Tailor made proteins by synthesis and conjugation
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How can we prepare modified proteins for chemical biology and as therapeutics?
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To chemically synthesise proteins, we need special amide-forming reactions

(1) Pickart, EMBO J. 2000, 94. (2) Ovaa, Liu, Brik and others (3) Chin, Nat. Chem. Biol. 2010, 750. (4) Bode, Nat. Chem. 2020, 1008.
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Solid Phase Peptide Synthesis

= All reagents
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= Generally useful up ~50 residues
= Purity >80%

= HPLC purification of crude peptides needed

= Special tricks sometimes needed
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Chemoselective Protein Ligation
= Compatible with all side chains

= Form a native amide bond

= Operate in a suitable solvent

= Traceless introduction of FGs

costs




Chemoselective reactions for chemical protein synthesis

Native Chemical Ligation (NCL)
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Enzyme Mediated Ligations & Inteins
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a-ketoacid hydroxylamine
(KAHA) Ligation
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Our approach: alpha-ketoacid-hydroxylamine (KAHA) ligation

(o]

1 RO.
R\)I\H/OH \H/\R2

o
Angew. Chem. Int. Ed. 2006, 57, 513-516

polar solvent
(DMF, H,0, DMSO)
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= Several operative mechanisms for KAHA and related ligations
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For KAHA ligation, we need to prepare peptides containing special amino acids
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C-terminal peptide a-ketoacids

Requirements...

= be compatible with Fmoc-SPPS

= tolerate of all side chain groups
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Resin/Linker for peptide a-ketoacids
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N-terminal peptide hydroxylamines

= readily prepared linkers or starting materials

= stereoretentive (no epimerization)
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Suitably protected N-hydroxy amino acids

LJu., A. Lippert, I. Medina, J. Wu, M. Flores, T. Fukuzumi, J. Ruiz, A. Ogunkoya, T. Wucherpfennig, F. Limberg, F. Rohrbacher

Peptide alpha-ketoacids are easily prepared and handled
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= configurationally stable below pH 8
= can be purified by standard RP HPLC
= can by stored after lyophilization

= often exist as hydrated form
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>100 gram scale
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“acid labile” a-ketoacid

F. Limberg, A. Zwicky, T. Wucherpfennig




Synthesis and resin cleavage of peptide

alpha-ketoacids works perfectly
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= compatible with all amino acid residues (inc. Met, Cys)

= affords a-ketoacids directly upon cleavage
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= no epimerization during protection or dep tion ively checked!)

= Leu, Phe, Tyr, Val, lle, Glu, Trp, Arg forming linkers prepared

“Photoprotected” a-ketoacids easily prepared (and also perfect)
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Challenge: amino acids-derived hydroxylamine monomers
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= easy to make

= hard to protect!

Me

= easy to protect

= not very reactive

But for most applications, we prefer (5)-oxaproline
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(S)-5-oxaproline

“photoprotected” oxaproline

Fmoc oxaproline

= reactivity: good
= stability: great!
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Boc oxaproline

= #$@%# to make = not too bad

= forms threonine = forms aspartic acid

= Prepared on >1 kg scale!
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We love 5-oxaproline because it forms esters (not amides)! Chemical Synthesis of Insulin with Ester-Forming KAHA Ligations
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Typical synthesis of a small (20 kDa) protein - interleukin 2
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A wide range of bioactive proteins can be prepared with KAHA ligation
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UbcH5a LA3-LA4 Domains Ubc9 Insulin Nitrophorin 4
146 aa 79 aa 158 aa 51aa 186 aa

Other proteins: interleukin 4, interleukin 13, nerve growth factor, PDL1, Tf and Tc LURE, IFITM3, S100A4, Urm1

C. Murar, M. Ninomiya 13 14
KAHA ligation is the basis for Bright Peak Therapeutics Summary: KAHA ligation is a platform for chemical protein synthesis
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AVersant Ventures CoFounder & CTO
Discovery Engine Senior Scientist, ETH
modified, PEGylated ~45 employees
cytokines In Basel, CH . . . - . . .
Founded With just a few non-standard amino acid building blocks, we can construct atomically tailored proteins (even on gram scales!)
atomically tailored, Dec 2017 10 employees in
synthetic cytokine San Diego, USA
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What we cannot do with KAHA ligation - conjugation of folded proteins
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KAHA ligation

DMSO/oxalic acid
2

50-60 °C

= KAHA ligation requires millimolar concentration (ko ~ 0.01 M-1 s-1)

= KAHA conditions are not suitable for folded proteins (but it is great for peptides!)

