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The Clostridium botulinum neurotoxins (BoNTs) cleave
SNARE proteins, which inhibit binding and thus fusion of neu-
rotransmitter vesicles to the plasma membrane of peripheral
neurons. BoNTs comprise an N-terminal light chain (LC) and
C-terminal heavy chain, which are linked by a disulfide bond.
There are seven serotypes (A-G) of BoNTs based upon immu-
nological neutralization. Although the binding and entry of
BoNT/A into neurons has been subjected to considerable inves-
tigation, the intracellular events that allow BoNT/A to effi-
ciently cleave SNAP-25 within neurons is less well understood.
Earlier studies showed that intracellular LC/A bound to the
plasma membrane of neurons. In this study, intracellular LC/A
is shown to directly bind SNAP-25 on the plasma membrane.
Solid phase binding showed that the N-terminal residues of
LC/A bound residues 80-110 of SNAP-25, which was also
observed in cultured neurons. Association of the N-terminal 8
amino acids of LC/A and residues 80-110 of SNAP-25 also
enhanced substrate cleavage. These findings explain how LC/A
associates with SNAP-25 on the plasma membrane and provide
a basis for LC/A cleavage of SNAP-25 within the SNARE
complex.

The botulinum neurotoxins (BoNTs)® are the most toxic
proteins for humans (1, 2). The potency and longevity of BONT
intoxication have facilitated use of BONTs as therapeutic agents
(3—5) and as potential biological weapons (6, 7). There are seven
BoNT serotypes (A—QG), which are organized as dichain pro-
teins, where the N-terminal catalytic light chain (LC) and
C-terminal heavy chain are linked by a disulfide bond (8). Neu-
rotrophic activity is based upon two properties of the BoNTs,
binding to a neuron-specific receptor and cleavage of neuron-
specific soluble NSF attachment protein receptor (SNARE)
protein(s).

BoNTs are zinc proteases that cleave SNARE proteins (9).
BoNT/A cleaves the plasma membrane-associated SNARE
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protein synaptosome-associated protein of 25 kDa (SNAP-
25) (10) between residues 197 and 198. This cleavage inhibits
SNAP-25-mediated neurotransmitter vesicle fusion to the
plasma membrane (11, 12). LC/A recognizes multiple sites
within SNAP-25: an extended surface on SNAP-25 distanced
from the site of cleavage (13, 14) and residues adjacent to the
scissile bond that are discontinuous and appear as pockets
surrounding the cleavage site (15). This implicates multistep
recognition of SNAP-25 for cleavage by LC/A.

In addition to substrate recognition to facilitate neu-
rotrophic intoxication, BONTs bind to dual host receptors that
are specific to neurons (1). BONT/A first binds a ganglioside on
resting neurons, and upon fusion of synaptic vesicles to the
plasma membrane, it binds to the luminal domain of the syn-
aptic vesicle (SV) protein 2 (SV2) (16, 17). The BoNT/A-recep-
tor complex is endocytosed upon recycling of SV proteins from
the plasma membrane. As the SV matures and acidifies, the
translocation domain of the heavy chain (HCT) inserts into the
SV membrane. Membrane-inserted HCT facilitates LC trans-
location into the cytosol, where LC cleaves plasma membrane-
associated SNAP-25 (18-20). Although earlier studies
reported the intracellular localization of ectopic expressed
BoNT/A LC to the host plasma membrane (21, 22), there is
limited understanding of the intracellular events that lead to
plasma membrane localization. In this study, a new interaction
between LC/A and SNAP-25 is identified that facilitates high
affinity binding of LC/A to SNAP-25 on the plasma membrane
of neurons.

EXPERIMENTAL PROCEDURES

Materials—Neuro-2A cells were purchased from the
ATCC (CCL131). pEGFP, pERFP, and pEYFP were pur-
chased from Invitrogen. a-SNAP-25 IgG and a-myelin IgG
were purchased from Santa Cruz Biotechnology. Lipo-
fectamine LTX was purchased from Invitrogen. Rat cerebral
cortex was purchased from Pel-Freez Biologicals and stored
at —80 °C prior to processing. SuperSignal, Ultra TMB, and
a-3xFLAG-HRP were purchased from Pierce Biochemicals.

