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ABSTRACT. Apoptosis is an essential physiological process, regulated by the family of Bcl-2-related proteins.
However, the molecular mechanism by which Bcl-2 regulates apoptosis still remains elusive. Here we
report the functional studies of recombinant human Bcl-2 with the deletion of 22 residues at the C-terminal
membrane-anchoring region (rhBch22). Characterization of rhBclA&22 showed that the recombinant
protein is homogeneous and monodisperse in nondenaturing solutions, stable at room temperature in the
presence of a metal chelator, and@hmelical protein with unfolding of secondary structure at.aof

62.8°C. Optimal membrane pore formation by rhB&22 required negatively charged phospholipids.

The existence of a hydrophobic groove in rhBAZ2 was demonstrated by the fluorescence enhancement

of the hydrophobic ANS probe with which a pro-apoptotic Bak BH3 peptide competed. The respiratory
inhibitor antimycin A also bound to the hydrophobic groove of rhBaR22 with aKy of 0.82uM. The

optimal binding conformation of antimycin A was predicted from molecular docking of antimycin A
with the hBcl-2 model created by homology modeling. Antimycin A selectively induces apoptosis in
cells overexpressing Bcl-2, suggesting that hydrophobic groove-binding compounds may act as selective
apoptotic triggers in tumor cells.

Programmed cell death by apoptosis is an essentialsequence motifs known as Bcl-2 homology (BH) domains.
physiological process for the selective elimination of cells, The anti-apoptotic members (Bcl-2, Bal;xMcl-1, Bel-w,
including those involved in a variety of biological events A1, Boo, and Ced-9) share all four BH domains, designated
such as development and host defense mechanigns ( as BH1-4; the pro-apoptotic members Bax, Bak, Bok, and
Dysregulated apoptosis contributes to the pathogenesis ofBcl-xs contain BHE}3 domains, but other pro-apoptotic
tumors, autoimmunity, and degenerative disea2e8)( In members (Bad, Bik, Bid, and Egl1) only have a BH3 domain
particular, enhanced expression of anti-apoptotic Bcl-2- in common with Bcl-2. The number of Bcl-2-related proteins
related proteins in cancer cells has been implicated in has been significantly and continuously expanded since the
resistance to currently available antineoplastic agefits ( discovery of Bcl-2, from representatives in mammalian
Consequently, elucidation of biochemical mechanisms of organisms toDrosophila melanogaste(s). However, the
apoptosis holds great promise for developing new strategiesmolecular mechanism by which Bcl-2 proteins regulate
for prevention, detection, diagnosis, and treatment of thoseapoptosis remains unclear.
diseases, as demonstrated by the major interest in apoptosis Elucidation of how Bcl-2 proteins regulate apoptosis is
research in the past decade. complicated by multiple apparent functions, which involve

The proteins of the Bcl-2 family play a pivotal role in the protein—protein interactions as well as formation of pores
regulation of apoptosis. The members of this family can be in lipid membranes. The members of the Bcl-2 family can
divided into three subfamilies based on several conservedeither homodimerize or heterodimerize with other members;

for example, Bcl-2 forms heterodimers with Bax, B¢l-A1,
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pro-apoptotic 10). Isolated peptide pro-apoptotic BH3 MATERIALS AND METHODS
domains, and by implication the whole proteins, are inhibitors ) _
of the anti-apoptotic proteins and can induce apoptosis. Bcl-2 ~ Cloning of hBcl-A22. Human Bcl-2A22 was obtained by

also interacts with unrelated proteins such as Raf-1 andPCR using a forward primer with the sequence TTTATAA-
calcineurin 4). These protein interactions appear to modulate CATATGGCGCACGCTGGGAGAACGG and a reverse

the apoptotic function of Bcl-26( 11—14). Recently, Lee ~ primer with the sequence GATTTACTCGAGCAGAGA-
et al. (L5) reported a new Bcl-2 binding protein, Bis, that CAGCCAGGAGAA. The PCR product, hBck22, was
enhances the anti-apoptotic function of Bcl-2, while pos- digested withNde and Xhd and ligated intoNdd —Xhd-
sessing only weak anti-apoptotic activity by itself, further restricted pET22b¢) (Novagen)E. coli strain DHGx cells
implicating Bcl-2 protein interactions in the regulation of were transformed with pET22b-hBa22 under ampicillin

apoptosis. and kanamycin selection. DNA sequencing by dideoxy chain
Bcl-2, Bel-x, and Bax also form large conductance pores termination confirmed the correct nucleotide sequence.
in synthetic lipid membranes 6—18). Membrane channel Expression and Purification of rhBclA22. A single

formation by Bcl-2 proteins is thought to be involved in the colony of E. coli BL21 (DE3) cells harboring pUBS520
anti- and pro-apoptotic effects of these factors, but the critical encoding human argU tRNA and pET22b-hB&E2 was
species that are transported are unknowr 9, 20). Several used to inoculate 2 YT medium containing 200 mg/L
studies have implicated altered membrane permeability in ampicillin and 50 mg/L kanamycin. Cells were grown to an
apoptosis. Bcl-2 and Bclx are targeted to the outer ODggo of 0.6 at 37°C, and the expression of protein was
mitochondrial membrane by a C-terminal hydrophobic induced with 0.1 mM isopropyp-p-thiogalactoside at 30
sequence that also functions as a membrane anchor. Change€<. The cells were harvested by centrifugation, resuspended
in mitochondrial membrane potential, either early hyperpo- in 1:5 (w/v) PEB [50 mM Tris (pH 8.5), 0.2 M NaCl, 0.2
larization or delayed depolarization, occur during apoptosis mM PMSF, 5 mMAME, 5 mM imidazole, and 1% (v/v)
and are antagonized by Bcl-2% 22). Bcl-x. has been glycerol], and stirred for 20 min at 4C. Lysozyme (0.2
shown to maintain ADPATP exchange across the inner mg/mL) and a pinch of DNasel were added to the cell
mitochondrial membrane, presumably by affecting the per- mixture, and the solution was stirred for an additional 20
meability of the mitochondrial outer membrars). Finally, min. Cells were disrupted by pulse sonication at 70% output,
increased mitochondrial matrix pH (and decreased cytoplas-and the cell debris was removed by centrifugation (30 min
mic pH) has been recently described as an early event inat 3100@) at 4 °C. The soluble fraction was loaded onto a
apoptosis and is also prevented by Bcl22)( The precise  Ni—NTA column (Qiagen) equilibrated with PEB, and
role, if any, of Bcl-2 membrane pores in any of these unbound proteins were removed with PEB containing 40 mM
alterations in transmembrane gradients during apoptosis hasmidazole. Proteins were eluted from the column with PEB
not been defined to date. containing 200 mM imidazole, pooled, and dialyzed against
Structural and functional studies of Bcl-2 in complex with  buffer containing 50 mM Tris (pH 8.5), 200 mM NacCl, 1
any binding partners should improve our understanding of mM DTT, 2 mM EDTA, and 0.2 mM PMSF at 4C
how Bcl-2 regulates apoptosis. Unfortunately, such studies overnight. The dialyzed protein was concentrated to about
have been hampered by difficulties in obtaining sufficient 10 mg/mL and fractionated on Superdex 75 gel filtration
quantities of Bcl-2 protein in a homogeneous state. Methods column (Pharmacia Biotech Inc.) equilibrated in dialysis
previously described for the purification of Bcl-2 result in  buffer. The peak containing rhBclA22 was pooled, ex-
very low yields @5), requiring a large-scale fermentation changed to low-salt buffer, and loaded onto an anion
and/or purification from inclusion bodie2@, 27) associated  exchange column (MonoQ, Pharmacia Biotech Inc.) to
with prohibitive time and cost. Previously, we have shown separate an acidic contaminant protein. The protein yield at
that hBcl-2 with a deletion of the hydrophobic C-terminal each purification step was determined by the Bradford assay;

