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Design and characterisation of photoactivatable
and lysine reactive o-nitrobenzyl alcohol-based
crosslinkersy

Adam Cahill,® Martin Walko, © ® Benjamin Fenton,” Sri Ranjani Ganji,* Anne Herbert,?
Sheena E. Radford, ©2 Nikil Kapur, Keith Livingstone, ©** Megan H. Wright & *°
and Antonio N. Calabrese & *2

Photoreactive groups are invaluable tools in structural proteomics, offering reagent-free activation and
temporal control of protein labelling. However, traditional UV-activatable functional groups often
produce unstable intermediates and diverse products, making these chemistries difficult to deploy at
scale. In this study, we performed a systematic analysis of ortho-nitrobenzyl alcohol (0NBA) reactivity for
integration into novel reagents for chemical crosslinking-mass spectrometry. oNBA photochemistry
represents a promising alternative to traditional photoactivatable crosslinkers due to its unique specificity
towards lysine residues. Here, we synthesised two molecules containing oNBA functional groups with
different substituents and assessed their labelling efficiency against a model protein. To ensure high
labelling yields while maintaining a short irradiation time, we constructed a high power 365 nm
irradiation device which improves the efficiency of oNBA photolysis. Our studies identified an amide-
substituted probe that labels proteins with high efficiency. We next incorporated this optimised oNBA
moiety into a homo-bifunctional crosslinker and a hetero-bifunctional crosslinker in combination with
an NHS ester, which both resulted in high yields of crosslinked products. Our findings highlight that
optimised oNBA-based reactive groups are viable UV-activated warheads that can deliver high labelling
yields and efficient protein crosslinking, unlocking a wealth of potential structural proteomics applications.

Introduction

Crosslinking mass spectrometry (XL-MS) is a well-established
technique used to understand protein structure, dynamics
and interactions. XL-MS relies on using small molecules with
two chemical warheads (head groups) that can form covalent
bonds with protein residues under physiological conditions.'™
Due to the ability of XL-MS to extract information on the non-
covalent interactions a protein can form, many crosslinkers
have been synthesised utilising different chemistries, to maxi-
mise the structural information that can be gathered from XL-
MS datasets.*®

Traditional chemical crosslinkers typically target lysine
residues due their high intrinsic nucleophilicity and prevalence.
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The majority of crosslinkers are homo-bifunctional and
comprise two N-hydroxy succinimide esters (NHS-esters) as
lysine-reactive groups, which react with high efficiency under
physiological conditions.® However, due to the NHS-ester being
constitutively active, reactions are always initiated at the point
of crosslinker addition. As a result, there is very little temporal
control of the crosslinking reaction. This also renders NHS-ester
based crosslinkers liable to hydrolysis, resulting in the forma-
tion of ‘mono-links’ (where one of the reactive groups is
hydrolysed into an acid that can no longer react with a lysine
side-chain). Due to the uncertainty of whether or not the
hydrolysis of an NHS-ester has occurred before or after the other
NHS-ester had reacted with lysine, mono-links do not deliver
the same level of structural information as crosslinks.*

The ability to temporally control crosslinking using reagent
free activation of reactive groups (e.g. via UV irradiation) may
enable XL-MS to deliver a better description of the dynamics in
protein structures and protein-protein interactions. For
example, diazirines and benzophenones have gained traction as
light-activatable chemistries incorporated into crosslinker
designs."™** Both head groups are inert under physiological
conditions but after UV irradiation form highly reactive species
that rapidly insert into proximal covalent bonds.* This not only
allows crosslinking reactions to be initiated at chosen time
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points but also ensures that all the crosslinks formed describe
the protein structure(s) present within a time frame determined
by the lifetime of the reactive species. However, the generation
of unstable intermediates increases the potential number of
crosslinks, as the activated species are less selective and may
react with many residue sidechains.* This makes analysis of the
resultant XL-MS data more computationally expensive, and the
precise residue-level localisation of crosslinks can become more
difficult. Additionally, as both diazirines and benzophenones
can react with water, crosslinking reagents can be ‘quenched’ by
solvent and form ‘mono-links’ in analogy with crosslinkers
based on NHS-esters.

Given the shortcomings of current crosslinkers, additional
chemistries for protein crosslinking are urgently needed to
enable the diversity of potential biological applications of XL-
MS. Using UV-activatable species that also have high reaction
specificity could address these drawbacks, increasing cross-
linking yields and simplifying searches to allow easier detection
of time-resolved crosslinks. ortho-Nitrobenzyl alcohol (oNBA)
chemistry offers a promising alternative in this regard due to its
specific reactivity with lysine residues.'*'* Upon UV irradiation,
the oNBA moiety undergoes dehydration, forming an o-nitroso
benzaldehyde that is reactive towards lysine sidechains and can
undergo a reversible reaction with water (Fig. 1)."” Reports have
recently demonstrated the potential of this motif by using oNBA
crosslinkers to map time-dependent protein—protein interac-
tions using visible light.”® However, previous attempts at
creating UV-activated oNBA based crosslinkers have resulted in
poor yields, unpredictable labelling chemistry and lengthy
irradiation times.” To establish oNBA as a viable alternative to
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existing reactive groups, these issues must be addressed. In this
work, we report a comparative study between homo- and het-
erobifunctional crosslinkers containing different oNBA and
NHS-ester warheads. Our optimised crosslinkers exhibited
improved reactivity towards lysine residues in proteins and our
workflow exploited a novel UV irradiation platform to deliver
high crosslinking yields with <1 min of irradiation. We further
characterised the reactivity of oNBA moieties for biological
applications to demonstrate their long-lived active state. Our
findings suggest that oNBA reactive groups could offer unique
advantages over current chemical warheads used in XL-MS and
are ideal candidates for time-resolved studies to inform on the
structures/rearrangements of the transient molecular assem-
blies that underpin biological processes.

Experimental
Organic synthesis

All reactions were conducted under an atmosphere of nitrogen
and protected from light using aluminium foil. All solvents were
purchased from Fisher Scientific at HPLC grade and reagents
were purchased from Sigma-Aldrich, Fluorochem, Thermo
Fisher and Merck Millipore. Analytical thin layer chromatog-
raphy (TLC) was conducted using Merck 0.25 mm silica gel pre-
coated aluminium plates (Merck silica 2880 gel, 60 F254) and
visualised using UV-light. Flash column chromatography was
carried out with silica gel 60 (35-75 um particles). Solvents were
removed using a Biichi rotary evaporator and a Vacuubrand
PC2001 Vario Diaphragm pump. "H and "*C NMR spectra were
acquired on a Bruker AV-NEO NMR spectrometer at 500 MHz
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Fig. 1 Mechanism of UV-induced activation and reaction of ortho nitrobenzyl alcohols (oNBA) with primary amines. Reproduced from ref. 16
and 20. oNBA undergoes a light mediated dehydration to form an ortho-nitrosoaldehyde. The subsequent reaction terminates with an irre-
versible condensation to form an indazolone ring (1,5-HAT = 1,5-hydrogen atom transfer).
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for '"H or 101 MHz for *C. Chemical shifts are expressed as
parts per million using solvent as an internal standard (DMSO-
dg 2.50 ppm in "H and 39.52 ppm in "*C spectra) and coupling
constants are expressed in Hz. The following abbreviations are
used: s for singlet, d for doublet, t for triplet, q for quartet, p for
pentet, m for multiplet and br for broad. NMR spectra can be
found in the ESL}

