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Acidic pH Promotes Dimerization of Bcl-2 Family Proteins
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ABSTRACT. Several members of the apoptosis-regulating Bcl-2 family of proteins can homo- or
heterodimerize with each other at neutral pH and can also form ion channels in synthetic membranes at
low pH. The effects of low pH on dimerization among these proteins, however, have not heretofore been
examined. Surface plasmon resonance was used to examine the kinetics of dimerization as a function of
pH between the anti-apoptotic protein Bcl-¥applied in the mobile phase) and three other members of
the Bcl-2 family: Bcl-2, Bax, and Bid (immobilized on biosensor chips). In all cases, the relative affinity

of dimerization was substantially increased at pH 4.0 compared to pH7740Qranging from a-10-fold
enhancement for Bcl-X4Bcl-X. homodimers to>60-fold for Bcl-X_/Bid heterodimers. Comparison of

the apparent associatiok, and dissociationky) rates at neutral and acidic pH revealed that the major
contributor to increased affinity at low pH was a decreased rate of dimer dissociation. Thus, low pH
stabilizes homo- and heterodimeric complexes comprised of Belrnd these other Bcl-2 family proteins.

At pH 4.0, the circular dichroism spectra of Bcl-Xand Bax were essentially unchanged relative to pH
7.0-7.4, indicating a complete retention @fhelical secondary structure at low pH and excluding gross
denaturation of the proteins. Size-exclusion chromatography and bisANSI{@Mlino-1,1-binaphthyl-
5,5-disulfonic acid) labeling studies provided indirect evidence that Bcimdy undergo conformational
changes at low pH. The findings are discussed with respect to the mechanisms of ion-channel formation
by Bcl-2 family proteins and the putative molten globule state that has been proposed for these and
structurally similar proteins.

Bcl-2 family proteins are important regulators of pro- the 3-dimensional structure of BclzX14). The BH1 domain
grammed cell death and apoptosis-B). These proteins  begins within a loop located upstream of the fiftthelix in
either inhibit or induce cell death, with the ratios of anti- Bcl-X_ and extends partially into this-helix. The BH2
apoptotic relative to pro-apoptotic members of the Bcl-2 domain corresponds to the latter portion of the sixthelix
family representing a critical determinant of the ultimate and loop which follows.

sensitivity or resistance of mammalian cells to various  The BH1. BH2. and BH3 domains in combination form
fapoptotlc _st|mu||. Many Bcl-2 family proteins can physically  the porders of a hydrophobic pocket located on the surface
Interact .W'th themselves and _each other, form'”g homo—_and of the Bcl-X_ protein. Mutation of particular residues lining
heterodimersy, 2). In some instances, _these d|mer|zgt|on this pocket has been shown to abolish dimerizatiariQ).
e;;en';s afppe?r to plﬁ/hlmportar;t'rc;IeSGm fphe regulat|0crj1 O Thus, this surface pocket appears to function analogous to a
efiector functions ol these protein + )'_ us, a nee receptor, binding regions located on partner proteins that
exists to understand more about how dimerization among dimerize with Bcl-2 and Bcl-X. In contrast, the BH3
the Bcl-2 famﬂy pr_ott_alns IS contro!led. domain by itself is sufficient to insert into the surface pocket
The domains within Bcl-2 and its homologues that are created by the combination of BH1, BH2, and BH3, perhaps
required for dimerization have been determined by deletional serving as a peptide-ligand that mediates dimerization among
and mutational analysis, and these results were recentlygq|.o family proteins §, 11, 13, 15-18). This finding
corroborated by X-ray crystallographic and NMR-based jmpjies that at least some Bel-2 family proteins could exist
structural studies4( 5, 7-15). The 3-dimensional structure i, o states: one in which the protein creates a receptor-
of the Bcl-X_ protein consists of sever-helices joined by jixe nocket and the other in which the amphipathitielix
flexible loops of variable lengthild). Amino acid sequence .+ comprises BH3 rotates outward to expose its hydropho-

alignments of Bel-2 family proteins have demonstrated Up e grface which then buries into the receptor-like pocket
to four evolutionarily conserved domains, termed Bcl-2 " jimerization partner proteing%).

homology (BH) domains: BH1, BH2, BH3, and BH4. The ) o
BH4 and BH3 domains correspond to the first and second . SCMe pro-apoptotic members of the Bcl-2 family, includ-

amphipathico-helices in these proteins, as predicted from N9 Bid, Hrk, and Bik, contain only a BH3 domai,(5,
13). Deletion of the BH3 domains from these proteins

: — uniformly abolishes dimerization with other members of the
' This work was supported by CaP-CURE and the California Breast tamily and nullifies their function as inducers of cell death.
Cancer Research Program (1RB-0093).
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(fax), jreed@burnham-institute.org (e-mail). the functions of anti-apoptotic Bcl-2 proteins such as Bcl-2

S0006-2960(97)03052-3 CCC: $15.00 © 1998 American Chemical Society
Published on Web 04/15/1998




Acidic pH Promotes Bc1-2 Family Protein Dimerization

and Bcl-X_. It has not been determined whether these “BH3-
only” members of the Bcl-2 family must undergo confor-
mational changes to expose the hydrophobic face of their
BH3 domains for insertion into the pockets on Bcl-2 and
BCl-XL.