Last problem in chemical protein synthesis - rapid ligations at low micromolar concentration.

(Folded) Protein-protein conjugation is the frontier of bioconjugation

= Potassium acyltrifluoroborate (KAT) ligation for protein-protein conjugation
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J. Am. Chem. Soc. 2019, 8721

Suitable for protein-protein conjugation, but require a lot of work to install the ligation handles

Idea: chemoenzymatic site-specific conjugation of proteins on lysine

Conjugating
Enzyme

site-specifically modified lysine

recombinant protein
[17 lysine residues]

Overall goal: Evolvable enzymes for site-specific modification of lysine residues

Inspiration: Ubiquitinylation and SUMOylation by Enzymatic Cascades
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= direct interaction with substrate
Nat. Struct. Mol. Biol.
2017, 24,325.
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= easily expressed in E. Coli (>50 mg/L)
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Approach: Reduce Ub/SUMO transfer to one enzyme and a peptide donor

ATP-dependent activation by E1
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Transfer to E2
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First steps: simplified SUMOylation with peptide thioesters
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Why does the ubiquitin sequence work better than the natural SUMO? Ubc? perfectly accomodates Leu and Arg residues at Ub C-terminues
X-ray structure of Ubc9 bound to the Ub peptide (1.9 A)
o
AC-LHLHG*NHfLNH
i
Ac-IKQE-NH,
Ubcd-isopeptics
Data collection
Space group »y
Cell dimensions
ab.e(A) 94.2,38.7,97.8
oy (") 50.0, 118.9,90.0
Resolution (A) 1.90 (48.96%)
Revaar (%) 19,1
laol 445
Completeness (%) 94.7
Refinement R N R R . .
Resolution (A) 190 = Correct orientation of thioester carbonyl in the active site
No. reflections 46047
*Value for highes-resolution shell. ® Arg solvated
= Electron density 2Fo-Fc for peptide, contoured at 1.0 o: K . .
= Leu provide favorable hydrophobic interactions
R. Hofmann and C. Zeymer 23 R. Hofmann and C. Zeymer
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LACE Tag - a consensus sequence for site-specific lysine modification

iy
¥ g g o Wondll 1
50 mM HEPES pH 7.6 =, YKXE
GFP Ub peptide 50 mM KCg01BmMAc-Cys-NHMe e PRKVIKMESEE

C,4-8h
15 uM 150 uM 1 6 11

= Complete Ubc9-dependent labeling at LACE tag Ké

LACE Tag - a consensus sequence for site-specific lysine modification

Ubc9 @

p'. (A NH2 o 60 UM oﬁ/.
Dy @ B o i
; 50 MM HEPES pH 7.6 ; 2 N YKXE

) 50 mM KCI, 1 mM Ac-Cys-NHMe PRKVIKMESEE
GFP Ub peptide 30°C, 4-8 h 1 6 11
15 M 150 pM

m Specificity (reaction quenched after 1 hour) u Truncation of LACE tag

K6R
Ubco ee000000® © rvaion
Ubcocssa O OO O O @ O O Ubco(1h) @ O = 4 residues sufficient
Time (h) 01 24 8 88 8 (pa Lane 1 2 ' - i
0 100 GFP-peptide / = Sensitive to sterics
el = % —IKQE
GFP-peptic =
pe;{)}\F: - 35 T 75 Coomassie
- 25 =t —e— tag aFp. ﬂ{ - ‘
-peptide —| e ———— - ———
Ubc9 -— — — kel
A @ 50 —m— a9 Rhodamine .
| s ] K6R g 125 WK X E B
Coomass g % 5 s
oomassie 8 g 1.00 < Lo 2
0 S o © :
GFP-pEptide - e e e "E’ 050 8
: &
Ubc9-peptide | - . § 0.25
& ooo LLIBALILILLL I
Rhodamine 12 3 4 5 6 7 8 9 10 11 12 13
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Many functional moieties can be attached via a short peptide donor LACE works for many types of proteins containing a LACE tag
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Biotin CN . ¢ = SUMO-conjugating enzyme Ubc9
.o tagKeR . sumoz Titin 1627 Té Lysozyme a-Synuciein . _coniugati
Tme(h) 0051246802468 BFg ELN type of E2 (fonjugatln? enzyme
Ubc9-peptide - KAT iminium O-carbamoy! hydroxylamine C-terminus . dcan work without E3h||gabses
= direct interaction with substrate
Tiinpeptide | = amamam— £ (g d " + some sequence-specificity
Tme(h) 0 1 3 6 - 2 oS — L " N .
Sulforhodarmine B Seepauan AP (<0a) 55 ﬁ'f i (’"‘—' $ o + casily expressed in E. Coli (>50 mg/L)
004 ien © I e - {f i == \Q{i \(3\ (g
£ . ; S v S A iy
g 50 —m—tag K6R . o “ —x—" N "?\ .o (\ J; _Protein
Ubc9 A
8 ® Strained alkine (Click) < 1(L>NN1 EPETea —iss m—"\)l\u/\n/sm
o 15~ Coomassie N-lerminus dual labeling o
o . 4 & 8 GFP Cytokine SpyCatcher “Trastuzumab (Herceptin) Fab
Time ()
R. Hofmann & G. Akimoto (Nature Chemistry 2020) 27

