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ABSTRACT: Phytochromes are red/far-red photosensory
proteins that detect the ratio of red to far-red light. Crucial
to light regulation of plant developmental biology, phyto-
chromes are also found in fungi, bacteria, and eukaryotic algae.
In addition to phytochromes, cyanobacteria also can contain
distantly related cyanobacteriochromes (CBCRs) that, like
phytochromes, utilize the photoisomerization of a linear
tetrapyrrole (bilin) chromophore to convert between two
photostates with distinct spectral properties. CBCRs exhibit a
wide range of photostates spanning the visible and even near-
ultraviolet spectrum. In both phytochromes and CBCRs,
biosynthesis initially yields a holoprotein with bilin in the 152
configuration, and the 1SE photoproduct can often revert to
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the 15Z photostate in the absence of light (dark reversion). One CBCR subfamily, red/green CBCRs, typically exhibits red-
absorbing dark states and green-absorbing photoproducts. Dark reversion is extremely variable in red/green CBCRs with known
examples ranging from seconds to days. One red/green CBCR, NpR6012g4 from Nostoc punctiforme, is also known to exhibit
forward photoconversion that has an unusually high quantum yield at ~40% compared to 10—20% for phytochromes and
CBCRs from other subfamilies. In the current study, we use time-resolved pump-probe absorption spectroscopy with broadband
detection and multicomponent global analysis to characterize forward photoconversion of seven additional red/green CBCRs
from N. punctiforme on an ultrafast time scale. Our results reveal that red/green CBCRs exhibit a conserved pathway for primary
forward photoconversion but that considerable diversity exists in their excited-state lifetimes, photochemical quantum yields, and

primary photoproduct stabilities.

Increasing research efforts are being directed toward applying
photoactive proteins to biological applications, such as
genetically encoded fluorescent probes and light-regulated
control of gene expression (optogenetics).'™ Such photo-
sensory proteins exploit the excitation of bound chromophores
to generate fluorescence or a biochemical signal that can then
be transduced to the cell. Photoreceptors are thus important
components in the growing biological “tool chest” of
photoactive materials.* ® Although the mechanisms underlying
photoinduced responses differ depending on the nature of the
specific photoreceptor,” they typically originate from a small
structural change in the chromophore that leads to large-scale
structural rearrangements that modulate a biological “output”
to interface with biological signal transduction pathways.®
Phytochrome photoreceptors use linear tetrapyrrole (bilin)
chromophores to detect red (650—700 nm) and far-red (720—
750 nm) light via reversible photoconversion between red- and
far-red-absorbing forms (P, and Pg, respectively).s’9 Phyto-
chromes were initially discovered in plants, in which they
regulate a wide range of light-induced responses,'”'! and have
subsequently been found in other photosynthetic organisms,
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including cyanobacteria, purple photosynthetic bacteria, and
glaucophyte, charophyte, prasinophyte, cryptophyte, and
heterokont algae.”'>'® Phytochromes have also been found
in some nonphotosynthetic bacteria and filamentous
fungi.'”'*"> In such nonphotosynthetic organisms, phyto-
chromes use biliverdin IXa as the chromophore, whereas
plants and most cyanobacterial phytochromes typically utilize
the more reduced phytochromobilin (P®B) and phycocyano-
bilin (PCB) chromophores, respectively.'® The primary
photoreaction underlying phytochrome activity is an ultrafast
(<1 ns) photoisomerization about the C15/C16 double bond
of the bilin chromophore."’ ™" Widespread red/far-red
phytochromes typically require a knotted photosensory core
module of >500 amino acids for full, reversible photo-
conversion.'®*® Cyanobacteria also can contain knotless
phytochromes in which the red/far-red photocycle can still
occur within a protein scaffold as small as ~200 amino acids
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Figure 1. Photocycle of red/green CBCRs. *“P, is the dark stable state, and photoconversion results in trapping of a twisted 15E geometry in which

the bilin D-ring is partially deconjugated to yield a blue-shifted '**P

e photoproduct.®
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comprising a single bilin binding GAF domain. Cyanobac-
teria also contain still smaller sensors termed cyanobacter-
iochromes (CBCRs), in which a slightly smaller GAF domain
(~170 amino acids) is sufficient for PCB binding, covalent
attachment, and full, reversible photoconversion.23 Such CBCR
domains are found in a wide range of cyanobacterial signaling
proteins, and CBCRs have known roles in phototaxis,
regulation of light-harvesting pigments, and biofilm forma-
tion.”*** Unlike phytochromes, known CBCRs do not sense
far-red light, but instead exhibit an astonishing array of
photocycles, affording cyanobacteria such as Nostoc punctiforme
complete coverage of the visible and near-ultraviolet
spectrum.25’26

Like phytochromes, CBCRs use photoisomerization about
the C15/C16 double bond of the bilin chromophore as the
primary photochemical event. De-excitation of the chromo-
phore proceeds via a conical intersection with some fraction of
the excited-state population undergoing photoisomerization to
generate a primary photoproduct on an ultrafast time scale. The
quantum yield for the formation of the primary photoproduct
in phytochromes is typically 10—20%, but CBCRs can exhibit
yields as high as 40%.”” A number of different CBCR
subfamilies have been identified by primary sequence and
spectral properties. In one such subfamily, red/green CBCRs,
the bilin chromophore adopts the 15Z configuration in the
dark-adapted state of both the phytochrome (P,) and red/green
CBCR (%#P,). In both cases, photoisomerization yields 1SE
bilin photoproducts, but the photoproducts have different
spectral properties. Red/green CBCRs do not generate Py but
rather generate a green-absorbing photoproduct (15EPg) (Figure
1).5 Both P;, and ISEPg can thermally revert to their respective
red-absorbing, dark stable states in a process known as dark
reversion. In red/green CBCRs, the rate of dark reversion is
extremely variable with examples ranging from seconds to days;
this allows CBCRs in this subfamily to act as color sensors or as
broadband intensity sensors depending on the rate of dark
reversion.””

Intermediates in the photocycle of red/green CBCRs have
been examined in three isolated GAF domains to date. In
AnPixJg2 from Anabaena (sp. PCC 7120), the only such
protein for which there is a crystal structure,”’ intermediates
have been studied on the nanosecond time scale.”” NpR6012g4
and NpF2164g6 from N. punctiforme have been examined on an
ultrafast time scale. NpR6012g4 exhibits an exceptionally high
quantum yield (40%) for forward photoconversion from 'SP,
to 15EPg due to the formation of a productive ground-state
intermediate (GSI) after de-excitation (second-chance initia-
tion dynamics, SCID).”” SCID is not present in NpF2164g6,
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demonstrating that there is diversity in the primary photo-
physical processes of closely related CBCRs.>'

In the present study, we assess the extent of this diversity by
examining forward photoconversion on an ultrafast time scale
in seven additional red/green CBCRs from N. punctiforme.
These seven proteins include an example that fails to form a
photoproduct (NpF2164gS), an example with an atypically red-
shifted photoproduct (NpR1597g4), and examples with a wide
range of dark reversion rates. We also examined previously
characterized NpF2164g6 to provide a direct comparison to
previously acquired data. The results for these nine proteins
were analyzed within a single global analysis framework and
demonstrate broad conservation of the mechanism for primary
forward photoconversion in photoactive red/green CBCRs.
However, we find wide variation in the excited-state lifetimes,
photochemical quantum vyields, and stabilities of the Lumi-R¢
primary photoproducts. Our studies thus reveal both
conservation and diversity in a group of closely related
photosensors undergoing the same primary photochemistry.