Plasmid Construction for Protein Expression—LC/A was
expressed in Neuro-2A cells, as a GFP fusion protein within
pEGFP. LC/A derivatives were constructed by PCR amplifica-
tion of the indicated regions of LC/A and subcloning into
pEGEFP. YFP-SNAP-25 was engineered by subcloning the full
length of SNAP-25(1-206) into pEYFP. RFP-LC/E was con-
structed by subcloning DNA encoding LC/E(1-418) into
pERFP. Expression plasmids encoding LC/A, SNAP-25, and the
respective truncated derivatives were constructed by PCR-am-
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plifying DNA encoding LC/A, SNAP-25, and their different
truncation mutations into pET-15b. Plasmids encoding these
constructs were transformed into Escherichia coli BL21(DE3)
RIL or BL21(DE3) (Stratagene). Protein expression and purifi-
cation were achieved as described previously (13).

Cell Culture, Transfection, Fractionation, and Confocal
Microscopy—Neuro-2A cells were cultured in minimum
essential medium supplemented with 10% newborn calf serum,
1.4% sodium bicarbonate, and 0.5% penicillin-streptomycin at
37 °Cin 5% CO,. Subconfluent cells were transfected with the
indicated plasmids by using Lipofectamine LT X as suggested by
the manufacturer. Cells were fractionated as described previ-
ously (22). For confocal microscopy (Leica), cells were cultured
on 12-mm coverslips and transfected as indicated. Cells were
fixed and subjected for immunostaining or imaged directly.
Fluorescence was captured in grayscale; imaged colors may not
match fusion protein fluorescence.

Brain Lysate Binding—Rat brain membranes were prepared
as described previously (23). Membranes were centrifuged at
48,000 X g for 30 min to pellet rat brain cell membranes, which
were suspended in PBS or extracted with detergent.

Far Western Assay—Rat brain membrane was extracted in
PBS containing 2% Triton X-100 overnight at 4 °C. Proteins in
the insoluble pellet were separated by SDS-PAGE and stained
with Coomassie Blue or transferred to PVDF membranes.
Membranes were stained with Ponceau S to confirm transfer
and blocked in PBS with 2% BSA for 1 h at room temperature.
Membranes were washed three times in PBS with 0.1% Tween
20 and incubated with 0.1 um 3xFLAG-LC/A or 3xFLAG-LC/
A(8-438) for 2 h at room temperature. After washes, mem-
branes were incubated with mouse a-3xFLAG-HRP antibody
(1:10,000 final dilution) and developed with SuperSignal.

Solid Phase Binding Assay—Recombinant SNAP-25 deriva-
tives (100 wl at 5 wg/ml) in 50 mm Na,CO; (pH 9.6) were added
to 96-well plates and incubated overnight at 4 °C. Wells were
washed three times in PBS and then blocked with 50 mm
Na,CO; (pH 9.6) containing 1% (w/v) BSA for 1 h at room
temperature. After washes, 100 ul of 3xFLAG-LC/A or
3XFLAG-LC/A(8 —438) (0.4—800 nm in PBS + 1% BSA) were
added and incubated for 1 h at room temperature. Wells were
washed three times and incubated with mouse a-3xFLAG-HRP
antibody (1:10000 final dilution) for 1 h at room temperature,
washed three times, and developed with 100 ul of Ultra TMB
for 20 min at room temperature. Absorbance (450 nm) was read
after quenching with 100 ul of 1 M H,SO,. A,5, was plotted
versus LC/A, and the k5, (amount of LC/A that bound 50% of
SNAP-25) was determined.

Linear Velocity Assay—Linear velocity of SNAP-25 cleavage
by LC/A and LC/A(8—438) was performed in a 20-ul reaction
containing: 2 uM SNAP-25 derivatives and the indicated
amounts of LC in 10 mm Tris-HCI (pH 7.6) and 20 mm NaCl.
Reactions were incubated at 37 °C for 15 min and then sub-
jected to SDS-PAGE. Coomassie Blue-stained gels were assayed
for the cleavage of substrate by densitometry. The percentage of
substrate cleavage and the concentration of LCs were plotted,
and the LCs required to cleave 50% of substrate were derived.
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RESULTS

