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ABSTRACT:. ALG-2 is a newly discovered Ca-binding protein which has been demonstrated to be directly
linked to apoptosis. Structurally, ALG-2 is expressed as a single polypeptide chain corresponding to a 22
kDa protein containing five putative EF-hand ZCdinding sites. In this work, we have developed an
efficient expression and purification scheme for recombinant ALG-2. Utilizing this protocol, we can
routinely obtain purified recombinant protein with a yield of approximately 100 mg per liter of bacterial
cell cultures. Gel filtration and chemical cross-linking experiments have shown tRatfieéa ALG-2

forms a weak homodimer in solution. Biochemical and spectroscopic studies of truncated and point mutants
of ALG-2 demonstrated that the fifth EF-hand?Cdinding motif is likely to participate in the formation

of the dimer complex. Experimentally, both the amino- and carboxyl-terminal truncated mutants of ALG-2
have shown their ability to retain the structural, as well as’*@inding integrity when individually
expressed in bacteria. In this respect, the N-terminal domain encompasses the first two EF-hands, and the
C-terminal domain contains the remaining three EF-hands. Combining mutagenesis and spectroscopic
studies, we showed that ALG-2 possesses two strordf-fiading sites. Employing fluorescence
spectroscopy and circular dichroism, we showed that the binding 6f 82ALG-2 induced significant
conformational changes in both the N-terminal and C-terminal domains of the protein. Furthermore, our
studies demonstrated that € ainding to both strong Ca-binding sites of ALG-2 is required for ion-
induced aggregation of the protein. We also report here the expression, purification, and partial
characterization of a C&-binding-deficient ALG-2 mutant (Glu47Ala/Glul114Ala). In light of its much
decreased affinity for Ca, this mutant could prove to be instrumental in elucidating th&"@aediated
function of ALG-2 within the context of its cellular environment.

Apoptosis is a highly conserved and integrated cellular on the cytoplasmic face of the mitochondrial outer membrane
process which results in a well-orchestrated form of cell and endoplasmic reticulum (for a review, see Bgflt is
death. Over the past decade, numerous studies have clearliikely that Bcl-2 exerts its function by modifying ion fluxes.
demonstrated that apoptosis represents a critical phenomenoin reconstituted lipid bilayers, Bcl-2 has been shown to
essential for the normal development and maintenance offunction as a cation selective ion chanr@t(1). The Bcl-2
multicellular organismsl(—4). Core components comprising channel activity is regulated by fluxes in intracellular’Ca
the apoptotic machineries and associated molecular mech-concentrations12). Overexpression of Bcl-2 preventsCa
anisms are remarkably conserved from nematodes to humansedistribution from endoplasmic reticulum to the mitochon-
(4—6). However, differences in apoptotic pathways among dria, thereby maintaining Ga homeostasis1@, 14) and
various species do exist, and in general terms, it is well preventing cells from Cd-associated apoptosis (for a review,
appreciated that in higher eukaryotes the process of cell deathsee refl5). Overexpression of Bcl-2 also potentiates thé'Ca
requires an elevated level of regulation and integration. uptake properties of the mitochondrid6f, and hence
Genetic analysis o€aenorhabditis eleganisas resulted in preserves the organelle’s transmembrane potertrallg).
the identification of two proapoptotic genegd3andced4 For several decades, &zhas been implicated for its role
as well as an antiapoptotic genegd9 (7, 8). These three  j, ie rocesses associated with cell death (for reviews, see
genes are largely responS|bIe'for the proper control of refs15and19). An elevation of the cellular Ca concentra-
apoptosis n nematpdes. CED-3 is homologous to thg kn.owntion was observed in glucocorticoid-induced apoptosis of
proapoptotic cys_t_elne protease (Caspase_-3) found in hIgherlymphocytes 20), and the apoptotic effects of glucocorticoid
eukaryotes. Additionally, the gene Apafl is the mammalian can be mimicked by G4 ionophores21). Similarly, release
counterpart of CED-43, 5). . .., of C&" from the internal C& store using thapsigargin (an

