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ABSTRACT. The catalytic domain of clostridial neurotoxins is a substrate of tyrosine-specific protein kinases.
The functional role of tyrosine phosphorylation and also the number and location of its (their)
phosphorylation site(s) are yet elusive. We have used the recombinant catalytic domain of botulinum
neurotoxin E (BoNT E) to examine these issues. Bacterially expressed and purified BONT E catalytic
domain was fully active, and was phosphorylated in vitro by the tyrosine-specific kinase Src. Tyrosine
phosphorylation of the catalytic domain increased the protein thermal stability without affecting its
proteolytic activity. Covalent modification of the endopeptidase promoted a disorder-to-order transition,
as evidenced by the 35% increment of thdelical content, which resulted in a°€ increase of its
denaturation temperature. Site-directed replacement of tyrosine at position 67 completely abolished
phosphate incorporation by Src. Constitutively unphosphorylated endopeptidase mutants exhibited functional
properties virtually identical to those displayed by the nonphosphorylated wild-type catalytic domain.
These findings indicate the presence of a single phosphorylation site in the catalytic domain of clostridial
neurotoxins, and that its covalent modification primarily modulates the protein thermostability.

Botulinum neurotoxins (BoNT&gare potent neuroparalytic  Because of its proteolytic activity, the LC is also known as
agents secreted ylostridium botulinun(1). BoNTs block the catalytic domain.

thereby causing flaccid and spastic paralydis ). This kinases such as Src, which phosphorylates both the HC and
property is currently be.mg _used to ameliorate the symp- | ¢ (10). Tyrosine phosphorylation appears to be a common
tomatology of spasmodic disorders such as dystords ( covalent modification of botulinum and tetanus neurotoxins,
The seven distinct BONT serotypes &) are soluble  g,ggesting the presence of a conserved structural motif
proteins, produced as single chains of 150 kDaJ). The containing the phosphate acceptor site(®).( Covalent
holotoxin undergoes proteolytic cleavage, yielding a fully ‘mqgification of BoNT A and E holotoxins results in
active dichain polypeptide composed of a heavy chain (HC) prominent augmentation of their catalytic activity by achiev-

of 100 kDa and a light chain (LC) of 50 kDa, linked by @  jng maximal substrate cleavage at lower neurotoxin concen-
disulfide bond. Reduction of the disulfide separates the LCS {,ations and shorter reaction time€). In addition, tyrosine

and HCs, which are devoid of neurotoxic activity in  phogphorylation of these neurotoxins promotes a structural
conventional assayd) The LCs of this family of neuro-  change in the protein by increasing théelical content with
toxins, as well as that of the structurally related tetanus 5 concomitant decrease of less ordered structures such as
neurotoxin (TeNTXx), are Zni-dependent endopeptidases that s and random coilsl(). The phosphorylation-induced
selectively truncate SNARE proteins, thus inhibiting?Ga sty ctural change provokes a significant stabilization of the
dependent exocytosis in synaptic terminals 8, 5-9). folded proteins11). The remarkable functional and structural
effects of botulinum neurotoxin phosphorylation point to the
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1,ikb_breanatlo_ns: H%OI\II‘IT’ botu::nym Cnlguro'tOXIln; Iac,hllg_ht ChSITnT/ tyrosine phosphorylation of the catalytic domain as well as
catalytic domain; , heavy chain; , circular dichroism; , ; ; i i ; i ;
dithiothreitol; GST, glutathion&transferase; IPTG, isopropgHhio- the identity of its tyrosine phosphorylation S.;Ites rema.u.ns
galactoside; OGp-octyl-5-p-glucopyranoside; TeNT, tetanus neuro- unknown. Here, we have used the recombinant, purified

toxin. BoNT E catalytic domain to address these questions. We
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1 BONT/E 61KNGDS-S}YDP70 295KD proteins were present primarily as soluble fractions in the
2 BONT/A 65KQVPV-SMYDS74 313KNVFKE. supernatant. Recombinant proteins were purified by affinity
3 BONT/B SSFNRDVCEMYDP' 320KNKFKD chromatography on glutathion@garose (Pharmacia) fol-
4 BONT/G CESKDVYERNDE™  *°KOT lowing manufacturer’s instructions. Purification of rBoNT
2 :gig;gl ssgzi:::- gin BZZKKZE? E LC was carried out in 20 mM Hepes, pH 8.5, 0.4%
7 BONT/D 66SKYQS-~HYDP™ 323KKIFSE l\l_-la@uroyl_sarcomne, 500 r_nM NaCl, 200 mM urea, 1 mM
8 TETX 65TEGAS-ENYDD74 322KQTYQ dithiothreitol (DTT), 2% Triton X-100. The use of detergents

