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Guinea Pig and Boviné-Crystallins Have Distinct Functional Characteristics
Highlighting Replacements in Otherwise Similar Structiifes
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ABSTRACT. &-Crystallin, a major cytosolic protein of guinea pig lens, has been characterized as an NADPH:
guinone oxidoreductase (EC 1.6.5.5) [Rao et al. (198Biol. Chem. 26797—103]. A bovine lens
homolog with 83% sequence identity was found to have very different functional characteristics. While
the bovine lensg-crystallin exhibits similar physicochemical properties, such as molecular weight,
hydropathy profile, and predicted secondary structure, and exhibits strong immunological cross-reactivity
with the guinea pig and human leficrystallins, it shows minimal quinone oxidoreductase activity. On

the other hand, bovine leriscrystallin, but not guinea pig-crystallin, showed a strong binding affinity

to single-stranded DNA (ssDNA) that could be competed with NADPH, the specific cofadarrgétallin.

NADH and dextran sulfate did not affect this characteristic of bovkueystallin and the enzyme showed

no binding affinity for the heparinUltragel AAR. Two-dimensional electrophoresis of bovine lens
C-crystallin showed a distinct pattern of posttranslational charge modification as compared to the guinea
pig protein. Alignment of eight-crystallin sequences, and computer modelling of the bovine and human
forms based on the crystallographically analyEsgherichia colform, suggest that if loss of a functional
residue accounts for the lowered catalytic activity of the bovine protein, Tyr 52 dE tleeli enzyme,

and the equivalent Tyr present in all known mammalian forms except the bovine, is the likely candidate.
In the bovine form this tyrosine is replaced by histidine.

Crystallins, the major structural proteins of the eye lens, alcohol dehydrogenase (Bésrat al., 1989). Studies of the
are the primary determinants of the refractive properties of cofactor binding and catalytic properties gfcrystallin
this tissue. There are two major classes, the ubiquitousrevealed that it is an NADPH-dependent quinone oxi-
crystallins @ and 8/y) present in all vertebrates and the doreductase (EC 1.6.5.5) (Rao & Zigler, 1990, 1991; Rao et
taxon-specific enzyme-crystallins, which occur in phyloge- 3|, 1992). Quinones such as 1,2-naphthoquinone, 9,10-
netically restricted groups (Wistow & Piatigorsky, 1988). The phenanthrenequinone, and 5-hydroxy-1,4-naphthoquinone are
enzyme-crystallins are major soluble lens proteins that are gqyced through a one-electron mechanism (Rao et al., 1992).

either identical to or related to metabolic enzymes. They Thg catalytic activity has been shown to follow Michaelis
have been identified and characterized from a variety of Menten kinetics

species. The recruitment of enzymes as lens crystallins
seems to occur through the modification of gene expression &-Crystallin is present at high levels~(0% of total
without prior gene duplication (Piatigorsky, 1992; Wistow, protein) not only in guinea pig lens but also in the lenses of
1993). camels and llamas (Garland et al., 1991; Gonzalez et al.,
¢-Crystallin was first reported as a novel 35-kDa crystallin 1995). It is present at low levels in various nonlenticular
of the guinea pig (Huang et al., 1987). Subsequently, this tissues, as well as in the lenses of species outside the
crystallin was cloned, sequenced, and characterized as arystricomorph rodent and camelid groups (Huang et al.,
enzyme-crystallin based on its evolutionary relationship to 1990). Guinea pigg-crystallin appears to be identical
the alcohol/polyol dehydrogenase superfamily (Rodakanaki whether isolated from lens or liver (Rao & Zigler, 1992a)
et al., 1989). The consensus pyridine nucleotide binding and there is apparently a singiecrystallin gene which has
sequence (Rossmann fold) has been conservegdiypstallin been partially characterized from several mammalian species
and this part of the sequence shows the highest identity to(Gonzalez et al., 1994a,b, 1995). Prokaryotic and inverte-
brate homologs have been characterized fischerichia
"Part of this study was performed while H.J. was a Scholar-in- coli andLeishmanigThorn et al., 1995; Liu & Chang, 1994).
e s o o, e o Although the physiologcal sgniicance of-crystal
and H.J. are supported by grants from the Swedish Medical ResearchdUinone reductase activity remains unclear, especially in the
Council. lens, this is a situation shared by all enzyme-crystallins.

conme bovinel-crystalin CONA sequence has been submitied to However, in species where it is highly expressed in the lens,
enBank under Accession No. . P T
* Address correspondence to this author at the National Eye Institute, 5-Crystallin is important as indicated by the development of

6 Center Dr., MSC 2735, Bethesda, MD 20892-2735. Phone: 301- an autosomal dominant nuclear cataract in guinea pigs which
402-2595. FAX: 301-496-1759. E-mail: ponugofi@helix.nih.gov.  has been associated with a 34-residue deletion at the
§ National Eye Institute. . - . , .
I Karolinska Institute. nucleotide binding domain (Borsaet al., 1990; Rodriguez
® Abstract published irAdvance ACS Abstractépril 15, 1997. et al., 1992). The mutargtcrystallin fails to bind NADPH
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and is catalytically inactive (Rao & Zigler, 1992b). It is

not understood whether lens opacification results from
misfolding of the mutant protein or from loss of some
specific function. It seems unlikely that loss of catalytic

Rao et al.

with SH-crystallin, were pooled and dialyzed for 18 h at 4
°C against 20 mM Tris-HCI buffer, pH 7.4, containing 0.5
mM EDTA and 5 mMg-mercaptoethanol (buffer A). After
centrifugation to remove any precipitate, the soluble fraction

function could be responsible since heterozygotes, which still was applied to a Blue Sepharose CL 6B affinity column (25

have enormous amounts of activity, develop cataracts;

x 2 cm). The column was washed with buffer A alone and

however, the decreased concentration of NADP(H) in the with buffer A containing 0.1 M NaCl, and finally the strongly
mutant animals has been proposed as a possible causativbound protein was eluted with buffer A contaigi@ M NaCl.

