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Abstract

The ultrafast mechanisms underlying the initial photoisomerization (P, — Lumi-R) in the forward
reaction of the cyanobacterial photoreceptor Cphl were explored with multipulse pump-dump-
probe transient spectroscopy. A recently postulated multi-population model was used to fit the
transient pump-dump-probe and dump-induced depletion signals. We observed dump-induced
depletion of the Lumi-R photoproduct, demonstrating that photoisomerization occurs via evolution
on both the excited- and ground-state electronic surfaces. Excited-state equilibrium was not
observed, as shown via the absence of a dump-induced excited-state “Le Chatelier redistribution”
of excited-state populations. The importance of incorporating the inhomogeneous dynamics of
Cphl in interpreting measured transient data is discussed.
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Cyanobacteria hold great potential for bioenergy production due to their ability to fix both
carbon and nitrogen. Like other photosynthetic organisms, they exploit photosensory
proteins to optimize light capture and energy conversion. Understanding how these
photoreceptors operate facilitates the engineering of cyanobacteria as sustainable energy
sources and enhances our understanding of light utilization by biological systems.! Cph1 is a
red/far-red photochromic phytochrome from the cyanobacterium Synechocystis sp. PCC
6803.23 Absorption of red light by the dark-adapted P, state triggers rapid isomerization
about the 15,16 double bond of the covalently bound phycocyanobilin (PCB, Figure 1A)
chromophore, yielding the isomerized primary Lumi-R photoproduct intermediate.4® Lumi-
R subsequently evolves via transient Meta-R, and Meta-R. intermediates to form the
metastable far-red-absorbing Py, signaling state.”-8 This reversible photoisomerization
modulates the activity of a histidine kinase output domain and downstream signaling that is
still unknown.2

The near-IR (NIR) fluorescence of Cphl, and phytochromes in general, is an attractive
feature for fluorescent medical probe development because of NIR’s deeper tissue
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penetrability. Recently, bacterial phytochromes have been engineered to increase its
fluorescence quantum yield @f0r) as an in vivo fluorescence probes.®-11 Cph1 itself can be
converted into a NIR fluorescent protein by a single Y176H mutation in the chromophore-
binding pocket.12 Phytochrome photoswitching has also led to the development of
optogenetic systems based on Cph1 and related sensors.11: 13 For fluorophore development,
the photochemical quantum yield @pnoto) and radiationless deexcitation processes must be
suppressed to enhance fluorescence. The partition between fluorescence, photoconversion
and non-radiative pathways is dictated by the excited-state dynamics of the photosensory
protein. Thus, studying excited-state evolution of phytochromes is greatly beneficial to
understanding protein-engineering principals underlying development of efficient
fluorophore and/or optogenetic materials.

Recently, the low Qphoto Of Cphl (10-15%) was rationalized in terms of a novel
photoisomerization model whereby isomerization occurs fully on the excited-state potential
surface.1* In this model, formation of electronically excited Lumi-R* occurs on a 3-ps time
scale, after which internal conversion populates the ground-state Lumi-R intermediate with a
30-ps time constant (Figure 1B, T, and 13, respectively). This ‘excited-state isomerization’
model is based on the observation that structurally sensitive vibrational modes characteristic
of full isomerization appear on a 3-ps time scale, while stimulated emission (SE) signals
from the electronically excited state persist beyond 30 ps. These data were interpreted as
indicating that photoisomerization is completed on the excited-state potential energy
surface; that is, that the relaxed pre-isomerized I* excited-state species forms the fully
isomerized excited-state Lumi-R* population before conversion to the ground electronic
state. This contrasts with the more established ‘mixed-state’ isomerization model developed
for other photosensors. In a mixed-state model, the electronically excited population evolves
on the excited-state potential energy surface until encountering an avoided or true crossing
(Conical Intersection, CI) with the ground-state potential energy surface (Figure 1C).1° This
induces the rapid non-adiabatic repopulation of the ground state to complete the
isomerization reaction with non-unity yield and without the accumulation of electronically
excited photo-intermediates such as Lumi-R*.