Synthesis of 4-(hydroxymethyl)-3-nitro-N-2-propyn-1-
ylbenzamide (1a)

4-(Hydroxymethyl)-3-nitrobenzoic acid (100 mg, 0.507 mmol), 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride
(150 mg, 0.783 mmol) and hydroxybenzotriazole (135 mg, 1
mmol) were dissolved in CH,Cl, (20 mL). The reaction was
stirred at room temperature for 30 min before propargylamine
(220 pL, 3.4 mmol) and N,N-diisopropylethylamine (1 mL, 5.74
mmol) were added. The reaction was left stirring overnight at
room temperature. The solvent was then removed in vacuo to
yield a brown solid. The crude product was purified by silica gel
chromatography (1:1 ethyl acetate:hexane) and collected
fractions were concentrated to produce a pale yellow solid
(77 mg, 0.329 mmol, 66%, R 0.25 (1: 1 ethyl acetate : hexane)).

o
9 1 13
O,N_ s 4
10°N
8 2 H 1\\15
Ho s 1
74

"H NMR (500 MHz, DMSO-d,) 6/ppm 3.17 (t, ] = 2.5 Hz, 1H,
H-Ci5), 4.09 (dd, J = 2.5, 5.5 Hz, 2H, H-C,), 4.88 (d, ] = 5.5 Hz,
2H, H-Cy3), 5.67 (t,J = 5.5 Hz, 1H, OH), 7.95 (d, ] = 8.1 Hz, 1H,
H-C,), 8.23 (dd, J = 1.8, 8.1 Hz, 1H, H-C;), 8.53 (d,J = 1.8 Hz,
1H, H-C,), 9.27 (t, ] = 5.4 Hz, 1H, NH). *C NMR (101 MHz,
DMSO-dg) 6/ppm: 28.7 (Cy3), 59.9 (C), 73.2 (C14/15), 80.9 (C14/15),
123.2 (Cay), 128.6 (Cay), 132.2 (Car),133.2 (Cay), 141.7 (Car), 146.6
(Car)y 163.8 (Cyo)-

Synthesis of (2-nitro-5-(prop-2-yn-1-yloxy)phenyl)methanol
(1b)

5-hydroxy-2-nitrobenzyl alcohol (169 mg, 0.998 mmol) and
anhydrous potassium carbonate (2.76 mg, 0.019 mmol) were
added to 1.5 mL of anhydrous DMF and the resulting mixture
was stirred for 2 hours at 60 °C. Then, propargyl bromide (0.15
mL, 2 mmol) was slowly added into the reaction and the orange
mixture was stirred for 24 hours at room temperature. After the
reaction was complete the solvent was removed under reduced
pressure and the residue was resuspended in ethyl acetate (10
mL). The suspension was then washed once with water (10 mL)
and three times with brine (10 mL). After this, the organic layer
was dried over MgSO, and filtered. The solvent was then
removed under reduced pressure and the residue purified via
flash column chromatography on silica gel (1: 1 ethyl acetate :
hexane). The sample was concentrated to dryness to deliver
a yellow solid (123 mg, 0.594 mmol, 59%, Ry 0.34 (1:1 ethyl
acetate : hexane)).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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"H NMR (500 MHz, DMSO-d,) 6/ppm: 3.67 (t,] = 2.4 Hz, 1H,
H-Cy5), 4.85 (d, J = 5.5 Hz, 2H, H-C;), 4.97 (d, J = 2.4, 2H, H-
Cio), 5.59 (t,J = 5.5 Hz, 1H, H-Cg), 7.09 (dd, J = 2.9, 9.1 Hz, 1H,
H-C;), 7.41 (d, ] = 2.9 Hz, 1H, H-C;), 8.15 (d,J = 9.1 Hz, 1H, H-
Ce)- °C NMR (101 MHz, DMSO-d,) 6/ppm: 56.14 (C5), 60.1(C4,),
78.4 (Cyz), 79-1 (Cq1), 113.1 (Ca,), 113.8 (Cay), 127.4 (Cay), 139.9
(Car); 142.2 (Cay), 161.5 (Cap)-

Synthesis of 2,5-dioxo-1-pyrrolidinyl-4-(hydroxymethyl)-3-
nitrobenzoate (2)

4-(Hydroxymethyl)-3-nitrobenzoic acid (100 mg, 0.507 mmol),
N-hydroxysuccinimide (120 mg, 1.043 mmol) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(125 mg, 0.805 mmol) were added to a round bottom flask. DMF
(5 mL) was added, and the resulting orange solution was stirred
overnight at room temperature. The reaction mixture, deionised
water (20 mL) and ethyl acetate (20 mL) were added to a sepa-
rating funnel and the phases were separated. The aqueous layer
was removed, and the organic layer was washed three times with
water (20 mL) and then dried over MgSO,, filtered and
concentrated to yield a yellow solid. The crude product was
purified by silica gel chromatography (2:1 ethyl acetate:
hexane) to yield the title compound as a white-yellow solid
(80 mg, 0.272 mmol, 53%, Ry 0.28 (2: 1 ethyl acetate : hexane)).

18
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HO ) . 11 0
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'H NMR (500 MHz, DMSO-d,) 6/ppm: 2.91 (s, 4H, H-C;sH-
Ci), 4.96 (d,J = 5.5 Hz, 2H, H-C;), 5.84 (t,] = 5.5 Hz, 1H, H-C;),
8.15 (d,J = 8.2 Hz, 1H, H-C,), 8.46 (dd,J = 1.8, 8.2 Hz, 1H, H-C,),
8.63 (d, J = 1.8 Hz, 1H, H-C;). ">C NMR (101 MHz, DMSO-ds) 6/
ppm: 25.6 (C15Cy6), 60.0 (C5), 123.8 (Cay), 125.9 (Ca), 129.7 (Cay),
134.5 (Cpy), 146.2 (Cyy), 146.9 (Cay)y 160.4 (Cqp), 170.1 (C14C47).