tail (hBcl-2A22) retains anti-apoptotic functior2g). Ac- the concentration of the purified rhBcA22 at the end of
cordingly, we cloned and expressed hBAZ2 in Escheri- purification was determined using amgy of 43 430 M
chia coli. Here we describe a simple and rapid purification c¢cm1 obtained by the method of Mach et a29j.

method for recombinant hBclA22 from the soluble bacterial Electrophoresis and Western Blottin§DS-PAGE was

lysate, resulting inr~9 mg of homogeneously folded, active
protein suitable for functional and structural studies per liter
of cell culture. Initial biophysical characterization of rhBcl-
2A22 reveals a hydrophobic site which binds a pro-apoptotic
BH3 domain peptide, consistent with the hydrophobic groove
in a computational model of the hBcl-2 structure, and pH-
dependent pore formation in negatively charged lipid mem-
branes. We also demonstrate that an inhibitor of mitochon-
drial respiration, antimycin A, binds to the hydrophobic BH3
binding site in rhBcl-A22.

performed as described by LaemndDf on 15% acrylamide
followed by either silver or Coomassie blue R-250 staining.
Isoelectric focusing (IEF) was performed on a Pharmacia
Ampholite PAGplate gel (pH 39) using a Pharmacia
PHAST system, and gels were silver stained. Prestained
isoelectric markers (Bio-Rad) were run on the same gel (600
V,5mA, 3.5W, 1.5 h). For Western blotting, proteins were
separated by 15% SDSAGE and electroblotted onto a
nitrocellulose membrane. Immunodetection of rhBal22
was accomplished using hamster anti-Bcl-2 monoclonal
antibody (1:100) followed by a biotinylated goat anti-hamster

! Abbreviations: AA, antimycin A; ADR, adriamycin; CL, cardio-  antibody (1:1000) (Vector, Burlingame, CA) and HRP-
lipin; rhBcl-2A22, recombinant human Bcl-2 with deletion of 22 conjugated streptavidin (1:5000) (Zymed, South San Fran-
C-terminal residues; LUVs, large unilamellar vesicles; PC, phospha- . . . ’ ' .
tidylcholine; PG, phosphatidylglycerol; PI, phosphatidylinositol; pI, €iSc0, CA). Chemiluminscence (ECL, Amersham, Arlington
isoelectric point; PS, phosphatidylserine; TM, transmembrane. Heights, IL) was used for detection.
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Mass Spectrometrydass measurements were performed rescent markers was quantified on a percentage basis
with a Finnigan LCQ quadrupole ion trap mass spectrometer according to the equation
(Finnigan-MAT, San Jose, CA) and by matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry (Bioper- % release= (F; — Fo/F,00 — Fo) x 100
ceptive, Farmington, MA). The matrix used for MALDI-
TOF was recrystallizedx-cyano-4-hydroxycinnamic acid  F; being the measured fluorescence after protein addition,
(Sigma). The sample was added to a saturated solution of aF, the initial fluorescence of the intact LUV suspension, and
2:1 aqueous 0.1% trifluoroacetic acid/acetonitrile matrix. One F,q, the fluorescence after complete disruption of vesicle
microliter of the solution was placed on the probe of the integrity by addition of Triton X-100 (final concentration,
mass spectrometer and allowed to dry before analysis. 0.2% wi/v). For ANTS, the excitation and emission wave-

Dynamic Light Scattering (DLSHydrodynamic properties  lengths were 355 and 520 nm, respectively (8 nm slit width).
were measured using a DynaPro molecular sizing instrumentFor calcein, the excitation and emission wavelengths were
(Protein Solutions, Ltd.) equipped with a temperature 490 and 520 nm, respectively (2 nm slit width). Final extents
controller. All samples were filtered through a Quin of leakage were obtained after the fluorescence intensity
membrane before analysis. Lysozyme (20 mg/mL) in 40 mM reached a plateau. The maximum level of release of
sodium acetate (pH 5.5), 0.5% (v/v) NaCl, and BSA in PBS entrapped dyes was determined by Triton X-100 addition
(2 mg/mL; Pierce) were used as controls. Various concentra-(final concentration, 0.6 mM). Unless otherwise stated,
tions of rhBcl-2A22 were used to measure hydrodynamic protein and lipid concentrations were 100 nM and:80,
parameters following the manufacturer’s instructions. respectively.