An intriguing aspect of the proposed excited-state isomerization model (Figure 1B) is the
implication that I* and Lumi-R* are in equilibrium. This equilibrium was a necessary in the
excited-state isomerization model to reproduce the experimentally determined @pnoto Of 15
% (Figure S1A).3 Without this equilibrium, an unreasonably high ®photo Of 50 % is predicted
(Figure S1B). A similar excited-state equilibrium has been invoked to interpret the multi-
exponential decay kinetics observed in time-resolved fluorescence spectra of oat
phytochrome.16 Similar multi-exponential excited-state time constants were also observed
with different spectroscopic techniques, including our current results (Figure S6A).6: 17

The excited-state isomerization model (Figure 1B) incorporates the assumption that Cphl’s
forward dynamics and @pnoto result from a homogeneous excited-state population, such that
the photoproduct and SE signals arise from the same photoexcited population.18 However,
our recent temperature and excitation-dependent study of Cphl revealed heterogeneous
populations!?: a productive population with faster excited-state dynamics and a fluorescent
population with slow excited-state dynamics similar to the Y176H variant.12 Ground-state
heterogeneity of the Cph1 P, state was also recently observed by solid-state NMR.20

Several other phenomena imply a heterogeneous P, state: a blue-shifted fluorescent
excitation spectrum compared to the absorbance spectrum,2! temperature-dependent
absorption spectra with a clear isosbestic point at ambient temperature level,18 and
excitation-dependent kinetics.8 A new heterogeneous model of the Cph1 forward reactionl?
rationalizes these data corroborating the observed low @pnoto Without the need for an
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excited-state equilibrium. In light of the observed heterogeneity, a key assumption of the
excited-state isomerization model is not valid, so it becomes necessary to re-examine the
excited-state mechanisms. We have focused on signals in the visible region of the spectrum
because the heterogeneous model was constructed to describe such signals.

Although a powerful technique, visible transient absorption or pump-probe (PP)
spectroscopy has limitations for exploring the underlying dynamics of Cph1 due to the
significant overlap of the SE from the excited-state, the ground-state absorptions of Py, and
the Lumi-R photoproduct (Figure 2B). To identify which model accurately describes the
primary excited-state isomerization dynamics of Cph1l, we therefore applied the more
powerful multi-pulse ultrafast pump-dump-broadband probe (PDP) spectroscopy.?2-2> PDP
techniques have been used to resolve underlying dynamics and populations that were not
easily extracted from PP signals alone such as ground-state dynamics.23-26

Here, we use the PDP technique to verify which isomerization model is applicable for Cphl
by resolving the dump-induced effects on the change in Lumi-R photoproduct yield. In the
case of excited-state isomerization, de-excitation of Lumi-R* photoproduct by the dump
pulse would increase Lumi-R yield since some remaining I* following the dump pulse also
could convert to Lumi-R* (Figure 3A). By contrast, in the mixed-state model with
isomerization proceeding through a conical intersection, Lumi-R would form on the ground-
state surface at the same timescale as the excited-state decay (30 ps), so a more rapid dump
pulse would deplete the excited state and reduce Lumi-R yield (Figure 3B). We used a 725
nm dump pulse with a narrow spectral band (AAgywHm = 7 nm) at 10 ps or 2.3 ps after
excitation (615 nm pump pulse: Figure 2A). 725 nm overlaps the SE band both spectrally
and temporally at < 10 ps (Figure 2B, red curve) but does not overlap the ground-state
absorption spectra of P, or Lumi-R (Figure 2A black and 2B magenta curves, respectively).
Although a hidden ESA band overlapping with SE may initiate S; — Sy, re-pumping to
interfere with PDP signals,27-28 the NIR PP dynamics suggests it is a negligible (<10 %)
contribution to the dump-induced dynamics (Figure S3). Hence the PDP signals can be
interpreted exclusively as dump-induced dynamics.27-28

The 725-nm dump pulse is also resonant with the Py, state.2? To reduce the dump-initiated
back reaction, P¢ — Py, the flowing sample was continually back-illuminated with a 720-nm
LED light source (Epitex inc., L720-66-60). A small amplitude (noise level after 1 ps) of
back reaction was initiated with near identical dynamics to those previously reported (Figure
$2).29 However, since this signal is independent from the forward dynamics (i.e., different
originating populations), simply subtracting this dump-probe (DP) signal from the PDP
signals removes its effect and does not adversely affect the data analysis or interpretation.

Within the fully excited-state isomerization model (Figure 2B), the I* state forms rapidly
and then decays to P, and equilibrates with Lumi-R*. The 10-ps dump pulse would de-excite
I* to repopulate the P, state, but Lumi-R* would de-excite to generate Lumi-R instead
(Figure S1A). In the absence of an excited-state equilibration between I* and Lumi-R*, the
dump would have zero effect on the terminal Lumi-R population, as isomerization would be
completed prior to dumping (Figure S1B). Should an excited-state equilibrium exist, the
dump-induced depletion of Lumi-R* would be partially refilled by I* (an “excited-state Le
Chatelier’s Principle” in action), increasing the terminal Lumi-R population (Figure 3A,
magenta curves). However, if isomerization were incomplete at 10 ps (the mixed-state
model, Figure 1C and S1C), the dump pulse would repopulate the ground-state P,
population, resulting in decreased Lumi-R formation (Figure 3B). Resolving reduced Lumi-
R formation after a dump pulse at 10 ps would thus demonstrate that the electronically
excited photoproduct Lumi-R* does not accumulate.

