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Site-Selective Aryl Diazonium Installation onto Protein
Surfaces at Neutral pH using a Maleimide-Functionalized

Triazabutadiene

Nicholas D. J. Yates,” Natasha E. Hatton,® Martin A. Fascione,*® and Alison Parkin*!

Aryl diazonium cations are versatile bioconjugation reagents
due to their reactivity towards electron-rich aryl residues and
secondary amines, but historically their usage has been
hampered by both their short lifespan in aqueous solution and
the harsh conditions required to generate them in situ.
Triazabutadienes address many of these issues as they are
stable enough to endure multiple-step chemical syntheses and
can persist for several hours in aqueous solution, yet upon UV-
exposure rapidly release aryl diazonium cations under bio-
logically-relevant conditions. This paper describes the synthesis

Introduction

Aryl diazonium cations will rapidly react with electron-rich aryl
motifs and secondary amine motifs, via either azo-bond (Fig-
ure 1) or triazene formation™ under physiologically-relevant
conditions. This allows aryl diazonium cation labelling of
canonical residues, such as tyrosine™%*" or histidine."™™
Should an even more rapid and selective labelling be required,
noncanonical residues such as 5-hydroxytryptophan,!'? 2-amino-
3-(6-hydroxy-2-naphthyl)propanoic acid,"™ or alkylated lysine
motifs'? can also be installed into proteins and subsequently be
labelled with aryl diazonium cations. As such, aryl diazonium
cations have become popular reagents in a broad-range of
applications, from the analysis of biomolecules by Ultraviolet
Photodissociation Mass Spectrometry™ to the labelling of viral
capsids."™" Additionally, both azo- and triazene bonds can be
cleaved selectively; azo-bonds can be broken via treatment with
sodium dithionite,"™* whereas triazenes cleave at low pH.? As
such, bioconjugations using aryl diazonium cations can be
suitable for the reversible labelling of proteins. However, while
aryl diazonium cations have proven themselves to be valuable
reagents in the labelling of proteins, historically their utility has
been somewhat restricted by their short lifespan in aqueous
solution, their poor stability (complicating their synthesis and
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of a novel maleimide-functionalized triazabutadiene suitable for
site-selectively installing aryl diazonium cations into proteins at
neutral pH; we show reaction with this molecule and a surface-
cysteine of a thiol disulfide oxidoreductase. Through photo-
activation of the site-selectively installed triazabutadiene motifs,
we generate aryl diazonium functionality, which we further
derivatize via azo-bond formation to electron-rich aryl species,
showcasing the potential utility of this strategy for the
generation of photoswitches or protein-drug conjugates.

often resulting in a limited shelf-life), and the harsh conditions
required to generate them in situ.'><f

The triazabutadienes developed by the Jewett group!
address many of these issues, as these species are stable
enough to endure multiple-step chemical syntheses and persist
for several hours in aqueous solution, yet rapidly break down
upon exposure to UV-irradiation to release diazonium cations,
even under biologically relevant conditions.

The majority of the triazabutadienes developed to date
have been used to install bio-orthogonal functionality or
fluorophores onto proteins via azo-bond formation to electron-
rich aromatic residues installed within the protein."™%! How-
ever, a strategy has not yet been reported in which triazabuta-
dienes are used to install aryl diazonium cations onto protein
surfaces site-selectively. In this regard it is worth noting that
while the highly electrophilic 4-nitrobenzenediazonium cation
can be used to label tyrosine residues at physiological pH," less
electrophilic diazonium cations, such as the 4-carboxybenzene-
diazonium cation, only react rapidly with tyrosine residues at
elevated pHs (such as at pH 9),"" with no discernible reaction
occurring within 30 min between 4-carboxybenzenediazonium
cations (at a concentration of 0.5 mM) and tyrosine (at a
concentration of 0.6 mM) in pH 7 phosphate buffer at rt."" As
such, reaction with tyrosine residues is unlikely to occur when
diazonium cations are released from triazabutadienes via treat-
ment with UV-irradiation at 0°C at near-neutral pH. This
presents a tantalizing opportunity with respect to the site-
selective installation of diazonium cation functionality onto the
surface of proteins for subsequent bioconjugation to other
targets.

Herein we report the synthesis of a novel maleimide-
functionalized triazabutadiene (X), and showcase its usage in
the site-selective labelling of a cysteine mutant of DsbA (a
bacterial thiol disulfide oxidoreductase)® (Figure 1, left), fol-

1b-d,m,5]
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Figure 1. A strategy for the site-selective installation and derivatization of aryl diazonium cation functionality into proteins via the reaction of maleimide-
functionalized triazabutadiene X with surface-exposed cysteine residues (left), followed by UV photoactivation and derivatization via azo dye formation (right).