SpectroscopyFar-UV circular dichroism (CD) spectra Transfection.Both Bcl-2 and full-length Bcl-x were
were obtained with samples in 10 mM phosphate buffer (pH cloned into the mammalian expression vector pSFBS).(
8) using an AVIV 62A DS spectropolarimeter equipped with Mouse hepatocyte TAMH cells were transfected by lipofec-
a thermoelectric cell and calibrated with-&)¢10-camphor- tion (Lipofectamine, Life Technologies, Rockville, MD) with
sulfonic acid standard (Sigma). Spectra were recorded usingpSFFV (control), pSFFV-Bcl-2, and pSFFV-Bal-glasmids.
a 1 mm cell path length in wavelength increments of 0.2 Transfectants were selected for the acquisition of neomycin
nm. The presented spectrum is the average of three scans ofesistance in 75Qg/mL G418. Bulk transfectants were
protein corrected for background solvent effects by subtrac- cloned by limiting dilution, and individual clones were
tion of the buffer blank. Data are presented as the molar screened by immunoblot to determine the level of protein
ellipticity per residue, ®lurw, in degrees per square expression.
centimeter per decimole using the relati@ furw = (% obs Cell Viability following ANS, Antimycin A, and 2-Meth-
MW,)/(cdNy), where %y, is the measured ellipticity in  oxyantimycin A TreatmenEqual numbers of stably trans-
millidegrees by the instrument at wavelengtiMWi, is the fected cells were plated on 12-well tissue culture plates.
molecular weight of rhBcl-222, ¢ is the protein concentra-  Experiments were performed when cells reached approxi-
tion in milligrams per milliliter, d is the path length in  mately 70-80% confluence. Antimycin A, ANS (both from
centimeters, anll, is the number of amino acids in rhBcl-  Sigma, St. Louis, MO), and 2-methoxyantimycin 24f were
2A22. Thermal unfolding of rhBcl-222 was followed by dissolved in DMSO and used to treat cells at the indicated
measuring the change in ellipticity at 222 nm as a function concentrations. Control cultures were treated with vehicle
of temperature. The temperature was changed at the rate oflone. Six hours after treatment, cells were trypsinized and
0.5°C/min in the range of 2582.5°C, and the sample was  cell viability was determined by trypan blue dye exclusion.
equilibrated for 0.5 min before each measurement was madeThe number of viable cells was counted, expressed as a
every 2.5°C with a response time of 30 s. fraction of total cells counted (16200 per well), and

Liposome StudiesPhosphatidylcholine (PC), phospha- normalized to the control group, i.e., % cell viability
tidylglycerol (PG), phosphatidylserine (PS), cardiolipin (CL), (viable cells in treated group/viable cells in control group)
and phosphatidylinositol (PI) from natural sources were x 100%.
obtained from Avanti Polar Lipids (Alabaster, AL). Large Fluorescence Spectroscopic Measuremdriigorescence
unilamellar vesicles (LUVs) were formed by extrusion spectroscopic studies were performed on a Hitachi F-2500
according to the method of Mayer et a1j. Dry films of fluorescence spectrophotometer equipped with a thermostatic
lipid were rehydrated in aqueous solutions containing either cell holder. All measurements, unless otherwise indicated,
12.5 mM ANTS, 45 mM DPX, and 10 mM Hepes or 60 were conducted as described below. The excitation wave-
mM calcein and 10 mM Hepes (pH 7.0), subjected dlB lengths for ANS (Sigma) were 374 nm, and emission was
freeze-thaw cycles, and extruded 10 times through two recorded from 400 to 600 nm. Samples were prepared in 50
polycarbonate filters with a 0.Am pore size (Nucleopore, = mM Tris-HCI buffer [ 0.2 M NaCl, 2 mM EDTA, and 0.5%
Pleasanton, CA). Nonencapsulated material was removed(v/v) glycerol (pH 8.0)] and checked for the “inner filter
using a Sephadex G-10 column loaded with 100 mM KCI effect” over the range of ANS and antimycin A concentra-
and 10 mM Hepes (pH 7.0). The size of the final liposome tions used for this study. Blanks containing an equal
preparation was routinely checked by a Coulter N4 Plus concentration of flurophore as the samples were used as a
Particle-Sizer and was close to the expected vatu0Q control in all measurements, and the necessary corrections
nm). Lipid concentrations were measured by the ammonium were made. The concentrations of ANS solution were
ferrothiocyanate method3®). Fluorescent measurements quantitated using an extinction coefficient of 6<8L0° M1
were performed at 37C in a 1 cmpath length cuvette using cm* at 370 nm. The optimal stoichiometric ratio for ANS
an SLM-2 Aminco-Bowman luminescence spectrometer interaction with rhBcl-A22 was determined by the method
(Spectronic Instruments, Rochester, NY). Release of fluo- of continuous variation [Job plot3g)]. Job plot was
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constructed using the enhanced fluorescence of ANS whenprepared by addition of PBS dialysis buffer to peptide powder
ANS binds to rhBcl-A22, while keeping the total concen- that was weighed with an accuracy tfl ug.

tration of ANS plus rhBcl-A22 at 30uM. For displacement Caspase-3 Actation Assay Mouse hepatocyte TAMH
experiments, ANS was mixed with thBch22 and the  cglis that were transfected with pSFFV-Bcl-2 plasmids were
mixture allowed to reach equilibrium at®C. The various  treated with 2«g/mL antimycin A and lysed at the indicated
concentrations of BH3 peptide corresponding to the BH3 {ime points in hypotonic lysis buffer [25 mM HEPES (pH
domain of Bak (72-GQVGRQLA||GDD|NR-87; Colorado 7.5), 5mM MgCh, 5 mM EDTA, 5 mM DTT, 2 mM PMSF,
State University) were added to the mixture, and the changeloﬂg/ml_ pepstatin A, and 19g/mL leupeptin]. Cell lysates

in the fluorescence of ANS was measured. Measurements(7s ,q/mL protein) were incubated with 5EM fluorogenic

of the fluorescence spectra of antimycin A were carried out caspase-3 substrate (Ac-DEVD-AMC, Promega) in assay
as for ANS, except for the following changes. The wave- p ffer [100 mM HEPES (pH 7.5), 10% sucrose, 0.1%
lengths for excitation and maximal emission for antimycin  ~yaAPS and 10 mM DTT] at 36C for 30 min. Fluorescence

A (Sigma) were 335 and 428 nm, respectively, at°Cs was measured at an excitation wavelength of 360 nm and
The concentration of antimycin A was determined using an 5, emission wavelength of 460 nm.

extinction coefficient of 7.24 mMt cm™t at 320 nm.
Measurement of Binding Affinities for Bcl-BBothermal
titration calorimetry (ITC) experiments aimed at assessing
the binding of antimycin Aand BH3 peptide to rhBcl/&22
were conducted at 28C, using a VP-ITC microcalorimeter
(Microcal, Inc., Northhampton, MA) following the standard
instrumental procedures. The 1.3 mL sample cell was filled
with buffer containing rhBcl-A22 (2—13 uM). The syringe
was filled with a ligand solution of antimycin &40 uM)
or BH3 peptide (18Q:M). The binding experiments were

carried out with 25x 10 uL injections of ligand solution at structural fold. The sequences of Bcl-2 and Belwere