B MATERIALS AND METHODS

CBCR Purification and Characterization. NpF2164g4,
NpF2164gS, NpF2164g6, NpF2854g3, and NpAF142g2 were
recombinantly expressed in Escherichia coli engineered to
produce PCB,** and purification of GAF domains as intein—
chitin binding domain (intein—CBD) fusions following a
previously described procedure.”® After lysis, ultracentrifuga-
tion, and binding to chitin resin (New England BioLabs) in
accordance with the manufacturer’s instructions, intein cleavage
was initiated by addition of DTT to the column, followed by
overnight incubation at 4 °C. Peak fractions were pooled and
dialyzed against TKKG buffer (25 mM TES-KOH (pH 7.8),
100 mM KCl, 10% (v/v) glycerol) overnight prior to freezing
in liquid nitrogen and storage at —80 °C. Absorbance spectra
were acquired at 25 °C on a Cary 50 spectrophotometer.
NpR1597g4, NpRS5113g2, and NpR4776g3 were amplified
from the previous intein—CBD construct using appropriate
oligonucleotide primers and cloned into pET28-RcaE> for
expression as Hiss-tagged constructs. His-tagged proteins were
expressed in E. coli strain C41[DE3] with plasmid pKT271 for
PCB synthesis.**** Protein was purified on Talon resin
(Clontech) using an imidazole gradient (30—430 mM) with
final dialysis into 20 mM sodium phosphate (pH 7.5), SO mM
NaCl, and 1 mM EDTA.

Transient Signals. The dispersed-probe transient absorp-
tion setup was constructed from an amplified Ti:sapphire laser
system (Spectra Physics Spitfire Pro + Tsunami) operating at 1
kHz, which produced 2.25 m] pulses of 800 nm fundamental
output with a 40 fs (full width at half maximum) duration.
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The 800 nm fundamental pulse train from the amplifier was
split into two paths. One path generated the dispersed white-
light probe continuum (440—750 nm) by focusing the laser
pulses into a slowly translating CaF, crystal. The second path
was used to generate a tunable visible pulse from a home-built
noncollinear optical parametric amplifier as an excitation/pump
source, which was tuned (620—630 nm with 15—20 nm
bandwidth) to be resonant with the visible absorption spectra
of the samples for the transient absorption measurements
(Figure 2 and Figure S1 in the Supporting Information (SI)).
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Figure 2. Ground-state absorption spectra for the 'S?P, (solid curves)
and ISEPg (dashed curves) states of NpF2164gS (black), NpRS113g2

(red), and NpF2854g3 (blue).”® All spectra are scaled to the
normalized 'S?P, absorption spectra.

The excitation pulse energies were set between 200 and 300 n]J
depending on the sample. The pump beam was chopped at 500
Hz to generate difference spectra with respect to the
nonpumped ground-state spectra. The probe beam was
optically delayed with respect to the pump pulse by a
computer-controlled linear motor stage (Newport
IMS600LM), which allowed up to 8 ns temporal separation.
Pump pulses were linearly polarized at 54.7° (magic angle) with
respect to the probe pulses. The pump and probe pulse spot
diameters at the sample were estimated using a moveable razor
blade at 250—360 and SO pm, respectively. The appreciably
greater pump pulse area minimizes artifactual contributions to
the signals due to varying spatial overlap between pump and
probe beams and was confirmed by monitoring changes in
signal amplitude and spectral shape while dithering the pump
beam with respect to the probe beam.

The temporal resolution of the experiment was estimated to
be 120 fs using the rise time of the excited-state absorption
bands. Samples were flowed continuously (~30 mL/min) in a
closed circuit to ensure fresh sample for each excitation pulse.
Protein was continuously illuminated prior to entering a cuvette
with ~5 mW of green (532 nm) continuous wave (CW) laser
diode through a quartz window to maintain the sample in the
P, state during the ultrafast experiment. The path length of the
quartz cuvette was 2 mm with the sample at an optical density
of 0.3—0.4 (at that path length). All experiments were
performed at room temperature (25 °C).
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Figure 3. Transient absorption spectra for forward P,* dynamics of (A) NpF2164gS, (B) NpRS5113¢2, and (C) NpF2854¢3 at delay times specified
in the graphs. All excited-state spectra exhibit similar spectral features but different kinetics (Figure 4). Transient absorption spectra at later delay
times (as specified in the graphs) show photoproduct evolution more clearly for (D) NpF2164gS, (E) NpRS113g2, and (F) NpF2854g3.
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Figure 4. Kinetic traces for forward reaction P,* dynamics of (A) NpF2164¢S, (B) NpRS113¢2, and (C) NpF2854¢3 at the wavelengths indicated in
the graphs. The wavelengths shown represent ESA (black circles), SE/Lumi-R; (red circles), Meta-R, (blue circles), and ground-state bleach (green
circles). The solid curves are the fit by the respective target model (Figure 9). Kinetic traces at later delay times (1—8 ns) for (D) NpF2164gS, (E)
NpRS113¢2, and (F) NpF2854¢3 detail the photoproduct and bleach band dynamics after excited-state decay. Kinetic traces are fit (solid lines) by

their respective target models (Figure 9).

The 1 ms transient spectra were collected from the 1 kHz
pulse train by shifting the probe pulse slightly before (~1 ps)
the pump pulse, which results in the collection of a transient
spectrum initiated by the pump pulse from 1 ms earlier. To
further facilitate this collection, the sample flow rate is typically
slowed so that there is incomplete refreshing of new sample
within the excitation laser volume in the flow cell. Under
normal flow conditions, this pre-time zero signal (1 ms
spectrum) is negligible. Subsequent “harmonic” dynamics (e.g.,
4 ms) are not a major factor in these spectra because the flow
rate has completely refreshed (within the excitation volume) on
this time scale.