Multiple Domains of LC/A Confer High Affinity Binding to
the Neuronal Plasma Membrane—Deletion mapping showed
that N- and C-terminal regions of LC/A facilitated localization
to the plasma membrane of Neuro-2A cells (Fig. 1). Upon
ectopic expression, LC/A(1-438) localized primarily to the
plasma membrane, whereas LC/A(1-425) localized to the
plasma membrane and showed a diffuse cytoplasmic presence.
Although this indicated that the C terminus (residues 426 —
438) contributed to membrane localization, deletions to the N
terminus of LC/A had a greater effect on the plasma membrane
association where LC/A(8 —438) and LC/A(17-438) were pres-
ent primarily within the cytoplasm. This indicated that the
N-terminal 17 amino acids of LC/A contributed membrane
localization. Subcellular fractionation showed that ~90% of
LC/A(1-438), 75% of LC/A(1-425), 35% of LC/A(8 — 438), and
5% of LC/A(17-438) were membrane-bound, supporting a pri-
mary role for the N terminus in plasma membrane localization
(Fig. 1). Protein modeling showed that residues Lys® and Lys""
of LC/A were surface-exposed and thus candidate residues for
interactions with the plasma membrane (Fig. 1). Upon ectopic
expression, LC/A(K6A,K11A) was present as a diffuse cytoplas-
mic protein in Neuro-2A cells with ~50% of LC/A(K6A,K11A)
located in the cytoplasm. Because LC/A(17-438) was not cat-
alytically active, LC/A(8—438) was used as the representative
N-terminal deletion protein.

The N Terminus of LC/A Confers High Affinity Binding to
SNAP-25—Far Western analysis of detergent-extracted rat
brain membranes showed that LC/A bound the membrane as a
tight band at ~25 kDa, whereas LC-A(8-438) did not show
detectable binding to the membrane (Fig. 2). The background
signal from LC/A was greater than LC/A(8 —438). LC/MS-MS
analysis of the band of membrane where LC/A bound identified
two rat-specific proteins: SNAP-25 and myelin (Table 1). The
membrane was next probed with a-SNAP-25 and a-myelin
antibodies. a-SNAP-25 antibody bound at the site where LC/A
bound the membrane, whereas myelin antibody bound to a
faster migrating band and the signal was more diffuse than
bound LC/A (Fig. 2). These results indicate that the N terminus
of LC/A facilitates high affinity binding to SNAP-25, a previ-
ously unrecognized interaction.

A solid phase binding assay showed that LC/A bound
SNAP-25 with a higher affinity (k5, ~13 nm) than LC/A(8-
438), which showed a kg, of ~100 nm for SNAP-25 (Fig. 3).
These data support a role for the N terminus of LC/A for high
affinity binding to SNAP-25.

Two Regions of SNAP-25 Contribute to LC/A High Affinity
Binding—Deletion mapping also localized the region(s) in
SNAP-25 that contributed to high affinity binding to LC/A.
Although truncation of the N-terminal 80 amino acids of
SNAP-25 did not influence LC/A affinity, extending the trun-
cation to the N-terminal 93 amino acids decreased LC/A affin-
ity by ~6-fold, and truncation of the N-terminal 110 amino
acids had a greater effect on LC/A affinity (Fig. 4). This indi-
cated that residues 80-110 of SNAP-25 contributed to high
affinity binding to LC/A. The contribution of the C terminus of
SNAP-25 for high affinity LC/A binding was also determined.
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FIGURE 1. Mapping regions of LC/A that contribute to intracellular
localization in Neuro-2A cells. Upper panel, pGFP-LC/A derivatives (inset,
LC/A(K6A,K11A) is termed LC/A(DKM) were transfected into Nero-2A cell. After an
overnight incubation, LC/A localization phenotypes were visualized using confo-
cal microscope, and representative images are shown. Middle panel, cells were
also lysed, and membrane and cytosolic fractions were generated by centrifuga-
tion and subjected to SDS-PAGE. LC/A was detected by Western blotting using
anti-GFP antibody and quantified. Data are the average of three independent
experiments. Error bars indicate S.D. Lower panel, the N terminus of LC/A was
modeled in PyMOL, and surface lysine residues (Lys® and Lys'") were highlighted
in blue. An alignment of the N termini of LC/A and LC/E is shown with surface-
exposed residues that include Lys® and Lys'" highlighted.
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FIGURE 2. Far Western detection of LC/A bound to an ~25-kDa protein in rat
brain plasma membrane lysates. g, Triton X-100-extracted rat brain plasma
membrane lysates were subjected to SDS-PAGE. Gel was stained with Coomassie
Blue. The boxed area of the gel (arrow) was cut out and subjected to MS analysis as
described in Table 1. b and ¢, the gel was transferred to PVDF membranes,
blocked, and subjected to Far Western analysis, incubating with 0.1 um 3xFLAG-
LC/A(1-438) (b) or 3xFLAG-LC/A(8-438) (c) for 2 h. Bound LC/A was detected
with a-FLAG-HRP antibody followed by SuperSignal analysis; an image of the
x-ray film is shown (lanes L1 and L2 are identical lysate samples). The left blot was
stripped, and the L7 and L2 lanes were divided and probed for SNAP-25
(a-SNAP-25 antibody) or myelin (a-myelin antibody), respectively. Bound anti-
body was detected with an HRP secondary antibody followed by SuperSignal
analysis. d, an image of the x-ray film is shown. WB, Western blot.

