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The N-Terminal Domain of Bcl-xReversibly Binds Membranes in a
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ABSTRACT: Bcl-x. regulates apoptosis by maintaining the integrity of the mitochondrial outer membrane

by adopting both soluble and membrane-associated forms. The membrane-associated conformation does
not require a conserved, C-terminal transmembrane domain and appears to be inserted into the bilayer of
synthetic membranes as assessed by membrane permeabilization and critical surface pressure measurements.
Membrane association is reversible and is regulated by the cooperative binding of approximately two
protons to the protein. Two acidic residues, Glul53 and Asp156, that lie in a conserved hairpin of Bcl-
XLATM appear to be important in this process on the basis of a 16% increase in the level of membrane
association of the double mutant E153Q/D156N. Contrary to that for the wild type, membrane
permeabilization for the mutant is not correlated with membrane association. Monolayer surface pressure
measurements suggest that this effect is primarily due to less membrane penetration. These results suggest
that E153 and D156 are important for the B¢ATM conformational change and that membrane binding

can be distinct from membrane permeabilization. Taken together, these studies support a model in which
Bcl-x, activity is controlled by reversible insertion of its N-terminal domain into the mitochondrial outer
membrane. Future studies with Bgl-mutants such as E153Q/D156N should allow determination of the
relative contributions of membrane binding, insertion, and permeabilization to the regulation of apoptosis.

Bcl-2 proteins act as checkpoints in the regulation of contribute more to its anti-apoptotic activity than its ability
apoptosis by integrating intracellular signals to control the to sequester pro-apoptotic proteins: a mutant of Balvith
permeability and possibly the morphology of the mitochon- altered ion conductance properties (the XB mutant) decreased
drion (1-9). For many Bcl-2 proteins, this checkpoint the anti-apoptotic activity of Bcl.xto a greater extent than
involves a change in localization from the cytosol to the a mutant unable to bind BH3 proteins such as BE).(
mitochondrion 10—13). For example, Bel-xdisplays mixed The ion conductance properties of Bglxost likely arise

localization to the cytosol and to organellar membranes, fom a membrane conformation much different than the
including the mitochondrion. After an apoptotic stimulus, - ynown solution conformation. It is difficult to envision how

Bcl-x. appears to localize primarily to the mitochondrial 5 sojyble helical bundle (Figure 5a) would conduct ions, even
outer membrane where it may bind other apoptotic factors ,q,gh it is anchored into the mitochondrial outer membrane

suc_h as Bad]_(O, 11,_14) or form_an ion channel thought to by a C-terminal transmembrane domain (TMRne pos-
maintain the_mtegnty of the r_nlto_chondrlal mer_nbralfiﬂ,( sibility is that this transmembrane domain self-assembles to
15-17). While mixed localization of Bclx is well- mediate ion conductance. However, a construct lacking the
established, the relatlve_lmportance of cytosollc- and mem- y-ansmembrane domain, BalATM, retains ion conductance
branous-localized protein to the regulation of apoptosis is qherties similar to those of the full-length molecule if the
not. Intriguingly, the membrane activity of Bcl-xmay pH of the solution is lowered16). Thus, Bcl-x ion

. . _ conductance likely involves a structural rearrangement to a
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While the structure of this membrane conformation is not constant-ionic strengthl (& 0.05) buffers 27). NaCl was
known, it is helical 19, 21, 22) but without defined tertiary = added to a final concentration of 150 mM to give a final
structure as measured by the lack of long-range NQ&p ( ionic strength of 0.2 M.
and near-UV circular dichroism spectropolarimetry) To determine theKy for protein-lipid binding, the
However, the inherent difficulties in charactering a protein concentration of the protein in the supernatant after cen-
with such structural polymorphism leave open many ques- trifugation was determined by the Bradford assag)(A
tions about the nature of this membrane conformation and standard curve for the Bradford assay was generated from
how it is formed. known concentrations of BclpATM, determined by the
Here we present experiments designed to further charac-absorbance at 280 nm in the presenitcé B GdnHClI using
terize this conformational change. Because full-length Bcl- @ calculated extinction coefficient of 41 810-Mcm™. The
XL is anchored to the membrane by |tS transmembraneamount Of BCI'XATM bound to the VESiC|es was estimated

domain, experiments with this construct are not ideal for using the difference between the amount of protein used in

understanding the conformational change that primarily the reaction and the amount of protein remaining in the

involves the N-terminal domain. Therefore, in this work, we Supernatant. The percentage of protein bound to the vesicles

describe experiments with synthetic lipid vesicles and Bcl- Was calculated as follows:

XLATM, a construct that retains pro-survival activity in vivo

(23)_. We determine the_ pH depen_d_ence Qf this process by % protein bound= (1 B [P]free) % 100 (1)

testing for protein association with lipid vesicles as a function [Pliota

of pH with a sedimentation assay. The nature of the

conformational change is pursued using monolayer surfaceTo test for reversibility, Bcl-xATM was incubated with lipid

pressure and vesicle permeabilization experiments. Finally, vesicles at pH 4.0 overnight. The sample was then split into

we evaluate a mutant for altered conformational change two equal parts, one that was maintained at pH 4.0 and

properties to test whether conserved acidic residues in theanother that was titrated to pH 7.0 with the addition of small

hydrophobic helical hairpin affect this process. Surprisingly, amounts of 0.1 N NaOH. Both the samples were then

we find that this conformational change is reversible and is subjected to centrifugation after which the supernatant was

described fairly well by a simplified thermodynamic linkage removed and assayed for total protein using the Bradford

model involving the binding of approximately two protons. assay.

