
Local microdomain structure in the terminal extensions of ßA3-
and ßB2-crystallins

Purpose:  Although the crystal structures of the core domains of bovine ßB2-crystallin have been determined and those of
other ßγ-crystallins modeled, the positions of the N- and C-termini are not resolvable by X-ray crystallography. Here we
model the possible structural organization of the terminal arms of mouse ßA3- and ßB2-crystallins and test this model
against the results of partial proteolysis.
Methods: The secondary structure of the terminal extensions was predicted by 3 different methods, one a nearest-neighbor
method modified to use overlapping sequence tripeptides. Recombinant ßA3- and ßB2-crystallins were expressed using
baculovirus vectors in S. frugiperda Sf9 cells. Crystallins were sequenced by the Edman degradation method.

Results: The N-terminal extension of ßB2-crystallin includes a series of hydrophilic residues from Q-11 to Q-9 which
have high propensity of a helical conformation. The N-terminal arm of ßA3-crystallin is also predicted to have two helical
segments, from Q-24 to E-20 and M-13 to A-12. Partial characterization of the baculovirus extract showed a thiol protease
inhibited by leupeptin and E-64. As predicted by the model, recombinant ßB2-crystallin subjected to partial proteolysis
was cleaved adjacent to the helical domain, while the N-terminal cleavage site in recombinant ßA3-crystallin was within
1 residue of an interhelical junction. Our model also predicts the products of partial proteolytic degradation of ßB2- and
ßA3-crystallins from human, rat, bovine and chicken  enses incubated with the protease m-calpain.
Conclusions: These results suggest the existence of local microdomain structures in the N- and C-terminal extensions of
ßA3- and ßB2-crystallins, which appear to be more susceptible to proteolytic degradation in regions adjacent to these
putative domains.
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The βγ-crystallins of the eye lens form a gene superfamily,
sharing a common core structure composed of four Greek key
motifs forming two domains. However the β-crystallins have
N- and C-terminal extensions (‘arms’) while the γ-crystallins
have minimal or no extensions. The β-crystallin family consists
of two groups of proteins: acidic βA1-, βA2-, βA3-, βA4- and
basic βB1-, βB2-, βB3-crystallins [1-3]. Acidic β-crystallins
have only N-terminal extensions while basic β-crystallins have
both N- and C-terminal extensions. While the crystallographic
structure of βB2-crystallin has been determined [4], the
terminal 8 and 10 residues of the amino- and carboxy-terminal
arms respectively can not be resolved on electron density maps,
suggesting that they do not occupy a fixed position. NMR study
of βB2-crystallin in solution shows that the terminal extensions
possess little ordered structure, are accessible to solvent, and
flex freely from the main body of the protein [5]. However
the question of the terminal extensions’ structure and their
possible role in β-crystallin function are still largely
unresolved.

γ-Crystallins, which are present in monomeric form in
lens cell extracts, have only rudimentary terminal extensions.
The protein surface areas involved in interactions between the
domains of the γ-crystallins and domains of different molecules
of β-crystallin dimers show a high degree of the sequence
similarity [6]. The similarity of these surface areas explains

why β-crystallins form both homo- and hetero-dimers easily.
The presence of terminal arms in oligomeric β-crystallins and
their absence from the monomeric γ-crystallins suggests that
the arms may have a role in stabilizing the structure of β-
crystallin oligomers [7,8]. The terminal arms of β-crystallins
appear to be lost as lens fibers age and in some forms of cataract
[9]. Depending on the specific amino acid left exposed, cutting
terminal arms may lead to inappropriate aggregation and
insolubility of the β-crystallins [10]. The importance of
terminal extensions in the lens was emphasized in a study by
David et al. [11], who showed that specific cleavage of 4 to 49
residues from β-crystallin amino-terminal extensions may
result from activation of the protease m-calpain and correlates
with protein insolubilization and cataract formation. Although
the terminal extensions in β-crystallins appear not to form a
single stable structure, the specific cleavage pattern seen with
a variety of proteases suggests the presence of structural
domains located between protease cleavage sites in the
extensions. Here we apply secondary structure prediction
methods to find common structural patterns in the terminal
extensions and correlate these patterns with the sites at which
proteases cleave the terminal extensions.

We used three approaches to locate elements of possible
secondary structure in the terminal extensions. First, we applied
traditional methods including the PHD secondary structure
prediction method [12] and NNSSP, which use a nearest-
neighbor algorithm [13]. Both methods give a predictive
accuracy close to 70% when using information from multiple
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TABLE 1. SECONDARY STRUCTURE OCCURRENCE FREQUENCIES OF

OVERLAPPING SEQUENCE TRIPEPTIDES FOR THE MOUSE SSA3-
CRYSTALLIN N-TERMINAL EXTENSION.

