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ABSTRACT: Bax protein plays a key role in mitochondrial membrane
permeabilization and cytochrome ¢ release upon apoptosis. Our recent data have
indicated that the 20-residue C-terminal peptide of Bax (BaxC-KK; VTIFVAGVL-
TASLTIWKKMG), when expressed intracellularly, translocates to the mitochondria
and exerts lethal effect on cancer cells. Moreover, the BaxC-KK peptide, as well as two
mutants where the two lysines are replaced with glutamate (BaxC-EE) or leucine

(BaxC-LL), have been shown to form relatively large pores in lipid membranes,
composed of up to eight peptide molecules per pore. Here the pore structure is
analyzed by polarized Fourier transform infrared, circular dichroism, and fluorescence

&

experiments on the peptides reconstituted in phospholipid membranes. The peptides

assume an a/f-type secondary structure within membranes. Both f-strands and a-helices are significantly (by 30—60 deg) tilted
relative to the membrane normal. The tryptophan residue embeds into zwitterionic membranes at 8—9 A from the membrane
center. The membrane anionic charge causes a deeper insertion of tryptophan for BaxC-KK and BaxC-LL but not for BaxC-EE.
Combined with the pore stoichiometry determined earlier, these structural constraints allow construction of a model of the pore
where eight peptide molecules form an “a/f-ring” structure within the membrane. These results identify a strong
membranotropic activity of Bax C-terminus and propose a new mechanism by which peptides can efficiently perforate cell
membranes. Knowledge on the pore forming mechanism of the peptide may facilitate development of peptide-based therapies to
kill cancer or other detrimental cells such as bacteria or fungi.

ax is 2 member of B cell lymphoma 2 (BCL-2) family of

proteins that play pivotal roles in apoptosis. Upon
activation by apoptotic signals, Bax and other proteins such
as Bak partition to mitochondria, resulting in mitochondrial
membrane permeabilization, leakage of cytochrome ¢ and
caspase activators into the cytosol, followed by apoptotic cell
death.'™® The atomic-resolution NMR structure of Bax
identified nine a-helices, two of which, helix S and helix 9,
had increased hydrophobicity.* On the basis of this structure
and earlier notions of the importance of the C-terminus of Bax
in mitochondrial localization during apoptosis,™® it was
suggested that the C-terminal helix 9, which was located in a
hydrophobic groove of the protein in solution, disengages and
inserts into the mitochondrial membrane, probably together
with helices S and 6, resulting in membrane pore formation and
leakage of pro-apoptotic proteins.” Deletions of C-terminal 21,
10, or even S amino acids inhibited mitochondrial localization
capability of Bax upon induction of apoptosis,®~® and various
point mutations within the C-terminal helix 9 resulted in strong
up- or down-regulation of its membranotropic activity,® thus
providing evidence for the key role of the C-terminus of Bax in
its interaction with the mitochondrial membrane.

Peptides corresponding to Bax helices 5 and 6 were
demonstrated to not only form efficient membrane pores that
transgort calcein and fluorescein-conjugated dextran mole-
cules”™® but also permeabilize mitochondria, release cyto-
chrome ¢ and cause apoptotic death of cancer cells."’ Bax C-
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terminal peptide has also been shown to permeabilize lipid
membranes and cause leakage of carboxyfluorescein from
vesicles.'>'® Deletion of Ser;q,, which results in constitutive
mitochondrial localization of Bax,® did not affect pore forming
activity of the peptide, while replacement of Ser,y, with lysine,
which prevents its mitochondrial translocation during apopto-
sis,” impaired the pore forming capability of the peptide.'>"®
The structures of the peptides containing 21 or 24 C-terminal
amino acid residues of Bax in aqueous and lipid environments
were probed by circular dichroism (CD) and Fourier transform
infrared (FTIR) spectroscopy. A substantial fraction (40—44%)
of intermolecular f-sheet structure was identified in the
peptides in D,O buffer or in phosphatidylcholine membranes,
evidenced by FTIR amide I components at 1626—1622 cm ™,
along with ~30% a-helical component at ~1655 cm™.."*'* The
presence of anionic lipids such as phosphatidylglycerol or
phosphatidylinositol in membranes resulted in an increase in a-
helix and decrease in f-sheet conformations and promoted a
transmembrane orientation of the peptide.'* Consistent with
this, *'P- and *C NMR spectra of liposomes in the presence
and absence of the peptide suggested that phosphatidylglycerol
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promoted formation of a predominantly a-helical structure with
a transmembrane orientation."

These data provide strong support to the notion that Bax C-
terminus is involved in mitochondrial membrane pore
formation. However, the nature and the molecular details of
the pore remain obscure. During membrane pore formation,
Bax C-terminus is believed to be a-helical, oriented nearly
perpendicular to the membrane plane, stabilized by electrostatic
interactions between the two lysines and anionic lipid
headgroups.'”"> Moreover, dominant a-helical structure and
transmembrane insertion are thought to occur only in the case
of anionic membranes."*"> If membrane pores are formed only
in anionic membranes by a-helical segments, then efficient
carboxyfluorescein release from vesicles made of pure
phosphatidylcholine,'” where the peptide assumes predom-
inantly f-sheet structure,''* remains to be explained. Despite
some inconsistencies, the existing data suggest that the isolated
peptide has an intrinsic membrane pore forming potency and
probably performs this function by a different mechanism as
compared to the full length Bax protein.

Membrane perforation properties of peptides can be used to
develop cytotoxic agents directed against bacteria, fungi, or
transformed mammalian cells.'"'® Our recent studies have
indeed demonstrated that the C-terminal 20-residue peptide of
Bax efficiently kills breast and colon cancer cells when delivered
using polymeric nanoparticles.'” The cytotoxic effect of the
peptide was accompanied with mitochondrial membrane
hyperpolarization and plasma membrane rupture. Moreover,
intratumoral or systemic injection of the nanoparticle-
encapsulated peptide resulted in significant tumor regression
in mice.'” Charge reversal or neutralization mutations of the
two lysines significantly affected the cytotoxic potency of the
peptide. To reach a better understanding of the pore forming
potency of the peptide at a molecular level, we have undertaken
a biophysical analysis of pore formation by the peptide. We
have recently demonstrated that the Bax C-terminal peptide
and two mutants where the two lysines were replaced with
glutamate or leucine efficiently permeabilize zwitterionic and
anionic phospholipid membranes, and have evaluated the
oligomeric state of membrane pores.'® Here we present
structural studies that lead to a molecular model of the
transmembrane pore formed by Bax C-terminus. In the
presence of bulk water, the peptides assume a a/f-type
structure, with the B-strands and a-helices significantly tilted
relative to the membrane normal. The tryptophan residue is
located close to the membrane—water interface for zwitterionic
membranes and inserts more deeply into anionic membranes in
cases of BaxC-KK and BaxC-LL peptides. Altogether, the data
are consistent with an octameric “at/f-ring” structure with an
internal pore diameter large enough to effectively transfer
calcein and larger molecules. Our results establish a foundation
for characterization of the molecular structure of the trans-
membrane pore formed by Bax-derived peptides and will be
used in further studies to develop peptide-based cytotoxic
agents.

