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Abstract

Botulinum neurotoxins (BoNTs) are among the most poisonous biological substances known. 

They assemble with non-toxic non-hemagglutinin (NTNHA) protein to form the minimally 

functional progenitor toxin complexes (M-PTC), which protects BoNT in the gastrointestinal tract 

and release it upon entry into the circulation. Here we provide molecular insight into the assembly 

between BoNT/A and NTNHA-A using small-angle X-ray scattering. We found that the free form 

BoNT/A maintains a pH-independent conformation with limited domain flexibility. Intriguingly, 

the free form NTNHA-A adopts pH-dependent conformational changes due to a torsional motion 

of its C-terminal domain. Once forming a complex at acidic pH, they each adopt a stable 

conformation that is similar to that observed in the crystal structure of the M-PTC. Our results 

suggest that assembly of the M-PTC depends on the environmental pH, and that the complex form 

of BoNT/A is induced by interacting with NTNHA-A at acidic pH.
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Introduction

Botulinum neurotoxins (BoNTs) are produced by the anaerobic bacterium Clostridium 

botulinum, and are the cause of the often fatal disease botulism. Eight BoNT serotypes have 

© 2014 Elsevier Ltd. All rights reserved.
1To whom correspondence should be address: Tsutomu Matsui, tmatsui@slac.stanford.edu, Phone: +1-650-926-5598, Fax: 
+1-650-926-4100. Rongsheng Jin, r.jin@uci.edu, Phone: +1-949-824-6580, Fax: +1-949-824-8540. 

All graphical representations in the present paper were produced using UCSF Chimera.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2015 November 11.

Published in final edited form as:
J Mol Biol. 2014 November 11; 426(22): 3773–3782. doi:10.1016/j.jmb.2014.09.009.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



been identified that are termed BoNT/A–H [1, 2], whereas human botulism is usually caused 

by BoNT/A, B, or E, rarely type F [3, 4]. Food-borne botulism is the major naturally 

occurring botulism, which happens when BoNTs are ingested together with contaminated 

food [5]. One of the remarkable features of BoNTs is that they are capable of surviving 

transit through the gastrointestinal (GI) tract before being absorbed into the general 

circulation. The high stability of BoNTs in extremely acidic and protease-rich GI 

environment is attributed to the formation of progenitor toxin complexes (PTCs), in which 

BoNTs are protected by the non-toxic neurotoxin-associated proteins (NAPs) [6-8]. 

Naturally, BoNT/A, B, C, D and G are produced in bacteria together with four NAPs, which 

include non-toxic non-hemagglutinin (NTNHA) and three hemagglutinins (HAs: HA70, 

HA33 and HA17). Three major types of PTCs with different molecular sizes have been 

identified, including the M-PTC (12S), L-PTC (16S), and LL-PTC (19S). The M-PTC is 

composed of BoNT and NTNHA. The L-PTC is a bimodular complex composed of the M-

PTC and the HA complex, which is assembled by HA70, HA17, and HA33 and facilitates 

toxin absorption in the small intestine [9-14]. The structure of the LL-PTC is still largely 

unknown [15]. Animal toxicity studies suggest that the oral toxicity of BoNTs is highly 

related to size of the PTCs, decreasing in the order of L-PTC, M-PTC, and free BoNT [6, 

16].

BoNT is synthesized as a single polypeptide chain, which is post-translationally nicked into 

two segments, light chain (LC) and heavy chain (HC), which are covalently linked by a 

disulfide bond. LC is a zinc-containing protease; the N-terminal domain of HC (HN) is 

involved in membrane translocation of the toxin and the C-terminal domain of HC (HC) is 

responsible for host cell surface binding (Fig. 1B) [3, 17]. Interestingly, the overall structure 

of NTNHA is highly similar to that of BoNT despite ∼20% amino acid sequence identity. It 

is composed of three domains nLC, nHN, and nHC that are homologous to LC, HN, and HC 

of BoNT, respectively (Fig. 1) [8]. BoNT/A adopts a large conformational change upon 

NTNHA-A binding. The HC domain rotates about 140° around a peptide linker connecting 

HN and HC while the LC–HN moiety maintains a rigid conformation similar to that of the 

free form of BoNT/A (Fig. 1B and 1D) [8, 18]. In contrast, the crystal structure of NTNHA-

A in complex with BoNT/A and the free form of NTNHA-D display a similar conformation 

[8, 19].

