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Heat-Induced Dimerization of BCLrxthrougho-Helix Swapping
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ABSTRACT. The dimerization of anti-apoptotic BCL-by three-dimensional domain swapping has recently
been discovered at alkaline pH; however, the high energetic barrier between the dimer and monomer
forms of BCL-x_ prevents them from interconverting at room temperature and neutral pH. Here, we
demonstrate that BCLrxdimers can be easily prepared by heating concentrated protein abd@. 50
The 38 kDaBCL-x, dimer was fully characterized by multi-resonance nuclear magnetic resonance (NMR)
spectroscopy, and the mechanism of dimerizationoblyelix swapping was confirmed. Dimerization
strongly affects the NMR signals from the turn between hele®sanda6 of BCL-x_ and a portion of

the long loop between helicesl anda2. Measurements of residual dipolar couplings demonstrate that
the solution structure of the BCL-xdimer is very close to the crystal structure. Dimer formation does not
prevent tight binding of ligands to the hydrophobic cleft of BCL-kRowever, binding of a BID BH3
peptide or a polyphenol drug, gossypol, to BCLsignificantly slowed monomerdimer interconversion

and is an example of the control of BCL protein oligomerization by ligand binding.

Proteins of the BCL-2 family are key regulators of
programmed cell death (apoptosig) 2). Members of the
BCL-2 family contain four regions of sequence homology
(BH1—-BH4) and can be divided into three groups: anti-
apoptotic proteins, pro-apoptotic multi-BH proteins, and
BH3-only proteins. BCL-2 family proteins participate in
homo- and heterodimerization in solution to inhibit or
promote apoptosis3(-6), and interactions between BCL-2
family proteins are obviously important for understanding

including the involvement of the BH3 region, influence of
the N or C tails, membrane-component participation, &ic. (
13—-17). As well, complexes of BCL-2 family proteins on
the membrane could require significant conformational
rearrangementl@, 19).

The BCL-x_protein is the principal anti-apoptotic member
of the BCL-2 family of proteins, and its canonical monomeric
form has been studied extensively by nuclear magnetic
resonance (NMR)and X-ray methods20—23). Structures

of the mechanism of apoptosis. Structures of such protein of the BCL-x_protein in complex with BH3-peptides from
complexes have not been resolved in details, althoughpro-apoptotic BAK, BAD, and BIM proteins have been

structures of most individual proteins of the BCL-2 family
have been solvedr). BH3-only proteins such as tBID or
BIM could have dual functions: neutralization of pro-
survival BCL-2 proteins and activation of pro-death BAX-
like proteins #). Pro-apoptotic BAK and BAX proteins

investigated 22, 24, 25). Dramatic conformational changes
were found for BCL-x interactions with phospholipid
micelles @6, 27). Also, homodimerization of BCL+x

by sequestering its C-terminal membrane anchor was
shown §). Three-dimensional (3D) domain swapping is a

oligomerize and form pores (channels) in the mitochondrial relatively unusual phenomeno8-31), and it was not

membrane through which cytochromend other proteins
can escape8(-10), and determining the structure of these

known to occur in the BCL-2 family of proteins. BCL-x
protein dimerization and oligomerization by 3D domain

membrane pores remains a barrier toward fully understandingswapping in alkaline conditions was recently discoveB2). (

the process of apoptosig, (11, 12). Through the structures
of the BAK and BAX oligomers, the molecular mechanism

It was shown that the BCLixdimer is constructed by
swapping helicesx6 and a7 between monomers. In the

that controls mitochondrial outer membrane permeability monomer, helicest5 anda6 lie approximately parallel to

could be elucidated. Possible models of BAK and BAX

one another, joined by a turn, but in the dimer, helio&s

protein oligomerization have been discussed in the literature,and o6 merge to form a long straightt helix. The

hydrophobic clefts of both dimer halves remain available
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Ficure 1: Identification of the BCL-x dimer. (A) Downfield (left) and upfield (right) proton NMR spectra of the five Trp HN-indole
signals and the methyl group of Val-135 in the BCLdimer and monomer. (B) Kinetics of the monomelimer interconversion at 55C

and neutral pH. Curves 1 and 2 present results at BCtexcentrations of 1.0 and 0.35 mM; dashed curves 3 and 4 present results at a
BCL-x, concentration of 0.35 mM in the presence of either 10% DMSO or 10% DMSO plus 0.6 mM gossypol, respectively. (C) PFG
NMR self-diffusion experiments of the BCL-xmonomer and dimer forms and other proteins of known molecular weights (molecular

weights in parentheses). The diffusion rate was measured from the slope of the log of the signal injeasity function of increasing

gradient strengthQ).