An intriguing characteristic of many Bcl-2 family proteins
is their predicted structural similarity to the pore-forming
domains of bacterial toxins such as diphtheria toxin (DT)
and the colicins14). Though the 3-dimensional structure
has been determined thus far only for Bgl;>both anti-
apoptotic proteins such as Bcl-2 and pro-apoptotic proteins

such as Bax can be modeled easily on the same crystal-a
lographic coordinates, suggesting they share overall structural

similarity (19). Consistent with these ideas, recombinant
Bcl-2, Bcl-X., and Bax proteins have been shown to form
ion-conducting channels in vitro in both liposomes and planar
bilayers @0—23). In contrast, most of the BH3-only
subgroup of Bcl-2 family proteins do not appear to share
the same fold with Bcl-X, implying that they lack pore-
forming capability (unpublished observations).

By analogy to the bacterial toxins, it has been speculated
that the process of pore formation by Bcl-2 family proteins
involves the membrane insertion of twehelices normally
buried in the interior of the compact folded protein. Indeed,
deletion of these two hydrophobic coeehelices ¢5 and
a6) abolishes channel formation by Bcl-2 in vitro and
destroys its ability to block cell death induced by Bax in
mammalian cells and yeas®l). The process of channel
formation in vitro by Bcl-2 family protein and the pore-
forming domains of their structurally related bacterial toxins
is highly pH dependent, with optima typically of pH4.0
(20—23). Thus, acidic pH has been speculated to facilitate
a conformational change in Bcl-2 family proteins which
allows them to insert the putative pore-formia§ ando6
helices perpendicularly into the lipid bilayer.

How the process of channel formation may be related to
the ability of many Bcl-2 family proteins to homo- or
heterodimerize remains unknown. The structure of Bcl-X
reveals only twoa-helices of sufficient length and hydro-
phobicity to span the lipid bilayera6 and a6). Conse-
quently, it has been proposed that the minimum stoichiometry
for a Bcl-X_ or Bcl-2 channel is a dimer of membrane-
integrated proteins with each contributing a painefielices
to the channell). This reasoning derives from previous
attempts to create channels in vitro using synthetic am-
phiphatic peptides, which revealed a fauhelix bundle as
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dimerization among these proteins primarily by slowing their
rates of dissociation.

MATERIALS AND METHODS

Production and Purification of Recombinant Bcl-2 Family
Proteins. The construction of most plasmids used for
expression of Bcl-2 family proteins in bacteria has been
described 10, 21, 3). For production of a mutant of Bcl-2
lacking the BH3 domain A93—107), a two-step PCR
approach was employed using pET-21a-BclaTi) (21)
s the DNA template and two pairs of primers:
'-GCGGAATTCATGGCGCACGCTGGGAGAACA-3with
5-CACAGGTGGCACCGGGCTGAGCGCAGG-3and (2)
5-GTGCCACCTGTGTACCGCCGCGACTTCGCCGA-
GATG-3 with 5-CGCCTCGAGTCACTTCAGAGACAGC-
CAGGAGAAATC-3. The two resulting PCR products were
gel purified and mixed, and PCR was performed again using
the outer primers, followed by digestion withcoRl and
Xhd. The resulting fragment was subcloned into pET-21a.
All protein preparations were 95% pure, as determined by
Coumassie staining of SBFAGE gels.

Hiss-Tagged Proteins Hise-human Bcl-2 (3-218), Bcl-2
(ABH3), and human Bcl-X (1—211) were expressed with
an N-terminal Histag using a modified pET vector (Novagen,
Inc.) that removed the T7 protein 10 sequen@,(thus
excluding any additional amino acids between the; ldisd
first methionine of Bcl-2 and Bcl-X Both proteins were
expressed in BL21(DE3) cells. Briefly, a single colony was
inoculated ind 1 L of LB media containing 5Q:g/mL
ampicillin and grown at 37C overnight. The culture was
then diluted by half with fresh LB/ampicillin and cooled to
room temperature for an hour, before inducing with 1 mM
IPTG for 6 h at~25 °C.

For purification of Hig—Bcl-2 and Hig—Bcl-2 (ABH3),
cells fran 1 L of culture were resuspended into 50 mL of
50 mM phosphate buffer (pH 6.8), 150 mM NaCl, and 1%
(v/v) Tween 20 and then incubated with 0.5 mg/mL lysozyme
at 25°C for 0.5 h, followed by sonication to reduce viscosity.
After centrifugation at 27509 for 10 min, the resulting
pellets were washed twice with the same buffer and solu-
bilized in 50 mM phosphate-buffered (pH $.8 M guani-
dinium-hydrochloride (GuHCI). Supernatants were collected
and incubated with 1620 mL of nickel resin (Qiagen, Inc.)
at 4 °C for 3 h. The resin was washed with 50 mM
phosphate-buffered (pH 6.8) 25 mM imidazaleM GuHCI,

1)

the minimum structure necessary to create an ion channeland 0.1% Tween until the Ofgy reached<0.01, followed

in vitro (24, 25. Since in vitro channel formation in
liposomes is dependent on low pH, it is important to
understand how pH might influence dimerization among
Bcl-2 family proteins.

by continued washing with 5 vol of 50 mM phosphate-
buffered (pH 6.8) 25 mM imidazole a4 M GuHCI.
Proteins were eluted in 0.2 M acetic aciddath M GuHCI.
Eluted His—Bcl-2 and Hig—Bcl-2 (ABH3) proteins were

