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ABSTRACT: The seven serologically distin@lostridium botulinunneurotoxins (BoNTs A G) are zinc
endopeptidases which block the neurotransmitter release by cleaving one of the three proteins of the
solubleN-ethylmaleimide-sensitive-factor attachment protein receptor complex (SNARE complex) essential
for the fusion of vesicles containing neurotransmitters with target membranes. These metallopeptidases
exhibit unique specificity for the substrates and peptide bonds they cleave. Development of countermeasures
and therapeutics for BONTSs is a priority because of their extreme toxicity and potential misuse as biowarfare
agents. Though they share sequence homology and structural similarity, the structural information on
each one of them is required to understand the mechanism of action of all of them because of their
specificity. Unraveling the mechanism will help in the ultimate goal of developing inhibitors as
antibotulinum drugs for the toxins. Here, we report the high-resolution structure of active BoNT/F catalytic
domain in two crystal forms. The structure was exploited for modeling the substrate binding and identifying
the S1 subsite and the putative exosites which are different from BoNT/A or BoNT/B. The orientation

of docking of the substrate at the active site is consistent with the experimental BONT/A-LC:SNAP-25
peptide model and our proposed model for BONT/E-LC:SNAP-25.

Clostridium botulinunproduces seven antigenically dis- the cytosol, where it recognizes and cleaves one of three
tinct neurotoxins (BoNT/A-G)! recognized as the most SNARE proteins. Though LCs of BoNTs share significant
potent biological toxins 1). BoNTs cause the disease sequence homology (360%) and structural similarity, they
botulism, a neuromuscular disorder characterized by flaccid selectively cleave specific SNARE proteins. BoNT/A, -C,
paralysis that is. dug to the blockage of neurotransmitter gnd -E cleave SNAP-25, and BoNT/B, -D, -F, and -G and
release 2). Botulism is also caused by other members of tetanus toxin (TeNT) cleave VAMP (also known as synap-
the genus such aSlostridium baratii There are a few case  oprevin) (7). BoNT/C is unique since it also cleaves
reports on botulism due to BoNT/F secreted by@h@arati  gypaxin. VAMP is a tail anchored membrane protein of
n e}dultls andf ||If5a(;1t|.:%—5). IZONTS a}re reI(tjaabsed as Inactive o ocviotic vesicles. VAMP comprises a family of different
molecules o a and are cieaved by €xogenous Orisoforms, and neurotoxin sensitive isoforms are present in
endogenous proteases into active dichain molecules with anmany non-neuronal tissues)( However, clostridial neuro-
Elr_]:mmgl I?Oh(; (I:gi; I‘(llélcd S)%Zt[?]ae)rall)r;/daad?stel’fri?ems (I)g;a(vy toxins do not act on non-neuronal cells due to the absence
The C-terminal domain of the HC mediates binding of the 8; Cilrll :u[fggear:guﬁggﬂz rzeizipfrzzggégg;sgéeatgirg (the
toxin to the specific neuronal receptors, and the N-terminal </- " X
domain enables the catalytically active LC to translocate to 'equirement of unusually large segments of their substrates

for optimal activity. This is reflected in the presence of
T Research supported by the U.S. Army Medical Research Acquisi- additional r(_acognltlon and bmdmg sites, called exosnes,_ on
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Due to the unique substrate requirement and stringentmin, and then 2ulL of benzonase was added and the
cleavage selectivity, the development of a multivalent suspension was incubated for an additional 10 min. The
inhibitor against all seven serotypes seems unlikely. Thus, suspension was centrifuged at 12 000 rpm for 30 min and
the current need is to understand the catalytic mechanismthe supernatant saved. The supernatant was allowed to mix
of each one of them, to define the variable substrate with Ni-NTA agarose (Qiagen) prewashed with the phos-
specificity and selective cleavages by them. Knowledge of phate buffer (50 mM sodium phosphate, pH 8.0, 300 mM
enzyme exosites along with the residues of substrate involvedNaCl) for 1 h, poured into a column, and washed with 100
in enzyme-substrate complex formation is a prerequisite for mL of phosphate buffer. The elutions were done with
drug design for botulism. The docking of the substrate at increasing concentrations of imidazole (2260 mM) in
the active site needs to be studied more precisely to phosphate buffer. The protein fractions eluted in the 250 mM
understand the molecular mechanism of catalysis broughtimidazole concentration were pooled together and purified
about by these toxins in order to develop inhibitors. To furtherin a size exclusion column (Superdex-75). The protein
achieve this goal, high-resolution crystal structures of was concentrated to 10 mg/mL using Centricon for crystal-
catalytic domains of all serotypes and their complexes with lization purpose. The protein concentration was measured
the substrates or substrate analogues would be a priority. Sdy absorbance at 278 nm using a Perkin-Elmer spectropho-

