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Abstract Tyrosine phosphorylation of botulinum neurotoxins
augments their proteolytic activity and thermal stability,
suggesting a substantial modification of the global protein
conformation. We used Fourier-transform infrared (FTIR)
spectroscopy to study changes of secondary structure and
thermostability of tyrosine phosphorylated botulinum neurotox-
ins A (BoNT A) and E (BoNT E). Changes in the conforma-
tionally-sensitive amide I band upon phosphorylation indicated
an increase of the o-helical content with a concomitant decrease
of less ordered structures such as turns and random coils, and
without changes in -sheet content. These changes in secondary
structure were accompanied by an increase in the residual amide
IT absorbance band remaining upon H-D exchange, consistent
with a tighter packing of the phosphorylated proteins. FTIR and
differential scanning calorimetry (DSC) analyses of the dena-
turation process show that phosphorylated neurotoxins denature
at temperatures higher than those required by non-phosphoryl-
ated species. These findings indicate that tyrosine phosphoryla-
tion induced a transition to higher order and that the more
compact structure presumably imparts to the phosphorylated
neurotoxins the higher catalytic activity and thermostability.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Botulinum neurotoxin (BoNT), considered the most potent
neurotoxin and the sole cause of the neuroparalytic disease
botulism, blocks acetylcholine release at the neuromuscular
junction and thus produces flaccid paralysis in skeletal
muscles [1,2]. Because of the extremely selective mode of ac-
tion, inhibition of neurotransmitter release, BoNT is now an
important therapeutic agent in the treatment of several neuro-
logical disorders associated with uncontrolled muscular con-
tractions or spasms [3].

BoNT (serotypes A—G) is produced by the bacterium Clos-
tridium botulinum as a single chain of 150 kDa which under-
goes proteolytic cleavage yielding a fully active dichain pro-
tein composed of a 100-kDa heavy chain (HC) and a 50-kDa
light chain (LC), linked by a disulfide bond. The neurotoxin
first binds to a specific neuronal surface receptor, is internal-
ized by receptor-mediated endocytosis, and the LC is then
translocated to the cytosol, where it acts [1,4]. The LCs are
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Zn?*-dependent metalloproteases that selectively cleave pro-
teins involved in targeting and fusion of presynaptic vesicles
with the plasma membrane [1,4-6]. The result is induction of
nerve dysfunction by inhibiting Ca®*-evoked neurotransmitter
release.

The long lasting paralytic effects exerted by BoNT in bot-
ulism or in its therapeutic application suggest that these pro-
teins are highly stable inside neurons at 37°C. This stability
contrasts with the in vitro thermolability of pure BoNT im-
plying structural difference(s) between the in vivo and in vitro
forms [7,8]. Our discovery that tyrosine phosphorylation of
BoNTs increases both their catalytic activity and thermal
stability [7], suggests that significant changes in protein con-
formation may ensue, as reported for the phosphorylation of
other proteins [9]. We examined this question by FTIR spec-
troscopy to monitor structural changes produced by phos-
phorylation of two neurotoxin serotypes, BoNT A and
BoNT E, and differential scanning calorimetry to investigate
the effect on their thermal denaturation process. Tyrosine
phosphorylation of BoNT A and E increased their o-helix
content, as evidenced from the conformationally-sensitive
amide I bands [10]. The increment in structural order was
accompanied by an increase in the absorbance of the amide
II band remaining upon H-D exchange, suggesting that the
phosphorylated neurotoxins are structurally more compact
and less accessible to the solvent than the non-phosphorylated
forms. Furthermore, the phosphorylation-induced structural
change promoted a stabilization of the folded proteins that
was reflected in an increase in the temperature at which the
phosphorylated neurotoxins denature.

2. Materials and methods

Deuterium oxide (D,0O, 99.9% by atom) was purchased from Sig-
ma. Centrifugal filter device Biomax-50K was from Millipore, Bed-
ford, MA, USA. Recombinant Src kinase (specific activity 900 000 U/
mg) was from Upstate Biotechnology, Lake Placid, NY, USA.

2.1. Phosphorylation of BONT A and E

BoNT A and E were purified and tyrosine phosphorylated as de-
scribed [7,11,12]. Briefly, 1 mg of neurotoxins in 500 pl of 20 mM
HEPES (pH 7.4), 20 mM MgCl,, | mM EGTA, 2 mM dithiothreitol,
0.5 mM ATP were incubated with 30 units of Src kinase for 90 min at
30°C. Non-phosphorylated and phosphorylated neurotoxins were
kept at —80°C until used. Non-phosphorylated neurotoxin refers to
samples in which ATP was omitted. Tyrosine phosphorylation was
monitored by Western immunoblotting using a anti-phosphotyrosine
monoclonal antibody (clone 4G10, UBI) as described [7]. To quantify
tyrosine phosphorylation as mol Pi/mol neurotoxin a 40-ul aliquot
of the phosphorylation reaction was supplemented with 5 uCi of
[v-32P]JATP (3000 Ci/mmol). Phosphorylated neurotoxins were bound
to phosphocellulose filters (SpinZyme, Pierce) and washed with 0.75%
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phosphoric acid. Phosphocellulose filters were immersed and equili-
brated in scintillation fluid and the radioactivity was counted.

