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Diphtheria and tetanus vaccines are produced by chemical
detoxification of the native toxins through formaldehyde
treatment. Diphtheria toxin (DT)" is secreted from the path-
ogenic Corynebacterium diphtheria while tetanus neuro-
toxin (TeNT) is secreted from the pathogenic Clostridium
tetani. Both toxins are classified as A-B toxins based on their
structural organization and action mechanisms containing
a catalytic domain, a translocation domain and a receptor-
binding domain (Fig. S1, A and B)."® While the DT crystal
structure was previously solved,? the structure of full-
length TeNT is still out of reach. However, several crystal
structures of TeNT catalytic domain have been solved,>>!°
as well as the receptor-binding domain bound to various
ligands®”"" providing partial insights into the structure and
function of TeNT. These structures of TeNT catalytic and
receptor-binding domains show high resemblance to the
corresponding domains of the closely related clostridial bot-
ulinum neurotoxin B (BoNT).>'"? Formaldehyde is a fixat-
ing, stabilizing and cross-linking agent, which, when mixed
with protein, can result in a chain of reactions that lead to
both inter- and intra-molecular cross-links in the form of
methylene bridges (Fig. S1C). Methylene-bridges are very
stable and are resistant to heat, acid hydrolysis and urea
treatment.”>  Formaldehyde-inactivated DT and TeNT,
termed toxoids, (DTd and TTd, respectively), are supplied
by Statens Serum Institut (SSI) in Denmark as vaccine com-
ponents in the protection against C. diphtheria and C. tetani
infections. These vaccines are used in the vaccination pro-
gram of both children and adults in several countries in the
European, Asian and Australian continents. International

quality and safety requirements are performed according to
the guidelines from the World Health Organization to
ensure high quality and efficacy standards. To comply with
minimum requirements the toxoids are tested during the
production process. Unfortunately, animal studies still play
an important role in quality control. Improved in vitro
investigation and qualification can potentially reduce the
number of test animals required for in vivo experiments,
and is a strong desire by manufacturers and regulatory
authorities for both economical and ethical reasons.'* For
the in vitro characterization of diphtheria and tetanus vac-
cines, a combination of physico-chemical, immunochemical
methods have previously been demonstrated as candidates
for monitoring quality."*™" In the present study, we aim to
use 2 novel methods for investigating and comparing the
biophysical properties of diphtheria- and tetanus toxin with
formaldehyde-inactivated toxoids. We apply differential
scanning fluorimetry (DSF) to determine alterations in
thermo-stability and small-angle X-ray scattering (SAXS) to
obtain low-resolution structural information of the purified
TeNT and DT and of the produced toxoids. We find that
while DSF was highly useful for in vitro monitoring of the
detoxification progress, and SAXS was suitable for gaining
information on protein quality, molecular weight, size and
for structural comparison of toxins and toxoids. Our pre-
sented data was backed up by more conventional methods
such as circular dichroism (CD), mass spectrometry (MS),
SDS-PAGE and size-exclusion chromatography (SEC).

