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ABSTRACT. Bcl-2 family proteins are essential regulators of cell death and exert their primary pro- or
antiapoptotic roles at the mitochondrial outer membrane. Previously, pro- and antiapoptotic Bcl-2 proteins
have been shown to interact with the voltage-dependent anion channel (VDAC) of the outer mitochondrial
membrane. VDAC is a 283-residue integral membrane protein that forms an aqueous pore in the outer
mitochondrial membrane, through which metabolites and other small molecules pass between the cytosol
and intermembrane space. The essential life-sustaining function of VDAC in metabolite trafficking is
believed to be regulated by proteins of the Bcl-2 family. The protective role of antiapoptotiG B

be through its interaction with VDAC. Here, VDAC has been expressed, purified, and refolded into a
functional form amenable to NMR studies. Various biophysical experiments indicate that micelle-bound
VDAC is in intermediate exchange between monomer and trimer. Using NMR spectroscopy, gel filtration,
and chemical cross-linking, we obtained direct evidence for binding of Btb¥DAC in a detergent
micelle system. The VDAC-interacting region of Bgl-was characterized by NMR with chemical shift
perturbation and transferred cross-saturation. The interaction region was mapped to a putative helical
hairpin motif of Bcl-x_ that was found to insert into detergent micelles. Our results suggest that Bcl-x
can bind to one or two VDAC molecules forming heterodimers and heterotrimers. Our characterization
of the VDAC/Bcl-x. complex offers initial structural insight into the role of antiapoptotic Bclix
regulating apoptotic events in the mitochondrial outer membrane.

Apoptosis, or programmed cell death, is an essential mation about the behavior of Bcl-2 proteins in a membrane
cellular process strictly regulated by the Bcl-2 family of environment is currently unavailable. Bcl-2 proteins insert
proteins. Three subfamilies of the Bcl-2 proteins are structur- into mitochondrial membraneslZ—14), and a complete
ally homologous with different functions: the antiapoptotic understanding of Bcl-2 protein function in regulating apo-
Bcl-2 proteins, e.g., Bcl-2, Bl and Mcl-1, the multido- ptosis demands knowledge of their structure and interactions
main proapoptotic proteins Bax and Bak, and the BH3-only in a membrane setting. A particularly intriguing role for Bcl-
proapoptotic proteins, Bid, Bad, Bim, etd.«7). BH3-only X, is found in its interaction with the voltage-dependent anion
proteins are activated by various signals and transmit deathchannel (VDAC} (15). VDAC has been implicated in
signals by activating multidomain Bcl-2 proteins or occupy- apoptosis through interactions with both pro- and antiapo-
ing the binding pocket of antiapoptotic Bcl-2 proteins, thus ptotic members of the Bcl-2 family. The role of these
inhibiting their protective function§; 9). Activation by interactions in apoptosis and normal cell function remains
proapoptotic BH3-only proteins initiates oligomerization of an issue of debate. An interaction of B¢lwith VDAC has
multidomain proapoptotic Bcl-2 proteins in the outer mito- been demonstrated biochemicallyg), but its effect on the
chondrial membranel(, 11). Bax/Bak oligomerization leads  function of VDAC or role in regulating apoptosis is disputed.
to the disruption of membrane integrity and the release of One report claims that Bclgxcloses VDAC to prevent the
certain apoptogenic factors, such as cytochramnehich formation of a permeability transition pore by maintaining
signal further events ultimately resulting in apoptotic cell mitochondrial membrane stabilityt§). A conflicting report
death. Antiapoptotic Bclx is distributed between the
cytoplasm and the outer mitochondrial membrane. In the *Abbreviations: 1D, one dimensional; ATP, adenosine triphosphate;
cytoplasm antiapoptotic proteins are believed to prevent cell 5-OG, octyl-glucoside; CD, circular dichroism; ¢, tetraethylene
death by binding and sequestering proapoptotic Bcl-2 glycol monooctyl ether; DHPC, dihexanoylphosphocholine; DPC,

. . . . . dodecylphosphocholine; DTT, dithiothreitol; EDTA, ethylenediamine-
proteins through their BH3 regions. High-resolution structural tetraacetic acid; GdnHCI, guanidine hydrochloride; GFC, gel filtration

studies of the Bcl-2 family proteins have only addressed their chromatography; HRP, horseradish peroxidase; HSQC, heteronuclear

soluble, cytoplasmic form2(-5). Therefore, crucial infor-  Single-quantum correlation; LDAO, lauryldimethylamine oxide; LM,
yiop 5) lauryl maltoside; MWCO, molecular weight cutoff; NAD, nicotinamide

adenine dinucleotide; NOESY, nuclear Overhauser effect spectroscopy;
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suggests that Bclixprevents cell death by maintaining
VDAC in its active, open conformation to allow essential
metabolite transport across the membrahid.(

VDAC is a 283-residue integral outer membrane protein
of the mitochondrion involved in small molecule trafficking
from the cytoplasm to the mitochondrion and forms the
primary pathway for metabolite transport between the
mitochondrion and cytoplasni@, 19). It forms an aqueous
pore and is responsible for the translocation of ATP, ADP,
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purification. Cation-exchange chromatography required prepa-
ration of the denatured VDAC sample in a low-salt-
containing buffer prior to loading on the cation-exchange
column to remove any salt or contaminating materials which
would inhibit binding of VDAC to the column. Purified
VDAC in Ni-elution buffer was precipitated by dialysis
agains 4 L of 2 mM EDTA in a 12000 MWCO dialysis
membrane. Precipitated VDAC was isolated by centrifugation
at 18000 rpm in an SS-34 rotor. VDAC was resuspended in

and other metabolites across the outer mitochondrial mem-cation-exchange start buffer (8 M urea, 25 mM sodium

brane. VDAC is predicted to havesabarrel structure, similar

phosphate, pH 6.5, 5 mM DTT) and sonicated to ensure

to bacterial outer membrane proteins. It remains to be debatecefficient solubilization. VDAC in cation-exchange start buffer

whether VDAC is a functional monome2@-22), dimer @3,
24), or trimer @5 or is in conformational equilibrium
between different oligomeric state®g]. Understanding the
function of VDAC in metabolite transport and apoptosis on
a structural level requires knowledge of its potential for

oligomerization. VDAC has been proposed as a key com-

ponent of the permeability transition pore through which
apoptogenic factors, such as cytochromepass during
apoptosis. The predicted open pgiebarrel structure for
VDAC has led to the idea that it might form a pathway for
cytochromec release. However, the estimated diameter of

VDAC based on cryoelectron microscopy and electrophysi-

was loaded omt a 5 mL HiTrap SP FF cation-exchange
column (GE Healthcare) at2 mL/min. VDAC was eluted
from the cation-exchange column in cation-exchange start
buffer plus 100 mM NaCl. Further purification of the
denatured VDAC sample was accomplished by gel filtration
chromatography under denaturing conditions in denaturing
gel filtration buffer (6 M guanidine hydrochloride, 100 mM
sodium phosphate, pH 7.0, 100 mM NaCl, 1 mM EDTA, 5
mM DTT) at a flow rate of 0.5 mL/min.

