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3. Synthesis of Mouse and Human Interleukin-13 
3.1. Introduction 

3.1.1. Background 

Interleukin-13 (IL-13) is a type II cytokine together with IL-4, IL-5, and IL-9 as key players 
in type 2 immune responses.204 IL-13 is produced by several different cells, which include 
activated group 2 innate lymphoid cells (ILC2) cells, Th2 cells, mast cells, macrophages, 
basophils, eosinophils, and B cells.205 

IL-13 is a four-a-helical bundle protein similar to IL-4 and contains 2 disulfide bonds, 
which stabilizes its tertiary structure.206–208 Even though the sequence homology of IL-4 and 
IL-13 is only 20-25%, the 25 amino acids in the hydrophobic structural core are well-conserved 
with only minor mutations.209 This similarity of the basic structure of IL-13 and IL-4 could be 

the reason that IL-13 uses type II IL-4 receptor complex (IL-4Ra–IL-13Ra) that is shared with 

IL-4 (Figure 3.1). IL-13 also has the ability to bind to IL-13Ra2 with extremely high affinity (KD 

~fM).208 Unlike other IL-4 receptors comprising of receptor subunits, IL-13Ra2 lacks a tail into 
the cytoplasm and is thought to be a decoy receptor that does induce downstream signaling.210 

However, recent studies suggest that IL-13Ra2 may have some roles in immune response. 

One example demonstrated that IL-13Ra2 is involved in TGF-b1 production in fibroblasts.211–

213 A soluble form of IL-13Ra2 also gained attention as a potential therapeutic target and 
biomarker for ovarian cancer.214 

 
Figure 3.1. X-ray crystallography of type II human IL-4 receptor complex and IL-13 receptor complex 
(PDB: 3BPN, 3BPO, 3LB6).116,208 Synthetic cytokines and growth factors for  

imaging and modulation of receptors
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The polyubiquitin proteolytic signal

Fig. 1. Synthesis of Ub5DHFR. (A) Scheme. UbDHFR has a polyHis
tag at its N-terminus and a hemagglutinin (HA) tag at its C-terminus.
(B) Purification of [35S]UbDHFR and conjugation to Ub4
(autoradiographs). Left, successive fractions in purification of
[35S]UbDHFR on Ni2!–NTA resin. Right, time course of
[35S]UbDHFR conjugation to Ub4.

targeting signal, explain the molecular basis of the depend-
ence of signal strength on chain length, and show that
only a subset of potential interacting residues on the chain
surface is important for recognition. These findings suggest
that the higher-order conformation of the chain influences
its signaling potential, and explain why a single Ub is an
inefficient proteasomal targeting signal. Unexpectedly, the
substrates employed here, although recognized with high
affinity, were slowly degraded. Several lines of evidence
suggest that this slow degradation reflects slow unfolding
of the target protein moiety.

Results
Model substrate for 26S proteasomes
The ideal substrate for an in vitro analysis of proteasomal
signal recognition should carry a homogeneous targeting
signal. The model substrate shown in Figure 1A features
a single Ub4 chain that is linked to one lysine residue
of the target protein. For the target protein we chose
dihydrofolate reductase (DHFR) fused at its N-terminus
to Ub. UbDHFR acquires a polyUb chain and is targeted
to proteasomes in yeast cells (Johnson et al., 1992, 1995).
Although the UbDHFR conjugates seen in yeast feature a
K29 linkage in the polyUb chain (Johnson et al., 1995),
we reasoned that a homogeneous K48-linked chain would
be sufficient to direct UbDHFR proteolysis, and this
proved to be correct. UbDHFR was metabolically labeled
in E.coli and purified via an N-terminal polyHis tag
(Figure 1B). We then used the Ub-specific conjugating
enzyme E2-25K to link preassembled (K48-linked) Ub4
to K48 in the Ub moiety of UbDHFR (Haldeman et al.,
1997; Piotrowski et al., 1997; Figure 1). The final polyUb-
conjugated substrate, designated Ub5DHFR, was a fully
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Fig. 2. Properties of Ub5DHFR. All incubations except that in (D)
contained Ubal. (A) Branched polyUb chain is essential for proteolytic
targeting. Purified 26 proteasomes (~2 nM) were incubated with
150 nM of either [35S]Ub5DHFR (circles) or [35S]UbDHFR (triangles)
as described in Materials and methods. The rate of degradation of
Ub5DHFR doubled when the proteasome concentration was doubled
(not shown). (B) Dependence of initial degradation rate on substrate
concentration. Results of two experiments are combined. Incubations
contained 2.5 nM proteasomes; the curve is a least-squares fit of the
Michaelis–Menten equation assuming KM " 35 nM. (C) Fused Ub
moiety of UbDHFR is degraded (Western blot). Proteasomes (~10 nM)
were incubated with unlabeled Ub5DHFR (75 nM). Aliquots were
analyzed by blotting with antibodies against the polyHis tag of
UbDHFR. The migration positions of Ub5DHFR, UbDHFR and Ub
are indicated. Ub5 would migrate just above UbDHFR. Products
corresponding to the removal of one or two Ubs from the distal end of
the polyUb chain of Ub5DHFR are faintly visible in the second and
third lanes, but represent only a small fraction of the starting substrate.
(D) Ub5DHFR disassembly in the absence of Ubal (Western blot).
Proteasomes (~3 nM) were incubated with 100 nM Ub5DHFR (see
text). Aliquots were analyzed by blotting with antibodies against the
C-terminal HA tag of Ub5DHFR. Asterisks, deubiquitylated forms of
Ub5DHFR. Note the different sampling times in (C) and (D).
(E) Influence of polyUb chain length on proteolysis. Degradation of
[35S]Ub5DHFR (triangles) or [35S]Ub9DHFR (circles) was assayed in
incubations with ~2 nM proteasomes. All rates were normalized to the
extrapolated Vmax for Ub5DHFR. The lines are fits of the Michaelis–
Menten equation assuming KM " 68 nM (Ub5DHFR, triangles) or
KM " 14.5 nM (Ub9DHFR, circles). The weaker binding of Ub5DHFR
relative to (B) reflects the use of different substrate and proteasome
preparations.

