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Protomers of the green and cyan fluorescent
protein chromophores investigated using action
spectroscopy’

Eleanor K. Ashworth,%* Jordan Dezalay,”* Christopher R. M. Ryan,“* Christian
leritano,© W. Scott Hopkins,® Isabelle Chambrier, Andrew N. Cammidge,” Mark H.
Stockett,” Jennifer A. Noble,? and James N. Bull*¢

The photophysics of biochromophore ions often depends on the isomeric or protomeric distribu-
tion, yet this distribution, and the individual isomer contributions to an action spectrum, can be
difficult to quantify. Here, we use two separate photodissociation action spectroscopy instruments
to record electronic spectra for protonated forms of the green (pHBDI™) and cyan (Cyan™) flu-
orescent protein chromophores. One instrument allows for cryogenic (T = 40 4+ 10K) cooling of
the ions, while the other offers the ability to perform protomer-selective photodissociation spec-
troscopy. We show that both chromophores are generated as two protomers when using electro-
spray ionisation, and that the protomers have partially overlapping absorption profiles associated
with the S; + Sy transition. The action spectra for both species span the 340—460 nm range,
although the spectral onset for the pHBDI™ protomer with the proton residing on the carbonyl oxy-
gen is red-shifted by ~40 nm relative to the lower-energy imine protomer. Similarly, the imine and
carbonyl protomers are the lowest energy forms of Cyan™, with the main band for the carbonyl
protomer red-shifted by ~60 nm relative to the lower-energy imine protomer. The present strategy

for investigating protomers can be applied to a wide range of other biochromophore ions.

1 Introduction

Green fluorescent protein (GFP), which was first isolated from
the Aequorea victoria jellyfish over 50years ago,ll has become
a cornerstone in photobiology.? GFP has revolutionised fluores-
cence imaging owing to the ease with which it can be incor-
porated into biological systems and because of its desirable op-
tical properties. The photophysics of GFP are governed by a
deprotonated p-hydroxybenzylidene-2,3-dimethylimidazolinone,
pHBDI unit — Fig., situated within the protein’s f-barrel.#
Following the discovery of GFP, a range of derivative fluores-
cent proteins have been characterised and synthesised, offering
tuned absorption and emission profiles, on-off switching, and
optical highlighting.®"® One such variant, the cyan fluorescent
protein (CFP), is formed through the substitution of a tyrosine
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residue in GFP with a tryptophan unit.?2 This mutation blue-
shifts the fluorescence profile due to the combination of an al-
tered chromophore structure 4-((1H-indol-3-yl)methylene)-1,2-
dimethyl-1H-imidazol-5(4H)-one (Fig.), and a chromophore-
specific binding pocket in the protein. Although these chro-

mophores exist in a deprotonated state in the protein, spectro-
scopic data on the cationic (protonated) forms are useful for cal-

ibrating theory and providing benchmark data for understanding
TOITT

spectra for protonation equilibria in solution.

Fig. 1 Structure of (a) pHBDI and (b) Cyan. The protonated cations
are denoted pHBDI* and Cyan, with the four possible protonation sites
identified. In both cases, protonation site | (imine) corresponds to the
lowest energy protomer. Each protomer may have E and Z geometric
configurations about the double bond on the methine bridge. In all cases,
the Z isomer is lower in energy. The E isomer, if present, is expected in
only trace quantities.
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In solution and in the gas phase, the protonated forms of these
chromophores, pHBDI™ and Cyan™, can exist as several pro-
tomers (protonation isomers), which may exhibit distinct pho-
tophysical properties.12 Characterisation of protomers (or depro-
tomers for anions) and probing the impact of protonation site
on molecular photophysics is a topical area in gas-phase spec-
troscopy due to the emerging analytical capabilities to separate
and probe protomers; 3 such selectivity is almost always impos-
sible in solution due to rapid proton exchange, with solution ex-
periments measuring some solvent-dependent average.