Recent studies suggested that BoNT/A and NTNHA-A assemble into the M-PTC only at 

acidic pH, which protects BoNT/A against the low pH environment and digestive proteases 

in the GI tract. BoNT/A is released upon entry into the circulation, triggered by 

environmental pH change [8]. However, despite high-resolution static pictures of BoNT and 

NTNHA, their dynamic solution conformations and mechanism underlying the pH-

dependent assembly and disassembly of the M-PTC are largely unknown. Here we 

performed comprehensive small angle X-ray scattering (SAXS) studies to examine the 

solution structures of BoNT/A and NTNHA-A as well as the dynamic assembly of the M-

PTC. Our data suggested that the free form BoNT/A maintains a pH-independent 

conformation in solution, whereas NTNHA-A adopts distinct conformations at pH 6.0 and 

8.0. The M-PTC is assembled through induced fit between BoNT/A and NTNHA-A at 

acidic pH, and its solution structure is indistinguishable from its crystal structure.
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Results

BoNT/A adopts an indistinguishable conformation at pH 8.0 and 6.0

The enzymatically inactive recombinant BoNT/A1 (termed BoNT/Ai), which carries three 

point mutations in LC (E224Q/R363A/Y366F), was used throughout our studies [8]. Highly 

homogeneous recombinant BoNT/Ai with a heavy-chain-only antibody (VHH-F12) bound 

in LC was prepared as previously described [8]. VHH is used as a BoNT/Ai-specific 

structural marker throughout this study, because BoNT and NTNHA have similar structures 

and adopt a pseudo 2-fold symmetry in the M-PTC. It has been shown that the three point 

mutations in LC that inactivate BoNT/A and the bound VHH do not affect BoNT/Ai 

structure or its interaction with NTNHA-A. To investigate the solution structure of the free 

BoNT/Ai, we performed SAXS studies at pH 8.0 and 6.0, representing two conditions that 

have opposite effects on regulating the assembly of the M-PTC [8]. BoNT/Ai at 

concentrations ranging from 0.51 to 6.10 mg/ml was used for experiments at pH 8.0, and 

they were 0.58 to 6.90 mg/ml at pH 6.0. At both conditions, no protein aggregation was 

observed except for interparticle interactions in several high concentration samples. Since 

interparticle interactions were not observed at protein concentrations less than 1.0 mg/ml, 

those concentration curves were used for the extrapolation to zero concentration and a 

composite SAXS profile was carefully generated by scaling and merging with a curve at the 

highest concentration (Figs. 2A and S1).

To analyze the solution structures of BoNT/Ai, two different types of structural “flexibility” 

are taken into consideration in advance of rigid body refinement modeling. One is related to 

the intrinsically disordered structures; the electron densities in such regions are poorly 

defined in the crystal structures (e.g. flexible termini or disordered loops). The other is 

domain flexibility in multi-domain proteins where each domain is well folded but inter-

domain conformation is flexible, which is usually induced by flexible inter-domain linkers. 

Kratky plot can be used to judge the degree of both types of flexibility. The Kratky plots of 

scattering curves at both pH 8.0 and 6.0 were examined. They converge well to the baseline, 

suggesting that BoNT/Ai does not have significant disordered local structures. Furthermore, 

both Kratky plots are very similar to the theoretical curve independently calculated based on 

the crystal structure of BoNT/A in the free form (PDB ID: 3BTA) but not the complex form 

(PDB ID: 3V0A) (Fig. 2B). This suggests that the elongated shape of Kratky plot does not 

indicate domain flexibility but reflects its multi-domain organization.

At pH 8.0, BoNT/Ai displays a distance distribution function P(r) (real space Rg = 44.7 Å 

and Dmax = 150.0 Å), which is slightly different from the theoretical curve generated from 

the crystal structure of the free form (Rg = 43.4 Å and Dmax = 156.2 Å) that was crystallized 

at pH 7.0 [18]. The fit of the theoretical curve to the experimental profile yields a χ value of 

3.84 (Fig. 2A (i)). Together with a slightly larger tail of P(r) function compared to the crystal 

structure, the data suggest that the solution structure of BoNT/Ai at pH 8.0 is similar to the 

crystal structure of the free form, albeit adopting a relatively more extended conformation 

(Fig. 2C). The estimated molecular weight suggests a monomeric state in solution (Table 

S1), which is consistent with the previous analytic ultracentrifugation (AUC) analysis [8].
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Previous crystallographic studies suggest that the LC and HN domains of BoNT/A are 

tightly linked by the belt region and display an overall rigid conformation, and that VHH-