factor (Rao & Zigler, 1992b).
Prior to the identification of-crystallin in guinea pig lens,

a soluble protein from bovine lens had been isolated and,

by use of a DNA-cellulose affinity column, had been

The protein eluted was dialyzed against buffer A atCl

and concentrated by ultrafiltration using an Omega 30 K
membrane. The clear protein sample was equilibrated with
10 mM sodium phosphate buffer, pH 7.2, using a PD-10

characterized as a novel nucleic acid binding protein (Kang desalting column, and was then separated on a Synchrome
et al., 1985) This protein, named RF-36 because of anCM 300 HPLC column. After injection onto the column,
estimated subunit molecular weight of 36 000, was reported the sample was washed for 10 min isocratically with 10 mM

to play a pleiotropic role in gene expression, growth, and
differentiation of the lens (Lavers & Chen, 1988). On the
basis of a partial sequence, RF-36 was estimated to/086
identical to guinea pidg-crystallin (Jonvall et al., 1993).
However, the catalytic and DNA binding properties of guinea
pig ¢-crystallin and of the bovine homolog (RF-36) suggest
distinct differences. Consequently, we have isoldtetys-

sodium phosphate buffer, pH 7.2, at 0.5 mL/min flow rate
at room temperature (23C), followed by elution with a
linear gradient (20 min) from O to 1.0 M NacCl in the same
buffer. Fractions containing-crystallin were tested by
SDS-PAGE and dot blot analysis usingcrystallin anti-
body. Guinea pig len§-crystallin was isolated by the same
protocol except that the initial Sephadex G200 gel-filtration

tallin from guinea pig and bovine lenses and compared their Step was omitted.

structural and functional characteristics, the ultimate goal

being to elucidate the physiological function(s)e€rystallin

Enzyme Assay¢-Crystallin catalytic activity was mea-
sured by the procedure described (Rao et al., 1992). The

in the lens and the mechanisms involved in the formation of Standard assay system contained, in a final volume of 1.0

cataracts associated withcrystallin mutation.

EXPERIMENTAL PROCEDURES

Materials Guinea pig and bovine eyes were obtained
from Pel-Freez Biologicals (Rogers, AR) and a local

mL, 0.1 M Tris buffer, pH 7.8, 0.2 mM EDTA, appropriate
amounts of enzyme protein, 0.1 mM NADPH, and either 25
uM 9,10-phenanthrenequinone or 0.1 mM DCIP. Reactions
were carried out at 23C using a Beckman DU 50 recording
spectrophotometer. With 9,10-phenanthrenequinone, activity
was monitored by recording the NADPH oxidation at 340

slaughterhouse, respectively. Blue Sepharose CL 6B, Sephanm, while assays with DCIP were monitored by following

dex G200, dextran sulfate sodium salt, and Omega ultrafil-
tration membranes were purchased from LKB Biotechnology.

Dichlorophenolindophenol (DCIF)NADPH, NADH, and

Nonidet P40 (NP40) were from Sigma Chemical Co.
Heparin-Ultragel A4R was obtained from IBF Biotechnics
(France). Single-stranded DNAagarose was purchased
from Gibco—-BRL Life Technologies, Inc. DNA sequencing

the decrease in absorbance at 600 nm. One unit of enzyme
activity was defined as the amount of enzyme that oxidizes
either 1 umol of NADPH (with phenanthrenequinone as
substrate) or umol of DCIP (with 2,6-dichlorophenolin-
dophenol as substrate) per minute af23usingAe of 6.22
x 1 M~ tecm*or 21 x 103 M~ cm™, respectively.

ssDNA Binding AssaylLenses were homogenized in 10

kit Sequenase Il was from USB, 9,10-phenanthrenequinonemy Tris-HCI buffer, pH 7.4, and the 2009Goluble fraction

was from Aldrich, and a bovine lens cDNA library (catalog
no. BL 1008B) was from Clontech Laboratories, Inc. A
plasmid isolation kit was obtained from Qiagen. CM 300
cation-exchange HPLC column was from Synchrome, Inc.

was loaded onto the ssDNAagarose affinity column (10

x 1 cm). The column was washed with 50 mL of buffer,
followed by 50-mL washings with the same buffer containing
0.1 M NacCl, the buffer containing 0.5 mg/mL dextran sulfate

All radiolabeled compounds used were purchased from godjum salt, and finally with the buffer contaikj2 M NaCl

Dupont-NEN.

Isolation of ¢-Crystallin. ¢-Crystallin was isolated from
bovine lenses using Sephadex G200 gel filtration, Blue

Sepharose affinity chromatography, and ion-exchange (Syn-

to elute strongly bound protein. This bound protein fraction
was analyzed by SDSPAGE subsequent to dialysis at 4
°C against 10 mM Tris buffer, pH 7.4.

Two-Dimensional ElectrophoresisThe Blue Sepharose-

chrome CM 300) chromatography. Frozen bovine lenses bound protein fraction containing partially purifiédcrys-

were homogenized in 50 mM Tris-HCI buffer, pH 7.5,
containing 1.0 mM EDTA, 10 mM mercaptoethanol, and 2
mM sodium azide. The soluble fraction (20@)0was
separated on a Sephadex G200 columnx8®&75 cm) at 4
°C. Fractions (5 mL) containing-crystallin, which coeluted

1 Abbreviations: ssDNA, single-stranded DNA; DCIP, 2,6 dichlo-

rophenolindophenol; NP40, Nonidet P40; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; PMSF, phenylmethane-

sulfonyl fluoride; DTT, dithiothreitol; CD, circular dichroism; QOR,

quinone oxidoreductase; MDR, medium-chain dehydrogenases/reduc-
tases; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HPLC,

high-performance liquid chromotography.

tallin was subjected to 2D electrophoresis (Datiles et al.,
1992). 2D samples were prepared in 9.0 M urea containing
2% NP-40, 2% ampholytesl(pange 3.5-10.0), and 10 mM
DTT. The first dimension, isoelectric focusing, was carried
out using Pharmacia LKB immobilized nonlinear pH gra-
dients (pH 3-10) and was run for 32 000-Y4. The second
dimension was run on 18& 18 cm, 15-18% gradient
acrylamide SDS slab gels using the ISO-DALT system of
Hoefer Scientific Instruments. Gels were stained with
colloidal Coomassie Blue G.

