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Highly chromogenic 18-crown-6-dipyrrolylquinoxaline coordinates primary amines of pep-
tides, forming non-covalent complexes that can be transferred to the gas-phase by electrospray
ionization. The appended chromogenic crown ether facilitates efficient energy transfer to the
peptide upon ultraviolet irradiation in the gas phase, resulting in diagnostic peptide fragmen-
tation. Collisional-activated dissociation and infrared multiphoton dissociation of these
non-covalent complexes result only in their disassembly with the charge retained on either the
peptide or crown ether, yielding no sequence ions. Upon UV photon absorption the
intermolecular energy transfer is facilitated by the fast activation timescale of ultraviolet
photodissociation (<10 ns) and by the collectively strong hydrogen bonding between the
crown ether and peptide, thus allowing effective transfer of energy to the peptide moiety

before disruption of the intermolecular hydrogen bonds.
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acterizing biological molecules is driving efforts

to develop new ion activation and dissociation
approaches in mass spectrometry (MS) [1, 2]. Currently,
collisional-activated dissociation (CAD) remains the
most popular technique used to produce diagnostic
fragment ions [3, 4]. However, this MS/MS method is
subject to a number of shortcomings such as insufficient
or inefficient energy deposition. Accordingly, a number
of other techniques, including surface induced dissocia-
tion (SID) [5], electron capture dissociation (ECD) [6, 7],
electron-transfer dissociation (ETD) [8], and photodis-
sociation (PD) [9-22] have been developed in recent
years. Of these, photodissociation appears particularly
attractive because it offers the possibility of tuning the
level of energy deposition and providing high-energy
input without collisional scattering effects; it is also
compatible with both time-of-flight and ion trapping
platforms [9-22]. Unfortunately, as currently practiced,
photodissociation requires that the ions of interest ab-
sorb the specific wavelength to induce fragmentation.
This is often problematic because many biological mol-
ecules display regions of low absorptivity over much of
the UV/Vis spectral range. To overcome this deficiency,
efforts have been made to append external chro-
mophores to molecules of interest, and this is an ap-
proach that we [23, 24] and others are exploring [25].
However, far more appealing and potentially more
general is the idea of attaching chromophores via
non-covalent interactions as an attractive alternative

The ongoing need for improved methods for char-
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because of its simplicity and potential versatility. On
the other hand, non-covalent interactions are relatively
weak. This makes it a challenge to design chromogenic
receptors that not only can bind to various target ions of
interest but also can allow energy transfer following
photoexcitation. In this report we describe a simple
first-generation chromogenic molecule (18-crown-6-
dipyrrolylquinoxaline, 1) [26] that binds non-covalently
to peptides via hydrogen bonding interactions and
allows effective energy-transfer upon UV irradiation of
the resulting complex in the gas phase.

Chromophore
[
(o B
(0] 0. N\ N
C XXX 1
(0] (0] N =
Lo J NH/

-/

Binding Site

Experimental
Mass Spectrometry

A Spectra-Physics GCR-11 Quanta-Ray Nd:YAG laser
with a HG-2 harmonics generator (Mountain View, CA,
USA) was coupled to a Thermo Finnigan LCQ Deca XP
(San Jose, CA, USA) for ultraviolet photodissociation
(UVPD) experiments as previously described in more
detail [24]. The vacuum manifold was modified to
incorporate a CF viewport flange to hold an anti-
reflective quartz window (CVI Laser Optics, Albuquer-
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que, NM, USA) to allow transmission of the laser beam
through a 5-mm hole drilled into the ring electrode for
irradiation of the ion cloud. The laser control unit was
modified to integrate an operational amplifier to in-
crease the TTL output from the mass spectrometer up to
the necessary 15 V to gate the laser. The laser was
operated at full energy with the triple harmonic at 355
nm produced an approximately 60 m]/pulse, whereas
the fourth harmonic at 266 nm produced an approxi-
mately 30 mJ/pulse based on the manufacturer’s spec-
ifications. Infrared multiphoton dissociation (IRMPD)
was conducted on the same LCQ Deca XP instrument
using a 48-5 Synrad 50W CO, continuous-wave laser
(Mukilteo, WA, USA) with a ZnSe window in place of
the quartz window for IR transmission. A more detailed
description was previously published [21]. Solution
mixtures (1:1) of compound 1 and lysine-containing
peptides purchased from Bachem (King of Prussia, PA,
USA) were diluted in 50/50/2 H,O0/MeOH/HoAc at
10 uM and infused at 3 ul/min with a Harvard Appa-
ratus PhD 2000 syringe pump (Holliston, MA, USA). A
g. value of 0.10 was used for UVPD and IRMPD
experiments to provide a significant reduction in the
low-mass cutoff for the retention and observation of
low m/z fragment ions. The standard g, value of 0.25
was used for CAD experiments.

