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Abstract

Botulinum neurotoxin(BoNT) is an extremely toxic protein to animals and humans. In its mode of action, one of
its subunits mediates its translocation by integrating itself into the membrane bilayer. We have examined the
membrane channel activity of type A BoNBONT/A) and its heavy(H) chain in planar lipid membrane under
various pH conditions to understand the possible role of the channel activity in the translocation of théABoNT
light (L) chain under physiological conditions. Only BoNX H chain, and not the BoN/IA, exhibited membrane
channel activity for translocation of ions. The H chain-induced increase in conductance did not require a pH gradient
across the lipid membrane, although it was enhanced by a pH gradient. To understand the molecular basis of the
membrane channel activity and the translocation of the L chain, the secondary structure of/BaitTits H and L
chains were analyzed using circular dichroié@8D) and Fourier-transform infrared=T-IR) spectroscopy at different
pH values. BoNTA showed no structural alternation upon acidifying the buffer pH. However, an increisshiret
content of BONTA H chain at low pH was noted when examined by FT-IR. The L chain structure significantly
changed with decrease in pH, and the change was mostly reversible. In addition, the neurotoxin and its subunit chains
induced a partially reversible aggregation of liposomes at low pH, which indicated their integration into the lipid
bilayer. Temperature-induced denaturation studies of B@NM chain indicated major structural reorganization upon
its interaction with membrane, especially at low p#l.2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of BONT are produced by different strains of
Clostridium botulinum in the form of a single
Botulinum neurotoxins(BoNTs) are the most  Ppolypeptide chain. The single chain is nicked
toxic substances known to mankind, with strong endogenously or exogenously by proteases into a
potential as biological warfare agents; they are 50-kDa light(L) chain and a 100-kDa heavy)
lethal to animals within 30 min. Seven serotypes chain, linked through a disulfide borid,2].
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The mode of BoONT action is not well under- Hydrophobicity calculations for BoN/IA have
stood at the molecular level, especially in terms of revealed two adjacent peptide segme(its183—
its internalization by endocytosis and translocation 201 and H-205-240, where H refers to the H
across the endosomal membrane into the cyto- chain), with strong hydrophobicity compatible for
plasm. Based on some experimental evidence andinteraction with a lipid bilayef8]. However, one—
analogies with other dichain toxins, such as diph- two hydrophobic segments of limited length would
theria, cholera andPseudomonas exotoxin A, a not be adequate for the membrane channel for-
working model has been proposgty3]. According mation [7]. To explain adequate interaction of
to this model, the C-terminus half of the BONT H BoNT with lipid bilayers, hydrophobic moment
chain binds to the presynaptic membrane, presum-characteristics of BoNfA were analyzed9-11.
ably through gangliosides and a protein receptor. Several polypeptide segments were amphiphilic
Upon binding, BoNT is internalized into the neu- and could form integral membrane segments or
ronal cell through endocytosiil,4,5. Inside the surface segments in conjunction with lipid bilayers.
cell, the pH of the endosome is lowered to 5-6, Surface andor membrane segments were identi-
which leads to the formation of a membrane fied in both L and H chains of the neurotoxin.
transporter by the N-terminal half of the H chain. However, it is not clearly understood how these
This transporter helps to translocate the whole or segments are organized to form membrane chan-
a part of BoNT into the cytoplasm. At least the nels, nor whether there is any relationship between
50-kDa BONT L chain is transported into the ion channels observed in lipid membranes and the
cytoplasm from acidic endocytotic vesicles. light chain translocation mechanism.
Although the transporter is often referred to as the  There have been several reports of interactions
‘H chain channel’, we refer to the H chain-based of clostridial neurotoxins with artificial membranes
structure that facilitates the L chain transport as that lead to the formation of ion-conducting pores,
the L-chain transporte(LCT), and reserve the which is generally an acid-dependent process
term ‘channel’ for experimentally detected ion [6,12—15. These studies were either accomplished
channels. The induction of other small molecule with planar lipid bilayers for channel conductance
permeability is referred to agsmall molecules  measurement, or were carried out with lipid vesi-
such as calceintransport. cles for ion permeability. The acid dependence of
An understanding of the molecular mechanism neurotoxin translocation in intact cells has been
of membrane channel or small-molecule transport inferred from studies in which agents that neutral-
activity of the neurotoxin could provide knowledge ize or dissipate pH gradients in acidic compart-
of the translocation process of the neurotoxin and ments and block the acidification of the endosomes
its toxic subunit into the cell. Membrane channel have been shown to block neurotoxin actid®—
formation by a water-soluble protein is an intrigu- 19].
ing phenomenon, because for water solubilityy, Low pH is required for the strong channel
hydrophilic domains are needed on the surface of formation activity of BONT and its H chains
a protein, whereas for membrane channel forma- [12,24. A pH of 5.0 or lower induces the channel
tion, adequate hydrophobic segments are requiredformation. Low pH is likely to affect not only the
for interaction with a non-polar membrane bilayer. surface charges of the neurotoxin, but also its
Sequence analysis has revealed a 23-residue stretclsonformation [1]. Extensive research work has
in the N-terminal domain of BONT H chain that been carried out with diphtheria toxin to examine
would have a propensity to form an amphipathic low pH-induced structural changes to correlate its
helix bundle in a hydrophobic environmei], membrane channel activity and translocation.
and the synthetic peptide of the same sequenceHowever, no information is available on the struc-
has been shown to form channels in phospholipid tural response of BONT or its subunits to low pH.

bilayers[7]. However, the diameter of such chan-
nels is approximately 2.5 A, definitely not suffi-
cient for the translocation of a 50-kDa L chain.