B RESULTS

CBCR Samples. We measured forward dynamics for seven
red/green CBCRs previously examined only on a static time
scale: NpR1597g4, NpF2164gS, NpF2164g4, NpR4776g3,
NpRS5113g2, NpAF142g2, and NpF2854g3. We also collected
data under identical conditions for previously characterized
NpF2164g6,>" allowing for comparison to these proteins and to
the well-characterized red/green CBCR NpR6012g4.>”*"7
Thus, ultrafast data are now available for a total of nine red/
green CBCRs from N. punctiforme that are assigned to three
classes on the basis of the yield and stability of the
photoproduct on this time scale (<10 ns). Three CBCR
domains (NpF2164¢S, NpRS113g2, and NpF2854¢3) are
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presented in detail here, whereas the others are presented in
the SI. Normalized static absorption spectra for NpF2164gS,
NpR5113g2, and NpF2854g3 in the P, dark state are
contrasted in Figure 2 (solid black, red, and blue curves,
respectively). The P, absorption bands (solid lines) of all
three CBCR samples are qualitatively similar with a shoulder
near 600 nm. Such shoulders have been interpreted as vibronic
features in other biliproteins.*® However, such shoulders can
also arise due to the presence of blue-shifted side populations,
and such blue-shifted species are indeed the majority
population in known NpR6012g4 variants generated by site-
directed mutagenesis.39 NpF2164gS fails to generate the ISEPg
photoproduct,”® but the photoproducts formed by NpR5113g2
and NpF2854¢3 are similar to each other (Figure 2).
Transient Absorption Signals. Forward reaction dynam-
ics of red/green CBCRs begin with the initial formation of
excited-state 'S“P * followed by formation of the primary Lumi-
R¢ photoproduct and the subsequent formation of a Meta-R,
intermediate.’®*® Depending on how fast these processes
occur, it is possible that Meta-R; formation could occur during
the accessible time frame of this study (0—10 ns). Transient
absorption (TA) spectra are shown for NpF2164gS,
NpR5113g2, and NpF2854g3 at selected delay times in Figure
3 with corresponding kinetic traces at selected probe
wavelengths in Figure 4. Transient signals for other CBCRs
are presented in the SI (Figures $2—S6). The TA signals are a
superposition of four overlapping signals: (1) a negative bleach
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signal (ground-state bleach, GSB) caused by the loss of ground-
state absorption (GSA), (2) a negative stimulated emission
(SE) signal caused by photostimulated decay of the excited
state, (3) positive excited-state absorption (ESA) caused by S,
— S, transitions from the first excited state (here, P,*) to
higher levels, and (4) positive photoproduct absorption caused
by the appearance of ground-state photoproduct species (e.g.,
Lumi-R; and Meta-R; in the samples discussed here). Visual
inspection of these signals allowed us to identify three
categories:

1. Class I domains (NpR1597g4 and NpF2164¢S) are no- or
low-yielding samples. These proteins exhibit only excited-state
P.* signals with no resolvable photoproduct signals. Both
samples exhibit long excited-state kinetics (apparent relaxation
time 7 = ~1 ns). This class of red/green CBCR domain is
represented here by NpF2164¢S, which does not produce the
ISEPg state and has a high fluorescence quantum yield.*®
NpR1597g4 undergoes photoconversion upon continuous
illumination despite our inability to detect Lumi-R; on this
time scale. We estimate a low quantum yield (® < 2%) for
primary isomerization of NpR1597g4.

2. Class II domains (NpRS113g2, NpF2164g6, and
NpR6012g4) exhibit both excited-state P,* and Lumi-R; signals
with no apparent evolution of Lumi-R; on an ultrafast time
scale. This class of domains includes previously characterized
NpR6012g4 and NpF2164g6 and is represented here by
NpR5113g2.

3. Class III domains (NpAF142g2, NpR4776g3, NpF2854g3,
and NpF2164g4) generate excited-state P,*, Lumi-R; and
Meta-R, populations within the ultrafast time scale. Meta-R, is
formed after Lumi-R; and exhibits broad blue-shifted
absorption. It is spectrally analogous to the R2, intermediate
resolved ~1 s after photoexcitation of AnPixJg2 by Fukushima
et al.*® Class III CBCRs exhibit Lumi-R; decay that is faster
than that of class II CBCRs. This class is represented by
NpF2854g3.

NpF2164g5, NpRS113g2, and NpF2854g3 exhibit similar
excited-state P,* spectra (Figure 3) with a broad ESA band
from 410 to S50 nm (peaking at ~S00 nm) and a broad
negative region from 640 to 670 nm that is a mixture of bleach
and SE bands. Given the known heterogeneity of NpR6012g4
and NpF2164g6,>"” the absence of isosbestic points in the TA
signals (Figure 3 and Figure S4 in the SI) is not surprising.
However, the signals in the spectral window from 580 to 630
nm (referred to as the “crossover region”), where the ESA and
GSB overlap, maintain a near-zero amplitude throughout the
primary photodynamics. The wavelength at which this point
occurs varies; for example, this point is observed at ~558 nm
for NpF2164¢S, ~567 nm for NpRS5113g2, and ~585 nm for
NpF2854¢3 (Figure 3). The crossover region is negative for
NpF2164gS and NpRS5113g2 but positive for NpF2854g3
(Figure 3). This region is sensitive to small spectral shifts and/
or to the dynamics of new populations, as demonstrated in the
analysis of the forward dynamics of NpR6012g4.”” A similar
crossover region was useful in resolving underlying hetero-
geneity of the red/far red photoswitching canonical phyto-
chrome Cphl in excitation-dependent and temperature-
dependent dynamics*"** and has been seen in other
phytochromes.****

The ESA region (450—500 nm) provides a window for
examining the decay kinetics of excited-state P, * because this
region suffers from the least overlap with GSB, SE, and
photoproduct absorption. Inactive NpF2164gS exhibits slow
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excited-state dynamics with an apparent half-life of ~1 ns
(Figure 4A) and with no photoproduct formation at longer
time points (Figure 4D). Excited-state decay was much faster in
NpRS113¢2 and NpF2854g3 (approximately 162 and 22 ps for
NpRS113¢2 and NpF2854¢3, Figure 4B and C, respectively)
but was obviously multiphasic. In NpRS5113g2, an initial
negative amplitude at 645 and 685 nm (Figure 4B) arises due
to bleach and/or SE. Positive absorption at 685 nm after 1 ns
reflects the formation of primary photoproduct Lumi-R; which
persists for the duration of the experiment with <25% decay
(Figure 4E). In NpF2854¢3, an initial negative amplitude at
695 nm again arises from GSB and/or SE with clear formation
of Lumi-R; by 0.5 ns (Figure 4C). The subsequent decay of
Lumi-R; is much faster with ~75% of the maximal Lumi-R;
signal lost by 7.5 ns (Figure 4F). Initial positive signals at 585
nm for NpF2854g3 arise due to ESA because they decay along
with the ESA signal at 500 nm (Figure 4C). However, a
positive signal at $85 nm is regained at later time points (Figure
4F), correlating with the decay of Lumi-R; and demonstrating
rapid formation of Meta-R, in this protein.