Images were generated using PDB ID: 4K6X.

lowed by the UV-unveiling of aryl diazonium cations which can
be utilized in subsequent bio-conjugations to electron-rich pi
systems (Figure 1, right).

Results and Discussion

Cysteine has long been an important amino acid in the
preparation of protein bioconjugates; its nucleophilic nature
enables facile conjugation to electrophiles while its relatively
low natural abundance on protein surfaces allows -either
naturally occurring residues, or those installed using site-
selective mutagenesis, to be targeted site-selectively/
specifically.”? Many mature bioconjugation chemistries have
been developed for covalent crosslinking to cysteine residues,
and of these chemistries, maleimide ligation is arguably the
most popular, being both rapid and selective for cysteine thiols
between pH 6.5 and 7.5 We therefore opted to employ a
maleimide ligation for site-selective installation of a triazabuta-
diene motif onto proteins, via the creation of maleimide-
functionalized triazabutadiene X (Scheme 1).

The synthesis of X involves the reaction of maleimide-
functionalized linker 4 with NHS-ester functionalized triazabuta-
diene 7 (Scheme 1). While previous literature syntheses of 7 are
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Scheme 1. The synthesis of maleimide-functionalized triazabutadiene X.
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4-steps long,* we report a 2-step synthesis of 7 from the

commercially available compound 4-azidobenzonic acid (5).
Maleimide-functionalized linker 4 was synthesized in three steps
from commercially available 2-(2-aminoethoxy)ethanol 1, via
Boc-protection of the amine functionality to yield 2, followed
by a Mitsunobu reaction and Boc-removal.

We demonstrated that the maleimide functionality in
triazabutadiene X was able to label a cysteine residue via
reaction with a mutant DsbA protein. Wild-type DsbA contains
both a structural disulfide and an active-site disulfide within the
protein core, but no surface cysteine. Thus, by using our so-
called “DsbA-Cys” variant, which contains a single surface-
cysteine in addition to the four naturally occurring core residues
(Figure 3A), we had the opportunity to probe the cysteine-
selectivity of reaction between a protein and X.

Maleimide ligation was achieved by incubating DsbA-Cys
with 10 equivs of X in pH 7.2 buffer at rt for 30 min. Thorough
removal of excess X was achieved through use of His-SpinTrap™
columns and buffer-exchange. UV-vis analysis of the protein
showed that post-reaction with X, a broad absorption band
centered at 390 nm is observable, which is attributable to
triazabutadiene motifs (Figure 2A).*® The increased absorbance
at 280 nm is also attributed to the multiple aromatic motifs in X
(Figure 2A). Conjugates of X and DsbA-Cys (henceforth referred

O
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Figure 2. (A) UV-vis spectra of ~100 uM samples of DsbA-Cys (“Unlabelled”) and DsbA-X (“Labelled”). (B) The monitoring of the degradation of the
triazabutadiene motif installed on DsbA-X in response to UV irradiation at 0°C in pH 7.5 (20 mM sodium phosphate buffer), see Experimental Section. (Inset)
A comparison between the pH 7.5 experiment and an analogous dataset from a pH 9.0 experiment, see Figure S3 for raw data. C) UV-vis analysis of mixtures

formed from combining DsbA-X (~ 100 uM) with an excess of resorcinol, 8, in the presence and absence of different levels of UV-irradiation and dithionite-

treatment (see Main text).

to as DsbA-X) and their corresponding aryl diazonium-cation
functionalized derivatives (henceforth referred to as DsbA-X’)
were also detected by MS (Figure 3B). Trypsin digestion experi-
ments indicated that under our reaction conditions compound
X reacted with the surface-exposed mutant cysteine residue of
DsbA-Cys in preference to the structural and active-site
disulfide cysteine residues (see SI, Figures S10-12).

