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ABSTRACT: A complete understanding of the physics
underlying the varied colors of firefly bioluminescence remains
elusive because it is difficult to disentangle different enzyme—
lumophore interactions. Experiments on isolated ions are
useful to establish a proper reference when there are no
microenvironmental perturbations. Here, we use action
spectroscopy to compare the absorption by the firefly
oxyluciferin lumophore isolated in vacuo and complexed with
a single water molecule. While the process relevant to
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bioluminescence within the luciferase cavity is light emission, the absorption data presented here provide a unique insight
into how the electronic states of oxyluciferin are altered by microenvironmental perturbations. For the bare ion we observe broad
absorption with a maximum at 548 + 10 nm, and addition of a water molecule is found to blue-shift the absorption by
approximately SO nm (0.23 eV). Test calculations at various levels of theory uniformly predict a blue-shift in absorption caused
by a single water molecule, but are only qualitatively in agreement with experiment highlighting limitations in what can be
expected from methods commonly used in studies on oxyluciferin. Combined molecular dynamics simulations and time-
dependent density functional theory calculations closely reproduce the broad experimental peaks and also indicate that the
preferred binding site for the water molecule is the phenolate oxygen of the anion. Predicting the effects of microenvironmental
interactions on the electronic structure of the oxyluciferin anion with high accuracy is a nontrivial task for theory, and our
experimental results therefore serve as important benchmarks for future calculations.

B INTRODUCTION

Bioluminescent organisms have developed mechanisms for
catalytic production of cold light, which they utilize to
communicate warning signals, or to attract prey or partners
for mating. The core chemical event of bioluminescence (BL) is
chemiexcitation, a sequence of chemical reactlons, by which
ground-state substrates (luciferins) in fireflies' and some
coelenterates” are enzymatically converted by luciferase (Luc)
to energy-rich intermediates. The intermediates, bearing a labile
dioxetanone moiety in fireflies,” decompose to produce the first
excited state of the emitters, oxyluciferins, which relax to the
ground state by emitting a photon of visible light.* The one-to-
one ratio of molecules of the intermediate and photons in this
last step renders the BL reaction a very efficient process, with
quantum yields that largely exceed those observed with non-
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natural chemiluminescence reactions.* The efficient BL
emission can be utilized in microbiological analysis® and is
currently an indispensable tool in multicolor in vivo
imaging."~® Recently, the potentials for applications involving
secondary energy-transfer processes have been realized,
including BRET in luciferase—protein dyads,” FRET-based
imaging with enzyme—quantum dot conjugates,'”'" and
sequential energy transfer (BRET-FRET)."

The utility of BL as imaging tool triggered a great deal of
research with the goal of developing an understanding of the
underlying mechanisms. The dioxetanone intermediate in the
firefly BL reaction sequence is an extremely unstable species
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that remains synthetically inaccessible. Under controlled
conditions, the lumophore (OxyLH,) can be stabilized in the
ground state for a reasonably long time, but the ground-state
structure does not provide direct insight into the excited-state
dynamics.">"* A large number of theoretical studies have also
been performed with the aim of elucidating details of the
factors controlling BL (for recent reviews, see Navizet (2011),'¢
Hosseinkhani (2011),"” and da Silva (2011)'®). These studies
have increased in complexity since initial gas-phase calculations
and now routinely include solvent effects, either implicitly
through the use of continuum dielectric models, or by explicit
inclusion of solvent molecules'®?® (the results of Min et al.*°
relate directly to the excited state of oxyluciferin) and even
reduced models of the luciferase microenvironment;*'~>* the
spectrochemistry of OxyLH, has been experimentally estab-
lished only in neat solutions.'*'> Most theoretical consid-
erations of the effects of the luciferase framework are limited to
the relevant amino acid residues from the crystal structures of
luciferases from Luciola cruciata® or Photinus pyralis.”® Recent
results, however, suggest significant reorganization of the
microenvironment during the lumophore deexcitation, thus
questioning some earlier mechanistic inferences based on the
ground-state structure of the luciferase—oxyluciferin complex,
[(Luc) (OxyLH,)]*

Unlike fireflies (Lampyridae), which communicate the
characteristic bursts of yellow-green light, and despite the fact
that they utilize identical lumophore, some species of click
beetles (Elateridae) emit orange light, while certain railroad
worm species (Phengodidae) luminesce in the red region.
These shifts in the emission color were successfully mimicked
by deliberate point mutations in the Lampyridae luciferase
family, and the wavelength of emission can be artificially tuned
to values between 530 and 640 nm. As many as six mechanisms
have been advanced to explain the molecular origin of this
phenomenon, although without a consensus on its origin. The
suggested mechanisms include keto—enol tautomerization,
molecular twisting in excited state, effects of microenvironment
(including deprotonation of the phenol functionality) and
tautomerization/deprotonation of the hydroxythiazole frag-
ment, stabilization by charge resonance, conformational
changes in the active pocket, and concomitant modulation of
polarity and covalency of an emitter—cation ion-pair.
Experimental and theoretical contra-arguments have been
subsequently advanced that discredit each of these mechanisms.
Despite the numerous attempts and various experimental and
theoretical approaches, due to lack of photophysical data on the
excited lumophore free from environment effects, this conun-
drum remains unresolved.

