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The electronic structure and excited-state dynamics of the ubiquitous bioluminescent probe luciferin
and its furthest red-shifted analogue infraluciferin have been investigated using photoelectron
spectroscopy and quantum chemistry calculations. electrospray the
deprotonated anions are formed predominantly in their phenolate forms and are directly relevant to

In our ionization source,
studies of luciferin and infraluciferin as models for their unstable oxyluciferin and oxyinfraluciferin
emitters. Following photoexcitation in the range 357-230 nm, we find that internal conversion from
high-lying excited states to the Si(lnn*) state competes efficiently with electron detachment. In
infraluciferin, we find that decarboxylation also competes with direct electron detachment and internal
conversion. This detailed spectroscopic and computational study defines the electronic structure and
electronic relaxation processes of luciferin and infraluciferin and will inform the design of new

rsc.li/pccp

1 Introduction

The ability to express proteins from bioluminescent systems in
cells to act as fluorescent tags for biochemical processes has
revolutionised the biochemical and biomedical sciences. With
a quantum yield of 41%,"” the bioluminescence of the Photinus
pyralis firefly is the brightest found in nature and, as a result, is
frequently applied as a bioluminescent marker in molecular
and cell biology.® Despite its importance, the role of the
environment in controlling the wavelength and quantum yield
of the fluorescence from the small molecule fluorophore that
lies at the heart of these bioluminescent systems is still a topic
of debate.*® Systematic spectroscopic studies of the electronic
structure and excited-state dynamics of the isolated fluoro-
phore in vacuo reveal the intrinsic properties of the fluorophore
in the absence of perturbations from an environment; comparing
these measurements with those of the whole bioluminescent
system allows us to untangle the role of the enzyme. Furthermore,
studies of the effect of ultraviolet (UV) radiation on fluorescent
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bioluminescent systems and applications.

proteins can reveal information about the phototransformations
that can occur from excited states which are higher in energy than
the emissive state and so have the potential to broaden the range of
applications.’® For example, following excitation with UV light, the
green fluorescent protein has been observed to undergo irreversible
photoconversion by decarboxylation which results in an increase in
fluorescence;'*™** this has been exploited in the development of
photoactivatable fluorescent proteins which are used as optical
highlighters in super-resolution imaging.’® Here, we present the
first gas phase photoelectron spectroscopy study of the isolated
deprotonated luciferin anion and its red-shifted analogue, the
deprotonated infraluciferin anion.

In fireflies, the luciferase enzyme catalyses the adenylation
of firefly luciferin by adenosine triphosphate (ATP),"* which is
subsequently oxidised to form electronically excited oxyluciferin
that relaxes by emitting a photon with .., = 558 nm (Fig. 1)."?
As the reaction requires ATP, firefly luciferin-luciferase systems
are commonly used to detect and quantify ATP,"® as well as for
imaging cells in vivo.">"” Despite the fact that all bioluminescent
beetle species use the same small molecule (p-luciferin) and the
same reaction to produce light, the colour of emission varies
from green to red depending on the species,”*® or in the case of
click beetles, even between individuals."® As these wavelength
shifts are also observed by changing the enzyme catalyst
in vitro,"®'® the wavelength shifts can only be a result of the
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Fig. 1 Scheme of the bioluminescence reaction which takes place in the
firefly luciferin—luciferase system.

differences in the amino acid sequences of the different luciferase
isoenzymes and the resulting differences in the structure at their
catalytic sites."

The ability to tune the emission wavelength into the red/
near-infrared (600-800 nm) is a desirable property of these
bioluminescent systems for in vivo imaging, as in this spectral
region the signal attenuation by melanin and haemoglobin in
biological tissue is minimised. Synthetic luciferins with red-
shifted peak wavelengths have been developed,'>*”2°"*? but
many have lower quantum yields than firefly luciferin and are
not tunable by changing the enzyme catalyst. Infraluciferin,
the most redshifted truly bioluminescent luciferin analogue to
date (Amax = 706 nm), has the same terminal functional groups
as firefly luciferin and can therefore bind in an analogous way
to multiple luciferase mutants, allowing the emission wave-
length to be tuned between the red and near infra-red by
different luciferases (Fig. 2). In order to understand how the
various luciferase isoenzymes produce different emission wave-
lengths and efficiently catalyse the bioluminescence reaction
with high quantum yield, it is important to understand how the
binding sites of the different isoenzymes interact with the
substrate at each stage of the reaction.®

