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ABSTRACT 

The unique ability of a family of botulinum neurotoxins to block neuro-exocytosis specifically  

by selective interaction with peripheral cholinergic nerve endings, endocytotic uptake, 

translocation to the cytosol and enzymic cleavage of essential proteins  underlies their 

increasing therapeutic applications. Although clinical use of type A is most widespread due to its 

prolonged inactivation of SNAP-25, botulinum neurotoxin E cleaves this same target but at a 

different bond and exhibits faster onset of neuromuscular paralysis. Herein, insights were gained 

into the different dynamics of action of types A and E toxins, which could help in designing 

variants with new pharmacological profiles. Natural and recombinant type E di-chain forms 

showed similar proteolytic and neuromuscular paralytic activities. The neuroparalysis induced by 

type E toxin was accelerated between 21 and 35 ºC and attenuated by bafilomycin A1. 

Temperature elevation also revealed an unanticipated bipartite dose-response indicative of two 

distinct internalization processes, one being independent of temperature and the other dependent. 

Although elevating the temperature also hastened intoxication by type A, a second uptake 

mechanism was not evident. Increasing the frequency of nerve stimulation raised the uptake of 

type E via both processes, but the enhanced trafficking through the temperature-dependent 

pathway was only seen at 35 ºC. These novel observations reveal that two membrane-retrieval 

mechanisms are operative at motor nerve terminals which type E toxin exploits to gain entry via 

an acidification-dependent step whereas A uses only one.
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INTRODUCTION 

Seven serotypes (termed A to G) of botulinum neurotoxin (BoNT), produced by the bacteria 

Clostridium botulinum, cause the disorder botulism that is characterised by flaccid neuromuscular 

paralysis (Dolly et al., 2002). BoNTs are proteins (Mr ~ 150 x103), having a heavy chain (~100 

x103) and light chain (50 x103) linked by a disulphide bond and non-covalent interactions. They 

are synthesised as single-chain (SC) precursors that require proteolytic nicking to yield the potent 

di-chain (DC) forms. Each acts by inhibiting acetylcholine release via a complex multi-phasic 

mechanism  (Simpson, 1980; Simpson, 2004): (i) binding to high-affinity ecto-acceptors on 

cholinergic nerve endings (Dolly et al., 1984); (ii) endocytotic uptake (Black and Dolly, 1986a; 

Black and Dolly, 1986b); (iii) translocation of a toxic moiety and (iv) specific cleavage of 

proteins essential for the release of transmitters from vesicles (Schiavo et al., 2000). Their heavy 

chain contributes to binding (Poulain et al., 1989) plus internalization (Dolly et al., 1994). 

Synaptic vesicle proteins have been identified as acceptors for some serotypes: SV2 for /A (Dong 

et al., 2006; Mahrhold et al., 2006) and synaptotagmins I and II for /B and /G (Nishiki et al., 

1994; Nishiki et al., 1996; Dong et al., 2003; Rummel et al., 2004a). An intact DC is needed for 

translocation (de Paiva et al., 1993) of the light chain to the presynaptic cytosol where, in the 

cases of BoNT/A or /E, it cleaves and disables SNAP-25 (Schiavo et al., 2000; Meunier et al., 

2003). Due to these unique properties and, especially, an extremely long duration of 

neuroparalysis induced by BoNT/A, it is being used very successfully for the treatment of a wide 

and continually-expanding range of neuromuscular disorders and other conditions associated with 

over-active peripheral cholinergic nerves (Jankovic, 2004). Although BoNT/E produces a more 

transient muscle weakness (Eleopra et al., 1998), this toxin exhibits the therapeutically desirable 

properties of higher potency and faster onset of neuromuscular paralysis, compared to BoNT/A 
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(Simpson, 1980; Simpson and DasGupta, 1983). Hence, investigation of the basis for these 

advantageous properties should yield useful information for the design and protein engineering of 

improved therapeutic versions of BoNT. 

For this study, a recombinant form of BoNT/E expressed in E. coli was largely used because 

of displaying similar biological activities to its counterpart from Clostridium botulinum, as well 

as being cheaper to prepare and easier to purify. BoNT/E uptake was found to occur via two 

processes displaying different temperature-dependencies. Both were accelerated by an increased 

frequency of nerve stimulation and involved endocytotic vesicle acidification by a bafilomycin-

sensitive proton pump. BoNT/A, in contrast, appears to use only one such uptake pathway. In 

view of the recent of discovery of SV2 as an acceptor for /A, these timely new findings on the 

distinctive kinetics of neuromuscular paralysis by BoNT/A and /E may help identify differences 

in the trafficking of SV2 and the protein acceptor(s) for /E.  
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Materials and Methods 

Materials. Bafilomycin A1 was purchased from LC laboratories (Woburn, MA). Substrates for 

the chemiluminescent detection of horse-radish peroxidase and photographic film were bought 

from Amersham/Millipore (U.K.). Pre-cast 4-12% polyacrylamide gels and electrophoresis 

running buffer were purchased from Invitrogen. L-1-Tosylamide-2-phenylethyl chloromethyl 

ketone-treated trypsin, soyabean trypsin inhibitor, a horse-radish peroxidase conjugated antibody 

to goat immunoglobulin G and all other chemicals were obtained from Sigma-Aldrich (U.K.). An 

antibody to the 18 C-terminal residues of SNAP-25 was purchased from Autogen Bioclear 

(U.K.). Purified natural BoNT/E was obtained from Metabiologics (Wisconsin) and Prof. E. 

