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b-Crystallins composed of the most heterogeneous group of subunit chains among the three major crystallin
families of vertebrates, i.e.a-, b- andg-Crystallins, are less well understood at the structural and functional
levels than the other two. They comprise a multigene family with at least three basic (bB1–3) and four acidic
(bA1–4) subunit polypeptides. In order to facilitate the determination of the primary sequences of all these
ubiquitous crystallin subunits present in all vertebrate species, cDNA mixture was synthesized from the poly(A)+

mRNA isolated from bullfrog eye lenses. We report here a protocol of Rapid Amplification of cDNA Ends
(RACE) was used to amplify cDNAs encodingb-crystallin acidic subunit polypeptides by polymerase chain
reaction (PCR). Four complete full-length reading frames with two each of 597 and 648 base pairs, which cover
four deduced protein sequences of 198 (bA1-1 andbA1-2) and 215 (bA3-1 andbA3-2) amino acids including
the universal initiating methionine, were revealed by nucleotide sequencing. They show about 96–98% sequence
similarity among themselves and 76–80%, 80–83% to the homologousbA1/A3 crystallins of bovine and human
species respectively, revealing the close structural relationship among acidic subunits of allb-crystallins even
from remotely related species. In this study a phylogenetic comparison based on amino-acid sequences of various
bA1/A3 crystallins plus the major basicb-crystallin (bBp) andg-crystallin from different vertebrate species is
made using a combination of distance matrix and approximate parsimony methods, which correctly groups these
bA crystallin chains together as one family distinct from basicb-crystallins andg-crystallin and further cor-
roborates the supposition thatb- andg-crystallins form a superfamily with a common ancestry.© 1996 Academic

Press, Inc.

The lens crystallins of vertebrates form several complex classes of relatively conserved structural
proteins with distant evolutionary relationships [1–3]. We have characterized lens crystallins from
various species encompassing one class of invertebrates [4,5] and all five major classes of verte-
brates [3,6–9] with the aim of searching for their evolutionary relatedness and phylogenetic rela-
tionships.
Three major families of vertebrate crystallins, i.e. those classified asa-, b-, andg-crystallins, are

found almost in all vertebrates [10].b-Crystallins composed of the most heterogeneous group of
subunit chains among the three families are less well understood regarding their structural or
functional aspects. They comprise a multigene family of at least seven basic (bB1–3) and acidic
(bA1–4) polypeptides, with 45–60% sequence identity shared among one another and about 30%
with monomericg-crystallins [11,12]. Among these polypeptidesbBp (or designated asbB2) is the
predominant subunit chain present in nativeb-crystallin oligomers [13,14]. We have previously
characterized the cDNA sequence of the majorbBp crystallin from the bullfrog lens and con-
structed a phylogenetic tree based on available homologousb-crystallin sequences [15]. In this
report we have further amplified cDNAs constructed from the lenses of the bullfrog employing
newer RACE protocols of PCR methodology to aid in the structural analysis of several acidic

1 The cDNA sequence data of 4 frog acidicb-crystallin subunits,bA1-1,bA1-2,bA3-1 andbA3-2 have been deposited
in the EMBL, GenBank and DDBJ nucleotide sequence databases under the accession numbers X87759, X87760, X87761
and X87762, respectively.
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b-crystallin 0polypeptides, circumventing the need for time-consuming conventional protein se-
quencing due to the presence of a blocked N-terminal group at allb-crystallin subunits [16]. It is
deemed essential to determineb-crystallin sequences in order to provide some insights into the
structural and genetic basis underlying the complexity ofb-crystallin family.

MATERIALS AND METHODS

Isolation and protein characterization of frogb-crystallins.The bullfrogs (Rana catesbeiana) used were obtained from
a local commercial frog farm. The isolation and purification of frogb-crystallin were essentially as described before [8].
b-Crystallin fraction obtained from Fractogel TSK HW-55 gel permeation column was further resolved into its component
subunit chains on a reversed-phase C18 column. Amino-acid analysis and N-terminal sequence analysis by automated
Edman degradation for each subunit were also carried out as described before [8,17].
Preparation of total lens crystallin mRNA from frog lenses.Frog lenses were removed and stored in liquid nitrogen

immediately before processing for mRNA isolation. Two deep-frozen lenses from one frog were homogenized and RNA
was extracted according to standard procedures [18]. To obtain a full-length crystallin cDNA, poly(A)+RNA fraction from
total RNA was purified using QuickPrep mRNA preparation kit (Pharmacia, Uppsala, Sweden).
58-RACE protocol of PCR amplification.A RACE protocol [19,20] for PCR amplification was carried out with a