Oxyluciferin has been found to be unstable with respect to
autodimerisation of the coexisting enol and keto forms in a
Mannich-type reaction,?® so the more stable luciferin anion has
been used as a model for the oxyluciferin emitter.">*”>® The
current consensus is that the oxyluciferin emitter is deprotonated
at the phenolate moiety in the enzyme environment.>**” Here,
we present gas-phase photoelectron spectra of the deprotonated
anions of luciferin and infraluciferin produced by electrospray
ionisation. Experimental photoelectron spectra are supported
with quantum chemistry calculations of vertical detachment
energies (VDEs) and vertical excited-state energies (VEEs). An
understanding of the intrinsic electronic structure and dynamics
of these luciferin fluorophores, free from perturbations from

Increase
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HO S N OH = * HO /Nj)kOH
NS Redshift N
A= 558 nm Amay = 706nM

Emission
Fig. 2 Structures of firefly luciferin and the redshifted analogue, infra-
luciferin. The peak wavelengths given are those produced though catalysis
by wild-type firefly luciferase for luciferin and the x5 S284T mutant of
firefly luciferase for infraluciferin.

Luciferin Infraluciferin o

22712 | Phys. Chem. Chem. Phys., 2017, 19, 2271122720

View Article Online

PCCP

solvent or enzyme environments, provides a basis for systematic
studies to unravel how the enzyme environment affects the
emission wavelength and quantum yield. This is one of few
experimental studies of these chromophores in the gas phase.
In the only previous studies, absorption spectra of firefly
luciferin®* and oxyluciferin®® anions were recorded by monitoring
the formation of charged and neutral fragments. The study of the
oxyluciferin anion showed that solvation of the phenolate oxygen
by a single water molecule produced a significant blueshift in the
absorption spectrum, which is consistent with the theory that the
effect of solvation by water molecules in the enzyme binding site
causes the wavelength shift observed in pH-sensitive luciferases.’

2 Methods

2.1 Anion photoelectron spectroscopy

The syntheses of luciferin and infraluciferin used in this work
have been described fully in previous publications.>**° Photo-
electron spectra were recorded using our anion photoelectron
imaging spectrometer which combines an electrospray anion
source with collinear velocity-map imaging detection of electrons.
The electrospray anion photodetachment spectroscopy method
was pioneered by LS Wang®' and used by XB Wang**> and
photoelectron imaging spectroscopy of anions is employed by
a number of groups®* %’ 38743 The design of
our spectrometer is described in an earlier publication.*® For
the negative ion electrospray, 1 mM solutions of luciferin and
infraluciferin in dry methanol were treated with a few drops of
ammonia as a base to deprotonate the acidic groups. The
negative ion electrospray process produces deprotonated anions
of the chromophore of interest which are then mass selected
using a quadrupole mass filter. These anions are accumulated
in a hexapole ion trap and thermalised using Ar gas before
being focussed into the region where the anions intersect
perpendicularly with a UV laser beam and are ionised. The
wavelengths for photoionisation in the range 357-310 nm were
produced by frequency-doubling the output of a dye laser, which
was pumped by the second harmonic of a nanosecond Nd:YAG
laser (532 nm). The 230 nm light was generated by frequency
tripling the output of the dye laser. Photoelectrons generated
following interaction between the anions and laser light were
velocity mapped onto a two-dimensional charge-coupled device
(CCD) detector coupled to a phosphor screen. The kinetic energy
resolution of the spectrometer is <5%. Images of background
anions were also recorded and subtracted from the total signal.
The resulting photoelectron images were inverted using the
PBASEX method” and the electron kinetic energy was calibrated
using the photodetachment spectrum of I".

as well as our own.

2.2 Quantum chemistry calculations

All minima were optimised using density functional theory*®
(DFT) with the B3LYP***° functional and the 6-311++G(3df,3pd)*"
basis set. The calculations were performed with the Gaussian09
program suite®” where tight convergence (10~'°) was applied to
accurately calculate the energy difference between energetically
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close minima. To calculate VDEs we used the equation-of-motion
coupled-cluster method with single and double excitations
for the calculation of ionisation potentials®® (EOM-IP-CCSD)
as implemented in the Q-Chem program package,> and the
aug-cc-pVDZ’® basis set. VEEs were obtained with the help of
the algebraic diagrammatic construction method to second
order’®*” (ADC(2)) using the Turbomole computational chemistry
software package.”® The excited states above the detachment
threshold contain continuum states. To account for the interaction
of resonance states with the continuum, a basis set with diffuse
functions is necessary. The size of the basis set determines the
number of continuum states that are calculated. Furthermore, the
continuum states that are obtained can also change depending on
the number of states calculated, but the lower lying continuum
states converge with increasing number of excited states.”® For this
reason we used the aug-cc-pVDZ basis set and calculated up to
30 excited states to ensure the convergence of the lower states.