Johnson; the expression and purification of BoNT/E or its light chain from E. coli will be 

described elsewhere. BoNT/A was purified as described previously (Shone and Tranter, 1995). 

BoNT/E SCs were nicked with 2 µg/ml trypsin for 1hr at 37 ºC before adding 1 mM 

phenylmethanesulfonyl fluoride and 10 µg/ml soyabean trypsin inhibitor; conversion to DC was 

confirmed by SDS-PAGE and protein staining as described previously (Maisey et al., 1988). The 

protein concentration of natural and recombinant BoNT samples was determined using 

Bradford’s dye-binding protein assay using a kit from Bio-Rad, U.K. 

Animals. Female TO mice (20-25g) were purchased from Harlan UK ltd. (UK) and housed in 

the animal care facility at Dublin City University with unrestricted access to food and water. The 

mice were killed by cervical dislocation immediately prior to experiments. All procedures 

involving animals were reviewed and approved by the Institutional Ethics Committee and 

licensed by the Irish Government, Department of Health and Children. 

Measurement of the toxins’ proteolytic activities. A model substrate [GST-SNAP-25 C65 

(residues 142-206)], was expressed in E. coli and affinity-purified (Chen et al., 1999); the amount 
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of protein was determined using Bradford’s Assay (as above). For studying the effect of 

temperature, it was more convenient to use recombinant light chain (to be described elsewhere) 

rather than BoNT/E which would require nicking and reduction to reveal its full proteolytic 

activity. BoNT/A, E or light chain samples were diluted to 250 or 500 nM in Hepes-buffered 

saline containing bovine serum albumin (HBS/BSA; 20 mM Hepes pH 7.4, 150 mM NaCl, 50 

µM zinc acetate and 10 µg/ml BSA) and incubated for 30 min at 37 ºC in the absence or presence 

of dithiothreitol, before the addition of 10 mM iodoacetic acid to alkylate the free thiols. GST-

SNAP-25 C65 was added to serial dilutions of the toxin and incubated for 30 min at 37 ºC (unless 

stated otherwise in figure legend). For reverse-phase high-performance liquid chromatography, 

the reactions were stopped by an equal volume of HBS/BSA containing 2% (v/v) trifluoroacetic 

acid and the 26-amino acid product (from cleavage at R180-I181) separated on a C18 column, as 

detailed previously (Foran et al., 1994). A synthetic peptide, residues 181-206 of SNAP-25, was 

used to verify the elution volume and to construct a standard curve. Initial reaction rates were 

calculated from experiments in which the amount of product represented less than 5-15% of the 

substrate. For SDS-PAGE and Western blotting assays, reactions were terminated by adding a 

1/3 volume of SDS-PAGE sample buffer (100 mM Tris, pH 8.8, 8% [w/v] SDS, 40% [v/v] 

glycerol, 0.01% [w/v] bromophenol blue) and heating to 80 ºC for 2 min. Substrate and protease 

products were resolved on 4-12% acrylamide pre-cast gels and visualised by Coomassie staining. 

Alternatively, after transfer to polyvinylidene difluoride membrane, Western blotting with goat 

anti-SNAP25 (0.5 µg/ml) followed by horse radish peroxidase conjugated rabbit anti-goat 

secondary antibodies (diluted 1:10 000, following manufacturers instructions) was used to reveal 

intact substrate. Bound antibodies were detected by enhanced chemiluminescence with exposure 

to photographic film. Digital images of protein stained gels and photographs developed from 
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Western blots were transferred to a computer using a flat-bed scanner; signal intensities were 

assigned nominal values using NIH Image. In protein stained gels, uncleaved substrate and one of 

the cleavage products were resolved; the fraction of substrate converted to product was calculated 

by dividing the product intensity value by the sum of those for product and uncleaved substrate. 

Fractional cleavage was plotted against [BoNT] or [light chain]; curve fitting and EC50 

calculations were performed using Sigmaplot software. A single batch of substrate was used for 

all gel-based protease assays and another used for the reverse-phase high performance liquid 

chromatography experiments; ‘n’ values represent the number of separate experiments and 

probability values were obtained from paired sample t-tests. 

Assay of neuromuscular paralytic activity and lethality of BoNTs. Neuromuscular 

transmission was recorded, as detailed previously (Li et al., 2001), in mouse phrenic-nerve hemi-

diaphragms incubated in static baths with Krebs Ringer (KR) buffer (in mM; NaCl 118, KCl 4.7, 

MgSO4 1.2, NaHCO3 23.8, KH2PO41.2, CaCl2 2.5, and glucose 11.7) containing 0.1% (w/v) BSA 

and gassed with 5% CO2/95% O2). In all experiments except those involving bafilomycin A1, the 

preparations were exposed for 30 min. to BoNT/E under conditions designed to permit binding 

but attenuate internalisation [4ºC, without nerve stimulation in a modified KR buffer equivalent 

to KR except for the addition of 3.8 mM MgCl2 and the reduction of CaCl2 to 0.5 mM (Simpson, 