Ficure 1: Potential tyrosine phosphorylation sites on the clostridial and urea prevented unspecific binding of the recombinant
neurotoxin catalytic domain. Amino acid alignment of putative F_’mte'” to the qutathlone—Conjuga'ged agarose resin. Purifica-
tyrosine kinase consensus sequences in BoNT and TeNTaas ( tion of ISNAP-25 was performed in 20 mM Hepes, pH 7.4,
Black shaded amino acids indicate the potential phosphate acceptodl00 mM NacCl, 0.05%n-octyl-3-p-glucopyranoside (OG),
sites. Numbers indicate residue location in the catalytic domain 5 mM DTT. Resin-bound fusion proteins were released by
sequence. digestion with thrombin protease (Pharmacia)%ch at 23

) ) , °C. rBoNT E LC was extensively dialyzed into the 20 mM
show that the recombinant endopeptidase is a substrate Of—|epes pH 7.4, 0.05% OG buffer and rSNAP-25 into the 20
the tyrosine-specific kinase Src. At variance with native LC, 1\ Hépes pl-,| 7.4. 80 mM KCI. 20 mM NaCl. 0.1% OG
covalent modification of the recombinant enzyme did not |, er Proteins concentration was assayed with the BCA
alter its proteolytl_c activity. In contrast, tyro;me—p_hps- kit (Pierce), and purity was verified by gel analysis.
phorylated recombinant BoNT E catalytic domain exhibited Phosphorylation of rBONT E LC SpecieRecombinant

a significant increase of the-helical content and a con- goNT E LC species were tyrosine-phosphorylated as de-
spicuous increment of its denaturing temperature. Amino acid scribed (0). Briefly, 0.5 M rBoNT E LC was incubated

sequence analysis revealed the presence of two distinCty i g nits of recombinant Src kinase (Upstate Biotecnology
highly conserved consensus recognition motifs for tyrosine Inc.) in 20 mM Hepes, pH 7.4, 20 mM MgClL mM EGTA

kinases in the catalytic domain primary sequence, namely,2 mM DTT. 0.5 mM ATP. Un :
; . . ; , 0. . Unphosphorylated neurotoxins
residues 6170 and 299-308 (12) (Figure 1). Site-directed refer to samples in which ATP was omitted but were

mutagenesis.demqnstrated Fhat tyrosjne at'position 67 s thesubjected to the same treatments as phosphorylated samples.
phosphorylation site. Mutation of this residue to phenyl- paactions proceeded at 3@ for the indicated times, and
alam_n_e produced endope_ptlda_se mutants tha_t were Nolyere terminated by addition of SB$AGE sample buffer
modified by Src,.ar.]d exhibited biological properties gkln 10 or a Src inhibitor 10). Phosphorylation was analyzed by
those characteristic of the nonphosphorylated wild-type \yestern immunoblot using a specific anti-phosphotyrosine

