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ABSTRACT: Phytochromes are well-known red/far-red
photosensory proteins that utilize the photoisomerization of
a linear tetrapyrrole (bilin) chromophore to detect the ratio
of red to far-red light. Cyanobacteriochromes (CBCRs) are
related photosensory proteins with a bilin-binding GAF domain,
but much more diverse spectral sensitivity, with five recog-
nized subfamilies of CBCRs described to date. The mech-
anisms that underlie this spectral diversity have not yet been fully
elucidated. One of the main CBCR subfamilies photoconverts
between a red-absorbing ground state, like the familiar Pr state of phytochromes, and a green-absorbing photoproduct (Pg).
Here, we examine the ultrafast forward photodynamics of the red/green CBCR NpR6012g4 from the NpR6012 locus of the
nitrogen-fixing cyanobacterium Nostoc punctiforme. Using transient absorption spectroscopy with broadband detection and
multicomponent global analysis, we observed multiphasic excited-state dynamics that induces the forward reaction (red-
absorbing to green-absorbing), which we interpret as arising from ground-state heterogeneity. Excited-state decays with lifetimes
of 55 and 345 ps generate the primary photoproduct (Lumi-R), and the fastest decay (5 ps) did not produce Lumi-R. Although
the photoinduced kinetics of Npr6012g4 is comparable with that of the Cph1 phytochrome isolated from Synechocystis
cyanobacteria, NpR6012g4 exhibits a ≥2−3-fold higher photochemical quantum yield. Understanding the structural basis
of this enhanced quantum yield may prove to be useful in increasing the photochemical efficiency of other bilin-based
photosensors.

Photosensory proteins play important roles in the photo-
biology of both photosynthetic and nonphotosynthetic

organisms.1−5 They can also serve as powerful tools in
fluorescent probe development and in the emerging field of
optogenetics.6−11 The red light-sensing phytochromes, critical
regulators of photomorphogenesis in higher plants, hold
considerable promise for biomedical research because of the
greater tissue penetration of red or near-infrared light into
mammalian tissue.7 Phytochromes utilize linear tetrapyrrole
(bilin) chromophores (Figure 1A) to reversibly photoconvert
between red-absorbing Pr and far red-absorbing Pfr states, with
primary photochemistry generally thought to occur at the 15,16
double bond.12−14 The bilin chromophore is bound within a
conserved pocket on a GAF (cGMP phosphodiesterase/
adenylyl cyclase/FhlA) domain that is part of a conserved
photochemical core module consisting of PAS, GAF, and PHY
domains.1,15−20

Recently, a new family of cyanobacterial phytochrome
relatives was discovered; these cyanobacteriochromes
(CBCRs) require only the GAF domain itself to assemble
with the chromophore and undergo photoswitching activity.
CBCRs utilize phycocyanobilin (PCB) as their chromophore
and exist in several subfamilies with considerable variation in
their spectral photosensory activity.9,21−33 One of the main

subfamilies, the red/green CBCRs, exhibits a red-absorbing 15Z
ground state (15ZPr) and photoconverts to a green-absorbing
15E photoproduct (15EPg), which can thermally revert to Pr over
time (Figure 1A).9,26,28,30

The first red/green CBCR to be described was GAF2 of the
protein encoded by the locus all1069 from Nostoc sp. PCC7120
(AnPixJg2), characterized by Ikeuchi and colleagues.26 AnPixJ
possesses two other bilin-binding GAF domains (i.e., GAF3 and
GAF4), neither of which exhibits photoactivity despite the high
level of sequence identity of each to AnPixJg2 (Figure S1 of the
Supporting Information). Prediction of photobiological func-
tion is therefore challenging for these proteins, because there is
no obvious difference between an active photosensor and an
inert bilin-binding protein at the level of amino acid sequence.
This poses a challenge for attempts to infer function or to use
such proteins in engineering efforts. Indeed, the number of
CBCR sequences found in genome sequencing projects greatly
exceeds the number whose behavior has been experimentally
verified. Examination of the detailed photochemical behavior of
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red/green CBCRs is thus an important step in elucidating the
differences between active and inactive examples. While the
nanosecond-transient fluorescence photodynamics of AnPixJ has
recently been described,30 the femtosecond characterization of the
primary photodynamics of red/green CBCRs has not yet been
reported. Such rapid kinetic measurements can be combined with
broadband detection and global data analysis34,35 to provide a
useful probe of the excited-state behavior of photo-
proteins.36−43 This information should prove to be useful in
elucidating the differences between active and inert red/green
CBCRs and in understanding the mechanisms that generate
the diverse photocycles of CBCRs compared to canonical
phytochromes.
The cyanobacterium Nostoc punctiforme ATCC 29133, which

is closely related to Nostoc sp. PCC7120, possesses an appar-
ent ortholog to AnPixJ, NpR6012 (NpPixJ in ref 26), that
encodes a protein with four GAF domains and a methyl chemo-
taxis output domain (Figure 1B). However, unlike the fourth
domain of ANPixJ, the fourth bilin-binding GAF domain of
NpR6012 (Figure S1 of the Supporting Information),
NpR6012g4, exhibits a robust red/green photocycle. Our
study probes the femtosecond photodynamics of the forward
photoconversion (15ZPr to