TABLE 1

Identification of LC/A binding proteins in the rat brain plasma mem-
brane lysates

Proteins were in-gel-digested with trypsin, and extracted peptides were subjected to
LC/MS-MS analysis. Peptides were aligned with Mascot screening Rattus norvegi-
cus proteins. Two rat-derived proteins identified are shown.

Peptides
Protein identified Mass matched
Da
gi number 149023409, synaptosomal-associated protein 25 27291 3
gi number 8381631, myelin/oligodendrocyte glycoprotein 24948 1
3
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FIGURE 3. Binding of LC/A to the recombinant SNAP-25. SNAP-25 was
coated in an ELISA plate and incubated with the indicated 3xFLAG-LC/A
derivative for 1 h at room temperature. Bound LC/A was detected with mouse
a-FLAG-HRP antibody (Pierce, 1:10,000 final dilution) for 1 h at room temper-
ature and developed with Ultra TMB (Pierce) for 20 min at room temperature.
The reaction was quenched with H,SO,, and A,;, was determined. The
amount of LC/A needed to bind 50% SNAP-25 was determined.

Although LC/A bound SNAP-25(1-197) and SNAP-25(1-206)

with similar affinity, LC/A had a lower affinity for SNAP-25(1—
180) (Fig. 4). This indicated that contact with residues on adja-
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FIGURE 4. High affinity binding of LC/A to SNAP-25. g, schematic of SNAP-25 (SN25) bound to the plasma membrane. SNAP-25 is a peripheral, plasma
membrane-binding protein that comprises two helixes that bind the membrane through four palmitoylated cysteine interactions. b and , solid phase binding
assays; SNAP-25 (SN) derivatives (0.5 ng) were coated in 96-well plates and incubated with the indicated amounts of 3xFLAG-LC/A (in nm). Bound LC/A was
detected with mouse a-FLAG-HRP antibody and Ultra TMB. A,5, was plotted versus [LC/A] to determine ks, the amount of LC/A needed to bind 50% SNAP-25.
d, schematic of LC/A interactions with membrane-bound SNAP-25. (Panel 1) At the cell plasma membrane, syntaxin 1a (Syn) and SNAP-25 form a SNARE
complex (31). (Panel 2) The N terminus of LC/A binds residues 80 -110 of SNAP-25 (panel 3) which facilitates substrate binding in competition with syntaxin 1a.
(Panel 4) After SNAP-25 cleavage, LC/A has a high affinity for membrane-bound SNAP-25(1-197).

cent sites to the scissile bond contributed to the high affinity of
LC/A for SNAP-25. Thus, two regions (80-110 and 180-197)
of SNAP-25 contribute to the high affinity binding to LC/A.

Association of LC/A with SNAP-25 within Neurons—Ectopic
expression characterized LC localization within Neuro-2A
cells. Initial experiments showed that GFP-LC/A colocalized
with endogenous SNAP-25 or YFP-SNAP-25 on the plasma
membrane (Fig. 5). A 4-amino acid mutation of SNAP-
25(C85A,C88A,C90A,C92A) was engineered and observed
to be expressed in the cytosol, consistent with palmitoyla-
tion at these cysteines being responsible for plasma mem-
brane localization of SNAP-25 (24). Coexpression of SNAP-
25(C85A,C88A,C90A,C92A) with GFP-LC/A changed the
localization of LC/A to the cytoplasm. Quantification showed that
~90% of GFP-LC/A was plasma membrane-bound when coex-
pressed with SNAP-25, whereas ~80% of GFP-LC/A was cytoso-
lic when coexpressed with SNAP-25(C85A,C88A,C90A,C92A)
(Fig. 5). These data support the direct intracellular binding of
LC/A to SNAP-25 on the plasma membrane of neurons.