59-AmpliFINDER RACE Kit of Clontech Laboratories, Inc. (Palo Alto, CA, U.S.A.). cDNA mixture was synthesized from
poly(A)+mRNA by AMV reverse transcriptase. The synthesized double-stranded RNA-DNA hybrid was then reacted with
6 M NaOH to hydrolyze RNA. The remaining single-stranded DNA was ligated with the “Anchor” fragment. (The Anchor
sequence: 59-CACGAATTCACTATCGATTCTGGAACCTTCAGAGG-39) overnight by T4 RNA ligase through the 39-
end of the cDNA. Following Anchor ligation, a portion of the ligated cDNA was then used as a template for PCR
amp l i f i c a t i o n us i n g a p r ime r w i t h t h e f o l l ow i ng sequence as t he f o rwa r d p r ime r : ( 59 -
CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCGATAG-39) complementary to the Anchor fragment (underlined)
and abA3/A1 crystallin-specific sequence as the reverse primer: (59-CTACTGCTGGATGCGCC-39), covering the 39-
terminal 17 nucleotide segment based on frog and humanbA1/A3 crystallins [21,22]. The conditions for PCR reactions
were essentially identical to those described previously [23] for frogr-crystallin cDNA amplification. The amplified
product was purified using the Wizard PCR Preps DNA Purification System (Promega, Madison, WI) and ligated into
pGEM-T vector (1:3 molar ratio of vector to insert). The ligation mixture was incubated at 15°C for 3 h and then
transformed intoE. coli strain JM 109. Transformed cells were mixed with 20ml of 5-bromo-4-chloro-3-indoyl-b-D-
galactoside (X-gal, 50 mg/mL) and 20ml of isopropylthiogalactoside (IPTG, 100 mM), plated on LB plate (containing 50
mg/ml ampicillin) and incubated overnight at 37 °C.
Plasmids purified from positive-clones were then prepared for nucleotide sequencing by the dideoxynucleotide chain-

termination method [24]. The DNA sequences were double-checked by an automatic fluorescence-based sequencing of
templates amplified by PCR using a model 373A DNA Sequencing System with aTaq DyeDeoxy terminator cycle
sequencing kit (Applied Biosystems).
Sequence comparison ofbA1/A3 crystallins and variousb- and g-crystallins. In the comparison and analysis of the

deduced amino-acid sequence from the cDNA sequence coding for acidicbA1/A3 crystallin subunits, a multiple-sequence
alignment software program (DNASTAR Inc., Madison, WI, U.S.A.) was used for the estimation of sequence homology
based on percent sequence similarity.
Construction of a phylogenetic tree forb- andg-crystallins.A software package of LaserGene (for the Apple Macintosh

computer) from DNASTAR was used for the estimation of sequence homology based on percent similarity and divergence
among different cDNA or protein sequences. Percent divergence is calculated by comparing sequence pairs in relation to
the phylogenetic tree. On the other hand the percent similarity is estimated by comparing sequences directly without taking
into account of phylogenetic relationships. Phylogenetic trees were then constructed using the algorithm of Hein [25] in the
MegAlign programs of the package. It is a multiple-sequence alignment program that builds trees as it aligns DNA or
protein sequences using a combination of distance matrix and approximate parsimony methods. This program constructs
phylogenetic trees by imposing restrictions based on evolutionary relatedness of the aligned sequences.

RESULTS AND DISCUSSION

Theb- andg-crystallins are both members of a superfamily of crystallin genes [26], which in
contrast toa-crystallin with chaperone activity appear to lack any detectable functions except
existing as abundant structural proteins in most animal eye lenses. We have been interested in the
characterization of lens crystallins from the lower submammalian species. It was previously found
that during the process of morphological transition from an aquatic tadpole to adult amphibian frog
b-crystallin polypeptides appeared to change both in their compositions and quantities [27]. A
detailed characterization of these crystallin polypeptides from amphibian lenses should lay a firm

Vol. 221, No. 2, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

220



basis to explore the feasibility of using frog lens as a useful model system in the study of
structure-function aspects ofb-crystallins. This has prompted us to pursue the structural analysis
of acidicb-crystallin polypeptides after the recent successful characterization of the major basic
bBp crystallin by PCR cloning and sequencing [15].

Characterization ofb-Crystallin Polypeptides from Frog Lenses

b-Crystallin eluted as the second peak from a TSK gel-filtration column with a molecular mass
of about 205 kDa. It can be further purified by subjecting the nativeb-crystallin to ion-exchange
chromatography [17] or reversed-phase HPLC [27] to resolve into at least 5 subunit polypeptides.
Amino-acid analysis showed that they were extremely similar in composition, and repeated Edman
N-terminal analyses by sensitive mircrosequencing sequencer revealed no amino-terminal residues,
indicative of blocked N-termini present in allb-crystallin subunit chains. In this study we have
therefore circumvented conventional Edman sequencing by facile PCR cloning and sequencing to
solve the structures of theseb-crystallin polypeptides.

