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I Zusammenfassung

I Zusammenfassung
Ubiquitin (Ub) ist ein kleines, hochkonserviertes Protein, das posttranslational an
Substratproteine geknüpft wird. Diese posttranslationale Modifikation spielt eine wichtige
Rolle in vielen unterschiedlichen zellulären Prozessen, z. B. bei der Zellzykluskontrolle, der
Transkription, der DNA-Reparatur und der Apoptose. Substratproteine werden dabei entweder
mono-ubiquitiniert oder poly-ubiquitiniert, wobei nacheinander mehrere Ub-Monomere
angehängt werden, so dass poly-Ub-Ketten entstehen. Die einzelnen Ub-Einheiten innerhalb
dieser Ketten sind über Isopeptidbindungen zwischen einem Lysin eines Ubs und dem Cterminalen Glycin eines anderen Ubs verknüpft. Ub enthält sieben Lysine, die alle für die
Kettenbildung verwendet werden können. Wichtig ist hierbei, dass die Auswahl des Lysins
über die biologische Funktion der jeweiligen Kette zu entscheiden scheint.
Ziel dieser Arbeit war es, eine Methode zu entwickeln, die den Aufbau aller sieben
möglichen Ub-Dimere und die mono-Ubiquitinierung von Substratproteinen in vitro erlaubt.
Damit sollte die Grundlage geschaffen werden, die verschiedenen Funktionen von
unterschiedlich verknüpften Ub-Ketten oder von mono-Ubiquitinierungen zu untersuchen.
Die Verknüpfung von Ub mit einem anderen Protein (entweder einem zweiten Ub oder
einem Substratprotein) gelang durch die Cu(I)-katalysierte Huisgen Cycloaddition, die
sogenannte Click-Reaktion. Die hierfür benötigten orthogonalen Gruppen, ein Azid und ein
Alkin, wurden über künstliche Aminosäuren in die Proteine eingebaut. Die Azid-Funktion
wurde über das Methioninanalogon Azidohomoalanin (Aha) über die Selective Pressure
Incorporation-Methode am C-Terminus eines Ubs eingebaut. Die Alkin-Funktion konnte über
das Pyrrolysinanalogon Plk mittels der Amber Suppression-Methode in Proteine eingebracht
werden. Es ersetzte jeweils das Lysin, das für die entsprechende natürliche Verknüpfung
benutzt wird. In einer nachfolgenden Click-Reaktion wurden die beiden modifizierten Proteine
über einen hydrolysestabilen Triazolring verknüpft. Damit gelang die Synthese aller sieben
möglichen

Ub-Dimere

und

die

ortsspezifische

mono-Ubiquitinierung

der

beiden

Substratproteine, PCNA und DNA Polymerase β.
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II Abstract
Modification of proteins by the covalent attachment of ubiquitin (Ub) plays a
fundamental role in the control of many biological processes including cell cycle regulation,
transcription, DNA repair, and apoptosis. Substrate proteins are either mono-ubiquitinated or
poly-ubiquitinated, i. e. several Ub monomers are attached to form poly-Ub chains. In these
chains several Ub moieties are linked to each other via isopeptide bonds between a specific
lysine residue of one Ub and the C-terminal glycine of the next Ub. Ub contains seven lysine
residues and each of these lysines can be used for poly-Ub chain formation. Importantly, the
actual lysine residue of Ub used for Ub-Ub conjugation seems to determine the biological
function of the respective poly-Ub chain.
The aim of the present work was to develop a method to synthesize all naturally
occurring Ub dimers and to mono-ubiquitinate substrate proteins in vitro. This will provide the
basis to elucidate different functions of differently-linked poly-Ub chains and of monoubiquitination.
Cross-linking of Ub to other proteins (either a second Ub or a substrate protein) was
achieved using the Cu(I)-catalyzed Huisgen cycloaddition, the so-called click reaction. The
two orthogonal functional groups needed for click chemistry, an azide and an alkyne, had to be
incorporated into the proteins via artificial amino acids. The azide function was introduced at
the C-terminus of one Ub via the methionine analog azidohomoalanine (Aha) using selective
pressure incorporation. The alkyne function was introduced via a pyrrolysine analog, the
propargyl-protected lysine derivative Plk using amber suppression. It replaced the respective
lysine residues naturally used for conjugation. Subsequent click reaction between the two
modified proteins resulted in a hydrolytically stable triazole linkage. With this, the synthesis of
all seven naturally occurring Ub dimers was possible, as well as the site-specific monoubiquitination of the two substrate proteins PCNA and DNA polymerase β.
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Ubiquitin
Ubiquitin (Ub) is an essential eukaryotic protein of 76 amino acids in size and is
highly conserved from yeast to the human organism. Modification of proteins with Ub (a
process termed "ubiquitin-conjugation", "ubiquitylation" or "ubiquitination") involves the
concerted action of at least three classes of enzymes.[1, 2] In the first step Ub is activated by the
Ub-activating enzyme E1 at the expense of ATP by forming a thioester complex between the
carboxyl group of the C-terminal glycine of Ub and the thiol group of the active site cystein
residue of E1. Activated Ub is then transferred to a cystein residue in the active site of one of a
number of Ub-conjugating enzymes (E2, UBC) preserving the high energy thioester bond.
Together with E3 Ub-protein ligases (UBL), which are responsible for the specific recognition
of the substrate proteins, the E2s finally catalyze the covalent attachment of Ub to the substrate
protein. This covalent attachment is mediated by the formation of an isopeptide bond between
the carboxyl group of the C-terminal glycine of Ub and the ε-amino group of an internal lysine
residue of the substrate. In some cases, the C-terminal carboxyl group of Ub also forms a
peptide bond with the N-terminal amino group of the substrate (Figure 1.1).[1]

Figure 1.1 Process of ubiquitination. Ub is activated by the Ub-activating enzyme E1 at the expense of
ATP by forming a thioester complex between the carboxyl group of the C-terminal Gly of Ub and the
thiol group of the active site Cys of E1. Activated Ub is then transferred to the active site Cys of an Ub
conjugating enzyme E2. Finally, an isopeptide bond formation between the C-terminal Gly of Ub and a
Lys residue of a substrate protein is catalyzed by an E3-ligase.
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In poly-ubiquitinated proteins one or more lysine residues of the protein are modified
with "Ub chains". In this case a single Ub moiety is first attached to a lysine residue of the
substrate. Ubiquitin itself can then serve as a substrate for ubiquitination resulting in the
assembly of poly-Ub chain(s).[1-3]
Ubiquitin has seven lysine residues (Figure 1.2), and mass spectrometric analysis of
ubiquitinated proteins derived from yeast revealed that each of these lysine residues can be
used for chain formation.[4] Genetic studies in yeast showed that point mutations in Lys48 are
lethal, while mutations in other lysines are not. This provided the first hint that not all lysines
are of equal importance.[5, 6] The best understood function of poly-Ub chains is that of a signal
targeting the modified protein to the 26S proteasome for degradation.[7] In recent years
however, it became evident that poly-ubiquitination also has additional, non-proteolytic
functions: the fate of a poly-ubiquitinated protein is determined by which lysine residue of Ub
is used for the assembly of the poly-Ub chain and therefore by the topology of the respective
oligomer conjugate.[8, 9]

Figure 1.2 Cartoon and amino acid sequence of wtUb, all 7 Lys and the C-terminal Gly are shown in red.

Modification of proteins with Lys48-linked poly-Ub chains was identified as the major
signal for proteasomal degradation. However, mass spectrometric studies in yeast and genetic
studies in Xenopus extracts and human cells revealed that all poly-ubiquitin chains, with the
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exception of Lys63-linked chains, target proteasomal degradation.[10, 11] Furthermore, many
other non-proteolytic functions have been identified for all of these linkages. For example, the
yeast transcription factor Met4 is inhibited by Lys48 poly-ubiquitination by a proteasomeindependent mechanism,[12] and Lys11 poly-ubiquitination plays an important role in
endoplasmic reticulum-associated degradation (ERAD).[10] Finally, Lys63-linked poly-Ub
chains are implicated in endocytosis and in other changes of biochemical activities and
functions of the modified proteins similar to mono-ubiquitination (substrates are modified with
one or more Ub monomers).[8]
All this only allows a glimpse on the spectacular diversity of poly-ubiquitin linkages in
cells and highlights the need for new tools to further elucidate the function of this versatile
post-translational modification. There is an urgent demand for a possibility to synthesize
differently-linked poly-Ub chains in vitro as the isolation of poly-Ub chains or polyubiquitinated proteins still remains challenging.
In this study, we present a new synthetic route to obtain site-specifically linked Ubdimers and mono-ubiquitinated substrate proteins in vitro using artificial amino acids.

Ubiquitination in vitro
When the idea for this project arose in 2008, only few possibilities were known to
reproduce a ubiquitin modification in vitro. It was possible to enzymatically synthesize Lys11-,
Lys48-, and Lys63-linked poly-Ub chains that could be employed in structural and functional
studies.[13-15] However, they are less suited for experiments with whole-cell lysates, since these
contain Ub-specific proteases that efficiently cleave natural Ub conjugates.[16] Furthermore,
this approach is limited by low productivity and by the availability of respective enzymes.
Besides, only three of the seven possible linkages were accessible by these means, calling for a
different synthetic approach.
Wilkinson and co-workers reported the synthesis of Ub dimers and tetramers with
different connectivities based on double Cys mutants and dichloroacetone (DCA) as
conjugation reagent (Table 1.1b).[17, 18]
The foundation for another chemical approach to link Ub to a substrate protein was
laid with the total chemical synthesis of Ub using both stepwise solid-phase peptide synthesis
(SPPS)[19] and native chemical ligation (NCL).[20] This has allowed the generation of various
ubiquitin analogs including the attachment of Ub to the ε-NH2 group of a single lysine
residue.[21] Muir and co-workers further developed these synthetic protocols for the sitespecific ubiquitination of an 11 amino acid peptide from the C-terminus of the mammalian
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histone H2B (which includes the ubiquitinated Lys120 residue). They used an auxiliarymediated expressed protein ligation (EPL) approach in which the auxiliary-containing peptide
is ligated with a ubiquitin(1-75)-α-thioester (Table 1.1c).[22] The most frequently used
chemoselective ligation method in EPL is NCL.[23, 24] NCL yields a native amide bond through
a reversible thioester equilibrium of a peptide or protein thioester with an N-terminal Cyscontaining peptide or protein, followed by an irreversible S-N acyl shift to form an amide bond.
This approach is limited to ligation sites with a Cys residue. However this limitation can be
overcome by using a thiol-containing auxiliary which participates in the thioester equilibrium
to furnish the final amide.[25] Advances have also been made in the development of thiolcontaining auxiliaries that are photocleavable.[26] Another constraint for the applicability of this
approach is that only sterically unhindered amide bond couplings at Gly-Gly or Ala-Gly
junctions are mediated. Ubiquitin carries two Gly residues at its C-terminus making it an
optimal candidate for this approach.[27]
In the following years this approach has been refined by Muir and co-workers to link
Ubiquitin site-specifically to the full length histone HB2 (Table 1.1d).[28] This was achieved by
linking three polypeptide building blocks covalently via two traceless ligation strategies. First,
the C-terminal part of H2B (residues 117–125) was synthesized bearing both the ligation
auxiliary, attached to the ε-NH2 group of Lys120, and an A117C mutation. This peptide was
ligated to a Ub(1–75)-α-thioester, which was produced by thiolysis of a corresponding intein
fusion protein, to yield the ubiquitinated peptide Ub-H2B(A117C-125). Subsequent ultraviolet
irradiation led to efficient removal of both the ligation auxiliary and the cysteine protecting
group to give deprotected branched protein. This intermediate product was then ligated to
recombinant H2B(1–116)-α-thioester, to give Ub-H2B(A117C). In the final step, Raneynickel-mediated desulphurization[29] was used to convert the single Cys residue in the branched
protein to the native Ala residue present in Ub-H2B.
Besides, Miur and co-workers developed a disulfide-directed methodology for the sitespecific modification of histones by ubiquitin and ubiquitin-like proteins (Table 1.1e).[30] The
donor Ub was expressed with an intein fusion-tag. Intein-mediated trans-thioesterification with
cysteamine and subsequent S-N acyl shift yielded Ub with a C-terminal aminoethanethiol
linker. Histone H2B(K120C) was expressed in E. coli and subsequently reacted with 2,2’dithiobis(5-nitropyridine) (DTNP) generating an activated asymmetric disulfide. In the final
step, a disulfide exchange led to the disulfide-linked ubiquitinated histone.
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Around the same time, several other methods for site-specific Ub protein conjugation
were reported. Yang et al. developed an optimized dual NCL approach using the photolabile onitroveratryloxycarbonyl (NVOC) protecting group at the δ-mercaptolysine side chain (Table
1.1f).[31] With this method they synthesized a Lys48-linked di-ubiquitin. Przybylski and coworkers explored a thioether-ligation approach for the synthesis of a Lys63-linked Ub dimer. A
linear ubiquitin peptide containing a C-terminal Cys residue as the “donor” component reacted
with a corresponding lysine-ε-amino-branched haloacyl-activated ubiquitin “acceptor” peptide
(Table 1.1g).[32]
Brik and co-workers introduced δ-mercaptolysine in NCL as a temporary handle in
assisting isopeptide formation. Following the ligation step, the thiol moiety at the δ-carbon was
rapidly converted into the unmodified lysine using the desulfurization reaction. With this, they
were able to mono-ubiquitinate a partial peptide sequence of α-Synuclein (Table 1.1h).[33]
Moreover, they reported the synthesis of various analogues of the δ-mercaptolysine to allow
their use in Fmoc- and Boc-based solid-phase peptide synthesis (SPPS; Fmoc = 9fluorenylmethoxycarbonyl, Boc = tert-butyloxycarbonyl), as well as in sequential ligation.[34]
Based on these earlier results, they designed a synthetic route to all of the di-Ub chains, in
which the δ-mercaptolysine is introduced at the desired position (i.e., Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48, and Lys63) to allow a site-specific attachment of the sequential Ub
molecule.[35] They also used this method to mono-ubiquitinate several substrate peptides.[36]
Furthermore, Brik and co-workers reported a new chemical strategy, combining NCL
and N-methylcysteine containing peptides to chemically prepare a ubiquitin thioester. The Nmethylcysteine was utilized as an N-S acyl transfer device, and in its protected form served as
a latent thioester functionality.[37]
Concurrently with our work, Mootz and co-workers established an intein-based
conjugation method applying the Cu(I)-catalyzed Huisgen azide-alkyne cycloaddition (click
reaction).[38-44] This reaction selectively links an organic azide to an alkyne (see below). Mootz
et al. mutated the native acceptor lysine of a substrate peptide to cysteine, followed by
iodoacetamide ethyl azide treatment to convert the sulfhydryl moiety to an azide functionality
(Table 1.1i). To introduce a terminal alkyne group, the Ub or Ub like (Ubl) protein was
expressed fused to a mutant intein to generate the C-terminal thioester that can be reacted with
propargylamine. This approach uses a unique cysteine as a chemical handle to install the azide
moiety and is therefore not generally applicable to other proteins which, for example, contain a
catalytic cysteine. To overcome this hurdle, Mootz and co-workers combined their intein-based
approach with the incorporation of artificial amino acids to allow the incorporation of an azide
in the presence of other cystein residues (Table 1.1k).[45]
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Another group also combined the incorporation of artificial amino acids with NCL.[46]
They introduced a genetically encoded pyrrolysine analog (see below) that places a ligation
handle directly into a recombinant protein. Thus, they were able to mono-ubiquitinate the
model protein calmodulin (CaM) (Table 1.1l).
Ovaa and co-workers explored oxime-based ligation to form Ub-peptide conjugates.[47]
Oxime formation is a chemoselective condensation reaction between aminoxy and aldehyde
moieties[48] to form a linkage that is stable under physiological conditions.[49,

50]

Ub was

functionalized at the C-terminus with an aldehyde that can be generated in situ from an acetal
and subsequently ligated with an aminoxy-modified peptide for the ubiquitinated peptide
analog (Table 1.1m).
Chin et al. combined genetic code expansion, intein chemistry, and chemoselective
ligations to synthesize Lys6 and Lys29-linked Ub dimers.[51] Their method was named GOPAL
(genetically encoded orthogonal protection and activated ligation). They expressed the donor
Ub together with an intein-tag. After intein fusion thiolysis they globally protected all lysine
side-chains. The acceptor Ub was expressed with one Boc-protected Lys via the amber
suppression method (see below). The remaining six lysine residues were protected with
another protecting group. The only unprotected Lys now reacted with the activated C-terminus
of the donor Ub. Global deprotection finally yielded a native Ub dimer (Table 1.1n). They
further refined this method by replacing Boc-Lys with δ-thiol-lysine which allowed direct
coupling with the thiol-activated C-terminus of the donor Ub without the need for global amine
protection (Table 1.1o).[52]

Donor Ub

Acceptor protein

a)

G76
O

In vivo

Ub1-74

O

H
N

N
H

O
S

Enzyme

O

b)

K

C76

O
[17, 18]

H
N

N
H

Ub1-74

Ub1-76

H2N

G75

Wilkinson

Product

O

SH
COOH

Ub1-76

Ub1-76

N
H

Natural isopeptide linkage
All K

DCA
Cl

Cl

HS

O

G75
Ub(76C) recombinant

Ub1-76

KÆC

S

Ub1-76

S

Ub1-76

O

K29 Ub dimer and tetramer

c)
Muir[22]

Ub1-73

O

H
N

G75
SR

N
H

R74
HN

G76

O

NH
NH2

Ub(1-75)-α-thioester via NCL

O

HN
HS

H
N

peptide

G76

K
Ub1-74

aux

H
N

O

H HN
N

peptide
K

O

G75
SPPS

Peptide of histone H2B
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Donor Ub

Acceptor protein

d)

NO2

SH
HN

Muir[28]

O

O

O

S

substrate

N
H

SR

O2N

N

Liu & Liu[31]

substrate

HS

Ub1-76

O

SH

SR

NCL

O

NCL

Ub1-76

Cl

Cl
HN

O

O

Ub54-76

HN

HN

Ub54-76

N
H

Ub1-52

Ub1-52

HN

HN

Ub1-52

O

HS

COOH

S

COOH

O

HN

O

Ub54-76

N
H

H
N

O
SR

Ub1-76

O

Ub1-76

S

NCL
i)

O

HN

K63 Ub dimer

SPPS

Birk[33-36]

COOH

S

Ub54-76

h)

Ub1-76

N
H

K48 Ub dimer

g)

Przybylski[32]

substrate

Histone H2B

Ub1-76

H 2N

S S

N
H

2

KÆC

Ub1-76

Histone H2B
* Auxiliary-linked synthetic peptide
O

S

NCL
f)

aux*

Æ Ax

Substrate via NCL

O

Ub1-76

O

O

NO2

Muir[30]

Ksubstrat
H
N

Cx

Ub(1-75)-α-thioester via NCL
e)

NH

substrate

RS

Ksubstrat
aux*

H 2N

O

H
N

Ub1-75

NH

OR''

SR

Ub1-75

G76

G76

O
R'O

Product

Amber suppression
O

Ubl∆GG

All Ub dimers

O

KÆC

Mootz[41-44]

H2N

O
N3

O
N
H

Ubl∆GG

Ub1-76

N
H

substrate

HS

SR

Ub1-76

N
H

I

Ubl∆GG

N
H

H
N

N
N N

S
O

substrate

O
N3

N
H

NCL

S

substrate
Ubl: SUMO2

O

k)
Ubl

SR

Mootz[45]

O

N3

H2N

substrate

Ubl

N
H

H
N

N N
N

substrate

O

O
N
H

Ubl
NCL
l)
Chan[46]

SPI

O

O

Ub1-75

SR

HS

NH2 H
N
O

NCL

Ubc9 with SUMO1 and SUMO2

substrate

Ub1-75

NH H
N
SH O

Amber suppression

substrate

Calmodulin-Ub
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Donor Ub

Acceptor protein

m)
O

G75
N
H

Ub1-74
Ovaa[47]

O

H
N
O

Product

O

OH

G76

H2N

H
N

O

peptide

Ub1-74

N

N
H

H
N

O

peptide

O

O
O

n)
Chin[51]

O

N
H

Ub1-74

SPPS

O

H2 N

SR

Ub1-76

CbzHN

NHCbz
7

Chin[52]

O

Ub1-76

Amber suppression

Ub1-76

K29 Ub dimer

O

Ub1-76

N
H

6

NCL
o)

Ub1-76

K48- and K63-linked Ub-isopeptide
isosteres

O
SR

H2N

NCL

Ub1-76
SH

Amber suppression

Ub1-76

N
H

Ub1-76

K6 Ub dimer and Ub-SUMO

Table 1.1 Methods for ubiquitination in vitro.

In the present study we developed a method to synthesize topology-specific Ub chain
analogs by incorporating artificial amino acids into recombinantly expressed Ub. These nonnatural amino acids were designed to carry an azide and an alkyne, respectively, in their side
chains and can therefore be linked by click chemistry. The same method was explored to
mono-ubiquitinate substrate proteins.
As already mentioned, there were only very few possibilities known to synthesize Ub
dimers in vitro when this project was started, but even with what is known today, our method
will contribute significantly to the understanding ob ubiquitination. Our strategy will give
access to all seven possible Ub dimers. In contrast to many other approaches, our Ub dimers
are proteolytically stable, allowing the work with whole-cell lysates and from all described
methods it will be the least technically challenging approach that can easily be reproduced in
any biological laboratory.
Last but not least, the recent high level of interest in this topic underlines the urgent
need for new technologies to link two proteins site-specifically in vitro. Great advances are and
will be made by applying chemical tools to biological questions.
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Click Reaction
The classical click reaction is based on the Cu(I)-catalyzed Huisgen 1,3-dipolar
cycloaddition, in which terminal alkynes and organic azides react to form 1,4-disubstituted
1,2,3-triazoles (for mechanism see Figure 1.3).[38-40] The reaction is performed best in aqueous
systems, succeeds over a broad temperature range (0-160 °C), and is remarkably insensitive to
pH (at least over the range from approx. 4 to 12). Furthermore, the reaction succeeds in the
presence of all functional groups tested to date[53], making it the optimal approach to modify
big bio-molecules.[54]

Figure 1.3 Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition. Cu(I) coordinates to the alkyne, forming
a Cu acetylide (1). The azide displaces another ligand and also binds to the copper (2). Subsequently, a
six-membered copper(III) metallocycle is formed (3). Ring contraction to a triazolyl-copper derivative
(4) is followed by protonolysis (5) that delivers the triazole product and closes the catalytic cycle.
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Incorporation of non-natural Amino Acids
Today, many eukaryotic proteins can recombinantly be expressed in E. coli, allowing
to study their function in vitro. However, many of them only exhibit their natural function
when post-translationally modified or covalently linked to other proteins. As E. coli only
delivers the bare protein, many methods to add these modifications synthetically have been
explored, e. g. for the synthesis of glycoproteins.[55, 56] Most of these methods are based on the
incorporation of cysteines and subsequent reaction with the thiol in the Cys side chain. This
approach is limited as other natural occurring cysteine residues have to be removed what is not
always possible, and only one kind of modification can be linked to all Cys. The solution for
this hurdle was found in artificial amino acids that allow the site-specific incorporation of new
functional groups that can be chemically modified orthogonal (mutually exclusive) to all
naturally occurring functional groups.[54] One prominent example is the azide-functionality
which has been introduced via several different artificial amino acids and can be modified
selectively by the above mentioned click reaction.[57]
There are several approaches for the expression of recombinant proteins with nonnatural amino acids, both in vitro[58-61] and in vivo.[62-64] The first step in protein biosynthesis is
the transcription from genomic DNA into mRNA by RNA polymerases. Subsequently, the
mRNA is translocated to the ribosome where it is translated into the corresponding amino acid
sequence (Figure 1.1.4). Three consecutive nucleobases of the mRNA form an amino acidspecific codon that is recognized by a codon-specific tRNA carrying the designated amino acid.
The key-enzymes in this process are aminoacyl-tRNA synthetases (aaRS). They specifically
recognize the correct tRNA molecule and attach the correct amino acid to the acceptor stem at
the 3’-end of the molecule. As each aaRS has a specific binding pocket for its designated
amino acid only, a very high fidelity is achieved (total error rate for protein biosynthesis
< 3*10-4).[65] If non-natural amino acids shall be incorporated into a protein this selective
process must be circumvented.
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Figure 1.4 Protein biosynthesis pathway. a) Loading of amino acid onto the corresponding tRNA by the
respective aaRS. Artificial amino acid analogs have to fit into the binding pocket of the aaRS in order to
be loaded onto the tRNA. b) Translation at the ribosome. If a tRNA is charged with an artificial amino
acid, the latter can be incorporated into the nascent polypeptide chain.