active dihydrofolate reductase (Materials and methods),
indicating that its DHFR moiety was properly folded
(Stammers et al., 1987). The fused Ub moiety was also
correctly folded, since it was recognized by E2-25K.

Ub5DHFR was a well-behaved substrate for purified
mammalian 26S proteasomes. Production of acid-soluble
radioactivity from the labeled UbDHFR moiety of
Ub5DHFR was linear with time and depended on the
presence of ATP (Figure 2A; data not shown). Degradation
was also strictly dependent on the ligation of UbDHFR
to Ub4 (Figure 2A) and was completely inhibited by
the well-characterized proteasome inhibitor MG-132 (not
shown; Rock et al., 1994). Ub5DHFR was a high-affinity
substrate (KM " 35 nM; Figure 2B). In a separate experi-
ment involving highly purified proteasomes, the molecular
turnover number (kcat) was determined to be 0.05 min–1.
Assuming that the ~380-residue UbDHFR protein is
hydrolyzed to 10-residue peptides, kcat corresponds to

Enzymatic method(1)
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in another ubiquitin (acceptor) requires these functional groups to 
be differentiated from the other carboxylic acids and amines in both 
ubiquitin molecules (Scheme 1). We realized that specific isopeptide 
bond formation might be achieved in a series of steps, by (i) protect-
ing all lysines and the N terminus on the donor ubiquitin and all 
the lysines but one and the N terminus on the acceptor ubiquitin, 
giving a single free amine on the acceptor ubiquitin, (ii)  specifically 
activating the C terminus of the donor ubiquitin as a thioester,  
(iii) forming a specific isopeptide bond between donor and acceptor 
ubiquitins by selectively coupling the free amine and the thioester, 
(iv) removing all the protecting groups to reveal the ubiquitin con-
jugate and (v) refolding the ubiquitin chain. To exemplify the gen-
erality of this approach, we aimed to make ubiquitin dimers linked 

through a specific isopeptide bond between the C terminus of the 
donor ubiquitin and an E-amino group of a lysine residue on the 
acceptor ubiquitin (either Lys6 or Lys29). As each ubiquitin con-
tains seven lysines and an N-terminal amino group, this system pro-
vides a stringent test of the specificity of our approach.

Generation of ubiquitin ligation precursors
Protecting all but one lysine residue in a protein requires the dif-
ferentiation of chemically identical amino acid side chains. Indeed, 
although several reactions are known that are specific for one type 
of residue, it has been much more challenging to site-specifically 
modify proteins on one residue in the presence of many chemically 
identical residues. We realized that this problem might be solved by 
genetically encoding the site-specific incorporation of a protected 
version of lysine. Subsequent protection of all other amines in the 
protein with a chemically orthogonal protecting group and specific 
removal of the genetically encoded protecting group would yield a 
lysine with a free amine at the site where the protected lysine was 
genetically encoded (Scheme 1).