In this article, we describe the membrane chan-
nel activity of BoNT/A and its H chain in planar
lipid membrane under various pH conditions to
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elicit the quantitative difference in the channel-
forming activity of these proteins. Only BoN'A

H chain, and not the BoN/A, exhibited ion
transport activity(channel. The H chain-induced
increase in conductance did not require a pH
gradient across the lipid membrane, although it
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St Louis, MO to a final concentration of 20 mg
ml~1. Planar lipid bilayers were formed by paint-
ing the lipid solution across the orificey 100 um

in diameter, of a 25@l polyethylene pipette tip
[23]. The membrane bilayers formed from the
DPhPC were found to be more stable for our

was enhanced by a pH gradient. The secondaryexperiments than those from typical diacylphos-

structure of BONTA and its H and L chains was
analyzed using circular dichroiséCD) and Fou-
rier-transform infrared FT-IR) spectroscopy at dif-
ferent pH values. BoNJA showed no structural
alternation upon acidifying the buffer pH. How-
ever, an increase iff-sheet content of the BoNT
A H chain was noted at low pH using FT-IR. The
L chain structure significantly changed with

phatidyl choline. The salt solution, containing 1
M KCIl, 5 mM CaClL and 0.1 mM EDTA, was
buffered at pH 4.7 with 5 mM dimethylglutaric
acid (DMG; Sigma Chemical Co, St Louis, MO

or with HEPES buffer, pH 7.4. A 100-mV square-
wave potential was applied across the bilayer and
the current was relayed to a digitizing oscilloscope
(Nicolet, Madison, W) and then to a strip chart

decrease in the pH, and such a change was mostlyrecorder. The sign of the potential was recorded

reversible. In addition, the neurotoxin and its

subunit chains induced a partially reversible aggre-

gation of liposomes at low pH, which indicated
their integration into the lipid bilayer.

2. Material and methods

2.1. Preparation of BoNT/A and its L and H
chains

BoNT/A was isolated following the method
described in detail by Fu et al21]. In order to
obtain L and H chains, the pure neurotoxin was
applied to a QAE Sephadex A-50 colurtt5x 40
cm) for chain separatiof22]. Following overnight
incubation with 0.1 M DTT and 2 M urea contain-
ing borate buffer(pH 8.4), the L chain was first
eluted with 0.01 M DTT ad 2 M ureacontaining
buffer, and the H chain was then eluted with the
same buffer(0.01 M DTT, 2 M urea containing
0.2 M NaCl. Both L and H chains were pooled
after analyzing the fractions on SDS-PAGE for
their purity.

2.2. Membrane channel activity in planar lipid
bilayer experiments

Diphytanoylphosphatidycholine€DPhPC, Avan-
ti Polar Lipids, Birmingham, AL was first dis-
solved in HPLC-grade chloroform and was dried
under a nitrogen stream to a thin lipid film, which
was resuspended in squalei@gma Chemical Co,

according to the potential applied to theans
compartment. The bilayer was considered optimal-
ly thinned when its resistance approached 50 G
and its capacitance, 250 pF. After the membrane
was stabilized, heavy chain was added to the front
compartment(cis side) and mixed into the solu-
tion. The trans compartment was alkalinized
(pH>7.5) by the addition of 0.85% volume of 1
M KOH.

2.3. Effect of BONT/A and its L and H chains on
liposomes aggregation

In this set of experiments, the liposomes were
prepared as previously describE#]. In order to
monitor the degree of liposome aggregation, the
optical density(OD) of liposome suspensions was
monitored at 465 nm, a wavelength that is away
from the protein absorption spectral regit@20—
240 nm). The OD was expected to increase upon
aggregation of liposomes because large particles
scatter more light. The OD was recorded using a
UV /Vis spectrophotometefUvikon model 9410,
Kontron Instruments, San Diego, GAat room
temperaturg(25 °C). A 1-ml aliquot of liposome
suspension with OD of approximately 0.05 at 465
nm was used for each experiment. The liposome
suspension was placed in a 1-cm-pathlength quartz
cuvette and OD was recorded for 4 min. The
solution was then acidified using 2 M HGL2—

15 pl) to pH 4.0 and the OD signal was recorded
for another 4 min. The suspension was again
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titrated with 2 M NaOH(14-17 wl) back to pH Nicolet 8210 FT-IR spectrometer with a zinc selen-
7.5 and the OD recording was continued for an ide attenuated total reflectan€d&TR) accessory.
additional 4 min. The OD after every 4-min The spectral recording conditions were similar to
incubation period was considered to be the steady-those described by Fu et 4R5,26. The H chain
state signal and was used to obtain data for (~0.5 mg mi?) in different pH buffers(pH 4.0
histograms. To investigate the effect of BojY or 7.0 was introduced to the ATR compartment
and its H/L subunits on liposome aggregation, 0.1 and the spectra were immediately recorded. The
wM of each protein was separately premixed with protein spectra at pH 4.0 and 7.0 were obtained
liposomes before recording the low pH-induced by subtracting the respective buffépH 4.0 or
light scattering changes. 7.0) spectra. The secondary structure estimation
was carried out by curve-fitting analysis after
identifying spectral band positions with Fourier
The structures of BoNfA and its L and H self deconvolution and second-order derivatization,
chains were analyzed by CD spectroscopy using aas described by Fu et d25,24.
Jasco model J-715 spectropolarimeter equipped
with a Peltier temperature controllémodel PTC- 3. Results
348W). Samples for CD recording in the far UV
spectral region were prepared in 50 mM citrate 3.1. Effect of pH on the channel formation of the
(pH 4.0 or 50 mM citrate—phosphatéH 7.0 BoNT/A and its subunits
buffer to a final concentration of 0.5-1.0 mg
ml~—2. CD spectra were recorded at room temper- In order to investigate the pH effect on the
ature(~25°C) using a 0.1-mm-pathlength quartz channel activity of BoNFA, reduced BoNTA
cell at a spectral resolution of 0.1 nm. Five spectral (10 pug ml~?1), or its H chain(5 wg ml~1) was
scans were averaged to obtain a spectrum for eachadded to the front of two chambers divided by a
sample. The scan speed was set at 20 nm fin 1004.m-diameter thin lipid bilayer. The pH con-
with a response time of 8 s. To obtain the actual ditions on the two sides of the bilayer were varied
spectrum of a protein sample, the spectrum record-and a measurement of the conductance across the
ed for the buffer used for protein solution was lipid bilayer was carried out as an index of the
mathematically subtracted, and the resulting spec- channel activity of the neurotoxin and its H chain
trum was smoothed using a seven-point, third- subunit. The L chain of BONT does not exhibit
order smoothing algorithm. voltage-gated membrane channel activity).
Near-UV CD spectra were recorded between Addition of BONT/A H chain to one side of
250 and 320 nm on a Jasco J500 upgrade instru-the DPhPC membrane separating solutions at a
ment using a 1-cm-pathlength quartz cuvette at a symmetric pH of 7.4 did not induce any significant
spectral resolution of 0.2 nm with0.6—1.0 mg channel activity, except for a few single-channels
ml~* protein solution either in 50 mM citrate- that open and close within secon¢sig. 1). The
phosphate buffer, pH 7.0, or in 50 mM citrate membrane conductand&;) at a given time was
buffer, pH 4.0. The scan speed used was 20 nm obtained from the relatiodr=1/V, whereV is the
min~! with a time constant of 4 s. The spectral voltage applied to the:is compartment and is
bandwidth was set at 1 nm, and five scans were the resulting current. The single channel conduc-
recorded at room temperatuf@5 °C), averaged tance of the BoNTA H chain was estimated to
and smoothed. Actual protein spectra were be ~5 pS under this symmetric, neutral p.4)
obtained by subtracting CD signals of buffers used condition.
for protein solutions. At a symmetric pH of 4.7, shortly aftef1.6
min) the H chain addition, active single-channel
activity began(indicated by the noisy trag¢e&Fig.
The secondary structure of the heavy chain was 2), which was not observed under symmetric pH
also examined by FT-IR spectroscopy using a 7.4 conditions (Fig. 1). Following this initial

