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ABSTRACT: The Clostridium botulinum neurotoxin serotype A light chain (BoNT/A-LC) is a Zn(II)-
dependent metalloprotease that blocks the release of acetylcholine at the neuromuscular junction by cleaving
SNAP-25, one of the SNARE proteins required for exocytosis. Because of the potential for use of the
toxin in bioterrorism and the increasingly widespread application of the toxin in the medical field, there
is significant interest in the development of small-molecule inhibitors of the metalloprotease. Efforts to
design such inhibitors have not benefited from knowledge of how peptides bind to the active site since
the enzyme-peptide structures available previously either were not occupied in the vicinity of the catalytic
Zn(II) ion or did not represent the product of SNAP-25 substrate cleavage. Herein we report the 1.4
Å-resolution X-ray crystal structure of a complex between the BoNT/A-LC and the inhibitory peptide
N-Ac-CRATKML, the first structure of the light chain with an inhibitory peptide bound at the catalytic
Zn(II) ion. The peptide is bound with the Cys Sγ atom coordinating the metal ion. Surprisingly, the
cysteine sulfur is oxidized to the sulfenic acid form. Given the unstable nature of this species in solution,
is it likely that oxidation occurs on the enzyme. In addition to the peptide-bound structure, we report two
structures of the unliganded light chain with and without the Zn(II) cofactor bound at 1.25 and 1.20 Å
resolution, respectively. The two structures are nearly identical, confirming that the Zn(II) ion plays a
purely catalytic role. Additionally, the structure of the Zn(II)-bound uncomplexed enzyme allows
identification of the catalytic water molecule and a second water molecule that occupies the same position
as the peptidic oxygen in the tetrahedral intermediate. This observation suggests that the enzyme active
site is prearranged to stabilize the tetrahedral intermediate of the protease reaction.

The anaerobic, spore-forming bacterium Clostridium botu-
linum produces the most potent toxins known: the botulinum
neurotoxins (BoNT) (1). The toxins, of which there are seven
serotypes (A-G), block the release of acetylcholine at the
neuromuscular junction by proteolysis of soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor
(SNARE1) proteins required for exocytosis. Serotypes A, C,

and E cleave synaptosome-associated protein of 25 kDa
(SNAP-25), each at a single, unique peptide bond; the
serotype C toxin also cleaves syntaxin. Serotypes B, D, F,
and G all cleave the vesicle-associated membrane protein
(VAMP). The extreme potency of the Clostridium botulinum
neurotoxins and the ease with which they can be produced
and distributed makes these protein toxins a potential
bioterrorism threat (2–5). In addition, in recent years, BoNTs
have become popular agents for the treatment of a rising
number of neuromuscular and cosmetic conditions (6–10).
The persistence of intoxication by serotype A toxin makes
it the most useful and potentially hazardous of the seven
serotypes. The widespread use of BoNTs, particularly
BoNT/A in the medical field, and the need for biodefense
measures necessitate the development of small-molecule
drugs to modulate or reverse BoNT intoxication.

BoNTs are produced as a single 150 kDa polypeptide chain
that is subsequently cleaved by endogenous proteases to give
the dichain holotoxin. The holotoxin comprises a heavy chain
(HC, ∼100 kDa) and a light chain (LC, ∼50 kDa) linked
by a disulfide bond (11, 12). The HC contains a C-terminal
domain that targets the holotoxin to the presynaptic mem-
brane of motor neurons and triggers internalization by
endocytosis (13–15) and an N-terminal domain responsible
for translocation of the LC from the endosome into the
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cytosol (16–18). The toxicity of BoNTs is due to the action
of the LC, a Zn(II)-dependent endoprotease that, in the case
of the serotype A toxin (BoNT/A), cleaves the Gln197-
Arg198 peptide bond of SNAP-25 (Figure 1A). The BoNT
LCs are remarkable among proteases for the extremely long
substrates required for efficient proteolysis. With a minimum
substrate of 17 amino acids (SNKTRIDQANQRATKML,
cleavage site underlined), the BoNT/A protease accepts
shorter peptide substrates than any of the other serotypes.
In comparison, other microbial metalloproteases have been
found to have activity against substrates as short as dipeptides
(19). Structural and biochemical data (20, 21) on the BoNT/
A-LC suggest that most of the specific interactions between
the enzyme and the SNAP-25 substrate occur at sites remote
from the active site, termed the R and � exosites (20). Indeed,
the only amino acid within the cleavage sequence that is
required for efficient proteolysis is the P1′ Arg198.