R. Hofmann & G. Akimoto (Nature Chemistry 2020) 28




However....LACE is not (yet) catalytic in Ubc9

Limitation: currently LACE needs preformed peptide/protein thioesters

(g 0
Target _ )l\sk
Protein g .
Ub peptide

15 uM 150 M

Ubc9
60 uM

50 mM HEPES pH 7.6
50 mM KCI, 1 mM Ac-Cys-NHMe
30°C,4-8h

OY. tag
(" 1]
Target . 15g WKXE
Protein PRKVIKMESEE
1 6 11

= Single turn-over assay with Ubc9~peptide thioester:

Ub peptide 53 peptide

time(min) 0 5 15 45 0 5 15 45

GFP-peptide

Ubco~peptide thioester | amm -

Rhodamine fluorescence

Preformed Ubc9-peptide
thioester (1h, desalted), excess
o - - GED substrate (60 M),

Currently 4 equiv “catalyst”

Transfer from Ubc9 to substrate is fast
Loading of Ubc9 is slow step

LACE tag recognition good but

LA CE: in vitro (test tube)

HS g0,
o), - —

expressed and isolated

HS:

i 8] 0
n\)l\u/\g/s\/\so; —_— .! '—n\)l\u/\n/s—'! B
o

* Pro: simple system - only one small enzyme (Ubc9, 20 kD) needed

= Con: need a peptide or protein thioester as donor [must be prepared, all in vitro]

* In Biology: Ubc9 is loaded with SUMO with help of an E1 activating enzyme

Biology: loading of Ubc9 with SUMO in cellulo

EM could be improved - 2 w9
§or . m— \)LN/\n,ou - . M—N\)L /\n/s— E1 _— @_N\)\ﬂ/\gsw
g o2 - GFP-S3
o |5ﬁme('“i")30 45
R. Hofmann 29 30
Goal 1: Establish an in cellulo (E. coli) for LACE without using thioesters We need an E1 enzyme that can load ubiquitin onto Ubc9 (the SUMOylation E2)
= What do we need to do LACE in E. coli?
= Substrate (RanGAP, GFP) [easy]
= Ubc9 [easy] ’3} L\I\
o sz )
T : . - > > EO ... -
= Transfer protein/peptide - Ubiquitin (easy to express, but we need to load onto Ubc9) S S — — — w KGR
Ubiquitin “E1” Ubco ’ “Epr
= E1 - LACE works with Ub, but Ubc9 is only loaded by SUMO in cells. Need “chimeric” E1
0 Ha
)j\ ~-S05” /}’ L
Ub S’ -
Ub ub)]\ﬂ’%\;f’g’g ‘ 9 S, Y uoco S o
f ) o Y Ub )I\OH —_— 635 —_— )J\ /m
Uh)I\OH + 27 %@@é ) Ub s
E. coli E. coli
G. Akimoto 31 G. Akimoto 32




Starting point: chimeric SUMO/Ub E1 Enzyme

Engineering
Interaction
unique to Ubl pathway

(Ubiquitin-fold domain)

Uba1-Ubc4 complex Sae1/Sae2

° Chimeric E1 v0 Ubc9
0.5uM 30 UM
A+
Ub OH
¢ ATP
W pH7.5,37°C
Ubiquitin GFP
75 uM 15uM 73% conversion
in 20 hours