3 Results

3.1 Photoelectron spectra

Photoelectron spectra of deprotonated luciferin and infraluciferin
anions (LH™ and iLH , respectively) were recorded following
photoexcitation in the range 357-230 nm, as a function of electron
kinetic energy, eKE, and are presented as a function of electron
binding energy, eBE = hv — eKE (Fig. 3 and 4). The corresponding
photoelectron images are presented in Fig. S1 in the ESL¥}

3.1.1 Luciferin. All the LH™ photoelectron spectra (Fig. 3)
have a broad, unresolved peak with a maximum around 3.2 eV.
The eBE of this feature is independent of wavelength, suggest-
ing that it corresponds to direct detachment (also see Fig. S2 in
the ESIT). There is significant broadening on the high eBE side
of the 328 nm and 310 nm spectra (marked with asterisks in
Fig. 3), which changes shape as the photon energy increases and
can be attributed to resonant excitation of an excited electronic
state of the anion. Many groups have observed broadening of
anion photoelectron spectra as a result of resonant excitation of
electronic excited states above the detachment threshold®®°"
(see for example, ref. 60 and 61). Our group has made similar
observations in green fluorescent protein (GFP), red Kaede
protein and photoactive yellow protein (PYP) chromophore
anions and attributed the broadening to resonant excitation of
higher lying electronically excited states that are coupled strongly
to the detachment continuum,****** or resonant excitation of
higher lying electronic states, that are only weakly coupled to the
detachment continuum but undergo rapid internal conversion to
a lower lying electronically excited state that is coupled strongly to
the detachment continuum.*® In addition to the peak around
3.2 eV attributed to direct detachment, the 230 nm photoelectron
spectrum has a weak feature around 4.5 €V and a more intense
peak with a maximum just below 5 eV. There are two possible
deprotonation sites in LH (phenol and carboxylic acid groups) so
these higher eBE features may be attributed to detachment from
different deprotonated forms of the anions or detachment to
higher lying electronically excited states of the neutral radicals
associated with the different deprotonated forms of the anions.

This journal is © the Owner Societies 2017
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Fig. 3 Gas-phase photoelectron spectra of LH™ deprotonated anions
produced by electrospray ionisation from 1 mM dry methanol solution.
Vertical blue and pink lines mark the EOM-IP-CCSD calculated vertical
detachment energies of the phenolate and carboxylate isomers, respectively
(Do = solid, D; = dashed). The asterisks indicate the broadening to the high
binding energy side of the direct detachment feature (see text).

3.1.2 Infraluciferin. Similar to LH ™, the iLH™ photoelectron
spectra (Fig. 4) have a broad, unresolved peak with a maximum
around 3.3 eV. The eBE of this feature is independent of
wavelength, suggesting that it corresponds to direct detachment.
Again similar to LH ™, there is significant broadening on the high
eBE edge of the 328 nm and 310 nm spectra (marked with
asterisks in Fig. 4), which changes shape as the photon energy
increases and can be attributed to resonant excitation of an
excited electronic state of the anion. The 230 nm photoelectron
spectrum has an intense peak around 4.9 eV, which is broadened
on its high eBE edge, and a weaker feature around 4.4 eV that
again suggests the existence of different deprotonation sites
and/or higher lying electron detachment thresholds.

Curiously, following photoexcitation in the range 357-310 nm,
there is a broadening on the low eBE side of the photoelectron
spectra that is not observed in the LH photoelectron spectra.
The intensity of this low eBE feature decreases with increasing
photon energy, as shown in Fig. 5. Note that all of the spectra in
Fig. 5 were recorded with a laser power of 30 mW at 20 Hz
repetition rate with a beam spot diameter of ~8 mm and pulse

