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ABSTRACT: Mass spectrometry-based chemoproteomics has enabled functional analysis and small molecule screening at
thousands of cysteine residues in parallel. Widely adopted chemoproteomic sample preparation workflows rely on the use of
pan-cysteine reactive probes such as iodoacetamide alkyne combined with biotinylation via copper-catalyzed azide-alkyne
cycloaddition (CuAAC) or ‘click chemistry’ for cysteine capture. Despite considerable advances in both sample preparation
and analytical platforms, current techniques only sample a small fraction of all cysteines encoded in the human proteome.
Extending the recently introduced labile mode of the MSFragger search engine, here we report an in-depth analysis of cysteine
biotinylation via click chemistry (CBCC) reagent gas-phase fragmentation during MS/MS analysis. We find that CBCC conju-
gates produce both known and novel diagnostic fragments and peptide remainder ions. Among these species, we identified a
candidate signature ion for CBCC peptides, the oxonium-biotin fragment ion that is generated upon fragmentation of the
N(triazole)-C(alkyl) bond together with cyclization. Guided by our empirical comparison of the fragmentation patterns of five
CBCC reagent combinations, we achieved enhanced coverage of cysteine labeled peptides. For larger, fragmentation-prone
biotinylation reagents, implementation of labile search afforded unique PSMs and provides a roadmap for the utility of such
searches in enhancing chemoproteomic peptide coverage.

Introduction resin and proteolytic digest, labeled peptides are then iden-

Chemoproteomics has become a workhorse technology tified through liquid chromatography-tandem mass spec-

for functional biology and drug discovery efforts, enabling
target deconvolution for a number of bioactive molecules,
clinical candidates, and even drugs.!-* Most sample prepa-
ration workflows rely on the same general strategy. Cells or
cellular lysates are first labeled with chemical probes that
incorporate an electrophilic moiety or a photoactivatable
group for irreversible modification of the probe-binding
proteins. Probe-labeled proteomes are then conjugated via
bioorthogonal copper-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) or 'click chemistry' to biotin or desthiobiotin
capture reagents (typically azide-or alkyne-modified).5-7
The use of bioorthogonal chemistry for protein and peptide
capture, in contrast with probes derivatized directly with
biotin, offers the advantage of decreasing probe size and in-
creasing cell permeability.8° After enrichment on avidin

trometry (LC-MS/MS) analysis.

Cysteine-reactive probes are particularly favored for
chemical probe development campaigns, given the unique
chemistry of the cysteine thiol!® and its important roles in
functional and therapeutically relevant targets.!>2 Chemo-
proteomics studies using cysteine-reactive probes such as
iodoacetamide alkyne have demonstrated that the prote-
ome harbors thousands of potential ligandable cyste-
ines.131* However, a central challenge of these studies is that
they still only sample a small fraction (2.4%) of all cysteines
in the human proteome (estimated to comprise >260,000
residues).’> Closing this gap requires the development of
optimized chemoproteomic sample preparation and data
analysis workflows. Supporting this premise, our recent
work revealed that using a SP3 cleanup method combined



with on-line sample fractionation could achieve 5.5-fold in-
creased coverage compared to prior methods, with de-
creased instrument time.!5

One aspect of global cysteine chemoproteomics work-
flows that remains largely unexplored is the impact of rea-
gent gas-phase fragmentation during MS/MS analysis and
whether such fragmentation might impact data analysis or
coverage of labeled peptides. The inertness of the triazole
formed during ‘click chemistry’ to gas-phase reactions has
been widely documented.!¢-18 In one notable exception to
this paradigm, collision-induced dissociation (CID) of tria-
zole-modified peptides has been found to afford nucleo-
philic displacement of the N3 nitrogen in the 1,2,3-triazole
ring.1® This fragmentation and the resulting stable quater-
nary ammonium ion were previously leveraged to generate
custom isobaric tags.2® Whether and to what extent 1,2,3-
triazoles show additional gas-phase fragments remains un-
explored.

In contrast with the seeming gas-phase inertness of the
triazole moiety, the MS/MS fragmentation of biotin conju-
gates have been widely documented, including the applica-
tion of signature reporter ions for identification of biotinyl-
ated peptides. These studies have extended to the fragmen-
tation of biotin-lysine conjugates, biotin-phenol modified
tyrosine residues (e.g. conjugates formed during APEX
proximity labeling?!) and biotin conjugates formed during
covalent modification of cysteine,?? serine,?* and tyrosine
residues.?425 Most notably, incorporation of signature biotin
fragments into MS/MS analysis workflows has proven in-
strumental for identification of the specific sites of labeling
for serine hydrolase reactive fluorophosphonate-biotin re-
agents (FP-biotin).?3 Dehydrobiotin (m/z 227.0845) is a di-
agnostic ion shared across most biotin fragmentation stud-
ies.

The variable modification approach employed by search
algorithms (e.g. SEQUEST,?¢ PROLUCID?7) widely used for
chemoproteomics data analysis looks for fragment ions that
contain intact biotin conjugates, thereby under sampling
peptides with labile modifications. Some algorithms, (e.g.
COMET?8), allow for neutral losses to be specified. Open
search is an alternative approach in which the peptide mass
is determined by matching fragment ions without
knowledge of the precursor mass.23° For labile modifica-
tions, open searches, together with the more focused mass
offset3! or multinotch3? searches enable spectral matching
for a larger proportion of observed fragmentation ions.
Showcasing the utility of these algorithms for achieving in-
creased coverage of peptides with labile modifications, off-
set searches of glycoproteomics datasets were found to sig-
nificantly increase the number of successfully annotated
spectra.3?

Here we report the discovery that gas phase fragmenta-
tion of triazole-and biotin-modified peptides affords several
characteristic fragment ions, including previously reported
and newly identified species. Using open and mass offset
search strategies, we conduct an in-depth analysis of the rel-
ative intensities and specificity of these signature frag-
ments. By varying the nature of the labeling reagent, includ-
ing linker length and position of the triazole, we achieved

improved coverage of labeled peptides. The combination of
labile and non-labile ion searches further enhanced cover-
age of chemoproteomic detected cysteines identified using
larger biotinylation reagents. Collectively our study demon-
strates the utility of labile ion and mass offset search strat-
egies in the analysis of chemoproteomics datasets and re-
veals the ubiquity of triazole fragmentation in MS/MS anal-
ysis of chemically modified peptides.