1980; Maisey et al., 1988) continuously aerated with 95% O2/ 5% CO2]. After washing off 

unbound toxin, the modified buffer was replaced with normal KR (this was pre-equilibrated with 

95% O2/ 5% CO2 and aeration was continued throughout the recordings). The temperature was 

raised (see Figure legends for details) and muscle tension recorded in response to nerve 

stimulation (square pulses of 10-15V, 0.2 ms duration and 0.2 Hz frequency, except where stated 

otherwise). The force of muscle contractions was measured using Fort 10 force transducers 
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(World Precision Instruments), amplified and transferred to a computer by a Quad bridge 

amplifier linked to a MacLab4e (AD Instruments) and analysed using Chart software (AD 

Instruments). In experiments involving bafilomycin A1, the diaphragms were pre-exposed to the 

latter at 1.5 µM in modified KR for 30 min. at 24 ºC before lowering the temperature to 4 ºC and 

adding BoNT/E; after 30 min. the tissues were transferred to normal KR, which also included 1.5 

µM bafilomycin, and nerve-induced muscle contractions recorded. In accord with previous 

findings (Simpson et al., 1994), 1.5 µM bafilomycin itself had minimal effect on neuromuscular 

transmission.  Curve-fitting was performed using Sigmaplot software. ‘n’ values represent the 

number of diaphragms used to generate the data shown. 

The toxins’ lethalities were measured in mice (20g body weight, 4/group) after intra-peritoneal 

injection, and the LD50 values calculated, as described previously (Maisey et al., 1988). 
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Results 

Purified rBoNT/E exhibits all the characteristics of natural E toxin. The suitability of 

rBoNT/E as a convenient alternative to its native counterpart was demonstrated by their 

biological activities being similar. After expression and purification of the SC form and 

proteolytic nicking, the resultant DC showed only slightly lower protease activity compared to 

that of its natural counterpart (Table 1) towards a fusion of glutathione S-transferase with 

residues 142-206 of SNAP-25. Proteolytic activity was detected with each in the absence of 

reducing agent; however, prior reduction with 4 mM dithiothreitol (optimal concentration; Fig. 

1B,C) increased the activities of natural or rDC more than 5-fold (Table 1) but had minimal effect 

on the SC. Higher concentrations of dithiothreitol proved less able to increase protease activity 

(Fig. 1C, Table 1). The ability of nicked BoNT/E to induce neuroparalysis of the phrenic nerve 

diaphragm matched that of the natural DC (Fig. 1A), including the different inhibitory profiles 

seen at two temperatures (detailed below); in the absence of toxin, the force of muscle 

contractions remained undiminished for more than 500 min. (data not shown). Note that to 

simplify examination of the multi-step intoxication process, the binding of BoNT/E to neuronal 

acceptors was carried out in advance under conditions (Simpson, 1980) that minimize 

internalisation [i.e. 4 ºC, without nerve stimulation and in the presence of an elevated [Mg2+] (3.8 

mM) and reduced [Ca2+] (0.5 mM) ]. Finally, the median lethal doses of recombinant and natural 

DC BoNT/E in mice were found to be 400 pg and 100 pg, respectively. Thus, the recombinant 

protein faithfully reproduces the multiple properties (binding, intracellular uptake, membrane 

translocation and protease activity; see Introduction) required for potent neuromuscular paralysis 

and neurotoxicity in vivo. 
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Investigations on paralysis of motor nerve terminals by BoNT/E unveil two uptake 

processes with distinct dynamic properties.  

Parallel power-function relationships exist between BoNT/E concentrations and 

neuromuscular paralysis times which reach a plateau at different concentrations of DC and SC. 

The dose-response plot obtained for inhibition by BoNT/E DC of nerve-evoked muscle tension at 

24 ºC approximates to a straight line on double-log axes, indicating a power-function relationship 

up to ~100 pM (Fig. 1A). Similar profiles have been reported for natural BoNT/E and other 

serotypes (Simpson, 1980; Simpson and DasGupta, 1983; Rummel et al., 2004b) and can be 

described by equation 1: 

PT  = a / [BoNT/E]b 

where ‘PT’ represents the time taken to reduce muscle tension by 90% and ‘a’ and ‘b’ are 

constants. ‘a’ (min.pM) equals PT when [BoNT/E] = 1 pM, whereas the power constant, ‘b’, 

represents the slope and is a measure of the concentration-dependency for toxin-induced 

paralysis. For DC, the values observed were: a = 1300 ± 250 and b = 0.78 ± 0.07. Using the 

experimentally-determined value for ‘b’, it can be calculated that reduction of PT by half requires 

the toxin concentration to be increased by a factor of b√2 ≈ 2.4 fold. This highlights a tight 

inverse relationship between applied concentration and PT. A similar dose-response pattern was 

observed for BoNT/E SC, albeit with a shift to ~ 63-fold higher concentrations (Fig. 1A); the data 

fit a power function up to 2 nM (a = 30300 ± 9500 and b = 0.77 ± 0.06). Note that the power 

value corresponds to that measured for DC, in accord with the lines being parallel. From the ratio 

of the different ‘a’ values extrapolated for SC and DC using equation 1, it can be determined that 

similar concentrations of the former would require ~23-fold longer paralysis times than DC.  This 

ratio can also be calculated from the relative toxin potency raised to the power ‘b’ (i.e. 
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630.77=24.3; a slight discrepancy arises because the data for SC and DC are not perfectly parallel). 