In this report, we employed surface plasmon resonancedialyzed against 25 mM acetic acid at@ overnight, passed

(SPR} (26—30) to characterize the kinetics of interactions
of Bcl-X with several other members of the Bcl-2 family,
including the anti-apoptotic protein Bcl-2, the pro-apoptotic
protein Bax, and the pro-apoptotic BH3-only protein Bid.
The findings suggest the existence of different conforma-
tional states which can markedly affect the dimerization
properties of these proteins and show that acidic pH favors

1 Abbreviations: RU, response units; TM, transmembrane; SPR,
surface plasmon resonance.

through 0.22um Whatmann filters and stored at20 °C.
Hiss—Bcl-X . was purified under native conditions. Briefly,
after sonication, the supernatant was incubated with 20 mL
of nickel resin in 50 mM phosphate-buffered (pH 6.8) 150
mM NaCl, 1% Tween, and 25 mM imidazole af@ for 3
h. The resin was washed with 50 mM phosphate-buffered
(pH 6.8) 150 mM NaCl, 0.1% Tween, and 25 mM imidazole
until the ODygoreached<0.01. Hig—Bcl-X, was eluted with
250 mM imidazole in same buffer, followed by further
purification by FPLC on a Mono Q (HR 10/10) column
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(Pharmacia) using a linear gradient of 0.5 M NaCl at pH
8.0.

GST-Fusion Proteins.The GST-Bcl-X (1-211), GST-
mouse Bax (+171), and GST-mouse BID proteins were
expressed in XL-1 Blue cells (Stratagene, Inc.) from the
plasmids pGEX-4T-110, 31, 33. Briefly, cells were grown
in 2 L of LB with 50 ug/mL ampicillin at 37°C to an
ODggonmOf 1.0. IPTG (0.4 M) was then added, and cultures
were incubated at 28C for 6 h. Cells were then recovered
and incubated with 0.5 mg/mL lysozyme in 50 mM Tris (pH
8.0), 150 mM NacCl, 1% Tween, 0.1%, 2-mercaptoethanol,
5mM EDTA, 1 mM PMSF, and a mixture of other protease
inhibitors (Boehringer 1697498) at room temperature for 0.5
h, followed by sonicationZ1). Cellular debris was pelleted
by centrifugation at 275@Pfor 10 min, and the resulting
supernatants were incubated with 30 mL of glutathionine-
Sepharose (Pharmacia) at°€ for 4 h. The resin was
washed with 20 mM Tris (pH 8.0), 150 mM NacCl, 0.1%
Tween, and 0.1% 2-mercaptoethanol until the 63k
reached<0.01. For removal of GST, the resin containing
bound GST-fusion proteins was incubated with 10 units of
thrombin (Boehringer, Inc.) at 4C in 20 mM Tris (pH 8.0),
150 mM NacCl, 0.1% 2-mercaptoethanol, 0.1% Tween 20,
and 2.5 mM CaGlovernight, and the released Bc|-4nd
Bax were then purified on Mono Q (HR 10/10) by FPLC
using a linear gradient of 0.5 M NaCl at pH 8.0. BID was
purified on Mono S (HR 10/10) using a linear gradient of
0.5 M NacCl at pH 5.0.

Gel-Filtration Chromatography.Purified protein samples
(20—50 ug in 50 uL) were injected into a Superdex 200
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parameters Kjisdkas9, while Kp(eq) was determined by
Scatchard analysis, using the BlAcore software package
(Pharmacia).

Peptides. A synthetic peptide corresponding to the BH3
domain of murine Bax (residues 572) with a Cys— Ser
substitution (NH-KKLSESLKRIGDELDS-amide) or various
control peptides were purchased from Chiron, Inc. and
purified by C18 reverse phase HPLC ®0% purity.

BisANS Fluorescence BisANS (4,4-dianilino-1,1-bi-
naphthyl-5,5disulfonic acid) (Sigma, D4162) was diluted
into 40 mM buffer (Tris-HCI, pH 8.0; Sodium phosphate,
pH 7.0 or pH 6.0; Sodium acetate, pH 5.0, 4.0, or 3.0; or
Gly-HCI, pH 2.5), 150 mM NaCl, and 3.4 mM EDTA to
final concentration of 9.aM, without or with~0.2 M Bcl-

XL. Samples were incubated at room temperature for 0.5 h.
Fluorescence intensity was measured at 490 nm following
excitation at 294 nm usga 5 nmslit width in a lumines-
cence spectrometer (Perkin-Elmer LS50B). Recorded data
were plotted against pH84). Fluorescence intensities were
corrected for buffer effects by subtraction of the appropriate
blank.

Circular Dichroism. Circular dichroism measurements
were carried out using a JASCO-J600 spectropolarimeter
equipped with a temperature control accessory and calibrated
with dig-camphor sulfonate. Spectra were taken using cells
of 1 mm path length, and recorded in 0.5 nm wavelength
increments wh a 2 stime constant and a full-scale sensitivity
of 50 mdeg. Each spectrum is the average of four scans
corrected for background solvent effects by subtraction of
the appropriate blank. Bcl-Xwas dissolved in 20 mM

column (HR 10/30) (Pharmacia) which had been equilibrated (dimethyl glutaric acid) and 150 mM NaCl, pH 4.0

with various buffers as described in the text. Chromatog-
raphy was performed using a flow rate of 0.8 mL/min by
FPLC, monitoring absorbance at @@ A mixture of

or 7.0. To monitor changes in secondary structure, spectra
were scanned in the far-UV from 200 to 250 nm. A value
of 110 Da for the mean residue molecular weight was used

proteins that served as molecular weight markers (Bio-Rad) ;, the calculation of the mean residue ellipticit®]f

was used for column calibration.