Results and Discussion

Primary amines in peptides, such as the N-terminus
or basic amino acid side chains, afford appropriate
hydrogen-bond donor sites suitable for coordination
by crown ethers. The resulting stable non-covalent
complexes can be transferred to the gas phase by
electrospray ionization (ESI) for MS analysis [27-31].
Gas-phase spectroscopic studies of small molecule/
atom complexes have been studied with UV excitation
[32]; however, the inherent complexation properties of
crown ethers have not yet been exploited in the context of
photodissociation and mass spectrometry. To achieve this
latter goal, it is necessary to generate a chromophore-
modified crown ether. One such modified crown ether is
18-crown-6-dipyrrolylquinoxaline (1), a potential ditopic
receptor that we have recently synthesized [26]. In addi-
tion to a crown ether moiety suitable for non-covalent
complexation with the N-terminus or the lysine side chain
of peptides, it contains a chromogenic dipyrrolylquinoxa-
line (DPQ) functionality that exhibits high absorptivity at
both 355 and 266 nm, the third and fourth harmonics of
the Nd:YAG laser that are useful for UVPD [26]. It is thus
attractive as a potential non-covalent receptor for peptides
because it might promote their photodissociation via a
combination of recognition and UV /Vis photoexcitation/
energy transfer.

UVPD of Peptide Crown Ether Complexes

Solutions containing a Lys-containing peptide, YGGFLK
at 10 uM, with and without 1, also at 10 uM, were
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Figure 1. ESI-product ion spectra of (a) singly protonated YGGFLK
activated by 355 nm UV irradiation with 20 pulses at 10 Hz; and
singly protonated (YGFFLK + 1) complex energized by (b)
collisional activation (0.78 V at 30 ms); (c) IR irradiation [50 W, 2.5
ms]; and (d) 355 nm UV irradiation with 2 pulses at 10 Hz.
Fragment ions of compound 1 are labeled with a phi (¢) symbol
and noise peaks are denoted by a pound (#) symbol. The magni-
fication scale applies to all spectra shown and the precursor ion is
denoted with an asterisk (*). The peptide is represented by M.

analyzed by ESI-MS/MS. UVPD of the protonated
peptide alone was evaluated first to provide a bench-
mark for the PD efficiency in the absence of the chro-
mogenic crown ether. As shown in Figure la, proton-
ated YGGFLK does not undergo any PD at 355 nm even
after exposure to 20 laser pulses. This result indicates
that the protonated peptide does not absorb at 355 nm
in the gas phase. Collisional activation of the proton-
ated 1:1 YGGFLK/1 complex (Figure 1b) yields only a
single product ion: the protonated peptide via disas-
sembly of the complex. Another low-energy activation
method, IRMPD, also causes disassembly of the non-
covalent complex (Figure 1c). Figure 1d illustrates the
355 nm UVPD mass spectrum of the complex, with
several diagnostic a, b, and y ions evident that are
comparable to those produced upon CAD of the pro-
tonated peptide (CAD spectrum not shown), albeit at
much lower abundance in the UVPD spectrum. These
data suggest that not only is 1 responsible for UV
photoabsorption and energy accumulation but also that
a sufficiently large amount of internal energy is redis-
tributed within the non-covalent complex to cause
fragmentation of the peptide before disruption of the
non-covalent intermolecular bonds that link the crown
ether and peptide.

Another example of this intermolecular energy
transfer through non-covalent bonds is shown for the
complex containing another Lys-containing peptide
(KRPPFGSPFR) with 1. Upon collisional activation
(Figure 2a), both the singly and doubly protonated 1:1
complexes simply disassemble, resulting in the proton-
ated peptide and protonated crown ether partners or
the doubly protonated peptide (and non-detectable
neutral crown ether). In contrast, UV activation at 355
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Figure 2. ESl-product ion spectra of the [KRPPFGSPFR + 2H +1]**
complex produced by (a) collisional activation [0.68V, 30 ms], (b)
355 nm UV irradiation [2 pulses at 60 m]/pulse, 10 Hz], and (c) 266
nm UV irradiation [10 pulses at 30 m]J/pulse, 10 Hz]. The
magnification scale bar applies to all three spectra over the
indicated mass range. The precursor ion is represented with an
asterisk (*) and characteristic fragments of 1 are labeled with a ¢.
The peptide is represented by M.