No positive Lumi-R; signals are resolved in the class I protein
NpF2164¢5 (Figure 4A and D, red circles) indicating negligible
@, This is consistent with the known failure of NpF2164gS
to generate 'FP, under continuous red-light illumination.”® A
similar result was obtained with the other class I CBCR,
NpR1597¢g4 (Figure S2 in the SI). For the Class II protein
NpRS5113g2, TA spectra at later time points show decay of
ground-state bleach and formation of Lumi-R; after 1 ns
without formation of Meta-R, (Figure 3E). The 7.5 ns
spectrum of the class I CBCR NpRS113g2 (Figure SB, cyan
curve) shows a newly formed absorption band peaking near
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Figure S. Excited-state transient spectra (solid curves) and Lumi-R;
(dashed curves) normalized at 500 nm. (A) The scaled Lumi-R;
spectrum for NpRS113g2 (blue dashed curve) is further scaled 3-fold
to match the amplitude of the NpR6012g4 Lumi-R; spectrum (red
dashed curve). (B) The Lumi-R; spectrum for Np2854¢3 (green
dashed curve) is scaled by 1.3-fold to match the equivalent amplitude
of the NpR6012g4 Lumi-R; spectrum (red dashed curve). Both
comparisons indicate a greater Lumi-R; quantum yield in NpR6012g4,
assuming comparable extinction coeflicients.
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685 nm and a negative bleach band peaking at 660 nm, which
are features consistent with the depletion of the starting '>“P,
ground state and formation of Lumi-Re.*”**™* Similar results
were obtained for NpF2164g6 (Fi%ure S3 in the SI) and in
previous analysis of NpR6012g4.””*" For the latter two
proteins, Lumi-R; decay was not observed on the ultrafast
time scale. A modest Lumi-R; decay was observed in
NpRS113g2 at later time points and was accompanied by
further decay of the bleach band (Figure 4E). This result could
indicate that the Lumi-R¢ population in NpRS5113g2 can return
to the '5?P, ground state, implying a nonunity quantum yield
for Meta-R, formation. Alternately, it could indicate that Meta-
R, formation in NpRS113g2 proceeds via a red-absorbing
intermediate in NpRS113g2 that cannot be resolved from the
starting species on this time scale. Characterization of forward
photoconversion in NpR5113g2 at later time points to monitor
Meta-R, formation will be required to resolve this question.

The TA spectra for class III protein NpF2854g3 show clear
decay of Lumi-R; absorption after 2.2 ns with the appearance of
Meta-R, absorption at 525—600 nm and little change in GSB
(Figure 3F). This is consistent with the formation of Meta-R,
from Lumi-R; rather than regeneration of *“P,. Similar results
were obtained for the other class III proteins in this study. In
NpAF142g2 (Figure S4 in the SI), there is substantial Meta-R
formation and loss of Lumi-R;. In NpR4776g3 (Figure SS in the
SI) and NpF2164g4 (Figure S6 in the SI), loss of Lumi-R; is
less pronounced for the amount of Meta-R, formation
observed, perhaps indicating slight differences in the Meta-R,
extinction coeflicient or stability. In all class III cases, slight
changes in GSB are observed at late time points due to spectral
overlap of negative GSB signals with positive Meta-R; signals.

Estimated Quantum Yield. The quantum vyield for
generating Lumi-R¢ (®ymire) is an important parameter in
characterizing the photodynamics of CBCR systems and
provides an important constraint for model-based target
analysis (see below), but its rigorous determination can prove
challenging. The amount of the initially excited P.* population
can be compared to the maximum observed amplitude of the
Lumi-R population. This approach unfortunately requires clean
bleach wavelengths that are free of overlapping ESA, SE, and
Lumi-R; bands in the TA signals, a situation that does not
pertain to the red/green CBCR signals shown here. We
therefore used an indirect “reference approach” by comparing
the TA signals to those measured with NpR6012g4.
NpR6012g4’s @Dy ;ipe value was estimated at 32% using
cyanobacterial phytochrome Cphl as a reference**® and was
then directly measured to be 40% using multipulse pump-
dump-probe (PDP) experiments.>” Thus, NpR6012g4 provides
a known reference value in a closely related system. However,
this approach can still lead to systematic error in the current
data set; it assumes that Lumi-R¢ decay is much slower than
Lumi-R; formation, such that the maximum observed Lumi-R;
amplitude is the maximum that can be formed. Class III cases in
which Lumi-R¢ can decay on the ultrafast time scale may not
meet this condition; thus, the values derived from this analysis
may underestimate @y z¢ for such proteins. No attempt was
made to estimate @y r¢ values for class I proteins, in which
Lumi-R; formation was not detected.

To use this indirect approach, we first scaled the initial
amplitude of the ESA band at ~500 nm for each protein in this
study to that of NpR6012g4 (Figure S and Figure S7 in the SI).
The ESA band in this region arises almost exclusively from
excited-state transitions with little effect from GSB or
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photoproduct formation. Such ESA bands are generally viewed
as a broad, featureless continuum, so protein-specific effects on
the extinction coefficient for this band are less likely to be
significant than for others in this analysis. We then scaled the
time point having maximal Lumi-R; amplitude for each protein
to the Lumi-R; spectrum of NpR6012g4 using the factor
required for scaling the ESA band of that protein. Assuming the
Lumi-R; extinction coefficients are also comparable between the
CBCRs, @y .. r¢ values for each protein can then be estimated
by comparison with the Lumi-R; amplitude of the NpR6012g4
reference. '3“P, extinction coefficients for the proteins in this
study vary by <30%;® thus, we anticipate similar variation in
the Lumi-R; extinction coeflicients.

For NpR5113g2, the scaled Lumi-R¢ spectrum is 3-fold lower
than the NpR6012g4 Lumi-R; amplitude (Figure SA, blue and
red dash curves, respectively), indicating that @y ..ps is
approximately one-third of 40%, or ~13%. Similarly, for
NpF2854¢3, the Lumi-R; spectrum is scaled by a factor of 1.3
to match the NpR6012g4 Lumi-R; amplitude (Figure SB, green
and red dash curves, respectively), indicating a @, ¢ value of
~31% (40% divided by 1.3) for NpF2854g3. The same method
was used to estimate the @, p¢ values for the other CBCRs,
which ranged from 11 to 29% (Table 1 and Figure S7 in the

Table 1. Quantum Yield Estimates®

sample class P, absorption peak P, absorption peak  ®@pnipe
NpAF142g2 11 650 nm 534 nm 0.3
NpR1597g4 I 638 nm 574 nm ~0.04
NpF2164g4 111 646 nm 532 nm 0.13
NpF2164gS I 638 nm
NpF2164g6 i 649 nm 551 nm 0.3
NpF2854¢g3 III 656 nm 550 nm 0.36
NpF4776g3 11 656 nm 560 nm 0.18
NpRS5113g2 11 650 nm 530 nm 0.17
NpR6012g4 I 651 nm 540 nm 0.40

“Excited-state transient spectra were normalized at the initial
amplitude of the ESA band at 500 nm. The magnitude of the final
scaled Lumi-R; spectrum of the samples studied after this normal-
ization was then rescaled to match that of NpR6012g4. Assuming the
Lumi-R; populations exhibit comparable extinction coefficients
(including the ESA and bleach bands), the @, ¢ value for each
CBCR was then estimated from the scaling factor using the known
D, mire value of NpR6012g4.27

SI). Several cases exhibit @y, ps values that are much higher
than those observed for cyanobacterial phytochromes (10—
20%), indicating that the high @, xs values observed for
NpR6012g4 and NpF2164g6 are not unique.”””' Estimated
Dy mirs Values were then used as constraints in target analysis.

