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Abstract: Botulinum neurotoxins (BoNTs), a group of the most toxic proteins, can cause
muscle paralysis and even lead to death in severe cases. BoNTs can be classified into 7
serotypes (BoNT/A—BoNT/G) and further classified into more than 40 subtypes according to the
differences in amino acid sequences. BoNTs consist of three basic domains: the C-terminal
receptor-binding domain of the heavy chain, the N-terminal translocation domain, and the
light-chain catalytic domain. On the surface of motor neurons, the receptor-binding domain
binds first to polysialoganglioside and subsequently to synaptic vesicle protein 2 or
synaptotagmin to form a two-receptor complex. The functioning of each serotype relies on the
binding of the receptor-binding domain to the corresponding receptor. BoNTs have always
been a research hotspot in terms of the structure, function, and effect on the host. The role of
the receptor-binding domain in promoting the specific binding of BoNTs to motor neurons has
become a new research direction. This review summarizes the structural changes of the
receptor-binding domains and the differences in binding sites during the binding of different
serotypes of BoNTs to receptors. By analyzing the sequences and structural characteristics of
the receptor-binding domains of different serotypes and subtypes, we can fully understand the
sequence differences and functions of the receptor-binding domain and give insights into the
treatment of BoNTs.

Keywords: botulinum neurotoxin; receptor-binding domain; ganglioside; synaptic vesicle protein
2; synaptotagmin
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Figure 1 Phylogenetic tree of botulinum toxin A—X serotypes.
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Figure 2 Different serotypes of botulinum toxins enter neuronal processes.
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Figure 3 Common neuronal gangliosides. Gangliosides comprise a hydrophobic lipid tail and a hydrophilic
sugar moiety (represented by 1-7). The schematic representation is of the most common neuronal gangliosides,
GT1b, GD1a, GM1, and GD1b, illustrating the difference in sialic acid composition. 1 and 3: Galactose; 2:

N-acetylglucosamine; 4: Glucose; 5—7: Sialic acid.
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mE 1 PR, AigeNeKiEE He P41 LRk

F, Hi A1 5 AS ISR, 155 97.15%LA

% 93.90%, Al A3 MR,

211 ABASERERETHESS
WA TR S He 45 &R —u2 L,

SIHT R (Ho/A1-H/A6) T 6 D555k IR

SFRYGER 207 MRAEEE Ho/A W TR ph 2 1

Alignment of full-length and H¢ domain sequences of serogroup BoNT/A

Subtype Al A2 A3 Ad AS A6 A7 A8
Al - 87.29 86.82 91.55 93.90 90.61 91.78 87.79
A2 89.97 - 98.83 88.47 89.65 90.12 90.35 93.43
A3 84.65 93.13 - 88.24 88.94 89.65 89.88 92.72
A4 89.35 83.35 84.49 - 86.85 88.94 85.92 90.14
A5 97.15 90.35 85.11 87.50 - 95.43 92.72 89.91
A6 95.68 91.67 86.27 87.89 95.83 - 91.08 87.32
A7 93.75 89.74 84.88 86.81 94.37 92.98 - 89.67
A8 93.51 93.52 87.81 89.34 93.59 93.20 91.36 -

Table shows the percentage of full-length and He domain sequence alignments for BONT/A isoforms. For Hc alignment, residues
870—1 296 of the BoNT/A1 sequence were used. The sequence numbers of BONT/A1-BoNTAS8 in NCBI were CAL82360.14%,
CAA51824.111 ACA57525.1%7) ACQ51417.147 ACG50065.1%, ACW83608.1M, AFV13854.1°%, and AJA05787.101,

%2 BoNT/A1-BoNT/A6 HABHELEEAS

Table 2 Ganglioside binding site of BONT subtypes A1-A6

Monosaccharide H-/Al: GDla H¢/Al: GTlb H/A2: GDla H¢/A3: GDla Hc/A4: GDla Hc/AS5: GM1b H/A6: GDla