Some of the most informative results have come from
X-ray crystal structures of BoNT LCs in enzyme-substrate
complexes: the structure of the BoNT/B-LC with synaptro-
brevin bound (22) and the BoNT/A-LC complexed with
SNAP-25 (20, 23). Both structures provide important infor-
mation about the enzyme exosites and the ways in which
the LCs interact with their SNARE protein substrates.
Additionally, the structures of the serotype A (18) and B
(24) holotoxins provide a further source of information about
how Clostridial neurotoxins bind peptide substrates. One
outstanding feature of these holotoxin structures is the so-
called belt regions of the translocation domains (residues
492-545 in BoNT/A) that wrap around the LC in a manner
remarkably similar to that observed in the BoNT/A-LC
complex with SNAP-25. It has been proposed that the belt
regions constitute surrogate psuedosubstrate inhibitors of their
respective LCs (25). Thus, a consensus is building concerning
the requirement of BoNTs for long substrates and the
strategies that these enzymes use to bind extended peptides.
However, the apparent lack of specific interactions between
the substrate and the enzyme active site presents significant
obstacles in the rational design of small-molecule inhibitors.

More than 15 years of research has yielded several potent
inhibitors of the BoNT/A-LC (26–29), including a number
of hydroxamic acid compounds and cysteine-containing
peptides. Extensive work on the substrate specificity and
mechanism of the BoNT/A-LC (21, 30–34) led to the design
of a cysteine-based heptapeptide inhibitor, N-acetyl-CRAT-
KML-amide, derived from residues 197-203 of SNAP-25
(Ki ) 1.9 µM) (35). Subsequent structure/activity studies on
a variant peptide, mpp-RATKML (Ki ) 0.3 µM) (36),
intended to probe the contributions of each of the seven
residues, showed that with the exception of the P1′ arginine,
the BoNT/A-LC active site is not specific for particular amino
acid residues. Nonetheless, because a seven-residue peptide
is not long enough to simultaneously occupy both the active
site and either exosite, it is clear that binding of these short,
competitive inhibitors relies on specific interactions in the
enzyme active site. More information is needed in order to
determine how peptide ligands interact with the catalytic
center.

Structural information about the modes of binding of
peptides should aid efforts to design potent small-molecule
inhibitors. The structures described herein represent the first

insight into how inhibitory peptides bind to the BoNT/A
metalloprotease active site.

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection. Purified BoNT/A-
LC (residues 1-425) was obtained from Dr. L. Smith of
the United States Army Medical Research Institute for
Infectious Diseases (USAMRIID) as a frozen stock (-80 °C)
at 1 mg/mL in solution with 50 mM NaPO4 (pH 6.0) and 2
mM EDTA. The protein was thawed at 4 °C and concentrated
to 6-8 mg/mL in preparation for crystallization. Initial
crystallization conditions were identified using the PEG/Ion
Screen (Hampton Research). Optimization of the most
promising condition from the screen, 20% polyethylene
glycol (PEG) 3,350, 0.2 M diammonium tartrate (pH 6.6)
did not improve the size, quality, or reproducibility of the
crystals. Thus, crystals were grown by the hanging-drop
vapor diffusion method against reservoirs containing 500 µL
of the original PEG/Ion Screen solution. Crystals grew either
as aggregates of thick, interconnected plates or large, single,
rectangular prisms (ca. 0.5 × 0.3 × 0.2 mm) in two to three
days at room temperature (22-23 °C).

It is noteworthy that the large, rectangular prisms diffracted
X-rays quite poorly in comparison to even small pieces of
the plate-shaped crystals. The diffraction limit for the large
crystals was 2.2-2.7 Å, while the smaller plates diffracted
to better than 1.1 Å. Not surprisingly, the unit-cell dimensions
are also different for the two crystal forms. The poorly
diffracting prisms belong to space group P21212 (a ) 57.8;
b ) 192.3; and c ) 40.0 Å) with two molecules per
asymmetric unit. The plate-shaped crystals, in contrast,
belong to space group P21 (a ) 50.1; b ) 66.6; c ) 65.4 Å)
with one molecule per asymmetric unit. Because of their
superior diffraction, all data were collected from the plate-
shaped crystal form.

Single plates were mechanically separated from aggregates
using a fine wire probe. The crystal used to determine the
apo-LC structure was transferred directly to paratone N and
flash-cooled in a gaseous N2 stream at 100 K. The crystals
used to determine the uncomplexed LC and LC ·CRATKML
structures were soaked prior to cryo-cooling in the crystal-
lization solution plus 10 mM Zn(NO3)2 for 4.5 h or 5 mM
Zn(NO3)2 and 2 mM N-Ac-CRATKML (GenScript Corp,
Piscataway, NJ, USA) for 23 h, respectively. X-ray diffrac-
tion data were collected at the National Synchrotron Light
Source, Brookhaven National Laboratory, Beamline X12B.
Data were processed with DENZO and SCALEPACK (37).
Data collection and processing statistics are provided in
Table 1.