J Phys Chem Lett. Author manuscript; available in PMC 2014 July 20.
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Figures 4A and B show experimental PP (red circles) and PDP - DP (blue triangles) signals
at 500 nm (ESA) and 695 nm (overlapping SE and Lumi-R). The PDP — DP signal exhibits a
sharp depletion of the excited state immediately after the 10-ps dump pulse (see insets). This
depletion is observed spectrally in the 11-ps spectra measured 1 ps after the dump pulse
(Figure 5A), with clear reduction of both negative SE and positive ESA bands. Furthermore,
the bleach band peaking at ~665 nm is also depleted, because the dumped population refills
in the P, population.

The dumped population has undergone evolution on the excited-state surface, so the dump
pulse typically generates a twisted (or vibrationally excited) ground-state intermediate (GSI)
population that can be resolved in the deviation of the AAOD from the inverted PP
spectrum.26: 30 Therefore, the PP and AAOD signals immediately after dumping can be
compared to extract dump-induced GSI kinetics (spectra and timescales). Such analysis
extracted GSI population in the phytochrome-related cyanobacteriochrome NpR6012g4,
which also demonstrated to form Lumi-R on the ground-state surface.2® Other PDP studies
on Cph1 forward dynamics suggested the presence of a GSI,27-28 however, the PDP signals
in this study (i.e., comparison between PP and AAOD from 10-ps and 2.3-ps PDP signals)
exhibited no clear evidence for meta-stable GSI populations (Figures S8-S11).

To resolve the dump-induced effects on Lumi-R yield, the Lumi-R population must be
cleanly resolved free from overlapping ESA, SE, or GSI transitions. The weak amplitude of
the Lumi-R absorption signal (1.4 mOD at 695 nm) is easily contaminated by overlapping
SE signals (Figure 2B). Therefore, the Lumi-R population was analyzed at 5 ns, when >99
% of the excited-state population is depleted (Figure S7A). The Lumi-R spectrum (Figure
5B, black curve) exhibited a positive band from 680-710 nm and bleach from 625-680 nm.
The AAOD curve clearly indicates a dump-induced depletion of Lumi-R that regenerate the
original P, population.

The observation of dump-induced Lumi-R depletion at 10 ps (Figure 5B) validates the
mixed-state model and refutes the excited-state isomerization model for Cphl. Similar
results were obtained with the faster dump pulse at 2.3 ps (Figures S5, S10, S11, and S14-
S17). We employed our previous inhomogeneous model developed from temperature and
excitation-dependent PP experiments,19 allowing global analysis of the complete 10-ps and
2.3-ps dumped PDP datasets. This analysis is shown in Figures S12 (10 ps) and S14 (2.3 ps),
with excellent agreement to the data (Figure 4 and S13 for 10-ps dump, and Figure S15 for
2.3-ps dump). Moreover, this new model extracts consistent spectra of heterogeneous
subpopulations between independently measured PDP signals here and in the temperature-
dependent study (Figure S16).

Our results above conflict with recent PDP experiments on Cph1l using mid-IR and VIS
probing.27-28 This work used dump pulses at 1 and 14 ps after excitation, with an apparent
dump-induced increase of Lumi-R yield. However, the analysis was considerably
complicated by significant (re)pumping dynamics of the P, ground state, Lumi-R, and ESA
bands, resulting from a broad dump pulse (620 to 680 nm) overlapping all three bands
(Figures 2 and 5). The broad dump pulse obscures dump-induced effects, and
characterization of the true depletion of the terminal Lumi-R population is difficult unless
the complete underlying inhomogeneous dynamics (including the spectral and temporal
properties of each sub-population) are accounted for. We avoided such complications
through use of a narrow dump pulse centered at 725-nm, through analysis of the late 5-ns
signals, and through use of the heterogeneous model allowing global analysis of multiple
independent datasets.

