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Abstract

The photocycle of photoactive yellow protein (PYP) is initiated by a photoinduced
trans-cis isomerisation around a C=C bond in the chromophore that lies at the heart
of the protein; however, in addition to the desired photochemical pathway, the chro-
mophore can undergo competing electronic relaxation processes. Here, we combine
gas-phase anion photoelectron spectroscopy and quantum chemistry calculations to
investigate how locking the C=C bond in the chromophore controls the competition
between these electronic relaxation processes following photoexcitation in the range
400-310 nm. We find evidence to suggest that preventing trans-cis isomerisation effec-
tively turns off internal conversion to the ground electronic state and enhances electron

emission from the first electronically excited state.

Introduction

Photoactive yellow protein (PYP) is a small protein responsible for the photophobic response
of Halorhodospira halophila to potentially damaging UV light.! The chromophore of PYP,
a deprotonated para-coumaric acid anion (pCA ™), is covalently bound to a cysteine residue
and enclosed within the protein where it is stabilised by a network of hydrogen bonds. The
first steps of the PYP photocycle occur following photoexcitation of the first excited singlet
state of the chromophore (Apax ~ 400 nm) and involve a trans-cis isomerisation around the
C=C bond in the chromophore followed by protonation of the chromophore. In the protein,
isomerisation proceeds wia a volume-conserving bicycle-pedal or hula-twist motion rather
than a simple one-bond flip.2 The small-scale motion of the chromophore in PYP induces
large-scale conformational changes of the protein to form a long-lived signalling state; the
photocycle then continues and eventually regenerates PYP in its initial state. However, in
addition to the desired photochemical pathway, the chromophore that lies at the heart of
PYP can undergo competing electronic relaxation processes such as internal conversion and

electron emission.®’ The role played by the protein in controlling the competition between



these competing processes is a subject of ongoing discussion.

Gas-phase studies of isolated protein chromophores, free from interactions with protein
or solvent environments, continue to play an important role in improving our understanding
of the intrinsic electronic structure and relaxation dynamics of the chromophore. Studies of
isolated PYP chromophores in the gas-phase have included analogues of pCA™ and its methyl
ester pCE™, with variations in the ester tail of the chromophore,® with the hydroxyl motif in
different positions on the phenol ring® and with different deprotonation sites.® Recent work
in our group employed anion photoelectron spectroscopy and quantum chemistry calculations
to investigate the competition between internal conversion and electron emission in model
PYP chromophores with aliphatic bridges across the two single bonds either side of the
C=C moiety.” We found that both of these single bond rotations assisted in efficient internal
conversion from S; to Sy but that torsional motion around the bond between the phenolate
and C=C moieties was the most important. Phenolate-alkene single bond rotation was also
found to play an important role in internal conversion from high-lying electronically excited
states to the first excited state.

There have also been many studies of PYP and isolated PYP chromophores in solution
aimed at understanding the role of torsional motions in the chromophore. These have in-
cluded isolated chromophores with conformational locks around the single bonds either side
of the unsaturated C=C bond at the centre of the chromophore® and around the C=C bond
itself. 319 Hellingwerf and coworkers reconstructed PYP with non-isomerising analogues
of pCA™ in which the C=C bond was locked by bridging across it using an ester linkage
(introducing an additional ester moeity) or by replacing the C=C bond by a C=C bond. !
It was found that both chromophores allowed access to the photocycle, which led to the
suggestion that rotation about the C=C bond was not essential for PYP to function. Later
work determined that the absorption for the ester-bridged chromophore was blue-shifted
and the excited state lifetime was much longer (3 ns compared with 2 ps for the unlocked

equivalent), suggesting that isomerisation around the double bond was essential for fast