A direct experimental spectrochemical benchmark of a single
excited molecule (OxyLH,)* in vacuo could end the long-term
dispute. Indeed, the spectrochemical effects from the environ-
ment exerted by the amino acid residues or water molecules in
the luciferase active pocket could be directly assessed against
the spectral fingerprint of the bare ion if the latter were to be
isolated in the absence of intermolecular interactions. This
approach represents a simple, yet critically important starting
point to understand the true reasons behind the color tuning
and is the one we have taken here to shed light on this problem.
Computational studies have previously highlighted the
importance of water molecules in the firefly oxyluciferin
system,”**”?® and it was recently proposed'* that a single
water molecule in the protein cavity could have a profound
effect on the photophysical properties of the emitter and its
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dynamics. Theoretical investigations of interactions between
oxyluciferin and components of the luciferase active site in
available crystal structures support the importance of water
molecules in terms of their energetic effect on the emitter.'®*”
To verify this hypothesis, using a special experimental setup, we
utilize here action spectroscopy of the ionized firefly emitter
OxyLH™ and its ion-complex [(OxyLH)(H,0)]" to elucidate
the spectrochemical consequences of a single water molecule
on the isolated ion in vacuo. The §,5-dimethyloxyluciferin
anion (DMOxyL~) was also included to provide a color-shift
standard free of the potential variability of the gas phase
[(OxyLH)(H,0)]~ complex. Finally, we note that recent
theoretical work by Navizet et al.*® supports the use of the
isolated oxyluciferinate anion as a model for the firefly
lumophore because their results indicate that the light emitter
is the same after chemical decomposition of firefly dioxetanone
(either in vacuo or within the protein) to that obtained after
photoexcitation of oxyluciferin.

In our experiment, we probe absorption and not light
emission because the ion density is too low to result in enough
emitted photons for detection. Indeed, the ion density is also
insufficient for conventional light transmission experiments that
are normally used to obtain absorption spectra, and this
constitutes a significant barrier to the measurement of
absorption by ions in vacuo. Instead, gas-phase ion spectros-
copy relies on ionic dissociation driven by light absorption. In
our setup, such action spectroscopy on macromolecular ions is
realized by combining an electrospray ion source, electrostatic
ion storage ring, and pulsed lasers. The setup has already
provided valuable information on the light absorption by
several chromophore ions, ionic GFP chromophore, protonated
retinal Schiff bases, heme, porphyrin, and pepticles,30_35 and the
bioluminescence precursor, the b-(—)-luciferinate anion,
LH™.*® Recently, we have also modified an accelerator mass
spectrometer (sector instrument) to perform gas-phase spec-
troscopy experiments. While delayed dissociation on time scales
of hundreds of microseconds to tens of milliseconds is
monitored in the ring experiment, fast dissociation occurring
within a few microseconds is probed by the accelerator mass
spectrometer. These complementary techniques were em-
ployed here to record the action spectra of isolated anions of
OxyLH, and its complex with a single water molecule. These
ground-state absorption data are indispensable direct bench-
marks against which the theoretical models commonly used in
studies of the excited-state structure of the firefly emitter can be
assessed for the first time free from interferences by the
complex structure of the luciferase active site. If such models
can correctly predict the absorption by oxyluciferin and the
influence of a microenvironment, they are likely also capable of
providing useful information regarding microenvironmental
effects in the emission spectra.

B RESULTS AND DISCUSSION
Isolated OxyLH™ and DMOxyL~ Anions. First, we

present the results from the storage ring experiments, where
neutrals produced as a result of dissociation are monitored as a
function of time. Time spectra obtained after photoexcitation in
the ring of the OxyLH™ ion (m/z = 249) at 490, 530, and 580
nm, shown in Figure 1, confirm that the photoinduced
dissociation is nearly complete after 400 us. This time is
much shorter than the storage time in the ring (~0.3 s). The
revolution time of the ions is 64 us. The neutrals that gave rise
to the count rate were produced ~19 us after the photo-
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Figure 1. Time spectra of oxyluciferinate anions without laser
irradiation (a), and after photoexcitation at 490 nm (b), 530 nm
(c), and 580 nm (d). The spectrum in panel (a) is due to neutrals
formed after collisions between the ions and the residual gas in the
ring.