Global Analysis. The TA signals for all proteins were
ana{zrzed using a multicompartment global analysis formal-
ism*”*° that decomposes the data with an underlying target
model into time-dependent populations (i.e., concentration
profiles) with time-independent spectra. This is accomplished
by fitting the data with numerical solutions of linear first-order
differential equations describing the postulated target model

(eq 1).

dn;

— = AI(t) + K;n,

dt i ( ) Z ij'ti
ij (1)

In eq 1, n, represents the ith microscopic population of interest,

A; is the initial occupancy of the ith excited state, I(t) is the
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Figure 6. Decomposition of the EADS for each sample studied. Initial fast relaxation observed in many of the samples is characterized by a red-shift
of the SE band (cyan curves) and does not result in the evolution of photoproduct. Spectra of the three CBCRs presented in the body of the

manuscript are highlighted in yellow.

pump pulse temporal envelope, and K;; are the rate constants
describing the exponential flow from the ith population into the
jth population. If the underlying target model accurately
describes the dynamics, the extracted spectra from the analysis
are termed species-associated difference spectra (SADS) and
represent the true difference spectra of the constituent
populations. If the model inaccurately describes the dynamics,
the resulting spectra are linear combinations of the underlying
SADS.*”*”*3% One common model used in the analysis of TA
data is the sequential model, which generates evolution-
associated difference spectra (EADS) from the global analysis.
In systems with more complex dynamics, these spectra will also
be linear combinations of SADS.

Accurate description of heterogeneous CBCR systems
requires more sophisticated target analysis.>”**™>" For all of
the data sets, we began global analysis by fitting the data to a

simple sequential model (Figure S8 in the SI). The EADS
resulting from the sequential model can be used to extract
useful information in CBCR systems, such as separating the
time scales of Lumi-R; formation from multiexponential
excited-state dynamics,””*" and supply important a priori
constraints on population flow for target model construction.
The sequential EADS analyses of all of the CBCRs in this study
are presented in Figure S9 in the SI To help in decomposing
the sequential EADS into viable SADS and facilitating target
model construction, we evaluated the difference spectra
between successive EADS (Figure 6). The class I NpF2164g5
TA signals are adequately described by two EADS (Figure 6A).
The difference spectrum between these EADS exhibited a small
positive peak at ~640 nm, matching the peak absorption of the
I5zp ground state, and a small negative peak at ~660 nm, close

g . 28
to the reported fluorescence emission maximum of 655 nm.
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Figure 7. Target models for (A) NpF2164gS, (B) NpRS113¢2, and (C) NpF2854g3. Population colors correspond to the concentration profiles in
Figure 4. The majority of the samples require only two P, ground-state populations to fit the data. Time constants and ground-state occupancy levels

for these models can be found in Table 2.
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Figure 8. Global target analysis results for forward reactions with two ground-state populations. SADS based on the target models in Figure 7 are
shown for (A) NpF2164¢S, (B) NpRS113g2, and (C) NpF2854g3. Concentration profiles for each spectral species over time are shown for (D)
NpF2164gS, (E) NpRS113¢2, and (F) NpF2854g3. Curves for hot populations are dashed. Overall photoproduct quantum yields can be found in

Table 1.

This analysis is consistent with a photochemically inactive
protein exhibiting relaxation of the P.* excited state to yield a
small Stokes shift. NpR1597g4 exhibited further evolution with
a final phase having a positive amplitude in the vicinity of the
Meta-R, band observed in other red/green CBCRs (Figure
6B). This small signal is likely to arise from a productive
population given the discrepancy between the absence of Lumi-
R; signals in NpR1597g4 and its known photoconversion under
static conditions.

Sequential EADS analysis of class I CBCR NpR5113g2 was
more complex with a total of four EADS (Figure 6C) required.
Excited-state features persist in EADS3, but the EADS3—
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EADS?2 difference spectrum resembled an inverted EADS4,
indicative of product formation at the earlier phase in addition
to later at EADS4. NpRS5113g2 is thus heterogeneous with
Lumi-R¢ formation occurring on at least two time scales. A
similarly complex evolution was observed for NpF2164g6, the
other class II protein examined in this study (Figure 6D). The
class III CBCRs are distinguished by rapid formation of Meta-
R, from Lumi-R; as reflected in their sequential EADS: all five
such proteins have four EADS with the last reflecting Meta-R,
formation (Figure 6E—H). The features observed in the
sequential EADS for these CBCRs were then used to construct
a general multicompartment target model encompassing the
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Table 2. Parameters for the Formation of Lumi-R;

sample class  GS1 (%) GS2 (%) GS3 (%) P (ps)

NpAF142g2 111 S5 45 1.5
NpR1597g4 1 100 5.7
NpF2164gs  III 41 59 12
NpF2164g5 1 53 47 65
NpF2164g6 I 35 35 30 03
NpF2854¢g3 111 60 40 1.5
NpF4776g3 III 61 39 0.7
NpRS113g2  II 39 61 2
NpR6012g4 1T 33 23 44

ESI1 (ps) ESI2 (ps) ESI3 (ps)
Tapp = GS  — Lumi-R¢ Tapp = GS  — Lumi-R¢ — GS
33 45 130 261 400 750
950 1100 2600
20 22 23S 483 575 3010
1300 1300 2000 2000
44.2 138 65 330 400 2000 4.3
27.7 40 90 330 588 740
12.9 13 1500 120 225 275
154 175 1275 400 500 2000
SS 204 75 330 492 1000 S

observed variation among proteins (Figure S10 in the SI). This
model includes a heterogeneous ground state with up to three
coexisting subpopulations (i.e,, inhomogeneity), two of which
can be productive. The justification for such a model (versus
branched or sequential models) has been discussed in detail in
previous analysis of other CBCRs.*”*' Initial excited-state
relaxation yields one to three excited-state intermediates
(ESI1—ESI3), which partition between Lumi-R; and the
starting ground state upon de-excitation. Lumi-R¢ can itself
evolve to Meta-R;. To model the loss of Lumi-R; and GSB at
late time points in NpR5113g2, we allowed Lumi-R; to decay
back to the starting ground state in the absence of any other
evidence for a hypothetical Meta-R| in this protein. The general
target model was then customized for each of the proteins in
this study.