Experimental section

Proteomic sample preparation. Samples were pre-
pared as reported.’s Jurkat proteome (200 pL of 1 mg/mL)
was first labeled with IAA 1 or other reagents (4 pL of 100
mM stock solution in DMSO, final concentration = 2 mM) for
1h at ambient temperature. CuUAAC was performed with bi-
otin-azide 2 or other reagents (4 pL of 200 mM stock in
DMSO, final concentration = 4 mM), TCEP (4 pL of fresh 50
mM stock in water, final concentration = 1 mM), TBTA (12
uL of 1.7 mM stock in DMSO/t-butanol 1:4, final concentra-
tion = 100 uM), and CuS04 (4 pL of 50 mM stock in water,
final concentration = 1 mM) for 1h at ambient temperature.
After CuAAC labeling, each sample was treated with 20 uL
10% SDS/PBS and then 0.5 uL benzonase (Fisher Scientific,
70-664-3) for 30 min at 37 °C. For each 200 pL sample (1
mg/mL protein concentration), 20 pL Sera-Mag Speed-
Beads Carboxyl Magnetic Beads, hydrophobic (GE
Healthcare, 65152105050250) and 20 pL Sera-Mag Speed-
Beads Carboxyl Magnetic Beads, hydrophilic (GE
Healthcare, 45152105050250) were mixed and washed
with water for three times. The bead slurries were then
transferred to the CuAAC samples, incubated for 5 min at RT
with shaking (1000 rpm). Absolute ethanol (400 pL) was
added to each sample, and the samples were incubated for
5 min at RT with shaking (1000 rpm). Samples were then
placed on a magnetic rack, washed three times with 80%
ethanol in water (400 pL). After washing, beads were resus-
pended in 200 pL 2 M urea in 0.5% SDS/PBS. DTT (10 L of
200 mM stock in water, final concentration = 10 mM) was
added into each sample and the sample was incubated at 65
°C for 15 min. Then, iodoacetamide (10 pL of 400 mM stock
in water, final concentration = 20 mM) was added and the
solution was incubated for 30 min at 37 °C with shaking in
the dark. After that, absolute ethanol (400 pL) was added to
each sample, and the samples were incubated for 5 min at
RT with shaking (1000 rpm). Beads were then again washed
three times with 80% ethanol in water (400 pL). Next, beads
were resuspended in 200 pL 2 M urea in PBS and 2 pL tryp-
sin solution was added. Digest was overnight at 37 2C with
shaking. After digestion, ~ 4 mL acetonitrile (> 95% of the
final volume) was added to each sample and the mixtures
were incubated for 10 min at RT with shaking (1000 rpm).
The beads were then washed (3 x 1 mL acetonitrile) with a
magnetic rack. Peptides were eluted from SP3 beads with
100 pL of 2% DMSO in MB water for 30 min at 37 °C with
shaking (1000 rpm). The elution was repeated again with
100 pL of 2% DMSO in MB water. For each sample, 50 pL of
NeutrAvidin Agarose resin slurry (Pierce, 29200) was
washed three times in 10 mL IAP buffer (50 mM MOPS pH
7.2, 10 mM sodium phosphate, and 50 mM NaCl buffer) and



then resuspended in 800 pL IAP buffer. Peptide solutions
eluted from SP3 beads were then transferred to the Neu-
trAvidin Agarose resin suspension, and the samples were
rotated for 2h at RT. After incubation, the beads were pel-
leted by centrifugation (21,000 g, 1 min) and washed (3 x 1
mL PBS, 6 x 1 mL water). Bound peptides were eluted twice
with 60 pL of 80% acetonitrile in MB water containing 0.1%
FA. The first 10 min incubation at RT and the second one at
72 °C. The combined eluants were dried (SpeedVac), then
reconstituted with 5% acetonitrile and 1% FA in MB water
and analyzed by LC-MS/MS.

Liquid-chromatography tandem mass-spectrometry
(LC-MS/MS) analysis. The samples were analyzed by lig-
uid chromatography tandem mass spectrometry using a
Thermo Scientific™ Orbitrap Eclipse™ Tribrid™ mass spec-
trometer or coupled with a High Field Asymmetric Wave-
form lon Mobility Spectrometry (FAIMS) Interface. Peptides
were fractionated online using a 18cm long, 100 uM inner
diameter (ID) fused silica capillary packed in-house with
bulk C18 reversed phase resin (particle size, 1.9 pm; pore
size, 100 A; Dr. Maisch GmbH). The 70-minute water-ace-
tonitrile gradient was delivered using aThermo Scientific™
EASY-nLC™ 1200 system at different flow rates (Buffer A:
water with 3% DMSO and 0.1% formic acid and Buffer B:
80% acetonitrile with 3% DMSO and 0.1% formic acid). The
detailed gradientincludes 0 - 5 min from 3 % to 10 % at 300
nL/min, 5 - 64 min from 10 % to 50 % at 220 nL/min, and
64 - 70 min from 50 % to 95 % at 250 nL/min buffer B in
buffer A (Table S7). Data was collected with charge exclu-
sion (1, 8,>8). Data was acquired using a Data-Dependent
Acquisition (DDA) method consisting of a full MS1 scan
(Resolution = 120,000) followed by sequential MS2 scans
(Resolution = 15,000) to utilize the remainder of the 1 sec-
ond cycle time. Precursor isolation window and normalized
collision energy were set as described in the study. The MS
data have been deposited to the ProteomeXchange Consor-
tium3#4 via the PRIDE partner repository3> with the dataset
identifier PXD028853. File details were listed in Table S6.

Protein and peptide identification. Raw data collected
by LC-MS/MS were searched with MSFragger (v3.3) and
FragPipe (v16.0). For closed search, the proteomic work-
flow and its collection of tools was set as default. Precursor
and fragment mass tolerance was set as 20 ppm. Missed
cleavages were allowed up to 1. Peptide length was set 7 -
50 and peptide mass range was set 500 - 5000. Cysteine res-
idues were searched with differential modifications. For la-
bile search, mass offsets were set restricted to cysteines. Y
ion masses and diagnostic fragment masses were set as in
Scheme 1, Scheme 2 and Figure S8 for different proteomic
samples. PTM-Shepherd was enabled for localization.3¢ A
sample workflow can be found in SI. Diagnostic fragment
ion and peptide remainder masses were identified using a
labile offset search described above without diagnostic and
Y ions specified. Calibrated and deisotoped spectrum files
produced by FragPipe were retained and reused for this
analysis. The MS search results have been deposited to the

ProteomeXchange Consortium3# via the PRIDE partner re-
pository3> with the dataset identifier PXD028853. File de-
tails were listed in Table S6.