Circular Dichroism Analyses were carried out using a
Jasco Model 600 spectropolarimeter as described (Rao et
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al.,, 1994). The far-UV CD was scanned using 1.5 mg of A B
purified g-crystallin/mL in 0.1 M sodium phosphate buffer,
pH 7.5, with 0.2 mM path length and 0.5 s time constant.

The near-UV CD was recorded using 3.0 mg:edrystallin/ Zeta — & _ = - = - -
mL in the presence and absence of 0.1 mM NADPH, with ' ' ‘ ' ' ' '
a 1 cm path length and a 0.5 s time constant. Both CD .
spectra were determined at 26.
Fluorescence Quenching Studie$hese measurements
123 4 5 6 7 1234567

were carried out essentially as described (Rao & Zigler,
1990) using an Aminco SPF-500 spectrofluorometer. Cor- Ficure 1: SDS-polyacrylamide gel electrophoresis of lens soluble

e -, proteins from different species (A) and a Western blot showing
rected fluorescence emission spectra were recorded Wlththe immunoreactivity of-crystallin in the same samples with a

excitation at 280 nm using 0.3 nmol gfcrystallin/mL in peptide antibody against guinea piecrystallin (B). All samples

the presence and absence of NADPH in 10 mM Tris-HCI were loaded with equal amounts of protein. Sampleg flepresent

buffer, pH 7.2, at 25C. lens soluble proteins from guinea pig, rat, rabbit, cow, bison, pig,
Metabolic Labeling of Lens Proteins witPP§]Methionine and llama, respectively.

Fresh guinea pig and bovine lenses were organ-cultured for ,
4 h in a medium containing 10@Ci mL~! [*S]methionine for the presence df-crystallin by SDS-PAGE followed by

as described (Huang et al., 1990). After incubation, lenses Western blot analysis. Protein content was determined by

were rinsed with phosphate-buffered saline and homogenized€ method of Bradford (1976) using bovine serum albumin

in 20 mM Tris-HCI buffer, pH 7.4, containing 1.0 mM @S @ standard. o
EDTA and 10 mMg-mercaptoethanol. Inthe case of guinea ~ SPS PAGE and Western Blot AnalysiSodium dodecyl

pig, the whole lens was homogenized, whereas for bovine Sulfate-polyacrylamide slab gel electrophoresis was per-
samples, only the epithelium and outer cortex were used. formed according to Laemmli (1970) using a Hoefer Mighty

The soluble extracts were dialyzed overnight against the same>mall apparatus. Gels contained 12.5% acrylamide and were
buffer. After this, c-crystallin was isolated using Blue Stained with Coomassie Blue R-250. _
Sepharose affinity chromatography as described above. Immunobilots were developed according to the Bio-Rad

cDNA Library Screening, Subcloning, and Sequenciag protqcol using antibodies raised agaibstrystallin syn';henc
Agt11 oligo(dT)-primed bovine lens library obtained from Peptides (Huang et al., 1990). Transfer of proteins from
Clontech (catalog no. BL 1008B) was screened as described>DS—Polyacrylamide gels to nitrocellulose membrane was
(Gonzalez et al., 1993). The screening was performed using2ccomplished using a Bio-Rad transfer unit, and protein
the insert of the human CRYZ cDNA full-length clone Pands were visualized with the peroxidase reaction.
HL103. About 10 plaques were screened using nitrocel-  Protein Analysis, Modeling, and Alignmen&nalysis of
lulose filters (S & SNC, Schleicher & Schuell). The inserts 1€ DNA and protein sequences was performed using the
of the positive clones were released wicoRl and ~ CCG package (FastA, Peptide Sort, and Pep Plot). Models
subcloned into the vector Bluescript KS4H (Stratagene). of human and bovmé—crystalll_n were calculated based upon
The recombinant plasmids were purified with Qiagen thg X-ray structure of the. cqllenzyme (Thorn et al., 1995)
columns and both strands were sequenced by the dideoxy-'Sing the program ICM (version 2.5, Molsoft LLC, Metuchen,
chain-termination method usingB]ATP and Sequenase Il NJ, 1996). The multiple sequence alignment was created

Preparation of Extracts of Nuclear ProteirCrude nuclear ~ @ccording to a Needleman and Wunsch (1970) algorithm
extract from bovine lens epithelium was isolated as describedllowed by a neighbor-joining procedure (Saitou & Nei,
(Digham et al., 1983), with certain modifications. Briefly, 1987). The model building involved several steps. First,
the epithelium isolated from fresh bovine lenses was minced (€thers were imposed between residues oftheli template

in phosphate-buffered saline and centrifuged a0 10 structure and residues of the structure to model, after which
min. The tissue was then suspended in 5 volumes of 10these tethers were minimized. Subsequently, all methyl
mM Hepes buffer, pH 7.9, containing 1.5 mM MgCLO groups were rotated to minimize clashes, followed by

mM KCI, and 0.5 mM DTT. The sample was kept on ice iterative combined geometry and energy optimization. After
for 20 min and centrifuged at 2§@&t 4°C. The pellet was adjustme_nts of polar hydroge_n F.)OSI.tIOI']S, the whple molgcule
suspended in 2 volumes of the Hepes buffer containing Was subjected to free minimization to obtain the final
0.05% NP40 detergent and was homogenized with2 ~ Structure.