far only two complex structures are availabl( 14.

Here we report the expression, purification, and crystal
structure analysis of BONT/F-LC in two crystal forms. This
is the first structural report for any functional fragment of
BONT/F. We also compare BoNT/F-LC with the available
crystal structures of BONT/A, -B, and -E and TeNT. We have
identified the S1subsite and the putative exosites in the

tometer.

Expression and Purification of GST-Tagged VAMRe
pPGEX-2T vector encoding VAMP2 (aa-1115; human) with
an N-terminal GST tag was kindly provided by J. Schmidt,
USAMRIID. The GST-VAMP fusion protein was expressed
in BL21 cells and purified using GST-resin as per user's
manual (Novagen).

toxin. The suggested orientation of docked substrate at the Enzymatic Actiity of BONT/F-LC.The enzymatic activity

active site is consistent with thermolysin-inhibitor, BoNT/
A-LC:SNAP-25 peptide, and our proposed model for the
BONT/E-LC:SNAP-25 complex structure3, 15, 16.

MATERIALS AND METHODS

Cloning, Expression, and Purification of BONT/F-LThe
pFB4 vector possessing the full length of BoNT/F-LC
(Metl—Lys439; identical to strain NCTC 10821; GenBank

of BONT/F-LC was assayed on its substrate VAMP. The
assay was performed at 3T in 20 uL total volume (20
mM Hepes buffer, pH 7.4, 2 mM DTT, and 1M Zn
acetate) containing 10 nM enzyme angd GST-VAMP.
The hydrolytic curve (data not shown) for the light chain (2
nM) was determined by analyzing the cleavage qiNd
substrate (GST-VAMP) at various time intervals (0, 1, 2, 3,
5, 10, 15, 30, 45, 60, 90, 120, and 180 min). The reaction
was stopped by adding the 3x SBBAGE sample buffer

accession number X81714) with 6xHis tag was used ascontaining 1 mM EDTA. The evaluation of cleavage was
template. ThlS has four extra reSldUES.E_lt the C-termlnus. ThEbased on the appearance/disappearance and intensity of
LC encoding segment was PCR amplified using the forward yncleaved substrate and product in20% gradient Tris-

primer (3 ATG ACC ATG GGA ATG CCAGTT GTAA
3') bearing aNcd restriction site at the'®end and the reverse
primer (8 GAT GCT CGA GCC CGG GAG TTG GCG G
3) bearing aXhd site at the 3end. The PCR products were
digested with theNcd and Xhd restriction enzymes and

glycine SDS-PAGE gels. Quantification of the digestion
was performed by densitometry analysis of the cleaved and
uncleaved fragments in Coomassie stained gel.

Screening of Mercurial Compounds as Inhibitoi&he
inhibitor assay was performed as above with two concentra-

||gated to the pET-28b vector between similar sites. The tions (500 and 100QtM) of five mercurial Compounds
nucleotide sequence was confirmed for the entire BONT/F- individually added to the assay buffer and incubated for 40

LC gene in both strands by the Big Dye termination Cycle

min at room temperature before adding the substrate. The

Sequencing (Applied Biosystems). The plasmid pET-28b- reaction was stopped after 30 min by adding the 3x SDS

LC was transformed to BL21 (DE3) cells for expression of
the protein.