To purify and evaluate the impact of the formaldehyde
treatment on the oligomeric state and hydrodynamic
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volume of DT and TeNT, we applied both toxins as well as
toxoids to size-exclusion chromatography (SEC) using a
Superdex 200 column. The SEC elution profile of DT
showed a larger elution volume (14.7 ml) compared with
the corresponding toxoid (14.1 ml) (Fig. S2A). This corre-
sponds to a theoretical mass of 48 kDa and 63 kDa, respec-
tively (mass of DT based on intact primary structure is 58.3
kDa), after column calibration using defined protein stand-
ards (Gel Filtration Molecular Weight Markers kit, Sigma-
Aldrich). Minor peaks of smaller elution volumes, an indi-
cation for the presence of a small fraction of DT and DTd
in oligomeric state, were also seen in the DT and DTd pro-
files. These fractions were excluded in the following analysis
but showed that DT and DTd mainly behave as monomers
in solution. Similarly, TeNT showed a main monodisperse
peak eluting at 12.3 ml corresponding to a theoretical size
of approximately 145 kDa and a small peak with an elution
volume equal to 10.3 ml, an indication for the presence of a
higher TeNT oligomeric state (Fig. S2B). Hence, TeNT is
primarily a monomer in solution, based on the primary
sequence the mass is 150.5 kDa, and with only a very small
portion of the protein in an oligomeric state. The TTd also
mainly elutes as a monodisperse peak at 11.97 ml, corre-
sponding to a theoretical mass of approximately 169 kDa
and, as for TeNT, there is a minor portion of TTd that is
presented as an oligomer. The SEC elution fractions corre-
sponding to monomeric DT, DTd, TeNT and TTd were
visualized by SDS-PAGE analysis (Fig. S2, A and B). The
SDS gel for DT and DTd show a single defined band for
intact DT at the middle position between 50 and 75 kDa
MW markers. Meanwhile the DTd protein band is more
diffused and appear as a smear at a position equivalent to
the migrated band of DT. The gel containing TeNT and
TTd shows 2 bands equal to 100 and to 50 kDa in the lane
containing TeNT. The 2 bands correspond to fragment A
and B of TeNT, respectively, that are dissociated due to the
reduction of the disulfide bond connecting these fragments.
A faint TeNT band is seen at the 150 kDa MW marker
position indicating incomplete reduction of the disulfide
bond. No such dissociation is observed for TTd, as a diffuse
protein band around 150 kDa is more intense compared
with TeNT sample and no bands are observed at 100 and
50 kDa positions. This lack of dissociation is explained by
the formation of formaldehyde-induced crosslinks that
connects fragments A and B making the fragments resilient
to the reducing conditions of SDS-PAGE analysis. The
observed smears of DTd and TTd are likely due to the het-
erogeneity of reaction products caused by variable numbers
and sites of intramolecular cross-links in the toxoid mole-
cules.”'® Hence, formaldehyde-treatment increases the
hydrodynamic volume of the toxins.

We applied far-UV (180-260 nm) circular dichroism
(CD) spectroscopy, a widely used method for studying
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protein secondary structure and stability as well as for
determining how environmental and chemical factors
impact these features.”® The CD analysis revealed only
minor secondary structure alterations of the inactivated
toxoids compared with the toxins. The CD spectra of DT
and DTd are highly similar and overlay well at all mea-
sured wavelengths (Fig. S3A). The CD spectra of TeNT
and TTd along with TTd measured at different detoxifi-
cation stages were also compared (Fig. S3B). The spectra
all looked similar, and the estimated fractions of a-helix
and B-sheet were therefore also highly similar (Fig. S3C).
The minor variations in the calculated o-helix and
B-strand fractions for the toxins and toxoids are presum-
ably a consequence of inaccuracies in the concentration
measurements and not significant biologically.

We also applied near-UV CD to investigate the poten-
tial impact of formaldehyde detoxification on the tertiary
structure of DT and TeNT. The analysis reveals that
formaldehyde detoxification of DT increases the CD
spectra signal intensity at 250-280 nm region (Fig A4A).
This indicates that aromatic residues, mainly phenylala-
nine and tyrosine, are either directly or indirectly
affected by formaldehyde treatment. Similar analysis was
performed for TeNT and TTd from different stages of
the detoxification reaction. As for DT, formaldehyde
treatment of TeNT increases the CD spectra signal inten-
sity, and this increase correlates with increasing detoxifi-
cation incubation time (Fig. S4B). However, in contrast
to DT the signal intensity increase is mainly 270-290nm
region. This is an indication that tryptophan residues are
the aromatic residues that are mainly affected by formal-
dehyde treatment. The near-UV results for both DT/
DTd and TeNT/TTd indicate the formaldehyde treat-
ment affects certain aromatic residues of these proteins,
which may induce perturbations of the tertiary
structures.

Differential scanning fluorimetry (DSF) is a fast
and convenient fluorescence-based assay for investi-
gating alterations in the melting temperature
(T,,).20%* Using this method, we found that the tox-
oids are considerably more stable in comparison to
the native toxins. This was seen by a dramatic
increase in T, extrapolated from the transition region
of the melting curve for both DTd (74.6 &+ 0.7°C)
(Fig. 1A) as well as TTd (82.7 £ 0.7°C) (Fig. 1B)
compared with DT (53.3 &+ 0.3°C) and TeNT (57.2 £+
0.6°C). Thus, an increase of more than 20°C in T,
was observed for both DT and TeNT upon detoxifica-
tion. Subsequently, we used DSF to follow the change
in T,, during the 4-week detoxification procedure of
TeNT. The analysis revealed a gradual increase in T,
during the 4 weeks it was monitored (Fig. 1B). The
T, increased by approximately 12°C within a few
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Figure 1. Differential scanning fluorimetry and circular dichroism thermal gradient. (A) the melting curves, for DT (black) and DTd
(orange), represented by fraction unfolded protein vs the temperature. (B) the melting curve for the TeNT (black), and the TTd at various
stages in the detoxification process WO (brown), W1 (gray), W2 (green), W3 (yellow) and W4 (orange). The dashed lines indicate the
extrapolated melting temperature, T,.. (C) CD analysis melting spectra for the DT (black) and DTd (orange). (D) CD analysis melting spec-
tra for TeNT (black) and TTd at various stages in the detoxification process (colored as in panel (B)). (E) comparison of T,s determined for
DT and DTd by DSF and CD analysis (dotted and striped columns, respectively) and TeNT and TTd at different detoxification stages (solid
and striped columns, respectively). The standard deviations (std) of the DSF determined T, for each melting curve in (B) and column
diagrams in (C) are & 0.12 for TeNT, & 0.37 (W0), & 0.47 (W1), £ 0.37 (W2), &= 0.37 (W3) and + 0.25°C (W4).