Residue   Observed frequencies   Preferred   Number    Entropy
            Helix    Coil          state     of hits
-------   --------------------   ---------   -------   -------
E-29         0.50    0.25                      -       1.50
T-28         0.31    0.62           L          4       1.85
Q-27         0.22    0.65           L          9       1.90
T-26         0.25    0.54           L         10       1.95
V-25         0.48    0.24                      9       1.93
Q-24         0.60    0.23           H         10       1.72
R-23         0.64    0.30           H          9       1.47
E-22         0.64    0.21           H         32       1.51
L-21         0.65    0.21           H         15       1.58
E-20         0.59    0.34           H         10       1.80
T-19         0.47    0.40                     26       2.07
L-18         0.31    0.57           L          9       2.00
P-17         0.15    0.74           L         17       1.77
T-16         0.17    0.66           L          8       2.09
T-15         0.22    0.55           L         16       2.19
K-14         0.38    0.42                      7       2.18
M-13         0.62    0.34           H          9       1.70
A-12         0.54    0.39           H          7       1.84
Q-11         0.42    0.42                     12       2.05
T-10         0.20    0.67(0.50)     L(T)       6       1.78
N-9          0.14    0.86           L         12       1.48
P-8          0.40    0.60           L          4       1.96
M-7          0.33    0.67           L          4       1.73
P-6          0.08    0.82           L          4       1.72
G-5          0.15    0.74           L         19       1.90
S-4          0.28    0.44                     38       2.19
L-3          0.33    0.48                     28       2.21
G-2          0.23    0.69           L          9       1.92
P-1          0.42    0.43                      5       2.27

TABLE 2. SECONDARY STRUCTURE OCCURRENCE FREQUENCIES OF

OVERLAPPING SEQUENCE TRIPEPTIDES FOR THE MOUSE SSB2-
CRYSTALLIN N-TERMINAL EXTENSION

       Residue  Observed frequencies  Preferred  X-ray  Number  Entropy
                  Helix    Loop         state    data   of hits
       -------  --------------------  ---------  -----  -------  ------
N-arm  M-16        0.50    0.20          H        -       -      1.49
       A-15        0.48    0.31                   -      10      2.02
       S-14        0.39    0.40                   -      19      2.07
       D-13        0.33    0.67(0.50)    L(T)     -       9      1.62
       H-12        0.31    0.46                   -       2      1.99
       Q-11        0.50    0.17          H        -       2      1.92
       T-10        0.53    0.27          H        -       2      1.67
       Q-9         0.55    0.20          H        -      11      1.94
       A-8         0.36    0.54          L        L      17      1.78
       G-7         0.15    0.81(0.68)    L(T)     L      34      1.45
       K-6         0.14    0.78          L        L      11      1.72
       P-5         0.04    0.79          L        L       6      1.31
       Q-4         0.14    0.82          L        L       6      1.62
       P-3         0.16    0.80          L        L      10      1.70
       L-2         0.33    0.54          L        L      10      2.20
       N-1         0.17    0.83          L        L       9      1.28

 C-arm Q174        0.20    0.60          L        L       1      1.37
       W175        0.00    0.50(0.50)    L(T)     L       0      1.00
       H176        0.50    0.33          H        -       1      1.46
       Q177        0.44    0.44                   -       5      2.11
       R178        0.48    0.33                   -       4      2.17
       G179        0.36    0.50          L        -      12      1.94
       A180        0.33    0.53          L        -      15      2.09
       F181        0.27    0.41                   -       2      1.97
       H182        0.00    0.83(0.58)    L(T)     -       5      1.38
       P183        0.21    0.67          L        -       5      2.05
       S184        0.27    0.68          L        -      14      2.02
       S185        0.35    0.64          L        -       -      1.61

Legend for Tables 1 and 2: From left to right: Residue: residue and its relative position in the terminal extension (negative numbers) with
residue 1 corresponding to the first residue of the proposed structural domain located after multiple sequence alignment [6]. Observed frequencies:
frequencies of overlapped sequence tripeptides, calculated for the helical and coil secondary structure. Preferred states: the preferred conformation
state Sj for the j-th residue with the observed frequency greater than or equal to 0.5. X-ray data: the secondary structure content, estimated
from the X-ray model by the method [6], "-" correspond to residues which were not located from the electron density map [4]. Number of hits:
number of tripeptide matches in the SCAN3D database [22]. Information entropy: calculated by formula [3]. "H", "L", and "T" are helical,
coil, and turn residue conformations, respectively.

sequence alignments. We also used a modification of the
nearest-neighbor algorithm in which the length of the test
segment was reduced to 3 peptides to allow consideration of
only local interactions between residues in the arms. In
addition, when the sequences of the βB2-crystallin amino- and
carboxy-terminal arms were aligned inversely, correlating with
their positions in the structure of the β-crystallin dimer,
corresponding parts of the aligned sequences showed similar
structures. These results are consistent with sites of partial
proteolysis of βγ-crystallin terminal extensions presented here
and published previously.

METHODS

Experimental part

Expression and purification of recombinant crystallins.
Recombinant mouse βA3- and βB2-crystallins were expressed
using the baculovirus system. Briefly, transfer plasmid
pBBβA3 [7] and pBBβB2 [14] were cotransfected with
linearized AcMNPV DNA into S. frugiperda Sf9 cells and the
recombinant (gal+, occ-) virus plaques were purified as
previously described [7].

For expression of the recombinant βA3- and βB2-
crystallins (rβA3 and rβB2), Sf9 cells were infected with the
corresponding purified recombinant virus, harvested, and lysed

as described [7]. Both rβA3 and rβB2 were purified from
soluble extracts of infected Sf9 cells by anion exchange on a
DE52 column followed by gel filtration chromatography on a
Superose 75 column [7]. Purity was checked by SDS-PAGE
and judged to be 95% or greater by densitometry. Purified
rβA3 and rβB2 crystallins were isolated in the absence of
protease inhibitors and partially degraded crystallins were
resolved by SDS-PAGE and electroblotted to PVDF
membrane. Bands were excised and sequenced by the Edman
degradation method on Applied Biosystems 470A and 474A
sequencers with online PTH-AA analyzer. Similar results were
obtained by storing Sf9 lysates at -20 

o
C with multiple freeze-

thaw cycles and by incubating the supernatant at room
temperature in the absence of protease inhibitors.