PAGE sample buffer containing 1 mM EDTA. The efficiency
of cleavage was calculated as percentage of cleavage by the

The expression and purification methods are similar to untreated enzyme as detailed above. The most promising

those for BONT/E-LC 17). The 2xYT medium (1.6%

compound was assayed again at finer grid points.

bactotryptone, 1.0% bacto-yeast extract, and 0.5% NaCl) Crystallization and Data CollectionThe initial crystal-

containing 10Qug/mL kanamycin was inoculated with the
freezer stock of BL21(DE3) cells containing the pET-F-LC
vector. Cells were grown in a shaking incubator at°g€7
until Asgo reached 0.6:0.8. At this point, 1 mM IPTG was

lization screening was carried out by the sitting drop vapor
diffusion method using the high-throughput crystal screen
(Hampton Research) and TECAN crystallization robot.
Microcrystals were obtained using a precipitant containing

added and the cell growth was continued for an additional 0.1 M CdC}, 0.1 M Na-acetate pH 4.6, and 30% PEG 400

14—16 h at 20°C. Cells were then harvested for the protein
preparation, and 30 mL of lysis buffer containing 50 mM
sodium phosphate, pH 8.0, 300 mM NacCl, 5 mM benzami-
dine, 0.5 mM PMSF, and Zg/mL pepstatin A was added

supplemented with two tablets of protease inhibitor cocktail
(Roche) and 0.5 mg/mL lysozyme (Sigma), 2 mL of

at room temperature in-23 days. Diffraction quality crystals
were obtained by microseeding and varying the concentration
of CdChk. Two morphologically distinct crystal forms,
hexagonal (form 1) and rod (form 1) shaped, appeared under
the same crystallization conditions. Preliminary analysis
showed that both forms are in the space gr@2p Form |

Bugbuster (Novagen), and 6 mM iodoacetamide. The crystals contain two molecules per asymmetric unit while

suspension was incubated at room temperature fer3R0

form Il crystals have one molecule per asymmetric unit. A
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Table 1: Crystal Data and Refinement Statistics

Crystal Data Details

form

I a=173.40 Ab=53.24 A,c=113.87 A =119.2,

space groujc2
I a=63.41Ab=79.46 A,c=189.66 A, =110.0;
space groujc2
form | form Il
wavelength (A) 1.1 1.1
resolution (A) 56-1.8 50-2.0
no. of reflections 69805 26560
llo 7.3 11.1
R-merge (outer shell) 0.09 (0.42) 0.08 (0.21)
redundancy 3.0 6.5
completeness (%) 82.9 (47.4) 93.7 (62.7)
Refinement Statistics
resolution used (A) 501.8 50-2.0
molecules/asymmetric unit 2 1
no. of reflections 64843 25768
completeness (%) 76.7 90.9
R-factor 0.24 0.23
R-free 0.27 0.28
no. of protein atoms 6338 3264
no. of heteroatoms 9 3
no. of water molecules 241 167
Ramachandran plot 88.4 (10.4) 90 (9.2)
most favored region
(additionally allowed) (%)

PDB id code 2A97 2A8A

Table 2: Interatomic Distances between Various Conserved

Residues
distance distance
A A

Zn—H227 NE2 2.00 Nu waterR365 NH2 7.58
Zn—H231 NE2 2.22 Nu waterH231 NE2 3.21
Zn—E266 OE1 2.20 E353 OEIH227 ND1 3.44
Zn—E250 OE2 2.96 E353 OEZR365 NH1 4.01
Zn—Nu water 2.13 E265 OE4H231 ND1 2.82

Nu water-E228 OE1 3.74
Nu water-E228 OE2 4.42
Nu water-Y368-OH 4.64
Nu water-E266 OE1 3.49
Nu water-E266 OE2 3.02

E265 OE1H234 ND1 2.63

Y368-OHZn

4.37

Y368-OHE266 OE1 2.87
Y368-OHE266 OE2 3.71

R365 NH2Zn

6.62

Agarwal et al.

disordered in all LCs¥4, 23, 24. Refinement details are
given in Table 1.