Another experiment utilized the LC of BoNT/E (LC/E) to
determine how SNAP-25 influenced the localization of LC/A in
Neuro-2A cells. LC/E cleaves SNAP-25 between residues 180
and 181, which releases SNAP-25(1-180) into the cytosol (25).
Upon coexpression with LC/E, LC/A localization changed from
the plasma membrane to the cytoplasm (Fig. 6). Controls
showed that the movement of LC/A from the cytoplasm was
due to the enzymatic activity of LC/E because upon coexpres-
sion with LC/E(R347A,R349F), a catalytically inactive form of
LC/E (26, 27), LC/A remained plasma membrane-localized.
Other controls showed that upon coexpression with the LC of
Tetanus toxin or GFP, LC/A remained plasma membrane-lo-
calized. These experiments also supported the direct interac-
tion of LC/A with SNAP-25 within cells.

High Affinity Binding of LC/A to SNAP-25 Enhances Sub-
strate Cleavage—Experiments determined the influence of N
terminus of LC/A on SNAP-25 cleavage. SNAP-25(40-206)
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FIGURE 5. Coexpression of SNAP-25(C85A,C88A,C90A,C92A) disrupts LC/A
plasma membrane localization. Upper panel, Neuro-2A cells were transfected
with pLC/A (blue) alone (SN-Endo) or with pSNAP-25 (SN-YFP) or pSNAP-
25(C85A,C88A,C90A,C92A)-YFP (SN(4CM)). Cells were washed, fixed, permeabi-
lized, and probed with a-SNAP-25 antibody (SN-Endo) and subjected to confocal
microscopy alone or merged. Lower panel, greater than 100 cells were visually
scored for cytosolic LC/A upon each transfection treatment. Numbers are the
average of three independent experiments. Error bars indicate S.D. SN, SNAP-25.

was used as a substitute for full-length SNAP-25 because
SNAP-25(40-206) is readily purified as a recombinant protein
in E. coli (13). LC/A cleaved SNAP-25(40-206) ~20-fold more
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FIGURE 6. Coexpression of LC/E disrupts LC/A plasma membrane localiza-
tion. Upper panel, Neuro-2A cells were cotransfected with pLC/E, pLC/
E(R347A,Y349F) (LC/E(RYM) pLC/Tetanus toxin (LC/TeNT), or pGFP derivative
(green) and pLC/A (red). Cells washed, fixed, and probed for SNAP-25, using
a-SNAP-25 IgG (blue). Cells were visualized by confocal microscopy, and
images were merged. Lower panel, greater than 100 cells were scored for LC/A
cytosolic phenotype under each transfection treatment. Results are the aver-
age of three independent experiments. Error bars indicate S.D.

efficiently than LC/A(8 —438), whereas LC/A showed an ~10-
fold higher rate of SNAP-25(141-206) cleavage than LC/A(8 -
438) (Fig. 7). Thus, the N terminus of LC/A facilitates SNAP-25
cleavage through interactions with the N-terminal coiled resi-
dues of SNAP-25, with some N-terminal LC/A interactions
with SNAP-25(146 —206) also contributing to catalysis.

DISCUSSION

Although earlier studies reported the intracellular localiza-
tion of the LC of BONT/A to the plasma membrane (21, 22), the
basis for plasma membrane association was not determined.
The current study shows that LC/A binds directly to SNAP-25
on the plasma membrane of neurons. The LC/A-SNAP-25
interaction appears stable, with little detectable LC/A present
in the cytoplasm. The N terminus of LC/A contributes to high
affinity binding of LC/A to SNAP-25 on the plasma membrane
and ultimately to the efficient cleavage of SNAP-25. Two inter-
actions were detected, and high affinity binding of LC/A to
SNAP-25 required the presence of residues 80-110 and 180 —
197 of SNAP-25.