These results suggest that Belactivity could be regulated Surface Pressure Measuremerirface pressure mea-

by reversible membrane insertion of its N-terminal domain. surements were carried out with a MicroTrough-S system
from Kibron (Helsinki, Finland) at 37C with constant

MATERIALS AND METHODS stirring. The lipid, dissolved in chloroform and methanol (2:
] ] ) S 1), was gently spread over the surface and kept at a constant
Mutagenesis, Protein Expression, and Purificati@ite-  gyrface area. The desired initial surface pressarewas

directed mutagenesis was carried out on the wild-type attained by changing the amount of lipid applied to the-air
sequence of BclpATM using the Quikchange mutagenesis  yater interface. After 10 min to allow for solvent evapora-
kit (Stratagene) using standard procedugsg.(The mutant  tjon, the protein was injected through a hole connected to
and the wild-type plasmids were transformed iffscheri-  the subphase. The final protein concentration in the Langmuir
chia coli Tuner DE3 (Stratagene) cells for overexpression. trough was 0.75(M. The change in surface pressurer,

The constructs, the wild-type Bcl-ATM sequence, and the a5 recorded as a function of time until a stable signal was
mutants all lack the C-terminal hydrophobic segment (resi- gptained. The subphase buffer was 1.0 mL of 150 mM KCl
dues 216-233). The purification of the wild-type protein  pyffered with MES and KOH (pH 7.0) or potassium acetate
has been described previously, and the mutant proteins wergynd acetic acid (pH 5.0). The linear plotAf as a function
isolated in a similar mannerl®). The purity of the final of ; can be extrapolated to A of 0 to give the critical
preparation was judged to be95% as evaluated by pressures., which is a measure of the relative “penetration
Coomassie-stained SBAGE. The proteins were stored capacity” of a protein into the monolaye294—31).

at 4°C in TEND buffer [20 mM Tris (pH 8.0) containing 1 Thermodynamic ModeA simple thermodynamic model
mM EDTA, 500 mM NaCl, and 1 mM DTT] until further  \yas developed to describe the solution to the membrane
use. The mutant protein was shown to be monomerlc_by sizeconformational change of BclkATM. This model couples
exclusion chromatography and natively folded by circular the protonation equilibrium of the protein with the attrahent

dichroism spectropolarimetry (data not shown). partitioning equilibrium into the membrane:
Lipid Vesicle Sedimentation Assdinding of protein to

lipid vesicles was assessed using a sedimentation assay as ) +n, H i

previously describedl@). This assay uses brominated lipids Rl S ——— i

and allows for sedimentation using a tabletop microfuge and -

avoids nonidealities introduced at higher centrifugal forces Lo FLUV

using nonbrominated lipid2p). Large unilamellar vesicles
were made by extrusion as described previoug6) yith a

lipid composition of DOPC and DOPG (60:40) doped with Protein (-) +HY protein (0)
0.25% lissamine rhodamine B-labeled DOPE added to (inserted) <~ (inserted)

visualize the lipid fraction. For binding experiments, /4
protein was incubated with 2.5 mM lipid vesicles (P:L, 1:250) and leads to the development of a coupled equilibria from
overnight at 25°C as a function of pH using Perrin’'s  which the fraction of protein boundr{.ung to lipid vesicles
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is determined by the following relationships: by Ellens et al. 84). The ANTS/DPX-loaded lipid vesicles
(final lipid concentration of 0.1 mM) were treated with the
oH = pK_+ log [PdeprO] 2) apprppriate amounts of Bql_—ATM or its mutants in a
a [PpmJ fluorimeter cuvette at 37C with constant stirring. Changes
in fluorescence intensity were recorded in a Perkin-Elmer
[Peotad = [Pdepro] + [Pprot] + [Ppound (3) Life Sciences LS-50 spectrofluorometer with excitation and
emission wavelengths set at 350 and 510 nm, respectively.
[Poound An interference filter with a nominal cutoff value of 470

L] nm was placed in the emission light path to minimize the
K,= contribution of the light scattered by the vesicles to the
[PproJ 4) fluorescence signal. The percentage of leakage was calculated

[W] after the complete release of the fluorescent probe by the
addition of Triton X-100 [final concentration of 0.1% (w/
For ny protons v)].
[Pucorcl NMR SpectroscopyN-labeled Bcl-xATM was prepared
log ——eprof — ny(pPH — pKy) (5) as described previously9). The protein (6Q:M) in 20 mM
[Pprot] sodium phosphate (pH 7.25) was incubated with lipid vesicles
(60:40 DOPC:DOPG ratio) overnight at room temperature.
[Pdepro] — 1 QH(PH-PKa ©6) The lipid concentration was 12 mM, resulting in a protein:
[Pprod lipid (P:L) ratio of 1:200.1H—N HSQC experiments were
carried out on a Bruker AVANCE 600 MHz spectrometer
[Poound 1 equipped with a cryoprobe; 1238200 points were collected
Foouna= = - (7) with sweep widths of 10 000 and 1520 Hz iH and 5N,
[P l] 14+ ld‘lH(PH pKa) . ) .
tota 1+ [WIL ] respectively, with thé®N carrier frequency set at 119.5 ppm.
K, [L] Sixteen transients were averaged for eaclpoint. The

sample was titrated to pH 4.65 by the addition of small
where Reprotis the protein that is completely deprotonated amounts of 0.1 N HCI. A HSQC spectrum was collected at
at the critical residues, the protonation of which defines the this pH, and then the sample was titrated to pH 7.4 by the
pH profile of binding, B is the completely protonated  addition of small amounts of 0.1 N NaOH. Another HSQC
version of the protein, Buns corresponds to the population  spectrum was collected at this pH. All data were processed

of the protein that is bound to the lipid vesicles, and [L] and using NMRPipe and analyzed using NMRVie®5(-37).
[W] refer to the lipid and water concentrations, respectively.