B MATERIALS AND METHODS

Materials. The peptides, i.e., BaxC-KK (Ac-VTIFVAGVL-
TASLTIWKKMG-NH,), BaxC-EE, and BaxC-LL were synthe-
sized by Biopeptide Co., Inc. (San Diego, CA) and were >98%
pure as shown by HPLC and mass-spectrometry. BaxC-KK
peptide *C-labeled at main chain carbonyl carbons of Phe, or
both Phe, and Lys,, were synthesized by EZBiolab (Carmel,
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IN) using the labeled amino acids provided by Cambridge
Isotope Laboratories (Andover, MA). All lipids, ie., 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), do-
decylphosphocholine (DPC), and 1-palmitoyl-2-stearoyl-dibro-
mo-sn-glycero-3-phosphocholines (Br,PC) brominated at 6,7-,
9,10-, or 11,12-positions of the sn-2 acyl chain were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL). SM-2 Bio-beads
were from Bio-Rad Laboratories (Hercules, CA). Other
chemicals were purchased from Fisher Scientific (Pittsburgh,
PA) or Sigma-Aldrich (St. Louis, MO) and were of the highest
purity available. Polycarbonate filters for lipid vesicle
preparation were purchased from Avestin, Inc. (Ottawa,
Ontario, Canada). Germanium plates for infrared experiments
were from Spectral Systems (Irvington, NY).

Peptide Reconstitution in Lipid Vesicles. To prepare
large unilamellar vesicles (LUVs), chloroform or chloroform/
methanol (2:1, v/v) solutions of lipids were mixed at desired
proportions, solvent was evaporated under a stream of nitrogen
followed by desiccation for 3 h, an aqueous buffer was added
and the lipid was suspended by vortexing, and the suspension
was extruded through 200 nm pore-size polycarbonate filters
using a LiposoFast extruder (Avestin, Inc.). The lyophilized
peptides were dissolved in dimethylsulfoxide (DMSO) at 0.3
mM and stored at —80 °C as stock solutions. For membrane
insertion experiments, DMSO was removed under a stream of
nitrogen and the sample was vacuum-desiccated for 3 h.
Hexafluoroisopropanol was added to dissolve the peptide, and
DPC dissolved in chloroform was added to reach a peptide-to-
DPC molar ratio of 1:60, at DPC concentration of 9.0 mM.
Following gentle mixing, the solvent was removed as described
above and the peptide-DPC sample was suspended in 30 yL of
20 mM Na,K-phosphate buffer, pH 7.2. The peptide solubilized
in DPC micelles was added to 270 uL of preformed LUVs,
resulting in a 10-fold dilution of the peptide and DPC.
Dispersion of DPC upon dilution below its critical micelle
concentration (~1.5 mM) resulted in incorporation of the
hydrophobic peptide into LUVs. Monodisperse DPC was
removed from the sample by adding SM-2 Bio-beads (~10% by
weight), vortexing for 2 h and removing the Bio-beads. The
final lipid and peptide concentrations were 1.0 mM and 15 uM,
respectively.

Membrane Insertion of Peptides. Membrane insertion
depth of the peptides was evaluated as previously described."*°
Each peptide was reconstituted in membranes composed of
90% POPC and 10% Br,PC or 60% POPC, 30% POPG, and
10% Br,PC, as described above, in a buffer of 20 mM Na,K-
phosphate and 0.8 mM EGTA (pH 7.2). For both zwitterionic
(without POPG) and anionic (with 30% POPG) membranes,
three different Br,PCs were used that were brominated at 6,7-,
9,10-, or 11,12-positions of their sn-2 acyl chains. In control
experiments, the vesicles were prepared without Br,PC.
Following peptide reconstitution into the vesicles, the sample
was placed in a 4 X 4 mm® rectangular quartz cuvette and
tryptophan fluorescence spectra were measured on a J-810
spectrofluoropolarimeter (Jasco, Inc, Tokyo, Japan) using
excitation at 290 nm, with constant stirring with a magnetic stir
bar. The excitation and emission bandwidths were 3 and 10 nm,
respectively. Measurements were conducted at 20 and 37 °C,
using a PFD-425S Peltier temperature controller, and 5 spectra
were coadded to obtain an average fluorescence emission
spectrum between 300 and 400 nm. Fluorescence spectra
without and with the three Br,PC quenchers were used to
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determine the quenching efficiency of each brominated lipid,
i.e, In(Fy/F), where F, and F are fluorescence intensities at 340
nm in the absence and presence of the quencher, and values of
In(F,/F) were plotted vs. the distance of bromines from
membrane center, i.e, h = 11.0 A, 8.3 A, and 6.5 A for Br,PCs
brominated at 6,7-, 9,10-, and 11,12-positions of the sn-2 acyl
chain > These plots were fitted with a Gaussian distribution

curve:
o) = g

F ® 207 (1)
where S is the area under the curve and is proportional to the
extent of exposure of the fluorophore to the membrane
hydrophobic interior, ¢ is the dispersion (half-width at half-
height) of the distribution curve, and h,, indicates the average
(most probable) location of the fluorophore relative to the
membrane center.

Circular Dichroism Measurements. CD spectra of DPC-
solubilized or membrane-reconstituted peptides were measured
using a J-810 spectrofluoropolarimeter. The sample was placed
ina4 x4 mm rectangular quartz cuvette containing a
magnetic stir bar and mounted in the temperature-controlled
sample holder. DPC-solubilization was achieved as described
above, at final DPC and peptide concentrations of 4 mM and
35 uM, respectively. Given DPC aggregation number of ~60,>*
this molar ratio corresponds to less than one peptide molecule
per micelle and hence ensures the homogeneity of the sample,
where each micelle contains no more than one peptide
molecule. LUVs were prepared as described above, using
pure POPC or a 7:3 molar combination of POPC/POPG,
without Br,PC, and 10 scans were measured per spectrum
between 190 and 310 nm. Measurements were conducted at
both 20 and 37 °C.

Solid State NMR Experiments. Peptide-lipid samples for
solid state NMR experiments were prepared as described
elsewhere.”® Briefly, 2 mg of BaxC-KK, '*C-labeled at carbonyl
carbons of Phe, or both Phe, and Lys;,, were dissolved in
hexafluoroisopropanol and mixed with POPC/POPG (7:3) in
chloroform, at a peptide to lipid molar ratio of 1:20. The
solvent was evaporated by desiccation, and the dry sample was
suspended in 10 mM phosphate buffer (pH 7.0), freeze—
thawed 10 times, extruded through 200 nm pore-size
polycarbonate membranes, and ultracentrifuged at 200000g
for 1 h at 4 °C. About 0.5 umol of peptide was packed into
NMR rotors for each sample. NMR data were acquired at
100.39458 MHz *C NMR frequency (9.38 T) at 9 kHz magic
angle spinning using a 3.2 mm triple-resonance Balun magical
angle spinning probe (Varian), at the Laboratory of Chemical
Physics, National Institute of Diabetes and Digestive and
Kidney Diseases. Cooling gas at —144 °C was passed to the
sample space via the variable-temperature stack during
experiments to maintain the sample at ~15 °C, as determined
by the 'H NMR frequency of water in samples.”*

ID BC spectra were acquired with two-pulse phase-
modulated (TPPM) 'H decoupling at 105 kHz of 25.6 ms
(1024 points, 25 ps dwell time) and recycle delay of 1 s. The
C and 'H REF fields during 1.5 ms cross-polarization (CP) was
at 60 and 69 kHz, respectively. The same CP condition and
recycle delay were employed for 2D *C—'*C correlation
spectra. Radio-frequency-assisted spin diffusion (200 and 500
ms) was utilized to establish 2D correlation.>®> TPPM
decoupling at 105 kHz was applied to both t; period (128

S
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points with 26.76 us increment) and t, period (512 points with
26.76 ps dwell), and continuous wave decoupling of 105 kHz
was used for the rest of the pulse sequence. All NMR data were
processed with NMRpipe*® and plotted with Sparky (http://
www.cgl.ucsf.edu/home/sparky/). The chemical shift was
referred to tetramethylsilane.