Modeling of Substrate on BoONT/F-LTwo crystal struc-
tures of botulinum neurotoxin catalytic domaigubstrate
complex are availablel@, 14. The two LCs have different
substrates, and the mode of binding is also different. To
model BoNT/F-LC with its substrate, both models were tried.
First BONT/B-LC with VAMP peptide was aligned with
BoNT/F-LC by least-squares fit. In this process the disor-
dered loops were not included. Similar alignment was done
with BoNT/A (mutant):SNAP-25 peptide. In the latter case,
the SNAP-25 peptide was converted into VAMP peptide via
mutation in “O”.

RESULTS AND DISCUSSION

Cloning, Expression, Purification, and Catalytic Agty
of BONT/F-LC.The BoNT/F catalytic domain gene from
pFB4 plasmid has been recloned into a pET-28b vector with
C-terminal 6xHis tag (pET-F-LC). Using pET-F-LC BoNT/
F-LC has been overexpressed yieldng5 mg/L cell culture.
The solubility of the protein was extremely good, and we
could concentrate it te-10 mg/mL in HEPES buffer. The
protein is stable when stored in the same buffer between
—80 and—20 °C.

VAMP2 (aa 1-115) with the N-terminal GST tag was
used for assaying enzymatic activity. The GST-tag (25 kDa)
does not interfere with the catalytic activityd). Incubation
of GST-VAMP (~38 kDa) with the BoNT/F-LC led to
cleavage of the GIn58Lys59 peptide bond and produced
~32 and ~6 kDa fragments. LC, 10 nM, was able to
completely cleave *M VAMP in 30 min of incubation at
37 °C (data not shown).

Description of BONT/F-LC StructureBoNT/F-LC has the
fold typical of the available botulinum toxin catalytic
domains. The protein has one zinc ion per molecule. Form
I and form Il crystal structures are very similar. The rmsd
between the two monomers in form | is 0.40 A, and that
between form Il molecule and either one of form | monomers
is 0.43 A. The loop region Asp265Thr214 is disordered
and not modeled in both structures. Loop Glu248262

self-rotation function calculation showed the presence of a disordered and hence not modeled in form | is ordered in
noncrystallographic 2-fold symmetry in form | crystals).
Crystals were directly mounted on a nylon loop and flash Lys439) are not modeled due to poor electron density in both
frozen immediately by plunging into liquid nitrogen. X-ray structures. The absence of the C-terminal residues and the
diffraction data were collected at the SGX-CAT beam line disordered region (Glu249le262) is not due to autolysis
of the APS for form | crystals and at the X29 beamline of as shown by SDSPAGE analysis on crystals of both forms
the NSLS for form Il crystals. All data sets were processed (data not shown) 24, 25. In form | crystals the two
with DENZO and scaled and merged using SCALPACK molecules (A and B) in the asymmetric unit are associated
(19). The data collection statistics are given in Table 1.

Structure DeterminatiorCrystal structures of forms | and

the form Il crystal. The C-terminal residues (Val422

via a noncrystallographic 2-fold symmetry. Opestrand
from each molecule is held together by a cadmium ion, which

Il were determined using the molecular replacement methodis interacting with OD1 and OD2 of Asp383 of both
with BONT/B-LC (1F82) as search moddlg). ARP/WARP

was used to build the mode2@). About 80% of the model

was built automatically and the rest manually using “@I)(
Refinement was carried out using CN32). Fifteen C-
terminal residues could not be located in the electron densityis probably to stabilize the packing and thus help in
maps in both crystal forms and were presumed to be crystallization. Though the molecule exists as a dimer in the
disordered. In addition, form | crystals lacked electron density crystal structure, the buried surface area of 168@about

for the loop regions Asp205Thr214 and Glu2491le262

in both monomers while form Il crystals lacked only for

monomers with distances of 2.27, 2.28, 2.72, and 2.52 A.
Other interactions are primarily through loop regions.
Residues 713 of molecule A interact with residues 394
396 of molecule B and vice versa. The role of cadmium ions

