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Abstract We have studied the quaternary structure of a-
crystallin in the presence of increasing concentrations of
amphiphilic and neutral detergents using gel filtration,
light-scattering, boundary and equilibrium sedimentation.
We observed a continuous reduction of the molar mass of
the polymeric a-crystallin on increasing the concentration
of sodium dodecy! sulphate from 0.1 mM to 5 mM, end-
ing up with the monomeric peptides. Dodecyltrimethylam-
monium bromide also disrupts the oligomeric structure of
a-crystallin but the interaction appears to be cooperative:
in the sharp transition region (for a 1 mg/ml protein solu-
tion) from 3to 8 mM of the detergent, only the native pro-
tein and a mixture of monomeric and dimeric peptide-
DTAB complexes can be observed. Concomitant studies
of the circular dichroism in thefar UV revealed a substan-
tial decrease of the 3-sheet and increase of the a-helix sec-
ondary structure. The latter can be related to the presence
of amphiphilic polypeptide sequences in the constituent
aA and aB peptides. These studiesreveal for thefirst time
a direct relation between changes in the secondary struc-
ture of the dA and aB peptides and the formation of the
oligomeric a-crystallin structure: the binding of the am-
phiphilic detergent reducesthe 3-sheet content, inducesthe
formation of a-helix secondary structure and reduces the
tendency of the peptide to form large aggregates. The dif-
ferent mechanismsfor reducing the oligomeric size by an-
ionic and cationic detergents with identical apolar parts
stresses the importance of charge interactions. Our find-
ings support some aspects of the micelle model of a-
crystallin and can be related to its chaperone activity.
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Introduction

The crystallins are the main components of the lens fibre
cells and their solution properties combine a high refrac-
tive index, resulting from the high concentration of solu-
ble proteins, and alow light scattering power.

a-crystalinisthelargest protein and it is present in the
highest concentration (about 45% of the total protein frac-
tion) in the cytoplasm. It is an oligomeric protein which
mainly contains 4 peptides A, aA,, aB4, aB, wherethe
A peptides have an isoelectric point below pH 7 (Acidic)
and the B peptides have an isoelectric point above pH 7
(Basic). aA,, the major a-crystallin peptide, and aB, are
the only primary gene products. aA, and aB; arise from
these peptides by a specific postsynthetic process (Spec-
tor et al. 1985; Voorter et al. 1989). In addition to these
“intact” peptides, the a-crystallin contains degraded pep-
tides; these degraded peptides arise on maturing and or ag-
ing by specific cleavages of the A or B peptides. For ex-
ample aA, 1_169 represents a peptide identical to aA, but
only containing the first 169 amino acids.

Thetertiary and quaternary structureis still a matter of
controversy. Thecharacterization of thenative a-crystallin
suggests a relation between peptide composition and qua-
ternary structure. a-crystallin, isolated from the cytoplasm
of newly synthesised fibre cells mainly contains the 4 in-
tact A and B peptides: the a-crystallin proteins also form
a quite homogeneous population with a mean molar mass
around 650,000 g/mole. The a-crystallins, isolated from
older cells, contain a broad pattern of peptides: the 4 in-
tact peptides and a whole set of degraded and modified
peptides, originating from the 4 peptides by quite specific
degradation and chemical modification such as phosphor-
ylation and deamidation. These a-crystallin solutions now
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contain aquite broad distribution of aggregates, whose mo-
lar mass ranges from 600,000 to 1,500,000 g/mole
(Aertset al. 1995). Itisstill an open question if this broad
population of protein moleculesisformed by a continuous
collection of proteins each differing by one peptide, or if
there are some discrete subclasses. Spectroscopic and light
scattering studies have suggested a multi-layer tetrahedral
model (Tardieu et al. 1986) which could giveriseto acon-
tinuous set of sizes by filling up the different layers con-
tinuously or to a discrete set of molecules by giving the
proteins with filled layers an extra stability. Some years
ago, a micellar model was suggested for the quaternary
structureof a-crystallin (Augusteyn and Koretz 1987): this
includes the idea that hydrophobic forces are responsible
for the aggregation of the peptides and that polar interac-
tions with solvent molecules keep the aggregates soluble
and limit their size. Augusteyn and Koretz also claim ar-
guments for a two-dimensional arrangement of the pep-
tides instead of amore globular arrangement as suggested
by hydrodynamic and light scattering methods (Andries
et al. 1982; Tardieu et al. 1986) but the experimental evi-
dencefor atwo-dimensional arrangement israther indirect
(Radlick and Koretz 1992). A three layer structure model
has been proposed for the native a-crystallin (Walsh et al.
1991): this model combinesthe multilayer and the micelle
model. The inner layer (core) forms a micellar structure
containing 12 aA subunits: the polar groups are distrib-
uted in different parts of the molecule and the apolar re-
gion forms the micelle core. Six more subunits can easily
be added to form a second layer: the apolar surfaces are
oriented toward the hydrophobicinner core. Thethird layer
just adds more subunits and can accommodate 24 aA or
aB in a cuboctahedron type symmetrical structure. This
model easily explains the changes of the molecular mass
according to the solvent conditions. the third layer
peptides are loosely bound to the inner two layers by weak
polar interactions and these peptides can be easily re-
moved.