Structure Determination and Model Refinement. The
structure of apo-LC was determined by molecular replace-
ment in PHASER (38) using the published uncomplexed
structure of BoNT/A-LC (residues 1-424 (LC[424]), pdb
ID 2IMC) (39) as the search model. The model was refined
in PHENIX (subroutine phenix.refine) (40) with the maxi-
mum likelihood target. Ordered solvent molecules were
added automatically in phenix.refine and culled manually in
the graphics program COOT (41). Sections of the model not
present in the original LC[424] structure (e.g., the 200 and
250 loops) were built in COOT and refined in phenix.refine.
Hydrogen atoms were added to the model in phenix.reduce
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and were included in the later stages of refinement to improve
the stereochemistry of the model. Positions of H atoms were

refined using the riding model with a global B-factor. Once
the apo-LC refinement converged (R ) 0.129, Rfree ) 0.165),

FIGURE 1: Schematic of a proposed BoNT/A-LC mechanism based on the high-resolution uncomplexed LC structure (A) showing the
coordination of the Zn(II) ion in the unliganded enzyme (panel 1). WCat and WTyr are colored red and orange, respectively. This proposed
mechanism is very similar to that proposed for thermolysin (59) and for BoNT/A (55). Schematic of the Zn(II) coordination spheres in the
uncomplexed LC (B) and LC ·CRATKML (C) structures. The angles for the various interactions are shown with gray arcs. Binding of
N-Ac-CRATKML alters the coordination sphere of the Zn(II) ion to distorted tetrahedral geometry. It cannot be determined from this
structure alone whether the CysP1 Sγ or Oδ (or both) provides the fourth Zn ligand. The angles for tetrahedral geometry with Sγ and Oδ
acting as ligands are shown with orange and red arcs, respectively. These images were created using ChemDraw Ultra (CambridgeSoft,
Inc.) and Adobe Illustrator (Adobe, Inc.).
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the model was used to determine the uncomplexed LC and
LC ·CRATKML structures by the difference Fourier method.
All three structures were refined using the same protocol.
The heptapeptide inhibitor was not added to the model until
the protein and solvent models were nearly complete. Since
the electron density for the first four residues was extremely
well defined, these were added to the model first. After
several rounds of refinement, the electron density for the last
three residues of the peptide improved, and these were
consequently added to the model. The final models were
validated using tools implemented in COOT and MOLPRO-
BITY (42). Refinement statistics and model geometry for
all three structures are listed in Table 1.

RESULTS AND DISCUSSION

High-Resolution Uncomplexed LC Structure. Uncovering
the interactions that BoNT/A-LC makes with its metal
cofactor and peptidic substrates in the metalloprotease active
site is critical to the understanding of the complete catalytic
mechanism and to guide future design of therapeutic inhibi-
tors. Herein, we have approached this problem by determin-
ing the structures of the unliganded apo and Zn(II) bound
BoNT/A-LC, as well as the Zn(II)-bound complex of the
enzyme with a small, peptidic inhibitor. The BoNT/A-LC
construct utilized throughout this study is truncated ((residues
1-425; LC[425]; 13 C-terminal amino acids removed) but
otherwise wild type in sequence and conformation, as shown
previously by comparison with the structure of the full-length
LC in the holotoxin complex (39).

The structures of the BoNT/A-LC in both the apo (apo
LC) and Zn(II)-bound (uncomplexed LC) forms represent
the highest-resolution structural information available for the
BoNT/A-LC. The increased resolution provides more ac-
curate atomic positions and allows the refinement of indi-
vidual anisotropic displacement parameters, yielding infor-

mation about the magnitude and direction of thermal motion
of atoms in the model. Comparison of the apo- and
uncomplexed LC[425] models to known uncomplexed LC
models (3BTA (18), 2IMC (39), 1XTF (20), 2ISE (43), 2ISG
(43), 2ISH (43), and 2G7K (44)) indicates that the new
models do not differ significantly from those determined
previously (rmsd for CR atoms of 0.63-0.99 Å). The apo
LC structure confirms that the role of the Zn(II) ion is
exclusively catalytic and not structural (44). Not only is the
apo LC structure globally identical to the uncomplexed
structures, but there are no significant local rearrangements
of active site residues when the Zn(II) ion is absent.