F12 tightly binds to LC [8]. Therefore, we treated the VHH–LC–HN moiety and the HC 

domain as two independent rigid bodies and performed the rigid body refinement using the 

program CORAL with a scattering profile up to q = 0.3 Å-1 [20]. The structure of the free 

form BoNT/A was used as an initial refinement model due to their structural similarity to the 

solution conformation as suggested by curve-fitting analysis described above. In addition, 

eighteen residues between LC and HN (Arg432–Ala449) that were disordered in the crystal 

structure were assigned as a lacking fragment and reconstructed as a chain of dummy 

residues. Five residues between HN and HC (Lys871–Asn875) were re-assigned as a flexible 

linker to be reconstructed. Ten independent refinements were performed and an average 

position of the HC domain was then determined (Fig. 2 and S2). Those reconstructed 

fragments were further refined with fixing the resulting HC position. The rigid body 

refinement significantly improved the agreement between the SAXS model and the 

experimental profile (χ = 2.21) (Fig. 2A (ii)). Compared to the crystal structure of the free 

form, the HC domain of BoNT/Ai demonstrates a more extended conformation relative to 

the LC–HN moiety with a mobility of 16.6 Å (between the domain centers) (Fig. 2D and 

Table S2).

The SAXS profile of BoNT/Ai at pH 6.0 is almost identical to that at pH 8.0 (Fig. 2A (iii)), 

although a slightly higher background is observed in Kratky plot (q > 0.15 Å-1 on Fig. 2B). 

Specifically, the real space Rg (∼44.9 Å-1), Dmax (∼153.0 Å), and the P(r) functions are 

highly similar for data collected at pH 6.0 and pH 8.0 (Fig. 2C). The SAXS experimental 

profile at pH 6.0 does not agree well with the crystal structure of the free form (χ = 4.37); it 

is even worse when compared with the complex form (χ = 14.47) (Fig. 2A (iv)). The 

difference is further emphasized by different shapes in Kratky plot and P(r) function (Figs. 

2B–C). The rigid body refinement was performed in the same manner as that at pH 8.0. 

Consistent with the model at pH 8.0, the SAXS model of BoNT/Ai at pH 6.0 also shows a 

slightly extended conformation with a mobility of HC at 15.0 Å (Fig. 2E). The final refined 

HC conformation turned out to be nearly identical to that observed at pH 8.0. The two 

independently refined SAXS models at pH 8.0 and 6.0 suggest that the conformation of the 

HC domain is slightly shifted but without any large torsional motion compared to the crystal 

structure of the free BoNT/A. The SAXS models of BoNT/Ai also explain the more 

elongated experimental P(r) functions than the theoretical curve derived from the crystal 

structure of the free form (Fig. 2C).

To rule out experimental and analytical systematic error (e.g. signal to noise ratio, over-

refinement, etc.), several BoNT/Ai models with different conformations of the HC domain 

were constructed and tested as initial models for rigid body refinement with different 

resolution ranges. For example, one of the HC conformation tested was similar to that 

observed in the complex form. We found that the resulting HC positions were converged to a 

position that was nearly identical to the SAXS models as shown in Figures 2 and S2. No 

significant difference was observed for HC positions from ten independent refinements at pH 

8.0 and pH=6.0 (Fig. S2). The subtle difference between the models at pH 8.0 and pH 6.0 

(Fig. 2F) could be explained by slightly different signal-to-noise ratios of scattering intensity 
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due to random noise, error of sample concentration, marginally different background level 

caused by buffer subtraction, etc.

Taken together, we conclude that BoNT/Ai maintains an indistinguishable conformation at 

pH 8.0 and 6.0, which is similar to the crystal structure of the free form but with a more 

extended HC domain. Therefore, the conformation of BoNT/Ai observed in the M-PTC is 

not directly induced by environmental pH change.

NTNHA-A has different conformations at pH 6.0 and 8.0

The solution structure of NTNHA-A was also investigated at pH 6.0 and 8.0. SAXS 

experiments were performed with protein concentrations ranging from 0.6 to 10.0 mg/ml. 

Intriguingly, NTNHA-A showed different behaviors at different pHs: while concentration-

dependent interparticle interactions were only observed at protein concentrations higher than 

1.3 mg/ml at pH 6.0 (Fig. S1), radiation-induced aggregations were observed at lower 

concentrations at pH 8.0. The composite SAXS profiles were carefully generated in the 

same manner as that of BoNT/Ai. The tails of Kratky plots are well converged to a baseline 

at higher q range with comparable levels of a theoretical curve that was independently 

calculated from the crystal structure (Fig. 3B). These data indicate that NTNHA-A in 

solution is well folded without significant disordered regions or domain flexibility.

