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Enzymatic Protein Conjugation

v Mild conditions v Fast kinetics
v High yield
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Sortase-Mediated Ligation (SML)

v High Site-Specificity
v High level of overexpression efficiency

Improvement:
- Enhancing activity/robustness
» Reprogramming selectivity _, A powerful tool for
* reducing reversibility peptide ligation

* efc.

Zou, Z; Ji, Y; Schwaneberg, U.; Angew. Chem. Int. Ed. 2023, 63, €202310910.



Sortase

» Generally found in Gram-positive bacteria.
» Sortase A (SrtA) is the most major class among 6 classes of sortase.
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Emidio, N. B.; Cheloha, R. W.. Curr Opin Chem Biol. 2024, 80, 102443
Zou, Z.; Ji, Y; Schwaneberg, U.. Angew. Chem. Int. Ed. 2023, 63, €202310910.



SaSrtA

 Found in S. aureus for the first time in 1999
» To anchor surface proteins to the bacterial cell wall

& 8-stranded [-barrel core shared across all sortase
classes.

» His120, Cys184, and Arg197

* 36/P7 loop & 37/PB8 loop are crucial for activity and
sorting specificity

Mazmanian, S. K.; Schneewind, O. et al. Sci. 1999, 285, 760-763
Zou, Z; Ji, Y; Schwaneberg, U.; Angew. Chem. Int. Ed. 2023, 63, €202310910.



Previous application
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Protein head-to-tail cyclization

\ Phage (or cell) surface labeling /

Zou, Z; Ji, Y; Schwaneberg, U.; Angew. Chem. Int. Ed. 2023, 63, €202310910.

e N-terminal

* Oligoglycine as acyl
accepter

—How about apply to
isopeptide ligation?



Isopeptide Ligation

e Side reaction
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SrtC

» Class C: Pilins biosynthesis related

» Signal sequence: LPLTG
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Structure ot SrtC
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_ B6/T loop B6/B7 loop
Sortase A Sortase C
B. anthracis S. pneumoniae

» Responsible for recognizing signal sequence and pilin motif.

Spirig, T.; Weiner, E.M.; Clubb, R.T. Mol. Microbiol. 2011, 82, 1044-1059
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CdSrtA

» From Corynebacterium diphtheriae
« Hi60. C222,. R231

K190

CdSrtAl
pilin subunit

LPL T—E—NH (CH, :4

McConnell, S. A.; Clubb, R. T. et al. J. Am. Chem. Soc. 2018, 140, 8420—8423
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CdSrtA3M
 Mutation: D81G, W83G, N85A

McConnell, S. A.; Clubb, R. T. et al. J. Am. Chem. Soc. 2018, 140, 8420—8423

0o 24h 48h 0 24h 48h

U |
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v In vitro
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CdSrtAA
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Dual labeling
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Short Summary

v Mild condition Kinetics of «:SrtA Catalyzed Lysine—Isopeptide Formation
v High selectivity k... X NKy X SKy X Keat/N K
105 (s1) [104 (M) |104 (M) (s1M1)
CdSrtA n.d. n.d. n.d. n.d.
CdSrtASM 156 £ 0.8 [0.7 £ 0.1{20 £ 10 0.7 £ 0.1
CdSrtAA 40 £ 0.1 1.6 £ 04(16 £ 3 2.5 £ 0.6

SaSrtA 1600 = 100 (1.8 = 0.1|73.3 £ 10.1 |86 £ 5

X Slow

X Pilin Motif required

Sue, C. K.; Clubb, R. T. et al. Bioconjugate Chem. 2020, 31, 1624—1634



Unnatural Amino Acid

GGK-bearing POI AzGGK-bearing POI
(A) o) H i €
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HEN/\n/ NH 3/\[]/
0
S @ ) )
In vivo Genetic-code
Staudinger reduction expansion
C-terminus
HoN COOH