Selective Pressure Incorporation (SPI)
The easiest and most efficient way for the incorporation of non-natural amino acids
into recombinant proteins in E. coli is to use this natural protein biosynthesis pathway to
introduce amino acid analogs.[64, 66, 67] If the artificial amino acid is structurally similar to its
natural counterpart, it can be loaded onto the native tRNA by the native aaRS when the natural
counterpart is not present. Therefore, the medium has to be depleted of the natural amino acid
and the E. coli strain has to be auxotrophic for the amino acid in question, i. e. not able to
produce the amino acid itself. One disadvantage of that method is that only such amino acid
analogs will be incorporated which show a high structural similarity to their natural counterpart.
Aside from the transportation into the cell, the further processing by the specific aaRS seems to
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be the limiting step. In some cases the yield of recombinant protein with a non-natural amino
acid can be increased by over-expressing the responsible aaRS. As the amino acid analog
might be nocuous for the cells, the best protocol is to cultivate the cells with a limiting
concentration of the natural amino acids until the cells reach stationary growth and then to
induce the expression of the desired protein via an inducible promoter while changing to fresh
minimal media containing only the amino acid analog that is to be incorporated. By these
means even proteins with toxic or instable amino acid analogs can be synthesized in yields
comparable to the wild type (wt) protein.[63]
Two artificial amino acids that can be incorporated as methionine analogs are
azidohomoalanine (Aha) and homopropargylglycine (Hpg) (Figure 1.5). They have already
been incorporated successfully into mDHFR (murine dihydrofolate reductase) using
methionine auxotrophic E. coli by Bertozzi et al.[67] Aha carries an azide in its side chain and
Hpg an alkyne, making them optimal candidates for the present approach. Besides, both amino
acids have already been used successfully in click reactions.[54]

Figure 1.5 Methionine (Met) and its two analogs azidohomoalanine (Aha) and homopropargylglycine
(Hpg).

Amber Stop Codon Suppression
A second possibility to introduce artificial amino acids into proteins is to use an
orthogonal tRNA/aaRS pair from another organism that recognizes one of the three stop
codons. Methanosarcina barkeri, an anaerobe that has been isolated from mud samples in
lakes, bogs, and sewage samples, is a so called amber suppressor.[68] That means that it
contains a tRNACUA that binds to the amber stop codon UAG on mRNA. In M. barkeri this
tRNACUA is charged with the 22nd amino acid pyrrolysine (Pyl) by the orthogonal PylRS. By
introducing the genes for tRNACUA and PylRS into E. coli it is possible to incorporate Pyl into
any recombinant protein opposite an amber stop codon.[69] Compared to SPI, this method

14

1 Introduction

requires the introduction of two additional genes (tRNA and PylRS) into the E. coli expression
strain. The biggest advantage, however, is that the incorporation of the artificial amino acid is
highly selective opposite an amber stop codon and no natural amino acid is replaced proteome
wide.
The development of new orthogonal aminoacyl-tRNA synthetase/tRNA pairs has led
to the addition of approximately 70 non-natural amino acids to the genetic codes of E. coli,
yeast, and mammalian cells. These non-natural aas represent a wide range of structures and
functions not found in the canonical 20 amino acids and thus provide new opportunities to
generate proteins with enhanced or novel properties.[46, 57, 61, 70]
By combining SPI and amber suppression it is possible to incorporate a variety of Pyl
analogs, carrying an azide- or an alkyne-functionality in their side chains.[57, 71] In the present
study we incorporated the propargyl protected lysine derivative Plk (Figure 1.6) into Ub and
two substrate proteins, PCNA and pol β.

Figure 1.6 Pyrrolysine (Pyl) and its analog the propargyl protected lysine derivative Plk.
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The aim of this work was to synthesize site-specifically linked Ubiquitin (Ub) dimers
via click reaction between artificial amino acids. Therefore, different non-natural amino acids
carrying an azide and an alkyne, respectively, should be incorporated into Ub. First, the
recombinant expression of Ub with artificial amino acids from E. coli should be optimized.
Then, the incorporation and the accessibility for click reaction should be tested by clicking
small reporter molecules, fluorescent dyes or biotin, to Ub, before optimizing the click
conditions for Ub dimer formation. Subsequently, the artificial Ub dimers should be tested for
their biochemical activity.
Furthermore, this method should be used to link Ub site-selectively to several substrate
proteins, starting with PCNA and pol β. The effect of this mono-ubiquitination should be
investigated using primer extension assays.
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Parts of this chapter were published in:
S. Eger, M. Scheffner, A. Marx, M. Rubini,
J. Am. Chem. Soc. 2010, 132, 16337-16339.
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The natural linkage between two Ub moieties in a poly-Ub chain is an isopeptide bond
(Figure 3.1.1). This bond can be cleaved by Ub-specific proteases (deubiquitinating enzymes,
DUBs). Nearly 100 DUBs are encoded by the human genome, and similar to the Ub
conjugating enzymes DUB specificity is determined by Ub chain topology and the
ubiquitinated target protein.[72] Each cell contains several active DUBs at any time, making it
difficult to isolate ubiquitinated proteins from cell lysates, since some Ub-modifications might
not be stable during the isolation process. Furthermore, in vitro enzymatically synthesized Ub
chains are not suitable to indentify new linkage-specific interaction partners from whole-cell
lysates, since the therein contained DUBs could degrade the bait chain.
We therefore aimed to synthesize non-hydrolysable Ub dimers. The triazole ring that is
formed during click reaction between an azide and an alkyne (Figure 3.1.1) is stable under all
physiologic conditions.

NH2 HO

N3
O

Ub

E1, E2,
E3
H
N
O

natural isopeptide bond

Ub

HpgUb

AhaUb
Cu(I)

N
N
N

triazole linkage

Figure 3.1.1 Comparison of the natural and the artificial Ub-Ub linkage. The enzymatic linkage of two
Ubs results in an isopeptide bond, while click reaction between an azide-functionalized Ub (AhaUb) and
an alkyne-functionalized Ub (HpgUb) results in a non-hydrolysable triazole linkage.

It has been reported that the natural isopeptide linkage region is generally disordered
and possess a high conformational flexibility[73] and thus it is unlikely that replacement of the
natural isopeptide bond by a triazole linkage disturbs the natural Ub-Ub conformation. Besides,
linkage-specific antibodies for Lys48- and Lys63-linked poly-Ub chains have been reported[74]
that recognize distinctive parts of the acceptor and the donor Ub rather than the linkage itself.
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Incorporation of the Methionine Analogs Aha and Hpg
To build Ub dimers via click chemistry (Figure 3.1.1), we had to incorporate the azideand alkyne-functionalized methionine analogs azidohomoalanine (Aha) and homopropargylglycine (Hpg) at the C-terminus (position 76) of a donor Ub and at each of the seven lysine
positions (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) of a second, acceptor Ub. We
therefore replaced the corresponding codons in the coding sequence of Ub by the methionine
codon ATG. At the same time, the N-terminal Met (which is the only Met in wtUb) had to be
eliminated, as a second incorporated azide would foil the envisaged site-specific approach.
Therefore, an N-terminal polyhistidine(His)-tag followed by a thrombin cleavage site was
added in front of the Ub gene which was missing the first Met codon (Figure 3.2.1). This
arrangement means that the initial Met crucial to any translation can be removed easily
together with the His-tag. After cleavage with thrombin, two additional amino acids (glycine
and serine) remain. These do not cause any disturbance in protein function.[75]

MGSS HHHHHH SS GLVPRGS
1 –QIFVKTLTG KTITLEVEPS DTIENVKAKI QDKEGIPPDQ
41 QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGM
K6/11/27/29/33/48/63M: AAA  ATG
G76M:
GGT  ATG

Figure 3.2.1 Amino acid sequence of His-Thr-76M-Ub. An N-terminal His-tag (underlined in green) is
followed by a thrombin recognition site (underlined in blue) followed by the Ub coding sequence
without the first Met. All seven Lys and the C-terminal Gly that were mutated to Met are shown in red.
Black arrow indicates the thrombin cleavage site.

The described gene fragment His-Thr-76M-Ub was synthesized and cloned into
pGDR11. The expression vectors for the incorporation of Aha or Hpg at the seven lysine
positions were achieved by site directed mutagenesis. For expression all vectors were
transformed into Met-auxotrophic E. coli B834(DE3). These cells are dependent on Met in the
growth medium as they can not produce any Met themselves. In preliminary experiments cells
were cultured with different concentrations of Met in order to see which concentration is
necessary for the cells to reach stationary growth at an optical density of approximately 0.8.[63]
As visible in Figure 3.2.2, 40 µM Met fulfills these requirements and was subsequently used
for all expression experiments.
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Figure 3.2.2 E. coli B834(DE3) with limiting Met concentrations. Cells were grown in NMM with
different concentrations of Met and the optical density (OD) was measured at different time points.

To estimate the optimal Aha concentration and expression time, cells containing HisThr-76M-Ub/pGDR11 were cultured with 40 µM Met until they reached stationary growth.
After 4 h cells were harvested and resuspended in fresh minimal medium supplemented with
0.5 or 1 mM Aha. After incubation at 37 °C for 30 min in which cells had time to take up Aha,
protein expression was induced with IPTG. The negative control, which was induced without
Aha, stayed at the same optical density for the following 5 h. This was important as under the
absence of Met, some auxotrophic strains develop revertants that recover the ability to produce
Met. All samples supplemented with Aha showed an initial growth phase, but cells started
dying after 5 to 6 h after Aha addition. This effect was independent of IPTG induction. In all
future expression experiments with Aha, cells were harvested after 5-7 h when the optical
density started to decrease (Figure 3.2.3). Same results were obtained for Hpg (data not shown).
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Figure 3.2.3 Expression of His-Thr-76AhaUb in E. coli B834(DE3). Cells were grown in NMM with
0.04 mM Met. After 2.5-3 h all Met was consumed and cells reached stationary phase. After 4 h cells
were harvested and resuspended in fresh NMM with different concentrations of Aha. 20 min later,
protein expression was induced with 1 mM IPTG.

For protein isolation, cells were resuspended in lysis buffer and solubilized by
sonication. After heat denaturation, Ub was already > 90 % pure. Purity was further improved
by Ni2+-chelate affinity chromatography. In relation to the optical density the expression of Ub
with Aha and Hpg was nearly as strong as with Met. For removal of the His-tag, protein
samples were dialyzed against thrombin cleavage buffer followed by incubation with thrombin
for 5 days at RT. Cleavage was slow and required a great excess of enzyme but yielded the
expected protein fragment of 8.6 kDa (Figure 3.2.4a). The successful removal of the His-tag
was verified by western blots with Ni2+-NTA-AP conjugates (Figure 3.2.4b). Only samples that
still contained the His-tag stained positive.

Figure 3.2.4 Purification of 63MetUb, 63AhaUb and 63HpgUb before (1, 3, 5) and after (2, 4, 6)
cleavage of the N-terminal His-tag with thrombin. a) Coomassi blue stained gel, b) western blot with NiNTA-AP conjugates to visualize proteins with His-tag, c) Western blots with anti-Ub antibodies to
detect Ubiquitin.
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The identity of Ub was confirmed by western blots with anti-Ub antibodies which
recognized all samples before and after thrombin cleavage (Figure 3.2.4c). To demonstrate that
the recombinant Ub was still fully biologically active, an auto-ubiquitination assay with E6-AP
was performed (Figure 3.2.5).[76] In this assay all three enzymes of the Ub conjugation system
E1, E2 (UbcH7) and E3 (E6-AP) are present and if Ub is added, auto-ubiquitination of E6-AP
can be observed. This process was visualized on SDS-PAGE gels where high molecular weight
bands start to arise while the band of E6-AP at 95 kDa diminished. To confirm the formation
ob poly-ubiquitinated E6-AP, western blots with anti-Ub antibodies were performed. Similar
results were obtained for 48MetUb, 48AhaUb and 48HpgUb. As expected, Ub samples with a
mutated C-terminus (76MetUb, 76AhaUb and 76HpgUb) could not be used for ubiquitination
of E6-AP as the C-terminal Gly is necessary for the formation of the natural isopeptide bond
(data not shown).

Figure 3.2.5 E6-AP auto-ubiquitination assay. Western blot with anti-Ub antibodies: input (1), wtUb (2),
63MetUb (3), 63AhaUb (4) and 63HpgUb (5); * ubiquitinated E6-AP.
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Click Labelling with Fluorescent Dyes
The successful incorporation of Aha instead of Met was confirmed by labelling the
azide group with an alkyne-functionalized fluorescent dye Y using click reaction. Ub samples
were mixed with 20 equivalents of Y and supplemented with CuSO4 and a small piece of Cu
wire under argon. After incubation at room temperature (RT) over night samples were
separated on SDS-PAGE gels and directly analyzed under UV light. As expected, only the
sample containing AhaUb was fluorescent on SDS-gel but not the sample containing MetUb
(63Met/AhaUb in Figure 3.2.6. Other positions for Aha showed the same results, data not
shown). This experiment not only verified the presence of the azide, but also demonstrated that
it is situated on the surface of the protein and that it is accessible for chemical modification.

Figure 3.2.6 Click reactions with AhaUb a) Fluorescence image of SDS-gel of click reaction between Y
and 63AhaUb (lane 1) and 63MetUb (lane 2). b) Alkyne-functionalized fluorescent dye Y.

Biotinylation via Click Reaction
We also used click reaction with Aha to label Ub site-specifically with biotin. To
achieve this we synthesized biotin with an alkyne linker (X). Click reactions were set up as
described above with 10 equivalents of the biotin analog X. In order to investigate the reaction
kinetics we set up different reaction times at different temperatures. The click reaction was
already completed after 4 h at 4 °C (Figure 3.2.7a). With this method it was possible to label
Ub selectively at any specific position while the only commercially available option is
unspecifically biotinylated.
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Figure 3.2.7 a) Click reaction between 63ahaUb and X; western blot with streptavidin-AP conjugates;
lane 1 to 6: click reaction at RT with increasing reaction times: 15 min (1), 30 min (2), 1 h (3), 2 h (4), 4
h (5) and 8 h (6); lane 7: click reaction between 63metUb and X at RT for 8 h. b) Alkyne-functionalized
biotin X.

Ubiquitin Dimers via Click Reaction (AhaUb and HpgUb)
Having demonstrated the successful incorporation of Aha and Hpg into Ub and their
accessibility for click reactions, we started to click two Ub monomers together. Click reactions
were set up with a 1:1 ratio of 63AhaUb and 76HpgUb or 63HpgUb and 76AhaUb, 20 mM
CuSO4 and a small piece of copper wire at RT over night. Analysis of both reactions via SDSPAGE and subsequent western blot showed the formation of a new band at about 13 to 14 kDa
that was not present in the negative control experiment with only one of the two Ub species
(Figure 3.2.8). Furthermore, the new protein product was recognized by anti-Ub antibodies
which implied that it was indeed a Ub dimer. However, the conversion was very low and could
not be improved with higher temperatures or longer reactions times. Therefore, several
different reaction conditions were tested. Instead of using Cu-wire as reducing agent ascorbic
acid and tris(2-carboxyethyl)phosphine (TCEP) were tested as well as copper bromide, in
which copper already has the active redox status +I. Additionally, several Cu(I) stabilizing
agents were tested, including Bathophenanthroline (4,7-diphenyl-1,10-phenanthroline) and
tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]amine (TBTA). Best results were obtained with 1 mM
TCEP, 10 µM TBTA and 1 mM CuSO4. Interestingly, the order of addition also seemed to
play an important role and was best as described above. In order to prevent any copper induced
protein oxidation, the reaction vessels were flushed with argon prior to the addition of CuSO4.
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Reactions were completed after 1 h at RT and showed a conversion of 40 to 60 % as
determined by SDS-PAGE. The newly formed band at 13 to 14 kDa was excised, digested with
trypsin and analyzed by MS/MS. For both dimers (63AhaUb-76HpgUb and 63AhaUb76HpgUb) the expected fragment with the triazole linkage was confirmed. Figure 3.2.9 shows
the MS/MS spectrum of the triazole linked fragment of the Ub dimer 63HpgUb-76AhaUb.

Figure 3.2.8 Click reaction between AhaUb and HpgUb: Western blot with anti-Ub antibodies, lane 1:
click reaction between 63AhaUb (lane 2) and 76HpgUb (lane 3), lane 4: click reaction between
76AhaUb (lane 5) and 63HpgUb (lane 6).

Figure 3.2.9 MS/MS spectrum of trypsin-digested Ub dimer (63HpgUb-76AhaUb). All b- and y-ions
marked in the peptide sequence were found in the corresponding MS/MS spectrum.

Removal of the N-terminal Met with different Affinity-Tags and Proteases
At this point, we had succeeded in synthesizing defined Ub dimers, however not in
satisfying amounts. The bottle neck was the removal of the His-tag as thrombin cleavage was
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very inefficient. There was no explanation for this inadequate cleavage as the His-tag of a
control substrate was cleaved very efficiently and an examination of the crystal structure of Ub
in silico suggested that the N-terminal His-tag protrudes from the globular protein and should
be easily accessible for the protease. In order to circumvent the problem of inefficient tagremoval, several different proteases and an alternative affinity-tag were tested.
First, a construct was synthesized that contained a recognition site for the protease
Factor Xa (FXa) after the N-terminal His-tag (Figure 3.2.10a). The coding sequence was
cloned into pGDR11 and expressed in E. coli B834(DE3). After heat denaturation His-FXa76MetUb was digested with different concentrations of FXa at 37 °C for different times.
Unfortunately, cleavage was again very inefficient. With an FXa concentration that was 100
times higher than recommended by the supplier, cleavage was not completed after three weeks
(Figure 3.2.10b).
A second construct was synthesized with a recognition site for the Tobacco Etch Virus
(Tev)-protease after the N-terminal His-tag (His-Tev-76M-Ub in Figure 3.2.10a). The
advantage of the Tev-protease is that is can easily be expressed in E. coli. The respective
construct was a gift from Prof. E. Deuerling. For activity control of the self-made Tev-protease
two control substrates were expressed by Alexandra Holinski. Cleavage of both substrates was
completed after 1 h at RT (Tev:substrate, 1:100),[77] while cleavage of the His-tag in His-Tev76MetUb was only completed after three days when equimolar amounts of Tev were used
(Figure 3.2.10c).
As all tested proteases showed insufficient cleavage, it was assumed that the protease
recognition sites between the His-tag and the globular protein were not very well accessible.
Hence, it was tried to cleave the His-tag while it was bound to the Ni-IDA matrix, but none of
the tested proteases showed a better cleavage compared to digest in solution (data not shown).
Finally, the initial His-tag was substituted with a StrepII-tag, again followed by a Tevrecognition site (StrepII-Tev-76M-Ub, Figure 3.2.10a). The described fragment was expressed
very weakly in E. coli B834(DE3) compared to the other constructs and Tev cleavage was also
inefficient (Figure 3.2.10d)
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a)

His-Thr-76M:

MGSS HHHHHH SS GLVPRGS –QIFV …

His-FXa-76M:

MG HHHHHH SSGH IEGR –QIFV …

His-Tev-76M:

MGSS HHHHHH SSGH ENLYVQG –QIFV …

StrepII-Tev-76M:

MAS WSHPQFEK SGGGGG ENLYVQG –QIFV …

Figure 3.2.10 Protease cleavage of the N-terminal affinity-tag. a) Amino acid sequences of Ubconstructs with different affinity-tags (green) and different protease recognition sequences (blue).
Coomassi-stained SDS-gels of b) FXa digest of His-FXa-76MetUb before (lane 1) and after FXa digest
for three weeks (lane 2), c) Tev digest of His-Tev-76MetUb after one day (lane 3) and after 3 days and
the addition of more Tev (lane 4) and c) Tev digest of StrepII-Tev-76MetUb after 1 day (lane 5).

Methionine Aminopeptidase – the N-Terminal Rule
As no affinity-tag/protease combination was found that allowed an efficient removal of
the N-terminal tag, a different solution had to be found. Surprisingly, mass analysis of the Histagged Ub samples (His-Thr-76M-Ub) revealed that not only the initial Met was cleaved by the
endogenous Met aminopeptidase (MetAP), but also the initial Aha was completely cut off and
Hpg to more than 80% (Table 3.2.1). According to literature, N-terminal Met excision (NME)
is dependent on the second and third amino acid. MetAP activity is high when the initial Met is
followed by small amino acids like Gly or Ala and it is low when bulky amino acids like Gln,
Asp or Trp are found at position 2 and 3. In the construct His-Thr-Ub, the initial Met is
followed by Gly-Ser while in the wtUb sequence the initial Met is followed by Gln-Ile and is
subsequently retained. To allow endogenous MetAP cleavage in the wtUb sequence, we
introduced Gly and Ser after the first Met. Expression of this construct (MGS76M-Ub) with
Met, Aha and Hpg and subsequent analysis by mass spectrometry showed that the initial Met is
indeed completely cleaved, while the initial Aha and Hpg were mostly retained. Interestingly,
about 40 % of the initial Aha and about 60 % of the initial Hpg still carried the formyl-group
which is responsible for the +28 Da-Peaks in the deconvoluted MS spectra (Figure 3.2.11b and
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Table 3.2.1). There was no explanation as to why the initial Aha, and partially also Hpg, were
cleaved in His-Thr-Ub and not in MGS76M-Ub.
As Budisa et al.[78] reported that alanine in the second position might facilitate NME,
we mutated the second amino acid to Ala. In this amino acid sequence (MAS76M-Ub) the
initial Met and Aha were completely cleaved, while the initial Hpg was only cleaved to 20 %
and about 20 % still carried the formyl-group (Figure 3.2.11c and Table 3.2.1).
With this, easy access was gained to Ub with only one azide site-selectively introduced
and without the need for high amounts of expensive proteases. Yields were about 10 mg/l.

Protein

M - 1st aa

M
calcd [Da]

found

calcd [Da]

M + formyl
found

calcd [Da]

found

wtUb

wtUb

8564.9

100%

8433.7

0%

His-Thr-76M-Ub

Met

10534.0

0%

10402.8

100%

Aha

10523.8

0%

10397.7

100%

Hpg

10489.8

20%

10380.7

80%

Met

8783.1

0%

8651.9

100%

Aha

8773.0

55%

8646.8

<5%

8801.0

40%

Hpg

8739.0

40%

8629.9

<5%

8767.0

55%

Met

8797.0

0%

8666.0

100%

Aha

8787.0

0%

8660.9

100%

Hpg

8753.0

20%

8643.9

60%

8477.7

20%

MGS76M-Ub

MAS76M-Ub

Table 3.2.1 Met-AP cleavage of the initial amino acid. The initial Met in wtUb is followed by Gln and
Ile and is therefore retained. In His-Thr-76M-Ub, the initial amino acid is followed by Gly and Ser, the
initial Met and Aha are completely cleaved and the initial Hpg to 80 %. In MGS76M-Ub, the second and
third amino acids are also Gly and Ser. However only the initial Met is completely cleaved while the
initial Aha and Hpg are only cleaved to ca. 50 % and most of the rest is still formylated at the initial Aha
or Hpg.
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Figure 3.2.11 ESI-MS and deconvoluted MS-spectra of a) His-Thr-76AhaUb (calcd 10397.9 Da with
the 1st Aha cleaved), b) MGS76AhaUb, Peak A: 1st Aha cleaved, B: full-length protein and C: with
formyl-Aha and c) MAS76AhaUb (calcd 8660.9 Da with 1st Aha cleaved).

Incorporation of the Pyrrolysine Analog Plk
As the removal of the initial Hpg was still problematic, we also investigated other
artificial amino acids, like the pyrrolysine analog Plk, for the incorporation of the alkynefunction. Pyrrolysine analogs can be incorporated through the amber stop codon UAG via a
pyrrolysyl-tRNA synthetase/ tRNACUA pair from Methanosarcina barkeri in E. coli.[47, 57, 71, 79]
Each of the seven lysine codons of wtUb was separately mutated to the amber stop codon TAG.
The gene for the pyrrolysine tRNA synthetase pylRS was obtained from genomic DNA from
M. barkeri and cloned into pRSFduet. The gene for the pyrrolysine tRNA was synthesized
together with the lipoprotein promoter lpp and cloned into the backbone of pET11a already
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containing the gene for Ub (TAG-Ub) in its multiple cloning site. Both vectors were cotransformed into E. coli BL21(DE3) for expression. By this method, we were able to
incorporate Plk at all seven lysine positions as confirmed by mass spectrometry (11PlkUb is
shown in Figure 3.2.12 as an example). Yields were between 10 and 20 mg/l.
Using the E6-AP auto-ubiquitination assay, we were able to demonstrate that all seven
PlkUbs were still biochemically active. In all assays in which one of the seven PlkUbs was
used as the only source of Ub, the same high molecular weight band was formed as in the
wtUb control. MAS76AhaUb was also tested and, as expected, showed no chain formation
ability (Figure 3.2.13).