Next, we demonstrated the ability to rapidly unveil aryl
diazonium cation motifs on the surface of DsbA-X via exposure
to UV-irradiation from a 365 nm source (see Experimental
Section). UV-vis analysis shows a rapid decrease in the intensity
of the triazabutadiene absorption band upon exposure to UV
irradiation (Figure 2B) at pH 7.5, which is consistent with the
degradation of the triazabutadiene into aryl diazonium
cations.”™ The rate at which this degradation occurs is notably
slower at pH 9, which is consistent with the triazabutadiene
behaving as a photobasic functional group (see Figure 2B inset
and Figure 53).59

The importance of pH in tuning the rate of triazabutadiene-
to-diazonium conversion is further illustrated by our ESI-LC/MS

results. In the analysis of a DsbA-X sample exposed to UV
irradiation, DsbA-X" becomes the sole protein species identifi-
able after deconvolution (Figure 3, panels B and C). However,
even in samples incubated in darkness there is a prominent
peak attributable to the diazonium DsbA-X’ species (Figure 3B),
presumably because formic acid in the mobile phase causes
rapid conversion of the acid-labile triazabutadiene into a
diazonium cation, even in the absence of UV irradiation.

Having established the utility of molecule X for installing
diazonium cations onto proteins in a site-selective manner, we
then demonstrated that the aryl diazonium cations unveiled on
the surface of DsbA-X' could be subsequently coupled to
resorcinol 8 via the formation of an azo-bond. DsbA-X was
mixed with an excess of 8 and a UV-vis spectrum was recorded
of this mixture prior to its exposure to the 365 nm UV-light
source (Figure 2C, “Freshly mixed”). An aliquot of this reaction
mixture was then exposed to the 365 nm UV-light source for
5 min at 0°C, and was subsequently incubated in the dark at rt
for 1 h. A UV-vis spectrum of this aliquot was then recorded,
and the presence of an azo-bond in the reaction product could
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Figure 3. Deconvoluted mass spectra from positive ion mode ESI-LC/MS analysis of DsbA samples. A) A sample of DsbA-Cys. B) A sample of DsbA-X incubated
in darkness. C) A sample of DsbA-X that has been exposed to UV irradiation for 5 min at 0°C. Calculated Mr values for protein species are as follows; DsbA-
Cys: 25763 Da, DsbA-X: 26397 Da, DsbA-X": 26078 Da. Note that the presence of intra-protein disulfide bonds within the protein would reduce the mass by as

much as 4 Da from what is calculated based on amino acid sequence alone.
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be confirmed by the appearance of a new band centered
between 430-450 nm (Figure 2C, “UV-exposed”)."” A second
aliquot was identically treated, but was incubated with sodium
dithionite prior to recording its UV-vis spectrum. The depletion
of the UV-absorbance features in the region 320-600 nm for
this aliquot (Figure 2C, “Dithionite-treated”) further demon-
strates that the reaction between DsbA-X and 8 generates azo-
bonds, as it is well established that incubation with sodium
dithionite destroys azo-dye chromophores via reduction to
anilines."*

MS evidence further supports UV-activated azo-bond for-
mation in mixtures of 8 and DsbA-X (see SI, Figure S7). Due to
the well-documented ionization-induced fragmentation of azo-
dyes during mass spectrometry,” we found it prudent to do
this experiment under two different ionization conditions.
Comprehensive analysis of this data is presented in Figure S9.
Summation of the putative azo-dye derived fragmentation
peaks and the intact azo-dye peaks would suggest the
conversion of diazonium functionalized DsbA to azo-bonded
conjugate to be at least 74 % (see SI for full discussion).

In the UV-free control experiment, in which an aliquot of
the reaction mixture of DsbA-X and 8 was incubated in the
dark (Figure 2C, “Darkness 3 h"), azo-bond formation was
observed to a far lesser degree. In fact, as shown in Figure S4,
we can accurately model the dark-only dataset via a linear
combination of 54% “UV-exposed” and 46% “freshly mixed”,
providing a quantitative measure of the substantial role that
just 5 min of UV-exposure played in accelerating the rate of
formation of the diazonium cation intermediate.

Finally, to demonstrate the utility of molecule X in enabling
the labelling of a protein with a biologically relevant motif, we
synthesized the novel a-mannose presenting resorcinol-func-
tionalized probe 9 (Figure 4A), as described in the SI. Following
reaction of X with DsbA-Cys, UV-promoted reaction of the
DsbA-X product with 9 yielded a neoglycoprotein,'® as
validated in subsequent SDS-PAGE and lectin-blot analyses
(Figure 4B). While protein bands are clearly visible in all lanes of
the SDS-PAGE gel, the only sample responsive to mannose-
specific concanavalin A lectin blotting is in lane 6 (Figure 4B,
white arrows), wherein DsbA-X was exposed to UV irradiation in
the presence of 9. Notably, no lectin blot band was observed in
the absence of UV-activation. This is consistent with the
previous results shown in Figure 2 and Figure 3, which illustrate
that after X has been installed onto a protein using the
maleimide motif, rapid conversion of the triazabutadiene motif
into a diazonium cation at neutral pH requires UV exposure.