(A)
GLPLTGG e_ (A) 'S_O@ S AZGGK
LPLTGG Ubiquitin linkage

HS generated by sortylation

Ub(PT) or Ub(AT) via e-NH,

72 74 72 74 iSO
LRLRGG @—LRLRGG—@ Native ubiquitin linkage

Ub(wt) Sortase A via e-NH,

Fottner, M.; Lang, K. et al. Nat. Chem. Biol. 2019, 15, 276-284 17



Ub-K6GGK Ub-K11GGK Ub-K33GGK Ub-K48GGK Ub-K63GGK

Srt5M — + — + - - - + — +
-] - -] — -
DiUb — - | — — o —
Ub-KxGGK —» :
Ub(LPT) — “ g - -._..-___-
— _L_-‘
Coomassie
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Ub(AT) + + + - - + + + - — + + + — —-— + + + - = + + + = =
Ub(LAT)
Srt2A
Sri2A -
DiUb =
Ub-KxGGK —»
Ub (L)AT —
Coomassie
Fottner, M.; Lang, K. et al. Nat. Chem. Biol. 2019, 15, 276-284 18

Kulathu, Y.; Komander, D. Nat Rev Mol Cell Biol, 2012, 13, 508—523



in cellulo

¢ SIGFP-N150TAG-His6
AzGGKRS/tRANA 4
AzGGK (2 mM) + + + o+ o+ o+
mSrt2A + + + o+ o+ o+
Ub(wt) + - -
sfGFP-N150GGK  Ub(LAT) -+ o+ - - -
SUMO(wt) - - - 4y - =
SUMO(LAT) S — -+ o+
2DPBA (04mM) + - + + — +
GFP-SUMO — -
GFP-Ub —» —
GFP — [NEED e,
a-His
MSH2A > | - | -
a-Myc

 Applicable for complex and multidomain

Fottner, M.; Lang, K. et al. Nat. Chem. Biol. 2019, 15, 276-284
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Resistant to DUB (deubiquitylase)

b K6-DiUb(AT)
+USP2,, (2 h)

Ké-DiUb(nat) + + + - - = -—- —= =
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K6-DiUb(LAT) - - - - - — 4+ + + .
USP2., - + + - + + + + g
0'1h 0 1h 01h =7
*>“-..
@ ]
& -
K6-DiUb — [ s --—---** € 116,972 Da
J-His6-tag
T * %
Mono-Ub — —_—
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Fottner, M.; Lang, K. et al. Nat. Chem. Biol. 2019, 15, 276-284



Structurally Equivalent to WT

K63-DiUb(wt)
K63-DiUb(AT)

+

K63-DiUb(LAT) -

K48-DiUb(wt)

Coomassie

a-K63

 Able to be recognized by antibody of WT

Fottner, M.; Lang, K. et al. Nat. Chem. Biol. 2019, 15, 276-284
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Type of SrtA

@ wtUb = Ub1.70-LRLRGG

@ Ub(AT) = Ub4.70LALTGG
Ub(LAT) = Ub1.79-LLALTGG

[Srt2A motif]

@. Ub(PT) = Ub4.70LPLTG
Ub(LPT) = Ub4_70-LILPLT
|Srt5M motif|
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Fottner, M.; Lang, K. et al. Nat. Commun. 2021, 12, 6515

v Orthogonality of 2 types Sortase
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Structure of ubiquitylation

Kulathu, Y.; Komander, D. Nat Rev Mol Cell Biol, 2012, 13, 508—523
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Ubiquitylation bySrtA
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Study of SUMO binding site

b Rap80

BRCA1-A

complex

DNA double-strand break

D@D
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Fottner, M.; Lang, K. et al. Nat. Commun. 2021, 12, 6515
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Study of SUMO binding site
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Study of SUMO binding site
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Summary

* Sortase o
v Mild Condition TDE E?E*E'VL - SriA
v High Site Specificity
v Fast Kinetics D
v High yield Taget]_D@ada
v High Overexpression efficiency - Target