strokes using an all-glass Dounce homogenizer. The nUdeiRESULTS

were pelleted by centrifugation at 2500 rpm for 10 min at 4

°C and were washed three times with 2 volumes of buffer.  ¢-Crystallin Expression in the Bine Lens The relative
Finally, the sample was spun at 25@0@r 20 min at 4°C level of ¢-crystallin in the ocular lens of different species
to remove residual soluble material. The nuclei were was evaluated by separation of lens soluble homogenates
resuspended in 2 volumes of 20 mM Hepes buffer, pH 7.9, on SDS-PAGE followed by Western blot analysis with an
containing 25% glycerol, 0.42 M NaCl, 1.5 mM Mg0.2 antibody against a synthetic peptide matching the N-terminal
mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF and were 14-residue sequence of guinea gigrystallin (Figure 1).
homogenized with 8 strokes. The resulting suspension wasAs compared to rat, rabbit, and pig, lens homogenates of
gently stirred on a magnetic stirrer for 30 min in an ice bath cow and bison showed strong immunoreactivity. However,
and centrifuged at 250@0or 20 min. The clear supernatant as shown by Coomassie Blue staining, the abundance of
was dialyzed against 20 mM Hepes buffer, pH 7.9, containing Z-crystallin in the bovids is still much below that in guinea
20% glycerol, 0.1 M KCI, 0.2 mM EDTA, 0.5 mM DTT, pig and llama lens, where the protein is considered to be an
and 0.5 mM PMSF. The dialyzed sample was used to testenzyme-crystallin. Bovine len&crystallin was purified to
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Ficure 2: Coomassie blue stained two-dimensional electrophoresis o 3 ]
of Z-crystallin from guinea pig (A) and bovine (B) lenses. (mdeg] -
¢-Crystallin preparations were patrtially purified by Blue Sepharose ;
chromatography from lenses that had been incubated®8i-[ 4
methionine-containing medium for 4 h. Samples from guinea pig 5
and bovine lenses were separated initially by isoelectric focusing, ;
followed in the second dimension by SBBAGE. Arrows indicate 7
the singles-crystallin spot in each sample that was labeled following ]
organ culture with PS]methionine.

T

homogeneity in three steps. Fractionation of bovine lens ]
soluble homogenate on Sephadex G200 showedtthas- By WL (o) 420.0
tallin coeluted withgH-crystallin, a major soluble protein  Ficure 3: Near-UV CD spectra of boving-crystallin with and
with molecular mass of 156200 kDa. Subsequently, Blue — without NADPH. Titration of¢-crystallin with NADPH: (1) 100
Sepharose affity chromatography of fb-arysaling. 4 NAOPULASHS, G SPSTREND e et o
crystallm fractions showed strong binding qf a 35-k.Da «M NADPH, and (5) after the addition of 15@M NADPH.
polypeptide to the column. Subsequent to elution with high-

salt (2 M NaCl) buffer, Western blot analysis confirmed that g;\ca in both species there is only a singlerystallin gene,

the 35-kDa protein present in the Blue Sepharose-boundgy,jies were undertaken to identify which of the charge

fraction is C-tf:rystaéllin. IS:inaﬂly, the gradignt erI]ution %ht/lhgoovariants represented the unmodified gene product. Guinea
preparation from Blue Sepharose on a Synchrome pig and bovine lenses were placed in organ culture \k&i{

cation-exchange column showed elution @€rystallin at | ethionine for 4 h. The whole guinea pig lenses and the
0:45 M NaCI._ In each of thg:se chrpmatpgraphy steps, guIN€d, ter cortical region of the bovine lenses were then homog-
pig C-crystallin behaved virtually identically to the bovine enized in buffer and the soluble extracts were run on 2D
rotein. While Z-crystallin isolated from the bovine lens - . .
ghowed a strong im};nunolo ical cross-reactivity with guinea gels. After staining, the gels were dried and autoragilograms
ig ¢-crystallin antibod aga'nst a 14-resid g N-terminal were developed. In each case, label was found in only a
P19 ystalll ibody agau lau : single spot. For the guinea pig sample this was the major

segment and With. antibOdy raised aga}ir_mst igolateq intaCtspot, i.e., the most basic species. Presumably the more acidic
%lgnaeaa?r']gs%gy:eta”dg’nge‘e’r&?g;gugz [ggg;)v ';Xomtzsg:'?ﬁg' species represent charge variants generated postsynthetically.
C-tergminal end o(f] uinea pig-crystallin This sort of pattern is typical of many of the long-lived

g P y : proteins of the lens (Datiles et al., 1992; Harding & Crabbe,

Bovine ¢-Crystallin Charactgnsucs Th_e absorpt.|on and 1984) and also of MDR (medium-chain dehydrogenase/
fluorescence spectra of boviriecrystallin were virtually : )
reductase) enzymes in general (Danielsson et al., 1994).

identical to those of guinea pigycrystallin, exhibiting a 280 Surprisingly, the results with the bovine sample were

nm maximum absorption and a 312 nm emission maximum different. The only labeled spot was the second most basic
when excited at 280 nm. Hydropathy plots for bovine and o y 1abet P . .
one, indicating that in this case not only is there the typical

uinea pig leng-crystallins also showed only minor dif- X e
g pig lens-cry y pattern of posttranslational acidification, but also some of

ferences. the ¢-crystallin also under modification to a more basi
Two-dimensional electrophoretic patterns of bovine and fotrem_c ystaflin aiso undergoes modiiication fo a more basic

guinea pig ¢-crystallins were somewhat different. As
reported from one-dimensional isoelectric focusing (Huang ~ The far-UV circular dichroism spectrum of bovigecrys-
etal., 1987), the guinea pig protein has three charge variantdallin was essentially identical to that of guinea igrys-
(Figure 2A). The major species is the most basic one, which tallin (Huang et al., 1987; Rao et al., 1994), exhibiting a
has a p consistent with the theoretical palculated from  mixture of a-helix and 3-sheet secondary structure with
the amino acid composition (p= 7.8). The pattern for ~ nearly 40%o-helix. ¢-Crystallin from guinea pig lens has
bovine ¢-crystallin is shown in Figure 2B and consists of a conserved consensus pyridine nucleotide binding site and
four species of more equal intensity. This group is more has been shown by fluorescence quenching and near-Uv CD
basic than thé&-crystallin from guinea pig lens, as expected to bind NADPH (Rao & Zigler, 1990; Rao et al., 1994). Here,
from its theoretical pof 8.61. Each of the protein spots we have applied similar techniques to demonstrate that
from both species was identified gsrystallin by reactivity bovine-crystallin also binds NADPH specifically. NADPH
with antibodies to¢-crystallin. The lower intensity spots strongly quenched the intrinsic fluorescence of bovine
visible above thé&-crystallin grouping in each panel are other ¢-crystallin, whereas NADH, NAD, NADP*, and ATP
enzymes which also bind to Blue Sepharose. They are muchshowed very minimal effect (data not shown). Figure 3
stronger in the bovine sample because bovhueystallin is depicts the near-UV CD of bovingcrystallin in the presence
not a major protein as in guinea pig lens, and the bovine and absence of NADPH. Neithé&rcrystallin nor NADPH
preparation was concentrated to make therystallin alone had any optical activity above 300 nm. However, upon
concentration comparable to that of the guinea pig sample.mixing the two together, a negative CD band was induced
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Ficure 4: Single-stranded DNA binding affinity of bovingcrys- 1 2 3 4 5 6

