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ABSTRACT: AIM1 (absent in melanoma), a candidate suppressor of malignancy in melanoma, is a nonlens
member of theâγ-crystallin superfamily, which contains six predictedâγ domains. The firstâγ-crystallin
domain of AIM1 (AIM1-g1) diverges most in sequence from the superfamily consensus. To examine its
ability to fold and behave like a normalâγ domain, we cloned AIM1-g1 and overexpressed it inEscherichia
coli as a recombinant protein. The recombinant domain was found to be a stable, soluble protein, similar
to lens proteinγΒ-crystallin in secondary structure. The tertiary structure of AIM1-g1 is dominated by
the contribution of aromatic amino acids and cysteine. AIM1-g1 undergoes concentration-independent,
noncovalent homodimerization with no trace of monomer, similar to a one-domain protein spherulin 3a.
Since manyâγ domain proteins bind calcium, we have also investigated the calcium-binding properties
of AIM1-g1 by various methods. AIM1-g1 binds the calcium-mimic dye Stains-all, the calcium probe
terbium (withKD 170µM), and45Ca when blotted on a membrane. AIM1-g1 binds calcium (KD 30 µM)
with a comparatively higher affinity than bovine lensγ-crystallin (90µM). However, calcium binding
does not induce significant change in the protein conformation in the near- and far-UV CD and in
fluorescence. The AIM1-g1 domain is as stable as domains ofâγ-crystallins (âB2- or γS-crystallins) as
monitored by guanidinium chloride unfolding (midpoint of unfolding transition is 1.8 M GdmCl), and the
stability of the protein is not altered upon binding calcium as evaluated by equilibrium unfolding. These
results show that, despite the sequence variation, AIM1-g1 folds such as aâγ domain, binds calcium and
undergoes dimerization.

Absent in melanoma 1 (AIM1)1 was originally identified
as a gene whose expression is associated with suppression
of malignancy in melanoma (1). AIM1 is expressed in many
normal tissues, including skin, liver, lung, heart, and kidney
(2). It is absent in melanoma cells but is expressed in
suppressed melanoma cell lines that have been transfected
with the tumor suppressor region of human chromosome
6q21 (1, 3).

Structurally, AIM1 belongs to theâγ-crystallin superfam-
ily (1). This is an ancient and diverse superfamily represented
by proteins expressed in many species, ranging from
prokaryotes to mammals. These proteins share structural
similarity with the relatedâ- and γ-crystallins of the
vertebrate eye lens (4). This is reflected by the presence of
a characteristic Greek key motif of about 40 residues, a

supersecondary element that folds into four antiparallel
â-strands (a, b, c, and d) (5, 6) and bears a sequence signature
that includes structurally important conserved aromatics at
positions 5 and 11, glycine at position 13, and serine at
position 34, as numbered relative to the first motif ofγB-
crystallin (4, 6-9). Two Greek keyâγ motifs associate with
pseudosymmetry to form one domain, and the protein
superfamily contains members with one, two, or multiple
domains. The lensâ- and γ-crystallins (10), spore coat
protein S fromMyxococcus xanthus(11, 12), epidermal-
differentiation protein EP37 from a Japanese newt (11, 13,
14), and calcium dependent calmodulin-binding membrane
proteins fromParamecium tetraurelia(15) are some ex-
amples of known or predicted two-domain proteins. The one-
domain members are represented by spherulin 3a from
Physarum polycephalum(16, 17), and possibly, by more
divergent proteins, WmKT (a toxin) fromWilliopsis marakii
(17, 18) and SMPI, a metalloproteinase inhibitor from
Streptomyces(19).

AIM1 is a multidomain nonlens member of the super-
family, with six predictedâγ domains formed from 12âγ
Greek key motifs (1). In the AIM1 gene, the 12âγ motifs
are encoded by separate exons with exactly the same intron
positions as in the lensâ-crystallins. The 12 AIM1âγ motifs
follow the repeated ABAB pattern with the highest conserva-
tion of B-type motifs. However, some A-type motifs are quite
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divergent. The most divergent pair of motifs in AIM1 makes
up the first predictedâγ domain (AIM1-g1). In the first motif
of AIM1-g1 some of the key signature residues, particularly
the highly conserved Gly13, are replaced by glutamate, and
Ser34 is substituted by leucine, while the second motif has
an unusually long loop between strands c and d (1). However,
other features of the sequence are still consistent with the
formation of aâγ-like domain. This AIM1-g1 domain helps
to explore the limits of relationship between structure and
sequence in this superfamily.