Results

Identification and verification of oxonium-biotin as the
major fragmentation product of cysteine biotinylation
via click chemistry (CBCC).

During our prior chemoproteomics analysis of the cyste-
inome!5 following the cysteine biotinylation via ‘click’
chemistry (CBCC) sample preparation workflow shown in
Figure 1A, we observed that nearly all MS/MS spectra dis-
played signals at m/z 227.085 and m/z 284.143 (Figure
1B). The m/z 227.085 fragment ion matches closely with
the calculated exact mass of dehydrobiotin F1, which has
been previously reported as signature ion for biotin-modi-
fied peptides.22242537 While the m/z 284.143 fragment ion
has not been previously reported as a signature ion associ-
ated with biotin, close inspection of potential labile bonds
in the biotin-triazole product M1, suggested that this signa-
ture ion likely results from fragmentation at the N(tria-
zole)-C(alkyl) bond (N6-C5) together with cyclization to af-
ford cyclic oxonium species F2, termed here oxonium-bio-
tin (Figure 1C).

As this fragmentation of biotin-triazole conjugate is, to
our knowledge, unprecedented, we next sought to further
vet the identity of the m/z 284.143 fragment ion. MS3 anal-
ysis of biotinylated peptides revealed that the dehydrobi-
otin and biotin-oxonium ions were the only major fragment
ions produced from CBCC, and both ions were observed
with high relative intensity (Figure 1D). Consistent with
prior MS3 studies, for example those that rely on isobaric
tags,38 these data support these fragment ions are likely de-
rived from the cysteine biotin modification.

To further pinpoint the source of m/z 284.143 fragment ion,
we next synthesized and applied a deuterated isotopologue
3 of our biotin-azide capture reagent (Scheme S1 and Fig-
ure 1E) to chemoproteomic analysis of cysteine-containing
peptides. IAA-labeled samples were subjected to capture,
enrichment, and MS/MS analysis (Figure 1A) using biotin-
D-azide 3. As predicted, results revealed the production of
a new characteristic fragment ion with m/z 290.180. Com-
pared to oxonium-biotin, the mass shift is consistent with
the -d6 modification of the reagent S1-S3 in Scheme S1
compared to biotin-azide 2. A comparison of samples la-
beled with the ‘light’ 1 and ‘heavy’ 3 biotin reagents, re-
vealed comparable PSMs and unique peptides were de-
tected (Figure 1F), consistent with equal performance of
the light and heavy reagents. For samples labeled with 1:1
heavy and light biotin-azide tags, quantification of the rela-
tive intensities of labeled peptides, using FragPipe’s lon-
Quant3? revealed a median log2(H:L) ratio close to zero with
minimal variance across peptides quantified, which indi-
cated equal labeling efficiency for both reagents (Figure
S2A). Consistent with prior reports,*® we do observe a mi-
nor (~3 sec) average retention time shift for peptides la-
beled with the deuterated reagent 3 (Figure S2B).
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Figure 1. (A) Workflow for cysteine chemoproteomic identification. Cysteines are capped with the pan cysteine reactive probe io-
doacetamide alkyne (IAA or 1), followed by copper-catalyzed azide-alkyne cycloaddition (CuAAC or ‘click’ chemistry) conjugation to
biotin-azide 2, SP3 sample cleanup, tryptic digest, neutravidin enrichment and LC-MS/MS analysis. (B) Representative MS/MS spec-
trum of biotinylated cysteine peptide. (C) Scheme of potential fragmentations of the click product and the resulting fragment ions.
Blue labeled remainder modification of the biotinylated cysteines and red labeled fragment ions. (D) Representative MS3 spectrum
of biotinylated cysteine b/y ions. (E) Representative MS/MS spectrum of cysteine peptide labeled with biotin-D-azide 3. (F) Mean
unique counts of PSMs and peptides identified with biotin-azide 2 and biotin-D-azide 3. Experiments were performed in duplicate.

Data can be fo

und in Table S1.

4

HS\ ’/// "i”'n ﬂ
s:
SH 2 Sy N:"\"__E 1) SP3 Clean-up 9
4 I1AA (1) s Biotin-azide (2) {;/ 2) Digestion
' ey »
.,SH ¢ r= A\\\ N— AN 3) NeutrAvidin
S., ‘ N Enrichment
' Ny cuAaC .,s.“@ g
Cell lysates = "\@
Az
o P AN
I\)LN/\/\// ZLTH H >
H §7 N ~Ns 2
/\/\Ig 5
1 2 miz Time
ya (o} fo) 0 [o]
NH 4 \'\(NH H ‘
1 2
(%) NH2-L H |’E'GFDTH FfTiR.COOH HN?é-"“MNH CLN2 H s
4 b3
‘ . SN e H F1
b2 Oxonium-biotin Dehydrobiotin
N
284.143 e N Exact Mass: 227.08487
10 a7 cs_'_NG o +
Dehydrobiotiny, y? 12 8 },NH H 0‘/]
227.085 ¥ | 2 o i i N
Yz ‘ : Y, _j— "
g v ot Cys M1 F2
H.. | 5, | Vs l Cysteine biotinylation Oxonium-biotin
Ll - RO WP T » miz Exact Mass: 463.23656 Exact Mass: 284.14272
100 200 300 400 500 600 700
D n® NH2 T G BYA S,P G K-COOH
8etb b,
w )
M 100 T
7e+6 1 S3 i MS2
Oxonium-biotin 75
6ets ¢ 284.143
50-
. 5e+6 I
3
€ 4e5 1 o » ¥ [
Z Dehydrobiotin I ATR T e s
g 3e+6 I 227.085 o 250 00 750 1,000 1250
= 2e+6 1
1e+6 ]
148.816
0e+0 by : ' i ‘ |
0 200 400 800 800 1000 1200
miz
0 F
I A
3 HN = PSM = Peptide
ity NH2-UTH I,rDrH rirircoom H NH 28000
Int |,K,J H hW DD
e Oxonium-biotin N N . 24000 21127
290.180 1y, 3 g 20076
3 20000
3 o
v, © 16000
Dehydrobiotin ? E 12047 13068
227.085 : v, £ 12000 ™
: i T >
b H l " i Vjﬁ 8000
: b
0 A OO PO PR 4000
0 100 200 300 400 500 600 700
0
Biotin-azide Biotin-D-azide



Scheme 1. Fragment ions and remainder modification on cysteines from fragmentation of cysteine biotinylation with I1AA 1
and biotin-azide 2 via click chemistry. Blue labeled remainder modification of the biotinylated cysteines and red labeled frag-

ment ions.
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In depth analysis of the fragmentation products of
CBCC.

