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Photo-isomerization of the isolated photoactive yellow protein 
chromophore: What comes before the primary step?  

Cate S. Anstöter,a,b Basile F. E. Curchod,a and Jan R. R. Verleta* 

Photoactive proteins typically rely on structural changes in a small 

chromophore to initiate a biological response. While these changes 

often involve isomerization as the “primary step”, preceding this is 

an ultrafast relaxation of the molecular framework caused by the 

sudden change in electronic structure upon photoexcitation. Here, 

we capture this motion for an isolated model chromophore of the 

photoactive yellow protein using time-resolved photoelectron 

imaging. It occurs in <150 fs and is apparent from a spectral shift of 

~70 meV and a change in photoelectron anisotropy. Electronic 

structure calculations enable the quantitative assignment of the 

geometric and electronic structure changes to a planar 

intermediate from which the primary step can then proceed. 

Photoactive proteins are common in nature and are necessary 

for various biological functions including vision, phototaxis, 

signaling, and photoprotection.1–3 The absorption of a photon 

occurs by a relatively small chromophore that is embedded in 

the protein and typically leads to a local structural change in the 

chromophore which subsequently triggers a response in the 

protein. Building a detailed understanding of the dynamics of 

the primary photophysical changes occurring in these 

chromophores has been a major goal of ultrafast photobiology, 

both experimentally and computationally. Gas-phase 

spectroscopy is particularly useful as it probes the intrinsic 

dynamics of the chromophore and is amenable to high level 

computational methods.4 As the transduction of light to 

mechanical motion typically involves isomerization of the 

chromophore, interest has focused on this process, which has 

been described as the “primary” or “first” step in the 

photocycle.5–9 However, there are important dynamical 

processes that precede this initial step.10 Specifically, photon 

absorption via a π* ← π transition is expected to result in 

dynamical changes in structure associated with an alteration of 

the C−C bonds and, indeed, this motion is necessary for the 

subsequent isomerization. However, the nuclear and electronic 

dynamics of this initial impulsive motion have yet to be clearly 

observed in isolated systems. Here, we resolve these dynamics 

using time-resolved photoelectron imaging and computational 

chemistry. 

 
 Figure 1. Computed molecular orbitals (MOs) involved in the vertical ππ* transition 

of pCK− that leads to subsequent isomerization on the S1 excited state (LR-

TDDFT/TDA/ωB97X-D/aug-cc-pVDZ).  

 One particular class of photoactive proteins contain 

chromophores based on para-substituted phenolate anions. 

This includes both the green fluorescent protein (GFP) and the 

photoactive yellow protein (PYP). PYP in particular has served 

as an important test-case for new experimental methods.11–17 

The chromophore in PYP is a deprotonated para-coumaric 

thioester, which links to the protein via the thioester group.18,19 

A common model system for the chromophore is the 

deprotonated para-coumaric ketone (pCK−, Figure 1). This anion 

has previously been studied by time-resolved photoelectron 

imaging,15 where the isomerization dynamics could be clearly 

identified through changes in the photoelectron kinetic energy 

(eKE) distribution as well as through the photoelectron angular 

distributions (PADs). Combined, these changes are sensitive to 

ultrafast evolution of nuclear and electronic structure. Here, we 

focus on the dynamics taking place before the isomerization in 

pCK−, that are induced by the π* ← π transition as shown in 

Figure 1. 

 We have recorded the time-resolved photoelectron images 

of mass-selected gas-phase pCK− excited at 2.79 eV (444 nm) 
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and probed at 1.55 eV (800 nm).15,20,21 See ESI for the full 

experimental details. The pump was chosen to coincide with the 

S1 ← S0 transition and to be just below the detachment 

continuum (electron affinity is 2.87 ± 0.05 eV).15,22 The spectral 

resolution of the experiment is ~5% of the eKE. The cross-

correlation between pump and probe pulses is 100 ± 10 fs (full 

width at half maximum). In terms of measuring exponential 

decays, the experiment offers a time-resolution of ~50 fs, but 

this can be significantly better when probing spectral shifts.23 

Conversely, to measure small spectral shifts requires 

appropriate spectral resolution.  The current experiments offer 

a balance between the timescale of the dynamics and the 

required spectral resolution of any changes. Here we focus on 

the dynamics occurring within the first 200 fs. 

 

 
Figure 2. (a) Time-resolved photoelectron spectra of pCK− following excitation at 2.79 eV 

and probed at 1.55 eV. (b) Same data as in (a) but with each spectrum normalized to its 

maximum intensity. (c) Same data as in (b) but focusing on the high kinetic energy edge 

of the spectra, showing the spectral shift over the first 100 fs. 

 Figure 2(a) shows the time-resolved photoelectron spectra, 

in which photoelectron spectra with t << 0 have been 

subtracted to leave only the transient signals. The total 

photoelectron signal at high eKE rises rapidly and corresponds 

to the temporal resolution of the experiment. The positive peak 

with a maximum around eKE ~ 1.3 eV is a measure of the S1 

excited state population that has been projected onto the 

neutral ground state (D0) continuum.8,15 For t > 100 fs, the 

photoelectron peak significantly broadens with signal peaking 

around eKE ~ 0.7 eV rising: this spectral change corresponds to 

isomerization on the S1 excited state.8,15  

 To capture the dynamics preceding isomerization, we focus 

here on the spectra shown in Figure 2(a). The changing 

intensities in Figure 2(a) makes it difficult to appreciate any 

spectral changes occurring on the sub-100 fs timeframe. 