5% of the total area) on dimerization indicates that it is not
a biological dimer. This notion is supported by results of

Asp205-Thr214. These loops have a tendency to be size exclusion chromatography experiments where the peak
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Ficure 1: (a) Ribbon representation of the dimer formed via crystallographic 2-fold in form Il crystals. The dimerization is similar in form

I, but via a noncrystallographic 2-fold. The dimer formation is aided by a Cd ion (shown in magenta) coordinated by the carboxylate side
chain of Asp383, shown in ball-and-stick model. The active-site zinc is shown in yellow. The dimerization may be an artifact of crystal
packing. This figure was produced with MOLSCRIPA1). (b) The active site of BONT/F-LC. The zinc ion is coordinated by His227,
His231, Glu266, and a nucleophilic water (wat) which is hydrogen bonded to Glu228. The interatomic distances are given in Table 2.

due to the protein appeared at 52 kDa when eluted at aTyr368 may play a major role in transition state stabilization
concentration of £2 mg/mL. In both the molecules the as mutation of the equivalent residue in BoNT/E (Tyr350)
active sites are facing outside the dimeric interface and to alanine inactivated the enzymegf. However, moderate
exposed to solvent (Figure 1a). The dimeric association is differences in phenotypes have been observed for mutations
different in all the clostridial neurotoxin light chain structures of analogous residues in different clostridial neurotoxins.
reported so fard3, 24, 2§. Whether or not the dimerization Putative Substrate Binding Sites for BoNT/F-LTwo

hfls taTy bi'gﬁgscgilg'grgf'gach IS nhc?t \yectj c\I/ciaart.hIn fcr)rrr][ Ill crystal structures of BONT LCs with their substrates are
I(z)yfaar?ics 2-f§lld alseo Vsm? a Scailcmiﬁn? ion abride ir(1: ys;hae- available (3, 14. The two toxins have different substrates
grap ’ ging and could hence represent the mode of binding of the

moleculles. Since all monomers and their interatomic dis- articular substrate to the catalytic domain. In both models
tances in both crystal forms agree within experimental errors, P y ) '
part of the substrate runs close to thestrand formed by

the di ion h ft tains to f Il tal th . . .
© discussion herealter periains fo form 1 crystais as ereS|dues in the region 1670 (BoNT/A). In all LC

model is more complete (Table 1). ) . )
P ( ) structures and the holotoxins, this region formg strand.

The BONT/F-LC structure is similar to BONT/A, -B, and " | oeing the transition state by comparing BoNT/B
-E and TeNT LCs with respect to the core conformation . 19 the : y paring
with a sulfate ion with thermolysin, we had pointed out that

involving the helices and strands though large variations exist™™ . N S .
9 9 9 residues in this strand might interact with the substrat. (

in their loop conformations. Of the full-length catalytic o ) :
d A similar conclusion has been drawn also from mutational

domain structures available so far (BoNT/F and -E an e !
TeNT), the C-terminal region is visible only in BoNT/E-LC ~ Studies in BoNT/E-LC 16). However, while the substrate

(23, 26. In BoNT/F-LC, the active site is well formed and  Uns antiparallel to this strand to fornpasheet in the BoNT/
has interactions typical of zinc-binding motifs as in other A:SNAP-25 complex, in the BoNT/B:VAMP complex, it
clostridial neurotoxins. The active site zinc is coordinated runs close to thg strand but is in the same direction as the
by His227 NE2, His231 NE2, Glu266 OE1, and a nucleo- Strand. This difference could be because of the difference in

philic water molecule (Figure 1b). The latter is kept in its Substrate type and/or the serotype. This raises an interesting
position via Glu228. possibility that all LCs which have VAMP as substrate will