The mam.ma"a'." homologue of CED-9 has been |dent|f|ed endoplasmic reticulum Ca-ATPase inhibitor) also triggers
as Bcl-2. It is an integral membrane protein located mainly cell death via apoptotic mechanisn®2)(, C&*+-associated
apoptosis can be inhibited by extracellular?Cahelators
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Although numerous insights have been made with respectinto Escherichia coliBL21(DE3) host cells. To express
to the characterization of the involvement of ?Cain ALG-2, host cells containing thALG-2 plasmid construct
apoptosis, the detailed role of the ion in these processeswere grown in LB medium at 37C until reaching amsoo
remains unclear. The uncertainty that exists regarding theof ~1.0. The temperature of the bacterial culture was then
absolute nature of the relationship of“do apoptosis is lowered to 25°C to avoid formation of inclusion bodies
largely the consequence of a lack of?Galependent mo-  following the induction of ALG-2 expression. Maximal
lecular targets which are directly associated with cell death. ALG-2 expression was obtained by inducing the transformed
Identification of such targets will be vital for developing an cultures with isopropyb-p-thiogalactopyranaside (IPTG) (at
understanding of the importance of €an apoptosis. a final concentration of 0.5 mM), followed by the continued
Recently, a novel Ca-binding protein, named apoptosis- incubation of the cultures for12 h at 25°C. Bacterial cells
linked gene-2 (ALG-2), was shown to be required for T cell were then pelleted by centrifugation and stored-80 °C
receptor-, Fas-, and glucocorticoid-induced apoptd®. (  before purification.
ALG-2 consists of a single polypepide chain of 191 amino  High-yield, efficient purification of recombinant ALG-2
acid residues possessing two canonicat*éanding sites was achieved by modulating the protein’s sensitive solubility
(25; Figure 1A). The gene has been shown to be expressedcharacteristics in response to?CaAll purification proce-
in all mouse tissues with the highest expression occurring dures were carried out at®€. Cell pellets were resuspended
in thymus. More importantly, it is the first Gabinding in 20—30 mL of lysis buffer [50 mM Tris-HCI buffer (pH
protein shown to be directly linked to apoptosis. Depletion 7.5) containing 2 mM EDTA, 1 mM PMSF, Lg/mL
of ALG-2 using antisense RNA does not change the activity leupeptin, and kg/mL antipain] and lysed using a French
of Caspase-9, indicating that ALG-2 is likely to function press. The lysate was centrifuged at 3098 30 min. The
downstream of the Caspase family of proteas#. (The supernatant containing ALG-2 was recovered, and @ags
expression oALG-2in T cell hybridoma is not regulated added to a final concentration of 3 mM. The mixture was
by apoptosis stimuli 25), suggesting that the apoptotic incubated on ice for 5 min while it was being stirred, and
function of ALG-2 is likely to be regulated by €abinding the suspension was then subjected to centrifugation at 35000
to the protein. The Ca-dependent function of ALG-2 is  for 15 min. The supernatant was discarded, and the protein
consistent with the observation that the cytoplasmié*Ca pellet was resolubilized with 50 mM Tris-HCI buffer (pH
level is elevated in apoptotic cells (for a review, seeligf 7.5) containing 2 mM EDTA. The above procedure was
Currently, little data pertaining to the physical and repeated twice, before the EDTA-solubilized protein mixture
biochemical properties of ALG-2 exists. Deficiencies in such Was loaded onto a DEAE-Sepharose column (Amersham
structural and functional information hamper the discernment Pharmacia Biotech) pre-equilibrated with 50 mM Tris-HCI
of ALG-2 inherent regulatory and signaling characteristics buffer (pH 7.5). After extensive washing, ALG-2 was eluted
as they apply to the processes of apoptosis. In this report,With a linear gradient of 0 to 0.5 M NaCl. The fractions
we describe in detail novel purification methods for the large- containing ALG-2 were pooled together and concentrated
scale isolation of recombinant ALG-2 and several mutant before loading onto a Sephacryl-200 gel filtration column
forms of the protein which have been successfully expressed(Amersham Pharmacia Biotech). The protein was then eluted
in bacterial cells. A number of biochemical and biophysical With 50 mM Tris-HCI buffer (pH 7.5) containing 2 mM
approaches have been used to provide evidence that ALG-2EDTA and 2 mM DTT. Pure ALG-2 was dialyzed against a
is a member of the calpain small subunit family protein which 0-1% NHHCO; solution, before being lyophilized for
contains five EF-hand Gabinding sites. We have also Storage.
constructed an ALG-2 mutant which is deficient in its>Ca Construction, Expression, and Purification of the Amino-
binding capability and, thus, makes the mutant particularly @nd Carboxyl-Terminal Fragments of ALGThe N-terminal
engaging for studies aimed at elucidating theé'Caepen- ~ fragment of ALG-2 (ALG-2-NT) containing amino acid

dence of ALG-2 in apoptosis. residues Met:Thr93 of the native protein was constructed
by PCR. In addition to the full-length ALG-2 template, the
MATERIALS AND METHODS following two primers were employed in the reaction: coding

_ _ . strand primer SCAGGATCCCATATGGCTGCCTACTA-
Cloning, Expression, and Purification of Mouse ALG-2. 3 and noncoding strand prime-6AGGATCCTTAGTCT-
The mouse ALG-2 gene was PERmplified from mouse  GTGATATAC-3 (Figure 1C). The PCR-amplified ALG-2-

liver cDNA using the following two primers: 'SCAG- NT fragment was inserted into tH@amHI—Bglil sites of
GATCCCATATGGCTGCCACTC-3(coding strand) and'6  pjasmid pET14b which, upon expression of the foreign gene

GAAGATCTTTATACAATGCTGAAGAC-3' (noncoding  product in an appropriate host, encodes a His tag at the

strand). The rationale for the sequences of these two primers\-terminus of the recombinant protein (Novagen). The ALG-
was based on the reported mouse liver cDNA cloned by Vito 2_NT-containing plasmids were then transformed Btcoli
etal. @5). The amplifiedALG-2fragment was inserted into | 21(DE3) cells. The cells were grown at 3C, and ALG-
the BanHI—Bglll sites of the pET3a plasmid (Novagen). 2.NT was expressed as inclusion bodies. The pelleted cells
The pET3a plasmid harboringl G-2was then transformed  \yere resuspended in 50 mM Tris-HCI buffer (pH 7.5)
containing 2 mM EDTA, 1 mM PMSF, Ag/mL leupeptin,

1 Abbreviations: ALG-2-NT, amino-terminal fragment (residues and lug/mL antipain prior to lysing using a French press.
1-93) of ALG-2; ALG-2-CT, carboxyl-terminal fragment (residues  |ysing of the cells was followed by sonication of the sample

93-191) of ALG-2; CD, circular dichroism; DSG, disuccinimidyl i the same lysis buffer. The inclusion bodies were washed
glutarate; IPTG, isopropyi-p-thiogalactopyranoside; PCR, polymerase

chain reaction; SDSPAGE, sodium dodecy! sulfatepolyacrylamide three times using buffer A [50 mM Tris-HCl buffer (pH 7.5)
gel electrophoresis. containing 1 M urea and 0.5% Triton X-100] and twice using
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Ficure 1: (A) Amino acid sequence alignment of ALG-2 with the other members of the calpain small subunit subfafriilyirihng

proteins. The five Ci-binding loops are shaded with dark boxes. The identical, highly conserved, and conserved amino acids among the
sequences are denoted with *, :, and ., respectively. The positions of the point mutations used in this work are denetedveith
sequence alignment was carried out using CLUSTALSG).((B) The consensus sequences of the canonical EF-hatidb@aling loops.