While many aspects of the function ofâγ-crystallin
superfamily proteins are still unclear, several members share
the ability to bind calcium ions. In particular, two microbial
members of theâγ superfamily, protein S (12, 20, 21) and
spherulin 3a (8, 22), have been shown to possess calcium-
binding sites that have been precisely defined in structural
studies. We have earlier demonstrated evidence for calcium
binding to bovine lensâΗ- andγ-crystallins (23-26). In this
work we have, therefore, cloned and expressed the firstâγ
domain of AIM1 (AIM1-g1) and examined the secondary
structure, calcium-binding properties, homodimerization, and
stability of this single domain. We show that despite its
variant cDNA sequence, AIM1-g1 forms a stable, soluble
protein with all the characteristics of aâγ domain, including
homodimerization. Furthermore, we show that AIM1-g1
binds calcium, and this property may be relevant to the
possible role of AIM1 in the cancerous and normal cell.

EXPERIMENTAL PROCEDURES

Construction and Cloning of the Firstâγ-Crystallin
Domain (AIM1-g1) of AIM1.The sequence and the cloning
strategy of the full-length gene of AIM1 have been described
earlier (1). For subcloning the first two Greek keyâγ motifs
(a1 and a2, 96 residues) forming one crystallin domain of
AIM1, corresponding to 1021-1117 residues (accession
number U83115), gene-specific primers were designed with
NdeI and SacI sites and were PCR-amplified. The resultant
PCR product was subcloned into a pET17b expression vector
(Novagen). The sequence of the clone was confirmed by
DNA sequencing on an automated DNA sequencer (ABI
Prism 3700). The pET17b-AIM1-g1 clone was transformed
into BL21(DE3)plysS cells for protein expression.

OVerexpression and Purification of AIM1-g1 Domain.A
1-L culture ofEscherichia coliBL21(DE3)plysS harboring
the appropriate plasmid was grown at 37°C in 2YT medium
supplemented with 100µg/mL ampicillin to an OD600 of 0.6.
Protein expression was then induced with 1 mM IPTG. After
4 h of IPTG induction, cells were harvested by centrifugation
and lysed by sonication at 4°C in 50 mM Tris-HCl, pH 8
buffer containing 1 mM EDTA, 100 mM NaCl, and 0.1 mM
phenyl methyl sulfonyl fluoride. The lysate was centrifuged
at 15 000 rpm for 30 min at 4°C. The resultant supernatant
was then dialyzed against 25 mM Tris-HCl, pH 8, 1 mM
EDTA, and 1 mM DTT (buffer A) and applied to a
Q-Sepharose fast flow (Pharmacia-Amersham) column pre-
equilibrated with buffer A. Protein was eluted using a linear
gradient from 0 to 0.5 M sodium chloride in buffer A. The
fractions containing AIM1-g1 were pooled, concentrated by
an Amicon concentrator, and finally purified on a Superdex
75 (HR 10/30) size-exclusion column (Pharmacia) in buffer
A where AIM1-g1 eluted at 12.6 mL.

Far- and Near-UV CD. Circular dichroism (CD) spectra
were recorded on a Jasco J-715 spectropolarimeter at room
temperature. Far-UV CD of protein was performed in 50
mM Tris-HCl, pH 7, containing 100 mM KCl and 1 mM
DTT. The path length used was 0.02 cm, and protein
concentration of 1 mg/mL was used. Near-UV CD was
performed in the same buffer in a 1 cmpath length cell.
Protein concentration used for near-UV CD was 0.4 mg/
mL. All spectra were baseline corrected. Ellipticities are
expressed in millidegrees. The effect of cation on near- and
far-UV CD was studied by titrating the protein solution with
calcium.

Fluorescence Spectroscopy. Fluorescence emission spectra
were recorded in correct spectrum mode on a F-4500 Hitachi
Fluorescence spectrophotometer at an excitation wavelength
of 295 nm. The excitation and emission band-passes were
set at 5 nm each. The effect of calcium on the emission
spectra was studied by titrating the protein solution with
calcium.

Superdex 75 FPLC. The molecular mass of the protein
under native conditions was determined by a properly
calibrated Superdex 75 (HR 10/30) size-exclusion column
(Pharmacia-Amersham) in 50 mM Tris-HCl, pH 7.2, 100
mM NaCl, 1 mM EDTA, and 3 mM DTT. The flow rate
used was 0.5 mL per min.

