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a b s t r a c t
Botulinum neurotoxins (BoNTs) are the most poisonous substances known to mankind, which act on the peripheral nervous system leading to ﬂaccid paralysis. Although co-crystal structure of BoNT/A light chain (LC) reveals
some unique features of the biological function of this molecule, structural characteristics in solution reveal its
dynamic features, not available through the published crystal structures. In this study, we have examined internal
ﬂexibility of this molecule by measuring rotational correlation time as a function of viscosity, using frequency domain ﬂuorescence anisotropy decay technique. Fluorescence anisotropy decay of BoNT/A LC resolved subnanosecond local motion (faster component), interpreted as internal ﬂexibility of the molecule was affected signiﬁcantly with viscosity. Both local and global movements were affected by viscosity, which indicates the accessibility of protein core and ﬂexibility of overall structure. In conclusion, this work demonstrates the presence of
ﬂexibility in the internal peptide segments, which appears to play a signiﬁcant role in BoNT/A LC biological
function.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Botulinum neurotoxins (BoNTs) are metalloproteinases which act
on peripheral nerves and cleave one of the crucial components of
neuroexocytosis, causing inhibition of acetylcholine release at nerve–
muscle junctions. Toxin molecules have evolved with unique characteristics of high stability, speciﬁcity, and selectivity. These molecules are
currently used to treat several neuromuscular disorders, such as strabismus, blepharospasm, hemifacial spasm and cervical dystonia, because
of their biological activity at very low concentration exclusively at
neuro-muscular junctions [1,2]. Because of extreme toxicity, BoNTs are
also considered Class A biothreat agents. While all conﬁrmed serotypes
of BoNT (A–G) are highly toxic, and can be used both as biothreat and
therapeutic agents, botulinum neurotoxin A (BoNT/A) is the most
toxic, and has been most successfully used for the treatment of many
disorders, and also for cosmetic purposes [3]. Structure–function relationship of BoNTs plays a critical role in developing further therapeutic
applications and also in devising antidotes against botulism.

Abbreviations: BoNT, botulinum neurotoxin; BoNT/A LC, botulinum neurotoxin light
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Each of the BoNTs has a unique trimodular structure consisting of a
50 kDa binding domain (HCC), a 50 kDa translocation domain (HCN),
and a 50 kDa catalytic domain (LC). Since this protein has evolved
with amazing speciﬁcity, and very unusual mechanism of substrate recognition involving active site and exosites, it is likely to possess substantial ﬂexibility in its structure to accommodate a large surface interaction
with the substrate. The solution structure of BoNT/A is ﬂexible and different from the crystal structure [4–8]. Silvaggi et al. [9] have in fact observed limited ﬂexibility of the active site, although those changes
would not necessarily explain differential interaction of BoNT endopeptidases with their respective substrates. Published crystal structures explain some of these phenomena [10–13], including the role of two
exosites, α and β. However, there is a lack of consistent structural information of the biologically active enzyme, which appears to exist as a
molten globule [5,14]. For example, the crystal structure does not explain satisfactorily the role of SNARE motifs of SNAP-25, which was
established earlier by Washbourne et al. [8].
Structural characteristics in solution reveal a major role of the dynamic structure in the functioning of a protein molecule which is important for the design of effective inhibitors. It has been already observed
that inhibitors identiﬁed for in vitro experiments failed to work under
in vivo conditions and vice versa [15], the endopeptidase active site
shows substantial ﬂexibility [9], suggesting that structural dynamics
may play a major role in the interaction of BoNT endopeptidase with
the inhibitors. An understanding of molecular dynamics of the BoNT/A
endopeptidase itself may reveal a variety of ways to inhibit its action
and rescue poisoned nerve cells.
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To unravel the dynamic molecular features, we have examined the
internal ﬂexibility of BoNT/A LC. Structural changes in BoNT/A LC with
viscosity have been monitored by circular dichroism, ﬂuorescence anisotropy, and correlated with its endopeptidase activity. Fluorescence
and circular dichroism showed signiﬁcant conformational change in
BoNT/A LC with the viscosity of the solution. Frequency domain ﬂuorescence anisotropy decay analysis provided impressive resolution of rapid
and complex decays of ﬂuorescence anisotropy that allows discrimination between static and dynamic state of micro-environment of BoNT/A
endopeptidase in solution. Results showed strong internal ﬂexibility in
BoNT/A LC molecule, which may be important for its substrate speciﬁcity and other biological functions.