(C) Schematic diagram showing the truncation and point mutations of ALG-2 created in this study. (D) Ribbon diagram showing the crystal
structure of the porcine calpain symmetric dimer (PDB file name lalv) with one monomer in light gray and the other in dark gray. The
Arg214 side chain of each monomer is shown using ball-and-stick models, and the distance betwegfthieeNwo residues is also
indicated in the figure. This figure was prepared using MOLSCRIPT. (
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buffer B [50 mM Tris-HCI buffer (pH 7.5) containing 1 M
urea]. The purified inclusion bodies were solubilized in buffer
C [20 mM Tris-HCI (pH 7.9) containing 5 mM imidazole,
0.5 M NaCl, anl 6 M urea] at room temperature. The
denatured protein was then passed through 2-NiTA

affinity column using a procedure described by the manu-

facturer for denaturing conditions (Novagen). Refolding of
ALG-2-NT was achieved by the stepwise dialysis of the
denatured protein against the following buffers: (1) 0.5 M
L-arginine, (2) 50 mM Tris-HCI (pH 7.5) containing 0.5 M
L-arginine and 2 mM Cagl and (3) 50 mM Tris-HCI (pH
7.5) containing 2 mM CaGl The refolded protein was
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bandwidths were set at 10 and 5 nm, respectively. An
excitation wavelength of 295 nm was selected for optimal
observation of the intrinsic fluorescence contributed by the
Trp residues of ALG-2. Emission spectra spanned wave-
lengths from 300 to 400 nm. The protein concentration for
each of the samples was determined by the Bradford method
using a commercially available assay kit (Bio-Rad).

CD ExperimentsCD spectra of the wild type ALG-2 and
its various mutants were measured on a JASCO J-720 CD
spectropolarimeter at 2%. A cell path length of 1 mm was
used throughout the experiments. All spectra were collected
with 10 scans spanning wavelengths from 190 to 260 nm.

recovered from the supernatant after centrifugation, and theThe proteins were dissolved in 10 mM Tris-HCI (pH 7.5)
His tag was cleaved from the protein using thrombin (2 units containing an appropriate amount of ar EDTA. The

of enzyme per milligram of ALG-2-NT fo4 h atroom

concentration of the protein samples used to collect the

temperature). The cleaved His tag, in addition to any various CD spectra ranged from 5 to AM.

remaining contaminating proteins, was removed using a
Sephacryl-100 gel filtration column (Amersham Pharmacia

Biotech).
The C-terminal fragment of ALG-2 (ALG-2-CT) consist-
ing of amino acids Thr93Val191 was generated using a

RESULTS

Expression and Purification of ALG-2 and Mutant Forms
of the ProteinVarious expression conditions were tested as
a means of optimizing the expression of ALG-2 in bacterial

similar PCR-based approach as described for the generatiortells. When transformed bacterial cultures carrying a plasmid

of the ALG-2-NT mutant (Figure 1C). The PCR fragment
of ALG-2-CT was inserted into pET3a. Expression of the
ALG-2-CT mutant was achieved utilizing the conditions
described for native ALG-2. Purification of ALG-2-CT
followed a similar procedure as previously described for
ALG-2 except that the Cagprecipitation step was replaced
with a 20% (w/v) ammonium sulfate fractionation.

Construction and Purification of Point Mutations of ALG-
2. All point mutants of ALG-2 were generated using a PCR-
based approach as previously descrili&g.(Expression of
the various ALG-2 point mutants iB. coli was identical to
that described for the wild-type protein. Purification of the
Lys137Arg mutant was performed using conditions identical
to those described for the wild-type ALG-2. All abinding

harboring the full-length sequence of ALG-2 were induced
at 37 °C, the resultant recombinant protein was primarily
trapped in the formation of inclusion bodies. However, when
the same cultures were induced at €5 essentially all of
the recombinant ALG-2 was expressed as a soluble protein
(Figure 2A, lane 2). Prolonged incubation of induced cultures
for up to 12 h at 25°C resulted in very high levels of
expressed soluble protein (Figure 2A). During the initial
stages of purification, it was discovered that ALG-2's
solubility characteristics could be dramatically altered. In
particular, soluble recombinant ALG-2 became almost
completely insoluble when the lysis buffer was replaced with
Tris-HCI buffer containing a millimolar G4 concentration.
The C&"™-induced precipitation was further demonstrated to

site mutants described in this work (the two single mutants be a reversible process following the addition of &'Ca

Glu47Ala and Glul14Ala and the double mutant Glu47Ala/

chelator, namely, EDTA. Incorporation of this physical

Glul14Ala) were purified using essentially the same method property into recombinant ALG-2's purification platform has

that was used for the wild-type ALG-2 except that thé'Ca

significantly simplified the overall protocol. Thus, a Ca

dependent precipitation step of the protocol was substituteddependent precipitation of soluble ALG-2 is now used as

with a 40% ammonium sulfate fractionation step. This
modification to the purification protocol as previously
developed for ALG-2 is in lieu of the fact that the €a
binding mutants either do not bind €aor have very weak
C&'-binding affinity.

Chemical Cross-Linkingl'o cross-link free amino groups

the initial step of the protein’s purification from bacterial
lysate. Furthermore, repeated cycles ofCprecipitation

and EDTA solubilization proved to be a very efficient
purification criterion, with only minor contaminating proteins
remaining thereafter (Figure 2A, lane 3). These minor
contaminating proteins could be effectively removed by

of ALG-2 as well as those of the generated truncated and passing the protein mixture through a DEAE-Sepharose
point mutants of ALG-2, corresponding protein samples (0.5 column. The resulting recombinant ALG-2 ¥95% pure

mg/mL) were dissolved in 20 mM HEPES buffer (pH 8.0)
containing 50 mM NaCl and 1 mM DTT. The samples were
treated with 0.5 mM disuccinimidyl glutarate (DSG, Pierce)
for 30 min at 25°C. DSG was dissolved ii,N-dimethyl-
formamide, and the findll,N-dimethylformamide concentra-
tion in the cross-linking reaction mixture was 5% (v/v). For