enzyme. monoclonal antibody (Sigma). Protein bands were electro-
EXPERIMENTAL PROCEDURES transferred onto nitrocellglose membrane; angl bIockgd with
3% bovine serum albumin. Bands were visualized using the
Site-Specific Mutagenesis of the BoNT E Catalytic Do- alkaline phosphatase strategy (BioRad).
main. A cDNA plasmid encoding the BoNT E LC [kindly Endopeptidase Adatity of rBoNT E LC SpeciesThe
provided by Dr. H. Niemannl1@)] was cloned into the  endopeptidase activity of rBoNT E LC species was assayed
pGEX-KG vector to obtain a glutathior@transferase  in vitro using rSNAP-25. Cleavage assay was performed in
(GST)-BONT E LC fusion construct containing a thrombin  a final volume of 2Q:L [20 mM Hepes, pH 7.4, 2 mM DTT,
cleavage site after the GST. Site-directed mutagenesis waslOuM Zn(CH;COQY)], containing the recombinant catalytic
carried out by generating PCR fragments using pairs of domain and the substrate at the indicated concentrations and
complementary mutant primers as describiet] (5. BONT reaction times. Cleavage reactions were carried out at 23
E LC mutant sequences were verified by automated DNA °C. The extent of rSNAP-25 truncation was evaluated by
sequencing. For the single mutants, the number indicates theSDS-PAGE on 12% gels. Proteolytic activity was deter-
position of the residue in the protein sequence, and the firstmined by the change in the apparent mobility of the major
letter is the natural amino acid in the wild-type protein and product from 25 to 21.3 kDa2( 6, 1. SDS-PAGE gels
the second is the residue that substitutes it. Double mutantswere digitized and quantified as describ&@)( For enzyme
are denoted by their point mutations separated by a slashkinetics analysis, the velocity of rSNAP-25 cleavage was
8 estimated during the first 10 min of the reaction. Line-
Expression and Purification of Recombinant BoNT E weaver-Burk plots were used to estimate thg and Vmax
Catalytic Domain Species and SNAP-Rgecombinant BONT  values (6).
E catalytic domain (rBoNT E LC) and SNAP-25 (rSNAP- Circular Dichroism Spectroscopgircular dichroism (CD)
25) were expressed in the. coli strains M15pREP4 and was carried out in a JASCO J-810 spectropolarimeter
BL21DE3, respectively. Protein expression was induced with equipped with a computer-controlled temperature cuvette
1 mM IPTG fa 5 h at 30°C. Bacterial cultures were pelleted, holder. CD data for the far-UV CD spectra (region 95
washed with lysis buffer (10 mM phosphate, pH 7.4, 136 250 nm) were recorded wita 1 mm path length cell
mM NacCl, 2.7 mM KCI), digested with 0.1 mg/mL lysozyme containing 3«M protein in 10 mM Tris-HCI, pH 7.4, 0.05%
for 10 min at 22°C in lysis buffer, supplemented with 2 OG. All spectra were recorded at 1€ and at 50 nm/min
mM PMSF, 5 mM iodoacetamide, 5 mM EDTA, and (response time of 1 s), averaged (5 scans), and corrected for
sonicated (3x 45 s) in a Branson 250 sonifier at °€C. the buffer contribution. CD signals (in millidegrees) were
Lysates were solubilized with 1% Triton X-100 for 20 min converted to mean ellipticityé( mdeg cm dmol) using
at 4°C and cleared by centrifugation at 20@0f@r 30 min the relationship:6, = 100 x CD signalCNlI, wereC denotes
at 4 °C. GST-BoNT E LC and GSTSNAP-25 fusion the protein concentratiom\ the number of residues, and
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Ficure 2: Recombinant BoNT E catalytic domain is a fully active endopeptidase. (A)y-FREE analysis of the expression and purification

of BONT E LC inE. coli. Numbers on the left indicate molecular mass markers (kDa). (B) Cleavage of rSNAP-25 by recombinant BONT

E LC as a function of endopeptidase concentration. (C) Extent of rSNAP-25 proteolysis as a function of enzyme concentration quantified
by image analysis of the SBFAGE gel shown in panel B. (D) Truncation of rSNAP-25 as a function of reaction time measured at two
endopeptidase concentrations. (E) Kinetics of rSNAP-25 cleavage at two BoNT E LC concentrations. (F) Line®edvanalysis of

enzyme kinetics. The solid line indicates the best fit to a linear regressiorK'laad V.« values were obtained from thxeintercept when

y = 0 and they-intercept ak = 0, respectively. (G) Temperature dependence of BoNT E LC proteolytic activity. Recombinant endopeptidase
was incubated at the indicated temperatures for 60 min prior to the addition of rSNAP-25. (H) pH dependence of BoNT E LC enzymatic
activity. Truncation of rSNAP-25 was evaluated at the indicated pH values; u and ¢ denote uncleaved and cleaved rSNAP-25, respectively.
Cleavage reactions proceeded for 60 min at@3rSNAP-25 concentration was/. The first lanes in panels D and H denote rSNAP-25

in the absence of enzyme. Other conditions as described under Experimental Procedures.

