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ABSTRACT: The primary ultrafast Z-to-E isomerization
photodynamics of the phytochrome-related cyanobacter-
iochrome NpR6012g4 from Nostoc punctiforme was studied
by transient absorption pump—dump—probe spectrosco-
py. A 2 ps dump pulse resonant with the stimulated
emission band depleted 21% of the excited-state
population, while the initial photoproduct Lumi-R was
depleted by only 11%. We observed a red-shifted ground-
state intermediate (GSI) that we assign to a metastable
state that failed to isomerize fully. Multicomponent global
analysis implicates the generation of additional Lumi-R
from the GSI via crossing over the ground-state thermal
barrier for full isomerization, explaining the discrepancy
between excited-state and Lumi-R depletion by the dump
pulse. This second-chance ground-state dynamics provides a
plausible explanation for the unusually high quantum yield
of 40% for the primary isomerization step in the forward
reaction of NpR6012g4.

hytochromes are bilin-chromophore-based photoswitching

proteins first discovered in plants and later in bacteria and
fungi.' Phytochromes modulate various physiological re-
sponses, including shade avoidance in plants, and photoconvert
between red (~660 nm, P,) and farred (~720 nm, Pg)
absorbing states.” Phytochromes share a bilin-binding cGMP
phosphodiesterase/adenylyl cyclase/FhlA (GAF) domain with
the distantly related cyanobacteriochromes (CBCRs).® While
phytochromes typically require one or more flanking domains
for stability, photoconversion, and bilin binding, the CBCR
GAF domain is sufficient to bind the phycocyanobilin (PCB)
chromophore (Figure 1) and trigger photoresponses encom-
passing the entire spectral region from UV to red.”~°> CBCRs
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Figure 1. Phycocyanobilin chromophore and red/green photocycle of
NpR6012g4. 2P, is the dark-stable state. Reversible isomerization
about the C15,16 double bond produces the 15EPg state. P, propionate.
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are small (<200 residues) and exhibit broad spectral sensitivity;
moreover, they can readily be expressed in Escherichia coli cells
engineered for bilin biosynthesis.® CBCRs are therefore
attractive systems for the study of protein—chromophore
interactions and ultrafast photochemical dynamics as well as
for development of fluorescent or optogenetic probes.” '
For the extended family of phytochrome photosensors, it is
generally accepted that light triggers Z-to-E isomerization of the
bilin C15,16 double bond, which leads to rotation of the D ring
(Figure 1).* The photoisomerization quantum yield (®) for
canonical phytochromes has been estimated to be 10—15%," ">
which is significantly lower than those for other isomerizing
photoreceptors such as rhodopsin (65%) or photoactive yellow
protein (35%).">'* Using ultrafast visible pump—probe (PP)
spectroscopy, we recently found that the red/green CBCR
NpR6012g4 from Nostoc punctiforme ATCC 29133 exhibits ®
= 32% in the forward (red-to-green or P-to-P,) direction."
This is the highest yield reported to date for any phytochrome-
based sensor system. Here we explore the primary initiation
dynamics underlying this unusually high ® with femtosecond
dispersed pump—dump—probe (PDP) spectroscopy.
Understanding how @ is modulated in photoactive systems is
of significant importance in the design of novel optogenetic
tools and in vivo fluorescence markers.”*'* Ultrafast visible PP
spectroscopy, though widely successful in studying the
photodynamics of many photoactive proteins,'®"" has
limitations for studying the forward dynamics of NpR6012g4
(P, » P* - Lumi-R — Pg) due to the significant spectral and
temporal overlap between the excited-state (P,*) and ground-
state absorptions of P, and the primary photoproduct Lumi-R.
Furthermore, PP signals are largely insensitive to time scales in
which short-lived intermediates form after slower dynamics.
Multipulse broadband PDP signals circumvent these limi-
tations, providing greater insight into the primary photoinduced
dynamics while resolving the underlying dynamics and
populations that are not accessible with PP experiments
alone.”®™** In the PDP experiment, a “pump” pulse excites
the ground-state population, and a second “dump” pulse de-
excites the excited-state population after a defined delay time.
As demonstrated here, the dump pulse is selected to be
spectrally and temporally resonant with the stimulated emission
(SE) band alone, so that only the excited-state population is
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depleted. Consequently, photoproducts that would be derived

from the dumped excited-state population are depleted.
Figure 2A shows the pump and dump pulses overlaid on the

ground-state absorption and fluorescence emission bands of P,

3B). This tracks the kinetics of the ground-state population and
cannot be observed using PP signals alone.'®