2.4. Circular dichroism spectroscopy

2.5. FT'IR spectroscopy
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Fig. 1. Single channel currents in a planar lipid bilayer caused

3
o

by addition of BONTA H chain (final concentration f.g/ml)

at pH 7.4. A 100-mV square-wave potential was applied to a

thin DPhP@squalene bilayer in 0.1 M KCI, 5 mM Cagl , 0.1 — e ®

mM EDTA at room temperaturé25 °C). The arrow indicates Wsihalf eycle

single channel activity; 3-pA and 10-s bars indicate the current I‘3-5IDA i
and time scales, respectively. _[8 | = i

Time

channel opening, more channels simultaneously

opened(lndlcated by an abrupt drop within the Fig. 2. Channel conductance of a thin DPhBQualene bilayer

negative half-cycl® which then led to a steady in the presence of fig/ml of H chain with symmetric pH of
rise in the macroscopic membrane conductance4.7. The short arrow indicates the time of H chain addition,

(indicated by the downward trace in the negative- and the long arrow indicates the region of the trace with active

potential half-cycles (Fig. 2). From the initial to channel activity. All other experimental conditions were the

the macro-opening, the rate of increase in channel $™¢ @ " Fig- 1.

activity (to reflect the rate of peptide integration

in the membrankis estimated as 7.5 pS'§ . condition, 10pg mi~* reduced BoNTA (treated
When H chain was placed in an asymmetric pH With 15 mM DTT) either did not exhibit any

condition (cis side 4.7,trans alkaline), a rapid  channel activity or at the maximum evoked 7.5 pS

increase in the macroscopic membrane conduc-

tance was observed following a short time lag

after H chain additior(Fig. 3). A rate of increase et € | 1

in channel activity was estimated as 51 pS's B

within the first 10 s. ] -_ i
In Figs. 2 and 3, active channel activity was = I

also observed within the positive half-cycles. How- ’[ i ;

ever, the channel closing frequency appears to be § ! (*fJ T | |
greater than the opening frequency at the positive “t | S - ST :

potential. Such observations are illustrated more R ]

clearly in Fig. 3, as indicated by the asymmetric ——h | || g'w

trace. This phenomenon indicates the voltage-gated | Sl T —
channel property of BONJA H chain channels, o S ’
which has also been reported by other researchers Time

[12]. In our membrane bilayer system, membrane

conductance was increased when the low pH side Fig. 3. Channel conductance of DPhfaGualene bilayer in the

. . presence of ug/ml H chain at an asymmetriis 4.7/trans
was made electrically positive. alkalized pH condition. The sample was added before the
The reduced form of BoNfA was also tested  chart shown here, and other experimental conditions were the

for its channel activity. At symmetric low pk#.7) same as in Fig. 1.
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of conductance over a 25-min periddata not  Table1l
shown). When attempts were made to induce the Secondary structure estimation of BoNN, and its subunits,
L L . - H and L chains under different pH conditions
asymmetric conditions, a higher channel activity
was triggered, but the membrane bilayer repeated_ly Secondary structuré)
collapsed, suggesting that the reduced protein
might destabilize the membrane. A similar obser-
vation was made earlier by Blaustein et E(0], |30NHT/7A4 66016 240127 124011 261107
who reported that the membrane channel conduc- P77 o sk i 0.
i ; H 4. 2:1.6 28.1+28 12.2:0.8 24.6+0.
tance was noisy when the holo-neurotoxin pH40 35216 28.1+28 0.8 605
(reduced_rather than_ H chain was used. Whether pH 7.4 326£1.8 215+3.8 17.5:+1.1 285+2.1
or not this observation could be due to possible pH 4.0 33.6t3.3 21.4+6.7 16.14+2.3 28.9+3.1
interference with the membrane channel activity LCH 4 aae 3l 222052 11818 21918
by the presence of the L chain in the holo- P71/ Db b P iy
) : . pH 40 31.2:3.1 32.8+8 18.8+10.1 23.8:5.3
neurotoxin needs to be further investigated. DH 7.8 488147 161421 17.0021 18.200.3

3.2. Effect of pH on structure of BoNT/A, H and Results were obtained by analyzing the CD spectra using the
L. c.hains ’ JAscosecondary structure estimation program.