Identification of a SNAP-25 interaction with the N terminus
of LC/A was not expected because BONT/A or LC/A was pre-
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FIGURE 7. Cleavage of SNAP-25 by LC/A and LC/A(8-438). Two um SNAP-
25(1-206) was incubated with the indicated amounts of LC/A(8-425) (@) or
LC/A (1-425) (M), or 2 um SNAP-25(146-206) was incubated with the indi-
cated amounts of LC/A(8-425) (A) or LC/A (1-425) (¥) in 10 mm Tris-HCl and
20 mm NaCl for 15 min at 37 °C and stopped with sample buffer. The gel was
stained for protein, and SNAP-25 cleavage was determined by densitometry.
Stained gels shown are from a representative experiment analyzing 1.5 and
200 nm LCs. The percentage of substrate cleaved was plotted versus [LC].
Results are the average of at least three independent experiments. Error bars
indicate S.D.
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viously to bind and utilize SNAP-25(146 —206) as an efficient
substrate for cleavage (13, 15, 28). The role of the N terminus of
LC/A in SNAP-25 binding/cleavage may not have been
detected in the earlier studies due to the experimental condi-
tions used. The interaction between the N terminus of LC/A
and SNAP-25 residues 80-110 increased the efficiency of
SNAP-25 cleavage, implicating a functional consequence for
this interaction. The significance of the interaction between the
N terminus of LC/A and SNAP-25 residues 80—110 may be
related to the SNARE complex of which SNAP-25 is a compo-
nent (Fig. 4d). Within neurons, SNAP-25 is associated with
syntaxin la forming a pre-SNARE complex for VAMP-2
recruitment (29, 30), and the C terminus of SNAP-25 may not
be accessible to LC/A because SNAP-25(1-87) and SNAP-
25(131-206) form a double helix complex (31). Thus, interac-
tions of LC/A with the non-SNARE complex region of SNAP-
25, residues 80 —110, may allow LC/A initial access to SNAP-25
within the complex and compete with syntaxin 1a for SNAP-25
binding. The finding that LC/A localizes to the plasma mem-
brane through direct interactions with SNAP-25 also provides a
basis for the potency of BoONT/A within neurons. The recent
finding that an N-terminal deletion to BoNT/A has reduced
toxicity supports a role of the N terminus in substrate recogni-
tion (32). This study also reported that the deletion of the
N-terminal 7 amino acids of BONT/A did not affect the longev-
ity of SNAP-25 cleavage or neuromuscular paralysis, indicating
that intracellular targeting to the plasma membrane does not
influence LC half-life within a neuron. These studies are con-
sistent with the recent determination that recognition by the
proteasome contributes to LC stability within neurons (33).
The intracellular trafficking and localization of bacterial tox-
ins within host cells have been reported for several exotoxins
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and type III effectors but remain a relatively under investigated
field of study. The limited focus on intracellular trafficking of
toxins may be due to the high sensitivity needed to detect this
activity and earlier observations that both bacterial toxin and
viruses, which often utilize similar entry strategies, can utilize
multiple pathways to enter and traffic in host cells (34 -38). For
example, exotoxin A of Pseudomonas aeruginosa possesses a
KDEL-like endoplasmic reticulum retention sequence that is
utilized to retrograde traffic from the early endosome to the
endoplasmic reticulum where the catalytic domain is translo-
cated into the cytosol to ADP-ribosylate elongation factor II
(39, 40). Possibly more analogous to LC/A, we have reported
that ExoS, a type IlI-delivered cytotoxin, traffics on the cyto-
plasmic face of endosomes to retrograde traffic to the endoplas-
mic reticulum. This trafficking facilitates the targeting of Ras
and Rho GTPases (41, 42). The unique property of the interac-
tion between LC/A and SNAP-25 was that the interaction also
enhanced the rate of substrate cleavage.

This study provides insight toward understanding the mech-
anism of action of LC/A inside the neuron. These findings help
explain the potency of BoNT/A by utilizing the substrate,
SNAP-25, as an intracellular receptor to increase the efficiency
of substrate cleavage. This is a layer of sophistication of BONT
action that has not been previously appreciated. Understanding
the intracellular localization and substrate recognition of LC/A
may provide insight into designing new therapeutics to neutral-
ize BoNT intoxications.
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