internal conversion to the electronic ground state.? These studies have contributed signifi-
cantly to our interpretation of the excited state dynamics of the PYP chromophore; however,
the isomerisation-locked chromophores employed all had additional functionalities and it is
possible that these may have obscured subtle differences in excited state behaviour, intrin-
sically or through interactions between the protein or solvent. Moreover, the importance of
double-bond isomerisation on competing photoionisation processes is relatively unexplored.
In this paper, we report a combined anion photoelectron spectroscopy and computa-
tional chemistry study aimed at determining the role of torsional motions around the C=C
bond on electron emission processes following photoexcitation of electronically excited states
of PYP. We have designed and synthesised an analogue of the PYP chromophore with an
ethane bridge inhibiting the double bond rotation, EBpCE~ (Fig. 1). EBpCE™ is a unique
C=C photoisomerisation-locked PYP chromophore in which there are no additional func-
tional groups and in which the strain introduced by the lock is minimised by employing a
6-membered ring. Although the single bond connecting the alkene to the ester moiety is
also locked, we have already shown that rotation around this bond is not as important as
rotation around the single bond connecting the alkene to the phenolate moiety.” We com-
pare the electronic relaxation processes following photoexcitation of the locked chromophore,

EBpCE™, with a model PYP chromophore, pCE ™, which is the methyl ester of pCA™.
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Figure 1: Structures of the chromophores used in this study: model PYP chromophore pCE™
and the ethane-bridged chromophore EBpCE .



Experimental and computational methods

Chromophores

pCE was purchased from Tokyo Chemical Industry and used without further purification

and EBpCE was prepared by methods described in detail in the supporting information.

Photoelectron spectroscopy

The anion photoelectron spectrometer combines electrospray ionisation (ESI) and a photo-
electron velocity map imaging (VMI) setup and has been detailed elsewhere.5 712718 In brief,
deprotonated anions were produced by electrospray ionisation (ESI) of a ~1 mM solution of
pCE™ or EBpCE™ in methanol with a few drops of aqueous ammonia added. The isolated an-
ions were mass-selected by a quadrupole and guided into a hexapole ion-trap from which they
were released at a rate to match the repetition rate of the laser system. The anions coincided
with pulses of laser light in the photodetachment region of a VMI photoelectron spectrometer.
Nanosecond laser pulses of wavelength 310-346 nm were generated by frequency-doubling
the output of a Nd:YAG pumped dye laser operating at 20 Hz and femtosecond pulses of
wavelength centered at ~400 nm were produced by frequency-doubling the output of a com-
mercial amplified Ti:Sapphire femtosecond laser system operating at 250 Hz. Photoelectrons
generated in the photodetachment region were accelerated towards a position sensitive de-
tector and imaged using a CCD camera. Laser-only images were recorded in the absence of
the pulsed ion beam and subtracted from the overall signal to remove background counts.
Photoelectron velocity distributions were obtained using the pBasex inversion method.!?
Electron kinetic energy (eKE) spectra were obtained by calibrating the radial photodetach-
ment spectrum of iodide®® (310-346 nm), deprotonated indole?! (397.85 nm) and pHBDI™ !5
(400 nm). The energy resolution of the 310-346 nm spectra is AE/E <5% and that of the
~400 nm spectra AFE/E ~14%. The temporal window used to collect electrons was 75 ns,

so these experiments measure only a fraction of electrons arising from thermionic emission,



which occurs on a millisecond timescale.

Calculations

The computational methods are described in full in Ref. 7. Briefly, the structures were
optimised and vibrational analyses performed to confirm the structures were true min-
ima at the B3LYP??? /6-311+-+G(3df,3pd) 2% level of theory. Vertical excitation ener-
gies (VEEs) were calculated for the singlet states of the chromophores using both TD-
CAMB3LYP#/6-311++G(3df,3pd) and ADC(2)3%3! /6-31+G** methods. Vertical detach-
ment energies (VDEs) were calculated using the electron propagator theory method,*? EPT/6-
311+-+G(3df,3pd), and the equation of motion coupled cluster with single and double exci-
tations method for calculating ionisation potentials,3 EOM-IP-CCSD/aug-cc-pVDZ.3* The
vertical and adiabatic detachment energies were also calculated as the anion-neutral energy
difference, accounting for zero point energy, from B3LYP/6-311+-+G(3df,3pd) calculations.
Canonical heat capacities were obtained from frequency calculations in order to estimate the
temperature of the neutral radical following thermionic emission. Geometry optimisations,
vibrational frequency, TD-DFT and EPT calculations were carried out using the Gaussian09
suite of programmes,* and the EOM-IP-CCSD and ADC(2) calculations were performed

