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ABSTRACT. Botulinum neurotoxin serotype A (BONT/A, 1296 residues) is a zinc metalloprotease that cleaves
SNAP25 to inhibit the fusion of neurotransmitter-carrying vesicles to the plasma membrane of peripheral
neurons. BoNT/A is a disulfide-linked di-chain protein composed of an N-terminal, thermolysin-like
metalloprotease light chain domain (LC/A, 448 residues) and a C-terminal heavy chain domain (848
residues) that can be divided into two subdomains, a translocation subdomain and a receptor binding
subdomain. LC/A cleaves SNAP25 between residues Gir2A9g198 and, unlike thermolysin, recognizes

an extended region of SNAP25 for cleavage. The structure of a recombinant LEARE) treated with

EDTA (No—Zn LC/A) was determined. The overall structure ofNon LC/A is similar to that reported

for the holotoxin, except that it lacks the Zn ion, indicating that the role of Zn is catalytic not structural.
In addition, structures of a noncatalytic mutant LC/A (Arg362Ala/Tyr365Phe) complexed with and without
an inhibitor, ArgHX, were determined. The overall structure and the active site conformation for the
mutant are the same as wild type. When the inhibitor binds to the active site, the carbonyl and N-hydroxyl
groups form a bidentate ligand to the Zn ion and the arginine moiety binds to Asp369, suggesting that the
inhibitor-bound structure mimics a catalytic intermediate with the Arg moiety binding at thsitel
Consistent with this model, mutation of Asp369 to Ala decreases the catalytic activity of LC/#609-

fold, and the residual activity is not inhibited by ArgHX. These results provide new information on the
reaction mechanism and insight into the development of strategies for small molecule inhibitors of BONTS.

The botulinum neurotoxins (BoNTare zinc proteases that  chain proteins that are cleaved to produce disulfide linked
cleave SNARE proteins. There are seven serotypes of thedi-chain proteins. The N-terminat440 amino acids (termed
botulinum toxins (A-G) which are designated by the the light chain, LC) include the zinc protease domain, while
neutralizing capacity of antitoxin seral)( The BONT the C-terminak~800 amino acids (termed the heavy chain,
serotypes A-G share~30—60% primary amino acid identity = HC) are organized into two domains, an internal translocation
(2). The neurotoxins are synthesized a$50 kDa single ~ domain (HCT) and the C-terminal receptor binding domain

(HCR).
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axon where the toxin crosses the inner neuron cell junction MATERIALS AND METHODS
and enters spinal inhibitory neurons where the VAMP protein

is cleaved to block the release of inhibitory neurotransmitters Expression and Purification of BoNT LC/ARrotein
9). expression and purification were carried out as previously

BoNTs and TeNT cleave specific SNARE proteir®. ( described Z1). Briefly, Escherichia coliBL-21 RIL (DE3)

BONT/A, BoNT/E, and BoNT/C cleave the membrane-bound CellS containing the LC/A expression plasmid, pET15bLC/A
synaptosomal-associated 25 kDa protein (SNAP25). BoNT/C (1_425)'. were cultured overnight on L-agar with 100/
also cleaves syntaxin, another membrane-bound SNAREML @mpicillin and 50ug/mL chloramphenicol. Cells were
protein. BoNT/B, BoNT/D, BoNT/F, BoNT/G, and TeNT inoculated into LB medium containing antibiotics and
cleave the vesicle-associated membrane protein (VAMP). cultured at 30°C for 2 h at 250 rpnwhen cells were induced
Each neurotoxin cleaves a unique site on the SNARE proteinWIth 0.75mM IPTG, and then cultured at 250 rpm overnight

with one exception; BoNT/B and TeNT cleave at the same at 16 °_C. Cells were harvested and brokgn with a French
amino acid on VAMP. Sequence recognition of the neuro- PT€SS in 40 mL of cold buffer A (20 mM Tris-HCl (pH 7.9),

toxins appears to be more complex than other zinc proteaseé mM DTT, 10mM imida_lz_ole, and 0'.5 M_NaCI) containing
with substrate recognition domains within and outside the EDTA-free protease inhibitor cocktail (Sigma) and 2.4/
active site. Both SNARE binding motifs1) and an ML DNAse I and 2.5ug/mL RNAse I. The lysate was

a-exosite and @#-exosite have been implicated in substrate Cclaified by centrifugation at 20 0@0for 20 min at 4°C
recognition of SNARE proteins outside the active sita)( and passed through a 0.45 filter. The filtered lysate was

