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ABSTRACT Phytochromes are red/far-red photoreceptors that are widely distributed in plants and prokaryotes. Ultrafast pho-
toisomerization of a double bond in a biliverdin cofactor or other linear tetrapyrrole drives their photoactivity, but their photody-
namics are only partially understood. Multiexponential dynamics were observed in previous ultrafast spectroscopic studies and
were attributed to heterogeneous populations of the pigment-protein complex. In this work, two-dimensional photon echo spec-
troscopy was applied to study dynamics of the bacteriophytochromes RpBphP2 and PaBphP. Two-dimensional photon echo
spectroscopy can simultaneously resolve inhomogeneity in ensembles and fast dynamics by correlating pump wavelength
with the emitted signal wavelength. The distribution of absorption and emission energies within the same state indicates an
ensemble of heterogeneous protein environments that are spectroscopically distinct. However, the lifetimes of the dynamics
are uniform across the ensemble, suggesting a homogeneous model involving sequential intermediates for the initial photody-

namics of isomerization.

INTRODUCTION

Phytochromes are red/far-red photoreceptors in plants,
fungi, and prokaryotes that regulate a wide variety of phys-
iological processes (1-3). For example, the homodimeric
bacteriophytochrome denoted RpBphP2 (P2) regulates the
expression of photosynthetic light-harvesting LH4 com-
plexes in Rhodopseudomonas palustris (4). The photochem-
istry of P2 is mediated by a Z-to-E isomerization of the
C,5=C;¢ double bond of its linear tetrapyrrole cofactor, bili-
verdin-IX« (BV) (5,6). Details of the isomerization are not
fully understood. Bacteriophytochromes interconvert be-
tween two spectrally distinct states, the P, state with a red
absorption peak at ~700 nm and the Py state with a far-
red absorption peak at ~750 nm (Fig. 1). In P2, the dark state
is P.. The first step in the light-dependent P, — Py, transfor-
mation takes place in tens to hundreds of picoseconds with
the formation of a Lumi-R intermediate state (6). The sub-
sequent Lumi-R — Py, transformation involves rearrange-
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ment of the protein matrix that can take up to hundreds of
milliseconds (7,8), which modifies the activity of a
covalently attached kinase effector domain and initiates
signaling to downstream components. Reverse photochem-
istry of P — P, in P2 and similar bacteriophytochromes
can occur thermally or by absorption of a second photon
of far-red light proceeding through a Lumi-F intermediate
(9). Because the P, — Py and P, — P, reactions each
require one photon and are completely separate, the Py, —
P, reaction need not be the reverse of the P, — Py, reaction.

Reaction dynamics of the P, — Lumi-R transformation
have been examined by various spectroscopic methods,
including pump-probe spectroscopies (10-15), femtosecond-
stimulated Raman spectroscopy (16), and picosecond time-
resolved fluorescence spectroscopy (5,17). Multiexponential
decays were commonly observed (10-15,18), with component
lifetimes spanning four orders of magnitude (0.1-0.7 ps,
2-6 ps, 20-70 ps, and 120—400 ps). In the literature, the mul-
tiple lifetimes have been explained by either a homogeneous
model involving sequential intermediates or a heterogeneous
model invoking functionally distinct pathways, but no
conclusion has been reached (15,19). Here, we clarify
this discrepancy by exploring bacteriophytochromes with
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FIGURE 1 The interconversion of biliverdin-IX« between the P, (15Za)

and Py, (15Ea) states. Amino acid labels are based on residue numbering of
Pa. To see this figure in color, go online.