The parameters that are estimated by the fitting process areRESULTS
Ny, PK2PP, andKy. ny is the number of protons that defines

the pH profile. K2 is a measure of the protonatien Membrane Association of BclXTM Appears To Be
deprotonation equilibrium involving those protois.isthe ~ Reversible. We previously reported that the N-terminal
partition coefficient for the protonated Bcl4TM to parti- ~ domain of Bcl-x does not appreciably associate with lipid

tion into the lipid vesicles. This framework has four Vesicles near physiological pH but does so completely at pH
assumptions: (i) only protonated Bal&XTM [protein(0) 4.9 in the absence of NaCl§, 19). Here we tested for the
above] binds to the lipid vesicles, (i) membrane-bound reversibility of this membrane association in a vesicle
protein is not involved in the protonatiemeprotonation ~ Sedimentation assay. In this assay, protein and lipid vesicles
equilibrium, (iii) the protonation sites are equal and inde- are incubated and then physically separated by centrifugation.
pendent, and (iv) no significant contribution arises from the For Bcl-x ATM at pH 7.0 and 150 mM NaCl, we observe
protonation-deprotonation equilibria of the ionizable lipid ~10% of the protein associated with lipid vesicles composed
headgroups in this pH range+8). This last assumption is 0f DOPC and DOPG (60:40 and a 1:200 protein:lipid ratio),
well-founded 82). consistent with our earlier observatiori®). When the pH
Lipid Vesicle Leakage AssaPOPC and DOPG (60:40)  Of this sample was lowered to 4.0 via the addition of small
lipids were mixed in organic solvent, evaporated thoroughly, @mounts of concentrated HCI and resedimented, less than
and resuspended in 12.5 mM 8-aminonaphthalene-1,3,6-5% of Bcl-x. ATM was detected in the supernatant, indicating
trisulfonate (ANTS), 45 m[\/p-xy|ene b|s(pyr|d|n|um bro- nearly Complete association with ||p|d vesicles (Figure 1)
mide) (DPX), 20 mM KCI, and 10 mM HEPES (pH 7.0). This membrane association involves a structural rearrange-
LUVs were prepared as described above, and nonencapsument and not protein precipitation that was demonstrated by
lated fluorescent probes were separated from the vesiclechanges in thermodynamic stability, tryptophan fluorescence,
suspension through a Sephadex G-10 column loaded withand circular dichroism spectroscofg. When this sample
100 mM KCl and 10 mM Hepes (pH 7.0). Solution Was returned to pH 7.0 via the addition of small amounts of
osmolarities were routinely checked with an Osmomat 030 concentrated NaOH, more than 92% of the protein returned
instrument (Gonotec, Berlin, Germany). The size of the final t0 the supernatant, suggesting a near-complete reversal of
LUV preparation was close to the expected value (100 nm) Mmembrane association.
as determined by quasi-elastic light scattering using a Coulter Bcl-x,ATM that returns to solution after membrane
N4 plus particle size analyzer. The phospholipid concentra- association may be misfolded or unfolded, which cannot be
tion was measured using the method of Bartl88)( The detected in our sedimentation assay. Therefore, we repeated
leakage of encapsulated solutes was assayed as describealsimilar titration experiment but monitored thé and**N
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Ficure 1: Bcl-x ATM associates and dissociates with lipid vesicles 108k . -
as a function of pH. The fraction of protein bound to lipid vesicles 113} e e
(Fooung Was measured by a vesicle sedimentation assay, and at pH
7.0, less than 10% of the Bc|-ATM is membrane-associated. By 15p 118
contrast, when this sample is titrated to pH 4.0 with concentrated (PPM) | 55l
HCI, more than 95% of the BclpATM is membrane-associated.
When this sample is titrated back to pH 7.0 with concentrated 128+
NaOH, less than 5% of the Bcl-ATM is membrane-associated, :
suggesting that BclpATM reversibly associates with lipid vesicles. 11 ? 7
The data are means the standard error of the mean of at least H (ppm)
three independent measurements using different lipid vesicle and <) 108F
protein preparations.
113}
chemical shifts of a sample of Bc|-ATM uniformly labeled !
with 1°N. At pH 7.4 in the absence of lipid vesicles, the NMR ..
chemical shifts are reasonably well-dispersed as expected el
from a 26.2 kDa molecule with an60-residue disordered 128}
loop (data not shown). In the presence of anionic lipid . 7
X . 11 9 7
vesicles at pH 7.25, this spectrum does not change ap- 1H (pom)

