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spectroscopy; NMR, nuclear magnetic resonance; trNOE, transfer nuclear Overhauser
effect; SIA, N-acetylneuraminic acid (sialic acid); DOX, doxorubicin hydrochloride;
SAR-RGDSP, Sarcosine-Arg-Gly-Asp-Ser-Pro; SQNYPIV, Ser-Gln-Asn-Tyr-Pro-Ile-
Val, NMP-biocytin, 3-(N-maleimidopropionyl)biocytin, NF-GalPyr, naphthofluorescein-
di-B-galactopyranoside; NGA, N-acetyl- galactosamine, LAC, lactose; GAL, galactose;
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Abstract

The clostridial neurotoxins include the closely related tetanus (TeNT) and botulinum
(BoNT) toxins. Botulinum toxin is used to treat severe muscle disorders and as a
cosmetic wrinkle reducer. Large quantities of botulinum toxin have also been produced
by terrorists for use as a biological weapon. Because there are no known antidotes for
these toxins, they thus pose a potential threat to human health whether by an accidental
overdose or by a hostile deployment. Thus, the discovery of high specificity and affinity
compounds that can inhibit their binding to neural cells can be used as antidotes or in the
design of chemical detectors. Using the crystal structure of the C fragment of the tetanus
toxin (TetC), which is the cell recognition and cell surface binding domain, and the
computational program DOCK, sets of small molecules have been predicted to bind to
two different sites located on the surface of this protein. While Site-1 is common to the
TeNT and BoNTs, Site-2 is unique to TeNT. Pairs of these molecules from each site can
then be linked together synthetically to thereby increase the specificity and affinity for
this toxin. Electrospray ionization mass spectroscopy was used to experimentally screen
each compound for binding. Mixtures containing binders were further screened for
activity under biologically relevant conditions using nuclear magnetic resonance (NMR)
methods. The screening of mixtures of compounds offers increased efficiency and
throughput as compared to testing single compounds and can also evaluate how possible
structural changes induced by the binding of one ligand can influence the binding of the
second ligand. In addition, competitive binding experiments with mixtures containing
ligands predicted to bind the same site could identify the best binder for that site. NMR

transfer nuclear Overhauser effect (trNOE) confirm that TetC binds doxorubicin but that



this molecule is displaced by N-acetylneuraminic acid (sialic acid) in a mixture that also
contains 3-sialyllactose (another predicted site 1 binder) and bisbenzimide 33342 (non-
binder). A series of five predicted Site-2 binders were then screened sequentially in the
presence of the Site-1 binder doxorubicin. These experiments showed that the
compounds lavendustin A and naphthofluorescein-di-(-D- galactopyranoside) binds
along with doxorubicin to TetC. Further experiments indicate that doxorubicin and
lavendustin are potential candidates to use in preparing a bidendate inhibitor specific for
TetC. The simultaneous binding of two different predicted Site-2 ligands to TetC
suggests that they may bind multiple sites. Another possibility is that the conformations
of the binding sites are dynamic and can bind multiple diverse ligands at a single site
depending on the pre-existing conformation of the protein, especially when doxorubicin

is already bound.



Introduction

The structurally and functionally related tetanus toxin (TeNT) and the botulinum
toxins (BoNTs) are members of the family of clostridial neurotoxins. Both selectively
concentrate at the synapse of axons in vertebrate motor neurons and are the most potent
toxins known to man (/). The recent interest in clostridial neurotoxins arises from both
the increased frequency of their use in medicine and the potential threat that they might
be used by terrorist groups or other nations as biological weapons (2, 3). The entry of
these toxins into neuronal cells proceeds through the initial binding of the toxin to
gangliosides on the cell surface. Thus effective inhibitors of binding to neuron cells can
be developed for use as antidotes or serve as molecular recognition materials for affinity-
based chemical sensors in detecting and identifying when these toxins have been
deployed.