Figure 3.2.12 ESI-MS and deconvoluted MS spectrum of 11PlkUb (calc: 8646.8).

Figure 3.2.13 Western blot with anti-Ub antibodies of E6-AP auto-ubiquitination assay with modified
Ub monomers. Ctrl: reaction without Ub; wt: wtUb; 6: 6PlkUb; 11: 11PlkUb; 27: 27PlkUb; 29:
29PlkUb; 33: 33PlkUb; 48: 48PlkUb; 63: 63PlkUb; 76: 76AhaUb. E6-AP: non-modified E6-AP; E6-AP
+ xUb: poly-ubiquitinated E6-AP.
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Ubiquitin Dimers via Click Reaction (AhaUb and PlkUb)
By the approaches described above, we were able to express and purify an azidefunctionalized Ub (76AhaUb) and seven alkyne-functionalized Ubs (6PlkUb, 11PlkUb,
27PlkUb, 29PlkUb, 33PlkUb, 48PlkUb, and 63PlkUb) in large quantities. Click reactions were
set up with a 1:1 ratio of 76AhaUb and each of the seven PlkUbs. Analysis of the reactions by

Figure 3.2.14 Ub dimer by click reaction. a) SDS-PAGE analysis of click reaction between 76AhaUb
and 6PlkUb, 11PlkUb, 27PlkUb, 29PlkUb, 33PlkUb, 48PlkUb, and 63PlkUb. b) SDS-PAGE analysis of
purified 11PlkUb-76AhaUb. c) MS/MS spectrum of trypsin-digested 11PlkUb-76AhaUb. All b- and yions marked in the peptide sequence were found in the corresponding MS/MS spectrum. d) ESI-MS and
deconvoluted MS spectrum of 11PlkUb-76AhaUb.
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SDS-PAGE showed the formation of a familiar band at about 13 to 14 kDa (Figure 3.2.14a)
that was not detectable in the negative control experiment, where only one of the two Ub
species was present (data not shown). As anticipated, this newly formed band stained positive
in a western blot with anti-Ub antibodies (data not shown). Trypsin digest of the dimer bands,
followed by MS analysis, confirmed the presence of all seven triazole-linked peptide fragments
(11PlkUb-76AhaUb is shown as example in Figure 3.2.14c). Click efficiency varied for each
batch and was between 10 and 50 %. The respective Ub dimers were purified from the two
reactants by size exclusion chromatography and analyzed by ESI-MS (Figure 3.2.14b and d).

Biochemical Activity of Ubiquitin Dimers
To determine if the synthetic Ub dimer is still biochemically active, the earlier
described E6-AP auto-ubiquitination assays with the dimer as the only source of Ub was
performed. The appearance of the high molecular weight band in lane 3 of Figure 3.2.15
showed that the synthetic Ub dimer can still be used for poly-Ub chain formation, indicating
that the synthetic Ub dimer is still recognized by the natural ubiquitination machinery (i.e., the
unmodified C-terminus of 11PlkUb and the unmodified lysine positions can still be used for
ubiquitin activation and subsequent conjugation reactions, respectively).

Figure 3.2.15 Activity testing of synthetic Ub dimer (11PlkUb-76AhaUb) via E6-AP autoubiquitination assay: lane 1, without Ub; lane 2, with wtUb, (+xUb); and lane 3, with Ub dimer
(11PlkUb-76AhaUb). Running positions of non-modified E6-AP (E6-AP), mono-ubiquitinated E6-AP
(+Ub), E6- AP modified by one Ub dimer (+Ub2), and poly-ubiquitinated E6-AP (+xUb) are indicated.
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Adjusting the Linkage Length
It is known that for the recognition of differently linked Ub chains, the conformation
of the single Ub moieties related to each other is the determining factor. The natural isopeptide
bond seems to be no prerequisite for binding. This was confirmed by the recognition of our Ub
dimers in the E6-AP auto-ubiquitination assay. The triazole linkage formed between Aha and
Plk, however, is slightly longer than the natural isopeptide bond (Figure 3.2.16c and d). This
might influence the recognition by linkage specific binders. Hence, we also synthesized Ub
dimers in which the C-terminus of the donor Ub was shortened by one or two amino acids.
These constructs (MAS75M-Ub and MAS74M-Ub) were synthesized by site-directed
mutagenesis and expressed with Aha as described above. All seven PlkUbs were clicked with
the shortened AhaUbs, MAS75Aha-Ub and MAS74Aha-Ub and analyzed via SDS-PAGE. All
reactions showed the formation of the expected dimer band at 13 to 14 kDa and trypsin digest
followed by MS/MS analysis confirmed most of the linkages. Difficulties occurred with 29Plklinked dimers, because the trypsin fragments obtained were too small to be measured
efficiently. This is, however, an analytical problem, not a problem concerning the dimerformation.

Figure 3.2.16 Comparison of the distances in natural and artificial Ub dimers. The triazole linkage
between Aha and Hpg (b) is in the same range as the natural isopeptide bond (a). The triazole linkage
between Aha and Plk (c) results in a greater distance comparable to the distance between Arg74 of the
donor and Lys of the acceptor Ub in the natural linkage (d).
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76Aha-Ub: …

LRLRGX

 + 283.0917 Da

75Aha-Ub: …

LRLRX

 + 226.0702 Da

74Aha-Ub: …

LRLX

 + 339.1543 Da

Figure 3.2.17 AhaUbs with shortened C-terminus. Black arrows indicate trypsin cleavage sites.
76AhaUb clicked to PlkUb via X (Aha) and subsequent trypsin digest leads to a peptide fragment which
is 283.0917 Da bigger. 75AhaUb leads to a decrease of 226.0702 Da and 74AhaUb to 339.1543 Da,
respectively. (Resulting masses for all seven Plk-positions are summarized in Table 3.2.2.)

Plk-fragment
6U: MQIFVUTLTGK

[M+H]+

76AhaUb
(+ GX)

75AhaUb
(+ X)

74AhaUb
(+ LX)

1265.7292

1548.8209

1491.7994

1604.8835

11U:

TLTGUTITLEVEPSDTIENVK

2288.2237

2571.3154

2514.2939

2627.3780

27U:

TITLEVEPSDTIENVUAK

1987.0599

2270.1516

2213.1301

2326.2142

29U:

AUIQDK

702.4150

985.5067

928.4852

1041.5693

33U:

IQDUEGIPPDQQR

1523.7818

1806.8735

1749.8520

1862.9361

48U:

LIFAGUQLEDGR

1346.7432

1629.8349

1572.8134

1685.8975

63U:

TLSDYNIQUESTLHLVLR

2130.1559

2413.2476

2356.2261

2469.3102

Table 3.2.2 Trypsin digest of Ub dimers. Click reaction of all seven PlkUbs with 76AhaUb and the two
shortened Ub variants 75AhaUb and 74AhaUb, followed by trypsin digest leads to different peptide
fragments (U := Plk).

Altogether, all 21 possible Ub dimers of seven PlkUbs and three AhaUbs with
different C-terminal lengths are accessible by our method of click reaction between artificial
amino acids. In the future they will be purified and tested for their potential to best mimic the
natural Ub dimers.
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In summary, we established an easy and efficient method to form site-specifically
linked Ub dimers that are still recognized by ubiquitinating enzymes. We incorporated
azidohomoalanine, an azide-functionalized methionine analog at the C-terminus of one
ubiquitin and Plk, an alkyne-functionalized pyrrolysine analog at each of the seven lysine
positions of a second ubiquitin. This allowed the site-selective linkage via the Cu(I)-catalyzed
Huisgen cycloaddition, the so-called click reaction. With this method we gained access to all
seven possible linkages, laying the foundation for further investigations of the function of
differently linked Ub chains.
In the future these Ub dimers can, for example, be used to generate linkage-specific
antibodies or to identify new linkage-specific interaction partners. First experiments will
investigate if the 48Plk-linked Ub dimer is still recognized by Rad23-UBA2. This Ub binding
domain, like many other UBA (Ub associated) domains binds Ub monomers and polyUb but
shows a strong selectivity for Lys48-linked Ub2 and Ub4.[80] As many binding studies suggest
that recognition of specific Ub dimers is dependent on the positioning of the hydrophobic
surfaces of the two Ubs rather than on the isopeptide linkages itself, we expect our artificial
dimers to be recognized similarly to their natural archetypes. We will also test if Rad23-UBA2
has a higher affinity to the synthetic Ub dimers in which the C-terminus of the donor Ub is
shortened by one or two amino acids. Thus, we will identify the best construct for further
studies.
Once having confirmed that our artificial Ub dimers are still recognized by known
binders, they could be used to identify new interaction partners and to elucidate new ubiquitinmediated interaction pathways that depend on the different possible topologies of Ub chains.
Furthermore, we will aim to synthesize longer Ub chains by incorporating both
artificial amino acids into one Ub. This will yield Ub-building blocks with an azide at the Cterminus and an alkyne at one of the seven lysine positions. They will also be joined by click
reaction resulting in longer Ub chains with only one defined type of linkage.
Last but not least, this method is not restricted to Ub and provides the basis to link any
two proteins in a site-specific manner. The first application will be the synthesis of monoubiquitinated proteins. Therefore, the same donor-Ub can be used as for the described Ub
dimer formation. The substrate protein has to be cloned into the described expression system
for PlkUb and the desired position has to be mutated to the amber stop codon TAG.
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4 Mono-Ubiquitination of
PCNA via Click Chemistry
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Proliferating cell nuclear antigen (PCNA) is a ring-shaped, homotrimeric protein that
functions as a sliding clamp during DNA-replication. It encircles the DNA and binds to the
classical DNA polymerases (pols), e. g. pol δ, enhancing their processivity.[81-83] When pol δ, a
high fidelity DNA polymerase, encounters a DNA lesion on the template strand DNA synthesis
stalls because pol δ is not able to bypass DNA lesions. As unwinding of the DNA double
strand at the replication fork continues, a longer part of single stranded DNA (ssDNA) is
formed. This ssDNA is covered by the recognition protein A (RPA) that recruits Rad6 and
Rad18, a ubiquitin-(Ub)-conjugating enzyme and a Ub-ligase, to the site of DNA damage.
Subsequently, PCNA is ubiquitinated at lysine 164.[84] This mono-ubiquitinated PCNA
(PCNA-Ub) seems to be responsible for the recruitment of translesion synthesis (TLS) DNA
polymerases, like pol η, pol ι, pol κ and Rev1. TLS DNA pols belong to the Y-family and are
specialized to bypass several DNA lesions.[85]

Figure 4.1.1 PCNA trimer. Crystal structure from pdb 3K4X.[86]
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Pol η, for example, is highly efficient in replicating through UV-induced cyclobutane
pyrimidine dimers (CPDs) because of its ability to accommodate the CPD in its active site.[87]
Inactivation of pol η in humans causes the cancer-prone syndrome, the variant form of
Xeroderma pigmentosum (XPV).[88]
In the last decade, many researchers investigated how TLS Pols are recruited to the site
of DNA damage and the role of PCNA-Ub in this process. It was found that TLS pols bind
PCNA-Ub at two sites, at the interdomain connector loop of PCNA via their PCNA-interacting
protein (PIP) domain and to Ub via their Ub-binding domain (UBD).[89-91] All TLS Pols contain
such a UBD and mutations in this region cause the inactivation of their function in lesion
bypass. For pol η binding to PCNA via its PIP domain seems to be a prerequisite for the ability
to function in TLS,[92] while direct binding of the Ub moiety on PCNA via its UBD is
discussed contradictorily.[90, 93] Mutational inactivation of the Ub-binding zinc finger (UBZ)
domain results in defects in pol η’s function in TLS in vivo.[90] However, Acharya et al. stated
that the UBZ domain makes no significant contribution to Pol η’s PCNA binding and they
hypothesized that the adverse effect of some UBZ mutations on pol η function in TLS in vivo
results from effects unrelated to PCNA-binding.[93]
In order to elucidate the role of mono-ubiquitination of PCNA, an efficient method to
obtain PCNA-Ub in vitro is needed. Two separate studies established the Rad6-Rad18dependent PCNA mono-ubiquitination reaction at lysine 164 from purified yeast proteins.[94, 95]
Both showed that in addition to the requirement for Rad6-Rad18, the reaction depends on the
loading of the PCNA homotrimeric ring onto the DNA by replication factor C (RFC) and that
all three PCNA monomers become efficiently ubiquitinated.
Recently, a chemical approach for mono-ubiquitination of PCNA through disulfide
exchange and intein chemistry was reported.[96] Another group developed a means of
producing mono-ubiquitinated PCNA by splitting the protein into two self-assembling polypeptides.[97] They elucidated the X-ray crystal structure of PCNA-Ub and showed that Ub is
located on the back face of PCNA and interacts with it through its canonical hydrophobic
surface. Moreover, the attachment of Ub does not change the conformation of PCNA and they
suggest that mono-ubiquitination of PCNA facilitates the recruitment of TLS pols to the back
of PCNA by forming a new binding surface for TLS pols, consistent with a “tool belt” model
of the polymerase exchange. In this model, which was established in E. coli,[98] but is
anticipated to be similar in eukaryotes, pol IV (a TLS pol) binds to the side of the DNA sliding
clamp and rides piggyback, while pol III (a processive DNA pol) synthesizes DNA in front of
the clamp. In bacteria the clamp analog of PCNA is a homodimer of pol III subunit β.[99] When
replication by pol III is blocked at a lesion in the template, the two DNA polymerases switch
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places and pol IV begins to synthesize DNA. In contrast to the prokaryotic system, this
polymerase exchange in eukaryotic cells requires the mono-ubiquitination of PCNA. This was
shown for the polymerase switch between pol δ and pol η, which is regulated by the monoubiquitination of PCNA.[100]
In the present work, we established an easy and efficient method for the site-selective
ubiquitination of PCNA, which can be conducted in any biochemical laboratory with standard
equipment without the need for eukaryotic cell culture or sophisticated equipment for peptide
synthesis. Similar to the protocol for the formation of site selectively linked ubiquitin
dimers[101] we incorporate artificial amino acids that carry an azide (Aha) and an alkyne (Plk)
in their side chains and can therefore be linked by click reaction (Figure 4.1.2).

Figure 4.1.2 Schematic representation of PCNA-Ub formation by click reaction between an azidefunctionalized Ub (AhaUb) and an alkyne-functionalized PCNA (PlkPCNA).
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Incorporation of Aha at the C-terminus of Ubiquitin
To link Ub site-selectively to PCNA at position 164 via click reaction, the C-terminus
of Ub and Lys164 of PCNA had to be replaced by two artificial amino acids carrying an azide
and an alkyne, respectively. Azidohomoalanine (Aha) (Figure 1.5) is a methionine (Met)
analog and as such, it can replace its natural counterpart Met by using an appropriate Met
auxotrophic E. coli strain.[54, 67] We introduced Aha at the C-terminus of Ub by substituting the
codon for the C-terminal Gly by the ATG Met coding triplet. In addition, for reasons of
purification we introduced an N-terminal poly-histidine (His)-tag in which the initial Met/Aha
is followed by Gly and Ser and is therefore co-translationally removed by the methionine
aminopeptidase (MetAP) (see chapter 3.2). The following coding sequence for Ub starts with
Glu skipping the first Met. This is necessary as only one azide at the C-terminus of Ub is
wanted for site-selective linkage to PCNA. The described construct (His-76M-Ub, Figure
4.2.1a) was expressed in Met auxotrophic E. coli B834(DE3). Cells were cultured under
limiting Met concentration until they reached stationary growth. The growth medium was then
switched to fresh minimal medium containing Aha and protein expression was induced. We
were able to isolate the target protein with the initial amino acid quantitatively cleaved off and
the C-terminal Met completely replaced by Aha as confirmed by ESI-MS (Figure 4.2.2).
Interestingly, the purified protein sample contained two Ub species that differed in mass. One
species had the expected mass of 10403.4 Da (calcd 10397.9 Da), while the second one was
178.1 Da heavier. Having confirmed that the expression clone only contained the desired
expression vector and that both protein species actually are Ub we concluded that the extra
mass of 178.1 Da must derive from spontaneous α-N-6-phosphogluconoylation of the “His tag”
in E. coli as described by Geoghegan et al. resulting in a 178.1 Da heavier Ub-conjugate.[102]

a)

b)

MGSS HHHHHH SS GLVPRGS
1 –QIFVKTLTG KTITLEVEPS DTIENVKAKI QDKEGIPPDQ
41 QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGM
G76M: GGT  ATG

25
20
15
10

Figure 4.2.1 a) Amino acid sequence of His-76M-Ub, an N-terminal His-tag (underlined in green) is
followed by a thrombin recognition site (underlined in blue) followed by the Ub coding sequence
without the first Met. The C-terminal Gly that was mutated to Met is shown in red. b) SDS-PA gel of
purified His-76AhaUb.
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Figure 4.2.2 ESI-MS and deconvoluted MS spectra of His-76AhaUb. The initial Aha is quantitatively
cleaved (calcd 10397.9 Da); The Peak +178.1 Da derives from spontaneous α-N-gluconylation of the Nterminal His-tag.

Incorporation of Plk at Position 164 of PCNA
(Expression and purification of PlkPCNA were accomplished by Marina Rubini.)
Our second aim was to incorporate an alkyne-functionality via the pyrrolysine analog
Plk (Figure 1.6) at position 164 of PCNA. Pyrrolysine analogs can be incorporated in response
to an amber stop codon UAG via a pyrrolysyl-tRNA synthetase/tRNAPylCUA pair from
Methanosarcina barkeri in E. coli.[47, 57, 71] Lysine164 in the wtPCNA sequence was mutated to
the amber stop codon TAG (Figure 4.2.3 a). The gene for the pyrrolysine tRNA synthetase
pylRS was obtained from genomic DNA from Methanosarcina barkeri and cloned into the
vector pRSFduet. The gene for the pyrrolysine tRNA was synthesized together with the
constitutive lipoprotein promoter lpp and cloned into the backbone of pET11a already
containing the gene for PCNA (164TAG-PCNA) in its multiple cloning site. Both vectors were
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co-transformed into E. coli BL21(DE3) for expression. By this method we were able to obtain
164PlkPCNA as confirmed by mass spectrometry (Figure 4.2.4).

b)

a)

1
41
81
121
161
201
241

MLEAKFEEAS
DDSRVLLVSL
CGNNTDTLTL
IDADFLKIEE
MITKETIKFV
QPVDLTFGAK
LKSGFLQFFL

LFKRIIDGFK
EIGVEAFQEY
IADNTPDSII
LQYDSTLSLP
ADGDIGSGSV
YLLDIIKGSS
APKFNDEE

DCVQLVNFQC
RCDHPVTLGM
LLFEDTKKDR
SSEFSKIVRD
IIKPFVDMEH
LSDRVGIRLS

K164U: AAA  TAG

KEDGIIAQAV
DLTSLSKILR
IAEYSLKLMD
LSQLSDSINI
PETSIKLEMD
SEAPALFQFD
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Figure 4.2.3 a) Amino acid sequence of PCNA, Lys164 (shown in red) was mutated to the amber stop
codon TAG. b) SDS-PA gel of purified 164PlkPCNA..

Figure 4.2.4 ESI-MS and deconvoluted MS spectra of 164PlkPCNA (calc: 28998.2 Da).

Linking PCNA and Ub via Click Reaction
After purification of the two modified proteins, 76AhaUb and 164PlkPCNA were
linked via the Cu(I)-catalyzed Huisgen azide-alkyne cycloaddition.[38-40] In this click reaction
the azide and the alkyne of the two artificial amino acids react to form a stable triazole linkage.
Analysis of the reactions by SDS-PAGE showed the formation of a new band at about 40 kDa
(Figure 4.2.5, lane 1) that was not detectable in the negative control experiment where only one
of the two clicking partners, Ub or PCNA, was present (data not shown). As anticipated, this
newly formed band stained positive in a Western blot with anti-Ub and anti-PCNA antibodies
(data not shown). Trypsin digest of the 40 kDa band followed by MS analysis confirmed the
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presence of the triazole linked peptide fragment (Figure 4.2.6). When using an excess of Ub 70
- 90 % of PCNA reacted to PCNA-Ub. Subsequently, PCNA-Ub was purified from unreacted
Ub via anion exchange chromatography (Figure 4.2.5, lane 2) and from unreacted PCNA via
Ni2+-chelate affinity chromatography (Figure 4.2.5, lane 3).

Figure 4.2.5 PCNA-Ub formation by click reaction. SDS-PAGE analysis of click reaction between
76AhaUb and 164PlkPCNA (lane 1), after Q-Sepharose chromatography to separate from Ub (lane 2)
and purified PCNA-Ub after Ni2+-chelate affinity chromatography to separate it from non-ubiquitinated
PCNA (lane 3).

Figure 4.2.6 MS/MS spectrum of trypsin-digested 164PlkPCNA-76AhaUb. All b- and y-ions marked in
the peptide sequence were found in the corresponding MS/MS spectrum.
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Stimulation of Pol δ by PCNA-Ub
To determine if the synthetic PCNA-Ub is able to function as a processivity factor for
pol δ, we performed a template poly(dA)/primer oligo(dT)-based assay.[103] In this assay, the
amount of [3H]dTTP incorporated opposite a poly(dA) template by pol δ is measured.
Activation of pol δ by PCNA was determined for different concentrations of PCNA compared
to pol δ alone. In this experiment, PCNA-Ub is able to activate pol δ, albeit exhibiting a
slightly lower activation potential than non-modified PCNA (Figure 4.2.7), suggesting that
PCNA-Ub is functionally active.

Figure 4.2.7 DNA synthesis assay with pol δ. Stimulation of pol δ by non-modified (wt)PCNA (blue
triangles) and PCNA-Ub (red squares). The TCA-assay was performed according to ref 13 (n=3).

Influence of PCNA-Ub on Pol δ and Pol η in Primer Extension Assays
In subsequent primer extension assays, the influence of PCNA-Ub on pol δ and the
TLS pol η was to be further investigated. PCNA-Ub is reported to activate TLS of abasic sites
by pol η.[94] In the cited study, a template modified with biotin at both ends was used. Before
the primer extension reaction, the biotin was coupled with streptavidin to block the DNA
template at both ends. Subsequently, PCNA was loaded onto the DNA by the PCNA-loading
factor RFC (replication factor C). Maga et al. reported that with an excess of PCNA, primer
extension reactions can be performed with a non-blocked template and without RFC.

[104, 105]

Under these conditions PCNA is supposed to be able to slip on and off the DNA
primer/template complex. As RFC is not commercially available, we used a non-blocked
90mer as template with an abasic site (X) 4 nucleotides upstream of the primer binding site
(F90X, Figure 4.2.8a).
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First, pol δ and pol η were titrated in the presence or the absence of non-modified
(wt)PCNA. Without PCNA, pol δ showed low activity and was not able to bypass the abasic
site efficiently (Figure 4.2.8b, lane 2-4). The addition of PCNA slightly improved overall DNA
synthesis by pol δ (Figure 4.2.8b, lane 5-7). Pol η was able to bypass the abasic site and
synthesize full-length product without PCNA and with increasing concentrations of pol η
(Figure 4.2.8c, lane 2-4). Surprisingly, the addition of PCNA led to a decrease in TLS and
overall DNA synthesis. No full-length product was observed (Figure 4.2.8c, lane 5-7).

Figure 4.2.8 Influence of PCNA on pol δ and pol η on a long template with abasic site (X). a) Partial
primer template sequence F90X/F20. b) PAGE analysis of primer extension studies with increasing
amounts of pol δ, with and without PCNA. c) PAGE analysis of primer extension studies with increasing
amounts of pol η, with and without PCNA. Arrow indicates full-length product.
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As with the 90mer template, full-length product bands were weak on the PA gel,
primer extension reactions were repeated with a shorter template that also carried an abasic site
(X) four nucleotides upstream of the primer binding site (F33X, Figure 4.2.9a). Without PCNA,
pol η stopped at the AP site but was able to synthesize full-length product (Figure 4.2.9b, lane
2). The addition of 100 nM PCNA had a slight inhibitory effect (Figure 4.2.9b, lane 3) that was
more pronounced with 400 nM PCNA (Figure 4.2.9b, lane 5). PCNA-Ub, in contrast, already
had a strong inhibitory effect on DNA synthesis by pol η at 100 nM (Figure 4.2.9b, lane 4) and
DNA synthesis was completely blocked by 400 nM PCNA-Ub (Figure 4.2.9b, lane 6).
Next, we tested whether this strong inhibitory effect on pol η was dependent on the
covalent linkage of PCNA and Ub or an additive effect of PCNA and Ub. Primer extension
reactions were repeated with either PCNA, Ub or a mixture of both (Figure 4.2.9c). Results
showed that Ub alone had no inhibitory effect, while a mixture of PCNA and Ub only showed
the weak inhibitory effect of PCNA alone.

