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Cite This: J. Am. Soc. Mass Spectrom. 2023, 34, 763−774 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Scaffolds consisting of a peptide, a phthalate linker,
and a 4,4-azipentyl group were synthesized and used to study
intramolecular peptide−carbene cross-linking in gas-phase cations.
Carbene intermediates were generated by UV-laser photo-
dissociation at 355 nm of the diazirine ring in mass-selected
ions, and the cross-linked products were detected and quantified
by collision-induced dissociation tandem mass spectrometry (CID-
MSn, n = 3−5). Peptide scaffolds containing Ala and Leu residues
with a C-terminal Gly gave 21−26% yields of cross-linked
products, while the presence of the Pro and His residues decreased
the yields. Experiments using hydrogen−deuterium−hydrogen
exchange, carboxyl group blocking, and analysis of CID-MSn spectra of reference synthetic products revealed that a significant
fraction of cross-links involved the Gly amide and carboxyl groups. Interpretation of the cross-linking results was aided by Born−
Oppenheimer molecular dynamics (BOMD) and density functional theory calculations that allowed us to establish the protonation
sites and conformations of the precursor ions. Analysis of long (100 ps) BOMD trajectories was used to count close contacts
between the incipient carbene and peptide atoms, and the counting statistics was correlated with the results of gas-phase cross-
linking.

■ INTRODUCTION
Stable carbene sources, such as diazirines1−3 and diazoalkanes,4

have been used extensively in photoaffinity labeling and
footprinting studies of various biomolecules.5−8 The reactive
carbene is selectively generated by photodissociation (e.g., at
350−370 nm from diazirines) and reacts rapidly with various
bonds in the target molecule. Addition to the double bond9

and insertion into C−H bonds10,11 have been studied in detail
for simple carbenes and hydrocarbon targets using product
analysis,12−14 EPR spectroscopy,14 laser flash photolysis,15

kinetic isotope effects,16 and quantum mechanical tunneling.16

The insertion reactions have been found to have very low
activation energies.11−13 In parallel, carbene insertion reactions
have been used to achieve covalent cross-linking in non-
covalent complexes that almost always involved polar
compounds, such as peptides, proteins, and other biomole-
cules6,17 where low activation energies were presumed to
facilitate covalent bond formation.
This research has received a significant impetus by the

development of diazirine-tagged amino acid residues, such as
photoleucine and photomethionine, that are recognized by the
corresponding leucine and methionine tRNA and can be site-
selectively incorporated into proteins.18 The portfolio of
commercially available diazirine-tagged amino acid residues19

has been expanded to include photoproline19 and photo-
lysine.20 We have been developing methods for gas-phase
cross-linking in noncovalent complexes of peptides,21−25

dinucleotides,26 and small molecules,27 including specific

introduction of the diazirine ring into lysine, cysteine, and at
the peptide N-terminus.28 The common feature of all these
peptide-related phototags is that the diazirine ring is in an
aliphatic chain where it is flanked by CH2 and CH3 groups.
This makes it possible for the transient singlet carbene to
undergo a fast competitive 1,2-hydrogen shift proceeding on a
high picosecond to low nanosecond time scale and converting
the carbene into an unreactive alkene (Scheme 1).29−33

We have taken advantage of this side reaction to use it as an
internal clock in our molecular dynamics trajectories of
noncovalent complexes that we run on a 100 ps time scale
to identify and enumerate close contacts between the incipient
carbene atom and the X−H bonds that can potentially undergo
insertion. This has allowed us to correlate the computationally
determined complex structures and their propensity for amino
acid cross-linking with experimental results obtained by
photodissociation and product sequence analysis by CID-
MS3.21−25 The carbene−alkene isomerization is a highly
exergonic reaction34 of ΔHrxn ≈ −200 kJ mol−1 which often
drives dissociation of the rearranged complex.21−27
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Whereas carbene reactions with hydrocarbons have been
studied in quite a detail, the effect of polar groups on the
interaction with carbenes has received less attention that has
been focused on small solvent molecules, such as water and
alcohols. In a protic solvent, the very high carbene basicity35,36

favors the formation of a contact pair between the solvent
molecule and a carbocation formed by protonation of the
transient carbene.3−42 The contact pair has a short half-life and
can collapse to form a C−O bond in the form of an alcohol or
ether (Scheme 1).41 An alternative pathway involves an ylid−
ion pair that rearranges to an alcohol by proton migration.
Experimental studies of peptide cross-linking in solution have
chiefly been of a heuristic nature. A survey of cross-linking
yields of a mixture of tryptic peptides with 3,3-azibutan-1-ol,
3,3-azibutan-1-amine, and 4,4-azipentanoic acid gave widely
different results depending on the carbene source, amino acid
residues in the peptide, and reaction conditions.43 A solution
cross-linking study has reported products that have been
presumed to result from carbene coupling to aspartic and
glutamic acid forming esters.44 It has been suggested44 that the
coupling with carboxyl groups results from photochemical
isomerization of diazirines to diazoalkanes.45−47 However, no
diazirine isomerization has been detected in gas-phase
photoleucine peptide ions by UV−vis and infrared multi-
photon dissociation spectroscopies.48 Interestingly, an intra-
molecular cyclization between a carbene and a carboxyl group
has not been observed in solution.30