Equilibrium Unfolding Measurements. Denaturant-induced
equilibrium transitions were monitored by incubating the
protein for 24 h at varying concentrations of GdmCl (0-5
M) in buffer (50 mM Tris-HCl, pH 7, containing 100 mM
KCl, 1 mM DTT) containing either 3 mM EDTA or 3 mM
CaCl2. Denaturant concentrations were calculated from the
refractive indices of the solutions (27). Samples were excited
at 280 nm, and emission spectra were recorded. Buffer
subtraction was done for each measurement. Protein unfold-
ing was monitored by following changes in the intrinsic Trp
emission fluorescence as a function of GdmCl concentration.
The λem shifted gradually from 333 nm in 0 M GdmCl to
355 nm around 3 M GdmCl. Thisλem is typical for a fully
solvent exposed tryptophan and is used as an indication of
complete unfolding. For refolding experiments, the AIM1-
g1 protein was denatured for 12 h in 6 M GdmCl in 50 mM
Tris-HCl, pH 7, 100 mM KCl, 1 mM DTT at a concentration
of 8 µM. Then the protein was diluted to a concentration of
0.27 µM at the indicated final GdmCl concentrations. The
intrinsic Trp emission fluorescence were recorded after 4 h
of incubation.

Stains-All Binding. Stains-all binding to AIM1-g1 was
performed in 2 mM MOPS pH 7.2 buffer containing 30%
ethylene glycol, as described earlier (28, 29). Calcium-free
protein solution was mixed with dye, incubated in dark for
10 min, and CD was recorded in a 1 cmpath length cell
from 400 to 700 nm. To study the effect of calcium on the
dye-protein complex, calcium chloride solution was added,
and CD spectra was recorded. The ellipticities were repre-
sented in millidegrees. The dye concentration used was 75
µM as estimated by its absorption coefficient (28). Protein
concentration was 0.02 mg/mL. The calcium concentrations
used were 0, 300µM, 500 µM, and 1 mM.

Terbium Binding. A fresh stock solution of terbium
chloride was prepared in water. The metal free protein
solution (37µg/mL) equilibrated in 50 mM Tris-HCl, pH
7.0, containing 100 mM KCl and 2 mM DTT was then
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titrated by adding small aliquots of TbCl3 solution (0-250
µM TbCl3), allowing 15 min for equilibration after each
metal addition prior to measurement. The fluorescence
emission spectra were recorded from 400 to 560 nm with
the excitation wavelength set at 280 nm in a F-4500 Hitachi
spectrofluorimeter. The spectra were corrected with an equal
amount of terbium chloride blanks.

The free Tb3+ concentration ([Tb]f) was determined as
the difference of the total ([Tb]tot) and bound concentrations
(30):

Where [P]tot is the total protein concentration, F is observed
Tb3+ emission, Fmin is the invariant background reading in
the absence of Tb3+, and Fmax is the emission when binding
sites are saturated with Tb3+.

The resulting binding curve was fit using the equation

WhereKD is the dissociation constant of Tb3+ binding to
the protein.

Eq 2 was rearranged into a linear equation, andKD was
calculated from the slope of the plot 1/[Tb]f versus Fmax -
F/F - Fmin

45Ca OVerlay Method. Calcium binding to AIM1-g1 was
evaluated by45Ca membrane overlay method originally
described by Maruyama et al. (31). AIM1-g1 (50 µg) was
spotted onto a PVDF membrane using a dot-blot apparatus.
The membrane was equilibrated in a solution containing 10
mM imidazole-HCl, pH 6.8, 60 mM KCl, 5 mM MgCl2 and
then incubated for 15 min at 25°C in the same buffer
containing 1µCi/mL of 45Ca (NEN, USA) (final concentra-
tion of 2 µM CaCl2). The membrane was then rinsed twice
in 45% ethanol, dried, and exposed to the phosphorImager
screen, and the signal was read in PhosphorImager (Fuji Bas-
1800).

45Ca Binding by Hummel-Dreyer Method.The binding
of 45Ca to AIM1-g1 protein was studied using the chromato-
graphic method of Hummel and Dreyer (32). Plastic contain-
ers, tubes, and bottles were used to avoid Ca2+ contamination
from laboratory glassware. A Sephadex G-25 column (0.7
× 40 cm) was equilibrated with 50 mM Tris buffer, pH 7.0,
100 mM KCl, 2 mM DTT containing varying amounts (0.1-
20 µM) of calcium chloride solution (including45Ca).
Calcium free protein solutions were equilibrated with gel-
filtration buffer containing45Ca for 30 min at room temper-
ature and applied to Sephadex G-25 column. Fractions of
0.6 mL were collected, and total radioactivity in each fraction
was counted for45Ca in a Hewlett-Packard liquid scintillation
counter. Bound calcium concentrations were determined from
the area of the trough of these chromatograms. Klotz plot
(reciprocal plot, 1/r vs 1/A) of the data collected at different
free Ca2+ concentrations was used to estimate the binding
constants (33).