Counterparts of the remaining depicted active site residuesPind similarly to BoNT/B and those with SNAP-25 as
are present in analogous arrangement in all clostridial substrate similarly to BONT/A. But a reversal of direction is
neurotoxins crystallized to date. This argues for the functional @lso a possibility for the same substrate when it binds to a
similarity of these residues. The function of several active different serotype. To model the substrate binding to BoNT/
sites residues has been studied by mutational analysis ( F-LC we took both possibilities into account. Accordingly,
27-30). Thus, Glu265 appears to be important for maintain- the VAMP peptide was modeled similarly to SNAP-25 in
ing the orientation and protonation state of His231. Glu353 the BoNT/A:SNAP-25 peptide complex (Type 1). It was also
likely fulfills the same function on His227. Arg365 probably modeled by tracing the chain in the reverse direction (Type
helps in stabilization of the Plcarbonyl oxygen of the  2). Both models were analyzed with respect to biochemical
scissile bond of the substrate to give proper orientation. and mutational studieds®, 32.



11762 Biochemistry, Vol. 44, No. 35, 2005 Agarwal et al.

a FD to the model, i.e., basing on a similar progression of the
v ll V2 substrate along the binding channel as found in BoNT/A:
gDEWD'MF}',‘ 51'3"<$EREJE| |;§EL\DD§ADAL91 ‘ VAMP2 SNAP-25, while Glu41l could make a potential hydrogen
A A NN S N bond with the side chain of Asn138 of BoNT/F, Asp40 does
NKKERDLVYY REISS E[LEY KQ | BoNTF not appear to fo_rm interactions with the LC. In addition,
S pocket Arg47 of VAMP is near Glu28 of BONT/F. Asp51, Lys52,
Glu55, and Arg56 of VAMP interact with Arg133, Aspl177,
lA LTKH-8STQ- QD|YA LIS FYRS BoNTID Arg_263, and Glul164 of BONT/F, respectively. Hydrophobic
RN R w2 mwms %606 (el 37 o 5 residues Val53 and Leu54 sit in a hydrophobic pocket formed
by lle52, Vall70, Tyr26, and Vall79 of BoNT/F. On the
b C-terminal side of the cleavage site, Asp64 and Asp65 of

V2 interact with Lys371 and GIn252 of BoNT/F (Figure)2b

All these interactions indicate strong binding of the substrate
to BoNT/F and largely support the results from mutagenesis
studies. Together, these interactions could be considered the
exosite interactions of BONT/F. These LC residues are not
conserved in BoNT/D (Figure 2a), and this could be the
reason for different effects on the activity due to mutation
of SSR residues even though the two cleave adjacent peptide
bonds (2, 33, 34. On the other hand, in type 2 alignment,
residues with the same kind of charge clash between the
substrate and LC. Accordingly, we conclude that VAMP
binds BoNT/F in a direction similar to SNAP-25 to BoNT/

A. It remains to be shown whether the different direction of
substrate binding in BoONT/B is unique or applies to other
LCs as well. In discussing the need for the presence of V1
for TeNT activity, it was assumed that the VAMP will bind
similarly to BoNT/B (26). However, the reverse substrate
orientation can at present not be excluded. At any rate, the
different specificity of TeNT and BoNTSs is due to variation

in the charge distribution on the surface of the LCs which

Ficure 2: (a) Proposed VAMP-BONT/F interactions. The scissile allows _dlfferent segments of the_ same S“b§"at’? to _bmd
peptide bonds for BONT/F and -D are shown with arrow marks. Presenting the specific cleavage site at the active site. Figure
The residues involved in S&ubsite are shown in yellow. The three 3 provides a comparison of the charge distribution on BoNT/

residues forming the Skubsite will form hydrogen bonds with  F-, BONT/B-, and TeNT-LCs, all cleaving the same substrate.

the P1residue, Lys59. The SSR motifs, V1 and V2, are also shown. g1 pocket of BoNT/E-LCThe requirements on P2, P1,