Surface Plasmon Resonand€inetic measurements were
performed using a BIAcore-Il instrument with CM5 sensor
chips and an Amine Coupling Kit (Pharmacia Biosensor AB,
Sweden). For immobilization of proteins, the sensor chip
was equilibrated with HB flow buffer [L0 mM Hepes (pH
7.4), 150 mM NaCl, and 3.4 mM EDTA] at &L/min, then
activated by injecting 17uL of 0.2 M N-ethyl-N'-(3-
diethylaminopropyl)-carbodiimide and 0.05 M-hydrox-
ysuccinimide (NHS/EDC) followed by a 34 injection of
Bcl-2 family or control proteins at 56100 ug/mL in 10 mM

RESULTS

SPR Analysis of Bcl-2 Family Protein Interactions at
Neutral pH. Using SPR, we evaluated the kinetics of
interactions among recombinant purified ki€cl-2, Hiss—
Bcl-X, Bax, and Bid. Most Bcl-2 family protein are
anchored in intracellular membranes via a stretch of hydro-
phobic amino acids that constitutes a transmembrane (TM)
domain (reviewed in re85). For solubility purposes, these
proteins were produced without their C-termin&0 amino

acetate, pH 3:54.8. Excess NHS-esters on the surface were acids and purified to homogeneity (Figure 1).

deactivated with 1%L of 1 M ethanolamine-hydrochloride
(pH 8.5). After immobilization, 1Q«L of regeneration buffer
[50 mM phosphate (pH 6.8) d¥ M GuHCI] was injected
to remove noncovalently bound dimers.

For studying proteir-protein interactions, kinetic data
were obtained by diluting the samples in interaction buffer
[HB buffer for neutral pH experiments, AB buffer consisting
of 50 mM acetate (pH 4.0), 150 mM NacCl, and 3.4 mM
EDTA, for low pH experiments] and injecting 24 at 10
uL/min across the prepared surface.
regenerated after each injection with & of 50 mM
phosphate (pH 6.8) @4 M GuHCI. The rate constants
kass and kgiss were calculated from the association and

Attempts to flow each of these proteins across dextran
chips demonstrated that all but Bcl|-¥xhibited nonspecific
interactions with the chip surface at low pH (data not shown).
Therefore, Bcl-X was employed in the mobile phase for all
SPR experiments, with Bcl-2, Bax, and Bid each immobilized
on the chip surface. Bcl-Xexhibited specific interactions
with all Bcl-2 family proteins tested. Figure 2A, for
example, shows typical sensorgrams obtained for interaction
of immobilized Bcl-2 with various concentrations of Bcl-

The surface wasX, in the mobile phase. When flowed over immobilized

Bcl-2 chips in 150 mM NacCl solution at neutral pH, Bc|-X
exhibited rapid binding until a steady-state equilibrium was
reached, followed by rapid dissociation when the Bgh-X

dissociation phases of the sensorgrams. The apparent affinitycontaining mobile phase was replaced with flow buffer. The

constantsKp were calculated directly from the kinetic

RU plateau obtained increased in a concentration-dependent
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Ficure 1: SDS-PAGE analysis of purified proteins. The purified
human Bcl-2 (+218), human Bcl-X (1—213), mouse Bax (%
171), and mouse Bid proteins were analyzed by SBAGE (10
ugllane in 12% gels) and stained with Coomassie. Molecular weight
markers are indicated.
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Ficure 2: SPR analysis of Bcl-Xinteraction with Bcl-2. In panel
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Table 1: Characteristics of BcliXInteractions with Bcl-2 Family
Proteins

Kp (uM) kinetics (pH 4.0)
pH pH Ka K4 Kb
74 40 AKp @M™isY)  (sH  (uM)
Bcl-XL/Bcl-2 28 016 18 0.32 0.05 0.16
Bcl-XL/Bax 46 011 42 0.34 0.04 0.12
Bcl-XL/Bid 19 0.03 63 0.32 0.009 0.03
Bcl-XL/Bcl-XL 5.7 042 14 0.27 0.12 0.44

immobilized Bcl-2 family proteins tested, including Bcl-2,
Bax, and Bid, consistent with pseudo-first-order kinetic
interactions. Figure 2B provides an example, showing the
results obtained for Bcl-2/Bcl-X The slopes of these plots
were derived to obtain an appardfg for each protein
protein interaction at pH 7.4 in 150 mM NaCl (Table 1).
On the basis of this analysis, the highest affinity interaction
was obtained when using Bid in combination with Bgl; X
but all the apparer;, values were within~3-fold of each
other (1.9-5.7 uM). Similar results were obtained using
mobile-phase solutions containing nonionic detergents (0.1%
Tween 20) and divalent cations (10 mM Mgjdlnot shown).
The rapid rate of dissociation made it difficult to accurately
estimateKp from kinetic data Ky/ks).