Synthesis of N,N'-1,2-ethanediylbis(4-hydroxymethyl-3-
nitrobenzamide) (3)

4-(Hydroxymethyl)-3-nitrobenzoic acid (290 mg, 1.47 mmol), 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide = hydrochloride
(325 mg, 1.69 mmol), and N-hydroxybenzotriazole (230 mg, 1.69
mmol) were added to a flask and flushed with N,. The mixture
was then dissolved in acetonitrile (20 mL) and left to stir for
30 min at room temperature. Ethylenediamine was then added
(270 pL, 0.43 mmol) as well as DIPEA (300 pL, 1.69 mmol) and
the reaction was left to stir overnight at room temperature. Once
the reaction was complete, the mixture was gravity filtered and
the solution was dried in vacuo. The crude product was dis-
solved in 10 mL of a 1:1 mixture of acetonitrile and water and

Chem. Sci., 2025, 16, 15239-15255 | 15241
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purified using preparative HPLC on an Agilent 1260 infinity
system equipped with UV detector and fraction collector on
a Kinetex EVO 5 pym C18 100 A 21.2 x 250 mm reverse phase
column. The solution (4.5 mL) was injected, and a 25 min
gradient of 20-50% acetonitrile in water with 0.1% formic acid
was performed at 15 mL min~'. The fractions containing the
product were combined and freeze dried to afford the title
compound as a white solid (10 mg, 24 umol, 6%).

"H NMR (500 MHz, DMSO-d,) 6/ppm 3.43-3.56 (m, 4H, H-
C13), 4.87 (d,J = 5.5 Hz, 4H, H-C,), 5.65 (t,] = 5.5 Hz, 2H, H-Cy),
7.93 (d,J = 8.1 Hz, 2H, H-C3), 8.21 (dd, J = 1.8, 8.1 Hz, 2H, H-
C4), 8.51(d,J = 1.8 Hz, 2H, H-Cq), 8.93 (s, 2H, 2 x NH). "*C NMR
(101 MHz, DMSO-dg) 6/ppm: 60.4 (C;), 123.6 (Cy,), 128.9 (Cay),
132.6 (Cay), 134.5 (Cyy), 141.8 (Cyy), 147.0 (Cyy), 164.8 (Cyo)-

SurA expression and purification

This protocol was adapted from previous work.>* A pET28b
plasmid containing the mature SurA sequence (without the
signal peptide sequence) preceded by an N-terminal 6x His-tag
and a TEV-cleavage site was transformed into BL21(DE3) cells
(Stratagene). Cells were grown in LB medium supplemented
with 30 pg per mL kanamycin at 37 °C with shaking (200 rpm)
until an ODgoy of ~0.6 was reached. The temperature was
subsequently lowered to 20 °C, and expression induced with
0.4 mM IPTG. After ~18 h, cells were harvested by centrifuga-
tion (4000 x g, 15 min), resuspended in 25 mM Tris-HCI, pH
7.2, 150 mM NaCl, 20 mM imidazole, containing EDTA-free
protease inhibitor tablets (Roche), and lysed using a cell
disrupter (Constant Cell Disruption Systems). The cell debris
was removed by centrifugation (20 min, 4 °C, 39 000 x g), and
the lysate was applied to a 5 mL HisTrap column (Cytiva). The
column was washed with 25 mM Tris-HCl, pH 7.2, 150 mM
NaCl and 20 mM imidazole, and SurA was eluted with 25 mM
Tris-HCI, 150 mM NacCl, 500 mM imidazole, pH 7.2. The eluate
was dialysed against 25 mM Tris-HCI, 150 mM NacCl, pH 8.0
overnight, and the following day TEV protease (ca. 0.5 mg) and
0.1% (v/v) B-mercaptoethanol were added. The cleavage reaction
was left to proceed overnight at 4 °C on a tube roller. The
cleavage reaction was again applied to a 5 mL HisTrap column
(Cytiva) to remove the cleaved His-tag and His-tagged TEV
protease. The unbound, cleaved SurA product was dialysed
against 25 mM Tris-HCl, 150 mM NacCl, pH 8.0, before being
concentrated to ~200 pM with Vivaspin 20 concentrators
(Sartorius; 5 kDa MWCO), aliquoted, snap-frozen in liquid
nitrogen and stored at —80 °C.

OmpX expression and purification

OmpX was expressed and purified using a method adapted from
ref. 21. Briefly, E. coli BL21[DE3] cells (Stratagene) were
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transformed with a pET1la plasmid containing the gene
sequence of OmpX. Overnight cultures were subcultured and
grown in LB medium (500 mL) supplemented with carbenicillin
(100 pg mL™"), at 37 °C with shaking (200 rpm). Protein
expression was induced with IPTG (1 mM) once an ODg, of 0.6
was reached. After 4 h the cells were harvested by centrifugation
(5000 x g, 15 min, 4 °C). The cell pellet was resuspended in
50 mM Tris-HCl pH 8.0, 5 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, 2 mM benzamidine, and the cells were
subsequently lysed using a cell disrupter (Constant Cell
Disruption Systems). The lysate was centrifuged (25000 x g,
30 min, 4 °C) and the insoluble material was resuspended in
50 mM Tris-HCIl pH 8.0, 2% (v/v) Triton X-100, before being
incubated for 1 h at room temperature, with gentle agitation.
The insoluble material was pelleted (25000 x g, 30 min, 4 °C)
and the inclusion bodies were washed twice by resuspending in
50 mM Tris-HCI pH 8.0 followed by incubation for 1 h at room
temperature with gentle agitation, and then collected by
centrifugation (25 000 x g, 30 min, 4 °C). The inclusion bodies
were solubilised in 25 mM Tris-HCl, 6 M Gdn-HCI, pH 8.0 and
centrifuged (20000 x g, 20 min, 4 °C). The supernatant was
filtered (0.2 uM syringe filter, Sartorius) and the protein was
purified using a Superdex 75 HiLoad 26/60 gel filtration column
(Cytiva) equilibrated with 25 mM Tris-HCl, 6 M guanidine-HClI,
pH 8.0. Peak fractions were concentrated to ~100 pM using
Vivaspin 20 (5 kDa MWCO) concentrators (Sartorius), and the
protein solution was snap-frozen in liquid nitrogen and stored
at —80 °C.

UV-vis absorbance

Compounds 1a and 1b were dissolved in methanol to 25 pg
mL ™. The absorbance of the molecules was measured across
the range 220-400 nm using a quartz cuvette (1 cm path length)
using a UV-1900i spectrophotometer (Shimadzu).

Construction of UV lamp

The UV lamp was built using a 365 nm fReactor PhotoFlow
module (Asynt), which houses the LED, an aspheric condenser
lens and cooling fan. A lens tube (Thorlabs - SM1L20) fitted
with an aspheric condenser lens (Thorlabs - ACL2520U-A) was
mounted onto the module, such that the combined pair of
lenses focusses the beam to a spot. The sample tube sits within
the lens tube, positioned so that the fluid is located at this spot
(see Fig. 2C). To prevent exposure of the user to UV, the top of
the lens tube was fitted with a pair of cage plates (Thorlabs -
CP33T/M and CP31/M); the bored cage plate was fitted perma-
nently to the lens tube, and the solid cage plate could be lifted
off (also deactivating the lamp). Magnets were used to hold this
in place.

ortho-Nitrosobenzaldehyde quenching studies

4-(Hydroxymethyl)-3-nitrobenzoic acid (3.00 mg, 15.2 pmol) and
mesitylene (2.12 pL, 15.2 pmol) were dissolved in acetone-d, (1
mL) and the sample was irradiated (365 nm light) for 30
seconds. The mixture was left to stand for ten minutes and
monitored by "H NMR spectroscopy. Next, lysine- HCI (420 pL of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a 0.27 M solution in D,0, 7.5 equiv.), Tris-HCl (420 pL of
a 0.27 M solution in D,0, 7.5 equiv.) or D,0O (420 uL) was added.
The reaction was left to stand for a further 15 minutes and
monitored by "H NMR spectroscopy.