2.1. Material
BoNT/A LC was puriﬁed according to the procedure described previously [6] with some modiﬁcations. All the samples were dialyzed in
10 mM sodium phosphate buffer, containing 150 mM NaCl and 1 mM
DTT, pH 7.3, and purity was checked by SDS-PAGE. Coomassie blue
staining showed essentially a single band for all the batches of LC used
in this study. His-tag SNAG (a fusion protein consisting of SNAP-25,
GFP, and HIS tag, batch no. SNAG-His6169SR, MW ~55 kDa) [16] was
used as substrate for activity measurement.
2.2. CD spectroscopy
CD spectra were recorded at 25 °C on a Jasco J715 spectropolarimeter equipped with a Peltier type temperature control system (model
PTC-348W). The concentrations of LC samples in the range of 20–
300 μg/ml were used for far-UV CD measurements. Temperatureinduced unfolding of the LC polypeptide was followed by monitoring
the CD signal at 222. LC samples dissolved in a buffer (10 mM sodium
phosphate buffer, pH = 7.3, containing 150 mM NaCl) alone or with
buffer containing different concentrations (10–50%) of glycerol, were
heated at a rate of 1 °C/min, and the ellipticity was recorded at 222 nm.
2.3. Fluorescence measurement
Thermal denaturation of tertiary structure was monitored by recording intrinsic Trp ﬂuorescence. Fluorescence recording was carried out by
ISS K2 ﬂuorimeter (Urbana-Champaign, IL). Excitation and emission slit
width was 8 nm. To minimize inner ﬁlter effect, the absorbance of BoNT/
A LC at 295 nm was kept below 0.1. For following the thermal denaturation by ﬂuorescence we plotted the ratio of ﬂuorescence intensity at
351 nm and 324 nm as a function of temperature. Samples were heated
from 25 to 90 °C at a rate of 1 °C/min.
2.4. Analysis of ﬂuorescence anisotropy decay measurements
Frequency-domain ﬂuorimetry has been demonstrated earlier for
the measurement of complex and/or rapid decay of protein ﬂuorescence anisotropy. In this experiment we wanted to distinguish local mobility of intrinsic Trp probe of the protein from the global rotation of the
protein. Time-resolved anisotropies are obtained from the frequency
(ω)-dependent phase angle difference between the perpendicular (φ )
and parallel (φII) components of the modulated emission (Δω = φ − φII)
and from the ratio of the amplitudes of the modulated component of the
emission (Λω = mII / m⊥). These values were ﬁt through a multiexponential
anisotropy decay law
rðtÞ ¼

−t=φi
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In this expression σΔω and σΛω are the estimated experimental uncertainties in the measured quantities (Δω and Λω). The goodness-ofﬁt is usually judged by the value of reduced χ2,
2

2
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χR ¼ χ =υ ¼ χ =2N–p
where υ, the number of degree of freedom, is given by υ = 2 N − p. N is
the number of modulation frequencies and p is the number of ﬂoating
parameters. If the assumed model is appropriate for the sample, and if
the errors are random and properly estimated by σΔω and σΛω, then
χ2R is expected to be near unity.
Eq. (A) can be expressed in another form:
rðτÞ ¼

αr0
ð1−αÞr0
þ
:
1 þ ð1=φτ þ 1=φP Þτ 1 þ τ=φP

ðGÞ

When the internal motion (φτ) of the protein is more rapid than the
overall protein rotation (φP), then φT ≪ φP, and the equation can be
simpliﬁed as Eq. (H).
rðτÞ ¼