preciably as expected (Figure 2a). Upon acidifying this . . L
- . .. FIGURE 2: Solution conformation of BclpATM which is unaltered
sample to pH 4.65, we noted a disappearance of the rnajorltyby membrane association as assessed by two-dimensional NMR

of cross-peaks in thtH—'"N HSQC spectrum (Figure 2b) spectroscopy. (éfN-labeled Bcl-xATM (60 uM) was incubated
that presumably was due to association with lipid vesicles overnight with lipid vesicles (60:40 DOPC:DOPG ratio at 25
with rotational correlation times that are unfavorable for and pH 7.25) at a protein:lipid ratio of 1:200 beforeté—'N
solution NMR spectroscopy. Most likely, the cross-peaks HSQC spectrum was recorded at 14.1 T with a cryoprobe. (b) After

o - . . . data collection, the sample was titrated to pH 4.65 by adding small
visible in this spectrum arise from unstructured residues not ;.0 \o+<” 5t concentrated HCI and incubated for 10 min before

tightly associated with the lipid vesicles. When the pH of another HSQC spectrum was recorded. Under these conditions, the
this sample was increased to 7.4, we observed a spectrunmajority of NMR signals disappear presumably due to the increased

nearly identical to that of the original sample (Figure 2c). rate of transverse relaxation for the protein associated with the lipid

Thus. association of BclATM with membranes can be vesicle. (c) This sample was then titrated to pH 7.4 by the addition
rever,sed resulting in a réturn to its solution conformation of small amounts of concentrated NaOH and incubated for 10 min.

The subsequent HSQC spectrum exhibits the return of the NMR
Bcl-x ATM Increases Monolayer Surface Pressure at pH signals with chemical shifts that appear similar to those of the
5.0 More Than at pH 7.0To further characterize this spectrum before acidification.

membrane association, we measured the changes in the

surface pressure of a lipid monolayer upon addition of Bcl- compared to that at pH 7.0 by 13£31.4 mN/m. The critical
X.ATM at pH 7.0 and 5.0 (Figure 3a). In these experiments, surface pressure is a measure of the penetration capacity of
the increase in surface pressure upon protein addition isa protein entering a monolayer: if this pressure exceeds that
measuredAsr, as a function of the initial surface pressure, estimated for a membrane bilayer [32 mN/g1)], then the

7o, Using a lipid composition similar to that of our previous protein is thought to be capable of membrane inser@8a-(
studies (60:40 DOPC:DOPG). For pH 7.0, at initial surface 31). Thus, our data are consistent with membrane insertion
pressures of 11 mN/m, the surface pressure of the lipid of Bcl-x ATM at pH 5.0 but not at pH 7.0.

monolayer increases modestly with a change in surface Bcl-x ATM Permeabilizes Lipid Vesicles at pH 5.0 More
pressureAs, of 6 mN/m. As the initial surface pressure is Than at pH 7.0To address whether Bcl-ATM might affect
increased, the change in surface pressure upon proteifnembrane integrity, we assessed the ability of B&\-kM
addition decreases as expected. The data fit well to a straighto induce the permeability of lipid vesicles in a dye release
line giving a critical surface pressure,, of 23.6+ 1.2 mN/m assay. In this assay, the fluorescent dye, ANTS, and the
at pH 7.0. By contrast, at pH 5.0 and initial surface pressurescollisional quencher, DPX, are encapsulated inside lipid
above 20 mN/m, we observe a nearly 10-fold increase in vesicles, resulting in no detectable ANTS fluorescence. When
the surface pressure with values over 10 mN/m (data notthe membrane is compromised, which occurs upon addition
shown). The change in surface pressure upon protein additiorof 1% Triton X-100, the subsequent release of ANTS and
also decreases as a function of increasing initial surfaceDPX dilutes the quencher away from the fluorescent dye,
pressure. At pH 5.0, the data also are fit well to a straight resulting in an increase in ANTS fluorescence. Upon addition
line, but the critical surface pressute,, increases to 36.9  of Bcl-x . ATM at pH 7.0, little change in ANTS fluorescence
+ 1.4 mN/m. Thus, addition of BclpATM at pH 5.0 is detected (Figure 3b). By contrast, upon addition of Bcl-
increases the critical surface pressure of the lipid monolayerx, ATM at pH 5.0, the ANTS fluorescence rapidly increases
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Ficure 3: Bcl-x ATM increases the surface pressure of lipid FiGure4: Cooperative pH dependence of the solution to membrane
monolayers and permeabilizes lipid vesicles in a pH-dependent conformational change for BclekATM. (a) The level of association
manner. (a) Changes in surface pressie)(of lipid monolayers of protein with lipid vesicles (60:40 DOPC:DOPG) was measured
(60:40 DOPC:DOPG) after addition of BclXTM to the subphase  as a function of pH by a sedimentation assay. The data are fit to a
are measured as function of the initial surface pressugeat pH simplified thermodynamic linkage model that couples protonation
7.0 @) and 5.0 ©). The data are fit to a straight line, and the to the conformational change. This simplified model assumes
x-intercepts correspond to the monolayer critical surface pressureprotein binds lipid vesicles only upon protonation by any number
(7c), which provides a measure of the membrane penetrability of of protonsny, that are governed by a single appareiapr value.