The number of waters bound to the catalytic Zn(II) ion
varies in the previously determined structures of unliganded
BoNT/A-LC (2ISE, 2ISG, and 2ISH (43)). In structure 2ISH,
only one water is observed bound to the Zn(II) ion, while in
2ISG, there are two water molecules within hydrogen bond
distance of the Zn(II). In the high-resolution (1.2 Å)
uncomplexed LC structure, the catalytic Zn(II) ion is
pentacoordinate with ligands provided by His223, His227,
Glu262, and two ordered water molecules held in place by
Glu224 (WCat) and Tyr366 (WTyr) (Figure 1B). WCat and WTyr

are 2.4 Å apart, and their positions overlay exactly with those
in the previously determined structures 2ISH and 2ISG. A
similar situation occurs in the related Zn(II)-dependent
metalloprotease thermolysin (45). Thus, there are two distinct
solvent-binding sites at the catalytic center. The fact that WCat

is present more often than WTyr suggests that the WCat-binding
site has higher affinity for solvent. It would seem, then, that
WTyr highlights the position of an oxyanion binding site, an
assertion supported by the observation that the two oxygen
atoms in a model of the Gln-Arg tetrahedral transition state
(data not shown) overlay exactly with WCat and WTyr. This
observation, in turn, suggests that the enzyme active site is
prearranged to stabilize the tetrahedral intermediate of the

Table 1: Crystallographic Data Collection and Refinement Statistics

LC ·CRATKML uncomplexed LC apo LC

Data Collection

space group P21 P21 P21

unit cell dimensions
a, b, c (Å) 50.1, 66.6, 65.4 49.5, 66.6, 65.4 49.5, 66.4, 65.1
� (°) 98.7 99.4 99.5

resolution (Å)a 50.0 - 1.40 (1.45 - 1.40) 50.0 - 1.20 (1.24 - 1.20) 50.0 - 1.25 (1.29 - 1.25)
Rsymm 0.055 (0.341) 0.048 (0.286) 0.065 (0.273)
I/σI 20.5 (2.6) 16.2 (2.3) 22.3 (3.2)
completeness 95.5 (79.6) 95.8 (87.0) 94.8 (67.4)
redundancy 3.5 (3.1) 3.5 (2.8) 3.5 (2.4)

Model Refinement

resolution (Å) 21.0 - 1.40 19.7 - 1.20 24.44 - 1.24
no. of reflections 79,759 125,605 109,623
Rwork/Rfree 0.149/0.178 0.132/0.161 0.129/0.165
no. of non-H atoms

protein 3,846 3,886 3,761
ligands/ions 61 1 NA
solvent 613 674 789

ave. B factors (Å2)
protein 21.8 14.1 15.9
ligands/ions 23.2 8.9 NA
solvent 32.2 26.8 33.3

rms deviations
bond lengths (Å) 0.010 0.010 0.015
bond angles (deg) 1.067 1.082 1.205

estimated coordinate error (Å)b 0.15 0.13 0.14
a The values in parenthesis relate to the highest-resolution shell. b Calculated by PHENIX.refine using the formula described in ref 58.
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protease reaction. Thus, it is reasonable to propose that when
SNAP-25 binds to the LC, the carbonyl oxygen of the scissile
peptide bond selectively displaces WTyr, positioning the
carbonyl carbon for nucleophilic attack by WCat (Figure 1A).
Notably, WTyr and WCat are both present in the apo-LC
structure, indicating that the active site residues alone are
sufficient for proper positioning of the catalytically important
groups. This is consistent with a purely catalytic role for
the Zn(II) ion (46, 47).

Peptide Binding in the BoNT/A-LC ActiVe Site. The
structure of LC[425] in complex with the heptapeptide
inhibitor N-acetyl-CRATKML (LC ·CRATKML) was de-
terminedto1.4Åresolution.ComparisonoftheLC ·CRATKML
complex structure with the 1.2 Å-resolution structures of the
apoenzyme and the Zn(II)-bound uncomplexed form of
the enzyme reveals that binding of the N-Ac-CRATKML
peptide does not induce significant changes in the overall
structure of the protein (0.5 Å RSMD for all atoms; Figure
2). The first four residues of the heptapeptide, N-Ac-L-Cys,
L-Arg, L-Ala, and L-Thr, were all clearly visible in the |Fo|
- |Fc| electron density (Figure 3A), even in the earliest stages
of refinement. The electron density for the last three residues
(L-Lys, L-Met, and L-Leu) was less well defined; therefore,
these were added to the model in the later stages of
refinement (final B-factors of these residues are 28.6, 31.4,
and 44.4 Å2, respectively).