There are several strategies for inferring the presence of
coexisting protomers in gas-phase experiments, including by
comparing infrared and ultraviolet action spectroscopy mea-
surements with electronic structure calculations, such as done
for for benzocaine,¥ DNA bases, 18 and flavins.2® Simi-
lar spectroscopic identifications of coexisting protomers have
been made at cryogenic temperatures through analysis of vi-
bronic structure.2Z18 Often, however, protomers have over-
lapping absorption profiles but may have distinct excited-
state dynamics, making them difficult to study confidently
without isomer-selective action spectroscopy techniques. As
an example, protomers of 4-dicyanomethylene-2-methyl-6-para-
dimethylaminostyryl-4H-pyran (DCM) dye molecules have been
separated using ion mobility spectrometry and were shown to
have well-resolved action spectra (shifted by nearly 200nm)
and protomer-specific photoisomerisation dynamics." 4 Isomer se-
lectivity in action spectroscopy experiments is most commonly
achieved by incorporating ion mobility as a separation dimen-
sion. 1312 While the occurrence of coexisting protomers is becom-
ing a common theme in gas-phase spectroscopy, general trends or
‘rules of thumb’ for the preponderance of protomers can be dif-
ficult to determine because, aside from the electrospray solvent,
relative protomer yields can depend on a vast number of factors
including solution pH, electrospray geometry and needle voltage,
desolvation conditions, and collisional treatment of ions as they
are introduced into vacuum.222ll Additionally, because most gas-
phase action spectroscopy instruments are custom designed, it
can be difficult to know if the protomer distribution generated in
one experiment is the same as for another.

Here, we report photodissociation action spectra for pHBDI™
and Cyan™, produced using electrospray ionisation. While the
gas-phase deprotonated anions of pHBDI chromophores have
been studied extensively (see Ref. [22] for a recent summary of
relevant literature) and deprotonated Cyan has been studied with
photoelectron spectroscopy;2® the protonated cations have been
studied at room-temperature only, 2426 with limited discussion
of protomers. In this work, photodissociation action spectra of
pHBDI™ and Cyant were recorded using two instruments, the
first offering the capabilities for measurements at 7 = 300K and
T =40+ 10K, and the second offering isomer (protomer) selec-
tivity, although the ions are heated to T = 400-500K during the
isomer selection step. The results of both sets of experiments are
consistent with two coexisting protomers, possessing overlapping
action spectra in the visible. The protomers were assigned based
on electronic structure calculations of their stabilities and Franck-
Condon simulation of absorption profiles.

2| Journal Name, [year], [voI.],1_E]
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2 Experimental

The pHBDI molecule used in this work was available from an ear-
lier study.?2 The Cyan molecule was synthesised in a two-step
reaction according to an established procedure involving the pre-
liminary synthesis of an azalactone followed by its aminolysis
with methylamine.2Z The structures and purity of the compounds
were confirmed by 'H and '3C NMR spectroscopy — see ESL.

2.1 Room-temperature and cryogenic photodissociation ac-
tion spectroscopy

Photodissociation action spectra at T = 300K and 7 = 40 +
10K were recorded, at the PIIM laboratory in Marseille,
France, by trapping electrosprayed ions in a cryogenically-cooled
quadrupole ion trap (QIT) and irradiating the ions with tunable
laser light. Complete details of the apparatus are given else-
where.2829 Briefly, pHBDI* and Cyan* were generated through
electrospray ionisation of a millimolar solution of the target
molecule dissolved in a 1:1 (v/v %) methanol-water mixture.
Several drops of concentrated acetic acid were added to the so-
lutions to protonate the target molecule. After electrospray, ions
were stored in an octopole for ~100ms before being extracted
and transferred into the QIT. Helium buffer gas was injected into
the QIT using a Parker pulsed valve, serving to collisionally de-
celerate and thermalise the ions to a temperature of 7 ~ 300K
or T =404 10K.2% The cryogenic temperature was achieved by
cooling of the trap with a Leybold helium-cooled cryohead to
T ~ 20K (several temperature sensors across the ion trap as-
sembly vary between T = 12K to 35K).2% An auxiliary radio
frequency was applied to the trap and tuned to the resonance
frequencies of the fragment ions in order to minimise collision-
induced fragment signal.®!' Stored ions were irradiated in the trap
using light from an optical parametric oscillator laser (OPO, EK-
SPLA NT342B), operating at 10 Hz repetition rate with ~10ns
pulse width and ~10cm~' bandwidth. The laser fluence (2
4mJpulse~! for A >400nm and 4-7 mJ pulse ™! for A < 400 nm)
was constantly measured during the spectral acquisitions. After
irradiation, photofragment and parent ions were extracted from
the QIT by applying a negative pulse (—400V) on the exit cap
electrode. The ions were then accelerated, by a second negative
pulse (—2800V) applied to a Gauss tube, into the field free region
of a linear time-of-flight mass spectrometer, where they were de-
tected by microchannel plate assembly. For pHBDI", the width of
the pulse applied to the Gauss tube was optimised to accelerate
both parent ions and small photofragments. For Cyan™, this con-
dition could not be achieved due to the limited m/z range accessi-
ble in the experiment; consequently, photodepletion spectroscopy
of the parent Cyan™ was performed. Action spectra were derived
by plotting laser-on photofragment or photodepletion yield nor-
malised with laser-off signal and laser fluence.