Sia® Trp 1266 (3.5) Trp 1 266 (3.1) Trp 1 266 (3.5) Unmodelled  Unmodelled  Unmodelled  Unmodelled
Gln 1 270-H,0
(2.6,2.5)
Arg 1276 (3.1)
Sia® Tyr 1117 (2.9) Tyr 1 117 Tyr 1 267-H,0 Tyr 1263 (2.7) Tyr 1 123 (2.8) Tyr 1 117 (2.8) Tyr 1 267 (2.6)
Tyr 1 267-H,0 (2.8, 3.0) 2.5) Gly 1275 (2.9) Tyr 1 273 (2.5) Tyr 1267 (2.7) Gly 1279 (2.9)
(2.5,3.5) Ser 1275 (3.2) Leul250-H,O Leul250-H,0O Gly 1285 (3.1) Gly 1279 (3.2)
Gly 1279-H,0 Arg1276-H,0 (3.1, 2.8) (2.9,2.8) Arg 1282 (3.8)
(2.6,2.8) (3.1,2.7)
Arg 1276-H,0 Gly 1 279-H,0
(2.8,2.8) 2.7,2.7)
Gal* Glu 1203 (2.8) Glu 1203 (2.7) Glu 1203 (2.6) Glu 1 199 (2.7) Glu 1 209 (2.4) Glu 1 203 (2.6) Glu 1 203 (2.7)

Phe 1252 (2.7) Phe 1 252 (2.6) Phe 1 252 (2.5) Phe 1 248 (2.5) Phe 1 258 (2.8) Phe 1 252 (2.8) Phe 1 252 (2.7)
His 1 253 (2.7) His 1 253 (2.8) His 1 253 (2.9) His 1249 (3.1) His 1 259 (2.7) His 1 253 (3.1) His 1 253 (3.0)
Ser 1264 (2.8) Gln 1254-H,0 Leu 1254-H,0 Ser 1260 (2.7) Ser 1270 (2.5) Ser 1 264 (2.9) Ser 1 264 (2.7)

(2.6,2.5) (2.9,3.1)

Leu 1 250-H,0

Ser 1264 (2.7) Ser 1264 (2.7) (2.9,3.0)

GalNAc?
Arg 1 269-H,0
(2.9,3.1)

Glu 1203 (2.5) Glu 1203 (2.6) Glu 1203 (2.7) Glu 1 199 (2.5) Glu 1 209 (2.6)

Glu 1203 (2.5)

Hydrogen bond distances for ganglioside binding in the structure Ho/Al: GDla, Hc/Al: GT1b, Hc/A2: GDla, Hc/A3: GDla,
Hc/A4: GDl1a, He/AS: GM1b, and Ho/A6: GD1a. Water-mediated interactions are indicated in italics as “-H,O molecules (nl,
n2)”, where nl is the distance between amino acid residues and water and n2 is the distance between water and monosaccharides.

http://journals.im.ac.cn/actamicrocn



2178

YIN Fanming et al. | Acta Microbiologica Sinica, 2024, 64(7)

BERIAEXT AT, AT AR EAFAE R S A
Writisk Ho/Al # Ho/A2 %t GDla fEF1 (A
WAL S GDla SEHUIHER A A1/A2>A3/A4>A6).
Hc/Al (PDB: 3BTA)S5 He/Al: GDla (PDB:
5TPB)af H/Al: GT1b (PDB: 2VU9) [£5& 5k
AWM FALE, 335 2% (root mean square
deviation, RMSD)43-5%]4 0.5 A 1 0.3 A (% F Ca
JE 7)1, GD1a Fl GT1b {2 1 -2l 3),
PE TR R A RS R AT . Ho/A2 5 Ho/Al
I, BIRZEFELE S GDla Ji GBS BT 3R
(BRI 1269-1 277 A G A (E 4).7E Ho/A2
R BN AL REZ Phe 1278 [ GBS Jieh , iX

—¥EETE Ho/A3: GDl1a, Ho/A4: GD1a il H/AS:
GM b Z5 44 Hh-th AT A8 3 53

Hc/A3: GDla (PDB: 6THY)#! Ho/A3 (PDB:
6F00) A IEH AH{EL, RMSD %7 1.0 A[53]o Hc/A3
5 GDla G )5, B T 5Ma i ig 4 & Ja 5%
AR XA B R A AR AR A a%ﬁtﬁﬁ%ﬁﬁ’a%
5, LHES Sia’ A mEsE. Tyr 1 263 #35)
#| Sia’ HEHAR T 1 K47, IF 5 Phe 1248
A EAEM, Asn 126 5 Phe 1 245 TR
F, His 1 249 2L GBS 5 Gald FIJLA Bk 5R A
(Phe 1 113, Val 1 198, Glu 1 199, Tyr 1 250,
Trp 1 262)J /% 2 2 55 (& 4).

