 G41 F42 M43 L77 I79 E98*
C.I. 8 8 13 15 4 9 11 20 6

1GME pdb F10 D11 A40 F41 A42 N43 A44 L79 V81 S82 E100*
C.I. 1 4 2 9 1 3 10 8 20 2 1

2BOL pdb S59 E61 P62 E96 L137 V139
C.I. 5 7 1 7 2 14

D 1SHS pdb I37 S38 G39 K40 G41 F42 M43 P44 I79
C.I. 4 3 13 7 9 5 15 1 2

1GME pdb A40 F41 A42 N43 A44 L79 V81
C.I. 1 2 13 19 19 8 20

2BOL pdb S59 E61 L137 V139 R140
C.I. 9 1 1 20 5

G 1SHS pdb L77 I79
C.I. 16 20

1GME pdb L79 V80 V81 S82
C.I. 13 1 20 2

2BOL pdb L137 V139 R140
C.I. 3 20 3

C 1SHS pdb S38 G39 L77 E78 I79
C.I. 1 1 8 1 20

1GME pdb L79 V81
C.I. 8 20

2BOL pdb L137 V139
C.I. 5 19

a Summary of the contact sites (by hydrogen-bonding) of the equivalent hRB residue 120 (R for wild-type; K, D, G, and C for mutants) during the
simulated annealing processes for Methanococcus jannaschii HSP16.5 (pdb code 1SHS), Triticum aestiVum HSP16.9 (1GME), and Taenia saginata
Tsp36 (2BOL). For each protein, these H-bonds were computed by the program Contact (CCP4), on the 20 structures with the lowest potential energy.
The amino acids are indicated by a one-letter code and a number, which refers to the pdb numbering. * indicates an intermolecular contact site. A
conservative index (C.I.) was computed for each contact site, as the number of structures (among the 20) where the given H-bond was observed. Table
columns refer to homologous sites in the multiple sequence alignment (Figure 6A). The B1 beta-strand and the L12 loop (in italic) only refer to the M.
jannaschii HSP16.5 (1SHS): the residues I37, S38, G39, and K40 are located in the beta-strand B1; instead, the residues G41, F42, M43, and P44 are
located in the loop L12.
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a subunit exchange mechanism allowing the �B2-crystallin
to interact with other �-crystallins (54).

In order to understand the structural origin of such a
relationship, in silico methods were called for contribution.
In silico site-directed mutagenesis was achieved, in the three
3D structures already known, at the R120 equivalent position,
i.e., at R107 for HSP16.5, R108 for the HSP16.9, and R158
for Tsp36. In all three cases, four mutations were done, K
D, G, and C. Then, MD simulations were carried out on
isolated dimers in order to determine the consequences of
the mutations on each substructure. One unambiguous result
of the in silico approach was to show that any mutation at
the R120 equivalent position modified the interaction be-
tween the residue at that position and its local environment
(the L57 loop of the adjacent monomer in the case of
HSP16.5 and HSP16.9). Only some of the intramonomer
interactions in the B5 beta-strand were preserved in all cases.
As a consequence, the L57 loop became less constrained
and free to adopt a variety of conformations. Such a result
suggested that monomer exchange could be facilitated as
compared with dimer exchange, therefore increasing the
overall subunit exchange capacity as observed in our
experiments. A locally more flexible (or less constrained)
structure would also be compatible with increased size and
polydispersity. These results were reminiscent of the in-
creased subunit exchange observed in the phosphorylation-
mimicking mutation in RB (55). In that case, however, the
chaperone-like activity was enhanced, whereas it was
decreased for the RB-R120 mutants (36); this decreased
chaperone-like activity would result from perturbations of
the substrate interactive surface because of increased flex-
ibility or decreased accessibility of the mutant structures.

Of course, one has to keep in mind that the simulated
annealing processes were done on dimeric substructures and
that the loss of contacts in the dimer could be compensated
in the native assembly either by N-ter contacts or by other
intersubunit contacts. Also, the L57 loop is highly variable
from one species to the other. Whatever the limitations, the
calculation suggested that any mutation at a position
equivalent to the RB R120 position was able to induce a
reduction of the initial inter- and intrasubunit contacts, not
compensated by the formation of other contacts, and hence
a destabilization of the whole structure. The calculation was
also coherent with the experimental observations that the less
severe consequences were observed for the K mutation and
the more severe consequences being observed for the G
mutation.

Eventually, the enhanced exchange capacity of the R120
mutants were in agreement with observations, that in
environmental conditions close to those prevailing in ViVo,
the mutant particles could be at least partially rescued by
the neighboring sHSPs, either constitutive or stress-induced
(56). These exceptional properties point out once more the
specific importance of the R120 residue, which, located at
the edge of a substrate binding region, appears in addition
as an essential node for a correct 3D folding, dynamic
behavior, and functional antistress activity.
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