The SAXS profile of NTNHA-A at pH 6.0 yields real space Rg of 40.3 Å-1 and Dmax of 

131.0 Å, which are slightly different from the theoretical values (Rg = 38.4 Å-1 and Dmax = 

125.4Å) derived from the crystal structure. The subtle difference is reasonable considering 

that there are 44 disordered residues not observed in the crystal structure (Fig. 3C). The 

estimated molecular weight suggests a monomeric state for NTNHA-A in solution that is 

consistent with the previous AUC analysis [8]. However, the SAXS profile of NTNHA-A at 

pH 6.0 does not agree with the crystal structure of its complex form (χ = 15.04), suggesting 

a large conformational change (Fig. 3A (i)).

We next performed rigid body refinements on NTNHA-A using its crystal structure as the 

model. Similar to the strategy described above for analyzing BoNT/Ai, the nLC-nHN and 

nHC domains were treated as rigid bodies (Fig. 1C). Five residues (Glu832–Try836) 

between nHN and nHC domains were assigned as an inter-domain linker, and two disordered 

regions (Gly114– Ala148, also termed the nLoop, and Asn439–Asn447) not observed in the 

crystal structure were assigned as lacking fragments to be reconstructed.

The rigid body refinement and reconstruction of the two disordered loops remarkably 

improved the fit between NTNHA-A's SAXS model and the experimental profile at pH 6.0 

(χ = 2.31) (Fig. A (ii)). Compared to the crystal structure, SAXS model adopts a different 

conformation due to a hinge motion of the nHC domain. The C-terminus of nHC domain is 

slightly splayed out from the position of the complex form (Fig. 3D). In comparison to the 

HC domain of BoNT/Ai, the nHC domain demonstrates less mobility (4.17 Å) but an 

obvious torsional motion. This motion appears to slightly open the interface between the 

nHC and nHN domains, which presumably exposes the interface to bind and accommodate 

the HC domain of BoNT/Ai.
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The SAXS studies of NTNHA-A at pH 8.0 demonstrates a scattering profile different to that 

of pH 6.0 at the middle q region, q = ∼0.08 Å-1 (Fig. 3A (iii)), which is emphasized by 

Kratky plot (Fig. 3B), resulting in a P(r) function with a distinct peak shift (Fig. 3C). Its real 

space Rg (39.9 Å-1) and Dmax (127.5 Å) are closer to those of the crystal structures. 

However, the data derived from the crystal structure of NTNHA-A does not fit well the 

experimental profile (χ = 10.98) (Fig. 3A (iv)).

The rigid body refinement significantly improved the agreement between the SAXS data 

and the experimental profile at pH 8.0 (χ = 2.11). Intriguingly, the nHC domain was also 

splayed out but in a conformation different from that at pH 6.0 (Fig. 3E). The mobility of the 

center of the nHC domain (3.74 Å) is very similar to that at pH 6.0. We notice that the 

conformation of the reconstructed nLoop is structurally different between the SAXS models 

of pH 6.0 and pH 8.0 (Fig. 3F). In order to verify whether the results are potentially biased 

by experimental or systematic errors, different initial models that have different nHC 

conformations were tested in rigid body refinement. For example, one of the tested nHC 

conformation mimics that of the HC domain in free form BoNT/A. No distinctive nHC 

conformation was observed compared to the SAXS models shown in Fig. 3.

A discrepancy between data collected at pH 6.0 and 8.0 was observed at the mid-angle range 

of scattering profiles (Figs. 3A and 3B), which could be caused by conformational change of 

the nHC domain or the reconstructed loops. In general, the middle angle scattering region is 

associated with domain orientation, whereas the low angle scattering provides information 

on size and oligomeric state [21]. In fact, repetitions of the rigid body refinement at pH= 6.0 

and 8.0 clearly showed different distributions of nHC position (Fig. S2). The theoretical 

scattering profiles derived from the crystal models with or without the reconstructed loops 

obtained from the SAXS models are indistinguishable at the middle angle part (Fig. S3). It 

thus suggests that the differences observed at the middle angle between pH 6.0 and pH 8.0 

(Fig. 3A (iii)) is caused by conformational change of the nHC domain rather than the 

addition of the reconstructed loops. To further verify this, we simulated the sensitivity of the 

scattering profile on detecting the positioning of the nHC domain (Fig. S4). We found that 

even a slight torsional motion of the nHC domain is sufficient to alter the scattering profile at 

middle q angles. Therefore, we conclude that NTNHA-A adopts different conformations at 

pH 6.0 and 8.0 with different nHC orientation (Fig. 3F).