) -

(Y1 117 ! 1234 _g:_“_.F]llB
Y'27§}\Glz79/ Y ARt e * G 1275 F1248
AT //\I\F]m ’ H,0 B L et /‘/

) ) P Loas \?, ]263/
, Y = 'Q 1254 (593 f’ W 1262 - 1 250
N <1279 . s ]
£ ol ¥ &-\/ S 1264 \
H 1253 b . 260 ' 249
S 1264 |
\RIZOB F 1278 wl2en N ”99
BoNT/Al BoNT/A2 BoNT/A3
H 1259 o _
. )
E 1258 E 1209 ‘T12773_ Y1117
ﬁ GalNAG ; /71278 . 127?&1252
@' VY1 4& Q 1254
Y1123 % F
Y1273 W1272 W126 61253
1264
R 1282 {S 65\10203 .
N 1265 Gal
BoNT/A4 BoNT/AS BoNT/A6

E| 4 BoNT/A TRLEASKESHATHIELEAMSE™®  BoNT/Al #l BoNT/A3 JF3CHA[S7]
B’\JIE] 4A FIE 4C, BoNT/A2 KT SCHA[58]fWIE 3B, BoNT/A4 1 BoNT/AS J& T 3CHk[55]() & 2B F1E 4B
&k, BoNT/A6 BT 3CHR[S61IIK 1C HE &k

Flgure 4 Comparison of BoNT/A serovar isoforms bound and unbound ganglioside binding sites
BoNT/A1 and BoNT/A3 were modified based on figure 4A and 4C of reference [57], BONT/A2 based on figure
3B of reference [58], BONT/A4 and BoNT/AS5 based on figure 2B and 4B of reference [55], and BoNT/A6
based on figure 1C of reference [56].

[55-58]
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\ M 1156
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BoNT/A3
R 1140 11143 R 1140 L1143
P1139% sji42) V1144T1145 S 1139 T1142 -

BoNT/A6

BoNT/Al .BoNT/A3 il BONT/A4 T 3CHk[53]

& 2B—2D, BoNT/A 2 T CHR[64]AU1E 2C, BoNT/AS il BoNT/A6 T SCHR[5710 & 3E. 3F #f7&ek

Figure 5 Comparison of SV2 protein binding sites of the BoONT/A serogroup™>"**. BONT/A1, BoNT/A3,
and BoNT/A4 in this figure are based on reference [53] figure 2B—2D; BoNT/A 2 is based on reference [64]

figure 2C, and BoNT/AS5 and BoNT/A6 are modified based on reference [57] figure 3E and 3F.

B IR RIEEE AL, XTTF BoNT/A 5
SV2 [ B N 456 2 CEE, o LA ik
) SV2 A ez kg GiS Sv2 4G,
BoNT/Al 5 AHIBERAL SV2C (H/AL: gSV2C)
SEG RS SR, Asn-559 F Ry N-ZE 4 B
5 gSV2C A KEMEAEN . 25 Ho/Al B
SEAI 2 AL EEFR L Phe 953 1 His 1 064 (&
6), ‘BEfi15 Asn 559 MY 2 4~ GleNAc 4rFIE
B HEBUR AR . 41 12 5838 A i
USRI 45 38 1 KA 2 A EAE

WFFEHE R SV2C WELE AL KB, st
GIn106 ZFHAFHERIZE &, 5% BoNT/AL
f) His 1 064 FHXFNE, RSz IR A48 5
SV2C 454 BISE AT AR, SR, 5 BoNT/Al
FHIG, GInl06 F%JEAE BoNT/A2., BoNT/A3,
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Figure 6 Comparison of glycan binding sites of BoONT/A isoform>>°7%]_ BoNT/A1, BONT/A3, and BoNT/A4
are based on reference [53] figure 2E—2G, BoNT/A 2 is based on reference [66] figure 2B, and BoNT/AS5 and
BoNT/A6 are modified based on reference [57] figure 3H and 31.

