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ABSTRACT AIM1 is a novel gene whose expression is
associated with the experimental reversal of tumorigenicity of
human malignant melanoma. The predicted protein product
of the major 4.1-kb transcript shows striking similarity to the
By-crystallin superfamily. All known members of this super-
family contain two or four characteristic motifs arranged as
one or two symmetrical domains. AIM1, in contrast, contains
12 By motifs, suggesting a 6-domain structure resembling a
trimer of B- or y-crystallin subunits. The structure of the
AIM1 gene shows remarkable similarity to B-crystallin genes,
with homologous introns delineating equivalent protein struc-
tural units. AIM1 is the first mammalian member of the By
superfamily with a primarily non-lens role. Other parts of the
predicted AIM1 protein sequence have weak similarity with
filament or actin-binding proteins. AIM1 is a good candidate
for the putative suppressor of malignant melanoma on chro-
mosome 6, possibly exerting its effects through interactions
with the cytoskeleton.

AIM]1 (absent in melanoma) is a novel gene whose expression
is altered in association with tumor suppression in a model of
human melanoma (1). The AIMI gene is localized to 6q21,
within the putative chromosome 6 tumor suppressor region for
human melanoma (2). Characterization of the AIM1 gene and
its major transcripts reveals, unexpectedly, that AIM1 belongs
to the By-crystallin (By) superfamily.

The optical properties of the eye lens largely depend on
abundant soluble structural proteins, the crystallins (3-5).
Although some crystallins are enzymes, the result of relatively
recent gene recruitment events in distinct evolutionary lin-
eages, other crystallins, related to stress-inducible proteins,
have more ancient origins and are represented ubiquitously in
all vertebrates (6, 7). This ubiquitous class includes the 8- and
v-crystallins, which are closely related in sequence and in gene
and protein structure (8).

Three non-lens members of the By superfamily have been
identified through a conserved sequence signature: Protein S
of Myxococcus xanthus, a sporulating bacterium (9, 10);
spherulin 3a of the slime mold Physarum polycephalum (11,
12); and an epidermis differentiation-specific protein (EDSP
or ep37) of the amphibian Cynops pyrrhogaster (13-15).

The structure of Protein S has been confirmed by NMR
analysis (16). The structure of a yeast killer toxin (WmKT) has
also revealed unexpected similarity to the folding pattern of
the By superfamily (17). Although an ancestral relationship
has been discussed, WmKT may represent an interesting
example of evolutionary convergence.
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Except for spherulin 3a, and possibly WmKT, with two
motifs, all other identified members of the By superfamily have
a 4-fold repeat of the characteristic 8y motif. In contrast, AIM1
contains 12 By motifs. Furthermore, the exon/intron structure
of the AIM1 gene shows remarkable similarity with B-crystallin
genes, with each motif coded by a separate exon.

Protein S, a calcium-binding protein of the bacterial spore
coat, and spherulin 3a, a development-specific protein, are
both induced by stresses that trigger sporulation or encystment
(18). EDSP is expressed specifically in differentiating ecto-
derm (13). In lens, B- and +y-crystallins are expressed specif-
ically in differentiating and elongating fiber cells. The con-
nections of various members of the By superfamily with
processes of stress response, differentiation, and changes in
cell morphology may provide clues for the possible function of
AIM1I in suppressing melanoma tumor formation and in nor-
mal tissues.

MATERIALS AND METHODS

c¢DNA Cloning. A 554-bp ¢cDNA fragment of AIMI was
originally isolated from a subtracted cDNA library (2). Using
driver-driven cDNA subtraction of microcell-suppressed sub-
lines provides a significant improvement in detecting differ-
entially expressed clones over other strategies attempted (e.g.,
differential display; ref. 2). Based on the sequence of this
fragment, an oligonucleotide was designed (AIM1-R1: 5'-
GCAACAGGGTTATTCATGTC-3") for hybridization cap-
ture of longer AIM1 cDNA clones from a human liver library
using the GIBCO/BRL GeneTrapper cDNA System (follow-
ing manufacturer’s instructions). Multiple clones isolated by
this procedure were selected for sequencing.