and, thus, is suitable for most investigations related to its
structure and function. Occasionally, protein preparations of
recombinant ALG-2 were found to contain minor contami-
nating proteins corresponding to a molecular mass of
approximately 10 kDa. These contaminating proteins could
be easily removed from the preparation by gel filtration

comparison, the cross-linking reactions were carried out both chromatography (Figure 2A). Utilizing the described puri-
in the presence and in the absence of different concentrationdication protocol for recombinant ALG-2, we routinely obtain

of Cat.
Fluorescence Experiment&luorescence spectra corre-
sponding to ALG-2 or one of the various mutants were

approximately 100 mg of purified ALG-2 fro 1 L of
bacterial culture grown in LB medium. The Lys137Arg point
mutant of ALG-2 could be purified via the implementation

collected on a Perkin-Elmer LS50B fluorometer in response of the purification protocol as described for the wild-type

to differing C&* concentrations. Excitation and emission

ALG-2. However, modification of the purification protocol
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Ficure 2: (A) Expression and purification of the full-length ALG-2 kh colicells: lanes 1 and 2, pellet and supernatant of the cell lysate,
respectively; lane 3, partially purified ALG-2 after three cycles of'T@DTA treatment; lane 4, ALG-2 after passage through a DEAE-
Sepharose column; and lane 5, pure ALG-2 after passage through a gel filtration column. (B) Expression and refolding of ALG-2-NT from
its inclusion bodies: lane 1, pellet of the ALG-2-NT-expressing cell lysate; lane 2, purification of the ALG-2-NT inclusion bodies with
washing buffer containing Triton X-100 dril M urea; lane 3, pure, denatured His-tagged ALG-2-NT after passage through-a\NiA

column; lane 4, refolded, His-tagged ALG-2-NT; and lane 5, His tag-cleaved, pure ALG-2-NT after passage through a gel filtration column.
(C) Expression and purification of ALG-2-CT: lanes 1 and 2, pellet and supernatant of the ALG-2-CT-expressing cell lysate, respectively;
lane 3, ALG-2-CT after 20% (NkJ,SO, fractionation; lane 4, ALG-2-CT after passage through a DEAE-Sepharose column; and lane 5,
pure ALG-2-CT after passage through a gel filtration column.

was required for the purification of all €abinding site for the C&*-binding-deficient mutants except that ALG-2-
mutants of ALG-2. As a result of the mutant's weakefGa  CT could be fractionated using 20% instead of 40% (w/v)
binding affinities, the aforementioned €adependent pre-  ammonium sulfate (Figure 2C).
cipitation step of the purification platform was replaced with ~ Ca?*-Free Form of ALG-2 Exists as a Weak Dimer in
a 40% (w/v) ammonium sulfate precipitation step (data not Solution. Analysis of the amino acid sequence of ALG-2
shown). The remaining steps in the purification procedures revealed that the protein is highly homologous to sorcin,
for these mutants were unaltered as compared to thosegrancalcin, and the small subunit of calpain (Figure 1A, see
employed for the wild-type ALG-2. The C-terminally the Discussion for more detail). In terms of their solution
truncated mutant of ALG-2 (ALG-2-NT) was constantly properties, sorcin, grancalcin, and the small subunit of calpain
expressed as inclusion bodies under all test conditionshave all been reported to form homodime28<33). As a
employed to date. To simplify the purification protocol for result, we proceeded to determine the molecular mass of
the ALG-2-NT mutant, we have utilized an expression recombinant ALG-2 in solution. As expected, purified
system designed to incorporate a His tag preceding therecombinant ALG-2 has an apparent molecular massast
putative initiating methonine of the mutant protein’'s se- kDa under denaturing condition as shown by SIFAGE
quence. In light of the extremely high expression levels (Figure 2A). In contrast to homologous proteins, ALG-2 has
obtained with this system, substantially pure and denaturedan apparent monomer molecular mass~&?2 kDa in its
ALG-2-NT could be realized by repeatedly washing isolated native state and in the absence of?Cas determined by
inclusion bodies with a washing buffer containing 0.5% analytical gel filtration chromatography (Figure 3A). Given
Triton X-100 amd 1 M urea (Figure 2B, lane 2). Pure, its high degree of sequence identity with respect to sorcin,
denatured ALG-2-NT containing an N-terminal His tag was grancalcin, and the small subunit of calpain, it was suspected
obtained by passing the urea-solubilized protein through athat ALG-2 may also exist as a weak dimer in solution. Since
Ni?*—NTA column. The mutant protein could be success- these proteirprotein interactions are very weak, they cannot
fully refolded by the stepwise dialysis of the purified, His be detected by the method of gel filtration chromatography
tag mutant against refolding buffers containing 0.5 M and require other more sensitive methods for their resolution.
L-arginine (Figure 2B, lane 4). Through various studies, we As a result, chemical cross-linking was used to probe the
further identified arginine and €ato be crucial components  potential solution association status of ALG-2. An amine
of the refolding buffer if efficient and high levels of refolded selective cross-linking reagent, DSG (with a linking spacer
protein were to ensue from purified inclusion bodies of length of 7.7 A), was used to probe for the formation of
ALG-2-NT. The final yield of purified ALG-2-NT following dimeric structure associated with recombinant ALG-2 through
the refolding phase of the protocol is approximately 30%. the cross-linking of Lys residues that possessed the appropri-
The His tag was cleaved from ALG-2-NT by thrombin and ate accessibility and spatial orientation in solution. The high
subsequently separated from the purified mutant by gel pH value of the reaction buffer and low protein concentration
filtration chromatography (Figure 2B). ensured the amine selectivity of the cross-linking reaction.
Optimal expression of a soluble form of an N-terminally SDS-PADE analysis of the cross-linking reaction clearly
truncated mutant of ALG-2 (ALG-2-CT) was achieved using demonstrated the formation of a sharp band which migrated
expression conditions nearly identical to those reported for with a molecular mass 6¥44 kDa (Figure 3B, lane 1). This
recombinant ALG-2. However, analogous to the?Ca result supports the prediction that ALG-2, like members of
binding-deficient mutants of ALG-2, ALG-2-CT does not its sequence-derived subfamily, exists as a weak dimer in
retain the C& -dependent solubility profile as observed for solution in the absence of €a To differentiate between
recombinant ALG-2. Therefore, the C-terminally truncated specific and nonspecific cross-linking, the experiments were
mutant was purified using the same procedure as that reportegperformed using a low concentration of cross-linker (0.5 mM
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Ficure 3: (A) Molecular mass determination of ALG-2 and its fragments by analytical gel filtration chromatography. One hundred microliters
of protein sample (1 mg/mL) was injected into a Superdex 200 HR 10/30 column (Amersham Pharmacia Biotech) pre-equilibrated with 50
mM Tris-HCI (pH 7.5) containing 0.15 M NaCl and 1 mM DTT. The column was calibrated using ribonuclease A (14 kDa), trypsin
inhibitor (20 kDa), carbonic anhydrase (29 kDa), ovalbumin (44 kDa), bovine serum albumin (66 kDa), and blue dextran 2000 (2000 kDa).
Kav is defined asVe — Vo)/(Vi — Vo), WhereV is the elution volume of a protein and, andV; are the void volume and total volume of