The Clostridium tetani and Clostridium botulinum bacteria synthesize teNT and
BoNTs, respectively, as single 150 kDa polypeptides that are subsequently clipped into
two chains held together by a single disulfide bond. The toxins enter the neuron through
processes involving specific recognition, endocytosis and intracellular transport (/).
TeNT targets inhibitory neurons within the central nervous system spinal cord causing a
spastic paralysis, while BoNTs target peripheral sensory neurons resulting in flaccid
paralysis (4). The heavy chain binds specifically to presynaptic neuronal cells,
presumably to gangliosides located on the surface of the cell (/). After the entire toxin is
internalized into the cells via vesicles, the light chain is translocated into the cytosol and
inhibits neurotransmitter release by targeting and cleaving one of three proteins, VAPM,

SNAP-25 or syntaxin (5-7).



Tetanus neurotoxin (TeNT) has been shown to specifically bind gangliosides of
the G1b series, GD1b or GT1b (8-11). The receptor binding subunit of TeNT has been
shown to be a 50 kDa polypeptide comprising the C-terminal 452 amino acids of the
heavy chain (H,), more commonly termed the C fragment (/2, /3). In particular, the last
34 residues of the C fragment participate in ganglioside recognition, with the residue
His1293 identified as being critical for binding (/3, 14). Several crystal structures of the
tetanus toxin C fragment (TetC) (e.g. pdb codes: 1AF9 and 1A8D, (/35, /6) and residues
875 to 1315) have been reported in the protein databank (http://www.rcsb.org/pdb/).
These structures include complexes with the individual ganglioside sugar components N-
acetyl-galactosamine (NGA, pdb code: 1DOH), galactose (GAL, pdb code: 1DIW),
lactose (LAC, pdb code: 1DLL), and sialic acid (SIA, pdb code: 1DFQ) (4)), and with a
ganglioside GT1B derivative (pdb code: 1FV2, (/7). The TetC structure can be divided
into two subdomains, a lentil lectin-like N-terminal jelly roll domain and a C-terminal 3-
trefoil domain (/8) (Fig. 1). The sugars individually bind to the surface of TetC in four
different sites, which are widely spaced along one edge of the C-terminal p-trefoil
subdomain (4). In contrast, the derivative of the ganglioside GT1b, which is composed
of glucose-GAL-NGA-GAL-aSIA-BSIA-aSIA, binds to same site as does lactose (4,
17). The antitumor drug doxorubicin was also predicted by computer docking methods to
bind in the same site, designated as Site-1 in this study (Fig. 2) (/9). Site-1 is a common
surface feature found in the structures of both TetC and BoNT, and a recent crystal
structure of BoONT/B in complex with doxorubicin (20) is in agreement with doxorubicin

binding in Site-1. In addition, crystal structures of TetC in complex with doxorubicin or
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sialic acid that are currently in progress also show that these two compounds bind to Site-
1 (S. Swaminathan. personal communication).

In the current study, computational docking methods were used to identify the
potential binding site on the surface of TetC that would be unique to this toxin,
designated as Site-2. Linking two ligands from each binding site to form a bidendate
ligand would be expected to increase the specificity and affinity for TetC (27). The
resulting bidendate ligand can be used to develop a sensitive molecular sensor to
differentiate between the TeNT and BoNT toxins. We used computational docking
routines to identify a small subset of ligands found in the Available Chemical Database
(ACD) that are predicted to bind to Site-2. These ligands were then checked
experimentally for binding activity by using electrospray ionization mass spectroscopy
(ESI-MS). However, a potential problem with many biological systems is that the activity
observed can be the result of the sum total of weak, nonspecific binding of several
mixture components in the assay. In addition, the binding of one ligand at Site-1 may
change the conformation of the protein and affect the subsequent binding of ligands at
Site-2. Moreover, the ligands identified from Site 2 may be incompatible with those
identified as binding in Site 1 under similar solvent conditions, making it impractical to
link them together to produce a bidendate ligand. Thus mixtures containing Site-1 and
Site-2 ligands were further screened for binding to TetC by using nuclear magnetic
resonance (NMR) spectroscopy. The selective detection of transfer nuclear Overhauser
effects (trNOEs) makes use of the observation that small molecules (relative molecular
mass up to about 2 kDa) exhibit strong negative trNOEs when bound to receptor proteins.

and can thus be differentiated from nonbinding molecules with weak positive NOEs (22).



