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0.14 Abstract. Electron transfer dissociation of peptide ions with the diazirine-containing
A \ residue photomethionine (M*) results in side-chain dissociations by loss of CsH,N,
g’ 0.10 \*\ ‘e radicals in addition to standard backbone cleavages. The side-chain dissociations
» 008 ' are particularly prominent upon activation of long-lived, charge-reduced, cation rad-
§ 0.0 icals (GM*GGR + 2H)*®. Investigation of these cation radicals by near-UV photodis-
g 0.04 \ sociation and collisional activation revealed different fragmentation products and

002 “ \. mechanisms resulting from these ion activation modes. The dissociations observed

000 i —— for photomethionine were dramatically different from those previously reported for the

200250 30(13(2?"';00 480300 ower homologue photoleucine; here, a difference by a single methylene group in the

side chain had a large effect on the chemistries of the cation radicals upon ETD and
further activation. ETD intermediates and products were probed by tandem 355-nm UV photodissociation-
collision induced dissociation and found to contain chromophores that resulted from electron attachment to the
diazirine ring. The nature of the newly formed chromophores and ion energetics and kinetics were investigated by
electron structure calculations combining ab initio and density functional theory methods and Rice-Ramsperger-
Kassel-Marcus (RRKM) theory. The dramatic difference between the dissociations of L* and M* containing
peptide cation radicals is explained by electronic effects that play a role in stabilizing critical reaction intermedi-
ates and steer the dissociations into kinetically favored reaction channels. In addition, a new alternating UVPD-
ETD-UVPD MS* experiment is introduced and utilized for ion structure elucidation.
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Introduction

he diazirine-labeled amino acid residues photoleucine

(L-2-amino-4,4-azipentanoic acid, L*) and
photomethionine (L-2-amino-5,5-azihexanoic acid, M*) have
been shown to be useful surrogates of the respective natural
amino acids [1] that can be introduced into proteins and used
for photochemical footprinting [2, 3]. Photodissociation of L*
and M* is analogous to the general behavior of aliphatic
diazirines in that it results in N, elimination, creating highly
reactive carbenes positioned in the amino acid side chains that
undergo competing insertions into X—H bonds and
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isomerization to nonreactive olefins [4]. In our previous studies
of photodissociation [5], collision-induced dissociation [6], and
electron transfer dissociation [7, 8] of model peptide ions
containing photoleucine, we discovered several unusual reac-
tions involving the diazirine ring. In particular, ETD of L*-
containing peptide ions (Scheme 1, » = 1) resulted in
diazirine ring fission and losses of small molecules such as
N,H,4, N,H;, and [NH4O] that competed with backbone
dissociations. The side-chain dissociations were interpreted
as being triggered by electron attachment to the diazirine
m*(N = N) orbital forming an anion radical. The diazirine
ring was calculated to have a substantial adiabatic electron
affinity. For diazirine-containing peptide ions in particular,
electron attachment is accompanied by exothermic intramo-
lecular proton transfer to the reduced diazirine anion-radical,
forming a diaziridinyl radical, which triggers a cascade of
radical-induced isomerizations resulting in a ring cleavage
and dissociation (Scheme 1).
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Scheme 1.

Photomethionine (Scheme 1, n = 2) is a homologue of
photoleucine from which it differs by a single methylene group
in the side chain, placing the diazirine ring to a slightly remote
position with respect to the peptide backbone. It was therefore
surprising to find that ETD of an M*-containing peptide ion
displayed completely different fragments than did ETD of its
L*-containing analogues, most notable of which was the lim-
ited observation of N,H,4, N,H3, and [NH4O] losses. We attri-
bute these differences primarily to the presence of this extra
methylene group in photomethionine. Here, we utilize compu-
tational and mass spectrometry methods to describe the effect
of this subtle difference. Characteristically, these methods in-
clude MS" combinations of ETD with collision-induced disso-
ciation (CID) and near-UV photodissociation (UVPD) to elu-
cidate the electron-induced dissociations of the diazirine ring in
a model peptide ion, (GM*GGR + 2H)*".

Experimental
Materials

Photomethionine was purchased from Pierce Biotechnology
(Rockford, IL, USA). All peptides were synthesized on Wang
resin (Bachem Americas, Torrance, CA, USA) using the

Fmoc technology according to literature procedures [9].
Fmoc N-protected photomethionine were prepared according
to the literature [10].

Methods

Electron transfer dissociation (ETD) mass spectra were
measured on a modified LTQ-XL ETD linear ion trap
(LIT) mass spectrometer (ThermoElectron Fisher, San
Jose, CA, USA), which was equipped with an auxiliary
chemical ionization (CI) source for the production of
fluoranthene anion radicals. Peptide solutions (5-10
uM) in 50/50/1 methanol/water/acetic acid were
electrosprayed at 2.2-2.3 kV from a pulled fused silica
capillary into an open microspray ion source described
previously [6, 7]. Doubly charged ions were selected
according to their m/z, stored in the LIT, and then
allowed to react with fluoranthene anions injected into
the LIT. The ion—ion reaction times were typically varied
between 100 and 300 ms. MS" experiments were carried
out by isolating the fragment ions and exposing them to
resonant collisional excitation or photoexcitation. High
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resolution ETD mass spectra were obtained on an LTQ-
Orbitrap Fusion instrument at a 120,000 resolving power.