The target models constructed for NpF2164gS, NpR5113g2,
and NpF2854g3 are presented in Figure 7, and the
corresponding SADS and concentration profiles are presented
in Figure 8. Equivalent information is presented for the
remaining samples in Figures SI11 and S12 of the SI with
parameters presented in Tables 2 and 3. The accuracy of these

Table 3. Parameters for the Evolution of Primary
Photoproducts

Lumi-R;

sample class ®;,; 7(ns) — GS(ns) — Meta-R, (ns)
NpAF142g2 it 0.3 ~11 slow 11
NpRI1S97g4 I 0.04
NpF2164g4 Il 013  7.92 800 8
NpF2164gS I
NpF2164g6 1 03
NpF2854¢g3 1 0.36 6.15 10 16
NpF4776g3 I 0.18 ~20 slow 20
NpRSI13g2 I 017 16 16
NpR6012g4 T 04

models for describing the data is demonstrated by the excellent
agreement between simulated kinetics and the observed data
(Figures 3 and 4 and Figures S2—S6 in the SI). Multi-
exponential excited-state decays in NpF2164gS, NpR5113g2,
and NpF2854g3 are ascribed to the presence of two coexisting
ground-state *“P, subpopulations, GS1 and GS2 (Figure 7),
similar to the inhomogeneous target model constructed for the
forward photodynamics of NpR6012g4.”” Two ground-state
subpopulations were also postulated for NpAF142g2,
NpF2164g4, and NpR4776g3 (Figures S11 and S12 in the
SI). NpF2164g6 required three ground-state subpopulations for
a satisfactory description of the observed dynamics (Figures S3
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and S12 in the SI), consistent with previous analysis of this
protein.*' In contrast, NpR1597g4 requires only one ground-
state population (Figures S2, S11, and S12 in the SI) after weak
thermal relaxation. Target analysis confirms the conservation of
broadly similar behavior on the excited-state surface of all of the
red/green CBCRs analyzed in these studies (Table 2, Figures 6
and 7, and Figures S11 and S12 in the SI). Upon
photoexcitation, each subpopulation is excited to a "°'P*
state that subsequently decays into “relaxed” excited-state
intermediates (ESI) on a relatively fast time scale of 1.5—6.5 ps
without loss of the excited-state population. We have forced the
SADS and decay constant of "°'P * from each subpopulation in
a given protein to be equal to simplify the modeling process.
Relaxation of M°'P * does not generate Lumi-Ry, in agreement
with the sequential EADS analysis (Figure 6 and Figure S9 in
the SI), and is characterized by red-shifting of the SE band
(Figure 7 and Figure S12 of the SI). Such behavior has also
been resolved in other CBCR and phytochrome systems.*>*>>

Class I CBCR NpF2164gS does not generate Lumi-Rg
moreover, the relaxation of "'P* is unusually slow (6.5 ps,
Figure 7 and Table 2). Both ESI populations decay back to
their respective ground-state populations on 1.3 and 2 ns time
scales (Figures 6 and 7). The "'P*, ESII, and ESI2 SADS
exhibit qualitatively similar features (black, red, and blue curves,
respectively, in Figure 8A) with a pronounced negative
amplitude on the long-wavelength side of the crossover region.
The other class I sample, NpR1597g4, also exhibits unusually
slow relaxation of H°'P* (5.7 ps). In this case, global analysis
could be used to calculate SADS-containing features of Lumi-R¢
(Figure S12A in the SI) despite the absence of such features in
the raw data (see above). However, fractional Lumi-R;
formation in NpR1597g4 was predicted to be notably lower
than that in class II and class III proteins in this study (compare
Figure S12A in the SI to Figure 7D and F and to Figures S12D,
S12F, S12H, and S12] in the SI). This is consistent with the
observed photoconversion of NpR1597g4 under continuous
illumination, in contrast to that of NpF2164g5.”®

In class I CBCRs NpRS5113g2 and NpF2164g6, Ho'P*
relaxation is much faster (0.3—2 ps) than in class I CBCRs
NpF2164gS and NpR1597g4. NpR5113g2 generates Lumi-R¢
from both ESI1 and ESI2. ESI1 has an apparent lifetime of 153
ps with a @ r¢ value of 6.5%, and ESI2 has a 404 ps lifetime
with a 19% @, i ps value. Total @y ;i p¢is estimated to be 14%
with initial occupancies of 39 and 61% for ESI1 and ESI2,
respectively. The slower ESI2 population contributes 82% of
the Lumi-R; formation. The Lumi-R; population decays on a 16
ns time scale without generating any discernible Meta-R;, as
evidenced by the slow decay of the 685 nm kinetic trace (Lumi-
R) and concomitant decay of bleach (Figure 7B). As discussed
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above, this decay could arise due to the formation of the
starting '>“P, ground state or due to the formation of a 15E
intermediate that cannot be distinguished from the starting
state. SADS of excited-state species Hotp * ESI1, and ESI2 are
comparable in shape and amplitude. The other two class II
CBCRs studied to date, NpF2164g6 and NpR6012g4, are both
modeled with three ground-state subpopulations leading to
three different excited-state intermediates. ESI1 and ESI2 are
productive, whereas ESI3 is nonproductive (Table 2). In
NpF2164g6, the SADS for nonproductive ESI3 for ground-
state bleach is blue-shifted relative to those of °'P *, ESI1, and
ESI2 (Figures S11 and S12C in the SI). This population thus
has SADS similar to that of nonproductive, blue-shifted class I
CBCR NpF2164¢S (Figure 8A). ESI1 and ESI2 both partition
between the Lumi-R; photoproduct and the S“P, starting state.
Global analysis of class I CBCRs in this study is thus consistent
with visual inspection of the raw data and sequential EADS
analysis. Lumi-R; formation is readily observed on an ultrafast
time scale, but Meta-R, formation is not.

Class III CBCRs such as NpF2854g3 also exhibit fast
relaxation of "'P,* (0.7—1.5 ps), two ground-state subpopu-
lations, and two excited-state intermediates (Figures 6—8 and
Figures S11 and S12 in the SI). Both ESI1 and ESI2 give rise to
the Lumi-R; photoproduct with varying time scales and
efficiency (Tables 2 and 3). Overall, @y .p; values range
from 0.1 to 0.36, although the combination of slow Lumi-R¢
formation and fast Meta-R, formation in some cases of class 1T
CBCRs implies that the @ z¢ values have larger uncertainty
compared to those of other proteins in this study. In some
cases, the kinetics of Lumi-R; decay could not be adequately
explained by Meta-R;, formation alone. Such cases were
modeled as arising from the decay of Lumi-R¢ back to the
starting ground state (Table 3). As for NpRS113g2, this cannot
be distinguished from the formation of a Meta-R, species on
this time scale. In NpF2854g3, Meta-R, bleach has a greater
amplitude than that of Lumi-Ry, suggesting that positive Lumi-
R; absorption overlaps negative GSB with the subsequent
formation of blue-shifted Meta-R, alleviating this overlap and
restoring negative bleach amplitude. Other class III CBCRs
show different patterns that are also consistent with overlap of
Lumi-R; and ground-state bleach, such as the shifting GSB peak
wavelength in NpAF142g2 and NpF2164g4. Thus, class III
CBCRs exhibit Meta-R, formation that is much more rapid
than that of class II proteins, while often exhibiting efficient
primary photochemistry as shown by high values of @, ps

B DISCUSSION

We have measured ultrafast forward (**?P, — 15EPg) broadband
TA signals for seven red/green CBCRs previously characterized
only on a static time scale. Data for these seven proteins and
new data for previously characterized NpF2164g6 were fit with
global analysis routines, revealing three classes of red/green
CBCRs on the basis of terminal photoproduct populations
observed on an ultrafast time scale (<10 ns). The nine red/
green CBCRs examined to date on the ultrafast time scale all
exhibit typical red-absorbing 'S“P, dark states and include one
example that fails to undergo photoconversion (NpF2164gS)
and one example with an atypical red-shifted photoproduct
(NpR1597g4). This cohort of CBCRs also exhibits great
variation in the stability of the photoproduct with dark
reversion rates ranging from 0.01 s™'in NpF2164g6 to 4.4 X
107 57! in NpF2164g4. These proteins thus allow us to test
whether previously characterized NpR6012g4 and NpF2164g6
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provide a representative picture of primary photoisomerization
in diverse red/green CBCRs and to ask whether the observed
variation in static behavior is reflected in similar diversity on the
ultrafast time scale. We find that there is considerable variation
among red/green CBCRs on this time scale with large
variations in their quantum yields, excited-state lifetimes, and
primary photoproduct stabilities.

