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Two-dimensional 'H NMR spectroscopy of bovine eye lens a-crystallin and its isolated @, and a,, subunits reveals that these aggregaies have short

and very flexible C-terrinal extensions of eight (@) and ten (@) amino acids which adopt little preferred conformation in solution, Tolul @-crystallin

forms a tighter aggregate than the isolated a, and @, subunit aggregates, Qur results are consistent with a micelle model for a-crystallin quaternary
structure. The presence of terminal extensions is a general feature of those crystallins, @ and 8, which form aggregates.
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1. INTRODUCTION

The eye lens contains a high concentration of proteins
(ranging from approximately 200 to 400 gl™') whose
particular structural arrangement is required for the
transmission and focussing of light onto the retina. The
water-soluble proteins are known collectively as the
crystallins and, in the mammalian lens, are divided into
three classes, @, 8, and y. The y-crystallins are monom-
eric proteins whereas the a- and S-crystallins are oli-
gomeric (reviewed in [1]). @-Crystallin is composed of
two homologous subunits, @, and a5, each of molecular
weight approximately 20 kDa and 173 and 175 residues
respectively {1]. Under usual isolation conditions, a-
crystallin exists as an aggregate of average molecular
weight of 800 kDa [2] but a-crystallin of size 320 kDa
can be isolated at 37°C [3). The size of a-crystallin
aggregates depends also on ionic strength and pH [4).

Unlike the 8- and y-crystallins, for which X-ray crys-
tal structures are available [5,6], little is known about
the tertiary and quaternary structures of a-crystallin.
Indeed, the structure of the aggregated state of e:-crys-
tallin has provided much controversy with two struc-
tures being proposed; a three-layered meodel [7] and a
micelle model [8].

We present here a 'H NMR study of a-crystallin and
its isolated a, and ap subunits. From analysis of the
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two-dimensional 'H NMR spectra of these large aggre-
gated proteins, we are able to assign resonances that
arise almost exclusively from short C-terminal exten-
sions of both subunits. These extensions have great flex-
ibility compared with the bulk of the protein and adopt
little preferred conformation.

2. EXPERIMENTAL

a-Crystallin was isolated from bovine lenses via gel chromaicgra-
phy at 20°C [9]. The individual 2, and @, subunits were separated
from a-crysiallin by gel filtration in 0.1 M glycine at pH 2.5 0n a
column (70 x 1.4 ¢m) of Sephadex G-75 [10). Sample purity wis
checked by SDS-PAGE and IEF-PAGE and gave resulls identical (o
those of [10] and [11], respectively. The a, and ay fractions were also
characterised by electrospray mass speclrometry on a VG Qualtro
mass spectrometer. For a,, peaks of molecular weight 19,832 and
19,913 were observed which corresponded exactly 1o expected molec-
ular weights for the native and singly-phosphorylated species. The a;,
sumple gave peaks of molecular weight 20,084 and 20,161. The total
a-crystallin sample revealed all four molecular weighi species. A slight
cross- contamination of the a,- and a,-crystallin samples by their
respective other & subunit was observed. The samples were dialysed
exhaustively against waler prior to lyophilisalion,

Sedimentation equilibrium siudies were performed at 25°C usinga
Beckman Model E analytical uliracentrifuge fitied with electronic
speed control and RTIC unit. Samples of solution depth 1-3 mm were
at concentrations of 0.5-2 gl™', pH 4.2 and 25°C and were centrifuged
at 4,000, 6,000 and 10,000 rpm. The concentration distribution at
sedimentation equilibrium was measured with the aid of interference
optics. Some experiments were performed at ~50 gl™! with the aid of
schlicren optics.

Samples for NMR were prepared by dissolving ~40 mg of sample
in 0.8 ml of either 99.5% D,O or 10% D,O in water a1 pH ~4 (o give
a subunit concentration of ~2 mM). 'H NMR specira were accumu-
lated at 400 MHz and 25°C on a Yarian Unity 400 NMR spectrome-
ter. 2D NMR specira were acguired with the pulse sequences and
parameters described in {12].
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Fig. 1. NH to a-CH region of a TOCSY spectrum (spin lock time = 3¢ ms) and a ROESY spectrum (mixing time = 200 ms) of ay-crystallin in

H,0, pH 4.4. Sequential d,, connectivities {16] are traced out in the ROESY spectrum with intra-residue nOe’s labelled. The connectivities between

Pro'™ and Ala'™ and Pro'®’ and Lys'® were determined from dg; nOe’s [16]. A small amount of a,-crystallin was present in the sample which gave
rise to resonances from Sery, The assignments for the N-terminal amino acids are tentative.