Notably, the optimal protease specific activity (i.e. in the presence of 4 mM dithiothreitol) 

observed for the SC was only ~3.7-fold lower than the DC (Table 1), which is insufficient to 

explain the disparity in their neuroparalytic potencies. 

The above-noted power-function concentration-time relationships broke down at higher toxin 

concentrations, >100 pM and >2nM DC and SC, respectively (Fig. 1A). This disappearance of 

proportionality between toxin concentration and PT indicates the presence of a rate-limiting step 

in the intoxication process. As the SC retains proportionality up to a higher concentration than 

DC, it appeared that acceptor occupancy is not a limiting factor (see Discussion). 

The dose-responses for BoNT/E can be resolved into two parts with differing temperature 

sensitivities: evidence for kinetic cooperativity. Dose-response relationships, recorded at 4 

temperatures, showed complex patterns for BoNT/E-induced neuromuscular paralysis.  As 

expected, the paralysis times for low concentrations (e.g. 20 pM) of BoNT/E DC became shorter 

as the temperature was raised from 21 to 35 ºC (Fig. 2A). Most notable, however, was the 

continuous decrease in paralysis time for higher toxin concentrations at increased temperatures, 

in contrast to the levelling-off observed at 24 ºC or below (Fig. 2A). This phenomenon was also 

observed with SC and natural DC (Fig. 2A inset). When paralysis times were plotted against 

temperature (Fig. 2B) the patterns became somewhat clearer and resolved into two parts. The 

experimental data observed at most concentrations of BoNT/E for PT and temperature could be 

fitted by  power functions using equation 2.  

     PT  = a / Tempb                             (equation 2)                                                                        

At low concentrations of BoNT/E (10 – 33 pM), the temperature-sensitivity observed was 

constant (b=2.0 ± 0.4 at 10 pM and 2.2 ± 0.2 at 20 pM), hence, the near-parallel lines in the upper 
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half of Fig. 2B; a ~1.41- and ~1.38-fold increase in temperature (ºC) is needed to halve the PT for 

diaphragms pre-exposed to 10 or 20 pM BoNT/E, respectively. On the other hand, this linearity 

disappeared at 50 pM, with increases in the temperature from 24 to 35 ºC having very little effect 

on PT (Fig. 2B). Moreover, a new pattern emerged at yet higher concentrations of toxin, with the 

slopes of the temperature-dependencies plots now increasing with toxin concentration, as 

manifested by a fanning-out of the lines (Fig. 2B). A plot of the power function (b in equation 2) 

against only the higher concentrations (0.1 – 5 nM) of BoNT/E fitted a hyperbolic function (Fig. 

2C) that predicts a maximum power value of 4.8 ± 0.2. These collective findings are consistent 

with the existence of two components in the intoxication process. Notably, both mechanisms of 

BoNT/E uptake involve acidification of a subcellular compartment, presumably endocytotic 

vesicles, as the PTs for 1 nM rBoNT/E are significantly prolonged at both 24 and 35 ºC by 

bafilomycin A1 (Fig. 2D), which inhibits vacuolar-type  H+-ATPases (Bowman et al., 1988). 

The change from parallel shifts in the responses for low [BoNT/E] to increasing slopes of the 

plots seen with higher concentrations indicates that in the former case elevated temperatures 

reduce PT uniformly irrespective of concentration (~2.5-fold for a shift from 24 to 35 ºC) 

whereas increasing slopes reflect larger reductions in PT at higher toxin concentrations. The latter 

behaviour translates into sigmoidal dose-response relationships (Fig. 2A); the higher the 

temperature, the greater the inflection in the curve. Such sigmoidal dose-responses are 

reminiscent of cooperative ligand-receptor binding relationships, in that small increases in 

concentration produce larger than expected decreases in PT over a narrow concentration range 

(50 -1000 pM; Fig 2A). 

Acceleration of neuroparalysis at raised temperatures is not due solely to enhancement of the 

protease activity. The concentration dependence of proteolysis of GST-SNAP-25C65 by BoNT/E 
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light chain (Fig. 3A, B) gave the amount required for 50% substrate cleavage (EC50) at each 

temperature (Fig 3C). Although the EC50 was reduced slightly upon raising the temperature (Fig. 

3D), the ~1.2-fold increase in protease activity observed between 25 and 35 ºC was not 

statistically significant (p > 0.05) and does not seem adequate to explain the 2.5-fold reduction in 

PT at low [BoNT/E] (Fig 2A, B; calculated by solving equation 1 at 25 and 35 ºC).  