However, our understanding of the steps involved in substrate@PP!iéd to Ni-NTA resin (5 mL bed volume pe2 L of -
recognition is limited. bacterial culture in buffer A). The_ column was washed with
The crystal structures of BONT/ALR), and BoNT/B (3), 25 mL of _bL.‘ffer A and e_Iutgd with 20 mM Tris-HCI, pH
along with LC/A (14), LC/B (15), LC/E (16), LC/F (17), 7.9, containing 250 mM |m|daz_ole and 0.5 M. Na(_:l. Peak
LC/G (18), and TeNT, 19) have been determined. Overall, fractions were pooled and subjected to gel_—flltran.o'n on a
the LC structures are similar and provide a basis for S€Phacryl S200 HR column (150 mL of resin equilibrated
comparative functional studies. Recently, the structure of a " 10 mM Tris-HCI (pH 7.9) ar_ld 20 mM N_aCI). Peak
mutated LC/A complexed with a truncated form of SNAP25 fractions were pooled and sgbjected to anion exchange
was solved 11). The complex structure provides insight into  chromatography (10 mL of resin of DEAE-Sephacel with a

substrate recognition distal to the active site, but had limited 10 mM Tris-HCI (pH 7.9) with a 29509 mM NaCl :
information on interactions between SNAP25 and the active 9radient). Peak fractions were pooled and dialyzed overnight

site presumably due to structural perturbations caused by thd"t© 10 mM Tris-HCI (7.6) and 20 mM NaCl with 40%
mutations used to inactivate catalytic activity. glycerol (v/v). The RYM mutant was engineered using Quick

Neurotoxin cleavage of SNARE proteins follows the basic Che;]nge_;cgchniques, _ancliD p‘%ff”i;d “Sif‘g the same ;:;g;edure
molecular organization of the thermolysin family of zinc 2S the wild-type protein. Purified proteins were store

proteases. Zinc binding is coordinated by the His-Glu-x-x- < Until ready to use.
His motif, a downstream glutamic acid, and a water molecule _ Protease Actiity of LC/A and Cleaage of SNAP2S.
(2, 15). While the mechanism for peptide bond cleavage by Endopeptidase activity of the recombinant LC proteins was
the neurotoxins remains to be resolved, cleavage of the@ssayed in 4@d of reaction mixture containing GST-
scissile peptide bond appears to follow a general base-SNAP25(146-205)in 20 mM K'—HEPES, pH 7.4, and 150
catalyzed mechanism. Peptide bond cleavage is initiated byMM potassium glutamate at 3T for 2 h. Reactions were
a water molecule polarized by the Glu within the zinc Stopped by adding SDSPAGE sample buffer and boiling.
binding motif (H-E-X-X-H) and ZA*, which cause a Samples were resolved by SBBAGE, and the extent of
nucleophilic attack on the carbonyl carbon of the scissile cleavage was determined by visual inspection or by densi-
bond to form an oxyanion. Peptide bond cleavage is likely tOmetry.
achieved by a proton transfer from the attacking water  The Inhibition of LC/A and LC/A (Asp369Ala) Cleme
mediated by the carboxyl group of a downstream Glu to form of SNAP25 by Arginine Hydroxamate (ArgHKE/A (3 nM)
a protonated amine. In addition, a conserved Arg and Tyr and LC/A(Asp369Ala) (3uM) were incubated with the
(Arg362 and Tyr365 in LC/A) are proposed to stabilize the indicated concentration of ArgHX for 30 min on ice, and
oxyanion in the transition stat@@). Mutation of either Arg  then 1ug of GST-SNAP25(146205) was added and the
or Tyr alone lowers the velocity of cleavage with only limited  incubation continued for 10 min at 3T (total volume, 10
effects on substrate affinity. Unexpectedly, a double mutation #L). Reactions were stopped by the addition of SIPAGE
of Arg362 and Tyr365 to LC/A eliminated cleavage of sample buffer and subjected to SBBAGE. Gels were
SNAP25 to undetectable levels. stained, and the amount of SNAP25 cleavage was determined
The synergistic affect of mutations to Arg and Tyr on by densitometry.
peptide bond cleavage prompted an evaluation of how the Steady-State Kinetic Parameters for the Glege of
double mutation affected the structure of the active site of SNAP25 by LC/A and LC/A(Asp369Ala), Endk . deter-
LC/A. In addition, recent studies observed an inhibition of minations were made for LC/A and LC/A (Asp369Ala) with
LC/A catalysis by ArgHX (Boldt,G. E. et al.J. Comb. SNAP25(residues 146206). The amount of LCs was
Chem.,in press). To study the substrate recognition at the adjusted to cleavec10% substrate in various concentrations
active site (P1 and PJ1 we have determined the structure of SNAP25(146-206), between 1 and 20M. Reaction
of ArgHX bound to the double mutant (Arg362Ala/ velocities versus substrate concentrations were fit to the
Tyr365Phe), yielding insight into the catalytic mechanism Michaelis—-Menten equation, and kinetic constants were
of this bacterial neurotoxin. derived, using the EnzFitter program (Elseiver, U.K.).
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Table 1: Data Collection and Refinement Statistics

