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Intrinsic apoptosis is orchestrated by a group of proteins that nicdigte T 00070

coordinated disruption of mitochondrial membranes. Bax is a multi-domain protein that,
upon activation, disrupts the integrity of the mitochondrial outer membrane by forming
pores. We strategically introduced glutamic acids into a short sequence of the Bax protein
that constitutively creates membrane pores. The resulting BaxE5 peptide efficiently
permeabilizes membranes at acidic pH, showing low permeabilization at neutral pH.
Atomic force microscopy (AFM) imaging showed that at acidic pH BaxES5 established
several membrane remodeling modalities that progressively disturbed the integrity of the
lipid bilayer. The AFM data offers vistas on the membrane disruption process, which
starts with pore formation and progresses through localized exposure of membrane
monolayers leading to stable and small (height ~16 A) lipid-peptide complexes. The
different types of membrane morphology observed in the presence of BaxE5 suggest that
the peptide can establish different types of membrane interactions. BaxE5 adopts a rare
unstructured conformation when bound to membranes, which might facilitate the

dynamic transition between those different states, and then promote membrane digestion.
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Apoptosis is a programmed cell death mechanism that plays an importaht 1€ /{#7200070A
multicellular organisms. The intrinsic or mitochondrial apoptosis process is triggered by
the Bcl2 (B cell lymohoma-2)-family, which governs mitochondrial outer membrane
permeabilization. Within this family, pro- and anti-apoptotic members mediate cell
survival through a complex network of interactions about which insufficient knowledge
is available. Bax (Bcl2 associated protein X) is a pro-apoptotic multi-domain protein that
is activated by tBid (truncated BH3 interacting-domain death agonist) to permeabilize the
mitochondrial outer membrane. Specifically, Bax forms a membrane pore that releases
pro-apoptotic factors from the mitochondrial intermembrane space.! It has been
previously found out that Bax®, a peptide comprising helix 5 plus a fraction of helix 6 of
Bax, both of which are involved in dimerization and pore formation, can directly disrupt

membranes, bypassing the need for activation for membrane pore formation.>?

Controlled membrane pore formation has the potential to become a therapeutic
tool, as leakage of contents out of the diseased cell could cause their demise. However,
this possibility has been precluded by a lack of specificity, as pore formation cannot be
efficiently prevented in healthy cells. Here, efforts are described towards controllable
pore formation triggered by acidic pH. pH-dependency is a promising property for
therapeutic applications, as diseased states characterized by extracellular acidosis include

aggressive solid tumors,* arthritic inflammation,’ and sepsis.°

The Barrera laboratory has previously used judicious introduction of acidic

residues (aspartic or glutamic acid) to 1) design peptides that use the acidity of tumors to

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

target the membranes of cancer cells,”® and ii) design membrane peptides that bind and
activate the receptor tyrosine kinase EphA2.° Here, we modified Bax® to create a peptide
that disrupts membranes selectively at acidic pH. To this end, glutamic acid residues were
strategically introduced into the Bax*® peptide sequence. The modified peptide exhibits

pH-dependent membrane disruption, which results in major bilayer remodeling.
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Peptide preparation. The BaxES5 peptide was chemically synthesized using F-moc
chemistry. Peptide purity was assessed by HPLC and MALDI-TOF. Peptide stocks were
prepared by dissolving the powder using MilliQ water, where the pH was raised to pH 8
with an aliquot of NaOH. Peptide stock concentration was calculated by absorbance of
the single Tyr residue in the sequence (Figure 1), using a molar extinction coefficient of

1490 M em'!.

Circular Dichroism (CD). CD samples were prepared by diluting concentrated stocks
of peptide in 1 mM phosphate buffer at pH 7.5. Large unilamellar vesicles (LUVs) of the
lipid POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine, from Avanti Polar Lipids)
were formed by extrusion, using 100 nm pore filters. BaxE5 was incubated with LUVs
to reach a peptide:lipid molar ratio of 1:200 in I mM sodium phosphate buffer (NaP;) pH
7.5 for at least 45 min. After peptide-lipid incubation, pH was modified by adding sodium
acetate buffer (pH 4.3), for 5 mM final buffer concentration and 5 pM final peptide
concentration, followed by another 45 min incubation. CD measurements were performed
on a Jasco J-815 spectropolarimeter at 25 °C in a 2 mm cuvette. The appropriate lipid-
derived backgrounds were subtracted from data recorded. Values were normalized to

molar ellipticity (millidegrees).