excitation in the first instance (first point in the time spectrum),
and then after successive rotations in the ring. According to a
power dependence study, the first point is due to neutrals
formed from ions that have either absorbed one or two
photons, whereas the following points are due to one-photon
absorption. The contribution of the two-photon absorption to
the first point increases with wavelength because lower
excitation energies allow more ions to survive the travel from
the laser-irradiated region to the opposite side of the ring where
their decay is sampled. At high laser powers, the photoyield of
neutrals saturates. To avoid such saturation effects and to
minimize two-photon absorption, the power was attenuated
during wavelength scans, and the first point was not included in
the analysis. The subsequent five points were summed
excluding the background of neutrals formed as a result of
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collisions with residual gas in the ring (see Figure 1a). The yield
of photoneutrals was then divided by the background count to
correct for variations in the ion beam intensity and the number
of photons in the laser pulse. This action signal is taken to
represent the relative absorption cross section. Figure 2a shows
the cross sections versus wavelength. The spectrum displays a
broad band with A, between 535 and 555 nm with fwhm (full
width at half maximum) of 95 nm.

Next, we consider the results from the single-pass experi-
ments with the accelerator mass spectrometer. Here, ionic
fragments formed up to 3 pus after photoexcitation were
sampled, in contrast to the storage ring experiment where
delayed dissociation was monitored on a much longer time
scale. Photoexcitation leads to one dominant fragment anion at
m/z = 175 and a minor one at m/z = 206 that correspond to
loss of C,H,SO (mass 74) and C,H;0 (mass 43), respectively.
These are both formed as a result of two-photon absorption, in
agreement with the time-spectra discussed above (the one-
photon absorption is excluded in this experiment based on the
narrow temporal window for dissociation). We assign the m/z
= 175 fragment to deprotonated 2-cyano-6-hydroxybenzothia-
zole. Interestingly, this molecule is a breakdown product in the
reactions between the oxyluciferin and water within the enzyme
cavity required for repetitive flashing of the firefly emission.”

The yields of each of the two fragment ions were measured
as a function of the wavelength to give action spectra after
correcting for ion beam fluctuations and number of photons in
the laser pulses. The action spectrum based on the m/z = 175
fragment ion (Figure 2b) is similar to that obtained from the
ring experiment: It displays a broad band with 4., between 540
and 560 nm (Figure 2a). The spectrum based on the m/z = 206
ion (not shown) is similar but of worse quality due to much
lower ion yields. Taken together, the results show that the bare
oxyluciferinate anion OxyLH™ absorbs maximally at 548 + 10
nm, and that the absorption spectrum is broad (fwhm of 95
nm). We note that the absorption band of OxyLH™ is only
slightly red-shifted as compared to that of LH™ (532 nm)
reported earlier®® despite the greater electron delocalization
expected in the former. The excess electron density in OxyLH™
can be located at either oxygen (two limiting resonance
structures), while the carboxylate group in LH™ is not
conjugated with the ring 7-electrons.

According to our calculations, the dominant tautomer of the
oxyluciferinate ions isolated in our ion beam at room
temperature is the keto form. As discussed later, the agreement
between the predicted and the measured absorption bands is in
strong support of this assignment. To ascertain the tautomer
identity, the measurements were repeated with the §,5-
dimethylated oxyluciferinate anion (DMOxyL™ m/z = 277)
where the molecule is locked as the keto tautomer by
substitution. The action spectrum obtained based on the m/z
= 175 fragment ion has a A, = 540—570 nm (Figure 2d),
while the ring experiment provides A,,,, = 560—580 nm (Figure
2c). Our estimate of the band maximum is 565 + 10 nm. The
red-shift of about 17 nm relative to OxyLH™ is in accordance
with the substitution effects observed in solution.'* The
calculated spectra described below confirm that this spectral
shift is due to substitution effects.

[(OxyLH)(H,0)I" Complex Anion. The impact of a single
water molecule on the electronic structure of oxyluciferinate
anions was measured with the accelerator mass spectrometer.
While the photoinduced dissociation mass spectrum of bare
OxyLH™ was rather simple with two important fragment ions,
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Figure 2. Action spectra of oxyluciferinate and $,5-dimethyloxyluciferinate anions obtained using two different instruments. OxyLH: (a) ELISA,
sampling of neutral fragments; (b) accelerator mass spectrometer, sampling of 7/z = 175 fragment ions. DMOxyL™: (c) ELISA, sampling of neutral
fragments; (d) accelerator mass spectrometer, sampling of m/z = 175 fragment ions. In the ELISA experiment, we detect neutrals traveling with high
kinetic energies as they deposit energy in the detector, but we have no mass information. The curves are Gaussian fits to the data.