the column, respectively. (B) Chemical cross-linking of lysine residues of ALG-2 by DSG. Purified ALG-2 was treated with 0.5 mM DSG
in the absence (lane 1) and presence of 1 m¥i"Qane 2). The reactions were quenched by the addition of 0.5 M Tris-HCI (pH 7.0). The
samples were resolved on a 15% SEFAGE gel. Purified ALG-2 serves as a control for the monomer molecular mass marker (lane 3).

DSG). Likewise, the cross-linking result remained conserved The apparent molecular masses of both ALG-2-NT and
when the experiments were performed using recombinantALG-2-CT as determined by SDSPAGE correspond to
protein concentrations as low as 0.1 mg/mL (data not shown).approximately 11 kDa. The molecular mass of ALG-2-NT
In contrast, if the cross-linking experiment was attempted as measured by gel filtration is likewise approximately 11
in the presence of G4, the cross-linked protein complexes kDa, whereas the molecular mass of ALG-2-CT as deter-
were incapable of migrating into the SB8AGE gel (Figure mined by gel filtration chromatography is predicted to be
3B, lane 2). The data indicate thatadound ALG-2 exists approximately 22 kDa (Figure 3A). These results suggest
as high-molecular mass aggregates, and such aggregates cahat the C-terminal fragment of ALG-2 may exist (in€a
be covalently linked by DSG. We have also performed the free solution) as a dimer complex. Chemical cross-linking
same cross-linking reaction in the presence of micromolar experiments further showed that ALG-2-NT failed to become
concentrations of G4, and the same C&induced aggrega-  cross-linked by reaction with DSG. In contrast, treatment of
tion was observed (data not shown). Gel filtration studies ALG-2-CT with DSG resulted in the formation of a dimeric
also showed that Cabound ALG-2 was eluted near the complex which by the method of SBAGE migrated with
void volume of the column, further supporting the observa- a corresponding molecular mass of approximately 22 kDa
tion that the C&-bound ALG-2 forms high-molecular mass (Figure 5A). Taken together, these data suggest that ALG-
aggregates in solution. 2's dimerization region may reside within the carboxyl-
C-Terminal Residues Contribute to the Apparent Dimer- t€rminal domain of the protein. However, one can notice that
ization Potential of ALG-2To investigate the region of the ~ALG-2-CT forms a much more stable dimer than the full-
protein as well as the individual amino acids responsible for /€ngth protein as the full-length protein migrates as an
ALG-2's dimerization potential, we constructed N- and @pparent monomer in the gel filtration column. Itis possible
C-terminal truncation mutants using the PCR methodology. that the N-terminal domain may also modulate the solution
The N- and C-terminal deletion mutants were denoted ALG- dimerization of the protein.
2-CT and ALG-2-NT, respectively (Figure 1C). ALG-2-NT We subsequently tried to locate the dimerization region
contains the first two EF-hand €abinding motifs, and of ALG-2 by identifying the Lys residue(s) that was
ALG-2-CT contains the remaining three €ebinding sites specifically cross-linked by DSG. Inspection of the calpain
of the protein as predicted for all members of this sequence-small subunit crystal structure (PDB file name 1aBBg)
derived subfamily. Both truncated mutants were capable of suggested the side chains of Arg214 between each monomer
being obtained in a soluble, folded state as judged by their are spatially closed,-n, ~ 8.1 A; see Figure 1D). Figure
respective CD spectra (Figure 4B,C). The CD spectra are1A shows that Lys137 of ALG-2 is aligned with Arg214 of
also characteristic for typical helix-rich EF-hand ?Ga calpain (Figure 1A), suggesting that Lys137 from each
binding proteins such as calmodulin. The cumulative CD ALG-2 monomer is a likely candidate for the protein’s
spectra of the two independent truncated mutants are roughlyobserved cross-linking activity induced by DSG. To verify
equal to the CD spectrum of the recombinant ALG-2 (Figure this hypothesis, we mutated Lys137 to Arg in the wild-type
4A). These data suggest that ALG-2 consists of two separateprotein and tested the mutant’s ability to dimerize. In support
domains. of the structural integrity of the mutant, CD and fluorescence
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Ficure 4: Circular dichroism spectra of €afree ALG-2 (A), C&"-bound ALG-2-NT (B), and CH-free ALG-2-CT (C). The protein
samples were dissolved in 10 mM Tris-HCI (pH 7.5) containing 1 mM DTT and 1 mM EDTA. The concentrations of the samples were 5,
10, and 1QuM for ALG-2, ALG-2-NT, and ALG-2-CT, respectively.
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was used as a control for comparison with the point mutation. Ficure 6: Quenching of intrinsic Trp fluorescence of full-length