Sequence Determination of cDNA by 58-RACE PCR Amplification

PCR amplification of total lens cDNA mixture with the designed primers corresponding to the
N- and C-terminal amino-acid segments of the deduced protein sequences from frogbA1/A3
crystallin nucleotide sequences [21,22] was first employed to generate PCR fragments ofbA1/A3
crystallin subunits. In order to validate the determined sequences by PCR based on the N- and
C-terminal primers, we have adopted the 59-end RACE protocol for the PCR amplification of frog
bA crystallin cDNAs with a single C-terminal primer to avoid the possible error introduced into the
N-terminal sequence due to the use of a prefixed N-terminal primer. By use of 59-RACE protocol
of PCR, the ambiguity of N-terminal segment is therefore cleared.
Fig. 1shows the size determination of PCR-amplified cDNA bands coding forbA1/A3 crystallin

subunits by 59-RACE. The amplified PCR products were estimated to be about 650 and 590 bp,
encoding two polypeptides of about 195–215 amino-acid residues forbA1 andbA3 respectively.
There were about more than 20 positive clones being identified and all of them were shown to
consist of four similar yet distinct cDNA sequences by automatic fluorescence-based nucleotide
sequencing. It is noteworthy that the amplified cDNA fragments encoding thesebA1/A3 crystallin
subunits by the conventional method employing N- and C- primers and the newer 59-RACE using
single C-terminal primer possess identical N-terminal sequences. Therefore the fidelity of PCR

FIG. 1. Identification and size determination of the PCR-amplifiedbA1/A3-crystallin cDNAs. Electrophoresis was
carried out in 1.2% agarose gel. Lane M, DNA size markers of theEcoRI andHindIII digestion products oflDNA, ranging
from 564 to 21227 bp; Right Lane indicates the amplified PCR products of about 650 and 590 bp (arrows) encoding frog
bA3 andbA1 crystallins respectively.
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FIG. 2. Nucleotide and deduced protein sequences of four frogbA1/A3-crystallins. The nucleotide sequences of 597 (A
and B) and 648 base pairs (C and D) are shown above the amino-acid sequences of 198 (A and B) and 215 residues (C and
D), which include the translation-initiating methionine as the first amino acid. Asterisks (*>) indicate the stop codonsTAG.
cDNA sequences are marked in every 10-nucleotide segment for easy tracing of sequence contents. Amino acids are denoted
by one-letter symbols. The 39-end oligonucleotide segment (17-mer) is the single primer used in the 59-RACE protocol of
PCR amplification to derive the complete cDNA sequences ofbA1-1 (A), bA1-2 (B), bA3-1 (C) andbA3-2 (D) crystallins.
Note that there is an N-terminal extension of 17 amino acids inbA3-1 andbA3-2 crystallins.
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FIG. 2—Continued
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reactions in the amplification ofb-crystallin cDNAs is reproducible and reliable in supporting
some of our previous studies on froga- andg-crystallin cDNAs employing the PCR protocol of
two-primer system [28,29].
The deduced protein sequences together with the nucleotide sequences of frogbA1/A3 crystallin

subunits are shown inFig. 2 (A)–(D).They consist of 597 and 648 nucleotides; which cover four
full-length polypeptides of 198 (bA1-1 andbA1-2) and 215 (bA3-1 andbA3-2) amino acids
including the initiating methionine. The isoelectric points (pI) for these four frogbA1/A3 crystallin
subunits calculated from the deduced protein sequences are 6.17, 5.77, 5.57 and 5.45 respectively,
in agreement with the common nomenclature in the identification of theseb-crystallin as acidic
b-crystallin subunits.

Structural Comparison of Four FrogbA1/A3 and the Homologous Crystallin Subunits from
Other Vertebrate Species by Multiple-Sequence Alignment

Fig. 3(A) shows the optimal alignment of the four deduced protein sequences from cDNAs for
bA1/A3 subunits. It is of interest to find that they are highly homologous to each other as judged

FIG. 3. Multiple sequence alignment and sequence comparison among bullfrogbA1/A3-crystallins(A) and homologous
bA3/A1-crystallins and bullfroggM1-1 crystallin [29](B). Sequence alignment was carried out in the DNASTAR program
using the published sequences ofbA3/A1 crystallins fromR. temporaria[22], chicken [32], bovine [12] and human [21].
The gaps were introduced for optimal alignment and maximum homology for the sequences. The amino-acid residues
located in the highlighted regions are conserved based on comparison of the sequences. Amino acid residues are denoted
by one-letter symbols. Note that in bovinebA3/A1-crystallin there is a missing segment in the middle region due to
incomplete protein sequencing.
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by percents sequence homology of 96% and 98% shared in the pairs ofbA1-1/bA1-2 andbA3-
1/bA3-2 respectively.bA1-1/bA1-2 andbA3-1/bA3-2 are also very similar regarding their se-
quences with the exception that there is an N-terminal extension of 17 amino acid residues in the
bA3-1 andbA3-2. It has been reported thatbA1- andbA3-crystallins are synthesized by alternate
translation initiation from a common mRNA of the mammalianbA1/A3 crystallin gene for human
[21], mouse [30] and bovine [31] species. In this report we further strengthened and extended the