using Q-Chem.3

Results and discussion

Photoelectron spectra of EBpCE™ are presented alongside those of the reference chromophore
pCE", both as a function of electron kinetic energy (eKE) and electron binding energy
(eBE = hv — eKFE) in Fig. 2. Combs on the spectra plotted as a function of eBE mark
calculated VDEs and VEEs. All the spectra have similar profiles: a broad feature at low
eBE (high eKE, defined as e K E > 0.2) and a sharp feature at high eBE (low eKE, defined

as eKE < 0.2). The features at low eBE have sharp rising edges that remain at constant



eBE with increasing photon energy, signifying that the low eBE peaks arise from direct
photodetachment (PD) to the Dy continuum, agreeing well with the calculated VDEs. These
peaks broaden out towards higher eBE at higher photon energies, typical of the presence of

an indirect process via a high-lying electronically excited state.
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Figure 2: Photoelectron spectra presented as a function of electron kinetic energy, eKE, (left)
and electron binding energy, eBE, (right) for the model PYP chromophore pCE™~ (top) and
the isomerisation-locked chromophore EBpCE~ (bottom). Spectra were recorded at 310 nm
(4.00 eV), 315 nm (3.94 eV), 318 nm (3.90 e¢V), 330 nm (3.76 eV) and 346 nm (3.58 eV).
Intensities of the eKE spectra are normalised to the maxima of the low eKE features (at
eKE~0.06 eV) while the eBE spectra have been scaled to align the rising edges and are
normalised to the maxima of the rising edges of the 346 nm spectra. Combs mark the EPT
calculated VDEs (grey) and singlet excited states of the anion calculated using ADC(2)/6-
31+G** (black).

The various PD pathways discussed in this work are illustrated in Figure 3 and include
direct detachment, autodetachment following resonant excitation and thermionic emission
(TE) from the hot ground electronic state. Electron emission from the ground-state or from

low-lying excited states follows internal conversion (IC) from higher-lying excited states;



for example, autodetachment from the 1n7* state could follow IC from 277*, similar to

12,14-16,37,38

observations in model green fluorescent protein chromophores and the luciferin

chromophore. 8
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Figure 3: Jablonski diagram illustrating the major photodetachment (PD) pathways (red
arrows) possible for pCE~ and EBpCE~ following UV absorption (346-310 nm). Pathways
include internal conversion (IC) and thermionic emission (TE). Vibrational states of the
electronic states of the anion are represented by horizontal black lines. Residual vibrational
energy in the neutral radical following electron emission is represented by blue shaded boxes.
Note that although the 177* state is unbound in pCE™, as represented in this Jablonski
diagram, it is bound in EBpCE™. Right: Electron configurations; S;, S and S3 refer to the
lom*, Inm* and 277* excited states. Bottom: the main molecular orbitals involved in the
first three singlet excited state of pCE~ (see SI for orbitals of EBpCE ).

It is clear from the spectra that the two chromophores have very similar detachment
thresholds, although the VDE for EBpCE™ is slightly higher than that for pCE~. Table
1 lists experimental VDEs determined from the maxima of the 346 nm spectra, since this

9 alongside

wavelength corresponds to a minimum in the absorption spectrum of pCE™,?
VDEs and adiabatic detachment energies (ADEs) calculated using various computational
methods. The DFT VDEs and ADEs of EBpCE ™ are close to one another, suggesting that

the optimised geometries of the anion and the radical are similar, in agreement with earlier

work on other model PYP chromophores.’> " The calculated VDEs are all within ~0.1 eV



of the experimental maxima of the 346 nm spectra. The EPT method performed best, so
it is the EPT values that are plotted in Fig. 2. The D; VDEs calculated with EPT and
EOM-IP-CCSD are found to be significantly higher than the photon energies used in this
work (< 4 eV) and thus it is unlikely that we observe electron detachment to higher lying
D,,~¢ continua.