Photodissociation

To accomplish photodissociation of trapped ions in the LIT, the
LTQ-XL ETD mass spectrometer was modified as described
previously [5, 8]. The typical light intensity used in the photo-
dissociation experiments was 15-20 ml/pulse. The typical
experimental time sequence of events consists of preparing
by MS" ETD/CID an ion with a chromophore absorbing at
the laser wavelength and storing it in the LIT for a chosen time
period. The mass-selected and stored ions are photodissociated
with a chosen number of laser pulses. For example, 400-ms
storage time can accommodate up to seven laser pulses spaced
by 50 ms. This allows one to vary the number of pulses and
determine the photodissociation kinetics.

Calculations

All electron structure calculations were carried out with the
Gaussian 09 suite of programs [11]. Structures of GM*GGR
dication precursors were built by modifying the side chain in
the lowest-energy conformers of GL*GGR homologues and
then fully optimized by density functional theory B3LYP
[12, 13] and M06-2X [14] calculations with the 6-31+G(d,p)
basis set. The structures were characterized by harmonic
frequency analysis. Additional energies were obtained by
single-point B3LYP, M06-2X, ®B97XD [15, 16], and
MP2 (frozen core) [17] calculations with the larger 6-
311++G(2d,p) basis set. Cation-radical structures were ob-
tained by gradient optimizations with B3LYP and M06-2X
in the spin-unrestricted format (UB3LYP and UMO06-2X)
and the 6-31+G(d,p) basis set. Local minima were charac-
terized by harmonic frequency analysis as having all real
frequencies. Transition states were located by mapping the
relevant parts of the potential energy surface and fully
optimized to first-order saddle points that were characterized
by frequency analysis as having one imaginary frequency.
Single point energies were calculated for all cation-radical
structures, as mentioned above. The UMP2 energies were
corrected for contamination by higher spin states using the
standard spin annihilation procedure [18, 19]. The spin-
projected single-point MP2 energies (PMP2) were combined
with B3LYP energies (B3-PMP2) to improve accuracy
through cancellation of small errors inherent to both methods
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[20-22]. Excited state energies and oscillator strengths were
calculated using time-dependent DFT theory [23] with the
M06-2X, ®B97XD, and LC-BLYP [24] functionals and the 6-
311++G(2d,p) basis set. Typically, the 15 lowest excited elec-
tronic states were analyzed. Unimolecular rate constants were
calculated according to Rice-Ramsperger-Kassel-Marcus
(RRKM) theory [25]. These RRKM calculations used a QCPE
program [26] that was expanded to allow molecular systems
with up to 1000 normal modes to be treated, and the QCPE Unix
program was recompiled to be run under the Windows NT and
Windows 7 operating systems [27]. Iterative analysis of com-
plex kinetic systems was carried out by solving first order linear
differential equations using the ode23 solver in Matlab version
R2004b (Mathworks, Natick, MA, USA).

1369

Results
Electron Transfer and Photodissociation Spectra

Electron transfer to (GM*GGR + 2H)*" ions results in standard
backbone as well as side-chain dissociations (Figure 1a). The
backbone fragments are represented by the z4—2z3, ¥4, and y3
ions, as assigned in the Figure 1a mass spectrum and corrobo-
rated by accurate mass measurements (Table SI,
Supplementary Data). In addition, the spectrum displayed an
unusual side-chain fragment at m/z 415, which was due to loss
of a C3H,N, radical, as evidenced by accurate mass measure-
ments (Am = 71.0610 Da, C3H;N, requires 71.0609 Da). The
m/z 415 ion relative intensity amounted to 25% of combined
relative intensities of z4—24 ions and the m/z 469 (loss of
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Figure 1. (a) ETD mass spectrum of (GM*GGR + 2H)?* at m/z 243. (b) UVPD mass spectrum of (GM*GGR + 2H)?*. Inset shows the
enlarged part of the spectrum. (c) UVPD-ETD MS® spectrum of [G(M* — No)GGR + 2H]** at m/z 229
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ammonia) fragment ion. The ETD spectrum of (GM*GGR +
2H)*" displayed only very minor peaks of fragment ions at m/z
454 (loss of N,Hy) and m/z 452 (loss of NH40) that were both
prominent in the ETD mass spectra of L*-containing peptide
ions [7, 8]. Hence, a minor structure change of replacing L*
with M* had a major effect on ETD. The origin of the C3H;N,
moiety was ascertained by a UVPD-ETD experiment. The
diazirine ring is the only chromophore in (GM*GGR + 2H)*"
ions absorbing at 355 nm [5], so it could be selectively targeted
by UVPD. Photon absorption resulted in elimination of N,
from the diazirine ring to form the m/z 229 photoproduct
(Figure 1b), which partly dissociated to y42+ and y3 backbone
fragment ions (Figure 1b). The stable m/z 229 ion, (G(IM* —
N,)GGR + 2H)**, was mass-selected and subjected to ETD.
The ETD mass spectrum of this photodissociation product
(Figure 1c) showed a complete series of backbone z ions at
m/z 159, 216, 273, and 384, along with the complementary C4
fragment ion at m/z 300. In contrast, there was no m/z 387
fragment ion suggesting loss of 71 Da that could be assigned to
C3H;N,. The fact that selective photodissociative removal of
the diazirine ring resulted in a complete suppression of the
C3H;N; loss upon ETD provided convincing evidence that this
dissociation was associated with the M* side chain.