Excited-State Decay and Lumi-R; Formation. The TA
signals of class I NpF2164gS and NpR1597g4 CBCRs did not
exhibit obvious formation of Lumi-R; primary photoproducts.
Moreover, NpF2164gS fails to undergo photoconversion under
continuous illumination and exhibits high intrinsic fluores-
cence,”® consistent with its long excited-state lifetime (Table 2).
In contrast, NpR1597g4 does undergo photoconversion under
continuous illumination and exhibits a red-shifted photo-
product, although the Lumi-R; photoproduct could not be
observed in the raw TA data for NpR1597g4 (Figure S2 in the
SI). The results from global analysis of these two proteins are
thus consistent with their static behavior,”® implicating a very
low but non-zero quantum yield for forward photoconversion
of NpR1597g4 and essentially no photoproduct formation of
NpF2164gS. These results also demonstrate that the lack of
photoproduct formation on the longer time scale of
NpF2164gS is not due to efficient photoconversion followed
by extremely rapid dark reversion. NpF2164gS and NpR1597g4
exhibit distinct behaviors relative to class II and class III CBCRs
immediately after excitation.

Eight of the nine red/green CBCRs studied to date initially
produce a FO'P* excited state upon excitation, including
NpR1597g4 and NpF2164gS. Aside from these two cases, the
Hotp s of the others decays to yield P,* on a time scale of 0.7—2
ps (Table 2). However, in these two proteins, the decay of
Hotp # js much slower (5—7 ps), and both proteins also exhibit
slightly blue-shifted '*“P, ground-state absorption relative to the
other proteins in this study. It is thus possible that protein—
chromophore interactions in these two proteins both produce
this slight blue shift and constrain evolution of the initial
excited-state packet, resulting in very slow evolution of the
excited state both at the initial relaxation phase and at later
decay time points of the excited-state intermediates. Alter-
nately, the slow initial evolution of the excited state in these two
proteins could reflect some process not seen in the other
CBCRs, which diverts the excited-state population into a long-
lived, less productive pathway. In this regard, it is interesting to
note that the decay constants in productive CBCRs closest to
the 5—7 ps time scale of NpF2164g5 and NpR1597g4 are for
the decay of photochemically inactive ESI3 populations in
NpR6012g4 and NpF2164¢6 (4—S5 ps, Table 2). Although the
two cases describe different steps in the same process, they
both involve nonproductive subpopulations and occur with
very similar time constants. It is thus possible that similar
changes in protein—chromophore interactions are at work in
the nonproductive subpopulations of different red/green
CBCRs.

In contrast to the class I CBCR samples, the class II and III
proteins in this study produced readily detectable Lumi-R; in
varying yield (Table 1). Interestingly, no other protein exhibits
the high quantum yield seen in NpR6012g4, although further
pump-dump-probe experiments would be needed to resolve
this question. The @y, ¢ values estimated for the CBCRs in
this study suggest that the SCID photoisomerization
mechanism of NpR6012g4 is likely to be an exception rather
than the rule. The productive CBCRs of classes II and III are
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modeled with two to three ground-state subpopulations that
each give rise to a distinct ESI, resulting in two to three excited-
state intermediates. SADS for the individual ESI populations of
each CBCR exhibit broadly similar features typically including
residual ESA, and the negative band associated with GSB is red-
shifted relative to the negative band in "°'P *, consistent with
contribution to the negative band from SE with a modest
Stokes shift arising due to evolution of the excited-state
population along the reaction coordinate. Decay of each ESI
proceeds via rapid quenching (likely a conical intersection) of
the excited-state population following excited-state barrier
crossing; this nonadiabatic quenching is presumably responsible
for most (if not all) of the branching between the Lumi-R;
photoproduct and the starting ground state.*”*' One known
exception is the SCID mechanism found in NpR6012g4, which
involves reactive ground-state populations to increase the
observed quantum yield of generating Lumi-R;.*>’

The Lumi-R; SADS of all class II and III CBCRs in this study
have similar features with peak photoproduct absorptions at
approximately 675 nm. Red/green CBCRs thus produce a red-
shifted primary photoproduct similar to that seen in the
forward reaction of cyanobacterial phytochrome Cphl, which
has a very similar red-absorbing dark state but a far-red-
absorbing photoproduct. The formation of a red-shifted
primary photoproduct is also seen in other CBCRs, includin
green/red CBCR RcaE and inset-Cys CBCR NpF2164g3.°*°
Although red-shifted primary photoproduct intermediates are
the norm in CBCRs, not all such photoproducts are red-shifted;
the formation of a blue-shifted Lumi-B, primary photoproduct
in the forward photoconversion of DXCF CBCR TIr0924°
thus seems exceptional. However, TIr0924 is the only DXCF
CBCR to have been examined on this time scale, so it is
possible that this seemingly exceptional behavior will prove
common among members of this particular subfamily.

Lumi-R; Evolution. In NpR6012g4 and NpF2164¢6, the
Lumi-R¢ photoproduct is stable on an ultrafast time scale with
no apparent decay (Table 3). The other class II protein,
NpRS5113g2, exhibits slow decay of Lumi-R; without detectable
formation of the Meta-R, intermediate observed in class III
proteins (see below). Such behavior could arise from the decay
of Lumi-R; back into the initial '*“P, ground state, implying
nonunity yield of stable photoproduct 15EPg from Lumi-Rg
Alternately, it could arise from formation of a productive Meta-
R, species that is red-shifted relative to the Meta-R, species seen
in class III proteins with a positive absorption that overlaps the
negative GSB band. Our TA data do not allow us to distinguish
between these hypotheses, and such a Meta-R; species has not
yet been resolved in either our work or slower flash photolysis
studies of AnPix].>° We have therefore modeled Lumi-R; decay
in NpRS113g2 to result in the regeneration of 'S“P,.
Examination of NpR5113g2 and other red/green CBCRs
using time-resolved vibrational techniques will aid in unraveling
Lumi-R¢ evolution in this protein.