Northern Blot Analyses. RNA was isolated from several
human melanoma cell lines: A375, JT 88, M91-054, UACC
091, UACC 383, UACC 827, UACC 1273, and UACC 1308.
Expression in human tissues and other tumor was examined
using Northern blots from CLONTECH. Probes spanning the
length of the AIM1 cDNA were generated by PCR. RNA
isolation and Northern blot analyses were performed as de-
scribed (2).

Genomic Sequencing and Primer Extension. A genomic P1
clone (GS 5245) positive for AIM1 was isolated (2) and used
as template for genomic sequencing using the custom AIM]
cDNA sequencing primers. The 5 end of the gene was
identified by primer extension of total cellular RNA from cell
line UACC-903(+6) with specific antisense primers AIM1-32
(5'-ATCACTACCTTTCCAGGTCG-3") and AIM1-56 (5'-
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ACTAATCACGACCGGCTCGT-3') by using standard
methods (19). The GenBank accession number for the AIM1
cDNA is U83115. The genomic sequence of the 5’ end that
gives the first ~80 codons of exon 1 and the putative promoter
region is accession number U83116.

Sequence Comparison and Molecular Modeling. The se-
quence of AIM1 was compared with nucleotide and protein
sequence databases using BLAST programs (20). Divergent By
motifs were revealed by inspection. Structural models for
AIMI1 were investigated using QUANTA (Molecular Simula-
tions, Waltham, MA) running on a Silicon Graphics worksta-
tion.

RESULTS

AIM1 Is Associated with Suppressed Melanoma. Based on
sequence from the original AIMI cDNA fragment isolated
from the suppressed melanoma cell line UACC-903(+6) (1, 2),
14 clones with cDNA inserts ranging from 2.8 kb to 6.8 kb were
isolated from a human liver library. Expression of AIMI in
melanoma, normal tissues, and other tumors was examined by
Northern blotting. UACC-903 is a highly tumorigenic human
melanoma cell line, while UACC-903(+6) and D151JA are
both microcell hybrid derivatives of UACC-903 that show
marked suppression of tumorigenicity due to complete or
partial chromosome 6 introduction (1). As shown in Fig. 14,
two major AIM1 transcripts of 4.1 and 7.2 kb were detected in
UACC-903(+6) and D151JA, whereas neither could be de-
tected in the parental line UACC-9032. Thus, AIM1 expres-
sion is associated with chromosome 6-mediated tumor sup-
pression of human melanoma. AIM1 expression was also
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Fic. 1. Expression of AIM1 in tumor cells and normal tissues.
Northern blot analyses of: human melanoma cell line UACC-903, its
suppressed hybrid, UACC-903(+6), and its radiation-reduced chro-
mosome 6 hybrid, D151JA (A); eight additional human melanoma cell
lines (B); normal human tissues (C); human tumor cell lines (promy-
elocytic leukemia HL-60, cervical carcinoma HeLa S3, chronic my-
eloid leukemia K-562, lymphoblastoid leukemia MOLT-4, Burkitt’s
lymphoma Raji, colorectal adenocarcinoma SW 480, lung carcinoma
A549, and melanoma G361 cells) (D).
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undetectable in eight other human melanoma cell lines (Fig.
1B).

In normal human tissues AIM1 showed tissue-preferred
expression (Fig. 1C). The 4.1-kb AIM1 transcript was abun-
dant in placenta. The 7.2-kb transcript was also present at
lower levels in placenta and was detectable in heart, lung, and
pancreas. No detectable expression was seen in brain or
skeletal muscle, and expression was barely detectable in liver
and kidney. In other human tumors, AIM1 expression was
significant in the promyelocytic leukemia cell line HL-60,
cervical carcinoma cell line HeLa S3, chronic myeloid leuke-
mia cell line K-562, and lymphoblastoid leukemia cell line
MOLT-4 (Fig. 1D). Burkitt’s lymphoma Raji cells showed high
expression, while none was detectable in colorectal adenocar-
cinoma cell line SW480, lung carcinoma A549, or melanoma
G361. Both 7.2-kb and 4.1-kb transcripts were detected in these
tumor cells, with highest expression of the 7.2-kb AIMI1
transcript in Burkitt’s ymphoma cells. Variant transcript sizes
were detected in several tissues and lines, possibly the result of
alternative transcription or posttranscriptional events.