can be achieved by heating concentrated protein and presengffects (NOESs) were measured and used for determination
detailed NMR characterization of the dimer form. The recent of high-mobility regions of the protein37). NMR spectra
demonstration that heat induces oligomerization of BAK and were processed using NMRPIPBg{ and XWINNMR

BAX proteins 33) suggests that 3D domain swapping could
be a general feature of BCL-2 proteins.

EXPERIMENTAL PROCEDURES

Mouse BCL-x containing deletions in the C terminus
(A197—-233) and the internal loopN45—84) was prepared
as described earlieBd§). For NMR studies, cultures were
grown in M9 media supplemented withN ammonium
chloride and/of*C-enriched glucose to produce uniformly
15N- or 3N-,*3C-labeled proteins. Fractionally deuterated-
,1%C-labeled BCL-x was prepared by growing cells in 80%
D,0O. The monomer and dimer forms were purified by anion-

exchange (Mono Q) high-pressure liquid chromatography

(HPLC). The unlabeled 20 amino acid BHBeptide from
human BID (IIKNIARHLAQVGDSMDRSI) was chemically

synthesized (BRI-NRC, Montreal, Canada). Gossypol was

obtained from Sigma-Aldrich (St. Louis, MO) and used
without further purification. NMR samples contained 6.2
1.5 mM protein in 90% HO/10% DO, 20 mM sodium

(Bruker) software and analyzed with XEAS$9). The NMR
signal assignments for the BCL.-gimer have been deposited
in the BioMagnetic Resonance Bank (BMRB entry code
7013). PFG NMR self-diffusion experimentQ) for deter-
mination of diffusion coefficients were done with a PFG
durationd = 3.5 ms and a time between PFG pulges

150 ms. The gradient strength was calibrated by the PFG
experiment for HO (27). >N—'H residual dipolar couplings
(RDCs) were extracted from semi-TROSY experiments
with determination of the splitting along the proton
axis @1) on an isotropic sample and on a sample containing
6 mg/mL Pfl phage. MODULE softward?) was used for
the comparison of the RDCs with their back-calculated
values.

RESULTS AND DISCUSSION

Detection of BCL-x Dimers. The dimeric form of the
BCL-x_ protein was first detected in NMR spectra (Figure
1A) and during protein purification by anion-exchange HPLC

phosphate (pH 7.0), 0.5 mM ethylenediaminetetraacetic acid (Figure S1A in the Supporting Informatior§ 4, 34). Heating

(EDTA), and 3 mM dithiothreitol (DTT). NMR spectra were
acquired at 3C°C on Bruker DRX 600 MHz and Varian
Unity Inova 800 MHz spectrometers equipped with triple-

of the NMR sample increased the amount of the BEL-x
dimer. The maximum temperature that did not cause strong
BCL-x. denaturation was determined to be 85, and the

resonance cryoprobes and pulsed-field gradients (PFGs). Theinetics of the interconversion were relatively fast at this
following experiments were used for backbone and side-chaintemperature. At 1 mM protein concentration, approximately

1H, 13C, and®N resonance assignments: HNCACB, CBCA-
(CO)HN, HNCA, HNCO, HN(CA)CO, and!*N-edited
nuclear Overhauser effect spectroscopy (NOES3B).(For
the BCL-x. dimer, NMR spectra were recorded in the

70% of BCL-x was converted to the dimeric form in 2 h
(Figure 1B). Gel-filtration chromatography (Figure S1B in
the Supporting Information) and PFG self-diffusion NMR
experiments (Figure 1C) demonstrated that this second form

transverse relaxation-optimized spectroscopy (TROSY) modeof BCL-x, is a dimer. The ratio of diffusion coefficients for

(36). Amide heteronuclea*>N{*H}-nuclear Overhauser

the dimer and monomer was close to 0.72, which is in good
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agreement with the theoretical value for dimerization of a A B
globular protein 40). Dimer formation was not sensitive to ¢ | e ] “
the salt concentration at neutral pH, and the monerdener = PR R A
dissociation constankkg) was estimated to be 0.3 mM at %] t P 1