2Denotes the buffer condition was back titrated from pH 4.0
to pH 7.4.

a-helix B-sheet Turn Random caoll

The conformations of BoNAA and its subunits
were examined with far- and near-UV CD spec- L .
troscopy to derive structural information, both at S&condary structure significantly, except for a slight
the secondary and tertiary structural level, under increase in thed-sheet contentTable 1, which
low and neutral pH conditions to address the WaS within the experimental error of estimation.
question of molecular responses of these proteins 1he farUV CD spectra were also recorded for
to pH, which could provide a molecular basis for the BONT/A H chain under the same conditions
their membrane channel activity and translocation. @S for BONT/A. A double minimum signal at 210

and 218 nm(—10074 and—10218 cm? dmol*,

3.2.1. Alteration in the secondary structure of H _reSpeCtively’ _sDeCtrum not shoywvas also presgnt
and L chains upon acidification in the H-chain spectrum at neutral pH. A positive

It has been suggested and observed from theSPectral band was observed 41193 nm (12947
functional activity assays that low pH triggers the CM* dmoi™®). Similar to the BoNTA, the CD
membrane channel activitgvide supra, which ~ spectral shape of BoNA H chain basically
might be responsible for the translocation of the femained unaltered upon lowering the [ispec-
light chain into the cytosol. The effect of pH on trum not shown. Application of the spectral anal-
the secondary structure of dichain BoN& and ysis progranm{27] revealed no structural difference
its subunits was monitored using far-UV CD. The in BoNT/A H chain at two pH valuegpH 7.4
spectrum recorded for BoNR at pH 7.4(spec-  and 4.0; Table L
trum not shown showed maximum negative sig- In contrast to insignificant structural alternations
nals at 210(— 11443 cn? dmol ) and 218 nm  observed in BoNTA and H chain with a decrease
(—11220 cn? dmol?'), and a large positive in pH, the far-UV CD spectrum of the L chain
signal at 193 nm(1676F cm? dmol™ 1), indicating appeared to indicate drastic structural differences
a relatively high a-helical content. Applying a  under the two different pH condition&Fig. 4).
secondary structure estimation method that The double-well spectral feature of BolNA L
employs the least-squares combination of standardchain with minima at 218 and 210 nm observed
protein spectrd27] revealed 36.6 1.6% a-helix, at pH 7.4 changed dramatically to a single mini-
249+2.6% p-sheet, 12.41.1% turns and mum centered at 225 nm. The intensity of the CD
26.2+0.7% random coil of BoNTA (Table 1. signal also decreased substantia(ly3, 57 and
Changing the pH to 4.0 did not seem to alter the 51% change at 218, 210 and 193 nm, respectively
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Fig. 4. Far-UV CD spectra of BoNA L chain were recorded
under different pH conditions: 0.5-1 mmgl of BONT/A in a
0.1-mm-pathlength cuvette was scanned from 180 to 260 nm
at a scan speed set at 20 fmin with 8-s response time at
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the H chain in the amide Il spectral region under
two pH conditions. At pH 7.0, two major peaks
featured at~1235 and 1315 cm' , representing
bands corresponding t@-sheets anda-helix,
respectively. The small shoulder at1280 cnt?
corresponds to unordered structizs]. When the

H chain was exposed to acidic solution, the band
at 1235 cm! maintained similar intensity,
although it was shifted slightly. A shoulder at
~1260 cnT! appeared, and a general decrease in
spectral intensity was observed above 1265 &m
Most strikingly, the band at 1324 cm  corre-
sponding to thex-helical structure of H chain was
drastically reduced under the low pH conditions.
Estimation of secondary structure by curve-fitting

room temperature. The spectra presented are the average specanalysis[25,26 revealed a decrease ihelical

trum from five scans, and the spectral resolution was 0.1 nm.

Changing the pH of BoNJA L chain, which was
previously exposed to pH 4.0 buffer, back to the
pH 7.4 buffer fully restored the far-UV CD spec-
trum to the original BONTA L chain spectrum
recorded under pH 7.4 buffer conditiofBig. 4).
The double minimum spectral feature of BoNA

L chain, similar to BoNTA and H chain, sug-
gested that the L chain was also richarhelical
polypeptide folding.

Upon exposure to the acidic condition, the
changes in the spectral shape and intensity of
BoNT/A L chain CD signal suggested a signifi-
cant decrease in the-helical content. However,
the remnant positive signal between 190 and 200
nm (~13000 cm? dmol ! at the peakindicated
the presence of a substantial amount of the ordered

structure under the low pH condition. Secondary <

structure estimation of BoN/IA L chain at pH 4.0
revealed 31.2 3.1% «-helix, 32.8+ 8% B-sheets,
18.8+10.1% B-turns and 23.85.3% random
coils. (Table 1. Analysis of the reversibility of
the low pH-induced structural changes in the L
chain revealed a very high degree of secondary
structure restoratiorf44.7+3.1 vs. 47.24.7 o-
helix, 22.1+5.2 vs. 21.}%7.1 B-sheet, 11.8 1.8
vs. 15+2.1 turns and 21.31.8 vs. 18.2-0.3
random coils; Table 1

The effect of pH on the secondary structure of
the H chain was also investigated using the FT-
IR/ATR technique. Fig. 5 shows the IR spectra of

content(32 vs. 23% and increase if-sheetq32
vs. 459 after acid exposure of the BoNA H
chain. The content of other structurgs-turns and
random coilg showed only relatively small chang-
es (36 vs. 329.