Evidence that X can be used to enable ligation between a
protein and an electron-rich aryl motif via azo-bond formation
was again provided via several different measurements. Firstly,
UV-vis analysis of the product neoglycoprotein showed the
depletion of the triazabutadiene absorption band to have
occurred concomitantly with the growth of an azo-bond feature
(Figure S5). Secondly, the treatment of the product neoglyco-
protein with sodium dithionite rendered lane 7 irresponsive to
lectin blotting (Figure 4B), which is consistent with the reduc-
tive cleavage of the azo-bond linkage between the DsbA
protein and 9.l"*4
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Figure 4. A) The structure of novel a-mannose presenting resorcinol-
functionalized probe 9. B) 15 % polyacrylamide SDS-PAGE gel and lectin blot
analyses of DsbA samples subjected to various treatments involving probes
X and 9. The SDS-PAGE gel (top) was stained with Coomassie dye. The Lectin
blot (bottom) was obtained using a Concanavalin A lectin-HRP conjugate
and a 3,3’-diaminobenzidine color development solution. C) Deconvoluted
mass spectra from positive ion mode ESI-LC/MS analysis of the neo-
glycoprotein yielded by the UV-promoted reaction of the DsbA-X product
with 9. The calculated Mr value for the DsbA-Azo dye derived from 9 is
26624Da, and the additional peaks are likely attributable to fragmentation of
the azo-dye (Figure S9). Note that the presence of intra-protein disulfide
bonds within the protein would reduce the mass by as much as 4 Da from
what is calculated based on amino acid sequence alone.

The neoglycoprotein was also characterized via ESI-LC/MS
(Figure 4C, Figure S8). Again, due to the characteristic ioniza-
tion-induced azo-bond fragmentation,”” a summation method-
ology was used to evaluate the yield of the azo-bond forming
bioconjugation step. Such analysis suggests this conversion to
be at least 68% (see Sl for full discussion). Trypsin digestion
further verified that site-selective azo-bond formation had taken
place during the reaction of DsbA-X with 9 at the site of the
surface exposed mutant cysteine residue (see Sl).

Conclusions

To conclude, we have reported the synthesis of a maleimide-
functionalized triazabutadiene X and have demonstrated that it
can be conjugated to protein cysteine residues. While many
reports of protein bioconjugation utilize triazabutadienes as
sources of functionalized diazonium cations that can bioconju-
gate to tyrosine residues, we report an inverted approach,
demonstrating that X can be conjugated to proteins site-
selectively via its maleimide motif while remaining intact, but

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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can subsequently be rapidly photocleaved to reveal diazonium
cations on the surface of the protein. These diazonium cations
can subsequently be ligated to probes bearing electron-rich
aryl systems via azo-bond formation, and this azo-bond is
readily cleaved by incubation with the highly water-soluble
reducing agent sodium dithionite. Notably, there was no
evidence of undesirable side-reactions between the unveiled
aryl diazonium functionalities and aromatic amino acid resi-
dues.

Proceeding via our stepwise methodology ((i) protein+X,
(i) triazabutadiene-protein+UV light +resorcinol—azo-dye
functionalized protein) enables facile purification of the inter-
mediate triazabutadiene-protein conjugates, and this could
enable a library of azo-dye functionalized proteins to be
assembled rapidly from often-cheap commercially available
aromatic compounds, without the need to isolate and purify a
library of pre-synthesized azo-dye probes. We anticipate that
this method may facilitate the rapid development of cleavable
protein-drug conjugates. However, we note that our molecule X
could also be utilized in one-pot conjugation methodologies, or
even in more conventional i) UV light+ resorcinol—azo-dye, ii)
protein + azo-dye—azo-dye functionalized protein methods.

Experimental Section

Chemical synthesis

Complete syntheses and characterizations of X and 9 are described
in the SI.

Protein Production

Full details of the production of DsbA-Cys are provided in the SI.