Protein labelling reactions

SurA was buffer exchanged into phosphate buffered saline (PBS)
(137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM
KH,PO,, pH 7.4) using Zeba Spin Columns (Thermo Fisher
Scientific) according to the manufacturer's instructions. The
concentration of the protein solution was determined spectro-
photometrically (e = 29 450 cm™ ") and the solution was diluted to
20 uM. Both synthesized head groups (1a and 1b) were dissolved
in methanol at a concentration of 6.25 mM and this was added to
the SurA solutions to afford a final concentration of 0.2-1 mM.
After the addition of the head group, samples (20 puL) containing
ONBA reactive moieties were irradiated with 365 nm light for
30 seconds. The samples were then left at room temperature for
1 hour and then mixed with 0.2% formic acid (10 pL).

Intact mass spectrometry

Protein desalting and intact mass analysis was performed by
LC-MS using a Vanquish UPLC (Thermo Scientific) interfaced to
a Orbitrap Exploris 240 mass spectrometer (Thermo Scientific).
Samples were diluted to 10 um using 0.1% TFA. 3 pL of the
sample was injected onto an MAbPac RP column (4 um, 2.1 X
100 mm, Thermo Scientific). Buffer A was 0.1% (v/v) formic acid
in water, and buffer B was 0.1% (v/v) formic acid in acetonitrile.
The system flowrate was kept constant at 0.25 mL min~". The
bound protein was eluted by a gradient of 20-45% solvent B in A
over 1 min and the solvent conditions were then held at 45%
solvent B in A for 1.5 min. The column was subsequently
washed with a gradient of 45-80% solvent B over 1.5 min, held
at 80% solvent B for 2 min before re-equilibration at 20%
solvent B in A ready for the next injection. Data were processed
using UniDec.”

Crosslinking BSA using the hetero-bifunctional crosslinker 2

Bovine Serum Albumin (BSA) (Sigma) was dissolved in PBS and
samples were diluted to 20 pM. The synthesized crosslinker 2
(2,5-dioxo-1-pyrrolidinyl-4-(hydroxymethyl)-3-nitrobenzoate)
was dissolved in DMSO to a concentration of 25 mM. The
crosslinker was added to the protein (final concentration of 2
mM) and the solution was left to incubate at room temperature
for 30 min. The sample was then irradiated with UV light for 30
seconds before another 30 min incubation. The excess cross-
linker was then quenched with 2 pL of lysine (1 M lysine-HCl,
pH 7.4).

Crosslinking BSA using the homo-bifunctional crosslinker 3

BSA was dissolved in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,PO,, 1.8 mM K,PO,, pH 7.4) and samples were diluted to 20 uM.
The synthesized crosslinker 3 (N,N'-1,2-ethanediylbis(4-
hydroxymethyl-3-nitrobenzamide)), was dissolved in DMSO to
a concentration of 25 mM. The crosslinker was added to 20 pL

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of protein (final concentration of 2 mM) and the samples were
irradiated with UV light for 30 seconds before a 30 min incu-
bation. The excess crosslinker was then quenched with 2 pL of
lysine (1 M lysine-HCl, pH 7.4).

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Samples were diluted 3 : 1 with 4 x loading buffer (100 mM Tris-
HCI pH 6.8, 200 mM DTT, 4% (w/v) SDS, 0.2% (w/v) bromo-
phenol blue, 20% (w/v) glycerol) and then boiled for ten
minutes. Boiled samples were spun down in a bench-top
centrifuge for one minute and 10 pL of sample was loaded
into wells of a Mini-PROTEAN 12% pre-cast gels (Bio-Rad).
Precision plus protein dual colour protein ladder (BioRad, CA,
USA) was loaded in the first gel lane as a standard for molecular
weight determination (5 pL). Gels were run at a constant current
of 60 mA until the dye front reached the bottom of the gel. Gels
were removed from casting plates and were stained in
InstantBlue Coomassie protein Stain overnight and imaged on
an Alliance Q9 imager (Uvitec).

Digestion of proteins

Cross-linked proteins were digested using S-Trap micro
columns (Protifi), according to the manufacturer's instructions
using MS-grade solvents. First, 25 pL of 10% (w/v) SDS solution
was added to 25 pL of crosslinked protein (concentration of 20
uM). DTT solution (5 pL, 220 mM) was added and the sample
was heated to 95 °C for 15 min and then allowed to cool to room
temperature. Iodoacetamide (5.5 pL, 440 mM) was added and
the sample was kept in the dark for 30 min at room tempera-
ture. The solution was acidified by adding phosphoric acid to
a final concentration of 1.2% (v/v). Samples were then diluted
with S-Trap binding buffer 7:1 (100 mM triethylammonium
bicarbonate (TEAB) pH 7.1 in methanol). Trypsin (Promega) was
added from stocks at a concentration of 0.02 ug pL ™" to a ratio
of 1:20 (enzyme : protein). The protein solution containing the
appropriate enzyme was loaded onto the S-Trap column and
centrifuged at 4000 x g for 30 s, to enable protein capture
within the submicron pores of the S-Trap. The column was
washed by adding 130 uL of binding buffer before being
centrifuged at 4000 x g for 30 s. 30 pL of trypsin (0.02 ug L~ " in
TEAB) was added to the top of the S-trap column. The S-Trap
was loosely capped, placed in a 1.5 mL microcentrifuge tube
and heated at 47 °C for 90 min. 40 uL of 50 mM TEAB was added
and the column was centrifuged at 4000 x g for 1 min. Digested
peptides were eluted by sequential washing with of 0.2% (v/v)
formic acid (FA) and then 50% (v/v) acetonitrile (ACN), with
centrifugation (4000 x g for 30 s) after each addition. The
eluates from these steps were combined and dried using
a Concentrator Plus vacuum centrifuge (Eppendorf).