VDAC Refolding.Purified VDAC in denaturing gel
filtration buffer was refolded by dropwise dilution at°€
with stirring into refold buffer [25 mM sodium phosphate,

ological studies is too narrow to allow passage of cytochrome pH 7.0, 100 mM NaCl, 1 mM EDTA, 5 mM DTT, 1%

¢ (27, 28). An oligomerization model of VDAC has been
adopted, where multiple molecules of VDAC, possibly in
complex with other proteins, would form a larger pore that

lauryldimethylamine oxide (LDAO)] to yield a final protein:
detergent micelle ratio o~1:20 (assuming an LDAO
aggregation number of 76). After overnight stirring at@

could allow protein leakage across the outer mitochondrial the refolded VDAC sample was then dialyzed against

membrane Z9).

Our studies aim to clarify the biological role for the
interaction between Bclixand VDAC. Preparation of a
functional form of the 32 kDa membrane protein VDAC is

phosphate buffer to remove guanidine hydrochloride. Further
purification on a Superdex 200 gel filtration column pre-
equilibrated with LDAO GFC (gel filtration chromatography)
buffer (25 mM sodium phosphate, pH 7.0, 1 mM EDTA, 5

described. The oligomeric state of VDAC is addressed by MM DTT, 0.1% LDAO) was employed to remove misfolded

chemical cross-linking and gel filtration. The binding
interface between the two membrane proteins, Bcand
VDAC, is described as determined by NMR spectroscopy.

We use chemical shift perturbation and transferred cross-

saturation to characterize the VDAC-interacting region of
Bcl-x.. The results of this study will lead to a better
understanding of the role for the VDAC/Bc|-interaction

in apoptosis and small molecule transport across the mito-

chondrion.

MATERIALS AND METHODS

VDAC ExpressiorniThe cDNA for human voltage-depend-
ent anion channel 1 (VDAC1) with the corresponding

or aggregated VDAC and trace impurities. Analytical gel
filtration on a Superose 12 10/300 GL (GE Healthcare)
column was used to check the aggregation state of the
purified sample. Pure VDAC samples were pooled and, for
NMR samples, concentrated to 6. mM. Detergent
concentration is monitored by 1D proton NMR throughout
the purification, and a protein:micelle ratio is maintained at
~1:2—1:10. When necessary, excess detergent was removed
from the sample by a series of dilution and concentration
steps with a buffer lacking detergent.

Circular Dichroism Spectroscopyrar-UV CD spectros-
copy was performed on an AVIV spectrometer model 62DS
at 18°C in a 0.1 cm path length cell. Spectra were recorded
from 260 to 195 nm with 1 nm increments and eight scans.

GenBank accession number BC008482 was obtained as &ackground correction was performed by subtracting a

full-length clone from the Mammalian Gene Collection of
OpenBiosystems (Huntsville, AL). A C-terminallyx6His-
tagged version of VDAC1 was cloned by standard PCR
methods into theNdd/Xhd sites of pET21a (Novagen).
VDAC was expressed in BL21(DES3) cells by IPTG induction
with 1 mM IPTG at 37°C for 3—5 h or with 200uM IPTG

at 20°C for 16—-20 h.

Denaturing Purification of VDACVDAC was purified
from inclusion bodies under denaturing conditions on a Ni-
agarose resin (Qiagen) and eluted in Ni-elution buffer (7.5
M urea, 100 mM NakPQ,, 10 mM Tris-HCI, pH 8.0, and
250 mM imidazole). Cation exchange under denaturing
conditions h 8 M urea was necessary as a next step in

spectrum from buffer, and linear smoothing was applied to
the final spectrum. Secondary structure estimation was made
against a 37-protein reference set with the program SEL-
CON3 30).

Bcl-x_ Preparation.Human Bcl-x lacking a long unstruc-
tured loop (corresponding to wild-type residues-4@3) and
a putative transmembrane region (residues-223B) was
employed for all experiments in this stud$1j. The 6x-
His-tagged Bcl-x was expressed in BL21(DE3) cells. Bcl-
XL was purified by standard Ni-affinity chromatography

followed by size exclusion chromatography with a Superdex

75 (Amersham) column in 25 mM sodium phosphate, pH
7.0,1 mM EDTA, and 5 mM DTT. Bcl-xwas concentrated
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to ~2 mM, and then LDAO frm a 1 Mstock was added to
bring the protein:micelle ratio to approximately 16N-
Ala and®*N-Asp samples of Bclxxwere grown in the CT16
auxotrophic strain provided by David Waugh (National
Cancer Institute). Bclx samples for transferred cross-

Malia and Wagner

adiabatic pulse having a bandwidth of 1000 Hz was
performed at 0 Hz in order to irradiate this methyl group as
well as nearby VDAC proton signals, sufficiently far from

LDAO resonances so as not to inadvertently saturate the
detergent. This narrow bandwidth avoided saturation of

saturation require extensive deuteration to avoid spin diffu- nearby detergent resonances as determined by 1D experi-

sion through amides. Extensively deuterated Bctamples
were grown in 99.8% BD, J[He]glucose (98%), and'iN]-
ammonium chloride (99%).

NMR SpectroscopiNMR experiments were performed at
30°C on Varian INOVA 500 and 600 MHz and Bruker 500,

ments. Experiments were performed with 1, 2, and 3 s
saturation durations.

Size Exclusion Chromatograph§ize exclusion chroma-
tography was carried out on a Superdex 200 16/60 column
(GE Healthcare) in LDAO GFC buffer at 4C with a flow

600, and 750 MHz spectrometers, equipped with cryogeni- rate of 1 mL/min, while monitoring the absorbance at 280

cally cooled probes.
Resonance Assignments of BclkLDAO MicellesNMR

nm. Analysis of Bcl-x and VDAC binding by size exclusion
chromatography was performed after mixing equimolar

chemical shift assignment was accomplished using a standardamounts of VDAC and Bclxto give 10.5uM in both and
set of triple resonance experiments: HNCA, HN(CO)CA, incubation for 1 h. Analysis of VDAC cross-linking by size

HN(CA)CB, HN(COCA)CB, HNCO, and HN(CA)CO. A
3D *N-edited NOESY-HSQC and{,'®N)-HSQC spectra
of Bcl-x. with specific ®N-labeling at Ala, Asp, lle, Leu,

exclusion was performed after quenching the reaction with
1 M Tris-HCI, pH 8.0.