αr0
ð1−αÞr0
þ
1 þ τ=φτ 1 þ τ=φP

ðHÞ

Relative importance of each motion can be determined by the amplitude α and by the ratio of τ/φT and τ/φP. If α = 0, the residue is immobile relative to the macromolecule, and the anisotropy is determined by
the value of φP. If the residue is completely free to rotate, independent of
the protein molecular motion, then α = 1, and the anisotropy would be
determined by φT. Now suppose the α is nonzero but less than one, and
the overall rotational time is much larger than the ﬂuorescence life time
φP ≫ τ, then the rotation of the entire protein does not result in any loss
of anisotropy, and the values for r(τ) are determined by the time scale of
the internal motion (φT) and by the amplitude of this motion (α). If an
internal motion is more rapid than the shortest quenched lifetime,
φT ≪ τ, the effect of internal motion is complete prior to emission,
and the overall rotation of the protein determines the decay of the residual anisotropy, r0(1 − α). The existence of internal motion would be
judged from the value of the anisotropy at τ = 0.
In general, one can relate the anisotropy to the angular displacement
(θ), also known as semicone angle, of the ﬂuorophore according to
−1

ðAÞ

ðDÞ

 
o
2
2
2
2
N þD = N þD

θ ¼ cos





1=2 1=2
1=2 1 þ 8ðrα =r0 Þ
−1 :

ðIÞ

A value of 0° corresponds to no rotational freedom, and an angle of
54.7° corresponds to complete depolarization.
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All the ﬂuorescence anisotropy and lifetime measurements were
made with ISS K2 ﬂuorimeter, using 300 nm LED as a light source. In
our ﬁtting model we considered only two components of ﬂuorescence
lifetime and rotational correlation time. Also faster component of anisotropy (r1) was kept ﬁxed to have acceptable deviation. Fitting of
the experimental data was performed in Vinci software. For ﬁnding
the right model, the following criteria were established to reject an analysis as unacceptable [17]:
1) If the normal standard of good ﬁt (χ2, residuals) were not satisfactory (χ2 close to 1 with least residuals)
2) If any term ri is ≤0 or ≥0.4;
3) If ri + rj is ≥0.4;
4) If φ1 and φ2 is within 25% of each other;
5) If φ1 N φ2.
6) χ2 curve.

Fig. 2. BoNT/A LC anisotropy decay data without glycerol (
(phase),
(modula(phase),
(modulation)) and with 50% glycerol (
tion)), with 20% glycerol (
(phase),
(modulation)) at 25 °C. Protein was dissolved in 10 mM sodium phosphate
buffer, pH = 7.3, containing 150 mM NaCl and 1 mM DTT.

3. Results
3.1. Resolution of rotational correlation time of BoNT/A LC
To obtain information about internal ﬂexibility in BoNT/A LC we
used a sensitive method of monitoring the frequency domain ﬂuorescence anisotropy decay. This method resolves macromolecular tumbling from its local motion, and works well both with intrinsic as well
as extrinsic probes [18–20]. In this work we used Trp as an intrinsic
probe. BoNT/A LC is known to have two Trp residues, W43 and W118.
An excitation wavelength of 300 nm was chosen, as Trp residues in protein can be selectively excited at this wavelength without exciting Tyr
residues [21]. Also, excitation at 300 nm allows a high initial anisotropy
due to lower emission intensity. This gives advantage in measurements
by having high limiting anisotropy. The emission anisotropy decay was
measured under six different conditions: set A) BoNT/A LC at 10 °C and
25 °C, set B) BoNT/A LC in 20% glycerol at 10 °C and 25 °C, and set
C) BoNT/A LC in 50% glycerol at 10 °C and 25 °C. For each set of experiments triplicate measurements were carried out separately. Phase and
modulation anisotropy decay curves recorded for BoNT/A LC at 10 °C
and 25 °C are shown in Fig. 1 and 2, respectively. The raw data were
ﬁtted with the help of Vinci software provided by ISS (Urbana-Champaign, IL). Data were ﬁtted with one, two, and three components. Final
data values were determined according to criteria explained in the
Materials and method section. One component analysis resulted in a
wrong value of anisotropy showing large deviation, and three components resulted in large deviation in the third component of rotational
time. Thus two component ﬁttings were considered as the best ﬁt for
our rotational correlation time data.
Two distinct rotational correlation times were observed for BoNT/A
LC, suggesting the existence of two kinds of rotational motions in this

