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Truncation of Motifs Il and IV in Human LengA3-Crystallin Destabilizes the
Structuré
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ABSTRACT. The purpose of our study was to determine the effects of specific truncations on the structural
properties of humanA3-crystallin. The following eight deletion mutants @fA3-crystallin were
generated: (i) N-terminal extension (NTE) 21 amino acjg&3[21] mutant), (i) NTE 22 amino acids
(BA3[22] mutant), (iii) NTE (3BA3[N] mutant), (iv) NTE plus motif | FA3[N-+I] mutant), (v) NTE plus

motifs | and Il (BA3[N-+I-+11] mutant), (vi) NTE plus motifs | and Il and connecting peptid@A@-
[N+I+11+CP] mutant), (vii) motifs Ill and IV GA3[llIl +IV] mutant), and (viii) motif IV (A3 [IV]

mutant). The DNA sequencing and MALDI-TOF mass spectrometric methods confirmed desired specific
deletions, and the purified mutant proteins exhibited a single band during-BBSE analysis. When

ANS bound, all the mutant proteins exhibited fluorescence quenching and a red shift, suggesting that the
truncations caused changes in the exposed hydrophobic patches. The CD spectra showed that deletion of
either NTE or the N-terminal domain (motifs | and II) had a relatively weaker effect on the structural
stability than deletion of the C-terminal domain (motifs 1l and IV). Intrinsic Trp fluorescence spectral
studies suggested changes in the microenvironment of the mutant proteins following truncations. HPLC
multiangle light scattering analyses showed that truncation led to higher-order aggregation compared to
that in the wild-type protein. Equilibrium unfolding and refolding of VWRA3 with urea were best fit to

a three-state model with transition midpoints at 2.2 and 3.1 M urea. However, the two transition midpoints
of fA3[21] and fA3[22] and SA3[N] mutants were similar to those of the wild type, suggesting that
these truncations had a minimal effect on structural stabilization. Further, the mutant proteins containing
the N-terminal domain (i.e A3[lIl +1V] and SA3[IV] mutants) exhibited higher transition midpoints
compared to the transition midpoints of the mutant protein with the C-terminal domainjg#i8:,
[N+I+I11+CP] mutant). The results suggested that the N-terminal domain is relatively more stable than
the C-terminal domain ifBA3-crystallin.

Crystallins @-, -, and y-crystallins) are the major (octamers of 166200 kDa), L1 (tetramers of 76100
structural proteins of the eye lens. The transparency of thekDa), andpL2 (dimers of 46-50 kDa).

human eye lens depends on the stability and specific sydies of cataractous lenses have suggested that the lens
interaction among the three crystalling).(The - and  gpacity is due to protein aggregation and cross-linking that
y-crystallins, derived via gene dupl[cqtlon Wlth a 30% degree pecomes insoluble in lens cell, 6). Two major causative
of sequence homology, have similar tertiary structures tactors have been identified for cataract development, i.e.,
forming afy-crystallin superfamily 1—3). Members of the  mytations in lens proteins (present at the time of birth) that
py-crystallin superfamily have a similar core structure, affect structure, stability, and interactions among crystallins
consisting of two homologous globular domains that are 44 age-related post-translational modifications of crystallins,
connected by an-810-amino acid interdomain connecting 6, 7). Several autosomal dominant cataracts have been
peptide (CP). However, unlikg-crystallins, j-crystallins identified; few of these are due to mutation in {h&3/A1l
have either an N-terminal extension (in acifiicrystallins) or fB1 gene. Burdon et al. showed a splice site mutation at
or both N- and C-terminal extensions (in basicrystallins). the first base of intron 3 of the CRYBA3/Al gene
A family of four acidic and three basic forms of human  geqregating with disease that resulted in premature termina-
p-crystallins are encoded .by genes that re§|de on differentiion of the polypeptide8). A genome-wide search of a five-
chromosomes. These exist in vivo as oligomety ¢f generation family with autosomal dominant lamellar cataract
50-200 kDa, forming several classes of aggregat@st demonstrate a 3 bp deletion in the CRY BA1/3 gene
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of the autosomal dominant zonular cataract in an Indian Indeed, in the human lenses, the earliest post-translational

family showed the absence of Greek key motifs | and Il in
BA3/AL that resulted in a single globular domain, which was
segregated with nuclear sutural catardkct)( Similarly, a

screening of nine Indian families with clinically documented

modifications were the truncation ¢gfB1- and SA3/Al-
crystallins @5, 26). Our results also showed that the majority
of age-related degradation in humgtA3/Al-crystallin
occurred at the N-terminal region with a major cleavage site

congenital cataract showed that a W151C substitution in exonat the Es—Nag bond 7). Recently, we identified several

6 in the CRYBB2 gene was likely the causative factt)(

The hydropathy analysis in this study suggested that in-

creased hydrophobicity of a region with residues 1435
might impair the solubility of the mutant protein. Another

truncated species $fA3/A1- andjB1-crystallins in human
cataractous lenses that were absent in normal ler&8s (
Together, these reports showed extensive truncation of
p-crystallins, which might impair their stability and lead to

study of the CRYBB2 gene mutant (Q155) caused ceruleanaggregation.
cataract, which was due to truncation of 51 residues from At present, information regarding the effects of truncations

the C-terminal region1(3), and such a recombinant protein
exhibited altered biophysical propertidsl). Together, these
studies showed that altered crystatticrystallin interactions

at various sites ifp-crystallins on their structural properties
is lacking. Recent reports suggest that specific mutations or
post-translational modifications could result in an inability

and their conformational changes could lead to cataractof a- or g-crystallins to participate in complex formation

development.
The post-translational modifications of crystallins include

(29, 30). It has also been proposed that disruptiofi-strands
in 5-sheets might lead to a loss of subunit interactions among

oxidation, deamidation, and cleavage at a specific site or fB2-crystallins 80). Because truncation of-crystallins
truncation of terminal extensions. These changes are believedvould lead to the loss g§-strands ins-sheets resulting in

to cause their aggregation and insolubilization leading to abnormal interactions in forming the homo- and heteroag-
cataract developmentl®). Because interactions among gregates, it might result in poorly soluble protein aggregates
p-crystallins to form aggregates in vivo are critical for the and cause cataract development. Therefore, it is important
maintenance of lens transparency, the truncations might affectto determine how truncations change the hydrophobic and

their interactions and aggregation. Although the exact ionic interactions among-crystallins, which are required

interactions among-crystallins in their oligomeric state are
unclear, a previous studyl®) identified three types of
p-crystallin oligomers in human lenses, i.81 (150 kDa,
containedpA3/Al-, fA4-, fB1-, andB2-crystallins),;2
(92 kDa,A3/AL-, fA4-, fB1-, andfB2- crystallins), and
/33 (46 kDa, containe@B1- andfB2-crystallins). The study

for their proper oligomerization and the transparency of the
lens. The purpose of our study was to gain insight into the
importance and involvement of specific structural regions
(N-terminal extension, motifs, connecting peptide, and
domains) of humagA3-crystallin in its stability and protein
aggregation. To achieve this, we sequentially del@aa-

concluded that the major differences in the oligomers were crystallin starting at the N-terminal extension to generate the

the presence JA3/A1- andfA4-crystallins in the3l- and
f2-oligomers and their absence in th&-oligomer, and the

following eight deletion mutants: (i) N-terminal extension
(NTE) 21 amino acidsfA3[21] mutant), (i) NTE 22 amino

aggregate sizes correlated with the length of the N-terminal acids A3[22] mutant), (iii) NTE (BA3[N] mutant), (iv)

extension ofpB1-crystallin. TheBA3/A1- andB2-crystal-

NTE plus motif | BA3[N+I] mutant), (v) NTE plus motifs

lins exhibited spontaneous oligomerization into tetramer | and Il (BA3[N+I+II] mutant), (vi) NTE plus motifs | and

species in vitro, and NMR studies revealed that the N-
terminal extension ofA3-crystallin was exposed to water
while the C-terminal region participated in oligomerization
(17). However, both N- and C-terminal extensionss@&2-
crystallin were involved in the proteirprotein interactions

[l and connecting peptidgsA3[N+I+11+CP] mutant), (vii)
motifs Il and IV (BA3[lll +I1V] mutant), and (viii) motif IV
(BA3[IV] mutant). Next, we compared the biophysical
properties of the eight deletion mutants with wild-type (WT)
PA3-crystallin to determine the effects of specific deletions

(17). Previous studies have also shown that the deletion of on structural changes and oligomerization and solubility

N- and C-terminal extensions @iB1-crystallin had little
effect on the stability of oligomers ofB1l- and $B2-
crystallins (L8, 19). A recent study of the crystal structure
of a truncategBB1-crystallin suggested that the bulk of the

N-terminal extension was not necessary to stabilize its

structure but truncation reaching into the N-terminal domain
was predicted to cause unfolding and loss of solubil) (

properties. Because the 22 N-terminal residues are cleaved
early in life in human lenses, we deleted this region as well
as N-terminal residues—121 to determine the importance

of the former region.