Reducing the temperature only blocks one of the two intoxication processes but both are 

enhanced by nerve stimulation.  An alternative means of accelerating toxin uptake and paralysis 

of nerve terminals is to increase the frequency of electrical stimulation (Hughes and Whaler, 

1962; Simpson, 1980; Black and Dolly, 1986b). Unlike increments in temperature, raising the 

stimulation frequency would not alter the BoNT protease activity; thus, any reduction in PT can 

be attributed to faster internalisation of toxin. At 24 ºC, increasing the stimulation frequency gave 

parallel downward shifts in the dose response curves, reflecting consistent reductions in PT, but 

only up to 33pM BoNT/E (Fig. 4A); likewise, the power-function slopes between PT and 

stimulation frequency showed similar parallel downward shifts for these same limited 

concentrations of toxin (Fig. 4A inset). Contrastingly, raising the stimulation frequency failed to 

exert any effect on PT for higher concentrations at 24 ºC (Fig. 4A and inset). Thus, elevating the 

stimulation frequency enhances the responses to low [BoNT/E] but, unlike increases in 

temperature (c.f. Fig. 2A), is unable to shorten PT for higher concentrations (c.f. Fig. 4A). 

Nevertheless, at 35 ºC the PT observed for 1 nM toxin could be further reduced by increasing the 

stimulation frequency (Fig. 4B). Hence, elevating the stimulation frequency accelerates uptake of 

BoNT/E via both temperature-insensitive and –sensitive pathways. 

BoNT/A exhibits a shallower dose-response relationship than BoNT/E and a steeper 

temperature dependency but a second uptake mechanism is not discernible.  
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 BoNT/A and /E seemingly bind to different extracellular acceptors because a specific and 

potent competitor of binding and neuroparalysis by BoNT/A was almost ineffective towards 

BoNT/E (Dolly et al., 1994); also, the SV2 acceptor for type A toxin does not bind BoNT/E 

(Dong et al., 2006). As acceptor binding is likely to influence endocytotic trafficking, comparison 

of the effects of temperature and concentration on neuroparalysis by each of these toxins should 

reveal insights into the dynamics of their actions. Diaphragms were exposed to different 

concentrations of BoNT/A DC, in the same manner as described for BoNT/E, before raising the 

temperature to 24 (Fig. 5A) or 35 ºC (Fig. 5B) and recording PT. At 24 ºC, BoNT/A required far 

longer to induce paralysis than equivalent concentrations of BoNT/E. Moreover, a lower power 

relationship was evident for BoNT/A (b = 0.25 ± 0.03), up to 5 nM when saturation occurred, 

which is very similar to the value calculated for recombinant BoNT/A (Rummel et al., 2004b). 

Raising the temperature to 35 ºC shortened PT at all concentrations without altering the power 

value significantly (b = 0.24 ± 0.03); an average 4.3-fold reduction in PT was observed across the 

concentrations tested up to 1 nM BoNT/A. Increasing the temperature accelerated neuroparalysis 

by BoNT/A more than by BoNT/E (Fig. 5C); solving equation 2 gives a power value of b = 2.1 ± 

0.2 for 20 pM BoNT/E (representing the high affinity uptake), b = 2.1 ± 0.2 for 1 nM BoNT/E 

and b = 4.4 ± 0.4 for 1 nM BoNT/A. The latter is similar to the predicted maximum power value 

for BoNT/E entering through the low-affinity pathway (b = 4.8 ± 0.2; Fig. 3B,C). There was no 

evidence of a cooperative second uptake mechanism for BoNT/A at higher temperatures, 

although it cannot be excluded that the latter would be observed if the range were to be extended 

further.  The protease activity of BoNT/A was found to be enhanced 1.8-fold at 35 ºC compared 

to 25 ºC (Fig. 5D,E), a statistically significant difference (student t-test, p = 0.02); this likely 

contributes to the steeper temperature-dependency for neuroparalysis by this toxin type (Fig. 5C), 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 18, 2006 as DOI: 10.1124/jpet.106.108829

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#108829 

 16

but is unlikely to account in full for the 4.3-fold decrease in PT. The discrepancy possibly reflects 

a ~2.4 - (i.e. 4.3/1.8) -fold increase in the rate of BoNT/A internalisation; this is similar to the 

deduced stimulation of internalisation of BoNT/E (c.f. values quoted above: 2.5/1.2 = 2.08). The 

protease activity of BoNT/A shows a stricter requirement for reduction (Fig. 5F), indicating that 

the inter-chain disulphide of BoNT/A restricts access to its enzyme active site much more 

severely than is the case for BoNT/E (Table 1). 

In summary, measurements of the effects of toxin concentration, temperature and stimulation 

frequency yielded converging evidence supportive of two intoxication processes for BoNT/E, 

likely to arise from distinct membrane-trafficking pathways, but only one for BoNT/A. 
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Discussion 

The successful expression and ease of isolation of rBoNT/E have provided a convenient 

alternative for examining this toxin’s functional properties because it displays all the biological 

activities of the natural protein. Examination of the concentration-dependencies of neuromuscular 

paralysis at 24 ºC by BoNT/E and BoNT/A showed power-function relationships that levelled off 

at higher concentrations (Fig. 1&5). Notably, BoNT/E apparently reaches a plateau at much 

lower concentration than /A, presumably due to some limitation in one or more of the multiple 

intoxication steps (i.e. acceptor binding, endocytosis, translocation and SNAP-25 proteolysis).  