Transient electric-birefringence measurements have
proven the existence of afraction of a-crystallininamore
extended quaternary structure (van Haeringen et al. 1992;
van Haeringen et al. 1993).

Chaotropic agents such as urea and guanidine hydro-
chloride reduce the size of the a-crystallin and addition of
high concentrations of these agents to a-crystallin solu-
tionsresultsinamixtureof denatured aA and aB peptides.
The finding that intermediate concentrations of urea and
guanidine hydrochloride resulted in a step-wise dissocia-
tion from oligomers of 800,000 to 20,000 g/mole, sup-
ported the above mentioned multilayer model (Siezen and
Bindels 1982). For along time it has not been possible to
renature the denatured peptides to the origina
800,000 g/mole oligomers (Thomson and Augusteyn
1984) but it has been shown that by carefully controlling
the conditions such as protein concentration, pH and/or
ionic strength and/or temperature of the solvent, a dena-
tured sample can berenaturedto every predetermined mean
molar mass population (Clauwaert et al. 1989): anincrease
inrepulsiveinteractions, obtained by alower ionic strength

or apH further removed from the isoelectric pH, decreases
the size of the renatured proteins; conditions which favor
hydrophobic interactions, such as higher temperature, in-
crease the size of renatured a-crystallins.

The study of interaction of detergents with a-crystallin
can help to clear some aspects of the importance of polar
and apolar interactions in the secondary, tertiary and qua-
ternary structure: detergents contain a hydrophobic part
which can match the hydrophabic interactions between the
peptides of the oligomeric structure; the importance of po-
lar interactions can be probed by using different classes of
polar detergents by making a selection between cationic,
neutral and anionic detergents.

We have used gel filtration chromatography for a qual-
itative study of the protein-detergent complexes. Light
scattering, boundary sedimentation and equilibrium sedi-
mentation allow the determination of the molar mass and
some hydrodynamic parameters of the particles. So the ap-
plication of these complementary techniques allows a bet-
ter characterization of the a-crystallin in the presence of
the different types of detergents.

We havefurther used circular dischroism measurements
to probe concomitant changes of the secondary structure.

Material and methods
Preparation of a-crystallin

The lenses of 6-month (+2 weeks) old calves were freshly
obtained at alocal slaughterhouse within 3 h after slaugh-
tering and were subsequently stored at 4 °C. The lens cap-
sule was removed and the lenses were mixed with a sixth-
fold quantity of buffer (containing 10 mM Hepes, 120 mM
KCL, 25 mM NaCL, 0.02% NaNj, pH=7.0) and gently
stirred at 4°C for 20 minutes. In this way only the outer
cortical cells were dissolved. This suspension was centri-
fuged at 12,000 g for 30 minutes to remove the insoluble
material.

About 20 ml of cortical protein solution, dissolved
in the above mentioned buffer (containing about
2000 A 355 ., units), was loaded on a Bio-Gel A-5 m col-
umn (0 5cmx85 cm, Pharmacia) at 4°C and the eluent
was collected in 15 ml fractions. The top fractions of the
low molecular mass a-crystallin elution zone were col-
lected and eventually concentrated by using an Amicon
concentration cell (model 52, Amicon Corp., Lexington
MA) and aXM-100filter system (Amicon Corp.) (Andries
et al. 1982).

Detergents
The detergents, used in our experiments, can be classified
into two classes:

— the nonionic detergents OG (octylglucopyranoside) and
triton X-100 (octyl phenol polyethylene glycolether)



— theionic detergents: the anionic detergent SDS (sodium
dodecyl sulphate) and the cationic detergent DTAB
(dodecyl-trimethyl-ammonium bromide).