Crosslinking-mass spectrometry

Dried samples were resuspended in 0.1% (v/v) trifluoracetic acid
to a concentration of ca. 1 pM. Samples were then analysed on
Vanquish Neo LC System (Thermo Scientific) coupled to an
Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific).
The instrument was fitted with an EASY-spray reversed phase
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LC system with column specifications as follows: particle size: 2
um, diameter: 75 um, length: 500 mm, running at 250 nL, min~"
flow and kept at 45 °C. Analytes were eluted by a 65 min, 0-50%
acetonitrile gradient. The mass spectrometric settings for MS1
scans were: resolution of 120 000, automatic gain control (AGC)
target of 3 x 10°, maximum injection time of 50 ms, scanning
from 380-1450 m/z in profile mode. Cycle time was adjusted to 3
seconds and charge states z = 3-8 were isolated using a 1.4 m/z
window and fragmented by HCD using optimized stepped
normalized collision energies, 30 & 6. Fragment ion scans were
acquired at a resolution of 60000, AGC target of 1 x 10°
maximum injection time of 120 ms, scanning from 200-2000 m/z,
underfill ratio set to 1%. Dynamic exclusion was enabled for
30 s (including isotopes). Thermo RAW files were converted to
mgf files using Proteome Discoverer (Thermo Scientific). The
mgf files were searched using MeroX to identify crosslinked
peptides.”® The following settings were applied: proteolytic
cleavages C-terminally to lysine and arginine; up to 3 missed
cleavages; peptide length 5 to 30 amino acids; modifications:
alkylation of cysteine by iodoacetamide, oxidation of methio-
nine; crosslinker specificity lysine; precursor precision 10 ppm;
fragment precision 20 ppm; signal to noise > 2; FDR cut off 1%.
Mapping of crosslinks onto structures and distance measure-
ments (Ca—Co Euclidean distances) was performed using the
PyXlinkViewer plugin for PyMol.**

Mapping of covalent modifications by mass spectrometry

Dried samples were resuspended in 0.1% (v/v) trifluoracetic acid
at a concentration of ca. 1 pM. Samples were then analyzed on
Vanquish Neo LC System (Thermo Scientific) coupled to Orbi-
trap Eclipse Tribrid mass spectrometer (Thermo Scientific). The
instrument was fitted with an EASY-spray reversed phase LC
system with column specifications as follows: particle size: 2
um, diameter: 75 um, length: 500 mm, running at 250 nL, min~"
flow and kept at 45 °C. Analytes were eluted by 65 min, 0-50%
acetonitrile gradient. The mass spectrometric settings for MS1
scans were: resolution of 12000, AGC target of 3 x 10°
maximum injection time of 50 ms, scanning from 350-2000 m/z
in profile mode. The cycle time was adjusted to 2.5 seconds and
charge states z = 2-7 were isolated using a 1.2 m/z window.
Precursors were fragmented by HCD using optimized stepped
normalized collision energies of 30 + 6. Fragment ions scans
were acquired at a resolution of 30 000, AGC target of 5 x 10°,
maximum injection time of 54 ms, scanning from 200-2000 m/
z, underfill ratio set to 1%. Dynamic exclusion was enabled for
60 s (including isotopes). The data were analyzed using PEAKS
Studio 11.5 (Bioinformatics Solutions). The reference BSA
sequence was retrieved from UniProt (P02769). The enzyme was
set to trypsin with specific cleavages and a maximum of two
missed cleavages. Fixed modification was set to carbamido-
methyl (C: +57.02). The variable modifications were: deamida-
tion (NQ: +0.98), oxidation (M: +15.99), indazolone oNBA amide
(K: +198.04), secondary amide-oNBA amide (K: +200.06), inda-
zolone oNBA methoxy (K: +171.03) or secondary amide-oNBA
methoxy (K: +173.05). The allowed peptide lengths were
between 6 and 45. The FDR was set at 1%.
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Results and discussion
Design of reactive groups and light source

Studying the fundamental chemical reactivity of crosslinkers is
complicated by factors such as the availability of proximal lysine
residues, steric restrictions of reactive groups and the possi-
bility of multiple reaction products. Therefore, to characterise
and optimise oNBA reactivity with proteins effectively, we first
synthesised two different oNBA reactive head groups that have
either amide (electron withdrawing, 1a) or methoxy (electron
donating, 1b) substituents to alter the physicochemical and
photophysical properties of the oNBA moiety (Fig. 2A). The
oNBA groups were coupled to an alkyne due to its inert behav-
iour in biological applications and potential future use as
a handle in chemical biology. We gave careful consideration to
the wavelength of light to be used for irradiation due to the
potential biological damage that can occur at wavelengths
<300 nm. While oNBA moieties have been applied to chemical
crosslinking using wavelengths of >400 nm,"™ we elected to
employ 365 nm light that is also commonly used with conven-
tional photoactivatable reagents like diazirines and benzophe-
nones,>?* as this would enable our reagents to be widely
deployed in the XL-MS community. The increase of m-electron
density imparted by addition of the methoxy substituent
increased the A,y of probe 1b to ~300 nm, with its absorbance
at 365 nm increased 10-fold relative to 1a (Fig. 2B).

Given the low absorbance of 1a relative to 1b at 365 nm, we
sought to develop a high-power UV lamp to increase the rate of
head group photolysis to minimise differences in irradiation
time.”” In previous work, we developed a lamp with a 3.8 W UV-
LED positioned above the sample*® (Fig. 2C, left). Here, we
developed a new apparatus that utilised a LED with an addi-
tional focal lens, positioned below the sample, directing
focused light upwards.”® This design reduced both the path
length to the sample and the light cone angle, minimising the
loss of light to the surrounding environment and maximising
irradiation of the sample. Initial test reactions using the glob-
ular protein SurA and probe 1a showed that these alterations
greatly improved the labelling efficiency achievable using this
new device, as intact-MS analysis revealed complete modifica-
tion of SurA after just 30 seconds of irradiation (50 molar excess
of 1a, Fig. 2D).

Characterisation of oNBA labelling

With the ability to achieve high-yielding labelling in short irra-
diation times, we further characterised both oNBA analogues. We
incubated a model globular protein (SurA, 45.1 kDa, 21 lysine
residues) with either of the oNBA analogues at increasing
concentrations (ranging from 1:10 to 1:50 molar ratio of
protein : reagent), or an NHS-ester reactive group for comparison.
We chose SurA as a model protein because we have used it
previously in crosslinker validation studies.>* After activation (30
seconds) and an incubation time of 1 hour, we analysed the
samples using intact MS to identify and quantify the species
present to determine the degree of labelling. Head group 1b
exhibited significantly lower labelling efficiency compared to 1a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimising the physicochemical properties of oNBA warheads for protein labelling and development of an improved high-powered
irradiation device to increase labelling efficiency. (A) The two synthesised reactive oNBA reactive head groups containing an electron with-
drawing group (EWG, amide) (1a) or an electron donating group (EDG, methoxy) (1b). (B) UV/vis spectra showing the absorbance of probe 1a and
1b, highlighting the lack of absorbance of both oNBA groups at 365 nm. (C) Schematics highlighting the structural differences between the two
in-house built lamps. For details of lamp 1 see ref. 28, and for details of lamp 2 see Experimental. (D) Protein labelling reactions of SurA using
probe la. SurA was incubated with 1a at a 50 molar excess in PBS with a 30 second UV irradiation time using the two different lamps. The samples
were left after irradiation for an hour and then analysed via intact MS. The relative abundance of the differentially labelled species was quantified.

despite its higher absorbance at 365 nm (Fig. 3A and B). The
yields of labelling by 1a were similar to those of the NHS-ester,
with both producing highly labelled species (>4 modifications)
at all concentrations tested (Fig. 3B and C). To investigate the
kinetics of protein labelling by photoproducts of oNBA irradia-
tion, SurA was incubated with 1a, the samples were irradiated
with 365 nm light for 30 seconds, and the labelling reaction was
terminated at different time points after irradiation by adding
excess lysine. The results indicated that 100% SurA modification
was reached after 15 minutes, suggesting that the activated oNBA
intermediate is long-lived (Fig. 3D). Due to technical limitations,
it was not possible to capture any lag phase in the labelling
reaction, perhaps because this may require experiments with
lower irradiation times (the lowest repeatable irradiation times
achievable with our UV lamp was 30 s) and quenching times (the
earliest quenching time we achieved was 1 min after irradiation).