hours of the detoxification process, as seen for week 0
(W0) sample in comparison to non-treated TeNT. A
week later an additional increase of 8°C, in T, was
observed for sample W1, relative to WO sample. The
following weeks demonstrated less significant
increases in Ty, meaning that the most significant
stability enhancement was observed within the first
week of treatment with formaldehyde. To corroborate
the results obtained by DSF, T,, for diphtheria and
tetanus toxins and toxoids were also determined using
CD. Similar to DSF, the CD results revealed that the
toxoids are significantly more heat-stable than the

native toxins for both diphtheria and tetanus (Fig. 1,
C and D, respectively). In addition, the CD results
confirmed that the T, of tetanus toxoid increases
gradually during the detoxification process. However,
in contrast to the DSF results, the largest increase in
T,, was observed between W0 and W1 and the T,
values determined by CD differ slightly compared
with DSF-determined T,, (Fig. 1E). An explanation
for this could be that CD and DSF analysis are 2 dif-
ferent methods, where CD determines secondary
structure (at 220 nm it is manly the a-helical content
of the protein) changes that occur to the protein due



to the increasing temperature, DSF monitors the pro-
tein folding and the temperature that exposes the
hydrophobic core of the protein, that interacts with
the fluorescing dye and emits the observed signal.
Nonetheless, both CD and DSF confirmed a consider-
able increase in the thermo-stability of toxoids com-
pared with toxins, and that a plateau in thermal
stability is achieved within the first 2 weeks of the
detoxification process of TeNT.