Leakage assay. Dried POPC lipids were rehydrated with 20 mM Sulforhodamine B
(SRB, Thermo) and extruded using 200 nm filters. Excess of free SRB was removed by
using Sephadex G-25 desalting columns (GE Healthcare). The elution of SRB
encapsulated in POPC vesicles was done using 1 mM NaP; buffer pH 7.5. Peptide
dilutions for each assay were made from fresh 10 mM stock in 1 mM NaP; pH 7.5. Final
vesicle concentration was 90 uM in 200 pL final volume. Measurements were performed
using a BioTek Cytation V Imaging Reader at an excitation wavelength of 485 nm and
an emission wavelength of 590 nm. Percentage of leakage was calculated using the

following equation:

sample — control

(Equation 1) % leakage = x 100,

triton — control

where Triton X-100 (10% v/v) was used to induce total leakage, and buffer in the absence

of peptide was used as non-leakage control.
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Atomic Force Microscopy. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (AVanty 000704
polar lipids) liposomes were prepared from a chloroform stock. Chloroform was first
evaporated using Argon gas to form lipid films which were then placed in a rough vacuum
chamber (~0.1 Pa) overnight. An oil-free pump (XDS5, Edwards) was used to prevent
backstreaming of oil, a potential contaminant. Samples were sealed with parafilm and
stored at -20°C. When required, a dry lipid stock was swelled in phosphate buffered saline
solution (3 mM KCI, 8 mM Na;PO,4, 140 mM NaCl, pH 7.5) for 60 minutes. After
swelling, the lipid solution was extruded 30 times to form unilamellar liposomes (200 nm
pore diameter, Liposofast, Avestin). This solution was aliquoted in 5 pL volumes and
stored at -80°C. Final DOPC concentration was approximately 5.5 mM. A volume (5 pL)
of BaxE5 stock (31 uM or 33 uM) was added to DOPC at pH 7.5, such that the
peptide:lipid molar ratio was either 1:100 or 1:170 and incubated for 5 minutes. The
solution was subsequently diluted 1:11 in pH 4.0 buffer (10 mM Hepes, 100 mM KAc)
or pH 7.5 buffer (10 mM Hepes, 100 mM Na3;PO,) and incubated for an additional 10
minutes. At the time of delivery onto the supporting surface the final concentrations of
lipid and peptide were, respectively, 1.4 uM and 250 uM for the 1:100 peptide to lipid
(P:L) ratio, or 1.5 uM and 250 uM for the 1:170 P:L samples. One hundred pL of solution
was deposited onto a freshly cleaved mica surface. This was incubated for 20-30 minutes
to allow liposomes to rupture and form a planar bilayer on the surface.!%-1? The sample
was then heavily rinsed by exchanging 100 uL of pH 4.0 buffer or pH 7.5 buffer 5-6 times

and imaged. For samples originally prepared in pH 7.5 buffer, a series of images were

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

taken. Then the tip was raised from the surface and the buffer exchanged for pH 4.0
imaging buffer (100 uL) 5-6 times and imaged. For control experiments performed with
DOPC lipid in the absence of peptide, pH 4.0 buffer was added to DOPC to attain 250
1M, a similar concentration as the peptide samples. This solution was then deposited onto
a freshly cleaved mica surface and incubated for 20-30 minutes at room temperature.
These samples were rinsed 5-6 times with pH 4.0 buffer, then imaged. All images were
obtained in fluid using a commercial instrument (Asylum Research Cypher) and tips (BL-
ACA40TS, Olympus). The images were acquired in tapping mode, with an estimated tip-
sample force less than 100 pN. Analysis of pore-like feature topography was performed
using custom software developed in Igor 7 (Wavemetrics, Portland, OR).!3 Smoothed