The power relationship was shallower for BoNT/A than /E (b = 0.25 ± 0.03 and 0.78 ± 0.07, 

respectively, at 24 ºC), reflecting more efficient internalisation of the type E protease. Indeed, it 

has been reported that internalisation into cultured neurones was much faster for BoNT/E than /A 

(Keller et al., 2004). Presumably, paralysis is achieved when a threshold amount of SNAP-25 is 

inactivated by cleavage, PT being the time taken for this to be realised. If BoNT uptake was 

100% efficient (b = 1 in equation 1), doubling extra-neuronal [BoNT] would double its [protease] 

inside the neuron such that PT would be halved (because cleavage of the necessary amount of 

SNAP-25 would be accomplished in half the time, a reasonable assumption as it is likely that 

[SNAP-25] >> [BoNT] inside the nerve terminal). However, BoNT internalisation is less than 

100% efficient (b < 1); likely reasons include a delay in trafficking the protease to the cytosol, 

failure to internalise all the externally-bound BoNT and diffusion of toxin in the cytosol away 

from the transmitter release sites. Nevertheless, increases in [BoNT/E] are very effectively 

translated into reductions in PT; using equation 1, it can be calculated that doubling external 

[BoNT/E] reduces PT by  ~40%. In contrast, a two-fold increase in [BoNT/A] shortens PT by 

only ~16%. Put another way, halving PT for BoNT/E only needs ~2.5-fold higher concentration, 
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whereas [BoNT/A] must be raised 16-fold. These values apply for the linear power relationships 

observed at low concentrations.  The notion that shallower dose-response relationships reflect 

less efficient toxin internalisation is supported by the effects of bafilomycin A1, a vesicular H+-

ATPase inhibitor, which blocks the transfer of the toxin protease from the vesicle lumen to the 

cytosol and, thereby, reduces the power value ‘b’ for BoNT/A, /B and TeTx (Simpson et al., 

1994).  

Although significant structural re-arrangements of BoNT/E are known to occur upon 

nicking [the prevalence of β-sheet increases from 37 to 47% (DasGupta, 1989), the SC exhibited 

substantial neuroparalytic activity.  This could arise from conversion to DC by tissue proteases, 

although the consistent 63-fold lower potency of SC, irrespective of concentration and PT, 

mitigate such a deduction. The binding of SC and DC BoNT/E to neuronal membranes is similar 

(DasGupta, 1989). Interestingly, the protease site appears to be almost fully accessible in SC 

which showed only ~4-fold lower activity (measured in the presence of dithiothreitol) than DC. 

Even without reduction, both SC and DC BoNT/E exhibited 19-22% of the optimal protease rate 

of 4 mM dithiothreitol-reduced DC, a surprising finding considering the low activities found for 

other serotypes, including BoNT/A (Fig. 5F), when reducing agents are omitted.  

Upon raising the temperature from 24 to 35 ºC, the plateau in the dose-response curve for 

BoNT/E, but not that for /A, was largely overcome (Fig. 2). Such a large apparent increment in 

the amount of BoNT/E internalised implicates a high-capacity uptake process that becomes more 

active at the higher temperature. Notably, neuroparalysis was accelerated more at high than low 

[BoNT/E] (Fig. 2B), which suggests that BoNT/E is acting cooperatively at some step that is 

inactive at 24 ºC but induced at 35 ºC. As the binding step, which is temperature-insensitive 

(Simpson, 1980), was performed at 4 ºC in advance of monitoring paralysis, the observed effects 
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cannot be attributed to alteration in acceptor binding. Raising the temperature also accelerated the 

neuroparalysis induced by low, sub-saturating concentrations of BoNT/E (Fig. 2; PT was reduced 

2.5-fold at 35 ºC compared to 24 ºC), apparently, by speeding up toxin internalisation more than 

the protease rate, which was only 1.2 times faster at 35 ºC compared to 25 ºC (Fig. 3). For sub-

saturating concentrations of BoNT/E, increasing the temperature produced the same-fold-

reduction in PT regardless of the toxin concentration (hence, the parallel dose-response 

relationships in the upper parts of Fig. 2A,B). BoNT/A protease was 1.8-fold enhanced at 35 ºC 

compared to 25 ºC and this contributed to a greater acceleration of neuroparalysis by BoNT/A 

[Fig. 5; PT reduced 4.3 fold, in good agreement with prior studies (Simpson, 1980)], with the 

remainder being due, presumably, to faster toxin internalisation. Raising the temperature did not 

alter the slope (i.e power) of the dose-response for BoNT/A (b = 0.25 ± 0.03 and 0.24 ± 0.03 at 

24 and 35 ºC, respectively). 

It remains unclear whether the BoNT/E-uptake processes occurring at low and high 

concentrations involve the same or different acceptors; in this regard, it is notable that these 

toxins have been proposed to bind to gangliosides, proteins and combinations thereof  (Nishiki et 

al., 1994; Nishiki et al., 1996; Montecucco et al., 2004; Rummel et al., 2004a; Dong et al., 2006; 

Mahrhold et al., 2006). Moreover, binding studies have demonstrated the existence at motor 

nerve endings of high and low affinity acceptors for BoNT/A that can be distinguished by its 

heavy chain; it competes for binding to the latter only and fails to antagonise high affinity toxin 

uptake (Daniels-Holgate and Dolly, 1996), but does delay intoxication by very high 

concentrations of BoNT/A (Bandyopadhyay et al., 1987). However, no evidence was obtained 

herein for multiple entry mechanisms for type A toxin; both acceptors may lead the toxin into the 

same uptake pathway. 
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Due to the complex and bipartite dose-reponse relationships for BoNT/E, it is reasonable to 

deduce that this toxin enters motor nerve terminals via two functionally-distinguishable transport 

pathways, exhibiting different temperature dependencies. This proposal was given further support 

by the observation that nerve stimulation accelerates only the uptake operative for low toxin 

concentrations at 24 ºC but enhances both pathways at 35 ºC (Fig. 4). Moreover, uptake of 