The previous studies of peptide cross-linking have achieved
limited resolution in determining the insertion sites. That was
mainly due to incomplete sequencing of the cross-links that
narrowed the insertion site to, ideally, one or, more often, a few
amino acid residues of the target molecule without specifying
the atoms of the X−H bond that were involved in the insertion
reaction. We now report a study of carbene cross-linking in
model molecular systems that offers the possibility of achieving
high spatial resolution regarding the insertion site. Our model
consists of a phthalate scaffold that combines the diazirine
carbene precursor with the target peptide moiety in one
molecule (Scheme 2). This removes issues with complex
formation that have been apparent in previous studies of cross-
linking in noncovalent complexes.25,26 The scaffold is readily
constructed by stepwise coupling of phthalic anhydride with
4,4-azipentan-1-ol49 followed by coupling to the peptide chain
which is built up on a solid support resin. The synthetic
procedures and product characterization are described in the

Supporting Information (Schemes S1−S5). Both the size and
composition of the peptide moiety are broadly variable. Here,
we used peptide sequences consisting of hydrophobic alanine,
leucine, and glycine residues, as well as those containing a basic
backbone (proline) and side-chain (histidine) residues. This
way, one can modify peptide protonation sites and affect the
peptide chain conformation. The experimental studies are
complemented by computational structure analysis. Using
Born−Oppenheimer molecular dynamics (BOMD) and
density functional theory (DFT) calculations, we select the
lowest energy protomers and conformers for each peptide ion
sequence in the scaffolds and determine the dynamics of
through-space contacts of the incipient carbene atom with
selected atoms and bonds in the peptide moiety in the course
of 100 ps trajectories. The combined experimental and
computational results bear on achieving a more detailed
understanding of carbene based cross-linking to polar
biomolecular targets.

■ EXPERIMENTAL SECTION
Materials and Methods. Standard chemicals were

purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. Procedures to synthesize peptide scaffolds containing
the 4,4-azipentyl, 3-pentene, and 4-pentene side chains are
described in detail in the Supporting Information (Schemes S1
and S2). In the first step, the aliphatic C5-side chain was linked
to the aromatic ring as an ester via a reaction with phthalic
anhydride. The intermediate ester was then coupled to the N-
terminus of the peptide chain that was built on a solid support
using a standard Fmoc coupling technology.50 Product
purification and characterization by tandem mass spectrometry
and NMR spectroscopy is described in the Supporting
Information. Benzo[c]-6(S),9(S),18(R,S)-trimethyl-12(S)-2-
methylpropyl-1,17-dioxa-5,8,11,14-tetraazacyclohenicosan-
2,4,7,10,13,16-hexaone (cyc-s-AALG) was synthesized by a
multistep procedure, as described in the Supporting
Information (Scheme S4). Mass spectra were measured on a
Bruker Daltonik, GmbH (Bremen, Germany), amaZon ion
trap mass spectrometer that was equipped with an EKSPLA
NL301G Nd:YAG laser (Altos Photonics, Bozeman, MT,
USA) working at 20 Hz frequency and 3−6 ns pulse width.

Scheme 1. Diazirine Photolysis Products Scheme 2. Scaffolds for Carbene−Peptide Crosslinking
Where Peptide Stands for LAAG, ALAG, AALG, AAPG, and
AAHG Sequences, Indicating Crosslinks and Alkene
Isomerization Productsa

aThe alternative formation of 4-pentenyl conjugates is not shown.
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Ions were produced by electrospray ionization, selected by
mass in the ion trap, and irradiated by multiple laser pulses at
355 nm. Multistage tandem mass spectra were obtained by
collision-induced dissociation (CID) of mass selected fragment
ions. The excitation amplitude was chosen to achieve a high
conversion of precursor ions.
Calculations. Born−Oppenheimer molecular dynamics

(BOMD) calculations were run as 20 ps trajectories with 1
fs steps at 350−600 K using PM6-D3H4 calculations, as
described previously.51 The BOMD calculations were run
under the high-level Cuby4 platform.52 The initial ion
structures were constructed with different protonation sites
that were at the peptide amide carbonyls for the nonbasic
peptides (Ala, Leu, Gly, Pro) and the imidazole side chain for
His. In addition to thermal conformational motion, BOMD
allows bond changes to proceed along the trajectory, namely,
proton migration between different sites in the ion. The 20,000
structures generated by BOMD were sampled at regular
intervals, and 200 selected snapshots were fully optimized by
PM6-D3H4. This augmented semiempirical procedure has
been shown to capture hydrogen bonding and dispersion
interactions,53 and we have used it previously for structure
analysis of several gas-phase peptide ions.21−27 The PM6-
D3H4-optimized structures were sorted out by type and
energy, and 15−20 low-energy ions were reoptimized with
density functional theory (DFT) calculations, using B3LYP54

and the 6-31+G(d,p) basis set and including harmonic
frequency analysis. Several low-energy B3LYP structures were
reoptimized with M06-2X55 and the 6-31+G(d,p) basis set.
These were used for single-point energy calculations that were
carried out with M06-2X/6-311++G(2d,p) to provide relative
energies that were combined with B3LYP zero-point vibra-
tional energies, enthalpies, and entropies to obtain relative
Gibbs energies for ion conformers and protomers. Ion
solvation energies were estimated from self-consistent reaction
field polarizable continuum model calculations (PCM)56 in
water dielectric with full gradient optimization by M06-2X/6-
31+G(d,p) and single-point M06-2X/6-311++G(2d,p) ener-
gies. These standard DFT calculations were carried out with
the Gaussian 16 suite of programs (Revision B.01) that was
licensed from Gaussian, Inc. (Wallingford, CT). The lowest
energy ion structures from the M06-2X calculations were then
used as initial geometries for 100 ps BOMD trajectory runs
using Cuby4, where each created 100,000 snapshots for atom−
atom contact analysis.