Gel filtration

About 0.3 ml a-crystallin sample at a protein concentra-
tion of about 6 mg/ml was loaded on a Superose 6 (Phar-
macia) gel filtration column (O 1 x 46 cm, Pharmacia). Be-
fore loading the sample, the gel column was equilibrated
at the same detergent concentration as the sample buffer.
The flow rate of the gel column was 0.5 ml/min and was
accurately controlled by a constant step speed peristaltic
pump (10200 Perpex, LKB). The protein eluting from the
gel column was detected and monitored with an UV detec-
tor (Model SP 8300, Spectra-physics, Inc). The position at
which a substance elutes from a gel filtration column is
usually expressed in terms of the elution fraction number.
When the eluting buffer contai nsdetergent, the surfaceten-
sion of elution buffer and the drop size decrease so thefrac-
tion size will also decrease: for that purpose we weighed
the fractions and as the density of the eluent is hardly in-
fluenced by its protein content, all other factorsremaining
constant, thisweighting procedure gave quite accurateval -
ues for the elution volume V..

The elution volume V, which corresponds to the peak
concentration of eluting solute, was used to normalize the
data from different runs. The gel filtration profile is char-
acterized by the distribution coefficient K

- Ve = Vo
Vi = Vo
where V: the void volume

V;: the volume of solvent immobilized within the
stationary gel phase

Kyq 1

Thereisaprocedure for an accurate column calibration in
which no structural shapes are assumed for the calibration
proteins (Ackers 1967). The basic assumption is that the
penetrablevolumeswithinthegel arerandomly distributed
with respect to the sizes of the moleculesthey can accom-
modate. It can be proved that under these conditions the
distribution coefficient Kd of aparticleisrelated to the er-
ror function complement of the hydrodynamic radius a of
the particle

_ [a-ag [_
Kg = erf =1- 2
¢ ercg bo H VT J(;

where a; and by: constants.

In thisway a calibration curve can be constructed for a
particular gel filtration column and particlesusing their ex-
perimental distribution coefficient K4 and known apparent
hydrodynamic radius.

(a—ag)/bo
2 e [da

)

Light scattering measurements

Thelight scattered by a-crystallin solutions was measured
using alight scattering instrument in a thermostated room
(Andries et al. 1983).
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The light scattered by a diluted solution of particlesis
commonly represent by the following equation

Kc _ 1 a1 O
Ry (K) = Pk %KNUW +ZBC+...E 3
where

K:  4mn?(dn/dc)? Ny n, refractive index of refer-
encesolvent toluene; n=1.507; dn/dc, therefractive
index increment of the a-crystallin protein solution
0.195ml -g* (Andries et al. 1982); A,, represents
the wavelength of the laser beam in vacuum,
Ap=488 nm; Na, Avogadro’s number.
Rp(k) =(lso/lto1) *Reor - (n/ntol)2 where |/l the ra-
tio of the scattered intensity by the protein solution
to the reference solvent (toluene), R, the Rayleigh
factor for toluene and n and n,,, are the index of re-
fraction of the solution and the reference solvent re-

spectively;
k: scattering vector [4mmng/Ag] -sin(6/2)
C: concentration of particlesin mg/ml

P(k): the particle form factor

(M[,: the weight-average molar mass of the particles in
solution

B: the second virial coefficient

At low concentration of particles, which are small relative
to thewavelength of theincident beam so that P(k) =1, Eq.
(3) can be written in the following form

Ke _ 1 1
Ro(K) (M) o, o)

+2B, =

(4)

w w

where @ hydrodynamic volume fraction g=cu
uU: the hydrodynamic volume (ml/g)
K,: the static coefficient

In order to obtain the ML), value, the molar mass value
extrapolated to a concentration zero, from Eq. (4) we have
used a K, of 8.54; thisis the experimental value obtained
for adiluted a-crystallin solution in the sameionic strength
conditions (Xiaet al. 1994).

Boundary and equilibrium sedimentation

TheBeckman OptimaXL-A analytical ultracentrifugewas
employed to perform sedimentation velocity experiments.
Solute distributions at 20.0°C were recorded viatheir ab-
sorption at 280 nm. Consecutive scans were recorded at
regular intervals, utilizing the “autoscan” facility. Sedi-
mentation coefficient (S, ,,) valuesweredeterminedinthe
standard way by pIOtti ng the In(rfirst moment oftheboundary)
versus time or from the time derivative of the sedimenta-
tion velocity concentration profile (Stafford 1992).