histograms were produced in Igor 7 using Epanechnikov kernel density estimation.
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The sequence of the Bax® peptide contains a single acidic residtie*THied ™0

additional glutamic acid residues were introduced at non-conserved positions (Figure
1A). The resulting BaxES5 peptide is readily soluble in aqueous solution at close to neutral
pH. The parental Bax®> peptide permeabilizes lipid bilayers in a concentration-dependent
manner. We studied the effect of BaxES on membrane integrity measuring its effect on
the leakage of sulforhodamine B out of large unilamellar vesicles (LUVs) of the lipid
POPC. Figure 1B shows that at pH 4, BaxES5 can efficiently release sulforhodamine B at
low concentrations. Interestingly, the degree of dye leakage was controlled by pH. At
neutral pH inefficient leakage was observed. In contrast, BaxES efficiently disrupted
membrane integrity at acidic pH, in agreement with the design principle we pursued. We
used circular dichroism (CD) to determine the conformation of BaxE5 in the presence of
POPC at acidic pH. Figure 2A shows that the CD spectra had a minimum at 204 nm, a
value typically observed for peptides and proteins in a largely unstructured
conformation.'*!> A shoulder was observed at 222 nm, which indicates that the peptide
has a weak a-helical character, in contrast to the original peptide that in aqueous solvent
displayed values close to 40% total helical structure, considering both regular and
distorted o-helix. *We observed that at pH 4.2 the presence of BaxE5 reduced the
absorbance at 250 nm of the sample, but no effect was observed at neutral pH (Figure
2B). The changes in absorbance possibly result from a reduction of the light the LUV

scatter, and suggest that BaxE5 induces a disruption in the vesicle structure.

Atomic force microscopy (AFM) studies can shed direct light on the nature of
peptide-induced membrane disruption.'®-!® Our initial AFM studies focused on samples
prepared and deposited on the mica surface in acidic buffer (10 mM Hepes, 100 mM KAc,
pH 4.0), corresponding to conditions of high vesicle leakage. Figure 3 highlights the
basic observations. In the presence of the BaxE5 peptide at pH 4, highly localized
punctate depressions appeared in the DOPC membrane. Following our previous AFM
work characterizing other pore forming peptides,!%1? these features are likely to be pores
or pore precursors, and we will refer to them generally as pore-like features. A control
experiment was performed at the same pH without peptide (Figure 3B). In this sample
the bilayer surface showed no localized depressions. To quantitatively assess membrane
disruption, measures of the root-mean-square (RMS) roughness were taken inside 75 nm

x 75 nm areas. The RMS roughness was 0.7 A for the bare membrane and 1.6 A for the

6
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peptide-disrupted membrane. Line scans further show the dramatic change from a smooth
bilayer surface in the absence of peptide (Figure 3D) to numerous pore-like dﬁpr@si@gg%gg&%%i
in the presence of peptide (Figure 3C). The presence of a DOPC lipid bilayer itself was
verified by the expected ~50 A step height from the supporting surface in both samples

(Figure 3E).!9-2!

We used the custom Hessian blob-detection software to analyze the AFM data
and quantify the physical parameters defining the individual pore-like features. The depth
histogram (Figure 3F) has a single sharp peak at a depth of ~6 A, with a slight shoulder
extending out to 10 A. However, convolution of the tip with the pore limits the depth
measurement, as previously discussed!®!!. A histogram of area (Figure 3G) peaks around
4000 A2, If an approximately circular pore geometry is assumed, this gives an effective
pore radius of about 36 A. Single pore-like features demonstrated substantial
conformational dynamics over time. Figure 4 shows an example. Hessian blob analysis
was used to measure the radius and depth of the pore-like feature. We observed that the
dimensions of the feature fluctuated substantially from image to image. The average
radius in the image sequence was 50 + 6 A (mean = standard deviation) and the average
depth was 7 + 2 A. We note that the precision of the vertical (depth) dimension in AFM
is typically ~1 A .22 Hence, these observations are not likely to be dominated by noise, but
rather genuine topographic changes of the local membrane/lipid structure. Further,
duplicate images of the same area (not shown), but with the tip scanning in the opposite
direction, reproduced similar dimensional changes. For all 10 images in the sequence

(trace and retrace), the average radius was 48 + 8 A and the average depth was 7 +2 A.