15EPg) using broadband detection in
the visible range of the spectrum and global analysis.
NpR6012g4 exhibits multiexponential excited-state time scales,
reflecting ground-state heterogeneity, two of which decay to a
Lumi-R photoproduct similar to that of AnPixJ.26,30 Compared
to red/far-red phytochromes,36,38,44 NpR6012g4 exhibits an
unusually high quantum yield of approximately 32%. This work
thus provides new insight into the ultrafast photo-
chemical behavior of red/green CBCRs that contrasts with
the analogous conversion in traditional red/far-red switching
phytochromes.

■ MATERIALS AND METHODS

Purification and Characterization of NpR6012g4.
Multiple-sequence alignment of GAF domains of NpR6012
(NpPixJ) and AnPixJ was performed using MUSCLE.45 A DNA
region encoding NpR6012g4 (amino acids 585−760 of the
NpR6012 locus) was amplified by polymerase chain reaction
from N. punctiforme genomic DNA (gift of E. L. Campbell and
J. C. Meeks, University of California, Davis, CA) using appro-
priate primers, followed by cloning into the unique NcoI and
SmaI sites of pBAD-Cph1-CBD.46 Coexpression with PCB bio-
synthetic machinery in Escherichia coli followed a published
procedure,47 and purification of GAF domains as intein−chitin
binding domain (intein−CBD) fusions followed the procedure
employed for Synechocystis Cph1.46 After lysis, ultracentrifuga-
tion, and binding to chitin resin (NEB) 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, and 10% (v/v) glycerol] overnight prior to being
frozen in liquid nitrogen and stored at −80 °C. Absorbance
spectra were recorded at 25 °C on a Cary 50 instrument
modified to allow top-down illumination of the sample to
initiate photochemistry, and denaturation assays were
performed using 6 M guanidinium chloride, 100 mM citric
acid (pH 2.2).32,48 Circular dichroism (CD) spectra were
recorded at 25 °C on an Applied Photophysics Chirascan
instrument using a 2 nm bandwidth and are reported as
baseline-corrected single scans without smoothing. Photo-
chemical difference spectra are reported as 15Z (dark) minus
15E (red irradiated).32

Figure 1. Proposed photostates of the red/green CBCR NpR6012g4. (A) As a working model, we follow a recent report30 that suggested that the
phycocyanobilin chromophore is protonated in the red-absorbing 15ZPr state (left) but deprotonated in the green-absorbing 15EPg state (right;
protonated B-ring tautomer shown). (B) The context of the NpR6012 locus within the Nostoc punctiforme chromosome is shown; neighboring open
reading frames encode other components of two-component taxis systems. The domain structure of the NpR6012 protein is shown. The most N-
terminal GAF domain (GAF1) lacks a conserved Cys residue required for bilin binding, while GAF2 and GAF3 are also putative red/green CBCRs.
Complete dark reversion of Pg to Pr takes >20 hours.
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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 mJ pulses of 800 nm fundamental
output with a 40 fs (full width at half-maximum) duration.49

The 800 nm fundamental pulse train from the amplifier was
split into multiple paths. One path generated the dispersed
white-light probe continuum (440−750 nm) by focusing the
laser pulses into a slowly translating CaF2 crystal. A second path
was used to generate the tunable visible pulse from a home-
built noncollinear optical parametric amplifier (NOPA) as an
excitation/pump source, which was tuned to be resonant with
the visible absorption spectrum for the transient absorption
measurements (Figure 2A). The pump beam was chopped at

500 Hz to generate difference spectra with respect to the non-
pumped ground-state spectrum. The probe beam was optically
delayed with respect to the pump pulse by a computer-controlled
linear-motor stage (Newport IMS 6001), which allowed a temporal
separation of up to 7 ns. Pump pulses were linearly polarized at
54.7° (magic angle) with respect to probe pulses. Pump pulse spot
diameters of 250−360 μm and the broadband probe pulses were
focused to ∼50 μm as estimated using a micrometer stage and
razor blade. The appreciably greater pump pulse volume minimizes
artifactual contributions to the signals because of varying spatial
overlap between pump and probe beams and was confirmed by

monitoring the 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 100 fs using the rise time of the excited-state absorption
bands. The sample was flowed continuously (∼30 mL/min) in
a closed circuit to ensure fresh sample for each excitation pulse.
Before protein entered the cuvette, it was continuously illumi-
nated with ∼2 mW of green LED light (Epitex Inc., model
L525-66-60) through a quartz window to keep the sample in
the Pr state during the ultrafast experiment. The path length of
the quartz cuvette was 2 mm, and the optical density at the red
absorbance band was 0.3−0.4 at that path length. All experi-
ments were conducted at room temperature (20 °C).