To confirm the stability of the oNBA intermediate, we con-
ducted a series of "H NMR experiments. A solution of 4-
(hydroxymethyl)-3-nitrobenzoic acid in acetone-ds was irradi-
ated with 365 nm light for 30 seconds and the sample was
monitored by 'H NMR spectroscopy. After activation we
observed the aldehyde proton from the activated species with
a yield of ~46% (Table S1). The abundance of the aldehyde
decreased following addition of D,O, due to reversible

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrolysis (Fig. S1t), but stabilised with a measured yield
equivalent to ~27% after 15 min. The extended lifetime of the
oNBA intermediate and its stability in aqueous buffer allows it
to retain its specificity and high yields providing sufficient time
to profile lysine residues. However, a consequence of increased
stability is less sensitive time-resolution when compared to the
nanosecond reaction pulse of an activated diazirine.” oNBA
groups therefore represent a complementary tool in crosslinker
design for time-resolved applications.

A restriction when using NHS-ester based crosslinkers is the
need to remove amines from the reaction buffer. This renders the
commonly encountered biochemical buffer Tris unsuitable for
NHS-ester based XL studies.* In view of this, we chose to perform
the previously described labelling reactions in PBS (Fig. 3A-D). To
investigate the compatibility of the oNBA group for protein-
labelling in Tris-based buffers, the labelling reactions were per-
formed in 20 mM Tris-HCl and PBS for both the NHS-ester and
1areactive groups. Head group 1a clearly demonstrated its ability
to successfully react with lysine residues even in 20 mM Tris-HCI,
whereas the NHS-ester showed a significant decrease in labelling
efficiency in this buffer (Fig. 3E). We performed further "H NMR
studies to investigate the stability of the nitrosoaldehyde in the
presence of Tris (Fig. S1t). When Tris- HCI (final concentration of
~8 mM, prepared in D,O, see Experimental) was introduced to
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Fig. 3 Labelling reactions of a model globular protein, SurA, using amide-oNBA, methoxy oNBA and NHS-ester reactive groups. The labelling
efficiency of (A) 1b; (B) 1a; and (C) NHS-ester reactive groups. All head groups (left) were incubated with SurA at varying molar excesses and
samples containing oNBA reactive groups were irradiated with 365 nm light for 30 seconds. The total reaction time was 1 hour. An exemplar
deconvoluted mass spectrum is shown for labelling performed upon addition of the probe at a 1:10 molar excess (centre). The relative
abundance of all the species present was quantified using intact MS and the mean values of three replicate measurements are plotted (right). The
data used to generate these graphs are detailed in Tables S2—-S4.7 (D) Labelling reactions were quenched with excess lysine at different time
points after irradiation, with labelling performed using 1a, and the relative abundance of the species present quantified to determine the extent of
protein labelling. (E) Bar chart highlighting the buffer compatibility of the oNBA reactive group la when compared to an NHS-ester group.
Labelling reactions were carried out by incubating SurA with a 50-fold molar excess of the head group in PBS or in 20 mM Tris.
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a sample of 4-(hydroxymethyl)-3-nitrobenzoic acid that had been
irradiated at 365 nm, the measured abundance of the aldehyde
proton decreased from ~46% to ~26% after 15 min. This yield is
comparable to the value measured when D,O alone was added,
suggesting that Tris cannot react with the activated oNBA species
(Table S1t). When lysine- HCl was added (final concentration of
~8 mM, prepared in D,O, see Experimental) the yield of the
aldehyde proton was reduced to ~4% after 15 min, clearly
demonstrating the nitrosoaldehyde's preference to react with less
sterically hindered amines (Table S1f). The improved buffer
compatibility of oNBA photoproducts could be useful for both
labelling reactions and XL-MS in cases where Tris-based buffers
are utilised for sample preparation.

Investigation of o0NBA-lysine reaction products

Previous work investigating oNBA reactivity with lysine residues
upon UV-irradiation highlighted the different potential products
formed upon reaction of the e-amine with the activated oNBA
species.** The aldehyde formed from the dehydration reaction
initiated upon UV irradiation of oNBA could allow for the
formation of an imine. This product is isobaric to the indazolone
product which forms (Fig. 4A), making the imine and indazolone
indistinguishable by MS. Imines are susceptible to acid-induced
hydrolysis and reduction, and are therefore likely to decompose
under LC-MS/MS conditions, making detection of any imine
product by LC-MS/MS unlikely. Another possible product of
ONBA reaction with lysine is a secondary amine, formed by
reduction of the imine (Fig. 4A), which has been previously re-
ported.” The small difference in mass between these two prod-
ucts (~2 Da) is difficult to detect using intact-MS, therefore we
utilised high-resolution tandem MS of tryptic peptides to differ-
entiate between the potential products. To achieve this, we
labelled bovine serum albumin (BSA) with both o0NBA analogues,
then performed tryptic digestion to detect both modified and
unmodified peptides (Fig. S21). Using label free quantification,
we identified the relative abundancies of both indazolone and
amine products for both o0NBA analogues (Fig. 4B). 1a exhibited
significantly higher labelling yields relative to 1b and consistently
formed the desired indazolone selectively (>20: 1 ratio, Fig. 4B).
Reagent 1b afforded low yields of labelled peptides (<0.5%) and
the products comprised of a roughly equal mixture of indazolone
and amine products, consistent with previous literature find-
ings.' We propose that the lower reactivity of this group,
combined with its lack of specificity, renders this analogue
unsuitable for XL-MS (Fig. 4B). Consequently, the amide-
containing oNBA group 1a was taken forward and incorporated
into our crosslinker design.