The Figure la and ¢ ETD spectra further showed some
differences attributable to the photochemical detachment of
the diazirine ring. The Figure 1a spectrum showed a very minor
charge-reduced (GM*GGR + 2H)"*® ion at m/z 486, whereas
the corresponding [G(M* — N,)GGR + 2H]"® ion at m/z 458
was quite abundant in the Figure 1c ETD spectrum. Other
major differences were due to the fragment ion formed by loss
of ammonia and the z4 ion, which were weak in the Figure la
spectrum (m/z 469 and m/z 412, respectively) while strong in
the Figure 1c¢ spectrum (m/z 441 and m/z 384, respectively).

The low abundance of the long-lived m/z 486 (GM*GGR +
2H)"® cation radical in the Figure la ETD spectrum was an
impediment to further experimental studies of this ion’s struc-
ture and electronic properties. To further elucidate the nature of
the m/z 486 ion, we employed our previously introduced meth-
od of selective cation radical preparation using noncovalent
complexes with 18-crown-6-ether (CE) [7, 8]. ETD of the
(GM*GGR + CE + 2H)*" complex (m/z 375) resulted in charge
reduction accompanied by an abundant loss of the CE mole-
cule, forming the (GM*GGR + 2H)"® cation-radical at m/z 486
(Figure 2a), which was characterized by accurate mass mea-
surements (Table S1, Supplementary Data). It should be noted
that although ETD has sometimes been presented as a method
that preserves noncovalent interactions [28], the ETD spectra
of this and several other peptide-CE complexes [5, 8, 29, 30]
attest to the opposite. The (GM*GGR + 2H)"* ion was selected
by mass and subjected to CID (Figure 2b) and UVPD
(Figure 2c).

The CID-MS® mass spectrum of (GM*GGR + 2H)"® in
Figure 2b showed a major dissociation forming the z3 ion at m/z
273 along with the (y3 — H) and x3 backbone fragment ions at
m/z 288 and 316, respectively. The position of the x3 ion in the
spectrum, (Figure 2b inset), which was 0.2m/z units lower than
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the expected value and tailed toward low m/z, indicated that it
was metastable [31, 32] and readily dissociated by loss of
HNCO to form the z3 ion [33]. The UVPD-MS?® spectrum of
the (GM*GGR + 2H)"® ion (Figure 2c) indicated that it
contained a chromophore absorbing at 355 nm. The major
UVPD fragments were at m/z 415 (loss of C3H;N,), 428 (loss
of CH4N3), and 470 (loss of NH,). The spectrum also
contained ions at m/z 485 and 457, as discussed below.

The course of photodissociation was followed by recording
the relative intensities of the major ion species as a function of
the number of laser pulses (Figure S1, Supplementary Data).
The m/z 486 and 485 ions that were present in the mass-
selected ion population showed photodepletion albeit at very
different rates. This allowed us to distinguish their dis-
sociations as shown in Figure S2a and b (Supplementary
Data) and analyze them separately. The photodepletion
data for the (GM*GGR + 2H)"*® ions (Figure S2a, Sup-
plementary Data) were fitted with an exponential decay
function, I[m/z 486] = e 182710909 "where I is the ion
relative intensity and » is the number of laser pulses.
The fit showed a correlation coefficient of * = 0.9993 and gave
a 0.6% root-mean square deviation (RMSD) from the experi-
mental data. The photodepletion data of the (GM*GGR + H)"
ions (Figure S2b, Supplementary Data) were also fitted with an
exponential function, I[m/z 485] = e ®0728770-0986 " which
showed 7* = 0.996 and 1.7% RMSD from the experimental
data. The nature of the chromophore group that was generated
by ETD in the charge reduced m/z 486 cation radical will be
addressed below.

Light absorption by the m/z 485 even-electron ion can only
be due to the diazirine ring chromophore [5] because amide and
other side-chain groups in the peptide ion are transparent at
355 nm. This was probed by two separate experiments de-
scribed in the Supplementary Data (Figure S3), and the ion
structure was unambiguously assigned to (GM*GGR + H)"
with an intact M* residue.