Characterization of the Sf9 protease. Soluble extracts of
rβB2-crystallin were used for testing the effect of different
protease inhibitors including aprotinin, pepstatin, leupeptin,
4-(2-Aminoethyl)-benzenesulfonyl-fluoride hydrochloride
(AEBSF), bestatin and E-64 (Boehringer-Mannheim). These
inhibitors were applied with final concentrations of 0.3 µM,
1µM, 1µM, 200 µM, 180 µM and 2.8 µM, respectively. Each
inhibitor was applied separately to 200 µl aliquots of the rβB2-
crystallin extracts at room temperature in 50 mM Tris-HCl,
pH 8.5, 1 mM EDTA, 1 mM DTT, and at 0, 1, 4 and 24 hours
aliquots were analyzed on a 12% acrylamide SDS-PAGE gel.
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TABLE 3. PHD AND NNSSP SECONDARY STRUCTURE

PREDICTIONS FOR THE N-TERMINAL EXTENSION OF SSA3-
CRYSTALLIN FROM MOUSE LENS

                PHD                                NNSSP
----------------------------------------  -------------------------
Residue  Predicted probability Preferred                  Preferred
         Helix   Sheet   Coil    state     Helix   Sheet    State
-------  -----   -----   ----  ---------   -----   -----  ---------
E-29      0       0       9       L         2       2
T-28      0       0       9       L         3       2
Q-27      1       0       7       L         3       1
T-26      3       0       5       -         3       1
V-25      7       0       2       H         6       2        H
Q-24      8       0       1       H         6       2        H
R-23      8       0       1       H         6       2        H
E-22      8       0       1       H         5       2        H
L-21      8       0       1       H         4       2        H
E-20      6       0       2       H         3       2
T-19      2       0       6       -         3       1
L-18      0       0       8       L         1       1
P-17      0       0       8       L         0       1
T-16      0       2       6       -         0       1
T-15      1       3       5       -         1       2
K-14      1       4       4       -         1       2
M-13      1       3       4       -         1       2
A-12      0       4       4       -         1       1
Q-11      0       3       5       -         0       1
T-10      0       1       8       L         1       1
N-9       0       0       9       L         0       0
P-8       0       0       9       L         0       0
M-7       0       0       9       L         0       0
P-6       0       0       9       L         0       0
G-5       0       0       9       L         0       1
S-4       0       0       9       L         0       1
L-3       0       0       9       L         0       1
G-2       -       -       -       -         0       1
P-1       -       -       -       -         0       0

From left to right: Residue: residue and its relative position in the
terminal extension (negative numbers) with residue 1 corresponding
to the first residue of the proposed structural domain, located after
multiple sequence alignment [6]. Predicted probability: a probability
of a particular state (helix, sheet, or loop) as predicted by the PHD
program. Preferred state: selected by the PHD program. NNSSP:
helices, sheets, and preferred state as estimated by the NNSSP
program. "H" and "L" are helical and coil residue conformations,
respectively.

TABLE 4. PHD AND NNSSP SECONDARY STRUCTURE

PREDICTIONS FOR TERMINAL EXTENSIONS OF SSB2-CRYSTALLIN

FROM MOUSE LENS

                      PHD                            NNSSP

---------------------------------------     ------------------------
Residue Predicted probability Preferred                    Preferred
         Helix    Sheet   Loop   state       Helix   Sheet     State
-------  -----   -----    ---- --------      -----   -----   -------
N-arm    M-16       0       0       9         L         6       1
         A-15       0       0       9         L         6       1
         S-14       0       0       7         L         4       0
         D-13       2       0       4         -         3       0
         H-12       5       0       6         -         3       0
         Q-11       3       0       6         -         3       0
         T-10       3       0       7         L         2       1
         Q-9        2       0       8         L         2       0
         A-8        1       0       9         L         1       0
         G-7        0       0       9         L         0       0
         K-6        0       0       9         L         0       0
         P-5        0       0       9         L         0       0
         Q-4        0       0       9         L         0       1
         P-3        0       0       9         L         1       1
         L-2        0       0       9         L         1       1
         N-1        0       0       9         L         0       1

 C-arm   Q174       3       0       5         -         2       4
         W175       4       0       5         -         2       4
         H176       3       1       5         -         1       1
         Q177       2       1       5         -         1       1
         R178       1       2       6         -         1       1
         G179       0       1       8         L         1       1
         A180       0       2       7         L         1       2
         F181       0       2       7         L         0       1
         H182       0       3       6         -         0       1
         P183       0       1       8         L         0       1
         S184       0       0       8         L         0       0
         S185       0       0       9         L         0       1

From left to right: Residue: residue and its relative position in the
terminal extension (negative numbers) with residue 1 corresponding
to the first residue of the proposed structural domain, located after
multiple sequence alignment [6]. Predicted probability: a probability
of a particular state (helix, sheet, or loop) as predicted by the PHD
program. Preferred state: selected by the PHD program. NNSSP:
helices, sheets, and preferred state as estimated by the NNSSP
program. "L" is a coil residue conformation.