■ RESULTS AND DISCUSSION
Photodissociation and Cross-Linking Yields. Scaffold

ions s-LAAG, s-ALAG, and s-AALG (m/z 575), s-AAPG (m/z
559), and s-AAHG (m/z 599) were produced by electrospray
protonation from aqueous-methanol solutions and selected by
mass in the ion trap. Photodissociation at 355 nm resulted in
elimination of N2 from the diazirine ring and formation of
product ions (Figure 1a−c, Figure 2a,b). Although photolysis
at 355 nm is highly specific for breaking the diazirine ring in
the scaffolds, the pertinent πxy → πz electronic transition is
dipole disallowed,1 making the photolysis inefficient. We used
multiple (>10) laser pulses to achieve conversions that
produced photodissociation ion counts allowing further ions
analysis by multistage collision-induced dissociations tandem
mass spectrometry (CID-MSn). Loss of N2 was accompanied
by consecutive dissociations that were driven by the substantial
exergonicity of carbene insertion27 or isomerization.34 We

Figure 1. UVPD-MS2 spectra (355 nm) of m/z 575 ions from
protonated (a) s-AALG, (b) s-ALAG, and (c) s-LAAG. Fragment ions
originating from cross-linked photoproducts are annotated by blue
italic numerals. Ions from laser desorption-ionization of surface
material are denoted by asterisks.

Figure 2. UVPD-MS2 spectra (355 nm) of protonated (a) s-AAPG at
m/z 559 and (b) s-AAHG at m/z 599. Fragment ions originating
from cross-linked photoproducts are annotated by blue italic
numerals. Ions from laser desorption−ionization of surface material
are denoted by asterisks.
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found tetrapeptide scaffolds to be the smallest ones to provide
fractions of stable (MH − N2)+ ions for further CID-MSn
studies. The fragment ions formed by photodissociation were
identified with the help of CID-MSn spectra of the surviving
(MH − N2)+ ions and synthetic 3-pentene and 4-pentene
derivatives representing the byproducts of carbene isomer-
ization to alkenes.
Reference CID-MSn spectra of the alkene derivatives are

presented in Figure S1a−c (Supporting Information). For s-
AALG, s-ALAG, and s-LAAG, CID-MSn of their pentene esters
showed simple peptide backbone cleavages resulting in the
sequential loss of the amino acid residues starting with GlyOH
and followed by Leu or Ala according to the particular
sequence. These fragment ions were used to identify and
quantify cross-links and non-cross-link olefin byproducts from
diazirine photodissociation.
Photodissociation spectra of s-AALG, s-ALAG, and s-LAAG

that were obtained with 14 laser pulses gave conversions
ranging between 16 and 35% (Table 1). The overall

conversion depended on the laser power and overlap of the
ion cloud with the laser beam in the ion trap that varied in
measurements taken on different days. Internal normalization
of the photoproducts showed nondissociating (survivor)
fractions of 4.5−4.7% for s-AALG, s-ALAG, and s-LAAG
(Table 1). The orthogonal nature of the cross-link and non-
cross-link CID-MSn spectra allowed us to clearly distinguish
these populations. Photodissociation of s-AALG, s-ALAG, and
s-LAAG was found to produce 21−26% fractions of cross-
linked ions (Table 1). The s-AAPG ion gave a somewhat
higher photodissociation yield (49%) and lower yields of both
the survivor fraction (6.4%) and cross-link products (11%).
The last two figures were even more pronounced for s-AAHG
which gave nondissociating photoproducts at 83% but only a
7.8% yield of fragments assigned to cross-links. We note that
the cross-link yields from the peptide scaffolds were in the
middle range of yields typically obtained from gas-phase
noncovalent peptide−peptide complexes21−25 and orders of
magnitude higher than yields of cross-links for equimolar
carbene−substrate ratios in solution.43,44

CID-MSn Analysis of Cross-linked Photoproducts. The
(MH − N2)+ ions from diazirine photodissociation were
further investigated by CID-MS3. The (MH − N2)+ ions at m/
z 547 from s-AALG, s-ALAG, and s-LAAG gave very similar
fragmentation patterns in which the fragment ions were
identified on the basis of accurate mass measurements of
analogous (MH − N2)+ ions that were separately generated by