2.2 Protomer-specific photodissociation action spectroscopy

Protomer-specific photodissociation action spectra for electro-
sprayed pHBDIT and Cyan'™ were recorded using a modified
instrument combining differential mobility spectrometry (DMS)
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with mass spectrometry (described in detail in Refs. [32H35), at
the University of Waterloo, Canada. The target molecules were
dissolved in a 50:50 water:methanol solution (=600 ng/mL) with
0.1% formic acid to assist protonation. Following electrospray,
the protonated cations were carried, by dry N, gas heated to
~150°C doped with 1.5mol% acetonitrile (pHBDI™), 1.5mol%
propan-2-ol (Cyant) or no dopant (pHBDI™), through the pla-
nar DMS cell. The addition of a dopant (mobility modifier) to
the carrier gas causes the formation of microsolvated clusters,
which, dependent on the protic nature of the dopant, dictates
the yield and interconversion of protomers in the DMS cell.26-38
Isomer population ionograms were acquired by applying a separa-
tion voltage (SV) across the DMS cell (SV = 3500V for pHBDI™
and 2900V for Cyan™) and scanning the compensation voltage
(CV). For the photodissociation measurements, cations transmit-
ted at a fixed CV were passed into a triple-quadrupole mass spec-
trometer (Q1-Q3), where Q3 can be operated as a traditional
quadrupole filter or a linear ion trap. These ions were mass
selected in Q1 (m/z 217 for pHBDI* and m/z 240 for Cyan™),
transmitted through Q2, and accumulated in Q3. The accumu-
lated ion bunches were irradiated with light from an OPO (Hori-
zon II, Continuum, loosely focused, 4-7 mJ pulse~!) pumped by
a pulsed Nd:YAG laser (10 Hz, Surelite, Continuum). Parent and
photofragment ions were ejected from Q3 and counted with a
channeltron ion detector. Action spectra were derived by plot-
ting laser-on photofragment or photodepletion yield normalised
with respect to laser-off signal and laser-fluence. The error in
photofragmentation efficiency, for each wavelength, was obtained
by propagation of the error in photofragmentation efficiency, as-
sessed over 25 laser interrogation/ejection cycles within Q3, and
the variation in laser power assessed over 100 shots.

The predominant photofragment from both protomers of
pHBDI" was m/z 56 (C3HgN), with the next four most abundant
ions at m/z 160, 186, 119, and 91. For Cyan™, the predominant
photofragment from both protomers was m/z 56 (C3HgN) with
the next four most abundant ions at m/z 157, 183, 130, and 115.
There were no obvious marker m/z products from a given pro-
tomer ensemble that clearly reflect the protonation site, presum-
ably because dissociation is statistical in nature and rearrange-
ment barriers are lower in energy than dissociation barriers.2

2.3 Computational

Electronic structure calculations were performed using the Gaus-
sian 16B.014Y and ORCA5.0.3 software packages. 4142 Geom-
etry optimisations and vibrational frequencies for the Sy and
S, electronic states of neutral and cationic forms of the chro-
mophores were determined at the ®B97X-D/aug-cc-pVDZ level
of theory43#2 Single-point energies were computed at the
CCSD(T)/aug-cc-pVDZ and DLPNO-CCSD(T)/aug-cc-pVDZ lev-
els of theory. Vertical excitation energies were computed at
the DLPNO-STEOM-CCSD/aug-cc-pVDZ level of theory. 4947 The
DLPNO-CCSD(T) method has been benchmarked to calculate
relative energies to within ~20meV (~2kJmol™!) of estab-
lished references, 4849 while the DLPNO-STEOM-CCSD method
has previously reproduced vertical transition energies for a se-
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ries of pHBDI-based anions and other biochromophores to within
~0.1 eV.22550