EXPERIMENTAL PROCEDURES

aterials

Together, these studies suggested that post-translational

modifications also affect crystaltincrystallin interactions and
could lead to the development of lens opacity.
Age-related truncations @Fcrystallins have been reported
in bovine @1, 22) and humanZ3—26) lenses. In the bovine
lensespBA3 missing 11 and 22 N-terminal extension residues
and B2 and B3 missing 8 and 22 residues from their
N-termini, respectively, were identifie@1, 22). Truncations
of human leng-crystallins in aging human lenses occurred
mainly at the N-terminal region, i.e., a loss of 49 N-terminal
residues irBB1-crystallin 3), 5 and 17 N-terminal residues
in B3, and 11 and 21 residues fiA3/Al-crystallin 24).

Restriction endonucleasbikd andNdd, molecular mass
protein markers, and DNA markers were purchased from
either Amersham Biosciences (South San Francisco, CA) or
Promega (Madison, WI). The primers used in the study were
obtained from SigmaGenosys (St. Louis, MO). Molecular
biology-grade chemicals were purchased from either Sigma
or Fisher Scientific unless stated otherwise.

Bacterial Strains and Plasmids

The Escherichia coliBL21(DE3) bacterial strain was
obtained from Invitrogen (Carlsbad, CA). The hunsk3-
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Table 1: Oligonucleotide Primers Used for Generation of Deletion Mutant\8fA1 Using PCR-Based Mutagenesis
primers (5—3')

WT SA3/AL forward CACCATGGAGACCCAGGCTGAGCAGG
reverse CTACTGTTGGATTCGGCGAATCGATTG
PA3[21] forward CACCCCTACGCCGGGGTCCCTGGGGCCCCCCATG
reverse CTACTGTTGGATTCGGCGAATCGATTG
PA3[22] forward CACCAACCCTACGCCGGGGTCCCTGGGGCC
reverse CTACTGTTGGATTCGGCGAATCGATTG
BA3[N] forward CACCTGGAAGATAACCATCTATGATCAG
reverse CTACTGTTGGATTCGGCGAATCGATTG
PA3[N+I] forward CACCGGCGCCTGGATTGGTTATGAGCAT
reverse CTACTGTTGGATTCGGCGAATCGATTG
BA3[N+I1+11] forward CACCGCTAATCATAAGGAGTCTAAGATG
reverse CTACTGTTGGATTCGGCGAATCGATTG
BA3[N+I+11+CP] forward CACCTCTAAGATGACCATCTTTGAGAAG
reverse CTACTGTTGGATTCGGCGAATCGATTG
BA3[II +IV] forward CACCATGGAGACCCAGGCTGAGCAGG
reverse CTACTCCTTATGATTAGCTGAACAGAT
BA3[IV] forward CACCATGGAGACCCAGGCTGAGCAGG
reverse CTATTGTATCTTCATGGAGCCGACTTC

crystallin plasmid DNA in pCRT7/CT TOPO was received and resuspended in lysis buffer [50 mM Tris-HCI (pH 8.0)
from K. Lampi (Oregon Health and Science University, containing lysozyme (0.25 mg/mL) and protease inhibitor
Portland, OR). The gene was excised from the pCRT7/CT cocktail (Sigma Chemicals)] and homogenized. DNA was
plasmid and ligated into a pET100 Directional TOPO vector degraded using DNase | (1@/mL) and incubation on ice
(Invitrogen) that added an N-terminal six-His tag to the for 30 min. The soluble fraction was separated by centrifuga-
protein. The integrity of th#A31 cDNA was confirmed by  tion at 800@ for 10 min at 5°C, and the pellet was
DNA sequencing at the DNA Sequencing Core Facility of resuspended in detergent buffer [0.02 M sodium phosphate,
the University of Alabama. Positive clones were transformed 1% (w/v) sodium deoxycholate, 1% NP-40, and 0.02 M Tris-
into E. coliBL21(DE3) cells. Cells were propagated in Luria HCI (pH 7.5)]. The detergent-soluble fraction was separated
Broth, and recombinant bacteria were selected using ampi-by centrifugation at 5009 for 10 min at 5°C; the pellet

cillin. was washed with 0.5% Triton X-100, and 40 of DNase
_ _ was added if the pellet was viscous. Washing of the pellet
Generation of Truncated Mutants SA3-Crystallin was repeated as necessary to remove bacterial debris from

the inclusion bodies. The pellet was resuspended in dena-
turation buffer [8 M urea, 0.02 M sodium phosphate, and
0.5 M NacCl (pH 7.8) (DB)].

RecombinantpA3, cloned in the pET100 Directional
TOPO vector, was used as a template with specific comple-
mentary primer pairs (Table 1) to generate the desired
truncateqsA3-crystallin mutants. The following regions were

deleted using PCR-based mutagenesis: (i) NTE 21 aminOPurlflcanon of Wild-Type and Truncated Mutant Proteins

acids fA3[21] mutant), (i) NTE 22 amino acids3A31- Depending on the nature of the expressed protein (i.e.,
[22] mutant), (iii) NTE (3A3[N] mutant), (iv) NTE plus motif  present in the soluble fraction or in the inclusion bodies),
| (BA3[N+I] mutant), (v) NTE plus motifs | and 11 fA3- each was purified under either native or denaturing condi-

[N+I+1] mutant), (vi) NTE plus motifs | and Il and  tions. All purification steps, including refolding of proteins,
connecting peptidgS@31[N+1-+I1+CP] mutant), (vii) motifs  were carried out at 3C unless indicated otherwise. The

llhand IV (BA3[IIl +1V] mutant), and (viii) motif IV (BA3- protein sample obtained as described above was adsorbed
[IV] mutant). Briefly, 25 ng of template was used under the on a Pro-bond Ni- chelating column according to the
following PCR conditions: predenaturation at 95 for 5 manufacturer's directions (Invitrogen). During purification
min, followed by 30 cycles of denaturation at 96 for 30 ynder native conditions, the column was loaded with the

s, annealing at 5860 °C for 45 s (depending on th&, of protein sample followed by washing with native buffer [20
the primers), and extensions at A2 for 1 min followed by mm sodium phosphate (pH 7.8) containing 0.5 M NaCl and
a final extension at 72C for 10 min. The PCR products 10 mM imidazole (NB)] and finally eluted with NB contain-
were ligated into the pET100 Directional TOPO vector using ing 250 mM imidazole (pH 7.8). During purification under
the manufacturer’s instructions, and the positive clones weredenaturing conditions, the column was equilibrated with DB.
identified by restriction analysis usiricd, Ndd, andSad. The protein sample was applied, and unbound proteins were
The DNA sequencing of the selected clones at the DNA ejyted first with DB followed by a second wash with DB
Sequencing Core Facility confirmed the desired deletions. (pH 6.0) and a third wash with DB (pH 5.3). The bound

. . . roteins were eluted with DB containing 250 mM imidazole
Expression and Extraction of Soluble and Inclusion Body ?pH 7.8) g

Proteins SDS-PAGE analysis 32) was used to identify the
E. coli BL21(DE3) pLysS was transformed with mutant fractions containing the desired purified protein during
amplicons using a standakd colitransformation procedure  purification under either native or denaturing conditions. The
(31). The proteins were overexpressed by addition of IPTG fractions purified under native conditions were pooled,
(final concentration of 1 mM), and the cultures were dialyzed against 0.05 M phosphate buffer (pH 7.5) 4C5
incubated further at 37C for 4 h. The cells were harvested and stored at-20 °C until they were used. The proteins
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purified under denaturing conditions were refolded using a
previously published method as described below.