■ RESULTS
NpR6012g4 Is a Red/Green CBCR. NpR6012g4 was

cloned into an intein−CBD expression system and expressed in
E. coli engineered to produce PCB. The purified protein pos-
sesses a covalently bound bilin and exhibited robust red/green
photoconversion with essentially 100% switching efficiency be-
tween Pr and Pg populations (Figure 2A). Denaturation analysis
confirmed the presence of a covalent PCB adduct (Figure 2B),
similar to that observed for AnPixJ.26 Examination of the
NpR6012g4 photocycle by circular dichroism (CD) spectros-
copy demonstrated that the long-wavelength transitions of both
the red-absorbing Pr and green-absorbing Pg states exhibited
negative CD (Figure 2C). This is similar to the behavior of
dual-Cys CBCRs and to bacteriophytochromes with biliverdin
chromophores, but differs from that of cyanobacterial and plant
phytochromes that use PCB or phytochromobilin chromo-
phores.27,32,46,50 These results demonstrate that NpR6012g4 is
a functional red/green CBCR and an excellent candidate for
examination of the red/green photocycle by ultrafast spectro-
scopic techniques.
The transient absorption difference spectra at select delay

times are contrasted in Figure 3, and four overlapping

contributions can be discerned: (1) a negative bleach signal
that originates from the loss of ground-state absorption (GSA)
and matches the inverted absorption spectrum, (2) a negative
stimulated emission (SE) signal that originates from the photo-
induced radiative decay of the excited state, peaking at approxi-
mately 660 nm, (3) broad positive excited-state absorption
(ESA) bands from S1 → Sn transitions, and (4) a positive Lumi-R
photoproduct band at later times, peaking at approximately
680 nm. The SE and ESA bands are only observed when the
PCB chromophore is in the excited state (Pr*). These are

Figure 2. Optical properties of NpR6012g4. (A) Absorption spectra
are shown for NpR6012g4 in the 15ZPr (red) and

15EPg (green) states.
The laser spectrum of the 630 nm pump pulse is colored red. In the
inset, the total protein (left) and covalently bound bilin (right) are
shown for purified NpR6012g4. (B) Normalized photochemical
difference spectra are shown for native NpR6012g4 (blue) and
NpR6012g4 denatured in acidic guanidinium chloride (red). Peak
wavelengths of 677 and 580 nm are consistent with a covalent
PCB adduct as observed for AnPixJ.26 (C) Circular dichroism
spectra are shown for NpR6012g4 in the 15ZPr (red) and 15EPg
(green) states.

Figure 3. Transient difference spectra for the 15ZPr → 15ELumi-R
forward reaction at selected probe times (specified in the inset)
overlaid with the inverted ground-state absorption spectra of the 15ZPr
state (GSA, dashed line).
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well-separated from the bleach and Lumi-R bands. Hence, at
any probe time, residual Pr* can be confirmed by the observa-
tion of these bands. The 1 ps transient spectrum (Figure 3,
solid black line) exhibits a strong negative band centered at
670 nm and a broad positive ESA band from 440 to 625 nm.
A depression in the ESA at 590 nm corresponds to the vibronic
band of the Pr GSA previously observed in Synechocystis
Cph1.51 The strong negative band at 670 nm at early times
(<100 ps) that is red-shifted with respect to the GSA (dashed
line) corresponds to the overlapping SE, which extends to the
red (>740 nm). The blue side of the bleach (<650 nm) is
dominated by the strongly overlapping ESA at early times,
which results in no discernible negative bleach signal. At later
times, the GSA bleach is partially offset by Lumi-R absorbance
at 680 nm.
As the spectrum evolves over time, the excited-state markers

(ESA and SE bands) decay and the appearance of the primary
ground-state photoproduct (Lumi-R absorption at 680 nm) is
observed. This evolution is completed within 1 ns, and Lumi-R
persists beyond the 7 ns delay time range of the experiment.
The evolution of the Pr* population into Lumi-R is more readily
visualized in kinetic traces at individual wavelengths (Figure 4).

The ESA (Figure 4A) and SE (Figure 4D) signatures of Pr*
decay with identical kinetics with multiple time scales. The for-
mation of Lumi-R can be resolved at 680 nm (Figure 4C) as
the SE undergoes a transition to the Lumi-R photoproduct
absorption. To understand and characterize the observed multi-
phasic relaxation kinetics, we developed a target model (solid

red lines) to fit the data to a set of microscopic population-to-
population kinetics.