Franck-Condon (FC) simulations of the absorption spectra (at
T = 20K - there was no substantial change at T = 40K), with the
exception of Cyan™ protomer I, were performed using ezSpec-
trum 3.0 (ezFCF).2! The FC factors were obtained using the
parallel mode approximation with a maximum of four quanta of
vibrations in the target state. The final spectra were constructed
by convolving the simulated vibronic transitions with Gaussian
functions (10 cm~! FWHM) approximating the laser bandwidth.
Similar Franck-Condon simulations can satisfactory describe
photoelectron spectra of cryogenic pHBDI~.22 The simulation
for Cyan™ protomer I, also convolved with 10cm~! FWHM
Gaussian functions, used the vertical Hessian approximation in
Gaussian 16,2 due to a large change in geometry associated with
torsion of the methine bridge between the ground and excited
states.

3 Results and discussion

3.1 pHBDI'

Photodissociation action spectra recorded for pHBDI" at T =
300K and T =40+ 10K are shown in Fig.[2h and b, respectively.
At T ~ 300K, the spectrum spans the 340-460 nm range with the
peak spectral response at 410+1nm. The wavelength of maxi-
mum response in the cryogenic spectrum is 40741 nm, which is
blue-shifted by ~3 nm compared with the T ~ 300K spectrum.
At cryogenic temperature, the spectrum sharpens and an addi-
tional peak centred at 428+1nm is resolved. We immediately
note that these spectra are inconsistent with the two earlier re-
ports (at T ~ 300K), which were recorded by monitoring photo-
induced neutral fragment production®# and photofragments gen-
erated in an ion trap?® — both spectra are included in Fig. for
comparison. While these two earlier measurements are in good
agreement with each other and the wavelength of maximum re-
sponse is consistent with the current work, the earlier spectra are
substantially narrower and do not show the red-edge shoulder
evident in the current work.

The ionogram of electrosprayed pHBDI" recorded using DMS
is shown in Fig.[2k. Two isomeric (protomer) populations are dis-
cernible, centered at CVs of —26.3V (I, blue) and —21.5V (II,
red), with a 3:1 abundance. The asymmetry in peak II is proba-
bly a signal-to-noise artefact. Protomer-specific photodissociation
action spectra recorded for mobility-selected ions at the two CVs
are given in Fig.[2f and g, respectively. Both spectra have similar
band maxima (=405nm) and overall shape, although the spec-
trum for protomer I is narrower than for protomer II, in part due
to the presence of a shoulder at ~#440 nm for protomer II. The
protomer-specific photodissociation maxima are in close agree-
ment with that for the 7 ~ 300K spectrum in Fig.[2h, and it is
evident that some combination of the protomer-specific photodis-
sociation spectra can describe the 7 ~ 300K and cryogenic spec-
tra. Furthermore, the action spectrum for protomer I is in good
agreement with the earlier ion storage ring and ion trap photodis-
sociation reports (Fig.[2h), supporting that the conditions in the
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Fig. 2 Action spectroscopy of pHBDI*: (a) photodissociation spectrum at 7 ~ 300K [grey dots taken from Ref. 24l and blue diamonds from Ref.
26|, (b) photodissociation spectrum at cryogenic temperature. Vertical bars indicate the calculated vertical excitation wavelengths for protomers -V,
determined at the DLPNO-STEOM-CCSD(T)/aug-cc-pVDZ level of theory. Franck-Condon simulation of the S; + S, absorption profiles (at 7 = 20 K)
for: (c) protomer I (lowest energy protomer) assigned as the imine protomer I in Fig.[T] and (d) protomer Il (second lowest energy protomer) assigned
as the carbonyl protomer Il in Fig.[T} Protomer-specific photodissociation action spectroscopy: (€) ionogram recorded using DMS heated to 150°C with
1.5 mol% acetonitrile entrained in N, at SV = 3500 V showing two isomer populations, assigned to protomers | and Il, (f) photodissociation spectrum
for protomer 1, (g) photodissociation spectrum for protomer Il. Panel (h) shows the photodissociation spectrum recorded for (deprotonated) pHBDI~
and ionogram (inset), consistent with a single deprotomer [SV = 3000 V, pure N, carrier gas], and with earlier spectra.224 Dotted horizontal baselines

indicate the zero signal level.

earlier experiments produced (predominantly) a single protomer.