The conditions for the sedimentation equilibrium runs
(angular velocity w and duration of run) were calculated
from the preset molecular parameters (sedimentation co-
efficient, molar massrange, 3 or 10 mm solution column),
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using the method proposed by Yphantis (1964). After
reaching the equilibrium and having taken the equilibrium
absorbance profiles, the angular velocity wwas increased
to high speed (25,000 or 40,000 rpm) for another 24 hours
so that all the proteinous material was sedimented. The re-
maining absorbance profiles were considered as the best
estimate of the residual blank absorbance and were sub-
tracted from the sample absorbance profiles to obtain the
¢, values as afunction of r.
The standard equilibrium equation

Cr=Co exp[(My, - (1-V-p) - &f/2-R-T) - (r~rg)] (5)

where ¢, and ¢, the concentration at the distance r respec-
tively r, from the rotor centre

w. angular velocity

v: partial specific volume of the protein

p: density of the solution

has been analyzed using the Beckman software, which is
based on nonlinear | east-squarestechniques (Johnson et al.
1981) and the Equilibrium/Velocity Analysis Programs of
Holladay (Kelly and Holladay 1990; Shire et al. 1991).
Both equivalent methods leave the choice between differ-
ent options such as an ideal solution of a single compo-
nent, an ideal solution with two components, a non ideal
sol ution of asingle component, amonomer-Nmer associ at-
ing system etc.; a quality factor or confidence parameter,
corresponding to each option of analysis, can be used as
criterion for selecting the option which matches the real
situation. The XLASE method, as developed by Lechner
(Lechner and M&chte 1992), uses equilibrium distribution
measurements at different concentrations in order to cal-
culatethe M,,, the second virial coefficient 2B and the mo-
lar mass distribution W(M) on introducing a preset distri-
bution function (Poisson distribution, Schulz-Flory distri-
bution, Weslau distribution or log-normal distribution)
starting from the experimental measured reduced concen-
tration profile C(X)/C,, where C(X) the solute concentra-
tion at equilibrium at thereduced distance X = (r>—r2)/(r*—
r£) where

r: distance from the rotor centre
rm: distance of the meniscusry: distance of the bottom
Co: initial concentration of the solute

Thedistribution function W(M) isdirectly calculated from
the experimental measured reduced concentration profile
C(X)/Cgy by nonlinear regression.

The initial a-crystallin solution concentrations varied
from 0.2to0 0.8 mg/ml; the concentration c, wasdetermined
from the absorbance; in accordance with the concentration,
the absorbance was measured at wavel engthsranging from
295 to 220 nm; for each solution, at least 3 appropriate
wavelenghts were selected for determining C; g aive-

Circular dichroism measurements

Circular dichroism measurements were carried out with a
Jasco J-600 spectropolarimeter using cuvettes of 1 mm or
0.1 mm path length. Each spectrum in the wavelength

range 195-250 nm was the result of accumulation of at
least 6 runs with 5 nm/min scan speed and a time constant
of 8 seconds. The temperature (25°C) was held constant
by thermostated water circulating through the cell holder.
After subtraction of the buffer spectrum, the results were
expressed as the mean residue ellipticity [©]
(deg -cm? - dmol ™), which was cal cul ated taking 115 asthe
mean residue weight for the a-crystallin sample. CD spec-
troscopy isavaluabletool for the determination of the sec-
ondary structure of proteinsin solution (Johnson 1990). In
analyzing far-UV CD spectra most methods make use of
basic spectraoriginating from model systemsor model pro-
teins of known secondary structure. As a CD signal may
contain contributions of the amino acid moiety, such as
cystine and aromatic side-chain absorption, methods of as-
signing fractional indices for secondary structure types
should not necessarily imply combination of reference
spectra. In our analysis, therefore we used the convex con-
straint algorithm (CCA method) that is based on experi-
mental curves only (Perczel et al. 1992).

Results

a-crystallin-detergent interaction:
qualitative study by gel filtration

Gel filtrationisafast and easy way to study changesin the
macromol ecular structure of an oligomeric protein: indeed
any change in the size and the form of a-crystallinasare-
sult of interaction with a detergent will change the elution
position of the protein.