tallin. Panel A shows SDSPAGE analysis of bovine lens fractions g &e 5: Competitive displacement of-crystallin bound to

eluted from an ssDNAagarose affinity column. Lane 1 contains  ¢qpNA by NADPH. SDS-PAGE analysis of bovine lens fractions
the total lens soluble fraction that was loaded onto the column, g ted from the ssDNAagarose column with different buffer

and lanes 25 represent protein eluted sequentially with the \;-ches Lane 1. Blue Se ; ;
c ) - ) . , pharose-bound fraction from bovine lens
following buffers: 10 mM Tris (buffer A), buffer A-0.1 M NaCl; total soluble protein applied to the column. Lanesé2 protein

buffer A+ 0.5 mg/mL dextran sulfate, and bufferA2 M NaCl.  g|,ted sequentially with the following buffers, respectively: buffer
Panel B shows immunoblot analysis of the same fractions using A puffer A + 0.1 M NaCl. buffer A+ 10 mM NADH. buffer A

antibody to guinea pig-crystallin. + 10 mM NADPH, and buffer A+ 2 M NaCl.

with a maximum at 330 nm, confirming that bovine Bovine lensZ-crystallin, as stated above, bound to the
¢-crystallin binds NADPH. column. It did not elute with 0.1 M NaCl, nor with 10 mM
Since bovineg-crystallin binds NADPH, its possible ~NADH, but was eluted completely with 10 mM NADPH.
catalytic function as a quinone reductase was tested usingThis experiment demonstrates displacement of bofogys-
9,10-phenanthrenequinone and 2,6-dichlorophenolindophenofallin from the ssDNA affinity column by NADPH, suggest-
as electron acceptors. The bovine protein exhibited only 0.55INg the possibility of a shared binding site for DNA and
unit/mg of protein, or 6.0% of the guinea picrystalin ~~ NADPH.  Bovine C-crystallin did not bind to heparin
activity (9.1 units/mg of protein), in the presence of /3@ Ultragel, to which many double-stranded DNA binding
9,10-phenanthrenequinone. In agreement with earlier reportsProteins show strong binding affinity. The affinity for
(Garland et al., 1991), the bovirigcrystallin (10ug/mL) sSDNA confirms findings that RF-36 (bovirigcrystallin)
exhibited no activity with DCIP, whereascrystallin from IS @ DNA binding protein (Kang et al., 1985). In view of
guinea pig lenses showed specific activity of 0.714 unit/mg the strong affinity for DNA, nuclei were isolated from bovine
of protein. BovineZ-crystallin quinone reductase activity ens epithelial cells and nuclear extract was prepared as
was also tested using other quinone substrates, such as 1,2escribed above. When tested with antibody-wrystallin,
naphthoquinone and 5-hydroxy-1,4 naphthoquinone (ju- this preparation exhibited no immunoreactivity on Western
glone)-and activity was found to be less than 5% of that of blots. Likewise, a commercially obtained nuclear extract
guinea pig¢-crystallin. from Hela cells gave no evidence &trystallin when tested
We also compared the binding affinity &fcrystallin from in the same manner.
bovine and guinea pig lenses to ssDNA. Bovine lens soluble  Cloning of Baine {-Crystallin cDNA The bovine and
homogenate was prepared in 10 mM Tris-HCI buffer, pH guinea pigZ-crystallin preparations have many similarities,
7.4, containing 0.5 mM EDTA and 5 mM mercaptoethanol Yet certain functional properties differ markedly. In order
and was applied to a ssDNAagarose affinity column. The to gain insight into possible structural correlates for this
protein fraction that eluted wit2 M salt contained a major ~ divergence of functional characteristics, the bovirerys-
polypeptide of 35 kDa (Figure 4). Immunoblot analysis tallin cDNA was isolated by screening 96lones from a
using a specific antibody revealed it to berystallin. On  4gt 11 bovine lens library with the human livgrcrystallin
the other hand;-crystallin from guinea pig lens homogenate full-length cDNA insert. A number of positive clones were
prepared identically showed no binding affinity to sSDNA found, consistent with the high level of expression in the
and eluted completely with 0.1 M NaCl buffer (data not lens. A cDNA insert containing 1200 nucleotides was ligated
shown). From the literature, it is known that some pyridine into Bluescript and sequenced in both directions (clone BL5).
nucleotide binding proteins such as glyceraldehyde-3- The open reading frame contained 987 residues and included
phosphate dehydrogenase and lactate dehydrogenase (Grosé8 ATG initiation site at the 'send and a TGA stop codon
et al., 1986) bind ssDNA through the Rossmann nucleotide at the 3 end. The cDNA sequence reported here is the
fold. Glyceraldehyde-3-phosphate dehydrogenase also hagomplete sequence for bovidecrystallin (RF-36).
other bioactivities, as an uracil DNA glycosylase (Meyer-  Figure 6 illustrates the homology of the bovixerystallin
Siegler et al., 1991) and an 4% binding protein (Baxi & sequence with those determined fecrystallins from human,
Vishwanatha, 1995). We have tested the effect of NADPH mouse, llama, guinea pigk. coli, Pseudomonasand
on the affinity of bovineg-crystallin for ssSDNA. For this  Leishmania. It should be noted that this is the first complete
experiment, 4 mg of-crystallin isolated from bovine lens  sequence of boving-crystallin. An earlier report was based
using Blue Sepharose affinity chromatography was loadedon a partial sequence containing some gaps and several
onto an ssDNA-agarose affinity column. The column was inaccuracies (Jovall et al., 1993). Using the alignment in
washed stepwise with buffer alone, buffer containing 0.1 M Figure 6 and the coordinates for the crystallographically
salt, buffer containing 10 mM NADH, and finally with buffer  analyzedE. coli (QOR) quinone oxidoreductase (Thorn et
containing 10 mM NADPH. Figure 5 shows the effect of al., 1995), the catalytically largely inactive bovine protein
pyridine nucleotides on the binding &fcrystallin to sSDNA. and the human protein were independently modeled into the