To help assign the action spectra to individual protomers, we
performed electronic structure calculations on the possible pro-
tonated structures identified in Fig.[Th. Relative energies of each
protomer are summarised in Table[I] showing that protomer I,
with protonation on the imine nitrogen, is the most stable form.
The second lowest energy form, protomer II, lies 0.38 €V higher

4| Journal Name, [year], [voI.],1_E]

in energy and corresponds to protonation on the carbonyl oxy-
gen. The other protomers, III and IV, lie much higher in en-
ergy and are unlikely to be formed during electrospray ionisa-
tion. Calculated vertical excitation wavelengths (DLPNO-STEOM-
CCSD/aug-cc-pVDZ level of theory) for the protomers are indi-
cated as vertical bars in Fig.[2h and b (values given in Table[)).
Earlier benchmarking calculations on pHBDI-based deprotonated
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anions with the same level of theory determined that vertical ex-
citation energies, on average, are within ~0.05 eV (=15 nm in the
present spectral range) of experiment.?2 The calculated vertical
excitation wavelength for protomer I is within 10 nm of the ac-
tion spectrum peak. On the other hand, the calculated value for
protomer II is red-shifted by ~20 nm compared with the longest-
wavelength shoulder feature in the cryogenic action spectrum.

Franck-Condon simulation of the S; < Sy absorption spectra
for protomers I and II, performed at the ®B97X-D/aug-cc-pVDZ
level of theory, are shown in Fig.[2k and d, respectively, and have
been translated to coincide with the experimental spectra. The
simulation for protomer I is consistent with the mobility-selected
spectrum for protomer I as well as the earlier T ~ 300 K measure-
ments (Fig.), and describes the most intense portion of our
cryogenic spectrum (Fig.[2b). The Franck-Condon simulation for
protomer II is consistent with the additional red-edge shoulder
feature observed in our 7 ~ 300K and cryogenic action spectra,
and the mobility-selected action spectrum for protomer II. The
extended progression character of the simulated band also de-
scribes the broadened tail on the blue-edge of those experimental
spectra.

We note that pHBDI" (and Cyan™) can exist as E and Z isomers
with respect to the double bond on the methine bridge. Isomer-
selective action spectroscopy experiments using a drift-tube in-
strument on the deprotonated anion, pHBDI~,24 have shown that
the relative abundance of the £ and Z isomers depends on colli-
sional treatment of the ions as they are introduced into vacuum.
However, the mobility-selected action spectra for the E and Z iso-
mers of pHBDI™ are essentially identical (i.e. indistinguishable),
consistent with vertical excitation wavelength calculations. In the
present DMS experiments, only a single ionogram peak was ob-
served for pHBDI~. For pHBDIT and Cyan™, we expect the ac-
tion spectra to predominately reflect the Z isomers for a given
protomer because the energies of the E-isomers are substantially
higher than for the Z-isomers (Table. Furthermore, electronic
structure calculations of vertical excitation wavelengths for the E

Table 1 Calculated protomer energetics for pHBDI™ and Cyan™ (see
Fig.[T]for the protomer numbering scheme). AE is the difference in total
energy, relative to protomer | for each species, computed at the DLPNO-
CCSD(T)/aug-cc-pVDZ level of theory. In parentheses are the differ-
ences in energy (in kJ mol~!) between the Z and E isomers of pro-
tomers | and Il. The vertical excitation energy (VEE) was computed at
the DLPNO-STEOM-CCSD/aug-cc-pVDZ level of theory.

pHBDIT Cyan™
Protomer AE / eV4 VEE / eV AE / eV4 VEE / eV
I 0.00 (14)® 3.10 0.00 (31)° 3.00
II 0.38 (24)? 2.76 0.38 (41)® 2.75
11 2.04 3.29 1.26 3.37
v 1.20 2.92 1.23 2.93

¢ For protomers I, II, and III, calculations at the
CCSD(T)/aug-cc-pVDZ level of theory gave the same AE values,
supporting the use of the less demanding DLPNO-CCSD(T)
method.
b These values are greater than the 11kJ mol~' energy
difference between Z- and E-pHBDI™ .24 It is unlikely that these
E isomers will form considering these large energy differences.
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isomers of the iminie protomers are within a few nanometers of
those for the Z isomers.