3.5-4 min intervals with continuous stirring at 200 rpm. . , L .
Control experiments were performed to measure the heatsa“gned with CLUSTAL-W @7). This alignment provided a

of ligand dilution into buffer, which were subtracted from means of gnchoring the residues in Bcl-2 to the corresponding
the reaction data prior to fitting. Heats of protein dilution, positions in the Bel-x structure. The program MOD.ELLER.
by buffer, were corrected for either by setting the upper (38) was used to search for the optimal side chain packing

plateau of the binding curve to 0 kcal/mol or from control n th? Bcl-2 structurgl model .and to refine th? main chain
experiment without ligand addition. The integrated heat pos'“of‘s as well using j[he simulated annealing molecular
effects were analyzed by nonlinear regression meth@gs ( dynamics protocol. The ideal bond lengths and angles were

using a standard ORIGIN software package supplied by ;J.SEd asa resEFalnt dpdrlgg_thetsmuladtgd f\hnn:eallr}g qp_t|m|za-
Microcal. The experimental data fit well to a model for lon process. 10 avold being trapped in the focal minimum

simple binding to a single class of sites, yielding estimates of th gI_obaI energy landscape, 50 independent runs of
of the apparent number of binding sité¢) ©n the protein, optimization starting from a random seed were carried out

the association binding constakt (inverse molar)] and the to generate 50 models of Bcl-2. All these models were

PR : : lyzed by three independent structure validation
enthalpy of binding AH (kilocalories per mole)]. The ana
entropies AS(calories per kelvin per mole)] associated with programs, PROCHECK3(), VERIFY_3D (40), and ER-

the binding reactions were calculated from the standard R_AT (41), which evaluatt_as_the disribution of main chain
expression: dihedral angles and deviation of bond lengths and angles

from ideal, the side chain environment in the model, and
AG® = —RTINK = AH® — TAS the distribution of nonbonded atoms in the neighborhood of

an atom, respectively. These analyses confirmed the model
rhBcl-2A22 protein solutions were dialyzed extensively into  With the lowest energy as calculated by MODELLER is the
10 mM NaHPO/NaH,PO, (pH 7.0) buffer followed by most con3|st§nt ywth the evaluatlon criteria uged in the three
addition of acetonitrile to 5% (v/v) for antimycin titrations, Structure validation programs. This model with the lowest
or into 10 mM NaHPQ/KH,PQ,, 137 mM NaCl, 2.7 mM energy was thus chosen as the final model for the human
KCI buffer (pH 7.0) for BH3 peptide titrations. The low- Bcl-2 structure.
salt, acetonitrile buffer was required to maintain solubility =~ Docking The potential binding site for antimycinzfn
of antimycin A for the antimycin titrations because of its human Bcl-2 was determined by a molecular docking
low solubility, whereas the higher ionic strength in the BH3 algorithm. The Bcl-2 model used in the docking was created
peptide buffer was necessary to decrease the level ofby the MODELLER program. The antimycinsAnodel was
nonspecific binding. Protein concentrations were determinedgenerated from the crystal structure of antimycin (42)
from UV absorbance measurements at 280 nm, usingsan  through the deletion of two methyl groups. If one starts from
of 43 430 Mt cm! estimated by the method of Mach et al. the Bcl-2 model, a molecular docking program suite, DOCK
(29). Antimycin samples were prepared from a 25 mM stock (43), was used to systematically move antimycig along
solution in 100% acetonitrile, diluted 20-fold into dialysis the molecular surface of Bcl-2 and search for potential
buffer, and shaken f® h toreach a maximum solubility of ~ binding sites. The binding energy for each conformation of
~40 uM. Antimycin concentrations were quantified, using antimycin A; was evaluated, and those conformations with
a standard curve, by HPLC analysis. BH3 peptide was the lowest energy were saved and analyzed.

Molecular Modeling The molecular model of human
Bcl-2 was generated by a computational modeling method
using the crystal structure of human Bg¢l{¢) as a template.
Both Bcl-2 and Bcl-x share the four conserved regions,
BH1—4, found in the Bcl-2 family as well as the membrane-
anchoring tail at the C-terminus. Overall, the sequences of
Bcl-2 and Bcl-x are 43% identical. Their level of sequence
identity reaches 62% when the flexible loop region between
the BH4 and BH3 regions is excluded. The high degree of
sequence similarity suggests that they adopt the same overall
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Ficure 2: Identification of recombinant protein as hBck22. (A)
Analysis by Western blotting with anti-Bcl-2. Lanes M and 1

Superdex 75 chromatography (lane 1) and at the end of the final contained biotinylated markers (kilodaltons) and a protein sample
pur|f|cat|0n Step (lane 2) Lanes labeled M contained the isoelectric p00|ed from Superdex 75 Chromatography and a positive ControL

markers.

RESULTS

Expression and Purification of rhBclA&22. We expressed
rhBcl-2A22 with a Hig tag at the C-terminus to facilitate
purification by affinity chromatography. Induced rhBak22
expression ink. coli cells harboring pUBS520 encoding
human argU tRNA that recognize the rare Arg codons for
E. coli (44, 45) represented more than 15% of total cellular
protein. Approximately 5% of Bcl-2 appeared in the soluble

lysate fraction. However, the level of protein expression was

significantly reduced wheik. coli lacking pUBS520 was
used as a host (our unpublished result). A high rhBE22

respectively. (B) Analysis by the MALDI-TOF mass spectrometer
of purified rhBcl-2A22.

Table 1: Dynamic Light Scattering Analysis of hBch22

Bcl-2A22
lysozyme BSA  without glycerol with glycerdl
R4P 1.8 3.54 2.6 2.92
polydispersity <0.3 <0.4 1.05 0.67
BASE 1.000 1.003 1.001 1.000
<0.2 0.51 3.53 0.56

aThe glycerol concentration was 0.5% (v/)Hydrodynamic radius.

