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Understanding BoNT/A Persistence and targeting 
degradation of toxin to therapeutically shorten persistence

Persistence of symptoms: BoNT/A > BoNT/B >>BoNT/E.

Persistence due to retained BoNT/A Lc protease activity.

How does BoNT/A avoid degradation in presynaptic terminal?

Two major routes of degradation in cell: 

Ubiquitin/Proteasome System (UPS)

Lysosomal/Autophagy System

Harness UPS to degrade toxin with designer ubiquitin ligases.

Clues to how BoNT/A Lc avoids degradation from yeast two-hybrid research.



Addressing the persistence of BoNT Lc protease 
activity in the intoxicated NMJ presynaptic terminal 
is critical to successful BoNT intoxication therapy.

A wide range of persistence is seen with the different BoNT 
serotypes where BoNT/A and /C are longest, BoNT/B is 
intermediate, and BoNT/E and /F are shortest.

Understanding the basis of this serotype difference is likely to
facilitate development of therapeutics which address persistence.

BoNT Lc trafficking, cellular protein interactions, post-translational 
modifications, and regulation of degradation will all affect 
persistence.

Investigations into these cellular processes which regulate BoNT Lc 
and development of designer ubiquitin ligases for degradation of
BoNT Lc will be described.



GFP-BoNT/A Lc GFP-BoNT/B Lc GFP-BoNT/E Lc

Localization and trafficking of BoNT Lc differs 
depending on Lc serotype in transfected cells



YFP-BoNT/A Lc is trafficked through multiple vesicle 
compartments in neuronal cells



Stable transfections of MDCK cells with GFP-BoNT/A Lc also 
reveal MVB polarized trafficking



YFP-BoNT/E Lc is also trafficked to plasma 
membrane
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Both Lc/A and Lc/E are membrane associated by 
subcellular fractionation



1. Bo/NT Lc A

2. Bo/NT Lc A + hydroxylamine

3. Bo/NT Lc A Cys 123 mutant

4. Bo/NT Lc A Cys 3 mutant

5. YFP only

Radiolabelled palmitoylation experiments establish that YFP-
BoNT/A Lc is palmitoylated on multiple Cys residues



Mutation of C-terminal cysteine residue (C3) of BoNT/A Lc 
inhibits trafficking to plasma membrane lipid rafts in N18 

cell transient transfections.

YFP-BoNT/A Lc wt

YFP-BoNT/A Lc C1,2 mut

YFP-BoNT/A Lc  C1,2,3 mut

YFP-BoNT/A Lc C3 mut



ORIGIN       
        1 M PFVNKQFNY KDPVNGVDIA YI KI PNVGQM QPVKAFKIHN KIWVI PERDT FTNPEEGD
       61 PPPEAKQVPV S YYDSTYLST DNEKDNYLKG VTKLFERI YS TD LGRMLLTS IVRGI PF
      121 STIDTE LKVI DTN CINVIQ P DGSYRSEELN LVIIG PSADI IQ FECKSFGH EVLNLTRNG
      181 GSTQ YIR FSP D FTFGFEESL EVDTNPLLGA GKFATDPAVT LAHELIHAGH RLYGIAIN
      241 RV FKVNTNAY YEMSGLEVSF EE LRTFGGHD AKFIDS LQEN EFRLYYYNKF KDIASTL
      301 KSIVGTTASL Q YMKNVFKEK YLLSEDTSGK FSVDKLKFDK LYKMLTEI YT EDNFVKFF
      361 LNRKTYLNFD KAVFKINIV P KVNYTI YDGF N LRNTNLAAN FNGQNTEINN MNFTKLK
      421 G LFEFYKLLC VRGIITS KTK 
 
ORIGIN       
        1 M PTINS FNYN DPVNNRTILY I KPGGCQQFY KSFNIMKNIW II PERNVIGT I PQDFLPP
       61 LKNGDSSYYD PNYLQSDQEK D KFLKIVT KI FNRINDNLSG RI LLEELSKA N PYLGNDNT
      121 DGD FIINDAS AV PIQ FSNGS QSILLPNVII MGAE PDLFET NSSNIS LRNN YMPSNHG
      181 IAIVT FSPEY S FRFKDNSMN EFIQDPALTL MHELIHS LHG LYGAKGITTM YTITQ KQN
      241 ITNIRGTNIE  E FLTFGGTDL NIITSAQSND I YTNLLADYK KIAS KLSKVQ VSNPLLN
      301 DV FEAKYGLD KDASGIYSVN IN KFNDIFKK LYSFTEFVLA T KFQVKCRQT YIGQYKY
      361 SN LLNDSIYN ISEG YNINNL KVNFRGQNAN LNPRIIT PIT GRG LVKKIIR FCKNIVSV
      421 IR KSI CIEIN NGE LFFVA 
// 

BoNT/A Lc

BoNT/E Lc

Significant sequence motifs in BoNT/A and /E Lc



BoNT/A1 sequence in NCBI data base (and BoNT/A2)