CID-MS2 of the scaffolds. The conspicuous feature of the CID-
MS3 spectra (Figure 3a−c) was that they showed a very minor

loss of GlyOH (m/z 472), which was the dominant
dissociation of non-cross-linked scaffold ions. Instead, the
spectra showed losses of water, CO, and C5H10O from the side
chain (m/z 461) and a loss of an out-of-sequence alanine
residue at m/z 476 and 458. These features, including
sequence scrambling, are typical of cyclic peptides,57,58

affirming that the ions were internal cross-links in which the
peptide and alkyl side chains were connected by a covalent
bond. The loss of C5H10O from the side chain was combined
with loss of GlyOH (m/z 386) and dipeptide sequence
residues LeuGlyOH (m/z 273) and AlaGlyOH (m/z 315)
(Figure 3a−c, respectively). This interpretation was corrobo-
rated by the CID-MS4 spectra of m/z 461 ions that showed the
pertinent peptide sequence fragment ions as dominant
products (Figure S2a−c, Supporting Information). The facile
loss of C5H10O upon CID indicated that the C−X bond
forming the cross-link to the peptide chain was susceptible to
proton driven cleavage. This feature is typical of ester C−O
and amide C−N bonds but not aliphatic C−C bonds,
suggesting that the carbene insertion into the AALG, ALAG,
and LAAG sequences involved the peptide amide N−H and/
or glycine carboxyl O−H bonds.
The CID-MS3 spectrum of the survivor (MH − N2)+ ions

from s-AAPG showed fragment ions indicating a cyclic peptide

Table 1. Photodissociation Conversion and Cross-Link
Yields

Conjugate

Laser
Pulses
(%)

UVPD
Conversiona

(%)
Survivor

Fractionb (%)
Cross-Link

Fractionc (%)

s-AALG 14 35 4.7 21
s-ALAG 14 16 4.5 25
s-LAAG 14 29 4.6 26
s-AAPG 36 49 6.4 11
s-AAHG 14 43 83 7.8
s-AALG-
OEt

36 65 2.5 13

aFraction of total UVPD produced ions. bFraction of nondissociating
(MH − N2)+ ions relative to the total photoproduct ion intensities.
cFraction of photoproducts identified as originating from cross-links.

Figure 3. CID-MS3 spectra of m/z 547 ions from photodissociation of
(a) s-AALG, (b) s-ALAG, and (c) s-LAAG. Fragment ions and
neutral losses were assigned from accurate mass measurements.
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structure (m/z 531, Figure 4a). These were formed by loss of
CO (m/z 503) and Ala (m/z 460) combined with water (m/z

442) and C5H10O (m/z 445). Interestingly, the loss of the
C5H10O side chain was not accompanied by loss of glycine.
The side chain appeared to be conjugated to the proline
residue, as evidenced by the C5H10O-ProGly+ (m/z 259) and
Ala-C5H10O-Pro+ (m/z 273) ions. At the same time, the
spectrum also displayed fragment ions compatible with
noncyclized structures, such as the m/z 359 and m/z 288
sequence ions. Note that these ions also appeared prominently
in the CID-MS2 spectrum of the AAPG-alkene byproduct (m/
z 531, Figure S3a). The internal cleavage ion from UVPD-
CID-MS3 of s-AAPG (m/z 460, loss of Ala) was further
examined by its CID-MS4 spectrum (Figure S3b) that
displayed loss of C5H10O (m/z 374) combined with loss of
glycine (m/z 299). Since an inverse sequence of losses, that is,
glycine followed by C5H10O, was not observed (Figure S3b),
this seemed to indicate cross-linking via a glycine ester. Along
with the other dissociations, the spectra indicated that the
(MH − N2)+ ions from s-AAPG were a mixture of linear and
cyclized isomers.
The CID-MS3 spectrum of the abundant survivor (MH −

N2)+ ions from s-AAHG (m/z 571, Figure 4b) showed features
that indicated predominant alkene products. This was inferred
from the similarity with the CID-MS2 spectrum of the
authentic AAHG-pentene standard (Figure S4). Thus, the
carbene generated in the histidine-containing scaffold chiefly
underwent a rearrangement to an alkene or alkenes.
Determination of Cross-Link Sites in s-AALG by H/D

Exchange and Reference Spectra of Synthetic Stand-
ards. The CID-MSn analysis of the photodissociation products
from s-AALG, s-ALAG, and s-LAAG ions in the gas phase
indicated the possibility of the formation of cross-links with
cyclized lactone or amide structures. We carried out further
experiments to investigate the cross-link’s structure for s-

AALG. According to the standard mechanism of X−H bond
insertion into carbenes (Scheme 1), the hydrogen atom
involved is incorporated in a stable covalent C−H bond. This
means that protons from polar O−H or N−H bonds that are
prone to hydrogen−deuterium exchange in the reactant
become nonpolar if involved in carbene insertion and cannot
be further affected by prototropic H/D exchange. To probe
cross-linking in s-AALG, we converted all five exchangeable
amide N−H and carboxyl O−H protons to deuterons under
mild nonacidic conditions and subjected the sample to UV
photolysis in CD3OD/D2O solution (Schemes S3 and S4,
Supporting Information). The products were then converted
back to the protic cycle and analyzed by tandem mass
spectrometry. The electrospray mass spectrum showed partial
retention of deuterium in the (MH − N2)+ ion at m/z 548,
whereas the main fraction was back exchanged (m/z 547,
Figure 5a, inset). CID-MS2 of the m/z 548 ion indicated that

the products of solution photolysis chiefly consisted of alkene
isomers, as judged by the loss of glycine and Leu-Gly
molecules, giving rise to the respective m/z 473 and 386
fragment ions. We note that the m/z 548 ion contained ca.
40% of combined 13C and 15N isotopologues of the m/z 547
ion that were unresolved from the m/z 548 D1 species and
contributed to the formation of the m/z 473 and 386 fragment
ions. However, the m/z 461 fragment ion in the CID-MS2
spectrum signified a loss of C5H9DO that was further
corroborated by the combined loss of C5H9DO and LeuGly
(m/z 273, Figure 5a). The CID-MS3 spectrum of the m/z 461
ion (Figure 5b) confirmed there was no deuterium present
after the loss of C5H9DO. This established that an
exchangeable proton was incorporated into the transient
carbene upon photolysis.