Gly-Arg, if the f-Met were removed by an endogenous

expression level probably results from reduced codon biasmethionine aminopeptidase.

for Arg. Subsequent purification and characterization of

Self-Association of rhBclA&22.\We noticed during protein

rhBcl-2A22 started with the protein expressed in the soluble purification that the addition of glycerol in the purification

fraction to avoid the time, cost, and relatively low yields buffer was necessary to prevent protein aggregation. In the
often associated with protein refolding of insoluble inclusion absence of glycerol, proteins eluted from the size exclusion
bodies. Single-step NiNTA affinity chromatography re-  column at volumes corresponding to the aggregated protein
sulted in about 90% pure protein. Subsequent size exclusionas well as the expected monomeric 25 kDa peak (data not
chromatography showed rhBcA22 elutes as a monomer shown). The ratio of aggregated to monomeric peaks was
in solution, and the protein pooled from this step gave a significantly diminished in buffers containing glycerol (data

single protein band when analyzed by SEFFAGE (data not shown). The polydispersity or self-association of rhBcl-

not shown). However, analysis by IEF electrophoresis 2A22 was also analyzed by dynamic light scattering (DLS).

showed multiple protein bands, with a predominant band at The polydispersity number from DLS represents the standard
an isoelectric point (pl) of 6.8, in excellent agreement with deviation of the size distribution based on the experimentally

the calculated pl (6.89), and three other minor bands nearmeasured mean hydrodynamic radiBs, In the absence of

pl 6.6, 6.5, and 4.8 (Figure 1, lane 1). Further purification

glycerol, the polydispersity humber in relation Ry was

by anion exchange chromatography resulted in a single 1.05, indicating self-association of rhBch22 (Table 1).

protein band on IEF (Figure 1, lane 2). Purification of
rhBcl2A22 gave a very high yield of electrophoretically
homogeneous protein, typicalty9 mg/L of cell culture at
the end of the final purification step (data not shown).
Analysis of rhBcl-A22. Western blotting confirmed that
the purified 25 kDa protein is hBcl-2 (Figure 2A). The
MALDI-TOF mass spectrum exhibited a singly charged ion
at 24.8 kDaz and a doubly charged ion peak at 12.4 kba/
demonstrating the purity and homogeneity of rhBal22
(Figure 2B). The small minor ion peak at 49.8 kP& the
dimer of rhBcl-2A22. Analysis by electrospray mass spec-
trometry gave masaion peaks corresponding to 24 974
1 Da, which is in excellent agreement with the calculated

The heterogeneity of rhBclA22 in the absence of glycerol

is also reflected by a high SOS (sum of squares) parameter,
a measurement of the closeness of fit between the experi-
mental data and an autocorrelation function, which expresses
the relationship between the light scattering signal and the
hydrodynamic radius of the molecule. In the presence of
0.5% (v/v) glycerol, the polydispersity number, and the SOS
parameter, of rhBcl-222 were reduced to values representa-
tive of a honaggregated monodisperse protein. The greater
homogeneity of the protein in the presence of glycerol is
consistent with the results of size exclusion chromatography.
As a comparison, the hydrodynamic parameters for lysozyme
and BSA are also included in Table 1.

average mass based on the amino acid sequence with the Far-UV Circular Dichroism Spectrum of rhBck22.

leader methionine removed (24 975 Da; data not shown). rhBcl-2A22 exhibits no characteristic electronic absorption
N-Terminal sequencing by sequential Edman degradationspectra other than the maximum absorption at 280 nm (data
revealed the expected amino acid sequence, Ala-His-Ala-not shown). Analysis of the secondary structure composition
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phosphate (pH 8.0). The spectrum is the average of multiple scans

corrected for the background.

of rhBcl-2A22 based on its primary sequence using the PHD
method 46) predicts 44.9%a-helical, 6.7%-sheet, and
48.4% random coil content. Consistent with this analysis,
the far-UV CD spectrum of rhBcl222 has absorption
minima at 208 and 222 nm, which are characteristic of helical
proteins (Figure 3). The overall CD spectrum of rhBAZ2
resembles that of Bclp{(47), suggesting a similar secondary
structure profile for rhBcl2A22 and Bcl-x.

Stability of rhBcl-2A22. The thermodynamic stability of
rhBcl-2A22 was analyzed by thermal denaturation. Unfolding
and refolding of rhBcl-A22 were monitored by the change
in ellipticity at 222 nm as a function of temperature.
Denaturation was only partially reversible under the condi-
tions that were studied. The thermal unfolding curve shows
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FiGurE 4: Stability of rhBcl-2222. (A) Temperature dependence
of the CD signal of rhBcl-A22 at 222 nm. The protein concentra-
tion was 0.2 mg/mL in 10 mM sodium phosphate (pH 8.0). (B)
Proteolysis of rhBcl-A22 analyzed on 15% SBDIPAGE. An equal
amount of purified rhBcl-A22 was loaded on each lane after
incubation at £C (lane 1) and room temperature (lane 2) overnight.
(C) rhBcl-2A22 (0.5 mg/mL) incubated at room temperature for 4
days before separation by SBBAGE. rhBcl-2A22 without metal

a sharp transition suggesting a two-state mechanism, althougf¢helator (lane 1), with 2 mM EDTA (lane 2), with 2 mM EGTA
other mechanisms are not excluded (Figure 4A). The melting (lane 3), and with 2 mM EDTA and EGTA (lane 4). (D) rhBcl-

temperature T,), determined from the midpoint of the
thermal denaturation curve for rhBcA22, was 62.8°C.
The susceptibility of rhBcl-A22 to proteolytic degradation

2A22 incubated at room temperature in the absence of protease
inhibitors and metal chelator (lane 1), in the presence of protease
inhibitors, aprotinin, leupeptin, pepstatin A, and PMSF (lane 2), in
the presence of excess protease inhibitors (lane 3), or in the presence

was a|5_0 analyzed. Protein degrad_ation was ob§erved duringf metal chelator, EGTA, and EDTA (lane 4). All lanes labeled M
incubation at room temperature, with a predominant 17 kDa contained 200, 116, 97, 66, 45, 31, 21, 14, and 6 kDa marker

fragment (Figure 4B). Complete degradation of rhBal22

was observed after incubation at room temperature for 4 days

(Figure 4C, lane 1). This proteolytic cleavage was inhibited
in the presence of EDTA or EGTA, suggesting rhBAZ2

proteins (from top to bottom); only the 31 and 21 kDa markers are
indicated for clarity.

ments for pore formation in lipid membranes, although the

is sensitive to calcium-dependent protease(s). A cocktail of specific pore-forming activity of BclxA20 was significantly
common protease inhibitors (PMSF, aprotinin, pepstatin, and lower than that of Bcl-A22 at all pH values that were tested

leupeptin) also protected rhBclA22 from proteolysis (Fig-
ure 4D).

Pore Formation by rhBcl-222. Bcl-2 family proteins
form pores in synthetic lipid vesicled7, 48, 49). To study
the pore-forming activity of rhBcl-222 protein, a fluorescent

(Figure 5D).