the path length. Protein concentration was verified by OD E catalytic domain and to unravel its phosphate acceptor sites,
measurements at 280 nm usirg= 38 780 M! cm™* we first expressed and purified rBoNT E LC using a GST
(Antheprot 2000 V5.0 software packagd)7). Secondary  strategy. The cDNA encoding the BoNT E catalytic domain
structure elements were inferred by fitting the CD spectra was cloned as a GSTBoNT E LC fusion protein containing
(18). Thermal denaturing experiments were carried out by a cleavage site for thrombin. The GST fusion protein was
monitoring the CD signal at 222 nm as a function of the expressed irkE. coli strain M15pREP4 and its biosynthesis
temperature. The temperature was increased from 30 to 70nduced with IPTG 19). As illustrated in Figure 2A, IPTG-

°C with a heat rate of C/min. The normalized molar induced bacterial lysates exhibited a protein band with an
ellipticity at 222 nm was plotted as a function of the apparent mobility of 62 kDa (Figure 2A, lane 1), which was
temperature, and the experimental data were described byspecifically retained in a glutathione affinity chromatography

the logistic equation1(1): column (Figure 2A, lane 2). Treatment with thrombin
truncated the 62 kDa protein into two smaller polypeptides

o _ 1 of 48 and 23 kDa (Figure 2A, lane 3), corresponding to

Omax 1+ (TITY" rBoNT E LC and GST as evidenced by western immuno-

blotting (data not shown). This GST-based strategy produced
where and 6. denote the molar ellipticity and maximal up to 1 mg/L of bacterial culture of fairly homogeneous
0 atA = 222 nm, respectively is the slope of the sigmoid, preparations of rBoNT E catalytic domain (Figure 2A, lane
T is the temperature, anf} is the denaturing temperature. 4).

Exper@mental points were fitted tq the Iogi_stic eql_Jatioq with  \we next investigated if purified recombinant catalytic
anonlinear least-squares regression algorithm using MicroCalgomain retained the proteolytic activity characteristic of its
ORIGIN version 6.0. native counterpart by examining the efficiency of rSNAP-
RESULTS 25 Cleavage_ b)_/ the re_combinant enzyme. Incubation of the
substrate with increasing concentrations of rBoNT E LC at
Expression and Purification of the Fully Functional 23 °C for 60 min yielded complete cleavage of rSNAP-25
Recombinant BoNT E Catalytic Domaiif.o study the at [rBoNT E LC] =1 nM (Figure 2B). The estimated
functional relevance of tyrosine phosphorylation of the BONT concentration of recombinant neurotoxin needed to truncate
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Ficure 3: Tyrosine phosphorylation of the recombinant BoNT E catalytic domain. (A) Tyrosine-specific Src kinase phosphorylates the
BoNT E LC. Tyrosine phosphorylation was evaluated by western immunoblotting using a monoclonal anti-phosphotyrosine antibody.
Phosphorylation reaction was carried out af@Qusing 9 units of kinase and 10 nM BoNT E LC. (B) The extent of tyrosine phosphorylation

by Src was quantified from the digitized immunoblot shown in panel A by image analysis. (C) Cleavage of rSNAP-25 by unphosphorylated
(U) and tyrosine-phosphorylated (P) BoNT E LC as a function of enzyme concentration. The reaction proceeded for 60 Atn @)23