Chemical Cross-LinkingChemical cross-linking reactions

val, Lys, Phe, Thr, and Tyr were also used for the ere performed at room temperature with ethylene glycol
assignment. The nonuniformly sampled double-TROSY pyig(syccinimidyl succinate) (EGS) and glutaraldehyde. EGS
hNcaNH experiment was also employed for sequential amide a5 from Pierce Biotechnology (Rockford, IL), and 70%
correlation 82). The backbone chemical shift assignment glutaraldehyde was from Sigma (St. Louis, MO). Cross-
of Bel-x, in DPC micelles was also used as a guide in the |inking reactions of VDAC alone were performed with 4.1
assignment (Philippe Hajduk and Stephen Fesik, personal; » mmMm VDAC and 1.5 mM glutaraldehyde or EGS.

communication).

NMR Titrations/Chemical Shift PerturbatioNMR titra-
tions of VDAC with metabolites were performed by addition
of concentrated ATP, NADH, and NAD téH,15N-VDAC.

Metabolite was added at VDAC:metabolite ratios of 1:0.5,

1:1, 1:2, 1:5, 1:10, 1:20, and 1:38H,'5N-TROSY-HSQC
spectra were recorded at 3C on a Varian INOVA 600

MHz spectrometer equipped with a cryoprobe and monitored

for changes in chemical shift.

Chemical shift perturbation experiments were performed

by ®N-labeling either VDAC or Bcl-x and adding the

unlabeled partner at 50%, 100%, and 200%. Monitoring

chemical shift changes of VDAC in the presence of Bcl-x

was performed by recording TROSY-HSQC spectra of a

°H,'®>N-labeled VDAC sample. Protonate'dN-labeled Bcl-

XL was used to record changes in the fast HSQC spectrum

after adding unlabeled VDAC.

Transferred Cross-Saturatiomransferred cross-saturation
experiments were performed with perdeuterateilabeled
Bcl-x_ in detergent micelles in a buffer containing 80%D

Cross-linking of VDAC to Bcl-x was performed at @M
for both proteins and 18 or 18M glutaraldehyde. Reactions
were quenched afte h either by addig 1 M Tris-HCI, pH
8.0, before gel filtration or by SDSPAGE sample loading
buffer prior to analysis by SDSPAGE.

Western BlottingImmunoblotting was performed with
mouse monoclonal anti-VDAC antibody [anti-porin 31HL
(Ab-1) (89-173/016) from Calbiochem, San Diego, CA]
raised against the N-terminal region of human VDAC1 and
mouse monoclonal anti-Bcl-xantibody (2H12: sc23958
from Santa Cruz Biotechnology, Santa Cruz, CA). The goat
anti-mouse IgG-HRP (sc-2005 from Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) was used as the secondary antibody.
The HRP-conjugated secondary antibody was detected with
the SuperSignal West Pico chemiluminescene kit (Pierce
Biotechnology, Rockford, IL). His-tag detection by Western
blotting was performed with an HRP-conjugated primary
antibody recognizing the6-His tag (Roche, Indianapolis,
IN).

Unlabeled VDAC was added at 20%. The final NMR sample resyLTs

contained 80QuM Bcl-x., 160 uM VDAC, and 395 mM
LDAO in 25 mM sodium phosphate (pH 7.0) buffer, 5 mM
DTT, 1 mM EDTA, and 80/20 BO/H,O. Experiments were
performed at 30C on a Bruker 750 MHz spectrometer with

VDAC Expression, Purification, and Refoldingecom-
binantly expressed VDAC was directed to the insoluble
fraction at up to 30 mg/L of culture. Optimal refolding

a cryoprobe. Transferred cross-saturation experiments wereefficiency of VDAC necessitated Ni-affinity, cation-ex-
performed by applying a WURST-2 adiabatic pulse prior to change, and gel filtration chromatography under denaturing
a fast-HSQC experiment. In order to effectively suppress conditions prior to refolding. SDSPAGE analysis after Ni-
artifact signals from both water and detergent, an amide- affinity purification revealed an impurity at 15% abundance.
selective REBURP is applied during the reverse INEPT Immunodetection with an anti-His antibody showed that the

period of the HSQC. The irradiation frequency of VDAC
was chosen on the basis of tH€-HSQC of a methyl-ILV-
labeled sample of VDAC. A3C-HSQC of VDAC perdeu-
terated and selectiveyC,'H-labeled at ILV-methyl groups

impurity contained a His tag and was likely to be a truncation
product of VDAC. Subsequent N-terminal sequencing con-
firmed the impurity as a truncation product of VDAC

beginning at L144. Cation exchange under denaturing

showed a well-separated methyl peak at 0.34 ppm (251 Hz).conditions was employed to remove the majority of the
The closest detergent signal is at 0.87 ppm (651 Hz). truncation product accomplished by thorough washing with
Therefore, on-resonance saturation with a 2.5 ms WURST cation-exchange start buffer. VDAC was eluted from the
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Ficure 1: SDS-PAGE gel of purified VDAC. The calculated
molecular mass is 32 kDa.

cation-exchange column in cation-exchange start buffer plus
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Ficure 2: Far-UV CD spectrum of refolded human VDAC in 0.1%
LDAO at pH 7.

100 mM NaCl. Cation exchange was followed by gel response from VDAC in the presence of these physiological
filtration under denaturing conditions. This Step removed substrates shows that the recombinanﬂy expressed and
higher and lower molecular mass impurities and exchangedreconstituted membrane protein is functional. Comparison
the buffer from urea to GdnHCI, which was necessary for of the three spectra reveals that NAD and NADH (not shown)

refolding in LDAO,; it was observed that refolding efficiency
is higher fran 6 M GdnHCI than fron 8 M urea. Of the
various detergents tested (LDAO, DPC, DHPDG, LM,
C8E4, SDS), only LDAO resulted in a stable, folded form
of VDAC suitable for NMR studies.