Fourier Transform Infrared Spectroscopy. Lipid-pep-
tide samples for attenuated total reflection Fourier transform
infrared (ATR-FTIR) experiments were prepared using a
previously described method®” with slight modifications. Two
microliters of the peptide sample dissolved in DMSO at 12.5
mM was dried under a stream of nitrogen and by desiccation.
The dry peptide was dissolved in ~20 uL of hexafluoroisopro-
panol, and 125 uL of 10 mM lipid dissolved in chloroform was
added. The peptide-lipid solution at a lipid-to-peptide molar
ratio of 50:1 was carefully spread onto a ~7 cm? surface area on
one side of a clean germanium internal reflection element with
45° aperture angles and dimensions of 5.0 X 2.0 X 0.1 cm®. The
sample was dried in a desiccator, the germanium plate was
assembled in a homemade ATR sample holder, which was
mounted into the FTIR spectrometer at a position correspond-
ing to a 45° incidence angle. This setting corresponds to 20
internal reflections at one side of the plate. The thickness of the
sample was estimated to be ~1.6 um, which is significantly
thicker compared to the decay length of the evanescent wave
(~04 pm). After measurements of the spectra of the dry
sample at parallel (II) and perpendicular (L) polarizations of
the incident infrared light, the germanium plate with the sample
was subjected to saturated D,O vapors for 1 h in a small,
confined volume, was assembled in the ATR cell, and the
spectra of the D,0-humidified sample were collected. This was
followed by injection of a D,0O-based buffer (150 mM NaCl, 10
mM Hepes, pH* 6.8) into the ATR cell and collection of
additional spectra at both polarizations (pH* is the pH-meter
reading and is 0.4 pH units lower compared to real pD, due to
the isotope effect).”®

FTIR spectra were collected using a Vector 22 infrared
spectrometer (Bruker Optics, Billerica, MA), equipped with a
liquid nitrogen-cooled Hg—Cd—Te detector and a software-
operated aluminum grid on KRS-S polarizer (Specac, Suffolk,
UK), at 20 = 1 °C. Each spectrum was the average of S00
scans, at 2 cm™' nominal resolution. The spectrometer was
continuously purged with dry air, additionally dried by passing
through a silicagel column (Parker Balston, Haverhill, MA).
The reference spectra were measured using a bare germanium
plate or a sample prepared using plane lipid without any
peptide. Atmospheric water humidity spectra were measured at
IT and L polarizations by collecting spectra at various times of
purging with dry air, using the bare germanium plate, and were
used for clearing the sample spectra from noise generated by
residual humidity, when necessary.

FTIR Data Analysis. To evaluate the secondary structures
of membrane-bound peptides, first ATR-FTIR spectra meas-
ured at parallel and perpendicular polarizations were used to
generate a “polarization-independent” sgectrum: A=A +GA,
where the scaling factor G is given as”

_ 2B - E;
=——7
E, )
Under our experimental conditions, the orthogonal compo-

nents of the incident infrared radiation are E, = 1.399, E, =
1.514, and E, = 1.621, and consequently G = 1.44. After
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Figure 1. The wild-type and mutant peptides reconstituted in lipid membranes adopt an a/f-type secondary structure. ATR-FTIR spectra of BaxC-
KK (A, B), BaxC-EE (C, D), and BaxC-LL (E, F) peptides in POPC (A, C, E) or POPC/POPG (7:3) (B, D, F) multilayers deposited on a
germanium plate, under an aqueous buffer (150 mM NaCl, 10 mM Hepes in D,0, pH* 6.8). The spectra generated by a linear combination of the
original spectra measured at parallel and perpendicular polarizations of the incident infrared light, A = A, + 1.44A ), are shown in gray solid lines. The
sums of all amide I components are shown in dotted lines. The amide I components corresponding to a-helix, irregular structure (p), intramolecular
P-sheet, and intermolecular S-sheet are marked by circles, right triangles, inverted triangles, and squares, respectively. Amide I components above
1657 cm™" shown in solid lines have been assigned to turns. Below each amide I spectrum, its second derivative is shown, in which the downward

peaks indicate the locations of amide I components.

obtaining a corrected amide I spectrum, the second derivative
was calculated, which identified the number and the frequencies
of amide I components. The curve-fitting of the amide I band
was conducted using the GRAMS software. The result of curve-
fitting was considered satisfactory when (i) the curvefit (the
sum of all components) accurately reproduced the measured
spectrum, and (i) the deviations of the frequencies of amide I
components from those predicted by second derivatives were
less than the spectral resolution of the measurements, ie., 2
cm™", The fractions of secondary structures in the peptides
were determined based on the amide I areas (a;) of
components assigned to certain structures and respective
extinction coefficients (&;):
S

a9
gf(ea P ) 3)

where subscripts @, f§, t, and p refer to a-helix, f-strand, turn,
and irregular structure, respectively. For extinction coefficients
of various structures of peptides exposed to a D,0O-based buffer,
the following values have been used: &, = 5.1 X 10’ cm/mol, eg
=7.0 X 107 cm/mol, &, = 5.5 X 107 cm/mol, and £,=45X%X10
cm/mol.30 Assignments of amide I components to certain
secondary structures were done following standard and well
established assignment procedures.” ~>* Typically, components
between 1657 and 1646 cm™" were assigned to a-helix, those
between 1637 and 1628 cm™! to fB-strand, those between 1627
and 1615 cm™! to intermolecular S-sheet, those between 1645
and 1638 cm™! to irregular structure, and those between 1700
and 1658 cm™' to turns. The antiparallel f-sheet has an
additional component around 1680—1670 cm™', which is

a.

JL; — 1

&

9409

difficult to distinguish from turn components. The extinction
coefficient of this higher frequency component is ~7% of the
lower frequency counterpart.®®*" Therefore, the total f-sheet
fraction was determined by multiplying the fraction of the low
frequency f-sheet component area (fj),,,) by 1.07. The fraction
of turns then was corrected by subtracting 0.07 X fj),, from the
sum of the components between 1700 and 1658 cm™".
Orientations of a-helical and f-sheet structures of the
peptides and the lipid acyl chains were determined based on
polarized ATR-FTIR spectra as follows. The molecular order
parameter of the o-helical segment of the peptide was
determined from polarized ATR-FTIR experiments as>>

- 2B
~ (3(cos’ a) — 1)(B — 3E2)

(4)

Here, B = E2 — RE;f + E2 ais the angle between the transition
dipole moment and the molecular axis (for an a-helix, a = 38—
40°), R is the ATR dichroic ratio: R = ay/a,, where aj; and a,
are the integrated absorbance intensities of helical amide I
components at respective polarizations of the incident light,
and angular brackets indicate average values.