Extent of rISNAP-25 cleavage as a function of BoNT E LC quantified by image analysis of the gel shown in panel B. (E) Thermal inactivation

of the proteolytic activity of unphosphorylated and phosphorylated BoNT E LC. The catalytic domain (10 nM) was phosphorylated for 60
min at 30°C with 9 units of Src kinase and incubated for 60 additional min at the indicated temperatures prior to the 5 min cleavage
reaction at 23C. Substrate concentration wag®l. Unphosphorylated BoNT E LC (ATP omitted) was subjected to the same treatments

as phosphorylated samples. First and fifth lanes in panel C, and first and sixth lanes in panel E, denote rSNAP-25 in the absence of enzyme.
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half of the maximal substrate concentration was 0.3 nM
(Figure 2C), which appears to be significantly lower than
that reported for DTT-reduced native holotoxif0). It
should be noted that this apparent dissimilarity in/a@lues

catalytic activity atT > 55 °C. Likewise, BONT E LC-
mediated cleavage of rSNAP-25 was abolished when the
neurotoxin was challenged with pH3.0 for 60 min. Taken
together, these results indicate that the recombinant BoNT

may result from differences in the concentration of the
catalytic domain since the proteolytic activity of the native
neurotoxin was studied as a function of the holotoxin
concentration rather than that of the LO0J.

E catalytic domain is a fully active enzyme with functional
properties comparable to those reported for native clostridial
and tetanus neurotoxin@@-23).

The rBoNT E Catalytic Domain Is Phosphorylated by the

The kinetics of rSNAP-25 cleavage increased as the Tyrosine-Specific Kinase Sr@yrosine phosphorylation is
neurotoxin concentration was raised (Figure 2D). Complete a prominent covalent modification of both the HC and the

cleavage of rISNAP-25 was accelerated froml15 min tot

< 15 min when the [rBoNT E LC] was augmented from 5
to 10 nM (Figure 2E). A LineweaverBurk analysis of the
enzyme kinetics yielded &y value of 27uM, a Vmax Of
0.02 nmol/min, and & of 100 mim? (Figure 2F). These

LC (10). We assessed whether the rBoNT E LC was a
substrate of Src, a tyrosine-specific kinase. Incubation of
rBoNT E LC in the presence of Src and ATP at 30
resulted in the conspicuous incorporation of phosphate groups
into tyrosine residues, as evidenced by immunoblot analysis

enzyme kinetic parameters are similar to those reported forusing an anti-phosphotyrosine monoclonal antibody (Figure

the catalytic domain of BoNT A20).

To further characterize the properties of the catalytic
domain, we studied the thermal stability (Figure 2G) and
pH dependency of its proteolytic activity (Figure 2H).

3A). Note that the faint band of£55 kDa corresponds to

Src autophosphorylation (Figure 3A, lane 1). Tyrosine
phosphorylation was absent when ATP was omitted from
the reaction (Figure 3A, lane 2). The extent of neurotoxin

Preincubation of the rBoNT E LC at temperatures ranging phosphorylation was time-dependent, exhibiting an apparent

from 22 to 60°C for 60 min caused a complete loss of

half-maximum of<5 min (Figure 3A,B), and saturation at
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Table 1: Modulation of Clostridial Holotoxin and Catalytic Domain
by Tyrosine Phosphorylatién

protein structure

proteolytic activity and stability
[BONT E] o-helical
(nM) t(min)  content T4 (°C)

unphosphorylated

holotoxir? 25+ 3 40+ 5 26 514+ 0.3

catalytic domain 0.6 0.2 12+ 4 18 47+ 0.2
phosphorylated

holotoxirP 3+1 10+ 2 43 55+ 0.5

catalytic domain 0.Z0.3 ND 25 51+ 0.6

a Comparison of the functional and structural properties exhibited
by unphosphorylated and phosphorylated native BoNT E and its
recombinant catalytic domaifvalues corresponding to the proteolytic
activity were taken from%0), and data for the protein structure and
stability were from {1). Values are given as meanSEM [N (number
of experiments)> 2]. ND denotes not determined.

t = 60 min. These observations indicate that the BoNT E
catalytic domain is substantially phosphorylated in tyrosine
residues.