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

To evaluate pH-dependent lipid remodeling, samples were deposited and
incubated at higher pH, using a buffer comprising 10 mM Hepes, 100 mM Na;PO,,
pH 7.5. Figure SA shows a representative AFM image of the membrane at pH 7.5, where
the lipid remained undisturbed. The RMS roughness measurement was 0.8 A, a similar
value (within the estimated error of 0.3 A) to bilayers in the absence of peptide at pH 4,
which exhibited an RMS roughness of 0.7 A (Figure 3B). Forty-five minutes later, the
pH was lowered by washing multiple times with acidic buffer. Figure 5B shows the same
sample after lowering the pH to 4. The lipid experienced a large-scale disruption,
indicating that BaxES remained bound to the membrane. Pore-like structures were less
common in favor of more widespread disruption. The roughness measurement was 2.8

A, larger than the roughness shown in Figure 3A. The change from distinct pores to
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widespread disruption appeared progressive. The nature of membrane disruption
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exhibited several modalities, from single pore-like features to disruption of thegnembtaneroooozon

and finally, removal of the bilayer from the mica surface. Figure 6A shows an area where
the membrane was remodeled and eventually started to detach over the course of imaging.
Initial images show pore-like features, which increase in number and size over time.
Lace-like structures thinner than the bilayer eventually form until the bilayer has
completely disappeared, presumably resuspended into the imaging buffer solution. An
interesting phenomenon was that this large-scale destruction was non-uniform on a small
scale. Figure 6B shows another instance of large membrane disruption. Over time the
lipid bilayer in the lower left corner of the image is nearly completely lost, whereas a
patch ~100 nm away in the upper right of the images only shows initial signs of disruption
(small, punctate features appearing in the membrane in panel C). This may suggest that
after rinsing, there is a non-uniform BaxES5 density at the surface. Because both patches
were subject to the same imaging conditions, this data acts as an internal control,

suggesting that the observed bilayer remodeling is not tip-induced.

The lace-like structures that remained after lipid bilayer digestion continued to
undergo degradation. Upon further imaging, these structures began to divide into smaller
fragments. Figure 7 shows the wide-scale spread of these fragments on the surface. A
series of images (Figure 7B) indicates that these fragments originate from the earlier lace
structures. While some fragments seem to detach from the surface (green arrow), others
stay bound to the surface (yellow arrow) for the remainder of the experiment. Hessian
blob analysis showed that these fragments were homogenous, and had similar height (~16
A) by the single peak in a height histogram (Figure 7C). This height is much smaller than
the expected bilayer height of ~50 A.2! The volume histogram of these fragments is also
sharp, with a peak at 1.3x105 A3,

Discussion
Peptides that insert into membranes triggered by a pH change have attracted

significant attention from the standpoint of basic scientific knowledge as well as for
potential therapeutic applications.?3-> We applied biochemical and biophysical
techniques in conjunction with imaging by single molecule AFM to provide quantitative
characterization of lipid bilayer remodeling induced by a novel Bax-based peptide that
was rationally designed to target membranes at low pH. The BaxES5 peptide disturbs the

integrity of lipid membranes, as assessed by leakage experiments. The effect is strongly

8
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dependent of pH, and efficient leakage is only observed at pH 4. Severe membrane
disruption is observed at nanomolar concentrations of BaxE5, as show in Eigqmieﬁgﬁgﬁfoi%i
where the highest concentration used was 500 nM. BaxE5 also induced a change in the
absorbance reading (Figure 2B), likely resulting from changes in vesicle scattering.

While small absorbance changes were observed in the absence of peptide at different pH,

these might be merely caused by the different buffers used. Regarding the absorbance
decrease observed at acidic pH, since scatter is proportional to vesicle size, the
absorbance reduction suggests that BaxE5 disrupts the integrity of lipid vesicles.