Refolding of Mutant Proteins Purified under Denaturation
Conditions

A previously published protein refolding method was used
(9). The BA3 species, purified under denaturing conditions,
were dialyzed overnight against 25 mM Tris (pH 7.2)
containirg 6 M urea and 1 mM DTT with three changes of
buffer. The denatured protein was refolded into a urea-free
buffer. Briefly, the refolding was carried out by adding
dropwise an excess of a cold (1:100), stirred refolding buffer
[25 mM Tris-HCl and 1 mM DTT (pH 7.2)] using a stirred
ultrafiltration cell (Millipore). Circular dichroism spectral

analysis was performed to compare structures of the refolded

proteins to that of WT protein as described below.

The purity of WT5A3-crystallin and the mutant proteins
was examined by SDSPAGE. The MALDI-TOF mass
spectrometric analysis of the purified proteins was performed
at the Mass Spectrometric Facility of the University of
Alabama at Birmingham to confirm the desired deletions.
The protein concentrations were determined by either using
the Pierce protein determination kit or determining the
absorbance at 280 nm and utilizing extinction coefficients
of individual proteins. Extinction coefficients were derived
from corresponding amino acid sequences of a protein using
http://www.expasy.org/cgi-bin/protparam. All the biophysical
measurements were carried out with His-tagged proteins.

Determination of Structural Properties of WA3 and Its
Mutant Proteins

ANS Binding and Fluorescence Spectroscde binding
of a hydrophobic probe, 8-anilino-1-naphthalenesulfate (ANS),
to WT BA3 and the mutant proteins was assessed by
recording fluorescence spectra with excitation at 390 nm and

Biochemistry, Vol. 45, No. 33, 2000967

DTT, and 1 mM EDTA (pH 7.4) (UR buffer)]. Next, each
sample was dialyzed against UR buffer contagréM urea,
and fluorescence spectra under denaturing conditions were
recorded as described above.

Oligomer Size Determination by Dynamic Light Scattering.
A multiangle laser light scattering instrument (Wyatt Tech-
nology, Santa Barbara, CA) coupled to a HPLC system was
used to determine the absolute molar mass of the WT protein
and its truncated mutant proteins. Briefly, protein samples
in 50 mM sodium phosphate (pH 7.4) were filtered through
a 0.2um filter prior to being analyzed. Results used 18
different angles, and the angles were normalized with the
90° detector.

Equilibrium Unfolding and Refoldinglo study the stabil-
ity of WT pA3-crystallin and its mutant proteins, urea-
induced unfolding and refolding were assessed according to
methods described previousl9, 33, 34). For an unfolding
equilibrium, purified WTSA3 or the mutant proteins were
diluted to 10ug/mL in increasing concentrations of urea
between 0 ath 9 M in UR buffer. The protein samples were
incubated at 37C for 24 h to ensure that equilibrium was
reached. For the refolding experiments, different protein
samples (10@g) were denaturechi9 M urea in UR buffer
for 24 h at 37°C. The protein was subsequently refolded by
dilution of proteins to 1Q«g/mL with the urea concentration
decreasing from 9 to 0.9 M. The refolding samples were
incubated at 37C for 24 h to reach equilibrium.

Fluorescence emission spectra were recorded for each
sample during unfolding and refolding as described above,
and the spectra were corrected for the buffer signal. The
ratios of emission intensities of 360 to 330 nm (fluorescence
at 360 to 330 nm) against urea concentration were plotted
to analyze the results. Equilibrium unfolding and refolding
data were fit either to a two-state or to a three-state model
using the Kaleidagraph (Synergy Software) curve fitting
function, and the transition midpoints were calculated from

emission between 400 and 600 nm as described previouslythese fits.

(31). In these experiments, 14 of 0.8 mM ANS (dissolved
in methanol, final concentration of 12M) was added to
protein preparations [0.15 mg/mL, dissolved in 10 mM
sodium phosphate buffer (pH 7.4) containing 100 mM NaCl]
and incubated for 10 min at 3.

Circular Dichroism StudiesThe CD spectra of WPBA3
and mutant proteins were determined using a JasCo mode

Molecular Modeling for Three-Dimensional Structures.
Because the three-dimensional structurgA8 is at present
unknown, computational methods for assessingsth@/Al
protein structure were attempted on the basis of its amino
acid sequence and sequence homology as described previ-
ously (L2). The proteomics tools of ExPasy Server (http:/
Wwww.expasy.org/cgi-bin/niceprot and http://swiss model.ex-

62DS spectropolarimeter at room temperature as describedpasy.org) were used. On the basis of a Blast search, manual

previously 81). The protein preparations at 0.3 mg/mL in
50 mM potassium phosphate buffer (pH 7.4) with a path
length of 1 mm were used for recording the far-Uv CD

verification in clustalX (www.ebi.ac.UK/clustalw) between
humansA3 andsB1, which were 48.5% identical, and using
the coordinates from PDB entry 10KI of truncatgé1-

spectra. The reported spectra are the average of five scansrystallin, humansA3 was modeled with the help of S.

corrected for buffer blank, and were smoothed. Brsheet
contents of WT and its truncated mutant proteins were

determined on the basis of the CD spectra using PROSEC.

Intrinsic Trp Fluorescence Emission Spectfdl. fluores-

Narayana and M. Carson of the Center for Biophysical
Sciences and Engineering at the University of Alabama at
Birmingham.

cence spectra were recorded in corrected spectrum modeRESULTS

using a Shimadzu RF-5301PC spectrofluorophotometer with
excitation and emission slit widths of 10 nm. The intrinsic
Trp fluorescence intensities of WBA3 and the mutant
proteins (at 1Qug/mL) were recorded using an excitation
wavelength of 295 nm and emission between 300 and 400
nm. First, the spectra were recorded under native conditions
after dialysis of protein preparations against an unfoleing
refolding buffer [L0 mM sodium phosphate buffer, 5 mM

Confirmation of Site-Specific Deletions f#/A3/A1 Mutant
Proteins

Human $A3-crystallin has 215 amino acids, which are
organized in two domains; each domain contains two Greek
key motifs. The N-terminal domain (residues 118) and
the C-terminal domain (residues 12215) are connected
via a connecting peptide (CP, residues +123), and the
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Connecting Peptide (CP)

PA3/A1-[21] mutant

Mutant #1

PA3/A1- [22] mutant
Mutant #2

BA3/A1- [N] mutant

% Intensity

Mutant #3

BA3/AT- [N+]] mutant Mutant #4
BA3/A1 - [N+1+1]] mutant R — Mutant #5
[A3/A1- N+I+I1+CP] mutant — Mutant #6

. 3A3/A1 - [llI+1V] mutant Mutant #7

I $A3/A1 - [IV] mutant  Mutant #8

Ficure 1: Schematic diagram showing the regions and residue
numbers forming the N-terminal extension, motif I, motif I,
connecting peptide, motif Ill, and motif IV. In the eight deletion
mutants (identified by their names at the left), the residue numbers

identified in parentheses were deleted. The deletions were carried

out starting from the N-terminal region (i.e., first 21 or 22
N-terminal residues or the entire N-terminal extension followed
by motif I, motif 1l, connecting peptide, motif Ill, and motif IV).