Calpain cleavage sites. The m-calpain induced cleavage
sites in the amino-terminal extensions of β-crystallins were
determined by incubating total soluble proteins from the lens
of each species with purified m-calpain, separating the
resulting digests by two-dimensional electrophoresis, and
sequencing partially degraded β-crystallins following blotting
to polyvinylidene difluoride (PVDF) membranes. The m-
calpain cleavage sites in the amino-terminus of rat βA3- and
βB2-crystallins [11], and bovine βA3- and βB2-crystallins [15]
were previously reported. The previously unpublished m-
calpain cleavage sites in human βA3- and βB2-crystallins and
chicken βB2-crystallin were similarly determined (David et
al., unpublished data).

β-crystallin sequences are numbered so that the first amino
acid residue of the N-terminal core domain is labeled residue
1, with residues increasing in number through both domains
and the C-terminal arm. Amino acid residues of the N-terminal
arm are numbered in decreasing order from residue -1, adjacent
to the core domain, to the N-terminal residue.

Theoretical background

Sequence alignment and protein structure. Sequences of
5 βA3-crystallins from human (GenBank accession numbers

M14301, M14302, M14303, M14304, M14305, M14306), rat
(GenBank accession number AF013248), mouse, bovine and
chicken [16], and 5 βB2-crystallin sequences from mouse [17]
corrected as described [14], human [17], bovine, rat and chicken
[18-20] were aligned using the multiple alignment procedure
of Rost & Sander [12]. βB2-Crystallin structure was taken from
the file 1blb from the January 1995 Release of the Brookhaven
Protein Data Bank [21]. File 1blb contained four molecules A,
B, C and D grouped as two dimers, AB and CD.

Profile of tripeptide usage. We developed a simplified
version of the nearest-neighbor algorithm for estimating the
occurrence of the residue secondary structure states. The
SCAN3D database, incorporated in the WhatIf program,
allowed searching of secondary structure content for sequence
segments in the database of 308 proteins with known 3D
structure [22]. Construction of the profile of tripeptide usage
was based on decomposition of the sequence terminal
extensions into overlapped tripeptides. For each tripeptide in
the terminal arms, 3-D structures in the SCAN3D database
were searched, yielding a list of matching tripeptide sequences
with secondary structure content for each residue in the
tripeptide.
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Figure 1. Structural predictions for terminal extensions. The predicted
local microdomain structure and partial proteolysis of terminal ex-
tensions: (a) N-terminal extensions of ßA3-crystallin, (b) N-terminal
extensions of ßB2-crystallin and (c) C-terminal extensions of ßB2-
crystallin. Colored bars under each sequence indicate structural pre-
dictions based on tripeptide usage (Predict), the NNSSP program
(NNSSP), and the PHD method (PHD). Red bars indicate a predic-
tion of a helical region, blue bars indicate a prediction of a coiled
region, and green bars indicate a prediction of a turn. Results of the
PHD secondary structure prediction are similar for all homologous
sequences (more than 40% homology) of each protein. The regions
of mouse ßB2-crystallin terminal arm aligned in Figure 2 are shaded.
Colored triangles above the sequence indicate cleavage sites. Violet
triangles show the major m-calpain cleavage sites, gold triangles show
the minor m-calpain cleavage sites, aqua triangles show the natu-
rally occurring cleavage sites, and black triangles show the Sf9 thiol
protease cleavage sites with recombinant mouse ßA3- and ßB2-
crystallins. The mouse and rat ßA3 and ßB2 sequences were com-
bined because they were identical. However, the Sf9 cleavage sites
were determined for recombinant mouse crystallins, while m-calpain
and endogenous cleavage sites were determined for rat crystallins.
The sites of partial proteolysis were determined as described in the
Methods section or were previously published for rat [11,23,24],
bovine [15], human [25; David, et al., unpublished data], for chicken
(David, unpublished data), and for recombinant mouse ßA3-crystal-
lin by Hope et al. [7].

The program assigned one of five conformational states
to each amino acid residue, termed Rj, with R being the name
of the residue in the j position of the sequence. Each residue
Rj has a conformational state Sj. Five conformational states
were considered: Sj = Pk, k=1,2,3,4,5, where P1 is a 310-helix,
P2 is an  α-helix, P3 is a β-conformation, P4 is a turn, and P5
includes all other conformations. For example, in any five -
residue fragment Rj-2 - Rj-1 - Rj - Rj+1 - Rj+2 of protein
sequence three overlapped tripeptides were selected: Rj-2 -
Rj-1 - Rj; Rj-1 - Rj - Rj+1; and Rj - Rj+1 - Rj+2. The residue
Rj is included in each of these tripeptides in the third, second
and first positions, respectively. Thus the conformational state
for each residue Rj was ascertained a total of three times, once
as part of each of three overlapped tripeptides. Each sequence
tripeptide was searched in the SCAN3D database containing
proteins of known conformation. For each tripeptide, the
conformation states from tripeptides with sequences identical
to that under consideration were counted. The number of times
each residue Rj from the tripeptide was associated with a
specific conformational state Sj in the database was calculated
by the formula

Here m identifies the overlapped tripeptides (m = 1, 2, 3
are the three overlapping peptides in which Rj is the third,
second and first residue respectively), Z is the number of
identical tripeptides found in the SCAN3D database and qmi
(Sj = Pk) is the match for the residue conformation Sj = Pk
under consideration for the overlapping tripeptide and the
known conformation of the peptide in the database: qmi = 1,
if the conformations are identical, and qmi = 0 otherwise.