Having pinpointed the likely nature of the m/z 284.143
fragment ion, we next expanded our analysis of the CBCC
fragmentation products with the overarching objective of
more fully deciphering how chemoproteomic-labeled pep-
tides behave in the gas phase. Inspired by recent advances
in the identification of peptides with labile modifications,
we opted to test whether the mass offset search of the
MSFragger search engine33#! could be extended to analysis
of CBCC fragmentation productions.

We first extended PTM-Shepherd to identify biotinyla-
tion-specific spectral features corresponding to fragments
of the biotinylation modification (diagnostic ions) or par-
tially fragmented biotinylation remaining on the peptide
(diagnostic peptide remainder masses) (Figure 2A). For bi-
otinylated PSMs, spectra had all possible diagnostic features
calculated and aggregated into a common histogram. For di-
agnostic ions, ions were inserted into the histogram at their
m/z observed in the experimental spectrum. For peptide re-
mainder masses, the distance between every ion in the ex-
perimental spectrum and the theoretical, unmodified pep-
tide mass was calculated and inserted into the common his-
togram. Recurring features were identified based on bin

height. The recurring features were then quantified across
modified and unmodified spectra, and their specificity for
biotinylation was assessed via comparisons to the unmodi-
fied PSMs.

As a result, several diagnostic fragment ions and peptide
remainder masses were identified, including m/z 227.085
(dehydrobiotin), m/z 284.143 (oxonium-biotin), m/z
424.249, m/z 327.185, m/z 301.169 as fragment ions and
+180.101,+152.095, +463.237 (intact modification) as pep-
tide mass shifts. Based on the diagnostic masses and struc-
ture of the modification, several fragmentation pathways
were proposed (Scheme 1). We expected that N6-C5 bond
cleavage and cyclization with C1 carbonyl oxygen of the M1
ion would afford biotin oxonium ion F2 and peptide remain-
der ions M2 and M3, with M3 produced by an additional
loss of nitrogen M2.42 M1 would also fragment to produce
both the aforementioned dehydrobiotin F1 and diagnostic
fragmentation F3, which is generated by cleavage of the
C12-N13 bond. While still somewhat speculative, we antici-
pate that F4 and F5 form as a result of cleavage of the C9-C8
bond followed by loss of nitrogen and acetylene gas, respec-
tively. Manual annotation of MS2 spectra of representative
peptides using an integrative proteomics data viewer
(PDV)“3 (Figure 2B and S3) identified spectra
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Figure 2. (A) Workflow for the identification of diagnostic ions and peptide remainder masses. All possible diagnostic ions (top) and
peptide remainder masses (bottom) were calculated using an extended version of PTM-Shepherd (left panel), common features
(light blue) across spectra were identified (middle panel) and specificity were tested against unmodified peptides (right panel). (B)
Representative MS/MS spectra of biotinylated cysteine peptides with annotations of fragment ions (F1-F5), peptide remainder ions
(M2, M3), as well as b/y ions with different cysteine modifications. (C) Frequency distribution and (D) Relative intensities of signa-
ture fragment ions and peptide remainder ions of cysteine biotinylation. (E) Relative intensities of representative ions (F1, F2, M3)
in HCD fragmentation mode with varying normalized collision energies (NCE). Experiments were performed in duplicate. Bar plots
display mean values across replicates and box plots display minimum, first quartile (Q1), median, third quartile (Q3), and maximum
values of the sample (similarly hereinafter). All data can be found in Table S1.
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Table 1. Number of biotinylated PSMs and peptides identified in HCD fragmentation mode with varying NCE.

NCE (%) 20 25 30 35 40 50 60
PSMs 16570 16664 17214 15412 14105 5618 953
Peptides 11882 11757 12037 11155 10366 4602 874

corresponding to fragments F1-F5 (red ions), peptide re-
mainder ions M2 (green), M3 (blue) as peptide ions with a
diagnostic mass shift and b/y ions with corresponding cys-
teine modifications.

Looking across our entire labile ion search dataset (Table
$1), we next analyzed the frequency distribution of all the
identified fragmentions. Unsurprisingly, frequency analysis
showed that F2 oxonium-biotin ion is the most common
fragment ion generated from LC-MS/MS analysis of CBCC
samples, with nearly 100% occurrence in all MS2 scans. The
F1 and F3 fragment ions were also ubiquitous, appearing in
>80% of MS2 scans (Figure 2C). In contrast, M1
(p+463.237)-, M2 (p+180.101)-, and M3 (p+152.095)-mod-
ified peptide remainder ions are only found in ~25% of all
MS2 scans. The relatively modest frequency distribution of
modified peptide precursor ions can be rationalized in part
by only partial fragmentation of the biotin modification,
natural low abundance of unfragmented peptide backbone
on MS2 level, together with the inherent ambiguity and
challenges associated with accurate annotation of tandem
mass spectra for modified peptides, particularly those fea-
turing more labile modifications.*4

As demonstrated by our representative annotated spec-
tra (Figure 2B and S3), inspection of MS2 scans for repre-
sentative peptides revealed that the oxonium-biotin F2
fragment ion was almost always the dominant ion with
100% relative intensity. To more rigorously quantify the
relative intensities of each characteristic fragmentation ion,
we established a customized PTM-Shepherd workflow in
FragPipe that reports the relative intensities for all the frag-
ment and peptide remainder ions of biotinylated cysteine
peptides (See methods). Consistent with our observations
from manual inspection of spectra, dataset-wide quantita-
tion revealed a 100% median intensity for the oxonium-bi-
otin ion (Figure 2D and Table S1). All other fragment and
peptide remainder ions were found to have substantially re-
duced median of relative intensities spanning 0% - 7.6%
(Figure 2D and Table S1), which is consistent with their
low frequency of detection. The dominance of the biotin-ox-
onium F2 ion in nearly all spectra makes it an intriguing
candidate signature ion for CBCC-labeled peptides.