3.2.2. Low pH effects on the Tyr topography of
BoNT/A H chain

Near-UV CD signals of aromatic amino acid
residues are sensitive to topographical and envi-

bance

P
o
(7]

Secondary

Structure __pH7.0 pH 490
a-helix 32% 23%
p-sheet 32% 45%
others 6% 2%

-

1300
Wavenumber cm-1

1350 1250

Fig. 5. FT-IR spectrum of BONTA H chain in the amide IlI
spectral region under neutral and acidic conditions: 0.3mig

of H chain was applied to a 8Morizontal zinc selenide ATR
crystal and 256 scans at 2-cth  resolution were collected at
room temperaturé25 °C). The average was smoothed and the
buffer background was subtracted.
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o activity under both acidic and neutral conditions
(vide supra. Heating of the H chain at pH 7.4
appeared to precipitate it quickly once the temper-
ature reached approximately 80 (Fig. 7). Under
low pH conditions, temperature-induced unfolding
exhibited a relatively prolonged transition, which
appeared to have at least one intermediate state
during the transitior{Fig. 7). Temperature-induced
unfolding of the H chain, when mixed with lipo-
somes under pH 7.4 conditions, exhibited initiation
of the unfolding transition at 30C, which reached
a steady-state plateau at 46, with clear steady-
Wavelenath [} state intermediates at 37—39 and 41-°@2 When
Fig. 6. Near-UV CD spectra of BoNA H chain at pH 7.0 the pH of t.he H Cha".""posom‘?s mIthe Was
and 4.0. Spectra were recorded between 250 and 320 nm atdecreased’ it res“'tec?' in a turbid SOIL.ltlon W_lth a
0.2-nm spectral resolution with a scan speed of 2¢mim and total loss of the CD signal. The H chain-mediated

time constant of 4 s. enhancement of aggregatidturbidity) was spe-
cifically observed only under low pH conditions,
ronmental changes in their vicinitj28—31. At which appeared to correlate well with its functional
pH 7.0, the H chain spectrum showed two distinc- and structural responses analyzed in this study.
tive bands at 295 and 285 nifFig. 6), which In order to investigate further the H chain-

could be assigned to thé ,L vibronic state of induced aggregation of liposomes under different

tryptophan and theé L state of tyrosine, respec- conditions, change in the turbidity was monitored
tively [29]. A relatively featureless spectrum was

observed from 280 to 255 nm, with a small
shoulder at 270 nm. Upon exposure of the H chain 3
to an acidic environmenf{pH 4.0), the overall
optical activity increased ~35-50% at 285 and ,
280 nm, whereas the band at 295 nm remained b,
unchanged(Fig. 6). Relatively more prominent
bands at 264 and 270 nm, known to arise from HC/ liposomes, pH 74
Phe residues, were observed under pH 4.0 condi- _
tions (Fig. 6).

'

!
l‘ 2 n Gud ae T
K PP BT RS AAR

10 """""""""""" ?- hatin Badindiadl ottty |
&——HC/ buffer, pH 74
t

Wi’ HC/ buffer, pH 40

!

3.2.3. Heavy chain induces the liposome aggre-

ation at low pH N
“an attemptp was made to investigate the impact f{“{“ﬁ?ff_‘f;"_‘_‘y_’{'gg o
of liposomes on the folding pattern of the BoNT 0
A H chain, especially under acidic conditions. 10 ) B0
However, addition of the H chain to liposome Temperature[C]

suspension under acidic conditions resulted in a

turbid $0|Ut|0n that was unsuitable for CD ?peCtral Fig. 7. Temperature-induced unfolding of the BoMTH chain
recording for secondary structure analysis. Tem- (HC) in the presence and absence of liposomes under neutral
perature-induced unfolding of BoNA H chain and acidic pH values: 0.26 nignl of the HC was dissolved in
was investigated by monitoring CD signal changes pH 7.4 buffer, which was subsequently acidified by adding 3.4

t 222 nm in th . N nd absen £ lino- wl of 2 M HCI to pH 4.0. The same concentration of the HC
a € presence a absence or lIP0- as mixed with liposome suspensi¢®D,ss=0.185 for the

somes at pH 7-4_ and 4.0. The H chain in t.he liposome effect experiments, and the pH was adjusted by add-
absence of the liposomes showed clear optical ing 3.4l of 2 M HCI.
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taining liposomes did not induce any change in

0.601 H pH7.4 the OD (Fig. 8). However, a drastic increase in
@ pHao OD occurred after acidifying the solutiofOD
050 pH 7.4 increased from 0.058 to 0.%0 Titration of the

low-pH sample back to pH 7.4 partially reduced
the OD to 0.39%(a 22% reduction; Table)2When

a similar experiment was performed with BoNT
A L chain, lowering of the pH evoked an OD
increase from 0.044 to 0.19, and the back titration
to pH 7.4 resulted in the reduction of the OD to
0.137, showing a reversibility of 27%Fig. 8;
Table 2. Lowering the pH of BoNTA in the
presence of liposomes resulted in the largest
increase in OOfrom 0.039 to 0.56. Back titration

of the BoNT/A/liposome mixture reduced the
light scattering by approximately 41%Fig. 8;
Table 2.

0.401

0.30 1

OD at 465 nm

0.20 1

Liposome HC Lc BoNT/A

Fig. 8. Degree of liposome aggregation induced by BANT

H chain(HC) and L chain(LC), as measured by optical den- . .
sity (OD) at 465 nm. pH* denotes that the pH has been read- 4. Discussion
justed from 4.0 back to 7.4 using 2 M NaOH.

Translocation of the BoNT or its L chain across
by recording changes in OD, as a measure of light endosomal membrane to the cytosol is a critical
scattering, using a UXVis spectrophotometer. step in the mode of BoNT action. Because BoNT
Steady-state changes in light scattering of the is a water-soluble protein, its passage through a
liposome solution, either without or with added non-polar lipid bilayer membrane must require
protein, were monitored at 465 nm for 4 min at structural adaptation so that peptide segments with-
three pH levels, and final OD readings are plotted in the protein having membrane interactive prop-
in Fig. 8. erties (amphiphilic and hydrophobjc could

As shown in Fig. 8, the OD of the liposome rearrange themselves for integration in the endo-
suspension in the absence of any added proteinsomal membrane. One major factor that is known
was not affected by lowering the pH from 7.4 to to trigger such structural responses is the low pH
4.0 (the OD only increased from 0.03 to 0.045 occurring physiologically during the endocytosis
(Table 2; Fig. 8, indicating that alteration of the process. The response of BoNT and its active
external pH in the absence of BolA& or its L subunits to low pH and the subsequent behavior
and H chains did not induce liposome aggregation. of the proteins with planar lipid bilayers and
Addition of H chain to the pH 7.4 solution con- liposomes have been analyzed in this study.