the protein 29—31). For pH 7.0, the value ofr; is 23.6 £ 1.2 From the fits to the data, the number of protons bound to protein
mN/m, which increases to 36.% 1.4 mN/m at pH 5.0. The (ny) for the conformational change was estimated to~ta&(—).
uncertainty reflects the 95% confidence intervalszinfrom a For comparison, the fits to the data forapof 1 (— — —) and an
nonlinear regression analysis of the data. (b) The ability of Bcl- ny of 3 (---) are shown. The values fdk, and K P are

X ATM to cause membrane permeability was assessed at pH 7.0interdependent and therefore cannot be determined accurately (see
and 5.0 by a dye leakage assay using ANTS and DPX encapsulatedhe text). (b) Cooperative pH dependence of BakXM-induced

into lipid vesicles (12.5 and 45 mM, respectively, with a final lipid leakage of lipid vesicles. The extent of leakage of the fluorescence
concentration of 0.1 mM) at 37C. At pH 7.0, little leakage of dye ANTS from lipid vesicles (60:40 DOPC:DOPG) as a function
ANTS was detected after addition of BalXTM (denoted with of pH was measured as in Figure 4. The data are reasonably well
an arrow). At pH 5.0, more than 60% of the ANTS was released fit to a similar linkage model with two protons—.

after Bcl-x ATM addition. The kinetic traces are representative of

at least three independent measurements using two different lipid of binding to the membrand,. In this reductionist model,
vesicle preparations. The percentage of leakage was calculated after

the complete release of the fluorescent probe by the addition of W& Make the simplifying assumption that BelATM
Triton X-100 [final concentration of 0.1% (W/V)]. residues protonated during the conformational change can
and within 7 min is approximately 60% of the signal be treatec! asa single ionizable group g.overned by a single
observed upon addition of detergent. Thus, BekXM apparent ionization constan_tl;(gipp_, |r_1v0IV|ng any numb_er
releases the encapsulated fluorescent dye ANTS from lipid Of_ prot_ons,nH (eqs_ 2-9). While this is c_IearIy an oversim-
- plification, a nonlinear least-squares fit of the data to this

vesicles at pH 5.0, but not at pH 7.0. ) ! ; !

Membrane Association of Bcl&TM Involves Coopera- mode.I resulted in reasongble fits with the following param-
tive Proton BindingAs described above, association of Bel-  St€rs: Mk = 2.1+ 0.1, KP = 3(')5 + 6, andK, = (2.0+
XL ATM with membranes has been previously demonstrated 0.5) x 10° (uncertainties are 95% confidence limits).
under conditions that either favor membrane association AsS values and uncertainties derived from multivariable fits
(typically pH 4.5-5.0) or do not (typically pH 7.4). To can be misleading, we performed a sensitivity analysis to
determine the nature of this pH dependence, we measuredssess their accuracy. Because the slope of the binding curve
the level of association of BclATM with anionic lipid is directly related to the number of protoms, involved in
vesicles as a function of pH using the sedimentation assaymembrane association, we first estimated the sensitivity of
(Figure 4a). The association of BclATM with lipid the data to this variable by fitting the data with fixed at
vesicles is marginal at pH 7.4 but becomes fully associated 1 or 3 protons. As expected, the data are quite sensitive to
at lower pH as expected. The nature of the protein binding this variable, and we conclude that the binding of ap-
curve suggests a cooperative pH dependence to associatioproximately two protons effects membrane association
with lipid vesicles. Given that thelf value of DOPC and (Figure 4a). Furthermore, these binding data have been
DOPG in large unilamellar vesicles is estimated to be less reproduced several times using different preparations of
than 4.0 82), we attribute the pH dependence to protonation protein and lipid vesicles. In contrast, the values for the
of Bcl-x,ATM. We therefore tested whether the vesicle apparent ionization constantKg?) and the equilibrium
binding data could fit to a simplified thermodynamic linkage constant for membrane associatiéf)(cannot be determined
model that couples the protonation equilibrium of ionizable with a high degree of accuracy without further information
residues on the protein surfacd f¥°, with the equilibrium as they are interdependent.
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To confirm the pH dependence of membrane association, T
we assessed the release of ANTS from lipid vesicles upon
addition of Bcl-xATM as a function of pH. Similar to
binding of Bcl-x ATM to lipid vesicles, the level of dye
release is marginal at pH 7.4 but increases at lower pH
(Figure 4b). Strikingly, these dye release data display a
cooperativity similar to that of the vesicle binding data with
a slope similar to that of the pH dependence. Indeed, these
data are also reasonably well-described by a similar simpli-
fied linkage model involving approximately the same number
of protons py = 1.7 + 0.7 (95% confidence interval)].

Therefore, we conclude that protonation of BeATM b Eclex il TRT VS B Te2
involving approximately two protons is responsible for Ec}—x g.n. %E% —gggxgi—gn— %Eg
membrane association and permeabilization. BCl-x G.g. 147 -CVESVDK-EM- 135
Two Acidic Residues in the Consed Hairpin and the EE} :i e %g; 3 Sl %g‘;
Conformational ChangeProtonation of Bcl-xATM affect- Mc11-1 H:?: ﬁ% ~HLKSVNQ-ES- %?8
; iation i ini i - AR Xiili -~CAESVNK-EM-
ing mer_nbrane association is reminiscentwefelical ba_cte ARIL X.1. 123 -CVESANK-EM- 131
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membrane cc_)nformanonal 9hgnge ina pH—dependent_manner. CED-9 C.b. 180 _AAKMMESVEL- 188
These proteins share a similar helical bundle architecture DTX-beta gg -VGELVDIGFA- ggg
composed of a hydrophobic, helical hairpin surrounded by e Il 200 T Rntae nq 208
a sheath of amphiphilia-helices. Structurally, BclpATM consensus