Lipid hydrocarbon chain order parameter can be evaluated
through eq 4 using an angle a = 90 °. The average angle 6
between the membrane normal and the molecular axis, such as
the helical axis or the lipid acyl chain long axis, can be found
from the relationship:

_1 29y —
= 2(3(cos 0) — 1) )

Determination of the f-strand orientation is more complex,
but becomes straightforward when the strands are arranged in a

S
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Table 1. Secondary Structure of the Peptides in Membranes Derived from ATR-FTIR Experiments”

peptide/lipid i N, 1
BaxC-KK/PC 0.31 + 0.04 62 + 0.8 0.42 + 0.05
BaxC-KK/PC:PG 0.40 + 0.05 8.0+ 1.0 0.32 + 0.04
BaxC-EE/PC 0.38 + 0.03 7.6 + 0.6 0.43 + 0.02
BaxC-EE/PC:PG 0.39 + 0.04 7.8 +£0.8 0.50 + 0.04
BaxC-LL/PC 0.18 + 0.01 3.6 +0.2 0.54 + 0.04
BaxC-LL/PC:PG 0.24 + 0.03 4.8 + 0.6 0.53 + 0.04

N, fl N, fp Np
84+ 1.0 0.27 £ 0.02 54 + 04 0.00 £ 0.00 0.0 £ 0.0
64 + 0.8 0.22 + 0.03 44 + 0.6 0.06 + 0.01 1.2 £02
8.6 + 0.4 0.19 + 0.01 3.8 +02 0.00 + 0.00 0.0 + 0.0

10.0 = 0.8 0.11 + 0.03 22 £ 06 0.00 + 0.00 0.0 + 0.0
10.8 +£ 0.8 0.16 + 0.03 32+ 06 0.12 + 0.04 24 +08
10.6 + 0.8 0.00 £ 0.00 0.0 + 0.0 0.23 + 0.01 44 £02

“f is the fraction and N is the number of amino acid residues in a-helix (h), f-strand (s), turn (t) or irregular (p) structures. PC refers to 100%
POPC membranes, and PC:PG to 70% POPC and 30% POPG membranes. Standard deviations are generated by three independent experiments.

structure that is characterized by a central rotational axis.>* In
this case,

2B
(3(cos® ) — 1)(B — 3E2)

l(_’,(cos2 8 —1)=
2 (6)

where 6 is the angle of the transition dipole moment of f-
strands with respect to the central axis, and y describes the
orientation of central axis with respect to the membrane
normal. For f-strands, the transition dipole moments of amide
I and amide II modes are oriented perpendicular and along the
strand axis, respectively.34 Therefore,

7

h=yF (72
and

onp=p (7b)

where subscripts I and II indicate amide I and amide II bands,
respectively, and f3 is the angle between strand axes relative to
the central axis. Substituting eqs 7a and 7b into eq 6 we obtain
two equations that can be solved together, using the
experimentally determined dichroic ratios for amide I and
amide II bands, to evaluate the angles y and f. However, this
cannot be done in our case because (i) the peptides were
shown to adopt a/f secondary structures and the amide II
band cannot be easily divided into its & and # components, and
(ii) the experiments were conducted using a D,0O-based buffer
that strongly affects the amide II band via deuteration of the
backbone NH group. A reasonable approach has been used to
overcome this obstacle. Equations 6 and 7a were combined to
obtain an equation that contains two unknowns, f and y.
Parameter B was determined using the dichroic ratio R = agy/
ag,, where ag; and ag, are the areas of amide I components
assigned to f-strands at respective polarizations. Then the angle
B was calculated using values of y varying within a conceivable
range, ie. between 0 and 20 degrees. This yields quite
meaningful results, especially considering that variation of y
within this range is related with only 3% to 13% changes in
(see Table 2).

B RESULTS AND DISCUSSION

Secondary Structures of Membrane-Bound Peptides.
To determine the molecular structure of membrane pores
formed by the peptides, we evaluated the secondary structure
and orientation of membrane-bound peptides and the depth of
membrane insertion. As a first step, polarized ATR-FTIR
spectroscopy was used to determine the secondary structures of
the peptides in lipid multilayers. The peptide-lipid system was
deposited on a germanium plate, humidified by D,O vapor for
1 h, and eventually hydrated with a D,0O-based buffer. Under
each of these conditions, ie., dry, humidified, and totally
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hydrated samples, ATR-FTIR spectra were recorded at Il and L
polarizations of the incident light. Because the relative
absorbance intensities of different secondary structures of a
molecule in an aligned sample depend on spatial orientations of
respective structural elements, the secondary structure contents
were determined using a hybrid spectrum, A = Ay + 1444,
(see Materials and Methods). These “polarization-independ-
ent” spectra obtained in the presence of the aqueous buffer are
shown in the amide I region in Figure 1. Clearly, these are
composite, multicomponent spectra, indicating more than one
secondary structure in each peptide. The second derivatives,
shown under each spectrum, identify the locations and the
relative intensities of the amide I components, and have been
used to obtain the component peaks by curve-fitting. As judged
from the line-shapes of the amide I spectra, the second
derivatives, and the results of curve-fitting, all three peptides
exhibit a-helical, f-sheet, and turn structures, in some cases also
involving irregular structure. The wild-type BaxC-KK peptide
clearly shows marked components at 1656—1650 cm™' and
1638—1620 cm™' in both POPC and POPC/POPG mem-
branes (Figure 1A,B), which are readily assigned to a-helix and
P-sheet structures, respectively.’' > BaxC-EE and especially
BaxC-LL peptides exhibit increased f-sheet and decreased of a-
helical structures (Figure 1C—F). Since the C-terminal segment
of Bax protein adopts an a-helical structure, as determined by
solution NMR,* the presence of significant f-sheet structure in
the wild-type and mutant peptides is intriguing and indicates
that either the behavior of the separated peptide differs from
that within Bax protein or membrane binding promotes an a-
helix-to-f3-sheet conformational change. Two distinct compo-
nents have been assigned to pf-sheet structures, ie. those
between 1638 and 1634 cm™ and those located at lower
frequencies, between 1630 and 1620 cm™'. These amide I
spectral regions typically are assigned to intramolecular and
intermolecular (“aggregated”) f-sheets, respectively, although
the amide I frequency of a f-sheet can vary within the 1640—
1620 cm™" range depending on hydrogen bonding strength and
transition dipole coupling effects.®' > The latter effect also
generates higher frequency vibrations between 1700 and 1670
ecm™ for antiparallel S-sheets; separation of this component
from overlapping turn structures is described in Materials and
Methods.

The amide I bands have also been analyzed for peptide-lipid
systems in the absence of excess aqueous buffer, i.e., for dry and
D,O-vapor-humidified samples. BaxC-KK and BaxC-EE pep-
tides in dry samples contained significantly larger a-helical than
[-sheet structure, while the dominant structure in BaxC-LL was
p-sheet (Figure S1 of Supporting Information). In all cases,
hydration of the sample with D,O vapor resulted in a decrease
in a-helical structure and increase in f-sheet structure (Figure

dx.doi.org/10.1021/bi301195f | Biochemistry 2012, 51, 9406—9419
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Figure 2. The peptides in DPC micelles and lipid vesicles contain a-helical and f-sheet structures. Circular dichroism spectra of BaxC-KK (A, D, G),
BaxC-EE (B, E, H), and BaxC-LL (C, F, I) peptides in DPC micelles (A, B, C), POPC unilamellar vesicle membranes (D, E, F) and POPC/POPG
(7:3) unilamellar vesicle membranes (G, H, I) at 20 °C (dotted lines) and 37 °C (solid lines). Total concentrations of the lipid, DPC and the
peptides were 1.0 mM, 4.0 mM, and 35 uM, respectively, in a buffer containing 20 mM Na,K-phosphate and 0.8 mM EGTA (pH 7.2).

S1). This effect was further augmented upon hydration of the
sample with a D,O-based buffer (Figure 1).

Formation of stable a-helical or f-sheet secondary structures
by peptides in the absence of water, such as in vacuum, in gas
phase, or in dry lipid systems, has been demonstrated.**~>
Although the presence of water destabilizes both a-helix and j-
sheet structures via formation of H-bonding between the
solvent and the peptide main chain carbonyls,**™>* a water-
induced a-helix-to-f-sheet transition can occur due to a more
effective protection of the peptide backbone from solvent by
the peptide side chains in a p-sheet conformation.*® For
example, melittin in dry lipid multilayers was in an o-helical
conformation as evidenced by a dominant FTIR peak at 1656
cm™" but adopted a ff-sheet structure with a peak at 1635 cm™
when associated with a lipid layer at an air—water interface.>>*°
Earlier FTIR studies on Bax C-terminal peptide did
demonstrate significant intermolecular $-sheet components at
1622—1626 cm™ "> consistent with data of Figures 1 and S1.