sample LC/A-wt (Ne-Zn)? RYM RYM-ArgHX
resolution/highest shell (A) 302.8/2.9-2.8 30.6-2.3/2.38-2.3 30.6-2.4/2.49-2.4
number of collected refs 139424 498826 490043
number of unique refs 32204/3179 57298/5677 49534/4803
completeness (%) 100/100 99.7/99.9 98.7/97.4
1/o(1) 12.6/2.8 19.8/3.8 20.4/4.3
unit cella, b, ¢ (&) 69.1, 110.1, 167.0 69.2,110.3, 167.1 69.3,109.9, 166.6
o, B,y 90, 90, 90 90, 90, 90 90, 90, 90

Space group P2:2:2; P2,2:2; P2:2:2,

symm 0.124/0.584 0.103/0.562 0.112/0.238
Vm (A%Da) 3.18 3.19 3.18
mol. in ASU 2 2 2

Refinement
number of protein atoms 6470 6625 6625
water molecules 239 159
ion/number of ions 7812 Zret[2
inhibitor atom 13
Rerystal 0.223/0.310 0.230/0.265 0.223/0.267
Riree 0.265/0.363 0.271/0.314 0.260/0.288
rmsd from ideality

bond length A 0.008 0.007 0.007
bond angle (deg) 1.32 1.25 1.27
averageB (A?)
main chain 39.8 35.3 34.1
side chain 41.2 36.1 35.1
all atoms 40.5 35.7 34.6
water molecules 50.9 33.5 35.6
Zn ion/Inhibitor 28.8 28.2/40.3

aData collected using an R-AXIS IV and all other data were collected at APS BioCARS.

Reported values are the average of at least two independentoefficient of Vi, = 3.2 A%Da, which corresponds to the
solvent content of 61.6%. Crystals of RYM complexed with

experiments performed in duplicate.

Crystallization. Crystallization experiments were per-
formed at 21°C using the hanging-drop vapor-diffusion
method 22) by mixing 2uL each of protein solution (in 30
mM HEPES, pH 7.4, and 0.1 M NaCl) and precipitating
solution and equilibrating with 0.5 mL of the precipitating
solution. Commercially available crystallization solutions,
including Hampton Screen Kit (Hampton Research), Nextal
(Nextal Biotechnology), and Wizard kits (Emerald Biostruc-
tures), were used for the initial screening of crystallization
conditions. Promising conditions were then further optimized
by sampling with finer screening grids.