Purified VDAC in denaturing gel filtration buffer is
refolded by dropwise dilution at 4C with stirring into
LDAO refold buffer [25 mM sodium phosphate, pH 7.0, 100
mM NaCl, 1 mM EDTA, 5 mM DTT, 1% lauryldimethy-
lamine oxide (LDAO)] to yield a final protein:detergent
micelle ratio of ~1:20 (assuming an LDAO aggregation
number of 76). After refolding of VDAC into LDAO,

induce shifts at positions in common with ATP and indicate
a common interaction site.

Additionally, the peaks that change after substrate/inhibitor
binding are among the many which diminish in intensity
during D,O exchange experiments (data not shown), sug-
gesting that the interaction between VDAC and these small
molecules occurs at a solvent-exposed region. Some of the
same peaks are shifted for the three different metabolites.
Shifts at the same peak positions show that the binding region
on VDAC for the different metabolites is similar. The low
number of affected peaks reflects the small size of the ligand
compared to VDAC and indicates that metabolite binding

preparative gel filtration showed a major species correspond-does not cause a significant conformational change. The
ing to pure, refolded VDAC and a minor species eluting in requirement of a large excess of metabolite reflects the low
the void volume corresponding to aggregated or misfolded binding affinity of VDAC for these molecules36—38). A

VDAC and other impurities. The pure VDAC fractions were

low binding affinity is consistent with the reported function

pooled and concentrated when necessary for NMR samplesof VDAC as a transporter of metabolites: efficient transport

A SDS—-PAGE gel of the final purified VDAC sample shows

is expected to require a low binding affinity of the transporter

a major band close to the expected molecular mass of 32for the ligand. VDAC is a transporter of small metabolites,

kDa (Figure 1). NMR samples contained 6 mM VDAC
and 206-700 mM LDAO.
Circular Dichroism Spectroscopythe CD spectrum of

so it is impractical and unlikely that tight binding would
occur. VDAC may act as a sensor to metabolite substrates,
and the peaks which are perturbed may be the signature of

recombinantly expressed and refolded VDAC exhibits similar this sensor region.
features as previous studies of mitochondria-purified and Chemical Shift Perturbation of VDAC and Bgl-XTo

refolded VDAC from various sources: a minimum at 216
nm and a crossover to positive ellipticity at 206 n88<

investigate the reported interaction between Bcland

VDAC, the effects of Bcl-x on the TROSY-HSQC spectra

35) (Figure 2). Estimation of secondary structure gives 39.7% of VDAC were analyzed. Addition of Bclxto 2H,15N-
p-sheet, 17.5%-helix, 13.3%p-turn, and 28.4% random VDAC caused chemical shift changes and differential line
coil. We may, therefore, conclude that refolded human broadening for a subset of peaks (Figure 4A), thus confirming

VDAC adopts a similar folded conformation with high

a specific interaction between the two membrane proteins.

p-sheet content similar to previous studies of mitochondrial Observation of chemical shift changes for VDAC upon

and refolded VDAC.
Titration of VDAC with MetabolitesThe TROSY-HSQC

addition of Bcl-x is further evidence for a functional form
of VDAC and demonstrates that a significant direct interac-

spectrum of VDAC shows dispersion indicative of a folded tion between VDAC and Bclxtakes place.

protein of highg-sheet content (Figure 3). Chemical shift
perturbation experiments by titration #,2°N-VDAC with
the physiological substratg&NADH, S-NAD, and ATP

To further probe the interaction between VDAC and Bcl-

XL, the inverse was performed by monitoring changes in the

HSQC spectrum of®N-labeled Bcl-x in the presence of

indicate an interaction between VDAC and the metabolites. unlabeled VDAC. HSQC spectra &iN-Bcl-x /VDAC1 at
Figure 3 shows representative spectra from the titrations. Aratios of 1:0.5, 1:1 (Figure 4B), and 1:2 were recorded.
large excessx{10-fold) of metabolite was required to observe VDAC induces dramatic changes (chemical shift changes
a noticeable change in the VDAC spectra. Significantly, a and/or differential line broadening) for a subset of Bcl-x
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FiIGURE 3: TROSY-HSQC spectra of 5QeM 2H,*N-VDAC in the presence (red) and absence (black) of a 30-fold excess of ATP. Peaks
that undergo obvious changes are indicated with an arrow.
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FIGURE 4: (A) Chemical shift perturbation &H,1°N-VDAC in the presence of unlabeled Bgl:XxThe TROSY-HSQC spectrum of VDAC

in the absence (black) and presence of 50% Bdlred). Arrows indicate some of the major changes in the VDAC spectrum. (B) HSQC
spectra of Bcl-x in LDAO micelles in the absence of VDAC (black) and in the presence of VDAC at 1:1 ratio (red). Sample conditions:
300 uM N-Bcl-x., 300uM VDAC, 64 mM LDAO, and 6% DRO. The assignment of some of the shifted peaks is indicated.

T oh [

peaks in the HSQC spectra. Approximately 25% of Bcl-x  through other NMR experiment82). The backbone assign-
peaks are affected by the presence of VDAC, while 75% ment of Bcl-x in DPC micelles served as a guide for
remain unchanged. In order to map the interaction interface,assignment in LDAO micelles since many of the carbon
residues of Bcl-x corresponding to peaks shifted by VDAC chemical shifts were similar for Bcl:xn the two detergents.
were identified by employing a standard NMR assignment Partial backbone assignment of B¢lwas achieved to only
strategy. 59%, due in large part to the crowding and overlapping of
Assignment and Secondary Structure of BclirxLDAO resonances.
Micelles.Because the dispersion of NMR resonances for Bcl- ~ Only limited structural information has been obtainable
XL in LDAO is very poor, it was necessary to utilize an for Bcl-x, in LDAO micelles. Comparison of Bclixspectra
extensive set of®N-specifically labeled samples for assign- obtained in the absence (data not shown) and presence of
ment by residue type. The recently described double- detergent micelles indicates that a dramatic structural change
TROSY-hNcaNH experiment, which correlates sequentially occurs. The overall appearance of thg'>N-HSQC spectrum
connected backbone amides, also helped to establish nevof Bcl-x, in LDAO and carbon chemical shifts are very
connectivities and verify previous assignment obtained similar to Bcl-x in DPC (ref39 and personal communica-
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Ficure 5: Primary sequence of Bclk-xThe regions predicted by TALOS to be helical are highlighted in gray. Secondary structure calculation
by TALOS was only possible for assigned residues. Helices reported for BolRPC micelles are indicated with a black barl-o.7).