Table 1: Detachment energies of EBpCE™ calculated  using
EPT/6-311++G(3df,3pd), EOM-IP-CCSD /aug-cc-pVDZ and DFT/6-
311++G(3df,3pd) given in eV. Pole strengths are shown in parentheses.

pCE~ EBpCE™
method Do D1 DO D1
EPT 2.91 (0.879) 5.33 (0.873) 3.05 (0.987) 5.25 (0.874)
EOM-IP-CCSD 2.78 4.42 2.93 4.50
B3LYP VDE® 3.01 3.15
B3LYP ADE (0-0)* 2.91 3.050
Experiment? 2.8540.05 3.0240.05

¢Calculated as the Dy-Sg energy difference, accounting for zero-point energies; *Maximum of the
experimental 346 nm photoelectron spectrum.

Vertical excitation energies have been calculated using the ADC(2)/6-31+G** method
and are presented in Table 2 for the excited singlet states of the anion accessible with
the photon energies employed in this work. The ADC(2) method has been shown to be
in excellent agreement with experiment® and high-level theory*® for pCE~ and other model
PYP chromophores.” TD-CAM-B3LYP VEEs have also been calculated (also shown in Table
2). The first three singlet excited states of pCE™ and EBpCE~ were found by both methods
to include 1n7*, Inm* and 277* character as the main contributions and the respective
electron configurations are shown in Fig. 3. It is worth noting that although we refer to
the excited states by the character of their main component, the states involved in these
ADC(2)-calculated transitions have significant configurational mixing (Table S1-2). Unlike
the excited singlet states of pCE™, for EBpCE™ the 7 < 7 transition was found to be
the main contribution in calculated transitions to both the S3 and S, electronically excited
states (Table 2). However, the ADC(2) VEEs and oscillator strengths for transitions to S3

and S, are very close, suggesting that the two states are strongly coupled; therefore, these
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transitions are discussed as the same transition (277* <— Sp). Otherwise, the calculated
electronic structures and orbitals of pCE~ and EBpCE ™ are similar to each other (see Figure
S5 for EBpCE™ orbitals). Oscillator strengths for both chromophores have been calculated
to be near unity for transitions to the 177* states and zero (optically dark) for transitions
to the In7* states. The oscillator strengths for transitions to the 277* states are low, yet
significant, with those for EBpCE™ being roughly half that for pCE™. The 7 and 7} orbitals
are delocalised across the whole anion, whereas the n and 73 orbitals are more localised
towards the phenolate ends of the chromophores; thus, the transitions to the In7* and 277*
states have significant charge transfer character. The electron configurations for the excited
electronic states of the anions are also shown in Fig. 3 and are useful in determining the
resonance character and providing a rough guide to autodetachment lifetimes of excited
states lying in the Dg continua. For example, electron detachment from 177* or 2n7* states
to the Dy continuum might be expected to be very fast as these states have shape and
excited-shape resonance character with respect to Dy, respectively. Conversely, the 1nz*
state has Feshbach character with respect to the Dy continuum and autodetachment from a
Feshbach resonance is generally slower than from a shape resonance. Therefore, it is possible
that if the Feshbach resonance is populated, there is time for n7* — 1a7* IC to occur. It is
of course also possible that IC occurs directly from the higher lying 277 state to 1nz*. Tt is
worth noting that it is not only the resonance character of the excited electronic state that
is important in defining the autodetachment lifetime but the vibrational modes that couple

the electronically excited state with the continuum must also be considered.