Low pH Enhances Interactions among Bcl-2 Family
Proteins. Under acidic conditions in vitro, the Bcl-2, Bcl-
X., and Bax proteins can insert into lipid membranes,
forming ion channels20—22). Presumably, the dependence
on low pH for this phenomenon reflects the need for a
conformational change that allows the putative pore-forming
fifth and sixth a-helices of these proteins to penetrate the
lipid bilayer. To determine how low pH affects het-
erodimerization among Bcl-2 family proteins, we examined
the kinetics and magnitude of binding of Bcl-Xwith
immobilized Bcl-2, Bax, Bid, and Bcl-Xby SPR over a
range of pH values (2:58.0). The amount of Bcl-X
interacting with chips containing immobilized Bcl-2 family
proteins (as determined by RU) increased as the pH of the
flow solution was lowered to pH 4.0, beyond which reduced
interactions were observed. Figure 3A shows an example
of sensorgrams obtained for the interaction of Belwth
immobilized Bcl-2 at various pHs, using fixed concentrations
of Bcl-X in the flow solution and constant amounts of Bcl-2
on the chip. Maximum binding was obtained at pH 4.0

A, typical sensorgrams are presented where various concentration§Figure 3). The paucity of binding at neutral pH in this

of Bcl-X (0.125, 0.25, 0.5, 1.0, and 2.M, bottom to top) were
flowed over a chip containing immobilized Bcl-2 proteir%000
RU) at pH 7.4 in 150 mM NaCl and 3.4 mM EDTA. Bcl:X
containing solution was applied at 1Q/min. The binding and
subsequent dissociation upon switching to flow buffer without Bcl-
XL were recorded. The chip was regenerated withL50f 4 M
GuHCI buffered with 50 mM sodium phosphate (pH 6.8). In panel
B, a Scatchard plot of the equilibrium binding results is presented,

using the plateau phase of the sensorgrams (RU) produced by!

flowing various concentrations [C] of Bcl.Xover the Bcl-2-

experiment can be attributed to the usage of 5-fold less Bcl-
X_ compared to the previous experiments shown in Figure
2, where the binding was conducted at pH 7.4. The
specificity of the enhanced interactions detected at lower pH
between Bcl-X and immobilized Bcl-2 family proteins was
confirmed by use of control proteins such as BclABH3)

in which the BH3 domain has been deleted, thus preventing
its dimerization with other Bcl-2 family proteins (Figure 4).

containing chip. The dissociation constant was estimated to be 2.8  Kinetic Analysis of Bcl-2 Family Interactions at Low pH

uM (1/Ky) for this interaction.
manner. Essentially no binding of Bcl-Xvas detected by

Reveals a Slower Rate of Dissociatiohe kinetics of Bcl-
XL binding to chips containing immobilized Bcl-2 family

SPR when using dextran-control chips or certain mutants of proteins were studied by SPR in experiments where various

Bcl-2 (see below).

concentrations of Bcl-Xwere flowed over chips at pH 4.0.

Scatchard analysis of the data was performed by plotting Figure 4 presents typical sensorgrams for chips coated with

RU/[C] versus RU for each concentration of Bcl-¥sed in
the mobile phase (Figure 2B). A linear relationship between
concentration and RU was observed for each of the

Bcl-2, Bax, Bid, and Bcl-X, as well as for control chips
lacking an immobilized protein or containing Bcl-RBH3)
protein. In all cases, concentration-dependent binding of Bcl-
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Ficure 3: pH dependence of BclXinteractions with Bcl-2. In
panel A, representative sensorgrams are presented for Bcl-X
(soluble phase) binding to immobilized Bcl-2 at various pHs as
indicated (2.5-8.0). The Bcl-2 containing chip~5000 RU) was
equilibrated with various interaction buffers, all containing 150 mM
NaCl and 3.4 mM EDTA, with 50 mM of either Tris [pH 8.0],
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BH3 Domain Dependence of Interactions of Belw¥th
Other Bcl-2 Family Proteins.Previous studies have dem-
onstrated that dimerization among Bcl-2 family proteins
depends on insertion of the BH3 domain of one partner into
a surface hydrophobic pocket on the othdb)( To
determine whether the interactions measured here by SPR
at low pH are BH3 dependent, a synthetic peptide represent-
ing the BH3 domain of Bax was tested for ability to inhibit
binding of Bcl-X_ to immobilized Bid at pH 4.0. Bid was
chosen for these experiments because its binding to Bcl-X
occurred with the highest affinity among the Bcl-2 family
proteins tested. As shown in Figure 6, addition of a 16 mer
BH3 Bax peptide produced a concentration-dependent in-
hibition of the interaction of Bcl-X with immobilized Bid,
with an IC50 of ~25 uM. Similar results were obtained
when the effects of the BH3 domain peptide were tested on
interactions of Bcl-X with Bcl-2 and Bax (data not
presented). A variety of unrelated non-BH3 peptides how-
ever had little or no effect (Figure 6 and data not shown).

Size-Exclusion Chromatography Analysis of BclS(g-
gests Induction of a Conformational Change at Low pH.
Size-exclusion chromatography was used to compare the state
of the Bcl-X_ protein at neutral and low pH, making
comparisons with the BH3-only protein Bid. When chro-
matographed on Superdex 200 at either pH 7.4 or 4.0, Bcl-
X. eluted as a single peak corresponding to monomeric
protein (Figure 7A and data not shown). Similar results were

sodium phosphate (pH 6.0, 7.0), sodium acetate (pH 3.0, 3.5, 4.0,0btained with Bid at pH 7.4 and 4.0, which also was present

5.0), or Gly-HCI (pH 2.5). Bcl-X (~0.4 uM) was injected at 10
uL/min and the binding recorded. After reaching steady state, flow
over the chip was continued without Bcl-XIn panel B, the
maximum RU obtained for binding of BclyXto the Bcl-2 chip at
each pH was plotted, arbitarily normalized relative to the results
obtained for pH 8.0.