Fig. 1. BoNT/A LC anisotropy decay data without glycerol (
(phase),
(modulation)), with 20% glycerol (
(phase),
(modulation)) and with 50% glycerol (
(phase),
(modulation)) at 10 °C. Protein was dissolved in 10 mM sodium phosphate
buffer, pH = 7.3, containing 150 mM NaCl and 1 mM DTT.

protein (Table 1). For the sake of simplicity in calculation, value of r1
was ﬁxed in most of the analysis. Before ﬁxing, value of r1 was optimized
based on χ2, residuals and deviation of ﬂoating parameters. Whereas at
25 °C, the Trp residue in BoNT/A LC exhibited both local segmental motion (φ1 ~ 0.15 ns and r1 = 0.15) and global slow rotational motion
(φ2 ~ 9.2 ns and r2 = 0.18) indicating a degree of ﬂexibility in the Trp
containing peptide. However, at 10 °C the Trp residue in this protein exhibited only single and relatively slow rotational correlation time
(φ2 ~ 9.1 ns and r1 = 0.19; Table 1), corresponding to only global motion
of the protein. Raw data, curve ﬁt data and residuals are shown in supplementary material (Fig. SM1 and SM2).
3.2. Effect of viscosity on the rotational correlation time
Anisotropy decay data were collected in three different conditions
(0, 20 and 50% glycerol) at two different temperatures (10 and 25 °C).
Comparing the rotational correlation times of BoNT/A LC dissolved in
buffer with no glycerol (described above) and with 20% and 50% glycerol at 10 °C, it was observed that the local segmental motion, which was
undetected in buffer, gets slowed down to ~0.22 ns in 20% glycerol and
ﬁnally ~0.50 ns in 50% glycerol (Table 1). The global component also became slower in 50% glycerol (φ2 from ~9.1 to ~12.70 ns). These observations were expected as increased viscosity is expected to slow down the
molecular or even segmental motions. However, at 10 °C the global
Table 1
Rotational correlation time data by frequency domain anisotropy decay analysis of BoNT/A
LC in different conditions.
Sample

LCA at 10 °C 0% glycerol-I
LCA at 10 °C 0% glycerol-II
LCA at 10 °C 0% glycerol-III
LCA at 25 °C 0% glycerol-I
LCA at 25 °C 0% glycerol-II
LCA at 25 °C 0% glycerol-III
LCA at 10 °C 20% glycerol-I
LCA at 10 °C 20% glycerol-II
LCA at 10 °C 20% glycerol-III
LCA at 25 °C 20% glycerol-I
LCA at 25 °C 20% glycerol-II
LCA at 25 °C 20% glycerol-III
LCA at 10 °C 50% glycerol-I
LCA at 10 °C 50% glycerol-II
LCA at 10 °C 50% glycerol-III
LCA at 25 °C 50% glycerol-I
LCA at 25 °C 50% glycerol-II
LCA at 25 °C 50% glycerol-III

Rotational
correlation
times

Anisotropy

Lifetime

φ1 (ns)

φ2 (ns)

r1

r2

τ (ns) (F)

NA
NA
NA
0.13
0.15
0.17
0.2
0.21
0.24
0.21
0.21
0.18
0.49
0.48
0.56
0.19
0.22
0.23

9.11
9.13
8.88
9.2
9.04
9.3
16.1
18.2
23.3
23.2
21
20.8
13.1
13.8
11.2
7.53
10.7
7.41

NA
NA
NA
0.15 (F)
0.15 (F)
0.15 (F)
0.17 (F)
0.18 (F)
0.18 (F)
0.17 (F)
0.16 (F)
0.16 (F)
0.15 (F)
0.15 (F)
0.15 (F)
0.20 (F)
0.20 (F)
0.17 (F)

0.19
0.19
0.19
0.18
0.18
0.18
0.12
0.13
0.13
0.11
0.11
0.13
0.15
0.15
0.13
0.13
0.13
0.12

2.38
2.37
2.35
2.13
2.13
2.1
6.01
6
6.6
7.35
6.95
6.35
5.76
5.79
5.95
4.24
4.71
4.27