Characterisation of a hetero-bifunctional oNBA crosslinker

In analogy with commercial photoactivatable crosslinkers that
are hetero-bifunctional, we synthesised a molecule containing
NHS-ester and oNBA reactive moieties (2, Fig. 5A). NHS-esters
are often incorporated into hetero-bifunctional crosslinkers to
decorate the protein surface with a reactive group that can then
be subsequently activated by UV irradiation (to enable temporal
control of crosslinking).*> We applied a similar design principle

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

to generate a crosslinker with the ability for temporally
controlled crosslinking via one of the reactive moieties. We
crosslinked BSA using 2 and determined successful protein
crosslinking using SDS-PAGE, wherein smearing of the gel band
corresponding to BSA was observed after crosslinking (Fig. 5A).
The crosslinked samples were digested and analysed by LC-MS/
MS. Across the 3 crosslinked samples analysed, 38 total cross-
links were identified with 38% of these found in all samples
(Fig. 5B and S37). The yields of crosslinks were lower than
established bis-NHS crosslinkers (e.g. DSS),” however, when
compared to other hetero-bifunctional photoactivatable cross-
linkers (e.g. SDA), the number of detected crosslinks was
increased.*® We propose that this is likely due to the high
specificity of the photochemically activated oNBA reactions for
lysine sidechains, and the fact that oNBA photoproducts are not
deactivated by water, unlike diazirines.** The crosslinks were
mapped onto the crystal structure of BSA to determine the
distance between the residues involved in each crosslink
(Fig. 5C). No identified crosslinks exceeded 40 A (Ca-Ca
Euclidean distance), indicating that this crosslinker provides
aviable distance restraint that is consistent with those obtained
from other reagents,* making 2 suitable for structural proteo-
mics. To further validate that our oNBA based crosslinkers react
specifically with Lys residues, we compared the score distribu-
tion of identified crosslinks determined using MeroX*® when
using search parameters specific for Lys-Lys crosslinks and
‘false positives’ where we set the specificity of our crosslinkers
to Asp/Glu residues. As expected, the scores determined by
MeroX for the matched Lys-Lys crosslinks were much higher
than those for the ‘false’ crosslinks (Fig. S97). The large differ-
ence in scores for crosslinked spectral matches (CSMs) between
these two searches demonstrates that 2 produces crosslinks
specifically between Lys residues, and provides additional
confidence in the identifications of crosslinks made.

Characterisation of a homo-bifunctional oNBA crosslinker

Given the high specificity of oNBA chemistry towards g-amines,
we aimed to design a crosslinker in a similar style to DSS (which
contains two NHS-esters) that contained two oNBA reactive
moieties. This new homo-bifunctional crosslinker (3, Fig. 6A)
was used to crosslink the model protein BSA. Seventeen total
crosslinks were detected by LC-MS/MS (Fig. S41), fewer than the
previously described hetero-bifunctional crosslinker (38 total
crosslinks, Fig. 5B). This was expected as our earlier findings
showed that the oNBA reactive moiety is less reactive than the
NHS-ester (Fig. 2D). The crosslinks identified were reproducible
between biological replicates (Fig. 6B). These crosslinks were
mapped onto a BSA crystal structure and the distances between
crosslinked residues calculated (Co—Co Euclidean distance),
revealing no crosslinks exceeded 40 A (Fig. 6C), indicating that
this crosslinker provides a viable distance restraint that is
consistent with those obtained from other reagents,* making 3
suitable for structural proteomics. The scores for searching for
Lys-Lys crosslinks were much higher than those for the ‘false’
crosslinks (Fig. S10t), providing confidence in the crosslink
identifications made.
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Fig. 4 Relative abundance of different oNBA reaction products with lysine residues in BSA quantified by LC-MS. (A) Possible products of the
oNBA reaction with primary amines detectable by LC-MS, including the monoisotopic mass addition expected from each respective reaction
with a lysine sidechain ([H] represents a generic reducing agent). (B) Box plots depicting the yield of all modified peptides (relative to their
corresponding unmodified counterpart) detected in BSA when labelling was performed with 1a or 1b. These data highlight the increased yield of
indazolone products using 1a over 1b, and the overall greater reaction yields obtained for 1a. Exemplar MS/MS spectra of modified peptides can
be found in Fig. S2.1
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Fig. 5 Crosslinking of BSA using the hetero-bifunctional crosslinker 2. (A) The structure of the synthesised hetero-bifunctional crosslinker 2 with
the SDS-PAGE gel of BSA alone or after reaction with 100-fold molar excess of crosslinker 2. PL = protein ladder, + and — indicate that crosslinker
was or was not added to the protein, respectively. (B) Venn diagram showing the reproducibility of BSA crosslinking using crosslinker 2. The Venn
diagram displays the reproducibility of crosslinks identified in three biological replicates. The numbers shown include two homotypic crosslinks,
suggesting some interprotein crosslinking is occurring, consistent with the SDS-PAGE gel shown in (A) where higher molecular weight species
are observed after crosslinker addition. (C) Histogram of the Euclidean distances of crosslinks identified as determined by mapping these onto the
BSA crystal structure. Note that heterotypic crosslinks are excluded from this analysis. (D) The crosslinks identified from all 3 replicates mapped
onto the BSA crystal structure (PDB 4F5S).3” Mapping of crosslinks onto structures and distance measurements was performed using the
PyXlinkViewer plugin for PyMol.2* Exemplar MS/MS spectra of crosslinked peptides can be found in Fig. S3.1

Characterising protein-protein interaction using novel
crosslinkers

After successfully identifying crosslinks generated by both
hetero-bifunctional and homo-bifunctional oNBA crosslinkers,
we next sought to characterise a protein-protein interaction

© 2025 The Author(s). Published by the Royal Society of Chemistry

(PPI), using the SurA-OmpX complex as a model system to
identify interprotein crosslinks. We chose this protein complex
to study because these proteins are known binding partners,
because previous crosslinking data exists using both NHS ester
and diazirine-based reagents®* and because the SurA-OmpX
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Fig. 6 Crosslinking of BSA using the homo-bifunctional crosslinker 3. (A) The structure of the synthesised homo-bifunctional crosslinker 3 with
the SDS-PAGE gel of BSA alone or after reaction with 100-fold molar excess of crosslinker 3. PL = protein ladder, + and — indicate that crosslinker
was or was not added to the protein, respectively. (B) Venn diagram showing the reproducibility of crosslinking using crosslinker 3. The Venn
diagram displays the reproducibility of crosslinks identified in three biological replicates. The numbers shown include two homotypic crosslinks,
suggesting some interprotein crosslinking is occurring, consistent with the SDS-PAGE gel shown in (A) where higher molecular weight species
are observed after crosslinker addition. (C) Histogram of the Euclidean distances of crosslinks identified as determined by mapping these onto the
BSA crystal structure. Note that heterotypic crosslinks are excluded from this analysis. (D) The crosslinks identified from all 3 replicates mapped
onto the crystal structure (PDB 4F5S).3” Mapping of crosslinks onto structures and distance measurements was performed using the PyXlink-
Viewer plugin for PyMol.2* Exemplar MS/MS spectra of crosslinked peptides can be found in Fig. S4.1

complex is dynamic, with OmpX forming many contacts with
SurA (even though this interaction is driven by interactions at
two hotspots on SurA®). To exploit the heterobifunctional
nature of 2, which contains both a constitutively active NHS-
ester and a photoactivatable oNBA group, we incubated SurA
with 2 for 30 minutes to enable the NHS-ester to react with
lysine residues. After this, we introduced OmpX to form the

15250 | Chem. Sci., 2025, 16, 15239-15255

SurA-OmpX complex. The sample was then irradiated with UV
light to generate interprotein crosslinks between SurA and
OmpX. This strategy represents a ‘plant and cast’ approach to
crosslinking, which has been previously exploited by others.*
Using crosslinker 2, we identified 79 unique crosslinks
including 9 interprotein crosslinks (Fig. 7A and S51). All the
interprotein crosslinks between SurA and OmpX were localised