Figure 4. UVPD-MS3 spectra of ions from photodissociation of (a) s-
AAPG (m/z 531) and (b) s-AAHG (m/z 571).

Figure 5. (a) CID-MS2 of the m/z 548 D1-containing ion from
solution photolysis of 4,4-azipent-1-yl-[D5]-AALG and back D → H
exchange. Insets show the precursor ion cluster at m/z 545−551 with
theoretical isotope distribution, and the peak profile of the m/z 461
fragment ion. (b) CID-MS3 of m/z 461.
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To further specify the peptide functional group engaged in
cross-linking, we studied gas-phase photodissociation of s-
AALG-OC2H5 in which the C-terminal carboxyl group was
blocked as an ethyl ester. Table 1 data show that photo-
dissociation of s-AALG-OC2H5 proceeded with a smaller
survivor (MH − N2)+ and cross-link fractions when compared
to those from s-AALG. This ca. 40% decrease was interpreted
as being due to the formation of alkene products caused by the
carboxyl blockage. This was corroborated by both the UVPD-
MS2 of s-AALG-OC2H5 at m/z 603 and CID-MS3 of the (MH
− N2)+ ion at m/z 575, as shown in Figure S5a,b, respectively.
UVPD of s-AALG-OC2H5 showed substantial dissociation

of the peptide chain which was typical of the alkene products
of N2 elimination. CID-MS3 of the (MH − N2)+ ion showed
less abundant m/z 472 (loss of GlyOC2H5) and m/z 359 (loss
of LeuGlyOC2H5) sequence ions that would be indicative of
an alkene ion where this dissociation predominated (Figure
S5c). Prominent dissociations in the ester group by loss of
ethylene and ethanol, m/z 547 and 529, respectively, were
accompanied by nonsequence loss of Ala (m/z 504) and Leu
(m/z 462) that indicated the presence of cross-links.
Remarkably, loss of C5H10O from the side chain (m/z 386)
was observed only following the loss of GlyOC2H5, so this
fragmentation could not be used as a cross-link signature.
The results from H/D exchange and carboxyl blocking

experiments can be summarized as follows. Polar amide and
carboxyl groups significantly participate in cross-linking to the
transient carbene produced in the scaffold side chain. A
fraction, estimated at about 40% of polar cross-links, is due to
participation by the carboxyl OH group forming a lactone
product. The other fraction involves one of the amide N−H
bonds, specifically that between Leu and Gly in s-AALG,

forming a cyclic amide product. Scheme 3 depicts the possible
pathways from the carbene intermediate to the carboxyl and
amide cross-links. The cross-link creates a chiral center at the
former carbene atom which most likely gives rise to racemic
products. The efficiency of these pathways, which totals up to
21% according to Table 1 data, depends on the kinetics of the
first step, which presumably consists of a proton transfer to the
electron-rich carbene.38,39 This step depends on the
populations of ion conformations in thermal ions that
determine the probability of the proton to appear at a distance
to the carbene atom allowing C−H bond formation in the
transient carbocation. Conformations in which the proton is
remote from the carbene undergo competitive isomerization
within the side chain by 1,2-hydrogen migration from the
adjacent CH2 or CH3 group to form alkene isomers.
To further elucidate the carboxyl participation in carbene

quenching, we synthesized an authentic lactone corresponding
to the Gly-carboxyl cross-linked product, denoted cyc-s-AALG
in Scheme 3. The CID-MS2 spectrum of protonated cyc-s-
AALG (m/z 547) showed fragment ions by loss of water,
GlyOH, C5H10O, (C5H10O + H2O), (C5H10O + GlyOH), and
LeuGlyOH at m/z 529, 472, 461, 443, 386, and 359,
respectively (Figure 6a). These fragment ions, which were
characteristic of a cyclic structure, also appeared in the CID-
MS3 spectrum of the s-AALG UVPD product, although with
different relative intensities (cf. Figure 3a).
In particular, the UVPD product showed a more prominent

loss of CO (m/z 519) and the combined loss of C5H10O and
LeuGlyOH (m/z 273). On the basis of the Gly ethyl ester
blocking results (Table 1), we estimated the content of the
lactone form of cyc-s-AALG at ca. 40%, which allowed us to
subtract this contribution from the spectrum of the UVPD