We analyzed both toxins and toxoids using small-
angle X-ray scattering (SAXS). SAXS is a powerful
method for investigating the solution structure of macro-
molecules at low resolution, providing information about
the molecule size, longest particle dimension (D),
radius of gyration (R,), folding state and the overall
shape.”»** The collected scattering data of both toxins
and toxoids did not reveal any inter-particle effects as
the fits in Guinier regions (s R<1.3) were linear (Fig. 2A
and Fig. 3A). The scattering curves of DT versus DTd
(Fig. 2A) as well as TeNT vs. TTd (Fig. 3A) were highly
similar and overlaid well, suggesting that detoxification
had a minimal effect on the tertiary structure. The pair
distance distribution function P(r) revealed, that D,
was 3.2 A larger for DTd compared with DT suggesting
that detoxification resulted in a slight increase of overall
molecular size (Fig. 2, B and C). We found a similar pat-
tern for tetanus, as Dy, increased with 8.7 A upon
formaldehyde treatment (Fig. 3, B and C). In support of
this, the Porod volumes of both diphtheria and tetanus
toxoids were slightly larger relative to the native toxins,
meaning that the estimated molecular mass of the tox-
oids is marginally bigger compared with the toxins
(Fig. 2C and Fig. 3C). Both observations agree with the
SEC analysis showing that hydrodynamic volume
increases upon inactivation (Fig. S2). Next, we used the
SAXS data to evaluate the oligomeric state of the toxins
and toxoids and compared the solution scattering to the
existing high-resolution structures obtained from the
crystals. For DT and DT4d, validation of the experimental
SAXS data was done using the available crystal structures
solved as a monomer' (Protein Data Bank code IMDT)
and as a dimer with swapped catalytic domains* (Protein
Data Bank code 1DDT). Comparison of the theoretical
scattering of either the monomer or the dimer crystal
structures against the experimental SAXS data using
CRYSOL” showed that both DT as well as DTd are
compact monomers in solution (Fig. 2D), with very close
fits to the theoretical curve of the monomeric structure
(x* = 1.04). As no structural data exist on the full-length
TeNT, and to evaluate the scattering data, we generated
a PHYRE2 '¢ homology model of TeNT (Fig. 3D) using
the existing crystal structures of the TeNT binding and
catalytic domains and the available crystal structure of
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full-length BoNT as a template (see supplementary
methods). The low RMSD-values of 1.283 A (338
Cqatoms) and 0.831 A (343 Cjatoms) of the receptor-
binding and catalytic domains, respectively, combined
with the high sequence similarity to BoNT, suggested,
that the model is suitable for validation of the SAXS
data. This BoNT-based TeNT model thus allowed us to
apply CRYSOL to compare the experimental SAXS scat-
tering of either TeNT or TTd with the calculated scatter-
ing of the TeNT model. We found that the calculated
scattering of the homology TeNT model overlaid well
with the scattering curves of both TeNT and TTd, ( =
1.65 and x> = 1.28, respectively) (Fig. 3E). As for diph-
theria, this suggests that tetanus toxin and toxoid are
monomers in solution. However, contrary to diphtheria,
the TeNT and TTd scattering curves were in lesser agree-
ment and suggested a low degree of tertiary structural
perturbations. Surprisingly, the homology model of
TeNT aligned slightly better to the TTd (x* = 1.28) rela-
tive to the TeNT (x> = 1.65) (Fig. 3E). Next we explored
whether we could improve the homology model of
TeNT by using rigid body modeling using SASREF,*®
where the 3 domains were allowed to move as indepen-
dent rigid bodies, but fixed by the interface contacts as
suggested by the BoTN crystal structure. However, we
found that the model that best explains the experimental
solution scattering is the unmodified homology model
(results not shown). This suggests a conservation of the
orientation of domains in TeNT and BoNT structures.
Finally, we also performed 3-dimensional ab initio shape
reconstructions. For DT and DTd, the P1 ensembles
showed compact and globular molecular shapes, wherein
the crystal structure of the DT monomer (1IMDT) docks
well (Fig. 2, E and F). Comparison of DT and DTd ab
initio shapes revealed that formaldehyde treatment
resulted in no SAXS-observable effects on the tertiary
protein structure. Similarly, the resulting P1 ensembles
for TeNT and TTd showed highly similar and elongated
molecules, wherein we could reasonably dock the BoNT-
based TeNT homology model (Fig. 3, F and G). This
docking into both ensembles is supported by the close
CRYSOL fit between the experimental scattering curve
of TeNT and the theoretical curve based on the TeNT
model (Fig. 3E). Hence, tetanus SAXS analysis show that
there are no significant SAXS observable modifications
of TTd due to formaldehyde treatment, and also strongly
implies, that we have created a homology model of the
TeNT that credibly represents its actual solution struc-
ture at pH 7.2.

To accurately determine the mass of the investi-
gated molecules, the toxins and toxoids were subjected
to MALDI-TOF mass spectrometry analysis. The
molecular masses of the toxins were determined to be
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Figure 2. SAXS data on DT and DTd. (A) a plot of the scattering data for DT and DTd are shown in black and orange, respectively. They
are shown as relative log (intensity) vs. inverse scattering angle. Inset shows the Guinier plot as log (intensity) vs. inverse scattering
angle squared (s). (B) the distance distribution function P(r). (C) overview of SAXS structural parameters. R is radius of gyration, Dy, is
the longest dimension of the particle, V (Porod) is the excluded protein volume and MW is the estimated mass based on the Porod vol-
ume. (D) CRYSOL fit of the theoretical/calculated scattering of either the DT monomeric crystal structure (PDB code 1MDT) shown as
red curve, or the dimer containing swapped catalytic domains (PDB code 1DDT) shown as blue curve. The fits were made against the
experimental SAXS data of either the DT or the DTd, with only the former shown for clarity and depicted in black. The chi-values of the
fits are shown in the inset table below the plot. (E) ab initio low resolution SAXS envelope of the DT toxin is shown as transparent gray
envelope. The DT structure of the monomer was manually docked into the envelope, and rotated horizontally (below) and vertically

(right). (F) ab initio low resolution SAXS envelope of the DTd.