It is interesting to note that the mobility-selected action spec-
tra for protomers I and II have the same wavelengths of maxi-
mum response. There are two possible explanations. First, this is
coincidence and indeed the mobility-selective experiments probe
pure ensembles of each protomer due to clear protomer separa-
tion (Fig.2k). Second, there may be some degree of conversion
of protomer II into the more stable protomer I, which occurs af-
ter DMS isomer separation and while the ions are being trans-
ferred into the trap. Such an interconversion may occur due to
the temperature of the ions (7 =~ 500-600 K) and collisions asso-
ciated with focussing and RF electric field as ions are transferred
into the higher vacuum environment. Whatever the case, it is
clear that the action spectra for pHBDI™ recorded in two sepa-
rate instruments, incorporating different electrospray ionisation
sources and ion optics, show the co-existence of the two lowest
energy protomers. Conversely, the earlier ion storage ring and
ion trap photodissociation spectra appear consistent with a single
protomer.

We conclude that pHBDI™" is generated as imine and carbonyl
protomers in both the Marseille and Waterloo photodissociation
experiments.

3.2 Cyan"

The photodissociation action spectrum recorded for Cyan™ at
T ~ 300K is shown in Fig.[3p. At T ~ 300K, the spectrum spans the
340-460 nm range, with the peak spectral response at 412+2 nm.
Our spectrum is substantially different to an earlier report (filled
circles in Fig.[3p), which was recorded in an ion storage ring by
monitoring the production of neutral photofragments.?> The lit-
erature spectrum peak is red-shifted by ~40 nm and spans a
slightly narrower spectral range (420-510nm). A rough cryo-
genic photodepletion spectrum for Cyan™ recorded in the Mar-
seille experiment is included in Fig.[3h, and is substantially nar-
rower than the 7' ~ 300K spectrum and with a slightly (=10 nm)
blue-shifted maximum.

In a similar vein to pHBDI", we computed the lowest energy
protomers (Table[l]), finding that protonation on the imine nitro-
gen (protomer I) and carbonyl group (protomer II) corresponds
to the two lowest energy protomers, respectively. The other pro-
tomers, III and IV, lie substantially higher in energy and are un-
likely to be formed during electrospray ionisation. Calculated
vertical excitation wavelengths (DLPNO-STEOM-CCSD/aug-cc-
pVDZ level of theory) for the possible protomers are indicated
as vertical bars in Fig.[3h (values given in Table[I). Taking into
account the precision of the computational method (+0.2€V),
the two lowest energy protomers could satisfactorily describe the
spectra.

Franck-Condon simulation of the S; + Sy absorption profiles
(translated to coincide with the experimental spectra) for the
imine and carbonyl protomers are shown in Fig.Bp and c, re-
spectively. The imine protomer was difficult to model because
of a large internal rotation of single bond as part of the methine
bridge (Sp at 21.5° and S; at 87.7°), although the vertical excita-
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Fig. 3 Action spectroscopy of Cyan™: (a) photodissociation spectrum at T ~

300K [dots are from Ref. [25]. Vertical bars indicate the calculated vertical

excitation wavelengths for protomers I-1V, determined at the DLPNO-STEOM-CCSD(T)/aug-cc-pVDZ level of theory. Franck-Condon simulation of
the S; «+ S absorption profiles (at 7 =~ 20K) for: (b) the lowest energy protomer, I, and (c) the second lowest energy protomer, Il. Protomer-specific
photodissociation spectroscopy: (d) ionogram recorded using DMS heated to T =150°C with 1.5 mol% propan-2-ol entrained in N, at SV = 2900V
showing two isomer populations assigned to protomers | and Il, (e) photodissociation spectrum for species I, (f) photodissociation spectrum for species

tion is bright (oscillator strength, f = 0.60). We assign the main
part our our 7 ~ 300K spectrum to protomer I, and the red-edge
(as well as the literature spectrum) to protomer II. These assign-
ments are also based on the protomer-specific spectra described
below.