Scheme 3. Carbene Interactions with OH and NH Bonds in s-AALG Peptide Scaffolds
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product. The resulting renormalized difference spectrum
(Figure 6b) showed the dominant dissociations by combined
losses of C5H10O and the GlyOH and LeuGlyOH fragments.
Along with the results of deuterium labeling, this indicated that
the cross-linking involved the N−H bond of the Gly amide, as
shown in Scheme 3. However, on the basis of the experimental
data we cannot exclude cross-linking to the N−H bond of the
Leu amide. It should be noted that increasing the amide group
basicity by N-alkylation, as in the amide cross-links, has been
reported to enhance peptide bond cleavage,59 which was

consistent with the facile backbone dissociations at the cross-
linked residues in the Figure 6b spectrum.
The dissociations of the cyc-s-AALG lactone isomer were

further investigated with the help of deuterium labeling in the
N-D exchanged D5-derivative (Figure S6, Scheme S5,
Supporting Information). The spectrum showed a combined
loss of HDO and D2O, indicating ester elimination and lactone
ring opening that involved light hydrogens from the aliphatic
side chain. Consistent with this, the losses of GlyOH and
LeuGlyOH were comprised of D1−D3-containing molecules,
indicating the involvement of light hydrogens. In contrast, the
loss of C5H10O did not involve any H/D exchange, which
suggested that this neutral molecule was eliminated as a cyclic
ether. Note that an elimination of C5H10O as a pentenol would
have necessarily involved a deuteron transfer onto the neutral
molecule.

Structures of s-AALG Peptide Ions. To interpret the
results of scaffold photodissociation and carbene cross-linking,
we carried out extensive calculations of ion structures and
dynamics. The main aims of these calculations were to
determine the most energetically favorable protonation sites
and ion conformations of the diazirine-containing scaffolds and
to analyze dynamic contacts between the incipient carbene
atom and peptide bonds in thermal ions. BOMD calculations
of s-AALG ions were carried out with initial structures
protonated at the phthalate, Ala1, Ala2, and Leu amides.
Several low Gibbs energy structures are shown in Figure 7.
Structures initially protonated at Ala1, Ala2, and Leu collapsed
upon BOMD to a single protomer that carried the proton at
the Ala2 amide. In the lowest energy structures (A1−A4) the
Ala2 proton was shared by a very short (1.39−1.47 Å)
hydrogen bond with the Leu amide, indicating a very facile
proton migration between these two amide groups. This
hydrogen bond locked the conformation of the Ala2-Leu
segment of the peptide chain which moved as a unit in thermal
motion of the ions. Ions A1−A4 chiefly differed in the
conformation of the leucine and diazirine-carrying side chains.

Figure 6. (a) CID-MS2 of the m/z 547 ion from cyc-s-AALG. (b)
Difference spectrum of m/z 547 CID-MS from UVPD of 4,4-azi-pent-
1-yl-s-AALG and cyc-s-AALG.

Figure 7. M06-2X/6-31+G(d,p)-optimized structures of low-energy s-AALG ions. Atom color coding is as follows: cyan = C, blue = N, red = O,
gray = H. Only exchangeable hydrogens are shown to avoid clutter. Hydrogen bonds are indicated by double-headed blue arrows. The protonated
amide groups are labeled with plus signs. Relative Gibbs energies in kJ mol−1 are from M06-2X/6-311++G(2d,p) single-point energy calculations
including B3LYP zero-point energies, enthalpies, and entropies and referring to 310 K. Relative Gibbs energies of water-solvated ions are shown as
purple italics.
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Structures A5 and A6 had different conformations in which the
Ala2 proton was hydrogen bonded to the phthalate and Ala1
amide carbonyls at 1.49 and 1.38 Å, respectively. The
phthalate-protonated ion A7 was another higher energy
protomer. Nevertheless, the Gibbs energy differences among
the various protomers and conformers were small enough to
allow proton migrations among the amide groups as well as
ensuring a conformational mobility of the peptide C-terminus
and side chain in thermal ions.
Solvation by water, as estimated from polarizable continuum

model calculations, equalized the relative Gibbs energies of A1
(ΔG310, aq = 0.0 kJ mol−1) and A2 (ΔG310, aq = −0.2 kJ mol−1)
while those of A3−A6 remained at ΔG310, aq > 12 kJ mol−1

(Figure 7). This indicated that solvent effects that may play a
role in ion charging in electrospray droplets were comparable
for all s-AALG ion protomers and conformers and were
unlikely to significantly change the populations of gas-phase
ions.
Structures of s-AAPG and s-AAHG ions. The presence

of the basic residues in s-AAPG and s-AAHG suggested
preferential protonation at the Pro tertiary amide and His

imidazole ring, respectively, in the gas-phase ions. Indeed,
initial s-AAPG ion structures in which the proton was placed at
different amide groups converged to Pro-protomers upon
BOMD. The lowest Gibbs energy structures (P1−P3) showed
the same peptide pattern of the protonated tertiary amide at
Pro, forming a strong hydrogen bond to the phthalate ester
carbonyl (Figure 8). These nearly isoenergetic structures
differed in the conformation of the diazirine-carrying side chain
that affected the distance between the incipient carbene atom
(C18) and the peptide atoms. In particular, structure P3
showed very short distances to C18 of the carboxyl OH and
Gly amide NH that were 3.58 and 4.16 Å, respectively (Table
2).
Low-energy s-AAHG ions were all protonated at the His

imidazole nitrogens. This allowed the ions to form hydrogen
bonds clamping the peptide chain conformations in an
extended conformation in the lowest energy structures H1
and H2 (Figure 8), whereas the diazirine-carrying side chain
was relatively free to move. Structure H3 of a higher energy
had a more tightly folded conformation due to multiple
hydrogen bonds between the neutral amide groups.

