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Methods for the site-specific chemical modification of pro-
teins are currently of immense importance for the synthesis of
protein-hybrid compounds for pharmaceutical and diagnostic
purposes.'l Most of the methods rely on the reaction of free
protein thiols with maleimides® or the reaction of lysine side
chains with activated esters.”) These methods provide only
limited specificity, which is prompting researchers to develop
alternative strategies that involve the incorporation of special
unnatural amino acid into proteins to enable site-specific
bioorthogonal functionalization.”) Among the developed
methods, the Cu'-catalyzed reaction of a protein containing
an alkyne amino acid with azides stands out as the most
thoroughly investigated technology.”® However, the need for
Cu' salts, which may harm the protein structure, limits the
technology.”! This fuels current interest to develop copper-
free coupling reactions that are compatible with fragile
protein structures.” Here we show that these requirments
can be met with a specially encoded norbornene amino acid
which reacts selectively with nitrile imines.

In order to insert a norbornene amino acid into a protein
we used the amber suppression technique based on the
pyrrolysyl tRNA/pyrrolysyl-tRNA synthetase (tRNAPY
PyIRS) pair from Methanosarcina mazei”) The main task of
the project was to evolve the pyrrolysine synthetase so that it
accepts the synthetic norbornene amino acid 1 (Scheme 1a)
for loading onto the pyrrolysyl-tRNA.

For the study we synthesized the norbornene-containing
Pyl analogue 1 in seven steps from readily available starting
materials (see the Supporting Information). To test to what
extent 1 is accepted by wild-type (wt) PyIRS, we used E. coli
cells encoding the full tRNA™Y/PyIRS pair and a modified
yellow fluorescent protein (YFP) containing one in-frame
TAG stop codon.!'” In this system the full-length and hence
fluorescent YFP can only be produced when the correspond-
ing Pyl analogue is accepted by the PyIRS and successfully
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Scheme 1. a) Structure of norbornene Pyl analogue 1 and b) schematic
representation of the click reactions. Top: A nitrile imine is generated
by base-promoted HCl elimination from the hydrazonoyl chloride and
then used in a cycloaddition reaction with the norbornene. Middle:
Alternatively the nitrile imine is generated from a tetrazole in a photo-
chemical reaction. Bottom: The norbornene modification can also
react with tetrazines in a reversed-electron-demand Diels—Alder reac-
tion. (Protein representations generated from PDB 3IN5.)

loaded onto the tRNA™' for subsequent incorporation into
the protein at the amber stop codon site.

The so-prepared E. coli cells were grown in a medium
containing 5 mM 1. In addition to the wild-type PylRS we also
tested a PylRS mutant (Y384F) previously used by Yanagi-
sawa and co-workers.*!! These initial experiments provided
a just faint fluorescence when the mutant PyIRS(Y384F) was
used. No flurescence and hence no full-length YFP was
generated in the presence of wild-type PylRS. In order to
increase the PylRS activity we evolved the protein using
iterative saturation mutagenesis (ISM) developed by Reetz
and co-workers.!""!

Based on the co-crystal structure of PylRS in complex
with adenylated pyrrolysine (PDB 2Q7H) we selected five
residues in the substrate-binding pocket of wt-PylRS for the
experiments. After transformation of the plasmid-based
PyIRS library into E. coli, single colonies were grown in
liquid cultures supplemented with 1. The incorporation was
monitored by means of the YFP fluorescence intensity of the
cells. The most efficient PylRS variants were then sequenced
and used in the next round of the saturation mutagenesis. In
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total, three cycles of ISM were performed with full saturation
of all five positions. The saturation mutagenesis provided
a norb-PylRS enzyme with the following mutations:
Tyr384Phe, Tyr306Gly, and Ile405Arg. This protein accepted
the amino acid 1 by a factor four better than the Tyr384Phe
mutant protein.

To investigate whether the norbornene unit can be
selectively functionalized within the protein, we created
E. coli cells containing two plasmids. One plasmid encoded
three copies of M. mazei tRNA™ and one copy of the norb-
PyIRS. The second plasmid encoded for a truncated and C-
terminally Hiss-tagged human Polymerase k (/4Polk), which
contained an in-frame amber codon at position 163. We chose
hPolx for the experiment because this protein is an important
and fragile member of human translesion polymerases.'’”’ A
method for the site-selective modification of this protein is
highly desirable in order to study the dynamics of the DNA
repair mechanism. The corresponding E. coli cells were
grown in a standard medium in the presence of 2mm 1.
After a three-step purification procedure (Ni-NTA affinity
chromatography, heparin affinity chromatography, and
Superdex 200 gel filtration) about 2 mg of the norbornene-
containing #Polk protein (norb-APolk) was typically isolated
from 1L cell culture. The site-specific incorporation of the
norbornene amino acid 1 at position 163 of hPolk was
confirmed by high-resolution mass spectrometry (see the
Supporting Information). No peptide fragment with a lysine
at this position (as a result of a possible carbamate linker
hydrolysis) was detected by MS, indicating high content of the
norbornene modification.