To further understand how collision energy would impact
the signal intensity of the observed fragment and peptide
remainder ions, we next subjected CBCC peptide samples to
a collision energy ramping experiment comparing LC-MS-
HCD-MS methods varying normalized collision energy
(NCE) from NCE = 20 to NCE = 60 (Figure 2E and Table 1).
We found that the greatest number of biotinylated PSMs
and unique peptides were identified at NCE=30 and the low-
estnumber of peptides at NCE=60 (Table 1). Analysis of the
relative intensities of the fragment and peptide remainder

ions by labile search, revealed a dramatic increase in the in-
tensity of diagnostic ions including m/z 227.085 and m/z
284.143 with ramping of collision energy in HCD modes
(Figure 2E), while other fragment ions (F3, F4, F5) re-
mained relatively low intensity (Figure S4). In contrast, the
intensities of signature peptide precursor ions decrease as
collision energy is increased, consistent with over-fragmen-
tation of precursor ions (Figure 2E and S3). On the other
hand, when comparing biotinylated PSMs and peptides
identified with CID or HCD, we observed ~30% fewer IDs
using CID at 30% NCE (Table S2). No apparent change of
relative intensities of fragment ions and peptide remainder
ions was observed with varying NCE, stating the fragmenta-
tion of CBCC was favorable with only HCD (Figure S5).

Assessment of the specificity of the fragmentation prod-
ucts

High specificity is essential for a fragment ion to serve as
a signature or diagnostic ion for a specific chemical modifi-
cation. To test the specificity of each observed fragment ion
for precursor ion modification state, we next quantified the
frequency distribution of each ion for the fragment and pep-
tide remainder ions for PSMs harboring or lacking cysteine
modifications (with or without (w/0) mass shift, respec-
tively; Figure 3A, B). This comparison of biotin-labeled and
unlabeled PSMs revealed high and statistically significant
specificity for all three signature peptide precursor ions
(M1, M2, and M3; Figure 3A - Gray), with frequency of de-
tection of these ions near 0% for unlabeled PSMs—for sam-
ples that had been enriched on neutravidin resin (Figure
3A), the unlabeled peptide subset constitutes nonspecific,
unmodified peptides carried through the neutravidin en-
richment. We observe more moderate, albeit still statisti-
cally significant, specificity for all fragment ions (F1, F3, F4,
and F5; Figure 3A - Gray), with detection frequencies of
~50% for PSMs lacking the biotin mass shift compared with
almost 100% for biotin-modified PSMs. In contrast, the F2
ion was identified close to 100% both modified and unmod-
ified PSMs. The general modest to low specificity observed
for these fragment ions can likely be rationalized by co-iso-
lation of the modified and unmodified cysteine peptides as
precursor ions.*>

We expected that increased specificity of fragment ions
for CBCC modified peptides could be achieved by decreas-
ing the proportion of CBCC-labeled peptides in the MS sam-
ple, thereby reducing co-isolation of labeled and unlabeled
precursors. Therefore, we next extended fragment ion fre-
quency analysis to unenriched (pre-neutravidin enrich-
ment) trypsin digested CBCC-labeled lysates (Figure 3B).
An increase in specificity for all fragment ions was observed
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for the unenriched samples, as indicated by the decrease in
detection frequency compared with the neutravidin en-
riched samples shown in Figure 3A. Surprisingly, even in
these unenriched samples, the specificity of the F2 ion re-
mained modest, with a frequency of detection in unlabeled
peptide PSMs of >80%.

Given the observed high intensity of the oxonium-biotin
F2 fragment ion for PSMs lacking a biotin modification, both
for neutravidin-enriched and unenriched samples, we next
sought to assess whether specificity of fragment ions, par-
ticularly the F2 fragment ion, could be improved by modifi-

cations to our data acquisition method. On-line sample frac-
tionation using a FAIMS ion mobility device has been found
to increase sample quantitation at the MS2 level, affording
decreased ratio compression for TMT samples.*¢ Therefore,
we next applied FAIMS ion mobility to CBCC labeled sam-
ples and, as described above, compared the frequency dis-
tribution of each ion for biotinylated vs non-biotinylated
precursor ions. We find that the use of FAIMS improves the
specificity of all fragment ions (Figure S6). Similarly, the
use of a narrower precursor isolation window (0.5 Da com-
pared with our standard isolation window 1.6 Da) also af-
forded improved specificity with no decrease in frequency
distribution of PSMs.



Scheme 2. Major fragmentation anticipated in different reagent combinations. (A) IAA + Biotin-azide. (B) IAA + Biotin-D-
azide. (C) PIAA + Biotin-azide. (D) IAAz + Biotin-alkyne. (E) IAA + Biotin-C4-Azide. Blue labeled peptide remainder modifica-

tion of the biotinylated cysteines and red labeled fragment ions.
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By combining both FAIMS and the narrower precursor
isolation window the frequency of detection of fragment
ions F1, F3, F4, and F5 dropped to <20% for neutravidin
enriched samples (Figure 3A- Red) and to close to 0% for
unenriched samples (Figure 3B). For the F2 oxonium-bio-
tin, while the frequency of detection for unlabeled peptides
remained relatively high (~80% for neutravidin enriched
samples and ~20% for unenriched samples, Figure 3A, B,
respectively), median ion intensity analysis (Figure 3C) re-
vealed that addition of FAIMS, the narrow precursor isola-
tion window, and, most significantly, the combination of
both FAIMS and the narrower precursor isolation window
reduced the median intensity of the F1 ion to 20%. Collec-
tively, this analysis points to the potential utility of the F1
ion as a characteristic ion for CBCC peptide identification,
with particular relevance in the analysis of unenriched sam-
ples using both a FAIMS device and narrow precursor isola-
tion window. With implementation of an intensity thresh-
old cutoff of ~40%, we expect that this ion will also prove
diagnostic of biotinylation state for neutravidin enriched
samples.
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Unmatched fragment ions in MS/MS spectra can some-
times be rationalized as stemming from contaminating ions.
To rule out such ions, we expanded our analysis to include
additional labeling reagent combinations (Scheme 2 and
Table 2), with the expectation that each reagent pair would
afford a unique fragment profile. CBCC samples were pre-
pared and analyzed using three reagent combinations A
(IAA 1 + Biotin-azide 2), B (IAA 1 + Biotin-D-azide 3) and C
(phenyl-iodoacetamide alkyne (PIAA) 4 + biotin-azide 2)*7
(Scheme 2). Labile ion search revealed that the observed
frequency distribution of peptide remainder and fragment
ions for each reagent combination matched with the ex-
pected fragmentation pattern (Table 2, Scheme 2). The F1
ion was detected for both reagent combinations prepared
using biotin-azide reagent 2. For the reagent combination
B, the F2 ion was only observed in 1.22% of all PSMs and
instead the F2 + 6.038 ion (m/z 290.180, Oxonium-D-bio-
tin) was detected in 100% of PSMs. Similarly, both reagent
combinations A and B afforded the expected p+152.095
peptide remainder ion with a detection frequency of 25%
and 29%, respectively. For combination C, the p+152.095
ion was only detected in 1% of all scans, and instead peptide
remainder ion p+172.064 was detected in 42% of all PSMs,