χ2

0.98
0.89
1.06
1.17
1.34
1.13
0.44
0.44
0.39
0.65
0.63
0.57
1.41
0.71
0.65
1.46
0.65
1.21
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component of the protein rotated slower (φ2 ~ 22 ns) when dissolved in
20% glycerol compared to the protein solution with 50% glycerol
(φ2 ~ 13 ns). Also, r1 changed in 20% glycerol (0.18 vs. 0.15) compared
with no glycerol, whereas it was similar in 50% glycerol (r1 = 0.15)
(Table 1).
At 25 °C, emission anisotropy decay data showed a different trend
with detectable segmental motion of 0.15 ns for the fast component,
which increased to 0.20 ns in 20% glycerol and in 50% glycerol. However,
the slow global component showed similar trend as that at 10 °C. The φ2
was ~ 9.1 ns in buffer, which increases to ~ 21 ns in 20% glycerol
(Table 1). Surprisingly, φ2 decreased to ~ 9 ns in 50% glycerol. At this
temperature r1 increases with values of 0.15 in no glycerol, 0.16 in
20% glycerol and 0.19 in 50% glycerol, whereas r2 decreases with values
of 0.18 in no glycerol, 0.12 in 20% glycerol and 0.13 in 50% glycerol
(Table 1). Raw data, curve ﬁt data, and residuals are shown in supplementary materials (Fig. SM1 to SM6). For ﬁtting of the data for the lifetime and rotational correlation times delta phase was 0.35 and
amplitude ratio was 0.005.
The amplitude of the rotational motion can be interpreted as rotation angle of the ﬂuorophore, as described in Eq. (A). Trp residue in
BoNT/A LC in buffer at 10 °C appears to have no rotation freedom or undetected rotational movement. This is because of undetectable local
motion. Although at 25 °C, tryptophan in local micro-environment had
semicone angle less than that of whole molecule (semicone angle was
40.55° compared to 35.90°). With increasing glycerol, as expected global movement slows down but surprisingly tryptophan in local microenvironment was moving rapidly with semicone angle of ~ 34° in 20%
glycerol (Table 3).
We examined the χ2 surface to evaluate the signiﬁcance and independence of the values listed in Table 1. χ2 Surface of correlation
times of BoNT/A LC is shown in their respective conditions (Supplementary materials, Fig. SM1 to SM6). Speciﬁcally, we held one correlation
time ﬁxed and ﬂoated other ﬂoating parameters. X-axis is the value of
ﬁxed correlation times and y-axis is the value of observed χ2 value. χ2
surface showed that the values are signiﬁcant and independent from
other components.
3.3. Effect of viscosity on the structure and function of BoNT/A LC
Rotational correlation time analysis by ﬂuorescence anisotropy
decay provides information about segmental and global motions. In
general, global motion is affected by viscosity while the effect of viscosity on the local motion depends on the structural features of macromolecule. Notably, rotational correlation time data (described above) of
BoNT/A LC showed the effect of viscosity on both the local and global
motions (Table 1). Effect on local motion by viscosity indicated structural changes in the molecule, resulting in differential accessibility of glycerol to the protein matrix. Interestingly global motion of BoNT/A LC in
20% glycerol slowed down (~ 20 ns) more than in 50% glycerol
(~10 ns). In order to explain this unexpected observation we examined
the change in secondary and tertiary structures of BoNT/A LC in the
presence of glycerol.
Far UV/CD spectral recordings and thermal denaturation, monitored
by following CD signals at 222 nm, were employed to examine secondary structural changes in BoNT/A LC by glycerol. With increasing glycerol concentration, ellipticity at 222 nm for BoNT/A LC increased from

Table 3
Semicone angles of local and global rotation.
Sample

LCA at 10 °C 0% glycerol
LCA at 25 °C 0% glycerol
LCA at 10 °C 20% glycerol
LCA at 25 °C 20% glycerol
LCA at 10 °C 50% glycerol
LCA at 25 °C 50% glycerol

Semicone angle
θ1 (deg)

θ2 (deg)