protein also has an N-terminal extension (NTE, residues
1-30). Deletions of NTE or each of the four motifs one at

a time were achieved using the PCR-based mutagenesis

method (Figure 1). The deletions were confirmed by DNA
sequencing in the coding sequence and by the MALDI-TOF
mass spectrometric methods in the expressed proteins
Analyses of the mass of tryptic fragments of each of the
mutant proteins compared to WT protein (Figure-2@)
confirmed their specific desired deletions. Panels B and C
of Figure 2 show the representative MALDI-TOF spectra
of tryptic fragments of two mutant proteins, i.A3[22]
mutant andSA3[1V] mutant proteins. As shown in Figure
2B, the tryptic fragment with a mass of 1611.82 Da (residues
33—45) confirmed the deletion of 22 N-terminal amino acids.
Further, the presence of tryptic fragments with masses of
1484.75 Da (residues 128.37) and 1727.85 Da (residues
197-211) in theBA3[22] mutant protein suggested the intact
C-terminus was present in the mutant protein as in¥%3.
Similarly, the tryptic fragments with a masses 1611.8 Da
(residues 3345), 2278.99 Da (residues 464), and 2295.5
Da (residues 91109) were observed in th#A3[IV] mutant
protein (Figure 2C). Additionally, the absence of C-terminal
tryptic fragment peaks with a mass of 1484.65 Da (residues
126-137) and 1727.71 Da (residues t9711) compared

to the WTSA3 protein confirmed the deletion of motif V.
Similar determinations of the masses of tryptic fragments
by MALDI-TOF confirmed specific deletions in the six
remaining mutant proteins.

Expression of WPBA3 and Mutant Proteins in the
Soluble Fraction and/or Inclusion Bodies

The expression of WPBAS3 and its eight deletion mutant
proteins was induced in BL21(DE3) cells using 1 mM IPTG
for 4 h. While the WT protein was recovered in the soluble
fraction of E. coli cells, few mutant proteins (i.e5A3[21]
mutant,SA3[22] mutant,A3[N] mutant, andsA3[lIl +1V]
mutant) were found in both the soluble fraction and inclusion
bodies, whereas the remaining mutant proteins (B&3-
[N+1] mutant, SA3[N-+I-+I11] mutant, SA3[N+I+11+CP]

Gupta et al.
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Ficure 2: MALDI-TOF analysis of tryptic fragments of (A) WT
BA3, (B) fA3[22] mutant protein, and (GJA3[IV] mutant protein.

(A) Tryptic fragments with masses of 1611.71 (residues&3)

and 1727.71 Da (residues 19Z11) confirmed the full-length
protein. (B) Tryptic fragment with a mass of 1611.82 Da (residues
33—45) confirmed the deletion of 22 N-terminal amino acids. The
presence of tryptic fragments with masses of 1484.75 (residues
126-137) and 1727.85 Da (residues 1711) in the SA3[22]
mutant protein suggested an intact C-terminus in the mutant protein
like that in WT SA3. (C) The absence of C-terminal tryptic
fragments peaks with masses of 1862.87 (residues-183) and
1727.71 Da (residues 19211) in theSA3[IV] mutant protein
compared to the WTBA3 protein andfA3[22] mutant protein
confirmed the deletion of motif IV. Similar determinations of the
masses of tryptic fragments by MALDI-TOF confirmed specific
deletions in the six remaining mutant proteins (data not shown).
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Table 2: Presence of WEBA3-Crystallin and Its Deletion Mutant 25 )
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Ficure 4: Fluorescence spectra of WWA3 and its eight deletion

mutant proteins after ANS binding. In these experimentgL16f

0.8 mM ANS (dissolved in methanol, final concentration of,d\®)
14.4 was added to protein preparations [0.15 mg/mL, dissolved in 10

mM sodium phosphate buffer (pH 7.4) containing 100 mM NaCl]
Ficure 3. SDS-PAGE analysis of purified WPBA3 and its eight and the mixture incubated for 10 min at 3. The fluorescence
truncated mutant proteins following their purification. Purification spectra were recorded with excitation at 390 nm and emission
of protein species was performed by?Naffinity chromatography between 400 and 600 nm.
as described in Experimental Procedures: lane 15A3 protein;
lane 2,5A3[21] mutant; lane 38A3[22] mutant; lane 43A3[N]
mutant; lane 55A3[N+I] mutant; lane 6,8A3[N+I1+11] mutant; proteins could not be concentrated beyond the following
lane 7,BA3[N+1+11+CP] mutant; lane 8A3[Ill +IV] mutant;  specific concentrations: 0.27 mg/mL for tha3[21] mutant,
lane 9,5A3[IV] mutant and lane 10, molecular weight marker. 0.3 mg/mL for the3A3[22] mutant, 0.27 mg/mL for th8A3-

[N] mutant, 0.31 mg/mL for thggA3[N-+I1] mutant, 0.473

mutant, angbA3[1V] mutant) were exclusively present only  mg/mL for theA3[N+I+11] mutant, 0.372 mg/mL for the

in the inclusion bodies (Table 2). BA3[N+I+11+CP] mutant, 0.481 mg/mL for thgA3-
o ) [ +1V] mutant, and 0.32 mg/mL for th8A3[IV] mutant.
Purification of WTSA3 and Mutant Proteins Together, the results suggested that the lower solubility of

WT BA3 and the mutant proteins were overexpressed at the purified mutant proteins compared to that of the WAB
37°C in E. coli and purified to homogeneity using the Ni- SPECIES was consistent with their presence in the inclusion
Probond affinity column as described in Experimental bodies.

Procedures. Because of the high-affinity binding of the
N-terminal six-His tag of the proteins to Ni-Probond chelat-
ing resin, the purification of the WT and eight mutant
proteins was easier and less time-consuming. J\AB- Surface Hydrophobicityensf- andy-crystallins fold into
crystallin, present in the soluble fraction, was purified under an N-terminal domain consisting of Greek key motifs | and
native conditions, and the inclusion body-associated proteinsll, and a similar C-terminal domain containing Greek key
were purified under denaturing conditions. In some cases, motifs Ill and IV (35). Each Greek key motif contains four
the imidazole-eluted protein fraction from the affinity column consecutivgs-strands that intercalate to form tysheets
was dialyzed to remove imidazole and urea and rechromato-(36). The humanyD-crystallin structure [X-ray crystal
graphed as described above through the Ni-Probond affinity structure determined at 1.25 A37)] contains a central
column. Following purification, the WT and mutant proteins hydrophobic cluster and polar peripheral pairwise interactions
exhibited single bands during SB®AGE analysis, and their  surrounding the cluster. Because of the similarity between
molecular masses ranged between 14 and 30 kDa depending- and y-crystallins, truncation of these crystallins would
on their deletion sites (Figure 3). The six His tags (molecular affect the central hydrophobic cluster. To investigate the
mass of His= 137 Da) increased the molecular mass of each effects of truncations on surface hydrophobicity and the
species by 800 Da. Because some of the truncated mutansolvent-exposed nonpolar surfaces, the bindings of ANS to
proteins were purified from the inclusion bodies under WT A3 and its truncated mutant proteins were compared.
denaturing conditions, they were refolded in the native state Each protein bound to ANS and exhibited quenching in its
as described in Experimental Procedures. However, thesefluorescence intensity (Figure 4A,B). Among these, the

Comparison of Properties of WFA3-Crystallin and Its
Eight Truncated Mutant Proteins
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|
o