The observed frequency of the Pk - state occurrence for j-
th residue in the sequence is

The informational entropy for the residue, which is similar
to the estimate of its apparent conformational entropy, was
calculated as follows:

The informational entropy will be higher for residues with
relatively equal frequencies for each of the five conformational
states and will be lower for residues with marked occurrence
preferences for one or a few states.

Finally, the observed frequencies for all five
conformational states were grouped into frequencies of three
general types of conformations: H - helical (310- and  α-
helical), E - extended (β-sheet) and L - random coil (turns
plus all other conformations), respectively. By this method a
profile of occurrence frequencies for the tripeptide usage was

constructed and compared with the profiles of the secondary
structure obtained by the nearest-neighbor algorithm [13] and
the PHD prediction program based on multiple alignments
[12].
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Figure 2. Inverse sequence alignment for mouse βB2-crystallin. Se-
quence alignment in opposite orientations of the N- and C-terminal
extensions for mouse βB2-crystallin (a) and for βB2-crystallin from
5 species (b,c). The shaded area in (a) shows the sequence homology
between the N- and C-terminal extensions. The distance between the
C α-atoms of Trp175 and Leu-2 in neighboring arms was 0.517 nm in
the first dimer and 0.527 nm in the second dimer of the 1blb file of
PDB. The beginning of the alignment was determined for close resi-
dues in the βB2-crystallin structure as shown in Figure 4. The se-
quence of the N-terminal arm is shown in the usual order from the N-
to C-terminus. The sequence of the C-terminal arm starts from the
same location in the 3D-structure and is aligned to the N-terminal
arm in reverse orientation, from the C- to N-terminus.

RESULTS

Prediction of the secondary structure of mouse βA3 - and βB2-
crystallin terminal extensions by overlapping tripeptides—
Frequency estimations for two of the three states (H and L for
helix and coil, respectively) calculated for each residue as
described in the Methods section are presented in Table 1 and
Table 2 for βA3- and βB2-crystallins, respectively. Helical
structures are predicted (>50% frequency) for residues from -
20 thorough -24 and from -12 thorough -13 in βA3-crystallin
(Table 1). Residues from -9 to -11 in the N-terminal arm of
βB2-crystallin were also predicted to have a helical
conformation (Table 2), although this prediction is less secure
since only two matches were seen with tripeptides containing
residues -10 and -11. Turns also were predicted for residue T-
10 in βA3- and residues D-13, G-7, W175 and H182 in βB2-
crystallin with a 50% threshold.

The strength of the structural predictions varied for
different residues, with tripeptides showing a large number of
hits producing statistically more significant results. The most
significant tripeptide occurrences were 32 hits for the REL-
and 38 hits for the GSL-tripeptides in βA3-crystallin, and 34
hits for the AGK-tripeptide in βB2-crystallin (Table 1 and Table
2). For the REL-tripeptide, nearest-neighbor analysis gave a
helical conformation with information entropy of about
1.52±0.05, providing one of the strongest predictions seen in
the terminal extensions. The GSL-tripeptide was not predicted
to assume a preferred conformation, since the highest fraction
(coil) is only 0.44 and the entropy estimate (2.1 average) is
above the average for the arm (1.89, Table 1). The AGK-
tripeptide, with informational entropy of 1.45 is strongly
predicted to reside in the L-conformation and have a tendency
to form a turn. In general, the residue tripeptides from the C-
terminal extension of βB2-crystallin were found less frequently
in the SCAN3D database than those in the N-terminal
extension (Table 2).

Secondary structure prediction for βA3- and βB2-
crystallin terminal extensions by the PHD and nearest neighbor
algorithms— Secondary structure prediction was also carried
out by the PHD method using multiple sequence alignments,
profile analysis, and neural networks [12]. N-terminal
sequences of 28 and 30 residues from βA3- and βB2-crystallins
of five species were used for secondary structure prediction.
As shown in Table 3 and Table 4, the method predicted helical
and coil conformations for one helical and 7 coil segments
with reliability values equal to or greater than 7, indicating an
estimated 91.1% reliability.

For βA3-crystallin the PHD method predicts a helical
segment extending from residue E-20 to V-25, and three coil
segments extending from E-29 to Q-27, from L-18 to P-17,
and from T-10 to L-3. The PHD method did not unambiguously
predict a helical or extended conformation in the segment from
T-15 thorough T-10, in which the triplet usage predicted two
residues in helical conformation. Two coil segments including
residues from M-16 to S-14 and from T-10 to N-1 were
predicted for the N-terminal extension of βB2-crystallin (Table
4). Two coil segments from residues G179 to F181 and residues
P183 to S185 were also predicted for the C-terminus of βB2-

crystallin.

Residues predicted to participate in helical structures by
the nearest-neighbor algorithm NNSSP [13] are also shown in
Table 3, Table 4, and Figure 1. Predictions are similar for 4 of
the 5 species analyzed. This method predicts a helical
conformation for the amino-termini in human, bovine, mouse
and rat βA3-crystallin sequences. For the chicken sequence
this method only predicted a helical conformation for two
residues. The NNSSP method did not predict any significant
helical content in the βB2-crystallin terminal extensions.

Inverse alignment of βB2-crystallin terminal extensions—
Secondary structure predictions for the amino- and carboxy-
terminal arms of βB2-crystallin were compared with the
sequences aligned inversely, similar to their alignment in the
crystallographic dimer structure (Figure 2). Thus, the sequence
of the N-terminal arm extending from the N-terminal residue
to the beginning of the first domain is aligned with the sequence
of the C-terminal arm, extending from the C-terminus to the
end of the second domain of the molecule.