many more dissociation channels are available for the
[(OxyLH)(H,0)]~ complex, including water loss, dissociation
of the bridge between the two heterocycles, and decomposition
of one of the rings. The water molecule remained bound to
several fragment ions. The dominant fragment ion had m/z =
150 and is ascribed to separation of the two heterocyclic rings.
The action spectra of each of the fragment ions are shown in
Figure 3 (insufficient background counts from collision-induced
dissociations prevented us from applying spectral corrections
for ion beam fluctuations). The count rates of the photo-
induced fragment ions were typically 1 s™', which placed a
practical burden on this experiment. Nevertheless, the spectra
are quite similar with A, 480—530 nm. The minor
differences may be related to the different structures of the
oxyluciferinate—water complexes in the ion beam that could
result in different dissociation pathways. Regardless of these
small differences, the spectra are conclusive that a water
molecule blue-shifts the absorption of the ion.

Theoretical Results. The optimized ground-state geo-
metries used in all calculations are shown in Figure 4. Details of
the optimization strategies and relative energies for different
conformational and configurational properties are dealt with in
the Methods section. These geometries were used for the
evaluation of several common methods for the calculation of
vertical electronic excitation energies.

The results of single-point EOM-CCSD and TDDFT
electronic absorption calculations are given in Table 1. With
the EOM-CCSD/Def2-TZVPPD method, a value of 481 nm
was obtained for the OxyLH™ excitation wavelength, as
compared to the experimental wavelength of 548 + 10 nm.
At the EOM-CCSD level with the smaller Def2-SVPD basis set,
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these values were red-shifted by only ~0.01 eV, indicating that
the smaller basis set was capable of producing well-converged
results.

The reduced excitation level (REL) diagnostic gives a
measure of the character of a given excitation within the
EOM-CC framework. Values close to unity indicate predom-
inantly single-excitation character, while higher values indicate
multiexcitation character. In all calculations performed in the
present work, the excitations had REL values of 1.1 + 0.02.
Therefore, the excitations observed in the oxyluciferin systems
possess predominantly single-excitation character, and all of the
relevant physics should be described accurately even with the
truncation of the coupled-cluster expansion at second order.*®
Greater multielectron character, on the other hand, would have
required inclusion of triples excitations, e.g, using EOM-
CCSD(T).

Excellent agreement with the high-level EOM-CCSD result
came from the two hybrid functionals, B3LYP and CAM-
B3LYP, which also showed minimal changes on going from the
Def2-SVPD basis set to the much larger Def2-TZVPPD set.
However, the pure DFT functionals SVWN and BLYP were
found to provide excitation energies that were lower than that
obtained with EOM-CCSD and that in fact were in very good
agreement with experiment, giving errors for both functionals
relative to experiment of less than 10 nm. The fact that the
EOM-CCSD and hybrid TDDFT methods gave values that
were significantly blue-shifted relative to the experimental
OxyLH™ value suggested that the approximations used in the
calculations were neglecting some effects (e.g., vibronic effects)
that were important in the OxyLH™ system. The apparently
superior performance of the pure DFT functionals was most
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Figure 3. Action spectra of oxyluciferinate—water complexes obtained
using the accelerator mass spectrometer. The fragment ion masses are
indicated on each panel. The red curves are Gaussian fits to the data.

likely an example of fortuitous cancellation of errors in these
formally less sophisticated methods.

In relation to theoretical predictions of color-tuning effects in
BL, a more important set of results were the calculated shifts
relative to OxyLH™ for the [(OxyLH)(H,0)]™ and DMOxyL"~
systems (Table 1). The EOM-CCSD/Def2-TZVPPD method
yielded a blue-shift of 10 nm for the [(OxyLH)(H,0)]”
complex and a red-shift of 3 nm for the DMOxyL™ anion,
which, although providing qualitatively correct predictions,
were approximately one-fifth of the size of the shifts observed in
the experimental spectra in both cases. Despite the large split
between the performance of the pure and hybrid functionals
seen in the TDDEFT results for OxyLH™, there was very little
difference in the predicted spectral shifts obtained from the four
functionals. All of the TDDFT-predicted shifts for DMOxyL~
were +2 nm relative to EOM-CCSD, while the [(OxyLH)-
(H,0)]” EOM-CCSD shift was underestimated by all of the
functionals except CAM-B3LYP, with BLYP performing worst.
That all of the methods used here were able to correctly predict
the sign of the spectral shift in these systems but failed to
deliver the correct magnitude is most likely an indication that
the sources of error mentioned above for OxyLH™ may become
even more critical in these systems due to the complexed water
molecule in [(OxyLH)(H,0)]” and the addition of two
methyl groups in DMOxyL".
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Figure 4. B3LYP/Def2-SVPD optimized structures of the three
systems studied.