The ionogram for electrosprayed Cyan™ recorded using the Wa-
terloo instrument is shown in Fig.[3d. As for pHBDI™, two iso-
meric (protomer) populations are discernible, centred at CVs of
—20.9V (I, blue) and —18.0V (II, red), with approximately a 2:1
abundance. Protomer-specific photodissociation action spectra
recorded for mobility-selected ions at the two CVs are given in
Fig.Bd and e, respectively. The photodissociation spectrum for
protomer I has maximum response at 434+3 nm, while protomer
II has the additional peak at 488+3 nm. These assignments are
consistent with the energy ordering of the calculated the vertical
excitation wavelengths.

It is significant to note that the longer wavelength peak at
~430 nm in the protomer-specific spectrum assigned to protomer
II is not reproduced in the Franck-Condon simulation for the

6| Journal Name, [year], [voI.],1_E]

S + Sp transition in Fig.[3k. Furthermore, our DLPNO-STEOM-
CCSD/aug-cc-pVDZ calculations indicated no higher-lying excited
state with a substantial oscillator strength that could account for
this feature. We therefore hypothesise that this spectral feature
is associated with conversion of protomer II to protomer I after
DMS separation, presumably due to solvent clustering combined
with a low barrier to proton shuffling.*®">> This conversion is con-
sistent with the fact that protomer II is higher in energy and, on
statistical thermodynamic grounds, would be expected to convert
to protomer I when energised. The same arguments can be ap-
plied to pHBDI" protomer II. In principle, such protomer inter-
conversions might be minimised by trialling DMS separation with
a range of non-protic dopants.

In summary, as for pHBDI", we conclude that Cyan™ is gener-
ated as imine and carbonyl protomers in both the Marseille and
Waterloo photodissociation experiments.
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4 Conclusions

This work has demonstrated that electrospray ionisation of pro-
tonated pHBDI and Cyan chromophores in two disparate electro-
spray ionisation experiments each generates two protomers, and
has demonstrated the capacity for DMS coupled with laser spec-
troscopy to quantify the protomers and record protomer-specific
action spectra. For both chromophores, protonation on the imine
nitrogen is the lowest energy form, followed by protonation on
the carbonyl group. Additional protomers could, in principle, be
generated in other experiments due to the large number of factors
that contribute to protomer abundance. Because the protomer-
specific photodissociation spectra for a given chromophore over-
lap, it is difficult to disentangle relative protomer abundances or
contributions in experiments that do not offer protomer separa-
tion. Future work will seek to use ion mobility spectrometry cou-
pled with other laser spectroscopies, including photoisomerisa-
tion action spectroscopy=® and femtosecond time-resolved strate-
gies,” to probe the photochemistry of each protomer individu-
ally.

The occurrence of co-existing gas-phase protomers (or depro-
tomers in negative-mode electrospray ionisation) appears a com-
mon issue for many biochromophores, 80 and will likely be-
come an increasingly important as action spectroscopy experi-
ments are applied to more complex biomolecules with many het-
eroatom sites (e.g. N and O atoms), allowing for a large number
of protomers. Robust action spectroscopy studies on such species
should have provisions for protomer selectivity.

The spectra presented in this paper complement recent DMS
deprotomer-selected photodissociation action spectra on the
Kaede chromophore, and, similarly, required a dopant to as-
sist DMS separation. As for pHBDI" and Cyan™, it was found
that the higher energy deprotomer probably contained a signa-
ture of the lower energy deprotomer. Further quantitative infor-
mation on the propensity and barriers for protomer/deprotomer
interconversion could be obtained through collision-induced tan-
dem ion mobility spectrometry experiments, 125855961l ywhere pre-
cursor species are selected, collisionally activated, and the prod-
ucts then separated and quantified. Such experiments could
be conducted as a function of the dopant molecule to investi-
gate how properties, such as hydrogen-bonding propensity of the
dopant, 3038l affect isomerisation barriers.
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