Table 2. Frequency distribution of signature fragment ions and peptide remainder ions using different labeling reagent com-
binations to generate CBCC modified PSMs.

m/z
Reagent Combination | p+152.095 | p+172.064 | p+98.060 284.143 290.180 298.158 297.138 | 227.085

(1AA) (PIAA) (1AAzZ) (Biotin-az- (Biotin- (Biotin- (Biotin-

ide) D-azide) | C4-azide) alkyne)
A| IAA + Biotin-azide 25.44 1.42 1.70 100.00 0.02 0.60 0.06 89.60
B | IAA + Biotin-D-azide 30.75 1.85 2.36 1.22 100.00 0.67 0.09 76.34
C | PIAA + Biotin-azide 1.03 42.52 1.33 100.00 0.03 0.44 0.15 97.48
D| IAAz + Biotin-alkyne 4.84 1.78 22.05 1.50 0.12 0.60 12.89 88.03
E | IAA + Biotin-C4-azide 23.20 1.83 1.75 2.11 0.00 99.66 0.04 88.47

which matches the phenyl azirine M4 resulting from frag-
mentation of the N(triazole)-C(alkyl) bond of the click
product.

Investigation of fragmentation of CBCC peptides labeled
with different reagent combinations

Given the seeming exquisite selectivity of the identified
fragment ions for each reagent combination tested as
shown in Table 2, we next expanded our panel of reagents
to include two additional reagent pairs with the goal of fur-
ther probing the nature of the fragment ions and determin-
ing whether structural modifications to the reagents would
impact the frequency, intensity, or identify of observed frag-
ments. We were optimistic that a thorough investigation of
reagent fragmentation might point to avenues for achieving
increased coverage of CBCC peptides.

We hypothesized that the length of the C3 alkyl chain and
corresponding stability of the six-member ring in the F2 ox-
onium-biotin cyclized product was likely contributing to the
observed high intensity and low specificity of the fragment
ion. We synthesized two additional reagents, Iodoacetam-
ide-azide (IAAz) 5 and Biotin-C4-azide 7 that together
would allow us to further probe the impact of changes to
linker length and triazole orientation on fragmentation. We
then subjected these reagents combination D (IAAz 5 + Bio-
tin-alkyne 6) and E (IAA 1 + Biotin-C4-azide 7) to chemo-
proteomic analysis, with labile ion search for predicted
fragmentation products (Scheme 2). As noted for the first
three reagent combinations, we observed high selectivity
for the ions produced by each reagent combination with
<2.2% detection of ions not predicted to be generated by
each reagent combination (Table 2). We were pleased to
observe the formation of p+98.060 peptide remainder ion
and m/z 297.138 fragment ion in reagent combination D,
which are consistent with our predicted reagent fragmenta-
tion to form 1,3-oxazonium M5 peptide remainder ion and
biotin-azirinium F7 fragment ion, detected in 22% and 13%
of all labeled PSMs, respectively. Similarly, extension of the
alkyl linker by one carbon in reagent combination E af-
forded production of m/z 297.138 fragment ion, which is
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consistent with the structure of F8 oxonium-C4-biotin.
Given the general instability of primary carbocations, we ex-
pect that this ion also cyclizes as proposed for the F2 frag-
mention, although we cannot exclude that the decreased fa-
vorability of seven-member ring formation might preclude
cyclization. Together these ions provide further evidence of
the gas phase lability of triazole modifications, including
that this fragmentation is generalizable to multiple combi-
nations of reagents of varying linker lengths and triazole
configurations.

We were intrigued by the striking decreased detection
rate of oxonium species formation with the reagent combi-
nation D when compared with our standard combination A
(compare 100% for F2 species with 22% for M5). We find
that these reagent differences extend to the frequency of ion
detection and relative intensities of observed ions (Figure
4A, B). For CBCC PSMs enriched with D, we observe a
marked decrease in the frequency and intensity of both pep-
tide remainder ion M5 (p+98.060) and fragment ion F7
(m/z 297.138), when compared with the intensities ob-
served for peptides labeled with A (Figure 3A, B). We sus-
pect that the swapped azide-alkyne configuration results in
less favorable fragmentation of the N(triazole)-C(alkyl)
bond and/or decreased gas phase stability of the afforded
product ions.

In stark contrast with the analysis of D, we observed for
C that the frequency of detection of the peptide remainder
ion M4 (p+172.064) increased to 40% (Figure 4A), com-
pared with 20% for the corresponding p+152.095 observed
for reagent pair A (Figure 3A). We hypothesized that the pi
conjugation of the aromatic PIAA probe likely stabilizes the
proposed azirine species, thereby increasing the favorabil-
ity of fragmentation. The frequency of detection of the de-
hydrobiotin and oxonium-biotin species was observed to be
comparable for both aryl (PIAA 4, Figure 4A) and alkyl (IAA
1, Figure 3A) probes. Similar to our standard reagent com-
bination A, low specificity was observed for the F1 and F2
ions, with detection in most PSMs that lacked the biotin
modification. The biotin-C4-azide 7 labeling experiment af-
forded improved selectivity when compared to the biotin-
azide 2 labeled samples, which was expected and consistent
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Figure 4. (A) Frequency distribution of signature fragment ions and peptide remainder ions, (B) Relative intensity of signature ions,
and (C) Peptides and PSMs identified in CBCC with different labeling reagents. Statistical significance was calculated with unpaired
Student's t-tests with equal variance, * p<0.05, ** p<0.01, NS P>0.05. Experiments were performed in duplicate. All data can be found

in Table S4.

with the less favorable fragmentation of the longer alkyl
linker. The improved selectivity was indicated by the de-
creased frequency of detection of signature ions F1, F8, and
M3 in PSMs without biotin modifications. Notably, the spec-
ificity of F8 for peptide biotinylation status increased dra-
matically with the use of FAIMS and a narrower precursor
isolation window (Figure S7), consistent with our afore-
mentioned observation that these acquisition conditions
dramatically impact the frequency of detection of signature
fragment ions in PSMs lacking biotin.