For the nonionic detergents, used in this study, it be-
came clear that their presence, even at a concentration
above the CMC, hardly changes the structure of a-
crystallin. The presence of ionic detergents has an impor-
tant influence on the macromolecular structure of a-
crystallin as can be concluded from the elution position of
a-crystallin in the presence of DTAB and SDS (Fig. 1).
Asthe K4 value of aparticleis dependent on two parame-
ters, namely the size and shape, and the elution profile fur-
ther depends on the solvent properties (e.g. the presence
of detergents), we have shifted to light scattering, boun-
dary sedimentation and equilibrium sedimentation to study
the influence of these detergents on the a-crystallin struc-
ture.

a-crystallin detergent interaction:
guantitative study by light scattering

The detergent binding to an oligomeric protein will prob-
ably change its hydrodynamic structure. This change will
be reflected in changes of its molar mass and hydrody-
namic radius in the presence of the detergent. Light scat-
tering is a suitable physical technique to monitor changes
in the molar mass of oligomeric macromol ecules.
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Fig. 1 Elution profile of a-crystallin in the presence of a neutral
(OG), anionic (SDS) and cationic detergent (DTAB)

1.2

o
2

R(K)/c (relative units)
[} o
S [}

0.2+

0 x . ;
0 10 20 30 40 50 60 70

SDS concentration (mM)

Fig. 2 Change of R(k)/c, which is proportional to the apparent rel-
ative molar mass of a-crystallin, in the presence of increasing con-
centrations of SDS

Figure 2 gives the results of light scattering measure-
mentsof a-crystallininthe presence of increasing concen-
trations of SDS. We see a dramatic decrease of the molar
mass of the a-crystallin protein in the presence of SDS
which suggests that a-crystallin is dissociating to smaller
aggregates as a result of interaction with SDS molecules.

Equation (3) allows the calculation of the molar mass
of aparticle from the experimental light scattering param-
eter R(Kk), the constant K and the concentration c of the
particles. When the ligand (SDS) binds to the protein, the
complex formed between the protein and the ligand mole-
cules, is the light scattering entity. So actually we have
(Jones and Midgley 1984)

Capp=C(1+9) (6)
onO _ond, A onO

OocCly, -~ Coc0" 2 0ac0 ()
Map=M (1+9) )
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where

o mg detergent bound per mg protein

Capp: the concentration of the protein-detergent com-
plex; this can be cal culated from the concentra-
tion c of the protein and the detergent binding o

A(on/oc): theincrease of therefractiveindex increment of
the protein due to the binding of d mg detergent
per mg protein

M appt the molar mass of the protein-detergent com-

plex

It has been shown that the refractive index increment of a
protein drastically changes on SDS binding; from datain
literature (Jones and Midgley 1984) we can calculate

A(dn/dc)=0.100- &

So the proper use of light scattering to study protein-
detergent complexes requires the knowledge of 4. This
can be calculated if we know the binding mechanism, the
binding characteristics and the total concentration of the
protein and the detergent. Thisinformationisnot available
for the moment.

Our gel filtration data al so suggest a striking difference
between the way the two ionic detergents affect the qua-
ternary structure of a-crystallin. SDSinteractionresultsin
a broad and continuous distribution of sizes, which is
shifted to smaller sizes asthe ratio SDS/protein increases.
The DTAB interaction results in a two-state distribution:
aclassof proteinssimilar to the native one and then aclass
of small proteins. An increase of the ratio DTAB/protein
increases the population of the smaller particles.

Aslight scattering, in our present setup, cannot inform
us about the size distribution, we have shifted to the use of
boundary sedimentation and equilibrium sedimentation, to
get information on the distribution of sizes of protein-
detergent complexes.

Boundary and equilibrium sedimentation

Boundary sedimentation studies confirm thedifferencesin
impact of the anionic and cationic detergent on the macro-
molecular structure of a-crystallin (Fig. 3a, b). Inthe pres-
ence of 5mM DTAB, two discrete classes of sizes can
clearly be seen (sedimenting withaSvalueof (18+ 1)sand
(2+0.5)s respectively; in the presence of 0.45 mM SDS,
the protein particles sediment as abroad population of par-
ticles with an average S value of (11.5+£0.5)s. The same
difference of behaviour is observed by equilibrium sedi-
mentation of a-crystallininthe presence of increasing con-
centrations of SDS and DTAB.