Table 2
Degree of aggregation of liposomes induced by BgNTH chain (HC) and L chain(LC) as monitored by the OD reading at 465
nm under different pH conditions

Optical density at 465 nm Reversibility
pH 7.4 pH 4.0 pH 7.2 (%)
Liposomes 0.030.01 0.045-0.00 0.04+0.01 22
BoNT/A 0.04+0.00 0.56+0.06 0.33:0.07 41
HC 0.06+0.02 0.50:0.01 0.39:0.06 22
LC 0.04+0.03 0.19:0.04 0.14+0.06 27

2Denotes the buffer back titrated from pH 4.0 to pH 7.4.
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The BoNT/A H chain ion-conducting channel
in the planar lipid bilayer(Figs. 1-3 [1] is
voltage-gated[2] has low conductancés pS at
near-neutral pH values, anf8] has increased
propensity of formation under low pH conditions.

E-N. Fu et al. / Biophysical Chemistry 99 (2002) 17-29

Triton X-100 binding [32]. Similar observations
were made for other dichain toxins, such/asu-
domonas exotoxin A[33].

The L chain of BoNT, which is the pharmaco-
logically active subunit, is translocated from the

Based on these observations, low pH seems toendosome to the cytosol to exhibit the toxic

stimulate H chain channel activity, and may play
a role in inducing the H chain insertion into the
lipid bilayer. The role of pH gradient in the
membrane channel activity is not very clear as yet.
However, in view of the ‘voltage-gated’ nature of
the channel, the pH gradient might play the role
of a ‘driving force’. In this model, while the
applied voltage could trigger a specific structure

of H chain membrane channel to an open state,

the pH gradient could provide an ionic gradient,
allowing stabilization to the open channel state.

activity. How the L chain retains its biological
activity after adaptation to low pH and transloca-
tion across the membrane is not clearly understood.
Based on the observation of the ion-conducting
channels formed by BoNMA and other similar
toxins at low pH[6,12—14, it is hypothesized that
the L chain undergoes total unfolding and directly
traverses the membrane through this ion pd@
into the cytosol.

The unfolding hypothesis is necessary to explain
how a protein the size of the L chain can pass

Such a situation could sustain a deeper opening ofthrough a pore that has been demonstrated to be

the channel, resulting in faster ionic conduction
indicated by higher conductance in our experi-
ments (Fig. 3). It is possible that the deepened

opening of the membrane channel could be respon-

sible for the translocation of L chain. Hoch et al.
[12] demonstrated that under similar conditions
BoNT/B H chain membrane channels could trans-
locate cations with the size as large as 12—-16 A.
However, in previous studies the symmetric low
pH condition was not examined for ion channel
activity of BONT H chain. Our experimental results
under symmetric low pH conditiondig. 2) sug-
gest that structural changes in Bofd H chain
introduced by the low pH are not sufficient to

only 12—-16 A in diametef12]. Our experimental
results clearly indicate low pH-induced structural
changes in BoNTA L chain as monitored by CD
spectroscopy(Fig. 4). The structure reflects a
refolded state at pH 4.0. Although our results do
not match with results obtained with TeNT L chain
[34], where no secondary structure change was
observed at pH 5.0, th@g-sheets structure promot-
ed below pH 3.0 is similar to our observations at
pH 4.0 (Table 1. Most significantly, we have
observed that the structural change induced by the
low pH in BoNT/A L chain is almost totally
reversible, a finding that explains retention of its
biological activity as a zinc protease against

induce substantial ion transport. These results SNAP-25 at near-neutral pH under both in vivo

therefore suggest the possibility of a new role of
the low pH on thecis side of the membrane.
Others have also shown that low pH is required
for the strong channel formation activity of BONT
and its H chaing12,33. A pH of 5.0 or lower
induces the channel formation. Two possible
effects of a low pH are(i) neutralization of
negative charges of the protein, god (ii) con-
formational changes in the polypeptide folding due
to modulation of backbone hydrogen bonds, either
of which could allow exposure of hydrophobic
domains and integration of the neurotoxin into the

and in vitro conditions[35]. It has also been

reported that the zinc protease activity of BoNT
A L chain pre-exposed to pH 4.7 is identical to
the L chain maintained at pH 7[36].

Because the L chain is not unfoldadjs rather
refolded under low pH conditions, it is reasonable
to consider an alternative mechanism for L chain
transport through the H chain ion channel. The L
chain might undergo a structural change at low
pH, leading to a partially unfolded state, where
part of the L chain can interact with the H chain
and another part with the lipid bilayer. Such 4 L

membrane bilayer. It has been observed that low H/lipid multimeric transient complex may only
pH increases the surface hydrophobicity of tetanus exist at low luminal pH. Once the L chain reaches

neurotoxin (TeNT), as demonstrated by labeled

the cytoplasmic face of the membrane, the com-
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plex dissembles in response to the change in pHasymmetric or that the domain containing Tyr

(back to physiological where the L chain regains
its natural conformation. The fact that L chain is
actually capable of interacting with lipid

residues becomes more rigid under low pH con-
ditions. There are 49 Tyr residues in the H chain
and six of them are distributed in the hydrophobic

membrane as observed in liposome permeability region of the H chain. Y636, Y648 and Y684 are

experimentd37,39 affords evidence in support of

located in the vicinity of the channel-forming

such a proposed mechanism. Furthermore, low pH region of the BoONJA H chain, and are therefore

is known to increase L chain interaction with lipids
[39] and its surface hydrophobicity36].