The PDP kinetics can be resolved spectrally at various probe
times (Figure 4). The constructed AAOD signals represent the
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Figure 2. (A) P, ground-state spectrum (black line) and fluorescence
emission band (red line) overlaid with spectra of the pump (630 nm)
and dump (740 nm) pulses. (B) Transient PP spectra at selected
probe times. The SE of the 2 ps transient spectrum overlaps the dump-
pulse spectrum. Inverted P, absorption (black dashes) is also shown.

in NpR6012g4. PP transient spectra at various probe times are
depicted in Figure 2B. The 2—100 ps spectra clearly show
excited-state features of P.*, including a positive excited-state
absorption (ESA) band (440—S580 nm) and a broad negative
SE band (>680 nm). On longer time scales (>1 ns), the
transient spectra exhibit a positive absorption at 675 nm with a
bleach (loss of ground-state absorption) at 650 nm, indicating
formation of the Lumi-R photoproduct (magenta curve)."> The
740 nm dump pulse was applied 2 ps after the pump pulse and
was selectively resonant with the SE band of P,* (Figure 2B,
black curve), allowing partial de-excitation of P,* population.
Figure 3 contrasts the PP (black O) and PDP (red Q)
signals at selected probe wavelengths. Dump-induced depletion
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Figure 3. Selected PP (black O) and PDP (red O) kinetic traces at
the indicated wavelengths. Both the PP and PDP data were fitted with
the kinetic model (solid lines) described in the SI (see Figure S4).

of the excited state is observed as an instantaneous and
persistent loss of both the ESA (470 nm) and SE (680 and 737
nm) bands. However, at 597 nm, where the PP signal is initially
zero (because of compensating overlap of the ESA and bleach),
the dump-induced depletion of the ESA signal results in a
negative signal that rapidly decays on a 10 ps time scale (Figure
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Figure 4. Transient PP (black), PDP (red), and AAOD (blue) spectra
at the indicated probe times. The green line is the ESNS, the
difference between the PP and PDP spectra normalized to the PP ESA
band at 500 nm. At 2.6 ps, there is positive absorption red-shifted from
P, indicating the formation of a GSI. The 6.3 ns spectrum shows
dump-induced Lumi-R depletion, indicated by the decrease in the
Lumi-R absorption amplitude. The 6.3 ns AAOD has been inverted,
magnified (pink), and overlaid on the PP data.

dump-induced dynamics of the PP signals and are calculated as
PDP — PP — DP, where DP is the dump-probe trace. DP
contains no photoinduced signals [Figure S1 in the Supporting
Information (SI)]. To remove the depletion of P * from the
AAOD signal and resolve only the dump-induced ground-state
dynamics, we subtracted scaled PP signals from the PDP signals
after normalizing the two signals to the ESA in the PP signal
from 440 to 520 nm (Figure 2B), which is sensitive only to the
P.* population. These “excited-state-normalized spectra”
(ESNS) track only the ground-state kinetics under the
assumption that the P * spectrum does not change in time,
which we previously established for NpR6012g4."

The 2.6 ps ESNS, calculated 600 fs after the dumping,
exhibits a positive absorption band peaking at ~680 nm (Figure
4A, green) that we attribute to a ground-state intermediate
(GSI). GSIs have been observed in other PDP experi-
ments”>® and for isomerizing systems; they are typically
interpreted as twisted or partially isomerized ground-state
populations.”> The decay of the GSI in NpR6012g4 is
multiphasic on an apparent 10 ps time scale (Figures 3B and
4B), with full decay occurring by S0 ps (Figure 4C, green).