Phys. Chem. Chem. Phys., 2017, 19, 22711-22720 | 22713
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Fig. 4 Gas-phase photoelectron spectra of iLH™ deprotonated anions
produced by electrospray ionisation from 1 mM dry methanol solution.
Vertical blue and pink lines mark the EOM-IP-CCSD calculated vertical
detachment energies of the phenolate and carboxylate isomers, respectively
(Do = solid, D; = dashed). The asterisks indicate the broadening to the high
binding energy side of the direct detachment feature (see text).

duration of =6 ns. The 357 nm and 346 nm photoelectron
spectra also have additional features between 1.9 and 2.4 eV.
The fact that these features disappear with increasing photon
energy suggests that they are likely to result from a process that
follows resonant electronic excitation of the chromophore anion.
As they have lower eBEs than the lowest detachment energy of the
parent anion, it seems most likely that they arise from electron
detachment from a fragment anion formed by photodissociation
of the parent anion. The 346 nm spectrum was recorded at
several laser powers (Fig. S3 in the ESIt) and it was observed
that the ratio of the intensity of the fragmentation feature to
that of the direct detachment feature was constant at all
fluences. This suggests a single-photon mechanism involving
photoexcitation and rapid photofragmentation of the parent
anion to form the product anion in an electronically excited-
state, which subsequently loses an electron (Fig. S4 in the
ESIt). Electrospray mass spectra of iLH and CID MS-MS
measurements have shown that the dominant fragmentation
products of iLH™ are the [M-CO,]™ and [M-CO,-H,]| anions
(see Fig. S5 in the ESIf).
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Fig. 5 Gas-phase photoelectron spectra of iLH™ deprotonated anions
produced by electrospray ionisation from 1 mM dry methanol solution. The
blue shading highlights the broad feature on the low binding energy side of
the direct detachment peak and additional features between 1.9 and 2.4 eV
in the 357 and 346 nm spectra (see text). The intensities of these spectra
have been normalised so that the peak of the rising edge is at the same
intensity at each wavelength. All spectra were recorded with 30 mW of
laser power at 20 Hz repetition rate.

3.2 Computational results

Table 1 lists the structures of the optimised phenolate and
carboxylate anions of luciferin and infraluciferin as well as the
first two VDEs for each anion together with the main orbitals
from which the electron is detached. In the case of the
phenolates, different minima exist that can be found by the
torsion of (or within) the carboxylic acid group. In both LH™
and iLH™, the lowest energy structure (phenolate 1) has the
carboxylic acid group as much in the main molecular plane as
possible with the acidic hydrogen atom turned towards the
neighbouring thiazole nitrogen atom, suggesting that the
attraction between the H and N atoms stabilises this conformer
(the N-H distance is around 1.87 A). There are two phenolate
isomers (phenolate 2 and 3) which have the acidic hydrogen
atom pointing away from the molecule and both are 0.3 eV
higher in energy than phenolate 1. These isomers differ only in
the torsional angle of the COOH group with respect to the
molecule. Here, only one of these isomers, phenolate 2, is
shown, since the two isomers are very similar in energy, and
are expected to have similar VDEs and VEEs due to their similar
structure. The VDEs of the LH™ phenolate 3 isomer were
calculated to be similar to those of the phenolate 2 conformer
and can be found in Table S1 in the ESILt Due to overall
similarity between the LH™ and iLH ™ anions, the iLH™ phenolate
3 isomer was optimised but not investigated further.

The geometry of the phenolate 2 isomer of LH™ is very
similar to a structure optimised in earlier work using the
CAM-B3LYP/6-31+G** functional and basis set by Cheng and
Liu.”® Interestingly, in the literature up to now, only conformations
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Tablel LH™ andilLH™ anions with their energies (B3LYP/6-311++G(3df,3pd) in eV) relative to the respective phenolate 1, EOM-IP-CCSD/aug-cc-pVDZ
VDEs in eV and the corresponding orbitals from which the electron is detached (main configuration with weights >70%)

Do D,

Anion AE/eV Geometry VDE/eV Orbital hole VDE/eV Orbital hole
LH™ Phenolate 1 0.0000 W 3.13 5.25