The peptide is bound in the active-site cleft with the Sγ
atom of CysP1 positioned 2.3 Å from the catalytic Zn(II)
ion (Figure 3B; peptidic inhibitor residues named throughout
by three-letter code and Schechter and Berger convention).
A strong (∼3.5σ) peak in the |Fo| - |Fc| difference map
centered 1.7 Å from CysP1 Sγ and 2.3 Å from the Zn(II)
ion persisted throughout the refinement process (Figure 4A
and B). Given the proximity of this peak in the difference
map to that of the cysteine sulfur, it was originally modeled
(after refinement of the protein and solvent model was
complete) as a partial-occupancy water molecule (Figure 4C).
However, the peptide and the putative water molecule each
refined with an occupancy of ∼80%. Together, the high
occupancy of the putative water and the short distance (1.7
Å) from cysteine Sγ suggest that the atom responsible for

the peak in the difference map is covalently bound to the
Sγ atom. Modeling the cysteine as cysteine sulfenic acid
(S-OH) provided a more satisfactory explanation of the
experimental electron density (Figure 4D), eliminating the
difference map peak centered near CysP1 Sγ.

The observation of the sulfenic acid raises two questions.
First, is the CysP1 Sγ atom oxidized in solution or at the
active site? Several observations suggest that the latter is
the case. Cysteine sulfenic acid is an unstable intermediate
on the paths to sulfinic and sulfonic acids or disulfide bonds
(48). Stable cysteine sulfenic acid groups are involved in
the regulation or catalytic mechanism of several classes of
proteins (49–51) including matrix metalloproteases (52).
Thus, if CysP1 were oxidized in solution one would not
expect to observe the reactive sulfenic acid in the crystal
structure, but if it is formed on the enzyme, the LC may
stabilize it. To determine if a significant amount of the
sulfenic acid form of the peptide exists in solution, a solution
containing 20 mM N-Ac-CRATKML was assayed by
MALDI-TOF mass spectrometry (Dana Farber Molecular
Biology Core Facility, Boston, MA). The MALDI-TOF
spectra of N-Ac-CRATKML were difficult to interpret
because of oxidation of MetP6. To address this situation
N-Ac-CRATK-Norleucine-L was synthesized and analyzed
by MALDI-TOF. The spectra of the norleucine-containing
peptide were dominated by a peak consistent in mass with
the reduced peptide and showed no peaks having a mass
consistent with the sulfenic acid [m/z: 826.37, 846.38, 847.38,
848.38, 849.38, 868.36, 884.33, 991.42, 1035.41, and
1058.37], suggesting that this species does not accumulate
in solution. To rule out any effect of Zn(NO3)2 on sulfenic
acid formation, N-Ac-CRATK-Norleucine-L peptide (2 mM
in H2O) was incubated for 24 h at 22 °C in the presence of
5 mM Zn(NO3)2. These conditions replicate those of the
crystallographic experiment, except for the omission of the
crystallization buffer components (20% PEG 3350 and 0.2
M diammonium tartrate at pH 6.6), which would interfere
with mass spectrometric analysis. The Zn(NO3)2-treated
peptide was analyzed by MALDI-TOF, and as before, there
was no significant accumulation of the sulfenic acid form
of the peptide. Indeed, there was very little oxidation of the

FIGURE 2: Least-squares fitting of the uncomplexed LC (gray) and LC ·CRATKML (blue) structures indicates that peptide binding does not
induce significant changes in the overall structure of the LC (A) or in the active site (B). Both images were created with POVScript+ (60)
and POV-Ray.
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CysP1 Sγ atom. The Ki of the norleucine-containing peptide
did not differ significantly (within ∼2.5-fold) from that of
N-Ac-CRATKML (unpublished data), suggesting that the
oxidized peptide in solution is not the inhibitory species. In
the LC ·CRATKML complex structure, one can envision the
peptide binding to the enzyme in the reduced form with
CysP1 Sγ bound to the Zn(II) ion with WCat 1.7-2.5Å away.
Given this arrangement, and the observation that Zn-bound

thiolates are significantly more nucleophilic than Zn-bound
alkoxides (53), it seems likely that the nucleophilic Sγ atom
of CysP1 would then attack the nearby WCat to form the
sulfenic acid. Thus, the oxygen atom observed in the cysteine
sulfenic acid might have originated from the catalytic water
molecule. Since the resultant peptide is held tightly by the
enzyme and there exist no other water molecules nearby,
the reactive sulfenic acid is observed bound to the catalytic