NA
40.55 ± 0.00
33.73 ± 0.30
33.54 ± 1.18
37.81 ± 0.00
33.21 ± 0.60

0.00
35.90 ± 0.00
42.27 ± 0.00
41.97 ± 1.30
38.42 ± 1.06
42.83 ± 0.48

about −25 mdeg to −35 mdeg as the concentration of glycerol was increased to 50% (Fig. 3). Increase in ellipticity at 222 nm is indicative of
increase in α-helicity of the molecule (Fig. 3). To evaluate the thermal
stability of different conformation of BoNT/A LC we measured the
change in ellipticity at 222 nm at different temperatures. Thermal denaturation curves (Fig. 4) indicated that increased glycerol concentration
resulted in higher Tm values (Table 2), Sharpness of the sigmoidal
shape of the denaturation curve can provide information on the
cooperativity of a protein unfolding. The denaturation curve for BoNT/
A LC dissolved in 20% glycerol showed the sharpest denaturation
curve, with a denaturation temperature span of 220 K–233 K. The melting temperature of BoNT/A LC, however, showed steady increase
(~ 320 K to ~ 334 K) with the increase in the glycerol concentration
from 0% to 50%. Increased Tm indicated that the stability of protein increased upon increase in glycerol concentration. Analysis of the denaturation curves to derive thermodynamic parameters provided
measure of change in enthalpy (ΔH) and entropy (ΔS) of the protein
unfolding (Table 2). ΔH of thermal denaturation ﬁrst decreased from
477.9 ± 7.7 kJ/mol in a buffer with no glycerol to 395.8 ± 0.2 kJ/mol
in buffer containing 20% glycerol, but showed steady increase beyond
20% glycerol, ultimately reaching a value of 427.6 ± 20.1 kJ/mol in a
buffer containing 50% glycerol (Table 2). Notably, ΔS becomes less positive from 1424.5 ± 0.0 J/mol/K in a buffer with no glycerol to 1213 ±
2.1 J/mol/K in a buffer containing 20% glycerol, but also showed a steady
increase in higher glycerol concentrations, reaching a value of 1362.4 ±
0.0 J/mol/K in a buffer containing 50% glycerol.
We also examined the thermal denaturation of tertiary structure by
taking the ratio of ﬂuorescence intensity at 351 nm and 324 nm. Trp
emission maxima of 324 nm was observed for the native folded BoNT/
A LC when excited at 295 nm, the emission maxima 351 nm was observed for free Trp, which can be assumed to be the emission maxima
of Trp in the unfolded protein. Plotting the ratio of ﬂuorescence intensity at 351 nm and 324 nm as a function of temperature showed a sigmoidal shape curve (Fig. 5), which allowed the estimation of inﬂection
point as the melting temperature of the tertiary structure (Table 4).

Table 2
Thermodynamic parameters of secondary structure thermal denaturation of BoNT/A LC in
different % of glycerol.
% Glycerol

ΔH (kJ/mol)

ΔS (J/(mol ∗ K))

Tm (K)

0
10
20
40
50

477.90 ± 7.70
409.80 ± 20.90
395.80 ± 0.20
428.20 ± 8.80
427.60 ± 20.10

1424.50 ± 0.00
1266.70 ± 68.10
1213.00 ± 2.09
1291.80 ± 27.70
1362.40 ± 0.00

320.50 ± 0.00
323.20 ± 0.90
326.50 ± 0.00
331.30 ± 0.20
334.00 ± 0.40

Fig. 3. Secondary structure of BoNT/A LC monitored by far UV-CD in 10 mM sodium phosphate buffer, pH = 7.3, containing 150 mM NaCl and 1 mM DTT. Percentage of glycerol in
buffer is shown in the box.
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Table 4
Thermodynamic parameters of tertiary structure thermal denaturation of BoNT/A LC in
different % of glycerol.
% Glycerol

ΔH (kJ/mol)

ΔS (J/(mol ∗ K))

Tm (K)

0
10
20
40
50

453.50 ± 1.90
406.20 ± 18.40
374.20 ± 15.50
281.60 ± 11.20
271.00 ± 13.10

1410.90 ± 31.50
1256.70 ± 42.80
1141.60 ± 75.50
849.15 ± 30.50
813.23 ± 59.40

320.50 ± 0.00
323.50 ± 0.00
328.00 ± 1.10
332.50 ± 0.00
333.5 ± 0.00

4. Discussion

Fig. 4. BoNT/A LC thermal denaturation of secondary structure by measuring ellipticity at
222 nm with respect to temperature. BoNT/A LC was dissolved in 10 mM sodium phosphate buffer, pH = 7.3, containing 150 mM NaCl and 1 mM DTT. Thermal denaturation
was measure for BoNT/A light chain without glycerol and with 10%, 20%, 40%, and 50%
glycerol.