Phenolate 2 0.3229 )bm 2.81 4.91

Carboxylate  0.4701 M 4.04 M 4.42 Qﬁ,
iLH™ Phenolate 1 0.0000 % 3.08 W 5.33

L4
Phenolate 2 0.3036 M 2.80 < 5.03
7 "
Carboxylate 0.5568 M 3.95 W 4.39 W
e

similar to phenolate 2 have been considered for computational
investigations, including in the analysis of the action absorption
spectrum of luciferin.** The most likely reason for this is that the
phenolate 2 structure is closest to the X-ray determined structure
of 5’-O-[N-(dehydroluciferyl)-sulfamoyl]adenosine (DLSA, a
luciferyl-AMP analogue) within the active sites of the luciferases
of Photinus pyralis, Photinus scintillans and the Japanese firefly
Luciola cruciata.>®>® Despite the different binding site struc-
tures of these isoenzymes, in each of these complexes the
carbonyl group of DLSA is bound by an interaction with a
nearby lysine residue, either directly (Photinus pyralis)®* or via a
bridging water molecule (Luciola cruciata).® Molecular modelling
of firefly luciferin in the binding site of the Photinus pyralis
luciferase using the Amber force field also revealed that a
conformation similar to phenolate 2 was stabilised by an
interaction with a methyl ammonium ion, which was used to
represent a lysine residue.” In this structure there was also an
imidazole group of a histidine residue in close proximity (3 A) to
the nitrogen atom of the thiazoline ring. In all three luciferases
the -COXH (X = O, N) hydrogen atom is prevented from forming
an intramolecular hydrogen bond to the nitrogen. As shown
here, this situation changes if the molecule is in the gas phase,
where the intramolecular hydrogen bond plays an important role
in the stability. The distinct conformation of the -COXH group
observed in the enzyme may be required to make the oxygen atoms
more accessible so that they may attack the phosphate group of ATP
in the adenylation step of the reaction.

For the carboxylates, only one isomer can be found for each
of LH™ and iLH ™. The carboxylate isomer is less stable than the
phenolate 1 isomer in both cases; by 0.47 eV in LH™ and 0.56 eV
in iLH .

This journal is © the Owner Societies 2017

Fragmentation products that could be formed by the loss of
CO, and/or H, have also been optimised. The ones that are
important here are listed in Table 2 with their geometries and
first VDEs. The geometries and the first two VDEs of all
optimised anions and fragments can be found in Table S1
(ESTY).

As can be seen in Table 1, for the two phenolate isomers of
LH™, the D, states correspond to an electron hole in orbitals
similar to the myowmo orbital that are mostly localised on the
thiazole moiety and the D, states correspond to electron holes
in the HOMO—1 orbital. The D, state of the carboxylate at
4.04 eV is much higher in energy and followed closely by the D,
state at 4.42 eV; both states have holes in orbitals that are ©
orbitals located on the carboxylate group. For iLH™ we obtain
similar orbitals for the electron holes in the D, and D, states
and comparable VDEs. The major difference between the
iLH™ and LH™ photoelectron spectra are the low eBE features
that we believe are the result of fragmentation, so the VDEs are
presented for a more complete set of possible fragmentation
products for iLH™ in Table 2.

The VEEs for the LH™ and iLH™ phenolates 1 and 2 are listed
in Table 3. The excited states were calculated using the ADC(2)/
aug-cc-pvVDZ method. Since this basis set leads to the calculation
of many excitations into diffuse orbitals that are not likely to be
excited, we have chosen to list here only those states involving
localised orbitals that are also in the energy region relevant to the
experiment. The whole set of calculated VEESs can be found in the
ESI.} Overall, both molecules in all conformations have similar
states that share the same main configurations, with the
excitation energies of the iLH™ conformers being 0.4-0.5 eV lower
in energy than the respective excited states in the LH™ isomers.

Phys. Chem. Chem. Phys., 2017, 19, 22711-22720 | 22715
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Table 2 Fragmentation products of the LH™ and iLH™ anions. Shown are
their geometries and the first VDE (Do) calculated with EOM-IP-CCSD/
aug-cc-pVDZ VDEs in eV

Anion Geometry D, VDE/eV
LH™

Phenolate -CO, m 2.66
Carboxylate -CO, m 1.58
iLH™

Phenolate -CO, % 2.67
Carboxylate -CO, M\’ 1.71
Phenolate ~CO,-H, M 2.63
Carboxylate ~-CO,-H W 2.37

arboxylate ~-CO,-H, / .
™\~

This decrease in the excited-state energies is intuitive given the
increased conjugation in iLH™. The phenolate 1 isomer of LH™
differs from the phenolate 2 isomer in that its S; (2nn*) and S,
excited states have contributions corresponding to excitations
into diffuse orbitals. iLH™ phenolate 2 also has non-negligible
contributions corresponding to excitations to a m-orbital that
appears to have some ¢ character (T ymo+1, See ESIT).