It can be seen that when they are aligned in opposite
orientations, the two terminal extensions of mouse βB2-
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Figure 3. Effect of different protease inhibitors on soluble extracts of
recombinant βB2-crystallin. Panel (a) shows leupeptin, AEBSF,
bestatin, and panel (b) shows E-64, and no inhibitor. Time course
was measured for each sample at 0, 1, 4 and 24 hours. In both gels,
the last three lanes from left to right correspond to the native mouse
βB2-crystallin (βB2), the recombinant carboxy-terminal arm trun-
cated βB2-crystallin (βB2[δ]Ctr) and the broad range SDS-PAGE
molecular weight standards (Bio-Rad), respectively.

crystallin have a homologous segment (Figure 2a) with similar
physical properties, such as hydrophobicity and hydrophilicity,
for corresponding residues. This alignment extends from
residues A-8 to N-1 in the amino-terminal arm, corresponding
to the residues from A180 to M173 in the C-terminal arm. The
remaining residues of both arms, residing at the N- and C-
termini, have unlike sequences. Residues from S-14 to Q-9 in
the N-terminus are hydrophilic while the C-terminal residues
from P183 to F181 are hydrophobic.

The central part of each terminal arm contains the
tripeptide AG(K/R) made up of the hydrophobic residue Ala,
a central glycine and positively charged Lys or Arg in the third
position of the alignment (Figure 2a). The AG(K/R) tripeptide
occurs relatively frequently (34 hits) in the SCAN3D database
compared to other tripeptides (Table 2). The AGK-tripeptide
has relatively low informational entropy in the amino-terminal
extension (1.45, see Table 2). Although this tripeptide is most
often seen in a loop conformation, glycine is known to be able
to assume a wide range of torsion angles, suggesting that this
tripeptide might be highly flexible.

Similar alignments for the N- and C-terminal arms of βB2-
crystallin from five different species are presented in Figure
2b,c. All five sequences have a high homology so that the
alignment derived for the mouse sequence also holds for the
other four βB2-crystallins with the exception that the central
Gly-residue is replaced by Ser in the chicken amino-terminal
arm. Thus, both terminal extensions of βB2-crystallin appear
to be separated into two distinct segments connected by a
flexible AG(K/R) tripeptide. Amino-terminal residues Q-11,
T-10 and Q-9 beyond the flexible tripeptide are predicted to
have a helical conformation.

Results of limited proteolysis— When recombinant mouse
βA3- and βB2-crystallins are expressed in Sf9 cells they both
are susceptible to truncation of the amino-terminal arms unless
protease inhibitors are included during purification. The
recombinant mouse βA3-crystallin truncation site was
characterized by Hope et al. [7] and is shown in Figure 1. This
cleavage site is located between residues -23 and -24, close to
the beginning of the helical segment. Native βB2-crystallin
begins to show truncation after 1 hour of incubation at room
temperature in absence of a protease inhibitor (Figure 3b) and
is completely truncated after 4 hours. Intact and truncated βB2-
crystallins are represented on the SDS-PAGE gel by two
different bands of MW 25.7 and 24.3 kDa, respectively. The
protease activity in the Sf9 cell extracts was characterized with
respect to its sensitivity to inhibitors: it is inhibited by leupeptin
and E-64, but is insensitive to AEBSF and bestatin. These
results are consistent with the presence of a thiol protease in
Sf9 extracts. N-Terminal sequence analysis of the 24.3 kDa
band indicates the presence of two fragments with primary
sequences identical to βB2-crystallin: the first (55% of signal)
begins immediately before residue A-8, while the second (45%
of total signal) begins immediately after A-8, one residue
internal to the first. The cleavage site before residue A-8
corresponds to the position expected to be cut by a thiol
protease from the inverse alignment, where it is seen to be the
first residue in the AGK triplet (Figure 2), and from structural

predictions based on tripeptide usage (Figure 1).

Other proteolytic cleavage sites identified in β-crystallin
arms have been published previously for different species as
detailed in the caption to Figure 1. The cleavage sites are
superimposed on the terminal sequences with the
conformations predicted by the tripeptide usage, the nearest-
neighbor [13] and PHD algorithms [12]. In the rat [11,23,24],
human [25; David, et al., unpublished data] and bovine [15]
amino-terminal extensions of βA3-crystallin, the major m-
calpain cleavage sites are located between residues -19 and -
20 just at the end of predicted helical segments. Minor m-
calpain cleavage sites are also located near residues with
predicted helical or turn conformations. The cleavage site
occurring naturally in the rat lens βA3-crystallin terminal
extensions coincides with the major m-calpain cleavage site
at T-19, adjacent to the predicted helical segment. In the bovine
βA3-terminal extension [15], the natural cleavage site is
located one residue from T-9, which has a predicted turn
conformation. In the chicken βA3-terminal extension no m-
calpain cleavage is detected (David et al., unpublished data),
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Figure 4. Terminal extensions of the bovine βB2-crystallin structure.
The location of N- and C-terminal arms in two βB2-crystallin dimers
from the asymmetric unit of the crystal were determined by X-ray
crystallography [4]. The asymmetric unit contains two dimers ap-
peared to form a tetramer. Molecule A of the first dimer is white, the
molecule B is red and molecules C and D from the second dimer are
yellow and green, respectively. Positions of Leu-2 and Trp175 are
labelled as L-2 and W175, respectively.

and these results correlate with predictions of the tripeptide
usage method which do not show a helical conformation for
segment -20 to -25, in contrast with results of the rat, human
and bovine sequences. However, a naturally occurring cleavage
site in chicken βA3-crystallin is located one residue from the
predicted M-13 to T-10 helical segment.