Preparation of DsbA-X

To 450 uL of a 110 uM solution of DsbA-Cys in pH 7.2 buffer
(20 mM sodium phosphate) was added tris(2-
carboxyethyl)phosphine (TCEP) (100 equivs, 45 puL of a pre-neutral-
ized 100 mM stock of TCEP hydrochloride). The resultant solution
was incubated at rt in darkness for 20 min. After this time, the
protein was exchanged into fresh pH 7.2 buffer (20 mM sodium
phosphate + 500 uM TCEP) using a PD MiniTrap™ G-25 desalting
column - 1 mL of a 37 uM solution of DsbA-Cys was recovered. 10
equivs of X were then delivered to the protein solution, via the
addition of 100 pL of a 3.7 mM solution of X in DMSO. The resultant
solution was incubated in darkness for 30 min. His-SpinTrap™
columns (cytiva) were then used to remove excess probe, as
detailed in the SI. Upon elution of the protein, imidazole was
removed via exchanging the protein sample into pH 7.5 buffer
(20 MM sodium phosphate) using a PD MiniTrap™ G-25 desalting
column, yielding 1 mL of a 34 uM solution of DsbA-X which was
concentrated to 100 uM using a 10 kDa MWCO centrifugal concen-
trator. The resultant protein was aliquoted into 90 uL aliquots and
flash-frozen for later use.

UV-irradiation: source and exposure method

UV irradiation of samples was performed using a commercially
available UV nail curing product - the nailstar® 36-Watt Professional

ChemBioChem 2023, 24, €202300313 (5 of 7)

UV Nail Lamp (Model: NS-01-UK&EU). This product is fitted with 4
replaceable 9 W U-shaped tube bulbs that emit at 365 nm and has
a mirrored interior.

Samples were introduced to quartz cuvettes which were stood in a
shallow dish of icy water inside the nailstar®. UV-irradiation was
then supplied for the specified duration.

UV-vis analysis

Tracking the UV-initiated conversion of DsbA-X to DsbA-X’

Data shown in Figure 2B was generated via an experiment which
commenced with 20 puL of a 100 pM sample of DsbA-X in pH 7.5
buffer (20 mM sodium phosphate). 16 pL of the sample was placed
in a quartz cuvette stood in a shallow dish of icy water in the
nailstar® instrument, while the other 4 pL was stored in a sealed vial
in darkness at rt. An initial 2 uL aliquot was withdrawn from the
cuvette sample and analysed using the nanodrop function of a
DeNovix instrument (see Sl), to generate data labelled as “0 min
UV”. The remainder of this bulk protein sample was then subjected
to 1 min of UV-irradiation at 0°C, with UV-vis analysis of a further
2 pL aliquot generating the “1 min UV” data. Subsequent stop-start
of the UV-irradiation and analysis of aliquots generated the “2 min
UV” and “5 min UV” datasets of Figure 2B. The UV-vis spectrum of
the sample of DsbA-X that was incubated in darkness was recorded
after storage for 15 min (“15 min dark”).

Validating azo-bond formation between DsbA-X and 8via UV-
vis

To 20 pL of a 100 uM sample of DsbA-X in pH 7.5 buffer (20 mM
sodium phosphate) was added 1.8 uL of a 10 mM stock of 8 in
DMSO (9 equivs). The resultant mixture was then split into two
samples. One sample was set aside and kept in darkness at rt for
3 h, and after this time a UV-vis spectrum was recorded. For the
other half of the bulk sample, an initial UV-vis spectrum was taken
of a 2 uL aliquot, then the remaining volume was subjected to
5min of 365nm UV-irradiation at 0°C and was subsequently
incubated at rt for 1 h. After this time a second UV-vis spectrum
was recorded of a 2 ulL aliquot. The UV-exposed sample was then
treated with sodium dithionite (final concentration 50 mM) for 1 h
at rt, after which time a final UV-vis spectrum was recorded. All the
data is shown in Figure 2C.

Validating azo-bond formation between DsbA-X and 9via UV-
vis

To 300 pL of a ~5 uM sample of DsbA-X in pH 7.5 buffer (20 mM
sodium phosphate) was added 30 uL of a 20 mM stock of 9 in
DMSO (~400 equivs). The resultant mixture was then split into two
150 uL samples. One sample was set aside and kept in darkness at
rt for 1 h. An initial UV-vis spectrum was recorded of the other
sample, then it was subjected to 2 min of 365 nm UV-irradiation at
0°C, and was subsequently incubated at rt for 1 h. After this time
both samples were exchanged into 150 uL of fresh pH 7.5 buffer
(20 mM sodium phosphate) using a PD SpinTrap™ G-25 column
and flash-frozen for later use. These samples were analysed using
UV-vis (see SI, Figure S5).