FIG. 3—Continued
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supposition that translation ofbA1/A3 crystallin subunits commencing at two different initiation
codons operates also at the lower vertebrate species.
In Fig. 3(B) we have chosen two representative bullfrogbA1-1 andbA3-1 sequences for a

sequence alignment and homology comparison with those sequences reported previously for the
homologousbA3/A1 crystallins from another common frog [22], chicken [32], bovine [12] and
human [21] plus one bullfroggM1-1. It is clearly seen that with the exception of bullfroggM1-1
crystallin which shows only 21–24% sequence identity with bullfrogbA3/A1 crystallins, the
sequence similarity among variousbBA1/A3 crystallins from amphibian to mammalian species is
very high (76–80% homology between bullfrog and bovine and 82–88% between bullfrog and
chicken) even from different classes of vertebrates, again underlining the close relatedness of this

FIG. 4. (A) Pair-wise comparison of the percentage similarity and divergence for amino-acid sequences using the
multiple-sequence alignment programLaserGeneby DNASTAR Inc. (Madison, WI, USA). The percentage sequence
similarity between each sequence pair is read from the upper right area and the percentage divergence is shown in the lower
left area of the matrix table. The sequences ofbBp andgM1-1 were taken from bovine [15], bullfrog [29] andbA3/A1
crystallins fromR. temporaria[22], chicken [32], bovine [12] and human [21].(B) Phylogenetic tree of eightbA3/A1 and
bovinebBp plus bullfroggM1-1 crystallin sequences. The trees were constructed based on the percentage divergence
between protein sequences using a combination of distance matrix and approximate parsimony methods according to the
phylogeny generation program of Hein (1990) [25]. This program carries out multiple alignment by imposing restrictions
based on the evolutionary relatedness of the aligned sequences. The length of each pair of branches represents the estimated
sequence distance between aligned pairs. The scale beneath the tree measures the evolutionary distance between sequences
(in millions of years). The dotted line shown forR. temporariapoints to the fact that the sequence distance is not
proportional to the scale.
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conservedbA1/A3 crystallin family. On the other hand, bullfrogg crystallins [29] show only
medial sequence similarity (<25%) to frogbA3/A1 crystallins despite the fact thatb- andg-crys-
tallins have been suggested to form ab/g superfamily based on their partial sequence homology
[11,12]. It is to be noted that the N-terminal extension which is present inbA3-1/bA3-2 and not
in bA1-1/bA1-2 org-crystallin shows much greater variation among different species. Bothb- and
g-crystallins are proposed to possess a conserved two-domain structure [13,14] and N-terminal
extension is believed to be involved in the interactions among differentb-crystallin subunits to
form higherb-crystallin oligomers.

Construction of a Phylogenetic Tree Based on Protein Sequences

In the comparative analysis of sequence similarity based on deduced amino-acid sequences using
multiple-sequence alignment program (DNASTAR Inc.), it was found thatbA1/A3 crystallins of
the bullfrog show 76–87% sequence similarity(Fig. 4A) to the homologousbA1/A3 crystallins of
human, bovine and chicken lenses, which is higher than DNA sequence homology detected among
these species. We have therefore constructed a phylogenetic tree(Fig. 4B)based on the percentage
divergence calculated from the pair-wise comparison of protein sequences of these related crys-
tallins using the algorithm of Hein [25], which is a multiple sequence alignment program that builds
trees as it aligns DNA or protein sequences using a combination of distance matrix and approxi-
mate parsimony methods. In our previous studies [15,28,29] we have found this algorithm is very
useful to align highly evolved gene families and their corresponding protein sequences that exhibit
clear evolutionary relationships as in the cases ofa-, b- andg-crystallin families. The phylogenetic
tree constructed from the comparison of these sequences exemplifies the close relatedness for eight
homologous acidicbA1/A3 crystallins which shared a common ancestral origin with the basicbBp
crystallin. There is a more remote relationship betweenbA1/A3, bBp andg-crystallin even though
they are presumably derived from one common ancestral protein with a structure similar to theb/g
superfamily. The identification of a separate group ofbA1/A3 crystallins in the amphibian class
distinct frombB crystallins attests to the complexity in the evolution ofb-crystallin family.
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