BoNT/E was inhibited at both temperatures by antagonism of endocytotic vesicle acidification 

with bafilomycin A1. Our observation of two BoNT/E trafficking pathways is important because 

of a widespread interest in multiple mechanisms of neuronal endocytosis (Murthy and De 

Camilli, 2003; Südhof, 2004). This finding was made possible by pre-binding of the toxin under 

conditions that minimised uptake, and use of stimulation at various temperatures. Pre-binding 

removed a delay due to the time taken for toxin diffusion to nerve terminals and interaction with 

acceptors [T1/2~14 min.; (Simpson and DasGupta, 1983)] that would have obscured observation 

of the rapid onset of neuroparalysis at 35 ºC. Indeed, BoNT/E pre-bound on cultured neurones  is 

fully endocytosed within 4 min. after stimulation (Keller et al., 2004); moreover, within one 

further minute a large fraction of the protease activity was translocated to the cytosol. The dual 

uptake mechanism described here for BoNT/E parallels to some extent the more complex 

trafficking of tetanus toxin that also seems to enter peripheral nerves via both low and high 

affinity pathways. At low doses tetanus toxin is mainly directed away from motor terminals (Lalli 

et al., 2003), but it is released locally if large quantities are presented; this phenomenon causes a 

switch from spastic to flaccid paralysis in severe cases of tetanus intoxication (Matsuda et al., 

1982). 

It is tempting to speculate on how BoNT/E could partake in different neuro-

exo/endocytosis mechanisms that are differentially influenced by temperature. Exocytosed 
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synaptic vesicle proteins are recycled by multiple endocytotic routes (Südhof, 2004) and this 

could apply also to the BoNT/E acceptor, or accepors if multiple binding partners exist 

(Montecucco et al., 2004).   Another important outcome of this investigation on motor endplates 

is that both uptake mechanisms for type E are potentiated by over-activity and, thus, 

internalization should occur more rapidly in nerves needing attenuation by therapeutic application 

of such toxins. 
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Legends for Figures. 

Fig. 1. Nicking of BoNT/E increases neuroparalytic potency to match that for the natural DC: 

reduction of the toxin and effect on its protease activity. (A) Mouse diaphragms were exposed for 

30 min. at 4 ºC to various concentrations of natural (�) or recombinant (�) BoNT/E DC or SC ( 

�) in modified KR buffer to permit binding but minimise toxin internalisation at nerve endings. 

Unbound toxin was removed by washing before transferring the tissues to KR buffer, raising the 

temperature of the bath to 24 ºC and electrically stimulating the nerve. Evoked muscle 

contractions were recorded (see Materials and Methods); the times taken to reduce the values by 

90% of the original were plotted (± S.D.; n ≥ 3). (B)  rBoNT/E (3µg) was incubated at 37 ºC for 

30 min. in 18 µl of HBS/BSA, without or with dithiothreitol, before the addition of 2µl of 500 

mM iodoacetic acid. A 15 µl aliquot was removed and boiled in sample buffer and subjected to 

SDS-PAGE, without addition of further reductant, followed by Coomassie staining (2 µg 

BoNT/E per lane). HC and LC indicate the mobility of of the constituent heavy and light chains 

of rBoNT/E. (C) 5µl of each non-boiled sample without sample buffer added was diluted to 50 

nM toxin and incubated at 37 ºC for 30 min with 4 µg GST-SNAP-25 C65 before SDS-PAGE (2 

µg substrate/lane) and protein staining of substrate and the larger product of its cleavage. Raising 

the concentration of dithiothreitol from 2 to 20 mM increased the fraction of DC that was 

reduced, but greater than 4 mM dithiothreitol inhibited substrate proteolysis. Note that at the high 

[BoNT/E] used near-complete substrate cleavage was observed even in the absence of 

dithiothreitol; hence, the stimulation of proteolysis by 4 mM dithiothreitol is not seen in this 

panel. 
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Fig. 2. Raising the temperature causes a greater shortening of the time taken for high than low 

concentrations of BoNT/E to cause neuromuscular paralysis: bafilomycin A1 attenuates the 

toxin’s action. (A) Diaphragms were pre-exposed to various concentrations of rBoNT/E DC in 

modified KR for 30 min. at 4 ºC before removal of unbound toxin, extensive washing and 

transfer to KR buffer. Electrical stimulation was performed at four different temperatures 21 (�), 

24 (�), 30 (�), and 35 ºC (�) and the paralysis times are plotted in (A) against [rBoNT/E DC].  