Inthe presence of increasing concentrations of SDS, the
a-crystallin samplemonotonously decreasesin molar mass
from 800,000 (M (1—v- p)=330,000) g/moal in the absence
of detergentsto aM(1—v - p) value of 6,500 g/moal at high
concentration of SDS (see Fig. 4a; the logarithmic scale
overestimates the broadness of the distribution of the low
masses and underestimates the broadness of medium and
high mass distributions).
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Fig. 3 aBoundary sedimentation of a-crystallin in the presence of
5 mM DTAB; rotor speed 35,000 rpm; scan at 666 sec (scan 1), 2436
sec (scan 7) and 6334 sec (scan 20). b Boundary sedimentation of
a-crystallin in the presence of 0.45mM SDS; rotor speed
25,000 rpm; scan at 1816 sec (scan 1), 5356 sec (scan 7) and 10757
sec (scan 16)

The presence of DTAB causes a drastic reduction of the
mass of a-crystallin in a narrow concentration range
(at 1 mg/ml of protein in the concentration range 3.24
to 8.11 mM of DTAB). The solution also contains two
discrete sets of particles: the native proteins with a
M(1—-v-p) value of 330,000 g/mol and asmaller unit with
aM(1-v-p) vaueof 7,200 g/mol (Fig. 4b). Thetransition
can be considered as an all or none effect: up to 3 mM
DTAB, only the larger species are present; at 8 mM and
higher, only the smaller units are present. Although the
mechanism of interaction turnsout to be different, both de-
tergents reduce the oligomeric a-crystallin to a solution of
particles with a similar M, 4,,(1-v-p) value of
(7,200« 700) g/mol for DTAB and (6,500 600) g/mol for
SDSand aM, /M, of 1.05.
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Fig. 4 aMolar massdistribution of a-crystallin solutionsin the ab-
sence and presence of increasing concentrations of SDS; the mass
distributions have been cal cul ated using the XL A SE program (L ech-
ner and Mé&chtle 1991) and accepting a Poisson distribution. b Mo-
lar massdistribution of a-crystallin solutionsintheabsenceand pres-
ence of increasing concentrations of DTAB; the mass distributions
have been calculated using the Equilibrium/Velocity/Analysis Pro-
grams of Holladay (Kelly and Holladay 1990; Shire et al. 1991) and
accepting aideal solution of two components

In order to calculate the molar mass of the protein moiety,
we have to know &: g detergent bound per g protein: we
have approximately

Mapp= Mprot(1+ 6) and Vapp: (Vprot+ 0 Vdeter)/(l+ 6)

Figure 5 gives the range of the molar mass of the protein
moiety of the (protein - SDS) or (protein-DTAB) complex,
with aM(1-v-p) value of 6,500 and 7,200 respectively,
accepting binding ranges 6 from 0 to 2 g detergent/g pro-
tein and v values of 0.726 for the protein, 0.935 for DTAB
and 0.814 for SDS respectively.

This figure shows us that for the (protein-SDS) com-
plex, the protein moiety has a molar mass of about
20,000 g/moal if accepting a binding din the range 0.6 to
1 g detergent/g protein; thismeansthat the SDS molecules
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Tablel Secondary structure analysis of the far-UV spectra of a-
crystallin and in the presence of SDS and DTAB (percentage contri-
bution)

molar mass protein moiety
(Thousands)

0 02 04 06 08 1 12 14 16 18 2
g detergent bound/g protein

= DTAB —— SDS ‘

Fig. 5 Apparent molar mass of a-crystallin, which can be calculat-
ed from the experimental apparent M(1-v - p) values, as afunction of
d.g detergent bound per g protein, in the presence of 8 mM DTAB
and 2 mM SDS
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Fig. 6 CD spectra (185-250 nm) of calf a-crystallin at 25°C, and
in the presence of DTAB (10 mM) and SDS (5 mM)

dissociate the oligomeric a-crystallin to the single pep-
tides. In the presence of DTAB and accepting detergent
binding din the same range, the molar mass of the protein
moiety isabout 28,000 g/mol: this meansthat we probably
now have amixture of monomers (20,000 g/mol) and dim-
ers (40,000) g/mol.