Quantification of the median relative ion intensities (Fig-
ure 4B) supports the likely different favorability of frag-
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mentation and/or differences in stability of cognate frag-
ment ions derived from CBCC peptides labeled by reagent
pairs C, D and E. While the intensities of the dehydrobiotin
fragmention F1 were comparable for all three reagent com-
binations, the F2, F7, and F8 ions differed dramatically with
near zero relative intensity for F7, approximately 30% rel-
ative intensity for F8 and close to 100% for F2. Further sup-
porting increased fragmentation of labeling combination C,
the M4 (p+172.064) median ion intensity was 4.46% com-
pared with 0% for both the M3 and M5 peptide remainder
ions.



Curious as to how fragmentation of CBCC affects the cys-
teine chemoproteomic coverage during the MS/MS analysis,
we quantified the mean PSMs and unique CBCC peptides for
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2. (B) Venn diagram of cysteine peptides identified with labile and non-labile search in samples prepared with IAA 1 clicked with
biotin-azide 2 and (D) N-Ac-Val-Azido-Lys-Lys(biotin)-Gly-COOH tetrapeptide 8. (C) Structure of N-Ac-Val-Azido-Lys-Lys(biotin)-
Gly-COOH tetrapeptide reagent 8. Experiments were performed in duplicate. All data can be found in Table S5.

each reagent combination. Consistent with a model where
increased formation of these diagnostic fragment ions can
decrease coverage, we observed that both reagent combina-
tions D and E afforded a ~9% increase in PSMs and a
smaller, albeit still significant increase in unique peptides
(Figure 4C) when compared with the standard reagent pair
A. In contrast, fragmentation-prone combination C de-
creased the PSMs by ~8% and the unique peptides by a
more substantial ~13%. We also extended this analysis to
include the fraction of peptides that were uniquely identi-
fied by one reagent combination. We were surprised to ob-
serve relatively modest overlap between the combinations
tested (Figure S8). While we acknowledge the semi-sto-
chastic nature of data-dependent acquisition (DDA) proteo-
mic data acquisition and resulting problem of “missing”
data may in part rationalize some of these differences, col-
lectively we expect that these data point to the possible util-
ity of varying CBCC labeling reagents as a strategy to im-
prove detection of certain low abundance or otherwise
tough-to-detect peptides.

Application of labile search options in MSFragger to en-
hance cysteine chemoproteomic coverage

With our successful identification of a panel of labile ions
derived from the CBCC modifications using the labile
MSFragger search options, we next asked whether such la-
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bile ion searches would also increase coverage of CBCC pep-
tides. Due to the high abundance of the oxonium-biotin spe-
cies in all MS2 scans, we initially expected that, as has been
reported for analysis of glycopeptide datasets33, such search
would similarly boost coverage for CBCC. Curiously, we did
not observe such an increase (Figure 5A), and instead
found that labile search consistently underperformed, with
only ~66% the number of PSMs and ~75% the number of
peptides compared with our established closed search
method. We suspect that this decrease may stem from the
relative gas-phase stability of many of the ions detected, de-
spite the observation of intense diagnostic ions. Partial frag-
mentation of the modification on multiple peptide fragment
peaks can be concentrated into a single diagnostic peak, re-
sulting in high relative intensity despite much of the modi-
fication remaining intact. Comparison of closed vs labile ion
searches for two aggregate replicates revealed that nearly
all cysteines identified in the labile search are share with the
closed search, with only 2.7% unique cysteines identified
for reagent combination A (Figure 5B).

Motivated by the high performance of labile search for
glycoproteomics, we wanted to further investigate whether
such searches could prove beneficial for chemoproteomics
studies using more fragmentation prone reagents. We syn-
thesized N-Ac-Val-Azido-Lys-Lys(biotin)-Gly-COOH
tetrapeptide reagent 8 (Figure 5C). We expected that the
increased size (861.453 Da modification) and peptidic back-



bone of this reagent would afford increased gas-phase frag-
mentation compared with the more minimalist IAA 1 + Bio-
tin-azide 2 (463.237 Da) CBCC labeling protocol. We sub-
jected proteome to labeling with IAA 1 + 8. LC-MS/MS and
non-labile search identified 10710 PSMs and 4003 unique
CBCC peptides across two replicate experiments (Table
$5), which represents substantially reduced coverage when
compared to the aforementioned labeling with IAA 1 + Bio-
tin-azide 2.

We observed a number of characteristic fragment ions
produced by the reagent 8 (proposed fragmentation is
shown in Figure S9), including known and novel species. In
addition to formation of dehydrobiotin, we also detected a
m/z 310.158 (F9) fragment ion, which we assigned as Im-
Kbiotin-NH3,37 as characterized previously for biotinylated
peptides. Additional we detected a fragment ion of m/z
430.21187 (F10), that we assigned as likely corresponding
to the Lys(biotin)-Gly dipeptide and fragment ion m/z
682.35926 (F11), corresponding to the teatrapeptide
formed from C-N triazole bond fragmentation. Together
with these fragment ions we also identified peptide remain-
der ions p+449.275 (M7), p+433.256 (M8), p+180.101
(M2), p+152.095 (M3), which match with the proposed
fragmentation scheme. As a demonstration of the complex-
ity of the fragmentation pattern observed for this larger bi-
otin reagent, we also identified several ions that appeared
diagnostic of peptide labeling state as indicated by
presences in labeled PSMs but did not readily match with
any fragmentation pattern tested, including m/z 243.08,
m/z 412.20, m/z 464.26, and m/z 491.14. The ubiquity and
intensity of these ions together with the reduced coverage
of CBCC peptides supports the general dogma of the field
that smaller labeling reagents are likely preferable when
compared to bulkier tags.

To determine whether labile search would increase cov-
erage for this bulkier reagent, we subjected the 8-labeled
samples to labile search analysis, following a similar work-
flow to that shown in Figure 2A. Using all fragment and
peptide remainder ions shown in Figure S9, labile search of
these samples afforded increased coverage, identifying
~8.2% unique cysteines (Figure 5D). While these gains re-
main modest, this finding points to the possible utility of la-
bile search in analysis of more complex chemoproteomic la-
beling reagents, particularly for those with substituents
prone to fragmentation.