Figure 4.2.9 Influence of PCNA and PCNA-Ub on pol η. a) Partial primer template sequence F33X/F20.
b) and c) PAGE analysis of primer extension studies with pol η and different concentrations of PCNA,
PCNA-Ub (PU) and Ub. Arrow indicates full-length product.

As abasic sites are not the natural substrate for pol η, different DNA lesions were
investigated. Several DNA templates with different A-adducts (Figure 4.2.10b) were tested.
The DNA adducts were at position 16 of the 20mer templates directly upstream of the primer
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binding site (Figure 4.2.10a). Primer extension reactions with pol η with all six templates
showed similar result as with the abasic site: synthesis to full-length product without PCNA,
slight inhibition by wtPCNA and a stronger inhibition by PCNA-Ub (Figure 4.2.10c).

Figure 4.2.10 Influence of PCNA and PCNA-Ub (PU) on pol η at A-adducts. a) Primer template
sequence F20A*/F15. b) Different A-adducts. c) PAGE analysis of primer extension studies with pol η
on undamaged (lane 1-4) and damaged (lane 5-24) template.
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We concluded that the inhibitory effect of PCNA-Ub on pol η observed in all primer
extension studies seemed to be independent from the DNA lesion and was a general inhibitory
effect on DNA synthesis.

Influence of PCNA-Ub on Pol λ and Pol β in Primer Extension Assays
As PCNA-Ub did not directly influence the TLS activity of pol η but rather overall
DNA synthesis, we investigated the influence of PCNA-Ub on two other DNA pols, pol β and
pol λ. Pol β is the key polymerase in base excision repair and is not known to interact with
PCNA or PNCA-Ub in vivo. Pol λ can also participate in base excision repair, where it
provides backup activity in the absence of pol β[106, 107] and it is furthermore responsible for resynthesizing missing nucleotides during non-homologous end joining.[108] In contrast to pol β,
pol λ is known to interact with PCNA in normal and translesion DNA synthesis.[104]
We performed primer extension studies with pol β (Figure 4.2.11) and pol λ (Figure
4.2.12) using the same template with an abasic site and the same conditions as with pol η
(Figure 4.2.9). In the absence of PCNA, pol β was able to elongate the primer strand in a
concentration dependent manner, but it was not able to bypass the abasic site (Figure 4.2.11b,
lane 2, 5, 8, and 11). Addition of PCNA or PCNA-Ub did not influence DNA synthesis (Figure
4.2.11b, lane 3, 6, 9, and 12 for PCNA and lane 4, 7, 10, and 13 for PCNA-Ub).

Figure 4.2.11 Influence of PCNA and PCNA-Ub (PU) on pol β. a) Partial primer template sequence
F33X/F20. b) PAGE analysis of primer extension studies with pol β. In concentrations between 4 and
32 nM pol β is not able to bypass an abasic site (X). Processivity is neither influenced by wtPCNA nor
by PCNA-Ub (PU) (100 nM each).
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In contrast, pol λ was influenced by PCNA and PCNA-Ub similar to pol η. Without
PCNA, pol λ was able to elongate the primer strand in a concentration dependent manner, but
it was not able to bypass the abasic site (Figure 4.2.12b, lane 2, 7, 12). The addition of PCNA
led to a decrease in DNA synthesis (Figure 4.2.12b, lane 3, 5, 8, 10, 13 and 15), while PCNAUb showed an even stronger inhibition (Figure 4.2.12b, lane 4, 6, 9, 11, 14 and 16). The degree
of inhibition was dependent on the ratio of PCNA/PCNA-Ub to pol λ.

Figure 4.2.12 Influence of PCNA and PCNA-Ub (PU) on pol λ. a) Partial primer template sequence
F33X/F20. b) PAGE analysis of primer extension studies with pol λ. In concentrations between 63 and
250 nM pol λ is not able to bypass an abasic site (X). Processivity is slightly inhibited by wtPCNA and
stronger by PCNA-Ub (PU) in a concentration dependent manner.

Loading of PCNA-Ub onto DNA
In the TCA assay, PCNA and PCNA-Ub showed the expected activation potential for
pol δ, while in primer extension experiments PCNA and PCNA-Ub showed an inhibitory effect
on pol η and pol λ. The latter findings seemed to contradict earlier publications,[94] however the
conditions for primer extension assays were not identical. In contrast to other activity studies
with PCNA-Ub and pol η[94] we used a non-blocked template and did not apply the PCNA
loading factor RFC, relaying on the assumption by Maga et al. that with an “open” template
PCNA is able to slip on and off the DNA template.[104,

105]

The finding that not only our
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synthetic PCNA-Ub, but also the wtPCNA control showed an inhibitory effect on pol η and
pol λ, suggested that our reaction conditions were not suited to investigate PCNA-Ub activity.
As only those DNA pols were influenced by PCNA or PCNA-Ub that are known to interact
with PCNA or PCNA-Ub in vivo (pol η and pol λ) but not the BER pol β we concluded that
our PCNA-Ub indeed interacted specifically with the TLS pol η and the X family pol λ. We
further hypothesized that, in contrast to earlier publications,[104,

105]

PCNA and especially

PCNA-Ub were not able to mount onto DNA without RFC, efficiently. Figure 4.2.13 illustrates
a possible mechanism for the apparent inhibition of pol η by PCNA-Ub. PCNA-Ub binds to
pol η and as PCNA-Ub is not efficiently loaded onto the DNA without RFC, pol η bound to
PCNA-Ub can not contribute to DNA synthesis. This might explain the observed inhibitory
effect. As pol η has a higher affinity to PCNA-Ub than to PCNA, PCNA shows a weaker
inhibitory effect.

Figure 4.2.13 Possible inhibition of pol η by PCNA-Ub. Without PCNA, free pol η binds to DNA and
elongates the primer strand; processivity over DNA-lesions is low (I). When PCNA-Ub is added, pol η
binds tightly to PCNA-Ub (II) and no free pol η can bind to DNA. Without replication factor C (RFC),
PCNA/PCNA-Ub is not efficiently loaded onto the DNA and DNA synthesis is inhibited (III). With
RFC, PCNA/PCNA-Ub is loaded onto the DNA and processivity by pol η/PCNA-Ub over DNA lesions
is high (IV).
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To fortify this hypothesis and to understand why PCNA and PCNA-Ub were
nevertheless able to activate pol δ in the TCA-assay, we further investigated the effect of
PCNA and PCNA-Ub on pol δ in primer extension reactions with a long, undamaged template
(Figure 4.2.14a). Without PCNA, pol δ was able to synthesize full-length product with low
efficiency (Figure 4.2.14b, lane 2). Addition of wtPCNA led to more full-length product, but
also to more non-elongated primer (Figure 4.2.14b, lane 3). These results support our
explanation for the inhibition of pol η in Figure 4.2.13. PCNA bound to pol δ and as
pol δ/PCNA was inefficiently loaded onto the DNA without RFC, most of pol δ/PCNA did not
interact with the DNA template. Therefore, most of the primer was not elongated. The small
portion of pol δ/PCNA that was loaded onto the DNA template had a higher processivity than
pol δ alone, leading to more full-length product. The addition of PCNA-Ub led to a nearly

Figure 4.2.14 Influence of PCNA and PCNA-Ub (PU) on pol δ on a long undamaged template. a)
Partial primer template sequence F90A/F20. b) PAGE analysis of primer extension studies with pol δ
with and without PCNA, arrow indicates full-length product.
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complete inhibition of DNA synthesis (Figure 4.2.14b, lane 4). This indicates that PCNA-Ub
had a higher affinity to pol δ than PCNA and that pol δ/PCNA-Ub could not be loaded onto the
DNA.
In the TCA assay (Figure 4.2.7) the template is a polyA-template of undefined length
probably longer than the 90mer used in primer extension studies. The longer the template, the
higher the activating effect of higher processivity compared to the inhibiting effect from pol
δ/PCNA/-Ub not being loaded onto the DNA.
To prove our hypothesis we repeated the described primer extension reactions with an
end-blocked or a circular template, on which the circular, trimeric PCNA or PCNA-Ub cannot

Figure 4.2.15 Primer extension studies with circular template. a) Sequence of circular template RCT42
with Primer P16. 12 % PA gel of primer extension experiments with b) pol η and c) pol β. PCNA-Ub
(PU) inhibits DNA synthesis of pol η but not of pol β. Strong inhibitory effect only by PCNA-Ub (PU)
not by PCNA or Ub alone or by a mixture of both (b), arrow indicates full-length product.
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be loaded without the PCNA-loading factor RFC. If the inhibitory effect in our earlier primer
extension reactions was indeed due to binding of pol η and pol λ to PCNA or PCNA-Ub and
the subsequent spatial separation of pol and DNA, primer extension reactions with an endblocked or a circular template should deliver similar results. If the inhibitory effect was,
however, due to direct inhibition of pol activity while being bound to DNA, this effect should
not be visible with a “non-accessible” template.
Figure 4.2.15 shows the described primer extension experiment with a circular
template. In fact, we observed similar results as with the open template. With pol η, PCNA
showed no or only weak inhibition, while PCNA-Ub showed a strong inhibitory effect. This
effect was only induced by PCNA-Ub, not by PCNA or Ub alone or by a mixture of both

Figure 4.2.16 Primer extension studies with an “end blocked“ template. a) Biotin/streptavidin modified
template BioT48Bio with Primer P26 (B = Bio = biotin). 10 % PA gel of primer extension experiments
with b) and d) pol η and c) pol β. PCNA-Ub (PU) inhibits DNA synthesis of pol η but not of pol β.
Inhibitory effect only by PCNA-Ub (PU) not by PCNA or Ub alone or by a mixture of both (d), arrow
indicates full-length product.
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(Figure 4.2.15b, compare open template in Figure 4.2.9). Pol β was neither influenced by
PCNA nor by PCNA-Ub (Figure 4.2.15c, compare open template in Figure 4.2.11).
Analog experiments with a biotin/streptavidin end-blocked template delivered analog
results (Figure 4.2.16).
In conclusion, our results demonstrated that our mono-ubiquitinated PCNA mimic
specifically binds pol δ, pol η, and pol λ with a higher affinity than unmodified PCNA. In
contrast to earlier publications,[104, 105] PCNA and especially PCNA-Ub could not be loaded
onto an open DNA template without RFC.

4.3 Summary & Outlook
In summary, we established a straightforward method that provides easy access to
mono-ubiquitinated PCNA by copper-catalyzed click chemistry. The method requires standard
biochemistry laboratory equipment without the need for eukaryotic cell culture or sophisticated
solid-phase synthesis. Our results show that the ubiquitin-modified PCNA is able to stimulate
DNA synthesis by pol δ albeit to a reduced extent compared to non-modified PCNA. This
reduced activation potential might be explained by the higher affinity of PCNA-Ub to pol δ
and the worse loading of pol δ/PCNA-Ub onto the DNA template.
Furthermore, we confirm a higher affinity of pol η and pol λ to PCNA-Ub than to
PCNA. Thus, the method should be suited to further investigate the role of PCNA-Ub in TLS.
For reliable results, end-blocked templates in combination with the PCNA-loading factor RFC
should be used.
Besides, the ubiquitin-modified PCNA can be used to identify new interaction partners
that might also be involved in TLS. Therefore, PCNA-Ub will be employed in pull-down
assays with whole-cell lysates. The N-terminal His-tag of Ub can be used to isolate PCNA-Ub
together with any bound proteins from the reaction mixture.
Last but not least, the same method – incorporation of the two artificial amino acids
Aha and Plk and subsequent linkage via click reaction – can also be used to add Ub like (Ubl)
proteins like SUMO and Nedd8. PCNA is known to be SUMOylated during S-phase at Lys164
and to a lesser extend at Lys127.[84, 109]
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The process of ubiquitination is best known for its role in targeting proteins for
degradation by the proteasome. However, ubiquitination, especially mono-ubiquitination, of
substrate proteins conveys many other non-proteolytic functions. Mono-ubiquitinated proteins
can be recognized by a multitude of Ub-binding proteins and Ub receptors that enable the
modified proteins to interact and form complexes with other proteins, change the sub-cellular
localization, and alter certain structural and targeting properties.[110] Recent studies explored
the role of mono-ubiquitination as an important regulator in DNA repair.[111-114] Many DNArepair proteins of different DNA repair pathways that are modified and regulated by Ub have
been identified. One example is the earlier discussed PCNA (Chapter 4), which is ubiquitinated
upon the stalling of processive DNA pols at DNA lesions and is responsible for the recruitment
of TLS pols. Another example is the mono-ubiquitination of FANCD2 which is a key protein
of the Fanconi Anemia (FA) pathway.[115, 116] This pathway deals with lesions that are caused
by DNA crosslinks and is associated with a rare genetic syndrome of the same name. Monoubiquitinated FANCD2 is targeted to chromatin-associated nuclear foci, where it interacts with
other DNA-repair enzymes.[117]
A further DNA repair mechanism that is regulated by ubiquitination and SUMOylation
of multiple targets is base excision repair (BER).[118-120] It deals with lesions that involve only
one DNA strand and mildly affect base pairing. A group of damage specific glycosylases
initiates the reaction by removing the affected base. The arising abasic (AP) site is further
processed by AP-endonuclease 1 (APE1) that cleaves the phosphodiester bond 5’ to the APsite. The resulting single-strand break is then repaired by a DNA repair complex consisting of
pol β, XRCC1, and DNA ligase IIIα (LigIII). As the demand for BER varies depending on the
DNA damage level, the amount of BER enzymes present within a cell at any time (steady-state
level) is tightly regulated and is linked to the number of DNA-lesions. This is achieved by
controlling the nuclear pool of the three major BER enzymes (pol β, XRCC1, and LigIII)
through targeted proteasomal degradation.[112]
Steady-state levels of pol β are regulated by Mule, Chip, and ARF. If not required for
DNA repair, pol β is mono-ubiquitinated by Mule (an E3 Ub ligase) at Lys41, Lys61, and
Lys81 (Figure 5.1.1).[121] The mono-ubiquitinated pol β is then a target for Chip (another E3
Ub ligase) mediated poly-ubiquitination and subsequent degradation by the proteasome.[120]
However, after detection of DNA damage ARF, a tumor suppressor, is released from the
nucleus into the cytoplasm where it inhibits the activity of Mule, thus reducing pol β
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degradation and up-regulating DNA repair.[122] Additionally, USP47 a cytoplasmic Ub-specific
protease has been identified as the mayor enzyme involved in de-ubiquitination of pol β.
USP47 has been shown to be required for stability of newly synthesized cytoplasmic pol β that
is used as a source for nuclear pol β involved in DNA repair.[123]

Lys61

Lys41
Lys81

Figure 5.1.1 Crystal structure of pol β (modified from pdb 1bpx). Lys41, Lys61, and Lys81 the
positions for ubiquitination are shown in red.

Although, the obvious function of pol β ubiquitination, labelling for proteasomal
degradation, seems clear several open questions remain: Why is pol β first mono-ubiquitinated
by Mule? Does mono-ubiquitination of pol β serve other functions? Can mono-ubiquitinated
pol β be transported into the nucleus and does the mono-ubiquitination influence pol β activity?
Are all three positions (Lys41, Lys61, and Lys81) equally ubiquitinated? To solve these and
other pending questions concerning pol β ubiquitination, we established a method to obtain
mono-ubiquitinated pol β in vitro. A similar approach as for the mono-ubiquitination of PCNA
was used comprising click reaction between artificial amino acids.[124]
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To link Ub site-selectively to pol β via click reaction, the C-terminus of Ub and each
of the three lysine residues, Lys41, Lys61, and Lys81 of pol β had to be replaced by two
artificial amino acids carrying an azide and an alkyne, respectively. For Ub, the same
His76AhaUb as for the mono-ubiquitination of PCNA was used (see Chapter 4). His76AhaUb
carried an N-terminal His-tag for purification and one single azide in the side chain of
azidohomoalanine at the C-terminus. Expression and purification were performed as described
in Chapter 4.
Expression and Purification of Plk-Pol β
Starting point for the expression of pol β was the expression vector pGDR11 with the
gene for pol β in its multiple cloning site already present in our group. From this construct,
pol β was expressed with an N-terminal His-tag. As the His-tag in His-Ub should be used to
separate the click product pol β-Ub from unreacted pol β (compare Chapter 4) this additional
His-tag had to be removed. The gene for pol β was amplified by PCR and cloned into pET11a
already containing the gene for tRNAPylCUA (see Figure 5.2.1a for sequence of pol β). Lys41,
Lys61 and Lys81 were separately mutated to the amber stop codon TAG. For expression TAGpol β/tRNAPylCUA/pET11a was co-transformed with pylRS/pRSFduet into E. coli BL21(DE3).
By this method, all three Plk-pol β mutants were obtained as confirmed by mass spectrometry
(See Figure 5.2.2 for MS/MS analysis of trypsin digest of 61Plk-pol β and 81Plk-pol β).

a)

1
41
81
121
161
201
241
281
321

b)

MSKRKAPQET
KAASVIAKYP
KLRKLEKIRQ
TLEDLRKNED
IVLNEVKKVD
TSESTKQPKL
LPSKNDEKEY
NMRAHALEKG
DYIQWKYREP

LNGGITDMLT
HKIKSGAEAK
DDTSSSINFL
KLNHHQRIGL
SEYIATVCGS
LHQVVEQLQK
PHRRIDIRLI
FTINEYTIRP
KDRSE

ELANFEKNVS
KLPGVGTKIA
TRVSGIGPSA
KYFGDFEKRI
FRRGAESSGD
VHFITDTLSK
PKDQYYCGVL
LGVTGVAGEP

K41 / 61 / 81M: AAA  TAG

QAIHKYNAYR
EKIDEFLATG
ARKFVDEGIK
PREEMLQMQD
MDVLLTHPSF
GETKFMGVCQ
YFTGSDIFNK
LPVDSEKDIF

70
60
50
40
30
25
20
15

Figure 5.2.1 a) Amino acid sequence of pol β. Lys41, Lys61 and Lys81 (shown in red) were mutated to
the amber stop codon TAG for incorporation of Plk. b) SDS-PA gel of purified 61Plk-Pol β.
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Figure 5.2.2 MS/MS spectrum of trypsin-digested a) 61Plk-pol β and b) 81Plk-pol β. All b- and y-ions
marked in the peptide sequence were found in the corresponding MS/MS spectrum.
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Mono-Ubiquitination of Pol β via Click Reaction
After purification of the two modified proteins, 76AhaUb and each of the three Plkpol β mutants were linked via click reaction. All three reactions showed the formation of a new
band at approximately 50 kDa that was not present in the negative control experiment where
only one of the two clicking partners was present (data no shown). More precisely, a new
double band occurred (Figure 5.2.3). As confirmed by MS/MS analysis of a trypsin digest,
both bands derived from a fusion of pol β and Ub and the characteristic peptide fragment
containing the triazole linkage was also confirmed for both bands (Figure 5.2.4). As we also
observed a double band for His76AhaUb which was assigned to spontaneous α-N-6phosphogluconoylation of the His-tag of His76AhaUb, we concluded that the upper band for
pol β -Ub was of the same origin.

Figure 5.2.3 Click reaction between His76AhaUb and 61Plk-pol β. The double-band for Ub derives
from the partial spontaneous α-N-6-phosphogluconylation of the His-tag (see Figure 4.2.2). The same
double-band is visible for the click product pol β-Ub.
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Figure 5.2.4 MS/MS spectrum of trypsin-digested a) 41Plk-pol β-76AhaUb and b) 81Plk-pol β76AhaUb. All b- and y-ions marked in the peptide sequence were found in the corresponding MS/MS
spectrum.

With this, we confirmed the formation of mono-ubiquitinated pol β via click reaction.
When scaling up the reaction, we observed partial precipitation of the click product pol β-Ub.
This might be due to oxidative damage occurring under the selected reaction conditions or due
to insufficient solubility of pol β-Ub. Pol β is less stable than all previously explored clicking
partners. As the reaction, however, already yielded some stable pol β-Ub under non-optimized
conditions, improvements will likely be obtained by optimizing buffer conditions, temperature
and concentrations of the reactants.
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5.3 Summary & Outlook
Altogether, we were able to synthesize site-specifically mono-ubiquitinated pol β via
the incorporation of artificial amino acids and subsequent click reaction. Reaction conditions
still have to be optimized for better yield and the mono-ubiquitinated pol β has to be purified
from unreacted Ub and unreacted pol β. Ub will be separated by anion exchange
chromatography, while unreacted pol β can be separated via Ni-affinity chromatography. The
purified pol β-Ub will then be used to further investigate the role of mono-ubiquitinated pol β.
First, we will address the question whether mono-ubiquitinated pol β can be transported from
the cytoplasm into the nucleus. If so, we will investigate the influences of mono-ubiquitination
of polymerase activity in primer extension reactions. Furthermore, pol β-Ub can be used in
pull-down assays to identify new interaction partners.
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In the present study a method was developed to link two proteins site-specifically. The
approach is based on the incorporation of artificial amino acids that carry an azide- and an alkynefunction, respectively, in their side chain. These two orthogonal groups can be linked via the Cu(I)catalyzed Huisgen cycloaddition and form a stable triazole linkage.
This azide-alkyne cycloaddition is one of only a few reactions that have been described as
suitable for bioorthogonal ligation. The prerequisites are: two functional groups that react selectively
with one another under mild conditions in a biological medium with the formation of a stable covalent
linkage. Furthermore, the reaction should be fast and should proceed even at low concentrations.[43]
Aside from click reaction, this is only fulfilled by the nucleophilic addition of hydrazides or
hydoxylamines to ketones or aldehydes[125, 126] and by the Staudinger Ligation of an azide with a
modified phosphine.[127]
The strengths of the Cu(I)-catalyzed click reaction are its robustness, that it proceeds very fast
at 4 °C, and that it tolerates all naturally occurring functional groups. The use of copper as catalyst
renders the reaction unsuitable for use in living cells. However, for the synthesis of ubiquitinated
proteins in vitro this is not disturbing, as all copper can be removed by ion-exchange chromatography
and repeated dialysis.
When this project was started, there were only very few possibilities known to synthesize Ub
dimers in vitro, but very recently many methods to cross-link proteins have been explored. Successful
crosslinking was achieved, for example, by using native chemical ligation (NCL) in combination with
solid phase synthesis (SPS)[33] or in combination with the incorporation of artificial amino acids.[45, 52]
However, this approach is technically demanding and in the case of SPS requires expensive equipment.
The main advantage of our approach is that, out of all described methods, it is the least
technically challenging and can easily be reproduced in any biological laboratory. It only requires
standard biochemistry laboratory equipment and it is applicable to all proteins that can be expressed
recombinantly in E. coli. It is also not restricted to certain positions of the protein, while, for example
NCL is restricted to the C-terminus and SPS to short proteins.
In particular, the described method has been used to form all of the seven possible Ub dimers.
We showed that the triazole-linked Ub dimers were still biochemically active, laying the foundation
for further investigations of the function of differently linked Ub chains. The fact that the triazolelinkage is not identical with the natural isopeptide bond might limit the use of our artificial dimers to
identify novel deubiquitinating enzymes, but it is also beneficial because it allows isolation of new
interaction partners via pull-down assays with whole-cell lysates. This can not be done with Ub dimers
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linked via the natural isopeptide bond as the latter might be cleaved by DUBs in the cell lysates. The
ability to synthesize all seven possible Ub dimers will facilitate the discovery of Ub-binding domains
that may recognize a specific linkage. Besides, the generated proteolytically stable Ub-Ub
isostereomers can act as specific DUB inhibitors,[17] which may help to understand DUB-specific
biochemical events. As stable non-hydrolyzable ligands, they can freeze DUBs in molecular transition
states for crystallographic studies that aim to understand mechanistic aspects of DUB action.[47]
By extending our method to link Ub not only to another Ub but to two substrate proteins
which are larger and more demanding (PCNA and pol β), we proved that the method is not restricted
only to the small ubiquitin but can be used to link any two proteins site-specifically. Especially the
possibility to SUMOylate and Neddylate substrate proteins will be important. PCNA, for example, is
not only ubiquitinated as Lys164 but can also be SUMOylated at the same lysine residue and to a
lesser extent at Lys127 during S-phase.[84] Furthermore, PCNA has been identified as a possible
substrate for Nedd8.[128]
As the PCNA-Ub construct was specifically recognized by several DNA polymerases, like
pol η and pol λ, and the binding was dependent on the covalent attachment of Ub to PCNA, we
concluded that the method is be suited to further investigate the role of PCNA-Ub in TLS. Besides,
our results indicated that without the PCNA-loading factor RFC no prediction about the influence of
PNCA-Ub on the function of different DNA pols can be made.
A major goal for the future is to synthesize longer linkage-specific Ub-chains. This can be
achieved by simultaneous incorporation of Aha and Plk into one Ub. This will yield Ub-building
blocks with an azide at the C-terminus and an alkyne at one of the seven lysine positions. They can be
covalently linked by click reaction resulting in longer Ub chains with only one defined type of linkage.
As Ub plays a role in nearly all biological pathways, and defects in Ub demarcation correlate
with multiple diseases, including cancers, inflammatory diseases, and a variety of neurodegerative
disorders, there is an urgent need for new technologies to link Ub to other proteins in vitro. With the
above described features, our method will significantly contribute to the understanding ob
ubiquitination.
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7.1 Synthesis of Artificial Amino Acids and Reporter Molecules
All chemicals and solvents were of analytical grade. NMR spectra were acquired on a Bruker
AVANCE III 400 MHz spectrometer with proton resonance frequencies of 400 MHz.