Tandem UVPD-ETD-UVPD Spectra

Photodissociation was also used to probe charge reduced
[G(M* — N,)GGR + 2H]"* cation radicals. This was accom-
plished in a novel tandem MS* experiment, called UVPD-
ETD-UVPD, in which the [G(M* — N,)GGR + 2H]*" precur-
sor dications were prepared by UVPD of the diazirine-tagged
peptide ions, mass-selected, and allowed to react by electron
transfer from fluoranthene anions, as shown in Figure 1b, c.
The surviving charge-reduced [G(M* — N,)GGR + 2H]"® ion
(m/z 458) was selected by mass and interrogated by photodis-
sociation; a CID spectrum was also taken for reference
(Figure 3a, b). The CID spectrum (Figure 3a) showed a com-
bination of proton and radical-driven dissociations, the former
leading to loss of ammonia and water, m/z 441 and 440,
respectively. The radical dissociations resulted in loss of
43 Da (m/z 415), presumably H,NC®*=NH from the Arg side
chain, and loss of 56 Da (m/z 402), presumably C4Hg from the
M* side chain or HN=CHCO* radical from the Gly, residue. In
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(a) ETD mass spectrum of the (GM*GGR + CE + 2H)?* complex at m/z 375. Inset shows the peak of the (GM*GGR + 2H)**

ion at m/z 486. (b) CID-MS?® spectrum of the (GM*GGR + 2H)*™* at m/z 486. Inset shows the x5 peak profile. (c) UVPD-MS® spectrum of

the (GM*GGR + 2H)** m/z 486

contrast, the UVPD spectrum (Figure 3b) was dominated by
loss of H (m/z 457), which was completely absent in the CID
spectrum. The loss of 58 Daupon UVPD can be ascribed to the
H,NCH,CO?® radical from the Gly; residue. The UVPD spec-
trum confirmed that the charge-reduced [G(M* — N,)GGR +
2H]"™® ion contained a chromophore absorbing at 355 nm.
Furthermore, the photofragment relative ion intensities obtain-
ed for photodissociation with laser pulses ranging from one
(Figure 3b inset) to nine (Figure 3b) showed no major changes.
This strongly indicated that these fragments were photon

nonabsorbing even-electron ions and therefore their formation
must have involved losses of neutral radicals. Monitoring
fragment ion intensities as a function of laser pulses is a useful
tool for distinguishing even-electron and odd-electron ions
based on their susceptibility to photodissociation [5].

The formation of photofragment ions from [G(M* —
N,)GGR + 2H]"® can be visualized by standard radical-
induced reactions [34, 35] depicted in Scheme S1 and de-
scribed by an accompanying text in the Supplementary Data.
In short, electron transfer can trigger hydrogen atom migration
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from the N-terminal ammonium to the olefin side chain [36],
which is followed by a rearrangement to a photoactive M* C,,
radical whose optimized structure and absorption spectrum are
shown in Figure S4 (Supplementary Data) [5, 37].

lon and Radical Structures and Energetics

To interpret the experimental data concerning GM*GGR ions,
we undertook extensive theoretical analysis of local energy
minima, interconnecting transition states, and excited electron-
ic states of pertinent cation radicals at several levels of ab initio
and density functional theory. Conformers of the precursor
(GM*GGR + 2H)*" dications were modeled on their GL*GGR
homologues, for which an exhaustive conformational search
was reported previously [6]. The relative enthalpies and free
energies of conformers with the most stable backbone folding
motif are summarized in Table S2 (Supplementary Data), and
the structures (1a%*—1¢?") are visualized in Scheme 2. These
M* side-chain conformers had very similar free energies and
were expected to be populated at thermal equilibrium in the gas
phase. The lowest free-energy conformer (1a>*) had the
diazirine ring oriented towards the Gly,; amide, forming a weak
hydrogen bond. Conformer 1b** had the diazirine ring oriented

towards the Gly; amide, forming a weak hydrogen bond there,
whereas conformer 1¢** had an all-anti M* side chain with an
uncoordinated diazirine ring. Regardless, between all three
structures, the folding of the backbone was mostly the same.

Loss of N, from ions 1a>*-1¢*" was calculated to be sub-
stantially exothermic when forming side-chain olefin isomers
of the [G(M* — N,)GGR + 2H]*" ions (Scheme S1, Supple-
mentary Data). Formation of both the terminal
CH,=CHCH,CH,- and internal trans-CH;CH=CHCH,- olefin
groups in the M* residue was >200 kJ mol ' exothermic, with
the internal olefin being 15 kJ mol ' more stable than the
terminal one. The energetic loss of N, upon photodissociation
results in vibrational excitation in the [G(M* — N,)GGR +
2H]*" ions, which explains their concomitant backbone disso-
ciation forming y; fragment ions (Figure 1b). Note that a
substantial part of this vibrational excitation originates from
the highly exothermic rearrangement of the primary carbene
(M* — N,) intermediate to the more stable olefins [6].