XL was observed, with rapid initial binding, which then

as a monomer. Thus, low pH does not promote oligomer-
ization of Bcl-X_ or Bid.

When nonionic detergent (0.1% Tween 20) was included
during chromatographic analysis of Bc|-¥n Superdex 200
at pH 7.4, some Bcl-Xeluted at higher molecular weight
(Figure 7B), in addition to the monomeric Bcl-Xseen

gradually slowed until a plateau or near plateau steady-statepreviously at neutral pH in the absence of detergent. At pH
equilibrium was reached. Comparisons with measurements4.0 in the presence of detergent, the majority of the Bcl-X
performed at pH 4.0 revealed that the association-phaseeluted from the column as a larger complex (Figure 7C). In

kinetics for these binding events were not substantially
different from those obtained at pH 7.4. In all cases,

contrast, the Bid protein continued to behave as a monomer
when analyzed by gel-sieve chromatography even at low pH

however, the dissociation rates appeared to be markedlyand in the presence of detergent. Since the large complexes

slower at pH 4.0. The binding of Bcl.Xto Bid-containing
chips was the most stable of the proteprotein interactions
tested, exhibiting a very slow rate of dissociation at pH 4.0
(Figure 4).

To directly compare the relative dissociation rates at pH
4.0 with 7.4, Bcl-X was flowed over either a Bid or a Bcl-2
chip at pH 4.0, and binding was allowed to proceed until

of Bcl-X, were not observed when the detergent was absent
(not shown), we interpret this pH and detergent-dependent
alteration in the chromatographic behavior of Bgl-&ds
evidence either that Bcl-Xassociates with detergent vesicles
at pH 4.0 or that the combination of low pH and detergent
promotes conformational changes in Bgl-iKat allow it to
oligomerize. The observation that Bid does not exhibit this

equilibrium was reached, then the mobile phase was switchedaltered behavior is consistent both with its predicted lack of

to either pH 4.0 or 7.4 without Bcl-Xprotein. As shown

in Figure 5, dissociation of Bcl-Xfrom either immobilized
Bcl-2 or Bid was considerably slower at pH 4.0 compared
to pH 7.4. Though the rapid rate of dissociation at pH 7.4
precluded accurate determination, the estimatedalues
were roughly 15-fold lower for Bcl-2/Bcl-X (0.05 uM/s
versus 0.74«M/s) and~60-fold lower for Bcl-X /Bid (0.009
uM/s versus 0.55(M/s).

Table 1 contrasts the apparent equilibrium dissociation
constants for Bcl-X binding to Bcl-2, Bax, Bid, and Bcl-
X, at pH 4.0 and 7.4. The appareiy for Bcl-X_
dimerization with all proteins tested wasl4 to~63 times
lower at pH 4.0 compared to pH 7.4, indicating a substan-
tially higher affinity interaction at lower pH.

structural similarity to pore-forming proteins and its reported
inability to homodimerize%). Interestingly, it has recently
been reported that nonionic detergents can induce dimeriza-
tion among members of the Bcl-2 family as a post-cell-lysis
event 36).

BisANS Fluorescence Studies Indicate Exposure of Hy-
drophobic Regions of Bclpat Low pH. The fluorochrome
BisANS associates with hydrophobic regions on proteins,
such that the extent of emissions at 490 nm is an indication
of the relative hydrophobicity of a proteiB4). We therefore
compared the BisSANS labeling of Bclp6ver the pH range
of 2.5-8.0. As shown in Figure 8, the relative amount of
BiSANS association with the Bcl-Xprotein increased at pH
<6.0, reaching a maximum at pH 3-@.0. Over the same
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Ficure 4: Kinetics of Bcl-X_ interactions with other Bcl-2 family proteins at acidic pH. SPR analysis was conducted at pH 4.0, flowing
Bcl-X, at various concentrations over chips containing immobilized Bcl-2, Bax, Bid, BcbXBcl-2 (ABH3) (~5000 RU). Alternatively,

the chip was inactivated with ethanolamine to block reactive groups and BalaX flowed over the blank chip. BclpXat ~50—750 nM

was injected (2QiL) at a flow rate of 1QuL/min. The binding and dissociation were recorded. The chip was regenerated udingf 3

M GuHCI containing 50 mM Sodium phosphate (pH 6.8) after each injection.