To site-specifically install a protected lysine at position 6 of 
ubiquitin, we took advantage of the Methanosarcina barkeri MS 
pyrrolysine tRNA synthetase (MbPylRS) and its cognate amber 
suppressor tRNA (MbtRNACUA)19, which directs the efficient incor-
poration of NE-(t-butyloxycarbonyl)-L-lysine (1) into recombinant 
proteins in response to the amber codon in Escherichia coli20–22. We 
created a ubiquitin expression construct in which the ubiquitin 
gene contains a TAG codon in place of the lysine codon at posi-
tion 6 and is flanked by a 3` His6 tag coding sequence (UbTAG6-
His6). We produced UbBocLys6-His6 (ubiquitin-His6 containing 1 
at position 6) by expressing UbTAG6-His6 in cells containing the 
MbPylRS/MbtRNACUA pair and 1 (2 mM). UbBocLys6-His6 produc-
tion was strictly dependent on the addition of 1 (data not shown). 
UbBocLys6-His6 was purified by Ni-NTA chromatography, and the 
His6 tag was removed by treatment with ubiquitin C-terminal hydro-
lase-L3 (UCH-L3) to give UbBocLys6 (Supplementary Fig. 1). The 
untagged UbBocLys6 was then further purified by size-exclusion 
chromatography, desalted and lyophilized. The purified material 
was characterized by ESI-MS (Fig. 1a). This procedure yielded  
17 mg of purified UbBocLys6 from 2 liters of culture.

To protect the six NE-Lys amino groups and the N-terminal 
amine in UbBocLys6 with Cbz groups, we reacted the protein with 
seven equivalents of N-(benzyloxycarbonyloxy)succinimide (Cbz-
OSu) in basic DMSO23. After 2 h of protection (Fig. 1a), ESI-MS was 
performed and indicated that seven or eight Cbz groups are added 
to UbBocLys6. The addition of seven Cbz groups corresponds to the 
protection of all the free amino groups in UbBocLys6. The additional 
Cbz group that was observed most likely corresponded to partial 
protection of the single histidine (His68) residue within ubiquitin. 
As the protection is reversible under subsequent deprotection con-
ditions, overprotection is not a problem. We efficiently recovered 
the Boc- and Cbz-protected ubiquitin by precipitation and wash-
ing with cold ether and air drying. To reveal a single free NE-Lys 
amino group at Lys6, as desired for isopeptide bond formation, we 
removed the Boc protecting group present in 1 with trifluoroacetic 
acid (TFA) in water, leaving the Cbz protection intact (Fig. 1a). The 
overall yield of this ligation-ready material (UbLys6(Cbz7–8)) from 
UbBocLys6 was approximately 85%.

A donor ubiquitin molecule was prepared biosynthetically as a 
C-terminal thioester (UbSR), by thiolysis of an intein fusion12 with 
a purified yield of 6 mg per liter of culture (Fig. 1b, orange, and 
Supplementary Fig. 2). To avoid the seven lysine residues or the 
N-terminal amine in UbSR participating in isopeptide bond forma-
tion, we protected the free amines in UbSR with eight equivalents of 
Cbz-OSu using the conditions described for UbBocLys6. The pro-
tection was complete within 2 h, as judged by ESI-MS (Fig. 1b, blue), 
yielding UbSR(Cbz8–9), which was isolated by ether precipitation.

Scheme 1 | GOPAL strategy for site-specific isopeptide bond  
formation, exemplified for the synthesis of Lys6-linked diubiquitin.  
1 is NE-(t-butyloxycarbonyl)-L-lysine, shown in blue. Cbz-OSu is  
N-(benzyloxycarbonyloxy)succinimide, which reacts with the NE-amine of  
lysine in proteins to give NE-(benzyloxycarbonyl)-L-lysine. TFA, trifluoro-
acetic acid; DIEA, N,N-diisopropylethylamine; HOSu, N-(hydroxy)succinimide; 
TFMSA, trifluoromethanesulfonic acid; DMS, dimethyl sulfide.
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(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.

To chemically synthesise proteins, we need special amide-forming reactions
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Solid Phase Peptide Synthesis 

▪ All reagents commercially available at reasonable costs 

▪ Generally useful up  ~50 residues 

▪ Purity >80% 

▪ HPLC purification of crude  peptides needed 

▪ Special tricks sometimes needed  

Chemoselective Protein Ligation 

▪ Compatible with all side chains 

▪ Form a native amide bond 

▪ Operate in a suitable solvent 

▪ Traceless introduction of FGs



Chemoselective reactions for chemical protein synthesis 
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Native Chemical Ligation (NCL)
Enzyme Mediated Ligations & Inteins

Ser/Thr Ligation (STL) 𝛂-ketoacid hydroxylamine 
 (KAHA) Ligation
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Our approach: alpha-ketoacid–hydroxylamine (KAHA) ligation
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  no reagents or catalysts 
  no byproducts 

Angew. Chem. Int. Ed. 2006, 51, 513–516 

  tolerant of functional groups 
  neutral or acidic conditions
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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 α-ketoacids N-terminal peptide hydroxylamines
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Requirements...