spectra confirmed that the mutant retained the same structuraf?-G-2 (A) and ALG-2-CT (B) with incremental amounts of added
C&". The inset of each panel shows the decrease of fluorescence

characteristics as Fhose of the wild-type ,pro,tem (data_ ,nOt intensity at 345 nm as a function of €aconcentration. The protein
shown). To determine the mutant’'s cross-linking capability, concentration was 0.01 mg/mL for both samples.
the Lys137Arg mutant protein was treated with DSG utilizing
reaction conditions identical to those used for the wild-type conformational changes intrinsic to ALG-2. Because of the
protein. Figure 5B clearly demonstrates that the mutant low solubility of the C&™-bound form of ALG-2, we were
protein no longer possesses the capacity to initiate cross-only able to study the Ca binding of the full-length protein
linking reactions in the presence of DSG. Furthermore, theseusing fluorescence spectroscopy. Incremental additions of
findings related to the Lsy137Arg mutant further support Ca&* progressively quenched the intrinsic fluorescence of
previous studies which have suggested that recombinantALG-2 (Figure 6A). One can also observe a slight red shift
ALG-2 dimerization potential is confined to the protein’s of the fluorescence spectra of the protein upon addition of
C-terminus. In parallel studies, it was demonstrated that wild- Ca&2"™ (Figure 6A). Large decreases in fluorescence intensity
type ALG-2 could not be successfully cross-linked by 1,5- were observed when micromolar concentrations 6f @are
difluoro-2,4-dinitrobenzene (another amine selective cross- added to soluble samples of ALG-2. This finding is indicative
linker with a space arm o3 A). This finding suggests that  of the existence of strong €abinding site(s) of the protein
the distance between the Nf Lys137 contributed from each  (Kq in the micromolar range). Quenching of the sample’s
of the monomer is larger tha3 A (data not shown). intrinsic fluorescence continued via the addition ofCt
Collectively, these data, in addition to details obtained from the sample preparation up to and exceedingf €ancentra-
the crystal structure of calpair3?, 33), provide strong tions of as high as 10 mM. This phenomenon is indicative
evidence that ALG-2 dimerizes via the C-terminal domain of proteins which contain weak €abinding sites possessing
of the protein. On the basis of the sequence similarity of K4 values in the millimolar range. Due to the lack of
ALG-2 and the calpain small subunit, we suggest that the definitive data which pertain to the €abinding sites of
fifth EF-hand C&"-binding motif is the actual contact area recombinant ALG-2, it was not possible to derive quantitative
of the dimer (see the Discussion for more details). Kq values of C&" binding based on the data depicted in
C&*-Induced Conformational Changes Inherent to ALG- Figure 6A.
2. Several experimental approaches were used in investigat- Sequence analysis between ALG-2 and other members of
ing the C&" binding properties and associated ion-induced its subfamily revealed that €abinding sites 1 and 3 of
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Ficure 7: Circular dichroism spectra of the Glu47Ala (A), Glul1l4Ala (B), and Glu47Ala/Glul14Ala (C) point mutants of ALG-2 in the
presence and absence of?CaFor clarity, CD spectra at two extreme Taoncentrations (0 and 5 mM) are shown in each panel. For the
two single-point mutants, the spectral change could be observed with the addition of a micromolar concentratfdn DheCprotein
concentration used for the CD measurements waMor all three samples.

ALG-2 contain the canonical amino acid sequence reported

for other EF-hand C4-binding proteins (Figure 1A,B). The
other three predicted €abinding sites within the protein

have mutations or insertions at critical positions which are

highly conserved among numerous EF-hand@anding
proteins B4—36). On this basis, we postulated that the
predicted C&-binding sites denoted as sites 1 and 3
correspond to functionally strong &abinding sites present
in ALG-2. Refolded, purified ALG-2-NT requires sub-
micromolar C&" concentrations to maintain its structure in

solution (data not shown), which suggests that the N-terminal

domain contains at least one strong?CGhinding site. ALG-

2-CT displayed an intrinsic fluorescence intensity quenching

similar to that observed for wild-type ALG-2 in response to
C&*" titration (Figure 6B). In contrast to the full-length
protein, ALG-2-CT does not undergo a €anduced ag-
gregation (data not shown). Therefore, thé'Gaduced Trp
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Ficure 8: Chemical cross- Imklng of the €abinding site point
mutants in the presence-) and absence~) of Ca&*. The wild-
type ALG-2 (WT) was used as the molecular mass marker for the
monomeric ALG-2.

fluorescence changes are representative of the conformationajhe well-known C&™-induced increases in helicity as previ-
changes of the domain. This result also suggests that thepusly reported for numerous other EF-hand®Ghainding

C-terminal domain also contains a strongGhinding site-

proteins. Disruption of Cd-binding site 1 (as achieved with

(s). To further prove that sites 1 and 3 correspond to the the Glu47Ala mutant of ALG-2) did not lead to any apparent

strong Ca"-binding sites, we mutated the Glu residue at
position 12 of the respective €abinding loop in the
following manner: (i) single mutants Glu47Ala and Glul14Ala
and (ii) double mutant Glu47Ala/Glul14Ala (see Figure 1).
All three mutants retained their wild-type conformation in
the absence of G4, as determined by CD spectroscopy
(Figures 4 and 7). Mutation of the 12th Glu residue to Ala
within both C&"-binding loops of the protein completely
disrupted the Cd-binding capacity of the mutants. Further-
more, this double mutant lacked the?Ginduced precipita-
tion profile characteristic of the wild-type protein even at a

C&" concentration as high as 20 mM (data not shown).