Table 2: Calculated Vertical Excitation Energies at the TD-CAM-B3LYP and
ADC(2) Levels of Theory (eV), oscillator strengths are shown in parentheses

e (S1)  1lnx* (S2)  2'ww* (S3)  2lmwa* (S4)

pCE~ TD-CAM-B3LYP 3.43 (0.949) 4.12 (0.000) 4.31 (0.110) -
ADC(2) 2.96 (1.021) 3.37 (0.000) 4.10 (0.097) -

EBpCE~ TD-CAM-B3LYP 3.38 (0.765) 4.09 (0.001) 4.26 (0.024) 4.34 (0.090)
ADC(2) 2.88 (0.871) 3.26 (0.000) 4.04 (0.024) 4.08 (0.025)
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In the spectra in Figure 2, the low eBE peak broadens with increasing photon energy for
both chromophores. Thus, locking the double-bond rotation appears to have little effect on
autodetachment from the 277 state. The eKE spectra for each chromophore have intensities
in the low eKE region (0-0.4 e¢V) that are consistent in both shape and position for all
wavelengths in the range 346-310 nm. In the case of pCE™~, the low eKE signal has a
structured exponential profile and so we assign this to, predominantly, TE from vibrationally
hot Sp, in agreement with earlier observations for pCE~ and similar chromophores.®" In
contrast, the eKE spectra of EBpCE™ have a low eKE peak that is much broader and does
not have the distinct exponential profile characteristic of TE. Thus, it seems unlikely that
this feature can be attributed to thermionic emission and we believe it is far more likely
that it is the result of autodetachment from a low-lying electronically excited state (Fig. 3);
this is discussed in more detail below when we describe the 400 nm photoelectron spectra.
Comparing the intensities of the peaks in the photoelectron spectra, it can be seen that for
both chromophores the low eKE (high eBE) peak has higher intensities relative to the high
eKE (low eBE) peak at higher photon energies. This suggests that internal conversion to
lower-lying electronic states becomes more important with increasing photon energy.

Fig. 4 shows the photoelectron spectra of pCE™ and EBpCE ™ recorded following photoex-
citation of the 177* state at 400 nm (3.10 eV) overlaid on the 0-0.4 eV region of the spectra
recorded at shorter wavelengths. The 400 nm spectra of both chromophores are dominated by
features with approximately statistical profiles; however, they also have additional structure.
At 400 nm, the VDEs of the two chromophores correspond to e KE = hy —VDE = 0.25 eV
for pCE™ and 0.10 eV for EBpCE~. When the photon energy is very close to the detachment
threshold, the cross-section for direct PD is expected to be relatively small and indeed the
features observed at eKEs that correspond to VDEs are very small. The additional small
feature in the photoelectron spectra of pCE™ around 0.1 ¢V can be attributed to autodetach-
ment from 177*; the propensity for conserving vibrational energy during photodetachment

results in the emission of photoelectrons with e K E = E(S;) —VDE ~ 0.1 eV. A similar fea-
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ture has also been identified in photoelectron spectra of the pCA™ model chromophore? (Fig.
S2). These observations are consistent with earlier work from Zewail and coworkers in which
it was found that 20% of the 177* population of a keto analogue of the PYP chromophore

underwent autodetachment.*
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Figure 4: Photoelectron spectra presented as a function of electron kinetic energy, eKE
for model PYP chromophore pCE™ (left) and isomerisation-locked chromophore EBpCE~
(right). Top panels show the ~400 nm spectra overlaid on the spectra recorded with shorter
wavelengths (346-310 nm) in the low eKE region. ~400 nm spectra were recorded with Apax
as 400 nm (3.10 eV) for pCE™ and 397.85 nm (3.12 ¢V) for EBpCE". Bottom panels show
the 400 nm spectra with modelled thermionic emission curves using Klots” formula plotted
at the temperatures specified. Intensities of the spectra are normalised to the maximum
intensity and vertical blue lines mark the eKEs corresponding to the VDEs.

Although the 400 nm photoelectron spectra of both chromophores are dominated by
features with approximately statistical profiles, they are strikingly different. For pCE™, the
overall profile is characteristic of thermionic emission from the ground state of the anion.