The course of electron attachment to 1a>*~1¢** depended
on the diazirine ring orientation (Scheme 2). Electron capture
by conformers 1a’*and 1b** first formed transient anion-
radical zwitterions consisting of a reduced diaziridine anion
radical and the protonated Arg and N-terminal groups. These
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Scheme 2. M06-2X/6-31 + G(d,p) optimized structures of (GM*GGR + 2H)?* cations and cation radicals

intermediates were not local potential energy minima and,
upon gradient optimization of the ground electronic state, they
underwent a spontaneous transfer of conformationally avail-
able peptide protons to the diaziridine anion radical. Starting
from 1a**, this produced cis-diazirinyl radical 1a** that can
readily isomerize via a low-energy transition state (TS1, ~20
kJ mol ") to its nearly isoenergetic #rans-isomer 1d*®. Note that
the proton transfer in the charge-reduced ion proceeds in two
tandem steps, the first one being the transfer of the Gly, amide
proton on the diazirine ring forming a transient amidyl anion.
This is followed by transfer of an N-terminal ammonium proton
onto the Gly, amidyl anion forming stable ion 1a*® (Scheme 2).
Interestingly, the amidyl anion was found as a very shallow
potential energy minimum (74 kJ mol ' vs 1a**) by B3LYP
gradient optimization, whereas M06-2X optimization resulted in
a spontaneous collapse to 1a™*.

Electron attachment to 1b** involved a single step in which
the electronic state of the diazirine anion radical was quenched
by transfer of the M* amide proton forming zwitterion radical

1b**. In contrast, electron attachment to conformer 1¢**
avoided the diazirine ring while proceeding to the Gly, amide
group and forming the zwitterionic structure 1¢*® as an inter-
mediate. Ton 1¢"® can be expected to readily eliminate ammo-
nia or undergo N—C, bond cleavage forming the z4 fragment
ion. The fact that neither of these dissociations is prominent in
the ETD mass spectrum indicates that ions of type 1¢"* are not
substantially populated by electron transfer. The rather unusual
reaction sequences and structure development upon electron
attachment to GM*GGR ions 1a**—1¢** are analogous to those
reported for GL*GGR conformers [8] and further point to the
nature of electronic structure development as something that is
very sensitive to the precursor peptide ion conformation.
Cation radicals formed by electron attachment to GM*GGR
ions 1a%"—1¢** differed very substantially in potential energy
(Table 1). Cation radicals 1a™® and 1d*® represent the lowest
energy structures that are nearly isoenergetic as judged on the
basis of several DFT and ab initio calculations (Table 1). Ions
1b** and 1¢** can be viewed as high-energy intermediates with
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Relative energy™®

Species/reaction B3LYP¢ PMP2° B3-PMP2¢ M06-2X° ®B97XD¢
1a™ 0.0 0.0 0.0 0.0 0.0
1" 112 106 109 121 119
1c™* 168 155 162 170 187
1d"* -12 4.8 -3.7 1.0 3.5
1e™* 12 14 13 42 50
1a™ — TS1 23 15 19 20 23
1a™ > TS2 99 118 108 160 129
2 -83 —49 —66 -53 -57
1a™ > TS3 71 73 72 89 92
3 34 52 43 51 59
1a™ — TS4 115 121 118 136 139
1a™ — TS5 148 175 161 184 193
13“ — 6"+ CGHN,® 116 163 140 166 182
4" 57 66 61 68 80
2:' — TS6 82 79 80 95 96
2t 7 27 15 21 21 32
7" - TS8 82 99 91 104 110
7" - 6" + C3H,N,*(8) 34 86 60 86 84
2" 5 TS7 89 83 86 97 101
29" 48 34 41 43 51
9" . TS9 90 102 96 110 112
9° 10" 38 64 51 69 67
9" 511 +12 114 193 154 185 191

“In units of kJ mol .
PIncluding zero-point vibrational energies and referring to 0 K.

“From single point energy calculations with the 6-311++G(2d,p) basis set using fully optimized B3LYP/6-31+G(d,p) geometries.

dAveraged B3LYP and spin-projected PMP2 energies according to ref. [20-22].

°From single point energy calculations with the 6-311++G(2d,p) basis set using fully optimized M06-2X/6-31+G(d,p) geometries.

the respective potential energies at 109 and 162 kJ mol !
relative to 1a™®. Ton 1¢™® can undergo a process towards the
highly exothermic elimination of ammonia yielding an ion—
molecule complex (1e"®), which is 148 kJ mol ' more stable
(Scheme S2, Supplementary Data). In contrast, the M* amidyl
anion in 1b"® does not have a facile pathway to stabilization
because there is no proximate proton for transfer to reform the
M* amide group. An isomerization to 1a*® or 1d**, albeit
energetically very favorable, requires peptide refolding to bring
the N-terminal ammonium close to the M* amidyl group to
allow proton transfer.

Structure 1d™* is a crucial intermediate for the backbone and
side-chain dissociations induced by collisions and UV absorp-
tion of long-lived (GM*GGR + 2H)"®. These were investigated
for two branches of consecutive and competitive reactions. In
the first one (Scheme 3), the N-diaziridinyl radical in 1d™®
undergoes competitive transfers of the M* a (TS3) and P
(TS4) hydrogen atoms forming the respective C-centered o
and P radicals 3" and 47°. The respective transition state
energies for TS3 and TS4 favor the former, although both
transfers are endothermic and thus reversible. This is further
underscored by the high energy for the Cg—C, bond dissociation
resulting in loss of 3-methyldiaziridinyl-3-methyl radical (5)
from 3*® (TS5, Ergs = 161 kJ mol ' relative to 1a**) and
formation of the peptide fragment ion 6* (m/z 415) with a
threshold energy of 140 kJ mol ' relative to 1a™®.