RESULTS

Engineering and Preparation of the Firstâγ-Crystallin
Domain of AIM1. We have engineered the first predicted

âγ-crystallin domain of AIM1, designated AIM1-g1. This
consists of the first two predictedâγ motifs (Figure 1a),
corresponding to residues 1021-1117 in the published
sequence (1). The sequence of the domain and strategy of
cloning is outlined in Figure 1b. Despite the nonconsensus
sequence changes in the first motif of this domain, the
recombinant protein expressed well inE. coli as a soluble
protein. The purification was achieved by a combination of
ion-exchange (Q-Sepharose, fast flow) and gel-filtration
chromatography (Superdex 75 FPLC column). The purified
protein was characterized by SDS-PAGE (Figure 1c) and
by electrospray ionization mass spectrometry. Mass spec-
trometry measurements resulted in a monoisotopic mass of
10 800.4 Da, which is in agreement with the theoretical mass
(Mr calc ) 10 807 Da).

Secondary and Tertiary Structure. To see if this domain
folds properly, the native state of the recombinant protein
AIM1-g1 as well as structural changes upon Ca2+ binding
were monitored by far- and near-UV CD (Figure 2). The
secondary structure shows a minimum around 218-220 nm,
which indicates that the recombinant protein is in aâ-sheet
conformation and is properly folded (Figure 2a). In addition,
there is a positive peak signal at 230-232 nm, which is
known to be due to the La transition of Tyr with contribution
from the Bb band of the indole ring of Trp (34-36). The
crossover point is shifted toward blue at 196-197 nm, which
could be due to the contribution via coupling of the aromatic
transitions because of the proximity of these residues in the
domain. Overall, the secondary structure is similar to bovine
γB-crystallin conformation (37), including the presence of
a minor hump at about 205-206 nm in the far-UV CD of
both proteins. The low intensity at about 195 nm seen in the
far-UV CD of AIM1-g1 is also shown by the individual
domains of protein S (21).

The near-UV CD of AIM1-g1 is dominated by a broad
band in the 255-275 nm region, indicating the CD bands
for aromatic amino acids (there are three Trp, two Tyr, and
two Phe); in particular, a significant contribution comes from
the three Cys residues in the 250-260 nm region. In addition,
there are two minima for Trp at about 288 and 294 nm
(Figure 2b). We have further studied the calcium-induced
changes on CD spectra. There was no significant change in
near- and far-UV CD of the protein in the presence of 0.1
and 1 mM calcium. (Figure 2a,b).

Steady-State Fluorescence. We further assessed the con-
formation of AIM1-g1 protein by fluorescence spectroscopy.
There are three Trp residues in AIM1-g1, one in the a strand
of the secondâγ motif, and one each in the c-d loop of both
âγ motifs. We have looked at the fluorescence of Trp by
excitation at 295 nm. The emission maximum was 333 nm
(Figure 3), which indicates that Trp residues are moderately
buried and are not solvent exposed. We have studied the
effect of calcium on Trp fluorescence. Upon addition of
calcium, there is no change in the emission spectra, indicating
no conformational changes upon binding calcium (Figure 3).

AIM1-g1 Homodimerization. Since âγ domains from
various members of theâγ superfamily are known to undergo
homodimerization because of domain-domain pairing (38,
39), we have studied the dimerization propensity of AIM1-
g1. The native molecular mass of AIM1-g1 was determined
by analytical gel filtration using a Superdex 75 size-exclusion
column. To avoid covalent dimerization through disulfide

[Tb]f ) [Tb]tot - [P]tot

F - Fmax

Fmax - Fmin
(1)

F ) (Fmax- Fmin)
[Tb]f

[Tb]f + KD

+ Fmin (2)
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formation, the chromatography was performed in the pres-
ence of 3 mM DTT. Under these conditions, the apparent
size of AIM1-g1 was found to be 21 kDa (Figure 4),

equivalent to a two-domainγB-crystallin monomer, sug-
gesting that this domain forms homodimers. The presence
of calcium (1-5 mM CaCl2) has no apparent effect on dimer
formation. Dimerization of single domains ofγB- andγS-
crystallins are not seen in dilute solutions (∼1 mg/mL),
although 2-fold domain pairing of identical domains of these
crystallins has been observed at the high protein concentra-
tion of crystal lattices (40-42). However, the N-terminal
domain of âB2-crystallin exists as dimer in solution at a
concentration above 50µg/mL (38). To see if dimerization