To prevent autocatalytic cleavage during crystallization,
wild-type LC/A was dialyzed against a solution containing
30 mM HEPES, pH 7.4, 0.1 M NaCl, and 1 mM EDTA and
then concentrated to 15 mg/mL. For wild-type LC/A crystal-
lization, the precipitating solution contained 0.1 M HEPES
buffer, pH 7.4, 30% poly(ethylene glycol) (PEG) 1500, and
0.1 M NacCl. These crystals (hereafter referred to as-Kio

the inhibitor, ArgHX, were obtained by soaking the pre-
formed RYM crystals in the same crystallization solution
plus 4 mM inhibitor for 1 h, prior to flash-freezing in liquid
nitrogen.

Data Collection.Data sets were collected-atl75°C using
the mother liquor with an additional 20% glycerol as the
cryoprotectant. Initial diffraction data were collected in-house
using a Rigaku R-AXIS IV detector and a Micromax 007
generator equipped with an Osmic optics. Subsequently,
higher resolution data sets, with the exception of the-No
Zn data set, were collected using synchrotron radiation
at the Advance Photon Source, BioCARS beamline 14
BM-C at the Argonne National Laboratory. DENZO and
SCALEPACK implemented in the HKL2000 program pack-
age @3) were used to process all data. Data collection
statistics are summarized in Table 1.

Structure Determination and Model Refinem@&ituctures
were solved by the molecular replacement method with

crystals) diffracted to 2.8 A, and belong to the space group MOLREP within the CCP4 program suit24) using the in-

P2,2,2; with unit cell dimensions o= 69.2 A,b = 110.4

house data with the resolution range 230 A. The

A, andc = 167.3 A. The asymmetric unit contained two monomer structure of LC/Al@) (PDB code 1E1H) was first
monomers. For crystallization of the LC/A (R362A/Y365F) used as the search model for the structure of RYM. The
mutant (hereafter referred to as RYM), the protein was refined structure of RYM was then used as the search model
maintained in the same buffer as the wild-type protein, exceptfor the rest of the structures. Initial models obtained from
that no EDTA treatment was included, and the precipitating the molecular replacement solutions were further refined
solution contained 0.1 M sodium citrate, pH 5.6, 24% using the program CN&56) with manual model adjustments
PEG4K, and 0.1 M NaCl. Small needle crystals appeared using the program TURBOFRODO 6). At later stages,

within a week and were isomorphous to the-Ngn crystals
(space grouf2:2;2; with unit cell dimensions o& = 69.3
A, b =110.2 A, andc = 167.1 A). As with the Ne-Zn

water molecules were added where electron densities were
higher than 3 in the F, — F. map. Finally, structures were
refined to the highest resolution against the data collected

crystals, the asymmetric unit contained two polypeptide using synchrotron radiation. The refinement statistics are
chains forming a dimer, with a corresponding Mathews given in Table 1.
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Ficure 1: Overall polypeptide folds of the LC/A domain. (A) Superposition of LC/A structures;Rlo LC/A (pink), the light chain

portion of the holotoxin structure (dark green; PDB code, 3BTA), and the structure of autocleaved LC/A (cyan; PDB code, 1E1H). For
clarity, structures of RYM and RYM/ArgHX are not included in the figure, since their rms differences from th&iNstructure are-0.6

A. With the exception of the two loops (Glu196ys211 and Val244Leu255; shown at the top of the figure), the structures are virtually
identical. The Zn atom is shown as a gray ball. (B) Ribbon diagram of the dimeric structures-@nNgreen and pink) and autocleaved

LC/A (dark blue and cyan). The two bottom monomers are superimposed, while the top monomers are twisted by°dbout &ich

other, due to the loop containing Tyr249yr250 of one monomer bound at the active site of the other monomer in the autocleaved LC/A
structure. (C) Overlay of the dimeric N&n structure (pink and green) (and the autocleaved LC/A structure, which is not shown for
clarity) and the translocation domains of the holotoxin structure (gray). The light chain of the holotoxin is not shown for clarity, since it
superimposes well onto the pink monomer of the-m structure. All figures were generated using Molscript)(and Raster3D45).