is most similar to the translocation domain of diphtheria toxin Ficure 5: Conserved, hydrophobic helical hairpin of BelATM
(23). For this toxin, as well as others, membrane associationthat shares acidic residues with bacterial toxins and other Bcl-2

is mediated in part by the so-called hydrophobic, helical proAt$iM”5(- (?1) IThe go'cg”gq Zydlr(OPhObi‘;’. he'ic‘"t’"lhtaiapti” of EC'{
P . . . XL o-helices 5 and 6 in darker gray) is postulated to mediate
hairpin, which corresponds ta-helices 5 and 6 in Bcl- membrane association on the basis of considerations from the

X ATM (Figure 5a) B8—46). Despite the structural similar-  pacterial toxins. Residues E153 and D156 in the hairpin are
ity, the sequences of these proteins are less than 19%nighlighted using a stick representation. The protein is depicted
identical, and they possibly are an example of convergent without a large unstructured loop between residues D29 and R77,
evolution toward a versatile protein fold. However, a curious Which is present in the protein used in our experiments. This figure
feature shared by some Bcl-2 proteins and toxins is the was created using PYMOLGE). (b) Sequence analysis of Bel-2
o h g - A > proteins and bacterial toxins features acidic residues in the tip of

presence of acidic residues near the tip of the hairpin (Figurethe hairpin between hydrophobichelices.
5b). These acidic residues are curious because many of these
proteins are selective for acidic membranes and the hairpintype protein, except below pH 5 where both proteins are fully
is thought to mediate membrane association (at least for theassociated with lipid vesicles. Notably, the difference in
toxins). Interestingly, for the diphtheria toxin translocation membrane binding between the mutant and wild type is
domain, two of the acidic residues (Glu349 or Asp352) have approximately the same at each pH above pH 5.0418%)
been shown to have altered membrane association andFigure 6b). This observation suggests that the pH depen-
insertion properties38, 47. Taken together, these observa- dence of membrane association is similar for both the mutant
tions raise the possibility that acidic residues in this conserved and wild type and involves approximately the same number
structural feature of Bcl.xmay become protonated to help of protons. In fact, when we fit the mutant data with a similar
mediate membrane association of these proteins with acidicmodel that accounts for 16% of the protein bound at each
membranes. pH, we obtain amy value of~2, similar to that of the wild

One way to evaluate this idea is to test the pH dependencetype (fit not shown).
of the conformational change in a mutant of BeAIM in An increase in the level of binding of the mutant protein
which conserved acidic residues are replaced with GIn andto lipid vesicles might be expected to result in an increase
Asn. We chose to first study a double mutant of BehXM, in the extent of membrane permeabilization. Therefore, we
E153Q/D156N, because these two positions correspond tomeasured the ability of E153Q/D156N to cause membrane
the acidic residues (Glu349 or Asp352) found to be important permeabilization as assessed by the leakage of the fluores-
for the conformational change of the translocation domain cence dye ANTS from lipid vesicles as a function of pH
from diphtheria toxin 88, 47). Therefore, we characterized (Figure 6c). In contrast to that of the wild type, the pH
Bcl-x, ATM-E153Q/D156N for differences in the solution- dependence of vesicle leakage is shallower for the mutant
to-membrane conformational change as measured by vesiclavith an apparent loss of cooperativity. At pH 7.0, both
sedimentation, vesicle leakage, and monolayer surface presproteins release ANTS from lipid vesicles to the same extent.
sure assays. However, at pH 4.5 where both proteins bind fully, the

We first determined that BclpATM-E153Q/D156N was mutant releases 20% less ANTS (Figure 6d). Thus, for
as well folded as the wild type by circular dichroism E153Q/D156N, membrane association does not necessarily
spectropolarimetry (data not shown) and then measured itsresult in membrane permeability.
pH dependence of membrane association using the vesicle Changes in membrane association and permeabilization
sedimentation assay. In parallel, we repeated these experibetween the wild type and mutant protein should also be
ments with the wild-type protein (Figure 6a). At each pH reflected in the critical surface pressures of lipid monolayers.
that was measured, the mutant binds better than the wild-In this measurement, we found that the E153Q/D156N
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Ficure 6: E153Q/D156N mutant which differs from wild-type BclATM in its pH dependence of membrane association and
permeabilization. (a) Binding of protein to lipid vesicles as a function of pH was repeated for SEMk(O) concurrently with measurements

for E153Q/D156N @) using the vesicle sedimentation assay as described in the legend of Figure 4a. (b) The difference between the
binding of the mutant and wild type to lipid vesicles is shown for pH-47®. At each pH that was measured, E153Q/D156N associated

as well or better than wild-type BclkATM. This increase is roughly uniform at each pH between 5.0 and 7.6:(286). (c) The ability

of the E153Q/D156N mutant to induce membrane permeabilization and its pH dependence was also tested. The extent of leakage of the
fluorescence dye ANTS from lipid vesicles (60:40 DOPC:DOPG) as a function of pH was measured as described in the legend of Figure
4b. (d) The difference between the mutant and wild type inducing the release of ANTS from lipid vesicles is shown for pia.4Above

pH 5.5, E153Q/D156N induces more ANTS release from lipid vesicles than the wild type. However, below pH 5.5, E153Q/D156N induces
less ANTS release from lipid vesicles than the wild type. Each datum is the eethe standard error of the mean of at least three
independent measurements using two different lipid vesicle preparations.