Table 1. Calculated Absorption Energies for OxyLH™,
[(OxyLH)(H,0)]~, and DMOxyL™*

Aas (S < S)/nm

Def2-SVPD Def2-TZVPPD
OxyLH™
EOM-CCSD 478 477
SVWN 545 546
BLYP 540 542
B3LYP 490 491
CAM-B3LYP 464 466
[(OxyLH)(H,0)]-
EOM-CCSD 470 (-8) 467 (—10)
SVWN 541 (—4) 542 (—4)
BLYP 538 (-2) 539 (=3)
B3LYP 485 (-5) 487 (—4)
CAM-B3LYP 455 (-9) 458 (—8)
DMOxyL~
EOM-CCSD 481 (+3) 480 (+3)
SVWN 549 (+4) 550 (+4)
BLYP 544 (+4) 546 (+4)
B3LYP 493 (+3) 495 (+4)
CAM-B3LYP 466 (+2) 469 (+3)

“Wavelength shifts relative to isolated OxyLH™ given in parentheses.

It is of interest to note that Min et al. performed calculations
to investigate the effect of explicit waters on the electronic
structure of oxyluciferinate anion at the TD-B3LYP/6-31+G-
(d,p)//B3LYP/6-31+G(d,p) level where they found that one
water molecule hydrogen-bonded to the phenolate oxygen

dx.doi.org/10.1021/ja311400t | J. Am. Chem. Soc. 2013, 135, 6485—6493
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(similar to [(OxyLH)(H,0)]™ in the present work (Figure 4))
caused a blue-shift of 2 nm in the predicted absorption.”* The
small difference between their blue-shift and our value of S nm
can be rationalized by the slightly different basis sets used in the
geometry optimizations and subsequent excitation calculations.
Min et al. included diftuse functions only on non-hydrogens
during the geometry optimizations and in the excitation
calculations (6-31+G(d,p)), whereas our basis set contained
diffuse functions on all atoms (Def2-SVPD).

Min et al. found that when the water molecule was located at
the opposite (keto) end of the anion this was found to produce
a 4 nm red-shift in the absorption. Thus, longitudinal
polarization of the anion in opposite directions was seen to
be capable of producing shifts either to higher or to lower
energy in the spectrum. This polarization effect was systemati-
cally investigated by the incremental application of electric
fields during real-space/time TDDFT calculations on the
oxyluciferinate anion by Cai et al, who also found that the
absorption peak could be shifted either to higher or lower
energies by the polarizing field.*® The redistribution of charge
density in the anion due to the electron-withdrawing inductive
(=I) effect associated with the methyl groups attached to the
thiazolone ring in DMOxyL™ might be expected to be
qualitatively similar to the effect of a water molecule
hydrogen-bonded to the keto oxygen, which is in keeping
with both our experimental and our theoretical data.

A further feature of the experimental spectra that was of
interest in terms of the performance of simulation techniques
was the significant peak-broadening. In an attempt to extend
the single-point static calculations in a way that might shed
more light on the origins of this broadening, molecular
dynamics (MD) simulations were performed for the three
oxyluciferin systems. The resulting composite spectra obtained
from TDDEFT calculations on the sampled MD trajectories are
shown in Figure S. Both the LDA (SVWN) and the CAM-
B3LYP functionals were used, representing the simplest and
most complex functionals employed in this study. Although the
single-point TD-LDA result for OxyLH™ was closest to
experiment, this was probably due to cancellation of errors at
the equilibrium geometry, which might not the case for the
distorted geometries obtained from the MD run. TD-CAM-
B3LYP performed well relative to the EOM-CCSD data, and its
better treatment of charge-transfer type excitations might be
important in the distorted geometries.

The spectral profiles obtained from the MD-averaged TD-
LDA calculations were found to fit well the degree of band
broadening observed experimentally. Differential changes in the
band maxima for the three systems enhanced the calculated
color shift by 2 nm for both [(OxyLH)(H,0)]” and
DMOxyL"™ leading to shifts of —6 and +6 nm, respectively,
relative to OxyLH™.

The composite peaks obtained with the CAM-B3LYP
functional were slightly less broad than those obtained with
LDA. This may be due to a greater sensitivity to geometrical
distortion with the LDA functional leading to a greater spread
of the excitation energies. The individual excitations are shown
in Figure S as crosses, and tighter clustering of those obtained
with CAM-B3LYP is evident. The peak maxima in the CAM-
B3LYP case yielded a blue-shift of 7 nm for [(OxyLH)-
(H,0)]" relative to OxyLH™, but only a 1 nm red-shift for the
DMOxyL™ anion. These shifts relative to one another are in
better proportion for CAM-B3LYP (as compared to the
experimental shifts) than with LDA.
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Figure S. Composite TD-DFT spectra obtained from 300 ps
molecular dynamics simulations. Results obtained with the LDA
(SVWN) functional are shown in red, and those obtained with the
CAM-B3LYP functional are shown in blue. Spectral profiles were
obtained from sums of Lorentzian functions fit to individual excitations
(+), which were then normalized to put them on the same scale as the
single excitations.