▪ readily prepared linkers or starting materials 

▪ stereoretentive (no epimerization)
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Peptide alpha-ketoacids are easily prepared and handled 

F. Limberg, A. Zwicky, T. Wucherpfennig 8

C-terminal peptide 𝛂-ketoacids

▪ 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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90% yield

O

OHFmocHN

Me

Me

O O

Me Me
OMe

O

OHFmocHN

Me

Me

O O

Me Me

“photoprotected” α-ketoacid

NO2

99% yield

S

CN

cyanosulfurylide

“acid labile” α-ketoacid

>100 gram scale



Synthesis and resin cleavage of peptide alpha-ketoacids works perfectly

F. Thuaud, A. Zwicky, T. Wucherpfennig 9

O

OH

Me

Me

H2N

NH

H2N NH2

NH3
+

CONH2

OH

OH COOH

SH

N
HVVQFKIKRHTPLSKLMKAYCERQG

SMe

NH

H2N NH2

NH3
+ H3N+

NH3
+

O

O

OHFmocHN

Me

Me

O O

Me Me
OMe

Cl

O

OFmocHN

Me

Me

O O

Me Me
OMe

resin 
loading

Automated
SPPS

then, TFA

7" 9" 11" 13" 15" 17" 19" 21" 23" 25" 27" 29"

▪ compatible with all amino acid residues  (inc. Met, Cys) 
▪ affords α-ketoacids directly upon cleavage 

O

OHN
H

Me

Me

O O

Me Me
O2N

H2N

CO2HOH

OH CO2H

FKFYMPKKATELKHLQCLEEELKPLEEV

NH3
+ H3N+

NH3
+

O

OFmocHN

Me

Me

O O

Me Me

Automated
SPPS

then, TFA

O2N

CO2H NH3
+

CO2H

CO2H

O

OHN
H

Me

Me

H2N

CO2HOH

OH CO2H

FKFYMPKKATELKHLQCLEEELKPLEEV

NH3
+ H3N+

NH3
+ CO2H NH3

+

CO2H

CO2H
O

“photoprotected” peptide α-ketoacid 1:1 CH3CN/H2O
0.1% TFA

365 nm, 15 min

“Photoprotected” α-ketoacids easily prepared (and also perfect)

▪ no epimerization during protection or deprotection  (extensively checked!)  
▪ Leu, Phe, Tyr, Val, Ile, Glu, Trp, Arg forming linkers prepared

Challenge: amino acids-derived hydroxylamine monomers

V. Pattabiraman, A. Ogunkoya, I. Pusterla, S. Baldauf 10

▪ easy to make 
▪ hard to protect! 

▪ easy to protect  
▪ not very reactive

▪ #$@%# to make  
▪ forms threonine

O

OH
Me

N
MeO

PgO

OH
Me

N
PgO

Pg
OH

O

N
O

Me

Fmoc

OH

O
N

O

F
F

O O

NO2

Me

▪ not too bad  
▪ forms aspartic acid

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

  
 

O

N
H

H
N

O
▪ reactivity: good 
▪ stability: great!

(S)-5-oxaproline 

OH

O
N

O

O O

NO2

Me OH

O
N

O

Fmoc

OH

O
N

O

Boc

“photoprotected” oxaproline Fmoc oxaproline Boc oxaproline

50 mol%

O

H
O

EtO
N
H

OTBSBoc

N
H Ph

Ph

OTMS
CHCl3

0 oC–rt, 20 h
then NaBH4

O

EtO
OH

N
OTBSBoc

95% ee
3 steps

▪ Prepared on >1 kg scale! 

We love 5-oxaproline because it forms esters (not amides)! 
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KAHA ligation

0 h

17 h
depsi-AB

amide-AB

BA

A
N
H

O
N

O

Fmoc

O
N
H

OH

O

Me

Me

N
H

H
N

O

OSegment 1

O

N
H

NH2

O

O
N
H

Me

Me

KAHA Ligation

12 mM protein segments
DMSO/H2O, 0.1 M oxalic acid

60 °C

Segment 2 COOH

Segment 1 Segment 2 COOHN
H

O
N

O

Fmoc

depsi (ester)-AB

▪ Peptide esters are well known 
   (Kiso’s isopeptides) 
▪ ester products improve solubility  
▪ easily be isolated   
▪ rearranged in situ or during protein folding   
▪ homoserine at ligation site  
 

O to N acyl shift
pH 10 buffer

6 M GdmCl, 10 mM TCEP
rt, 75 min

O
N
H

H
N

OH

N
H

O

Me

Me

Segment 1 Segment 2 COOHN
H

O
N

O

Fmoc

amide

Chemical Synthesis of Insulin with Ester-Forming KAHA Ligations

G. Boross & Sanofi Aventis (Chem. Sci. 2018) 12

H2N N
H

HO

OSH SH

Insulin B chain (1–25)