Sequence Analysis of AIM1. A 6.8-kb sequence cDNA was
assembled from 14 clones. One clone revealed an alternative
polyadenylation signal (position 5528-5532 in the complete
7.2-kb transcript sequence), which could account for some of
the minor transcripts observed (Fig. 1). The cDNA sequence
contained a long ORF with a 1,906-bp 3’ untranslated region
(UTR) including a single Alu element. A BLASTN search (20)
revealed that UTR sequences are closely similar to several
ESTs (GenBank accession numbers G06991, H12321, H40510,
H52190, R67842, R83261, R88722, R90978, and T53644);
however, the rest of the AIM1 sequence revealed no close
identity with known sequences.

The sequence of AIM1 (Fig. 24) was completed by sequenc-
ing a P1 genomic clone (GS 5245). Intron positions were
identified and the likely 5" end of the AIM1 7.2-kb transcript
OREF was located. The 5’ termini of both the 7.2- and 4.1-kb
AIM1 transcripts were determined by primer extensions of
RNA from UACC-903(+6). The start site for the 7.2-kb
transcript was identified 120 bp upstream of the translation
start site. The 5’ end of the 4.1-kb transcript was found to be
20-30 bp upstream of the second intron position (Fig. 2B). The
5" end of the 4.1-kb transcript thus may originate from a
presently unidentified alternative first exon.

AIM1 Encodes a Novel Gene Product Related to - and
y-Crystallins. The long ORF of the 7.1-kb AIM1 transcript
codes for 1,723 amino acid residues with a molecular mass of
189 kDa, whereas the predicted product of the 4.1-kb tran-
script, possibly including a small unidentified first exon, would
correspond to a protein 717-727 amino acids with molecular
mass of 81-83 kDa. BLAST database searches showed that the
700-residue C-terminal region of AIM1, corresponding closely
to the product of the 4.1-kb mRNA, has extensive similarity
with members of the By superfamily.

The multimeric B- and monomeric y-crystallins are closely
related proteins that are major components of the vertebrate
eye lens (7, 21). Both families consist of two highly similar
domains, joined by a connecting peptide. Each domain consists
of two similar structural motifs of a modified greek key type
(22), composed of four antiparallel B-strands: a, b, ¢, and d (8).
In B- and y-crystallins (8, 23, 24) and Protein S (16), the paired
B-sheets pack closely together forming a symmetrical wedge-
shaped domain.

By motifs may be further classified as A- or B-type. Verte-
brate members of the By superfamily conform to an ABAB
motif pattern (7). B-type motifs are the most highly conserved
and form most of the contacts between domains (8, 23, 24). In
Protein S, the order of motifs is reversed to BABA, suggesting
a separate history of duplication events (10, 16).

The folding and packing requirements of By motifs define a
characteristic sequence signature. Using motif 1 of bovine
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FiG. 2.  (A) The sequence of human AIMI. Protein sequence is shown in single-letter code. Relative positions of introns in the AIMI gene are
marked by vertical lines. The 12 By motifs are numbered and indicated by colored boxes. A-type motifs are blue and B-type motifs are red. Short
underlines indicate connecting peptides between predicted structural domains. Gray shading indicates the position of the two novel linker peptides.
(B) Schematic of the complete AIM1 gene is shown with shaded portions representing coding sequence and splicing as indicated. For the 7.2-kb
AIMLI transcript, a large first exon is followed by 17 smaller exons. The 4.1-kb AIM1 transcript begins just upstream of the second exon, probably
beginning with an unidentified, 20- to 30-bp first exon containing a translation start codon.

yB-crystallin (8, 23, 25) as an archetype, the most important
residues are G13, F or Y at positions 6 and 11, and S34. Other
positions are also well conserved, particularly in B-type motifs,
with their characteristic Tyr and Trp corners (26).