~ B DA

 Generally, linking N-terminal to oligoglycine

28



Summary

Enzymatic Approach
® Using Sortase C as enzyme
v In vitro

v Dual labeling

x Pilin motif required
xSlow kinetics

Acceptor altering approach

® Using unnatural amino acid as
acyl acceptor

v in vitro Vv in cellulo
v Dual labeling

v Applicable for complex and
multidomain

v Resistibility to DUB
v Structurally Equivalent to WT

29



Thanks for Listening



Appendix



6 classes of sortase

Ca2* needed’) Ne

Recognized sequence: LPXTG (CWSS) S
~ el 3

1

SrtB:

Free iron needed - -
Recognized sequence: NPQTN

Bradshaw, W. J.; Acharya, K. R.; et al. FEBS J, 2015, 282, 2097-2114 32



6 classes of sortase

SrtE: Housekeeping Sortase SrtF: From P. acnes

Recognized sequence: LAXTG No need of Ca
Recognized sequence: LPXTG

Bradshaw, W. J.; Acharya, K. R.; et al. FEBS J, 2015, 282, 2097-2114
Girolamo, S. D.; Lipps, G.; et al. Biochem J, 2019, 476, 665-682 33



Reaction mechanism of SaSrtA

A His120 His120
.—"" ‘—-"""
NH NH
HN&. / Nae/
0 _
(” o 0
. e - B | G [
.LPXT N b T C
( N _LPXT T N Xt N Noystes
5
G...
HQN’/
Cys184 Cys184
B . ' ,
His120 His120 His120
= — e
NH NH NH
N HN S/ N
S T (T i
Eh C. _Gs C Gs C Gs
APXT N Neystas —— LpxT | N xt” | N ) —— ext” N
s Hz S SH
/NHQ
Gg Cys184 Cys184 Cys184

Bradshaw, W. J.; Acharya, K. R.; et al. FEBS J, 2015, 282, 2097-2114 34



GG-motif

» Diglycine is necessary for nucleophile of SaSrtA

Table 1: Possible Nucleophiles for the Sortase Transpeptidation

Reaction?

nucleophile K app (UM) Vi (uM/min)
GlyGlyGlyGlyGly not tested
GlyGlyGlyGly 16 & 2 (LLL == 00l
GlyGlyGly 244+ 4 0.09 £ 0.01
GlyGlyHis 20k 2 0.11 = 0.01
GlyGlyLeu -E5 0.10 £ 0.01
GlyGly 30+ 4 0.10 £ 0.01
GlyAla 127 4= 22 0.10 £ 0.01
GlyVal 208 £ 28 0.09 £ 0.01
AlaGly NS?
ValGly NS°®
AlaAla NS?
Gly NS?
Ac-Gly NS?
Gly-NH, 232 0.12 £ 0.01
DTT NS¢
BME NS¢

Huang, X.; Ellestad, G. et al. Biochemistry, 2003, 42, 11307-11315



Signal sequence of CdSrtA3M & CdSrtA

A
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Sue, C. K.; Clubb, R. T. et al. Bioconjugate Chem. 2020, 31, 1624—1634 36



Pilin motif

a
CIrtAM
KNAGFELPLTGGSGRI,,, + NSpaA KNAGFELPLT =K
100 100
NSpaA
2 16188.32 MH+ > NSpaA-LPLT
2 K7} =" 18848 20 MH+
&
£ 2
E £
&
* NSpaA
16188.32 MH+ f
M‘:‘Mk}
o bo— S - ] P e
14000 16000 18000 20000 22000 14000 16000 18000 20000 22000
b
CASrtAM
DGWLQDVHVYPKHQALS
100 109
SpaA | ©SpaA b
(hydrolyzed) |
2 || 15495.98 MH+:1 1600654 W > f! CSpaA-DGWLQDVHVYPKHQALS
" ‘I E | | calculated mass:
| 7972 5
E \ | EDSrtA 3M ‘E Il N.R. 17972 54 MH+
= 8 24085 48 MH+ = |
B T ® I
A \ V|
\ i '\
ol . o ) i 5 __F,J N
14000 16000 18000 20000 22000 24000 14000 16000 18000 20000 22000 24000