The eKE distribution, P(e), of electrons emitted by thermionic emission from anions has
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been shown to be modelled well by Klots’ formula, 424

P(e) x €2 exp(—e/kgTw), (1)

where kg is Boltzmann’s constant and Ty is the temperature of the resulting neutral radi-

Cal, 44-46

Tye = Ty- + (hv — ADE)/C. 2)

Ty~ is the initial temperature of the anions before photoexcitation and C\ is the micro-
canonical heat capacity. The microcanonical heat capacity C, &~ Ctanonical — kB & Ceanonicals
since the heat capacities are ~ 1073 eV K~!. Using estimations of Ceanonical from quantum
chemistry calculations and assuming Ty;- = 298 K, T;- may be estimated as 398 K for pCE"~
and 324 K for EBpCE . Klots’ formula (Eq. 1) fits the experimental data well for pCE~
but does not fit the experimental data for the locked chromophore (Fig. 4). Attempting to
fit just the rising edge of the 400 nm spectrum of EBpCE™ requires an unreasonable value of
Ty ~ 1200 K. Thus, we conclude that pCE™ undergoes internal conversion from the 177*
state to the ground state followed by thermionic emission, but that this is not possible for the
locked chromophore; this is similar to our observations following photoexcitation at shorter
wavelengths.

We attribute the dominant contribution to the 400 nm photoelectron spectrum of EBpCE™
to autodetachment from the 1'77* state that is directly excited at 400 nm. The approxi-
mately statistical profile suggests that the population is trapped in the S; state long enough
to populate the vibrational modes that couple with the Dy continuum. Similarly, following
photoexcitation of the 2'77* state at shorter wavelengths, it appears that population un-
dergoes internal conversion to the 1'77* state where it is then trapped whilst it undergoes
vibrational redistribution and then autodetachment. At first sight, this may seem at odds
with the fact that the vibrationally excited states of 1'w7* that lie above the adiabatic de-

tachment limit have shape resonance character with respect to the Dy continuum. However, it
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can be explained by considering the propensity for conserving vibrational energy during pho-
todetachment that results in the emission of photoelectrons with e K E = E(S;) —V DE. For
EBpCE™, E(S;) < VDE, which makes it impossible to conserve vibrational energy during
the photodetachment process and suggests that the vibrational overlap between 1'77* and
Dy will be small. This gives time for vibrational redistribution to populate the vibrational
modes coupling the S; state to the Dy continuum that are not populated directly at 400 nm,
or indirectly following internal conversion from the 2'77* state at shorter wavelengths. It
would certainly be interesting to carry out high level quantum chemistry calculations to
model the photoelectron spectra® and identify the coupling modes.

Overall, it appears that locking double bond rotation in the isolated PYP chromophore
in the gas-phase effectively turns off ultrafast internal conversion to the ground state and
traps population in the 1'77* state. This is in line with observations of PYP chromophores
in solution by Larsen et al. in which it was reported that locking the double-bond rotation
increased the lifetime of the first excited state from 2 ps to 3 ns.? It is also in line with the
theoretical predictions of Groenhof et al. who proposed that on the potential energy surface
of the first excited state of the protein, the global minimum and conical intersection with
the ground state both lie along the double bond rotation coordinate. 748

The ability to turn off internal conversion to the ground electronic state and effectively
trap population in the first electronically excited state is significant as it increases the proba-
bility for electron emission from the excited state. Electron emission has been observed from
higher lying electronically excited states of the PYP chromophore that above the threshold
for forming a solvated electron, both in aqueous solution® and in the protein.* Not only is the
generation of solvated electrons very topical,?® 3 but the possibility of engineering proteins
in which electron emission can occur from the first electronically excited state opens up the

possibility of designing proteins with specific redox properties.®5
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Summary

In summary, we have employed a combination of anion photoelectron spectroscopy and
quantum chemistry calculations to investigate the competition between electronic relaxation
pathways in the model PYP chromophore pCE™ and a non-isomerising analogue. We found
that locking the double-bond rotation impedes internal conversion from the first electronically
excited state to the ground state in the gas-phase, leaving electron detachment from the first
electronically excited state as the main electronic relaxation pathway. These results suggest
that a PYP analogue with an isomerisation-locked chromophore might have interesting light-

induced redox properties, which opens up the exciting possibility of new device applications.
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