AFM provides a direct vista into diverse nanoscale structures induced in
supported lipid bilayers by peptides and detergents.!® Examples range from the pores co-
localized with membrane-thinned regions induced by a melittin derivative,!! striations or
ribbons formed by the WALP peptides,?’ to large scale cylindrical structures produced
by a peptide from the simian immunodeficiency virus.?® Detergent micelles and other
structures, including highly ordered detergent domains within lipid bilayers have also
been observed.?’-3! AFM has also been applied to study Bax, and large irregular pores (or
membrane voids), with a ~50 nm radius have been observed.'3> These pores are
significantly larger than those formed by Bax*3.3 We carried out AFM imaging to
investigate how the BaxE5 peptide remodels a lipid bilayer. While no membrane
disturbances were observed at neutral pH (Figure 5A), under acidic conditions,
significant distortion of the otherwise flat supported DOPC lipid bilayers was observed.
The bilayer exhibited several discernable stages of remodeling: pore-like features,

connected pore-like features (trenches), a large network of lace-like ribbons, and finally,

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

highly localized fragments or membrane bits (see Figure 8). This process resulted in most
of the lipid bilayer being “digested”, and as a consequence being lost into solution. The
digestion of the membrane that BaxES5 carries out appears to have important differences
to the mechanism detergents use to solubilize lipid bilayers. AFM imaging of detergent
solubilization generally shows an all-or-none mechanism, where the bilayer desorbs from
the mica surface without clear intermediates.’!33 This observation contrasts with the

several different intermediary membrane morphologies observed for BaxES.

Pore-like features were observed under acidic conditions but were absent at
neutral pH. This pH-dependent AFM observation is reminiscent of another recently
studied peptide-lipid system.!? A relatively narrow distribution of pore-like features were

observed, with an average radius of ~ 36 A, though individual pores exhibited » > 50 A.
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We note that the AFM tip geometry is convoluted in these measurements. As a result, the

Page 10 of 28

iew Article Online

measured pore depths, which varied between approximately 4 and 10 A, dog@ﬁ@@ﬂfgggmoomm

true depth due to the finite aspect ratio of the tip (80 A nominal tip radius). Steric clash
between the tip sidewall and the pore perimeter will lead to artificially shallow pore
depths.!%!1 Our pore depth measurements therefore represent a lower limit of the real pore
depth. The pore-like features often remained static in the minute time-scale (Figure 4),
suggesting they were coupled to the lower bilayer leaflet, which suppresses lateral
diffusion via friction from the underlying supporting surface.3* Based on this observation,
we hypothesize that the pore-like features represent membrane indentations that reach at
least the center of the bilayer. However, these features could indeed span the entire
thickness of the bilayer, and be bona fide pores, as the AFM depth measurements

correspond to a lower limit.

The depth and area distributions of the pore-like features show a shoulder at higher
values (Figure 3F & G), which might reveal the transition into larger membrane
disruptions. Indeed, in addition to individual pore-like features, larger scale structures
were also apparent in the AFM image data. Trenches or joined pore-like features were
prevalent, which we propose result from the fusion of independent pore-like features,
which might originate at the initial points of attachment of BaxES molecules to the bilayer
(Figure 8). For example, a few trenches can be seen in Figure 3A and many such
structures are present in Figure 5B, some of which span more than 50 nm in lateral extent.
Over time, a striking stage of membrane remodeling became apparent, involving large
scale lace-like ribbon formations. This result suggests that BaxES might assemble into
linear oligomers, maybe similar to the line-type aggregates formed by gramicidin A.
Lace structures, many of which were over 100 nm in length (Figure 6) had a height of
~26 A above the mica surface. This value is close to half the full bilayer thickness,3®
which implies that the lace structures cannot correspond to bilayer tubes, or a single
bilayer. One possibility is that these lace-like structures could be a lipid monolayer
passivated by peptides. A less likely possibility is that they could be co-joined cylindrical

reverse micelles or similar arrangements.?®

The final stage of membrane remodeling resulted in small, well dispersed
fragments (membrane bits) on the supporting surface. These appeared to be similar to
small-scale structures that have been observed in other membrane systems.!828 However,

in those cases the partially solubilized particles appeared by re-deposition of mixed