FIGURE 3: Stereo view showing the electron density for the N-Ac-CRATKML heptapeptide (A). The inhibitor is shown in ball-and-stick
representation. The electron density (blue mesh) is a 2|Fo| - |Fc| composite omit map contoured at 1.1σ. This image was created using
MAPMAN (61), POVScript+ (60), and POV-Ray. Schematic representation of the active site in the LC ·CRATKML structure (B) showing
the interactions between the peptide and the enzyme. Active site residues are colored gray with thin bonds, and the inhibitor is shown in
black with thick bonds. Interactions between the inhibitor and the enzyme active site (hydrogen bonds and van der Waals interactions) are
represented by dashed green lines, with distances labeled. The 250 and 370 loops are shown as thick orange and red lines, respectively.
Image created with ChemDraw Ultra (CambridgeSoft, Inc.) and Adobe Illustrator (Adobe, Inc.).
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Zn(II) ion rather than one of the other oxidation products.
The enzyme active site is, in effect, protecting the sulfenic
acid form of the peptide and not selectively binding the
oxidized peptide from solution.

The second question relates to the Zn(II) coordination
sphere in the LC ·CRATKML complex: what is the coordi-
nation geometry, and which atom(s), CysP1 Sγ or Oδ,
provide ligands to the Zn(II) ion? Unlike the unliganded
enzyme, the Zn(II) ion in the N-Ac-CRATKML complex
appears to have distorted-tetrahedral coordination (Figure
1C). Since Sγ and Oδ are equidistant from the Zn(II) ion
and both would give distorted tetrahedral coordination
geometry (Figure 1C), it is difficult to discern, on the basis
of the structure alone, which atom provides the fourth ligand
to the zinc. However, the ligand from Sγ results in a less
distorted tetrahedron with a CR-C�-Sγ-Zn(II) torsion angle
of -166°, in good agreement with values observed for similar
complexes (54). Thus, coordination by Sγ is probably
preferred.

The peptide backbone of the inhibitor extends toward the
�-exosite with the C-terminus of the peptide lying near the
250 loop. Figure 3B provides the hydrogen-bond lengths and
distances for hydrophobic interactions in the active site of
the LC ·CRATKML structure. The N-terminal acetyl group
occupies part of the S1′ subsite identified in structures of
the LC in complexes with L-arginine hydroxamate (39, 44),
making hydrophobic interactions with the phenyl ring of
Phe194 and the γ-methyl group of Thr220. The carbonyl
oxygen of CysP1 forms a hydrogen bond with Arg363, a
residue proposed to stabilize the tetrahedral intermediate
formed during catalysis (55).

Notably, while ArgP1′ occupies the S1′ subsite, it does
so in an unexpected way. Instead of the extended conforma-
tion observed in crystal structures with L-arginine hydrox-
amate (39, 44) where the guanidinium group forms a salt
bridge with Asp370, the guanidinium group in the LC ·CRAT-
KML structure forms a bidentate interaction with the
carbonyl oxygen of Ile161, a cation-π interaction with

FIGURE 4: Close-up views showing the experimental electron density at the LC ·CRATKML catalytic center at various stages of refinement.
The catalytic Zn(II) ion is shown as a large, green sphere. Active site residues are shown with gray carbons, and the N-Ac-CRATKML
peptide is shown with black carbons. The 2|Fo| - |Fc| electron density maps (contoured at 1.5σ) are drawn in magenta wireframe, and the
|Fo| - |Fc| difference maps (contoured at 3.0σ) are drawn in green wireframe. Before the N-Ac-CRATKML peptide was modeled (A), there
was clear difference electron density that would not be explained fully by CysP1 (arrow). The peptide is included for reference (white
metallic ball and stick). After the peptide was modeled (B), a sizable difference peak remained near CysP1 Sγ. Addition of a partial
occupancy water molecule (C; cyan sphere) did not account for the difference peak (note the green difference peak remaining near the
partial occupancy water molecule). Finally, modeling CysP1 as cysteine sulfenic acid (D) eliminated all difference electron density near
CysP1 Sγ. The source of the oblong difference map peak near Glu224 in C and D is unclear. It is not connected to the peak near CysP1
Sγ even at a very low contour level (2.0 σ), indicating that it is not due to a covalent modification of CysP1. All images were rendered
using MAPMAN, POVScript+, and POV-Ray.
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Phe194, and a hydrogen bond with the carboxylate group of
Asp370. The altered placement of ArgP1′ within the S1′
subsite relative to the L-arginine hydroxamate-bound struc-
tures is due to the fact that coordination of the catalytic Zn(II)
ion by CysP1 Sγ forces the main chain of the peptide away
from the catalytic center toward the 370 loop. Thus, the
ArgP1′ side chain does not have sufficient space to form
the salt bridge with Asp370 observed in complexes of the
LC with L-arginine hydroxamate (39, 44). The implications
of this observation are clear: the binding mode of the N-Ac-
CRATKML peptide is not entirely like that of the true
substrate, which would presumably bind with the scissile
peptide bond closer to the catalytic center. Therefore, it is
evident that inhibitors need not necessarily mimic the natural
substrate, for there exist in the active site sufficient op-
portunities for specific alternate interactions with the enzyme.