58.25 kDa for DT (Fig. S5A) and 149.7 kDa for TeNT
(Fig. S5B), both closely matching the theoretical
molecular masses of the mature toxins based on pri-
mary sequence (DT, 58.3 kDa; TeNT 150.5 kDa).
However, as shown by SEC and SAXS results, the
molecular masses of the toxoids were larger than the
masses of the toxins and determined to be 61.62 kDa
for DTd (Fig. S5C) and to 154.0 kDa for TTd
(Fig. S5D). Besides the observed MW increase of DTd
and TTd, for DT toxin and toxoid we observe that the

peak broadens from a narrow peak of < 0.5 kDa
(FWHM, full width at half maximum) to approx.
2.5 kDa (FWHM). For tetanus toxin and toxoid there
is a peak broadening from approx. 2 kDa (FWHM) to
approx. 4 kDa (FWHM). The broadening of the toxoid
peaks corresponds to a more heterogeneous mass, a
consequence of the detoxification treatment with
formaldehyde. These observations gave consistent
results on several batches of toxin and toxoid and the
broadening is in agreement with the SDS-PAGE
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Figure 3. SAXS on TeNT and TTd. (A) plot of the scattering data for the TeNT (black) and TTd (orange), shown as relative log (intensity)
vs. inverse scattering angle. Inset shows the Guinier plot as log (intensity) vs. inverse scattering angle squared (s%). (B) the distance distri-
bution function P(r). (C) overview of SAXS structural parameters. Ry is radius of gyration, D, is the longest dimension of the particle, V
(Porod) is the excluded protein volume and MW is the estimated mass based on the Porod volume. (D) TeNT structural homology
model, generated using PHYRE2 based on the crystal structure of BoNT B (PDB code 1S0B).3® BoNT, shown in gray, is aligned against
the crystal structures of the TeNT catalytic domain (PDB code 1YVG)® shown in blue and the TeNT binding domain (PDB code 3HMY)"
shown in green as well as the TeNT homology model shown in red. Only the translocation domain of TeNT is shown for clarity. (E) CRY-
SOL fit of the theoretical/calculated scattering of the PHYRE2 generated TeNT homology model shown as green curve against the exper-
imental SAXS data of either TeNT or TTd, with only the former shown for clarity and depicted in black. The chi-values of the fits are
shown in the inset table at the right of the plot. (F), ab initio low-resolution solution SAXS envelope (gray) of TeNT. The TeNT homology

structural model was manually docked in the envelope, and rotated horizontally (below) and vertically (right). (G) ab initio low-resolu-
tion solution SAXS envelope (gray) of TTd.
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analysis (Fig. S2, A and B) that also shows heterogene-
ity of the products of formaldehyde-proteins reaction.

High quality-control standards are required by both
international and European authorities to ensure consis-
tent vaccine quality with animal testing as part of the
quality control tests.””>" Due to the economical and ethi-
cal burdens associated with animal experimentation, sev-
eral studies have been dedicated to determine in vitro
guidelines that could be used for monitoring the quality
and potency of the vaccines and lead to reduction in the
number of animals used for these tests."*'***

Here, we used 2 novel methods to investigate the
effect of formaldehyde detoxification on the thermal sta-
bility and structural integrity of TTd and DTd vaccine
components produced and distributed by Statens Serum
Institut. The DSF analysis clearly demonstrated a highly
increased thermal stability of the toxoids and was con-
firmed by thermal stability measurements using CD. Pre-
vious studies using protein fluorescence spectroscopy in
combination with guanidine-HCI'>'® or differential
scanning calorimetry'® also confirm an increased stabil-
ity of the toxoids compared with the toxins. However, to
our knowledge, this is the first time DSF was applied in
measuring a change in T,,, used as surrogate parameter
for protein stability, between toxins and toxoids. The
improved thermal stability can be ascribed to the formal-
dehyde detoxification treatment where the toxins form
molecular crosslinks that stabilize the protein and
improve the resistance to denaturizing conditions.
Importantly, we could also use DSF to monitor the
detoxification procedure as we showed a clear correlation
between the gradual increase in T,, of TTd and the time
of incubation with formaldehyde. Within the first 2
weeks of incubation with formaldehyde the T, reaches a
plateau as detoxification in the following weeks induced
either small or insignificant thermal stability improve-
ments. This correlates with the knowledge that the DT
and TeNT are inactive after the first 2 weeks of formalde-
hyde detoxification procedure. The reason for longer
incubation/inactivation time is to avoid the reversibility
of formaldehyde reaction.'””> Measuring the gradual
thermal increase by CD analysis also revealed that a pla-
teau is reached after the first 2 weeks. However, while
DSF detects a large jump in T,, almost immediately after
start of formaldehyde treatment CD does not detect a
significant T, increase until after the first week. A reason
for this may be that the introduced crosslinks quickly
renders the toxin resilient to temperature-induced expo-
sure to hydrophobic surfaces while the stabilizing effect
on secondary structures is delayed. In conclusion, DSF is
a convenient and simple physicochemical in vitro
method that could be included as a tool for monitoring
the detoxification process. Therefore, together with