10
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micelles, that lead to bilayer formation. Since the height of the bits (16 A) is less than half
of the 50 A bilayer thickness, the membrane bits observed here probably corr@qumbjg%;tggozjgi
lipo-protein complex. Because of their highly uniform size, these bits likely contain a
lipid/peptide mixture of a well-defined stoichiometry. As with the small pores, tip
geometry also convolves into volume measurements in AFM. To estimate the magnitude
of this effect, a simulated image was created as previously described.’”3® The AFM tip
was modeled as a truncated cone shape with a hemispherical tip (cone angle = 15°, radius
=80 A). The test feature was a delta function with the same height as the histogram peak
(16 A). Morphological dilation of the tip with the test feature created a simulated image
whose volume was 6.0x10* A3, Subtracting this value from the experimentally measured
volume roughly deconvolves the effect of tip geometry, giving a more realistic peak
volume population of 7x10* A3. We note that this corrected volume is roughly an order
of magnitude larger than that of a single BaxE5 monomer, which we estimate to be 4x103
A3 from the molecular weight and partial specific volume (~0.73 cm?3/g). Based on the
measured volume (7x10* A3), each bit likely contains less than 20 lipid or peptide
molecules in total. One possibility is that the bits represent peptide aggregates absent of
lipid. We disfavor this option based on the observation of Fig. 7B, as the bits originate
from the membrane laces, and therefore likely contain lipid, probably at its core. We
speculate that the molecular structure of such bits corresponds to a small stretch of lipid
monolayer, lined by peptides (Figure 8). However, since the thickness is less than the
length of a fully extended DOPC acyl chain, and in fact ~10 A thinner than the lace

structures (compare figures 6D and 7C) we propose that the presence of BaxE5 deforms

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

the lipid acyl chains. This would result in a reduction in the van der Waals interactions
that pack the acyl chains in a monolayer. The weakening of this stabilizing interaction
will reduce the tendency of lipids to interact laterally. This might be a potential
mechanism for the observed membrane digestion by BaxES. However, further studies are

required to validate this model.

The CD data indicates that BaxES disrupts membranes in a largely unstructured
conformation, with a small helical content. This suggests that the addition of the three E
residues (Figure 1) destabilizes helix formation in BaxES. These mutations are expected
to slightly reduce helical content in solution®. The majority of peptides that permeabilize
membranes are well-structured in the membrane-bound conformation.?®* In most cases

these peptides adopt a helical structure, as is the case of the un-modified Bax® peptide,?

11


https://doi.org/10.1039/d0fd00070a

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

Faraday Discussions

while most of the rest adopt beta structure. Indolicidin is one of the rare instances of
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membrane-disrupting peptides that do not adopt stable secondary structure. Ingalicighifgroo0070a

of only 13-aa, is secreted by neutrophils to disrupt the membrane integrity of viruses and
bacteria.*’ This peptide is rich in tryptophan residues, and proline (25% of the sequence),
in contrast to BaxES5, which contains no tryptophan residues and only one proline.
However, a feature shared between indolicidin and BaxES is the presence of positively
charged residues, as the former has a net charge of +4, while BaxES5 is expected to have
a similar +5 charge at acidic pH. However, at neutral pH the unprotonated glutamic acids
will yield a close to net neutral peptide. The membrane insertion of other acidic peptides
where a drop in pH triggers membrane insertion is thought to be driven by the increase
in overall peptide hydrophobicity,’%-26:41:42 resulting from the protonation of side chain of
acidic residues, and the resulting loss of negative charge. The molecular mechanism of
the membrane insertion of BaxES5, on the other hand, might not be purely driven by
hydrophobicity, but instead rely on the gain of a net positive charge. Only at acidic pH
would BaxES5 be a poly-basic peptide, being similar in nature to other membrane-active