It is interesting to note that during the MD simulations the
maximum deviation from planarity of the oxyluciferins was of
the order of 10—20° in agreement with the DFT calculations
and confirming the quality of the force field parametrization (a
plot of the energy of rotation about the inter-ring carbon—
carbon bond in OxyLH™ is shown in Figure S2). These data
provided further evidence that only the low energy trans-form
should be populated at room temperature, in agreement with
the Boltzmann factor ratio given below (Methods section).
During the simulation started with the water molecule located
at the phenolate end of oxyluciferin, the water was seen to
migrate to the benzothiazole nitrogen in ~10% of the snapshots
where the absorption was red-shifted to ~590 nm. However,
the small percentage of snapshots where this occurred
combined with the fact that the oscillator strengths for the
excitation were lower than the average during the simulation
meant that this had a small effect on the overall spectrum.
Repeat simulations with the water molecule located initially at
the midpoint of the oxyluciferin or bound to the keto oxygen
were run, but in these cases the water rapidly migrated to the
phenolate group and remained there as was seen in the first
simulation.

Relation of Gas-Phase Data to Firefly Biolumines-
cence. All Lampyridae species naturally emit green-yellow
light, although at slightly different wavelengths. A consistent
property of the spatial disposition of the amino acids in the
active pocket of their luciferases is a “barrel” of low polarity,
which wraps the substrate/product, with the two termini being
exposed to polar environments. This provides a central
microenvironment with properties more comparable to the
gas phase than to bulk (aqueous) solvent. Photuris pennsylvanica
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fireflies emit green light with a maximum at A7, = 538 nm,
while the North American fireflies Photinus pyralis produce
yellow-green light at AZY, = 562 nm. Although they share a
significant portion of the Luc amino acid sequence with fireflies,
the railroad worms Phrixotrix hirtus produce red light with A7,
= 623 nm. For the bare ion, we observe broad absorption with a
maximum at A% = 548 + 10 nm. The typical Stokes shifts of
oxyluciferin in nonaqueous diluted solutions, as a very crude
estimate for the respective gas-phase values, range between 69
and 96 nm, with the values in solvents of low polarity being at
the higher end of this range.'* As the absorption sets a lower
limit for the wavelength of emitted light, the estimated emission
of the bare ion at 617—644 nm (orange or red) necessitates
inclusion of microenvironment effects to account for the
natural emission at lower wavelengths (green). Indeed, the
action spectra recorded here evidenced that addition of a single
water molecule blue-shifts the absorption by about 50 nm. A
single water molecule could blue-shift the Stokes-shifted
emission of the ion in vacuo to about 567—594 nm (ie.,
green to yellow). The results of the present study suggest that
such a dynamic water molecule could make a significant
contribution to shifting the emission color of the oxyluciferinate
ion between green and red. Further support for this suggestion
can be found in the results of molecular dynamics simulations
of oxyluciferin in which the importance of water molecules in
modulating electronic structure in the ground and excited states
in the enzyme active site was highlighted.”**’

The crystal structure of the complex of Luciola cruciata
luciferase with oxyluciferin does not contain a water molecule
bound to the phenoxyl group of the lumophore.”® Several
waters are located nearby, but these are presumably strongly
constrained in the electrostatic environment of the pair of
arginine residues at the benzothiazole end of the active site.
However, the benzothiazole hydroxyl group in structures of
both wild-type and mutant luciferases in a complex with a
molecule that represents a model for the unstable intermediate
in the bioluminescence reaction is bound to a water molecule at
2.7 A from the oxygen atom.”> Combined with the molecular
dynamics results mentioned above*®*” and the results of the
present work, this observation appears to support our proposal
that a dynamic water molecule could interact significantly with
the benzothiazole oxygen of oxyluciferin and may play an
important role in the color tuning of the firefly emission.