55°C. Measurement of the rate of BCL.-dimer formation 1s :-r_,.
at different temperatures showed a strong temperature SR o
dependence. From an Arrhenius plot ofkdnégainst (1T), 120 . g_":.‘.. L L
the interconversion barrier is estimated to be 80 kcal/mol at Tt ’
pH 7 (Figure S2A in the Supporting Information). B )

We investigated whether the BCl.-xlimer obtained by 130 toe
heating is similar to the recently reported dimer that forms . " : . .
at pH 10 B2). The NMR spectra of the BCLxdimers ppm
(Figures 1A and 2) induced by heating or alkaline pH were C
identical, confirming that our BCLxdimer was also formed
by a-helix swapping 82). We found that at 30C the BCL-

X, dimerization is 18 times faster at pH 10.0 than at pH
7.0, and at pH 10.0 and 1 mM protein concentration, the
interconversion reaches equilibrium after around 10 h.
We also studied the interconversion at 86 and four
different pH values. These experiments showed a strong
increase in the rate of dimemonomer conversion at pH
values higher than 8.0 (Figure S2B in the Supporting o
Information). 20 40 100 120 140 160 180

NMR Resonance Assignments of the BCDner. We residue number
have carried out detailed NMR characterization of the BCL- Ficure 2: H—1N HSQC spectra and effect of BHpeptide
x. dimer. The extent of dimerization could be easily binding. (A)*™H—"*N correlation spectra of the monomer and (B)
monitored by observing he posiion of the Hivindole signal F2ctonly seueraed dimer of ECLot e absence (e
of Trp-24 (Figure 1A). This residue is located in the long gmide chemical-shift changes\iH shift)2 + (AN shift x 0.2¢]12
loop of BCL-x, close in space to the hinge/turn between in the BCL-x. monomer upon BID BH3peptide binding. The
helicesa5 anda6, which undergoes a major conformational positions ofa helices in BCL-x are shown.
change during dimerizatior32). Dimerization could also
be monitored through the upfield methyl group of Val-135 and part of the long loop (residues-236), which is close
(Figure 1A), which is more convenient in alkaline pH inspace to the turn between heliegsando6. The maximal
where the HN-indole signals are attenuated because ofdifferences were found for Lys-157 (3.6 ppm) and Met-159
exchange with water. As was expected for the high- (5.1 ppm), located in the turn between helicésanda6 in
molecular-weight BCL-x dimer (38 kDa), signals of the the monomer, which becomeshelical in the BCL-x dimer.
amide protons intH—15N heteronuclear single-quantum A comparison ofA™*CO showed the largest effects for Lys-
correlation (HSQC) spectra of the fully protonated protein 157 (4.4 ppm) and Glu-158 (3.6 ppm). Changes in the
were broadened; therefore, a fractionally deuterated proteinchemical shifts of amide HSQC signals also reveal the same
sample was used for the NMR assignments. THe°N regions affected upon dimerization (Figure 3C). The largest
TROSY spectrum of the deuterated dimer showed good differences were observed for Ser-25 (1.4 ppm), Val-155 (1.1
signal dispersion (Figure 2B), and 97% of the backbone ppm), and GIn-160 (1.3 ppm). These chemical-shift differ-
amide resonances were identified and assigned by multidi-ences are mapped in red on the BGLeimer and monomer
mensional NMR techniques. structures presented in Figure 4.