peptides such as cell-penetrating peptides.+>44

While BaxES5 is a mutant of a single helix of the Bax protein, it might be useful
to draw comparisons between the mechanisms the two use to disrupt membranes. Bax is
monomeric in solution, and dimerizes in the membrane en route to further assemble into
oligomers, which are thought to form a toroidal pore.! In the pore conformation, the Bax
structure contains the latch domain and the core domain, comprising helix 5, which
largely corresponds to the BaxE5 sequence. However, pore formation requires Bax to be
activated by forming a transient complex with BH3-only proteins. In contrast, for BaxES
to efficiently disrupt membranes requires “activation” by proton binding to the side chain
of glutamic acids, as discussed above. Hence, Bax and BaxE5 use different mechanisms
to disrupt membranes. Bax forms large and heterogeneous lipid-lined toroidal pores, after
attaching to the membrane in a process that has been suggested to be analogous to a carpet
model mechanism.*46 BaxE5 might also use a carpet model to initially attach to
membranes, which leads to widespread membrane remodeling and a loss of bilayer

integrity.

Why does BaxES5 induce such a massive membrane remodeling, resulting in
digestion of the bilayer? We suspect that the unstructured conformation of BaxES5 is key

for this behavior. Membrane peptides and proteins fold to avoid the steep energetic

12


https://doi.org/10.1039/d0fd00070a

Page 13 of 28 Faraday Discussions

penalty of unsatisfied hydrogen bonds and unpaired salt bridges in the membrane.*-4°
Our CD data indicates that BaxE5 bound to the membrane does not form a sthm@gﬁéiéﬁ;‘gﬁfoil‘gj
is significantly stabilized by hydrogen bonds. We hypothesize that BaxES remodels the
bilayer in search of more energetically stable overall conformation. The linear aggregates
of BaxES5 hypothesized in the lace structure would be more stable, but only marginally,
and further evolve into the bit structure (Fig. 7 and 8). The relative homogeneous

properties of the membrane bits suggest a stable conformation.

We show here how the BaxE5 peptide disrupts membranes in a specific acidic
pH-triggered fashion. Therefore, BaxE5 has the potential to be developed into a
therapeutic tool for cancer, among other diseases. Specifically, aggressive solid tumors
are characterized by an acidic extracellular pH.#%>! In fact, a slightly modified version
of the Bax*’ peptide causes apoptosis in cell culture, and produces tumor regression in a
mammary carcinoma xenograft model.’> We do not know yet if BaxES5 might kill cells at
the mildly acidic pH found in tumors (pH 6.5-7.0). If that occurred, it might digest the
membrane of cancer cells, and also microenvironment cells that promote tumor growth
and malignancy, including immuno-modulatory cells. If membrane disruption could be
made to be specific, peptides causing this effect might be more efficient than peptides
that form small membrane pores in acidic conditions, which might be more easily repaired
by the cell.! While membrane-disrupting peptides have the potential to kill cancer cells,
lack of specificity and toxicity have limited their use. In fact, clinical trials of cell-
penetrating peptides have often yielded disappointing results.* Membrane insertion

triggered by acidity might provide the basis for specificity, and prevent damage to healthy

Published on 01 September 2020. Downloaded by University of Tennessee at Knoxville on 9/17/2020 7:22:08 PM.

tissues. The use of nanocarriers might further reduce off-target effects.®
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Figure 1. BaxES selectively disrupts lipid integrity. (A) Sequence of the BaxE5

peptide. Three acidic residues were introduced into the sequence of the Baxa5mp@iﬁ@v;gg;§§o%%§
at positions 1, 12 and 30. The acidic glutamic acid residues are shown in red, and basic

residues in blue. (B) Leakage of sulforhodamine B encapsulated in POPC vesicles were
measured at pH 4.0 (red) and pH 7.9 (grey) at different peptide concentrations,

expressed as peptide:lipid molar percentage.

Figure 2: BaxES disrupts membranes in a largely unstructured conformation. (A)
Circular dichroism spectrum of BaxES5 in the presence of POPC vesicles at pH 4.3. The
molar lipid to peptide ratio was 200 to 1. (B) Effect of BaxES5 in the absorbance at 250

nm in the presence of LUVs at pH 4.5 (red) or 7.2 (grey). Error bars are S.D. n =3 and
*, p=0.02.