WTBA3 (A) N-terminal extension showed a spectrum similar that of WT

(A3 [N] mutant BA3-crystallin, suggesting mostlg-sheet content. On the

basis of secondary structure prediction using PROSEC on
pAMED the CD signal, thes-sheet contents of WBA3, SA3[21],
: PA3[22], andSA3[N] mutants were~63%. The truncation
of motifs I, I, and CP (i.e., residues—123) resulted in a
spectrum with a content ¢#-strand structure greater than
that of the WT protein and lacking a signal in the range of
220—-230 nm, which was likely due to loss of Trp side chains.
A (B) The p-sheet contents fopA3[N-+I1], SA3[N+I+II], and
BA3 [N++I+CP] PA3[N+I+11+CP] mutant proteins were between 73 and
75%. These results are consistent with the loss of two buried
Trp residues (at positions 73 and 99) and two partially buried
3 M 220 o2 755 Trp residues (at positions 31 and 99) following truncation
ag G ‘“*-———-l’» A3[III+IV] of motifs I, Il, and CP in the mutant proteiBg). The mutant
AN proteins with truncation of motifs Il and IV (residues 124
2.0 PASIIV] 215) exhibited spectra withyax values between 205 and 208
FIGURE 5: Far-UV CD spectra of WBA3 and its eight deleton ~ nm, suggesting largely unfolded polypeptides, although they
mutant proteins. The protein preparations (0.3 mg/mL) were in 50 were not random coil compared to the WSR3 protein.
mm svcgsissiggﬂfgp?ggg%tﬁ] bltJrf]fgrf éf'&\?-é)bzn% ;rgaﬁhlgqgthoﬂl;(lj These two mutants also lacked the two buried Trp residues
spectra are the average o? five scans, corre?:ted for bufferpblank,(at posmon§ .168 and 198) and a partially burleq Trp reS|d_ue
and were smoothed. (at 195 position). However, apparently truncation of motifs
[l and IV had deleterious effects on structural stability.
Previously, the deletion of the “G” residue at position 91
following decreasing order of fluorescence intensity was produced a polypeptide relatively more unfolded than WT
observed: WTBA3 > SA3[N+I+11] mutant > SA3[N-+I] PA3-crystallin 9). Therefore, it appears that both genetic
mutant> SA3[N] mutant > SA3[N+I+II+CP] mutant> defect, associated with human inherited cataraat-(3),
BA3[IV] > fA3[22] mutant> SA3[lll +1V] mutant > SA3- and post-translational truncations occurring in vivo have
[21] mutant. The results suggested a higher level of exposuresimilar consequences with respect #83 structure. The
of the hydrophobic patches in the truncated proteins than in significant change in secondary structure might explain a
the WT protein. Proteins with truncation of the N-terminal part of the mechanism that leads to defective folding and
extension (i.e., in the [21], [22], and [N] mutant proteins) poor solubility that result in protein aggregation during
did exhibit relatively reduced fluorescence intensity and a cataract development.
red shift from 505 to 530 nm. Similarly, the truncation of Determination of the Molecular Mass of WBA3 and Its
motifs | and Il (i.e., inBA3[N+I] and SA3[N+1+II] mutant Truncated MutantsTo determine whether the truncations
proteins) resulted in relatively less quenching than that with affect their ability to dimerize or oligomerize, HPLC
only the N-terminal truncation, but a red shift from 505 to multiangle light-scattering (MALS) analysis of W3A3 and
530 nm was observed. The red shift suggested an increasedts truncated mutant proteins was performed. Compared to
level of exposure of the hydrophobic patches. The proteins WT protein, truncation of 21 N-terminal amino acighA@-
with truncation of either only motif IV or both motifs Il [21] mutant), 22 N-terminal amino acidg§A3[22] mutant),
and IV showed maximum quenching relative to any other or the entire N-terminal extensiofA3[N] mutant) resulted
truncated mutant proteins, but former proteins showed a redin aggregates with masses of 2587 kDa. Truncation of
shift from 505 to 520 nm, suggesting an increased acces-both the N-terminal extension and motif BA3[N-I]
sibility of the hydrophobic patches (Figure 4A,B). Together, mutant) resulted in aggregates with a mass of 621 kDa,
the results suggested that the truncatiorg&B-crystallin whereas truncation of motifs | and |PA3[N+1-+11] mutant),
resulted in an altered native hydrophobic core environment, motifs | and Il and connecting peptid8A3[N-+I+I1+CP]
and the relative differences in the levels of quenching with mutant), motifs 11l and IV A3[lIl +1V] mutant), and motif
red shifts suggested that their microenvironments were notlvV (BA3[IV] mutant) resulted in aggregates with masses
identical. The variation in quenching and red shifts might ranging between 1096 and 2592 kDa. The data suggested
be due to differences in their tertiary structures following these higher-order aggregates could be due to nonspecific
truncations of different regions. aggregation.

Circular Dichroism SpectraTo evaluate the effect of Intrinsic Fluorescence Spectr@A3-Crystallin contains
specific truncations on secondary structural changes in thea total of nine Trp residues3®), of which four are buried
mutant proteins, far-UV circular dichroism (CD) spectra were (73, 99, 168, and 198), three partially buried (31, 96, and
determined (Figure 5). As described in Experimental Pro- 195), and two exposed (139 and 153). Because each of the
cedures, some of the mutant proteins were purified undertwo domains contains two buried Trp residues in its
denaturing conditions and were refolded prior to determi- hydrophobic core, these four Trp chromophores could be
nation of the CD spectra. As previously report&3)( the used as probes to monitor changes in the tertiary structures
CD spectra of WTSA3 displayed a minimum at 218 nm, of the protein following truncations. The intrinsic fluores-
suggesting that the protein is mostlydrsheet conformation ~ cence emission spectra of WSR3 and its mutant proteins
and is properly folded. The truncated mutants exhibited were compared following excitation at 295 nm and emission
varied spectra (Figure 5A,B). The truncation up to the between 300 and 400 nm. The W3RA3-crystallin under
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Ficure 6: Intrinsic Trp fluorescence spectra of native and denat@f&iand its eight truncated mutant proteins. The protein preparations

(10 ug/mL) were excited at 295 nm, and emission spectra were recorded between 300 and 400 nm. First, the spectra were recorded under
native conditions after dialysis of protein preparations against an unfetdefglding buffer [LO mM sodium phosphate buffer, 5 mM

DTT, and 1 mM EDTA (pH 7.4) (UR buffer)]. Next, each sample was dialyzed against the UR buffer cogt@imimurea, and fluorescence

spectra were recorded as described above: (A) WT proteinjABj21] mutant, (C)3A31[22] mutant, (D)S3A3[N] mutant, (E)SA3[N+I]

mutant, (F)BA3[N-+I1+11] mutant, (G) SA3[N-+I+11+CP] mutant, (H)3A3[lll +IV] mutant, and (1)SA3[IV] mutant.

native conditions exhibited an emission maximum of 332 (Figure 6). In contrast, the fluorescence maxima for the
nm, which was typical of the four inaccessible (buried) Trp truncated mutant proteins under native conditions exhibited
residues to a solvent in the hydrophobic core of the molecule a red shift, which ranged between 333 and 342 nm (Figure
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Table 3: Fluorescence Emission Maxima of \WA3 and Its 50

Deletion Mutants under Native and Denaturing Conditions following
Excitation at 295 nm

40

crystallin species native (nm) denaturing (nm)

WT BA3/AL 332 349 2
BA3[21] 337 356 g %
BA3[22] 338 354 £
BA3[N] 333 349 g
BA3[N+I] 341 351 §
BA3[N+II] 340 352 £ 20
PA3IN+I1+CP] 342 354 ]
BA3[II+1V] 340 353 i
PA3I[IV] 339 354

10

6 and Table 3). Further, compared to that of the WT protein,
the fluorescence emission of almost all the mutant proteins
(i.e., inBA3[21], FA3[N+I], SA3[N+I+I1], BA3[N], SA3-

[ +1Vv], and BA3[IV] mutant proteins) under the native
condition showed quenching with the exceptiofi6B[22] troscopy. The protein concentration was @/mL, and the

and ﬂA3[N+I—_i—II+CP]. mutant prOtemS'. The V?S“'ts SUG- fiyorescence emission was measured from 300 to 400 nm with
gested, following deletions, an altered microenvironment and excitation at 295 nm. Similar urea-induced denaturation of the

tertiary structures in the mutant proteins. eight SA3 deletion mutant proteins was also performed (data not
The urea-denatured WT protein exhibited the highest shown).