Global Analysis. In lieu of analyzing individual kinetic
traces, we analyzed the multiwavelength dynamics within the
global analysis formalism.34,35 This approach fits the data to
an underlying postulated multipopulation “target” model and
estimates the concentration profiles and species-associated dif-
ference spectra (SADS) of the constituent populations. This is
accomplished by fitting the data with numerical solutions of
linear first-order differential equations describing a postulated
model (eq 1):

∑= +
n
t

A I t K n
d
d

( )i
i

j
ij j

(1)

where ni represents the microscopic population of interest,
AiI(t) is the pump pulse width over time, and Kij is the rate
constant matrix describing the exponential flow from one
population into another. If the underlying target model
accurately describes the dynamics, then the extracted spectra
for the populations are SADS and represent the true difference
spectra of the constituent populations. If inaccurate, the result-
ing spectra are evolutionarily associated difference spectra (EADS)
and are combinations of the underlying SADS, but such EADS
can still be used to interpret the data, although from a weak-
ened perspective.34,35 The integrated solutions to the linear
differential equations in eq 1 are an ensemble of single expo-
nentials, which is appropriate for first-order processes commonly
observed in primary femtosecond photochemical reactions.
In constructing the appropriate target model to interpret the

measured data, we first used a simpler approach, whereby a
sequential model of multiple states is used to fit the full data set
and estimate the underlying “apparent” (i.e., directly observed)
time scales in the data. The EADS from such an analysis are the
averaged spectral signatures of states with increasing lifetimes
(Figure 5A). Although this “sequential EADS” approach does
describe the data, it does not decompose these apparent time
scales into the microscopic rate constants describing one
microscopic population evolving from one state into another,
which requires a more sophisticated target model analysis. The
sequential EADS are nevertheless useful in extracting the
spectral evolution of the reaction and its apparent time scales,
as demonstrated below, and in construction and validation of
specific target models.
A four-compartment sequential model (Figure 5A) is suffi-

cient to describe the measured forward reaction data over the
entire spectral and temporal range. The estimated time con-
stants from the sequential EADS approach are 5, 54, and 360 ps
and a nondecaying (i.e., ∞) component and are similar to time
scales observed in previous ultrafast studies of Synechocystis
Cph1 (3, 14−30, and 134 ps time scales).38,40,43 The estimated
EADS of this four-component sequential model (Figure 5B)
share similar spectral characteristics with the raw transient
spectra (Figure 3), with the first three EADS (EADS1−EADS3)
exhibiting ESA and SE excited-state features. This indicates that a
Pr* population persists to longer times. In contrast to EADS1−
EADS3, the final spectrum (EADS4) is a clean difference spectrum
for the Lumi-R population, with no discernible Pr* contributions.
To confirm that these EADS are constructed from linear combina-
tions of Pr* and Lumi-R populations, we subtracted the Pr* con-
tribution from each EADS by normalizing each spectrum (EASD1−
EADS3) to the ESA band from 440 to 500 nm (Figure 5C).
Because both Lumi-R and bleach (estimated from the GSA,

Figure 4. Kinetic traces of the forward reaction at selected probe
wavelengths of (A) 470, (B) 596, (C) 680, and (D) 737 nm. The
kinetic traces are fitted with the target model (red line in Figure 6A).
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dashed line) bands negligibly contribute at these wavelengths,
this normalization scales each EADS to the same contribution
of Pr*. This assumes that the relative amplitude of ESA is
strictly correlated with Pr* (the spectrum does not demonstrate
appreciable spectral changes in time as demonstrated below).
Normalized EADS1 and EADS2 are spectrally nearly identical
(Figure 5C, black and red curves, respectively), indicating that
the during the 5 ps decay, no spectral change in the transient
absorption data occurs. Consequently, this phase of evolution
in the data does not generate a Lumi-R population in any
measurable amount and represents only the decay of part of the
excited-state Pr* population. In contrast, normalized EADS3
(Figure 5C, blue curve) differs from EADS1 and EADS2 with a
difference (dashed red curve) that perfectly overlaps with the
Lumi-R EADS (green curve). EADS3 can be decomposed
into a nearly perfect superposition of EADS2 (or EADS1) and
EADS4 (i.e., Lumi-R) (Figure 5D), indicating that Lumi-R
is formed only on the 54 and 360 ps time scales and not on the
5 ps time scale.
This decomposition demonstrates that only two time-

dependent populations (Pr* and Lumi-R) with fixed spectra
are needed in the target analysis to describe the measured
transient data. Furthermore, this validates the assumption that
the Pr* spectrum is unchanging and also established that only
three exponentials are required to fit the data, implying the
presence of at least three populations (i.e., compartments or
distinct states). These three populations could arise via ground-
state heterogeneity, bifurcation of the excited-state surface to
yield multiple Pr* populations, or both. Because of the observed
ground-state heterogeneity of the 15EPg “reverse” photodynamics
(manuscript in preparation, DOI: http://dx.doi.org/10.1021/
bi2017365), we favor the simple interpretation that the 15ZPr
ground state is also heterogeneous, although more complicated
models were also tested against the data (Figure S2 of the