Chimeric E1

(Da) CBB

Directed evolution of Chimeric E1

>Z Ampicillin

BLA BLA
H o HS: H o H o
A, = 0 i S =" I g\
Ub OH Ub S Ub )
BLA = B-lactamase
Chimeric E1 ssTorA-ubiquitin
Exporting signal Cytoplasm
Periplasm
= Construct = Spotting assay = Directed evolution of chimeric E1
Method
lacP
colE1
Amp (ug/mL) SCCH epPCR on SCCH
/ ssTorA-Ub 0 64 Gene shuffling + NNK
CmR
Ub +ChE1+ Ubc9
Library size
\ Ub + ChE1+ Ubc9 C93A
Ubc9-BLA 107~108 fround
Chimeric E1 UFD

G. Akimoto (ACS Central Science 2022) 33 Inspiration: Kuhlman, B., J. Mol. Biol. 2012, 161. 34
Evolution of chimeric E1 with a beta-lactamase selection system Key mutations of N688 and F689 quickly emerge from directed evolution
= Spotting assay = Kinetic parameters for E1->E2 ubiquitin transfer
Carbenicillin (ug/mL)
T oooo0 o E1 E2 k., (s7) K, (kM) k. /K, (M's") Rel. k_/K, 566 579 610 623 628 634 636 637 640 647 661 672 680 681 688 689 699 700 726 742 748 754 755 759 769 781 784 786 805 813 815 823 824 846 855 856 858
Ubco ChE1 2PR2RA8R MV N S D V. T E T L AV QHNNNFAPMOQAV QF V V S L YD S VA I A TT
Ca3A| vO ChE1v4.5 Ubc9 0.15 +0.02 0.42+0.12 36+0.8x10° 410 Round 1 v1.1 L LS Y o1 v vV s
I v epPCR  vi12 vV A 1 vV A E s
vo ChE1v0.2  Ubc9 20+0.1x10° 24+05 88+22x10° 1 vi3 N Y.
vi.2 Round2  v23 N A T Y 1 L
| ves Ubat Ube2G1 47+12 3.9+06 1.2+0.2x10° 1400 epPCR  v2.9 N I [3 Yo A E E s
W a3 V210 S N Yo
: Ubat E2-25K 1.4+02 9.6 +4.9 1.6+0.5x10° 180 v2.11 N Y. ! A E v S
va.5 Round3  v31 N A T L Y 1 G LV A
epPCR  v32 N Yo L A E v s
= n vitro ubiquitylation V3.3 N vy s
V34 N LYl A E E s
o = ChE1v45 Round 4 vaA T T A L A E E s
Tn 100 = ChE1v0.2 Shuffling  v4.2 T L Yo s E v s
(% _ + Ubai +NNK  v4.3 N T L Yo s A v s
[ g i, =15 min va.a A T woL s A E E s
o2a o ( "') ERN vas T Y o1 s E E s
a NNK-> * * *
o Chimeric E1 Ubc9 w
)J\ 0.5uM 30 uM (o}
Ub 'OH ATP " - 0 T T T
PH7.5,37°C . 2 4 6
g oo Time (n)
G. Akimoto (ACS Central Science 2022) 35 G. Akimoto (ACS Central Science 2022) 36