Trafficking of GFP-BoNT/A Lc Mutants

9-444 125-444 1-394

427 KAAA 430 427 KAAC 430 C1/C2  
427KAAA

YFP 1-444 GFP 1-444 CFP 1-444



Trafficking of GFP-BoNT/A Lc mutants

427 KAAA 430 427 KAAC 430 C134/C165/C430



Trafficking of GFP-BoNT/AE Lc Chimera

G-BoNT/A wt G-BoNT/A (1-360) /E (361-444) G-BoNT/E wt



Ungermann, C. et al. J Cell Sci 2005;118:3819-3828

SNARE function in trafficking and SNARE domain structure





Summary of results with XFP-BoNT/A Lc mutants:

•First 9 AA of BoNT/A Lc seem to regulate membrane association by
unknown mechanism (no obvious membrane association motif).

•Palmitoylation of BoNT/A Lc cysteine residues appears to regulate 
lipid raft association and trafficking to plasma membrane but not 
membrane association.

• KLLC dileucine may affect lipid raft association and stability but not 
membrane association.

•Carboxyl terminal 50 AA of BoNT/A Lc increase stability and 
substitution with BoNT/E residues leads to decrease stability.



•BoNT/A and /E Lc is also trafficked to plasma 
membrane by confocal microscopy.

•BoNT/B is trafficked to intracellular compartments.

•BoNT/A and /E are membrane associated 
biochemically as shown by subcellular fractionation.

•BoNT/A and /E are palmitoylated.

Next:

BoNT/E Lc is ubiquitinated more extensively than 
BoNT/A.

Membrane association and Trafficking of BoNT/A, /B, and /E



Ubiquitin proteasome system



Ubiquitin-Proteasome Pathway

or
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YFP-BoNT/E Lc is ubiquitinated more extensively than 
YFP-BoNT/A Lc in N18 cells



Stable MDCK cell lines expressing GFP-BoNT A, B, and E Lc

GFP-BoNT/A Lc

GFP-BoNT/B Lc

GFP-BoNT/E Lc
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Stable cell lines for XFP-BoNT/A Lc can be used for HTS screening of 
therapeutics which destablize LC or impair trafficking to membrane.

MDCK stable cell lines expressing CFP-BoNT/A Lc
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Viral L domains sequences

•PPxY: HIV

•PTAP: Ebola

•YxxL: EIAV

Involves Y phosphorylation

Occurs at lipid rafts and involves acylation

MVB trafficking pathway

Involves ubiquitin/proteasome system/Nedd4/Tsg101

Do BoNT Lc and Enveloped viral budding share 
common mechanisms?



Narasimhan, J. et al. J. Biol. Chem. 2005;280:27356 -27365

ISG15 and its similarity to the ubiquitin modifications - enveloped 
viruses as a model



Grace Gill Genes Dev. 2004; 18: 2046-2059

The SUMO conjugation pathway



Sumo is a covalent protein modifier similar to ubiquitin 
which regulates trafficking and enzyme function



Development of CFP-Ubi family indicator cell lines

CFP-His 6x-Ubi

CFP-His 6x-Sumo1

CFP-His 6x-Sumo2 
like



YFP-BoNT/A Lc cotransfected with CFP-Ubi

CFP ChannelYFP Channel FRET Channel

+ YFP-BoNT/A Lc

+CFP-Ubi

+ YFP-BoNT/A Lc

- CFP-Ubi



YFP-BoNT/A Lc CFP-Sumo

Co-expression of YFP-BoNT/A Lc and CFP-Sumo 
in MDCK cells affects trafficking and stability of Lc



Generation of designer ubiquitin ligases for toxins

•Designer E3 approach based on concept that E3 ubiquitin ligases are 
modular with a substrate binding domain that directs E3 ligase to a particular 
protein for ubiquitination and a “catalytic” E3 ligase ubiquitinating domain.

•Accelerate regulated ubiquitin-proteasome degradation of BoNT/A, C1, and 
E Lc by using SNAP25/NC as targeting domain and fusing to an E3 ligase 
catalytic domain to produce a chimeric designer E3.

•This approach can be made specific to toxin by use of camelid antibodies for 
targeting domain.

•To be fully functional as a therapy a designer E3 will also require a NMJ 
presynaptic terminal delivery domain as well.

•Full designer E3 to treat BoNT persistence will require cellular delivery 
domain, substrate targeting domain, and E3 ligase domain.