4 Discussion

From the EOM-IP-CCSD calculated values for the VDEs for the
two possible isomers of LH™ and iLH ™, we assign the 3.2 eV eBE
peakin the LH™ spectrum (3.3 eV peak in the iLH™ spectrum) to
direct detachment from the phenolate isomer to the ground
state of the corresponding neutral radical, D,. The intense peaks
just below 5 eV eBE may be assigned to direct detachment from

View Article Online
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the phenolate ion to the first electronic excited state of the
radical, D,;. The weak features around 4.5 and 4.4 eV in the LH™
and iLH™ photoelectron spectra, respectively, seem most likely
to be due to direct detachment to the D; thresholds of the
carboxylate isomers and there is also some evidence of direct
detachment to the D, thresholds of the carboxylate isomers
around 4 eV. Nonetheless, it is clear that the spectra are
dominated by the phenolate forms. This is in agreement with
the B3LYP/6-311++G(3df,3pd) geometry optimisation calculations,
which predict that in both cases the minimum energy structure of
the phenolate isomer is more stable than that of the carboxylate
isomer by around 0.5 €V in the gas phase. Our observation that the
phenolate anion dominates the spectrum contradicts earlier
photofragmentation action absorption spectroscopy measure-
ments by Stachkel et al.,>* from which it was concluded that
LH™ was formed predominantly in its carboxylate form by
electrospray ionisation. This is because their calculations did
not consider the lowest energy phenolate 1 form, but only the
higher energy phenolate 2 form which is closer to the known
X-ray structures of the chromophore.®***% Importantly, our
calculated VEE for S; of the phenolate 1 isomer is 2.31 eV
(Table 3) which is in perfect agreement with the 535 nm
(2.32 eV) absorption maximum reported by Stachkel et al.>* It
has now been agreed that the action absorption spectrum
reported in ref. 24 should in fact be attributed to the phenolate
1 form of LH.**

The broadening on the high eBE sides of the LH™ and iLH™
photoelectron spectra in the 328-310 nm range (3.78-4.00 eV)
can be attributed to autodetachment from resonant excitation
of excited states of the anions. A resonance was not observable
in this range in the 350-210 nm action spectrum of LH™
recorded by Stechkel et al., which monitored loss of neutral
CO, from mass selected LH™ anions as a function of excitation
wavelength, although it was noted that some electronic transitions
may not be observable due to the possibility of photodetachment
competing with photodissociation.>® The shoulder in our
photoelectron spectra extends all the way to zero kinetic energy,
suggesting that there is significant transfer of energy from
electronic into nuclear degrees of freedom. According to the
ADC(2) calculations for LH™, in this wavelength range, the

Table 3 Vertically excited states calculated with ADC(2)/aug-cc-pVDZ for the LH™ and iLH™ phenolate anions

State VEE/eV Excitation c f VEE/eV Excitation ¢ f
LH ™ phenolate 1 LH™ phenolate 2
S, 2.31 THoMo — T*LuMO 90 0.6805 2.35 THoMo — T*LuMo 85 0.6206
S, 2.80 o = TLumo 90 0.0000 2.90 o — TLumo 85 0.0000
S; 3.89 THoMO-1 = T*LuMO 43 0.0499 4.00 ThoMOo-1 = T*LuMO 75 0.0935
Tomo — diff 20
S, 3.93 THoMO-1 = T*LuMO 32 0.0473
Tyomo — diff 16
iLH™ phenolate 1 iLH™ phenolate 2
S, 1.81 ToMo — T*LuMo 92 0.8615 1.83 ToMo — T*Lumo 60 0.7687
oMo — T¥LuMo+1 31
S, 2.45 o = T*Lumo 92 0.0000 2.52 o = T Lumo 60 0.0000
no = T*Lumo+ 31
S; 3.49 THoMO-1 = T*LuMO 87 0.2410 3.55 THoMO-1 = T*LuMO 51 0.1774
THoMo-1 — T¥Lumo+1 27
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closest excited state with a significant transition dipole
moment is the S;(2nn*) state (3.89 eV), which lies around
0.8 eV above D, in phenolate 1. The S3(2nn*) state has Feshbach
resonance character with respect to D, so is only weakly
coupled to the detachment continuum and would thus have a
reasonably long lifetime with respect to photodetachment;
therefore, it is possible that there is time for internal conversion
to a lower lying electronically excited state to compete efficiently
with electron detachment. Given the low electron kinetic energy
of the photoelectrons, it seems likely that the anion internally
converts to the S;(1nn*) state, either directly or via the S,(1nn*)
state. The vibrational levels of the S;(1nn*) state which lie above
the D, detachment threshold in energy have shape resonance
character with respect to Dy, and are therefore coupled strongly
to the electron detachment continuum. If the S, (1nn*) state is as
long-lived with respect to internal conversion to the ground
state in the gas phase as it is in aqueous solution (where this
state is fluorescent') this would explain why there is a con-
tinuum of low eKE photoelectrons rather than a profile that
decays exponentially with eKE, typical of thermionic emission.
The calculations for iLH™ suggest that a similar relaxation
mechanism following photoexcitation of the S;(2nm*) state at
3.55 eV is also likely to occur in iLH ™. To support this proposed
relaxation mechanism, it is worth noting that our group
observed a similar continuum of low eKE electrons in photo-
electron spectra of the deprotonated red Kaede anion and
complementary high-level quantum chemistry calculations
allowed us to assign this feature to internal conversion through
a series of conical intersections to the lowest lying excited electro-
nic state which subsequently decayed by electron detachment.*®
The observation that there is an efficient electronic relaxation
pathway from higher lying electronic states to the emissive
S;(1mnm*) state, that is also coupled strongly to the electron
detachment continuum, is significant because it suggests that
isolated LH™ and iLH™ may function as UV photoactivated
chromophores for bioimaging or have applications in monitor-
ing redox processes.