BoNT/A LC tertiary structure denaturation showed a trend different
from the thermal denaturation of the secondary structure in terms of
steady changes in denaturation patterns, although trend of the melting
temperature of both the secondary (320.5 K–334.0 K) and tertiary structure (320.5 K–333.5 K) was the same. ΔH of thermal denaturation decreased from 453.5 ± 1.9 kJ/mol in a buffer with no glycerol to
271.0 ± 13.1 kJ/mol in buffer containing 50% glycerol (Table 4). Also
ΔS becomes less positive from 1410.9 ± 31.5 J/mol/K in a buffer with
no glycerol to 813.2 ± 59.4 J/mol/K in a buffer containing 50% glycerol.
Difference in thermodynamic parameters obtained for tertiary structure
and secondary structure indicates differential folding of secondary and
tertiary structure, especially in the presence of glycerol.
Both secondary and tertiary structures were substantially stabilized
by the presence of glycerol (Tm increase of 14 °C; Tables 2 and 4). While
there is no uniformity in stability response of protein to glycerol [22,23],
at least some level of stability is expected from the decreased molecular
motion in glycerol due to increased viscosity. However, it was unusual
to observe substantial change in the secondary structure, which is not
commonly observed with other proteins [24,25], including thermolysin
(data not shown), a metalloprotease with identical active site as BoNT
endopeptidases.
In order to examine the effect of structural change introduced by
glycerol on the function of BoNT/A LC, we assayed its endopeptidase activity using full length substrate His-tag SNAG. BoNT/A LC was enzymatically fully active in 10% glycerol, but the activity continued to decrease
with further increase in glycerol concentration in the reaction buffer.
The activity was decreased by 11, 21, and 24% in 20, 40, and 50% glycerol, respectively (Supplementary Fig. SM7).

Fig. 5. Ratio of ﬂuorescence intensity at 351 and 324 nm was plotted against the temperature to get the thermal denaturation proﬁle of tertiary structure of BoNT/A LC. Tertiary
structure thermal denaturation was measured for BoNT/A LC without glycerol and with
10%, 20%, 40% and 50% glycerol.