two-dimensional electronic spectroscopy (2D-ES) and
comparing our data to these two models. The timescale of
the initial double bond isomerization was recently associated
with a 30 ps component in a cyanobacteriophytochrome
(Cph1A2)(20), significantly longer than that of isomerizations
in rhodopsin, bacteriorhodopsin, and photoactive yellow pro-
tein (0.2-3 ps) (21-23). Detailed analysis of the multiexpo-
nential decays is required to understand such slower
dynamics. The multiexponential decays are sometimes inter-
preted as a collection of separate populations relaxing through
parallel pathways of intermediates (15,19), but other studies
have proposed a homogeneous explanation in which a single
population relaxes through sequential intermediates (11,16).
It is experimentally difficult to determine the origin of multi-
exponential behavior because heterogeneous populations
cannot be resolved by conventional spectroscopies. Hence,
prior work has varied in the explanation for these dynamics.
For example in 2007, van Thor et al. (15) concluded that struc-
tural heterogeneity of the pigment-protein complex in Cphl
results in multiple populations relaxing through parallel path-
ways, but later revised the conclusion to include the possibility
of the homogeneous model for the same protein in 2009 (18).
Freer et al. (24) attributed spectroscopic differences to chem-
ical heterogeneity, or chemically distinct chromophores in
cyanobacteriophytochrome TIr0924. However, the same
research group later reported on dynamic heterogeneity in
Cphl that is dependent on the structure of the ground P, state,
which cannot be explained by chemical heterogeneity (19).
Unlike many ultrafast spectroscopies employed in prior
studies, 2D-ES resolves both the pump and probe axes and
is therefore able to directly test whether heterogeneity of tran-
sition energies is correlated to heterogenous dynamics.
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The source of separate populations in the heterogeneous
explanation is not entirely clear. In a protein environment
it is common to see an array of diverse conformations,
each with a slightly different electrostatic environment of
the cofactor, giving rise to a range of transition energies.
The timescales of transformations between these confor-
mations typically span femtoseconds to nanoseconds, but
transition times between structurally very different confor-
mations can take up to many seconds. In an ultrafast mea-
surement, all of the processes that occur on a timescale
longer than the duration of the experiment are effectively
frozen and manifest as structural heterogeneity in the
ensemble, associated with a range of populations and transi-
tion energies (25). Therefore, we expect heterogeneity in
the ground state, and indeed, such structural heterogeneity
in the ground state is supported by single molecule fluo-
rescence spectroscopy (26), resonance Raman spectroscopy
(27), fluorescence line narrowing spectroscopy (28), '*C-'"H
HETCOR NMR (29), and pump-probe studies at multiple
pumping wavelengths (19). However, it remains unclear
whether the spectroscopic variations due to structural het-
erogeneity result in qualitative differences in the subsequent
photodynamic pathways (30,31).

2D-ES (32,33) can probe the photoinitiated dynamics
on ultrafast timescales and display the dynamics in a series
of time-resolved 2D correlation maps (34-37). A review
of 2D-ES and its applications by Cho et al. (32) is both
understandable and eloquent. 2D-ES has been applied to
study spectral diffusion (34,38,39), photosynthetic light-har-
vesting complexes (40-46), semiconducting nanocrystals
(47-50), and atomic vapors (51-54). Unlike traditional
pump-probe experiments, 2D-ES correlates excitations at
different energies with the fates of the excited states across
the entire excitation window. Heterogeneity that is static on
the timescale of the experiment is evident as populations
that absorb slightly different wavelengths of light. Conse-
quently, the inhomogeneously broadened spectroscopic
feature in the 2D-ES map will appear elongated along the
diagonal. Spectroscopic peaks can also be broadened by
randomization due to the environment and ultrafast relaxation
of the chromophore and its environment. If these motions are
fast on the timescale of the experiment, the peak will appear
round and symmetric. More typically, the motions that would
broaden the feature are slow compared to our experimental
pulse lengths (12 fs) but fast compared to our longest waiting
times (400 ps). Under these conditions, we see elongated fea-
tures at short waiting times (e.g., 7= 0 fs to 7= 100 fs), but
the features expand uniformly in both coordinates and appear
as a round peak in 2D-ES data at longer waiting times
(T =400 ps). That is, 2D-ES separates broadening in the ho-
mogenous and inhomogeneous limits along distinct spectral
axes and allows observation of the dynamics on the appro-
priate timescales between these two limits. The dynamics of
subpopulations with transitions of different energies can
thus be tracked separately. For clarity, we use the terms



“homogeneous broadening” and “inhomogeneous broad-
ening” as they are used in ultrafast spectroscopy to describe
spectroscopic features, but reserve “heterogeneity” and “ho-
mogeneity” to describe variations (or lack thereof) in confor-
mations and transition energies. For example, a peak is
initially inhomogeneously broadened in 2D-ES because of
heterogeneity in the sample, but at longer times may appear
homogeneously broadened as the system loses memory of
its initial conformation.

In this work, we examine the dynamics of the photosensory
core modules containing the PAS-GAF-PHY domains of two
bacteriophytochromes with distinct ground states and photo-
dynamics: RpBphP2 (P2) from R. palustris and PaBphP (Pa)
from Pseudomonas aeruginosa (6,55,56). Unlike the canoni-
cal bacteriophytochrome P2, Pa adopts the Py, ground state in
the dark and efficiently transforms to the P, state upon activa-
tion with far-red light. The quite different photoconversions in
these two core modules enables us to examine both P, —
Lumi-R and P;, — Lumi-F transformations.