RESULTS AND DISCUSSION cleaved LC/A structures (PDB code, 1E1H) for 373 residues
excluding two loop areas (Glul9&ys211 and Val244

Overall Structure.The overall polypeptide folds of each . . . .
monomer are the same among the three LC/A structures (i.e.,LEUZSS) (Figure 1A). Since these two loops are involved in

No—Zn, RYM, and RYM-ArgHX) and also are essentially Protéin—protein interactions with the translocation domain
the same as the Zn-containing light chain (the N-terminal in the intact holotoxin molecule, it is not surprising that these
420 residues) of the holotoxin structurd5( and the loops make intersubunit interfaces when only the light chain
autocleaved LC/A structurd 4), with rms deviations ranging ~ domain is expressed and crystallized. However, dimer
from 0.28 A (between the RYM with and without ArgHX  formation interfaces are slightly different in two LC/A
bound) to 0.85 A (between RYM-ArgHX and the auto- structures, Ne-Zn LC/A (current work) and self-cleaved
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Ficure 2: Comparisons of the active sites in various LC/A
structures. The active sites of N@n (atom color: carbon, yellow;
oxygen, red; and nitrogen, blue), RYM (pink), and the wild-type
light chain structure found in the holotoxin (blue) are superimposed.
The structure in the vicinity of the original Zn atom location in the
No—Zn structure is essentially the same as other Zn-containing
structures, including the conserved water molecule (W) that
coordinates to the Zn-atom in the Zn-containing structures.
Therefore, when Zn-ion is added to the EDTA-treated protein{(No
Zn), the active site can be reconstituted to the active protein. In
the wild-type structure (NeZn or the intact holotoxin structure),
Arg362 makes a salt bridge with Glu350, which in turn makes a
hydrogen bond to His222. Tyr365 makes a hydrogen bond with
Glu261, which is coordinated to the Zn atom. In the RYM structure,
the phenyl ring of Phe365 is flipped away from the position of the
phenol ring of Tyr365, resulting in the loss of the hydrogen bond
with the carboxylate of Glu261. The Arg3626Ala mutation also
removed interactions between Arg362 and Glu350.

LC/A (14) (Figure 1B). In the structure of the autocleaved

form of LC/A, the loop containing Tyr249 of one monomer

is bound to and cleaved by the active site of the other
monomer of the dimeric molecule. In the N&n structure,

Biochemistry, Vol. 45, No. 29, 2008907

almost at the same location as in the Zn-containing RYM
structure (Figure 2). Even at a relatively low resolution (2.8
A), the No—2Zn structure shows the conserved water molecule
(the fourth ligand to the Zn atom), indicating that the Zn
site is intact even when there is no Zn ion present. This is
consistent with the fact that exogenous?Zion could be
easily re-incorporated into the active site, restoring 50% of
the catalytic activity of the apo-LC/A protei27) and 100%
with the apotoxin A 28). Furthermore, contrary to the
conclusion drawn by Li and SingR7), the tertiary structure

of the No—Zn protein is identical to that of the Zn-containing
protein. Thus, the structure of N&Zn LC/A clearly dem-
onstrates that the role of Zn is strictly for catalytic function
and is not structural.

The Active Site of the RYM StructurBigure 2 shows an
overlay of the active sites of NeZn, RYM, and the wild-
type light chain structure found in the holotoxih2j. The
active site of RYM is the same as other LC/A structures
that have been determined to date, including the structure
of LC/A (Glu223GIn/Tyr365Phe) complexed with a SNAP
peptide (1). As in other structures, the Zn ligand binding
site of RYM shows a tetrahedral coordination utilizing two
histidines (His222 and His226), the carboxylate of Glu261,
and a water molecule, which in turn is hydrogen-bonded to
Glu223. In the holotoxin structure, the absence of the fourth
ligand water molecule is presumably due to the low resolu-
tion at which the structure was solved (3.3 A). For the same
reason, slightly different side chain conformations of the
active site residues from those of the other two structures
are most likely not significant. The d&Natom of His 226 is
hydrogen-bonded to Glu350, which also make a salt bridge/
hydrogen bond with the guanidinium group of Arg362 in
the No—Zn and holotoxin structures. This salt bridge is
missing in the RYM structure due to the mutation. Also