3. RESULTS

Sedimentation equilibrium experiments on a,, @y and
total a-crystallin at pH ~4 (the pH at which the NMR
experiments were acquired) indicated that all three sam-
ples existed as heterogeneous but highly aggregated spe-
cies. Thus, for a,, species with a molecular weight range
from ~200 kDa to ~800 kDa were present; for o,
species from 135 to 660 kD& were observed whilst total
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o was even more aggregated in having species from 600
kDa to several million Daltons present. The molecular
weight distribution for total & is in excellent agreement
with recent light scattering studies [13]. At the concen-
trations used for NMR measurements (~50 gl™!), the ¢
samples gelled in the ultracentrifuge, so samples were
run at iower conceniraiions (0.5-2 gl™"). Little concen-
tration dependence of the molecular weight distribution
was observed for the three samples suggesting that the
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(For legend see facing page.)

above results could be extrapolated to the NMR sam-
ples. Previous sedimentation equilibrium studies at dif-
ferent pH values, concentrations, buffer conditions and
rotor speeds from those used here have also shown that
total oo and the isolated @, and ay subunits exist as
highly aggregated species [14,15].

Being such large aggregates, it would be expected that
the NMR spectra of a-crystallin and its @, and & sub-
units would display little, if any, structural information.
It was surprising, therefore, that the '"H NMR 1D spec-
tra exhibited a number of well-resolved resonances (not
shown), indicating that the protein does have regions of

enhanced flexibility. The NMR studies were undertaken
on intact a samples which had been purified by gel
chromatography and characterised by gel electrophore-
sis and mass spectrometry. Thus, the well-resolved reso-
nances arise from the intact protein and not from any
proteolysed fragments. A series of two-dimensional H
NMR experiments were acquired on the isolated @a, @
and total & samples to elucidate the identity of the reso-
nances.

Fig. | shows the NH to a-CH region of TOCSY and
ROESY spectra of ay in H,O0. The majority of the ob-
served resonances were assigned by sequential assign-
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Fig. 2. NH to a-CH region of a TOCSY spectrum (spin lock time = 30 ms) of total a-crystallin in H,O, pH 4.2. Assignments are indicated; A and
B subscripts refer to @, and 2y subunits, respectively.

ment methods using the ROESY spectrum [16]. The
strongest cross-peaks arise from resonances in the C-
terminal end of the molecule and it was straight forward
to assign from Lys'”® to Lys'® via nOe’s from the NH
to the a-CH (d,y) and/or B-CH resonances of the pre-
ceding residue. The cross-peaks for Lys'®® were weak
and it was not possible to assign any further back along
the polypeptide chain. The remaining cross-peaks in the
TOCSY spectrum of Fig. 1 are weaker, and some are
lentatively assigned to residues at the N-terminal enid of
the molecule since resonances from two Ile, an Ala and
Asp residues were observed. It was not pessible, how-
ever, to assign these resonances sequentially due to
overlap and weak cross-peaks in the ROESY spectrum.
Cross-peaks for Ser'” of a, were also observed in Fig.
1 which arise from the small amount of e, present.
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The spectra for @, were similar to those for & in that
the strongest cross-peaks observed were for the C-termi-
nal region of the protein and it was possible to assign
sequentially from Ser'” to Pro'"’ (data not shown).
Again, there were extra cross-peaks apart from the C-
terminus that were present but it was not possible to
assign these resonances due to overlap. The first five
N-terninal amino acids in ¢, and oy are identical but,
unlike the case for the a,; spectra, no resonances sugges-
tive of this portion of the molecule were observed.