Therefore, in Figure 2(b) the same time-resolved photoelectron 

spectra are presented, where each spectrum has been 

normalized to its maximum intensity. 

 

Figure 3. (a) The electron kinetic energy at half maximum of the high energy edge 

determined from a linear fit, plotted as a function of pump-probe delay. The dashed line 

is a linear fit to these data. (b) The weighted average of β2 as a function of pump-probe 

delay. 

 At first sight, Figure 2(b) suggests that there is little change 

in the photoelectron spectra over the first 100 fs. However, 

upon closer inspection, there is a clear shift towards lower eKE 

as time evolves. This shift is noticeable at both the high-eKE and 

low-eKE edge of the peak. We focus here on the former as the 

low-eKE side will involve some motions related to initial 

isomerisation dynamics which we seek to avoid in our 

consideration here and was considered in detail elsewhere.15 

The high-eKE edge of the pump-probe signal is shown more 

clearly in Figure 2(c), where we have expanded the spectral 

region between 1.40 < eKE < 1.60 eV. The rate of the spectral 

shift can be roughly determined by taking the eKE at the half 

maximum, eKE1/2max, which we have done by fitting the rising 

edge of the signal (roughly between intensities of 0.25 and 0.75) 

to a linear function. The R2 for all these fits is ≥0.99 except for 

the point at t = -25 fs, for which R2 = 0.98 due to the lower signal 

intensity (see Figure 2(a)). The eKE1/2max determined in this 

manner is shown in Figure 3(a) as a function of time. By 150 fs 

the spectral shift is complete. Figure 3(a) also suggests that the 
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shift is roughly linear. A linear fit to the first 125 fs shows that 

the rate of the eKE shift amounts to ~0.4 meV fs−1, whereas the 

total shift, ΔeKE = 69 ± 10 meV.  

 

 In addition to the photoelectron spectra, we have also 

analyzed the PADs. These are sensitive to the orbital from which 

the electron is detached (π* in Figure 1) and therefore a 

measure of the electronic structure.24,25 The PADs are generally 

quantified by an anisotropy parameter, β2, which range from +2 

to –1 for photoelectrons leaving predominantly parallel and 

perpendicular to the probe light polarization axis, 

respectively.24–26 In Figure 3(b), the weighted average of β2 in 

the 1.30 < eKE < 1.60 eV range, <β2>, is plotted as a function of 

pump-probe delay. This is seen to change from <β2> about 

−0.41 to −0.35 in the first 100 fs.  

 To relate experimental observations to changes in pCK−, we 

have computed critical points on the S1 potential energy surface 

that are expected to be important in the early dynamics. 

Specifically, we focused on the S0 minimum (DFT/ωB97X-D/aug-

cc-pVDZ), which corresponds to the Franck-Condon geometry, 

FC, and the S1 planar minimum, S1,PM, (LR-TDDFT/TDA/ωB97X-

D/aug-cc-pVDZ). The vertical excitation energies of the S0, S1 

and D0 states were then refined using multi-state extended 

multi-configurational quasi-degenerate perturbation theory 

(MS-XMCQDPT2).27 An (aug)-cc-pVTZ basis set was used, in 

which the augmented function was affixed to the oxygen atoms 

only.28 Detachment to the neutral (D0) plus free electron 

continuum was mimicked through addition of an extremely 

diffuse p-function (α = 10−10).29–31 Finally, we calculated the 

Dyson orbitals using EOM-EE/IP-CCSD/6-31+G** and the PADs 

were modelled using ezDyson v4.32,33 See ESI for the full 

computational details. 

Table 1. Calculated vertical energies of electronic states of the pCK anion and neutral 

states for the Franck-Condon (FC) and S1 planar minimum (S1,PM) geometries.a 

Geometry E(S0) E(S1) E(D0) Δ(S1−D0) β2 

FC 0.000 2.790 2.940 0.150 –0.58 

S1,PM 0.050 2.713 2.937 0.224 –0.49 

aAll energies are in eV and are relative to the anion ground state. The D0 energies 

have been shifted by −0.340 eV to coincide with the experimental adiabatic 

energy.15 The computed β2 are obtained by averaging over the same range as used 

in the experiment.  

 The results from the calculations are shown in Table 1. The 

time-resolved photoelectron spectra arise from differences in 

energies between the S1 state and the final D0 neutral ground 

state. The energy difference on the D0 state between the 

geometries at the FC and S1,PM is only 3.4 meV. Hence, changes 

in the observed eKE will predominantly reflect changes in the S1 

energy. The energy difference between the FC and S1,PM 

geometries on the S1 state is 77.6 meV. Taken together with the 

changes in D0, the calculations predict that ΔeKE = 74.2 meV, in 

excellent agreement with the observed overall shift determined 

from Figure 3 (69 ± 10 meV). We can therefore have confidence 

that the computed structures are representative of the 

dynamics observed experimentally. 