Solution structure of the M-PTC at pH 6.0

The SAXS studies of the M-PTC were performed at pH 6.0, because it is formed only at the 

acidic environment [8]. The preliminary equilibrium SAXS experiments of the M-PTC 

showed excessive concentration dependence. Therefore, we performed the FPLC-SAXS 

experiments that used an online size-exclusion chromatography to obtain more 

monodispersed sample. M-PTC was eluted as a single peak, around which the scattering 

profiles were investigated for interparticle interactions (Fig. 4A). Reciprocal and real space 

Rg indicated that concentration-dependent interparticle interactions still existed in the data 

set, but it could be alleviated by averaging profiles in three different regions (Fig. S5). 

Kratky plot showed no significant flexibility and was consistent with the theoretical curve 

calculated from the crystal structure (Fig. 4B). Ab-initio shape reconstruction up to q = 0.3 
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Å-1 was performed for the M-PTC in solution using the program GASBOR [22]. The 

models were reproducible with an average normalized spatial discrepancy (NSD) of 1.583 

and variation of 0.047. The most populated volume computed from 15 models is shown in 

Figure 4C. The crystal structure of the M-PTC fits well to the envelope, clearly indicating a 

similar structure of the M-PTC in crystal or in solution.

Discussion

Since BoNT/Ai and NTNHA-A have a non-globular multi-domain configuration, it is 

technically challenging to judge their structural flexibility (disordered structures and/or 

domain flexibility) without atomic coordinates due to the difficulty to apply Porod-Debey 

plot [23]. We have successfully ruled out such flexibility of BoNT/Ai and NTNHA-A by 

comparing the experimental Kratky plots and the ones calculated from the known crystal 

structures.

Furthermore, the missing fragments in the crystal structures were reconstructed during 

SAXS-based rigid body refinement, taking advantage of the program CORAL. The good 

agreement between the SAXS model and the experimental profile also ruled out the 

multimodality of the domain conformation. In particular, the novel pH-dependent 

conformational changes of NTNHA-A at pH 8.0 and 6.0 were precisely characterized based 

on the following achievement and verifications. (1) High flux synchrotron radiation 

combined with high signal-to-noise ratio detector made it possible to measure low 

concentration samples, allowing to extrapolate zero-concentration scattering profile. (2) 

Since the overall shape of the nHC domain is elongated and asymmetric, the movement of 

the nHC domain in the non-globular multi-domain conformation of NTNHA-A readily alters 

scattering profile at middle q due to dramatic rearrangement of interatomic distance 

distribution (P(r) function) of the whole protein (Fig. S4). (3) The flexible nLoop located at 

the tip of the nLC domain mainly compensates size information at low q (Guinier region) 

but hardly disturbs scattering profile at middle q range associated with nHC orientation 

(Figs. S3–S4).

Our data on the solution structure of free BoNT/Ai show that the HC domain is coordinated 

rigidly with limited flexibility relative to the LC–HN moiety, regardless the environmental 

pH. Compared to the crystal structure of the free form, the SAXS model of free BoNT/Ai 

displays a more extended conformation caused by a small reorientation of the HC domain. 

This subtle difference is likely caused by the effect of crystal packing. We suggest that the 

SAXS model of BoNT/Ai represents its dominant conformation in solution, which can be 

subsequently induced into various conformations depending on its functional needs. For 

example, the large reorientation of the HC domain of BoNT/Ai observed in the M-PTC is 

likely induced by interactions with NTNHA-A to achieve the optimal protection in the GI 

tract. We and other groups have also found that reorientation of the HC domain through the 

HN–HC linker is crucial to coordinate receptor binding and LC translocation of BoNT when 

attacking motoneurons [8, 24, 25].

Despite adopting similar structures in the M-PTC, BoNT/Ai and NTNHA-A in the free form 

behaves differently in solution. The free NTNHA-A displays a pH-dependent 
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conformational change, which is largely due to spatial re-orientation of nHC (Fig. 5). We 

used the structure of the complex form NTNHA-A to generate a theoretical scattering curve 

and the structures of its three individual domains were employed as initial models for rigid 

body refinement of the SAXS models. Interestingly, the resulting solution conformations of 

NTNHA-A at pH 6.0 and pH 8.0 both differ from its crystal structures. These data suggest 

that NTNHA-A is capable of sensing the environmental pH change and its conformation in 

the M-PTC is a result of mutual induced fit with BoNT/Ai (Fig. 5).