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XL-MS analysis of SurA and OmpX with synthesised hetero-bifunctional and homo-bifunctional oNBA-based crosslinkers. (A) SurA and
OmpX were crosslinked using 100-fold molar excess of the synthesised crosslinker 2. The interprotein crosslinks identified were mapped onto
the protein sequences using XiView.® (B) SurA and OmpX were crosslinked using 100-fold molar excess of crosslinker 3. The interprotein
crosslinks identified were mapped onto the protein sequences using XiView. (C) The crystal structure of SurA (PDB 1M5Y).*! The green spheres
represent the 9 lysine residues on SurA that formed crosslinks with K60 of OmpX. Exemplar MS/MS spectra of crosslinked peptides can be found

in Fig. S5 and S6.1

onto K60 of OmpX. This is consistent with previously published
XL-MS data of this complex, where a diffuse interaction inter-
face was captured, and highlights the ability of crosslinker 2 to
describe protein binding interfaces in heteromeric
assemblies.”

© 2025 The Author(s). Published by the Royal Society of Chemistry

As crosslinker 3 contains two oNBA moieties which are both
UV-activatable, a ‘plant and cast’ strategy could not be utilised
for this reagent. Instead, we formed the SurA-OmpX complex
and then added crosslinker 3, activating its two reactive groups
simultaneously via UV irradiation. We identified 58 crosslinks
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Fig. 8 The mono-link products detected using both crosslinkers (2) and (3). (A) MS/MS data from the SurA-OmpX crosslinking dataset was
searched for potential mono-link products using crosslinker 2. The hypothesised mono-links that could be present in the sample were assumed
to result from either water or lysine quenching/reactions. The pie chart represents the number of identified unique crosslink/mono-link species
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The hypothesised mono-links that could be present in the sample were assumed to result from either water or lysine quenching/reactions. The
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with 10 interprotein crosslinks (Fig. S61). The crosslinks were
again mainly localised onto K60 of OmpX (Fig. 7B). The 9
interprotein crosslinks identified using crosslinker 2 were also
present when using crosslinker 3, suggesting that comparable
data can be generated using the two different crosslinkers. The
lysine residues of SurA that form crosslinks with K60 of OmpX
were mapped onto the crystal structure of SurA (Fig. 7C). This
highlights the large dispersion of lysine residues across the
sequence of SurA and agrees with previous work that has used
XL-MS to demonstrate that these two binding partners have
a diffuse interaction interface. The consistency of our findings
relative to previous XL-MS studies and other complimentary
techniques® further supports the potential of oNBA cross-
linkers in unveiling the architectures of protein complexes.

Investigating ‘mono-link’ products when using an oNBA
based crosslinker

The propensity of crosslinking reagents to form uninformative
mono-links instead of the desired crosslinks is a common
challenge in XL-MS, especially for NHS-ester based reagents.'®
This is due to the susceptibility of the reactive groups used in
crosslinkers to irreversible hydrolysis. While the reactive inter-
mediate formed by oNBA photolysis also reacts with water, this
process is reversible.*” After demonstrating the ability of
crosslinkers 2 and 3 to detect PPIs, we investigated their
propensity to form mono-links. Using database searches, we
sought to identify the structures of potential mono-link prod-
ucts formed by both crosslinkers from the SurA-OmpX datasets
(Fig. 8A and B).

Using crosslinker 2, we hypothesised 4 potential dead-end
products might form (2a, 2b, 2¢, 2d, Fig. 8A). The protein
modifications corresponding to irreversible hydrolysis of
NHS-ester (2d) and the activated oNBA remaining unreacted
(2a) are isobaric and indistinguishable (Fig. 8A). Therefore,
these species are grouped together in this analysis. We iden-
tified 20 2b products, 13 2¢ products and 23 2a/d products
(Fig. 8A and S77). There was no consistent mono-link product
observed when using crosslinker 2, likely due to the diversity
of products available. The number of potential mono-link
products is reduced to three when using crosslinker 3, as it
is homo-bifunctional. The potential mono-links identified
comprised 14 lysine quenched products (3b), 15 water adducts
(3¢) and 4 unreacted oNBA moieties (3a) (Fig. 8B and S87). The
reduced number of mono-link identifications when using
crosslinker 3 compared to crosslinker 2, suggests that
unreacted oNBA moieties are not commonly present and the
identification of such structures when using crosslinker 2 is
likely due to the isobaric irreversible hydrolysis of the NHS-
ester group (2d).

Overall, we identified 56 and 33 unique modifications for
crosslinker 2 and 3 respectively. The number of unique cross-
links identified was 79 for 2 and 58 for 3, meaning the number
of identified crosslinks is ca. twice the number of identified
mono-links (Fig. 8A and B). The high number of crosslinks
compared to mono-links seen here differs from previous work
utilising NHS-ester based reagents, which often have a higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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propensity to form mono-links over crosslinks.** This repre-
sents a significant advantage over existing crosslinking groups
and is potentially due to the high specificity and reactivity of the
ONBA group for primary amines, in addition to its reversible
reaction with water, reducing the likelihood of side-reactions
that are the cause of mono-link formation.

Conclusion

Here we have developed new oNBA reactive warheads and
designed novel chemical crosslinkers for mapping protein-
protein interactions. By synthesising and characterising two
OoNBA reactive head groups, we highlight the importance of
substitution pattern in determining the behaviour of oNBA
chemistry for biological applications involving UV-irradiation/
activation. We have demonstrated that once appropriately
understood, UV photoactivation of oNBA can generate high
yields of modified protein with highly predictable reaction
products, demonstrating that oNBA based reagents are suitable
for protein labelling. One key advantage of oNBA chemistry is
not only its UV activation but its specificity. Our data highlights
the buffer compatibility of oNBA chemistry, showing no
decrease in labelling yields in amine-based buffer. Based on the
promising labelling efficiencies we identified, two oNBA based
crosslinkers, a hetero-bifunctional and homo-bifunctional
reagent, were synthesised and both reliably formed crosslinks
detectable by mass spectrometry. These reagents can be used to
generate distance restraints that are comparable to those that
can be obtained with most commercially available NHS-ester
based crosslinkers, demonstrating the possible applications of
these reagents in structural proteomics. The lower propensity to
form mono-links when using oNBA based crosslinkers to
measure interprotein interactions also addresses the limita-
tions of traditional photoactivatable crosslinkers, expanding
the scope of XL-MS. An additional benefit of the oNBA reactivity
profile is the high specificity towards lysine residues. This
simplifies the search space for crosslinking data analysis and
may prove extremely beneficial when working with more
complex samples. We anticipate that the selectivity and bio-
orthogonal activation of oNBA crosslinking reagents will
further contribute to the future understanding of protein
structure and interactions, especially for the analysis of
dynamic proteins and their interactions, including studies in
vivo, that will benefit greatly from the temporal control afforded
by these novel reagents.
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