Another issue to consider is that the most favorable location
of the water may be different in the excited state than in the
ground state of the oxyluciferin anion. Because, in the biological
setting, the oxyluciferin anion is formed in its excited state, it is
possible that the water is located in a way that it stabilizes the
excited state more than the ground state. As a result, the water
molecule would then cause a red-shifted emission. In
accordance with this, Ai-min and co-workers® predicted a 3
nm blue-shift in the emission upon binding of a single water
molecule to the benzothiolate oxygen, while the emission red-
shifted by 8 nm for water binding to the thiazole oxygen. In
other work,*® Song and Rhee calculated the average emission
energies (RI-CIS(D) without EOM-CCSD corrections) for
solvated oxyluciferin ion configurations that had one more
water on the thiazole oxygen than on the benzothiazole oxygen
(1.419 eV), the same number on both oxygens (1.429 eV), and
one more on the benzothiazole oxygen than on the thiazole
oxygen (1.449 eV). Even though the trends from these two
works are in accordance with our reasoning, the shifts are small.
Song and Rhee instead ascribed color modulation to nearby
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charges, for example, the positively charged ammonium of a
protonated lysine residue or the negatively charged AMP.

An analysis of energetic interactions within the luciferase
active site by Milne et al. using the fragment molecular orbital
method supports the importance of both the charged species
and the active site water molecules in terms of their
(de)stabilizing effects on the oxyluciferin anion in the ground
state.”” However, because the theoretical models commonly
employed in this field of research in general appear to
underestimate the blue-shift in absorption by a single water
molecule, the influence on emission may also be under-
estimated. More work is clearly needed to fully address the role
of the nearby environment in fine-tuning the details of the
electronic transition between the ground and excited states of
this system.

B CONCLUSION

The action spectra reported here provide the first experimental
evidence on the absorption by the singly charged oxy-
luciferinate anion and its complex with water isolated in
vacuo and demonstrated a strong perturbation of the electronic
structure by a single water molecule. A range of calculations
using methods of varying theoretical complexity uniformly
support the experimental data and were found to provide
reliable predictions of color-shifts in the [(OxyLH)(H,0)]~
and DMOxyL~ systems, although the magnitude of the shifts
was underestimated. We cannot from our absorption experi-
ments tell the exact role of a water molecule on the emission
but only speculate that its influence is large enough for color
modulation because it significantly perturbs the difference in
energy levels between ground and excited states when it binds
to the ground-state geometry. Obtaining quantitative agree-
ment with experiment from calculations on these ions is
nontrivial, and more work is needed to improve the theoretical
description. Importantly, for a theoretical model to be used to
shed light on microenvironmental effects in firefly lumines-
cence, it is required to provide the experimentally measured
energy difference between the ground and excited states of the
bare oxyluciferinate anion and the perturbation caused by a
water molecule bound to the ground-state geometry.

B METHODS

Experimental Details. The setups used for gas-?hase spectrosco-
py have been described in detail elsewhere,**~>****' and only a brief
description is given below. Oxyluciferin and $,5-dimethyloxyluciferin,
prepared as described before,'* were dissolved in methanol and
electrosprayed. Ions were accumulated in a multipole ion trap in which
they experienced collisions with helium buffer gas kept at room
temperature.

In the ELISA experiments, an ion bunch was accelerated to kinetic
energy of 22 keV, and the ions of interest were selected with a bending
magnet. These were injected into the ring that is based on purely
electrostatic deflectors and focusing elements. The ions circulated until
they changed their mass-to-charge ratio as a result of either collisions
with residual gas in the ring (pressure of about 107'° mbar) or
photoexcitation. Neutrals produced on the injection side of the ring
were not influenced by the electric fields and hit a microchannel plate
detector located at the end of the straight section. The rate of neutrals
hitting the detector was a measure of the number of ions circulating in
the ring. OxyLH™ ions were photoexcited after about 45 ms. The third
harmonic (355 nm) from a Nd:YAG laser was used to pump an optical
parametric oscillator (OPO) (EKSPLA laser system). Neutral density
filters were used to attenuate the laser power. The repetition rate of
the experiment was 10 Hz.
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For experiments using the accelerator mass spectrometer, an ion
bunch was accelerated to energy of 50 keV, and appropriate ions were
again selected with a bending magnet. These were photoexcited by
light from a laser system similar to that used with ELISA in a merged
beam configuration. An electrostatic analyzer allowed particular
fragment ions to reach a channeltron detector where they were
counted. The yield of fragment ions as a function of excitation
wavelength was monitored up to 3 us after photoexcitation. The
experiment was performed at a repetition rate of 40 Hz. The laser was
run at 20 Hz; thus only every second ion bunch was irradiated to
obtain the real laser-induced signal. Also, laser-off spectra were used to
correct for ion beam fluctuations from the yield of fragment ions
produced as a result of collisions with the residual gas. Hydrated ions
were generated by introducing water vapor in an octopole trans-
mission guide located before the multipole trap. The kinetic energies
of the ions in the ion source were retained as low as possible to
prevent collision-induced water loss from the fragile molecular
complexes. The ion beam signal of the complexes was insufficient
for meaningful corrections for ion beam fluctuations; instead, the
experiment was repeated multiple times to compensate for such
variations.