The Bcl-2 homology regions are indicated (BHRH4). Residues in red indicate a significant effect in chemical shift perturbation experiments,
those in green experienced a significant saturation effect, and those in blue experience a significant effect in both experiments.

tion). On the basis of the similarity between the chemical cross-saturation is well suited to investigate this system
shifts for Bcl-x_ in LDAO to those in DPC, it is reasonable  (44—46).

that Bcl-x. would adopt a similar structure in both micelle- Saturation transfer effects are readily observed if the
mimicking environments. The solution state NMR charac- concentration of the binding partner is kept sufficiently low
terization of Bcl-x in DPC micelles 89), a solid state study  to effectively create a fast-exchange situation so that peaks
in lipid bilayers @0), and biochemical approache&l( 42) are not broadened and peak positions are not shifted relative
propose a model for Belpxn which two central helices insert  to the reference spectrum. Saturation of the protonated
into membranes via a helical hairpin, while the rest of the binding partner is transferred to the perdeuterafét|abeled
protein becomes loosely ordered compared to the globularprotein. Spin diffusion transfers the saturation throughout
structure in aqueous buffe?)(but retainsi-helical secondary ~ the irradiated, protonated protein while at the same time
structural elements. The secondary structure of Bcinx transferring saturation to tH&\-labeled protein also by spin
LDAO micelles was calculated for assigned residues with diffusion. The saturation is transferred through the interface
the program TALOS 43), and helices 5, 6, and 7 were of the complex and decreases the population difference

predicted to have been retained for Bgl-in LDAO, predicted by the Boltzmann distribution for spins of the
consistent with the helical hairpin model of Bgl-%n labeled binding partner. Spin diffusion in theN-labeled
membranes. protein is limited by preparing an extensively deuterated

sample. The observed effect is that amide positions that are
in proximity to the protonated protein will have a reduced
intensity in HSQC spectra recorded after irradiation. Peak
intensities in the spectrum acquired with saturation are
compared with the intensities of a nonirradiated reference
spectrum. Reduction in intensity indicates that the corre-
sponding residue is in direct contact with the binding partner
(47).

With transferred cross-saturation we were successful in
identifying Bcl-x_ residues involved in binding to VDAC.
In the cross-saturation experiments a subset of Bgeaks
experienced an intensity reduction of 5% or greater and were
thus considered significant in forming the interaction inter-

Spectral changes from chemical shift perturbation studies face with VDAC (Figure 6A, Table 1). The most pronounced
can arise either from direct interaction or from allosteric satyration effects were observed for residues from L94 to
effects due to structural changes transmitted through distant\/156, a region encompassing the helical hairpin. Transferred
interaction sites. We wanted to address the possibility of cross-saturation confirmed the helical hairpin motif as
ambiguity from chemical shift perturbation by obtaining forming the binding interface of the VDAC/Bclxcomplex.
direct structural information about the binding region of Bcl-  The results of the chemical shift perturbation studies and
XL on VDAC. For strongly interacting, tight protein com-  transferred cross-saturation are summarized in Figure 5.
plexes conventional NOESY spectroscopy can be employedSimilar to chemical shift perturbation, cross-saturation effects
to establish the binding interface. However, weak interactions were observed for residues distant in primary sequence from
exhibiting fast to intermediate exchange behavior on the the helical hairpin. Chemical shift perturbation was observed
NMR time scale are not tractable to conventional NOESY for residues S18, E46, S47, and A49, and cross-saturation
because of weak NOEs for the fast-exchange case andeffects were felt at residues F16 and S47. Thus, cross-
unobservable signals in the intermediate-exchange regimesaturation experiments confirmed these regions F53
Most of the spectral changes of Bgl-induced by VDAC and E46-A49), which are distant in primary sequence from
at stoichiometric concentration are extensive peak broaden-the helical hairpin, in contributing to Bclexbinding with
ing, suggesting binding kinetics in the intermediate exchange VDAC. The utility of transferred cross-saturation in verifying
regime, where conventional NOEs are not observable. residues involved in direct interaction is further demonstrated
Therefore, the recently introduced method of transferred by comparison with the results of the chemical shift

NMR Characterization of the VDAC-Interacting Region
of Bcl-x.. We could identify changes in approximately 48
peaks in the Bcl-x'H,'*N-HSQC spectrum. Of these, over
80% (38/48) could be assigned, despite the overall low level
of assignment for Bclx in LDAO (60%). Numerous
changes occur throughout the Begl-spectrum, but the
majority of changes are located within and directly adjacent
to the putative membrane anchor formed by helices 5 and 6
(Figure 4B). The majority of Bcl-x residues affected by
VDAC are clustered in one region, but spectral changes also
occur in regions distant in the primary sequence from the
helical hairpin (Figure 5).
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Ficure 6: (A) Plot of the intensity ratios with and without saturation of VDAC mapped onto the primary sequence qf BRasidues
with missing data points have not been assigned. (B) Portion of the HSQC spectréiyleiFBcl-x, without (left) and with (right) 2 s
saturation of VDAC. A 1D slice is shown which intersects with peaks from L76 and W145, showing the effective saturation of W145 and
significantly less saturation for L76. (C) Plot of intensity ratios with and without saturation of LDAO at 0.87 ppm mapped onto the primary

sequence of Bclx

Table 1: Intensity Ratio and Intensity Reduction from Transferred
Cross-Saturation of VDAC to Indicated Residues of Bcl-x

intensity % intensity intensity % intensity
residue  ratio reduction  residue ratio reduction
16 0.91 7.26 130 0.93 5.25
47 0.89 9.34 134 0.89 9.72
58 0.82 16.32 138 0.93 5.50
94 0.88 10.13 141 0.86 12.27
95 0.93 5.14 143 0.88 10.51
96 0.86 12.52 145 0.76 23.06
97 0.92 6.02 146 0.90 8.21
98 0.85 13.98 149 0.90 8.14
102 0.66 33.29 150 0.93 5.25
104 0.80 19.22 156 0.90 8.35
112 0.81 17.20 171 0.93 5.49
125 0.88 10.38 175 0.89 9.94
126 0.92 6.38

perturbation experiment for Trp145 and Leu76. Chemical
shift perturbation of Bcl-xin the presence of VDAC shows

a significant change in peak position for Leu76 and dif-
ferential line broadening for Trp145 (Figure 4B). Trpl45 is
part of the putative helical hairpin region in helix 6, whereas
Leu76 is located distant from the helical hairpin region,
C-terminal to helix 3. The transferred cross-saturation
experiment shows a significant effect for W145, but a much
smaller saturation effect for L76 (Figure 6B). Therefore, the

saturation effect (Figure 5). This might be an indication of
allosteric effects or may be a result of the inherent low
sensitivity of the transferred cross-saturation experiment
compared to chemical shift changes. The combined results
of the experiments, however, clearly show that the region
of Bcl-x_ primarily involved in the formation of the binding
surface with VDAC is located within residues-9456. This
region encompasses the putative helical hairpin motif
responsible for membrane anchoring (Figure 5). Saturation
transfer was also performed by irradiating a detergent
resonance to confirm that this region is, in fact, involved in
membrane targeting.