Supporting Information). An inhomogeneous target model that
best explained the data consisted of three ground-state Pr
populations (GS1−GS3), with only GS2 and GS3 generating
the Lumi-R photoproduct (Figure 6A). The result-
ing Pr* SADS for each ground-state population are nearly
identical, and their respective amplitudes in the transient signals
result from variation of only the occupancy of each ground-
state population. This model fits the data well (Figure 4, solid
lines) and produces the SADS for the three excited-state
intermediates shown in Figure 6B, with the time constants
listed in Table 1. The estimated concentration profiles for
the underlying populations are shown in Figure 6C and are
color-coded to the other two panels. The final concen-
tration of the primary photoproduct, Lumi-R (Figure 6C,
green line), shows that the Φ of the primary photoreaction
is 32%.
In final target model, the first excited-state intermediate 1

(ESI1) is photogenerated from GS1 and exhibits a fast 5 ps
decay back to GSI without forming any Lumi-R. In contrast,
ESI2 and ESI3 are simultaneously photogenerated from GS2
and GS3, respectively, and do generate Lumi-R. The non-
productive population from each ESI is assumed to decay back
into the respective ground-state population (although this
cannot be confirmed from the data alone). The amplitude and
spectral shape of the three ESI SADS are nearly identical
(Figure 6B), with clear excited-state ESA and SE contributions,
despite no attempt to constrain such a result during the fitting
procedure. Interestingly, the ESI SADS have slightly different
amplitudes at approximately 600 nm, which suggests either that
there is some structural deformation in the excited state (with a
homogeneous ground state) or that each ground state has a
slightly different Pr* spectrum in this spectral region (with an
inhomogeneous ground state). Small structural rearrangements
are expected as the protein readjusts to the excited-state bilin

Figure 5. Spectral analysis based on a four-component sequential model. (A) Schematic of the sequential model with associated time constants for
each state. (B) EADS overlaid with Pr-inverted GSA (dashed line). Colors are from panel A. (C) EADS1, -2, and -3 (black, red, and blue,
respectively) normalized at the ESA band (420−500 nm). Subtraction of the normalized EADS1 from EADS2 (cyan) and EADS2 from EADS3
(magenta) demonstrates spectral evolution that is independent of excited-state decay. The Lumi-R spectrum (green) is overlaid for comparison and
overlaps with the normalized EADS3 minus EADS2 difference spectrum. (D) Decomposition of the EADS3 spectrum as a linear combination of
EADS2 and EADS4.
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chromophore,36 but it is also possible that ground-state in-
homogeneity can be manifested in either varying kinetics or
varying spectral features.

■ DISCUSSION

The high level of expression, good stability, and excellent
switching efficiency of NpR6012g4 allowed us to undertake the
first femtosecond characterization of any red/green CBCR,
providing an interesting comparison to comparable studies on
red/far-red phytochromes. This work also complements the

characterization of the nanosecond-transient fluorescence of
the red/green CBCR AnPixJ26,30 by elucidating the primary
photodynamics of the forward reaction (15ZPr to

15EPg). The
complementary study of the primary photodynamics of the
reverse (15EPg to

15ZPr) reaction of NpR6012g4 will be presented
elsewhere.

Comparison of Red/Green and Red/Far-Red Photo-
receptors. Red/green CBCRs such as AnPixJ, slr1393g2, and
NpR6012g4 exhibit similarities to Cph1 and other red/far-red
phytochromes, such as the similar 15ZPr ground state9,26,52−56

and absorption spectra (Figure S4 of the Supporting Information).
Of course, formation of a green-absorbing metastable state (Pg)
rather than a far-red-absorbing state (Pfr) is an obvious differ-
ence. Moreover, if the lack of inversion of CD upon photo-
conversion in NpR6012g4 is representative, it means that the
red/green CBCR photocycle is likely to produce the α-facial
photoproduct observed with bacteriophytochromes utilizing
biliverdin as a chromophore rather than the β-facial product
observed with Cph1.46

In addition to similar 15ZPr ground states (Figure 7A), red/
green CBCRs and red/far-red phytochromes give rise to very
similar primary Lumi-R photoproducts (Figure 7B). The red-
shifted Lumi-R formed in NpR6012g4 after excitation of the Pr
state absorbs at 680 nm (Figure 3) and persists beyond the 7 ns
range of the experiment. The SADS of both Lumi-G1 and
Lumi-G2 exhibit photoproduct absorptions with magnitudes
that are comparable to those of the respective bleaches.39,40,57,58