Our data obtained on peptide—membrane systems under
excess water are analyzed in more detail because of their
physiological relevance. The fractions of a-helical, f-sheet, turn,
and irregular structures and respective numbers of amino acid
residues in membrane-reconstituted peptides are summarized
in Table 1. BaxC-KK and BaxC-EE contain approximately equal
numbers of residues (6—10 residues) in a-helix and p-sheet
conformations, and BaxC-LL has a 2—3-fold larger fraction of
P-sheet than a-helix. The peptides incorporate 2—S5 residues in
turn structure, which may be involved in transition between a-
helix and f-sheet, except for BaxC-LL in POPC/POPG
membranes, where the turn is replaced with irregular structure
suggesting a linkage between the helix and strand structures
through a short, 4—5-residue loop. Thus, ATR-FTIR data
indicate a a/f type structure in all three peptides reconstituted
in lipid multilayers. The content of B-sheet structure is close to
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or greater than that of a-helix, and the S-strands are most likely
involved in intermolecular antiparallel sheets.

The secondary structures of DPC-solubilized and membrane-
reconstituted peptides were evaluated by an independent
method, i.e, CD spectroscopy. Far-UV CD spectra of BaxC-
KK and BaxC-EE peptides in DPC micelles displayed a
minimum around 208 nm and a shoulder at 216—222 nm
(Figure 2A,B), which evidently result from overlaglping a-
helical 7zz* and nz* and f-strand nz* transitions.*”** The
spectra of BaxC-LL in DPC showed a smooth minimum at
215—218 nm (Figure 2C), indicating a predominantly f-sheet
structure. When reconstituted in POPC or POPC/POPG (7:3)
vesicles, the spectra of all three peptides were dominated by a
minimum between 216 and 220 nm, characteristic of f-sheet
structure (Figure 2D—I). For water-soluble peptides, the f-
sheet nz* transition occurs around 216 nm, and the slight red
shift observed for Bax peptides in lipid membranes (e.g., Figure
2F) may indicate a more nonpolar microenvironment of the
peptides due to membrane insertion.*' We interpret the CD
data in qualitative rather than quantitative terms because the
limiting values of ellipticities for various secondary structures
have not yet been firmly established. CD experiments have
been carried out at both 20 and 37 °C because our earlier
studies on pore forming activities of the peptides were
conducted at 37 °C'® and the FTIR experiments described
here were performed at 20 + 1 °C; it was important to ensure
that the peptides do not undergo significant structural changes
within this temperature range and hence FTIR-derived
structures can be used for construction of the pore model.
Data of Figure 2 indicate little differences between 20 and 37
°C, consistent with the notion that proteins and peptides do
not experience considerable conformational changes below 37
°C." Thus, CD data are consistent with a mixed f-sheet and a-
helical structure of the peptides, as inferred from FTIR
experiments. Moreover, CD spectra suggest an increased f-

dx.doi.org/10.1021/bi301195f | Biochemistry 2012, 51, 9406—9419
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Figure 3. Polarized ATR-FTIR spectroscopy indicates that both a-helices and fS-strands are tilted relative to the membrane normal. Polarized ATR-
FTIR spectra of BaxC-KK (A, B), BaxC-EE (C, D), and BaxC-LL (E, F) peptides in POPC (A, C, E) or POPC/POPG (7:3) (B, D, F) multilayers
deposited on a germanium plate, under an aqueous buffer (150 mM NaCl, 10 mM Hepes in D,O, pH* 6.8). In each panel, spectra measured at
parallel and perpendicular polarizations of the infrared light are shown, as indicated. The experimentally obtained spectra are shown in gray solid
lines, and the sum of all amide I components in dotted lines. The amide I components corresponding to a-helix, intramolecular S-sheet, and
intermolecular f-sheet are marked by circles, inverted triangles, and squares, respectively.

Table 2. Orientations of the Peptides in Membranes Derived from Polarized ATR-FTIR Experiments®

B
peptide/lipid R, Sh 6, (°) Ry y=0° y =20°
BaxC-KK/PC 1.84 + 0.09 —0.120 + 0.071 59.8 + 3.1 1.71 £ 0.12 314 + 1.8 30.6 + 2.2
BaxC-KK/PC:PG 2.51 + 0.13 0318 + 0.071 424 + 54 239 + 0.18 393+ 16 40.1 + 2.0
BaxC-EE/PC 1.95 + 0.10 —0.036 + 0.074 562 + 3.1 1.29 + 0.09 23.6 + 2.1 20.5 +29
BaxC-EE/PC:PG 2.09 + 0.06 0.063 + 0.041 522 + 1.6 1.66 + 0.14 307 £ 22 29.6 + 2.8
BaxC-LL/PC 1.82 + 0.07 —0.136 + 0.056 60.5 + 2.5 145 + 0.11 270 =22 25.0 + 2.7
BaxC-LL/PC:PG 1.89 + 0.05 —0.082 + 0.038 581+ 1.6 1.75 + 0.13 320 +19 313 +23

“Ry, and R, are the dichroic ratios of helical or strand structures, respectively, 6}, is the average tilt angle of helices relative to the membrane normal,
is the tilt angle of strands relative to the pore axis, y is the angle of pore axis relative to the membrane normal. Standard deviations are generated by
three independent experiments.

sheet propensity for BaxC-LL as compared with BaxC-KK and were estimated assuming the strands were arranged in a
BaxC-EE peptides, which is consistent with FTIR data. structure characterized with a central rotational axis, like in a f-

Orientation of Membrane-Bound Peptides. As a next barrel. This is a reasonable conjecture given the fact that eight
step in structural characterization of membrane pores formed peptide molecules in predominantly S-sheet structure assemble
by Bax peptides, the orientations of the a-helical and f-strand to form a membrane pore.'"® As described in Materials and
segments of the peptides were evaluated by polarized ATR- Methods, values of R, were used to determine the average angle
FTIR experiments. Linear dichroic ratios for a-helices and p- of strand axis relative to the central axis of the pore. This
strands, R, and R, were determined as Ry, = d,5;/d,, and R, = procedure requires the orientation of the pore itself with
agm/ag,, where a, and ay are the areas of a-helical of f-sheet respect to the membrane normal, ie., the angle y. The
components of amide I bands measured at II or L polarizations, orientation of the f-strands relative to the pore axis (angle /)
as indicated in Figure 3. Values of R, were used to evaluate a- was determined for angles y varying within a reasonable range,
helical order parameters (S,) and then the average tilt angles i.e., 0—20 degrees. Values of the angle  determined using this
(6,) with respect to the membrane normal, using eqs 4 and S. approach indicate strand tilt angles of 20—30 degrees for the

The helices in all three peptides appear to be at an oblique peptides in POPC membranes and 30—40 degrees for the
orientation, tilted from the membrane normal by 40—60 peptides in POPC/POPG membranes (Table 2). The latter is
degrees (Table 2). The orientations of the f-strand segments similar to the strand orientations in bacterial and mitochondrial
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Table 3. ATR-FTIR Dichroic Ratios (R;) and the Order Parameters (S;) of Lipid Hydrocarbon Chains under Different
Hydration States in the Absence and Presence of Bax Peptides”

no peptide BaxC-KK BaxC-EE BaxC-LL
lipid hydration state R, S. R, Sy R, Sy R, SL
PC, dry 1.48 + 0.10 0.36 + 0.08 144 + 0.09 0.39 + 0.07 1.46 + 0.08 0.38 + 0.07 1.54 + 0.09 0.31 + 0.06
PC, humid. 1.46 + 0.06 0.37 £ 0.05 1.59 + 0.07 0.27 + 0.0 1.45 + 0.06 0.38 + 0.06 1.51 £ 0.0 0.33 + 0.04
PC, hydr. 145 £ 0.07 0.38 + 0.06 1.46 + 0.05 0.37 + 0.04 1.48 + 0.06 0.36 + 0.05 1.54 + 0.06 0.31 + 0.0
PC/PG, dry 1.46 + 0.10 0.37 £+ 0.08 1.38 + 0.08 0.44 + 0.07 1.65 + 0.11 0.26 + 0.08 1.40 £+ 0.08 0.42 + 0.07
PC/PG, humid. 1.56 + 0.08 0.29 + 0.06 1.33 + 0.06 0.48 + 0.05 142 + 0.07 0.41 + 0.06 1.44 + 0.0S 0.39 + 0.04
PC/PG, hydr. 1.56 + 0.0S 0.29 + 0.04 1.22 + 0.06 0.59 + 0.06 1.38 + 0.05 0.44 + 0.04 1.35 + 0.06 0.47 + 0.0

