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Azide functionalization of protein and peptide lysine residues
allows selective bioorthogonal labeling to introduce new, site
selective functionaltiy into proteins. Optimised diazotransfer reac-
tions under mild conditions allow aqueous diazotransfer to occur
in just 20 min at pH 8.5 on amino acid, peptide and protein targets.
In addition, conditons can be modified to selectively label a single
lysine residue in both protein targets investigated. Finally, we
demonstrate selective modification of proteins containing a single
azidolysine using copper(i)-catalyzed triazole formation.

Introduction

Protein modification is common in nature, significantly
enhancing the diversity of protein structures and functions by
up to two orders of magnitude." However, our ability to repli-
cate these natural modifications synthetically is largely con-
strained by the available chemistry. For these reasons, a broad
range of protein modification methodologies have been inves-
tigated to  achieve precise control over these
macromolecules.>® Cysteines have been of particular focus for
modification, due to the reactivity of the side chain thiol.
Cysteine also has a low abundance of 1.7%.* Methods to target
cysteine residues often utilise electrophiles. However, amines
and alcohols such as those in lysine, serine, and threonine,
can also react with electrophiles targeting cysteine residues
which can lead to a loss of specificity.>>® Other amino acids
can also be selectively targeted, including tyrosine,””
tryptophan,'®*? and lysine.'*™*®

Lysine is an attractive residue to target for modification due
to its relative abundance, around 6%, and the presence of a
nucleophilic amine.'® Ligandable lysines have been targeted in
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a number of methods®**>* including, but not limited to, NHS-

and STP-esters,'>?* sulfonyl fluorides,”® and isothiocyanates.?”
Furthermore, lysines are often the targets of post-translational
modifications (PTMs), including acetylation, methylation and
ubiquitylation."* These PTMs regulate the activity, interaction
and stability of the protein. However, understanding the bio-
logical significance or physiological roles of specific modifi-
cation sites can be difficult due to their dynamic and sub-stoi-
chiometric characteristics.”®

Introduction of an azide into a protein or peptide is an
attractive, as yet underutilised, modification due to its unique
biorthogonal reactivity. Additionally, as a result of the small
size of this group it leads to a negligible disruption to the
overall structure and function of the protein. The installation
of one or more azides provides a handle to carry out a variety
of reactions including Cu(i)-catalysed azide-alkyne -cyclo-
addition (CuAAC),”**° Staudinger ligation,*"*** or strain pro-
moted cycloaddition.**** Incorporation of azides with a diazo
transfer reagent, imidazole-1-sulfonyl azide, has been shown
using protein substrates for bioconjugation
applications.”**>"*” However, the reaction times in these cases
have been lengthy taking between 6-48 h, which is consider-
ably longer than the analogous cysteine modification reac-
tions.*® In addition, this reaction often requires a high pH
environment, compromising protein stability and function.*®

Herein, we present work towards rapid formation of azidoly-
sine residues using the mild diazo transfer reagent imidazole-1-
sulfonyl azide hydrogen sulfate 1 at a reduced pH of 8.5. The reac-
tion is demonstrated on two model proteins, both showing dis-
tinct lysine reactivity patters. In addition, we use this reaction and
subsequent modification to selectively Ubiquitinate a model
protein for the synthesis of a diubiquitin activity-based probe.

Results & discussion

Initial studies to assess decreasing the reaction time were
carried out using a protected amino acid model system, Fmoc-
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Lys-OH 2. Conversion of the sidechain amine to the azide,
resulting in the formation of protected azidolysine derivative 3
has been reported, however, effort was placed on reducing the
reaction time of 5 h, Table 1 entry 1, significantly.*® A range of
conditions were screened (Table 1). The reaction progress,
with a particular focus on starting material consumption, was
monitored by TLC analysis. TLC samples were taken every min
up until 10 min, and then followed with every 5 min until reac-
tion completion was observed or the time stated in Table 1.
Initially, a fivefold and tenfold increase in both the eq. of the
diazo transfer reagent and the catalytic loading of copper were
investigated, Table 1, entries 1-3. However, after 2 h, the start-
ing material had not been consumed. Increasing the amount
of base in the reaction from 3 eq. to 6 and 10 eq. (Table 1,
entries 3-5) still did not yield a reaction. Measuring the pH of
these reactions showed a suboptimal pH of under 3, to
counter this in the following attempts the pH was adjusted to
8.5 by further increasing the amount of base used in the reac-
tion (Table 1, entries 6-10). Table 1, entry 8 showed the best
results with full consumption of the starting material by TLC
analysis in 4 min, using ten eq. of the azido transfer reagent,
imidazole-1-sulfonyl azide hydrogen sulfate 1 and a stoichio-
metric quantity of copper(u) sulfate. Further analysis of the
reaction mixture by NMR and HRMS showed no starting
material and the presence of the azide containing product 3.
Final attempts using a catalytic amount of Cu(u), were tried as
copper is toxic to cells and can be difficult to remove from
proteins.*"*> However, further increases in 1 with lower cata-
lytic loading of Cu(u) did not afford a reaction time improve-
ment (Table 1, entries 9 and 10). Overall, through the modifi-
cation of reagent eq., the reaction time was decreased signifi-
cantly from 5 h to 4 min affording a fast and reliable diazo
transfer procedure.