The side-chain methyl group of AlaP2′ occupies a
hydrophobic pocket formed by Tyr251, Val258, Tyr366, and
Leu367. Similarly, the ThrP3′ methyl is bound in a pocket
composed of Leu256, Phe369, and Phe423. The Oγ atom
of ThrP3′ interacts through a bridging water molecule with
Asp370. The ammonium group of LysP4′ forms a hydrogen
bond with the hydroxyl oxygen of Tyr366, another active
site residue with a catalytic role (55) in stabilizing the
tetrahedral intermediate. The LysP4′ N� also displaces an
ordered water molecule observed in the two high-resolution
unliganded LC structures. LysP4′ and LeuP6′ make intramo-
lecular interactions (Figure 3B) that cause the peptide to
adopt a pro-helical conformation (Figure 3A). MetP5′ does
not make any direct contacts with the enzyme, though C�
packs ∼4.0 Å from a side-chain methyl group of Val256.
The side chain of MetP5′ interacts more closely with the
aliphatic portion of LysP4′ and may be important for
positioning the ammonium group to interact with Tyr366.
Finally, LeuP6′ makes no direct interactions with the enzyme,
a fact that is reflected in the higher temperature factors
(Figure 5) and less well-defined electron density (Figure 3A)
of this residue.

Insights into Peptide Binding and the BoNT/A-LC Catalytic
Mechanism. Together, the structure of the LC ·CRATKML
complex and the apo and cofactor liganded structures explain

earlier kinetic data and shed light on several details of the
catalytic mechanism of the BoNT/A-LC. Previous work by
Schmidt and Stafford (36), and Burnett et al. (43) investigated
the impact of each residue from P1′ through P6′ on the
affinity of the N-Ac-CRATKML-derived inhibitory peptide
2-mercapto-3-phenylpropionyl-RATKML (mpp-RATKML).
Their findings indicate that P1′ through P4′ are crucial to
binding affinity. In peptides truncated before LysP4′, Ki

increases 100- to 200-fold, as might be expected given the
loss of the observed favorable hydrogen-bond interaction
with Tyr366. Consistent with their relatively high temperature
factors, removal of the P5′ methionine resulted in a more
modest (10-fold) increase in Ki. Loss of the P6′ leucine or
the addition of the last three residues of SNAP-25 (GSG) to
the C-terminus of mpp-RATKML had no effect on Ki.
Furthermore, sequence modification of each residue showed
that, in terms of activity, the only critical side chains are
ArgP1′ (>1000-fold increase in Ki for mpp-KATKML), and
to a lesser extent, LysP4′ (10-fold increase in Ki for mpp-
RATAML) and AlaP2′ (7-fold increase in Ki for mpp-
RVTKML). These kinetic data can be explained based on
the LC ·CRATKML crystal structure.

The failure of Lys to replace Arg in inhibitory peptides is
conceptualized by manual modeling of the ArgP1′Lys
mutation based on the crystal structure of the complex. The
model reveals that the lysine side chain cannot occupy the
S1′ subsite in the same manner as arginine. When lysine is
positioned to bring the ammonium nitrogen within hydrogen-
bonding distance of the Ile161 carbonyl (∼2.8 Å), it clashes
sterically with Asp370, and the positively charged am-
monium group is then no longer in position to form a
cation-π interaction with Phe194. There is no conformation
of the lysine side chain that allows salt bridge formation with
Asp370. Mutation of LysP4′ to alanine removes the hydrogen
bond with Tyr366. Furthermore, the lysine ammonium group
in the N-Ac-CRATKML complex displaces an ordered
solvent molecule. The resultant increase in entropy is likely
to contribute significantly to the binding of the N-Ac-
CRATKML peptide. Thus, not only would the XKATKML
peptide lose a hydrogen bond compared to CRATKML, it
would also not benefit energetically from the gain in entropy
due to the displaced water molecule.

Formation of unfavorable close contacts explains the
results of the AlaP2′Val peptide. When this mutation is
modeled, the additional methyl groups clash with Tyr366,
Tyr251, Leu256, and Val258. Given the constricted space
surrounding the AlaP2′ methyl group, it is surprising that Ki

increases by only 7-fold.