Protein Mass Spectrometry

High Performance Liquid Chromatography-Electrospray lonization
Mass Spectrometry (ESI-LCMS) of protein samples was performed
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using a Dionex UltiMate® 3000 Ci Rapid Separation LC system
equipped with an UltiMate® 3000 photodiode array detector
probing at 250-400 nm, coupled to a HCT ultra ETD Il (Bruker
Daltonics) ion trap spectrometer, using Chromeleon® 6.80 SR12
software (ThermoScientific), esquireControl version 6.2, Build 62.24
software (Bruker Daltonics), and Bruker compass HyStar 3.2-SR2,
HyStar version 3.2, Build 44 software (Bruker Daltonics) at COEMS.
Protein samples were analysed without the use of a column at RT.
Mass spectrometry data analysis was performed using ESI Compass
1.3 DataAnalysis, version 4.4 software (Bruker Daltonics). All mass
spectrometry was conducted in positive ion mode unless stated
otherwise. The esquireControl “Compound Stability” setting was set
at “100%”" unless stated otherwise.

Mass Spectrometry of DsbA-X

45 uL of a 100 uM sample of DsbA-X in pH 7.5 buffer (20 mM
sodium phosphate) was exchanged into 150 uL of HPLC-grade
water using a PD SpinTrap™ G-25 column. 5 uL of this protein
sample was added to 45 pL of a solution of 1:1 water:acetonitrile
(V/V)4+1% (v/v) formic acid. The sample was then immediately
analysed by mass spectrometry.

Mass Spectrometry of DsbA-X’

45 uL of a 100 uM sample of DsbA-X in pH 7.5 buffer (20 mM
sodium phosphate) was exposed to 365 nm UV-irradiation for 5 min
at 0°C. The sample was then immediately exchanged into 150 uL of
HPLC-grade water using a PD SpinTrap™ G-25 column. 5 L of this
protein sample was then added to 45 pL of a solution of 1:1 water:
acetonitrile (v/v)+1% (v/v) formic acid and the sample was
immediately analysed by mass spectrometry.

Validating azo-bond formation between DsbA-X and 8/9via
mass spectrometry

To 90 pL of a 100 uM sample of DsbA-X in pH 7.5 buffer (20 mM
sodium phosphate) was added 10 pL of a 20 mM stock of 8 or 9 in
DMSO (20 equivs). The sample was subjected to 10 minutes of
365 nm UV-irradiation at rt, and was subsequently incubated at rt
for 2.5 h. After this time the samples were exchanged into 1 mL of
HPLC-grade water using PD MiniTrap™ G-25 desalting columns. The
samples were then concentrated to a volume of 100 pL. Prior to
analysis via mass spectrometry, 10 uL aliquots of these protein
samples were added to 40 uL of 1:1 water:acetonitrile (v/v)+1%
(v/v) formic acid solution. The “compound stability” setting in the
esquireControl software was set as either 100% or 60% during data
collection (see SI).

SDS-PAGE and lectin blot analysis

Probing azo-bond formation between DsbA-X and 9

To 300 uL of a 100 uM sample of DsbA-X in pH 7.5 buffer (20 mM
sodium phosphate) was added 30 puL of a 20 mM stock of 9 in
DMSO (20 equivs). The resultant mixture was then split into two
150 pL samples. One sample was set aside and kept in darkness at
rt for 1 h. The other sample was subjected to 10 min of 365 nm UV-
irradiation at rt and was subsequently incubated at rt for 1 h. After
this time the samples were exchanged into 150 plL of fresh pH 7.5
buffer (20 mM sodium phosphate) using a PD SpinTrap™ G-25
column and flash-frozen for later use. SDS-PAGE gel, lectin blot, and
trypsin digestion analyses were performed using these samples.
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Prior to running on the gel, one UV-exposed sample was treated
with sodium dithionite (final concentration 50 mM) for 1 h at rt.

SDS-PAGE gels samples were mixed with a 5 X concentrated non-
reducing buffer (10% SDS, 20% glycerol, 200 mM Tris-HCl pH 6.8,
0.05% bromophenol blue) and were not boiled prior to running on
the SDS-PAGE gel. Lectin blotting was performed using a Con-
canavalin A lectin-HRP conjugate and was visualised using a 3,3'-
diaminobenzidine colour development solution. Full gel running
conditions and blot preparation is detailed in the SI. Typically,
~3 g of purified protein was loaded into each gel lane when
conducting SDS-PAGE and lectin blot analysis.
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