5358 Biochemistry, Vol. 36, No. 18, 1997 Rao et al.

I [}
Human , a T&SRKPLL@YTP.SDVVI;EA%}@DN
Bovine i 4 B Pl clvlpvo%ﬁ@‘ VETHN i KPLUPYTPIFDVI I&A%ES
Guinea pig A ‘ v ; i 'T‘fTHIPLLP&YTP.TDV-VV@SI.ND
Llama ] WS@TYSRKPRL%YTP.LDVLI&A%}GEH
Mouse MATGQKLMR)\O;{RVFEF@ gzggmosﬁvv%vé&osm ; %AYSRKPAL@YTPISDVl |§S¥|DK
Leishmania MSSPSNFKKLQVVSLSKDFRSSTSVVE AHLF‘EEVPEGM
Pseudomonas
E. coli
Human ASA%EKBEFTSSTI? § : AL%‘;‘K’DHTVYK@EE‘?LD; IglPYFﬂ&YR%ﬁi!HSACV%A”’

N e 110 y 20
YAL?&ADHTVYT%EEKL ]
YAL&SDHTVYR&EEKL ]

30 100
Bovine HSAPRKEMEMF TTRT I SEG!
90 100 .
Guineapig ¥ SAERKEWEMFTTST I SEGY
100

6 ki PYFEE&YR;;SILYSAPV&P

y N N 120
Llama FRKENBRMFTTS TV S[E YAL%ADHTVYKE’EEGEL

90 100 ~
Mouse AERKEREEFCcYsTVSE fALE&ADDTIYP%@EETLNﬁRQ;G

R 90 100 . v 110 120 130 N " 140 P 150 160

Leishmania AN VAVERIHEV LMQ - - Y[ECF LDAPAERC IPVJEL - -KPEYSVLPVSALIEAVARGEVGRVEKGDVARYT ARARETEC ! EVELLKH
. ) " % . . 100 ol s 150 UL
Pseudomonas ¥ T RE[AVEIEMAYA TGP LAANSELHVLAEEKLVHERDG | DEEEA &

80 % 100 110 160
E. coli HKH I [RAMEEMY Y AQSAL[JAYSSVHN | 1 ADKAA HERIAA CEWAK -

- " 180 . !g? » AZDO 2\9 e 220 - 230 . ), 250
Human & ©( L[EN BE rang g X G & BBV IVVEASRGTIEINP
. 180 0 230 2 . 250
IEMLANVNLSNDEN %IVV.SRGTIEINP
- 230 i
IEMLANVNLSND*&K ce&wl IVICHGSIEINP
i | IV.SKGPVEINP
250
SVVVCRGPIEINP
Y&CVGGHTFNDAVRHVAVH A ISISSYKSGE
.KCP;?VYDSVGKDTWETSgDCVAPRQLLVSF.NASGPVTGV

Bovine

Guineapig & L‘iﬁVL-AGT
Llama %jCCFK:VL-AGT
Mouse «& @ngv L-AGS
Leishmania vv{imwcss KAEFLKS‘?OCDH& YKTESLDGHLHELCP m@v
VQL|VSSP*@KARLARQHﬁWET!DYSHENVARRVLELTDG

Pseudomonas &

E. coli IKVR@%VYDSVGRDTWERSQ§§DC§§§QRR§§LMVSFleseAVTGv
Human RDTMAKESSI IGSfTﬁbFé ------------ S’FKEE&F%’&QY;&AA‘&QAGM:&IlWLKPVj:G -sogigPEKVAaéom;fENl IHGSEDATEM

Bovine RDTMTKESSIKG | FQQFE&AA&;QAGM&IIWLHPV&G -?og?géLEKATo FEN | IHSSGGROTE’;M i
Guinea pig RDTMAKESTISG F%}QF@;STIQAGMZ&LIWVKPV &G--

Liama RDTMZ‘FOKESSIKG&ETQ FQQF%&AA»&;QAGM%I.WLRPV&G-- 4

Mouse RDTMAKETS | lzéoigsé ‘% ------------ S?KE&%&F@QF%G L:{.qQAG l,§KIWVKPV gG SEgPIEKAAolﬁi?Dl |HGSGKTI¥;M|’§§L
Leishmania VVPFSDZI?SGTSVTM;;) LVKSASLNGFFLPQFHDVIPKYMAN«{.;LQYLKA.QVKLFVDKKVFHG.SSVAD.VDHL YSGANY.}@VLVEIQ
Pseudomonas NZIiOG I L8SQKGS LZ%IETRPT ------- LGSYAD@P@KL&AM@;DE{;FGL I:gR.D IRV EE- -NQRFAIAEAARIQSQTEL-AARRTTISTV%’.Z@P
E. coli NzioelLNoKGSLe\sfogz%TnP{si ------- LQGYZIOT?, ,WLTEA2§°NE§§§FSL|ASV|KVDVAE035°K§§§%PKDAQR IL-ESRATGCQQOSS Tarp

Ficure 6: Alignment of the novelC-crystallin structure (bovine, second line from top in each set) with the human (top line), the
crystallographically analyze. coli (bottom line), and all other characteriz&etrystallins. Residues in white against a black background

denote strictly conserved residues, while a stippled background denotes residues present in 6 or more of the structures. Note that glycines
(G) represent the majority of the strictly conserved residues and that positions approximateBdRi¢ontain few conserved residues and

a long and variable gap segment. Residues ascribed as active-site positions (Edwards et al., 1996) are denoted by arrows, and as shown, all
are not strictly conservedPéeudomonasequence has been taken from EMBL databank, Accession No. P43903).
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FiGure 7: Stereo outlines of the modeled structures of the polypeptide conformation of the human (blue) and bovigergrs@)lins

versus that of the crystallographically analyzedcoli (black) enzyme. The coenzyme is shown in magenta (center). Numbers denote start

(2) and end (327) positions, as well as residues 41, 46, 52, 240, 263, and 265, which have been ascribed positions at the active site,
compatible with their central location adjacent to the nicotinamide part of the coenzyme. Note the generally close folding similarity between
all three structures, except for local deviations, including that at the functionally important positions 263 and 265, where chain locations do
not match.