Molecular motions play a dramatic role in the recognition of unique
whole protein substrates of BoNT endopeptidases, as has been concluded from X-ray structures of the co-crystals of BoNT/A and its substrate,
SNAP-25 [13]. This conclusion was primarily based on the fact that crystal structures of all the conﬁrmed seven serotypes of BoNT LCs remain
essentially the same, and major segments which vary in their topography of different BoNT LCs are the loop regions [26]. It should be noted,
however, that the interactions of the whole substrate with the endopeptidase occur at multiple sites, including α- and β-exosites, in addition to
the active site. It is quite conceivable that these multiple sites exhibit
conformational ﬂexibility to accommodate a 206 amino acid reside substrate. Our interest has been to address a question of the molecular motions beyond the surface regions involved in the substrate recognition
and binding.
The intrinsic protein ﬂuorescence provides important information
about the internal dynamics of a protein, which ultimately deﬁnes the
structural and functional features of the protein. Fluorescence emission
decay of intrinsic ﬂuorophores like Trp is dependent on the conformations as well as interconversion rates among substates. One of the parameters of protein motion is deﬁned as rotational correlation time
(τc or ϕ), which measures tumbling of a molecule that in turn depends
on size, shape and dynamics of the molecule as well as on the bulk physical characteristic of the solvent. Rotational correlation time can be obtained from the ﬂuorescence decay and related to rotational diffusion
coefﬁcient; Dr. It is related to molecular volume V and depends on the
solvent viscosity η [27–30]. By resolving the components of rotational
correlation time we have been able to differentiate the global, local or
segmental motion in BoNT/A LC to understand internal molecular
motions.
The two components of rotational correlation time (RCT) with
values of 0.15 ns and 9.2 ns at 25 °C suggest that the fast component reﬂects a local or segmental motion of the peptide segment containing the
ﬂuorescent Trp residue. Assuming only one of the two Trp residues is
ﬂuorescent, the fast component of the RCT would correspond to a segment containing one of the two Trp residues. To distinguish further
the two types of motions (segmental and molecular), we carried out
RCT determination in different concentrations of glycerol. Paradoxically,
both the slow and fast RCT corresponding to the segmental and molecular motions changed with the increase in viscosity due the presence of
glycerol (Table 1), which can be due to a) conformational changes introduced by the glycerol, b) penetration of glycerol to the interior of the
protein, or c) both. These observations can be explained by assuming
one of the following conditions: (i) The protein becomes more compact
in the interior part of the molecule, and thus lowering the rotation radius, and (ii) The BoNT/A LC molecular shape does not remain globular,
and perhaps assumes a distorted elliptical shape, again effectively reducing the rotational radius allowing protein interior to be more accessible. CD and ﬂuorescence structural studies of BoNT/A LC in different
glycerol concentrations reveal substantial changes in conformation of
this molecule (Fig. 3–5), including a clear indication of more rigid structure in 50% glycerol. Although, BoNT/A LC appears to be rigid in 50%
glycerol its global motion (φ2 ~ 9 ns at 25°), in particular, is faster than
the protein in 20% glycerol (φ2 ~ 22 ns at 25°) indicating a more ﬂexible
structure. These observations suggest that increase in glycerol might
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result in conformational changes which allow this molecule to move
faster at 25 °C (Tables 1 and 2). Generally, glycerol is known to affect
the stability of the protein [23, 30], but structural changes due to viscosity have not been reported.
Since glycerol was able to change the secondary and tertiary structures of BoNT/A LC, these structural changes indicate internal ﬂexibility
of BoNT/A LC. The ﬂexibility of BoNT/A LC has been proposed previously
based on X-ray crystallography and spectroscopic analysis of this protein under various temperature, pH, and chemical conditions [7,9,31,
32]. The behavior of the short and long components of the rotational
correlation times with change in temperature and viscosity suggests
that internal ﬂexibility exists in BoNT/A LC. For example, nonobservation of the short correlation time at 10 °C, which appears in
20% glycerol (Table 1) establishes the fact that glycerol is able to penetrate the protein matrix, alter the protein folding, leading to the resolution of the segmental motion from the molecular motion. This
observation is supported by the resolution of the short rotational correlation time at higher temperature, which will obviously introduce faster
segmental motion. The higher temperature, however, did not show
faster molecular motion, perhaps owing to decrease in the compactness
of the protein. Addition of 20% glycerol decreases the molecular motion,
as would be expected with increase in viscosity of the solution. However, with 50% glycerol we observed unexpectedly increased molecular
motion both at 10 and 25 °C, which could be explained only by the
structural changes introduced by glycerol as was revealed by change
in CD signals (Fig. 3). Interestingly the short rotational correlation
time increased at 10 °C in 50% glycerol but remained the same at
25 °C, indicating a balancing effect of the temperature on the segmental
motion even in the presence of higher amount of glycerol. In summary,
the results indicate that the inner domains of the BoNT/A LC protein matrix are accessible to small molecules and that its segmental motions are
liable to change in viscosity and temperature, suggesting signiﬁcant
ﬂexibility of its conformation. These observations also complement
our earlier ﬁndings in urea denaturation. The denaturation of BoNT/A
LC by urea was shown to have a unique pattern [33], which was also explained to be due to its ﬂexible structure.
In conclusion, the present study demonstrates that BoNT/A endopeptidase is holistically a ﬂexible protein structure, readily modulated
by environmental conditions like temperature and viscosity. Internal
segmental motion and overall global tumbling was substantially affected by viscosity, suggesting the protein segments to be quite accessible
due to its ﬂexible structure. In addition to changes in size and shape
which may be involved in BoNT/A endopeptidase interaction with its
substrate, molecular dynamics should also be examined to learn about
this very unique enzyme–substrate system currently available. Such information will be helpful in designing small molecule inhibitors against
BoNT endopeptidases.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2014.12.004.
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