The putative interactions between VAMP and BoNT/F are shown ., . - -
with arrow marks. Most of the interactions are between residues 1+ @nd P2residues with respect to cleavage by clostridial

with complementary charges. Residues involved in the putative nel{rOtOXir_‘S_haVe begn 'StUdied extensivedp, (35-37).
hydrophobic interactions are underlined. Strong interactions of V1 While variation of P1 is irrelevant to cleavage (except for

and V2 residues with the enzyme explain the need of both motifs BoNT/C (37)), P is crucial. The S1subsite has been

for optimal catalytic activity of BONT/F. BoNT/D residues corre- identified in BONT/E (6). The P1 residue, lle181, in
sponding to interacting residues of BoNT/F are also shown. Among BoNT/E . hvd ) hobic site f 'd b TI"l 159
the interacting residues only Tyr368 and Phe369 (BoNT/F) are 20 occupies a hydropnobic site formed by Thrls9,

conserved in BoNT/D and -F. The putative’ Stibsite for BONT/D Phel91, GIn203, Leu207, Thr208, and Tyr356. A similar
is highlighted in yellow. To allow for the hydrophobic interactions modeling with BoNT/F-LC and thermolysin proposes thé S1
betweer_1 Pland the S1subsite, VAMP will have to slide up by subsite of BoNT/F. In this case, the 'Presidue, Lys59,
one residue. (b) BONT/F-LC:VAMP complex model. BONT/F-LC iniaracts with Ser165, Glu200, and Ser224 (Figure 4). In
is shown as molecular surface in yellow with charged residues :
interacting with VAMP in red (negative) and blue (positive). vaMp  BONT/A these residues correspond to Phe162, Thr192, and
(39-65) is shown in sphere model. Charged residues are shown inThr219 and have the potential to interact with PArg198
red and blue, while the rest are shown in green. The complementaryof SNAP25) with some rearrangement of the side chain
e e i e o YAV oy o o Centatons. A proper rotamer posiion of LysS3 o VAP
LC. Figures 2b, 3, 4, and 5 were prepared with PyM@p)( will allow its 5|d_e chain to mte_)ract with the side chalns_ of
these three residues. Changing Lys59 of VAMP to either
The cleavage site in VAMP2 by BoNT/F-LC lies between Arg or Ala rendered VAMP cleavage resistaB8®). Though
the two SSR sites, V1 and V2 (Figure 2&p). The cleavage  Arg is positively charged as Lys, the side chain is too big to
of VAMP?2 is susceptible to mutation of residues in both be accommodated in this subsite and is detrimental to the
SSRs, though more so for V1 residues than V2. When Asp40, activity. As for Ala, the lack of interactions with the subsite
Glu4l, and Asp44 of V1 were mutated, the activity was residues will produce the same effect. In our substrate
almost completely lost. When Asp64, Asp65, and Asp68 of complex model, P1 is exposed to the solvent and has minimal
V2 were mutated, the cleavage decreased by6i¥bo (12). interactions with the LC. This may be the case for other
In type 1 alignment, Asp44 has interactions with two complexes and might explain why the type of amino acid at
positively charged residues (Lys29 and Lys31 of the LC) P1 is not crucial for cleavage. For BoNT/F, P2 and &R
and could form a salt bridge to stabilize binding. According the substrate are crucial for cleavage. P2 is Asp57, and its
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Ficure 3: Comparison of the surface charges on (a) BONT/F-LC, (b) TeNT-LC (PDB id 1YVG), and (c) BoNT/B-LC (PDB id 1F83). The
three molecules are in the same orientation, and VAMP modeled on BoNT/F-LC is shown in stick model. Residues with positive and
negative charges are shown in red and blue, respectively, and the active site region is shown in yellow. The variation in charge distribution
explains the specificity for different cleavage sites. (Though BoNT/B and TeNT cleave the same peptide bond of VAMP, the optimal
length of VAMP for activity is different. While TeNT requires both V1 and V2 SSR sites, BoNT/B requires only V2.)