additional in vitro methods, such as CD, SDS-PAGE and
an antibody-binding assay, DSF could potentially
reduce/replace in vivo toxicity experiments. However,
these in vitro methods first need to be validated through
comparative analysis where the toxoids under produc-
tion must be tested in vivo along with the DSF analysis
to establish the correlation between the thermal stability
and the toxicity of the toxoids. If such correlation is
established, the in vitro methods including DSF analysis
will not only contribute to reducing the cost and ethical
considerations associated with animal experiments, but
it will also reduce the time required for quality control-
ling the toxoids.

Maintenance of the structural integrity is important
for conserving neutralizing epitopes on the toxoids.
Although not reflected in the secondary structure
crosslinking of the toxin may result in changes of the
overall shape and structure. To investigate the overall
shape in solution of the diphtheria and tetanus tox-
oids in comparison to the toxins we decided to per-
form SAXS analysis. This analysis revealed that the
SEC-purified toxins and toxoids are highly monodis-
perse monomers in solution. The SAXS analysis
revealed that the toxoids have an increased hydrody-
namic volume after formaldehyde treatment when
compared with the respective toxins. This increase in
size is supported by both our SEC and MS results
and similar observations are reported in other stud-
ies'>!7!8323% and explained by the added modifica-
tions upon formaldehyde treatment. The SAXS
analysis estimated the average MW differences
between the toxoids and the toxins to ~13 kDa for
tetanus and ~10 kDa for diphtheria, respectively.
Interestingly, the discrepancies in molecular masses
between the toxoids and the toxins determined by
MS are considerably lower than the mass discrepan-
cies estimated by SEC and SAXS analysis, summa-
rized in Table S1. This discrepancy is possibly due to
that SEC and SAXS methods estimate proteins masses
based on the average volume occupied by the mole-
cules in solution and not by direct measurements of
the molecular mass as achieved through MS. How-
ever, ultimately this confirms that formaldehyde-
treated toxoids have a significantly higher molecular
mass compared with untreated toxins. Furthermore,
the structural information from SAXS in combination
with known atomic structures of the toxins showed
that the toxoids and the toxins have a similar overall
shape and no obvious tertiary structural re-arrange-
ments could be detected. However, the SAXS analysis
cannot rule out that minor tertiary structure devia-
tions are present between the toxins and toxoids. In
fact, minor deviations were detected by the near-UV



CD analysis where an increase of the CD signal inten-
sity difference for both tetanus and diphtheria toxoids
was observed compared with the respective toxins.
This indicates the presence of minor tertiary struc-
tural / aromatic residues changes due to formaldehyde
treatment. Finally, besides revealing the first solution
structures of diphtheria and tetanus toxoids, the
TeNT SAXS structure allowed us to perform the first
low-resolution structural reconstruction of full-length
TeNT. The overall structure revealed that the shape
of the toxin is similar to BoNT. Based on the homol-
ogy modeling of TeNT, this is not surprising as
TeNT can be modeled with high confidence to look
like BoNT. Currently, there is no high-resolution
structural data that includes the translocation domain
of TeNT. For both TeNT and TTd part of the mod-
eled translocation domain did not fit into the SAXS
surface reconstruction. This suggests that the
extended helical structure seen in the translocation
domain of BoNT is significantly shorter in TeNT.
However, based on secondary structure prediction of
TeNT, using only the primary amino acid sequence
and PSI-PRED,” there is a good agreement between
the PSI-PRED prediction and the PHYRE2 gener-
ated TeNT model regarding the position and the
helical content of the translocation domain when
compared with BoNT translocation domain known
structure (data not shown). Also, we saw no system-
atic deviations in the CRYSOL fit of the theoretical
and experimental scattering curves. This suggests
that the homology model represents well the actual
structure in solution. Thus, the length of the trans-
location domain in TeNT is likely not considerably
different, but could be modestly shorter compared
with BoNT.

Abbreviations

BoNT botulinum toxin.

CD circular dichroism;

DSF  differential scanning fluorimetry;
DT diphtheria toxin;

DTd  diphtheria toxoid;

NSD  normalized spatial discrepancy;
MS mass spectrometry;
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