ANS Fluorescence Spectroscopic Studies Indicate Exposed
Hydrophobic Regions on rhBclA22. To test whether rhBcl-
2A22 possesses an exposed hydrophobic region similar to
that of Bcl-x_ (7, 8), the binding of an extrinsic hydrophobic

dye (ANTS) and its quencher (DPX) were encapsulated in fluorescent probe, ANS, was examined by fluorescence
large unilamellar vesicles (70:30 PC:PG) and release of thespectroscopy. This probe fluoresces intensely when associ-
dye was monitored by the fluorescence of the suspension.ated with hydrophobic regions on proteins such that the

Addition of rhBcl-2A22 induced fast and extensive release
of ANTS from the liposomes, indicating that purified rhBcl-

2A22 is active and correctly folded (Figure 5A). Pore
formation occurred only at low pH, since no leakage was
detected at pH-5.5. In addition, the presence of negatively
charged lipids in the liposomes was required for efficient
pore formation (Figure 5B). The identity of the negatively

increase in fluorescence is an indicator of the relative
hydrophobicity of a protein50). Free ANS in solution has

a relatively low fluorescence intensity with maximal emission
at 516 nm (Figure 6A). In the presence of rhBad22, a
strong increase in ANS fluorescence associated with a blue
shift of the maximal emission wavelength (470 nm) is
observed, indicative of ANS binding to rhBcA22 (Figure

charged group on the phospholipid, however, did not have 6A). Analysis by the continuous variation method (Job plot)

a significant effect on pore formation by rhBch22 (Figure
5C). Recombinant human Bc|-420 has similar require-

demonstrated a maximal change in the fluorescence intensity
for the ANS and rhBcl-A22 complex at a molar stoichio-
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Ficure 5: rhBcl-2A22 forms pores in large unilamellar vesicles. (A) Effect of pH on rhB&R2-induced liposome leakage. The liposome
composition was 70:30 PC:PG. Solutions were buffered with MES/KOH in thepH@range, and with potassium acetate/acetic acid in

the pH 4-5.5 range. The arrow indicates the time of protein addition. (B) Effect of phosphatidylglycerol (PG) content on A2Rel-2
induced liposome leakage at pH 4.5. (C) Net negative electrical charge, but not a specific lipid moiety, is required for efficient pore
formation. In all cases, liposomes contained 70% PC, and the pH was 4.5. (D) Effect of pH opARB6-xduced liposome leakage as
described for panel A.

metric ratio of approximately 1:1, suggesting there is a study indicates that pro-apoptotic BH3 peptides and ANS
specific, saturable binding site for ANS on rhBak22 compete for the same exposed hydrophobic binding site of
(Figure 6B). Bcl-2. The binding site for ANS on rhBclA&22 is probably
The BH3 peptide from Bak binds to the hydrophobic the hydrophobic cleft formed by the BHB domains of
pocket formed by the BHt3 domains of Bcl-x (8). To rhBcl-2 as observed in Bclex(8).
determine whether ANS also binds to the hydrophobic  Antimycin A Binds to the Hydrophobic Gra® of rhBcl-
groove docking site for pro-apoptotic proteins, we examined 2A22. We recently demonstrated that cells expressing high
whether a Bak BH3 16-residue peptide competed for a rhBcl- levels of Bcl-x are selectively killed by antimycin A34).
2A22 interaction using the ANS fluorescence assay. BH3 Unexpectedly, we also found that antimycin A can bind to
peptide did not affect ANS fluorescence in the absence of the hydrophobic groove of Bclx The potential interaction
rhBcl-2A22 (data not shown). The change in ANS fluores- of antimycin A with rhBcl-2A22 was investigated using
cence intensity as a function of BH3 peptide concentration fluorescence spectroscopy. Unlike ANS, free antimycin A
is shown in Figure 6C. A decrease in ANS fluorescence in solution has relatively high fluorescence. However, its
proportional to the added concentration of BH3 peptide was fluorescence increases by as much as 30% in the presence
observed, indicating the displacement of bound ANS from of rhBcl-2A22, indicating a molecular interaction between
rhBcl-2A22. In the presence of a molar excess of BH3 antimycin A and rhBcl-A22 (Figure 7A). The maximal
peptide, ANS fluorescence was not completely restored to change in fluorescence intensity of antimycin A with rhBcl-
that of free ANS in solution. This may be an indication of 2A22 was observed at a molar stoichiometric ratio of
additional ANS binding sites on rhBcla22 with lower approximately 1:1 (Figure 7B). The fluorescence enhance-
binding affinity or the retention of a partial hydrophobic ment of antimycin A with rhBcl-A22 was reversed by
character at the hydrophobic groove occupied by the BH3 addition of the Bak BH3 peptide (Figure 7A). This is due to
peptide. Incomplete reversal of the fluorescence enhancementlisplacement of bound antimycin A from rhBch22 and
on protein binding has also been reported for these fluoro- indicates that antimycin A binds to the hydrophobic groove
chromes (ANS and bis-ANS) with assays designed to asses®f rhBcl-2A22.
the binding of small molecules, such as ATP or ADP, to  We also assayed ligand binding to rhB&x22 by iso-
hydrophobic sites on protein surfac&d); Nevertheless, this  thermal calorimetry (Figure 7C). Thermodynamic data
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by the BH3 peptide. (A) Fluorescence emission spectra of the 50+
ANS—rhBcl-2A22 complex, ANS in the presence of rhBak22 o TuM AR
and the BH3 peptide, ANS free in solution, rhBek22, and the 9 404 4,MAA
BH3 peptide (from top to bottom). All concentrations were kept at o 304
4 uM. (B) Job plot for binding of ANS to rhBcl-222. The &
enhanced relative fluorescence as a function of mole fraction of o 204 8 uM AA
ANS is plotted. The sum of the concentrations of ANS and rhBcl- >
2A22 was held constant such that the total mole fraction is 1. (C) 104 24 M AR
The net change (decrease) in relative fluorescence of ANS as a
function of BH3 peptide concentration. The displacement of ANS 0

from rhBcl-2A22 was determined by measuring the net decrease 0 100 200 300 400 500

in fluorescence emission of ANS at various concentrations of added .