The effect of saturation of the detergent was determined
for Bcl-x, in the absence of VDAC to establish the region
involved in micelle insertion. On-resonance saturation of the
aliphatic methyl protons of LDAO at 0.87 ppm was
performed in the absence of VDAC. Significant saturation
effects are felt by the N-terminal part of helix 5, most of
helix 6, and part of helix 7, thus confirming these regions
as targeting Bcl-xto membranes (Figure 6C). Importantly,
the same regions involved in targeting of Bgl-to the
micelle also contain the residues involved in interaction with
VDAC.

Size Exclusion Chromatography of the VDAC/Bcl-x
Complex Gel filtration was used to determine whether Bcl-

method of transferred cross-saturation was effective in x. and VDAC eluted together as a complex or separately

differentiating between residues that are more directly
involved in the formation of the VDAC/Bcl.xcomplex.
Not all of the residues identified as undergoing significant

chemical shift changes experienced a significant cross-

when mixed at equal ratios. The retention profile of the
mixture was compared with that of the individual proteins
with the same loading for each component. When the sample
of Bcl-x. plus VDAC, mixed at an equimolar ratio, was
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Ficure 7: (A) Size exclusion chromatography demonstrates the formation of a complex between VDAC and Budxsamples were
VDAC alone (blue trace), Bclix(green), and VDAC+ Bcl-x. (purple). (B) SDS-PAGE shows the altered elution profiles from size
exclusion for VDAC and Bcl-x when in complex compared to the isolated proteins. SBAGE samples were taken for the gel filtration

fractions as indicated above the lanes in the gel.
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Ficure 8: (A) SDS-PAGE gel of VDAC cross-linking reactions with EGS and glutaraldehyde: left, molecular mass standard; lane 2,
VDAC without cross-linker; lane 3, VDAG- EGS; lane 4, VDACH glutaraldehyde. (B) Cross-linked VDAC was purified by gel filtration

chromatography, and fractions were analyzed by SBAGE (inset).

analyzed by size exclusion chromatography, the major peakglutaraldehyde. Test reactions were performed with 1.2 mM
eluted at a time intermediate between the retention times of VDAC and 1 mM cross-linking reagent f® h atroom

VDAC and Bcl-x. alone (Figure 7A).

SDS-PAGE analysis of the gel filtration fractions shows
that the maximum amount of Bclelutes earlier when in
the presence of VDAC than for Bclk-xalone (Figure 7B),
and the maximum of VDAC in the complex elutes later than
for VDAC alone. Coelution of VDAC and Bcl.xdemon-

temperature. SDSPAGE analysis reveals the predominant
forms of cross-linked product to be a trimer (3V), an
intramolecularly cross-linked monomer (V*), and an in-
tramolecularly cross-linked trimer (3V*) (Figure 8A). In
contrast to other cross-linking studies reporting self-associa-
tion of VDAC as dimers, trimers, and tetrameg6), our

strates the formation of a complex and supports a model of study shows almost exclusive trimer formation.

both proteins occupying the same micelle. Later elution of

the complex than VDAC alone suggests that the VDAC/
Bcl-x. complex is, in fact, smaller than VDAC alone. When
fractions 41-44 of the complex were pooled and reinjected
on the gel filtration column, the same elution profile is
observed as for the original VDAC/Bcl-xmixture in Figure
7B (not shown), suggesting that the profile is that of the
stable VDAC/Bcl-x complex.

Chemical Cross-Linking of VDAC and Bgl-xChemical
cross-linking was performed in order to investigate the
reported self-association properties of VDAC. Cross-linking
of VDAC was tested with two different reagents, EGS and

To address whether LDAO-purified VDAC was a tightly
associated trimer or in equilibrium between trimer and other
forms, size exclusion chromatography was performed for a
cross-linking reaction. The cross-linked product elutes much
earlier than unreacted VDAC (62.1 vs 67.0 min), indicating
significantly different hydrodynamic properties: a difference
in total apparent molecular mass and/or hydrodynamic radius
(Figure 8B). The cross-linked trimer might behave as a larger
species than a completely compact VDAC trimer if the
affinity of monomer to form trimer is too low to stabilize a
compact trimer on the time scale of the gel filtration run.
This would cause the cross-linked trimer to be more extended
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Ficure 9: (A) Glutaraldehyde cross-linking in the presence and absence of BErass-linking was performed with a 2-fold (lanes®)

and 20-fold (lanes #9) excess of glutaraldehyde over VDAC. Lane 1 is the protein marker, lane 2 is un-cross-linked VDAC, and lane 3
is un-cross-linked Bclx Immunostaining of Bcl-x (B) and VDAC (C) verifies the identities of the cross-linked products as indicated here
and described in the text.

than a compact VDAC trimer, resulting in earlier elution of Bcl-x_ and VDAC (Figure 9B,C). The bands were identified
the cross-linked species. This provides evidence that LDAO- as follows: 2VDAC+ Bcl-x, (90 kDa), 1VDAC+ Bcl-x.
purified VDAC is not a tightly associated trimer but most (60 kDa), and 1VDAC*+ Bcl-x.* (55 kDa). (The lower
likely in equilibrium between trimer and monomer. shifted bands are interpreted as intramolecularly cross-linked

Further support for exchange behavior between monomerspecies, VDAC* and Bclx".) The calculated molecular
and higher oligomer was provided by analytical gel filtration Masses are consistent with 2:1 and 1:1 VDAC/Bcl-x
chromatography. A concentration-dependent elution profile heterocomplexes: 2VDAG- 1Bcl-x_ (84.5 kDa), 1VDAC
was observed with increasing elution time for decreasing + 1Bcl-x. (52.6 kDa). Thus, Bclx caused a significant
VDAC |0ading concentrations (data not shown)_ decrease in the amount of VDAC trimer formed and favored
the formation of VDAC-VDAC-Bcl-x and VDAC-Bcl-x

Even further evidence for a concentration-dependent . .
cross-linked species.