“PC and PG stand for POPC and POPG, humid. and hydr. imply humidified with D,O vapor for 1 h and completely hydrated with bulk aqueous
buffer (150 mM NaCl, 10 mM Hepes in D,0, pH* 6.8), respectively. The peptides are added at 1:50 peptide/lipid molar ratio.

p-barrel porin proteins.**~*® Variation of the pore orientation

relative to the membrane normal between 0 and 20 degrees
results only in a small uncertainty of 3—13% in values of the
angle f. Thus, polarized ATR-FTIR data on the peptides in
lipid multilayers in the presence of excess aqueous buffer
indicate that both a-helical and f-strand structures in the
peptides are tilted from the membrane normal (or from the
pore axis if the pore central axis is collinear to the membrane
normal) by 40—60 degrees and 20—40 degrees, respectively. In
the case of the wild-type BaxC-KK peptide in POPC/POPG
membranes, which is the most biologically relevant situation,
both helices and strands are oriented at approximately 40
degrees from the membrane normal (Table 2).

Lipid Order. Using lipid multilayers rather than a single
supported bilayer in ATR-FTIR experiments has certain
advantages. First, the signal intensity and hence the signal-to-
noise ratio of the spectra obtained on multilayers are higher
compared to a single bilayer. Second, with a single bilayer, the
membrane-reconstituted proteins or peptides can be affected by
contacts with the germanium plate. Considering the thickness
of our samples (~1.6 ym) and the repeat distance of POPC or
POPC/POPG multilayers of ~60 A (ie, ~40 A membrane
thickness + ~20 A water gap),*” our samples contained ~260
stacked bilayers, so less than 0.4% of the peptides had a chance
to interact with the germanium plate.

The peptide orientation in supported lipid multilayers makes
sense only when the lipid is arranged in lamellar structures with
a reasonably good order, mimicking biological membranes.
Polarized ATR-FTIR measurements on lipid multilayers in dry,
D,O-humidified, and completely hydrated states in the absence
and presence of the three peptides have been carried out to
determine the lipid order and the effects of the peptides on
membrane structure. The order parameter of lipid acyl chains
in the absence of peptides was in the 0.30—0.40 range and was
only moderately dependent on the membrane hydration state
(Table 3). BaxC-KK, and BaxC-LL to a lesser extent, increased
the order parameters of POPC/POPG membranes (Figure 4,
Table 3).

These data indicate that the multilayers had reasonably high
lipid order parameter of S; = 0.3—0.4, which in certain cases
increased up to 0.6. The order parameters corresponding to
disordered acyl chains and those perfectly ordered parallel to
the membrane normal are 0.0 and 1.0, respectively. Regarding
that the unsaturated bond in the center of the sn-2 chains of
POPC and POPG generates deviations from trans config-
uration, these order parameters for POPC and POPC/POPG
membranes indicate a very well ordered membrane structure.*
Polarized ATR-FTIR data thus indicated (i) the lipid was
organized in a lamellar structure with a reasonably good lipid
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Figure 4. The lipid molecules in supported multilayers are well
ordered. ATR-FTIR spectra of POPC/POPG (7:3) multilayers on a
germanium plate without (A) and with BaxC-KK peptide (B) at a 1:50
peptide/lipid molar ratio, in the presence of bulk D,0-based buffer
(150 mM NaCl, 10 mM Hepes, pH* 6.8), in lipid hydrocarbon chain
CH, stretching region. The estimated thickness of the sample was 1.6
pum. Solid and dashed lines show the spectra at parallel and
perpendicular polarizations of the infrared light with respect to the
plane of incidence, respectively.

order parameter, and (ii) Bax peptides either exerted an
ordering effect or no significant effect on the membrane
structure. This conclusion accords with our earlier finding that
the peptides form membrane pores without disrupting the
membrane structure.'®

Membrane Insertion of Peptides. The degree of
membrane insertion of the peptides was probed by measuring
tryptophan fluorescence quenching by Br,PC lipids brominated
at various positions of the sn-2 acyl chain. The peptides were
first solubilized in DPC micelles and then reconstituted in
POPC or POPC/POPG (7:3) vesicles without or with 10 mol
% of each one of the three Br,PCs brominated at 6,7-, or 9,10-,
or 11,12-positions, followed by measurements of the
fluorescence spectra of the single Trp,s of the peptides.
Differential quenching of tryptophan fluorescence by Br,PCs
was then used to determine the most probable location of Trp,4
relative to the membrane center.'”*® The fluorescence spectra
indicate significant and distinct quenching of tryptophan
fluorescence by all Br,PCs (Figure S) and suggest that Trp,
of all three peptides inserts into the membrane hydrophobic
core. Results of quantitative analysis of these data are shown in
Figure 6 and summarized in Table 4. In the case of POPC
membranes, membrane insertion is characterized with a
distance from membrane center h, = 9.0—-9.5 A at both 37
and 20 °C; i.e, Trpye is located within the membrane, not far
from the boundary between the membrane hydrophobic core
and the polar interfacial region. With POPC/POPG (7:3)
membranes, BaxC-KK and BaxC-LL peptides appear to insert

dx.doi.org/10.1021/bi301195f | Biochemistry 2012, 51, 9406—9419
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Figure 5. Tryptophan fluorescence of membrane-reconstituted peptides is quenched by brominated lipids. Quenching of tryptophan fluorescence of
BaxC-KK (A, B), BaxC-EE (C, D), and BaxC-LL (E, F) by Br,PC lipids brominated at 6,7- (dashed lines), 9,10- (dash-dotted lines), and 11,12-
positions (solid lines), at 37 °C. The peptides are reconstituted in POPC (A, C, E) or POPC/POPG (7:3) membranes (B, D, F). Spectra shown in

dotted lines correspond to membranes without Br,PC.
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Figure 6. The tryptophan of membrane-reconstituted peptides is
inserted into the membrane hydrocarbon region. Dependence of
quenching of tryptophan fluorescence by brominated lipids on the
distance of bromines from membrane center for POPC (A, C) and
POPC/POPG (7:3) membranes (B, D), at 37 °C (A, B) and 20 °C
(C, D). Circles, triangles, and squares correspond to BaxC-KK, BaxC-
EE, and BaxC-LL peptides, respectively. The bell-shaped curves are
simulated based on a Gaussian distribution of tryptophan position
along the membrane normal (see Materials and Methods); the peaks
of the curves indicate the most probable location of the tryptophan
from the membrane center.

significantly deeper into the membrane, reaching depths of ~3
Aand S A from the membrane center, respectively, while BaxC-
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EE remains shallowly inserted (Table 4). The parameter S,
which is proportional to the extent of the exposure of the
fluorophore to the membrane hydrophobic core, and the
dispersion of the distribution curves, 6, also profoundly increase
in the presence of 30% POPG in membranes for BaxC-KK and
BaxC-LL but not for BaxC-EE peptides, consistent with
changes in depth of membrane insertion.