Figure 8. M06-2X/6-31+G(d,p)-optimized structures of low-energy s-AAPG and s-AAHG ions. Description as in Figure 7.

Table 2. Interatomic Distances in Peptide Scaffolds of the Incipient Carbene Atom C18 to Selected Atoms

Distance (Å)a,b

Scaffold Ion COOH COOH Gly-NH Gly-NH Leu-NH Leu-NH Ala2-OH

s-AALG A1 5.14 5.57 4.26 4.41 4.90 5.89 5.26
A2 6.86 7.78 5.38 6.27 5.46 6.03 4.15
A3 5.49 5.38 4.63 4.38 4.18 3.73 5.49
A4 12.0 12.7 9.72 10.2 7.53 7.36 7.85
A5 4.1 3.22 6.34 6.57 7.30 7.12 8.50
A6 8.94 9.50 6.61 7.07 4.49 3.51 7.36

s-AAPG P1 5.38 5.59 4.44 3.67 5.10
P2 7.74 7.54 6.66 6.28 4.06
P3 3.58 3.88 4.16 4.55 4.39

s-AAHG H1 10.9 11.2 8.07 7.83
H2 10.7 10.5 9.12 9.27
H3 7.39 7.77 5.83 6.53

aAtoms of interest shown with bold letters. bBased on M06-2X/6-31+G(d,p) optimized geometries.
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Atom−Atom Contact Analysis of Thermal Ions in the
Course of 100 ps BOMD Trajectories. The fully optimized
geometries of the low Gibbs energy peptide scaffold ions
represented static local energy minima in which the incipient
carbene atoms could be remote from the carboxyl oxygen and
amide nitrogen atoms that were engaged in photodissociative
cross-linking. For example, the stationary distance between the
incipient carbene atom (C18) and the carboxyl hydroxyl O41,
Gly-amide N34, and Leu amide N29 in structure A1 was 5.14,
4.26, and 4.90 Å, respectively. For the list of selected
interatomic distances see Table 2. In contrast to the calculated
ion geometries at local energy minima that corresponded to
static structures at 0 K, the gas-phase ions we studied
experimentally were in the buffer gas at the ion trap
temperature (310 K). Thus, thermal motion of all atoms and
the ensuing conformational changes had to be considered to
capture and map temporary variations of interatomic distances
between the incipient carbene atom (C18) and selected atoms
in the peptide chain. Furthermore, photodissociation resulted
in internal excitation of the nascent carbene ion that can be
expressed by assigning it an effective temperature. According to
our calculations, dissociation of A1 to N2 and the carbene
intermediate was 59 kJ mol−1 endergonic. When combined
with the photon energy (337 kJ mol−1 at 355 nm) and
standard A1 rovibrational enthalpy (100 kJ mol−1 at 310 K),
378 kJ mol−1 will be be distributed between the carbene ion
and the departing N2 molecule. Although we did not know the
kinetic energy of the departing N2 molecule to exactly evaluate
the internal energy distribution in the products, we could
estimate the carbene ion effective temperature at 640 K, as an
upper limit corresponding to 378 kJ mol−1 rovibrational
energy. The hot nascent carbene ion then underwent cooling
collisions with the bath gas, limiting the ion internal excitation
to within the 310−640 K range.
In the contact analysis, we considered that the diazirine ring

limits the closest approach of the peptide atoms to the
incipient carbene atom at a distance corresponding to the sum

of the van der Waals radii of the involved atoms but also
depending on the mutual orientation of the interacting groups.
A previous estimate for a random approach has set this limit at
ca. 4 Å.21 This benchmark distance was still too long to lead to
an unambiguous insertion reaction after carbene formation.27

Therefore, we reexamined it following the results of analysis of
the 100 ps BOMD trajectories of A1 and A2 (Figures S7−S9,
Supporting Information) in which we counted the encounters
of the incipient carbene atom with selected ion atoms over a
2.5−4.5 Å distance. The trajectory contact analysis is shown in
Figure 9 and Figure S10 (Supporting Information). Despite
their very similar Gibbs energies, the conformers followed
different trajectories at both 310 and 640 K (Figure S7−S9).
At 310 K, ion A1 was found to experience 22% contacts with
the exchangeable hydrogens within a 3.7 Å distance, which
corresponded to the experimental cross-linking yield (21%.
Table 1). Interestingly, the number of these contacts decreased
upon increasing the ion temperature to 640 K, which can be
attributed to a larger conformational space accessed by the ion
at higher temperatures, making the specific contacts with
exchangeable hydrogens relatively less frequent due to
increased contacts with other atoms. The contacts were
distributed among the Gly-amide NH (H36), Gly carboxyl OH
(H42), and Leu-amide NH (H35). The most acidic proton
(H80) showed a lower participation at 310 K which increased
at 640 K (green symbols in Figure 9). In contrast, conformer
A2 showed chiefly contacts with the nonexchangeable
hydrogen atoms, whereas contacts with the exchangeable
protons were very minor at 310 K (Figure S10). Most of the
310 K contacts occurred with the hydrogen atoms of the Ala2
methyl group that accounted for 22% contacts at 3.8 Å.
However, while the Ala2 methyl hydrogens were accessible to
C18, the methyl carbon atom remained at a > 4.5 Å distance
along the entire trajectories, which should hamper insertion
into the carbene and formation of the C−C bond. The BOMD
trajectory of conformer A2 was more susceptible to the
effective temperature as seen in Figures S7 and S8. At 640 K,