7.1.1 Chemicals
Chemical
3-Butynyl tosylate
4,7,10-Trioxa-1,13-tridecanediamine
4-Dimethylaminopyridine (DMAP)
4-Penynoic acid
6-Bromohexanol
Boc-protected L-glutamine (Boc-S-Gln)
Boc-protected L-lysine (Boc-S-Lys)
Dansyl chloride
d-Biotin
Diacetoxyiodo-benzene (PIDA)
Diethyl acetamidomalonate
Di-tert-butyl dicarbonate (Boc2O)
N,N-Dicyclohexylcarbodiimide (DCC)
Propargyl chloroformate
Propargylamine
Sodium azide (NaN3)
Triflic anhydride (Tf2O)
Trifluoroacetic acid (TFA)
Benzene
Celite
Copper sulphate (CuSO4)
Dichloromethane (DCM)
Diethyl ether (Et2O)
Dioxane
Ethyl acetate (EtOAc)
Hydrochloric acid (HCl)
Magnesium sulphate (MgSO4)
Methanol (MeOH)
Potassium carbonate (K2CO3)
Potassium tert-butoxide (tBuOK)
Sodium carbonate (Na2CO3)
Sodium hydroxide (NaOH)
Tetrabutylammonium bromide (n-Bu)4NBr
Tetrahydrofuran THF
Triethylamine (NEt3)

Supplier [CAS]
ABCR [23418-85-1]
Sigma-Aldrich [4246-51-9]
Fluka [1122-58-3]
ABCR [6089-09-4]
ABCR [4286-55-9]
Sigma-Aldrich [13726-85-7]
Iris Biotech [13734-28-6]
Fluka [605-65-2]
ABCR [58-85-5]
Sigma-Aldrich [3240-34-4]
Sigma-Aldrich [1068-90-2]
Sigma-Aldrich [24424-99-5]
Fluka [538-75-0]
Sigma-Aldrich [35718-08-2]
Sigma-Aldrich [2450-71-7]
Sigma-Aldrich [26628-22-8]
Sigma-Aldrich [258-23-6]
Merck [76-05-1]
Riedel-de-Haen
Riedel-de-Haen
Merck
Sigma-Aldrich
VWR
Acros
VWR
VWR
Merck
Sigma-Aldrich
Riedel-de-Haen
Sigma-Aldrich
Riedel-de-Haen
Riedel-de Haen
Sigma-Aldrich
Sigma-Aldrich
Merck
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7.1.2 Azidohomoalanine (Aha)
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Azidohomoalanine (Aha, 4) was prepared as previously described by Andruszkiewicz et al.
and Link et al. Boc-(S)-Gln (1) (3g, 12.2 mmol) was dissolved in THF (30 ml) and H2O (10
ml). PIDA (4.7 g, 14.6 mmol) was added at 4 °C. After stirring at 4 °C for 10 h, the solvent
was evaporated under reduced pressure, the residue was dissolved in 20 ml H2O and extracted
several times with EtOAc. The organic layer was discarded and the combined aqueous layers
were evaporated to dryness to yield BocDab (2) (2.1 g, 9.7 mmol).( Anduszkiewicz 2004)
For synthesis of Boc-Aha (3), NaN3 (6.3 g, 97 mmol) was dissolved in H2O (5 ml) and cooled
down to 0 °C in an ice bath. Triflic anhydride (3.2 ml, 19.2 mmol) was added dropwise and the
reaction was stirred at room temperature for 2 h. In a second flask, BocDab (2) was dissolved
in 60 ml MeOH and 30 ml H2O together with K2CO3 (2.0 g, 14.6 mmol) and CuSO4 (25 mg,
0.16 mmol). Triflic azide was extracted from the first reaction mixture with DCM (2 x 5 ml).
The organic layer was washed once with Na2CO3 and added dropwise to the reaction mixture
in the second flask. After stirring at room temperature for 12 h the solvent was removed under
reduced pressure. The aqueous residue was adjusted to pH 6 with 6 M HCl and dissolved in
120 ml of phosphate buffer (0.25 M KH2PO4 and 0.25 M K2HPO4, pH 6.2). Subsequently, pH
was adjusted to pH 3 with 6 N HCl and the mixture was extracted twice with 100 ml EtOAc.
The organic layers were combined, washed once with 50 ml of brine, dried over MgSO4 and
the solvent was removed under reduced pressure. For deprotection, Boc-Aha (3) was taken up
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in 10 ml of concentrated HCl and stirred at room temperature for 1 h. The reaction mixture was
then diluted with 90 ml H2O and purified via cation exchange chromatography. The final
product (4) was lyophyllized. (0.49 g, 3.4 mmol)
1

H NMR (400 MHz, CDCl3): δ=2.06 and 2.13 (2H, m, CH2), 3.54 (2H, dt, CH2), 3.79 (1H, t,

CH). 13C NMR (100.5 MHz, DMSO) δ=29.62, 47.55, 52.93, 174.11. ESI-IT-MS: m/z [M+H]+
calculated: 145.1; found: 145.0
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7.1.3 Homopropargylglycine (Hpg)
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Homopropargylglycine (Hpg, 9) was synthesized according to Brea et al.. A solution of
diethyl acetamidomalonate (5) (0.5 g, 2.3 mmol) in dry dioxane (15 mL) was treated with
potassium tert-butoxide (0.27 g, 2.4 mmol). The resulting mixture was vigorously stirred at 60 ºC
for 2 h, and then butinyl tosylate (0.24 mL, 2.2 mmol) was added slowly via a syringe. After stirring

at 100 °C for 12 h, the resulting orange solid was filtered, washed with Et2O, redissolved in
EtOAc and filtered before removing the solvent under reduced pressure.
The resulting 6 (0.26 g, 0.95 mmol) was dissolved in 10 % NaOH (10 ml) and the mixture was
refluxed for 2 h. The solution was cooled, acidified to pH 2 with 6 M HCl and concentrated,
affording a yellow solid that was dissolved in H2O (40 ml). After 12 h refluxing, this solution
was filtered through Celite and the pH of the yellow filtrate was readjusted to pH 3. After
extraction with EtOAc (5 x 40 ml) the combined organic layers were dried over NaSO4 and
concentrated, affording N-acetyl-Hpg (8) as a white solid (79 mg, 0.46 mmol). To remove the
acetyl, 8 was refluxed in 2 M HCl (6 ml), and then concentrated under reduced pressure to
yield Hpg (9) (93 mg, 0.73 mmol).
1

H NMR (400 MHz, CDCl3): δ=1.75 (1H, s, CCH), 2.07 and 2.17 (2H, m, CH2), 2.41 (2H, m,

CH2), 4.07 (1H, m, CH). 13C NMR (100.5 MHz, DMSO) δ=11.78, 26.18, 26.81, 49.90, 68.69,
80.05, 169.78. ESI-IT-MS: m/z [M+H]+ calculated: 128.1; found: 128.0
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7.1.4 Alkyne-functionalized Fluorophore

HN
O S O

Cl
O S O
NH2
Et3N in DCM

N

N
dansyl chloride
10

quant.

alkyne dansyl
11

5-(Dimethylamino)-N-(2-propynyl)-1-naphthalenesulfonamide (Y, 11) was synthesized
according to Bolletta et al. Dansyl chloride (10) (0.25 g, 0.93 mmol) was dissolved in DCM (6
ml) under argon. Et3N (0.13 ml, 0.91 mmol) and propargylamine (0.13 ml, 1.89 mmol) were
added dropwise at 0 °C and the reaction was allowed to stir for 2 h on ice and another h at
room temperature. Subsequently, phosphate buffer (10 ml, pH 7) was added and the aqueous
phase was extracted with DCM. The organic layers were combined, dried over MgSO4 and
concentrated under reduced pressure. The final product was purified via flash chromatography
(hexanes: Et2O, 1:1) to yield 11 (0.25 g, 0.93 mmol).
1

H NMR (400 MHz, CDCl3): δ=1.85 (1H, t, CCH), 2.83 (6H, s, CH3), 3.71 (2H, dd, CH2),

4.75 (1H, t, NH), 7.14 (1H, d, CH), 7.74 (2H, m, CH), 8.22 (2H, m, CH), 8.50 (1H, d, CH). 13C
NMR (100.5 MHz, DMSO) δ=33.05, 45.45, 72.72, 77.75, 115.29, 123.25, 128.59, 129.99,
130.83, 134.23. ESI-IT-MS: m/z [M+H]+ calculated: 288.1; found: 288.0
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7.1.5 Azide-functionalized Fluorophore

Br

HO
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12
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13
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dansyl chloride
10

N
77 %

azidodansyl
14

5-(Dimethylamino)-N-(6-azido-hexanyl)-1-naphthalenesulfonamide (14) was synthesized
modified to Bolletta et al. 6-Bromohexanol (12) (2 g, 11 mmol) was dissolved in benzene.
Tetrabutylammonium bromide (0.36 g, 1.1 mmol) was added at room temperature followed by
NaN3 (1.44 g, 22.1 mmol). After refluxing for 12 h, the solution was filtered over Celite and
washed with DCM. The filtrate was concentrated under reduced pressure and the crude product
was purified via flash chmromatography (DCM:EtOAc, 1:1) to yield 6-azidohexanol (13) (1.6
g, 11 mmol).
Dansyl chloride (10) (0.5 g, 1.9 mmol) was dissolved in DCM (10 ml) under argon. Et3N (0.26
ml, 1.9 mmol) and 6-azidohexanol (13) (0.53 g, 3.7 mmol) were added dropwise at 0 °C and
the reaction was allowed to stir for 2 h on ice and another h at room temperature. Subsequently,
phosphate buffer (20 ml, pH 7) was added and the aqueous phase was extracted with DCM.
The organic layers were combined, dried over MgSO4 and concentrated under reduced
pressure. The final product was purified via flash chromatography (hexanes: Et2O, 1:1) to yield
14 (0.55 g, 1.5 mmol).
1

H NMR (400 MHz, CDCl3): δ=1.13 (2H, m, CH2), 1.19 (2H, m, CH2), 1.37 (2H, m, CH2),

1.50 (2H, m, CH2), 2.83 (6H, s, CH3), 3.06 (1H, t, CH), 3.93 (1H, t, CH), 7.16 (1H, d, CH),
7.49 (2H, m, CH), 8.20 (2H, dd, CH), 8.55 (1H, d, CH) . 13C NMR (100.5 MHz, DMSO)
δ=25.16, 25.12, 28.76, 28.81, 45.66, 51.37, 70.79, 115.79, 119.75, 123.31, 128.81, 130.02,
130.14, 130.68, 131.64, 131.69. ESI-IT-MS: m/z [M+H]+ calculated: 377.2; found: 377.1
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7.1.6 Alkyne-functionalized Biotin
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The biotin-alkyne 18 was synthesized similar as described by Gurcel et al.. A solution of ditert-butyl carbonate (2.2 g, 10 mmol) in dry dioxane (15 ml) was slowly added to a solution of
4,7,10-trioxa-1,13-tridecanediamine (15) (13.4 ml, 61 mmol) in dry dioxane (25 ml) via a
syringe. After stirring for 8 h, the mixture was quenched with 20 ml of water and extracted
with DCM. The organic layer was washed with water and the solvent was evaporated to yield a
colourless oil which was further purified by flash chromatography (16) (10-15 % MeOH in
DCM).
1

H NMR (400 MHz, CDCl3): δ=1.37 (9H, s, CH3), 1.68 (4H, m, CH2), 2.73 (2H, t, CH2), 3.16

(2H, m, CH2), 3.46-3.60 (12H, m, CH2). 13C NMR (100.5 MHz, DMSO) δ=28.49, 29.65, 33.41,
38.55, 39.66, 69.51, 69.63, 70.24, 70.28, 70.63, 70.67, 156.12. ESI-IT-MS: m/z [M+H]+
calculated: 321.2; found: 321.1
A solution of 16 (0.43 g, 1.3 mmol) and 4-pentinoic acid (0.13 g, 1.3 mmol) in dry
DCM under argon was cooled to 0 °C before adding 0.1 eq DMAP and 1.6e q DCC. The
suspension was stirred over night at room temperature, filtered and finally evaporated. The
crude product was purified by flash chromatography (10 % hexanes in ethyl acetate). ESI-ITMS: m/z [M+H]+ calculated: 401.3; found: 401.1 For deprotection the amine (1.2 g, 3 mmol)
was dissolved in dry DCM and cooled to 0 °C in an ice bath under argon. TFA was slowly
added and the solution was stirred over night, followed by evaporation of the solvent. The
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residue was dissolved in DCM again and washed three times with water, before evaporating
again. The crude product was purified by flash chromatography (17) (10 % MeOH in DCM).
1

H NMR (400 MHz, DMSO): δ=1.62 (2H, q, CH2), 1.77 (2H, m, CH2), 2.25 (2H, m, CH2),

2.35 (2H, m, CH2), 2.77 (1H, t, CH), 2.86 (2H, m, CH2), 3.09 (2H, q, CH2), 3.50 (12H, m,
CH2), 7.69 (2H, br, NH2), 7.90 (1H, t, NH). ESI-IT-MS: m/z [M+H]+ calculated: 301.2; found:
301.0
d-Biotin (0.82 g, 3 mmol) and the linker 17 (0.90 g, 3 mmol) were dissolved in dry
DMF (20 ml). The solution was cooled to 0 °C before adding 0.1 eq DMAP (0.3 mmol, 0.04 g)
and 1.2 eq DCC (3.6 mmol, 0.74 g). The suspension was stirred over night at room temperature,
filtered and finally evaporated. The crude product was purified by flash chromatography (18)
(10 % MeOH in DCM).
1

H NMR (400 MHz, DMSO): δ=1.32 (2H, m, CH2), 1.51 (2H, m, CH2), 1.62 (4H, m, CH2),

1.77 (2H, m, CH2), 2.05 (2H, t, CH2), 2.21 (2H, t, CH2), 2.25 (2H, t, CH2), 2.35 (2H, m, CH2),
2.59 + 2.83 (2H, dd + d, CH2), 2.77 (1H, t, CH), 3.09 (5H, m, CH, CH2), 3.39 + 3.59 + 3.59
(12H, m, CH2), 4.14 (1H, s, CH), 4.31 (1H, s, CH), 6.38 (1H, s, NH), 6.45 (1H, s, NH), 7.77
(1H, t, NH), 7.89 (1H, t, NH). 13C NMR (100.5 MHz, DMSO) δ=14.68, 24.94, 28.43, 28.48,
28.50, 29.73, 33.84, 34.54, 35.63, 36.11, 39.93, 40.20, 40.22, 48.95, 51.68, 55.82, 59.52, 61.44,
68.41, 69.97, 70.14, 156.72, 162.67, 174.40, 201.96. ESI-IT-MS: m/z [M+H]+ calculated:
527.3; found: 527.2
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7.1.7 Pyrrolysine Analog Plk
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The propargyl-protected lysine derivative Plk (21) was prepared as described by Nguyen et
al.. Boc-(S)-Lys (19) (0.5 g, 2.03 mmol) was dissolved in 1 M NaOH (5 ml) and THF (5 ml)
and cooled to 0 °C. Propargyl chloroformate (192.5 mg, 1.62 mmol) was added dropwise via a
syringe and the reaction was stirred for 10 h at room temperature. The solution was then cooled
to 0 °C again, washed with ice-cold Et2O (50 ml), acidified with ice-cold 1 M HCl (50 ml), and
was extracted with ice-cold EtOAc (2x 30 ml). The combined organic layers were dried over
Na2SO4 and the solvents were evaporated to afford boc-Plk, 20 (530 mg, 1.6 mmol). The
propargyl carbamate 20 (530 mg, 1.6 mmol) was dissolved in dry DMC (5 ml). TFA (5 ml)
was added dropwise and the reaction was allowed to stir for 1 h. The solvents were evaporated
and the product was precipitated through the addition of Et2O, filtered and dried, affording Plk
as a white solid (21) (318 mg, 1.38 mmol).
1

H NMR (400 MHz, CDCl3): δ=1.34 (2H, m, CH2), 1.46 (2H, m, CH2), 1.82 (2H, m, CH2),

2.80 (1H, t, CH), 3.06 (2H, t, CH2), 3.78 (1H, t, CH), 4.56 (2H, d, CH2). 13C NMR (100.5 MHz,
DMSO) δ=21.63, 28.50, 30.05, 40.12, 52.72, 54.63, 75.64, 78.70, 157.70, 174.57. ESI-IT-MS:
m/z [M+H]+ calculated: 229.1; found: 229.1
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7.2 Materials for Molecular Biology
7.2.1 Chemicals
Chemical
1,4-Dithiothreitol
Acetic acid
Acrylamide
Agar
Agarose
Ammonium peroxodisulfate
β-Mercaptoethanol
Boric acid
Bromphenol Blue
Carbenicillin disodium salt
Chloroform
Complete, EDTA-free protease inhibitor
Coomassie Brillant Blue G 250
Dichloro dimethyl silane
Dimethyl sulfoxide
Acetic Acid
Ethanol (100%)
Ethidiumbromide (0,1%)
Ethylendiamintetraacetate (EDTA)
Formamide
Glycerol
Glycine
Urea
Yeast extract
Imidazole
1-Propanol
Isopropyl-b-D-thiogalacto-pyranoside (IPTG)
Potassium chloride
Potssium hydroxide
LB broth
Magnesium acetate
Magnesium chloride
Magnesium sulphate
N,N,N’,N’-Tetramethyleneethylenediamine
Sodium acetate
Sodium chloride
Sodium dihydrogen phosphate*H2O
Sodium dodecyl sulfate (SDS)
Sodium hydroxide
Sodium phosphate
Ni-NTA Sepharose
Tryptone
Tween 20
Xylencyanol
Tris(hydroxymethyl)aminomethane (TRIS)

Source
Roth
Prolabo
Roth
Roth
Roche
Merck
Roth
Riedel de Haen
Fluka
Roth
Riedel de Haen
Roche
Roth
Sigma
Fluka
Riedel de Haen
Riedel de Haen
Roth
Roth
Merck
Roth
Roth
Roth
Sigma
Fluka
Riedel de Haen
Roth
Merck
Merck
Roth
Roth
Merck
Merck
Roth
Merck
Roth
Merck
Roth
Merck
Sigma
GeHealthcare
Roth
Riedel de Haën
Roth
Roth
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7.2.2 Bacterial Strains
E. coli Strain
XL10gold

Genotype
endA1 glnV44 recA1 thi-1
gyrA96 relA1 lac Hte (mcrA)
183 (mcrCB-hsdSMR-mrr)173 tetR
F'[proAB lacIqZ M15
Tn10(TetR Amy CmR)]
F– ompT hsdS(rB- mB-) gal
met dcm Ion λDE3
F– dcm ompT hsdS(rB- mB-) gal
BL21 + λ(DE3 [lacI lacUV5-T7
gene1 ind1 sam7 nin5])
BL21(DE3) + U, Y, W tRNA genes

B834(DE3)
BL21
BL21(DE3)
BL21(DE3) RIL

Source
Stratagene

Novagen
Stratagene
Stratagene
Stratagene

7.2.3 Plasmids
Plasmid
pET3a
pET11a
pGDR11

Resistance
AmpR
AmpR
AmpR

Characteristics
T7-promotor, lacI
T7-promotor, lacI
T5-promotor, lacI

pASK-IBA 37+
pRSFduet-1
pSP7
pTH24
pLysS
pRARE

AmpR
KanR
AmpR
AmpR
CamR
CamR

tet-promotor
two MSCs, T7-promotor, lacI

T7 lysozyme
rare tRNAs

Source
Novagen
Novagen
derivative of
pQE31[129]
IBA
Novagen
Ag Deuerling
Ag Deuerling[130]
Novagene
Novagene

7.2.4 Media and Buffers
Media
New Minimal Medium
(NMM)

Component
(NH4)2SO4
NaCl
KH2PO4
K2HPO4
MgSO4
CaCl2
FeCl2
CuCl2
MnCl2
ZnCl2
Na2MoO4
Glucose
Thiamin
Biotin
AA

Concentration
7.5 mM
8.5 mM
22 mM
50 mM
10 mM
1 mg/l
1 mg/l
1 µg/l
1 µg/l
1 µg/l
1 µg/l
20mM
10mg/l
10mg/l
50mg/l
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Media
SOB-Medium

SOC-Medium
TSS-Medium

Agarose gel electrophoresis
TBE buffer (10x)

TAE buffer (50x)

SDS PAGE
SDS Loading dye (6x)

SDS-PAGE stacking gel

SDS-PAGE resolving gel (12%)

SDS-PAGE resolving gel (15%)

SDS electrophoresis buffer
(10x)

Component
Tryptone
Yeast extract
NaCl
MgCl2
MgSO4
SOB-Medium
Glucose
LB-Medium
PEG
MgCl2
DMSO

Concentration
2 % (w/v)
0.5 % (w/v)
10 mM
10 mM
10 mM

Component
Tris-HCl pH 8
Boric acid
EDTA
Tris-HCl pH 8.3
Acetic acid
EDTA

Concentration
890 mM
890 mM
20 mM
2 mM
Up to pH 8.3
50 mM

Component
Tris-HCl pH 8
SDS
Glyerol
Bromphenol Blue
β-Mercaptoethanol
Tris-HCl pH 6.8 (1 M)
SDS (10 %)
H2O
Bis-Acrylamide (30 %)
APS (10 %)
TEMED
Tris-HCl pH 8.8 1.5
SDS (10 %)
H2O
Bis-Acrylamide (30 %)
APS (10 %)
TEMED
Tris-HCl pH 8.8 1.5
SDS (10 %)
H2O
Bis-Acrylamide (30 %)
APS (10 %)
TEMED
Tris-HCl pH 8.9
Glycin
SDS

Concentration
225 mM
5 % (w/v)
50 %
0.05 % (w/v)
1.25 %
0.5 ml
10 µl
1.22 ml
270 µl
20 µl
5 µl
1.25 ml
50 µl
1.7 ml
2 ml
50 µl
5 µl
1.25 ml
50 µl
1.2 ml
2.5 ml
50 µl
5 µl
250 mM
2M
1 % (w/v)

2 % (w/v)
85 %
10 % (w/v)
50 mM
5%
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SDS PAGE
Coomassie staining solution

Coomassie destaining solution

Western Blot
Transfer buffer

PBS (pH 7.4)

Blocking solution
TBS
TBS-T

Buffer A

Staining solution

Protein Purification
HisUb lysis buffer (pH 8)

HisUb wash buffer (pH 8)

HisUb elution buffer (pH 8)

Ub lysis buffer B (pH 5)
PCNA lysis buffer

Component
H2O
Acetic Acid
Methanol
Coomassie Roti Blue
Acetic Acid
Methanol

Concentration
300 ml
50 ml
125 ml
375 mg
10%
50%

Component
H2O
Methanol
SDS electrophoresis buffer
NaCl
KCl
Na2HPO4
KH2PO4
PBS
Milk powder
Tris-HCl pH 7.5
NaCl
Tris-HCl pH 7.5
NaCl
Tween
Tris-HCl pH 9.5
NaCl
MgCl2
Buffer A
NBT (5 % in 70 % DMF)
BCIP (5 % in DMF)

Concentration
60 %
20 %
20 %
137 mM
2.7 mM
8.1 mM
1.76 mM

Component
Na3PO4
NaCl
Imidazole
Na3PO4
NaCl
Imidazole
Na3PO4
NaCl
Imidazole
NaOAc
Tris-HCl (pH 7.5)
EDTA
lysozyme
PMSF
glycerol

Concentration
20 mM
300 mM
20 mM
20 mM
300 mM
50 mM
20 mM
300 mM
500 mM
20 mM
50 mM
1 mM
0.2 mg/ml
0.5 mM
5%

5 % (w/v)
20 mM
150 mM
20 mM
150 mM
0.05 %
100 mM
100 mM
5 mM
10 ml
66 µl
33 µl
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Protein Purification
PCNA re-suspension buffer