FIGURE 1: (a) Alignment of allâγ motifs of AIM1. The sequences of all 12 Greek keys of AIM1 are aligned with the sequence of the
Greek keys fromγ-crystallin (G1), protein S (PS), and spherulin 3a (S3a). The residues, which are generally conserved in aâγ crystallin
fold, are marked by asterisks. Residues involved in calcium binding in protein S and spherulin 3a are indicated by solid arrows. As seen,
these residues are not conserved in A1 and A2 (which form AIM1-g1) and are not likely to be involved in calcium binding. (b) The scheme
for the engineering of AIM1-g1 domain. The firstâγ domain from 1021 to 1117 residues was selected for cloning and overexpression in
the pET17b vector. The sequence of the domain region is shown. g1 to g6 represent the sixâγ domains of AIM1. (c) SDS-PAGE (15%
acrylamide) of the purified AIM1-g1. Lane 1: molecular weight markers; lane 2: purified AIM1-g1.

FIGURE 2: Secondary and tertiary structure of AIM1-g1. (a) Far-
UV CD and (b) near-UV CD of AIM1-g1 and calcium titration.
Path lengths used were 0.02 and 1 cm for far- and near-UV CD,
respectively. Spectra were recorded in 50 mM Tris-HCl, pH 7
containing 100 mM KCl, 1 mM DTT. Protein concentration used
was 1 mg/mL for far-UV CD and 0.4 mg/mL for near-UV CD.
The ellipticity values are represented in millidegree. Calcium added
was 0.1 mM calcium (dashed line) and 1 mM calcium (dotted line).

FIGURE 3: Steady-state fluorescence of AIM1-g1. Spectra were
recorded in 50 mM Tris-HCl, pH 7.0 containing 100 mM KCl, 1
mM DTT. Excitation wavelength was 295 nm. Calcium was added
to the protein solution, mixed, and incubated for 5 min, and the
spectra were recorded in the correct spectrum mode of the
instrument. The spectra were corrected by subtracting the buffer
blank recorded in the same way. Calcium added was no calcium
(solid line), 100µM (dashed line), and 1 mM (dotted line).
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of AIM1-g1 is concentration dependent, we performed
Superdex 75 gel-filtration chromatography using various
dilutions of AIM1-g1 protein (40µg/mL to 1.5 mg/mL). We
have observed that the self-domain pairing of AIM1-g1 is
not concentration dependent and that the protein exists as a
dimer even in dilute solution, as low as 40µg/mL. This is
consistent with the prediction that the domains of AIM1
associate in pairs with domain-domain interactions similar
to those ofâB2- andγB-crystallins (1, 9). The above results
suggest that the variantâγ domain, AIM1-g1, adopts a
typical âγ domain-like conformation.

Stains-All Binding. Calcium binding to AIM1-g1 was
evaluated by calcium mimic, Stains-all, a carbocyanine dye.
This dye has been used to probe calcium binding in a number
of calcium-binding proteins (26, 28, 29, 43, 44). The dye
binds the recombinant protein AIM1-g1 and induces a strong
J band at 660 nm (Figure 5) suggesting that it binds calcium.
The intensity of the CD band is decreased upon the addition
of calcium ions (Figure 5), as expected for a calcium mimic
agent. Other proteins of the superfamily, namelyâH- and
γ-crystallins, also induce the J band of the dye indicating
the similarity in the microenvironment of the dye-binding
site, in keeping with the secondary structure - Stains-all

reports on protein conformation (29). On the basis of the
ellipticity of the induced J band, we found that the affinity
of calcium to this protein is more than the affinity of bovine
lensγB-crystallin using equimolar concentrations of protein
(data not shown).

Terbium Binding and Fluorescence Resonance Energy
Transfer (FRET).We have further probed calcium binding
using another calcium probe, terbium, by FRET. Terbium
is known to bind the calcium-binding sites and induce
luminescence at 545 nm via energy transfer from Trp (45).
Figure 6a shows that Tb3+ binds AIM1-g1 and induces
luminescence at 545 nm (Figure 6a, inset). The apparent
binding constant calculated for Tb3+ binding to AIM1-g1 is
about 170µM (Figure 6b). The terbium bindingKD of AIM1-
g1 is approximately 1.7 times stronger than theKD of Tb3+

to a two-domain member of theâγ-crystallin superfamily,
bovine lensγ-crystallin, whoseKD is ∼300 µM (26).