Application of ubiquitylation by chimeric E1 and Ubc9 Direct expression of mono-ubiquitylated proteins in E. coli
= Ubiquitin oligomer transfer = Monoubiquitylation in E. coli
up
up ~ His, His,
SH
(N @‘ UbYo / ‘:Is‘ \ s ‘:Is‘ i
o ° ChE1vA5  His Ubco K14R T w 43 ( mBP 1. Lysis ( wep . @ Amylose ( vep
w o e 05 M 30 uM (rh Bubetae 2. Ni-NTA Substrate Substrate
Ub <~ “oH jfarget KXE
Gl 50 mM HEPES pH 7.5 Torget His,
Linkage-defined Smit "P'Mf; 0.5 mM DTT protein - i His, On-resin
ubiquitin oligomer — b, ub ub TEV
75 M 15 uM ST , b cleavage
\ ) Substrate Substrate
"\ Expression and in cellulo reaction Ecoli / (Flow through) (Fow theough)
Ub
b 2 H
@ up Ub Ub H E 8 it
Ub Time(h) 2 212124 4 2 2 o Time(n) 02 488 8 D Calc. 37694.6 g Calc. 30565.7 83 ; 3
v o Tagké K R K R K R K R "bYo Time (h) 0 4 2020 \(" diSUMO ® o o o 0 o YD Obs. 37693.5 2 Obs. 30565.0 TTes
N Unkage M1 K11 Keg Ke3 K63 hexallb I, Tegks KK KR Kesdib 1 . S W o < sa e
(r)'. (¢ (R (o MBP-GFP-His-Ub \f MBP-HRas-His-Ub
130- X MBP-GFP (WLRKLN) (3 NH s0727.0 1) MBP-HRas
( tag ("0 % o tag IKLE “
) ) o] == -GFPhexaUb N dISUMO2-diUb () T e
s 40 s Ubcs.cilb & « - <
8 g . » b o 8 '
= 35 GFP = e diSUMO2 Q% G ﬁﬁ‘" 9 HRas-Ub
35 LaFp i £
Cmem. T \ Ubeo GFP A HRas
LAl T SUMO2 dimer b ’Q‘
Coomassie Fluorescence N 25 3 a9 RS 25 0 3 2
Mass (kDa) Coomassie Mass (kD) Coomassie
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Next step: Directed evolution of Ubc? variants (ongoing) LACE - Lysine Acylation with Conjugating Enzymes

HzNA{f‘e
€55
BLA i R £ i Fico
Q Q ub )Lon @' — > w )I\s
Q Substrate BLA BLA
Ub Ub Chimeric E1
MR - YR ey Y
Substrate Substrate
2% Ampicillin Evolution of chimeric E1 Evolution of Ubc9

Cytoplasm

Periplasm J

%
MR -
= Constructs lace = Spotting assay = In vitro ubiquitylation on RanGAP1
Ampicillin (pg/mL)
q Ubc9 RanGAP 0 16 32 64 100
ColEt ori 4 JJoes Ran RanGAP1 15uM ces
Chimeric E1v1.3 0.05 uM —
Cam® Ubcs variants 3uM - = == w=  [RENGAPIUb (
»»»»»»»»»»»»»»»»» ub 30uM — = wm == o= ancapt S gUb aa
via DoTT 1mM & Ubc9 -
ChE1 v1.3 ATP-Mg 5mM 107 A /
RanGAP1-BLA 3 St
o e pH7.5,37°C,05h £
3
To6 . . . . . .
/‘*A g = Established in cellulo system for directed evolution of a chimeric E1
g o
CIoDF13 ori i 2 L. . .
| Uboo o HBSEL ] * Preliminary results on a selection system for Ubc9 evolution
Kan® via w s s 0—
RanGAPI K R K R K R K R K R . . . . .
SsToradUp e - veo i VT e W w = Long term goal: evolve Ubc9 catalytic LACE at any lysine residue in a target protein
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Summary: new synthetic and biological approaches to modified proteins

= Lysine Acylation with Conjugating Enzymes (LACE) using Ubc9

o @ o

NH, o é,:)bc'?n
!
A i (™ I
Te t
ot é L é

50 mM HEPES pH 7.6 Target WRXE
Ub peptide 50 mAIKCL, 1 mhh Ac-Cys-NHe Protein PRKVIKMESEE
15uM 150 uM g 1 6 11
= KAHA Ligation for Chemical Protein Synthesis
HNS N e HANL, N,
CONH, CONH,  COOHCOOH 14 NHs'w o o COOHCOOH COOH GoOH N
u
(LS AQEQTKRGGGGGDDDDIAGSTAAGQERREK sl OH O/N\Au EETDDLLDEIDDVLEENAEDFVRAYVQKGG
=
HOOC NH;* HOOC COOH OH NH ° éDD” COOH CONH, CONH; NH;*
NN, = Acidic Conditions
DMSOH,0 . oAt
KAHA ligation | 0.1W oxal acid Convergent Ligations
507G Or60CEN = Direct preparation of ligation partners
e e iy e = Readily scaled
CONM; CONH,  COOHCOOH  H Ny o COOHCOOH COOH COOH  NH
| n\)L
IR £GEQTKRGGGGG000DIAGSTAAGQERREK Y PR = ODLLDEIDDVLEENAEDFVRAYVGKGG
HOOC NHy HOOG COOMOH © N loow doon  Conw, Gon, iy
u
e
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