Figure 3: BaxES5 induces pore-like features. Comparison of a DOPC bilayer imaged
at pH 4 in the presence (A) and absence (B) of peptide. The z-scale is shown by the
color bar on the left. Root-mean-square (RMS) roughness was measured inside 75 nm x
75 nm areas (white dashed boxes). Roughness values were 1.6 A and 0.7 A for (A) and
(B), respectively. Line scans (C) and (D) are profiles through the image data (blue
dashed lines in (A) and (B), respectively). A pore-like feature is indicated (A & C,
arrow). (E) An additional line scan, indicated by dashed red line in (A), reveals the
approximately 50 A height of the lipid bilayer. Hessian blob analysis was performed
over (A), identifying pore-like features. Salient geometrical properties of the N=41
pore-like features were collected into histograms, showing the distribution of apparent
pore depth (F), which has a sharp peak around 6 A, and area (G), which peaks at around
4000 A2,

Figure 4: Conformational dynamics of a single pore-like feature. Image sequence of
DOPC in the presence of BaxES at pH 4. The data show a single pore-like feature
undergoing structural variations over 7 minutes. Topographical characteristics were
determined in each image using the Hessian blob algorithm, which outputs feature

depth, area, and perimeter. One such perimeter is shown (=0 panel, red line). Assuming
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circularity, areas can be converted to feature radius. The calculated radius (R) and depth

View Article Online

(D) are shown for each image. DOI: 10.1039/DOFDO0070A

Figure 5: Membrane disruption is only observed at acidic pH. A DOPC bilayer was
first imaged in the presence of BaxES5 at pH 7.5 (A). After approximately 45 minutes,
the pH was lowered to 4.0 by washing with acidic buffer. This pH change caused
substantial remodeling of the lipid (B). The RMS roughnesses measured inside a 75 nm
X 75 nm area (white dashed boxes) were 0.8 A and 2.8 A in (A) and (B), respectively.
Line scans are shown for pH 7.5 (C) and pH 4.0 (D).

Figure 6: Severe membrane remodeling by BaxES over time with spatially
heterogeneous behavior. (A) A time sequence of images shows a bilayer at /=0 s
initially continuous, but with punctate and localized depressions, indicative of pore-like
features. At times £>155 s lace-like structures emerged. Over time, these features
appeared more widespread and the continuous lipid bilayer was lost. Panel (B) shows
that this behavior was spatially inhomogeneous. While the lipid patch in the lower left
is being disrupted in the presence of peptide, the lipid patch located in the upper right
corner of the same image, remains essentially undisturbed. (C) Three hundred and ten
seconds later the lower left patch has been completely disrupted, while the second patch
(upper right) is only showing initial signs, in the form of pore-like features. (D) A line
scan through the image in panel (C) shows that the lace-like structures are fairly
uniform in height (about 26 A) and lower than the bilayer. The scale bar of are 100 nm

applies to all panels. All experiments were performed at pH 4.

Figure 7: Final stages of bilayer digestion. The leftover lace-like structures further
degraded into smaller fragments of roughly uniform size (A). Evidence that these
features originate from the lace structures is shown by zoomed in images taken over
time, where features are seen to directly divide. Some of the fragments appear to
dissociate from the surface (B, green arrow); whereas many others remain surface-
bound upon division (B, yellow arrow). (C) Histograms of the heights and volumes of

these fragments (N=1051) as determined via Hessian blob analysis. A single peak is
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located in each distribution at ~16 A and ~1.3x105 A3 for height and volume,

View Article Online

respectively. DOI: 10.1039/DOFDO0070A

Figure 8. Cartoon model describing the different stages of membrane remodeling
caused by BaxES. At acidic pH, the peptide initially induces the formation of pore-like,
circular membrane depressions. These membrane features appear to converge, creating
membrane trenches. At later times, or at higher BaxE5 concentrations, thin lace-like
ribbons with the approximate thickness of a monolayer are observed. Finally, membrane
ribbons are digested into thin membrane bits. Our data cannot exclude that the pore-like
features correspond to bona fide pores. BaxES5 is shown in red, lipid in blue, and the

mica surface in black.
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