45Ca Binding. We have performed calcium binding by
direct45Ca binding using the membrane overlay (31) as well
as by the gel-filtration method (32). The calcium overlay
method has been widely used to ascertain the cation binding
to calcium-binding proteins. AIM1-g1 binds calcium as
shown by the spot on the PVDF membrane in Figure 7a.
The positive (synthesized 34 residues peptide corresponding
to the fourth EF-hand of neuronal calcium sensor-1, a
calcium-binding protein) and negative controls (bovine serum
albumin) exhibit the respective anticipated results. We have
also performed the45Ca binding by the gel-filtration method
(32). The chromatogram in Figure 7b represents the elution
profile using 1µM calcium chloride solution containing45Ca.
As seen in Figure 7b, calcium binds to the protein but elutes

FIGURE 4: Homodimerization of AIM1-g1. Gel filtration was
performed on a Superdex 75 (HR 10/30) size-exclusion column
(Pharmacia-Amersham) in 50 mM Tris-HCl, pH 7.2 containing 100
mM NaCl, 1 mM EDTA, and 3 mM DTT. Flow rate was 0.5 mL
per min. The molecular mass standards used were (1) albumin (66
kDa), (2) ovalbumin (45 kDa), (3) RNaseA (14 kDa), and (4)
aprotinin (6.5 kDa). The single peak shown corresponds to the dimer
molecular mass of 21 kDa of AIM1-g1.

FIGURE 5: Stains-all binding to AIM1-g1. The experiments were
performed in 2 mM MOPS, pH 7.2, containing 30% ethylene glycol.
CD spectra were recorded in 1 cm path length cuvette, and data
are represented in millidegree. The dye concentration used was 75
µM. Protein concentration was 0.02 mg/mL. The calcium concen-
trations used were 0 (solid), 300µM (dotted), 500µM (dashed),
and 1 mM (dot-dashed).

FIGURE 6: Terbium ion binding to AIM1-g1. (a) Titration of AIM1-
g1 with Tb3+ (0-250 µM) monitored from the fluorescence
emission at 545 nm. Buffer: 50 mM Tris-HCl, pH 7, 100 mM
KCl, 2 mM DTT. Protein concentration was 37µg/mL. Inset
represents the spectra from 470 to 560 nm. (b) Plot of 1/[Tb]f vs
Fmax - F/ F - Fmin for terbium binding to AIM1-g1.
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without a plateau, indicating a slow binding equilibria (46).
The peak indicates the elution of the calcium bound protein,
while the trough represents the depletion that resulted from
the bound ligand, which was carried ahead with the protein.
Several runs ranging from 0.1-20 µM CaCl2 (including 45-
Ca) concentrations were performed, and bound calcium
concentrations were determined from the area of the trough
of these chromatograms. A reciprocal plot (33) of the data
reveals an apparent dissociation constant,KD of about 30
µM (Table 1).

GdmCl-Induced Unfolding of AIM1-g1. â- andγ-crystal-
lins are highly stable proteins. We have, therefore, determined
the conformational stability of AIM1-g1 by GdmCl depend-
ent equilibrium transitions. The protein was completely
unfolded in about 3 M GdmCl as monitored by intrinsic Trp
emission fluorescence. Figure 8 shows the fraction of native
molecules as a function of GdmCl concentration. The GdmCl
induced equilibrium unfolding transitions are fully reversible
with a transition midpoint,C1/2 [GdmCl], of 1.8 M. This value
is at par withγS-crystallin and its individual domains (47)
indicating similar stabilities (Table 2). Since calcium is
known to elevate the stability of protein S and spherulin 3a
significantly (48, 49), we wanted to see if calcium binding
influences the stability of AIM1-g1 by studying the effect
of calcium on GdmCl-induced unfolding. The unfolding of
AIM1-g1 in the presence (3 mM CaCl2) and the absence of
Ca2+ at different concentrations of denaturant revealed that
the presence of Ca2+ does not affect protein stability
significantly. Since calcium binding has no influence on the
unfolding profile of AIM1-g1, in Figure 8, only the data of

calcium-free protein are shown. We have seen similar
behavior of calcium on the GdmCl-induced unfolding of
bovine âH-crystallin (oligomericâ-crystallin) and recom-
binantâB2- andγB-crystallins.2

DISCUSSION

The structural analysis of theâγ-crystallin superfamily
began with the X-ray structure of bovine lensγΙΙ-crystallin
(now calledγB) (5, 6). This revealed one of the most highly
symmetrical proteins known, with a characteristic 4-fold
repeat of a Greek key type structural motif. This motif
includes an unusual folded hairpin structure that requires the
presence of several key residues. These residues constitute
a sequence signature that has been used to predict the
presence of similar domains in other proteins. This was first
noticed in the relatedâB2-crystallin and later in several
proteins from prokaryotes as well as from eukaryotes (9, 11).
To date, the most complex predicted member of the
superfamily found is AIM1, a large protein whose expression
has been related to melanoma suppression (1). The gene
encoding AIM1 includes a region that resembles the con-
catenation of threeâ-crystallin genes, and its amino acid
sequence contains multiple copies of theâγ signature.