Component
Tris-HCl (pH 7.5)
NaCl
EDTA
glycerol
Tris-HCl (pH 7.9)
KCl
DTT
glycerol
NP40
Tris-HCl (pH 8)
NaCl
EDTA
DTT
Tris-HCl (pH 7.5)
NaCl
EDTA
Tris-HCl (pH 7.5)
NaCl
Imidazole
Tris-HCl (pH 7.5)
NaCl
Imidazole
Tris-HCl (pH 7.5)
NaCl
Imidazole
Tris-HCl (pH 7.5)
NaCl
EDTA

Concentration
20 mM
20 mM
1 mM
5%
20 mM
25 mM
1 mM
10 %
0.05 %
50mM
100 mM
0.5 mM
0.1 mM
50mM
200 mM
1 mM
50mM
200 mM
10 mM
50mM
200 mM
40 mM
50mM
200 mM
250 mM
50mM
100 mM
1 mM

TCA assay
Reaction buffer (5x)

Component
Tris*HCl (pH 6.5)
DTT
BSA

Concentration
250 mM
5 mM
1.25 mg/ml

Primer Extension Reaction
Annealing buffer (5x)

Component
Tris*HCl (pH 7.4)
NaCl
Tris*HCl (pH 7.5)
Glygerol
NaCl
EDTA
DTT
Tris*HCl (pH 7.5)
Glygerol
NaCl
NP-40
DTT

Concentration
100 mM
750 mM
25 mM
50 %
50 mM
1 mM
1 mM
25 mM
50 %
75 mM
0.01 %
1 mM

Pol β lysis buffer

Tev cleavage buffer

Tev lysis buffer

Tev wash buffer 1

Tev wash buffer 2

Tev elution buffer

Tev storage buffer

PCNA dilution buffer

Pol δ dilution buffer
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Primer Extension Reaction
Pol δ reaction buffer (5x)

Pol β dilution buffer

Pol β reaction buffer (10x)

Pol λ dilution buffer

Pol λ reaction buffer (10x)

Stop solution

PAGE Gel Electrophoresis
TBE buffer (10x)

10 % PAGE gel

Component
Tris*HCl (pH 7)
DTT
BSA
Tris-HCl (pH = 7.9)
NaCl
EDTA
DTT
Glycerol
Tris-HCl (pH = 7.9)
KCl
MnCl2
DTT
Glycerol
Tris-HCl (pH = 7.9)
NaCl
DTT
Glycerol
Tris-HCl (pH = 7.9)
MgCl2
DTT
Glycerol
Formamide
Xylene cyanol
Bromophenol blue
EDTA

Concentration
250 mM
5 mM
1.25 mg/ml
20 mM
100 mM
1 mM
1 mM
50 %
50 mM
70 mM
20 mM
1 mM
5%
10 mM
50 mM
1 mM
50 %
50 mM
1.5 mM
1 mM
5%
80 %
0.25 % (w/v)
0.25 % (w/v)
20 mM

Component
Tris*HCl pH 8
Boric acid
EDTA
Urea (8.3 M)
Rotiphorese Sequencing
Gel Concentrate
Urea in 10 x TBE
APS
TEMED

Concentration
890 mM
890 mM
20 mM
50 ml
40 ml
10 ml
800 µl
40 µl

7.2.5 Selection Additives
Antibiotics
Carbenicillin
Kanamycin
Chloramphenicol

Stock
100 mg/ml
34 mg/ml
34 mg/ml

final conc
100 µg/ml
34 µg/ml
34 µg/ml

Source
Roth
Roth
Roth
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7.2.6 Standards and Kits
Standard / Kit
High Pure Plasmid Isolation Kit
MinElute Reaction Cleanup Kit
QIAprep Spin Miniprep Kit (50)
QIAquick Gel Extraction Kit (250)
Ni-NTA Spin Columns (50)
PageRulerTM Unstained Protein Ladder
PageRulerTM Prestained Protein Ladder
GeneRulerTM DNA Ladder Mix
BCA Protein Assay Kit

Source
Roche
Qiagen
Qiagen
Qiagen
Qiagen
Fermentas
Fermentas
Fermentas
Thermo Scientific

7.2.7 Enzymes and Proteins
Enzyme / Protein
BSA (bovine serum albumin)
CIAP (calf intestine alkalyne phosphatase)
SAP (shrimp alkaline phosphatase)
EcoRI
HindIII
NdeI
SacI
XbaI
XhoI
DpnI
KpnI
Lysozyme
Phusion DNA Polymerase
T4DNA Polymerase
T4 DNA Ligase
Factor Xa Protease

Source
NEB
Fermentas
Fermentas
Fermentas
Fermentas
Fermentas
Fermentas
Fermentas
Fermentas
NEB
NEB
Sigma
Finnzyme
NEB
Fermentas
NEB

7.2.8 Nucleotides and Radio-chemicals
Nucleotide / Radio-chemical
dNTPs
[γ-32P]-ATP

Source
Roche / Fermentas
Hartmann Analytic
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7.2.9 Antibodies
Antibody
Anti-Ub antibody
Anti-rabbit-IgG
Anti-Ub antibody
AP-Strep
Anti-Pol-η antibody
Anti-PCNA antibody

Characteristic
Rabbit polyclonal
IgG
Goat polyclonal IgG,
AP conjugated
Rabbit polyclonal
IgG
AP conjugated
Streptavidin
Rabbit polyclonal
IgG
Monoclonal IgG2a,
PC10

Application
Affinity
chromatography
WB (1:5000)

Source
Acris Antibodies

WB (1:1000)

Upstate

WB (1:5000)

Invitrogen

WB (1:1000)

Abnova

IP

Abchem

Millipore

7.2.10 Disposals
Disposals
96-well plates, transparent, flat bottom
Disposable syringes
Electroporation Gene Pulser cuvettes (0.5 mm)
Falcon Tubes (15 ml, 50 ml)
Injection needles
Parafilm
PCR Thermo Stripes
PCR Tubes
PD-10 Columns
Petri dishes
Reaction tubes (1.5, 2.0 ml)
Scalpels
Sephadex G-25 columns
Snake Skin Pleated Dialysis Tubing
Syringe sterile filtration filters (0.2 µm, 0.45 µm)
Tips for laboratory pipettes
UV-cuvettes
Vivaspin columns (20 ml) 3.000 MWCO
Whatman paper 3mm

Source
Greiner, CellStar
Dispomed
Bio-Rad
Roth
Braun
Parafilm
Thermo Scientific
TreffLab
GE Healthcare
Peske Laborbedarf
Peske Laborbedarf
Bayha
GE Healthcare
Thermo Scientific
Millipore, Roth
Peske Laborbedarf
Plastibrand
Sartorius stedim biotech
Merck Eurolab

81

7.2 Materials for Molecular Biology

7.2.11 Equipment
Equipment
Agarose gel racks
Autoclav
Balance PJ3000
Balane PG403-S
Electroporator Gene Pulser Xcell
ESI-MS 3000
Floor centrifuge 5804R
Gel documentation device
Gel dryer
Heating block
Incubation shaker
Incubator
Laboratory pipettes
Magnetic stirrer MR 3000 D
Microwave oven
Multifuge KR 4
Nanodrop-Photometer
Overhead shaker
PAGE electrophoresis racks
PCR thermocycler
pH meter Seven Easy
Phosphor screen cassettes BAS-Cassette 2025
Phosphorimager Molecular Imager Chemi-Doc
Plate reader Infinite M200
Power supply Power Pac 3000
Radioactivity counter Contamat FHT111M
Radioactivity shields
Refrigerated centrifuge Biofuge Primo R
SDS-PAGE racks
Sonifier 250
Speed-Vac Concentrator 5301
Sterile hood
Table top centrifuges, MiniSpin
Thermomixer, comfort
UV/VIS photometer ND-1000 Nanodrop
UV/VIS-Photometer, BioPhotometer
Vortexer REAX Control
Water baths

Source
Fisher Scientific
Autoclav Systec 3150 ELV
Mettler Toledo
Mettler Toledo
Bio-Rad
Bruker Daltonics
Eppendorf
Chemidoc XRS BioRAD
Bio-Rad
Stuart
New Brunswick Scientific
Innova 44
Gilson
Heidolph
Micromaxx
Heraeus
Perkin Elmer, Eppendorf
Heidolph Reax2
Bio-Rad
Biometra
Mettler Toledo
Fuji
Bio-Rad
Tecan
Bio-Rad
Thermo
Roth
Heraeus
Bio-Rad
Branson
Eppendorf
HERA-Safe
Eppendorf
Eppendorf
Peqlab
Eppendorf
Heidolph
Memmert
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7.3.1 Agarose Gel Electrophoresis
Agarose gel electrophoresis was performed according to standard procedures. For
analytical gels 0.8 % agarose in 0.5 x TBE and for preparative gels 0.8% agarose in 1 x TAE
was used. Gels were stained with 0.01 % (w/v) ethidiumbromide in the corresponding buffer
and documented with a ChemiDoc XRS System (BioRad). For DNA isolation, bands were
excised from the gel with a scalpel and transferred to a reaction tube. Subsequent DNA
isolation from the agarose gel pieces was conducted by a gel purification kit (Qiagen)
according to the manufacturer’s protocol.

7.3.2 PCR
Certain DNA region from a template plasmid were amplified via PCR to generate
suitable restriction sites for cloning into a new vector or to remove certain regions from the
coding sequence, for example N-terminal tags or several amino acids from the C-terminus of a
gene. Primers were designed to bind the initial and the last amino acids of the sequence to be
amplified and additional overhangs with suitable restriction sites. The downstream primers
contained one or two stop codons after the last codon to be translated. PCR reactions were set
up with the following concentrations and cycle conditions and the final PCR product was
purified via preparative agarose gel electrophoresis.
Component
dNTPs
Fw-primer
Rev-primer
Template
HF-buffer
Phusion DNA Polymerase

Concentration
200 µM
400 nM
400 nM
1 ng/µl
1x
1-2 U/100µl

Step
Initial denaturation
Denaturation
Annealing
Elongation
Final elongation

Temperature
98 °C
98 °C
58 ° – 72°C
72 °C
72 °C

Time
60 sec
10 sec
30 sec
30 sec
10 min

28x
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7.3.3 Site Directed Mutagenesis
Primers for site directed mutagenesis were designed to contain the desired mutation
(one to three base pairs) in the middle and to end in C or G. PCR reaction were set up with the
following concentrations and cycle conditions. After the PCR reaction, template DNA was
digested with DpnI at 37 °C for 90 min and 5 µl of the PCR product were directly transformed
into E. coli XL10 gold without further purification.
Component
dNTPs
Fw-primer
Rev-primer
Template
HF-buffer
Phusion DNA Polymerase

Concentration
200 µM
400 nM
400 nM
1 ng/µl
1x
1-2 U/100µl

Step
Initial denaturation
Denaturation
Annealing
Elongation
Final elongation

Temperature
98 °C
98 °C
58 ° – 72°C
72 °C
72 °C

Time
60 sec
10 sec
30 sec
4 min
10 min

18x

7.3.4 Chemically Competent Cells
Chemically competent cells were prepared from different E. coli strains (XL10 gold,
BL21(DE3), B834(DE3)) with the following protocol. From a single colony grown on a LB
agar plate at 37 °C overnight, a 5 ml LB liquid culture was inoculated and incubated at 37 °C
at 220 rpm overnight. With 2.5 ml of this overnight culture a 500 ml LB liquid culture was
inoculated and grown at 37 °C at 220 rpm until an optical density of 0.6 was reached.
Subsequently, cells were harvested by centrifugation and resuspended in 10 ml of TSSmedium. Cells were splitted into aliquots of 200 µl and stored at -80 °C until further use.
For transformation, 100 µl of cells were thawed on ice and mixed with 5 µl of DNA.
After incubation on ice for 5 to 10 minutes, the cells were incubated at 42 °C for 45 seconds
and immediately returned on ice for additional 2 minutes. Subsequently, 1 ml of prewarmed
SOC medium was added to the cells and cultures were incubated at 37 °C for one hour to allow
cells to recover. For selecting clones that took up the vector, 100 µl of the cultures were spread
on LB-agar plates with the appropriate antibiotics and cultured over night at 37 °C. If higher
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amounts of clones were desired, all cells of the 1 ml culture were harvested by centrifugation,
resuspended in 100 µl of SOC medium and spread on LB-agar plates.

7.3.5 Electrocompetent Cells
Electro competent cells were prepared from different E. coli strains (XL10 gold,
BL21(DE3), B834(DE3)) with the following protocol. From a single colony grown on a LB
agar plate at 37 °C overnight, a 5 ml LB liquid culture was inoculated and incubated at 37 °C
at 220 rpm overnight. With 2.5 ml of this overnight culture a 500 ml LB liquid culture was
inoculated and grown at 37 °C at 220 rpm until an optical density of 0.6 was reached.
Subsequently, the culture was cooled down on ice for 20 min and harvested at 4,400 x g for 30
min at 4 °C. The supernatant was discarded and the cell pellet was washed twice with 500 ml
of ice-cold water and once with 50 ml of ice-cold 10 % glycerol. Finally, cells were
resuspended in 5 ml of ice-cold 10 % glycerol, splitted into aliquots of 200 µl and stored at -80
°C until further use.
For each transformation, 100 µl of cells were thawed on ice and mixed with 1-5 µl of
DNA. After incubation on ice for 1-5 min, the cells were transferred into 1 mm cuvettes and
treated in a BioRad GenePulser Xcell. Electroporation parameters were chosen as follows: 1.8
kV and 200 Ω, resulting in a pulse length of 4.5 msec. After electroporation cells were
regenerated in 1 ml SOC medium at 37 °C for 60 min at 650 rpm and treated as described
above.

7.3.6 DNA-Sequencing
The prepared DNA samples were sent to a professional sequencing company (GATC
Biotech AG, Konstanz). Sequences were analysed and aligned using Chromas Lite
(http://www.technelysium.com.au/chromas_lite.html)

and

SDSC

Biology

Workbench

(http://workbench.sdsc.edu/).

7.3.7 Expression and Purification of His-Thr-Ub
His-Thr-76M-Ub/pGDR11 was transformed into Met auxotrophic E. coli B834 (DE3).
Cells were cultured in NMM with 0.04 mM Met until they reached stationary growth (OD600 =
0.8). Medium was then changed to fresh NMM supplemented with 0.5 mM Met, Aha or Hpg
and induced with 1 mM IPTG after 30 min. After 4 h, cells were harvested by centrifugation
and stored at -80 °C until further use.
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Pellets were resuspended in His-Ub lysis buffer and solubilized by sonication. Heating
the suspension to 75 °C for 20 min led to denaturation of most E. coli proteins. After
centrifugation at 20,000 g for 20 min the supernatant was further purified by Ni2+-affinity
chromatography.

7.3.8 Expression and Purification of MAS-Ub
MAS76M-Ub was expressed as described in 5.3.8. Pellets were resuspended in lysisbuffer B and solubilized by sonication. After heat denaturation and centrifugation at 20000 g
for 20 min the supernatant was further purified by anion exchange chromatography (QSepharose, gradient: 0  1 M NaCl).

7.3.9 Expression and Purification of PlkUb
The gene coding for (63TAG)Ub was synthesized by Geneart and cloned into pET11a
using XbaI and HindIII. All other (TAG)Ub mutants were created by site directed mutagenesis
based on 63(TAG)Ub. The gene for the pyrrolysine tRNA synthetase pylS was obtained from
genomic DNA from Methanosarcina barkeri and cloned into pRSFduet using BfuAI and SacI.
The gene for the pyrrolysine tRNA was synthesized together with the lipoprotein promoter lpp
and the terminator rrnC and cloned into the backbone of pET11a already containing the gene
for (TAG)Ub in its multiple cloning site. Both vectors were co-transformed into E. coli
BL21(DE3) for expression. Cells were cultured at 37 °C. At OD600 = 0.3, plk (0.5 M) was
added. Protein expression was induced with 1 mM IPTG at OD600 = 0.8. After 12-16 h, cells
were harvested by centrifugation and protein was isolated as described above.

7.3.10 Expression and Purification of Plk-PCNA
The gene coding for 164TAG-PCNA was synthesized by Geneart and cloned into
pET11a using the restriction enzymes XbaI and HindIII. As described in 5.3.9, pET11a also
contained the gene for tRNApyl. Together with pylS/pRSFduet, the vector was co-transformed
into BL21(DE3) and expression was performed as described above.
For protein isolation, cell pellets were resuspended in PCNA lysis buffer and incubated
on ice for 30 min. After addition of Igepal CA-630 to a final concentration of 0.02 %, cells
were sonicated to complete disruption. Subsequently, ammonium sulphate (final concentration
150 mM), and polyethyleneimine (400 µl of 5 %) were added to the cell lysate and stirred for
10 min before centrifugation at 15,000 g for 40 min. Additional ammonium sulphate (0.23
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g/ml) was added to the supernatant and after stirring for 1 h at room temperature, the
suspension was centrifuged at 15,000 g for 30 min. The same procedure was repeated with
0.24 g/ml ammonium sulphate and the resulting pellet was resuspended in 20 ml PCNA resuspension buffer and dialyzed overnight against PCNA resuspension buffer containing 1 mM
DTT. The dialyzed protein was further purified by anion exchange chromatography (QSepharose, gradient: 20 mM  1 M NaCl). The fractions containing pure protein were pooled
and dialyzed against PCNA resuspension buffer with only 0.5 mM EDTA.

7.3.11 Expression and Purification of Plk-Pol β
The gene coding for His-wt-Pol β in pGDR11 was already present in our laboratory.
For the incorporation of Plk, Lys41, Lys61, and Lys81 were successively replaced by the
amber stop codon via site directed mutagenesis and the three mutants were cloned into pET11a
already containing the expression cassette for tRNApyl in its backbone (see expression
construct for PlkUb). Therefore tRNApyl/pET11a was digested with XbaI, the cohesive ends
filled to blunt ends using T4-DNA Polymerase and subsequently digested with HindIII
yielding the open vector with one blunt and one cohesive end. Same procedure was applied to
His-wt-Pol-β/pGDR11 with EcoRI for the first digest instead of XbaI. To also obtain the
expression vector for Pol-β without the N-terminal His-tag, the gene was amplified by PCR
using a forward primer that binds to wt-Pol-β sequence and carries a restriction site for NdeI
and a reversed primer with a HindIII restriction site. The PCR product was subsequently
cloned again into tRNApyl/pET11a using NdeI and HindIII. The gene for the pyrrolysine
tRNA synthetase pylS was obtained from genomic DNA from Methanosarcina barkeri and
cloned into pRSFduet using BfuAI and SacI. Both vectors were co-transformed into E. coli
BL21(DE3) for expression. Cells were cultured at 37 °C. At OD600 = 0.3, Plk (0.5 M) was
added. Protein expression was induced with 1 mM IPTG at OD600 = 0.8. After 12-16 h, cells
were harvested by centrifugation and stored at -80 °C until further use.
Purification was performed at 4 °C and all buffers were cooled to 4 °C before use.
Pellets were resuspended in Pol β lysis buffer and solubilized by sonication. After
centrifugation for 1 h at 8000 g, the supernatant was further purified by cation exchange
chromatography (SP-Sepharose, gradient: 25 mM  1 M KCl).

7.3.12 Expression and Purification of Tev
For expression of Tev protease, the expression plasmid Tev/pTH24 and the helper
plasmid pRARE were co-transformed into E. coli BL21(DE3). Cells were cultured at 30 °C. At
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OD600 = 0.6, protein expression was induced with 0.5 mM IPTG at OD600 = 0.8. After 5 h, cells
were harvested by centrifugation and stored at -80 °C until further use.
Purification was performed at 4 °C and all buffers were cooled to 4 °C before use.
Pellets were resuspended in Tev lysis buffer and solubilized by sonication. After centrifugation
for 30 min at 20,000 g the supernatant was further purified by Ni2+-affinity chromatography.
All fractions containing Tev were pooled and dialyzed against Tev storage buffer. Finally, Tev
was aliquoted and stored at -80 °C until further use.

7.3.13 SDS-PAGE
Expressed proteins and click reactions were analyzed by glycine SDS-PAGE
according to standard procedures including a stacking- and a resolving-gel (12 % and 15 %).
Gels were stained using Roti®-Blue Colloidal Coomassie and photographed using ChemiDoc
XRS from BioRad.

7.3.14 Determination of Protein Concentration via SDS-PAGE
Protein samples were loaded onto SDS-PA gels in parallel with a BSA or lysozyme
standard dilution series. Respective band intensities were quantified on a BioRad ChemiDoc
XRS System (Quantity One 4.5.0) and protein concentrations could be calculated in
comparison with the standard curve intensities by linear curve analysis.

7.3.15 BCA Assay
Determination of protein concentrations with the BCA Protein Assay Kit (Thermo
Scientific) was conducted according to manufacturer’s protocol in transparent, flat bottom 96well plates (Greiner, CellStar). 45 µl of staining solution (50:1, reagent A:B) were added to 5
µl of protein sample and incubated at 37 °C for 30 minutes. Absorbance was measured at 562
nm with a Tecan plate reader.

7.3.16 Click Reaction
Equimolar amounts of ahaUb and plkUb in 5-20 mM Tris*HCl (pH 8) were mixed
with 1 mM TCEP, 10 µM TBTA and 1 mM CuSO4. Reaction vessels were flushed with argon
to prevent Cu-induced protein oxidation. After incubation at room temperature for 1 h the
reaction was stopped by addition of 10 mM EDTA. For biotinylation reactions, a 10-fold
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excess of biotin-alkyne X was used and for labelling with fluorophore tags a 10-fold excess of
the respective dye Y.

7.3.17 Western Blot
To identify proteins and to detect low amounts of proteins via a specific antibody,
proteins were transferred from SDS-PAGE gels onto a PVDF membrane (Immobilon-P
transfer membrane, pore size 0.45 µl, Millipore) by Western Blot. A “Mini-Protean 3 System”
von BioRad was used and blotting conditions were 35 min at 300 mA. To minimize unspecific
binding, the membrane was then incubated in 5 % milk powder in PBS for 2 hours or over
night at room temperature. After washing with PBS the primary antibody was applied in PBS
or TBS-Tween according to manufacturer’s protocols. Again the membrane was washed
several times with PBS or TBS-Tween and the second antibody was applied. After incubation
for one hour at room temperature the secondary antibody was removed and the membrane was
washed several times with PBS. For visualization the membrane was exposed to NBT and
BCIP in Buffer A. When the protein band showed the desired contrast, the membrane was
rinsed with water and photographed with a ChemiDoc XRS System (BioRad).

7.3.18 Mass Analysis
ESI-IT mass spectra were recorded on a Bruker Daltonics esquire 3000+. The protein
samples were desalted with G25 columns (GE Healthcare) and diluted in 2 % acetic acid in
water:CH3CN (1:1). Samples were directly injected and data was analyzed with DataAnalysis
from Bruker. For the analysis of the peptide fragments tryptic in-gel digest was conducted.
After resolution of the resulting peptide fragments in 0.2 % formic acid in water, we performed
HPLC-ESI-MS/MS (Thermo Scientific LTQ Orbitrap Discovery). Data was analyzed using
DataAnalysis from Bruker and Mascot Search.

7.3.19 Poly(dA)/Oligo(dT) Assay
Pol δ and wtPCNA were expressed and purified as described.[103] 1 µl of pol δ (150 nM)
and 1 µl of different concentrations of PCNA (or PCNA storage buffer as negative control)
were mixed on ice and the reaction was started by addition of reaction mix (23 µl) containing
1x reaction buffer (Bis-Tris (50 mM, pH 6.5), DTT (1 mM), BSA (0.25 mg/ml), and MgCl2 (6
mM)), [3H]dTTP (25 µM), and poly(dA)/oligo(dT) (500 ng) (all final concentrations in 25 µl
reaction volume). Reactions were incubated at 37 °C for 30 min and then stopped by addition
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of sodium pyrophosphate (100 µl of 0.1 M) and ice-cold trichloro-acetic acid (1 ml, 10 %
(w/v)). After incubation on ice for 5 min, the precipitate was collected on a Whatman GF/C
filter, washed three times with HCl (1 M) containing sodium pyrophosphate (0.1 M), rinsed
with ethanol (95 %), and dried for 5 min under a heating lamp. The dry Whatman GF/C filter
with the precipitate was transferred into a tube and toluene-based scintillation fluid (5 ml) was
added. The radioactivity was measured in a liquid scintillation counter.

7.3.20 Radioactive Labelling of Primers with 32P
Primers were labelled using [γ32P]-ATP and T4-polynucleotide kinase according to
standard techniques. Reactions were incubated at 37°C for 60 min and stopped by heating to
95 °C for 5 min. The labelled primer was purified via gel filtration (Sephadex G25) and
annealed to the corresponding template DNA by incubation with equimolar amounts template
DNA at 95 °C for 5 minutes and slow cool down to room temperature.