&3 BoNT/B TR 25 Hc A5 F 5L X
Table 3 Alignment of full-length and He domain sequences of serogroup BoNT/B

Subtype Bl B2 B3 B4 BS B6 B7 B8
Bl - 91.78 93.15 89.04 94.98 93.82 90.41 92.24
B2 91.78 - 95.78 89.97 91.56 96.56 90.41 93.68
B3 95.97 98.22 - 89.27 92.92 96.34 92.92 93.14
B4 92.80 92.78 92.95 - 88.13 88.79 89.27 87.44
BS 96.20 95.27 95.74 92.41 - 92.91 90.41 91.78
B6 96.20 98.22 98.22 92.49 95.51 - 92.65 93.19
B7 94.81 95.82 95.74 92.72 94.42 91.99 - 90.64
B8 95.51 95.74 95.90 92.18 94.74 92.69 90.64 -

Table shows the percentage of full-length and He domain sequence alignments for BoNT/B isoforms. For H¢ alignment, residues
862—1 291 of the BoNT/B1 sequence were used. The sequence numbers of BoNT/B1 to /B8 in NCBI were APH17270.17,
RUT52409.11%1, WP _061310563.11%), CAA50482.17", BDB03763.1"", BA005199.17%, WP 129265872.11, and
AFN61309.17%,
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Figure 7 Comparison of BoNT/B serogroup and receptor binding sites'”). BoNT/B1 and BoNT/B2 in this
figure are modified based on figures 3D and 4G of reference [75].
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SEA SRR AR IR R ENER EHRT
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Al LIS #RIA 3 F SV2 EAI(SV2A ., SV2B FlI
SV2C)H ATAT] — Tl R R S X Fh B o NS
A7 SR A X BoNT/D gk AR ITCIA 5%
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&4 BoNT/E TR E&KS5 He #5EF 5L xS
Table 4 Alignment of full-length and He domain sequences of serogroup BoNT/E

Subtype E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 Ell E12

El - 97.35 100 97.78 92.82 97.28 100 97.28 83.17 95.31 93.58 87.65
E2 99.12 - 97.53 97.28 91.11 96.79 97.53 99.75 84.16 96.54 95.31 88.40
E3 98.24 97.36 - 97.78 92.59 97.28 100 99.75 83.17 95.31 93.58 87.65
E4 97.36 97.12 95.69 - 90.62 99.51 97.78 97.53 82.67 94.81 93.09 86.67
ES 96.88 96.41 95.21 95.05 - 90.84 92.82 91.09 83.91 88.86 89.60 90.84
E6 97.04 96.81 95.93 96.96 9489 - 97.28 97.04 82.67 93.83 93.09 86.88
E7 97.92 97.12 97.36 96.25 94.81 96.41 - 97.28 83.17 94.57 93.58 87.87
E8 96.25 97.04 95.69 96.17 94.09 96.81 98.32 - 83.91 96.05 95.56 88.37
E9 89.13 89.37 88.73 90.01 89.52 88.25 89.21 89.45 - 83.66 85.15 88.37
E10 95.61 95.93 95.13 95.13 93.16 95.85 96.88 97.84 89.21 - 97.04 87.38
E1l1l 93.37 93.85 92.57 92.73 91.93 93.13 93.45 94.41 89.05 9529 - 87.62

E12 92.97 93.13 92.57 92.57 93.16 91.13 92.49 92.01 91.52 91.77 91.05 -

Table shows the percentage of full-length and Hc domain sequence alignments for BONT/E isoforms. For Hc¢ alignment, residues
848—1 252 of the BONT/EI sequence were used. The sequence numbers of BoNT/E1 to/E12 in NCBI were E1: ADF42615.1°%,
E4: APF24160.1°%) E10: AI182313.1°%%, and E11: AI182281.1°%. The sequence numbers in Uniprot were E2: A212S6%, E3:
A21285™°1 E5: Q9K3951%) E6: A8Y 87871, E7: G8I2N7P%! E8: G8I2NSP?), E9: K7S9Y2%, and E12: WSFNB6®.