Inset: paralysis times for different concentrations of rSC (�) and natural DC BoNT/E (�) at 35 

ºC. In (B) the data from (A) for rBoNT/E DC is re-plotted versus temperature, with best-fit power 

functions (---), calculated using equation 2 (see Results), fitted for data sets obtained with 

concentrations: 10 pM (�), 20 pM (�), 33 pM (�), 50 pM (�), 100 pM (�), 450 pM (�), 1 

nM (�) and 5 nM (�). A plot of the power value against [rBoNT/E DC] between 450 pM and 5 

nM can be fitted by a hyperbolic function (C). (D) Diaphragms were exposed to modified KR 

containing 1.5 µM bafilomycin A1 for 30 min. at 24 ºC then the temperature was lowered to 4 ºC 

and 1 nM rBoNT/E DC added. After a further 30 min., the tissues were transferred to KR, also 

containing 1.5 µM bafilomycin A1, and the time to paralyse nerve-evoked muscle contractions 

was recorded at 24 or 35 ºC. Control samples were treated identically, except for the omission of 

bafilomycin A1. 

 

Fig. 3. SNAP-25 cleavage by the toxin’s light chain is enhanced only slightly by raising the 

temperature. His6-tagged BoNT/E light chain was expressed and purified to homogeneity (A) and 

incubated with GST- SNAP-25C65 at the temperatures indicated in (B). Cleavage of substrate 

and appearance of product were revealed by SDS-PAGE and Coomassie staining (B). The 

percentage of substrate converted to product at 25 ºC (�) and 35 ºC (�) was calculated as 
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described in Materials and Methods and plotted against [light chain] in (C).  The concentration of 

light chain required to cleave 50% of the substrate was determined by fitting the plots in (C) with 

four-parameter logistic functions. Mean EC50 values were calculated from three separate 

experiments and plotted (± S.D.) in (D); the small difference in mean EC50 values arising at the 

two temperatures was not statistically significant, as determined by two-tailed, paired sample t-

tests (p=0.09). 

 

Fig. 4. Increasing the frequency of nerve stimulation reduces paralysis time by accelerating both 

mechanisms of BoNT/E intoxication but, unlike higher temperature, cannot induce the second 

toxin-uptake process. Diaphragms were exposed to toxin in modified KR for 30 min. at 4 ºC 

before washing, transfer to KR at 24 ºC and recording of muscle contractions in response to 

electrical stimulation at a frequency of 0.1 (�), 0.2 (�), 0.5 (�) and 2 Hz (�). Paralysis times 

are plotted (A) against [BoNT/E] and (inset) stimulation frequencies (for [BoNT/E] = � 10 pM, 

� 20 pM, � 33 pM, � 50 pM and � 1 nM).  In panel (B), paralysis times are plotted against 

stimulation frequency for diaphragms pre-exposed to 20 pM (�, �) or 1 nM (�, �) BoNT/E 

before stimulation and recording at 24 (�, �) or 35 ºC (�, �). 

 

Fig. 5. BoNTA exhibits dissimilar neuroparalytic and enzymic properties to /E at different 

temperatures. Mouse diaphragms were exposed at 4 ºC to natural BoNT/A (�) before monitoring 

nerve-evoked muscle contractions at 24 ºC (A) or 35 ºC (B) and calculating PT (± S.D.; n ≥ 3), as 

described previously for BoNT/E. To simplify comparison, values for BoNT/E (Fig. 2A) are 

reproduced here (�). PT was also determined (�) for stimulation at various temperatures 

between 21 to 35 ºC of diaphragms pre-exposed to 1 nM BoNT/A (C); values for 20 pM (�) and 
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1 nM BoNT/E (�) are reproduced from Fig 2B. (D) 500 nM BoNT/A in HBS/BSA was reduced 

by 4 mM dithiothreitol  for 30 min at 25 ºC before serial dilution in HBS/BSA/4 mM 

dithiothreitol. Protease activity of the reduced BoNT/A was determined as detailed for BoNT/E 

light chain in Fig. 3 and mean EC50 values from three separate experiments plotted (±S.D.) in (E); 

the difference between the mean EC50 values was statistically significant, as determined by two-

tailed, paired sample t-tests (p<0.05). In (F), protease activity was assessed for BoNT/A in the 

absence or presence of 4 mM dithiothreitol; in this case, uncleaved substrate was revealed by 

Western blotting with an antibody that does not recognise the BoNT/A cleaved product. 
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Table 1. Rates of cleavage of a SNAP-25 substrate by BoNT/E preparations: nicking 

together with reduction potentiate the protease activity 

 

Sample 

 

Dithiothreitol a 

Initial rate of substrate proteolysisb 

(nmols min-1 nmol-1 ± SD) 

Natural nicked BoNT/E None 53.3 ± 10.9 (n=4) 

 4 mM 409 ± 125 (n=7) 

 10 mM 73.3 ± 9.4 (n=3) 

   

DC BoNT/E None 82.1 ± 19.1 (n=5) 

 4 mM 427 ± 81 (n=7) 

 10 mM 139 ± 9 (n=3) 

   

SC BoNT/E None 93.9 ± 14 (n=5) 

 4 mM 115 ± 11 (n=6) 

  10 mM 71.1 ± 8.1 (n=3) 

a Toxins were pre-reduced as described in Materials and Methods. 

b Initial rates of proteolysis of 15µM of GST-SNAP-25C 65 at 37 ºC were measured using a 

reverse-phase high-performance liquid chromatography method. ‘n’ represents the number of 

separate individual experiments. A single batch of each toxin was used. 
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