For the following functionalization we tested various
cycloaddition reactions including reactions with nitrile
oxides.®! However, in all cases reaction was also observed
with the protein itself. More successful were experiments with
nitrile imines, which are weak electrophiles known to react
efficiently with strained alkenes. To investigate this reaction
in more detail, we prepared the hydrazonoyl chloride 2 and
generated the corresponding nitrile imine by a base-promoted
HCI elimination, as reported originally by Huisgen and co-
workers." We discovered that the elimination of HCI
proceeds already with sufficient yield in aqueous buffer at
amoderate pH of 7.4, perfect for proteins. Since nitrile imines
can also be generated in a photochemical reaction from
tetrazoles, as pioneered by Lin and co-workers,®™ we also
prepared tetrazole 3 to investigate this possibility. Finally,
norbornenes were shown to react also with tetrazines in
a reversed-electron-demand Diels-Alder reaction.’sl We
explored this possibility as an alternative to the nitrile imine
chemistry with compound 4. For the protein functionalization,
we added the reagents 2, 3, and 4 to a buffered solution of
hPolk (and to wild-type APolk in a control reaction) at room
temperature for 1 hour in 10 mm Tris-HCI buffer, pH 7.4. In
the case of the tetrazole 3, the reaction was also irradiated
with a handheld UV lamp at 4A=302nm for 10 min to
generate the nitrile imine (see Scheme 1). These are the
conditions that were developed by Lin and co-workers to
functionalize the maleimide-based norbornene-modified
lysozyme.’ The in-gel fluorescence analysis of the SDS-
PAGE clearly showed that the norbornene functionalization
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proceeded successfully in all cases (Figure 1; lanes 2, 4, and 6),
while no reaction was observed with the wild-type AhPolk
(Figure 1; lanes 1, 3, and 5). This proves the specificity of the
reaction.
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Figure 1. A) Structures of compounds 2—4. B) SDS-PAGE of norbor-
nene-containing hPolk after fluorescent labeling with compounds 2—4:
a) Imaged gel showing the fluorescent click products; b) the same gel
after Coomassie staining. Lanes 1, 3, and 5 show control experiments
with wild-type hPolk; lanes 2, 4, and 6 show the reaction with the
norbornene-containing hPolk. X= protein impurity.

The exact position of the chemical modification was
determined using high-resolution HPLC-ESI-MS (see
Figure 2 and the Supporting Information) after tryptic
digest of the functionalized APolk. In the mass spectrum,
the expected peptides for #Polk were found with an excellent
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Figure 2. MS/MS spectrum of the peptide LCPXLIIVPPNFDK derived

from tryptic digest of the modified hPolx after click reaction with

hydrazonoyl chloride 2 (X' is the position of the hydrazonoyl chloride

modified norbornene).
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sequence coverage of 80%. We also identified the expected
hydrazonoyl chloride modified peptide
(LCPX'LIIVPPNFDK, with X! as the modification site).
For this peptide a mass of 7/z 2031.10 was measured, which is
in excellent agreement with the calculated value (2031.06).
This peptide was further fragmented in the mass spectrometer
(MS sequencing) to identify the critical b- and y-ions
(Figure 2). The detected ions prove that the functionalization
occurred exclusively at the desired position.

In order to determine the functionalization yield we
reacted the norbornene amino acid 1 with the nitrile imine
generated from 2. We then measured the fluorescence of the
resulting click product at different concentrations. The data
were used to generate a calibration curve that was found to be
linear (see the Supporting Information). We next synthesized
the decapeptide AFDXKDKPAA containing the norbornene
amino acid 1 at position X. This peptide was reacted in
different molar ratios with the nitrile imine generated from 2.
Using the calibration curve we determined quantitative
conversion of the peptide with 10 equiv of 2 after a reaction
time of about 1h at room temperature. We also measured
MALDI-Tof mass spectra and observed no residual unreacted
peptide after the functionalization reaction (see the Support-
ing Information).

In order to quantify the efficiency of the click reaction on
the protein we reacted 240 pmol of the norbornene-contain-
ing hPolkx with increasing amounts of the nitrile imine
generated from 2 and observed full conversion with
100 equiv of 2 (Figure 3). Using the calibration curve we
determined a modification yield of 98 %. Most important is
the observation that this high modification yield is reached
after only 1h at room temperature. Finally, we wanted to
prove that the nitrile imine reaction leaves the fragile #Polk
protein in the active state. Therefore, we compared the click-
modified #Polk and the wild-type #Polk in a primer extension
activity assay. The non-photochemical nitrile imine reaction
and the reversed-electron-demand Diels—Alder reaction
provided fully active protein (Figure S4 in the Supporting
Information). Only the protein obtained after the photo-
induced click reaction had compromised activity, showing
that the UV light needed to create the nitrile imine may harm
the protein.!'*!
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Figure 3. Quantification of the click efficiency based on the fluores-
cence emission of the click products. norb-Polk was reacted with
100 equiv of the nitrile imine derived from 2, and the norbornene-
containing peptide AFDXKDKPAA with 1, 2.5, 5, 10, 25, and 50 equiv
of the nitrile imine derived from 2.
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In summary, we have shown that the generation of nitrile
imines from the corresponding hydrazonoyl chlorides by
direct HCI elimination under ambient conditions (pH 7.4)
followed by reaction with a norbornene-containing protein
gives a fully active, modified protein. The click reaction with
the norbornene-containing protein proceeds with almost
quantitative yield in just 1 h at room temperature. The ability
to insert norbornene amino acids into proteins using the
pyrrolysine system and the application of a special evolved
synthetase now enables the reliable and efficient chemical
modification of even sensitive proteins.!"”’
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