Cleavage sites in the rat and mouse βB2-crystallin terminal
extensions [24] are located following the predicted helical
fragment, between that segment and the last residue of the
homologous fragment from N-1 to A-8 (Figure 1 and Figure
2a). Similar results were also obtained for bovine and human
βB2-crystallin terminal extensions (sequences not shown). In
the chicken sequence the major m-calpain cleavage site (David
et al., unpublished data) is located 3 residues from a predicted
helical fragment, just before the ASK tripeptide. The naturally
occurring cleavage site is located one residue from the
predicted helical fragment.

DISCUSSION

Structure predictions using two versions of modified nearest-
neighbor algorithms and the PHD prediction method all predict
the possible location of structural microdomains in the amino-
and carboxy-terminal arms of the β-crystallin. The predicted
microdomains are consistent among the three methods used,
and are also consistent in most cases with the results of limited
proteolysis of representative β-crystallins using two proteases.
Nearest-neighbor algorithms predict secondary structure for
globular proteins with accuracy 64-68% for single sequences
and above 70% when using evolutionary conformation.

Here, a modification of the nearest-neighbor algorithm
based on comparison of overlapping tripeptides rather than
longer sequences was used. This modification was based on
crystallographic and NMR data showing that the terminal
extensions are mobile and exposed in solvent [5,26], consistent
with the absence of stable long-range interactions in the
terminal extensions. This suggests that their secondary
structure might be predicted best by considering only short-
range interactions between residues in the arm. Although 5
residues are required to form one turn of helix, we also included
segments containing one or a few residues predicted to have a
high propensity to assume a helical conformation. This is
because the preferred state of a residue, i, is a property not
only of that residue but of the 5 residues surrounding it, i-2
thorough i+2 (see Methods). The coil (L) conformation
predicted by this method for amino acids A-8 thorough N-1,
Q174 and W175 of βB2-crystallin and shown in Table 2 is
consistent with the crystal structure [4].

The PHD method predicts structure using a different
approach based on mutation profile analysis and neural
network algorithms [12]. The tripeptide usage and nearest-
neighbor algorithms [13] predict a helical amino-terminal
segment in the amino-terminal extension of βA3- and βB2-
crystallins in most species, with the exception of the chicken
(Figure 1). However in this case the tripeptide usage predicted
a helical conformation for four residues located very close to
the endogenous truncation site.

The alignment of the amino- and carboxy-terminal
extensions shown in Figure 2 is suggested by the
crystallographic structure of bovine βB2-crystallin [4,26], in
which the C-terminal extension of one member of a dimer
pair and the N-terminal extension of the other are closely
positioned (Figure 4). As shown in this figure, the C α-C α
distance between residue W175 situated at the C-terminus of
the first molecule in the dimer and Leu-2 at the N-terminus of
the second molecule is 0.517 nm for the first and 0.527 nm for
the second dimer in the 1blb file. These residues are sufficiently
close to suggest that residues W175 and L-2 are interacting,
suggesting that the terminal extensions can be aligned starting
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Figure 5. Histogram showing the location of cleavage sites relative
to the beginning or the end of helical segments. The data were taken
from Figure 1, with the distance to the boundary of the nearest heli-
cal segment ∆i = i - i

o
. The position of the cleaved peptide bond is i

and i
o
 is the position of the peptide bond localized immediately be-

fore the first residue or after the last residue of the nearest helical
segment.

from these residues with the arms superimposed in opposite
orientations as shown in Figure 2.

The secondary structure predictions summarized in Figure
1 are supported by the patterns of proteolytic degradation seen
in the terminal arms. The histogram in Figure 5 shows the
number of cleavages occurring at given distances from the
end of the nearest helical segment. Positions for 8 out of total
18 cleavages correlate precisely with the ending or beginning
of helical segments with 5 additional cleavages located 1
residue off, demonstrating a strong tendency of these proteases
to cut a sequence adjacent to compact helical segments. This
hypothesis was tested statistically using data from Figure 1.
Peptide bonds in the terminal arms were divided into two
groups. The first group consists of those between the terminal
residue of a predicted helical segment and the adjacent residue
not belonging to that helical segment. The second group
consists of all remaining peptide bonds in the terminal arm
including bonds between non-terminal residues within
predicted helical segments and those between residues lying
outside of helical segments. Cleavage of bonds adjacent to
predicted helical segments was highly favored ( χ2 = 119.9, 1
df, p < 0.001).

Our results agree with data showing that a conformational
factor is involved in mechanism of action for µ-calpain and
m-calpain, and that both enzymes may recognize certain
conformations of substrate molecules [27]. In the current model
of vimentin structure [28] µ-calpain acts primarily on non  α-
helical regions and this model agrees with recently published
results that the µ-calpain cleavage site of  αII spectrin occurs
in the exposed loop juxtaposed between helix C of the spectrin
repeat and the calmodulin binding domain [29].