Having significantly reduced the reaction time on the
amino acid system, these reaction conditions were translated
onto a larger system, model peptide 4. This substrate was
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chosen as it contains a range of reactive residues including
tyrosine, serine, tryptophan, and glutamic acid. The con-
ditions optimised in Table 1 entry 8 were utilised for azide
installation, however, the reaction was not complete after
10 min, Table 2 entry 1. Further increase of reagents to
account for both the lysine side chain amine and the
N-terminus afforded complete conversion by TLC after 4 min,
Table 2 entries 2 and 3. Analysis of the reaction mixture using
infrared spectroscopy showed azide formation. Further ana-
lysis using HRMS showed the presence of the di-azide contain-
ing product 5 but also remaining starting material 4. Further
analysis using NMR spectrometry to quantify the starting
material to product ratio was hampered due to the presence of
the paramagnetic copper. However, we showed that this
system was effective on larger models and tolerant of a wide
range of amino acid side chains, and as such we next turned
our attention to validate the system using protein targets.

The transport protein bovine serum albumin (BSA) has
been widely investigated as a model protein.**™** It contains 59
lysines and has a free N-terminus and as such was chosen as
the initial protein to test this system. Optimised conditions
from the prior model systems were undertaken with a reaction
time of 20 min. This increased reaction time was chosen to
ensure completion of the reaction given the complexity of the
system used when compared to the amino acid and peptide
models.

Following this, a size exclusion and concentration step were
performed to remove the excess reagents from the protein
material. Tryptic digest of the protein sample, followed by
LC-MS/MS analysis showed that when using our initial con-
ditions, 8% of the lysines were modified (Table 3, entry 1).
Furthermore, replacing the trypsin digest with an elastase
digest showed very similar results (Table S1,} entries 1 and 2).
Following this initial result, in which several, but not all lysine
residues were labelled the effects of both increase and
decrease of reagents were investigated. This was used to assess

Table 1 Optimisation of azido transfer reaction with imidazole-1-sulfonyl azide hydrogen sulfate 1 using Fmoc-Lys-OH 2

He F\N—cs)—Na»stQ, Ns
Nx/ 5
CUSOA-§H20, KgCOg
FmocHN OH MeORERLO (. 1t FmocHN OH
o) o
2 3
Entry 1 (Eq.) CuS0,-5H,0 (Eq.) K,CO; (Eq.) Time SM consumed by TLC* pH
1 1 0.01 3 5h v 8.5
2 5.5 0.05 3 2h X ND
3 10 0.05 3 2 h X ND
4 10 0.05 6 30 min X 2
5 10 0.05 10 30 min X 3
6 10 0.05 20 25 min v 8.5
7 10 1 20 8 min v 8
8 10 1 20 4 min v 8
9 20 0.05 20 30 min® X 6
10 20 0.05 40 20 min” v 8.5

“TLC conditions DCM : MeOH : AcOH (4 : 1: 0.01, v/v). ” Not all reagents fully soluble.
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Table 2 Optimisation of azido transfer reaction with imidazole-1-sulfonyl azide hydrogen sulfate 1 using model peptide H,N-Trp-His-lle-Ser-Lys-