2.2. Infrared spectroscopy

BoNTs aqueous buffer was exchanged for deuterated buffer by
subjecting the samples to two centrifugation cycles in a Biomax-50K
filter, followed by incubation in DyO-based buffer (10 mM HEPES
buffer, pH 7.0, 130 mM KCIl, 30 mM NacCl) for 2 h at ~20°C and,
thereafter, another round of centrifugation cycles. Each sample of
BoNTs (20 ul, at 8 mg/ml) was placed between a pair of CaF, win-
dows separated by a 50-um thick mylar spacer in a Harrick Ossining
demountable cell. Spectra were recorded on a Nicolet 520 instrument
equipped with a DTGS detector and the sample chamber was contin-
uously purged with dry air. A minimum of 600 scans per sample were
taken, averaged, apodized with a Happ-Genzel function and Fourier-
transformed to give a nominal resolution of 2 cm™! [13]. Three spec-
tra at 20°C of each BoNT sample were recorded. Temperature was
kept constant with a circulating water bath. Contribution of buffer
spectra was subtracted and the resulting spectra used for analysis.

2.3. Determination of secondary structure components

Protein secondary structure components were quantified from
curve-fitting analysis by band decomposition of the original amide I
band after spectra smoothing [14,15]. Spectrum smoothing was carried
out applying the maximum entropy method, assuming that noise and
bandshape follow a normal distribution [14]. The minimum band-
width was set to 12 cm™! [14]. The resulting spectra possess a sig-
nal/noise ratio better than 4500:1. Derivation of IR spectra was per-
formed using a power of 3, breakpoint of 0.3, and Fourier self-
deconvolution was performed using a Lorenztian bandwidth of 18
cm™! and a resolution enhancement factor (k) of 2.0 [16,17]. To
quantify the secondary structure, the number and position of the
absorbance band components were taken from the deconvoluted spec-
tra, the bandwidth was estimated from the derived spectra, and the
absorbance height from the original spectra [14]. The iterative curve-
fitting process was performed in CURVEFIT running under Spectra-
Calc (Galactic Industries Corp., Salem, NH, USA). The number,
position and bandshape were kept fixed during the first 200 iterations.
The fittings were further refined by allowing the band positions to
vary for 50 additional iterations. The goodness of fit between exper-
imental and theoretical spectra was assessed from the x> values
(1X107°-4.5X107°). The area of the fitted absorbance band compo-
nents was used to calculate the percent of secondary structure [13-18].

2.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on a Micro-
cal MC-2 microcalorimeter, as described [19]. The difference in the
heat capacities between 1-ml aliquots of BONTs at 1 mg/ml (contained
in the ‘sample’ cell of the instrument) and buffer alone (‘reference’
cell) were recorded by raising the temperature at a constant rate of
90°C/h.

3. Results and discussion

3.1. The helical content of BoNTs increases upon
phosphorylation
The conformationally-sensitive amide I infrared absorbance
band of BoNT A and E after tyrosine-specific phosphoryla-
tion (~ 0.5 mol Pi/mol toxin) were compared with non-phos-
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Fig. 1. Tyrosine phosphorylation modulates the secondary structure
content of BoONT A and E. Infrared amide I band region of the
original (A,B) and deconvoluted spectra (C,D) of BoNTA (A,C)
and BoNT E (B,D) from control (solid line) and tyrosine phos-
phorylated samples (dashed line). Neurotoxins (8 mg/ml) were in
D,0 medium prepared from 10 mM HEPES, pH 7.0, 130 mM KClI
and 30 mM NaCl. Spectra were taken at 20°C and corrected from
the buffer contribution by subtracting the spectrum characteristic of
the buffer. Three spectra were acquired for each BoNT sample.
Fourier self-deconvolution was carried out with a Lorentzian band
of 18 cm™! half-width, and a resolution enhancement factor of 2.0.