In contrast to the L chain, the secondary struc-
ture of H chain as monitored by CD does not
change with pH. However, a decrease in the
helix content is detected by the FTARTR tech-
nique. The discrepancy in results from the two
techniques could be either due to higher sensitivity
of the FT-IR technique in the amide Il region, or
to the differential interaction of the protein at two
pH values with the ATR crystal. FT-IR spectros-
copy is known to be relatively more sensitive to
structural change€l40,41. We therefore believe
that, irrespective of the cause of sensitivity of the
FT-IR, this technique is more likely to elucidate
differences in BONTA H chain at two different
pH values. Results from X-ray crystallographic
data are at quite a degree of variance from the
estimation of secondary structure of Bof in
solution with optical spectroscod#2]. Therefore,
it is not possible to have a reliable independent

likely to be sensitive to any conformational change
induced at low pH.

Liposome aggregation experiments reveal that
BoNT/A and its individual subunits can induce
vesicle aggregation at low pH. Low pH does not
cause any significant aggregation of liposomes in
the absence of BONT proteins, suggesting a critical
role for proteins in this process. Protein-induced
aggregation of lipid vesicles could occur either
through charge screening of lipid head groups by
the protein or through the association of bound
proteins. Proteins could also induce fusion of lipid
vesicles by the same mechanisms, leading to larger
vesicles that scatter more light. Aggregation of
vesicles either through charge screening or through
protein association could be reversible, whereas
lipid bilayer fusion would probably not be revers-
ible. BONT/A was the most effective reagent in
inducing aggregation and nearly half was reversi-
ble, suggesting that the aggregation mediated by
the holotoxin does not involve membrane fusion

method to verify estimation of the secondary to a large extent. The H chain is nearly as effective
structure. However, it has recently been reported in inducing liposome aggregation as the holotoxin,
that the hydrophobic transmembrane segmentwhereas the L chain was only 38% as effective as
(650-682, which is predicted to be the channel- the H chain(Fig. 8). The sizes of these proteins
forming segmen{7,9], is actually a 95-A straight  differ, which is likely to account for some of the
a-helix according to X-ray crystallographjA3]. differences in their ability to induce liposome
Taking the thickness of the lipid bilaydi32 A) aggregation. Reversibility of both L and H chain-
into consideration, it is reasonable to predict that mediated aggregation is 22—-26%, which is quite
this fragment undergoes a conformational change significant, but considerably less than the reversi-

to prevent exposing itself to the hydrophiliendo-
plasmic or cytosoliz environment and to accom-
modate itself within the lipid bilayer. Whether
such a change could be triggered by low pH or a
lipid environment remains to be elucidated. Our
near-UV CD data clearly show a change in the
aromatic side-chain arrangement of H chain under
acidic (pH 4.0 conditions. A substantial increase
in the CD intensity at 285 and 280 nm, possibly
arising from Tyr residues, suggests that the micro-

bility of holotoxin induced aggregation.

A significant portion of the aggregation revers-
ibility with pH can be explained if we assume that
at least part of the aggregation is directly mediated
by the oligomeric association of the proteins.
Perhaps the intact BoN'RA protein, which does
not seem to insert itself as effectively in the
membrane as its L and H chaitbased on their
ability to permeabilize liposomes for calcein
release[37,39), adsorbs to the surface of the

environment around Tyr residues becomes more liposomes and enhances liposome aggregation
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through self-association. It is also possible that orders and StrokéNS33740, from the Camille

BoNT/A adsorbed to the surface could screen and Henry Dreyfus Foundation to BRS, and by
surface charges, allowing liposomes by themselvesthe US Army Medical Research and Material
to associate and aggregate. A similar mechanism Command under Contract No DAMD17-02-C-001.

has been proposed for lipid vesicle aggregation
mediated by myelin basic proteid4].

While BoNT/A H chain induced nearly the
same level of liposome aggregation as the holotox-
in, its reversibility was approximately half that of
BoNT/A (Fig. 8). The low reversibility could be
explained by either irreversible self-association of
the H chain and liposomes, or H chain-induced
membrane fusion, which would obviously be an
irreversible process. Evidence of aggregation of
the H chain was also observed in temperature-
induced unfolding experiments. At pH 4.0, even
in the absence of liposomes, H chain unfolding
exhibited intermediate stat€Eig. 7), which could
arise from the non-cooperative unfolding generally
observed in oligomeric structurdd5]. A drastic
difference in the unfolding pattern in the presence
of liposomes, even at pH 7.4, is indicative not
only of the existence of oligomeric structures, but
also of considerable alteration in the polypeptide
folding, perhaps arising from binding at the surface
of liposomes. Further investigation is needed to
dissect the contributions of the different mecha-
nisms in the observed aggregation of liposomes
induced by BoNTJA and its active subunit
fragments.

The salient features of this study can be sum-
marized as follows(1) The H chain forms ion
channels in planar bilayer membrandg) H/L
chains induce aggregatigfusion of lipid vesicles
at low pH that is believed to occur via/H chain-
induced lipid destabilization(3) Both H and L
chain structures are altered at acidic pH, suggesting
a conformational change in the protein to adapt to
the membrane insertion proce$4) The structural
reversibility of conformational changes in the light
chain induced by low pH enable it to readapt to
the active toxic structure in the cytosol after
exposure to low pH in the endosomes.

Acknowledgments

This work was supported by a grafio BRS
from NIH-National Institute of Neurological Dis-

References

[1] B.R. Singh, Adv. Exp. Med. Biol. 3911996) 63-84.

[2] B.R. Singh, Nat. Struct. Biol. 72000 617-619.
[3] L.L. Simpson, Pharmacol. Rev. 33981 155-188.
[4] L.L. Simpson, in: L.L. Simpso{Ed.), Botulinum Neu-
rotoxin and Tetanus Toxin, Academic Press, San Diego,
1989, pp. 154-178.

F.J. Lebeda, B.R. Singh, Toxin Rev. {8999 45-76.
M.S. Montal, R. Blewitt, J.M. Tomich, M. Montal,
FEBS Lett. 313(1992 12-18.