the Tyr249Tyr250 portion of the loop is located on the absent in the RYM structure is the hydrogen bond between
surface of the dimeric molecule. In both cases, the dimer Tyr365 and Glu261, which is liganded to the Zn atom.
interface areas are similar, 2703 for No—Zn and 2976 Instead, Phe365 is flipped away from Glu261 and thus is
A3 for the autocleaved LC/A form. Not surprisingly, these far away from the Zn coordination sphere, unable to
interfaces are part of the interface between the light chain participate in the catalytic action.
and the translocation domains in the intact toxin molecule On the basis of the known ability of hydroxamate
(Figure 1C). However, whether the dimeric form of LC/A derivatives to inhibit zinc metalloproteases including ther-
is physiologically significant is not clear at present. molysin 29), Boldt et al. observed that ArgHX inhibited
Structure of the NeZinc LC/A Active Site.The “active the catalytic action of LC/A30). A comparison of the active

site” of the No-Zn structure is also the same as the Zn-
containing structures, including the RYM and the intact holo-
BoNT/A, except that there is no Zn atom at the center of
the “active site” (Figure 2). Furthermore, there was no

site structures of RYM with and without the inhibitor,
L-ArgHX, is shown in Figure 3A. In the inhibitor-bound
structure, the carbonyl oxygen and the N-hydroxyl group of
the inhibitor are liganded to the Zn atom, and the carbonyl

residual electron density at or near the site corresponding tooxygen also makes a hydrogen bond to the carboxylate of
the original Zn site, indicating that the Zn ion was completely Glu223, replacing the water molecule (fourth ligand to the
removed from the EDTA-treated LC/A protein. In addition, Zn atom) of the apo structure. This arrangement is similar
no ordered water molecule was found near the Zn site. to the carboxylate of Y249 (scissile bond) observed in the
Although the side chains of Tyr249ryr250 are disordered,  structure of the autocleaved LC/A4). The amide nitrogen
presumably due to their location at the surface of the of the hydroxamate moiety is also hydrogen-bonded to the
molecule, the main chain atoms are clearly connected. main chain carbonyl group of Phel62. In addition, the
Furthermore, an SDSPAGE analysis of the crystalline guanidinium group makes a salt bridge with the carboxylate
protein showed that the polypeptide was intact (data not of Asp369. Thus, ArgHX binds at the active site and replaces

shown). This is different from the structure of the Zn-
containing LC/A protein, which is cleaved at Tyr249
Tyr250 by autocatalysisl@). In the No-Zn structure, the
two histidine residues (His222 and His226), which make

the crucial catalytic water molecule, mimicking an interme-
diate in catalysis. In the structure of LC/A (Glu223GIn/
Tyr365Phe) complexed with a truncated form of SNAP25,
the P1 and Plresidues (GIn197Argl198 of the SNAP25

coordination bonds to the Zn ion, move closer to each other peptide) are detached from the protease active site so that

only slightly (by <0.2 A), and other active site residues are

there are no direct interactions between the two polypeptide
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Ficure 3: Active site structures of the Arg362Ala/Tyr365Phe mutant (RYM) alone and complexed with ArgHX. (A) Stereo diagram of an
overlay of the RYM structures with (atom color) and without (pink) the inhibitor, arginine hydroxamate (ArgHX). The polypeptide structures
are almost the same whether the inhibitor is bound or not. A modelrafyHX is fitted into the finalF, — F. omit map contoured at 300