oligomerization was seen in TROSY-HSQC spectra at very
Ic_)w _\(DAC poncgntraﬂon. At low VDAC concentration a DISCUSSION
significant signal increase was observed for a subset of peaks,
indicating an equilibrium between different multimeric forms ~ The large 32 kDa human mitochondrial membrane protein
(data not shown). VDAC has been prepared in a form suitable for NMR
It was postulated that if VDAC was in exchange between structural studies. Titration with metabolites provided evi-
monomer and trimer (or other oligomeric forms), the dence of an interaction with VDAC and supports the
interaction partner Bclixmight exert a negative effect on ~ preparation of a functional form of VDAC. The similarity
this self-association property of VDAC. Therefore, the effect of the CD spectrum of refolded human VDAC to previous
of Bcl-x, on the self-association of VDAC was investigated studies of mitochondrially isolated VDAC lends further
by chemical cross-linking. A clear difference was observed support that our preparation produced a functional form of
in the cross-linking pattern when VDAC and Bgl-at VDAC.
equimolar ratios underwent cross-linking with both EGS (not  An interaction between the antiapoptotic protein Bcl-x
shown) and glutaraldehyde (Figure 8A) compared with and VDAC was demonstrated by chemical shift changes in
VDAC cross-linking alone. At a VDAC:glutaraldehyde ratio 'H,'>N correlation experiments for both proteins upon
of 1:20, a difference is observed for VDAC in the presence addition of the binding partner. Specific changes observed
of Bcl-x.. There is a dramatic decrease in the amount of for a small subset of peaks in the HSQC spectra of VDAC
VDAC trimer formed, and new bands appear which do not and Bcl-x induced by the unlabeled membrane protein
show up in cross-linking reactions of VDAC and Bgl-x  interaction partner are strong indications of a specific
alone (Figure 9A). In control reactions, no cross-linked complex between VDAC and Bcl-xformed through a
product is formed for Bcl-xalone, and VDAC forms mostly  distinct binding interface. This is evidence for a significant
trimers when cross-linked alone. A very intense band appearsinteraction between Bclxxand VDAC in the membrane-
for the cross-linking of VDAC performed in the presence mimicking environment of LDAO detergent micelles. The
of Bcl-x. at ~90 kDa. There are also bands that appear at region of Bcl-x involved in forming the interaction interface
~60 and 55 kDa. The identities of the bands were determinedwith VDAC was determined by chemical shift perturbation
by Western blotting of the reactions with antibodies against and confirmed by transferred cross-saturation. Transferred
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Ficure 10: Left: Model of membrane-bound Bcl-xllustrating
the insertion of helices 5 and 6 into the membrane. Side chains of """ 'M™ o
residues that undergo a significant change in chemical shift tion is still in progress.

perturbation studies are in red, transferred cross-saturation are i
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interaction interface between the two proteins would involve
the entire length of the helical hairpin of Bcl-and a yet to
be determined face of th@-barrel. A structural model of
Bcl-x. in membranes was produced by incorporating previ-
ously published structural dataq—41) and our results from
transferred cross-saturation of detergent. The model of Bcl-
XL presented (Figure 10) shows helices 5 and 6 anchored in
the membrane and highlights the residues involved in binding
to VDAC. A model of VDAC based on homology with the
porin from Rhodopseudomonas blasti(RDB code 1PRN)
was created with SWISSMODEL and is presented in Figure
10. The interaction between the two membrane proteins is
simplied in this figure, and a complete structural characteriza-

n Size exclusion chromatography and SEFFAGE analysis

green, and those which show a significant effect in both experiments of the fractions show that the maximum amount of Bcl-x

are in blue. Right: Homology model of VDACL1 based on alignment
with 1PRN, generated with SWISSMODEL. This model illustrates
15—-16 strands, as predicted for VDACL.

elutes earlier when in complex with VDAC than for Bgl-x
alone and is reliable evidence for an interaction. The
maximum amount of VDAC in the complex elutes later than

cross-saturation was complementary to chemical shift per-for VDAC alone and suggested that VDAC alone was larger

turbation in defining the interaction interface between Bcl-
xL and VDAC.

The binding region involves mostly the C-terminal region
of helix 4 through the putative helical hairpin motif of helices
5 and 6 and into helix 7 (Figure 10). Shimizu et al. showed
that the BH4 region of Bcl-x at the N-terminus encompass-
ing amino acids 423, is necessary for its VDAC-inhibiting
activity but dispensable for direct binding to VDA@S).
However, if the BH4 can inhibit its activity, it is probably
involved in direct contact with VDAC. It may be that the

than the VDAC/Bcl-x complex. Further investigation by
chemical cross-linking was performed and supported this
hypothesis.

Chemical cross-linking studies with both EGS and glut-
araldehyde reveal that VDAC forms multimers. The major
cross-linked VDAC product is consistent with a trimer.
Observation of VDAC cross-linking to itself is not neces-
sarily proof that the native form of VDAC self-associates,
because cross-linking studies are notorious for producing
false positives, since the reagent may react with any available

BH4 does not contribute enough binding energy to be free amino group. However, the preferential formation of
noticeable under the conditions of their pull-down assay. trimer over dimer is an indication that a specific interaction
Fesik and co-workers showed that the BH4 region of Bcl- is taking place. Formation of almost exclusively trimers
x. has reduced mobility, like the helical hairpin, and strongly suggests that VDAC is either a stable trimer or in
speculate that this region binds to the surface of the micelle equilibrium between monomer and trimer. This conclusion
(39). Our results are generally in agreement with these is supported by the work of Zalk, et al. where they show
studies. Smalll effects are observed for residues in the BH4that VDAC in mitochondria and purified in Triton X-100
region in the presence of VDAC. We observe a chemical detergent has a tendency to form dimers, trimers, and
shift change and a saturation effect in the BH4 region for tetramersZ6). Trimeric VDAC has also been suggested from
residues S18 and F16, respectively. This implicates the BH4 cryo-EM images of VDAC and from electrophysiological
in contributing partially to the interaction with VDAC. We  measurements showing multiple, rather than single, conduc-
do not observe strong saturation transfer effects on thetance states25). VDAC also shares low but significant
regions in the BH4 upon irradiation of the detergent. This is homology (~20% identity and 40% similarity) with the
consistent with the idea that the BH4 would interact only bacterial membrane protein froR. blasticathat forms a
peripherally with the micelle as proposed by Fesik and co- native trimer. Although the homology is not very high, it is
workers. Our data could fit a model where the BH4 would enough to support the hypothesis that VDAC may at least
bind on the surface of micelles and at the same time be form transient trimers or oligomers possibly in a manner

involved in a weak interaction with VDAC. The BH4 region
might reach over the top of VDAC without forming the major
interface within the membrane. Our studies identified Bcl-
X, residues 94156 as forming the primary VDAC-interact-
ing interface. We have shown that the putative helical hairpin
motif of Bcl-x, comprised of helices 5 and 6 is responsible
for membrane targeting and for complex formation with
VDAC, while the BH4 region might also contribute to
binding. We are also investigating the role of the putative
transmembrane region at the C-terminus of Bclir
membrane targeting and VDAC interaction.