Pore Model. Data on peptide-induced calcein release from
lipid vesicles suggested that up to eight peptide molecules
assemble to form the final pore structure.” The present data
show that BaxC-KK and BaxC-EE peptides contain 6—8 amino
acid residues in a-helical and 8—10 residues in f-strand
conformations, whereas BaxC-LL has 4—3 residues in a-helical
and 10—11 residues in S-strand conformations (Table 1). To
determine the locations of @-helical and f-strand structures in
the peptides, peptide secondary structure prediction was
conducted using the Internet-based servers Psipred, provided
by University College London Department of Computer
Science (http://bioinf.cs.ucl.ac.uk/psipred/) and Jufo, provided
by Professor Jens Meiler’s lab of Vanderbilt University (http://
www.meilerlab.org/index.php/servers/show). Both programs
predicted similar structures, with N-termini of the peptides in
strand and the C-termini in helix conformations: vIIFVAGVL-
TASLTIWKkmg, vITFVAGVLTASLTIWEEmg, and vTIF-
VAGVLTASLTIWLLMg, where lower case and italicized letters
indicate unordered and strand structures, respectively, and the
rest assume a a-helical structure. Approximately similar
fractions of strand and helical structures in BaxC-KK and
BaxC-EE and an increased f-strand propensity in BaxC-LL
peptide very nicely accord with our FTIR and CD data (Figures
1 and 2, Table 1). Polarized ATR-FTIR data indicated that the
strands are tilted at 20—40 degrees from the pore axis and likely
are involved in antiparallel B-sheets, assuming the pore central
axis makes a 0—20° angle with membrane normal, while a-
helices are tilted at 40—60 degrees from membrane normal

dx.doi.org/10.1021/bi301195f | Biochemistry 2012, 51, 9406—9419
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Table 4. Parameters Characterizing Membrane Insertion of Peptides As Determined by Tryptophan Fluorescence Quenching
by Brominated Lipids®

BaxC-KK BaxC-EE BaxC-LL

lipid hy, (A) S (A) o (A) h,, (A) S (A) o (A) h,, (A) S (A) o (A)
POPC 9.3 (9.3) 2.5 (33) 12 (1.2) 9.5 (94) 4.7 (5.3) 2.7 (2.7) 9.1 (9:2) 3.1(25) 1.0 (1.0)
POPC/POPG 2.7 (3.1) 12.0 (5.5) 3.1 (35) 8.9 (8.9) 2.1 (23) 1.5 (1.4) 5.3 (44) 9.0 (7.0) 3.5 (3.6)

“Values are given for 37 °C and for 20 °C (in parentheses). Standard deviations of all three parameters, as determined in three experiments, are +1.0
A or less.

(Table 2). In the case of BaxC-KK in POPC/POPG chain carbonyls and a-helix side chains, resulting in amide I

membranes, which results in a most efficient vesicle content frequencies around 1620 cm™' and 1698 cm™', has been
leakage, the helices and strands are aligned at a similar angle of described earlier.>"** Thus, amide I components at 1638—1634
~40 degrees. Furthermore, the tryptophan residue close to the cm™" may result from peptide residues involved in interstrand
C-terminus of the peptides inserts into POPC membranes to a H-bonding and those in the 1630—1620 cm™" and 1700—1690
depth of ~9 A from membrane center, and in cases of BaxC-KK cm™' regions (Figure 1) may be generated by residues that
and BaxC-LL the presence of 30% POPG results in a deeper form strand-to-helical side chain H-bonding. As shown in
membrane insertion (Figure 6, Table 4). Finally, membrane Figure 8, this model allows the two lysines in BaxC-KK peptide

insertion and pore formation does not cause membrane
disruption and in certain cases (e.g, BaxC-KK in POPC/
POPG membranes) even increases the lipid order (Figure 4,
Table 3). These data constitute sufficient constraints to
construct a model for the transmembrane pore formed by
Bax peptides.

Eight peptide molecules are proposed to arrange in a ring
structure, each peptide molecule containing an average of 9
residues in f-strand and 7 residues in @-helix structures, both
helices and strands, connected by a turn or a short loop, tilted
at ~40 degrees relative to the pore axis so the helix turns
backward into the ring structure (Figure 7). Each ith peptide

Figure 8. The molecular model of the pore contains eight peptide
molecules and allows eflicient transport of calcein. Model for the
membrane pore formed by BaxC-KK peptide. Left: Peptide molecules
are shown in ribbon format, colored according to peptide monomer.
The secondary structure, orientation of strands and helices, and
tryptophan insertion into the membrane are based on polarized ATR-
FTIR and fluorescence quenching data. Tryptophan 16 and lysines 17
and 18 in each peptide molecule are presented in ball and stick format
colored yellow and blue, respectively. Four lipid molecules are shown
in ball and stick format, colored according to atom type (carbons gray,
oxygens red, hydrogens white, phosphorus orange). Right: Top view
of the pore formed by BaxC-KK is shown in a CPK format, colored
according to peptide monomer. A calcein molecule is shown within
the pore in a ball and stick format, colored according to atom type (see
above). Hydrogen atoms in peptide and calcein molecules are omitted.

to be involved in strong H-bonding with the carbonyl oxygens
and/or ionic interactions with the phosphate groups of
membrane lipids, as in case of AB25—35 peptide™ or the

Figure 7. Structural data allow construction of the pore model arginine-rich antimicrobial peptide protegrin-1.>* In cases of
Schematic depiction of the pore formed by eight peptide molecules, BaxC-EE, the glutamate residues would most likely be turned
four of which are shown in a strand—turn—helix conformation, toward the aqueous interior of the pore, like in the case of pores
presented as blue arrow, gray arc, and pink cylinder, respectively. Each formed by GALA peptide,ss while the leucines of BaxC-LL

peptide molecule is oriented relative to its neighbors in an antiparallel

Id be oriented i ly, ie, t d the lipid ph f th
sense. The strands are tilted from the pore central axis by = 30—40 WOUIE b€ OTENIEC v ersey 16, “oward Tie TpIC phase o' tie

degrees. The repeat distance of the pore structure, ie., the distance mgmbrane. Ba%(C-KK an.d BaxC-EE pep tlf]’es then AWOlﬂd form
between ith and (i — 2)th strands, perpendicular to the strand axes, is anion- and cat%og-selectlvg pores, resp ectively, Whll.e l.3axC-L.L
d would not exhibit strong ion selectivity; these predictions will
be tested in further studies.