BH3 peptide after ANS was allowed to form a complex with rhBcl- Time (s)

2A22. Error bars represent standard deviations in fluorescencep,g re 7: Antimycin A binds to rhBcl-A22. (A) Relative

intensity from three independent experiments. fluorescence emission spectra of the antimycinrABcl-2A22

complex, antimycin A (AA) in the presence of rhBch22 and

. . . . the BH3 peptide, antimycin A free in solution, and the BH3 peptide
derived from these experiments are summarized in Table 2.(from top to bottom). Concentrations for AA, rhBch22, and the

The dissociation constanKg) for antimycin Ag binding to BH3 peptide were 3, 4.5, and 1/8V, respectively. The BH3
rhBcl-2A22 is 0.82uM, which is slightly lower than the  peptide did not affect antimycin A fluorescence in the absence of
value of 2.8uM for BH3 binding. Both ligands show  hBcl-2A22. (B). Job plot for binding of AA to rhBcl-222. The

. oo .. net change in the enhanced relative fluorescence as a function of
favorable enthalpic and entropic binding components, but it A mole fraction is plotted. The sum of the concentrations of AA
is difficult to directly compare the results for the two ligands and rhBcl-2A22 was held constant at/8V. Error bars represent
since different solvent conditions were used. However, the standard deviations in fluorescence intensity from three [nd_ependent
relatively large entropy terms for each reaction indicate the experiments. (C) Integrated heats from the calorimetric titrations

. T g . of antimycin Ag (o) and the Bak BH3 peptide®( binding to Bcl-
ligand binding pocket is an exposed hydrophobic groove at 5155 5t 298 K and their respective nonlinear least-squaresfs (
the protein surface, since solvent release from such a grooveRaw data from 25« 10 uL injections of 36uM antimycin Ag or

upon ligand binding, could provide a large, positive contribu- 181 uM BH3 peptide into 1.3 mL of 2.2 or 13.2M Bcl-2A22,
tion to the total entropy chang&Z, 53). In addition, the respectively, were corrected for heats of dilution prior to fitting to

~ . . ) b : : a model for single-site binding. (D) Inhibition of pore formation
p‘?re formmg a,Ct'V'ty of Bcl 2,Was inhibited by am'my?m of Bcl-2 by antimycin A. Experiments were carried out as described
Ain an antimycin A concentration-dependent manner (Figure jn the legend of Figure 5 in the presence of the indicated

7D). concentration of antimycin A.
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Table 2: Experimental Thermodynamic Data for Antimycig a@ad 2-expressing cells to this compound. Murine hepatocyte
Bak BH3 Peptide Binding to Bcl/&22 at 298 K TAMH cells were stably transfected with pSFFV-hBcl-2

plasmids or control plasmids, and hBcl-2 protein expression

antimycin Ag Bak BH3 . . . .
K (M) 081540072 > 851 0.33 was analyzed by Western b]ottmg. Shpwn in F!gure 9A is
AH® (kcal/mol) 6541025 2454 0.09 an immunoblot c_Jf expression of anti-apoptotic proteins
AS® (kcal moF 1K) 591+ 0.77 17.24 0.9 hBcl-2 and Bcl-x in cell lysates from representative clonal
AG® (kcal/mol) —8.28+0.73 —7.55+0.88 cell lines. The clonal lines with high-level hBcl-2 expression

(TAMH B3 and B5) were selected for further testing. In a
side by side comparison, cells expressing hBcl-2 were as
resistant to the chemotherapeutic drug, adriamycin, as their
Bcl-x -transfected counterparts (Figure 9B). However, in-
creased cell death of Bcl-2- or Bcl-overexpressing cells
was observed upon antimycin A treatment compared to cells
tranfected with vector alone. By light microscopy, the
morphology of dying cells appeared to be apoptotic (Figure
9C). Additionally, activation of caspase-3 was detected
within 2 h of antimycin A treatment of cells, which is
consistent with apoptotic cell death (Figure 9D). However,
hBcl-2-expressing cells required 5-fold higher concentrations
of antimycin A than Bcl-x-expressing cells for comparable
cytotoxicity to be observed (Figure 9B). This could be due
either to the different expression levels of Bcl-2 and Bcl-x
in the two cell lines or to the fact that the Bct-2ntimycin

A complex is less pro-apoptotic than the Bekantimycin

A complex.

Despite the binding to the Bcl-2 hydrophobic groove,
addition of the fluorochrome ANS did not trigger apoptosis
of control or Bcl-2-expressing cells (Figure 9B). The
inhibitory effect of antimycin A for Bcl-2 might, therefore,
require a specific binding conformation. In addition, 2-meth-
oxyantimycin A, an antimycin A analogue that is inactive
for the inhibition of electron transfer in mitochondri&4(
FicurRe 8: Molecular models of antimycin #bound to hBcl-A22. 55), also selectively induced apoptosis in cells expressing
The hBcl-2A22 model structure is represented by a molecular oBCl_Z proteins (Figure 9B,C). Thus, the activity of antimycin

surface diagram. The surface formed by residues from the conserve I - . M
BH1-3 domains is color coded with yellow, red, and green, A @san inhibitor of mitochondrial complex lilis dispensable

respectively. The rest of the surface is represented by light blue. for its selective cytotoxicity against Bcl-2-expressing cells.
The hydrophobic groove is formed by the residues from the B8i1

domains. Antimycin A is represented by a stick model, and the D|SCUSSION

carbon, oxygen, and nitrogen atoms are colored gray, red, and blue,

respectively. The top scoring orientation of antimycig #inds We describe a simple and rapid method for preparing the
SBC'Q_MZ on the hydrophobic groove formed by the BHL  pgpy active human Bel-2 protein from small-scale bacterial
omains. . . .
cultures. Expression of the rhBcA22 protein with the
Molecular Modeling of hBcl-222 and the Predicted transmembrane signal/anchor sequence removed resulted in