Figure 9. Contact analysis of 100 ps BOMD trajectories of ion A1 at 310 K (top) and 640 K (bottom). For atom number assignment see the
structure on the right; the incipient carbene (C18) is annotated with an asterisk. The limits in Å are cutoffs for counting the number of interatomic
distances to C18 in the 100 ps trajectories. The total fractions are overcounted due to simultaneous contacts with multiple atoms.
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A2 developed numerous contacts with the Gly-amide NH and
the charging proton (Figure S10) that could result in proton
transfer and cross-linking. Thus, it can be inferred that cross-
linking in the nascent, vibrationally hot carbene can involve the
Gly amide and Leu OH protons starting from conformer A2.
Upon collisional cooling, the cross-linking probability in A2
receded while that of conformer A1 increased. It should be
noted that achieving a close contact was the necessary albeit
not a sufficient condition for carbene cross-linking. The
accessibility of the other atom of the X−H bond and the
energetics of proton transfer were the other factors that likely
affected the cross-linking yields and topicity.
Contact analysis of s-AAPG trajectories starting from

structures P1 and P2 also revealed essential features regarding
the conformational dynamics (Figure S11a−f, Supporting
Information). A significant fraction of the contacts, when
averaged over P1−P3, involved the Gly-COOH (10%) Gly
amide NH (24%), and Pro Hα (15%). However, the Pro-Hα
contacts were not associated with contacts with the Pro Cα
(e.g., 0% frequency at the 3.5 Å limit) that would be necessary
for carbene insertion into the Pro Cα−Hα bond. A large
portion of contacts occurred with the OH and NH protons at
the protonated Ala2 amide (45% and 2.5%, respectively),
which could result in proton transfer to the basic carbene. The
high frequency of these contacts was preset by the equilibrium
conformations of P1−P3 which were largely fixed by the
strong hydrogen bond between the Ala2-OH+ and the
phthalate carbonyl (Figure 8) and which was not disrupted
by thermal motion at 350−640 K. Carbene protonation by
Ala2-OH+ can initiate a subsequent nucleophilic attack by the
Pro and Gly amide or carboxyl atoms at the transient
carbocation, resulting in the macrocyclic ring closure (Scheme
4). The Scheme 4 mechanism was compatible with the results
of the cross-linking experiments and the CID-MS3 spectrum of
s-AAPG that showed a marked decrease of peptide chain
dissociation at Pro. According to the ion structures shown in
Scheme 4, cleavage of the susceptible tertiary peptide bond
between Ala2 and Pro in the cross-linked ion cannot lead to
the elimination of Pro-Gly which is tethered to the other side
chain. Instead, it can trigger elimination of Ala which is the
dominant dissociation in the CID-MS3 spectrum (Figure 4a).

Contact analysis of s-AAHG ion trajectories gave results that
were also compatible with the cross-linking data, showing a low
efficiency for this peptide sequence. Figure S12a (Supporting
Information) shows that conformer H1 had frequent contacts
with the His α-hydrogen that, however, were not accompanied
by contacts with the His α-carbon atom. These contacts
substantially receded at 640 K (Figure S12b). The other low-
energy conformer (H2) showed contacts with the Ala1 and
Ala2 amide NH at 310 K that were retained at 640 K (Figure
S12c,d).
We note that cross-linking to Ala1 and Ala2 amides would

not prevent these ions from peptide chain dissociation at the
His-Gly sequence that we used in analyzing the CID-MS3

spectrum in Figure 4b. Thus, the contact analysis may suggest
a higher yield of cross-links in s-AAHG than inferred from the
interpretation of the CID-MS3 spectrum. It is noteworthy that
in contrast to the solution study,43 cross-linking to His in gas-
phase s-AAHG did not stand out in comparison with the other
amino acid residues. This can be ascribed to the fact that the
cross-linking yields in gas-phase ions are governed by the ion
static and dynamic conformations while not being affected by
solvent effects, reagent diffusion, or other condensed-phase
factors.

■ CONCLUSIONS
Peptide scaffolds with covalently attached diazirine carbene
precursors were introduced as model molecular systems for
studying intramolecular cross-linking to peptide residues.
Experimental cross-linking yields showed a dependence on
the nature of the amino acid residues. Cross-links to polar
groups were found to be prominent, as determined by
deuterium incorporation into the carbene site and comparison
of CID-MSn spectra with those of authentic synthetic products.
Of the tallied contacts of s-AALG scaffolds, the highest
proportion belonged to the Gly residue represented by the
carboxyl OH and amide NH. BOMD trajectories were
essential in revealing the temperature dependence of the
interatomic interactions in thermal ions and provided road
maps for tracking close contacts with the incipient carbene
atom.

Scheme 4. Proposed Crosslinking Mechanism in s-AAPG Involving the Ala2 Proton
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the Amyloid Peptide Fragment Gly-Asn-Asn-Gln-Gln-Asn-Tyr. A
Gas-Phase Photodissociative Cross-Linking and Born-Oppenheimer
Molecular Dynamics Binding Study. Phys. Chem. Chem. Phys. 2019,
21, 2046−2056.
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