The TOCSY spectrum of total & also gave rise to a
well-resolved spectrum with the NH to a-CH region
(Fig. 2) and the aliphatic region (Fig. 3) exhibiting al-
most exclusively resonances from the C-terminal re-
gions of a, and «y. The assignments were again con-
firmed by sequential assignment methods. Thus, reso-
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nances from all but the C-terminal portions of the &,
and o subunits are absent in total & spectra implying
that the C-terminal portions of the molecule have great
flexibility compared with the bulk of the protein. Fur-
thermore, the chemical shifts of the a4 and a; individual
subunit aggregates were identical to those observed in
total ¢, implying that the C-terminal portions of the
subunits in o, and oy are independent of, and do not
interact with, each other. The assignments of the C-
terminal portions of &, and & in total ce-crystallin are
given in Table L.

4. DISCUSSION

From analysis of the 2D NMR spectra of a-crystallin
and iis subunits we have demonstrated that the last 8
amine acids in the &, subunit and the last 10 amino
acids in the o subunit have great conformational flexi-
bility and move independently of each other in the a-
crystallin aggregate. From the little variation in chemi-
cal shifts of their resonances and their similarity to ran-
dom coil chemical shifts [16] these extensions have little
preferred or ordered conformation. The individual a,
and ay subunit C-terminal extensions do not interact
with each other within the aggregate nor do they inter-
act with extensions from other a-crystallin aggregates.
The latter point is in agreement with the results of
Siezen and Owen [17] who investigated the interactions
of total a-crystallin aggregates via exclusion chroma-
tography.

The B-crystullins are not homologous to the o-crys-
tallins and exist as aggregated species ranging in size
from dimers through to octomers [1]. They also have
terminal extensions; both N- and C-terminal extensions
in the basic S-crystallins and only N-terminal extensions
in the acidic S-crystallins. Our recent NMR studies on
the major B-crystallin, B2, have shown that these ex-
tensions also have enhanced conformational flexibility
compared with the bulk of the protein [18]. The monom-
eric ¥-crystallins, apart from y,~¢crystallin [1], do not
contain extensions; thus, the presence of highly flexible
terminal extensions is a general feature of the aggre-
gated - and B-crystallins. The extensions are most
likely involved in the binding together of the various
crystallins in the lens and/or interaction with membrane
components [19]. Indeed, it has recently been demon-
strated that &, interacts specifically with lens membrane
[20]. The arrangement of the crystallin proteins is cru-
cial to the maintenance of lens transparency and its
disruption can lead to opacification of the lens (i.e.
cataract formation).

The enhanced flexibility and solvent accessibility of
the C-terminal extensions would suggest that they are
amenable to proteclytic clcavage. Proteolysis studies on
total at-crystallin in vitro are in excellent agreement with
this proposal [21,22]. The Thr'"%to-Ala'”" bond in a; is
highly susceptible to cleavage by a variety of proteases
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and the C-terminal region prior to and including the
C-terminal extensions of a, is accessible to proteolytic
enzymes [21]. The endogenous lens protease, calpain,
also specifically degrades @, and &g in the C-terminal
regions [22]). Age-related degradation of a-crystallin in
vivo is accompanied by similar cleavage of C-terminal
fragments [23). Likewise, Ca®*-activated proteolysis of
N-terminal B-crystallins in murine lenses is accompa-
nied by cortical cataract [24]. The ubiquity of terminal
extensions in &- and f-crystallins and their ready solvent
accessibility could mean that their proteolysis is a gen-
eral phenomenon in cataract formation.

From the sedimentation equilibrium studies, the a,
and o aggregates have lower molecular weights com-
pared to the total a aggregate. The NMR spectra show
that a, and &z have more conformationally flexible
regions (e.g. possibly the N-terminal extension in o)
compared to total a (compare Figs. 1 and 2) where
almost exclusively only the C-terminal extensions are
observed. Thus, the total @ aggregate is a larger and
tighter structure than those of the subunit aggregates
with only the C-terminal extensions being freely accessi-
ble to solvent in total a-crystallin.