It is generally accepted that the conserved Arg363 and
Tyr366 residues are responsible for stabilizing the oxyanion
that forms in the tetrahedral intermediate of the hydrolysis
reaction. The uncomplexed LC structure is consistent with
this model. In this structure, there are two water molecules
bound to the Zn(II) ion. One is the catalytic water (WCat)
held in place by Glu224 of the HEXXH motif present in
many Zn(II) proteases, while the other is bound to Tyr366
(WTyr). Presumably, when the peptide substrate binds to the
enzyme, the carbonyl oxygen of the scissile peptide bond
displaces WTyr. The carbonyl oxygen would then be bound
by Tyr366 Oη and Arg363 through a bridging water
molecule. These interactions, together with the polarization

FIGURE 5: Ortep representation of the N-Ac-CRATKML peptide.
The size and shape of the atoms indicate the magnitude and
direction, respectively, of the atomic motions in the inhibitor. For
clarity, the atoms are also colored according to temperature factor
with dark blue and red corresponding to B factors of 10 and 60
Å2, respectively. Image was rendered with POVScript+ (60) and
POV-Ray version 3.6.1.
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of the carbonyl bond by the Zn(II) ion promote the attack
of the activated water molecule on the carbonyl carbon.

This structure may explain, at least in part, a curious
observation by Breidenbach and co-workers (20). In working
to obtain the structure of the BoNT/A-LC with the substrate
SNAP-25 bound, Breidenbach first mutated Glu224 to
glutamine, a residue that would not be competent to act as
general base to activate the catalytic water molecule.
However, over the time course of the crystallographic
experiment, there was significant residual activity. This
residual activity necessitated a second mutation, Tyr366 to
phenylalanine. The resulting E224Q/Y366F double mutant
was completely inactive. There are two possible explanations
for the observed residual activity in the E224Q mutant LC
and why removing Tyr366 abrogated this activity. The first
is that in the E224Q mutant a hydroxide ion from the active-
site solvent (although extremely low in concentration) is able
to attack the scissile peptide bond, and Tyr366 would then
stabilize the intermediate. Since activation of the hydrolytic
water is presumably rate limiting in the E224Q mutant LC,
if a hydroxide ion occupies the position normally assumed
by the catalytic water molecule, the rest of the reaction should
proceed normally. Removal of the tyrosine hydroxyl group
leaves only the through-solvent interaction with Arg363,
which may not be sufficient to stabilize the tetrahedral
intermediate. The other possibility is that the phenolate of
Tyr366 acts as general base, activating WTyr to become the
catalytic water molecule. The former explanation is the most
likely, given the depressed pKa values observed for Zn(II)-
bound water molecules (56, 57). Unfortunately, the solvent
structure near the catalytic center in the E224Q/Y366F
double mutant is unknown since, in the crystal structure (pdb
accession code 1XTF (20)), the C-terminal His6-tag binds
in the active site, displacing water molecules normally bound
to the Zn(II) ion.

Implications for Inhibitor Design. All three of the struc-
tures described herein were determined at a higher resolution
than any BoNT/A-LC structure available at the time of this
writing. The increased resolution provides a more detailed
and accurate picture of the solvent structure in the BoNT/
A-LC active site. This is significant, given the importance
of structural water molecules to the drug-design process. It
is not unreasonable to expect a 100-fold decrease in Ki upon
displacing an ordered solvent molecule from an enzyme
active site (44). In addition, the highly accurate atomic
positions (estimated standard deviations for all three struc-
tures are ∼0.1 Å) and the three different states of the active
site will inform computational modeling studies and in silico
screening of inhibitors.

Analysis of the LC ·CRATKML structure shows that the
N-acetyl group is bound at the entrance to a sizable
hydrophobic pocket consisting of residues Phe194, Phe163,
Thr220 Cγ, and Thr215 Cγ. With some rearrangement of
Phe194, which is known to have considerable mobility (39),
this pocket should accommodate a phenyl ring or similar
hydrophobic group. In addition, the pocket holds two ordered
water molecules (present in all three structures) that would
be displaced upon binding of a hydrophobic moiety.

Conclusions. The structure of the BoNT/A-LC with the
heptapeptide inhibitor N-Ac-CRATKML bound provides the
first view of an inhibitory peptide bound in the active site
of this enzyme, identifying the structural determinants of

specificity. Until now, there has been little structural
information available on the binding mode of peptides at
the catalytic center. These data, together with the high-
resolution unliganded apo- and holo-enzyme structures,
improve our understanding of the catalytic mechanism of
the BoNT proteases by unequivocally identifying the residues
that stabilize the hemiketal oxygens in the tetrahedral
intermediate. Furthermore, the structural work presented here
will inform efforts to develop potent, small-molecule inhibi-
tors of these lethal neurotoxins.
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