Binding Mode of Antimycin AHomology modeling of hBcl- 55 mg of homogeneous protein from a stagtiéi L cell
2A22 using the software MODELLER demonstrates two culture at the end of the final purification step. The yield of
central hydrophobiax-helices surrounded by five amphi- recombinant Bcl-2 protein from previously published meth-
pathic helices. A hydrophobic groove at the protein surface ods is low and required either a macroscale fermentation,
is formed by the conserved BHB regions similar to that purification from inclusion bodies, or a combination of both
in Bel-x (7). The surface area of the predicted hydrophobic for a larger quantity of protein to be obtained300ug to
groove on hBcl-A22 is slightly smaller than that found on ~ >10 mg of Bcl-2) @5-27). The purified rhBcl-A22 can
the Bc|_x_ structure. Using a molecular docking program, be concentrated te 17 mg/mL in the absence of detergent,
DOCK, the antimycin A molecule is predicted to bind at an ideal concentration for undertaking structural studies,
the same hydrophobic groove with the salicylate ring compared to 0.5 mg/mL for mouse Bcl-26).
interacting with residues from the BHB regions at the Recombinant hBcl-222 gave a single protein band by
upper part of the groove, and the dilactone ring and aliphatic SDS-PAGE after size exclusion chromatography, but IEF
tail interacting with the BH1 region (Figure 8). The prediction revealed two minor bands migrating at slightly lower pl than
of antimycin A binding to the hydrophobic groove of Bcl-2  the major rhBcl-A22 band at pl 6.8. This minor heterogene-
by molecular modeling is consistent with the binding studies ity may arise from post-translational modification(s). Minor
of antimycin A and Bcl-2. bands migrating close to the expected major protein band
Antimycin A Induces Apoptosis in Cell Linesdbexpress-  were observed for recombinant rat B¢l-and mouse Bcl-2
ing hBcl-2. Since antimycin A binds to rhBcl&22 in (26, 56), and attributed to post-translational deamidation of
addition to Bcl-x, we tested the apoptotic sensitivity of hBcl-  Asn to isoaspartate and aspart&® (rhBcl2-A22 has a Asn-
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FicurRe 9: Antimycin A selectively induces apoptotic cell death in cell lines overexpressing Bcl-2 type proteins. (A) Western blot detection
of hBcl-2 and Bcl-x expression in cells transfected with control, phBcl-2, or pBcptasmids. pBcl-2-B3 and pBcl-2-B5 represent two
independent clonal cell lines. The hamster anti-Bcl-2 monoclonal antibody and rabbit anti-Buitlxody were used for the detection of
Bcl-2 and Bcl-x, respectively. (B) Cells were treated with antimycig (AA), 2-methoxyantimycin A (MeO-AA), and ANS fa 6 h or
adriamycin (ADR) for 24 h. Cell viability was determined by trypan blue staining. (C) Phase contrast microscopy of TAMH-neo (control)
and Bcl-2 cells. Cells were treated withig/mL AA or MeO-AA in DMSO or vehicle alone for 4 h. (D) Activation of caspase-3 after
antimycin A treatment. Cells were treated withu@/mL AA, and 75ug/mL cell lysate protein was incubated with &®/1 fluorogenic
substrate, Ac-DEVD-AMC, in caspase assay buffer af@Cfor 30 min. Fluorescence of assay solutions was measured at an excitation
wavelength of 360 nm and an emission wavelength of 460 nm.

Gly sequence, which is susceptible to Asn deamidation andtibility of rhBcl-2A22 to metalloproteases, such as calcium-

formation of isoaspartic acid and aspartate through a suc-dependent proteases.

cinimide intermediate7). Deamidation of Gln and oxida- Previous studies suggested that Bcl-2 forms homodimers

tion of Met are other possibilities that would lower the net in yeast two-hybrid systemd4.1, 13). Our studies by DLS,

pl. The minor acidic protein band observed with a pl of 4.8 however, show that rhBclA&22 is monodisperse in nonde-

is probably a copurifying protein contaminant unrelated to naturing solution, consistent with the recent observat@ (

Bcl-2. An anion exchange chromatographic step resolves Similarly, mouse Bcl-ATM and Bcl-x do not form

these minor heterogeneities to yield the apparently homo- homodimersZ6, 59). Conus et al.8) recently demonstrated

geneous protein as shown in Figure 1. that Bcl-2 heterodimerizes but fails to homodimerize due to
Limited proteolysis studies of the murine Bcl-2 protein structural constraints of the conserved BH domains of Bcl-

demonstrated the susceptibility to common protease, includ-2. These observations suggest that the conserved-8BH1

ing the serine protease trypsin and cysteine protease papainlomains are important for associations with, for example,

(26). We also noticed the extreme susceptibility of rhBcl- Bax, implicating the regulatory mechanism for the Bcl-2

2A22 to proteolysis during purification. Interestingly, EDTA family through protein-protein interactions.

or EGTA alone protected rhBclA22 from proteolysis as Secondary structure analysis based on the Bcl-2 primary

effectively as several protease inhibitors, suggesting suscepsequence predicts that rhBek22 belongs to the class of
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all a-helical proteins. This was confirmed by far-UV CD TAMH cells, and comparable to the affinity of binding of
spectroscopy, which showed rhBck22 exhibiting the the pro-apoptotic Bak BH3 peptide to the proteity & 2.8
absorption minima characteristic of althelical proteins. uM). The nonspecific hydrophobic fluorochrome ANS did
By analogy with the X-ray structure of Bcl-x(7), the not have apoptotic activity, suggesting that specific binding
observedo-helices in rhBcl-A22 likely include the con-  conformations of small molecule ligand might be required
served BH domains, as well as the regions whose sequencefor apoptotic activity. Antimycin A, as well as a 2-methoxy
are highly identical with that of Bclix The stability of rhBcl- derivative that is not an inhibitor of mitochondrial respiration,
2A22 analyzed by heat-induced denaturation is consistentmimics pro-apoptotic BH3 domain peptides in inhibiting the
with a two-state thermal unfolding process, normally ob- pore function of Bcl-2 (in this study) and Bcl-x(34).
served for small globular protein§@), with a T, of 62.8 Antimycin A could serve as a template for the design of
°C. A comparison withTy, values of unrelated proteins therapeutic agents that directly target Bcl-2 and selectively
reveals that the thermostability of rhBch22 is comparable  kill tumor cells that overexpress Bcl-2-related proteins.
to that of the heat-stable metalloprotease of C-terminus During the preparation of this paper, Wang et &B)(also
thermolysin 61), thermophilic DNA binding proteistHU reported the discovery of a small nonpeptide ligand that binds
(62), 3-phosphoglycerate kinase3), and equine milk to the Bcl-2 hydrophobic groove and has cytotoxicity for
lysozyme 64), and significantly more stable than other Bcl-2-expressing cells.
mesophilic proteinsg3) and collagen §5). Unfortunately, The knowledge of three-dimensional structures of Bcl-2
Ty values are not available for other Bcl-2 family proteins in complex with small molecule ligands will be critical for
for examining any correlations with other properties of these the design of Bcl-2 inhibitors, as well as building our
proteins. It would be of interest to examine the relation understanding of the essential functions of this important
between Bcl-2 stability and its function, for example, the class of proteins. The protein expression and purification
effect on pore-forming activity of Bcl-2 family proteins. methodology described herein should facilitate these studies.
Pore formation by Bcl-222 in the liposome assay requires
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