level. For clarity, coordination bonds involving the Zn atom are shown only in the inhibitor-bound structure, except that the water molecule
exists only in the uncomplexed structure. The carbonyl oxygen and the N-hydroxyl group of the inhibitor make coordination bonds to the
Zn atom, replacing the water molecule that is coordinated to the Zn atom in the RYM structure. The guanidinium group of the Arg side
chain makes a salt bridge to Glu369, and the hydroxamate nitrogen makes a hydrogen bond with the main chain carbonyl group of Phe162.
Tyr365 of the wild-type structure is shown in dark green, indicating that its hydroxyl group would make hydrogen bonds with both the
amino and the carbonyl groups of the inhibitor, showing that Tyr365 is involved in proper orientation and stabilization of reaction intermediates.
(B) Stereo diagram of superposition of the active site structures of RYM-ArgHX (atom color with thicker sticks) and the complex of a
double mutant, Glu223GIn/Tyr365Phe, with SNAP25 (thin sticks with gray carbon atoms). Only three residues (GIn197-Arg198-Ala199)
of SNAP25 are shown. Although the polypeptide direction of the SNAP25 peptide is opposite the hydroxamate inhibitor, the arginine side
chain of SNAP25 can be overlaid onto the corresponding Arg group of the inhibitor, and the scissile bond carbonyl group of SNAP25 can
be moved within the Zn coordination sphere near the carbonyl group of the hydroxamate inhibitor, suggesting that the binding mode of the
hydroxamate inhibitor mimics an intermediate of the catalytic cycle of LC/A protease. (C) A modeAfHX superimposed onto the

L-form of the inhibitor. In thep-form, the hydrogen atom and the primary amino group ofitfierm at the @ atom are switched. The

model indicates that both andp-forms can bind to the protein with equal affinities. The amino group of tf@m (labeled as L) makes

a hydrogen bond to the hydroxyl group of Tyr365 (of the wild-type LC/A), while the amino group aftbem (labeled as D) would make

a hydrogen bond to the main chain carbonyl of Phel62.

chains at or near the scissile boridl), presumably due to = Comparison of the active sites of the two structures (RYM/
the mutations in the protease (Glu223GIn and/or Tyr365Phe). ArgHX and the SNAP25-bound LC/A structures) (Figure 3B)
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FicurRe 4: The inhibition of LC/A and LC/A(Asp369Ala) cleavage
of SNAP25 by ArgHX. LC/A @) and LC/A(Asp369Ala) ©) were
incubated with the indicated concentrations of ArgHX for 30 min
on ice and then incubated withuly of SNAP25 for 10 min at 37
°C. The reactions were stopped and subjected to-SD'SGE. Gels
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were stained, and the amount of SNAP25 cleavage was determined

by densitometry. The data are from one of two independent

experiments that yielded similar results; the inset shows the cleavage.
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activity of Wt-LC/A. This is consistent with our hypothesis
that the structure of LC/A in complex with ArgHX represents
a catalytic intermediate.

D-ArgHX can be modeled in the active site preserving most
of the interactions that are found with thésomer, except
that the primary amino group of the-isomer forms a
hydrogen bond with the main chain carbonyl group of
Phel62 (Figure 3C). This replaces the hydrogen bond
between the amino group and the hydroxyl group of Tyr365
(in wild-type) in theL-isomer, indicating that the interaction
strengths between the inhibitor and the polypeptide chain
would be similar for the two stereoisomers. Thus, the
modeled structure is consistent with the fact thattigomer
is as good an inhibitor as theisomer (73% inhibition vs
75% at 50uM inhibitor concentration). Substitution for a
hydrogen atom at the amino group of ArgHX with a bulkier
group —SON(CHa),, 68% or SQ(4-methylphenyl), 58%)
does not improve the inhibitory effecB@). Some of the
substitutions most likely cause a steric hindrance with the
phenolic side chain of Tyr365 reducing binding affinities.

The Role of Arg362 and Tyr365he active site structure
of RYM is the same as that of the wild-type structure,

of SNAP25 by LCs in the presence of the indicated amount of Including the location of the water molecule, the fourth ligand

ArgHX. The kinetic constants for SNAP25 cleavage wge=
16.2+ 0.6 uM and k.o = 60/s for LC/A; andK,, = 14.1+ 1.2
uM and kot = 0.13/s for LC/A(Asp369Ala).