It has been reported that tyrosine phosphorylation of
clostridial neurotoxins increases their catalytic activity and
thermal stability {0, 11). Thus, we next investigated the
functional consequences of rBoNT E LC phosphorylation

Blanes-Mira et al.

hibiting negative double CD maxima at 207 and 222 nm
and a positive maximum around 190 nm, consistent with
the presence of am-helical component18). The most
evident difference between both CD spectra is given by the
intensity of the molar ellipticities ) for both negative
maxima: 6330 and 8370 deg émmol* at 207 nm, and
5825 and 7990 deg c¢hdmol* at 222 nm for unphospho-
rylated and phosphorylated forms, respectively. The apparent
secondary structures inferred from curve-fitting analysis of
the CD spectra were 18%-helix and 27%3-pleated sheets,
and 55% of nonstructured components including random
coils and turns. These values are similar to estimates for the
catalytic domains of clostridial neurotoxin A and tetanus
neurotoxin, and are in good agreement with those observed
in the crystal structure of BONT A and B4—30). The most
significant change induced by tyrosine phosphorylation was
the increase from 18% to 25% in tlehelical content of

the catalytic domain. Accordingly, tyrosine phosphorylation
appears to induce a disorder-to-order transition in the
structure of the catalytic domain, as evidenced by~386%
increment ina-helical secondary structure.

CD spectra are sensitive to structural changes caused by
denaturing treatments such as heat, thus providing an
operational assay to study protein stability. Both unphos-
phorylated and phosphorylated LC forms displayed the

by Src. For these experiments, we used rBoNT E catalytic virtual disappearance of the CD signal upon increasing the

domain phosphorylated (P) for 60 min at 3G with Src

temperature to 70C (Figure 4B,C, spectra b). The heat-

kinase (Figure 3A, lane 6). Unphosphorylated samples (U) induced unfolding process was irreversible as evidenced by

denote rBoNT E LC incubated with the kinase (60 min at
30 °C) in the absence of ATP. As illustrated in Figure 3C,

the lack of recovery of the initial spectral shape upon cooling
the heated samples back to’€ (Figure 4B,C, spectra c).

tyrosine phosphorylation of recombinant endopeptidase did To further evaluate the thermal stability of unphosphorylated

not affect its concentration dependence of rSNAP-25 cleav-

and phosphorylated rBoNT E LC forms, we studied the

age. Both unphosphorylated and phosphorylated catalyticvariation of 8,2, as a function of temperature (Figure 4D).

domain forms truncated rSNAP-25 with a half-maximum
concentration o/k0.6 nM (Figure 3D, Table 1). Likewise,
covalent modification of rBoONT E LC did not alter the time

The temperature-dependent changes of the molar ellipticity

were well described by a sigmoidal curve with an inflection

point corresponding to the denaturing temperatiige (11,

dependence of proteolysis nor the enzyme kinetics (data not18). Whereas unphosphorylated catalytic domain denaturated

shown).
To study the heat lability of unphosphorylated and
phosphorylated proteolytic activity, we incubated both

at 47.0+ 0.7 °C, the phosphorylated form unfolded at 51.0
+ 0.6 °C; i.e., tyrosine phosphorylation increased the
denaturation temperature by°€. This value is similar to

enzyme forms, U and P, for 60 min at temperatures ranging the Ty estimated from the heat-inactivating catalytic activity

from 40 to 60°C prior to substrate cleavage. As shown in

experimental paradigm (Figure 3E). Thus, the apparent higher

Figure 3E, the catalytic activity of unphosphorylated species order structural conformation of the catalytic domain pro-

was abrogated af > 44 °C (Figure 3E), which is lower

moted by tyrosine phosphorylation is characterized by higher

than that reported in Figure 2G, suggesting that the 60 min thermostability.

phosphorylation reaction at 3@, prior to the temperature-
induced inactivation, partially destabilizes the enzyme. In
contrast, phosphorylated rBoNT E catalytic domain com-
pletely inactivated afT > 48 °C, i.e., 3-4 °C higher

The BoNT E Catalytic Domain Contains a Single Phos-
phorylation Site.Tyrosine phosphorylation of clostridial
neurotoxins appears to be a common covalent modification,
thus suggesting the presence of a conserved structural motif

temperature. Therefore, tyrosine phosphorylation appears tocontaining the phosphate acceptor site®)).( Tyrosines

thermally stabilize the catalytic domain without affecting its
proteolytic activity.