Theoretical Methods. All electronic structure calculations were
performed using GAMESS-US (1 October 2010 (R1) release).*

Geometries were optimized at the B3LYP* level with the diffuse-
augmented polarized double-{ basis set Def2-SVPD.** The isolated
anion was optimized in both the cis and the trans conformations
because both might be populated in the experiment. An energy
difference of 23.6 kJ mol™' was found, indicating a Boltzmann factor
ratio of 1: 5.14 X 107° in favor of the trans-form at 300 K, and so the
cis-form was neglected thereafter. That the trans-enol form of
OxyLH™ might be important was also considered, but this geometry
was found to lie 47.4 k] mol™' higher than the trans-keto form
(Boltzmann ratio of 1:5.97 X 107 in favor of the keto-form). trans-
DMOxyL™ was optimized at the same level.

Geometry optimizations for the [(OxyLH)(H,0)]™ complex were
performed with water hydrogen-bonded to either the benzothiazole or
the thiazolone end of the trans-keto anion. The thiazolone-bound
configuration lay 10.5 kJ mol™" higher in energy with a corresponding
Boltzmann factor ratio of 1:1.48 X 1072 favoring the benzothiazole
complex at 300 K and indicating an insignificant contribution from the
thiazolone configuration.

To obtain a computational benchmark for the electronic excitations
in these systems, calculations were performed with equation-of-motion
coupled cluster theory including single and double excitations (EOM-
CCSD).*®**~* The inclusion of triples excitations for molecules of
this size was too demanding, and therefore the calculations were
truncated at the EOM-CCSD level. However, the results obtained
showed that the excitations were predominantly single-electron in
character meaning that the physics required to accurately describe
these excitations was already contained in the EOM-CCSD method.*®
Both the Def2-SVPD and the large Def2-TZVPPD basis sets were
used. To minimize the computational effort involved in these
calculations in terms of memory- and disk-usage, the reduced virtual
space method*” was employed. A cutoff of 50 eV above the HOMO
level was found to give results that changed by less than 2 nm when
the cutoff was increased to 60 eV and by less than 1 nm when
increased to 70 eV. These changes were not consistently positive or
negative, due to the nonvariational nature of the calculations, and so
negligible net change was seen beyond the 50 eV cutoff.

TDDFT* calculations used a series of four functional forms of
increasing formal complexity representing different rungs on the
Jacob’s ladder of (TD)DFT approximations.”' > The SVWN (local
density approximation) and BLYP (generalized gradient approxima-
tion) functionals were selected to investigate the performance of pure
DFT in this system.*™>® The commonly used hybrid functional
B3LYP (20% Hartree—Fock (HF) exchange) was also included. For
excitations with significant nonlocal character, TDDFT methods can
produce Iar%e errors due to an incomplete treatment of long-range
interactions.””*® The range-separated hybrid CAM-B3LYP functional,
designed to provide a more balanced description of excitation
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processes with, for example, charge-transfer character,” was therefore
also included. TDDFT calculations were performed with the Def2-
SVPD basis set and repeated with the much more flexible Def2-
TZVPPD basis.** Minor changes (~0.01 €V) indicated that the Def2-
SVPD results were well converged.

Molecular dynamics simulations were performed with Tinker v6.1.%
OxyLH~ parameters®* were converted to fit the Tinker
CHARMM?22°"® functional form. Torsional parameters relating to
the bond bridging the two heterocylic substructures were adjusted for
a better fit of the torsion profile calculated with DFT (see the
Supporting Information). Additional parameters required for
DMOxyL™ and [(OxyLH)(H,0)]~ were taken from the
CHARMM?22 set. Atomic partial charges were calculated using the
CHELPG approach (charges from electrostatic potentials using a grid-
based method)63 at the B3LYP/Def2-SVPD level with Orca v2.9.0.*
300 ps in vacuo simulations were run at 300 K in the NVE ensemble.
Sampling at 1 ps intervals gave 300 input structures for subsequent
TDDFT/Def2-SVPD calculations using the LDA (SVWN) and CAM-
B3LYP functionals. The dominant first excitations and oscillator
strengths from each calculation were collected, and a Lorentzian
broadening function with a half-width of 10 nm was applied using the
Gabedit v2.4.0 package.®> The resulting composite peaks were then
renormalized so as to fit them onto the same scale as the individual
excitations.

B ASSOCIATED CONTENT

© Supporting Information

Force field parameters used in molecular dynamics simulations
of the oxyluciferinate and $,5-dimethyloxyluciferinate anions.
B3LYP/Def2-SVPD optimized geometries (and total energies)
used in EOM-CCSD and TDDEFT single-point calculations.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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