to the Zn. These two residues are not directly involved in
the substrate binding, consistent with the results of Binz et
al., showing that a single mutation of Arg362 or Tyr365 does
not change th&, values R0). As shown above, the role of

suggests that the SNAP peptide can be pulled into the activea;4367 s to align Glu350, which in turn stabilizes His222

site such that the side chain of Arg198 can be fitted to the
Arg side chain of ArgHX. Although the peptide bond
direction (N—C) in the hydroxamate inhibitor is opposite

in the proper position to coordinate the Zn ion. Tyr365 is
hydrogen-bonded to Glu261, which is a ligand to the Zn ion
(Figure 2). Although conformations of Glu350 and Glu261

to the SNAP peptide direction, the carbonyl oxygen of the jitter oniy slightly (<0.5 A) between the structures of RYM

scissile bond can be placed near the carbonyl group of

ArgHX to coordinate to the Zn atom. This “backward”

and the LC/A of the holotoxin, the precise alignment of these
residues is critical for the proper Zn coordination sphere.

binding of an amino acid hydroxamate inhibitor in the active Therefore, Arg362 and Tyr365 are not directly involved in

site has also been observed in the structure of thermolysin

catalysis (i.e., not directly binding to the Zn or involved in

with L-Leu hydroxamate, in which the hydroxamate moiety ¢ deprotonation/protonation reactions), but are involved in
complexed with the zinc and the leucyl side chain occupied yhe proper alignment of the critical residues that coordinate
the hydrophobic pocket at the Psite 29). Therefore, itis 4 the 7. In addition, if ArgHX was bound to the wild-type

reasonable to assume that the Arg side chain of ArgHX binds | -~/ Tyr365 would make hydrogen bonds with the amino

to the P1 site of RYM and the inhibitor mimics a pre-
transition state intermediate of the catalytic action. While
L-ArgHX inhibits LC/A activity by 75% at 5Q«M concen-
tration, at the same concentratioiglutamine hydroxamate
inhibits only by 5% 80). The structure of RYM complexed
with ArgHX explains whyL-glutamine hydroxamate, which
cannot make a salt bridge with Asp369, is not a good
inhibitor. Furthermore, this low-affinity/inhibition effect of
glutamine hydroxamate is consistent with the fact that the
binding site for the arginine moiety of the inhibitor is indeed
the P1 binding site, not the P1 binding site, where GIn198
of SNAP25 would bind. To test the significance of the
observed interaction between Asp369 and ArgHX, the
Asp369Ala mutation was introduced into LC/A. LC/
A(Asp369Ala) had a~600-fold decrease in the rate of
cleavage of SNAP25 relative to Wt-LC/A. LC/A(Asp369Ala)
has a similaK, for SNAP25 as Wt-LC/A (14.1 1.2 uM
versus 16.2+ 0.6 uM), respectively, but a lowek. than
W1t-LC/A (0.13/s versus 60/s), respectively. Titration experi-
ments (Figure 4) showed that ArgHX to 10 mM did not
inhibit the residual catalytic activity of LC/A(Asp369Ala)
for SNAP25, while 10Q«M ArgHX inhibited ~ 90% of the

group and the carboxylate of ArgHX (Figure 3A). Thus,
Tyr365 might be also involved in alignment and perhaps
stabilization of the transition state and/or its intermediates.
Mutation of Arg362 or Tyr365 diminishes the catalytic
activity to 1.2% and 2.9%, respectively, compared to the
wild-type, consistent with their secondary roles in catalysis
(20). However, when both residues are mutated, as in RYM,
catalytic activity is not detectabl@@). This is not surprising,
since these two residues are involved in the alignment of
two different Zn ligands (His222 via Glu350 and Glu261),
and even slight misalignment of these two ligands plus
destabilization of the transition state would be detrimental
to the catalytic action.

CONCLUSIONS

Effective vaccines and therapies against botulism are
limited. The current vaccine against botulism is a pentavalent
vaccine against BoNT serotypes-£& (31), which is derived
from chemically inactivated BoNT fronTlostridium botu-
linum, but it is in limited supply. Current therapy is
heptavalent immunoglobulin against BONT serotypesG\
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reviewed in ref32. Several recombinant-derived vaccine structure-function analysis of BONT-LC derivatives should
candidates are being developed that comprise the HCRprovide insight into mechanisms to modify BoNT to optimize
domain of BoNT 83, 34). Vaccination with HCR stimulates  therapeutic potential.

a neutralizing antibody to BoNT challenge, making this
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constitute an optimal BoNT vaccin8%). This has prompted
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