Glu-Tyr-CONH, 4

NH,
OH
NH .
\H o' o W o
HaN N\)LN N\)LN N\)LN NH,
o 3 o X, o 3 [}
o L
07 oH

a

Q
N;=§-N

7SN - H,80,
=

o

)
K,COg, CuSO, 5H;0

MeOH:H;O (4:1), rt

Ny
OH
NH .
\H o " ] 0
- N\)LN N\)Lu M\)LN NH,
o X o X o X o
AT .
hnd 07> oH

5

Equiv. of Equiv. of Equiv. Time Starting material Concentration
Entry 1 per amine CuS0,4-5H,0 of K,CO; (min) consumed by TLC* pH of 4 (mM)
1 5 1 20 10 X 8.5 6.3
2 10 1 40 4 v 8.5 6.3
3 10 1 40 4 v 8.5 12.5

“TLC conditions: H,O : i-PrOH : EtOAc (2:2: 1, v/v).

whether full coverage and/or selective modification of a single
lysine could be achieved. Further increasing the eq. of reagent
four-fold to 89 eq. per amine saw 10 lysines modified after
20 min, Table 3 entry 2, and decreasing this number of eq.
two-fold to 44, Table 3 entry 3, saw fewer lysines, only 8, being
modified. Interestingly, when further decreasing the eq. of

diazo transfer reagent 1 used to 28, Table 3 entry 4, the same
number modified lysines was observed. However, this can
likely be explained by the larger scale of the reaction leading to
a 4% increase in protein sequence coverage compared to
Table 3 entry 3. However, further decreasing eq. showed fewer
modified lysines (Table 3 entries 5 and 6). By decreasing the

Table 3 Azido transfer with imidazole-1-sulfonyl azide hydrogen sulfate 1, on model protein BSA. Reactions performed with 160 pg BSA for 20 min

at rt at pH 8.5, pH adjusted with K,CO3

NH,

o
[ \N=8-Ng H,S0.
NQ/ W 3 4

o
1)
CUSO,-5H,0, K,CO;

H20, 20 min, rt

Azido modified BSA
Equiv. of Protein
Entry 1 peramine coverage (%) Unmodified lysines observed Modified lysines observed
1 22 20.26 K51, K204, K239, K431 K211, K221, K224, K232, K413, K524
2 89 25.54 K12, K20, K51, K388, K533 K204, K211, K221, K224, K232, K239, K377,
K413, K431, K524
3 44 23.89 K51, K204, K388, K533 K211, K221, K224, K232, K239, K413, K431, K524
4° 28 24.8 K20, K51, K204, K533, K537, K544, K556 K40, K211, K221, K224, K232, K239, K413, K524
5 8 24.05 K51, K204, K239, K375, K431, K533 K211, K221, K224, K232, K413
6 4 22.57 K51, K204, K239, K224, K232, K388, K524, K533 K211, K221, K413
7 0.8 19.11 K51, K204, K221, K224, K232, K239, K388, K524, K533 K413
8 0 18.62 K51, K204, K232, K273, K388, K413, K533 —

% Reaction performed on 500 pg scale.
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number of eq. of diazo transfer reagent 1 to less that single
equivalent, selective modification of K413 was seen (Table 3
entry 7). It was noted that the number of lysines being modi-
fied was affected by reagent concentration, however, the order
in which they were modified remained surprisingly consistent
with K413 being the most reactive lysine. The differing reactiv-
ities observed between these lysine residues is caused by differ-
ences in the surface accessibility and pK,y of the side chain
amines. A qualitative assessment of the degree of modification
was performed by comparing extracted ion chromatograms for
the azide modified and unmodified peptides for each modi-
fied lysine observed (ESI page 18-357).

Having optimised the diazo transfer reaction on a protein
system, and observed surprising levels of site selectivity, the
reaction was then explored to functionalise the protein ubiqui-

(a) NH,
S
[e]

)LN/\/
H

* HA-Uby1 75,

6

(b) LC-MS/MS spectrum of unmodified peptide containing K48 in 6
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tin (Ub). The addition of monomeric ubiquitin or poly-ubiqui-
tin chains are common post-translational modifications and
many biochemical processes in eukaryotic cells are controlled
using ubiquitin signalling.*® Ub is a 76 amino acid protein,
which has seven lysines (K6, K27, K29, K33, K48 and K63), all
of which can undergo ubiquitination, with the best character-
ised modifications occurring at K48 and K63.*” In addition,
the biological function of the specific poly-Ub chain is dictated
by the lysine residue of Ub utilised in Ub-Ub conjugation.*®
Previous work in our group has focused on the generation
of ubiquitin activity-based probes with alkene warheads that
are activated upon irradiation with UV light.** Diubiquitin
activity-based probes have also been shown to be highly
effective.’® In addition, the synthesis of several diubquitin
probes utilised CuAAC chemistry with the resulting triazole

o
n /=N -
N H/
o [e]
)