The results for the NMR screening for binding to TetC of mixtures containing

combinations of three Site-1 and five Site-2 ligands are reported here.

Materials and Methods

Recombinant Protein, Ligands, and Other Reagents

A recombinant form of TetC was purchased from Roche Molecular Biochemicals
(Indianapolis, IN). The ligands purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO) were N-acetylneuraminic acid (sialic acid), 3 -sialyllactose, Sarcosine-Arg-Gly-
Asp- Ser-Pro, 3-(N-maleimidopropionyl)biocytin, lavendustin A, naphthofluorescein-di-
B-galactopyranoside. The following compounds were purchased from Calbiochem-
Novabiochem Corp (La Jolla, CA): doxorubicin hydrochloride, bisbenzimide H33342,
Ser-Gln-Asn-Tyr-Pro-Ile-Val and N-acetyl neuramic acid (sialic acid). Deuterated

DMSO and D20 were purchased from Isotech . (St. Louis, MO).

Computer Modeling Methods

Coordinates obtained from the crystal structure of TetC (pdb code 1A8D) were
used for the modeling and docking studies. Four binding sites, including Site-1 and Site
2. on the surface of TetC were identified by calculating the solvent accessible surface
area (SASA) using the SPHGEN routine from DOCK (23), which packs clusters of
spheres into structural pockets. The DOCK program (24-26) computationally screens the
Available Chemical Database (ACD, version 97.2) of more than 200,000 commercially

available compounds and predicts which molecules will likely bind tightly to the target



receptor. A total of 127,475 compounds were included in the final version of the
screening database: these were sorted into five separate lists for each value of total
charge. In order to focus the study within the size and charge ranges expected for lead
drug candidates, compounds with an absolute charge > 3, as determined by using
Gasteiger Marsili charges (27) in Sybyl (Tripos, Inc., St. Louis, MO), and with <10 or >
80 heavy atoms were removed. The procedure used to computationally dock each
compound has been previously described in detail by Lightstone et al. (19). Briefly,
different orientations of each ligand within a site were scored for best intermolecular van
der Waals and electrostatic force field potentials using AMBER (28) and for contact
scoring (29), which is based on a simplified Lennard-Jones function. The ligand was held
in a defined structure, thus possible conformational changes in either the ligand or the
protein were not taken in account. Screening different conformers of each ligand would
have required a tremendous increase in computational time and would have been contrary
to our intention of screening as large a number of small molecules as quickly as possible
with very high throughput. Separate lists of the top 1% ligands obtained by each scoring
method (approximately 1000 compounds) were divided according to charge and
examined further in more detail, one at a time. A new sphere-atom matching scheme in
DOCK (23) was used to visually inspect likely candidates using computer graphics. The
DOCK runs were performed on Silicon Graphics workstations with multiple
R8000/R10000 processors, and the overall run time ranged from 800 to 1350 CPU hours

per binding site.



Llectrospray lonization Mass Spectroscopy (ESI-MS)

ESI-MS was used to experimentally determined which of the computationally-
determined candidates bind or do not bind to TetC. Aliquots of TetC were hydrolyzed in
HCl and the amount of protein present determined by quantitative amino acid analysis
(Structural Protein Laboratory, University of California, Davis, CA). Both TetC and
ligands were dissolved in 3 mM ammonium acetate, pH 7.6 buffer/12% v/v methanol.