AIMI1 Protein Structure. Alignment of 12 AIM1 amino acid
segments (al-al2) with the By motifs of bovine yB-crystallin,
Protein S (9), and EDSP (7, 13) reveals clear sequence
similarity (Fig. 34). The 12 AIM1 motifs follow the ABAB
pattern with highest conservation of B-type motifs. However,
some A-type motifs are quite divergent. Motifs al and a7 lack
the important G13 of the hairpin between strands a and b. In
al, there is a second unusual substitution of leucine for the
conserved S34, which could compensate for the less tightly
folded hairpin and for the less bulky valine at position 6. In
spite of these differences, a generally similar By motif structure
is possible for these motifs.

The other major differences between AIM1 motifs and
those of other superfamily members are increased length in the
c¢-d loops in motifs al and a2. Secondary structure prediction
suggests that these extensions may form «-helical structures,
reminiscent of those in motifs 1 and 3 of Protein S (16).

Overall, the first domain of AIM1 (motifs al and a2) is the
most divergent in structure. In crystallins, stability is so
important that structural compromises are probably strongly
disfavored. In AIM1, functionality is likely to be more impor-
tant than stability, so major modifications of the ancestral fold
may have occurred to enhance function. Thus, the divergent
al/a2 domain may have an important role in AIM1 function.

Connections Between Motifs. The By motifs of AIM1 are
linked in three different ways. First, the connections between
A/B pairs of motifs, al/a2, a3/a4, a5/a6, a7/a8, a9/al0, and
all/al2, are of zero length, so that these motifs must associate
directly to form domains. Next, there are three connecting
peptides between motifs a2/a3, a6/a7, and al0/all joining
domains. These connecting peptides have a special significance
in B- and vy-crystallins.

vy-Crystallins are monomers and have “bent” connecting
peptides that allow the B-type motifs of the two domains in the
same polypeptide to associate (8, 23). B-crystallins, in contrast,
have extended connecting peptides (24). Because domains in
the same monomer cannot associate in this conformation,
dimerization occurs through interdomain interactions between
N- and C-terminal domains of separate polypeptides. In some
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Fi16.3. (A) Alignment of the 12 By motifs of AIM1 (al-al2) with
A- and B-type By motifs from Protein S (ps-1 through ps-4), bovine
yB-crystallin (g-1 through g-4), and EDSP (e-1 through e-4) (7).
Numbers above indicate the positions of structurally critical residues
in motif 1 of bovine yB-crystallin. The positions of B-strands a, b, c,
and d are indicated below, along with the characteristic Trp and Tyr
corners of B-type motifs. Important residues highlighted in black are
glycine at position 13, aromatic residues at positions 6 and 11, and
serine at position 34. Residues highlighted in gray are generally
hydrophobic and contribute to packing between B-sheets. (B) Align-
ment of AIM1-connecting peptide sequences (a2/a3, a6/a7, and
al0/all) with those of bovine 8B2- and yB-crystallin. For comparison,
motif sequences are numbered according to the scheme for motif 1 of
vB. The extra residues of the connecting peptide are numbered p1-p5.

experiments, engineering of a y-crystallin connecting peptide
into a B-crystallin leads to monomer instead of dimer forma-
tion (27, 28).

In AIM1 the connecting peptides are slightly more B-like
than y-like (Fig. 3B). The a6/a7 connecting peptide sequence
contains P 37, typical of B-crystallins, whereas none of the
AIMI peptides contain P 39, typical of y-crystallins (29). The
AIM1 peptides also contain acidic residues at position p2, and
aromatics at p3.

AIM1 also contains two 9-10 residue peptides linking motifs
a4 /a5 and a8/a9. Inspection of the structure of the B2 dimer
(24) shows that peptides of this length would be sufficient to
link the C-terminal domain of one BB2 monomer to the
N-terminal domain of its dimer partner. These linker peptides
would also be long enough to link up monomers in a yB
conformation.