Circular dichroism studies suggest that the secondary
structure of the a-crystallin subunits is predominantly
B-sheet with a smali amount of a-helix [25]. Siezen and
Argos [25,26] have used structure prediction methods to
propose that the a subunits adopt a similar four-motif

Table I

'H NMR chemnical shifts in ppm of @-crystallin in 90% H.0/10% D.O,
pH 4.2, 25°C*

NH «CH g-CH Other

aA
Lysfe no. 466 1.78, 1.86 y-CH 1.50 8-CH, 1.73

&-CH; 3.29 &-NH; 7.30

Pro'®’ — 436 201,235 r-CH,210 §-CH. 3.71
Ser!®™ 8.34 451 3.89

Sep'®? 855 4.47 398

Ala'™ 8.31 463 1.39

Pro!” - 450 204,235 p-CH, 2.04 §-CH,3.70,3.85

Ser'” 8.52 450 393
Ser'? 8,04 4.31 389

aB

Lys'™ 814 4.64 1.73,183 -CH, 1.47 6-CH, 1.73
&-CH, 3.27 &-NHj3 7.30
Pro's’ — 446 195,234 ¥-CH, 208 3-CH,3.7], 3.88
Ala'® 8.50 4.37 142
Val'®? 8.25 4.19 213
Thr'™ 828 4.36 4.22
Alal” 8.36 4.37 140
Ala'? 8.34 4.60 1.39
Pro!” 4.46 208, 2.36

Lys'™ 8.45 4.33 1.77, 1.86

-CH, 0.98
¥-CH, 1.26

-CH, 2.05 §-CH, 3.70, 3.87
¥-CH, 1.51 6-CH, 1.77
&-CH;, 3.06 &-NH; 7.59
¥-CH, 1.42 §-CH, 1.73

Lys!™ 8.06 4.20 1,73, 183
&-CH, 3.01 e-NH; 7.59

“ Cheraical shifts are accurale to £ 0.02 ppm. n.0 = not observed.
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Fig. 3. A portion of the aliphatic region of a TOCSY spectrum (spin lock time = 30 ms) of tolal a-crystallin in D,0, pH 4.2. Assignments are
indicaled; A and B subscripts refer to 2, and 2, subunits, respectively.

folding pattern to that in the §- and y-crystallins. Fur-
thermore, they propose that @, and &g have C-terminal
extensions of eight (from Lys'®® to Ser'’®) and ten (from
Lys!®® to Lys'’®) amino acids, respectively. These re-
gions encompass exactly those observed in the NMR
spectrum of @, and az and our results are therefore
good supporting evidence for the proposed structure of
Siezen and Argos [25,26]. A similar structure for all the
crystallins would enable each component of the hetero-
geneous mixture of crystallins in the lens to have similar
light-refracting capabilities. The two-domain model for
a-crystallin tertiary structure also proposed that the in-
dividual subunits have C-terminal extensions [27].
Two medels for the a-crystallin quaternary structure
have been proposed: the three-iayered model of Tardieu
et al. [7], which has recently been modified by Walsh et
al. [28], and the micelle model of Augusteyn and Koretz
[8]. Radlick and Koretz [29] have recently provided
strong experimental evidence for the micelle hypothesis.
The micelle model is based around the variation in am-
philicity of the & subunits, i.e. the N-terminal third of
the molecule 15 strongly hydrophiobic with the remain-
der being hydrophilic [30]. The observation of only C-
terminal extensions of &, and ag in the NMR spectrum
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of total o is consistent with the N-terminal portion of
the molecule being buried and not accessible to solvent.
Indeed, the start of the C-terminal extensions in ¢, and
@ is part of one of the proposed four sequential anti-
genic regions in the a-crystallins [30], whereby antigenic
determinants are located on solvent-exposed regions of
the molecule that are charged and hydrophilic [31]. Fur-
thermore, the C-terminal extensions, as discussed
above, are readily susceptible to proteolytic attack
[21,22).

The original three-layered model of Tardieu et al. [7]
does not take into account the amphiphilic nature of the
oz subunits although the model of Walsh et al. [28]
suggests that the first two layers of the a-crystallin ag-
gregate have a micelle-like structure with the first layer
containing 12 &, subunits, the second layer six a, and
a3 subunits and the third layer 24 subunits which are
weakly bound via polar-polar interactions, leaving the
hydrophobic N-terminal portions of the subunits ex-
posed to solvent. The micelle model is much simpler. It
requires no specificity in the location of the individual
Gp and ap subunits with the quaternary structure and
size of the aggregate being determined purely by hydro-
phobic and hydrophilic interactions. Our results would
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favour the micelle model because only C-terminal exten-
sions of @&, and & are observed in the NMR spectrum,
i.e. no resonances from the N-terminal regions are pres-
ent and there is no specificity in the arrangement of a,
and o subunits in the total a-crystallin aggregate.
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