Twenty microliter samples in which the protein concentration (3-13 uM) was kept
constant and the tetC:ligand ratio was varied from ?? to ?? in ?? steps were analyzed by
ESI-MS on a Mariner orthogonal acceleration time-of-flight instrument (PE Biosystems,
Framingham, M) within 20 minutes of mixing. The sample infusion rate was 1 pl/minute
through 60 and 25 um id capillaries. The spectra were acquired at room temperature and
summed over 25 scans. The ion intensities were normalized to the protein peak [(bound
protein)/(unbound protein)]. The multiply charged spectra were deconvoluted with the
Biospec Data Explorer software (PE Biosystems). The slope from a plot of (bound
protein)/(unbound protein) versus 1/[ligand] was used to obtain a dissociation constant
for the ligand (30). Instrument settings, such as gas flow rates, the number of scans, and
declustering potentials were optimized and kept constant for each set of experiments
corresponding to a specific complex. A range of declustering voltages were tried since
mild settings were necessary to probe noncovalent interactions. The declustering
potential that a complex can withstand without dissociating can provide a qualitative

estimate of the strength and nature of the noncovalent interaction.



NMR transfer nuclear Overhauser effect spectroscopy (trNOESY) experiments

Freeze-dried samples for NMR measurements were dissolved in 100% D,O.
Studies on TetC and doxorubicin dissolved in 5 mM sodium phosphate, pH 7.0 buffer
were initially carried out. Since no significant changes were observed in the spectra
when the buffer was not included and several of the ligands precipitated when buffer was
present, subsequent experiments were carried out in D,O only. Some of the ligands
(biocytin, lavendustin, and galactopyranoside) precipitated in buffer or water, and were
thus first dissolved in a small volume (100 ul) of deuterated DMSO before adding an
aliquot (~ 20 pl) to TetC in D,O. The final concentration of DMSO in total volume of
D,0 in the mixture used for the NMR experiments was < 7.6%. Three milligrams of TetC
were dissolved in 1.0 ml of D,0 and centrifuged at top speed for 5 minutes to remove
insoluble material. The TetC concentrations used in the NMR experiments were ~ 20 to
60 uM, while the molar ratio of TetC:doxyrubicin was varied from a range of 1:10 to
1:50 in order to determine a good, consistent value to use in studying the mixtures. A
tinal molar ratio of TetC:ligand of 1:30 was chosen based on the best sensitivity observed
in the NMR spectra for all the ligands at this ratio.

All spectra were measured on Varian INOVA 600 MHz spectrometer at either 20
°C or 30 °C, as stated in the figure captions. The phase sensitive 2D-NOESY experiments
of ligands or mixtures of ligands were carried out at 900 ms mixing times, while mixtures
of ligands in the presence of TetC were carried out at 200 and 300 ms mixing times. The
spectral width was 20 ppm in both dimensions with 600 increments in t; (TPPI) each with

64 scans of 2048 data points in t,. Prior to Fourier transformation, the data matrix was

zero filled to 2048 by 2048 data points.



Results and Discussion

Computational Docking

The solvent accessible surface of TetC was calculated to identify surface pockets
as potential sites for ligand binding. The volumes of the pockets were calculated by
filling them with a combination of spheres with different radii. Fifty-two pockets were
identified as potential binding sites for small molecules. Four of these were selected for
further study because of proximity to the ganglioside binding site ({/7) or because of the
uniqueness of the site to TetC. Previously, we reported the results of our computational
docking identification of Site-1 and a set of potential binders (/9). Site-1 is a common
surface feature in the structures of both TeNT and BoNTs and is the binding site for a
ganglioside GT1b derivative (/7). The small molecules identified by screening the
Available Chemicals Directory (ACD) and tested positive for binding by ESI-MS include
the antitumor drug doxorubicin, which was found to bind to TetC with an appreciable
binding constant of 9.4 uM (as determined using a GT1b liposome assay) (/9). Other
predicted Site-1 binders that were confirmed to bind by mass spectroscopy were D-(+)-
cellotetraose, neohesperidin, the peptide Gly-Arg-Gly-Asp-Ser, and hemorphin-5.