In the second branched pathway, radical 1d*® can compet-
itively undergo diaziridine ring opening, which requires

108 kJ mol ! in the pertinent transition state (TS2) forming
diazene radical 2** (Scheme 4). The ring opening is substantially
exothermic and therefore practically irreversible, as follows
from the energetics of the further reactions of 2°°. The N-
centered diazene radical 2° can undergo competitive transfers
of the M* a (TS6) or B (TS7) hydrogen atoms forming the
respective C-centered a- and B-radicals 7°° and 9", which are
hydrazones with potential energies above 2"°. Dissociation of
the Cg-C, bond in 7"° results in loss of acetonyl hydrazone
radical (8) to form 6%, which can proceed via TS8 at 91 kJ mol ™’
relative to 77°. The B-radical 9** is a reactant for the cleavage of
the backbone C,—CO bond resulting in a complex (10*®) of the
incipient x3"® (117°) and a, (12) fragments [33]. After fragment
separation, the x3"* ion can readily eliminate HNCO to form the
73 © fragment ion found in the ETD spectrum. Alternatively,
HNCO elimination can occur in complex 10*°, where it requires
relatively low energy in the transition state. The potential energy
profiles for both branches of reactions starting from 1a™® are
plotted in Figure 4 to visualize the following discussion of the
dissociation kinetics. The fully optimized structures are shown in
Schemes S3—S7 (Supplementary Data).

Dissociation Kinetics

Having a detailed description of the relevant transition states
and their energies, we attempted to calculate the branching
ratios for the formation of major products upon CID and
UVPD. Because of the exothermic isomerization of 1a*™® to
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Figure 4. Schematic potential energy surface for isomeriza-
tions and dissociations of (GM*GGR + 2H)*® cation-radicals.
For the relative and TS energies see Table 1. For the rate
constants see Figure 5

2"® (Table 1) and the ensuing irreversible diazirine ring open-
ing in 1a™®, it was possible to separate the top and bottom
reaction schemes in Figure 4 and treat them independently. The
RRKM rate constants for the isomerizations of ions with an
intact diazirine ring (1a*®, 1d"®, 3*°, 4™*) are shown in Figure
S5, Supplementary Data. Because of the low energy for TS1,
the cis and trans diazirinyl radicals 1a”*and 1d™® were expect-
ed to rapidly interconvert. The rate constant for the H, migra-
tion (k;, TS3) was substantially larger than that for the Hg
migration (k,, TS4), indicating that the former reaction will
be preferred in 1a™® and 1d*®. However, because of their
relative energies, intermediates 3" and 47° are depleted by
fast reverse hydrogen migrations reforming 1a*® and 1d*°.
This is indicated by the rate constant for the reverse H atom
migration to the M* C,, position (k;,, Figure S5, Supplementary
Data). Further, the high TS5 and threshold energy for the loss
of CsH7N, hampers this reaction from efficiently competing
with the diazirine ring opening through TS2, which is charac-
terized by rate constant k3. From this kinetic analysis it follows
that o and P radicals 3"*and 4™ are expected to be at low
equilibrium concentrations among the non-dissociating
(GM*GGR + 2H)"™* cations.

The reaction scheme for the isomerizations and dissociations
of ion 2** involves a system of several reversible competitive and
consecutive reactions (Scheme S8) described by equations S1-S6
in the Supplementary Data. The pertinent RRKM rate constants
(ks, ky, kar, ks, ksi, ke, and k7) were calculated for TS energies
obtained at various levels of theory and used for iterative solution
of differential equations S1-S6. These calculations were carried
out to yield molar fractions of the involved species at reaction

C. J. Shaffer et al.: ETD-UVPD of Photolabeled Peptide lons

times of 50, 100, and 200 ms that cover the UVPD and CID time
scales. Note that transfer of the p-H in 2** (TS7, Scheme 4) can
involve either of the diastereotopic hydrogen atoms. These reac-
tions were treated under the assumption that the pertinent rate
constants were similar and, therefore, the RRKM rate constant for
the hydrogen transfer (ks) was doubled.