O

OH
CO2H

CO2H

N
H

O

SH SH

SH SH

O
S

O NH

HN

O
O

O O

Insulin A chain (1–21)

prosthetic 
C-peptide

(28–30)
H
N

O CO2H

CO2H

H2N N
H

O
N
H

HO

O NH2

O

SH SH

SH

SH

SH

SH

O
S

O NH

HN

O
O

O O

Insulin A chain (1–21)

Insulin B chain (1–25)

prosthetic 
C-peptide

(28–30)

ester-forming
KAHA ligation

human insulin variants

H2N COOH

S S

S
S

S
S

H2N COOH

Insulin A chain (1-21)

Insulin B chain (1-30)

9:1 DMSO/H2O

60 °C, 12 h

61% isolated yield

1) ACM Deprotection
2) Folding



Typical synthesis of a small (20 kDa) protein – interleukin 2

C. Murar, M. Ninomiya 13

H2N N
H

O

O

OH N
H

N
H

O
H
N

O

OMe

Me

Me

Me

Seg 1 Seg 2 OH

SAcm

KAHA ligation, then
UV irradiation

O O

Me Me
O2N

A B

61% yield

N
H

N
H

O
N

O
O

OH

O

OHN
H

O
H
N

O

 KAHA ligation, then
Fmoc deprotection

Segment 3 Segment 4

Fmoc

SAcm
C D

53% yield

A-B

H2N N
H

Me

Me

Seg 1 N
H

N
H

Seg 2

SAcm
O

Me

Me

OH

O
O

O NH2

O

Segment 3 N
H O

N
H Segment 4 OH

SAcm

N
H

O
H
N

O
O

NH2

O

C-D

 KAHA ligation

A-B-C-D (>60 mg linear protein)

H2N N
H

O

O
Me

Me

Seg 1 N
H

O

NH2

N
H

O

O
Me

Me

Seg 2 N
H

O

NH2

N
H

O

OSeg 3 N
H

O

NH2

OHSeg 4

SAcm SAcm

58% yield

AgOAc, AcOH:H2O 1:1, 0.3 mM, 50 ºC, 2 h
2. Rearrangement and folding

1. Acm deprotection

H2N N
H

O

H
N

Me

Me

Seg 1 N
H

N
H

Seg 2

O

S

H
N

O
N
H

O

OH

Seg 3 N
H

H
N

O

O

N
H

Seg 4 OH

Me

Me

OH
S

synthetic therapuetic protein  (>20 mg obtained)

OH

X

6 M Gd.HCl, 0.1 M Tris, 30 mM GSH, 1.5 mM GSSG, 
pH 8.0, rt 24 h,40% yield over 2 steps

14 16 18 20 22
time (min)

t = 0

O-N shift
t = 2 h

overnight

purified

8b

linear IL-2

folded IL-2 (9b)

0.001 0.01 0.1 1 10 100 1000
0.0
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O
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45
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Proleukin
Synthetic IL-2 (9b)
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)
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A wide range of bioactive proteins can be prepared with KAHA ligation

14

UbcH5a 
146 aa

LA3–LA4 Domains 
79 aa

Ubc9 
158 aa

Insulin 
51 aa

Nitrophorin 4 
186 aa

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

KAHA ligation is the basis for Bright Peak Therapeutics 
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Dr. Vijay Pattabiraman 
Co-Founder & CTO 

Senior Scientist, ETH

 

Stage 1 Stage 2 Step 3 & 4 Step 5 & 6

O
N

O OH

Boc

Boc-(S)-5-Oxaproline

H
N

O

OOO

MeMe
OMe

Fmoc

Fmoc-(S)-Leu-protected-Ketoacid with linker

O OH

O
H
N

O

OOO

MeMe
OMe

Fmoc

Fmoc-(S)-Phe-protected-Ketoacid with linker

O OH

O

H
N

O

OOO

MeMe

Fmoc

O2N

Fmoc-(S)-Leu-photoprotected-Ketoacid with linker

O OH

O

key starting materials protein segment scale-up PEGylation, formulationprotein ligations, folding

Established multigrain scale manufacturing of synthetic proteins

atomically tailored, 
synthetic cytokine 

antibody-cytokine 
conjugates 

modified, PEGylated 
cytokines 

covalent protein–protein 
conjugates  

~45 employees 
In Basel, CH  

10 employees in 
San Diego, USA 

Founded 
Dec 2017

    

Summary: KAHA ligation is a platform for chemical protein synthesis
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Peptide 2N
H

O

R2

O

NH2

N
H

O

O

H
N

R2

N
H

R1

Peptide 1

OHNH

HN NH2

NH2CO2H

CONH2

H2N

O

OH
O

R1

N
H

OHNH

HN NH2

NH2

CO2H CONH2

Peptide 2
O

NH2

Peptide 1

OHNH

HN NH2

NH2CO2H

CONH2

H2N

OHNH

HN NH2

NH2

CO2H CONH2

H
N

R1O

α-ketoacid (KA) hydroxylamine (HA)

DMSO/H2O
ph 1–4

10–20 mM

backbone amide bond

With just a few non-standard amino acid building blocks, we can construct atomically tailored proteins (even on gram scales!)