It is noted that our solution models of NTNHA-A disagree with a previously reported SAXS 

structure of NTNHA-D that displays a different hinge motion of the nHC domain [19]. Our 

data of NTNHA-A showed that concentration-dependent interparticle interactions occurs at 

pH 6.0 (Fig. S1), which were successfully minimized by examining samples at multiple 

concentrations as described above. In contrast, if only data collected at protein 

concentrations at 1.3 mg/ml or higher had been used for ab-initio modeling of NTNHA-A at 

pH 6.0, we would have observed an artificial conformation of NTNHA-A (data not shown) 

that was similar to the reported SAXS structure of NTNHA-D, which was derived from a 

single protein concentration at 1 mg/ml [19]. NTNHA-A did not show interparticle 

interactions at pH 8.0. We speculate that the pH-dependent electrostatic change of surface 

property of NTNHA-A presumably accounts for not only its concentration-dependent 

interparticle interactions but also its domain re-orientation (Fig. 5).

In summary, our SAXS studies reveal a dynamic pH-dependent assembly of the M-PTC 

(Fig. 5). In comparison to the relatively rigid conformation of BoNT/A, NTNHA-A is able 

to sense the change of environmental pH. Under acidic condition, NTNHA-A adopts a 

specific conformation that initiates its interaction with BoNT/A. At the same time, the pH-

sensing residues in BoNT/A and NTNHA-A are protonated to allow favorable local 

electrostatic interactions between them [8]. The inter-locked conformation of the M-PTC is 

subsequently formed through a mutual induced fit between these two proteins. These studies 

have provided new insight into the mechanism that regulates the assembly of the M-PTC, 

which may ultimately lead to new strategies to counteract this toxin self-protecting process.

Material and Methods

Protein preparation

The recombinant BoNT/Ai, VHH-F12, and NTNHA-A were prepared as described 

previously [8]. Protein samples were then exchanged into a buffer containing 50 mM Mes, 

pH 6.0, and 250 mM NaCl (Buffer A) or 50 mM Tris, pH 8.0, and 250 mM NaCl (Buffer B) 

using centrifugal filters (Amicon Ultracel, EMD Millipore) for the subsequent experiments. 

BoNT/Ai with bound VHH and NTNHA-A were concentrated to ∼10.0 mg/ml and 7.0 

mg/ml, respectively, before being diluted to various experimental conditions (Table S1).

SAXS data collection and initial data treatment

All SAXS experiments were performed using Bio-SAXS beam line BL4-2 at Stanford 

Synchrotron Radiation Lightsource (SSRL) [26]. Data were collected on a Rayonix MX225-

HE CCD detector (Rayonix, Evanston, IL) with a 1.7 m sample-to-detector distance and a 
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beam energy of 11 keV (wavelength, λ = 1.127 Å) was used. The momentum transfer 

(scattering vector) q was defined as q = 4πsin (θ)/λ, where 2θ was scattering angle. The q 

scale was calibrated by silver behenate powder diffraction [27].

A series of protein samples (concentration series) and its equivalent buffer were placed on a 

96-well plate of the automatic sample-loading robot, which was operated by the data 

acquisition program Blu-ICE [28, 29]. A 1.5 mm quartz capillary cell (Hampton Research, 

Aliso Viejo, CA) was maintained at 20 °C that kept sample aliquot in the x-ray beam. The 

sample aliquot in the capillary oscillated during exposures to reduce radiation damage. The 

15 scattering images with 1 second exposure were obtained from a 30 μl sample or buffer 

aliquots.

The data processing program SasTool (http://ssrl.slac.stanford.edu/∼saxs/analysis/

sastool.htm) was used for scaling, azimuthal integration, and averaging of individual 

scattering images after inspection for any variations that were potentially caused by 

radiation damage or sample heterogeneity during oscillation. The averaged buffer curve was 

then subtracted from the averaged protein curves. The subtracted curves were used for 

further analysis. The program PRIMUS was employed to investigate concentration-

dependent interparticle interactions and to merge curves in cases when those interactions 

were observed [30]. Pairwise distribution function P(r) were calculated up to q = 0.3 Å-1 

using the program GNOM [31]. All theoretical Rg, Dmax and P(r) were also calculated using 

GNOM. Molecular weight was estimated by two ways: one was based on water scattering 

[32] and the other was to use online SAXS MoW applet (http://www.if.sc.usp.br/∼saxs/) 

[33]. All experimental and structural parameters are summarized in the supplemental table 

(Table S1).