phorylated neurotoxins. At this phosphorylation stoichiome-
try, both the LC and HC are similarly phosphorylated, and
the activity and stability of the neurotoxins is augmented [7].
The original and the deconvoluted spectra of control and
phosphorylated BoNTs samples are shown in Fig. 1. Tyrosine
phosphorylation of BONT A and E notably affected the spec-
tral shape of the amide I band (Fig. 1, dashed lines). Although
phosphorylated neurotoxins show the maxima observed in
non-phosphorylated samples, the relative intensities of specific
bands appear altered, suggesting that tyrosine phosphoryla-
tion modulates the relative content of secondary structural
components. The individual components may be discerned
upon application of resolution-enhancement and band-nar-
rowing techniques [14,15]. Band-narrowing deconvolution of
the amide I band showed that BONT A and BoNT E exhibit
maxima at approximately 1690, 1680, 1668, 1652, 1640, 1630
and 1615 cm™'. Whereas the 1615-cm™! component corre-
sponds to amino acid side chain vibration, all the other max-
ima are assigned to vibration of the carbonyl group in peptide
bonds within different secondary structural motifs [10]. The
1630-cm™" component is assigned to B-structure, the 1640-
cm™! component to random structure, the 1652-cm™! compo-
nent to o-helix, the 1690- and 1668-cm™ components to
turns, and the 1680-cm~! band includes contributions from

Eitr)lfu}ration temperatures of non-phosphorylated and phosphorylated BoNTs

BoNT A BoNT E

Control Phosphorylated Control Phosphorylated
T4 (°C) DSC* 511 53.0 50.5 53.2
T, (°C) FT-IR 50.5 53.5 51.3 55.1

“Denaturation temperatures were obtained from the DSC thermograms as the temperature at which the transition endotherm peaks [27,28].
Because of the need of large amounts of protein for DSC analysis, measures correspond to a single experiment.

bDenaturation temperatures correspond to the inflexion point of the sigmoidal curve obtained when the changes in the width at half-height of the
amide I absorbance band are plotted as a function of the temperature (Fig. 4). Values correspond to three independent measurements. Experimental

error is = 10%.
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turns as well as from the (0,m) B-sheet vibration band [10,20—
22]. The secondary structures of non-phosphorylated and
phosphorylated BoNTs were quantified using a maximum en-
tropy method that reduces spectral noise providing a more
accurate estimate of secondary structure [14,15]. Fig. 2 illus-
trates band-fitting analysis of the original amide I band of
non-phosphorylated BoNT A (Fig. 2A) and BoNT E (Fig.
2B) and the corresponding phosphorylated species (Fig.
2C,D). Note that BONT A shows a higher content of o-helix
than BoNT E (Fig. 2E), consistent with other reports [23].
Upon phosphorylation, the o-helix content of BONT A in-
creased from 36% to 50% (Fig. 2E), and for BoNT E it aug-
mented from 26% to 43% (Fig. 2E). This increment in o-hel-
ical structure was concomitant with a =40% decrease in less
ordered structures such as turns (1668 cm™!) and/or random
coils (1640 cm™'), without altering the B-sheet content (Fig.
2E). Therefore, these findings indicate that tyrosine phospho-
rylation promotes a disorder-to-order transition in the neuro-
toxin structure.

1679 1668, 1652 1629
Turns a-helix nonordered B-sheet
Amide I band components

Fig. 2. Tyrosine phosphorylation increases the percent of a-helix
secondary structure. Band-fitting analysis of the infrared amide I
band of BoNT A (A,C) and BoNT E (B,D) from control (A,B) and
phosphorylated samples (C,D). Each panel shows representative re-
sults from band-fitting analysis of BoNTs secondary structure. The
discontinuous trace, superimposed on the original spectra, denotes
the theoretical curve resulting from the contribution of all individual
components, which are displayed as gaussian distributions under the
spectra. E: Calculated percentages of all different components of
the secondary structure of control and tyrosine phosphorylated
BoNT A and BoNT E. Secondary structure elements were calcu-
lated by band decomposition and curve-fitting of the original amide
I band after spectra smoothing [14,15]. Other conditions were as in
legend to Fig. 1.
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Fig. 3. Tyrosine phosphorylation of BoNT A and E promotes
tighter packing. Phosphorylation-dependent changes in the amide II
(1595-1525 cm™! region) band of BONT A (A) and BoNT E (B) re-
maining upon H-D exchange. Solid lines denote non-phosphorylated
samples, and dashed lines indicate tyrosine-phosphorylated proteins.
H-D exchange was carried out by 2-h incubation of samples in
D,O-based buffer followed by two washes with Biomax-50K centri-
fugal filters. The IR spectra were recorded in D;O medium at the
indicated temperatures during a heating cycle of 2.5 h. Protein con-
centration was 8 mg/ml. Contribution of buffer spectrum was sub-
tracted.