side chain interacts with Arg263 of the LC probably via a However, the same compound had different effects on
salt bridge. Changing Asp57 to either Asn or Ala or Glu various serotypes. Ahmed et al. also have shown that similar
affected the activity. In the case of Glu the side chain is one mercurial compounds completely abolish the activity of
bond length larger and might have steric clasH.(BP2u60) BoONT/A-LC at 10-50 uM concentrations39), and this is
occupies a pocket formed by bulky hydrophobic residues attributed to the modification of the thiol group of Cys164
Tyr368, Phe369, and 1le370. Change of thé RBidue to  which is in the vicinity of the active site. We chose to
Ala compromises the hydrophobic interactions and conse-investigate the effect of mercury compounds on BoNT/F
quently affects the rate of substrate cleavage. since there are two adjacent cysteines (Cys166 and Cys167)
Mercury Compounds as Inhibitors of Botulinum Neuro- in thep strand that would form & sheet with VAMP accord-
toxins. The role of mercurial compounds on the activity of ing to our enzyme substrate complex model described in
BoNTs has been investigated with respect to the interchainearlier sections. Cys167 of BONT/F and Cys164 of BONT/A
disulfide bridge connecting the heavy and light chaBg).( are conserved. In addition, Cys364 is close to Arg365 and
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Ficure 4: Close-up view of the active site and'Slibsite. The
active site zinc is shown in magenta, and the residues involved in
the active and Skubsite are shown in stick model. The Rdsidue
Lys59 is shown in yellow. The three potential hydrogen bonds are
shown as dashed lines.

FicurRe 5: Cysteines near the active site. The three cysteines (166,
167, and 364) within 11 A from the active site zinc are shown.
Cys364 is close to Arg365 and Tyr368 which stabilize the transition

state. The fourth cysteine (Cys429) was not modeled in the structure.

Tyr368 (Figure 5). The three mercury compounds we tried
on BoNT/F-LC had varying effects in inhibiting the catalytic
activity. As has been pointed o88), this could be because
of the modification of thiol groups or histidines near the
active site or both. Future crystallographic investigations may
help in understanding the role of mercury compounds in
inhibiting the catalytic activity.

The Rationale for Inhibitor Deelopment.BoNT/A, -E,
and -C proteolytically cleave SNAP-25 while BoNT/B, -D,
-F, and -G cleave VAMP. Small molecule inhibitors such
as zinc chelators are relatively inefficient in blocking the
activity of botulinum neurotoxins. This may be because either
they do not bind tightly at the active site or they could be
easily displaced by the substrate. In addition, small molecule

zinc chelators could have undesirable side effects since they

might inhibit other zinc proteins, with similar zinc binding
motifs, essential for metabolisM@). In view of this, it would

be advantageous to design inhibitors which would bind
tightly covering a larger area of the enzyme. Mutations of
residues in the light chain farther away from the active site
either abolish or reduce the catalytic activity. The substrates

Agarwal et al.

are large peptides, and the enzynseibstrate models indicate
strong binding of substrate segments in more than one site.
This fact could be taken advantage of in developing
peptidomimics. The competitive removal of the small
substrate peptides by the larger substrate can be overcome
by using inhibitors that will bind in more than one site.
Another approach would be to block the S1 and sbsites

and exosites with two or three small molecules connected
by linkers. Such molecules have been tried successfully in
other cases before.

A further approach is to manipulate the binding of the
substrate to have better affinity than the actual substrate by
modifying the charges in the substrate residues thereby
increasing the number of interaction points. This is only
possible when we have the complex structures available for
each of the serotypes with their substrates. However, the idea
will be to modify the substrate in such a way that it has the
minimal length requirement but with better affinity than the
actual substrate and also not being cleaved by the enzyme.

Scientists have attempted to crystallize native enzyme with
substrates without success and that prompted the complex
formation with a mutant(3, 23. It points to the fact that it
is difficult to obtain a complex of the enzyme with cleaved
product(s). If there are many interactions between the
substrate and the enzyme, it is not clear why cleavage of
one bond can let the product move away from the enzyme.
Either the cleaved products could change their conformation
and lose interactions with the enzyme or uncleaved substrates
compete with cleaved products to displace them. In view of
this, if an effective inhibitor is to be developed, it needs to
have stronger interactions with the enzyme than substrate
but not necessarily similar to what is involved in substrate
recognition. An understanding of the molecular mechanism
of the changes leading to the separation of the cleaved
substrate from the enzyme would be helpful in inhibitor
design.
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