 The FC structure is shown in Figure 4 where the dominant 

geometric changes between FC and S1,PM are indicated. As 

expected, following the π* ← π transition shown in Figure 1, the 

C−C bond distances increase along the 3 bridging C atoms 

connecting the phenyl ring and ketone. The structural changes 

are small with an elongation of ~2 pm (~1.3% increase). 

Additionally, there is also a change in the C−C=C bond angle, 

which decreases from 129.6o to 124.1o (change of ~4%). Other 

bonds also change but to a significantly smaller extent and our 

results are in general agreement with previous studies.34 

Despite the very small changes, the photoelectron spectra can 

clearly track these structural changes that precede the primary 

isomerization event. 

 

 
Figure 4. Calculated structure of pCK−. The distances and angles between the three 

bridging carbon atoms connecting the phenyl ring and ketone are indicated for the FC 

structure (black) and the S1,PM (blue, italics), obtained at the DFT/ωB97X-D/aug-cc-pVDZ 

and LR-TDDFT/TDA/ωB97X-D/aug-cc-pVDZ levels of theory, respectively.  

The measured <β2> also show changes in the first 100 fs. A 

negative <β2> is generally associated with electron emission 

from a π orbital,25 in agreement with expectation from Figure 1. 

The computed β2 averaged over the same range as in the 

experiment is shown in Table 1. The shift in anisotropy is 

reproduced in the computationally modelled PADs, with β2 

becoming less negative by 0.09 in progressing from FC to S1,PM, 

compared to a shift of 0.06 observed experimentally. The 

absolute computed β2 are slightly more negative than 

experiment, but this mostly reflects the fact that the computed 

structures are considered at 0 K, while the experimental ion 

temperature is ~300 K.35 Overall, the computed electronic 

structure is consistent with that measured experimentally and 

demonstrates the remarkable sensitivity of β2 to the small 

changes in electronic structure (see ESI for Dyson orbitals). 

 The extent of the changes is perhaps smaller than one might 

anticipate. However, most of the orbital (and structural) 

changes take place over the 3 C atoms shown in Figure 4. Within 

a simple Hückel picture,36,29,37 these 3 C atoms can be 

approximated as the allyl radical. Within this picture, even 

though the transition is formally of π* ← π character, the 

highest occupied molecular orbital (HOMO) can be viewed as 

the non-bonding allyl orbital so that the transition character can 

be considered to be of π* ← n character, with smaller 

associated structural changes.  

 The data in Figure 2 also suggest that the nuclear 

wavepacket is relatively well-localized over the first 100 fs: a 

rapidly spreading wavepacket would lead to broadening in the 

photoelectron spectrum. Instead, the gradient of the high-eKE 
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edge remains essentially unchanged as the dynamics proceed 

(the broadening at the low-eKE edge involves initial rotation 

about the single-bond at the para-position on the phenolate 

ring15). Martinez and coworkers38 have previously computed 

the excited state molecular dynamics of isolated pCK− in the S1 

state and showed that, although the dominant motion following 

excitation is isomerization about the single bond, several 

trajectories exhibited a delay before this motion was activated. 

These trajectories therefore appear to correlate well with the 

motion observed here connecting FC to S1,PM. However, several 

computed trajectories also led to immediate isomerization. Our 

experiments point to a more sequential process, where the 

genuine primary step can be resolved from the isomerization 

step in pCK−, although there is evidence that a fraction 

undergoes more direct isomerization based on the spread in the 

low-eKE edge.  Dynamics on a few 100 fs timescale have also 

been observed in aqueous chromophore and in the PYP protein 

using Ultraviolet Resonance Femtosecond Stimulated Raman 

Spectroscopy. For para-coumaric acid, a deformation was 

observed similar to the current work where the chromophore 

remains planar.39 In the protein, the early dynamics lead to a 

weakening of the hydrogen-bonding at the phenolate.40 The 

dynamics may of course be different in other bio-

chromophores. For the retinal chromophore, for example, the 

initially excited skeletal vibrations coexist with the 

isomerization dynamics41 and the two motions may therefore 

not be as separable as in pCK−. Nevertheless, with the right 

experimental conditions, the step before the primary 

isomerization step in other isolated bio-chromophores may be 

observable. This genuine first step and how strongly it is 

coupled to the isomerization coordinate is likely to be critically 

important as a driver for the isomerization process and 

therefore may offer a new handle to control the overall process. 

Conclusions 

 In conclusion, we have captured the dynamics preceding the 

“primary” motion in the PYP chromophore. The structural 

changes on the S1 state immediately following photoexcitation 

– both geometric and electronic – have been resolved using 

experiment and computation. The π* ← π transition launches a 

nuclear wavepacket that leads to small changes between the 3 

C atoms at the para-position of the phenolate. These changes 

can be viewed as the “zeroth” step that enable the subsequent 

isomerization of the chromophore commonly regarded as the 

“first” step in a photoreceptor bio-cycle. 
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