3.2. The compactness of the BoNTs increases upon
phosphorylation

The amide II band in proteins originates primarily from N-
H bending in the peptide backbone [24,25]. Its residual inten-
sity remaining after D,O exchange arises from those NH
groups unable to undergo H-D exchange and, therefore, it
reports on the inaccessibility of the protein core to the solvent
which, in turn, indicates the compactness of the protein
[24,25]. Replacement of H,O by DyO from the non-phos-
phorylated neurotoxin resulted in the virtual disappearance
of the amide II absorbance band centered at 1550 cm™!
(Fig. 3, lower panels, solid lines). Phosphorylated species,
however, exhibited a substantial residual amide II band ab-
sorbance (Fig. 3, lower panels, dashed lines), which partly
remained even after heating at 70°C (Fig. 3, upper panels).
These results indicate a hindrance of H-D exchange in phos-
phorylated BoNTs, presumably because of the increased com-
pactness of the structure. Taken together, the spectral changes
in the amide I and the amide II upon phosphorylation suggest
that the non-exchangeable hydrogens correspond to those in-
volved in the newly generated a-helical structure.

3.3. The thermal stability of BoNTs increases upon
phosphorylation

Non-phosphorylated neurotoxins displayed minor altera-
tions on the spectral shape of the amide I band upon increas-
ing the temperature up to 70°C (Fig. 4, solid lines). In con-
trast, for tyrosine-phosphorylated BoNTs the appearance of
two components at 1618 and 1685 cm™! (Fig. 4, dashed lines),
which correspond to interactions between extended chains,
was detected. This observation has been interpreted as a con-
sequence of aggregation of thermally unfolded proteins
[13,25-27]. The heat-induced denaturation process was irre-
versible as evidenced by the lack of recovery of the initial
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Fig. 4. Tyrosine phosphorylation increases the thermostability of
BoNT A and BoNT E. Temperature dependence of the amide I
band of BONT A (A) and BoNT E (B) for control (solid line) and
phosphorylated (dashed line) proteins. IR spectra were recorded in
D,0 medium at the indicated temperatures during a heating cycle
of 2.5 h. C: To determine the denaturing temperature, changes in
the width at half-height of the amide I band were measured, nor-
malized and plotted as a function of the temperature at which the
spectrum was recorded. The data were described by the logistic
equation:

w 1

Wanax T\"
1+ (7)
Td

where w denotes the width at half-height of the amide I band, wyax
the maximal width at half-height, n the slope of the sigmoid, T the
temperature, and 7, the denaturing temperature which corresponds
to the inflexion point of the sigmoidal curve. Experimental data
were fitted to the logistic equation with a non-linear least-squares
regression algorithm using MicroCal ORIGIN version 2.8 (Micro-
cal, Amherst). Solid lines depict the best fit to a sigmoidal curve.
Denaturing temperatures are listed in Table 1.

spectral shape upon cooling the heated samples back to 20°C
(data not shown).

The temperature-dependent changes in the width at half-
height of the amide I IR band, plotted as a function of the
temperature, display a sigmoidal shape with an inflexion point
that corresponds to the denaturation temperature (Fig. 4C)
[27]. Accordingly, BoNT A was found to denaturate at
50.5°C and BoNT E at 51.1°C, while phosphorylated BoNT
A denatured at 53.5°C, and BoNT E at 55.1°C, i.e. 3-5°C
higher than non-phosphorylated neurotoxins (Fig. 4C). The
increased thermal stability was also detected by DSC, which
measures directly the energetics of the heat-induced denatura-
tion [28]. DSC demonstrated that phosphorylation induced a
thermal stabilization, which was manifested as an increase of
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2-3°C of the melting temperature (Table 1). These findings
indicate that tyrosine phosphorylation of botulinum neuro-
toxins induces a conformation characterized by higher ther-
mostability.

3.4. Structural basis of the functional modulation of BoNTs by
tyrosine phosphorylation

Our findings show that tyrosine phosphorylation induces a
disorder-to-order structural transition characterized by a sig-
nificant increase in a-helical content with a decrease in less
ordered structures. Consequently, phosphorylated BoNTs ex-
hibit tighter packing than the non-phosphorylated species and
denature at temperatures higher than those required for non-
phosphorylated neurotoxins. The induction of structural order
favors side chain interactions by hydrogen bond formation,
an enthalpic gain. Higher order also augments the compact-
ness of the protein, which presumably decreases the number
of cavities, an entropic gain [9,29]. This mechanism to increase
protein stability resembles that proposed to account for the
extreme stability of thermophile enzymes, which are highly
ordered and tightly packed structures [30]. We suggest that
the more compact structure may account for the augmenta-
tion of the LC catalytic activity produced by tyrosine phos-
phorylation [7]. However, we cannot exclude a contribution of
the HC to the structural changes observed in this study.
Hence, additional studies are needed to determine the struc-
tural modulation of each neurotoxin chain by tyrosine phos-
phorylation.
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