The kinetic analysis showed a substantial kinetic shift for the
ring opening in 1d*®. This is indicated by the slowly rising curve
for the pertinent rate constant (k3, Figure 5a) and the delayed
depletion of 1d™®, which shows <1% change up to ion internal
energies of 300 kJ mol " (Figure 5b). The kinetic shift depends on
the dissociation time scale, as shown for dissociations taking place
at 50 ms (solid line curve in Figure 5b) and 200 ms (broken line
curve). RRKM rate constants obtained for the B3-PMP2, M06-
2X, and ®B97XD potential energy surfaces from Table 1 gave
qualitatively similar results. Noteworthy is the low molar fraction
of intermediate 2** (<0.4%), which is efficiently depleted by
consecutive isomerizations to 9°* and 7" and their further disso-
ciations. Radicals 3** and 4™ also showed very low intermittent
molar fractions (<0.01%, not plotted in Figure 5b). The overall
kinetics was dominated by the rate determining ring opening via
TS2. When TS2 was passed, the intermediates of consecutive
reversible isomerizations underwent competitive dissociations
forming ion 6" and complex 10™®, which further dissociated to
the x3 and z3 fragment ions. The branching ratio between 6" and
10™* consistently favored the former fragment ion when based on
RRKM rate constants pertinent to the calculated TS energies. This
result was contrary to experiment, where slow heating of the
(GM*GGR + 2H)"* ion upon CID preferentially produced the
73 fragment ion (Figure 2b), implying that this dissociation was
preferred at excitation energies near the dissociation threshold.

The rate constants are known to be very sensitive to the TS
energies which, for the computational methods used here, have
an expected accuracy of £10 kJ mol '. For example, lowering
the TS2 energy by 8 kJ mol ' from the Table 1 datum resulted
in a 25- to 110-fold increase of the RRKM rate constant (k) in
the kinetically relevant energy region of 270-380 kJ mol ™'
(Figure 5). Likewise, stepwise adjustments by 4 kJ mol ' of
energies of TS6, TS7, 7°°, and 9*° resulted in sets of RRKM
rate constants that produced increasing molar fractions of 10*°
to improve agreement with experiment, although the formation
of 6" still prevailed. Because the molar fractions had to be
calculated by iterative solution of differential equations S1—
S6, it was not possible to analyze the effect of multiple combi-
nations of adjusted TS energies to obtain an optimized set of
RRKM rate constants that would produce a [107°]/[6"] ion
intensity ratio matching the experimental datum. Nonetheless,
the calculations with the TS energies that we used indicated
that the [107°]/[6"] ratio changed by less than 2% over a 250—
450 kJ mol ™' range of 1d*® internal energies. This implied that
the differences in the formation of fragment ions 6" and z3 in
the CID and UVPD spectra cannot be accounted for by differ-
ent internal energies in the precursor ions. If vibronic energy
equilibration preceded dissociation on UVPD, the photon en-
ergy (3.49 eV, 337 kJ mol™') combined with the thermal
enthalpy of the precursor ion (95 kJ mol-' at 310 K) would
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Figure 5. Top panel (a): RRKM rate constants for dissociations and isomerizations of 1d*® on the combined B3LYP-PMP2/6-
311++G(2d,p) potential energy surface; bottom panel (b): calculated molar fractions from iterative solution of equations S1-S6.

Reaction times were 50 ms (full lines) and 200 ms (broken lines)

produce 1d™® with an internal energy of 432 kJ mol . Accord-
ing to the RRKM kinetic analysis (Figure 5b), at these internal
energies the [107°]/[6"] ratio stays flat and would be expected
to be close to that from CID, which is contrary to the experi-
mental data. This apparent discrepancy could be resolved by
assuming that the dissociation in UVPD proceeds from an
excited electronic state.

Excited Electronic States

The UVPD spectra of the (GM*GGR + 2H)"* ions clearly
indicated that the long-lived species contained a chromophore
group absorbing at 355 nm. Since the peptide ions were stored

in the ion trap at ambient temperature (30 °C), the UV absorp-
tion bands were likely to be broadened to 30-40 nm by exci-
tation involving multiple vibrational states [38, 39], implying
that the laser excitation line and the absorption band maximum
do not have to match in absolute precision. The other constraint
for observing UVPD is that the absorbing species must be
significantly populated in the ensemble of (GM*GGR +
2H)"® ion structures produced by ETD to account for the
observed photodissociation. The electronic transitions for pho-
ton absorption by 1d*®, 2°, 7°°, and 9"* were calculated by
TD-DFT and are plotted as theoretical absorption spectra in
Figure 6a—d. The spectra are plotted on the same oscillator
strength scale for facile comparison.
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Figure 6. UV absorption spectra from TD-DFT calculations. Blue bars and lines: wB97XD/6-311++G(2d,p) energies; brown bars

and lines: M06-2X/6-311++G(2d,p) energies

The accuracy of the TD-DFT-calculated excitation
energies and transition intensities was checked by
benchmarking to the equation-of-motion coupled cluster
calculations (EOM-CCSD) [40, 41] all with the 6-
311++G(2d,p) basis set, as described in detail in the
Supplementary Data. The ©®B97XD, M062X, and LC-
BLYP methods have been evaluated previously with
different molecular systems [42]. The calculated absorp-
tion maximum of the diazirinyl radical 1d™® was at 370
nm (Figure 6) which, when corrected for a ca. 18-nm red
shift, could readily account for UVPD at 355 nm. The
analogy between the electronic structure of 1d*® and the
3,3-dimethyldiazirin-1-yl radical is obvious from the
comparison of the donor and acceptor molecular orbitals
(MO) involved in the electron transition (Figure S6,
Supplementary Data). In both cases, the component of