Tyrosine Phosphorylation of the BoNT E Catalytic Domain
Increases Its Helical Content and Unfolding Temperature.
Because covalent modification of botulinum neurotoxins
modulates structural feature$lj, we wondered if phos-
phorylation of the catalytic domain was also changing its

Y67, Y68, and Y306 in the BoNT E catalytic domain are
conserved among botulinum neurotoxins, and appear to be
located in phosphorylation site motifs for tyrosine kinases
(Figure 1). We used site-directed mutagenesis to change these
tyrosine residues to phenylalanine. As illustrated in Figure
5A, mutation of Y306 to F (Y306F) gave rise to an
endopeptidase mutant that was phosphorylated by Src (Figure

secondary structure components. The circular dichroic spectrébA, lane 4). In contrast, simultaneous replacement of Y67

in the far-UV were obtained for unphosphorylated and

and Y68 by F (Y67F/Y68F) produced recombinant enzyme

phosphorylated recombinant enzymes (Figure 4A). The species that were not covalently modified by incubation with
shapes of the CD spectra of both unphosphorylated andSrc plus ATP (Figure 5A, lane 2). Replacement of Y68 by

phosphorylated forms are practically indistinguishable, ex-

F (Y68F) did not affect phosphorylation of the neurotoxin,
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FiGure 4: Tyrosine phosphorylation increases the peroestelix structure and the protein thermal stability. (A) CD spectra of
unphosphorylated (U) and tyrosine-phosphorylated (P) BoNT E LC &tC1l6B and C) CD spectra showing thermal denaturation of
unphosphorylated and phosphorylated BoNT E LC, respectively. Spectra were recorded sequentially at 6 (a), 75 18)(@n@) Solid

lines depict the best fit to a sigmoidal curve (see Experimental Procedures). Denaturing tempé&gpuaieiés were 47 0.7 and 51+

0.6°C, whilen (slope of the sigmoid) values were A81 and 7.9+ 0.7 for unphosphorylated and phosphorylated BoNT E LCs, respectively.

All measurements were done withu®1 BoNT E LC in 10 mM Tris-HCI, pH 7.4, 0.05% OG. The shape of the rBoNT E LC CD spectra

was not changed by the presence of either src kinase or ATP (data not shown). CD spectra represent the average of five scans, and were
corrected for the buffer contribution.

while mutation of Y67 to F (Y67F) completely abolished neurotoxin catalytic domain by tyrosine phosphorylatib@, (
tyrosine phosphorylation of the BoNT E catalytic domain, 11). We addressed this knowledge gap and used the
indicating that tyrosine 67 is the phosphate acceptor site.recombinant BoNT E catalytic domain to ascertain the role
Consistent with this finding, the structure of BONT A and B  of its phosphorylation on tyrosine residues. As summarized
LCs illustrates that the uncovered, conserved phosphorylationin Table 1, the salient contribution of our study is that the
site (Figure 1) is exposed to the solvent and thus accessibleBoNT E catalytic domain is phosphorylated in a single
to tyrosine kinases (Figure 628—30). tyrosine, and that covalent modification of this site augments
The enzymatic activity and thermostability of the consti- the enzyme thermal stability without affecting its catalytic
tutively unphosphorylated Y67F and Y67F/Y68F endo- activity. This finding contrasts with the conspicuous stimula-
peptidase mutants resembled those characteristic of theton of the proteolytic activity induced by tyrosine phospho-
nonphosphorylated wild-type catalytic domain (Figure-5B  rylation of native neurotoxins (Table 1)@). This disparity
E). The half-maximum concentration of mutant proteins may reflect conformational differences between the recom-
required to cleave rSNAP-25 was 0.5 and 0.7 for Y67 and pinant and native catalytic domains. Alternatively, it may
Y67F/Y68F (Figure 5B-D). The proteolytic activity of both 3150 pe plausible that covalent modification of the native
neurotoxins thermally inactivated &t= 44 °C (Figure 5E).  peyrotoxin increases the exposure of the LC catalytic site
These observations imply that elimination of the tyrosine - yqqylates its dissociation from the holotoxin, rather than
phosphorylation site did not alter the functionality nor the 5 ,gmenting its enzymatic activity. It is already known that
thermostability of the BONT E catalytic domain. reduction of the disulfide bond linking the two neurotoxin
DISCUSSION cha?ns does not suffige to fully Qissociate bpth neurotoxin
chains (, 31). Hence, incorporation of negative charges in
We previously found that tyrosine phosphorylation of both neurotoxin domains could destabilize their interaction
native clostridial neurotoxins significantly modulates im- and facilitate the release of the catalytic domaB)(
portant functional and structural properties. Because thoseAccordingly, the lower half-maximum concentration and
experiments used native holotoxins, they could not provide shorter times needed by the phosphorylated endopeptidase
conclusive information on the specific modulation of the to truncate SNAP-25 would reflect an increase in the