pH range, the basal fluorescence from BisANS was stable. detected by SPR analysis appear to be dependent on the BH3
Thus, acidic pH in the 3:64.0 range appears to induce the domain, based on the observations that: (a) deletion of the
Bcl-X, protein to undergo conformational changes which BH3 domain from Bcl-2 abolished its interactions with Bcl-
result in exposure of hydrophobic surfaces of this protein. X, and (b) a BH3 peptide abrogated binding in SPR
Circular Dichroism Analysis of Bcl-Xand Bax Proteins  experiments. Interestingly, at acidic pH, the relative affinity
Indicates Retention of &&rall Secondary Structure at Low of interactions among Bcl-2 family proteins was increased.
pH. One concern with studies of Bcl-2 family proteins The basis for this increased affinity was attributable primarily
performed at pH 4.0 is whether they become denatured andto a markedly reduced dissociation rate. Thus, Bgcl-X
thus nonspecifically adsorb to each other or expose hydro-complexes with Bcl-2, Bax, or Bid were considerably more
phobic regions. To address this concern, circular dichroism stable at pH 4.0 than at pH %07.4.
(CD) analysis was performed for BelXand Bax at pH 4.0 The molecular basis for the increased stability of Bel-X
and 7.0, using the far-UV region which is sensitive 10 complexes with Bcl-2, Bax, and Bid could have several
secondary structure. The far-UV CD spectra for these gyplanations. First, protonation of specific residues directly
proteins were nearly superimposable at pH 4.0 and 7.0,jnyolved in binding could increase the stability of these
indicating retention of their overali-helical content and  rotein complexes, perhaps by reducing electrostatic repul-
secondary structure. Figure 9, for example, shows the far-gions or increasing hydrophobicity and thus promoting
UV spectra for Bel-X at pH 4.0 and 7.0. Note the retention pygrophobic interactions. Second, low pH could promote
of the absorption minima at 208 and 222 nm at pH 4.0, which o stapilize a conformational change in these proteins which
is characteristic obi-helical proteins. These data therefore e indirectly affects binding. Third, acidic pH could help
argue that t_he se_condary structure of this protein is preserved gecrease the rigidity of BclXand other Bcl-2 family
at low pH, implying that acidic pH does not denature Bcl-2 yqteins, loosening thein-helical segments from intramo-
family proteins. lecular interactions with each other and creating more
DISCUSSION flexibility for .dir_nerization. Ir_1 this regard, Bcl-k(ar}d_ the
structurally similar pore-forming domains of the colicins and
The data presented here provide the first kinetic analysis diphtheria toxin are proposed to assume a molten globule
of dimerization among Bcl-2 family proteins. Consistent state which allows them the flexibility to transition back and
with previous studies, the proteiprotein interactions  forth from tight compacta-helical bundle structures in
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Ficure 5: Acidic pH decreases rate of dissociation of Bgl{Xom
Bcl-2 family proteins. Bcl-X protein ¢-0.4 uM) in Sodium acetate
(pH 4.0), 150 mM NaCl, and 3.4 mM EDTA was flowed across
chips containing either immobilized (A) Bcl-2 or (B) Bid protein
(~5000 RU) and binding was allow to proceed until steady state
was reached. Dissociation was then monitored at pH 4.0 by
continuing flow of the same solution or at pH 7.4 by switching to
phosphate-buffered (pH 7.4) saline/EDTA solution. In panel B, 3 M : N : o 12 e e 18 20 2,
dissociation was initiated at pH 4.0, and then the buffer was "
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switched to pH 7.4 at the indicated time (arrow). C
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FicURE 6: BH3 domain dependence of Bel-Xlimerization with FiGure 7: Analysis of Bcl-X and Bid at acidic and neutral pH by
other Bcl-2 family proteins. Bcl-X (~0.3 M) alone or in gel-filtration chromatography. Bcl-Xor Bid protein (25«g in 50

combination with various concentrations of either 16 mer Bax BH3 #L) was applied to a Superdex 200 (10/30) column previously
peptide or unrelated 21 mer was flowed over a Bid-containing chip €quilibrated with 10 mM HEPES (pH 7.4), 150 mM NaCl, and 3.4

(~1500 RU) at pH 4.0. Injections were performed using.20of mM EDTA without (A) or with 0.1% (v/v) Tween 20 (B).
Bcl-X, solution at 10uL/min, with regenerationri 4 M GuHCI Alternatively, chromatography was performed in 50 mM Sodium
Tween 20 (C). The locations of the protein standards are indicated

. . .., at the top of each panel.
agueous environments to membrane inserted molecules with P P

much looser packing of their-helices 87, 39. Consistent  the relative affinity of Bcl-X/Bid heterodimerization at pH
with the requirement of the molten globule state, our CD 4 g compared to pH 7.0 was estimated by SPR to-58-
analysis suggested no changes in ovenaliielical content  fo|g greater AKp), whereas Bcl-X/Bcl-X, homodimeriza-
of Bcl-X, when compared at pH 4.0 and #.0.4, implying  tjon was only~14-fold greater at pH 4.0. Hence, acidic
a preservation of secondary structure. pH has a greater impact on stabilizing Bal/Rid complexes

It should be emphasized that the affiniti&s) and kinetic than Bcl-X /Bcl-X, complexes. Consistent with these data,
constantsl(, kq) obtained here by SPR are merely apparent Bcl-X, migrated predominantly as a monomer in gel-sieve
values 28). For the purpose of these studies, the importance chromatography experiments even at pH 4.0.
of the determinedp and rate constants permits comparisons  Several lines of evidence support the idea that acidic pH
of the relative changes inKp and in association and either induces a specific conformational change in Bcl-2
dissociation rates at acidic versus neutral pH. For example,family proteins or loosens the packing of theirhelices,
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NaCl, and 3.4 mM EDTA. Samples were incubated at’@5for
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docking site against the core hydrophotisanda6 helices,
freeing it for dimerization with other Bcl-2 molecules that
retain the compacto-helical bundle structure (“closed
conformation”) that creates a hydrophobic pocket on the
surface of the protein. Third, comparisons of Bgl¢y gel
chromatography at neutral and acidic pH in the presence of
detergents suggest that low pH induces a conformation which
promotes Bcl-X association with detergent vesicles or
induces its oligomerization. Fourth, labeling with BiSANS
suggests greater exposure of hydrophobic regions within Bcl-
X, atlow pH. Fifth, CD studies indicate no overall change
in secondary structure of Bclpat pH 4.0 compared to pH
7.0, implying that thex-helical regions of the protein remain
intact and that a denaturation of the protein cannot account
for increased exposure of hydrophobic regions at acidic pH.
The relevance of the enhanced affinity of dimerization seen
at acidic pH to the pore-forming activity of Bcl-2 family
proteins remains to be determined. When applied to lipo-
somes, the ability of Bcl-2, Bcl-X and Bax to form ion-