m E153Q/D156N, pH 7.0
® E153Q/D156N, pH 5.0

rise to the expected linear dependence between the initial
surface pressure and the resulting pressure change upon
protein addition. However, at pH 7.0, the critical surface
pressure increased by 4.5 mN/m to 2811.2 mN/m for

N the mutant relative to the wild-type protein (Figures 3a and
7a). In contrast, at pH 5.0, the critical surface pressure
decreased by 4.4 mN/m to 32451.4 mN/m for the mutant
relative to the wild-type protein (Figures 3a and 7a). These
pH-dependent differences between the mutant and wild-type
protein can be observed via examination of the difference
in the critical surface pressure between pH 5.0 and 7.0,
Az PHSPHT (Figure 7b). For wild-type BclxATM, this
difference is 13.3+ 1.4 mN/m, whereas this difference is
~3 times smaller for the E153Q/D156N mutant(PH5PH?

= 4.4+ 1.4 mN/m).

10 20 30 40
m, (MN/m)

DISCUSSION

5 _ i
0 , T 1 . .
wild type E153Q/D156N Our results demonstrate reversible association between the
Ficure 7: E153Q/D156N mutant which differs from wild-type Bel-  N-terminal domain of Bcl-x and membranes and suggest
?Q)Ag\rfa:rr: tgi ?nHéﬂffai%de?éggggﬁ Lnarr}ﬁqglar%/g; sgfzcr:ea?reﬁsure.this domain is able to insert into and out of the membrane
7.0 and 590 for E153Q/Dp156N were meagured as deyscribeg in theWh_en anchored by its _C-termlnal transmembrane d(_)maln.
legend of Figure 3. At pH 7.0, critical surface pressugéncreased ~ USIng a construct lacking the transmembrane domain was
to 28.1+ 1.2 mN/m for the mutant, while at pH 5.0, this value essential for determining what drives membrane association
decreased to 325 1.4 mN/m. (b) These differences are reflected of the N-terminal domain since full-length protein associates
in the pH-dependent change in the critical surface pressure for the, iy, lipid vesicles under conditions where Bgl&TM does

lipid monolayer between pH 5.0 and 7.@sPH5PH7), which o )
decreases for the E153Q/D156N mutant by 3-(f:old compared to that Ot (19). The critical surface pressured of Bcl-x ATM is

of wild-type Bcl-x ATM. The error bars reflect the 95% confidence ~consistent with membrane insertion at pH 5.0, but not at pH
intervals inz; from a nonlinear regression analysis of the data. 7.0 (Figure 3a). This conclusion is further supported by
membrane permeabilization of BclATM at pH 5.0, but
mutant alters monolayer surface pressure in a mannernot at pH 7.0 (Figure 3b). While membrane permeabilization
different from that of the wild-type protein (Figure 7a). At can arise from many types of proteimembrane interac-
both pH 7.0 and 5.0, addition of the mutant protein gives tions, our results are consistent with a model for the
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membrane conformation in which some elements of Bcl-x and D156, resulted in a small, but reproducible, increase in
span the bilayer. Multiple lines of evidence lend support to the level of membrane association with negatively charged
this model, including the ion conductance properties of Bcl- lipid vesicles. Because the increase in the level of membrane
XL ATM, which presumably would require spanning the association was approximately the same at each~g@0%),
bilayer (15, 16, 19, 21, 22, 48). Thus, it appears that the the slope of the pH dependence is approximately the same
N-terminal domain of Bcl-x can be tightly associated with ~ for the mutant iy ~ 2; fit not shown) and the wild-type
the membrane, even span the bilayer, and do so reversibly protein. Therefore, these data suggest that the E153Q and
Such reversibility, while surprising, has been also demon- D156N mutations act by weakening the electrostatic repul-
strated for the translocation domain of diphtheria toxin that sion between the mutant protein and negatively charged
is structurally similar with Bcl-x and the C helix of membrane and are not involved in the cooperative pH
bacteriorhodopsin4@—51). dependence.