2240 Biochemistry, Vol. 40, No. 7, 2001 Blanes-Mira et al.

A & & B

&¢ < < YG67F/YG8F
S A& A& & P -
o 3 - . . 4qu
L L L L - E.'!.."z---u
gk i,_.o et D R N— 1Y 0.01 0.05 01 05 10 10 20

.- @ W <—BoNTELC ]
C D

Y67F 100

rBoNT E LC (nM)

' e b g\?
T e ww. 5
0.010.05 0.1 0.5 1.0 10 20 B s0
> m YGB7
] @ 25
9 o YG67FIY6BF
o
rBoNT E LC (nM) od PR
BoNTE LC (nM
E Y67F Y67TF/Y68F (i)

SEmEmEmEmEme
42 44 46 48 42 44 46 48

— ] —]
T (°C)

Ficure 5: BONT E catalytic domain is phosphorylated at a single phosphate acceptor site. (A) Mutation of Y67 to F (Y67F) completely
abolishes tyrosine phosphorylation of BoNT E LC by Src. Western immunoblot probed with an anti-phosphotyrosine monoclonal antibody.
Proteins were phosphorylated with 9 units of kinase, for 60 min &C3@B and C) Cleavage of rSNAP-25 as a function of the concentration

of Y67F/Y68F and Y67F endopeptidase mutants, respectively. (D) Extent of rSNAP-25 proteolysis quantified from the gels shown in
panels B and C and plotted as a function of enzyme concentration. (E) Thermal inactivation of the catalytic activity of the constitutively
unphosphorylated Y67F and Y67F/Y68F mutants. Enzyme mutants were incubated with Src kinase and ATP for 60 d@niatG@bated

for 60 min at the indicated temperatures, and assayed for proteolysis of rISNAP-25. The rSNAP-25 concentratiohwEsebcleavage
reaction was carried out for 5 min at 28. The first lane in panel E denotes rSNAP-25 in the absence of enzyme.

FiGurRe 6: Tyrosine 67 in the catalytic domain appears exposed to the solvent and accessible to tyrosine kinases. (Left) The crystal structure
of BONT A LC taken from the PDB [accession number 3BT28)]. Highlighted in boldface are Y71 and Y72 (corresponding to Y67 and

Y68 in BONT E LC, Figure 1) and Y320 (corresponding to Y306 in BoNT E LC, Figure 1). (Right) The region containing the phosphate
acceptor site (labeled as Y67 for clarity) is shown enlarged. The RasMol program was used to generate the figure.

effective enzyme concentration. This tenet is consistent with structures. The magnitude of this disorder-to-order transition
our finding that the unphosphorylated recombinant catalytic and thermostabilization closely resembles that observed for
domain exhibits 10-fold higher efficacy cleaving SNAP-25 the phosphorylated form of the native neurotoxin (Table 1),
than the native neurotoxin (Table 1). suggesting that the structural change in the phosphorylated
The higher thermostability of the phosphorylated catalytic holotoxin may arise significantly from the higher order
domain appears to be associated with alterations in theacquired by the catalytic domain. Likewise, the virtually
secondary structure, primarily a 35% increase irotHeelical identical phosphorylation-induced increase of the denatur-
content presumably concomitant to a decrease in randomation temperature of the recombinant catalytic domain and
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native neurotoxin implies an important contribution of the species with higher thermostability and improved clinical
catalytic domain to the overall higher thermal stability of utility.

the holotoxin (Table 1). Further studies are necessary to
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