O

FmocHN

Me

Me

O O

Me Me
OMe

O

O
O

H
N

O

FmocHN
O O

O

O

FmocHN
O O

O

Me Me

N
O

O

OH

Boc
 

OH

O
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O

O O

NO2

Me



What we cannot do with KAHA ligation – conjugation of folded proteins 

17

4
NH2

???
4
NH

O

▪ KAHA ligation requires millimolar concentration (k2 ~ 0.01 M-1 s-1)

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

H2N

H2N

O

O

OH

H2N

NH2

lysine 
hydroxylamine

H2N

HN

24

OR

H2N

NH2

H2N

H
N

24O

KAHA ligation

DMSO/oxalic acid 
~pH 2 

50-60 °C

Protein–protein conjugation (i.e. ubiquitination)

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

(Folded) Protein–protein conjugation is the frontier of bioconjugation
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▪ Potassium acyltrifluoroborate (KAT) ligation for protein–protein conjugation 

25 µM protein
50 mM KF

50 mM Gly•HCL, pH 3.6
23 °C, 5 h

>90% yield

O B O

N

F

linker

Templated
ligation

N
H

O

Traceless ligation
product

N Me
O

O

NH

linker

Desthiobiotin

Streptavidin

O B O

N

F

linker

N Me
O

O

NH

linker

B O

NF

linker

HN Me

linker

HO

Cleaved linkers

▪ Traceless, templated amide ligations (aqueous buffer, nanomolar concentrations) 

J. Am. Chem. Soc. 2019, 8721

J. Am. Chem. Soc. 2021, 17557

apparent k2  
~ 200 M-1 s-1

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
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recombinant  protein 
[17 lysine residues]

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

site-specifically modified lysine 

X

O

N

O

Conjugating 
Enzyme

Inspiration: Ubiquitinylation and SUMOylation by Enzymatic Cascades
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N
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O
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Protein
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4

Target
Protein

HS E2

Ubl
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Ubl

DUB

E2

RING E3

S
H
N

N
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O

O

Ubl E2

▪  Consensus Sequence 
     
    SUMOylation motif:     
    ΨKxE 

Hendriks 
Nat. Struct. Mol. Biol.  
2017, 24, 325.
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▪ SUMO-conjugating enzyme 

S
H
N

N
H

O

O

SUMO Ubc9 (E2)

H2N
4

Target
Protein▪ can work without E3 ligases 

▪ direct interaction with substrate 
▪ some sequence-specificity 
▪ easily expressed in E. Coli (>50 mg/L) 



Approach: Reduce Ub/SUMO transfer to one enzyme and a peptide donor

R. Hofmann 21

N
H

OH

O
Ubl

S E1N
H O

Ubl

H
N

4

Target
Protein

O
N
H

Ubl

S
N
H O

H2N

4

Target
Protein

Ubl

RING E3

E2
SN

H O
Ubl E2E1, ATP

ATP-dependent activation by E1 Transfer to E2 E3-mediated transfer to target protein

SRN
H O

Ubl

Synthetic or semisynthetic thioester

S
N
H O

Ubl Ubc9 (E2)

Transfer to E2

S
N
H O

H2N

4

Ubl
Ubc9 (E2)

Target
Protein

Direct transfer by Ubc9

First steps: simplified SUMOylation with peptide thioesters

R. Hofmann 22

With full length SUMO3 and 
E1 activating enzyme 
(but no E3 ligase):

HN

O

S

O

NHAc

CONHMe
peptide

peptide thioester
50 µM

sulforhodamine
probe

RanGAP1
2 µM

Ubc9
12 µM

50 mM HEPES pH 7.6
50 mM KCl, 1 mM Ac-Cys-NHMe

30 °C, 1h

peptide

4

H2N
4

ATP + -

RanGAP1-
SUMO3

SUMO3

S

O

SUMO

S

O

NHAc

CONHMe
peptide

E1
1 2 3 4 4 5 6 7 8
+ + + + + + + +-

QQQTGG (S
2/3

)

QEQTGG (S
1)

QQPTGG (S
4)

LRLRGG (U
b)

LRLRGG (U
b)

RLRGG

LRGG
RGG

GG

Ubc9
peptide thioester
RanGAP1-peptide

Rhodamine fluorescence

R
el

at
iv

e 
R

ea
ct

iv
ity

peptide

Why does the ubiquitin sequence work better than the natural SUMO?