The pore model shown in Figures 7 and 8 was assessed by

forms an antiparallel fS-sheet with the (i + 1)th peptide and preliminary solid state NMR experiments on two selectively
interacts with the (i — 1)th peptide via H-bonding between B3C-labeled samples of BaxC-KK peptide reconstituted in
strand main chain and helix side chains. Note that the C- POPC/POPG (7:3) bilayers: (a) *C-labeled at carbonyls of
terminal seven residues of the peptides include threonine, both Phe, and Lys,,, and (b) "*C- labeled at carbonyl of Phe,
tryptophan, and methionine, all of which have side chains with only. Comparison of the 1D C spectra of these samples
H-bonding capabilities.**~>° H-bonding between f-strand main (Figure S2A of Supporting Information) indicates that the

9415 dx.doi.org/10.1021/bi301195f | Biochemistry 2012, 51, 9406—9419
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peaks at 173.5 ppm and 178.3 ppm belong to Phe, and Lys,
respectively. The chemical shift of Phe, corresponds to a
combination of disordered and f-sheet structures, whereas that
of Lys,, indicates an a-helical structure.*® Figure S2B shows 2D
BC—-1C correlation spectra of sample a. These spectra again
indicate Lys, is in a stable a-helical structure, whereas Phe, is a
mixture of disordered and f-sheet conformations. Additional
evidence for this is provided by disappearance of Lys,,
resonance in the red spectrum, indicating a slower dynamics
likely resulting from its more rigid helical structure as opposed
to the more flexible structure of the N-terminal part of the
peptide. These data indicate the C-terminal part of the
membrane-reconstituted peptide is a-helical, while the N-
terminus is in a more flexible f-sheet conformation, consistent
with the pore model shown in Figures 7 and 8. Off-diagonal
cross-peaks between Phe, and Lys,; suggest close proximity
between the two '*C-labeled carbonyl sites (<6 A), in
agreement with the antiparallel arrangement of peptide
molecules in the proposed pore structure. The NMR data
also provide evidence against possible heterogeneity of the
peptide-lipid samples. If the sample was heterogeneous, with a
fraction in f-sheet conformation and the rest in a-helix
conformation, the sample where only Phe, is '*C-labeled would
show both a-helix and f-sheet signals, whereas the a-helix
signal appears only when Lys,, is *C-labeled, indicating the C-
terminal part of the peptide is ar-helical and the N-terminal part
is in a more flexible conformation, forming a f-sheet but not an
a-helical structure.

A deeper insertion of Trp,¢ of BaxC-KK into anionic POPC/
POPG membranes as compared to zwitterionic POPC
membranes evidently results from changes in both the
secondary structure and the orientation of the peptide.
Formation of a longer a-helix with a smaller tilt angle and a
shorter f-strand with a larger tilt angle (Tables 1 and 2) may
contribute to this effect. In the case of BaxC-LL, smaller
changes in the peptide secondary structure and orientation are
caused by 30% POPG (Tables 1 and 2). On the basis of data of
Table 1, the change in the membrane insertion depth of BaxC-
LL (Table 4) caused by 30% POPG can be attributed to a turn-
to-helix transition of three amino acid residues between strand
and helical segments and unwinding of two helical residues at
the C-terminal end of the peptide. The structure and
orientation of BaxC-EE appear to be less sensitive to the
membrane charge, and hence this peptide does not exhibit
considerable differences in insertion into POPC or POPC/
POPG membranes (Tables 1, 2 and 4).

How does the proposed pore structure match the hydro-
phobic thickness of the membrane? Can the pore formed by
eight peptides pass molecules as large as calcein, which itself
can be modeled as a prolate ellipsoid of revolution with
semiaxes of ~9 A and ~3 A? To answer these questions we
need to estimate the pore dimensions. Given a C,—C,, distance
of 3.445 A along the strand axis for a peptide in an antiparallel
P-sheet structure,”’ nine residues in the strand, and an angle
between strand axis and the pore central axis f = 30 to 40
degrees (Table 2), the pore height is 23.7 to 26.8 A, which is in
good agreement with the membrane hydrophobic core
thickness.*”** The pore radius can be estimated based on the
schematic model shown in Figure 7 and known interhelix and
interstrand distances. Figure 7 shows that the repeat distance of
the pore oligomeric structure along the cylindrical surface and
perpendicular to the pore central axis is | = d/cos f. For an
octameric structure, composed of four repeating antiparallel
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dimers, the pore perimeter would be 4d/cos f3, and the radius r
= 2d/7 cos f§. The closest distance between the helical axes of
a-helices involved in “line-to-line” interactions is 9.6 A, *® and
the interstrand distance in antiparallel S-sheets is 4.73 A, >’ so
the helix-to-strand distance would be 0.5(9.6 A + 4.73 A) =
7.16 A and hence d =2 X 7.16 A + 4.73 A = 19 A. Finally, if the
strand tilt angle varies between 30 and 40 degrees, then the
radius of a cylindrical pore formed by the backbone atoms is
between 14.0 A and 15.8 A. The side chains will form a 4—5 A
thick layer, thus resulting in a central pore cavity approximately
20—22 A wide (in diameter). The pore can transfer calcein
molecules in a hydrated state, which would exclude any
“desolvation penalty” effects resulting in an efficient membrane
permeation process, as confirmed by our earlier data.'®

A wide variety of naturally occurring or synthetic peptides
have been shown to form membrane pores. While the main
mechanisms involve transmembrane a-helical bundles®>*?~%>
or f-barrel-like structures,”>® peripheral helical or p-sheet
structures formed at the membrane surface can also cause
membrane permeabilization.’”**** Oligomeric states of these
structures varying between 3 and 10 have been re-
ported.>¥¥616%6566 Nore hydrophobic peptides form a
“barrel-stave” structure while polar and (positively) charged
peptides generally cover the membrane surface by a “carpet”
mechanism,'® although exceptions from these rules can occur.
The pore diameters were estimated to be as small as 3.5—4.0 A
for a 11-residue fragment of the Alzheimer’s -amyloid peptide
that has been modeled as eight-stranded pJ-barrels in
membranes,” as large as 35—45 A for bee venom melittin,65
and of intermediate sizes.>>®” Our data are consistent with an
octameric membrane pore structure with an inner diameter of
~20—22 A. The cationic wild-type BaxC-KK, anionic BaxC-EE,
and the neutral BaxC-LL peptides all adopt relatively similar
secondary structures in the membrane environment and form
efficient pores in both zwitterionic and anionic membranes.
This indicates that hydrophobic peptide-lipid interactions play a
major role, and therefore the pores are formed by a “barrel-
stave” rather than the “carpet” mechanism, which is also
confirmed by significant insertion of the peptide into the
membrane hydrophobic core (Figure 6, Table 4). The ability of
the relatively short peptides to form large transmembrane pores
is supported by the “a/f-ring” structure (Figures 7 and 8),
which is more efficient in terms of pore formation than pure a-
helical or f-sheet structures. The intervening helical structures
between eight f-strands increase the overall perimeter and
hence the radius of the pore. It is important to note that
although the proposed pore architecture is consistent with the
set of biophysical data presented here, still it should be
considered as a working model rather than a precise three-
dimensional structure; further work will be required to achieve
an atomic-resolution structure of the pore in lipid membranes.
Nonetheless, considering that bacterial and mitochondrial f-
barrel porins with molecular mass of 30—40 kDa and
containing 14—19 strands form 10—15 A wide transmembrane
pores,*® the capability of short, Bax-derived peptides to form
efficient membrane pores is quite remarkable and can
potentially be used to design peptide-based cytotoxic agents.'”

Bl CONCLUSIONS

Here the molecular basis for membrane pore formation by the
wild-type Bax C-terminal peptide and two mutants has been
analyzed by biophysical methods. Combined data on the
secondary structure, angular orientation, depth of membrane
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insertion, together with the oligomeric state of the pore
determined earlier,'® are consistent with an a/f-ring structure
that involves eight peptide molecules in a strand-turn-helix
conformation. Considering the significant fraction of f-strand
structure in the membrane-inserted peptides, which deviates
from the a-helical structure of the C-terminus of Bax, the
behavior of the isolated peptide, including its membrane pore
forming mechanism, is likely to be different from that of Bax
protein. It is remarkable, however, that the C-terminal peptide
of Bax, which has long been suspected to be responsible for
membrane binding and permeabilization, indeed is a potent
membrane pore former. On the other hand, our results,
including the proposed a/f-ring structure, suggest a new
mechanism of membrane pore formation that peptides can
utilize to perforate cellular membranes. These findings could
facilitate developing cytotoxic peptide-based molecular tools for
cell membrane permeabilization and killing of unwanted cells
such as bacteria, fungi, or cancer cells.
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