Additionally, CD experiments showed that the addition of

modulation of the protein’s propensity to bind Cat sites
located within the C-terminus. This was clearly demonstrated
in studies that documented the mutant’s ability to undergo
typical C&"-induced negative ellipticity increases at 222 and
208 nm of its far-UV CD spectra (Figure 7A). Similarly,
abolishment of the Ca-binding capacity of site 3 (via a
Glul14Ala mutation of the wild type) did not significantly
alter the Ca" binding property of site 1 (Figure 7B).
However, both point mutants displayed variances between
themselves and the wild-type protein with respect to their
conformational profiles as a result of structural changes
induced by C&" binding. As expected, both point mutants
retained their native conformation in the absence of'Ca

C&" does not induce detectable conformational changes(Figure 7), as the side chain of the 12th Glu residue iffCa

within the double mutant (Figure 7C). The chemical cross-

binding loops is not predicted to be involved in any

linking experiment demonstrated that the double mutant hasinteractions with other residue88—40). Chemical cross-
furthermore lost its ability to aggregate in the presence of linking experiments showed that neither of the single mutants
Ca&" (Figure 8). In contrast, the two single mutants displayed underwent C&-induced aggregation, suggesting that both
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Ca&*-binding sites are required for the €anduced con-
formational change of the proteins (Figure 8). Taken together
we conclude that Ga-binding sites 1 and 3 possess strong,
apparently independent &abinding activities.

DISCUSSION

In this work, we have successfully expressed ALG-2 and
its various point mutants in their respective soluble forms
in bacterial cells at a very high yield. Large quantities of
pure ALG-2 (~100 mg/L of bacterial culture) could be easily
obtained within 2 days using the purification procedure
developed in this work. Additionally, we were also able to
express and purify large quantities of the N- and C-terminally

truncated mutants of ALG-2 in the same bacterial system.

The development of the efficient expression and purification
method has laid a foundation as well as provides the mean
for furthering the biochemical and structural characterization
of this novel Ca"-binding protein implicated for its role in
apoptosis.

Lo et al.

cellular environment. Sequence alignment shows that the
,Ca&"-binding sites of ALG-2 display significant differences
with the corresponding sites in other members of the family
(Figure 1). Specifically, Cd-binding site 1 of ALG-2
contains the conserved sequence determinants necessary for
C&" binding @4—37; Figure 1B), and it is likely to be a
strong C&™-binding site. Indeed, mutation of the Glu residue
at position 12 of the Ca-binding loop to an Ala drastically
altered the C&-hinding property of the protein (Figures 7
and 8). In contrast, Ca-binding sites 1 of the other three
members of the family all contain a novel 11-residué'Ca
binding loop with theX coordinate provided by the main
chain carbonyl oxygen of an Ala residu@2( 33). Despite
significant sequence differences,?Gdinding sites 1 of both
ALG-2 and calpain are able to bind to €awith a high
affinity (ref 33and this study). Cd-binding sites 3 of ALG-2
Sand other members of the family all contain highly conserved
amino acid residues observed in canonical EF-hartt-Ca
binding proteins (Figure 1A,B). Like that for calpai@2),
C&*-binding site 3 of ALG-2 is likely to be a strong &a

As shown by the chemical cross-linking experiment€a  pinding site as indicated by the truncation and mutation
free ALG-2 has a tendency to form a homodimer in solution studies of the protein. The X-ray crystal structures have
(Figure 3B). Formation of a homodimer is a common feature shown that C#-binding site 2 of calpain also binds to €a
for every known member of this subfamily of €abinding with a high affinity, and the result is within the expectation
proteins, specifically, sorcin, grancalcin, and the calpain small as the particular Ca-binding loop contains all the necessary
subunit 8—33). In these studies, it has been shown, utilizing amino acids required for strong €abinding (32, see also
several trucated mutants of the protein, that the dimerization Figure 1). In contrast, the amino acid residue in the sixth
region of ALG-2 is likely to be located within the C-terminal  position of the second G&binding site of ALG-2 is an Ala
region. A combination of amino acid sequence analysis andrather than the highly conserved GI¢1j. Formation of
mutagenesis studies allowed us to identify Lys137 in ALG-2 pentagonal bipyramidal coordination of €as facilitated
as the specific cross-linking site which gives rise to the by an unusual main chain conformatiop &ndy ~ 60°
formation of the dimer complex. Together with the crystal and 20, respectively) of this particular Gly residué2j, and
structure of the calpain small subunit, we suggest that ALG-2 such Gly to Ala substitution is likely to reduce the &a
may form a homodimer by packing together the fifth EF- pinding affinity of the site dramatically. G&binding site 4
hands from each monome3Z, 33). However, a definitive  of ALG-2 is also very different from site 4 of calpain, sorcin,
answer for the dimerization interface awaits the determination and grancalcin. In ALG-2, the 12th position of the loop is
of the three-dimensional structure of the protein. In the an Asp rather than a Glu residue. Mutation of the bidentate
absence of Cd, the association between the ALG-2 Glu residue at this position is known to drastically reduce
monomers is much weaker than those observed for otherthe C&*-binding affinity of EF-hand C#-binding proteins
members of the subfamily. Gel filtration experiments showed (43, 44). Therefore, C#-binding site 4 of ALG-2 is also
that C&*-free ALG-2 exists predominantly as a monomer |ikely to be a weak one, although the coordination sphere of
in solution (Figure 2A), whereas sorcin, grancalcin, and the this C#*-binding site is expected to be similar to the one in
calpain small subunit all form stable dimers under similar the canonical Cd-binding site. The crystal structures of
conditions @8-33). The crystal structures of the calpain calpain showed that site 4 of the protein binds t8‘Ganly
small subunit show that the fifth EF-hand of each monomer gt a physiologically irrelevant CGa concentration, and
forms a four-helix bundle dimer interface, and the interactions uniquely, all of the C# ligands are provided by amino acid
between the monomer are mediated primarily by packing residues in the F-helix of the EF-har@2( 33). An insertion
the hydrophobic amino acid residues between these two EF-of a hydrophobic amino acid residue between the seventh
hand motifs 82, 33). Sequence alignment indicates that the and eighth positions of the fifth €a-binding site of ALG-2
hydrophobic amino acid residues in the fifth EF-hand of as well as other members of the family will likely abolish
ALG-2 and calpain are highly conserved (Figure 1A). Thus, the C&*-binding capacity of the site. The crystal structures
it is difficult to explain the affinity difference between the of calpain have indeed revealed that the fifth*Ghinding
monomers of ALG-2 and other members of the subfamily site remains unoccupied even when 200 mM¢‘Cwas
without a detailed atomic structure of the protein. Studies included in the crystallization buffer, and the two helices of
have recently been initiated in our laboratory to determine the EF-hand are nearly antiparallel with each ott3 83,
the solution structure of ALG-2 by NMR spectroscopy. 38—40).