fluorescence emission at349 nm, which was similar to

the data previously reported for the non-His-taggB 4 heir in vivo stability and aggregation following trunca-

protein ©). The urea-denatured mutant proteins exhibited 4,

emission maxima between 349 and 356 nm (Table 3). Under 14 monitor the unfolding and refolding simultaneously,

denaturing conditions, the mutant proteins exhibited increasedthe ratio of fluorescence intensities at 360 and 330 nrdF
fluorescence intensity and a red shiftligex except inA3- Flss) was plotted as a function of urea concentration.
[22] andBA3[N +1+11+CP] mutant proteins, which exhibited g, jlinrium unfolding or refolding of WTBA3 was recorded
fluorescence quenching compared to the Y8A3 protein ¢4 the first time, although such studies have been carried
(Figure 6). . ) i out with basic3-crystallins 88, 39) andyD-crystallins 34,
Fluorescence Emission Spectra with Unfolding of jAB- 40). When WTBA3-crystallin was allowed to equilibrate at
Crystallin and Truncated Mutant Proteind.o determine  37.¢ for 20 h, it exhibited a single major unfolding transition
whether all nine Trp residues (including the four that are mignoint. The refolding transition appeared to be reversible
buried) of fA3-crystallin were completely exposed during i 5t >2 M urea. When the denatured protein was incubated
urea denaturation, the fluorescence emission spectra of th&yi, the decreasing urea concentrations, the high-molecular
WT and mutant proteins were determined at varying urea jaqg aggregates, as demonstrated by increased FI, were
concentrations. Fluorescence emission spectra of WT proteingpserved ak2 M urea (Figure 8A). The data from WAIA3
exhibited a red shift as the maximum fluorescence wave- qre fitted to either a two-state or a three-state model. In
Iength_ mcregsed from 332 to 349 nm, indicating protein the case of the WT protein, the two-state model yielded
unfolding (Figure 7). The results suggested that in the \4to|ding and refolding transition midpoints of 3.18 and 2.8,
denatured state, the paired and buried Trp in each of the,egpectively. However the same data when fitted to a three-
two domains of the WT protein were less quenched giate model yielded a transition midpoint of 2.4 from the

compared to those after exposure of the protein t0 an aquUeoU$y4tive to an intermediate and a midpoint of 2.2 from an
environment. As shown in Figure 7, a complete denaturation intermediate to the unfolded transition. Since the two

of the WT protein occurred a7 M urea. The mutant  4omains of WTSA3 associate to form a dimer, it was likely
proteins also exhibited complete denaturatiorinM urea that a three-state model was a better fit of the data.
with a red shift (data not shown). Previously, the urea denaturation curvea3/Al-crystallin
has shown a midpoint at 3.4 M ured3. However, this
study did not attempt to fit the data to either a two-state or
a three-state model. The data from the equilibrium unfolding
and refolding of all the truncated mutants were fitted to a
three-state model. The transition 1 (native to an intermediate)
f-crystallin heteroaggregate33). However, detailed equi- and transition 2 (intermediate to an unfolded transition)
librium protein unfolding and refolding ofA3-crystallin midpoints of all the mutants are listed in Table 4. In order
remain unexplored. We carried out a detailed examination to determine the stability of N- and C-terminal domains, the

300 320 340 360 380 400

Wavelength (nm)

FiIGURE 7: Representative urea-induced (from 0 to 9 M) denatur-
ation of WT A3-crystallin measured by Trp fluorescence spec-

Equilibrium Unfolding and Refolding and Stability of WT
BA3/A1-Crystallin

A previous study has compared the denaturatiofAB
and its stability with those of othep-crystallins and

of unfolding and refolding of WBAS3 and its eight truncated
mutant proteins with the rationale that information will
provide a correlation between truncation and protein stability,
including solubility. The results might also serve as a model
system for othef-crystallins, providing information regard-

unfolding process in different mutant proteins primarily based
on transition-2 were compared to WT protein.

The pA3[21], pA3[22], and SA3[N] mutant proteins
exhibited transition midpoints similar to that of the WT
protein, suggesting stabilizing effects on their structures
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Ficure 8: Equilibrium unfolding and refolding of WBA3-crystallin and its eight truncated mutant proteins with urea as a denaturant.
Proteins at 1&g/mL in increasing concentrations of urea between® @M in UR buffer were incubated at 3TC for 24 h to ensure that
equilibrium was reached. For the refolding experiments, different protein samplea@)@@ere denaturechi9 M urea in UR buffer for

24 h at 37°C. The protein was subsequently refolded by dilution of proteins tagifL at urea concentrations decreasing from 9 to 0.9
M: (A) WT protein, (B) SA3[21] mutant, (C)5A31[22] mutant, (D)SA3[N] mutant, (E)SA3[N+I] mutant, (F)SA3[N+I+I11] mutant, (G)
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Table 4: Equilibrium Unfolding-Refolding Transition Midpoints of
WT A3 and Its Deletion Mutant Proteins Using Urea as a
Denaturant

transition 1 (native to
folding intermediate)

transition 2 (folding
intermediate to

midpoint (Mp unfolded) midpoint (Mj
WT SA3/A1 2.2 31
BA3[21] 1.5 3.1
PA3[22] 15 35
BA3[N] 1.4 3.2
PAI[N+I] 15 2.9
BA3[N+II] 1.8 2.8
PA3IN+I1+CP] 15 31
BA3[III +1V] 2.7 4.4
BA3[IV] 2.5 4.2

aMolar concentration.

Motif IV

Motif Il

ry.

Motif |

hN
N

Ficure 9: Three-dimensional structure of the monomepBéi3-
crystallin. The model depicts the ribbon presentation of the N- and
C-terminal domains and the location of all four Greek key motifs
and the connecting peptide. The folding starts at residue 32 an
ends at residue 204. The gray dashed line is the N-terminal
extension, which is not involved in protein folding. Similarly, the
blue dashed line, at the C-terminus, is also not involved in protein
folding. The four motifs are colored differently: red for motif I,
green for motif 1l, orange for connecting peptide, yellow for motif
I, and blue for motif V.

Connectink Peptide

following truncation of 21 or 22 N-terminal amino acids or
the entire N-terminal extension. On the basis of the existing
literature and the proposed molecular modebA8-crystallin
(see Figure 9), the N-terminal extension (residue8Q) is

Gupta et al.

4.4 M. Together, the results suggest that the N-terminal
domain is relatively more stable than the C-terminal domain.
This difference also suggested independent unfolding and
refolding of the two domains. MoreovgtA3[N+I+11+-CP]
mutants exhibited a decreased slope in the transition region,
indicating fewer cooperations between unfolded and refolded
intermediates (Figure 8G). Apparantly, the removal of one
globular domain from th@A3[lll +1V] mutant might affect

the overall stability by altering the domaidomain interface.
The truncation of only motif IV resulted in similar reversible
equilibrium unfolding and refolding spectra. However, both
transitions were lower than that of A3 crystallin mutant,
suggesting that truncation of motif IV alone results in a
relatively less stable molecular structure. Together, the results
suggested a lower stability gfA3-crystallin upon truncation

of motifs Ill and IV.

DISCUSSION

The existing literature suggests that the two main initiating
factors for age-related cataract development are post-
translational modifications of crystallins and synthesis of
defective crystallins due to genetic mutations. Both factors
are shown to result in crystallin misfolding and unfolding
and/or in altered interactions and association among native,
modified, and defective crystallins leading to poorly soluble
high-molecular mass aggregates. The major modifications
of crystallins include oxidation, deamidation, and backbone
truncation, which are believed to cause aggregation and
insolubilization of crystallins during cataract development
(15, 16). Extensive post-translational truncationsfetrys-
tallins with aging have been reported with their varying
degrees of structural stabilityl$, 16, 24—26). Genetic
mutations causing production of truncaf$&3/A1-crystallin
have been reported in autosomal dominant cataracts. For
example a 3 bpdeletion in exon 4 in thgA3/Al-crystallin
gene resulted in a deletion of G91 that produced truncated
crystallin with impaired folding and solubility propertie3)(
Similarly, two separate splice site mutations in the CRY-
BA1/3 gene at exactly the same site resulted in cataracts
with two different phenotypesl(, 41).