McConnell, S. A.; Clubb, R. T. et al. J. Am. Chem. Soc. 2018, 140, 8420—8423
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>
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Pilin peptide - LPLT

calculated mass:
3064 45 MH+

N.R| =&

Cd 3M
€ DGWLQDVHVYPKHQALS,,, + SrtA
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Pilin motif peptide 100
1984 GB MH+
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1609.17 MH+ >
[}
2000 2500 3000 3500 4000
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Time=0

I
L
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Time=24h
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2DPBA

1 2 3
. thpp F’“pr
O O
SO3Na |, o NH,
4 5 6

Luo, J; Deiters, A.; et al. Nature Chem, 2016, 8, 1027-1034
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Srt5M
- P94R/D160N/D165A/K190E/K196T

Keats S KmLPETG. ny  Keat/ Kmiperas M2 81 K\ geacoons MM

C

WT(SaSrtA) 1.5%0.2 7.6x0.5 200= 30 140x30
P94R/D160N/D165A/K 5.4%+0.4 0.23x0.02 23,000 = 3,000 2,900 =200
190E/K196T (5M)

Chen, I.; Dorr, B. M.; Liu, D. R. PNAS, 2011, 108, 11399-11404 39



SrtsM & Srt2A

Srt2a
mSrt2A
wtSrta
Srt5M
Srt7M

Srt2h
mSrt2A
wtSrtA
Srt5M
Srt7M

Srt2A
mSrt2A
wtSrtA
Srt5M
SrtTM

Fottner, M.; Lang, K. et al. Nat. Commun. 2021, 12, 6515

105 108 112

MOAKPOIPKDEKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVCFEFH L NISIA
MOAKPOIPKDESKVAGYIEIPDADIKEPVYPGPATREQLNRGVCEH L NISIA
MOAKPOIPKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVST, L NISIA
MOAKPOIPKDESKVAGYIEIPDADIKEPVYPGPATREQLNRGVSF. L NISIA
MOAKPOIPKDKSKVAGY IEIPDADIKEPVYPGPATREQLNRGVSF, L NISIA
ATEIXAFX AN AR AR A AL A AAAA AT AAAALAAAAA AN AAE AA XA AEL 2« EE R A A AT AHARL

171
GHTFIDRPNYQFTNLKAAKPGSMVYFKVGNETRIYKMTS IRKVHPNAVEVLIHOEGKDKQ
GHTFIDRPNYOFTNLKAARKPGSMVYFEVGNETRIYEMTSIREKVHPNAVEVLOEQOEGKDKQ
GHTFIDRPNYQFTNLEAARKKGSMVYFEVGNETRKYEMTSIRDVEPTDVGVLIDEQKGEDEQ
GHTFIDRPNYQFTNLKAARKKGSMVYFEVGNETREYEKMTSIRNVEPTAVEVLIOEORKGKDED
GHTFIDRPNYOFTNLKAAKKGSMVYFEVGNETRKYEMTSIRNVKPTAVEVLDEQKGKDKQ

kAhkkhkhkdkxrhkhdrbdkhrhhkdhd Fhhhkx""Fhhhkdi L B S S * wtt_i*:)ki"kt‘k
LTLVTCDDYNEETGVWESREIFVAT KGS 50
LTLVTCDDYNEETGVWESREIFVAT KGS 50
LTLITCDDYNEKTGVWEKREIFVAT ELE 50
LTLITCDDYNEETGVWETRKIFVATEVELE +50
LTLITCDDYNEETGVWETRKIFVATEVKLE 150

Fhk kAT rREX AT A hd Fhdkhdrdhhwt

40



NMR of K21

d 11=
Rap80 (35-124) —b £°66496666
1 SIM linker tUIMs
hybrid chains: _
[}
=05
linear -
0
1
T
K21 g 0.5
0
K42

I/I(ref)

45 55
residue number Rap80 (34-124)

65 75 85 95 105 115

Fottner, M.; Lang, K. et al. Nat. Commun. 2021, 12, 6515
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