Comparison of NMR Spectrdhe regions ofa-helical It is interesting that a perturbation of the initial (N-
structure in the BCL-xdimer were determined on the basis terminal) region of the long loop was observed in all NMR
of positive'3C secondary chemical-shift values forcarbon spectra, even though it does not participate directly in protein
atoms (calculated as the observed minus random-coil chemi-dimerization. To explain this result, we studied the hetero-
cal-shift values A'3C*) (43) and compared with the known nuclear ®N{*H}-NOEs in both the dimer and monomer
structure of the monomer. The positions of theelices are  (Figure S3 in the Supporting Information). We found that
approximately the same in both the dimer and monomer the loop region, consisting of residues227 (including the
(parts A and B of Figure 3). This is in full agreement with Trp-24 residue), has a rigid structure in the monomeric form
the crystal structure of the BCL-xdimer, which shows  with values of heteronuclear NOEs of 6:@.9. This is
o-helical domain swapping3@). All AC* values were  reflected in positive secondary chemical-shift valueAEC*
positive for the merged helices5 anda6 in the BCL-x (Figure 3B) and amx-helical structure for residues 226
dimer, but they were negative for a few residues in the turn of the BCL-x. monomer (see Figure 4). On the other hand,
between helicea’5 anda6 of the monomer. Similar results  values of heteronuclear NOEs for residues-24 in the
were obtained for th&C chemical shifts of carbonyl groups BCL-x. dimer are in the range of 0:8.7, and Trp-24 is
(ACO) (data not shown). A detailed comparison showed the last loop residue for which electron density was observed
the main difference [more than 1 part per million (ppm)] in in the X-ray structure. This initial part of the long loop
the A3C* values between the dimer and monomer in the between helicestl anda2 is more flexible in the dimer,
hinge/turn between helices5 anda6 (residues 157163) which probably explains the difference in the chemical shifts.
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Ficure 3: Comparison of NMR spectral parameters for the BCL-
X, dimer and monomer. Deviation 8#C* chemical shifts from
random-coil values for the dimer (A) and monomer (B) of BCL-
XL. (C) Magnitude of the amide chemical-shift changes in'the

15N HSQC spectra of the BCLrxdimer with respect to the
monomer.

180

The remainder of the long loop (residues—82) is fully
flexible in both the monomer and dimer of BCL:x
Similarity of Solution and Crystal Structures of the Dimer
RDCs are widely utilized in structure determination to obtain
the relative orientations of protein domaing). A com-
parison of the crystal3?) and the solution structures of the
BCL-x, dimer was performed by a measurement of PNz

Biochemistry, Vol. 46, No. 3, 2007737

Ficure 4: Mapping of BCL-x residues involved in dimerization
and BH3-peptide binding. Ribbon representation of the crystal
structure of the BCL-x dimer (top, PDB entry code 2B48) and
the solution structure of the complex of the BCL+xonomer with
the BAK BH3—peptide (bottom, PDB entry code 1BXL). Residues
showing significant chemical-shift changesQ.5 ppm in Figures
2C and 3C) upon dimerization and BID BH®eptide binding are
colored red and blue, respectively. The BAK BH3eptide is shown

in green.

between helicesl5 anda6 (for instanceA = 13.3 Hz for
Glu-158). This demonstrates that the measured RDCs are
very sensitive to the structural changes between the monomer
and dimer and that the conformation of the BCLdimer

in solution is very similar to the crystal structurg@2y.

BID BH3—Peptide and Small Inhibitor BindingTight
binding of the BID BH3-peptide to the BCL-xdimer was
detected by NMR with a complex stoichiometry of 2:1
peptide/dimer (Figure 2). This is in good agreement with
the high-affinity binding Kq ~ 0.2 uM) of a BAK BH3—
peptide determined previousi\3?). A comparison of the
HSQC spectra for the monomer and dimer in the absence
and presence of the BID BHJoeptide (Figures 2) showed
similar spectral changes upon BHBeptide binding in the
hydrophobic cleft of the protein. We were not able to assign
the amide signals ifH—N HSQC spectra of the BCLrx
dimer/BID BH3—peptide complex because of strong signal
broadening at protein concentrations above 0.3 mM. On the

H RDCs in magnetically oriented Pf1 bacteriophages (Figure other hand, around 90% of amide signals for the BID BH3

5A). All RDCs for the merged helicee5 and 06 were
positive. The experimentally measured RDCs fit well with

peptide complex with the BCLyx monomer could be
assigned (Figure 2C). Significant chemical-shift changes were

back-calculated couplings based on the dimer crystal structureobserved in regions of helices, a3, andoa4, which belong

(Figure 5B). Thex axis of the alignment frame coincided
with the C,-symmetry axis of the BCL.xdimer. RDCs for

to the hydrophobic cleft of the BCLxprotein. Similar
changes were reported earlier for the BAD BH&eptide/

the flexible loop residues and two residues (Ser-110 and Leu-BCL-X. monomer complex4g).