Component
[γ32P]-ATP
Primer
PNK-buffer
T4-PNK

Concentration
0.4 µCi/µl
20 nM
1x
0.4 U/µl

7.3.21 Primer Extension Assays
Pol η was purchased from EnzyMax, LLC. Pol β was expressed and purified as
described.[131] PCNA or PCNA-Ub (100 nM) and DNA polymerase (pol η: 4 nM, pol β: 8 nM)
were mixed and reactions were started by adding the reaction mix containing template/primer
(2 nM), 1x reaction buffer (Tris-HCl (50 mM), BSA (0.25 mg/ml), DTT (1 mM)), MgCl2 (5
mM), and dNTPs (10 µM) for pol η and template/primer (2 nM), BSA (0.1 mg/ml), 1x reaction
buffer (Tris-HCl (50 mM, pH 7.9), KCl (70 mM), glycerol (5 %), DTT (1 mM)), MnCl2 (2
mM) and dNTPs (15 µM) for pol β. All used primers and templates can be found in 6.3.
Elongation reactions (total volume of 10 µl) were incubated at 37 °C for 30 min and
subsequently quenched by the addition of PAGE loading solution (10 µl, formamide (80 %
(v/v)), EDTA (20 mM), bromophenol blue (0.025 % (w/v)), xylene cyanol (0.025 % (w/v))).
Samples were denatured at 95 °C for 5 min and analyzed by 10 % or 12 % PAGE containing 8
M urea. Visualization was performed using phosphorimaging.
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9 Appendices
9.1 Expression Constructs
His-Thr-76M-Ub/pGDR11
His-Thr-76M/pMA was synthesized by Geneart and cloned into pET11a using the restriction
enzymes NdeI and BamHI. From pET11a the coding sequence was cloned into pGDR11
together with the ribosome binding site of pET11a. His-Thr-76M/pET11a was digested with
XbaI, filled to blunt ends with T4-DNA polymerase and subsequently digested with SacI.
pGDR11 was digested with EcoRI, filled to blunt ends and digested with SacI.

NdeI
GCCAGTTAATTAAGAGGTACCCATATGGGAAGCAGCCATCACCACCATCATCATAGCAGC
1 ---------+---------+---------+---------+---------+---------+
CGGTCAATTAATTCTCCATGGGTATACCCTTCGTCGGTAGTGGTGGTAGTAGTATCGTCG
M__G__S__S__H__H__H__H__H__H__S__S__
GGTCTGGTTCCGCGTGGTAGCCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACC
61 ---------+---------+---------+---------+---------+---------+
CCAGACCAAGGCGCACCATCGGTCTAAAAACAATTTTGGGACTGGCCATTTTGGTAATGG
G__L__V__P__R__G__S__Q__I__F__V__K__T__L__T__G__K__T__I__T__
CTGGAAGTTGAACCGAGCGATACCATTGAAAATGTGAAAGCCAAAATTCAGGATAAAGAA
121 ---------+---------+---------+---------+---------+---------+
GACCTTCAACTTGGCTCGCTATGGTAACTTTTACACTTTCGGTTTTAAGTCCTATTTCTT
L__E__V__E__P__S__D__T__I__E__N__V__K__A__K__I__Q__D__K__E__
GGTATTCCTCCGGATCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTGGAAGATGGTCGT
181 ---------+---------+---------+---------+---------+---------+
CCATAAGGAGGCCTAGTCGTCGCAGACTAAAAACGTCCATTTGTCGACCTTCTACCAGCA
G__I__P__P__D__Q__Q__R__L__I__F__A__G__K__Q__L__E__D__G__R__
ACCCTGAGCGATTATAATATTCAGAAAGAAAGCACCCTGCATCTGGTTCTGCGTCTGCGT
241 ---------+---------+---------+---------+---------+---------+
TGGGACTCGCTAATATTATAAGTCTTTCTTTCGTGGGACGTAGACCAAGACGCAGACGCA
T__L__S__D__Y__N__I__Q__K__E__S__T__L__H__L__V__L__R__L__R__

BamHI SacI
GGTATGTAATAAGGATCCGAGCTCATGGCGCGCCTAGGCCTT
301 ---------+---------+---------+---------+-CCATACATTATTCCTAGGCTCGAGTACCGCGCGGATCCGGAA
G__M__*__*__
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His-FXa-76M-Ub/pGDR11
His-FXa-76M/pAM was synthesized by Geneart and cloned into pGDR11 using the restriction
enzymes EcoRI and SacI.

EcoRI
GAGCGGAAGGCCCATGAGGCCAGTTAATTAAGAGGTACCGAATTCTAGAAATAATTTTGT
1 ---------+---------+---------+---------+---------+---------+
CTCGCCTTCCGGGTACTCCGGTCAATTAATTCTCCATGGCTTAAGATCTTTATTAAAACA
TTAACTTTAAGAAGGAGATATACATATGGGCCATCACCATCATCATCATAGCAGCGGTCA
61 ---------+---------+---------+---------+---------+---------+
AATTGAAATTCTTCCTCTATATGTATACCCGGTAGTGGTAGTAGTAGTATCGTCGCCAGT
M__G__H__H__H__H__H__H__S__S__G__H_
TATTGAAGGTCGTCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGT
121 ---------+---------+---------+---------+---------+---------+
ATAACTTCCAGCAGTCTAAAAACAATTTTGGGACTGGCCATTTTGGTAATGGGACCTTCA
_I__E__G__R__Q__I__F__V__K__T__L__T__G__K__T__I__T__L__E__V_
TGAACCGAGCGATACCATTGAAAATGTGAAAGCCAAAATTCAGGATAAAGAAGGTATTCC
181 ---------+---------+---------+---------+---------+---------+
ACTTGGCTCGCTATGGTAACTTTTACACTTTCGGTTTTAAGTCCTATTTCTTCCATAAGG
_E__P__S__D__T__I__E__N__V__K__A__K__I__Q__D__K__E__G__I__P_
TCCGGATCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTGGAAGATGGTCGTACCCTGAG
241 ---------+---------+---------+---------+---------+---------+
AGGCCTAGTCGTCGCAGACTAAAAACGTCCATTTGTCGACCTTCTACCAGCATGGGACTC
_P__D__Q__Q__R__L__I__F__A__G__K__Q__L__E__D__G__R__T__L__S_
CGATTATAACATTCAGAAAGAAAGCACCCTGCATCTGGTTCTGCGTCTGCGTGGTATGTA
301 ---------+---------+---------+---------+---------+---------+
GCTAATATTGTAAGTCTTTCTTTCGTGGGACGTAGACCAAGACGCAGACGCACCATACAT
_D__Y__N__I__Q__K__E__S__T__L__H__L__V__L__R__L__R__G__M__*_

SacI
ATAAGGATCCGAGCTCATGGCGCGCCTAGGCCTTGACGGCCTTCCGCCA
361 ---------+---------+---------+---------+--------TATTCCTAGGCTCGAGTACCGCGCGGATCCGGAACTGCCGGAAGGCGGT
_*__
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His-Tev-76M-Ub/pGDR11
His-Tev-76M/pAM was synthesized by Geneart and cloned into pGDR11 using the restriction
enzymes EcoRI and SacI.

EcoRI
TGAGGCCAGTGAGGTACCGAATTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATAT
1 ---------+---------+---------+---------+---------+---------+
ACTCCGGTCACTCCATGGCTTAAGATCTTTATTAAAACAAATTGAAATTCTTCCTCTATA
ACATATGGGTAGCAGCCATCATCACCATCACCATAGCAGCGGTCATGAAAATCTGTATTT
61 ---------+---------+---------+---------+---------+---------+
TGTATACCCATCGTCGGTAGTAGTGGTAGTGGTATCGTCGCCAGTACTTTTAGACATAAA
M__G__S__S__H__H__H__H__H__H__S__S__G__H__E__N__L__Y__F_
TCAGGGCCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGTTGAACC
121 ---------+---------+---------+---------+---------+---------+
AGTCCCGGTCTAAAAACAATTTTGGGACTGGCCATTTTGGTAATGGGACCTTCAACTTGG
_Q__G__Q__I__F__V__K__T__L__T__G__K__T__I__T__L__E__V__E__P_
GAGCGATACCATTGAAAATGTGAAAGCCAAAATTCAGGATAAAGAAGGTATTCCGCCGGA
181 ---------+---------+---------+---------+---------+---------+
CTCGCTATGGTAACTTTTACACTTTCGGTTTTAAGTCCTATTTCTTCCATAAGGCGGCCT
_S__D__T__I__E__N__V__K__A__K__I__Q__D__K__E__G__I__P__P__D_
TCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTGGAAGATGGTCGTACCCTGAGCGATTA
241 ---------+---------+---------+---------+---------+---------+
AGTCGTCGCAGACTAAAAACGTCCATTTGTCGACCTTCTACCAGCATGGGACTCGCTAAT
_Q__Q__R__L__I__F__A__G__K__Q__L__E__D__G__R__T__L__S__D__Y_
TAATATTCAGAAAGAAAGCACCCTGCATCTGGTTCTGCGTCTGCGTGGTATGTAATAAGG
301 ---------+---------+---------+---------+---------+---------+
ATTATAAGTCTTTCTTTCGTGGGACGTAGACCAAGACGCAGACGCACCATACATTATTCC
_N__I__Q__K__E__S__T__L__H__L__V__L__R__L__R__G__M__*__*__

SacI
ATCCGAGCTCAAGCTTATGGCGCGCCTAGGCCTTG
361 ---------+---------+---------+----TAGGCTCGAGTTCGAATACCGCGCGGATCCGGAAC
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StrepII-Tev-76M-Ub/pGDR11
StrepII-Tev-76M/pAM was synthesized by Mr. Gene and cloned into pGDR11 using the
restriction enzymes EcoRI and SacI.

EcoRI
AGGCGCGCCTCTAGAATTCAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGGC
1 ---------+---------+---------+---------+---------+---------+
TCCGCGCGGAGATCTTAAGTTATTAAAACAAATTGAAATTCTTCCTCTATATGTTTACCG
M__A_
TAGCTGGAGCCACCCGCAGTTCGAAAAATCTGGTGGTGGTGGTGGTGAAAATCTGTATTT
61 ---------+---------+---------+---------+---------+---------+
ATCGACCTCGGTGGGCGTCAAGCTTTTTAGACCACCACCACCACCACTTTTAGACATAAA
_S__W__S__H__P__Q__F__E__K__S__G__G__G__G__G__E__N__L__Y__F_
TCAGGGCCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGTTGAACC
121 ---------+---------+---------+---------+---------+---------+
AGTCCCGGTCTAAAAACAATTTTGGGACTGGCCATTTTGGTAATGGGACCTTCAACTTGG
_Q__G__Q__I__F__V__K__T__L__T__G__K__T__I__T__L__E__V__E__P_
GAGCGATACCATTGAAAATGTGAAAGCCAAAATTCAGGATAAAGAAGGTATTCCGCCGGA
181 ---------+---------+---------+---------+---------+---------+
CTCGCTATGGTAACTTTTACACTTTCGGTTTTAAGTCCTATTTCTTCCATAAGGCGGCCT
_S__D__T__I__E__N__V__K__A__K__I__Q__D__K__E__G__I__P__P__D_
TCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTGGAAGATGGTCGTACCCTGAGCGATTA
241 ---------+---------+---------+---------+---------+---------+
AGTCGTCGCAGACTAAAAACGTCCATTTGTCGACCTTCTACCAGCATGGGACTCGCTAAT
_Q__Q__R__L__I__F__A__G__K__Q__L__E__D__G__R__T__L__S__D__Y_
TAATATTCAGAAAGAAAGCACCCTGCATCTGGTTCTGCGTCTGCGTGGTATGTAATAAGG
301 ---------+---------+---------+---------+---------+---------+
ATTATAAGTCTTTCTTTCGTGGGACGTAGACCAAGACGCAGACGCACCATACATTATTCC
_N__I__Q__K__E__S__T__L__H__L__V__L__R__L__R__G__M__*__*__

SacI
ATCCGAGCTCAAGCTTATGGCGCGCCTAGGCCTTG
361 ---------+---------+---------+----TAGGCTCGAGTTCGAATACCGCGCGGATCCGGAAC
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MGS76M-Ub/pGDR11
MGS76M/pAM was synthesized by Mr. Gene and cloned into pGDR11 using the restriction
enzymes EcoRI and SacI.

EcoRI
TTAAGAGGTACCGAATTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATAT
1 ---------+---------+---------+---------+---------+---------+
AATTCTCCATGGCTTAAGATCTTTATTAAAACAAATTGAAATTCTTCCTCTATATGTATA
M_
GGGTAGCCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGTTGAACC
61 ---------+---------+---------+---------+---------+---------+
CCCATCGGTCTAAAAACAATTTTGGGACTGGCCATTTTGGTAATGGGACCTTCAACTTGG
_A__S__Q__I__F__V__K__T__L__T__G__K__T__I__T__L__E__V__E__P_
GAGCGATACCATTGAAAATGTGAAAGCCAAAATTCAGGATAAAGAAGGTATTCCGCCGGA
121 ---------+---------+---------+---------+---------+---------+
CTCGCTATGGTAACTTTTACACTTTCGGTTTTAAGTCCTATTTCTTCCATAAGGCGGCCT
_S__D__T__I__E__N__V__K__A__K__I__Q__D__K__E__G__I__P__P__D_
TCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTGGAAGATGGTCGTACCCTGAGCGATTA
181 ---------+---------+---------+---------+---------+---------+
AGTCGTCGCAGACTAAAAACGTCCATTTGTCGACCTTCTACCAGCATGGGACTCGCTAAT
_Q__Q__R__L__I__F__A__G__K__Q__L__E__D__G__R__T__L__S__D__Y_
TAATATTCAGAAAGAAAGCACCCTGCATCTGGTTCTGCGTCTGCGTGGTATGTAATAAGG
241 ---------+---------+---------+---------+---------+---------+
ATTATAAGTCTTTCTTTCGTGGGACGTAGACCAAGACGCAGACGCACCATACATTATTCC
_N__I__Q__K__E__S__T__L__H__L__V__L__R__L__R__G__M__*__*__

SacI
ATCCGAGCTCGGTACCAAGCTTATGGCGCGCCTAGGCCTTGG
301 ---------+---------+---------+---------+-TAGGCTCGAGCCATGGTTCGAATACCGCGCGGATCCGGAACC
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63TAG-Ub/pET11a
63TAG-Ub/pAM was synthesized by Mr. Gene and cloned into pET11a using the restriction
enzymes XbaI and HindIII by Marina Rubini.

XbaI
GCCGTCAAGGCCTAGGCGCGCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATAT
1 ---------+---------+---------+---------+---------+---------+
CGGCAGTTCCGGATCCGCGCGGAGATCTTTATTAAAACAAATTGAAATTCTTCCTCTATA
ACATATGCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGTTGAACC
61 ---------+---------+---------+---------+---------+---------+
TGTAGACGTCTAAAAACAATTTTGGGACTGGCCATTTTGGTAATGGGACCTTCAACTTGG
M__Q__I__F__V__K__T__L__T__G__K__T__I__T__L__E__V__E__P_
GAGCGATACCATTGAAAATGTGAAAGCCAAAATTCAGGATAAAGAAGGTATTCCGCCGGA
121 ---------+---------+---------+---------+---------+---------+
CTCGCTATGGTAACTTTTACACTTTCGGTTTTAAGTCCTATTTCTTCCATAAGGCGGCCT
_S__D__T__I__E__N__V__K__A__K__I__Q__D__K__E__G__I__P__P__D_
TCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTGGAAGATGGTCGTACCCTGAGCGATTA
181 ---------+---------+---------+---------+---------+---------+
AGTCGTCGCAGACTAAAAACGTCCATTTGTCGACCTTCTACCAGCATGGGACTCGCTAAT
_Q__Q__R__L__I__F__A__G__K__Q__L__E__D__G__R__T__L__S__D__Y_
TAATATTCAGTAGGAAAGCACCCTGCATCTGGTTCTGCGTCTGCGTGGTGGTTAATAAGG
241 ---------+---------+---------+---------+---------+---------+
ATTATAAGTCATCCTTTCGTGGGACGTAGACCAAGACGCAGACGCACCACCAATTATTCC
_N__I__Q__U__E__S__T__L__H__L__V__L__R__L__R__G__G__*__*__

HindIII
ATCCGGTACCGCTGAGCTCGTCGACAAGCTTAATTAACTGGCC
301 ---------+---------+---------+---------+-TAGGCCATGGCGACTCGAGCAGCTGTTCGAATTAATTGACCGG
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tRNApyl/63TAG-Ub/pET11a
lpp_tRNApyl/pMA was synthesized by Geneart and cloned into 63TAG-Ub/pET11a using the
restriction enzyme SalI.

SalI
TGAGGCCAGTTAATTAAGAGGTACCGACATCGTCGACCGCCGCTTCTTTGAGCGAACGAT
1 ---------+---------+---------+---------+---------+---------+
ACTCCGGTCAATTAATTCTCCATGGCTGTAGCAGCTGGCGGCGAAGAAACTCGCTTGCTA
CAAAAATAAGTGGCGCCCCATCAAAAAAATATTCTCAACATAAAAAACTTTGTGTAATAC
61 ---------+---------+---------+---------+---------+---------+
GTTTTTATTCACCGCGGGGTAGTTTTTTTATAAGAGTTGTATTTTTTGAAACACATTATG
TTGTAACGCTGAATTCGGAAACCTGATCATGTAGATCGAATGGACTCTAAATCCGTTCAG
121 ---------+---------+---------+---------+---------+---------+
AACATTGCGACTTAAGCCTTTGGACTAGTACATCTAGCTTACCTGAGATTTAGGCAAGTC
CCGGGTTAGATTCCCGGGGTTTCCGCCACTGCAGATCCTTAGCGAAAGCTAAGGATTTTT
181 ---------+---------+---------+---------+---------+---------+
GGCCCAATCTAAGGGCCCCAAAGGCGGTGACGTCTAGGAATCGCTTTCGATTCCTAAAAA

SalI
TTTAGTCGACGTCATCGAGCTCATGGCGCGCCTAGGCCTTG
241 ---------+---------+---------+---------+AAATCAGCTGCAGTAGCTCGAGTACCGCGCGGATCCGGAAC
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pylRS/pRSFduet
The gene for the pyrrolysine tRNA synthetase pylRS was obtained from genomic DNA from
Methanosarcina barkeri and cloned into pRSFduet using BfuAI and SacI.

BfuAI
gagcctacctgctcagcatggataaaaaaccattagatgttttaatatctgcgaccgggc
1 ---------+---------+---------+---------+---------+---------+
ctcggatggacgagtcgtacctattttttggtaatctacaaaattatagacgctggcccg
M__D__K__K__P__L__D__V__L__I__S__A__T__G__L

tctggatgtccaggactggcacgctccacaaaatcaaacactatgaggtctcaagaagta
61 ---------+---------+---------+---------+---------+---------+
agacctacaggtcctgaccgtgcgaggtgttttagtttgtgatactccagagttcttcat
__W__M__S__R__T__G__T__L__H__K__I__K__H__Y__E__V__S__R__S__K

aaatatacattgaaatggcgtgtggagaccatcttgttgtgaataattctaggagttgta
121 ---------+---------+---------+---------+---------+---------+
tttatatgtaactttaccgcacacctctggtagaacaacacttattaagatcctcaacat
__I__Y__I__E__M__A__C__G__D__H__L__V__V__N__N__S__R__S__C__R

gaacagccagagcattcagacatcataagtacagaaaaacctgcaaacgatgtagggttt
181 ---------+---------+---------+---------+---------+---------+
cttgtcggtctcgtaagtctgtagtattcatgtctttttggacgtttgctacatcccaaa
__T__A__R__A__F__R__H__H__K__Y__R__K__T__C__K__R__C__R__V__S

cggacgaggatatcaataatttcctcacaagatcaactgaaggcaaaaccagtgtgaaag
241 ---------+---------+---------+---------+---------+---------+
gcctgctcctatagttattaaaggagtgttctagttgacttccgttttggtcacactttc
__D__E__D__I__N__N__F__L__T__R__S__T__E__G__K__T__S__V__K__V

ttaaggtagtttctgctccaaaggtcaaaaaagctatgccgaaatcagtttcgagggctc
301 ---------+---------+---------+---------+---------+---------+
aattccatcaaagacgaggtttccagttttttcgatacggctttagtcaaagctcccgag
__K__V__V__S__A__P__K__V__K__K__A__M__P__K__S__V__S__R__A__P

caaagcctctggaaaatcctgtgtctgcaaaggcatcaacggacacatccagatctgtac
361 ---------+---------+---------+---------+---------+---------+
gtttcggagaccttttaggacacagacgtttccgtagttgcctgtgtaggtctagacatg
__K__P__L__E__N__P__V__S__A__K__A__S__T__D__T__S__R__S__V__P

cttcgcctgcaaaatcaactccaaattcgcctgttcccacatcggctcctgctccttcac
421 ---------+---------+---------+---------+---------+---------+
gaagcggacgttttagttgaggtttaagcggacaagggtgtagccgaggacgaggaagtg
__S__P__A__K__S__T__P__N__S__P__V__P__T__S__A__P__A__P__S__L
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ttacaagaagccagctcgatagggttgaggctctcttaagtccagaggataaaatttctc
481 ---------+---------+---------+---------+---------+---------+
aatgttcttcggtcgagctatcccaactccgagagaattcaggtctcctattttaaagag
__T__R__S__Q__L__D__R__V__E__A__L__L__S__P__E__D__K__I__S__L
tgaatattgcaaagcctttcagggaacttgagtccgaacttgtgacaagaagaaaaaacg
541 ---------+---------+---------+---------+---------+---------+
acttataacgtttcggaaagtcccttgaactcaggcttgaacactgttcttcttttttgc
__N__I__A__K__P__F__R__E__L__E__S__E__L__V__T__R__R__K__N__D

attttcagcggctctataccaatgatagagaagactaccttggtaaactcgaacgggaca
601 ---------+---------+---------+---------+---------+---------+
taaaagtcgccgagatatggttactatctcttctgatggaaccatttgagcttgccctgt
__F__Q__R__L__Y__T__N__D__R__E__D__Y__L__G__K__L__E__R__D__I

ttacgaaatttttcgtagaccgggattttctggagataaagtctcctatccttattccgg
661 ---------+---------+---------+---------+---------+---------+
aatgctttaaaaagcatctggccctaaaagacctctatttcagaggataggaataaggcc
__T__K__F__F__V__D__R__D__F__L__E__I__K__S__P__I__L__I__P__A

cagaatacgtggagagaatgggtattaacaatgatactgaactttcaaaacagatcttca
721 ---------+---------+---------+---------+---------+---------+
gtcttatgcacctctcttacccataattgttactatgacttgaaagttttgtctagaagt
__E__Y__V__E__R__M__G__I__N__N__D__T__E__L__S__K__Q__I__F__R

gggtggataaaaatctctgcttaaggccaatgcttgccccgactctttacaactatctgc
781 ---------+---------+---------+---------+---------+---------+
cccacctatttttagagacgaattccggttacgaacggggctgagaaatgttgatagacg
__V__D__K__N__L__C__L__R__P__M__L__A__P__T__L__Y__N__Y__L__R

gaaaactcgataggattttaccagatcctataaagattttcgaagtcgggccctgttacc
841 ---------+---------+---------+---------+---------+---------+
cttttgagctatcctaaaatggtctaggatatttctaaaagcttcagcccgggacaatgg
__K__L__D__R__I__L__P__D__P__I__K__I__F__E__V__G__P__C__Y__R

ggaaagagtctgacggcaaagagcacctggaagaatttaccatggtgaacttctgtcaga
901 ---------+---------+---------+---------+---------+---------+
cctttctcagactgccgtttctcgtggaccttcttaaatggtaccacttgaagacagtct
__K__E__S__D__G__K__E__H__L__E__E__F__T__M__V__N__F__C__Q__M

tgggttcgggatgtactcgggaaaatcttgaatccctcatcaaagagtttctggactatc
961 ---------+---------+---------+---------+---------+---------+
acccaagccctacatgagcccttttagaacttagggagtagtttctcaaagacctgatag
__G__S__G__C__T__R__E__N__L__E__S__L__I__K__E__F__L__D__Y__L

tggaaatcgacttcgaaatcgtaggagattcctgtatggtctatggggatacccttgata
1021 ---------+---------+---------+---------+---------+---------+
acctttagctgaagctttagcatcctctaaggacataccagatacccctatgggaactat
__E__I__D__F__E__I__V__G__D__S__C__M__V__Y__G__D__T__L__D__I
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taatgcacggggacctggagctttcttcggcagtcgtcgggccagttcctcttgataggg
1081 ---------+---------+---------+---------+---------+---------+
attacgtgcccctggacctcgaaagaagccgtcagcagcccggtcaaggagaactatccc
__M__H__G__D__L__E__L__S__S__A__V__V__G__P__V__P__L__D__R__E

aatggggcattgacaaaccatggataggtgcaggttttgggcttgaacgcttgctcaagg
1141 ---------+---------+---------+---------+---------+---------+
ttaccccgtaactgtttggtacctatccacgtccaaaacccgaacttgcgaacgagttcc
__W__G__I__D__K__P__W__I__G__A__G__F__G__L__E__R__L__L__K__V

ttatgcatggctttaaaaacattaagagagcatcaaggtccgaatcttactataatggga
1201 ---------+---------+---------+---------+---------+---------+
aatacgtaccgaaatttttgtaattctctcgtagttccaggcttagaatgatattaccct
__M__H__G__F__K__N__I__K__R__A__S__R__S__E__S__Y__Y__N__G__I

SacI
tttcaaccaatctatgagctctataaa
1261 ---------+---------+------aaagttggttagatactcgagatattt
__S__T__N__L__*
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164TAG-PCNA/pET11a
164TAG-PCNA/pMA was synthesized by Geneart and cloned into pET11a using the
restriction enzymes XbaI and HindIII.