R. Hofmann and C. Zeymer 23

▪ Electron density 2Fo-Fc for peptide, contoured at 1.0 σ:

Ubc9

O

NH
NHAc-LRLRG

Ac-IKQE-NH2

S
S

X-ray structure of Ubc9 bound to the Ub peptide (1.9 Å)

Ubc9 perfectly accomodates Leu and Arg residues at Ub C-terminues

R. Hofmann and C. Zeymer 24

▪ Correct orientation of thioester carbonyl in the active site 
▪ Arg solvated 

Leu

Arg

▪ Leu provide favorable hydrophobic interactions 



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

R. Hofmann 25

SR

O
4
NH2

tag

GFP
15 ѥ0

4
NH

tag

OUbc9
60 ѥ0

���P0�+(3(6�S+����
���P0�.&O����P0 $F�&\V�1+0H

����&������K

tag

PRKVIKMESEE
KXEY

1    6   118E�SHSWLGH
150 ѥ0

▪ Complete Ubc9-dependent labeling at LACE tag K6 
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Ubc9-peptide
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K6R

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

R. Hofmann 26

SR

O
4
NH2

tag

GFP
15 ѥ0

4
NH

tag

OUbc9
60 ѥ0

���P0�+(3(6�S+����
���P0�.&O����P0 $F�&\V�1+0H

����&������K

tag

PRKVIKMESEE
KXEY

1    6   118E�SHSWLGH
150 ѥ0

▪ Specificity (reaction quenched after 1 hour) 

Ψ K X E

tag
Ubc9 (1 h)

Lane

P1A R2A K3A V4A I5A K6R E8AM7A S9A E10
A

E11
A

        mutation

Rhodamine

Coomassie

1 2
GFP-peptide

GFP

tag

GFP-peptide

0.00
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P
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ÁX
RU
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e

1 2 3 4 5 6 7 8 9 10 11 12 13

3 4 5 6 7 8 9 10 11 12 13
➡ 4 residues sufficient 
➡ Sensitive to sterics

▪ Truncation of LACE tag 
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Many functional moieties can be attached via a short peptide donor

R. Hofmann & G. Akimoto (Nature Chemistry 2020) 27

▪ Fluorophores ▪ Affinity tags ▪ Bioorthogonal reactive handles
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LACE works for many types of proteins containing a LACE tag

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

▪ SUMO-conjugating enzyme Ubc9

S
H
N

N
H

O

O

SUMO Ubc9 (E2)

H2N
4

Target
Protein

▪ type of E2-conjugating enzyme  
▪ can work without E3 ligases 
▪ direct interaction with substrate 
▪ some sequence-specificity 
▪ easily expressed in E. Coli (>50 mg/L) 

4
NH2

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

R. Hofmann 29

tag

PRKVIKMESEE
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1    6   11
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NH2

tag

15 µM

Ubc9
60 µM

50 mM HEPES pH 7.6
50 mM KCl, 1 mM Ac-Cys-NHMe

30 °C, 4-8 hUb peptide
150 µM

tag

Target
Protein Target

Protein
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GFP-Ub

GFP-S3

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

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

Rhodamine fluorescence

Ubc9~peptide thioester
GFP-peptide

Ub peptide S3 peptide

Preformed Ubc9~peptide 
thioester (1h, desalted), excess 
GFP substrate (60 μM), rt.

▪ Currently 4 equiv “catalyst” 
▪ Transfer from Ubc9 to substrate is fast 
▪ Loading of Ubc9 is slow step 
▪ LACE tag recognition good but 

could be improved

tag

tag

tag

Limitation: currently LACE needs preformed peptide/protein thioesters

30

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] 
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Ub intein

expressed and isolated
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–

LACE: in vitro (test tube)

HS E1
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N
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O
OH

O

SUMO E1
H
N

N
H

O
S

O

HS Ubc9
H
N

N
H

O

O

S Ubc9

Biology: loading of Ubc9 with SUMO in cellulo

SUMO SUMO

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

Goal 1: Establish an in cellulo (E. coli) for LACE without using thioesters

G. Akimoto 31

What do we need to do LACE in E. coli? 

Substrate (RanGAP, GFP) [easy] 

Ubc9 [easy] 

Transfer protein/peptide – Ubiquitin (easy to express, but we need to load onto Ubc9) 

E1 – LACE works with Ub, but Ubc9 is only loaded by SUMO in cells. Need “chimeric” E1

E. coli

??+

Not accesible SHUbc9

Ubc9

H2N 4 KS

E

L

4 KS

E

L

S
SO3

–
O

Ub

S

O

N
H

O

Ub

OH

O

Ub

Ub

We need an E1 enzyme that can load ubiquitin onto Ubc9 (the SUMOylation E2)
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Ub
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SHUbc9

Ubiquitin “E1” Ubc9



Starting point: chimeric SUMO/Ub E1 Enzyme
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Uba1-Ubc4 complex Sae1/Sae2