The discrepancy between the amplitude of the dump-
induced depletion of P,* (immediately after dumping) and the
amplitude of the Lumi-R depletion (long after dumping) is
significant. For example, the ESA signal at 470 nm exhibits
~21% initial depletion (Figure 3A), while the Lumi-R depletion
at 6.3 ns is only ~11% (Figures 3 and 4). As further indicated
by the overlap between the inverted and magnified (X7.5)
AAOD signal and the PP spectrum (Figure 4D), this suggests
that some of the dump-induced GSI can produce Lumi-R. The
standard models used to interpret the primary initiation
photodynamics of isomerizing systems such as photoreceptor
proteins instead predict a one-to-one correlation between
excited-state depletion and photoproduct depletion.'""*
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To demonstrate that the discrepancy between dump-induced
depletion of P,* and the decreased Lumi-R yield is not a
spectral or temporal artifact, a range of different probe
wavelengths and times was investigated (Figure S). Since the
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Figure 5. Comparison of the average percent changes in the initial P *
and final Lumi-R populations induced by the dump pulse [% change =
100% X (PP — PDP)/PP]. The simulation was based on the kinetic
model in Figure 6A. Values were averaged over (A, B) wavelength
(440—525 nm for P,* and 680—705 nm for Lumi-R) and (C, D) time
(3—100 ps for P* and 2—7 ns for Lumi-R). (A) Simulated
concentration profiles of P,* (ESI 1 + ESI 2 + ESI 3) and Lumi-R
under both PP and PDP conditions. (B) Comparison of simulated
(lines) and experimental (O) wavelength-averaged P,* and Lumi-R %
changes. (C) PP and PDP spectra of P,* and Lumi-R for reference.
(D) Comparison of simulated (lines) and experimental (Q) time-
averaged P.* and Lumi-R % changes.

ESA band from 440 to 525 nm (Figure 1B) is a clean measure
of the P* population, it was used to estimate the dump-
induced depletion. The ESA signal in the 440—525 nm
wavelength range was averaged at time points from 2.6 to 100
ps (Figure SB, black circles). Similarly, the time-averaged (from
2.6 to 100 ps) ESA signal (Figure SD, black O) reveals that the
~21% depletion extends to all wavelengths of the ESA. In
contrast, the Lumi-R population (green Q) is depleted by a
distinctly smaller amplitude of ~11%. These results demon-
strate that Lumi-R was formed from a species that was de-
excited by the dump pulse, implying that Lumi-R need not be
directly generated from P * on the excited-state surface.

An alternative explanation for the depletion discrepancy is
that the dump pulse excites transitions other than the SE (S; —
Sy) to skew the comparison of the two depletions. The three
possible transitions that could be pumped are P, (S, — S;),
Lumi-R (S;, — S;), and P,* (S; — S,). The first possibility can
be excluded through an examination of the overlap of the dump
laser spectrum with the ground-state spectra of P, (Figure 2A);
furthermore, no dynamics were observed in the DP signals
other than the artifacts (Figure S1). The second possibility
(excitation of Lumi-R) is excluded because the spectral overlap
between Lumi-R and the dump pulse is also negligible (Figure
2, magenta curve) and no significant population of Lumi-R was
generated at the 2 ps dump time (Figure $4C)."°

Excluding the third possibility, repumping of P, * into one or
more higher-lying states,”"*’ requires more effort. Repumping
P.* may decrease the Lumi-R yield by initiating higher-energy
photochemistry (e.g, ionization) separate from the isomer-
ization reaction on the lower excited-state energy surface. For
this to be efficient, the 740 nm pulse must be resonant with an
ESA (S; = S,), but this is inconsistent with the PP signals
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(Figure 2B), which showed no clearly resolved (positive) ESA
at the 740 nm dump wavelength. Only a strong SE band was
resolved at 740 nm and 2 ps. Also, the fluorescence spectrum
(Figure 2A, red curve)®® tracks the same spectral trend as the
SE, supporting resonance of the dump pulse with only the SE
band. Moreover, the P.* population was 21% depleted by the
dump pulse and stayed at that level to 100 ps (Figure SB). If
there were a higher-lying excited-state population, the S, state
would be expected to repopulate at least partially as population
trickles down the excited-state manifold;*' this was not
observed in the PDP signals. Finally, for P,* repumping to be
responsible for the depletion discrepancy (Figure S), at least
50% of the initial P,* depletion would have to originate from
repumping (assuming 100% loss), with the rest originating
from dumping. This would require the PP signal around the SE
band to be near zero, which is not the case here (Figure 4A,B,
>670 nm). Hence, for all of these reasons, the observed
depletion of P* (and Lumi-R) must be due to dumping (S, —
So) of the excited-state P,* population to form a GSL

Thus, the discrepancy between the P.* and Lumi-R
depletions is also a dump-dependent effect that must result
from a reactive GSI. The similar spectral features of the GSI
and Lumi-R suggest that the GSI adopts a twisted structure that
fails either to isomerize fully or decay back to the ground state.
The GSI decay kinetics are resolved in the 597 nm signals
(Figure 3B) with an apparent 10 ps lifetime. A fraction of the
GSI population must convert to Lumi-R on the ground-state
surface to explain the depletion discrepancy.