M. Oblatt-Montal, M. Yamazaki, R. Nelson, M. Montal,
Protein Sci. 41995 11490-11497.

T. Binz, H. Kurazono, M.W. Popoff, J. Frevert, K.
Wernars, H. Niemann, J. Biol. Chem. 268990
9153-9158.

[9] X. Be, F-N. Fu, B.R. Singh, J. Nat. Toxins (2994

49-68.

[10] J. Doyle, B.R. Singh, in: B.R. DasGupt&d.), Botuli-
num and Tetanus Neurotoxins: Neurotransmission and
Biomedical Aspects, Plenum Press, 1993, pp. 231-235.
B.R. Singh, X. Be, in: R.H. AngelettiEd.), Techniques

in Protein Chemistry Ill, Academic Press, Orlando, FL,
1992, pp. 373-383.

D.H. Hoch, M. Romero-Mira, B.E. Ehrlich, A. Finkel-
stein, B.R. DasGupta, L.L. Simpson, Proc. Natl. Acad.
Sci. USA 82(1985 1692-1696.

J.J. Donovan, J.L. Middlebrook, Biochemistry 25
(1986) 2872-2876.

C.C. Shone, P. Hambleton, J. Melling, Eur. J. Biochem.
167 (1987 175-180.

G. Menestrina, S. Forti, F. Gambale, Biophys J. 55
(1989 393-405.

L.L. Simpson, J. Pharmacol. Exp. Ther. 225983
546-552.

R.E. Sheridan, Soc. Neurosci. Abstr. (993) 1125.

M. Adler, S.S. Deshpande, R.E. Sheridan, F.J. Lebeda,
in: J. Jankovic, M. Halle{Eds), Therapy with Botuli-
num Toxin, Dekker, New York, 1994, pp. 63-70.

L.L. Simpson, J.A. Coffield, N. Bakry, J. Pharmacol.
Exp. Ther. 2691994 256-262.

R.O. Blaustein, W.J. Germann, A. Finkelstein, B.R.
DasGupta, FEBS Lett. 2261987 115-120.

F.-N. Fu, S.K. Sharma, B.R. Singh, J. Protein Chem. 17
(1998 53-60.
[22] V. Sathymoorthy, B.R. DasGupta, J. Biol. Chem. 260
(1985 10461-10466.

D. Busath, G. Szabo, Biophys. J. $8988 689-695.
F-N. Fu, B.R. Singh, J. Protein Chem. 18999
701-707.

(5]
(6]

(7]
(8]

(11

(12

(13
(14]
(18]
[16]
[17]
(18]
[19]
[20]

[21]

[23]
[24]



E-N. Fu et al. / Biophysical Chemistry 99 (2002) 17-29 29

[25] F-N. Fu, D.B. DeOliveira, W.R. Trumble, H.K. Sarkar,
B.R. Singh, Appl. Spectrosc. 48994 1432-1441.

[26] F-N. Fu, R.B. Lomneth, S. Cai, B.R. Singh, Biochem-
istry 37 (1998 5267-5278.

[27] J.T. Yang, C.S. Wu, H.M. Martinez, Methods Enzymol.
130 (1986) 208-269.

[28] M.M. Bateniany, H. Mizukami, J.M. Salhany, Biochem-
istry 32 (1993 663-668.

[29] B.R. Singh, B.R. DasGupta, Biophys. Chem.(3989
259-267.

[30] E.H. Strickland, CRC Crit. Rev. Biochem. @974
113-175.

[31] R.W. Woody, A.K. Duker, in: G.D. FasmariEd.),
Circular Dichroism and Conformational Analysis of

Biomolecules, Plenum Press, New York, 1996, pp.

109-157.

[32] P. Boquet, E. Duflot, Proc. Natl. Acad. Sci. USA 79
(1982 7614-7618.

[33] T. Idziorek, D. FitzGerald, I. Pastan, Infect. Immun. 58
(1990 1415-1420.

[34] V. de Fillippis, L. Vangelista, G. Schiavo, F. Tonello, C.
Monetucucco, Eur. J. Biochem. 229995 61-69.

[35] J. Blasi, E.R. Chapman, E. Link, et al., Nature 365
(1993 160-163.

[36] L. Li, B.R. Singh, Biochemistry 392000 6466—6474.

[37] Y. Kamata, S. Kozaki, Biochem. Biophys. Res. Com-
mun. 205(1994) 751-757.

[38] F-N. Fu, B.R. Singh, J. Protein Chem. 18999
701-707.

[39] C. Montecucco, G. Schiavo, B.R. DasGupta, Biochem.
J. 259(1989 47-53.

[40] B.R. Singh, M.P. Fuller, Appl. Spectrosc. 43.991)
1017-1021.

[41] B.R. Singh, M.P. Fuller, G. Schiavo, Biophys. Chem.
36 (1990 155-166.

[42] S. Cai, B.R. Singh, Biochemistry 42001 4693-4702.

[43] D.B. Lacy, W. Tepp, A.C. Cohen, B.R. DasGupta, R.C.
Stevens, Nat. Struct. Biol. 61998 898-902.

[44] J.M. Bogg, P.M. Yip, G. Rangaraj, E. Jo, Biochemistry
36 (1997 5065-5071.

[45] G. Mei, A. Di Venere, M. Buganza, P. Vecchini, N.
Rosato, A. Finazzi-Agro, Biochemistry 361997)
10917-10922.



	Spectroscopic analysis of low pH and lipid-induced structural changes in type A botulinum neurotoxin relevant to membrane c ...
	Introduction
	Material and methods
	Preparation of BoNT/A and its L and H chains
	Membrane channel activity in planar lipid bilayer experiments
	Effect of BoNT/A and its L and H chains on liposomes aggregation
	Circular dichroism spectroscopy
	FT-IR spectroscopy

	Results
	Effect of pH on the channel formation of the BoNT/A and its subunits
	Effect of pH on structure of BoNT/A, H and L chains
	Alteration in the secondary structure of H and L chains upon acidification
	Low pH effects on the Tyr topography of BoNT/A H chain
	Heavy chain induces the liposome aggregation at low pH


	Discussion
	Acknowledgements
	References