The focus of our study was to compare the altered

properties ofsA3-crystallin following truncations of specific
regions with the properties of the WT protein. The rationale

solvent exposed and does not contribute to protein conforma-Was that truncations of specific regions in the crystallin, some

tion. Therefore, the existence BA3-crystallin without 22
N-terminal residues in the newborn humaii)(and our in
vitro equilibrium data suggest potential stabilizing effects
of the in vivo truncation on the structure gA3-crystallin.
Truncation of NTE and motifs | and Il yielded lower
transition unfolding midpoints, suggesting their destabiliz-
ing effects on the crystallin structure. Additional truncations
at CP (i.e.,fA3[N+I+11+CP] mutant) generated the C-
terminal domain, and truncation of motifs Ill and IV (i.e.,
BA3[I +1V] mutant) generated the N-terminal domag6y.
The C-terminal domain-containing mutant protejpAB-
[N+I+114+CP]) exhibited a transition midpoint (i.e., native
to intermediate midpoint at 1.5 M and folding intermediate
to unfolded midpoint at 3.1 M) lower than that of the protein
containing the N-terminal domairBA3[lIl +1V] mutant),
which showed a “native to folding intermediate” midpoint
of 2.7 M and a “folding intermediate to unfolded state” of

of which naturally occur in vivo, would elucidate altered
properties of truncated crystallins that could implicate their
potential role in cataractogenesis. For this purpose, we
generated eight deletion mutahf3 proteins, starting the
deletion from the N-terminal region (i.e., first 21 or 22
N-terminal residues or the entire N-terminal extension)
followed by maotif I, motif I, connecting peptide, motif 111,
and motif IV. The proteins with 22 N-terminal residues
deletion, were included because such truncgfegtcrystallin
species existed in vivo in lenses of a 4-day-old dodd).(

WT BA3-crystallin and the eight truncated mutant proteins
were N-terminally tagged with six His residues, which
facilitated their purification by Ni* affinity chromatography.

We utilized the purified His-tagged proteins for various
biophysical studies because the CD and fluorescence spectra
of the WT protein were similar to those of a previously
reported non-His-tagged WFA3-crystallin 33). Further-
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more, previous studies similar to ours have used His-taggedfluorescence quenching) with the weakest binding in the
proteins to elucidate changes in the structural properties of protein with the N-terminal domain (i.e., mutant with motifs
mutant proteins relative to those of the WT protein [e.g., Il and IV deleted). Additionally, except th8A3[lll +1V]
His-tagged3B2-crystallin (L4) and His-taggegrD-crystallin mutant protein, the other mutant proteins (i @A3[N-+1],
(34, 40, 42)]. BA3IN+I-+I1], BA3[N+I+11+CP], andBA3[IV]) exhibited

In contrast to the expression of W3A3-crystallin in the a red shift suggesting that the proteins without an N-terminal
soluble fraction oE. colicells, the truncated mutant proteins domain formed relatively less compact structure with weaker
were recovered either in the partially soluble form (i.e., hydrophobic patches than the WT protein. In contrast to these
PA3[21] mutant, FA3[22] mutant, SA3[N] mutant, and results, the mutant proteins with only the C-terminal domain
BA3[IIl +IV] mutant) or in the insoluble form in the inclusion  showed significant quenching and no shifflig, suggesting
bodies (i.e., SA3[N+I] mutant, SA3[N-+I+Il] mutant, their anomalous structure.
BA3[N+I+11+CP] mutant, an@A3[1V] mutant) (Table 2). The intrinsic Trp fluorescence spectral analyses under
The truncations of either 21 or 22 N-terminal residues or native and denaturing conditions of mutant proteins (Figure
the entire N-terminal extension (residues3D) only partially 6 and Table 3) further supported the ANS binding results.
affected the solubility of the protein (i.e., protein presentin Three aromatic amino acids (Trp, Tyr, and Phe) are
both soluble and inclusion bodies). However, the deletion responsible for the total fluorescence of a folded protein,
of the N-terminal domain [i.e., mutants with deleted N- and most of the emission upon excitation~a295 nm is
terminal extension and motif | (residues-70), N-terminal due to Trp residues. Trp when buried has an emission
extension and motifs | and Il (residues118), or N-terminal maximum near 320 nm, and if Trp is in a polar environment
extension, motifs | and I, and connecting peptide (residues (i.e., surface-exposed), its emission maximum is near 350
1-123)] resulted in their insolubilization and recovery in nm. HumanBA3/Al-crystallin contains a total of nine Trp

the inclusion bodies. Additionally, the deletion of the
C-terminal domain [mutants with deleted motifs Ill and IV
(residues 124215) or motif IV (residues 166215)] resulted

in either a partial loss of the solubility or insolubilization,

residues§3), and among these, four Trp residues are buried
(residues 73, 99, 168, and 198), three partially buried
(residues 31, 96, and 195), and two exposed (residues 139
and 153). Therefore, each of the two domains/j#f3-

respectively. Together, the results suggested that the contricrystallin contains two buried Trp residues in the hydrophobic

bution of the N-terminal extension is minimal in keeping
the protein properly folded, but the deletion of either the
N-terminal domain (motifs | and Il) or the C-terminal domain
(motifs Il and V) caused major structural instability, leading
to their insolubilization. Further, because the deletion of motif
IV resulted in recovery of an insoluble protein but the mutant
with deleted motifs Il and IV was partially soluble, motif
IV apparently plays a critical role in keeping the protein
properly folded via interaction with the N-terminal domain
(motifs I and I1). Our additional comparative studies of aging

core, and their emission shifts could be used as a probe to
monitor changes in the tertiary structures following trunca-
tions. A red shift was observed on deletion of either 21 or
22 residues of the N-terminal extension but not following
deletion of the entire N-terminal extension (residues3Q@).
Because Trp is absent in the N-terminal extension, there must
be some interaction between the residues of the N-terminal
extension and Trp to account for the observed red shift. With
the deletion of residues-170 from the SA3[N+I] mutant
protein, the partially buried Trp-31 was deleted and hence

and cataractous human lenses showed selective insolubilityno red shift was observed, suggesting the microenvironment

of the truncated3A3-crystallin during aging and cataract
development (reft and unpublished results of O. P. Srivas-
tava). Similarly, g8A3-crystallin species containing only the
C-terminal globular domain (due to the loss of exons 3 and
4 in the mRNA of fAl) became water insoluble in an
autosomal mutation (11). Becaysa3-crystallin is progres-
sively N-terminally cleaved in aging human lenses and
cataract development, their potential insolubility might be
important in cataract pathogenesis,(25, 27, 28).