or 266 nm generates a variety of diagnostic sequence
ions (Figure 2b and c). Interestingly, UV irradiation at
355 nm results in more efficient dissociation of the
peptide than observed at 266 nm by nearly a factor of
10, in terms of the conversion efficiency of precursor
complexes to diagnostic fragment ions. We speculate
that this contrast in PD efficiency stems from a combi-
nation of three factors: (1) differences in absorption
efficiency of compound 1 at 266 nm versus 355 nm in
the gas phase, (2) varying extents of relaxation via
fluorescence, and (3) lower laser power at 266 versus
355 nm. The first two factors are not directly supported
based on the UV absorbance and excitation data of 1 in
solution (Supplemental Figure S1, which can be found
in the electronic version of this article), which indicates
that the absorptivity of 1 is three times higher at 266 nm
than at 355 nm in methanol, as well as having a lower
fluorescence yield at 266 nm; however, solution data are
not necessarily a good predictor of gas-phase absorption/
emission properties because of solvent effects and the
charged nature of the complex in the gas phase. Our
gas-phase UVPD data are consistent with a model
wherein localized photoabsorption by the DPQ function-
ality is followed by energy transfer through the hydrogen
bonds between the crown ether and peptide.

A third comparison illustrating UV-induced dissoci-
ation of these non-covalent complexes is shown in
Figure 3 for the 1:1 complex containing pyroGlu-LYENK.
As seen for other complexes, collisional activation
solely results in disruption of the non-covalent interac-
tions, yielding the protonated peptide as the only
product ion (Figure 3a). UV irradiation at 355 nm
produces an array of peptide b and y ions (Figure 3b).
For comparison, a CAD spectrum of the singly charged
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peptide alone is shown in Figure 3c. The peptide
fragment ions observed in Figure 3b are remarkably
similar to those obtained in Figure 3¢, suggesting com-
parable dissociation pathways are accessed by both
activation methods and that vibrational energy transfer
through the non-covalent complex mimics energization
by CAD.

The specific mechanism whereby energy transfer
occurs from 1 to the peptide is difficult to decipher by
mass spectrometry alone. We speculate that UV excita-
tion of 1 is followed by energy redistribution through
the intermolecular hydrogen bonds on a timescale
faster than dissociation. This process is dependent on
strong hydrogen bonds and is consistent with the
multi-site coordination of the 18-crown-6 moiety with
the protonated lysine side chain of the peptide. Addi-
tionally, the timescale of ion activation in CAD and
IRMPD is milliseconds, whereas energy accumulation
in UVPD occurs in <10 ns, which could play a signifi-
cant role in the observed peptide fragmentation. Sec-
ond, the absorption of 355 nm (3.5 eV) and 266 nm (4.7
eV) photons may cause greater energy deposition com-
pared to CAD and IRMPD, which may in turn enhance
energy transfer and fragmentation of the peptide back-
bone relative to disassembly of the complex.

Conclusions

The present study represents the first time a chromogenic
receptor is used to initiate photodissociation of a non-
covalent gas-phase complex and production of diagnostic
fragment ions in the context of MS/MS analysis. Specifi-
cally, we have shown that the DPQ-functionalized crown
ether (1) may be used to effect the UV-induced cleavage of
covalent bonds in non-chromogenic peptide ions and
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Figure 3. ESI-product ion spectra of (a) the [pyroGlu-LYENK +
H + 1]'" complex produced by collisional activation [1.02 V, 30
ms], (b) the [pyroGlu-LYENK + H + 1]'* complex produced by
355 nm UV irradiation [2 pulses at 60 m]/pulse, 10 Hz], and (c)
protonated pyro Glu-LYENK by collisional activation [1.35 V, 30
ms]. The magnification scale bar applies only to the top two
spectra over the indicated mass range; the bottom spectrum (c) is
not magnified. The peptide is represented by M.
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concomitant generation of diagnostic sequence ions. Al-
though the present first-generation system results in only
amodest degree of UVPD of the peptide, the possibility of
enhancing the photoabsorption efficiency through the
simple addition of a chromophoric complexation reagent
to an analyte before ESI-MS is an approach that we think
shows considerable promise and one that warrants further
exploration and optimization through stronger complex-
ation and greater energy transfer.
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