Rigid body refinement

SAXS-based rigid body modeling of BoNT/Ai and NTNHA-A was performed using the 

program CORAL [20]. For BoNT/Ai, the crystal structure of the free form was employed as 

an initial model whereas VHH–LC–HN and HC were treated as individual rigid bodies, as 

described in the result section. A disordered region in the crystal structure (Arg432–Ala449) 

was assigned as lack fragments to be reconstructed. The 5 residues between HN and HC 

domains (Lys871–Asn875) were assigned as a flexible linker. The crystal structure of 

NTNHA-A in the complex form was employed as an initial model when nLC–nHN and nHC 

domains were treated as individual rigid bodies. Two disordered regions (Gly114–Ala148 

and Asn439–Asn447) that were not observed in the crystal were assigned as lack fragments. 

Furthermore, the nLoop was assigned as a nicked loop between Lys133 and Lys134 as 

reported previously [8]. Similarly, the 5 residues between nHN and nHC domains (Glu832–

Try836) were assigned as a flexible linker. SAXS data up to q = 0.3 Å-1 was used for all 

refinements. Ten independent refinements were performed and the average HC or nHC 

position was obtained using the program AVEPDB [34]. The final lack fragments and a 

flexible linker were further refined with fixing the averaged Hc or nHC position. The 

program CORAL was also used for the crystal structures in order to obtain χ value in the 

same way. Results are summarized in Tables S1 and S2.
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Online FPLC-SAXS

Experimental setup for the online FPLC-SAXS was similar to that described previously 

[35]. Briefly, the beam line setup was identical to what described above and a 120 μl of the 

M-PTC at 10.9 mg/ml was applied to a Superdex-200 PC 3.2/30 size-exclusion column (GE 

Healthcare, WI, USA) with a flow rate of 0.08 ml/min. The first 100 images were scaled and 

averaged to create a buffer-scattering profile, which was then subtracted from each of the 

subsequent images to produce the final scattering curve for each exposure. A series of real 

space and reciprocal space Rg values were systematically estimated using the program 

AUTOGNOM [36]. The composite profile was generated by scaling and merging 3 

averaged profiles (images No.132– 141, 167–178, and 180–190, excluding images having 

outlier Rg values) at q = 0.0609–0.0720 Å-1, which were then used for curve fitting with 

data derived from the crystal structure using the program FoXS [37].

Ab-initio modeling

Ab-initio modeling was performed using the composite profile generated from the FPLC-

SAXS data. Fifteen molecular shapes were calculated using the program GASBOR with no 

symmetry constrains [22]. They were averaged and then filtered using programs in the 

DAMAVER suite [38]. Chiral model of the filtered model was also generated using the 

program MOLEMAN [34] and the crystal structure was docked into those models using 

“molmap” and ‘map-fit” functions in the UCSF Chimera [39]. The chirality was carefully 

examined and the final position was slightly aligned and determined based on visual 

inspection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations footnote

BoNT botulinum neurotoxin

HA hemagglutinin

NAP neurotoxin-associated protein
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NTNHA non-toxic non-hemagglutinin

PTC progenitor toxin complex

SAXS small-angle X-ray scattering

FPLC fast protein liquid chromatography

NSD normalized spatial discrepancy

SSRL Stanford Synchrotron Radiation Lightsource
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Highlights

• Assembly of BoNT/A and NTNHA-A is a pH-dependent process.

• The free form BoNT/A maintains a pH-independent conformation in solution.

• Environmental pH induces a torsional motion of the C-terminal domain of 

NTNHA-A.

• The conformation of BoNT/A in the complex is induced by NTNHA-A at acidic 

pH.
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Fig. 1. Structures of the M-PTC, BoNT/Ai, and NTNHA-A
(A) Surface representation of the M-PTC with each domain labeled in a distinct color (PDB 

ID: 3V0A) [8]. The same color code and view angles are used in all the following figures. 