Recent structure determinations have shown that proteins
that are no more than distantly related to theâγ superfamily
are able to form domains with similar arrangement of
â-strands, suggesting that perfect conservation of the motif
signature is not necessary to allow correct folding (17-19).
However, the sequence changes in the first motif of AIM1,
particularly the substitution of Glu for Gly at position 13
and Leu for Ser at 34 (Figure 1a), would seriously affect
the familiar folded hairpin structure.

2 Rajini, B., and Sharma, Y., unpublished results.

FIGURE 7: 45Ca binding to AIM1-g1: (a) by membrane overlay
method. The protein (50µg) was spotted on a PVDF membrane
using a dot-blot apparatus, and the membrane was incubated in
the imidazole buffer containing45Ca (1 µCi/mL) as described in
the Experimental Procedures. The positive control (100µg) was
an EF-hand peptide (site 4) of neuronal calcium sensor-1, and
negative control was bovine serum albumin (100µg); (b) by gel
filtration: protein was prepared in calcium free buffer and Hum-
mel-Dreyer chromatography was performed in 50 mM Tris-HCl,
pH 7.0, 100 mM KCl, 2 mM DTT containing varying amounts
(0.1-20 µM) of calcium chloride solution (including45Ca). Figure
7b represents an elution profile of the protein in above buffer
containing 1µM CaCl2 for the measurement of bound45Ca.

Table 1: Comparison of Dissociation Constant of Calcium Binding
to AIM1-g1 with Other Members of theâγ Crystallin Superfamily

protein
KD

(µM) ref

AIM1-g1 30 this paper
protein S 27, 76 12
spherulin 3a 9, 200 55
γ-crystallin 90 26
âH-crystallin 300 25

FIGURE 8: GdmCl-induced equilibrium transitions of AIM1-g1.
Equilibrium unfolding transitions (open symbols) and refolding
transitions (filled symbols) of AIM1-g1, monitored by following
changes in the intrinsic Trp emission fluorescence as a function of
GdmCl concentration (0-5 M). Excitation wavelength was 280 nm.
The buffer was 50 mM Tris-HCl, pH 7, containing 100 mM KCl
and 1 mM DTT.

Table 2: Midpoint of GdmCl-Induced Equilibrium Transitions
(C1/2,GdmCl) of AIM1-g1 Unfolding and Comparison with
γS-Crystallin and Its Domains

protein
C1/2, GdmCl

(M) ref

AIM1-g1 1.8 this paper
humanγS-crystallin 2.6 47
humanγS-C terminal domain 2.5 47
humanγS-N terminal domain 1.9 47
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To provide more evidence for the predicted structure, we
have prepared a recombinant protein for this domain,
designated AIM1-g1. This one-domain protein is soluble and
expresses well inE. coli. The secondary structure of the
recombinant AIM1-g1 is predominantly aâ-sheet, and the
far-UV CD spectrum has the chain conformational charac-
teristics of bovine lensγB-crystallin, except for minor
variations. The hump in the CD signal at 204-206 nm seen
in variousγ-crystallins is also seen in the far-UV CD of
AIM1-g1 (37). Other characteristics such as the emission
maximum (333 nm) are close to that shown by bovine lens
γIV-crystallin (334 nm) indicating that the AIM1-g1 domain
largely resembles theγ-crystallin conformation. However,
variations betweenγ-crystallin and AIM1-g1 are seen, such
as a positive signal at about 232 nm in the far-UV CD of
AIM1-g1, which is attributed to the contributions from
aromatic residues (about 10% of residues are aromatic in
this protein domain) largely from the La transition of Tyr;
and the intensity of the 194 nm positive peak is considerably
low in case of AIM1-g1. The low intensity of the positive
peak is also seen in the case of individual domains of protein
S (21).