0.5 h, and excited at 294 nm. Emission at 490 nm were recorded conducting channels is greatly enhanced by low pH, with

and plotted against pH.
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Ficure 9: Circular dichroism (CD) analysis of BcliXat pH 4.0

and 7.0. The secondary structure at pH 4.0 and 7.0 was monitored

by scanning from 200 to 250 nm & 1 mmpath length cell. Bcl-
X, was dissolved in 20 mM DMG and 100 mM NacCl, pH 4.0

optimal pH typically~4.0 20—22). Because dimerization
among Bcl-2 family proteins is preserved and even enhanced
at low pH, it could be speculated that homodimerization
facilitates the process of membrane insertion. In contrast,
certain heterodimerization events might impair integration
and channel formation at low pH, such as those involving
pore-forming Bcl-X-like proteins with BH3-only proteins
such as Bid. Alternatively, if not altering the actual process
of insertion, homodimerization might enhance channel
formation by placing two protein molecules in contact with
each other once in the membrane. This is because Bcl-X
contains only twoa-helices which are sufficiently long to
span the planar bilayeos anda6) (14), and yet a minimum

of four a-helices integrated into the membrane has been
shown to be required for creating ion-conducting channels
in vitro (24, 29. This implies that at least two BclXBcl-

2, or Bax molecules must collaborate in membranes to create

(squares) or 7.0 (circles). Each spectrum represents the average of channel.

five scans corrected for background intensity by subtraction of the

buffer blank.

thus providing greater flexibility for dimerization. First,

Though acidic pH can evidently alter the binding behavior
and presumably the conformation of Bc|-And other Bcl-2
family proteins in vitro, the question is what controls these

recent structural analysis by NMR of BH3 peptides bound events in vivo? Acidic pH of4.0 does not occur within

to the hydrophobic surface pocket of Bcl-¥nplies a need
for a conformation among Bcl-2 family proteins in which
the amphipathi@-helix that comprises the BH3 domain is

the cytosol of cells, probably not even under pathological
situations. However, it may be relevant that many Bcl-2
family proteins are anchored in the outer membrane of

rotated outward to expose its hydrophobic surface for mitochondria 40). A proton gradient exists across the inner

interactions with the hydrophobic pocket on Bgl-XL5).
Second, studies of ion-channel formation by Bgl-Bcl-2,

membrane of these organelles, creating an acidic pH
environment of~6.0—-6.5 in the space between the inner

and Bax using synthetic liposomes have shown that low pH and outer mitochondria membrangd), The influence of
(~4.0) markedly enhances channel activity and indeed is this pH gradient on Bcl-2 family proteins might be most
required for converting the bulk of the molecules into a state pronounced at the contact sites where the inner and outer

that is competent to form ion channels in vit0( 21, 23.

By analogy to structurally similar pore-forming domains of
bacterial toxins 9), channel formation by Bcl-2 and Bcl-
X is predicted to require insertion of the hydrophobis
anda6 helical hairpin perpendicularly into the lipid bilayer,
with the surrounding amphipathic-helices (which include
BH3) folding away from the core hydrophobic helices

membranes abut and where various transport phenomena
occur. Interestingly, previous immuno-electron microscopy
studies have localized Bcl-2 predominantly to these contact
sites @2). Thus, while insufficient by itself, the lower pH
environment of the mitochondrial intermembrane space may
facilitate dimerization among Bcl-2 family proteins.

In addition to local pH effects, interactions with other

analogous to the opening of an umbrella. This membrane- proteins may also influence dimerization among Bcl-2 family
insertion competent conformation of the protein (“open proteins in vivo. In this regard, evidence that Bcl-2 may
conformation”) is presumably favored by low pH and would interact with components of the Hsp70-family of chaperones
presumably extricate the BH3 domain from its normal has been obtained. Specifically, a Hsp70/Hsc70-binding
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protein BAG-1 (also known as HAP-1 and RAP46) has been
identified which can interact with Bcl-2 and enhance its anti-
apoptotic function 43—45). The implication of these
findings is that Bcl-2 can be recognized by Hsc70/BAG-1
complexes, thus providing a potential mechanism for modu-
lating the conformation of Bcl-2 in cells. Other protein
interactions with Bcl-2 could also conceivably alter its
conformation in ways that might impact on dimerization with
Bcl-2 family proteins (reviewed in ref3and35). Regardless

of the in vivo mechanisms involved, the data reported here
showing that acidic pH stabilizes dimerization among Bcl-2
family proteins provide insights into the biophysical proper-
ties of these proteins which may be relevant to their
mechanisms of ion-channel formation.
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