We determined the ANS binding and intrinsic fluorescence

of the remaining eight Trp residues in the protein did not
change. On further deletion of residues-118 (in the
PAIN+I+Il]mutant protein) or +123 (inthggA3[N-+I+11+CP]
mutant protein), the partially buried Trp-31 and Trp-73 and
buried Trp-96 were deleted, and this resulted in a red shift,
suggesting that the microenvironment around the remaining
Trp residues (at positions 139, 153, 168, 195, and 198) were
altered. A similar result (a red shift) was also seen upon
deletion of either residues 12215 (in the SA3[lIl +1V]
mutant protein) or residues 16@15 (in theSA3[IV] mutant

and CD spectral properties to probe and compare theprotein). In theSA3[lll +1V] mutant protein, Trp-153, Trp-

structural properties of the mutant proteins with the WT 168, Trp-195, and Trp-198 were deleted, and this resulted
species. ANS is an anionic fluorescent probe that binds to in an altered environment around the Trp residues at positions
the apolar interface and exhibits a shift in the emission 31, 73, 96, 99, and 139. Similarly, the red shift in the
maxima due to changes in hydrophobic patches on proteinA3[IV] mutant protein suggested that the deletion of the
misfolding @4). The ANS binding experiment showed two Trp residues at positions 168, 195, and 198 resulted in
major effects in the mutant proteins compared to the WT changes in the microenvironment of the Trp residues at
protein (i.e., a decrease in the fluorescence and a red shift) positions 31, 73, 96, 99, 139, and 153. Together, the results
Because the N-terminally truncated mutant proteins exhibited suggested that the deletions of motif 11, Ill, or IV produced
a decrease (quenching) in fluorescence with a red shift in significant changes in the protein tertiary structure, whereas
the orderA3[21] < SA3[22] < BA3[N] (Figure 4), these  the changes due to deletion of the N-terminal extension and/
proteins had less compact structures with smaller hydropho-or motif | were minimal. Further, the deletion of either N-
bic patches relative to the WT protein. The mutant proteins or C-terminal domains g§A3-crystallin affected the second-
containing either only N- or C-terminal domains also ary structure of the remaining molecule as assessed by CD
exhibited a reduced level of ANS binding (indicated by spectra (Figure 5), which might be due to the disruption of
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noncovalent interactions between the two domains. The crystallin retained its flexibility ingy- and 5 -complexes,
molecular model (Figure 9) revealed that the two domains but the arm of fA3/Al-crystallin was constrained49).
of fA3-crystallin are covalently joined by an extended linker Further, the stability of N- and C-terminally cleaved f&2-
and the side chains of amino acids interact noncovalently crystallin was found to be lower than that of the full-length
across the domain interface. The change in the hydrophobicprotein @8). Therefore, although the role of the N-terminal
cluster in the center of the interface between two domains arm of A3-crystallin is still unclear, our results suggest that
might disrupt the pairwise interactions on the periphery of the protein conformation is not significantly affected fol-
the hydrophobic cluster between the two domains and will lowing deletion of the arm.
presumably influence the folding, stability, and solubility of Because of the elusive role of N-terminal extension of
PA3-crystallin @5). PA3-crystallin during its interaction with othéi-crystallins
The results of ANS binding and Trp fluorescence emission and the accumulation of the N-terminally truncated crystallin
of the truncated mutant proteins were further supported by during aging and cataract development, it was important to
their CD spectra (Figure 5). The proteins with truncation of explore the stability of the truncated mutant proteins by the
up to the N-terminal extension exhibited spectra similar to equilibrium folding—unfolding studies. As in previous studies
that of WT A3-crystallin, suggesting the presence of a (33, 39), we also used the Trp fluorescence as a probe to
[-sheet content of approximately 63%. This spectrum was determine relative stabilities of WT and mutant proteins in
similar to previously published spectra of natigA3/Al- the presence of varying concentrations of urea to obtain
crystallin @, 33) and that of3,y-crystallins 86). The spectra  transition midpoints between native and unfolded states to
have features in the range of 22830 nm, which are  rank their stabilities. This approach has shown thate8
believed to be due to Trp side chaind6). Upon the was relatively more stable than calB-crystallin 36), and
truncation of motifs | and Il and CP (i.e., residues123), this and previous studies have also shown the following rank
the remaining polypeptide with the C-terminal domain order of stabilities of,y-crystallins: yS > gB1 > A4 >
exhibited spectra with a greater contenfledtrand structure A1 > SA3 > (B2.
[73—75% vs the WT protein (63%)]. The spectra lacked a  During equilibrium unfolding and refolding experiments,
signal in the 226-230 nm region, which could be due to the transition midpoints of different truncated mutant proteins
change in the hydrophobic cluster and tertiary structure varied compared to that of the WT protein (Figure 8 and
because of the loss of two buried Trp residues (at positionsTable 4), which was due to stabilizing and destabilizing
73 and 99) and two partially buried Trp residues (at positions effects of specific truncations. Equilibrium unfoldiag
31 and 96). In contrast, upon truncation of motifs Ill and IV  refolding analyses of the truncation of 21 or 22 N-terminal
or only motif IV (residues 124215), the remaining polypep- residues or the entire N-terminal extension showed minimal
tide with the N-terminal domain exhibited spectra withux effects because their transition 2 midpoints were similar to
values between 205 and 208 nm, suggesting their largelythat of the WT protein. On the basis of the similar transition
unfolded structure, although they were not random coil midpoint analyses of the mutant proteins, it was concluded
compared to WT protein. These two mutant proteins also that the N-terminal domain ¢fA3 was relatively more stable
lacked two buried Trp residues (at positions 168 and 198) than the C-terminal domain. The conclusion was also
and one partially buried Trp residue (at position 195). supported by the additional parameters determined by the
Therefore, the C-terminal domain (motifs Il and 1V) was biophysical methods described above. A recent report has
essential for a properly folded N-terminal domain/g#3- shown that removal of the N-terminal extension of murine
crystallin and might be involved in stabilizing the crystallin  SA3/Al increased the enthalpy and entropy significantly
structure. The deleterious effect of the truncation of the compared to those of the unmodified proteih5)( and
C-terminal domain (motifs Il and IV) on the structural strengthened the tendency to dimerize compared to that of
stability of the N-terminal domain (motifs | and II) $A3- the WT protein.
crystallin is consistent with the results of ANS binding and  On the basis of the molecular model proposed in Figure
their insoluble nature as described above. It has been reported, the Prosite program suggested that the protein folding
that the deletion of G-91 resulted in relatively more unfolded started at residue 32 and ended at residue 204, and the two
polypeptide compared to WBA3/A1 (9). Therefore, the  domains were mostlg-sheet with slight-helix structure.
genetic defect associated with human inherited catatdet (  On the basis of the proposed structure, the N-terminal
13) and certain specific post-translational truncations might extension would be solvent-exposed without its participation
result in structural instability and defective folding @A3/ in the three-dimensional conformation, which was consistent
Al-crystallin and suggest a potential mechanism for protein with our CD spectral results. The program also suggested
aggregation and poor solubility seen in mature cataract. that the truncation of motif IV would not only disrupt the
The potential role of the N-terminal extension has been noncovalent interactions with the N-terminal domain but also
investigated previouslyl(, 47, 49). Upon removal of 30 destabilize the C-terminal domain. Truncation of both motifs
residues of the N-terminal extension of moysa3/Al- [l and IV would result in the loss of the C-terminal domain
crystallin, its dimer formation was affected?). A *H NMR and the disruption of thg-sheet structure as seen in our
study following deletion of the first 22 amino acids of the CD spectra (Figure 5). Because both N- and C-terminal
N-terminal extension showed that the deleted segment wasdomains are paired in a specific symmetrical manner around
not involved in oligomerization48). The loss of part of the  the hydrophobic interface, the truncation of either motif IV
N-terminal arm had no effect of the stability ¢fA3- alone or both motifs Il and IV would remove two buried
crystallin; instead, the stability of the protein was slightly Trp residues and one partially buried Trp. Also, these
increased33, 48), which was also seen in our study. Another truncations exhibited maximum perturbation of the surface
study further showed that the N-terminal arm 6B2- hydrophobicity and secondary and tertiary structures com-
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pared to other truncations of the crystallin (Figures6d. Birmingham. The5A3-crystallin model was computed using
Further, our results suggested that the truncation of bothcoordinates from PDB entry 1BLB g#B1-crystallin with
motifs Il and IV would be relatively more deleterious as the help of Drs. Narayana Sthanam and Mike Carson of the
the three-dimensional domain pairing amafgrystallins Center for Biophysical Sciences and Engineering at the
is a prevalent hypothesis for their oligomerization (1). Also, University of Alabama at Birmingham.
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