Fukashima et al. recently explored the nanosecond to
millisecond transient dynamics of AnPixJ and observed a
similar appearance of a 680 nm Lumi-R absorption band before
the 100 ns resolution of their experiment;30 this species has
largely decayed by 1 μs to form a subsequent intermediate.
Red/far-red phytochrome systems such as Cph1 show a similar
evolution of Lumi-R into a subsequent intermediate on a
microsecond time scale.59−63

Spectrally, the ground-state absorptions of NpR6012g4 and
Cph1 are nearly identical, with overlapping Soret bands and a
minor ∼10 nm red shift (∼210 cm−1) of the Cph1 red peak
relative to that of NpR6012g4 (Figure 7A). Moreover, both
NpR6012g4 and Synechocystis Cph1 also exhibit very similar
observed kinetics for the decay of the respective Pr* excited-
state populations (Figure 7C), although a wide range of
multiphase decay kinetics has been reported for Lumi-R formation
in red/far-red phytochromes. Holzwarth and co-workers found
multiphasic decay of the excited state in the forward reaction for
oat phytochrome A, arguing that only the 28 ps decay component
generated Lumi-R.39 Diller and co-workers analyzed Lumi-R
formation in Cph1 as a distribution of rates, implying a hetero-
geneous Pr population.

40 In contrast, Mathies and co-workers used

Figure 6. Global analysis of the forward reaction with three ground-
state populations. (A) The target model has three Pr ground states,
with occupancy levels indicated in parentheses. ESI1 does not
generate Lumi-R. Time constants for each pathway are indicated, and
the detailed photocycle yield is described in Table 1. (B) SADS based on
the target model in panel A. (C) Concentration profile of each spectral
species over time. The overall quantum yield of Lumi-R is 32%.

Table 1. Model Parameters from Target Analysisa

population initial occupancy (%) τeffective τ partitioning Lumi-R yield (%)

ESI1 44 5 ps 5 ps (GS1) 1.0 GS1 0
ESI2 33 55 ps 204 ps (GS2) 0.27 GS2 24

75 ps (Lumi-R) 0.73 Lumi-R
ESI3 23 334 ps 492 ps (GS3) 0.63 GS3 7.6

1 ns (Lumi-R) 0.33 Lumi-R
Lumi-R 0 ∞ ∞ N/Ab N/Ab

aInitial occupancy is assumed to be equivalent to the relative levels of the three postulated ground states in the target model. Microscopic rate
constants can be derived as the reciprocal of the relaxation time τ (with units of ps−1). Partition factors are calculated from the relative decay times
for ground-state regeneration and Lumi-R formation and reported as fractions. The total Lumi-R yield for each population is the product of the
percentage of that population and the Lumi-R partition fraction for that population. bNot available.
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femtosecond stimulated Raman spectroscopy to measure 3 and 30
ps time constants for the formation of Lumi-R in Cph1,38 but
argued for a homogeneous mechanism to describe the
nonexponential kinetics in their data.
The similarities in the static absorption spectra and transient

excited-state decay kinetics in Cph1 and NpR6012g4 suggest
the two proteins generate Lumi-R in a similar manner; how-
ever, this is incorrect. The 3 ps rapid decay component in Cph1
generates some Lumi-R,37,38,43 which is quite different from the
fast 5 ps time scale in NpR6012g4, in which no Lumi-R is
generated (Figure 6A); only the two slower kinetic decay com-
ponents with time constants of 75 ps and 1 ns generate Lumi-R
(and very efficiently). Hence, NpR6012g4 is more similar to
phytochromes RpBphP2 and RpBphP3 from Rhodopseudomonas
palustris.36 For RpBphP2, two fast excited-state kinetic
components at 0.3 and 4.1 ps were attributed to deformation
of the excited state, and Lumi-R formed only slowly with 220 ps
and 1.9 ns time constants. RpBphP3, which is highly fluorescent
and has an anomalous photocycle,64 exhibits even slower
formation of Lumi-R. It is thus possible that a correlation exists
between slower Lumi-R formation and conservation of CD
during the photocycle, perhaps indicating the presence of distinct
classes of excited-state dynamics within the phytochrome

superfamily.32 This hypothesis will be tested as more ultrafast
transient spectroscopic studies of CBCRs are completed.