Another part of the prediction for AIM1 structure is that
its domains should behave like those ofâB2- and γB-
crystallins in terms of interdomain interactions (1). In both
classes of crystallins, the repeatedâγ motifs can be classified
as types A and B, so that each two-domain crystallin
monomer has the motif pattern ABAB. The B-type motifs,
which are generally the most highly conserved, include a
small hydrophobic surface patch of two residues on the center
of the â-sheet that makes up one side of the wedge-shaped
â-sandwich, and two B-type motifs interact through their
symmetrically related patches (6, 50, 51). In the B-type motif
of AIM1-g1 (A2 in Figure 1a), the equivalent residues are
Ile at position 4 and Pro at position 17. These are hydro-
phobic and could support the formation of a patch, although
the presence of Pro would be expected to introduce some
distortion in the b strand of the second motif. In spherulin
3a, a larger patch involving four hydrophobic side chains is
used for dimerization (8). The equivalent residues in the
second motif of AIM1-g1 are Ile at position 4, Phe at position
11, Ser at position 15, and Arg at position 53. The presence
of Ser and Arg in this group makes it unlikely that AIM1-
g1 adopts the spherulin mode of dimerization. Another
complication in predicting dimerization is that dimer forma-
tion for isolated recombinant domains ofâγ superfamily
members, at least in crystal structures, seems to be affected
by the presence or absence of N- or C-terminal extensions
in the recombinant protein (8, 21, 38, 41, 52-54). In view
of this, we were very interested to see how AIM1-g1 behaves
in solution.

The results show that AIM1-g1 homodimerizes in solution
with no observable trace of monomer under the conditions
tested. This suggests that theâγ domains of AIM1 do
associate in a crystallin-like manner. Despite the variant
sequence, this domain apparently folds into a typicalâγ motif
as revealed by our spectroscopic studies and its stability is
comparable (C1/2 [GdmCl] is 1.8 M) to γS-crystallin domains
(Table 2). The precise nature of the interdomain contacts as
well as domain topology will require more detailed structural
analysis.

AIM1 Is a Calcium-Binding Protein. Our results show that
AIM1 is a calcium-binding protein. We have probed the
calcium-binding properties of AIM1-g1 by both direct (45-
Ca binding to protein) and indirect methods using calcium
probes (terbium and Stains-all binding). The affinity of
calcium to AIM1-g1 (30 µM) is comparable to that of
spherulin 3a and protein S but more than bovineγ-crystallin
(containing all fiveγ-crystallins) andâH-crystallin (oligo-
meric form ofâ-crystallin) (Table 1). Calcium binding does
not induce conformational changes in AIM1-g1, which is in
agreement with the results onγ-crystallin (26) and on the
N-terminal domain of protein S (21). Calcium binding to
AIM1-g1 does not bring any change in protein stability as
monitored by GdmCl induced unfolding. This behavior is
similar to lens proteins,âB2-, andγB-crystallins. However,
in case of microbial crystallin members, protein S and
spherulin 3a, calcium binding increases the stability sever-
alfold (48, 55). These results suggest that there might be
structural differences in the mode of calcium binding between
these members.

Calcium-binding sites in members of theâγ superfamily
have been experimentally determined by structural analyses
of the microbial proteins, spherulin 3a, and protein S (8, 20,
22, 48). In these proteins, eachâγ motif contains a D/NXXS
sequence element at the C-terminal end of the strand c-d
loop, and the elements in two motifs combine to form two
symmetrical calcium-binding sites (8). In AIM1-g1, the
equivalent sequences in the twoâγ motifs are SPVI and
VVIG (Figure 1a), so that out of four side chain positions
needed for coordination, only one is polar. However, AIM1-
g1 contains another sequence element that could contribute
to binding a cation. This is the extended c-d loop of the
second motif of AIM1-g1 that contains a markedly acidic
stretch of residues with the sequence EDILERHEEAESD
(Figure 1a). It is likely that this region would play a key
role in building a negatively charged environment to bind
positively charged calcium ions. Binding sites could be
located in regions generally similar to those seen in spherulin
3a and protein S but stabilized specifically at either end of
the acidic c-d loop region. It will be of great interest to define
this binding more precisely by detailed structural analyses.
Topologically, âγ domain has some superficial structural
similarities with the C2 domain, a calcium-binding motif of
protein kinase C present in many proteins (56). This is also
a predominantlyâ-sheet structure in which calcium binds at
the tip of a compactâ-sandwich but induces no changes in
protein conformation (57).

In conclusion, our results show that despite variations in
amino acids at a conserved position, or the presence of an
unusually long c-d loop, AIM1-g1 folds such as aâγ domain,
undergoes dimerization and binds calcium. The structural
features required for adopting aâγ-fold with its character-
istics such as domain-domain interaction and calcium binding
are not yet completely understood, and more detailed studies
are required. Calcium binding could have relevance for the
functional role of AIM1 in normal cells and (potentially) in
tumor suppression. Indeed, defects in calcium homeostasis
have been reported in several cases of malignant melanoma
(58-60). It will be interesting to study the properties of other
domains of AIM1, as well as the intact protein, and the effect
of the long, noncrystallin-like N-terminal domain on protein
assembly.
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