XIAP RING is  
Catalytic E3 domain
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XIAP BIR1-3 domains 
recognizes and binds caspase 
substrate for ubiquitination

XIAP E3 ubiquitin ligase as example of the modular design -
Substrate binding domain and E3 ubiquitin catalytic domain



XIAP RING is  
Catalytic E3 domain

SNAP25 replaces XIAP BIR1-3 
domains and recognizes BoNT 
as substrate for ubiquitination

SNAP-25/NC

BoNT/A and E 
noncleavable C-
terminus of SNAP25
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SNAP-25/NC-RING

cells alone

SNAP-25/NC Control

SNAP-25/NC-RING + 
proteasome inhibitor 
(MG132)
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SNAP-25/NC-RING “designer E3 ligase”
substantially accelerates proteasome-
mediated degradation of recombinant 
BoNT/A in transfected neurons

Designer E3 ligase accelerates BoNT/A LC turnover 
in N18 cells
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Western blot to assess 
steady state levels of 
transfected YFP-BoNT/A 
LC modification





Demonstration of F-box designer ubiquitin 
ligase by Zhou et al. 2000
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ELISA vs BoNT/A LC
SDS-PAGE (Coomassie) 

A6 E3 D4 G6 B8VHH ELISA on BoNT/A LC
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VHH-B8 selected as having the 
highest affinity for BoNT/A LC

Elisa analysis of Anti-BoNT/A Lc VHH clones



GST-VHH-B8 (ug)
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VHH-B8 was expressed as a GST fusion protein (GST-V HH-B8). Assays were 
conducted with 0.2 ug BoNT/A LC in 100 ul reaction volume  (25 nM), 0.5 ug YFP-
SNAP25-CFP substrate (80 nM), and increasing concen trations of GST-VHH (B8). 
Inhibition of BoNT/A LC activity by GST-VHH (B8) wa s near stoichiometric.

0.10 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

100% inhibition of 2.5 pM 
of BoNT/A LC by 0.4 ug, 
or ~10 pM, of VHH-B8

GST-VHH-B8 potently inhibits BoNT/A Lc



YFP Channel CFP Channel

+ YFP-VHH-RING

- CFP-BoNT/A LC

+ YFP-VHH-RING

+ CFP-BoNT/A LC

VHH expressed in 
Neuro2a (N2a) cells 
localizes to the 
cytosol. BoNT/A LC 
expressed in N2a cells 
localizes to the plasma 
membrane. VHH co-
expressed with 
BoNT/A LC in N2a cells 
localizes to the plasma 
membrane. 

These results suggest 
that VHH binds to A-LC 
within transfected N2a 
neuronal cells.

VHH co-localizes with BoNT/A LC in cells



VHH-B8-E3 function to prevent SNAP-25 cleavage in 
N2a cells by transfected GFP-BoNT/A Lc

Anti SNAP 25 Anti GFP

1    2    3 1    2    3

1:  YFP-VHH (B8)-RING

2: YFP-VHH (B8)-F-Box 

3: YFP-XIAP



Delivery

Intoxicated neuronsFusion to a “neuron uptake peptide”
identified using peptide phage-display 

libraries screened for phage 
internalized by cultured neurons

(based on several reports using this strategy 
with other cell systems)

Fusion to BoNT heavy chain 
(based on Goodnough et al, 2002, 

FEBS Lett, 5,163-8.) Fusion to a “peptide transduction 
domain” (PTD) such as a “penetratin”

or a nonarginine sequence
(based on many reports using this 

strategy with other cell systems)

Therapeutic 
fusion protein

“Designer E3 ligase”

Ubiquitin 
ligase

LC binding
agent

Neuronal delivery domains for designer ubiquitin ligases



A. B.

C. D.

A. YFP-SNAP     

Fluorescence

B. SNAP-25 
Immunofluorescence in cells 
treated with Tat/SNAP-25/NC

D. SNAP-25 
Immunofluorescence 
in cells treated with 
SNAP-25/WT (no Tat 
PTD)

C. SNAP-25 
Immunofluorescence 
in untreated cells

Demonstration of Tat/SNAP-25/NC uptake into HEK 293 
by Immunofluorescence



BoNT Lc

BoNT Hc- N

BoNT Hc- C

Investigations using BoNT/A Hc as delivery vehicle



a. b.

c. d.

BoNT/A Heavy Chain can be used for trafficking cargo to 
hippocampal organotypic neurons



Sakamoto, K.M. et al. (2001) Proc. Natl. Acad. Sci.  USA 98, 8554-8559

Adapter peptides or small molecules can be used to direct target degradation (Protacs)
similar approaches may be applicable to BoNT/A Lc degradation



Targeting variants of the multi-subunit E3 ligase 
complex may lead to novel E3 based therapies

VHH

VHH

VHH



Summary of designer ubiquitin ligase efforts:

SNAP25/NC based RING and Hect E3’s have been constructed and 
demonstrated to ubiquitinate BoNT/A Lc.

Stable cell line expressing YFP-SNAP25/NC-RING has been developed and 
localization of protein appropriate.

Array of YFP-SNAP25/NC-E3 domain ligases are being constructed for 
comparison of various E3 domains (RING, Hect, F-box, R-IBR-R, and U-box).

VHH (B8 and D4) based designer E3 (RING and F-box) are being expressed 
and tested for expression, localization and E3 ligase function.

Various delivery mechanisms are being evaluated for application of designer 
E3 to therapy: PTDs, scFv delivery vehicle, and clostridial toxin based delivery 
vehicles.
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