252 EBBSFSFRESV24E LR N-ZRHE, Ef—RER H/CA MEASE
BoNT/E HEES SV2A 5L SV2B 4551 W98 i, ST, BoNT/E WALt A4k 5 SV2 454

W], BoNT/A WISZAREE GRS SV2 AFIELE (7 iy 8 N ILmaBde (K 8B), M BoNT/E i
MUY IR &0 C I B BERIFGA S F— R L SR 1) SV2A 5% SV2BPT,
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S 1235 H 1158 p* ¥
R 1230}~ \,—\ S )

&+

. \ n' %’
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G13PY\ : ¢ (
F 1212 E533 Y A \= ¥
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W : =y Gald P '.' !'\ \., 1517
VA 1216 N 513 . i \
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8 BoNT/E 5Z{F& & s
Figure 8 Comparison between BoNT/E and receptor binding sites I Panel A shows the structure of HC/E
binding to the ganglioside receptor GD1a. Panel B shows the structure of HC/E bound to the SV2 receptor.
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4, BNTE BoNT/FL JFHIY 1 135 ALALAFETENH
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A AL E ), SR, T 1146 J2—NidEid 5 Sv2
TE LSRR AN 3 32 AR B S R 20
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HHTE A BoNT/G EFS A 24, &
TIEA 99.9% 1) — 751 Al .

BoNT/G ELAARATH SXWY KLFF, 4564k
& GTIL!', HZEM T (GT16>GD1a>GD1b)
5 BoNT/A . BoNT/B F1 BoNT/F AU, 4 T 3¢
ZAKAEAEFSN , BONT/G i &4 5 BoNT/B 25
IR IRES AR, TZER AT B 20 M IS AH T A
SRSEAUT, FohEiZIA T B I O

PE4iE , BoNT/G 1 BoNT/B )75 1524 &
Syt-I 5 Syt-II. BoNT/B Fil BoNT/G X} Syt-1 F
Syt-Il 1y & I 45 M 8 0 55 & 1 #% W
B-Syt-1I>G-Syt-I>G-Syt-1I>B-Syt-1 A4l 715 ik .
Syt-1 #1 Syt-11 Z [8l45 3 A EAE LR AE,
Bl A38 5 M46, M47 5F55. L50 5158, 5
He/B-Syt-11 25000, ¥f4E# Ho/G 19 Y 1 186 Fil
L 1191 M55 Syt-11 i M 46 .F 55 F1 158 AL,
A3 BB 5 Syt-1 74 A 38, M 47 1 L 50 454,
Kt He/G % Syt-T (9351 18 F Syt-ITH %1,

Table 5 Alignment of full-length and He domain sequences of serogroup BoNT/F

Subtype F1 F2 F3 F4 F5 F6 F7 F8 F9
F1 - 82.97 84.63 89.29 83.94 82.51 79.56 98.05 84.71
F2 83.71 - 96.37 81.51 92.03 93.89 72.02 83.70 90.34
F3 84.25 97.19 - 82.44 93.46 93.64 73.17 84.39 92.49
F4 92.33 83.71 84.09 - 82.00 81.03 76.40 88.56 83.45
F5 70.31 74.37 74.35 69.84 - 90.22 73.48 84.18 92.03
Fo6 88.05 90.02 90.04 87.42 74.11 - 72.17 82.27 88.75
F7 74.43 69.53 69.91 72.77 64.45 70.84 - 79.32 73.48
F8 96.24 83.71 84.17 93.19 69.84 87.81 73.01 - 84.67
F9 84.27 89.92 81.63 84.03 73.75 87.37 69.85 84.18 -

Table shows the percentage of full-length and Hc domain sequence alignments for BONT/F isoforms. For Hc alignment, residues
866—12 778 of the BoNT/F1 sequence were used. The sequence numbers of BoNT/FI-BoNT/F9 in NCBI were F1:
WP _011987710.11%,  F2: UYX45882.11%1  F3: APQ97862.1M"° F4: APQ71923.1M"°Y, F5: APR02750.11"°"  Fé:
ADUS57954.11%2 F7: AQA28590.11%% F8: KEJ01913.11%, and F9: AQA28591.111%%,
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