The calculated D, value for the phenolate 1 isomer of LH™
(3.13 eV) (Table 1) is in good agreement with the position of the
lowest energy peaks in the experimental LH™ photoelectron
spectra, whereas the calculated D; value (5.25 eV) is a little
higher than the highest energy peak in the 230 nm photoelectron
spectrum. Interestingly, the second VDE of the phenolate 2
isomer (4.91 eV) is in better agreement with the experiment,
although the calculated D, energy for this isomer is 2.81 eV
(Table 1) which is lower than that observed experimentally. Given
that the photon energy in the 230 nm photoelectron spectrum
(5.39 eV) is quite similar to the calculated D; VDE for the
phenolate 1 isomer, it is possible that the photon energy is
insufficient to reach above this threshold but that following
photoexcitation of a higher-lying electronic state, the carboxylic
acid group rotates and detachment occurs to the D, detachment
continuum of the phenolate 2 isomer. Calculations along a linear
interpolation of internal coordinates between the two phenolate
isomers show that a torsion of just 40° is sufficient to lower the
VDE by around 0.2 eV (see Fig. S6 in the ESIT). A similar process

This journal is © the Owner Societies 2017

View Article Online

Paper

also seems to be taking place in iLH , where there is good
agreement between the calculated D, value for the phenolate 1
isomer (3.13 eV) and experiment, but the calculated D, value for
the phenolate 1 isomer (5.33 eV) seems too high and the
calculated value for the phenolate 2 isomer (5.03 eV) is in good
agreement with the experiment. Our suggestion that these
observations can be explained in terms of a conformational
change in the excited state of the anion is similar to our
observation of a conformational change in the excited state of
a molecular rotary motor that manifested itself as electron
detachment to a lower lying detachment threshold.*’

The additional features with low eBE in the iLH™ photoelec-
tron spectra are below the minimum eBE expected for iLH™,
and have wavelength dependent intensities; therefore it seems
likely that these features result from photofragmentation. LH™
has been observed to undergo fragmentation resulting in
the loss of neutral CO, following photoexcitation in the range
280-250 nm** (which was exploited to record an action spectrum)
so it is reasonable to imagine a similar fragmentation process is
taking place in iLH ™ at longer wavelengths due to the increased
conjugation. From the VDEs calculated for the photofragment
ions presented in Table 2, we believe the two features in the
346 nm photoelectron spectrum correspond to detachment from
different structures of this anion formed by CO, and/or H, loss
from the different isomers of the anion. The broadening to lower
eBE in the iLH™ 357-310 nm (3.47-4.00 eV) spectra lines up well
with the VDEs of the fragmentation products formed by loss of
CO, (2.67 eV) and H, + CO, (2.63 eV) from the phenolate anion
(Table 2); so we expect that this feature arises from either one or
both of these fragments. The additional, very weak, feature
between 1.9 and 2.4 eV in the 357 nm and 346 nm spectra can
be assigned to loss of H, and/or CO, from the carboxylate anion
(whose presence was proposed to account for the weak feature
around 4.4 eV in the 230 nm photoelectron spectrum). The first
VDE of iLH™ carboxylate -CO,-H, at 2.37 eV (Table 2) fits
particularly well with the peak at 2.4 eV in the 346 nm and
357 nm spectra. In the shorter wavelength spectra (328 nm and
310 nm), these features disappear suggesting that the shorter
wavelengths are too high in energy to be strongly resonant with
the excited state associated with this fragmentation. According to
the ADC(2) calculations for the carboxylate isomer of iLH™,
there is a charge-transfer state at 3.56 eV (see Table S7 in the
ESIt) in which the electron density is transferred away from the
carboxylate group that could be involved in this process.