However, cleavage sites were observed in only 62% of
all positions adjacent to predicted helical segments. Relative
sequence specificity of the thiol proteases in the lens and
baculovirus, or the relatively small number of cleavages studied
may explain the lack of observed cleavages at the other 38%
of predicted sites. In addition, the algorithms used in this study
to predict helical segments are imperfect. This includes the
prediction of precise segment ends using overlapping
tripeptides whose predicted stated is dependent on five adjacent
amino acids. Cleavage sites detailed in Figure 1 show no
obvious sequence similarity, consistent with previous
observations that the thiol proteases are relatively non-specific
in their cleavage sites. While the site specificity of µ- and m-
calpains deduced from peptide cleavage studies is not very
rigid, these proteases seem to avoid cleavage at proline residues
and to favor cleavage adjacent to sites of the form X-Z, where
X is leucine, valine or isoleucine and Z is tyrosine, arginine,
or lysine [27]. No such sites are seen in any of the terminal
arm sequences in this study, and of the 16 cleavage sites only
6 (including 4 structurally predicted sites) have a single amino
acid match with the preferred sequence. It is interesting to
note that in the bovine βA3-crystallin amino-terminal arm,
which contains the only calpain cleavage site 2 residues within
a predicted helical segment, the helical region ends in a proline,
which might both disrupt the helical structure and discourage
calpain cleavage precisely at the terminus. However, in

cleavage of most proteins by calpain, the amino acid pattern
predicted from peptide studies does not tend to be followed
well. In studied proteins, an open or nonhelical conformation
or location at the boundary between hydrophilic and
hydrophobic clusters seems to favor cleavage [27].

The occurence of similar calpain cleavage sites in the
terminal sequences of β-crystallins from different species and
in insect cell culture suggests that the structural properties of
the terminal extensions might provide a common element for
recognition by these proteases. The pattern of proteolysis for
both, βA3- and βB2-crystallin terminal extensions can be
explained by the presence of segments with a local secondary
structure, which might be thought of as microdomain
structures. While these structures are not stable or constant
enough to appear on crystallographic maps, they represent a
favored conformation for the terminal extension. Proteolytic
cleavage sites in the N-terminal arms are located mainly at
the beginning or the end of predicted helical structures, and
also may occur near residues in a turn conformation.
Experiments to explore this hypothesis further by NMR and
CD analysis of synthetic oligopeptides are underway, although
it is unclear whether putative microdomain structures sufficient
to affect protease activity would be detectable in this fashion.

The importance of proteolysis in formation of the selenite
induced cataract was demonstrated by Shearer et al. [9].
Cleavage of the N-terminal extensions of βA3- and/or βB2-
crystallin has been demonstrated by Takemoto et al. [30], David
et al. [11,23,24], Hope et al. [7] and in the present study. These
results show that the amino-terminal arms of β-crystallins are
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highly accessible to thiol proteases like m-calpain or that found
in Sf9 cells. These data correlate well with crystallographic
and NMR data indicating that the N-terminal extension of βB2-
crystallin is freely located in the solvent without stable
interactions with structural domains [5,26]. However, at least
part of the carboxy-terminal arm appears to be important for
structural domain binding and swapping [6].

In summary, we suggest a simple structural model for the
β-crystallin terminal extensions. For each terminal arm
considered here, segments with a homogeneous secondary
structure can be predicted. The helical microdomain follows
the first coil segment in the N-termini of the βA3- and βB2-
crystallins. These segments contain 4 or 3 polar residues with
negative charges and contribute to the net negative charge of
the N-termini. Next, two coiled segments of the N-terminal
extension of βA3-crystallin follow the helical segment, and
are separated by a short segment with a tendency for helical
(or extended as predicted by PHD) conformation. The last coil
segment in both crystallins contains four or five hydrophobic
residues and will have some tendency to participate in
hydrophobic interactions. Possibly, this segment may interact
with a common part of the C-terminal segment in βB2-
crystallin (Figure 2).

If the terminal extensions of the β-crystallins do indeed
form microdomain structures, size estimations for terminal
extensions might be reconsidered. Recently Zarina et al. [31]
predicted the structure of γS-crystallin. The structure of the
N-terminal extension was modeled as an extended chain so
that it did not interact with the body of protein. However, if
the terminal arms of the β-crystallins assume an extended
random conformation it would seem likely that they must
contact and interact with crystallins or other constituents of
the lens cell given the high protein concentrations. Indeed,
terminal extensions of the bovine acidic β-crystallins are 13,
11, 30 and 11 residues long for the βA1-, βA2-, βA3-, and
βA4-crystallins, respectively. Basic β-crystallins have N-
terminal extensions of 59, 16, and 23 residues, and C-terminal
extensions of 17, 13, and 13 residues in βB1-, βB2-, and βB3-
crystallins, respectively [32]. If they assume an extended
conformation the length of N-terminal extensions would range
from 3.5 nm to 9.6 nm for acidic, and from 5.1 nm to 18.8 nm
for basic crystallins. Similarly, The C-terminal extension of
basic crystallins would range from 4.1 nm to 5.1 nm in length.
By comparison, the radius of each globular domain in the βγ-
crystallins is about 1.5 nm and the largest dimension in the
βB2-crystallin molecule is about 6.6 nm as measured in the
3D model of this protein (1blb file of PDB). Thus, if terminal
extensions assume an extended conformation, the dimension
of the terminal arm would be comparable to or greater than
the domain size. One alternative is that elements of secondary
structure or small microdomain regions with relatively compact
structure may exist in the N-terminal arms of β-crystallins,
reducing the estimate for the real size of terminal extensions.
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