Models of AIM1 Domain Assembly. The 12 By motifs would
form a structure resembling a trimer of - or y-crystallins. A
possible model for AIM1 assembly with pseudo-threefold
symmetry is illustrated in Fig. 44. In this model the connecting
peptides between motifs a2/a3, a6/a7, and al0/all adopt an
extended, B-like conformation. B-type motifs form interdo-
main contacts in the order a2/al2, a4 /a6, and a8/al0 with the
longer a4/a5 and a8/a9 linker peptides joining pairs of do-
mains with interdomain contacts. This would be a relatively
constrained structure with each domain linked covalently or

Proc. Natl. Acad. Sci. USA 94 (1997)

FiG. 4. Modeling the By motifs of AIM1. (4 and B) schematics of
pseudo-threefold AIM1 structures. (4) pB-like conformation with
“straight” connecting peptides shown as dotted line. (B) vy-Like
conformation with “bent” interdomain-connecting peptides. (C) A
conceptual illustration of the pseudo-threefold structure. Pairs of
domains from the BB2 structure [Bax et al. (24)] were assembled at
separations consistent with the lengths of connecting peptides. Non-
hydrogen atoms are shown in a van der Waals representation.

noncovalently to two others. There are various possibilities for
the orientations of the paired domains, but one option would
be a three-bladed propeller with a twist about each of the
connecting peptides. A conceptual illustration of this idea is
shown in Fig. 4C.

Another threefold arrangement could be formed with the
connecting peptides in a y-like, bent conformation (Fig. 4B).
This arrangement would give no covalent or noncovalent link
between the first (al/a2) and last (all/al2) domains and
would probably be more flexible than the 8-like model. Finally,
there is the possibility that AIM1 domains form inter- rather
than intramolecular contacts, perhaps dimerizing with one or
more additional AIM1 molecules or other By superfamily
members.

Exon/Intron Structure. AIM1 provides the first example of
exon/intron structure for a non-lens member of the By super-
family and shows remarkable similarity to B-crystallin genes (7,
21, 30). In these genes each structural motif is encoded in a
separate exon (Fig. 5). The two “intradomain” introns are in
phase 2 and both fall within the codon of the second residue
of a B-type motif. These introns are missing from the otherwise
very similar +y-crystallin genes (7, 21, 31). The N-terminal
“arm” of a B-crystallin is encoded in one or two exons
upstream of the first A-type motif and separated from it by an
intron in phase 0. A similar intron falls near the beginning of
sequences coding for the interdomain connecting peptide and
thus separates exons encoding motifs 2 and 3.
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F1G.5. The correspondence of gene and protein structure in the By
superfamily. Structures of “generic” B- and +y-crystallin genes and of
AIM1 are shown with boxes representing exons. Coding sequences are
shown in black. Exons are numbered according to the motif(s) they
encode; upstream exons in the crystallins have negative numbers, while
exons coding for linker peptides in AIM1 are labeled L1 and L2. The
phases of introns are shown in parentheses. The fourfold pattern of the
greek key motifs in a crystallin is indicated.

Precisely the same pattern and organization is seen in AIM1
(Figs. 2 and 5). The additional linker sequences L1 and L2 are
coded separately in exons, flanked by phase 0 introns, remi-
niscent of the exons for the N-terminal arms of B-crystallins
and suggesting possible common evolutionary origins. In 8B-
crystallins, C-terminal extensions are coded in the same exon
as motif 4, the final B-type motif. In AIM1, however, the exons
for every B-type motif end at the same position with phase 0
introns and include no linker or arm sequences.

N- and C-terminal Sequences of AIM1. Flanking the 12 By
motifs are novel AIM1. The 1,000-residue N-terminal region
of the 7.2-kb mRNA product shows weak similarity with
neurofilaments, and secondary structure prediction suggests
that this region is predominantly o-helical. It may form an
extended filament, capable of interaction with cytoskeleton.
C-terminal to the 12 By motifs is a region of about 130 residues
that shows local similarities with members of the gelsolin
family, particularly one from Caenorhabditis elegans (GenBank
U01183) (not shown), focusing on a twofold repeat of a
DXXXDXXXW motif. Gelsolins are actin-modulating pro-
teins (32).