E. coli protein structure. Overall relationships are shown in  Three points are of special interest in these comparisons:
Figure 7, and active-site relationships are shown in Figure One is the fairly extensive differences between the forms,
8. with less than 10% of all residues strictly conserved (Figure
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Ficure 8: Enlarged part of the active-site segment, showing the coenzyme (magenta), the substrate (5-hydroxy-2,4-naphthoquinone, green),
two adjacent tyrosine residues (residues 46 and 52), and an asparagine (41), an arginine/lysine (263/271), and a serine (265/273) residue.
The parts in black denote the crystallographically analyzed true structure Bf @i enzyme, blue denotes the modeled human enzyme,

and red denotes the modeled bovine enzyme. Note that position Tyr 46 is closely matching in all three structures, while position 52 matches
in the human anét. coliforms (Tyr) but deviates in the bovine form (His), possibly correlated with its altered enzymatic activity. Residues
more distant from the active site but reported to be important (Arg 263 and Ser X oli) also deviate between the mammalian and

E. coli forms but do so similarly for the human and bovine forms, therefore probably not correlating with the altered enzyme activity of
just the bovine form.

6), but still with overall folds that are compatible with largely single replacement at the active site, position 52 appears to
similar conformations (Figure 7), except for localized seg- constitute the most likely candidate, with histidine being
ments of dissimilarity (Figures-68). In particular, one  present in the bovine protein and tyrosine at the equivalent
dissimilarity involves the segments around positions-260 position in all other reported-crystallin sequences.

270, where internal deletions/insertions cause missing/extra

residues (Figure 6), visible also as a deviating chain DISCUSSION

conformation in this region (Figure 7). Furthermore, in a , i , , ,
¢-Crystallin, a major lens protein of guinea pig, camel,

75-residue segment (positions 2181 in the bovine 0 . lin with | NADPL
sequence) around the deletion/insertion part of the molecules2nd lama, Is an enzyme-crystallin with a nove :

only one residue (Gly 246) is strictly conserved (Figure 6) quigone oxidolrlgductas% aqtivitl)/ (Rai(]) etbal., 1992|)' Idn thij
and theLeishmaniaprotein is largely nonidentical to the ~ StUdY: C-cdrysta In frcl)lm o(inpe ens IFS eeﬂ |sc;]ate Ian

others. Nevertheless, remaining folds show similarity (Figure compare ;tructura y and functionally to other homo 0gs.
7). The residue distribution, with glycine by far the most |11€€ Previously reported results led us to undertake this
conserved (50%; i.e., 15 of 30 strictly conserved residues COMParison. The first was our observation that bovine
are Gly), is typical of proteins with conserved function C-crystallin failed to show significant reduction of DCIP in

(Jernvall et al., 1995). Therefore, these proteins, although € Presence of NADPH (Garland et al., 1991), the second

widely divergent, as expected from the extensive specieswas, the discover_y that boviriecrystallin is identica! to the
spread, are still related in structures and functions. bovine lens protein RF36 (Kang et al., 1985) that binds DNA

The second aspect of interest concerns the actual position&Nd exhibits other properties possibly related to regulation
of the deviations. Thus, the above-mentioned segment 0fof lens flber_dlfferentlatlon, and th"e third was the fact that
dissimilarity and gaps involves part of the active-site residues &/l &-crystallins are clearly related {dwall et al., 1993).
as defined from the crystallographic analysis of Ehecoli All mammalian@-crystallins that have been analyzed exist
protein (Edwards et al., 1996). Residues 263, 265, and 266as homotetramers of 35-kDa subunits. The five mammalian
in the E. coli sequence, previously assigned important sequences available exhibit80% identity in pairwise
functions in substrate binding from their alignments with comparisons, with the human and bovine sequences being
other MDR enzymes, are in this Segment and are not Strictiy 87% identical Since the most extensive analyses have been
conserved (Figure 6). In addition, they occupy highly done with the guinea pig protein, it was used for comparison
deviant conformations in the three proteins (Figure 7). With bovine-crystallin. The absorption and fluorescence
Nevertheless, core regions with glycine residues are largelyspectra of the two preparations were found to be essentially
conserved and aiignments (Figure 6) are continuous. There-identical. The same was true for the far-Uv CD SpeCtra with
fore, modeling is still possible, although with some uncer- approximately 40%ux-helical secondary structure, and hy-
tainty for the most deviating segments, one of which includes dropathy plots showed a close similarity, indicating no gross
positionsg250—3oo, Confirming the previous conclusion structural differences between the two proteins. As in all
from analysis of otheri-crystallins that this segment is known mammaliag-crystallins, bovine-crystallin retained
variable (Jonvall et al., 1993). While such differences at the consensus sequence (GxxGxxG) of the pyridine nucle-
the active site are not typical of species variants, they haveotide binding site. As has been shown with guinea pig and
been noted also in alcohol dehydrogenase of class | (LuquehumanZ-crystallin, bovinel-crystallin binds to Blue Sepharose
et al., 1994). and is eluted specifically with NADPH.

Finally, among the few residues conserved in both Interestingly, in contrast to these close similarities in
alignment position and conformation, and among the residuesstructure, the two proteins also have distinct functional
reported to have catalytic importance (Edwards et al., 1996), differences. Unlike guinea pig (and humatrcrystallin,