largest transition density corresponds to a weakly
allowed electron excitation from a diazirine doubly oc-
cupied in-plane m,, orbital to the singly occupied out-of-
plane m, MO, and the excitation is localized in the
diazirine ring. Interestingly, this is analogous to the
nxy—ntz* excitation in diazirine that occurs at a similar
wavelength [4]. The diazene radical 2, M*-a radical
7°® and M* B-radical 9"° were calculated to have weak
absorption maxima at 320-330 nm (Figure 6), which
would be close to 300 nm when a red shift was accounted
for. Hence, the Figure 6 calculated spectra indicated the
best match for photon absorption by the diazirinyl radical
1d™®. This conclusion is consistent with the analysis of
the above-mentioned Figure 5 kinetic data that indicated a
substantial fraction of non-dissociating 1d™®, whereas
those of 2%°,7°°, and 9" were vanishingly low.
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Discussion

Aside of the details of the dissociation kinetics, there are two
salient features of the ETD spectra of the L* and M* tagged
peptides. One is the competition between the backbone and
side-chain dissociations. The other is the dramatically different
courses of side-chain dissociations for L* and M* because of a
minor structure difference by a single methylene group. Re-
garding the first feature, analysis of electronic states that de-
velop in the course of electron attachment to both L* and M*
containing peptide ions indicated that the ground doublet state
in each case involved electron capture by the diazirine ring.
This was discussed previously for L* where it was pointed out
that the diazirine ring has a substantial intrinsic electron affin-
ity, which is augmented by the Coulomb effect of the peptide
charged groups [7, 8]. An important step in the development of
the ground electronic state of the charge-reduced ion is the
concomitant proton transfer that stabilizes the diazirine anion
radical by transforming it to a neutral radical. In the absence of
a suitable proton, as in GM*GGR conformer 1¢**, the incom-
ing electron reduces another functional group in the vicinity of
the charge site. The calculated flow of electron density to the
diazirine ring in L* and M* radicals may be viewed as being in
partial conflict with ETD spectra, where the majority of
electron-triggered dissociations (75% for GM*GGR) involve
backbone N—C,, bond cleavages and only 25% affects the M*
side chain. Note that the backbone N—C, bond dissociations
cannot be initiated from intermediates with reduced diazirine
rings because of energy reasons [8]. This apparent conflict can
be resolved by considering that the N—C, bond cleavages do
not proceed from the doublet ground state but involve excited
electronic states in which the electron enters amide ©* orbitals,
as postulated by the Utah-Washington model [28, 43, 44]. As
discussed for GL*GGR, intermediate structures produced by
electron attachment to the dication show a number of low-lying
electronic states in which the spin density is delocalized over
several amide groups where it can trigger proton transfer and N

—C,, bond cleavage. These processes have been analyzed in
detail for a dipeptide ion using Ehrenfest dynamics [45]; how-
ever, a detailed analysis of excited state dynamics is currently
lacking for larger peptide ions.

The dramatic difference in the diazirine-affecting dissocia-
tions of L* and M* can be ascribed to subtle structure effects.
Both reduced L* and M* are thought to involve diaziridinyl
radicals as reactive intermediates that undergo exothermic ring
opening to diazene radicals. Diazene radicals from both L* and
M* can undergo hydrogen atom transfers forming o and P
carbon-centered radicals, e.g., 7" and 9" (Scheme 4). The
difference between L* and M* arises because the B- radical
from L* is conjugated with the side-chain hydrazone n-system,
which lowers its energy and allows for further a-H migration
and cyclization in a cascade of thermoneutral or exothermic
rearrangements (Scheme 5) [8]. In contrast, GM*GGR radical
7** is not stabilized by conjugation and undergoes simple Cp-
C, bond fission resulting in the loss of C3H;N, radical.

Conclusions

The dramatic differences in the fragmentation patterns upon
electron transfer dissociation of photoleucine and
photomethionine are accounted for by using experimental and
theoretical methods. In both amino acid analogues, the high
electron affinity of the diazirine tag contributes greatly to the
radical forming processes pursued following electron transfer.
Two major products predominate the ETD spectrum of the
studied photomethionine containing peptide. Density function-
al calculations show that these two products can arise through
two initial separate but congruent steps that compete through
isomerization of various radical intermediates. Kinetic model-
ing was used to distinguish the relative branching ratios of the
reactions following divergence via the initial step. The resulting
radical intermediates were probed by ETD-UVPD MS? and
ETD-CID MS? to identify photoactive radical centers that can
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account for the unique fragments. Divergence between CID
and UVPD results and pulse dependence were used as a basis
to suggest radical centers that were then characterized by
electron structure theory calculations. These experiments in-
cluded the first use of an alternating UVPD-ETD-UVPD MS*
experiment. This allowed the incipient liberation of the diazo
species, allowing for identification of the minor fragmentation
products as having occurred from backbone fragmentations.
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