In the current study, the results are reported for the second of the four sites. Site 2
is a deep surface pocket unique to TetC that is located in-between the C-terminal p-trefoil
and N-terminal jelly-roll subdomains. It is proximal to Site-1, making it attractive for
possible linking of two ligands, one from each site. The ACD was screened for ligands
that could bind to this site, and ranked by energy and contact scores. The 1% of scored

compounds were visually examined qualitatively for specific interactions, such as charge



and van der Waals forces. A variety of molecules were chosen to represent the spectrum
of available compounds even though peptides dominated. Twenty-nine final compounds
were selected as potential binders. One of the ligands, lavendustin A, is shown docked
into Site-2 in Figure 2D. Due to their limited availability, only eleven of these ligands

were purchased and tested for binding.

FElectrospray lonization Mass Spectroscopy

The mass spectrometry results obtained for all the ligands that were tested are

summarized in Table 1

Table 1. Ligands tested by ESI-MS for noncovalent complex formation with TetC

Site-2

complexes observed no complexes observed

Sar-Arg-Gly-Asp-Ser-Pro

Ser-Gln-Asn-Tyr-Pro-Ile-Val

3-(N-Maleimidopropionyl)biocytin

Lavendustin A

Naphthotluorescein

Ligand binding, as defined in these experiments, occurs when a new mass peak appears at
the expected mass/charge (m/z) ratio for the complex. For example, an ESI spectrum of
TetC and the TetC-lavendustin A complex is shown in Figure 3. Only those complexes

that are stable to ionization and electrospray are observed. The main concern when using




ESI-MS to investigate solution phase characteristics is the induction of complex
formation via nonspecific aggregation or gas phase-induced binding. These contributions
may arise from either the electrospray process or the solution conditions. To minimize
this problem, low ratios of ligand concentration were used. To determine the
concentration range, a series of saturation binding curves were generated for each
molecule. Complexes were prepared by adding increasing amounts of ligand while
keeping the TetC concentration constant until saturation was achieved. The ratio of
bound protein to unbound protein is linearly correlated to the ligand concentration (the
inverse was plotted for dissociation constant determination, as stated in Materials and
Methods) up to the saturation point, beyond which increasing the ligand concentration
will not produce any more bound protein. Thus, the ligand concentration was kept within
the linear region of the saturation binding curves for all binding experiments.

Complexes stabilized by weak binding forces may be labile in the gas phase. To
minimize dissociation of the complex, all the samples were electrosprayed at room
temperature. The declustering potential was kept between 50 and 200 V to help minimize
complex dissociation. All but one of the ligand complexes that were tested withstood the
high declustering voltages in the gas phase, indicating that the complexes were primarily
stabilized by electrostatic interactions. Complexes which required an applied nozzle
potential of less than or equal to 100 V indicated that the interactions were hydrophobic
in nature.

These results show that ESI-MS is a reasonably efficient screening method for

confirming ligand binding.



Competitive binding experiments by NMR transfer NOE (trNOE) experiments.

Binding studies of mixtures of compounds were also examined for binding to
TetC under biologically relevant conditions using NMR. A strong positive NOESY
(nuclear Overhauser effect spectroscopy) crosspeak is observed for binders, as opposed to
weakly negative or zero NOE crosspeaks for the same mixture of compounds in the
absence of TetC (Fig. 6). Thus the sign flip of the NOE cross peak in a trNOESY
spectrum between the free versus bound states acts as a simple binary filter to distinguish
binders from nonbinders. However, the sign flip was not always consistent for all
ligands. Some ligands exhibited resonances that had positive sign with and without the
presence of TetC. However, the intensity of the same sign peaks were always much
stronger in the presence of TetC when bound and very weak when protein was absent.
Thus, both the sign and intensity of the crosspeaks were taken into account to distinguish
binders from nonbinders.