MATERIALS AND METHODS

Spectroscopy

The experimental apparatus is shown in Fig. S1 in the Supporting Material.
A 5 kHz, 600 uJ pulse train centered at 800 nm from a Legend Elite regen-
erative amplifier (Coherent, Santa Clara, CA) was focused into a 2 m tube
containing 1.5 atm of argon gas to generate ultra-broadband pulses span-
ning from 450 to 900 nm. The white light pulses were compressed by nega-
tively chirped mirrors and a pulse shaper. The pulse duration was measured
at the sample position to be ~12 fs by transient grating frequency resolved
optical gating (TG-FROG:; Fig. S2). The beam was then directed into the
2D-ES apparatus described in Zheng et al. (57). To avoid multiexciton ef-
fects, an attenuated pulse energy of 15 nJ/pulse was used in the experiment.
Rephasing 2DES data were collected over a range of coherence times
from 0 to 90 fs in 1.5 fs increments and a range of waiting times (corre-
sponding to the delay time in pump-probe spectroscopies) from —50 fs to
400 ps. Steps of 5 fs were used over the 0-700 fs range and logarithmically
thereafter. We used separately collected transient absorption spectra to
phase each 2D spectrum (37,58). The transient absorption spectra were
collected with the same laser pulse as that in the 2D-ES experiment and
the beam was attenuated to achieve a pump pulse of 50 nJ/pulse and probe
pulse power of 0.4 nJ/pulse.

[
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Sample preparation

The photosensory core modules of the RpBphP2 and PaBphP bacteriophy-
tochromes were coexpressed in Escherichia coli BL21 with heme oxygen-
ase as described in Yang et al. (4). The protein was purified on a
Ni-NTA affinity column. The column was washed with 20 mM Tris buffer
(pH 8) and 1 M NaCl, then with sonication buffer. Protein was eluted with
20 mM Tris buffer (pH 8), 50 mM NaCl, and 300 mM imidazole, and
purity was monitored by absorption spectrum. The protein was then
washed and concentrated on Amicon UltraCentrifugal Filters (Millipore,
Billerica, MA).

The protein solution was contained in a quartz flow cuvette with 200 um
path length. A peristaltic metering pump was used to flow fresh sample to
the cuvette from an external reservoir with 3 mL sample volume. LED light
of 690 or 740 nm was used to illuminate the external reservoir. The LED
light total power was 20 mW for experiments on both Pa and P2. The
samples had an absorbance at 700 nm of 0.2-0.3 O.D. in a path length
of 200 um.

RESULTS AND DISCUSSION
P, — Lumi-R conversion of P2

As shown in Fig. 2, P2 adopts the P, state in the dark, with
an absorption peak at 709 nm and a vibronic shoulder at
647 nm. With continuous illumination at 690 nm, P2
partially converts to Py, state, evident in the linear spectrum
as a shoulder at 754 nm. Similar partial conversion with
light activation at similar wavelengths is reported in Yang
et al. (4). Partial conversion may arise from significant spec-
tral overlap between Py and P; states, leading to significant
Py, — P, back conversion under the LED light.

2D-ES data were acquired for P2 in the dark (P, —
Lumi-R conversion) for a series of waiting times. The end
result is a series of 2D energy correlation maps each associ-
ated with a different waiting time. As shown in Figs. 3, a
and b, and S3, positive signals on the 2D maps are associ-
ated with stimulated emission/ground state bleach, while
negative signals are associated with excited state absorption
or induced absorption. Together, these data illustrate how
excited states evolve in time and reveal both relaxation
and interconversion between different subensembles within
the states (25).

FIGURE 2 Absorption spectra of the P2 and
Pa overlaid with the laser spectrum (gray). (a)
P2 in dark, in the P, state; P2 with illumination of
690 nm LED light, in a mixture of P, and Py, states;
laser spectrum. (b) Pa with illumination of 740 nm
LED light, adopting the P, state; Pa in dark, in
a mixture of P, and Py, states; laser spectrum. To
see this figure in color, go online.
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FIGURE 3 2D-ES of the P2 in the P, state: (a) at T = 0 fs; (b) at T = 200 fs. 2D-ES of the Pa in the P, state: (d) T = 0 fs; (e) T = 200 fs. Time traces of
representative points marked by colored diamonds on the 2D-ES: (c¢) P2 in the P, state and (f) Pa in the P, state. The time trace data and their corresponding

positions on the 2D maps are marked with the same color. Lines are fittings of the data according to Eq. 1. To see this figure in color, go online.