These data allow us to refine our model for the confor- By contrast, these two residues do affect the cooperative
mational change of full-length Bcl:xthat involves at least  pH dependence of membrane leakage by BA®M, which
three distinct conformations, one solution and two membraneis significantly less cooperative for the mutant than for the
(19). In this model, the solution conformation is similar to  wild-type protein (Figure 6¢,d). Why does an increased level
the known structure of BclpATM (23), with the exception of membrane binding not result in an increased level of
that the C-terminal transmembrane domain is tucked into membrane leakage? One possibility is that membrane leakage
its own BH3 binding pocket as in the structure of Bax, a is a two-step process requiring both membrane binding that
pro-apoptotic Bcl-2 family member5@). One membrane  is favored by the mutant and membrane insertion that is not.
conformation is proposed to be “tail-inserted” with the The critical surface pressure of the mutant protein is
structure of the N-terminal domain similar to the solution consistent with this possibility since this value decreased at
conformation, but anchored at the membrane surface by thepH 5.0 to below the “membrane penetrability” value (Figures
C-terminal transmembrane domain. In this conformation, 3a and 7). A decreased level of membrane insertion may
access to the BH3 binding pocket of Bgl-is no longer arise from the unfavorable free energy of transfer from water
occluded by its TM and it is now freely open and poised to to the membrane for GIn/Asn residues compared to proto-
bind ligands. The other membrane conformation involves nated Glu/Asp residue$4—56). Thus, our data are consis-
membrane association of the N-terminal domain and from tent with a model in which acidic residues in a conserved
the data presented here suggests significant pretgiayer hairpin, E153 and D156, are important to both membrane
interactions occur in this conformation. Notably, our data binding and insertion but contribute significantly only to the
also suggest reversibility of membrane insertion for the proton cooperativity of membrane insertion and not to
N-terminal domain of Bcl-x. Whether such reversibility is  binding. Interestingly, acidic residues in similar positions of
a general feature of Bcl-2 family members is not known but the conserved helical hairpin of the translocation domain
might be a general way in which these proteins are regulated.from diphtheria toxin are important for membrane insertion
Consistent with this idea, membrane insertion of the N- (38, 44, 47, 57—59).
terminal domain of another pro-survival family member, Bcl-  Perhaps protonation of acidic residues is involved in the
2, appears to be necessary to prevent Bax activafi@n (  reversibility of proteins that insert into membranes. In
Perhaps Bcl-xuses a similar mechanism to prevent Bak and addition to Bcl-x, the translocation domain of diphtheria
Bax activation. toxin also reversibly inserts into membranes in a pH-

Membrane Association Arises from Weakening Electro- dependent manner. Furthermore, protonation of acidic resi-
static RepulsionMembrane association occurs upon proto- dues is involved in the reversibility of membrane spanning
nation of Bcl-xATM, which could either strengthen the for the C helix of bacteriorhodopsin, in which two of its six
electrostatic attraction or weaken the electrostatic repulsionacidic residues are embedded in the bilayd8).( We
with the negatively charged surface of the membrane. speculate here that acidic residues are responsible for the
Because this pH effect occurs between pH 7 and 5, observed reversibility because of the innate differences in

protonation of histidine residuesKpvalue typically~6.5) the membrane partitioning properties of protonated and
may be important in this process, as demonstrated for theionized Glu and Asp, which could readily be exploited as a
pH-dependent membrane association of peptifigs How- reversibility switch. Protonated Glu and Asp residues are

ever, Bcl-xATM is an acidic protein with an estimated pl more favorable than the ionized speciesb%.5-2 kcal/
of ~4.4 that would be expected to elevate histidine, p  mol per residue (water/octanol) in model peptide studies
values. Indeed, we have measured tKg\mlues of its four (54—56). Thus, protonating acidic residues might favor
histidines by long-range HMQC in the absence of membranesmembrane association, whereas deprotonating these residues
and found that these values ar@.0 (data not shown). These would favor disassociation and possibly account for the
values would expect to be further elevated in the presenceobserved reversibility. Such a mechanism may be universal
of the negatively charged membranes used here. Thereforeas other proteins are known to reversibly associate with
association with a negatively charged membrane most likely membranes upon protonatio60( 61). These proteins are
does not arise from an increase in the level of electrostatic part of a larger class of proteins that reversibly associate
attraction upon protonation and likely arises from a decreasewith membranes called amphitropic proteir&2); In this
in the level of electrostatic repulsion that occurs upon sense, Bcl-x can be thought to possess an amphitropic
protonation of acidic residues wittKpvalues elevated from  N-terminal domain because of its ability to reversibly
the canonical values o¥4.0. associate with membranes.

Our results with a mutant of Bcl-xATM also lend support Protonation of Bcl-x by two protons to effect membrane
to this idea. Mutating two conserved acidic residues, E153 insertion does not mean that only two acidic residues are
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being protonated. Bclixcontains 31 Glu and Asp residues

evenly distributed throughout the structure and suggests a

tightly coupled electrostatic network involving many acidic
residues. For BclpATM when we remove two acidic
residues, the midpoint of the pH transition changes signifi-
cantly, but little change is seen in the slope of this transition.

These results seem consistent with an ensemble of confor- ;5

mational substates in which many of the acidic residues
participate in protonation and this conformational change.

In this scenario, small changes in the microscopic substates
can result in much larger macroscopic changes because of =
shifts in the substate populations. In our case, perhaps the
E153Q/D156N mutant causes such a shift in the ensemble

of conformational substates in a manner similar to that
recently proposed to drive the pH-dependent unfolding of
staphylococcal nucleaség3, 64).

In summary, the N-terminal domain of Bcl-xin the

absence of its transmembrane domain, reversibly inserts into

the

the context of the full-length protein, we speculate that fewer 17.

membrane upon binding approximately two protons. In

protons will be necessary for membrane insertion, resulting
in a reversible conformational change at physiologically
relevant pH values. This prediction is based upon the full-

length protein already being attached to the membrane 18.

surface, and it is therefore likely that the proton binding
required for this initial attraction in the absence of the

transmembrane domain may not be necessary. Cytosolic pH

is thought to change significantly during apoptodis, 65—

67).

Therefore, reversibility of the Bclpxmembrane insertion

by a pH-dependent mechanism might be important for the
regulation of apoptosis in vival().
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