Circular dichroism measurements

Thefar-UV CD spectrum of native a-crystallin showsasin-
gle minimum just below 220 nm and a positive band with
maximum around 200 nm (Fig. 6). These general features
correspond very well withthose publishedinliterature (Sie-
zen and Argos 1983; Horwitz 1993). The shape and inten-
sity of this spectrum suggest that the native state of a-
crystallin mainly has the 3-pleated sheet structure as sec-
ondary structure motif and much less a-helical structure.

Component 1 2 3 4 5

a-crystallin 242 105 293 111 248
a-crystallin+5 mM SDS 102 181 6.3 186 46.7
a-crystallin+10mM DTAB 95 174 156 148 427

component 1: contribution of tryptophan side chains (Woody 1994);
component 2: a-helix structure; component 3: [-sheet structure;
component 4: a-helix structure and or unordered form; component
5: unordered form

Upon addition of SDS, in afirst stage the minimum at
220 nm has deepened; on adding more SDS, this effect
slows down and is overtaken by aprominant minimum ap-
pearing at 206 nm. The addition of DTAB hasasimilar ef-
fect on the CD spectrum of a-crystallin as SDS although
there are small differences. the deepening at 220 nm is
more pronounced and the minimum is now at about
209 nm.

In order to estimate the respective contributions of the
various secondary structure elements, the spectrafrom Fig.
6 were submitted to the convex constraint algorithm (Perc-
zel et al. 1992). A good fit of the experimental data was
obtained by the addition of five basic spectra, which can
be interpreted as:

the contributions of the tryptophan side chains, which
are related to the tertiary structure where these side
chains are involved in (Woody 1994)

the a-helix secondary structure,

the (-sheet structure,

others which are a-helix and or unordered structures,
the unordered random coil structure

As aresult of our analysis (see Table 1), we can conclude
that in the presence of SDS, the 3-sheet structure decreases
from 29.3 to 6.3% and also the contribution of the trypto-
phan side chainsis decreased: both effects are probably re-
lated to the disturbance of the peptide-peptide interaction
in the oligomeric protein, due to the peptide-detergent
interaction. The a-helix content increases from 10.5 to
18.1% and also the unordered random coil content in-
creases. In the presence of DTAB, similar changes are no-
ticed: now the (3-sheet structure only decreases to 15.6%
but the other components change similarly.

Discussion

Our studies on changesin secondary and quaternary struc-
ture of a-crystallin on binding single SDS or DTAB mole-
cules, suggest acomplicated interaction pattern. These re-
sults can be explained by and support some aspects of the
micelle hypothesis (Augusteyn and Koretz 1987). Thishy-
pothesisis based on several observations: namely the var-
iability in a-crystallin particle size, the apparent depen-
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dence of this parameter on certain environmental factors
(e.g. temperature), the absence of specific requirementsfor
either a-crystallin isoform (containing either only aA or
aB peptides) in aggregation; also the sharp division in the
amino acid sequence between a strong hydrophobic region
and asharply hydrophilic oneisin accordance with the mi-
celle hypothesis.

Micelles are self-assembled aggregates of amphiphilic
molecules oriented such that the non-polar regions of the
molecules are segregated from the solvent. The micelles
are stabilized by a combination of entropic effects in the
hydrophobic core and interactions of the hydrophilic re-
gions of the moleculeswith the polar solvent. Thereareno
specific interactions between the molecules in the hydro-
phobic core. Although these characteristics have been de-
scribed for small model compounds such as phospholipids
and extended linear amphiphilic molecules, it must be pos-
sible that peptides with a similar distribution of polar and
non-polar regions could behave in a similar manner. The
amphiphilic peptides in a polar solvent have to arrange
themselves so that the non-polar regions would be segre-
gated from the solvent and that the polar region would be
exposed to the solvent.

The importance of hydrophobic interactionsin the for-
mation of the a-crystallin oligomeric structure is based on
experimental data and theoretical considerations resulting
mainly from sequence studies and sequence comparisons.
The contributions of hydrophobicinteractionsto the stabil -
ity of oligomeric a-crystallin have been emphasised by sol -
ubility studies of cortical and nuclear low-molecular-mass
a-crystalin (Coopman etal. 1984) and denaturation-
renaturation studiesof a-crystallin (Clauwaert et al. 1989);
hydrophobic interactionsare also critical in theinteraction
of a-crystallin with plasma membranes (Mulders et al.
1985; Ifeanyi and Takemoto 1990; Ifeanyi and Takemoto
1991) and crystallin-crystallin interaction (Liang and Li
1991).