Photoconversion of NpR6012g4. The ultrafast isomer-
ization reactions of photoactive proteins such as rhodopsin and
photoactive yellow protein (PYP) have been attributed to
conical intersections in which the excited-state population is
rapidly de-excited to the electronic ground state.65,66 Direct
evidence of the existence of such conical intersections in protein
systems was first obtained only recently by using ultrafast near-IR
probing to observe wavepacket dynamics.67 For phytochromes,
even theoretical evidence of conical intersections is lacking, partly
because of the difficulties in conducting correlated excited-state
calculations for systems as large as bilin chromophores. However,
global analysis of the forward reaction of NpR6012g4 suggests
the existence of a conical intersection. All transient spectra are
composites of only Pr* and Lumi-R spectra (Figure 5D), without
any structurally deformed metastable excited-state features. The
absence of such features suggests that structurally deformed
excited-state species exist only briefly on the excited-state potential
energy surface. Hence, there is no current evidence of an excited-
state photoproduct population in NpR6012g4, as has been
proposed for Cph1.38

Figure 8 combines these aspects into simple two-dimensional
PES diagrams of the productive reactions of NpR6012g4 (GS2

and GS3). We envision a conical intersection to explain the
absence of excited-state photoproduct and an excited-state po-
tential energy barrier to explain the slow isomerization relative
to rhodopsin or PYP.68,69 The multiple decay constants asso-
ciated with Lumi-R formation are interpreted as different barrier
heights on the excited-state surface for each Pr subpopulation.
Such a barrier height could be modulated by protein envi-
ronment such as hydrogen bonds and π-interactions;36,70 thus,
ground-state heterogeneity could give rise to populations with
distinct excited-state barrier heights due to subtle structural
heterogeneity giving rise to different protein−chromophore
interactions. A more detailed mechanistic understanding of
this photoreaction will benefit from structural data, time-
resolved vibrational spectroscopy, and pump−dump−probe
techniques, which are beyond the scope of these studies.

Figure 7. Comparison between NpR6012g4 and Cph1. (A)
Comparison of the Pr ground-state absorption spectra. (B) Excited-
state transient spectra and primary Lumi-R photoproduct SADS were
normalized on the basis of the ESA band at ∼500 nm. The good
overlap on the bleach region validates the ESA band for normalization.
The Lumi-R peak for Cph1 is scaled 5-fold to match the equivalent
peak for NpR6012g4, indicating a greater quantum yield and/or
Lumi-R extinction coefficient in NpR6012g4. (C) Kinetic traces of the
ESA band (500 nm) for both proteins normalized by the maximum
value and fitted with the global sequential model (solid line).

Figure 8. Potential energy surface diagram of NpR6012g4 initial
forward photoreaction dynamics with respective time constants for the
reaction. Only the ground states leading to Lumi-R are shown [GS2/
ESI2 and GS3/ESI3 (Figure 6A)]. Time constants colored red
describe the evolution of the faster ESI2 component. When the Pr
ground state is excited to the first singlet excited state S1, there is
vibrational relaxation of the exited state to a local minimum, followed
by partitioning over the excited-state barrier and rapid de-excitation to
the fully isomerized Lumi-R ground state.
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Quantum Yield for the Forward Photocycle. A general
correlation exists between excited-state lifetime and photocycle
yields in photoreceptors, with systems that exhibit faster
quenching kinetics also exhibiting an increased quantum yield
(Φ). For example, rhodopsin has an ∼200 fs decay time with a
Φ of ≈70%,69 while PYP has a slower ∼2 ps quenching with a
Φ of ≈30%68 and Cph1 has an average 10 ps quenching with a
Φ of ≈10−15%.40 There are exceptions to this trend as well:
El-Sayed and co-workers showed for bacteriorhodopsin that a
20-fold variation in reaction rate did not affect quantum yield,62

and the reverse reaction of Cph1 has an estimated Φ (∼16%)
comparable to that of the forward dynamics despite much faster
excited-state decay.63,64 However, a general correlation is
observed in most studies. On the basis of this correlation, the
similar kinetics for forward photoconversion of Cph1 and
Npr6012g4 (Figure 7C) would imply comparable Φ values for
the two proteins. Strikingly, however, the NpR6012g4 forward
reaction exhibited a significantly higher Φ, estimated to be ∼32%
in global analysis (Figure 6C). This measurement is not
quantitative with the PP signals alone and has an innate
uncertainty associated with it because the amplitude of the final
Lumi-R spectra in the data is the product of the final population of
Lumi-R (Φ) and its extinction (molar absorptivity). Hence, to fit
the final Lumi-R signal amplitude, the scaling of one parameter
requires the inverse scaling of the other parameter.34