The results show that the trNOESY method is well suited for the identification of
binding activity. Several advantages of the method are: 1) Separation of the components
of a mixture prior to activity tests is not necessary. 2) Small amounts of protein are
sufficient since the method is ligand-based and the ligand is added in a 5-50-fold excess.
3) The protein can be recovered after dialysis and used for further tests. 4) Neither the
protein nor the ligand must be immobilized. 5) The procedure can be used in competitive
assays and determine if two or more compounds bind simultaneously. 6) Binding studies

can be carried out under biologically relevant conditions.
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Figure Captions:

Figure 1: The overall fold of the tetanus toxin C fragment in the high resolution crystal
structure.

Figure 2: Views of TetC in complex with (A) sialic acid (yellow), NGA (red), galactose
(blue) and lactose (green) from the crystal structure (Emsley et.al. (2000) JBC 12,
889-8894); (B) ganglioside GTB derivative from the crystal structure (Foutinou
et. al. (2001) JBC 276, 32274-32281; (C) doxorubicin from computational
docking prediction (Site-1); and (D) lavendustin from computational docking
prediction (Site-2).

Figure 3: Site-1 ligand structures and molecular weights.

Figure 4: Site-2 ligands structures and molecular weights.

Figure 5: Mass Spectrum of TetC at 100 V. The molecular mass is 51,809.6 Da (b) and
(c). The mass spectrum of the complex of lavendustin and TetC (b) at a
declustering voltage of 100V showing ligand binding and (c) at a declustering
voltage of 200V shows no binding.

Figure 6: Left: 2D NOESY spectrum at 900 ms mixing time of the compound mixture
composed of doxorubicin, lavendustin, and biocytin in D,0 at 30°C. The NOEs
are weak and negative for most resonances. Right: 2D transfer NOESY at 300 ms
mixing time of the same mixture in the presence of TetC show strong positive
crosspeaks for doxorubicin and lavendustin, indicating that these two ligands
bind, while biocytin does not.

Figure 7: 2D transfer NOESY spectra at 200 ms mixing time and 20 °C showing binding

of doxorubicin (leftmost panel, Site-1 binder) and a series of predicted Site-2



binders added sequentially. The presence of new crosspeaks (boxed) indicates
binding. Both lavendustin binds and appears to be partially displaced by

galactopyranoside, suggesting that these two interact in the same binding site



B-trefoil domain

Jelly-roll domain

Figure 1: The overall fold of the the tetanus toxin C fragment in the high resolution crystal structure.
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Figure 4: Site-2 ligands structures and molecular weights



—

?8888888888

(a)

228

% Intensity

B2EBB-cBEEYBI

w
s 2

(©)

£8

58000 50800 51600 52400 53200 54000
Mass (mvz)

Figure 5: Mass Spectrum of TetC at 100 V. The molecular mass is 51,809.6 Da (b) and (c). The mass spectrum of the
complex of lavendustin and TetC (b) at a declustering voltage of 100V showing ligand binding and (c) at a
declustering voltage of 200V shows no binding.
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Figure 6: Left: 2D NOESY spectrum at 900 ms mixing time of the compound mixture
composed of doxorubicin, lavendustin, and biocytin in D,O at 30°C. The NOEs are weak
and negative for most resonances. Right: 2D transfer NOESY at 300 ms mixing time of the
same mixture in the presence of TetC show strong positive crosspeaks for doxorubicin and
lavendustin, indicating that these two ligands bind, while biocytin does not.
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Figure 7: 2D transfer NOESY spectra at 200 ms mixing time and 20 °C showing binding of doxorubicin
(leftmost panel, Site-1 binder) and a series of predicted Site-2 binders added sequentially. The presence
of new crosspeaks (boxed) indicates binding. Both lavendustin binds and appears to be partially

displaced by galactopyranoside, suggesting that these two interact in the same binding site
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