The behaviour of a-crystallin under increased hydro-
static pressure and the effect of its concentration on the
agueous surface tension have also been explained in the
framework of a micellar structure (Radlick and Koretz
1992; Carver et al. 1994).

Recombinant aA-peptides from bovinelensfibre cells,
the aA1D peptide containing the amino acids 1 to 63 of
this peptide and the aA2D peptide containing the amino
acids 64 to 173, have been expressed in Escherichia Coli.
The aA peptide and the C-terminal domain are expressed
in water-soluble form: the aA peptide forms aggregates
which aresimilar tothenative a-crystallin. The C-terminal
domain forms small aggregates (dimersto tetramers). The
hydrophobic N terminal peptide is expressed in a water-
insoluble form: after solubilization, denaturation and re-
naturation high molecular aggregates areformed: thiscon-
firms that the mainly hydrophobic interactions of the N-
terminal peptide are responsible for the formation of the
polymeric a-crystallin (Merck et al. 1992).

The homology and evolutionary relationship of a-
crystallin to heat shock proteins has been concluded from
sequence homology and from similarities in quaternary

structure (Wistow 1985; Bloemendal and de Jong 1991),
both classes share heterogeneity in quaternary structure
and the evidence of an important contribution of hydro-
phobic interactions to the formation of the quaternary
structure (de Jong et al. 1989). Thisrelation has been nick-
named as the “the stress connection”.

Thedrastic changesin quaternary structure, asobserved
by gel filtration, light scattering, and sedimentation of a-
crystallin in solution in the presence of SDS and DTAB
molecules suggest that the amphiphilic detergent can sub-
stitute amphiphilic interactions between the peptidesin the
a-crystallin aggregate, resulting in smaller protein ag-
gregates.

Likely binding siteson the aA and aB peptides can also
be suggested. The formation of secondary a-helix struc-
tures is known to be induced by interaction with SDS at
amphiphilic sites, having both a hydrophobic and ahydro-
philic face (Parker and Song 1992). The use of the hydro-
phobic moment (Eisenberg et al. 1982) program revealsfor
the bovine aA peptide two regions, which are candidates
for the formation of an amphiphilic a-helix, namely the se-
guences 21 to 37 and 110 to 118. The sequence 21 to 27,
sometimes called the phenylalanine-rich sequence of the
a-crystallin, issimilar to equivalent sequencesin the ham-
ster and human hsp 27 and some other hsp proteins (Crabbe
and Goode 1994). The sequence 110 to 118 isflanking the
sequences 84 to 100, 114 to 121 and 129 to 145. These se-
guences are homologous for the HSP25 from mouse, the
IbpA from E. coli and the bovine aA crystallin (Jakob and
Buchner 1994).

For the bovine aB peptide, the sequences 22 to 30 and
114 to 122 are likely candidates for interaction with deter-
gents for the same reason. This interaction can indeed in-
crease the a-helix content from 10 to about 18%, as our
CD measurements indicate.

Until now, no direct link between the secondary struc-
ture of the aA and aB peptides and the concomitant ter-
tiary and quaternary structure has been made clear. It has
not been possible to reduce the molar mass of the oligo-
meric a-crystallinto the molar mass of the constituent pep-
tideswithout destroying the secondary structure. Thissug-
geststhat the native secondary structure of aA and aB pep-
tide is only stable in the oligomeric structure.

Our experimentsindicatethat achangein the secondary
structure of the A and or aB peptides, more specifically
aformation of an a-helix structure, isallied to areduction
of the molar mass of the oligomeric structure. This change
in secondary structure at room temperature is induced by
the interaction with the amphiphilic detergent.

Our concomitant studies of the quaternary and sec-
ondary structure of a-crystalin in the presence of SDS
and DTAB have given the first direct evidence of amphi-
philic interactions between the peptides in this polymeric
a-crystallin structure.

This finding can be important in view of the structure
and function of a-crystallin as a chaperone. Indeed it has
been suggested that this chaperone activity isrelated to a
reorganization of hydrophobic surfaces (Raman and Rao
1994). The difference in interaction mechanism between



the anionic SDS and the cationic DTAB is consistent with
resultsfrom mutation studies(Smulderset al. 1995), which
indicated that charged residues in a-crystallin influence
the efficiency of heat-protection capacity of a-crystallin.
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