Tyr 52 of theE. coli sequence (residue 58 or 59 of the bovineZ-crystallin showed very little catalytic activity as a
mammalian sequences) shows the most interesting featuregjuinone oxidoreductase. On the other hand, while bovine
(Figures 7 and 8) at the active site. This is one of the few -crystallin binds to ssDNA, possibly through the NADPH
positions where the bovine protein differs from all others binding site, guinea pigi-crystallin, which also binds
(Figures 6 and 8). Hence, provided that the deviating NADPH, shows no affinity for ssSDNA. Two-dimensional
functional properties of the bovine enzyme result from a electrophoresis df-crystallin isolated from these two species
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revealed a clear difference in terms of their migration and are several specific areas which could be suspected as
charge modification. Boviné-crystallin has a more basic  possible sites contributing to functional differences between
pl (>8.5) and resolved into four major charge species, the bovine protein and otheJ-crystallins. For example,
whereas guinea pig-crystallin resolved into three major residues 5961 are Tyr-Ser-Arg in the human, mouse, and
spots. Further, the distribution of protein into these different llama sequences and Tyr-Thr-Arg in the guinea pig. In
charge variants was different. By use of metabolic labeling contrast, these positions are His-Asn-lle in the bovine
with [3S]methionine, a single, labeled polypeptide was g-crystallin. Likewise, there are several potentially signifi-
identified in each species, consistent with the presence of acant substitutions in the sequence of residues—141B.
single gene. In the guinea pig sample, the posttranslationalSpecifically, the bovine sequence has Tyr at position 142
modification that produces the other two polypeptides and Pro at 148 while all other known mammaligitrys-
generates only more acidic forms, whereas in the bovine lenstallins have His and Ala at these positions, respectively. The
a more basic polypeptide is produced, as well as more acidicbovine sequence also has Pro 145 instead of either Cys or
ones. Although neither the biochemical mechanism respon-Arg present in the other species. Thus, three very bulky
sible for generation of the additional basic polypeptide in residues are introduced into this region of the bovine
the bovine sample nor its functional significance is under- sequence and could be expected to have an effect on
stood, the increased positive change could contribute to theconformation. The regions 18195 and 306-303 also have
high affinity of the bovine form for sSDNA. three and two conserved residues changed in the bovine
Our earlier studies df-crystallin isolated from guinea pig, sequence.
human, and llama have shown that it is catalytically active  Since no mammaliag-crystallin has been crystallized
as a quinone oxidoreductase. Genomic analysis of thesethere is no firm 3D structural data for the molecule.
species revealed the presence of a single gene responsiblelowever, using th&. coli QOR structure (Thorn et al., 1995)
for the expression df-crystallin. Further, the recent studies to model ¢-crystallin provides some insight. QOR has
of an E. coli homolog of ¢-crystallin, which has 31%  catalytic activity as a quinone reductase and has 31% residue
sequence identity to guinea pig lefxsrystallin, have shown  identity to ¢-crystallin (Thorn et al., 1995). Edwards et al.
that it is also catalytically active as a quinone reductase (1996) have demonstrated from crystal structures that three
(Thorn et al., 1995). Therefore, in order to understand the members of the MDR superfamil{g. coli quinone oxi-
structural and functional differences between bovine and doreductase, alcohol dehydrogenase, and glucose dehydro-
guinea pig leng-crystallin, the complete sequence of bovine genase, are structurally highly similar although the extent
¢-crystallin has been deduced by cloning the lens cDNA. of sequence identity is low. With a structure-based sequence
The sequence revealed that bovigwerystallin is strictly alignment, these comparisons were extendefiaoystallin.
homologous to the other mammaligscrystallin sequences  The comparisons reveal an atypical pattern with variability
available but also that extensive differences exist to other at parts of the presumed active site but with typical Gly

forms (Figure 6). Preliminary analysis of bovigerystallin conservation and folding similarities overall (Figure 7). This
genomic DNA revealed the presence of only one gene analysis indicates that among the residues cited above that
(unpublished results). are uniquely different in the bovine protein relative to all

Based on the amino acid sequence, the calculatddrp ~ the other mammalian sequences, Tyr 2 ¢oli QOR
bovine Z-crystallin was 8.61, while guinea pigcrystallin sequence) is the only one present at the active site. The
gave a theoreticallpof 7.81. These values are consistent exchange of this residue for histidine at the equivalent
with the 2D gel results and the difference is largely accounted position in the bovin€-crystallin sequence (Figure 6) may
for by the presence of four more lysine residues in bovine explain the functional difference between the bovine enzyme
g-crystallin. It should be noted, however, that the native and the other mammalian forms. In spite of the consistent
bovine protein eluted at the same position as guinea pig pattern and overall correlations, it should be noted that
C-crystallin when separated on cation-exchange chromatog-species differences are large at the active site, limiting model
raphy as described above. Comparison of the bovine building, and that therefore other explanations are also
sequence with the other four mammalian sequences (Figurepossible.

6, top five lines) indicates that sequence identity is extensive The physiological significance df-crystallin expression
throughout but that there are a number of unique substitutionsin the lens remains obscure. However, abundant evidence
in the bovine sequence. Of particular interest with regard shows that metabolic enzymes have frequently been recruited
to the functional differences between bovinerystallin and as crystallins through modification in gene expression
the other mammalian forms are 11 residues that are (Wistow & Piatigorsky, 1988; Piatigorsky, 1992; Wistow,
completely conserved in the human, guinea pig, llama, and 1993; de Jong et al., 1989). Some of the crystallins recruited
mouse sequences but are different in the bovine one. Thesehrough this mechanism are known to be catalytically active,
positions as found in the human sequence (Figure 6, top line)while others may be inactive or the proper substrates have
are Tyr 59, Arg 61, Ser 97, His 142, Ala 148, Leu 163, Gly yet to be identified. Interestingly, most of the enzyme-
181, GIn 191, Glu 196, Ser 301, and Pro 304. Each of thesecrystallins identified so far seem to be non-flavin-containing
residues has been replaced in the bovine sequence agyridine nucleotide binding oxidoreductases (Wistow, 1993;
indicated in Figure 6. In the case of four of these substitu- de Jong et al., 1989; Zigler & Rao, 1991). Unlike other
tions (Tyr 59, Leu 163, Gly 181, and Pro 304) even the = enzyme-crystallins, the expressionfeérystallin as a major

coli homolog of&-crystallin, which is catalytically active as  protein is not restricted to a single phylogenetic group. Itis
a quinone reductase (Thorn et al., 1995), has retained at thea major crystallin both in some hystricomorph rodents
equivalent position the residue conserved in all the mammals(guinea pig) and in camelids (camel and llama). Further,
except cow. While there are no large regions of the bovine the recruitment ot-crystallin in these two groups has been
sequence which have undergone major modifications, thereshown to have occurred independently through the acquisi-
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