)LN/\/
H
* HA-Ub1.75)

H,0, rt, 20 min

7
(c) LC-MS/MS spectrum of modified peptide containing K48 in 7
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(a) Azide modification of K48 of a HA tagged radical Ubiquitin-based Activity-Based Probe 6, HA tag depicted by red star (b) LC-MS/MS

identification of Ub;s C-terminal peptide of probe 6 full peptide m/z = 1346.5498. (c) LC-MS/MS identification of Ub;s C-terminal peptide following
azido transfer. Mass of product 7 containing azido-modified K48, mass increased by 26 Da, corresponding to a single substitution of an NH, to N3,
m/z = 1372.5498 Precursor peptides containing an azide and 2+ ions have also been noted to increase in m/z.
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Fig. 2 Modified diubiquitin formation. (a) Schematic of modified diubiquitin formation. (b) Anti-HA western blot of modified ubiquitin dimerization. K48
azido modified HA-Ub,_7s-propene (0.6 pg) and HA-Ub;_z5-propargylamine (2 pg) were incubated in the presence of CUAAC cocktail containing copper(i)
sulfate, tris-hydroxypropyltriazolylmethylamine (THPTA) and sodium ascorbate for 3 hours (lane 3). Controls of K48 azido modified HA-Ub;_;s-propene
(2 pg) alone (lane 1), HA-Ub;_75-propargylamine (2 pg) alone (lane 2) and the reaction in the absence of the CUAAC cocktail (lane 4).
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shown to be uncleavable, making it a robust probe.>"** To
investigate making a diubiquitin probe using this selective
diazo transfer methodology a HA-tagged Ub;_,5 construct con-
taining a C-terminal alkene 6 was generated (Fig. 1(a)) and
diazo transfer conditions were applied. Even with a large
excesses of imidazole-1-sulfonyl azide hydrogen sulfate 1 (125
eq. per amine), LC-MS/MS showed only a single azide substi-
tution at K48 Fig. 1(c) when compared to the initial construct
(Fig. 1(b)).

CuAAC chemistry has previously been shown to be an
efficient method to generate Ub dimers®**>* and as such the
azido-K48 derivative 7 was chosen as a suitable substrate for
this reaction. A HA-tagged Ub,_,5 with a C-terminal alkyne 8
was generated. The two Ub derivatives 7 and 8 were incubated
in the presence of a CuAAC cocktail of copper(u) sulfate, tris-
hydroxypropyltriazolylmethylamine (THPTA) and sodium
ascorbate for 3 h, Fig. 2(a). The reaction was analysed by gel
electrophoresis and visualised by anti-HA western blot,
Fig. 2(b). Lanes 1-2 contain HA-tagged Ub;_;5 Propene and
HA-tagged Ub,_,5 Propagylamine alone (2 pg protein), Lanes
3-4 contain both proteins (2.6 pg protein) in the presence and
absence of CuAAC coupling reagents. Following the CuAAC
reaction a new band, at around 22 kDa, corresponding to the
expected molecular weight of the diubiquitin adduct 9 is
observed in Fig. 2(b) lane 3, blue arrow. A control reaction was
also undertaken, where no CuAAC cocktail is present, and this
new additional band was not observed, Fig. 2(b) lane 4. This
newly synthesised di-ubiquitin-alkene probe 9 can be explored
for its potency and selectivity as an activity-based probe.
Images of the full gel lanes corresponding silver stain are avail-
able in the ESI (Fig. S1t).

Conclusions

In summary, we have presented a simple and efficient way to
rapidly install azides into amino acids, peptides, and proteins.
Both protein samples tested showed that selective modifi-
cation of a single lysine could be achieved. In addition, we
used an azide installed in this manner in a CuAAC click reac-
tion to synthesise a ubiquitin dimer, showing the utility of the
method in mimicking lysine post translational modifications.
The mild modification conditions and small steric footprint of
the azide modification highlight the potential for retaining the
biological activity of proteins following modification, however
we anticipate that this will vary from protein to protein.
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