Unlike class II proteins, class III proteins exhibit detectable
formation of Meta-R, on an ultrafast time scale. This blue-
shifted intermediate has not been reported in the forward
dynamics of phytochromes,*® demonstrating that forward
photoconversion of red/far-red phytochromes and red/green
CBCRs diverge well before final photoproduct formation.
Meta-R, is spectrally similar to the R24, intermediate observed
in the forward dynamics of AnPixJg2 by Fukushima et al,
although this species formed on a much slower time scale (>50
ns).30 To gain more information about subsequent events in

1038

red/green CBCRs, we also compared transient spectra at 1 ms
to Lumi-R; and Meta-R, SADS (Figure 9). As expected given
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Figure 9. Comparison of the "*¥P —1%?p_ difference spectrum, the 1
ms difference spectrum, and the Lumi-R; and Meta-R; spectra (blue,
black, red, and orange curves, respectively) for (A) NpF2164gS, (B)
NpRS113g2, and (C) NpF2854g3. The 15EPg—ISZPr difference spectra
are constructed from their respective ground-state spectra normalized
at the 280 nm peak. Photoinactive NpF2164¢S (A) has only the 1 ms
difference spectrum shown here due to its lack of 15EPg generation.
The 1 ms difference spectra are smoothed for clarity.

the lack of Lumi-R; formation in NpF2164gS, the 1 ms
transient spectrum for this protein shows no change relative to
the ground state (Figure 9A). In NpRS113g2, Lumi-R;
absorption persists even at 1 ms, demonstrating that Meta-R,
formation in this protein is extremely slow. Contrastingly, the 1
ms spectrum in NpF2854¢g3 reveals further blue-shifting of the
photoproduct peak without final formation of the stable 15EPg
photoproduct (Figure 9C). Although a detailed analysis of
longer time points is necessary, it is thus clear that kinetic
differences on the ultrafast time scale can persist at later stages
of photoconversion.

Protein—Chromophore Interactions and Ultrafast
Photodynamics. Our study provides a unique opportunity
to compare ground-state and ultrafast properties for a group of
proteins with largely conserved protein—chromophore inter-
actions (Figure S13 in the SI). There is an overall correlation
between photochemical quantum yield and rapid excited-state
decay (Figure 10A). This trend is not surprising as similar
behavior has been reported in other photoreceptor sys-
tems. 13751525458 Interestingly, ®,nire is also roughly
correlated with the decay constant for "°'P* (Figure 10B).
This could indicate that the initial evolution of the excited
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Figure 10. Correlation plots for red/green CBCRs. (A) Correlation between @, r¢ and the slowest excited-state decay constant. (B) Correlation
between @y ps and the time constant for relaxation of H°'P,*. (C) Correlation between the peak wavelength for 1P, ground-state absorption and
the slowest excited-state decay constant. (D) Correlation between peak wavelength and @i re- (E) Lack of correlation between dark reversion rate

(red/green) and @, pe (F) Correlation between dark reversion rate and

estimated time constant for Meta-R, formation.

wavepacket determines @y, ; ps however, the correlation is not
very tight, so it seems unlikely that the observed differences in
D\ mirs values for proteins in this study arise due to excited-
state bifurcation rather than ground-state heterogeneity. There
is also a rough correlation between the excited-state lifetime,
@ ips and 7P, peak wavelength (Figure 10C and D).
CBCRs with red-shifted peak wavelengths exhibit faster excited-
state decay and higher @ r¢ values. A similar phenomenon
has been reported in Cphl, in which a blue-shifted P,
subpopulation exhibits slower excited-state dynamics, higher
intrinsic fluorescence, and lower photochemical quantum
yield.”*® However, the lower quantum yield but red-shifted
P, of Cphl relative to red/green CBCRs demonstrates that
these are two examples of similar phenomena rather than a
single trend. Taken together, these observations indicate that
very modest changes in chromophore positioning within the
pocket have significant effects on photoconversion efficiency.
The CBCRs in this study also exhibit great variation in the
rate of dark reversion. That the variation does not correlate
with @, re (Figure 10E) is unsurprising given that dark
reversion is a property of the ISEPg photoproduct state and
Dy mire is a property of P.* in red/green CBCRs. However,
there is an apparent correlation between the rate of dark
reversion and the time constant for Meta-R, formation in cases
in which Meta-R,, formation is resolved (Figure 10F). Both of
these processes proceed in the absence of light and are
apparently dictated by protein—chromophore interactions, so
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this rough correlation may indicate that protein motions
favoring dark reversion (ie., spontaneous reverse conversion)
disfavor secondary dynamics of forward photoconversion.
However, CBCRs in which Meta-R, formation was not resolved
include NpF2164g6 and NpR6012g4.

We are currently not able to identify specific protein—
chromophore interactions that are responsible for the observed
variation in ultrafast photodynamics of the proteins in this
study. Class I CBCR NpF2164gS has several substitutions at
conserved positions, but introducing similar substitutions into
NpR6012g4 did not ablate photoconversion. Similarly,
NpRS5113g2 has a Phe residue in place of the conserved Tyr
on the first § strand of the CBCR GAF domain. Substitutions
for this Tyr produce profound effects on Cphl, but similar
substitutions have little effect on NpR6012g4.39’59’60 Moreover,
the same substitution of Phe for Tyr is also found in
NpR4776g3, demonstrating that there is no apparent
correlation between the presence of this residue and a range
of ultrafast properties, including the decay kinetics for P.* and
the stability of Lumi-R; (Tables 2 and 3). Interestingly,
NpR5113g2 and NpR1597g4 lack a Trp residue that is
conserved in red/green CBCRs.”” Both of these proteins
have @ p values that are relatively low compared to those of
other proteins in this study (Table 1). It is thus possible that
this Trp residue can aid in positioning the chromophore for
more eflicient photoconversion, consistent with the formation
of blue-shifted 15Z side populations in NpR6012g4 variants
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that have aliphatic amino acids in place of this residue.*
Similarly, NpAF142g2 and NpF2854g3 have a small insertion
in the second f strand of the GAF domain and also have
Dy i values that are relatively high compared to those of
other proteins in this study (Table 1). A conserved Phe residue
on ff2 contacts the chromophore in the AnPix] crystal structure
and is critical for photoproduct tuning in both NpR6012g4 and
NpR5113g2.>° The insertion found in NpF2854g3 and
NpAF142g2 may change the steric packing in this region in
the 'S“P, dark state, resulting in a less crowded chromophore
environment that faciliates a more rapid evolution. A more
flexible chromophore binding pocket in such proteins may also
explain why these proteins are two of the four class III CBCRs
in this study, because the extra flexibility of the dark-state
pocket may also facilitate rapid Meta-R, formation.

Despite these detail differences, our study allows several
conclusions to be drawn about forward photoconversion in
red/green CBCRs. Almost all such proteins exhibit the
formation of Lumi-R; photoproducts with very similar spectral
properties, albeit with varying @, ;s values. Lumi-R¢
subsequently evolves to give rise to Meta-R, although the
rate of this process varies considerably. Subsequent evolution of
Meta-R, has not been addressed in this study, but the 1 ms
transient spectrum of NpF2854¢3 (Figure 9C) and flash
photolysis studies of AnPixJ*° are consistent with direct
conversion of Meta-R; to '**P, on a millisecond time scale.
Red/green CBCRs thus seem to have a conserved mechanism
for forward photoconversion with two intermediates. It will be
interesting to see whether this mechanism is also found in the
NpR3784 family of red/green BCRs, which have a similar red/
green photocycle due to distinct protein—chromophore
interactions,’ and whether similar conservation is found in
reverse photoconversion for the proteins in this study.
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