XbaI
GAAGGCCGTCAAGGCCACGTGTCTTGTCCAGGTACCTCTAGAAATAATTTTGTTTAACTT
1 ---------+---------+---------+---------+---------+---------+
CTTCCGGCAGTTCCGGTGCACAGAACAGGTCCATGGAGATCTTTATTAAAACAAATTGAA
TAAGAAGGAGATATACATATGCTGGAAGCCAAATTTGAAGAAGCCAGCCTGTTTAAACGC
61 ---------+---------+---------+---------+---------+---------+
ATTCTTCCTCTATATGTATACGACCTTCGGTTTAAACTTCTTCGGTCGGACAAATTTGCG
M__L__E__A__K__F__E__E__A__S__L__F__K__R__
ATTATCGATGGTTTCAAAGATTGCGTTCAGCTGGTTAACTTTCAGTGTAAAGAGGATGGC
121 ---------+---------+---------+---------+---------+---------+
TAATAGCTACCAAAGTTTCTAACGCAAGTCGACCAATTGAAAGTCACATTTCTCCTACCG
I__I__D__G__F__K__D__C__V__Q__L__V__N__F__Q__C__K__E__D__G__
ATTATTGCACAGGCAGTTGATGATAGCCGTGTTCTGCTGGTTAGCCTGGAAATTGGTGTT
181 ---------+---------+---------+---------+---------+---------+
TAATAACGTGTCCGTCAACTACTATCGGCACAAGACGACCAATCGGACCTTTAACCACAA
I__I__A__Q__A__V__D__D__S__R__V__L__L__V__S__L__E__I__G__V__
GAAGCCTTTCAAGAATATCGTTGTGATCATCCGGTTACCCTGGGTATGGACCTGACCAGC
241 ---------+---------+---------+---------+---------+---------+
CTTCGGAAAGTTCTTATAGCAACACTAGTAGGCCAATGGGACCCATACCTGGACTGGTCG
E__A__F__Q__E__Y__R__C__D__H__P__V__T__L__G__M__D__L__T__S__
GACTCGTTTTAAGACGCAACACCATTATTATGGCTATGGGACTGGGACTAACGTCTATTA
301 ---------+---------+---------+---------+---------+---------+
L__S__K__I__L__R__C__G__N__N__T__D__T__L__T__L__I__A__D__N__
CTGAGCAAAATTCTGCGTTGTGGTAATAATACCGATACCCTGACCCTGATTGCAGATAAT
ACACCGGATAGCATTATCCTGCTGTTTGAGGATACCAAAAAAGATCGCATTGCCGAATAT
361 ---------+---------+---------+---------+---------+---------+
TGTGGCCTATCGTAATAGGACGACAAACTCCTATGGTTTTTTCTAGCGTAACGGCTTATA
T__P__D__S__I__I__L__L__F__E__D__T__K__K__D__R__I__A__E__Y__
AGCCTGAAACTGATGGATATTGATGCCGATTTCCTGAAAATCGAGGAACTGCAGTATGAT
421 ---------+---------+---------+---------+---------+---------+
TCGGACTTTGACTACCTATAACTACGGCTAAAGGACTTTTAGCTCCTTGACGTCATACTA
S__L__K__L__M__D__I__D__A__D__F__L__K__I__E__E__L__Q__Y__D__
AGCACCCTGAGCCTGCCGAGCAGCGAATTTAGCAAAATTGTTCGTGATCTGAGCCAGCTG
481 ---------+---------+---------+---------+---------+---------+
TCGTGGGACTCGGACGGCTCGTCGCTTAAATCGTTTTAACAAGCACTAGACTCGGTCGAC
S__T__L__S__L__P__S__S__E__F__S__K__I__V__R__D__L__S__Q__L__
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AGCGATAGCATTAATATTATGATCACCTAGGAAACCATTAAATTCGTCGCCGATGGTGAT
541 ---------+---------+---------+---------+---------+---------+
TCGCTATCGTAATTATAATACTAGTGGATCCTTTGGTAATTTAAGCAGCGGCTACCACTA
S__D__S__I__N__I__M__I__T__*__E__T__I__K__F__V__A__D__G__D__
ATTGGTAGCGGTAGCGTTATTATTAAACCGTTTGTGGATATGGAACATCCGGAAACCAGC
601 ---------+---------+---------+---------+---------+---------+
TAACCATCGCCATCGCAATAATAATTTGGCAAACACCTATACCTTGTAGGCCTTTGGTCG
I__G__S__G__S__V__I__I__K__P__F__V__D__M__E__H__P__E__T__S__
ATTAAACTGGAAATGGATCAGCCGGTTGATCTGACCTTTGGTGCAAAATATCTGCTGGAT
661 ---------+---------+---------+---------+---------+---------+
TAATTTGACCTTTACCTAGTCGGCCAACTAGACTGGAAACCACGTTTTATAGACGACCTA
I__K__L__E__M__D__Q__P__V__D__L__T__F__G__A__K__Y__L__L__D__
ATTATCAAAGGTAGCAGCCTGAGCGATCGTGTTGGTATTCGTCTGAGCAGCGAAGCACCG
721 ---------+---------+---------+---------+---------+---------+
TAATAGTTTCCATCGTCGGACTCGCTAGCACAACCATAAGCAGACTCGTCGCTTCGTGGC
I__I__K__G__S__S__L__S__D__R__V__G__I__R__L__S__S__E__A__P__
GCACTGTTTCAGTTTGATCTGAAAAGCGGTTTTCTGCAGTTTTTTCTGGCACCGAAATTC
781 ---------+---------+---------+---------+---------+---------+
CGTGACAAAGTCAAACTAGACTTTTCGCCAAAAGACGTCAAAAAAGACCGTGGCTTTAAG
A__L__F__Q__F__D__L__K__S__G__F__L__Q__F__F__L__A__P__K__F__
AACGATGAAGAATAAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGC
841 ---------+---------+---------+---------+---------+---------+
TTGCTACTTCTTATTCCTAGGCCGACGATTGTTTCGGGCTTTCCTTCGACTCAACCGACG
N__D__E__E__*__
TGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGG
901 ---------+---------+---------+---------+---------+---------+
ACGGTGGCGACTCGTTATTGATCGTATTGGGGAACCCCGGAGATTTGCCCAGAACTCCCC

HindIII
TTTTTTGAAGCTTGAGCTCTGGAGCACAAGACTGGCCTCATGGGCCTTC
961 ---------+---------+---------+---------+--------AAAAAACTTCGAACTCGAGACCTCGTGTTCTGACCGGAGTACCCGGAAG
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Pol β/pGDR11
Pol β/pGDR11 was available in our lab.

ATTAAAGAGGAGAAATTAACTATGAGAGGATCTCACCATCACCATCACCATACGGATCCG
1 ---------+---------+---------+---------+---------+---------+
TAATTTCTCCTCTTTAATTGATACTCTCCTAGAGTGGTAGTGGTAGTGGTATGCCTAGGC
M__R__G__S__H__H__H__H__H__H__T__D__P__
ATGAGCAAACGTAAAGCGCCGCAGGAAACCCTGAACGGCGGCATTACCGATATGCTGACC
61 ---------+---------+---------+---------+---------+---------+
TACTCGTTTGCATTTCGCGGCGTCCTTTGGGACTTGCCGCCGTAATGGCTATACGACTGG
M__S__K__R__K__A__P__Q__E__T__L__N__G__G__I__T__D__M__L__T__
GAACTGGCCAACTTTGAAAAAAACGTGAGCCAGGCGATCCATAAATATAACGCGTATCGT
121 ---------+---------+---------+---------+---------+---------+
CTTGACCGGTTGAAACTTTTTTTGCACTCGGTCCGCTAGGTATTTATATTGCGCATAGCA
E__L__A__N__F__E__K__N__V__S__Q__A__I__H__K__Y__N__A__Y__R__
AAAGCGGCGAGCGTGATTGCGAAATATCCGCACAAAATTAAAAGCGGTGCGGAAGCGAAA
181 ---------+---------+---------+---------+---------+---------+
TTTCGCCGCTCGCACTAACGCTTTATAGGCGTGTTTTAATTTTCGCCACGCCTTCGCTTT
K__A__A__S__V__I__A__K__Y__P__H__K__I__K__S__G__A__E__A__K__
AAACTGCCGGGCGTGGGCACCAAAATTGCGGAAAAAATCGATGAATTTCTGGCCACCGGC
241 ---------+---------+---------+---------+---------+---------+
TTTGACGGCCCGCACCCGTGGTTTTAACGCCTTTTTTAGCTACTTAAAGACCGGTGGCCG
K__L__P__G__V__G__T__K__I__A__E__K__I__D__E__F__L__A__T__G__
AAACTGCGTAAACTGGAAAAAATTCGCCAGGATGATACCAGCAGCAGCATTAACTTTCTG
301 ---------+---------+---------+---------+---------+---------+
TTTGACGCATTTGACCTTTTTTAAGCGGTCCTACTATGGTCGTCGTCGTAATTGAAAGAC
K__L__R__K__L__E__K__I__R__Q__D__D__T__S__S__S__I__N__F__L__
ACCCGTGTGAGCGGCATTGGTCCGAGCGCGGCGCGTAAATTTGTGGATGAAGGCATCAAA
361 ---------+---------+---------+---------+---------+---------+
TGGGCACACTCGCCGTAACCAGGCTCGCGCCGCGCATTTAAACACCTACTTCCGTAGTTT
T__R__V__S__G__I__G__P__S__A__A__R__K__F__V__D__E__G__I__K__
ACCCTGGAGGATCTGCGTAAAAACGAAGATAAACTGAACCATCATCAGCGTATTGGCCTG
421 ---------+---------+---------+---------+---------+---------+
TGGGACCTCCTAGACGCATTTTTGCTTCTATTTGACTTGGTAGTAGTCGCATAACCGGAC
T__L__E__D__L__R__K__N__E__D__K__L__N__H__H__Q__R__I__G__L__
AAATATTTTGGCGATTTCGAAAAACGTATTCCGCGTGAAGAAATGCTGCAGATGCAGGAT
481 ---------+---------+---------+---------+---------+---------+
TTTATAAAACCGCTAAAGCTTTTTGCATAAGGCGCACTTCTTTACGACGTCTACGTCCTA
K__Y__F__G__D__F__E__K__R__I__P__R__E__E__M__L__Q__M__Q__D__
ATTGTGCTGAACGAAGTGAAAAAAGTGGATAGCGAATATATTGCGACCGTGTGCGGCAGC
541 ---------+---------+---------+---------+---------+---------+
TAACACGACTTGCTTCACTTTTTTCACCTATCGCTTATATAACGCTGGCACACGCCGTCG
I__V__L__N__E__V__K__K__V__D__S__E__Y__I__A__T__V__C__G__S__
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TTTCGTCGTGGCGCGGAAAGCAGCGGCGATATGGATGTGCTGCTGACCCATCCGAGCTTT
601 ---------+---------+---------+---------+---------+---------+
AAAGCAGCACCGCGCCTTTCGTCGCCGCTATACCTACACGACGACTGGGTAGGCTCGAAA
F__R__R__G__A__E__S__S__G__D__M__D__V__L__L__T__H__P__S__F__
ACCAGCGAAAGCACCAAACAGCCGAAACTGCTGCATCAGGTGGTGGAACAGCTGCAGAAA
661 ---------+---------+---------+---------+---------+---------+
TGGTCGCTTTCGTGGTTTGTCGGCTTTGACGACGTAGTCCACCACCTTGTCGACGTCTTT
T__S__E__S__T__K__Q__P__K__L__L__H__Q__V__V__E__Q__L__Q__K__
GTGCATTTTATTACCGATACCCTGAGCAAAGGCGAAACCAAATTTATGGGCGTGTGCCAG
721 ---------+---------+---------+---------+---------+---------+
CACGTAAAATAATGGCTATGGGACTCGTTTCCGCTTTGGTTTAAATACCCGCACACGGTC
V__H__F__I__T__D__T__L__S__K__G__E__T__K__F__M__G__V__C__Q__
CTGCCGAGCAAAAACGATGAAAAAGAATATCCGCATCGCCGTATTGATATTCGTCTGATC
781 ---------+---------+---------+---------+---------+---------+
GACGGCTCGTTTTTGCTACTTTTTCTTATAGGCGTAGCGGCATAACTATAAGCAGACTAG
L__P__S__K__N__D__E__K__E__Y__P__H__R__R__I__D__I__R__L__I__
CCGAAAGATCAGTATTATTGCGGCGTGCTGTATTTTACCGGCAGCGATATCTTCAACAAA
841 ---------+---------+---------+---------+---------+---------+
GGCTTTCTAGTCATAATAACGCCGCACGACATAAAATGGCCGTCGCTATAGAAGTTGTTT
P__K__D__Q__Y__Y__C__G__V__L__Y__F__T__G__S__D__I__F__N__K__
AACATGCGTGCGCATGCGCTGGAAAAAGGCTTTACCATCAACGAATACACCATTCGTCCG
901 ---------+---------+---------+---------+---------+---------+
TTGTACGCACGCGTACGCGACCTTTTTCCGAAATGGTAGTTGCTTATGTGGTAAGCAGGC
N__M__R__A__H__A__L__E__K__G__F__T__I__N__E__Y__T__I__R__P__
CTGGGCGTGACCGGTGTTGCGGGTGAACCGCTGCCGGTGGATAGCGAAAAAGATATCTTC
961 ---------+---------+---------+---------+---------+---------+
GACCCGCACTGGCCACAACGCCCACTTGGCGACGGCCACCTATCGCTTTTTCTATAGAAG
L__G__V__T__G__V__A__G__E__P__L__P__V__D__S__E__K__D__I__F__
GATTACATCCAGTGGAAATATCGTGAACCGAAAGATCGTAGCGAATAA
1021 ---------+---------+---------+---------+-------CTAATGTAGGTCACCTTTATAGCACTTGGCTTTCTAGCATCGCTTATT
D__Y__I__Q__W__K__Y__R__E__P__K__D__R__S__E__*__

108

9.2 Primers for SDM and PCR

9.2 Primers for SDM and PCR
MGS76M-Ub: G2’A
forward: 5'-GAGATATACATATGGCTAGCCAGATTTTTG-3'
reverse: 5'-CAAAAATCTGGCTAGCCATATGTATATCTC-3'

MAS76M-Ub: G75forward: 5'-GGTTCTGCGTCTGCGTATGTAATAAGGATCC-3'
reverse: 5'-GGATCCTTATTACATACGCAGACGCAGAACC-3'

MAS75M-Ub: S74forward: 5'-CTGGTTCTGCGTCTGATGTAATAAGGATCC-3'
reverse: 5'-GGATCCTTATTACATCAGACGCAGAACCAG-3'

63TAG-Ub: U63K
forward: 5'-GAGCGATTATAATATTCAGAAGGAAAGCACCCTGCATC-3'
reverse: 5'-GATGCAGGGTGCTTTCCTTCTGAATATTATAATCGCTC-3'

wtUb: K6U
forward: 5'-GATATACATATGCAGATTTTTGTTTAGACCCTGACCGGTAAAACCATTACC-3'
reverse: 5'-GGTAATGGTTTTACCGGTCAGGGTCTAAACAAAAATCTGCATATGTATATC3'

wtUb: K11U
forward: 5'-GTTAAAACCCTGACCGGTTAGACCATTACCCTGGAAGTTG-3'
reverse: 5'-CAACTTCCAGGGTAATGGTCTAACCGGTCAGGGTTTTAAC-3'

wtUb: K27U
forward: 5'-CGAGCGATACCATTGAAAATGTGTAGGCCAAAATTCAGGATAAAGAAGG-3'
reverse: 5'-CCTTCTTTATCCTGAATTTTGGCCTACACATTTTCAATGGTATCGCTCG-3'

wtUb: K29U
forward: 5'-CGATACCATTGAAAATGTGAAAGCCTAGATTCAGGATAAAGAAGGTATTCC-3'
reverse: 5'-GGAATACCTTCTTTATCCTGAATCTAGGCTTTCACATTTTCAATGGTATCG-3'

wtUb: K33U
forward: 5'-GTGAAAGCCAAAATTCAGGATTAGGAAGGTATTCCGCCGGATCAG-3'
reverse: 5'-CTGATCCGGCGGAATACCTTCCTAATCCTGAATTTTGGCTTTCAC-3'

wtUb: K48U
forward: 5'-CAGCGTCTGATTTTTGCAGGTTAGCAGCTGGAAGATGGTCGTACC-3'
reverse: 5'-GGTACGACCATCTTCCAGCTGCTAACCTGCAAAAATCAGACGCTG-3'

pylRS from Methanosarcina barkeri
forward: 5'-GAGCCTACCTGCTCAGCATGGATAAAAAACCATTAGATGTTTTAATATCTGC-3'
(BfuAI)
reverse: 5'-TTTATAGAGCTCATAGATTGGTTGAAATCCCATTATAG-3' (SacI)

His-Pol β: K41U
forward: 5'-CCATAAATATAACGCGTATCGTTAGGCGGCGAGCGTGATTGC-3'
reverse: 5'-GCAATCACGCTCGCCGCCTAACGATACGCGTTATATTTATGG-3'

109

9.2 Primers for SDM and PCR

His-Pol β: K61U
forward: 5'-GTGCGGAAGCGAAATAGCTGCCGGGCGTGG-3'
reverse: 5'-CCACGCCCGGCAGCTATTTCGCTTCCGCAC-3'

His-Pol β: K81U
forward: 5'-CGATGAATTTCTGGCCACCGGCTAGCTGCGTAAACTGGAAAAAATTCG-3'
reverse: 5'-CGAATTTTTTCCAGTTTACGCAGCTAGCCGGTGGCCAGAAATTCATCG-3'

Pol β from pGDR11
forward: 5'-GCAGTACATATGAGCAAACGTAAAGCGCCGCAGG-3' (NdeI)
reverse: 5'-GCTTATCATCGATAAGCTTGGCTGCAGG-3' (HindIII)
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9.3 Primers and Templates for Primer Extension Assays
Template: F90X
5'-CCGTCAGCTGTGCCGTCGCGCAGCACGCGCCGCCGTGGACAGAGGACTGCAGAAAATCAXCCTAT
CCTCCTTCAGGACCAACGTACAGAG-3'

Template: F33X
5'-AAATGCXCCTATCCTCCTTCAGGACCAACGTAC-3'

Template: F90A
5'-CCGTCAGCTGTGCCGTCGCGCAGCACGCGCCGCCGTGGACAGAGGACTGCAGAAAATCAACCTAT
CCTCCTTCAGGACCAACGTACAGAG-3'

Primer: F20
5'-CGTTGGTCCTGAAGGAGGAT-3'

Template F20A*
5'-ACATA*AGCATCTACGACGCG-3'

Primer F15
5'-CGCGTCGTAGATGCT-3'

Circular Template RCT42
5'-TCTGTCCGTAAACTCCTGTCCTCAAACCCGCGCTTCCAAACT-3'

Primer P16
5'-CGGACAGAAGTTTGGA-3'

Biotinylated Template Bio48Bio
5'-Bio-CCTTTGCGAATTCTGCGGCTCCCTTCTTCTCCTCCCTCTCCCTTCCCT-Bio-3'

Primer P26
5'-AGGGAAGGGAGAGGGAGGAGAAGAAG-3'
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°C
µl
10x
2C-2D-IR
32
P
A
aa
aaRS
Ac
Aha
Amp
AP
APS
B, Bio
BCIP
BER
Boc
bp
BSA
c
C
Cam
Carb
Cbz
cDNA
CPD
Da
dATP
DCA
DCM
dCTP
dGTP
DMF
DNA
dNTP
ds
DTNP
DTT
dTTP
DUB
E. coli
EDTA
EPL
eq
ERAD
ESI-MS
EtOAc
Fmoc

degree Celsius
microlitre
tenfold concentrated
two-colour two dimensional infrared
phosphor 32 isotope
adenosine, adenine
amino acid
aminoacyl tRNA synthetase
acetyl
azidohomoalanine
ampicillin
alkalyne phophatase
ammonium persulfate
biotin
5-bromo-4-chloro-3-indolyl phosphate
base excision repair
tert-butyloxycarbonyl
base pairs
bovine serum albumin
concentration
cytosine, cytidine, carbon
chloramphenicol
carbenicillin
benzyloxycarbonyl
complementary DNA
cyclobutane pyrimidine dimer
dalton
2’-deoxyadenosine-5’-triphosphate
dichloroacetone
dichloromethane
2’-deoxycytidine-5’-triphosphate
2’-deoxyguanosine-5’-triphosphate
N,N-dimethylformamide
deoxyribonucleic acid
2’-deoxynucleoside-5’-triphosphate
double stranded
2,2’-dithiobis(5-nitropyridine)
dithiotreitol
2’-deoxythymidine-5’-triphosphate
deubiquitinating enzyme
Escherichia coli
ethylendiaminetetraacetic acid
expressed protein ligation
equivalent
endoplasmic reticulum-associated degradation
electrospray ionization mass spectrometry
Ethyl acetate
9-fluorenylmethoxycarbonyl
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FXa
g
G
h
His-tag
Hpg
HPLC
IPTG
IR
ITC
Kan
kDa
l
LB
M
mDHFR
MetAP
Mg
mg
min
ml
mRNA
MS
NCL
NBT
Ni-NTA
nm
NME
NMR
nt
NVOC
OD
PAGE
PBS
PCNA
PCR
PE
PheRS
PIP
Plk
pol
Pyl
PylRS
RFC
RP
RPA
rpm
RT
SDM
SDS
sec
SPI
SPS

factor Xa
gram
guanidine, guanine
hours
poly-histidine affinity tag
homopropargylglycine
high-performance liquid chromatography
isopropyl-β-D-1-thiogalactopyranoside
infrared
isothermal titration calorimetry
kanamycin
kilo dalton
litre
Luria-Bertani
molar, [mol / L]
murine dihydrofolate reductase
methionine amino peptidase
Magnesium
milligram
minutes
millilitre
messenger ribonucleic acid
mass spectrometry
native chemical ligation
nitro blue tetrazolium
Nickel-nitrilotriacetic acid
nanometer
N-terminal methionine excision
nuclear magnetic resonance
nucleotide
o-nitroveratryloxycarbonyl
optical density
poly-acrylamide gel electrophoresis
phosphate buffered saline
proliferating cell nuclear antigen
polymerase chain reaction
petroleum ether
phenylalanine tRNA synthetase
PCNA-interactive motif
pyrrolysine analog, Pyl-alkyne
DNA polymerase
pyrrolysine
pyrrolysine tRNA synthetase
replication factor C
reversed phase
replication protein A
rotations per minute
room temperature
site directed mutagenesis
sodium dodecyl sulphate
seconds
selective pressure incorporation
solid phase synthesis
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T
TBE
TBTA
TCEP
TEMED
TEV
TFM
THF
Thr
TLC
TLS
tris
tRNA
U
Ub
UBA
UBC
UBD
UBL
UBZ
V
wt
X
XPV
µg
µl
µM

thymidine, thymine
tris-Borate-EDTA
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
tris(2-carboxyethyl)phosphine
tetramethylethylenediamine
tobacco etch virus
trifluoromethionine
tetrahydrofuran
thrombin
thin layer chromatography
translesion synthesis
tris-(hydroxymethyl)aminoethane
transfer ribonucleic acid
Plk
ubiquitin
ubiquitin associated
ubiquitin-conjugating enzymes (E2)
ubiquitin binding domain
ubiquitin-protein ligases (E3)
ubiquitin binding zinc finger motif
volt, volume
wild-type
aha, azidohomoalanine
xeroderma pigmentosum
microgram
microlitre
micromol
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