We can rationalize a model of the interaction complex with
the two membrane proteins oriented parallel to one anothe
in the plane of the membrane. The helical hairpin would be
oriented parallel to the barrel axis of VDAC, and the

reminiscent of bacterigb-barrel membrane proteins. If a
VDAC monomer is predicted to fold similarly as the trimeric
bacterial porin, it is also reasonable to expect that trimer-
ization through a homologous region occurs. Although from
cross-linking we have evidence that LDAO-purified VDAC
preferentially forms trimers, we acknowledge that VDAC
could exist in other multimeric forms. Oligomerization state
can be detergent-depender9), and since it has been
reported that VDAC can adopt a dimeric for28}, or exist
in a dynamic equilibrium between different form26{ in
Triton X-100, we accept that VDAC has the potential to take
forms other than trimer.

Striking observations were made when VDAC cross-
linking was performed in the presence of Bel-XCross-
linking performed in the presence of Bal-ghowed that self-

r
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Ficure 11: Heterotrimeric (left) and heterodimeric (right) models for the VDAC/Bckamplex as suggested from cross-linking results

in this study.

association of VDAC is inhibited and association with Bcl-
XL is promoted. A significant decrease in the formation of
the major cross-linked VDAC trimer and intramolecularly
cross-linked VDAC trimer was observed. Bgl-¥ormed
cross-links with VDAC as heterotrimers of 2VDA€ 1Bcl-

XL, 1VDAC + 1Bcl-x, and one intramolecularly cross-linked
VDAC + 1Bcl-x.. Together, gel filtration and chemical
cross-linking studies suggest that VDAC alone is a trimer,
dimer, or multimer in dynamic equilibrium between states,
although our data are most consistent with LDAO-purified
VDAC existing as a trimer. In the presence of BEPDAC

and, in the process, inhibit multimer formation highlight the
dynamic nature of VDAC. This dynamic structural property
of VDAC may reflect its ability to form complexes with other
proteins, lending support for its possible involvement in
forming the so-called permeability transition pofies) or a
cytochromec-permeant pore2Q).

As regulators of cellular fate, the Bcl-2 family of proteins
may serve multiple functions: by directly causing (proapo-
ptotic) or preventing (antiapoptotic) the disruption of the
mitochondrial membrane and by regulating essential me-
tabolite flux between the mitochondrion and the cytoplasm

elutes as a smaller molecular mass species than VDAC alonevia VDAC. Bcl-x. binding may serve to change VDAC

Calculated molecular masses for a 2:1 VDAC:Bcleom-
plex and VDAC trimer are 84.5 and 95.5 kDa, respectively.
Cross-linking of VDAC alone showed a product -ai00
kDa consistent with a VDAC homotrimer. Cross-linking of
VDAC in the presence of Bclixrevealed a lower molecular
mass VDAC:Bcl-x product consistent with a 2:1 heterot-
rimer and a 1:1 heterodimer, consistent with the order of
elution from the gel filtration column for the VDAC/
Bcel-x..

Our data show that Bclexis capable of binding to VDAC
monomers and dimers, but not to VDAC trimers, since no

conductive properties. Regulation of metabolite transfer
across the outer membrane may be an additional mechanism
by which Bcl-2 proteins exert their control over cellular fate.
It remains unclear whether antiapoptotic Bcl-2 proteins
prevent cell death by inhibiting a VDAC-dependent perme-
ability transition pore 15, 16, 50) or by holding VDAC in

an open conformation to facilitate metabolite fluk7y.
Formation of the permeability transition pore by VDAC has
been proposed to involve proapoptotic proteins tBit) and/

or Bax (16, 52). However, there is controversy over the
identity of the permeability transition poré3). The results

cross-linked products with molecular masses higher than thedescribed here will direct future studies to better understand

VDAC cross-linked trimer were observed. A model for the
interaction could be that Bclx displaces one VDAC
monomer from the trimer when it binds, forming a heterot-
rimer of two VDAC molecules and one Bcl-x The
availability of one VDAC monomer after displacement from
the homotrimer facilitates cross-linking of one B¢l one
VDAC monomer. Cross-linking of one Bcl-»o one VDAC
also indicates the relevance of heterodimer formation. In
addition to demonstrating the physical binding between
VDAC and Bcl-x, this cross-linking study also shows that
Bcl-x_ interferes with VDAC trimerization, supporting the
relevance of homotrimer formation for VDAC. The gel
filtration and cross-linking data lead us to a model in which
one Bcl-x binds to two VDAC molecules and displaces one
VDAC monomer. In cross-linking experiments Bgl-i-
hibits homooligomerization of VDAC, resulting in the

the role of VDAC and Bcl-2 proteins in apoptosis and normal
mitochondrial function.

From this study the VDAC binding interface of Bcl-x
was characterized by NMR. NMR and biochemical data
implicate the helical hairpin region of Bckxn mediating
heterotrimer formation with two VDAC molecules as well
as heterodimer formation. Through a combined strategy of
chemical shift perturbation, transferred cross-saturation, gel
filtration, and chemical cross-linking, we have characterized
the binding of two large membrane proteins in micelles (Bcl-
x_ at 21 kDa, VDAC at 32 kDa, in a micelle of at least 20
kDa). This study underscores the suitability of NMR
spectroscopy for the characterization of very large membrane
protein complexes. Our results offer initial insights and lay
the groundwork for further investigating models for VDAC
and Bcl-2 protein function in apoptosis on a structural level.

predominance of hetero-cross-linked products. We proposea ck NOWLEDGMENT

a dynamic VDAC/Bcl-x complex composed of two VDAC
and one Bcl-x as well as a 1:1 complex (Figure 11).

Our results show that VDAC has a tendency to form
trimers and that trimerization of VDAC is likely in equilib-
rium between monomeric or other multimeric forms. Our

results argue against a simple monomeric species of VDAC.

We also show direct binding of Bcl-xo VDAC, demon-
strating the relevance of this interaction. The ability of VDAC
to form multimers and the ability of Bclexto interact with
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