DISCUSSION

AIM1 maps closely to a locus for suppression of malignant
melanoma on chromosome 6. It is not expressed in tumori-
genic but is expressed at high levels in suppressed melanoma
cells. As such, it is a strong candidate for a functional role in
suppression of malignancy. The AIMI gene gives rise to two
major transcripts, both encoding sequences showing member-
ship in a widespread superfamily, the By-crystallins.

All members of the By superfamily contain repeats of a
characteristic structural motif. It has been suggested that gene
duplication gave rise to two similar ancestral motifs. Gene
fusion resulted in a symmetrical one-domain protein, perhaps
resembling spherulin 3a of P. polycephalum (11, 12). Subse-
quent gene duplication and fusion led to the four-motif
members of the superfamily, with an ABAB pattern, which
later proliferated into multigene families (3, 7, 21).

AIMI represents the most extreme case of this evolutionary
process. It contains 12 By motifs arranged in an (AB); pattern.
Each AB pair shows characteristics of a single domain, each
ABAB unit resembles a 8 or y monomer with a connecting
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peptide linking two domains, and the ABAB units are joined
with novel linker peptides. Overall, AIM1 resembles a trimer
of B- or +y-crystallins. There are several possibilities for the
subunit arrangement of this protein, but one interesting pos-
sibility is a pseudosymmetrical threefold arrangement with
each domain covalently or noncovalently bonded to two other
domains.

The B- and y-crystallins have provided one of the most
striking examples of mapping between genomic and protein
structures. AIM1 emphasizes this mapping even further, with
multiple structural motifs and distinct linker peptides coded in
separate exons. It also shows that the arrangement of exons
and introns in the vertebrate members of the superfamily must
be older than the origins of the - and y-crystallins themselves.
In B-crystallin genes, each structural motif is encoded by a
separate exon, whereas y-crystallin genes lack introns between
motifs within each domain (7, 21). AIM1 provides the first
examples of intron positions in a noncrystallin member of the
superfamily. Remarkably, the introns defining each ABAB
unit of AIM1 are precisely homologous to those of B-crystallin
genes, suggesting that B-crystallin genes retain the ancestral
structure of the family. y-Crystallin genes must have lost the
ancestral intradomain introns, perhaps as a result of gene
conversion with a processed pseudogene. Because both A/B
introns are missing in these genes, it may have taken two such
events to eliminate both introns. However, because y-crystal-
lins retain the B/A intron between domains, common to
B-crystallins and AIMI, it seems likely that this intron was
present ancestrally and that the last common ancestor of this
superfamily in vertebrates had the four-motif structure.

The B- and +y-crystallins are highly stable structural proteins
of the vertebrate eye lens (3, 5, 7). Their sheer abundance in
lens contributes to the refractive index and optical properties
of the tissue. However, it seems likely that they also have roles
beyond that of passive “filler.” Although mammalian y-crys-
tallins may be truly lens-specific, some B-crystallins are ex-
pressed at lower levels in several non-lens tissues (33, 34). A
relative of the B- and y-crystallins, EDSP/ep37 of Cynops (14),
is expressed in differentiating epidermis and shows an intra-
cellular localization consistent with an association with cy-
toskeleton and a possible role in cell morphology (13, 15).
Indeed, it has been suggested that the recruitment of many
crystallins, including some of the enzyme crystallins, may have
connections with processes in cell elongation, a key feature of
lens cell differentiation (6, 7). B- and y-crystallins are ex-
pressed specifically in elongating lens fiber cells that are
undergoing large changes in cytoskeletal architecture and
composition.

This suggests the possibility that By superfamily members
may have roles in management of cell morphology and shape.
This may also apply to AIM1, which, in addition to its similarity
to the By superfamily, also contains regions with weak simi-
larity to filaments or to a family of actin-binding proteins.
Indeed, suppressed melanoma cells [UACC-903(+6)] express-
ing AIM1 have a flattened and stellate morphology, distinct
from the irregular, “grape-like” morphology characteristic of
the parental tumorigenic melanoma cells (UACC-903) (1).
Lack of mediators of normal cell morphology could contribute
to cells becoming anchorage-independent and invasive, result-
ing in a higher tumorigenic and metastatic potential. In this
regard, it is intriguing to note that there are no natural tumors
of vertebrate lens fiber cells.
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