In rephasing 2D-ES data, homogeneous broadening
widens the spectral line in both frequency axes on the 2D-
ES map as time progresses. That is, the peak becomes
rounder with time because there is less correlation with
the initial state as the experiment progresses. In contrast,

BV (30) (Fig. 4). Our frequency resolution of these beating
signals is limited to ~50 cm™', preventing more precise
assignment of the observed vibrations. The distribution of
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geneity. This elongation persists at longer waiting times
(Figs. 3 b and S4). Therefore, we conclude that there is
indeed ground state heterogeneity present in agreement
with the literature (15,19,27,29).

The intensities of the signal on the main diagonal showed
oscillatory beating in waiting time with a periodicity of
~26 fs. This beating is consistent with a vibrational mode
of 1253 cmfl, which can be assigned to C-H rocking of
the vinyl groups or the N-H rock/C-C stretch mode in
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FIGURE 4 Beating signals of P2 in the P, — Lumi-R process. (a) 2D-ES
map at 7= 0 fs with contours. (b) Fourier interpolated time trace taken at A; =
712 nm and A; = 718 nm marked by the blue diamond on the 2D plot in (a).
The trace shows a beating signal with periodicity at ~25 fs. (¢) Distribution
map of the beating power at 1253 cm™~'. The heat map encodes the strength
of the power spectrum at 1253 cm™'. Contours of the 2D-ES at T = 0 fs
are overlaid on the figure. (d) Fourier transform of the time trace in (b),
showing peaks at 1253 cm ™' and 1158 cm ™!, possibly associated with the
vinyl C-H rocking vibrational modes. To see this figure in color, go online.



power intensity of the beating at 1253 cm™' is shown in
Fig. 4. The distribution exhibits an elongated diagonal
peak (Fig. 4 c¢), consistent with vibrational motion on
the ground state surface. The beating extends well beyond
a | ps waiting time. A second beating frequency of
1158 cm™' was also present, which occupies a region
slightly above the diagonal in the 2D map (Fig. S5 ¢). The
initial phase of this 1158 cm™' mode shows a 90° shift
from the 1253 cm ™! mode (Fig S5, e and f), and we attribute
this beating signal to a vibrational motion on the excited
state surface. Definitive assignment of this excited state
mode is difficult. We are inclined to attribute this motion
on the excited state surface to the same mode we see on
the ground state because the wavepacket motion during
the coherence time evolves in that direction. However, this
excited state vibration may also be associated with the
C-H vinyl rocking or the N-H rock/C-C stretch. Additional
modes associated with the C=C stretch and hydrogen out-
of-plane motions are also present and displayed in Fig. S6.