Discussion

In this study, we performed a detailed characterization of
the gas-phase fragmentation products generated from cys-
teine biotinylation via click chemistry (CBCC) chemoprote-
omic analysis. Manual inspection of CBCC MS/MS spectra
first revealed two fragment ions, the well characterized de-
hydrobiotin (m/z 227.085) and a new species m/z 284.143.
Using a biotin isotopologue alongside MS3 analysis, we then
interrogated the nature of the m/z 284.143 fragment ion
and propose it to be the oxonium-biotin species F2. We pro-
pose that the oxonium biotin forms as a result of fragmen-
tation at the N(triazole)-C(alkyl) bond together with cy-
clization to afford cyclic oxonium species. This finding goes
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against the generally held assumption that triazoles are rel-
atively inert to gas phase chemistry. There is some uncer-
tainty surrounding the formal nature of the m/z 284.143
fragment ion as either cyclic oxazonium or linear carbo-
cation. However, the general instability of primary carbo-
cations together with the favorability of the six-member
ring formation supports the oxonium-biotin structure as
the most likely nature of the fragment ion.

We next leveraged the labile search features of the
MSFragger algorithm together, and extended the PTM-
Shepherd module, to identify additional fragment and pep-
tide remainder ions associated with the CBCC labeled pep-
tides. Consistent with our proposed fragmentation of the
N6-C5 bond in the clicked conjugate, we also identified pep-
tide remainder ions that correspond to peptides retaining
the triazole M2 and together with the corresponding azirine
species M3, afforded by loss of nitrogen. Analysis of the
specificity of these ions for the CBCC peptide modification
state revealed a striking difference between the fragment
ions and the peptide remainder ions, with all peptide re-
mainder ions only identified in PSMs for biotinylated pep-
tides. Overall, peptide remainder ions were identified at a
lower frequency and with lower relative intensity com-
pared to the fragment ions.

A narrower isolation window minimizes the co-isolation
of modified and unmodified peptides, which together with
the use of FAIMS, successfully improved the specificity of all
fragment ions, including oxonium-biotin and dehydrobi-
otin. The improvement in specificity was observed particu-
larly for unenriched samples, which contain lower abun-
dance of the biotinylated species. When compared to the ox-
onium-biotin species, several of the other peptide remain-
der (M2, M3) and fragment ions (F1, F3, F4, F5) showed
considerably greater specificity for the peptide biotinyla-
tion state. However, given the moderate to low detection
frequency of such ions, they are likely suboptimal as diag-
nostic species. Distinguished by its high intensity and ubig-
uity, we expect that with an appropriate intensity threshold,
the oxonium-biotin species could serve as a diagnostic ion
for CBCC peptides.

Extension of these analyses to four additional reagent
pairs revealed several striking results. First, we found that
the production of the oxonium-biotin species was not re-
stricted our IAA probe and instead was produced by both
alkyl and aryl iodoacetamide probes, with apparent in-
creased favorability of fragmentation for the aryl probe
likely due to the pi conjugation stabilizing the peptide re-
mainder ion. The ion’s generalizability points to its utility
for a wide variety of clickable probes, including more ad-
vanced drug-like scaffolds. Our reagent panel also revealed
that a ~10% increase in PSMs could be achieved by small
and easily implementable modifications to the reagents
themselves. For example, the use of iodoacetamide azide re-
agent IAAz 5 and biotin-alkyne 6, dramatically decreased
the intensity of detected fragments and simultaneously af-
forded an increase in PSMs. Similarly, we also observed that
extension of the alkyl linker by one carbon in the biotin-C4-
azide reagent also afforded an increase in PSMs together



with a decrease in the intensity of the corresponding frag-
ment ion that is likely due to the decreased favorability of
cyclization of the seven-member ring.

Taken together, our comprehensive analysis of CBCC rea-
gents fragmentation not only sheds light on the fundamen-
tal behavior of these labels in the gas phase, but also allows
us to put forth several general principles for the choice of
biotinylation reagents. For traditional closed searches, rea-
gents should be chosen judiciously to disfavour fragmenta-
tion thereby improving coverage, for example, with the bio-
tin-C4-azide or iodoacetamide azide reagent [AAz. For
larger and/or more labile reagent combinations, labile
search option can match 10% additional spectra compared
to the closed search, as demonstrated by reagent 8. As
shown here, the labile options in FragPipe are well
equipped for case-by-case analysis of peptide biotinylation
reagent combinations. Therefore, we recommend that the
chemoproteomics community consider adoption of such la-
bile ion analyses both as a tool to improve the confidence in
labeling site identification and to expand coverage of la-
beled peptides, particularly in those cases where labeled
peptides are lowly abundant.

More broadly, fragment ions, such as those identified
here, have potential use in quantification of labeled sites at
the MS2 and MS3 levels, as showcased by established iso-
baric labeling methods (e.g. TMT and ITRAQ). The design of
new isobaric tags remains challenging, given the lack of gen-
eralizable rules for patterns of fragmentation and genera-
tion of reporter ions in the gas phase. Looking ahead, as we
piloted here with biotin-azide and biotin-D-azide, we imag-
ine quantification will easily be achieved based on the inten-
sity of oxonium biotin m/z 284.143 and its matched isotop-
ologue m/z 290.180 with a 6-dalton mass shift. The limita-
tion of retention time shifts caused by deuterium could be
addressed through the strategic incorporation of deuter-
ated balancer moieties.

Alongside providing an improved fundamental under-
standing of how chemoproteomics samples behave in the
gas phase, our study offers several added benefits. First, we
present the low cost synthesis of an isotopically labeled pair
of biotin-azide reagents, which compares favorably to the
cost and complexity of established isotopically labeled rea-
gents, both azide-containing and those that feature cyste-
ine-reactive electrophiles.11:134849 Qur demonstration of the
labile ion search features built into FragPipe should also
provide a generalizable computational platform for others
interested in leveraging fragmentation of chemoproteomics
samples. Exemplifying the utility of such studies, gas phase
fragmentation of cysteines modified by covalent drugs, such
as ibrutinib, have been leveraged to improve the identifica-
tion of labeled cysteine residues.55! In addition, fragmenta-
tion of sulfonyl-triazole probes has been harnessed for site-
of-labeling studies.>? When combined with custom isobaric
data analysis algorithms, these modifications should also
provide an avenue to improve MS2-level quantification of
peptide labeling. We anticipate that realizing the full poten-
tial of labile search algorithms in chemoproteomic applica-
tions may depend on advances in these algorithms in order
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to take full advantage of partial fragmentation, such as that
observed for the CBCC reagents described here.
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