112) in the poorly resolved helix3 in the crystal structure

Mapping of BCL-x residues involved in the BID BH3

were excluded from the correlation. The same RDCs, when peptide complex formation (Figure 4) showed that dimer-
fit to the monomer structure, gave a root-mean-square ization and BH3-peptide binding take place at different sites
deviation (rmsd) of 6.3 Hz between the calculated and on the BCL-x protein. Nevertheless, these two processes

observed couplings, with a large difference for the turn

are not independent. Although the dimerization did not
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Ficure 5: Values of RDCs in the BCLixdimer measured in Pf1
phage (A) and the correlation between the observed RDCs and the
calculated values for the crystal structure of BGL&imer (B).

The axial A;) and rhombic &;) components of the alignment tensor
are equal to 7.3« 10* and 0.3x 107%, respectively.

prevent tight BH3-peptide binding, peptide binding greatly
slowed the interconversion process. After 1 day at'65

no interconversion was detected for either BGLmonomers

or dimers in the presence of 1 mM BH®eptide (at a 2:1
ratio of concentrations of the BID BH3peptide to the BCL-

X, protein). Slow conversion of the BCL-xlimer—monomer
was observed at the BH3eptide concentration of 0.1 mM,
probably because of the small amount of free protein
in the solution (dissociated from the BH®eptide). This
finding can be explained if interconversion occurs by
partial unfolding and loss of the BH3-binding site. Formation
of stable BCL-x/BH3 peptide complexes would increase
the energetic barrier of interconversion. Our results
demonstrate that BH3peptides provide a kinetic barrier
to dimerization and oligomerization of BCL-xand
explain the inhibition of BCL-x activity in membrane-pore
formation @32).

We tested whether similar results could be obtained with
“small molecule” inhibitors of BCL-x, which also bind the
hydrophobic cleft of BCL-x (7, 12, 46). As an example, a
polyphenol compound, gossypol, was used, which binds with
a low micromolar dissociation constadf7j. Because of the
poor solubility of gossypol in water, the BCL-xntercon-
version experiments were performed in the buffer solutions
with 10% dimethylsulfoxide (DMSOWs. The addition of
DMSO alone increased the initial rate of the monomer

Denisov et al.

dimer interconversion by-23 times, presumably by desta-
bilizing the folded state (Figure 1B and Figure S2B in the
Supporting Information). However, the subsequent addition
of gossypol decreased the initial rate by3ltimes, compared

to the control DMSO solution. This demonstrates that binding
of gossypol to BCL-x significantly blocks both the forward
(Figure 1B) and backward (Figure S2B in the Supporting
Information) reaction. The inhibition in the case of gossypol
was weaker than for the BID BH3peptide because of its
weaker binding affinity to BCL-x and the smaller energetic
stabilization of the complex.

CONCLUSION

The high energetic barrier between the protein monomer
and domain-swapped dimer or oligomer can be modulated
by the effects of heat, change of pH, mutations in the protein,
binding of ligands, or the presence of detergents in the
solution @0, 31). Domain swapping induced by heat at
neutral pH has been reported for bovine pancreatic ribonu-
clease (RNase A)YQ) and cystatins49). Here, we show
that the temperature can also induce three-dimensional
domain swapping in BCL-2 family proteins. The dimeriza-
tion of members of the BCL-2 family by 3D domain
swapping suggests thathelix swapping could lead to the
formation of higher oligomers3@). This is supported by
the recent observation of BAX and BAK protein oligomer-
ization and cytochromerelease from mitochondria induced
by heating at 43C (33). The finding that BH3-peptide
binding significantly slowsa-helix swapping offers one
explanation of how anti-apoptotic ligands prevent activation
of the pro-apoptotic BCL proteins. While some ligands
Cactivate BAX and BAK b0, 51), binding of anti-apoptotic
BCL-2 family members should stabilize the folded state of
BAX or BAK and raise the relative height of the energetic
barrier to oligomerization as observed here for BGL-x
dimerization.

SUPPORTING INFORMATION AVAILABLE

Separation of two forms of BCLxby anion-exchange
HPLC and gel-filtration chromatography, Arrhenius plot of
the temperature dependence for the initial rate of the
monomet-dimer conversion, the kinetics of the reverse
dimer—monomer interconversion at different pH values and
in the presence of DMSO and gossypol, and values of the
N{H} heteronuclear NOEs for backbone amides in the
BCL-x,_ dimer and monomer. This material is available free
of charge via the Internet at http://pubs.acs.org.
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