Quantifying absolute Φ is difficult and requires precise mea-
surement of both the number of chromophores initially excited
at early times and the number of chromophores converted to
the photoproduct at late times. This can be derived from tran-
sient absorbance data if there is a clean bleach region in the
spectrum, undisturbed by overlapping ESA, SE, or photo-
product absorptions, which is true in PYP.41,71,72 Unfortunately,
such a clean bleach does not exist in either the Pr* or Lumi-R
spectra of NpR6012g4 (Figure 3). Kennis and co-workers
recently estimated the Φ values for RpBphP2 and RpBphP3 to
be 13 and 6%, respectively, by comparing the initial and final
amplitudes of the vibronic bleach band at 635−640 nm36 with
a ground-state absorbance at longer wavelengths due to the
structural differences between biliverdin and PCB chromo-
phores.5,12 However, the equivalent region of the spectrum for
NpR6012g4 is strongly overlapped by the broad ESA band
(Figure 3) such that the initial excited-state signal has a positive
amplitude between those two bleach bands, thus making such
an analysis ill-suited here.
Despite this limitation, an approximate estimation of the Φ is

possible in NpR6012g4 by using Cph1 as a reference. Although
Cph1 and NpR6012g4 suffer from similar overlaps in the tran-
sient signals (Figure 7B), Cph1 has an independently measured
Φ of 10−15%38,44 and is similar to that of plant phyto-
chrome.73 We therefore normalized the transient spectral data
set (at all probe times, including the final photoproduct spectra
for NpR6012g4 and Cph1) to the initial amplitude of the ESA
band at ∼500 nm (Figure 7B). This scaling also normalizes the
bleach region for the two proteins as expected because of the
strong spectral and temporal similarities between the two pro-
teins. Strikingly, the magnitude of the final Lumi-R spectrum
(Figure 7B, green curve) after this normalization is 5-fold
greater in NpR6012g4 than in Cph1 (Figure 7B, blue curve). If
the two Lumi-R populations, with their nearly identical spectral
features, exhibit comparable extinction coefficients (and the
ESA and bleach bands), then Φ for NpR6012g4 must be 5-fold
greater than for Cph1. Alternately, if Φ is identical for the two

proteins, then the Lumi-R extinction coefficient would have to
be 5-fold higher.
For the 15ZPr ground state, Cph1 and NpR6012g4 have

comparable extinction coefficients with 85000 M−1 cm−1 for
Cph174 and 98000 M−1 cm−1 for NpR6012g4 based on our
denaturation data and published values for acid-denatured bilin
chromophores.75 Although the extinction coefficient of Lumi-R
is unknown, a difference as great as 5-fold seems highly
unlikely; similarly, a 5-fold enhancement of Φ relative to that of
Cph1 would imply a Φ of 50−75%, which seems very high for
such a slow relaxation process. Therefore, the quantum yield of
NpR6012g4’s forward reaction is likely to be somewhat greater
than that of Cph1, and the Lumi-R photoproduct is also likely
to have a greater extinction coefficient. The calculated quantum
yield of 32% from the target model is intended as a reasonable
compromise (Figure 6C). A more accurate estimate of the Lumi-R
quantum yield can be obtained with femtosecond pump−dump−
probe measurements that provide additional constraints for the
data analysis. Such an analysis supports a comparable estimate for
Φ of 40%.76 The forward reaction of red/green CBCRs thus has
dynamics similar to that of the equivalent reaction in red/far-red
phytochromes but exhibits a significantly higher quantum yield.
The observation of such a high quantum yield also implies
potential for improving Φ in red/far-red systems, which would
provide an informative contrast to successful attempts to increase
the nonproductive fluorescence quantum yield in such sys-
tems.7,27,29,36,70,77 Were the design principles for such super-
efficient phytochromes to prove to be general, one could envision
the use of such alleles in plants to trigger phytochrome-regulated
developmental control at lower excitation fluences. Moreover, our
observation of an inactive population in NpR6012g4 provides a
possible explanation for closely related but photoinactive
proteins:26 such proteins may simply partition most or all of the
total ground state into such inactive populations.

■ CONCLUDING COMMENTS

We present the first femtosecond study of the primary
dynamics underlying the forward switching (red to green) in
the new cyanobacteriochrome (CBCR) class of phytochrome
proteins. The NpR6012g4 GAF domain exhibits photoswitch-
ing capacity without requiring either PHY or PAS domains
commonly required in red/far red phytochromes. The spectral
absorption and transient kinetics after excitation of Pr
(including multiphasic excited-state kinetics) are remarkably
similar to those of the cyanobacterial Cph1 from Synechocystis.
To separate the apparent (observed) kinetics into microscopic
kinetics, the data are modeled within an inhomogeneous multi-
compartment (population) model. This model postulates each
decay time scale of Pr* is attributed to a separate ground-state Pr
population with different excited-state barriers (and hence excited-
state kinetics) for PCB isomerization and formation of Lumi-R. In
contrast to Cph1 and other red/far-red phytochromes, the fastest
phase (5 ps) does not form Lumi-R, the primary photoproduct, in
any appreciable amount. Although the excited-state time scales
are similar for Cph1 and NpR6012g4, the yield of Lumi-R is
2- or 3-fold larger, indicating that different mechanisms are at
play in the initiation dynamics of this red/green CBCR.
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