(B–C) The structures of BoNT/Ai and NTNHA-A in the context of the M-PTC. (D) 

BoNT/A in the free form (PDB ID: 3BTA) [18]. Note that the HC domain is labeled in light 

green or purple in the complex form or the free form, respectively.
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Fig. 2. SAXS studies of BoNT/Ai
(A) Scattering profiles of BoNT/Ai at pH 8.0 (purple) and 6.0 (green). (i) Curve fitting of 

data at pH 8.0 with the crystal structure of free form BoNT/A. (ii) Curve fitting of data at pH 

8.0 with the SAXS model determined by rigid body refinement. (iii) Superimposition of 

SAXS profiles at pH 8.0 and 6.0. Constant subtractions used in the rigid body refinements 

were taken into account. (iv) Curve fitting of data at pH 6.0 with the crystal structures of 

BoNT/A in the free (solid line) and the complex (dash line) forms. (v) Curve fitting of data 

at pH 6.0 with the SAXS model determined by rigid body refinement. All curve fittings 

were performed using the program CORAL [20]. (B) Kratky plots of the experimental 

profiles and theoretical curve of BoNT/Ai. (C) Pair distance distributions P(r) of BoNT/Ai 

at pH 8.0 and 6.0. Theoretical curves are shown as well. (D) The SAXS model of BoNT/Ai 

at pH 8.0 determined by rigid body refinement. The HC domain was refined as a rigid body 

(shown as brown tubes). Crystal structure of the free form BoNT/A is superimposed onto the 

LC–HN domain, with the HC domain labeled in purple tubes. The position of reconstructed 

loop is indicated by an arrow. (E) The SAXS model of BoNT/Ai at pH 6.0 with the HC 

domain labeled in cyan. (F) Comparison of the SAXS models between pH 8.0 and 6.0.
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Fig. 3. SAXS studies of NTNHA-A
(A) Scattering profiles of NTNHA-A at pH 6.0 (red) and 8.0 (blue). (i) Curve fitting with the 

crystal structure in the M-PTC (PDB ID: 3V0A, chain B). (ii) Curve fitting with the SAXS 

model determined by rigid body refinement. (iii) Superimposition of SAXS profiles between 

pH 8.0 and 6.0. Constant subtractions used at the rigid body refinements were taken into 

account. A close up view at q = 0.05–0.125 Å-1 is shown in the inset. (iv) Curve fitting with 

the crystal structure (PDB ID: 3V0A, chain B). (v) Curve fitting with the SAXS model 

determined by rigid body refinement. (B) Kratky plots of NTNHA-A at pH 8.0 and 6.0. 

Theoretical curve of the crystal structure is also shown. (C) Pair distance distributions P(r) 

of NTNHA-A at pH 8.0 and 6.0. Theoretical curve is shown as well. Peak positions are 

significantly different. (D) The SAXS model of NTNHA-A at pH 6.0 determined by rigid 

body refinement (shown as gray tubes). The nHC domain was refined as rigid body while 

two disordered loops in the crystal structure were reconstructed. The crystal structure is 

superimposed onto the nLC–nHN domain and the nHC domain is shown in red tube. The 

positions of reconstructed loops are indicated by arrows. (E) The SAXS model of NTNHA-

A at pH 8.0 (gold tube). (F) Comparison of SAXS models between pH 6.0 and 8.0.
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Fig. 4. FPLC-SAXS studies of the M-PTC
(A) Gel-filtration profile and Rg values in the online FPLC-SAXS experiment. The profile 

was made by plotting X-ray intensity of each image. The real and reciprocal space Rgs were 

estimated by the program AUTOGNOM [36]. (B) SAXS profile of the M-PTC (yellow) and 

curve fitting with the crystal structure. Kratky plot is shown in inset. (C) An ab-initio model 

derived from the SAXS profile. The most populated volume in solution, which was filtered 

using the program DAMFILT in DAMAVER suite [38] is displayed in gray.
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Fig. 5. A schematic representation of the assembly of the M-PTC
BoNT/A and NTNHA-A are predominantly monomeric and each adopts a relatively rigid 

conformation at pH 8.0, which is unable to form a complex. Decreasing the environmental 

pH to 6.0 does not significantly change the conformation of BoNT/A. However, it induces a 

conformational change of the nHC domain of NTNHA-A, which is then slightly splayed out 

to initiate interactions with BoNT/A. At the meantime, the acidic pH protonates pH-sensing 

residues on BoNT/A and NTNHA-A, which strengthen the inter-molecule interactions. 

Subsequently, a mutual induced fit triggers a large-reorientation of the HC domain of 

BoNT/A while the nHC domain of NTNHA-A undergoes a further conformational change to 

tightly lock with BoNT/A.
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