Since the expression level of ALG-2 has been reported to  In this work, we also showed that ALG-2 can be divided
remain constant during apoptosis, it was proposed thatinto two folded domains at Thr93 (Figure 4). The result
ALG-2 is likely to exert its function through a €& indicates that the first two C&-binding sites are likely to
dependent mechanisi@5). Thus, knowledge of Ca binding be independent of the three C-terminalPChinding sites.
properties and Ca-induced conformational changes is It was further shown that the N-terminal domain of ALG-2
critical for understanding the function of ALG-2 within the could still bind to C&" when the C-terminal Ca-binding
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site was mutated (Figure 7B). Similarly, “knock-out” of the
N-terminal C&"-binding site did not impair the Cabinding

of the C-terminal domain (Figure 7A). The data can readily
be explained by the crystal structure of calpag, 33). The

first two EF-hands of the calpain small subunit pack with
each other, forming a relatively independent structural unit,
and C&*-binding motifs 3 and 4 form another pair of EF-
hands, leaving the fifth EF-hand to pair with the same section

Biochemistry, Vol. 38, No. 23, 1999507

ALG-2 experiences a C&induced conformational change.
Furthermore, CA-induced conformational changes originate
solely from the binding of CA to the two strong sites (sites
1 and 3) of the protein. This finding is further supported by
the fact that mutation of these two sites resulted in an ALG-2
mutant whose conformation integrity is entirely independent
of Ca&* (Figure 7C).

The Glu47Ala/Glul14Ala double mutant of ALG-2 gener-

from the other monomer. From the crystal structure, one doesated in this work has completely lost its Lebinding

not expect a significant amount of communication between
the C&"-binding sites of the two domains. The lack of
communication between the €abinding sites was previ-
ously demonstrated experimentally for calpad®)(
Ca&"-induced conformational changes of ALG-2 were

studied by a number of approaches. Both chemical cross-

linking and gel filtration experiments showed that ALG-2
undergoes a Cé-induced aggregation (Figure 3), presum-
ably as a result of conformational changes of the protein. It
was observed previously that sorcin also undergoes’aCa
induced aggregation2@), and calcium was shown to be
required for the binding of sorcin to synexidg), and
translocation of the protein from cytosol to cellular mem-
branes 47). It is likely that binding of C&" to ALG-2 and
sorcin leads to an exposure of their respective hydrophobic

capacity (Figure 7C). This mutant may be particularly useful
in addressing the in vivo functioning of ALG-2. Additionally,

it is plausible that this mutant may provide insight into the
ability of C&" to regulate ALG-2 in vivo by comparing the
apoptotic response of cells transfected with the wild type as
compared to that of the mutant form. Furthermore, this
double mutant could also serve as a dominant negative of
ALG-2 for studying the cellular function of the protein as
well as its signaling pathway.

In summary, an efficient purification method was devel-
oped for isolating large quantities of recombinant ALG-2
from bacterial cells. ALG-2 contains five EF-hand “Ca
binding sites. It is a new member of the calpain small subunit
subfamily C&*-binding protein. The protein forms a weak
dimer in solution, and the dimer interface is likely to be

surfaces. In the absence of their respective targets, bothformed by the fifth EF-hand of the protein. The protein

proteins undergo self-aggregation via their respective hy-
drophobic surfacestQ). Inside cells, however, ALG-2 may
interact with its target proteins in a &adependent manner.
It was reported that ALG-2 binds with another®Cdinding
protein highly homologous to ALG-2 itsel#8). It is quite
possible that ALG-2 binds to this €abinding protein using
its fifth EF-hand motif. The significant conformational
changes of ALG-2 upon binding to €aare also manifested
by a large decrease-60%) of the intrinsic Trp fluorescence
intensity of the protein (Figure 6A). The quenching of the
intrinsic fluorescence may reflect a significant change of the
microenviroment of the Trp residues of the protein. The other
possibility of the observed fluorescence quenching may result
from the C&"-induced aggregation of the protein. Since a
similar fluorescence quenching was also observed for ALG-
2-CT, ALG-2-CT does not aggregate upon addition of'Ca
The conformational change is likely to be the main origin
of the C&"-induced fluorescence quenching of the full-length
ALG-2.

The C&"-induced conformational changes of ALG-2 were
further investigated using the fragments and"‘@ainding
site mutants of the protein. Like that of the full-length protein,
the intrinsic Trp fluorescence of ALG-2-CT was quenched
upon binding to C& (Figure 6B), indicating a conforma-
tional change of the C-terminal part of the protein. Thé'€a
induced conformational changes in the C-terminal domain
are further supported by the CD spectra of the Glu47Ala
mutant of the protein (Figure 7A). The substitution of Glu47
with an Ala abolished Cd binding to the N-terminal domain
of the protein. Therefore, the increase of théelicity upon
addition of C&" to the mutant ALG-2 likely resulted from
the conformational changes of the C-terminal domain.
Removal of C&' resulted in an immediate precipitation of
ALG-2-NT (data not shown), indicating that the conforma-
tion of the N-terminal part of the protein is also sensitive to
Ca&". The CD results of the Glul14Ala mutant shown in
Figure 7B also indicated that the N-terminal domain of

undergoes a significant €ainduced conformational change,
and such conformational change may be directly related to
the protein’s functional regulation.
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