According to the ADC(2) calculations, the S;(2nn*) excited
state is lower in energy in iLH™ (3.49 eV) than in LH™ (3.89 eV)
and it appears that in iLH , fragmentation from this state
competes with electron detachment. Interestingly, the peak
associated with direct detachment from the phenolate 1 isomer
of iLH™ (3.3 eV) changes shape as the fragment peaks disappear
with increasing photon energy (Fig. 5). At 357 nm, where the
fragmentation peak is most intense, the top of this peak is flat
across a range of around 0.3 eV, but as the fragmentation peak
disappears, the peak becomes sharper and has a maximum at
3.3 eV. This could be explained if fragmentation were to result
purely from the minimum energy phenolate 1 conformer. In this
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scenario, when fragmentation is minimal, the ratio of the two
phenolate isomers reflects their relative stabilities, ie. there is
more of the phenolate 1, which dominates the photodetachment
spectrum, leading to the sharp peak at 3.3 eV. Conversely, when
photofragmentation of the phenolate 1 isomer competes with
photodetachment, the population of the phenolate 1 isomer is
depleted leading an increase in the proportion of the photo-
detachment signal arising from phenolate 2. Since the calculated
VDEs of phenolate 1 and phenolate 2 are 3.08 eV and 2.80 €V,
respectively (Table 1), this would account for the flattening of the
peak to lower VDEs. Loss of CO, from phenolate 1 seems more
intuitive, as in this case the proton is stabilised by the interaction
with the nitrogen atom on the molecular backbone, whereas in
phenolate 2 the proton is further away from the backbone.

5 Conclusions

Using a combination of photoelectron spectroscopy and quantum
chemistry calculations, we have gained new insight into the
excited-state dynamics of the deprotonated firefly luciferin and
infraluciferin anions, following excitation in the range 357-
230 nm. We found that deprotonation of luciferin and infra-
luciferin by electrospray ionisation in dry methanol solution
generated, predominantly, anions in their phenolate forms,
which are the biologically relevant forms for gas-phase studies
in which the luciferin anion is used as a model for the unstable
oxyluciferin anion. Our quantum chemistry calculations have
revealed that the minimum energy conformation of the luciferin
anion in the gas phase has the carboxylic acid group in the
plane of the molecule, unlike the chromophore in the enzyme
environment. In the gas-phase, the planar conformation is
stabilised by an intramolecular interaction between the acidic
proton and the thiazole nitrogen. This interaction may not
occur in the protein due to binding of the carboxylate oxygen
to a nearby lysine residue; the distinct conformation of the
carboxylic acid group in the enzyme could facilitate the attack of
the phosphate group of ATP by a carboxylate oxygen atom in the
adenylation step of the bioluminescence reaction.

The luciferin and infraluciferin anions are found to have
similar electron detachment thresholds, although the vertical
excitation energies of the electronically excited states of the
infraluciferin anion are redshifted compared to the luciferin
anion as a result of the increased conjugation. We found
evidence to suggest that resonant excitation of the Sz(2mn*)
states of both the luciferin and infraluciferin anions resulted in
rapid internal conversion to lower lying S;(1nn*) states followed
by electron detachment. For the infraluciferin anion, a competing
photodissociation process in which neutral CO, is lost was
observed, analogous to that observed previously for luciferin
anions.** Our observation of competing UV light-induced internal
conversion, electron emission and photofragmentation, hints at
the possibility of new biological applications. This work highlights
the importance of detailed spectroscopic and computational
studies of the small molecules that lie at the heart of bioluminescent
systems so we may further improve our understanding of their
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electronic properties which will in turn inform the design of new
bioluminescent systems or applications.
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