J Phys Chem Lett. Author manuscript; available in PMC 2014 July 20.
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To conclude, the broadband PDP signals and analysis presented above provide no evidence
for the accumulation of the Lumi-R* intermediate or for an excited-state equilibrium within
Cpht, inferred previously from analysis of FSRS experimental data.14 Our observations
support an isomerization proceeding via partial evolution on the excited-state surface with
completion upon quenching to the ground state (presumably via a canonical intersection
after an excited-state barrier: Figure 6) and relaxation on the ground-state surface to generate
Lumi-R. In such a view, the transient dynamics of Cph1 (including FSRS signals) can best
interpret by the coexisting evolution of multiple sub-populations, with fast Lumi-R
formation from a productive sub-population that coexists with slower-decaying sub-
populations having higher fluorescence.

Experiment

Protein was purified after recombinant expression in E. coli cells engineered to produce
phycocyanobilin (PCB) exactly as described.3! The PDP experiment was conducted as
previously described?® and more detailed information can be found in Supporting
Information. The primary ultrafast laser source was an amplified Ti:sapphire laser system
(Spectra Physics Spitfire Pro) that delivered 800-nm pulses with a 2.3-mJ pulse energy at a
1-kHz repetition rate and 40-fs full width at half maximum (FWHM) pulse duration. The
laser output was split into three separate pathways for generating pump, dump and probe
pulses. The broadband white light probe pulses were generated, which was then focused
onto the sample and dispersed by commercial spectrograph (Oriel MS125) to be detected
with a linear 256-pixel photodiode array (Hamamatsu S3901 and C7884). The pump and
dump pulses were generated by home-built non-collinear optical parametric amplifiers
(NOPA).32 The pump pulses had a 615-nm central wavelength with 30-nm FWHM
bandwidth and 300-nJ pulse energy. The dump pulse had a 725 nm with 10-nm FWHM
bandwidth with 900-nJ pulse energy. The instrumental response functions for pump and
dump pulses were 100 fs and 150 fs, respectively. The probe beam was optically delayed
with respect to the pump pulse with a computer controlled linear-motor stage (Newport
IMS600LM), which allowed up to 7-ns temporal separation. The dump beam was also
delayed 2.3 and 10 ps after the pumping to generate two independent PDP datasets
(collected on different days). The pump and dump pulses were linearly polarized (parallel)
to each other and set to 54.7° (magic angle) with respect to probe pulse polarization. The
sample was flowed continuously in a closed circuit to ensure fresh sample for each
excitation pulse. The path length of the quartz cuvette was 2 mm, and the optical density at
the red absorbance band was 0.4-0.5 at that path length. All experiments were performed at
room temperature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Chromophore Reaction Scheme
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Figure 1.

Proposed mechanisms for Cph1 photoisomerization. (A) The phycocyanobilin (PCB)
chromophore of Cphl is shown with its Z to E photoreaction highlighted. P, propionate. (B)
Full excited-state isomerization scheme proposed by Dasgupta et al. and (C) mixed-excited/
ground state mechanism.
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Figure 2.

Static and transient spectra of Cph1. (A) P, absorption spectrum overlaid with pump
(orange) and dump (red) pulses. Inset indicates the pump-dump-probe pulse sequence. (B)
Pump-probe transient absorption spectra at select probe times. The 5-ns spectrum
representing Lumi-R is magnified 5-fold for clarity.
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A. Excited-State Model B. Mixed-State Model
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Figure 3.

Simulated effects of a dump pulse at 10 ps, leading to 30% depletion of the excited-state, for
the excited-state isomerization (A) and mixed-state isomerization (B) models. The time
constants used on the models from Figures 1B and 1C are: Tgc = 150 fs, Ty =500 fs, To = 3
ps, T.p = 6.5 ps, Tp” = 55 ps, T3 = 30 ps, and T4 = 3 ps. The mixed model has non-unity Lumi-
R yield at Cl to make @ ymi-r = 15 %. Lines are simulated pump-probe (solid) and PDP
(dashed) concentrations.
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Figure4.

Kinetic traces derived from transient PP (red) and PDP (blue) spectra are shown for
representative probe wavelengths. (A) The ESA band at 500 nm; (B) SE and Lumi-R
absorption at 695 nm. Insets show detail immediately after the dump pulse. The fits to the
data (black curves) are simulated from the expanded model in Figure S12A.
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Figure5.

Transient absorption difference spectra taken after 615-nm pump and 725-nm dump pulse at
10 ps. (A) the 11-ps spectra show initial depletion of the excited-state population and (B) the
7-ns spectra show terminal Lumi-R depletion.
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Figure®6.
Potential energy diagram describing the complete inhomogeneous photoisomerization model

for P, involving both photoactive and fluorescent populations.
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