To quantify this, a previously proposed model constructed to
interpret the PP signals alone'® was extended to include
dumping in the PDP data (Figure 6A and Figure S4). ** The
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Figure 6. (A) Kinetic model of the NpR6012g4 forward reaction
based on the PDP data. (B) Potential energy surface®® of the forward
reaction based on the target model in (A). Only the productive
pathways from ESI 2 (potential barrier and time constant in red on the
S, potential surface) and ESI 3 (all black) are shown.

original model postulated multiple coexisting ground-state
subpopulations (i.e., inhomogeneity) to describe the non-
exponential PP kinetics. Only two out of three ground-state
populations are productive for Lumi-R formation with an
overall @ of 32%; the fastest excited-state decay (4.6 ps) does
not form Lumi-R."> Our dump-extended model posits that the
GSI populations formed after dumping are connected to both
productive excited-state intermediates (ESI 2 and ESI 3) and
generate Lumi-R (30 ps time constant) or decay back into P,
(1S ps). The kinetics of this are resolved in the 10 ps decay
PDP signals (Figure 3B). As expected, the GSI spectrum [i.e.,
the species-associated difference spectrum (SADS)*’] exhibits a
red-shifted absorption band (Figure S4B) that is similar to the
normalized 2.6 ps transient spectrum (Figure 4A).
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This model successfully simulates both the PP and PDP
signals (Figure 3) and the dump-induced depletion properties
(Figure SB,D), unlike analogous spectral models that exclude
either GSI populations or their evolution to Lumi-R (Figures
S5—S12). The calculated percent change based on the new
target model (Figure 6A) is in excellent agreement with the
data (Figure S, solid lines). Thus, this analysis supports second-
chance formation of Lumi-R from a novel GSI of NpR6012g4.

Moreover, additional parameters obtained from the PDP
data provide further constraints and amendments that confirm
a Lumi-R quantum yield of 40% (Figure S4C). This is the
highest Z-to-E Lumi-R quantum yield observed for any bilin-
based sensor and is significantly higher than all known red/far-
red canonical phytochromes. This increased efficiency arises
from the NpR6012g4 ground-state dynamics, which provides a
second pathway for generating Lumi-R (Figure 6B). The
existence of a productive GSI lying between P, and Lumi-R on
the ground-state reaction coordinate provides further support
for a stepwise isomerization mechanism, in contrast to
concerted mechanisms such as the hula-twist”" or bicycle-
pedal®* mechanisms, which do not require extensive cavity
space for isomerization.

The excited-state time scales of NpR6012g4 are similar to
those of the cyanobacterial red/far-red phytochrome Cphl.
However, in NpR6012g4, Lumi-R is not formed from the
excited-state population with the fastest decay,15 while Cphl
demonstrates rapid productive evolution of the structurally
sensitive hydrogen-out-of-plane (HOOP) mode of the methine
bridge between the C and D rings.33 Kennis and co-workers
studied the PP signals of other bacterial phytochromes,
observing nonproductive fast excited-state decay like that for
NpR6012g4; this behavior was ascribed to D-ring twisting that
increases the tension within hydrogen-bond networks, some of
which break for full isomerization with a low ® (6—13%)."2

The exact nature of the twisted GSIs is to be studied further.
It will be necessary to perform vibration-sensitive PDP
experiments to describe these initiation dynamics at the
molecular level. PDP approaches are necessary because of the
inverted time scales, in which fast GSI evolution is masked by
slower ESI evolution. It will also be interesting to see whether
such a second-chance initiation mechanism is observed in other
red/green CBCRs. The results we have obtained demonstrate
the utility of the PDP experiment and reveal a new paradigm
for photosensory proteins, the second-chance initiation mecha-
nism, as an important mechanism for generating high ®.
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