UFD

Engineering

Chimeric E1
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(Ubiquitin-fold domain)
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E2

Interaction 
unique to Ubl pathway

Swapping
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– GFP–     – Ubc9-Ub
– Ubc9

– Ub
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(h)

ATP
pH 7.5, 37 °C

73% conversion
in 20 hours

Ubiquitin
75 uM

GFP
15 uM

Chimeric E1 v0
0.5 uM
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+

+

NH2
4

tag

NH
4

O

tag
Ubc9

OH

O

Ub

Directed evolution of Chimeric E1
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ssTorA-Ub

lacp

Ubc9-BLA

Chimeric E1

colE1

CmR

▪ Construct

Amp (ug/mL)
0 64

Ub + ChE1 + 

Ub + ChE1 + 

Ubc9

Ubc9 C93A

Method 

epPCR on SCCH 
Gene shuffling + NNK

Library size 

107~108 /round

SCCH

UFD

▪ Spotting assay ▪ Directed evolution of chimeric E1

Chimeric E1 ssTorA–ubiquitin 
Exporting signal

BLA = β-lactamase

Cytoplasm
Periplasm

OH

O HS

S

O
BLA

Ubc9

BLA

Ubc9

S

O
BLA

Ubc9

Ampicillin

Evolution of chimeric E1 with a beta-lactamase selection system 
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▪ Spotting assay ▪ Kinetic parameters for E1->E2 ubiquitin transfer

▪ In vitro ubiquitylation

ChE1Ubc9

C93A

wt

0 25 50 10
0
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20
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40
0

Carbenicillin (µg/mL)
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0 2 4 6
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50

100
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ChE1 v0.2
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Time (h)

t1/2 = 15 min

G
FP

-U
b 

(%
)

ATP
pH 7.5, 37 °C

Ubiquitin
75 uM

GFP
15 uM

Chimeric E1
0.5 uM

Ubc9
30 uM

NH2
4

tag

NH
4

O

tag
Ubc9

OH

O

Ub

E1

Uba1 Ube2G1 4.7 ± 1.2 3.9 ± 0.6

Ubc9ChE1 v4.5 0.15 ± 0.02 0.42 ± 0.12

Ubc9ChE1 v0.2 2.0 ± 0.1 × 10-3 2.4 ± 0.5

1.4 ± 0.2 9.6 ± 4.9

1.2 ± 0.2 × 106

3.6 ± 0.8 × 105

8.8 ± 2.2 × 102

1.6 ± 0.5 × 105

1400

410

1

180Uba1 E2-25K

E2 kcat (s-1) KM��ѥ0� kcat/KM (M-1 s-1) Rel. kcat/KM

Key mutations of N688 and F689 quickly emerge from directed evolution
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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
v0 N S D V T E T L A V Q H N N N F A P M Q A V Q F V V S L Y D S V A I A T T

Round 1 v1.1 L L S Y I V V S
epPCR v1.2 V A I V A E S

v1.3 N Y I
Round 2 v2.3 N A T Y I L

epPCR v2.9 N I P Y I A E E S
v2.10 S N Y I A H
v2.11 N Y I A E V S

Round 3 v3.1 N A T L Y I G L V A C
epPCR v3.2 N Y I L A E V S

v3.3 N E Y I S
v3.4 N I Y I A E E S

Round 4 v4.1 T E T Y I L A E E S
Shuffling v4.2 T L Y I S E V S

+NNK v4.3 N E T L Y I S A C V S
v4.4 A T W L S A E E S
v4.5 T Y I S E E S

NNK-> � � �
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▪ Ubiquitin oligomer transfer

Direct expression of mono-ubiquitylated proteins in E. coli
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▪ Monoubiquitylation in E. coli

Next step: Directed evolution of Ubc9 variants (ongoing)
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▪ Constructs
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▪ Spotting assay ▪ In vitro ubiquitylation on RanGAP1
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LACE – Lysine Acylation with Conjugating Enzymes
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Established in cellulo system for directed evolution of a chimeric E1 

Preliminary results on a selection system for Ubc9 evolution 

Long term goal: evolve Ubc9 catalytic LACE at any lysine residue in a target protein 

▪ Text
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Evolution of chimeric E1 Evolution of Ubc9
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O
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Ubc9



Summary: new synthetic and biological approaches to modified proteins 
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▪ Lysine Acylation with Conjugating Enzymes (LACE) using Ubc9

4
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50 mM HEPES pH 7.6
50 mM KCl, 1 mM Ac-Cys-NHMe
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1    6   11

▪ KAHA Ligation for Chemical Protein Synthesis
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KAHA ligation
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▪ Acidic Conditions 
▪ Convergent Ligations 
▪ Direct preparation of ligation partners 
▪ Readily scaled 
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