The intensities of the spectra at longer waiting time
(70 fs to 400 ps) and larger time intervals (semilog
spacing) were fitted to a sum of three exponential decays
(Fig. 3, a—c). A global fitting was first carried out to give
three global lifetimes and maps of three preexponential
factors (A;_A;) together with a residual constant term A,
as shown in Eq. 1:
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The values of A1—A, are dependent on both the excitation
and emission wavelengths, and can be plotted as 2D maps.
We refer to them as the decay-associated spectra (DAS,
Figs. 5, a—d, and S7 a), analogous to decay-associated dif-
ference spectra in pump-probe spectroscopy. The constant
residue term Ay, is approximately equivalent to the 2D-ES
at long waiting time, and represents the portion of the spec-
trum that remains after the decay of components A;_As.
Therefore, we associate it with the spectrum of the Lumi-R
state (Fig. S7). The spectrum of Lumi-R mainly contains a
positive ground-state bleach signal overlaid with weak nega-
tive excited state absorption from its photogeneration. The
lifetimes associated with A;—A5 from this global fitting are
71 = 0.045 ps, 7, = 4.8 ps, and 73 = 42 ps. The values of
7, and T3 are very similar to those reported by Toh et al.
(5) from pump-probe spectroscopy for a similar bacterio-
phytochrome RpBphP3 (7, = 04 ps, 75 = 4 ps, 73 =
43 ps, and 74 = 170 ps). We attribute our lower value of
7, to our shorter pulse width, enabling us to detect early dy-
namics more accurately. Toh et al. (5) also identify a 170 ps
component by both pump-probe and time-resolved fluores-
cence measurements. This component connects the excited
state and ground state surfaces, and they attribute it to het-
erogeneity of the sample. However, we did not observe
such a component. If we add a fourth exponential compo-
nent with lifetime constrained to be >100 ps in the fitting
algorithm, we obtain 7, = 226 ps but its amplitude is negli-
gible compared to those of the other three exponential
components.
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FIGURE 5 DAS support a homogeneous dynamic model for the P2 P, — Lumi-R conversion. (a—d) A;_A4 terms of DAS of P2 in the P; state from global
fitting to Eq. 1. The 2D-ES map at 7= 0 fs is also overlaid for reference (contours in all panels). (e—g) Variations of the exponential decay rates 1/7;, 1/7,, and
1/75 in ps~ . Different rates are encoded by the heat map gradiations, and the drawing is also gated by DAS magnitude with a transparency map, so that the
regions with smaller DAS magnitudes will show lighter on the figure, as shown by transparency axis on the color bar. The transparency map is determined by
the normalized magnitude of the DAS component divided by the variance of its fit. (%) Projection of the absolute value of the DAS to the A; axis (absorption or
pump axis) to represent the excitation range of the observed signal. All four DAS components cover the same range of pump wavelengths. The dips in the
projections arise from cancellation between positive and negative signals. To see this figure in color, go online.
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The existence of multiple lifetimes in the photodynamics
of P2 can be explained by either a heterogeneous model with
functionally distinct pathways or a homogeneous model
involving sequential intermediates. In the heterogeneous
model, components with different lifetimes are associated
with different ground state subpopulations of the protein.
That is, separate populations undergo distinct decay path-
ways. In contrast, the homogeneous model assigns the mul-
tiple DAS components to a sequence of intermediates of
a single chemical moiety. With our 2D-ES DAS maps on
hand, we can test these two models. If ground state hetero-
geneity exists, we expect inhomogeneous broadened peaks
located across different pump wavelengths for each DAS
component. In contrast, in the homogeneous model of
sequential intermediates, the DAS components should
occupy roughly the same region of the pump wavelengths.
We have projected the absolute values of the DAS to their
Ay axes to represent the pumping range of each DAS. As
shown in Fig. 5 h, all the four DAS components possess a
very similar pumping wavelength, consistent with a homo-
geneous model of sequential intermediates. The dips in
the projections arise from the cancellation between positive
and negative signals.

To further investigate possible heterogeneity within each
DAS component, we allowed the lifetimes and amplitudes
from the global fitting to be refined independently for
each pixel on the 2D-ES map. This enables us to explore
whether the fitted lifetimes vary across an inhomogeneously
broadened peak. If so, this would indicate heterogeneity in
the photodynamics. Such an individual refinement using
the values of global fitting as starting points can be repre-
sented by Eq. 2:

t t
y = A/I (/11,/13)677“1]’@) +A/2(Ala /13)677’20113)
t

+ AL (A, A )e BB L AL (A, 2). )

As shown in Fig. S8, the amplitude maps (DAS) for the
individual fittings are very similar to that of the global
fitting. When these maps are compared by subtraction,
negligible residuals are obtained as shown in Fig. S9, con-
firming the robustness of the fitting algorithm. The fitting
approach of Eq. 2 allows us to examine the distribution of
lifetimes across the map. As shown in Fig. 5, e—g, the life-
times from the individual fittings are plotted together with
the contour line of the 2D-ES at T = 0 fs. The lifetimes
are expressed in decay rates (1/7) in ps~' and encoded by
color. The rates are also gated by the corresponding DAS
amplitudes through an intensity (transparency) coding. For
example, lifetimes in regions of negligible DAS intensities
are shown in white. The 1/7; and 1/75 rates are found to
distribute evenly across inhomogeneously broadened fea-
tures on the 2D maps in Fig. 5. The 1/7, component exhibits
arate thatis 1.5 times faster in regions of excited absorption,
indicating that the process of vibrational relaxation has a
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slightly different rate on the excited state surface. Neverthe-
less the variation of the rate constants across the map
is small, and supports a homogeneous dynamic model
involving sequential intermediates. Finally, when we
perform singular value decomposition (SVD) on the data
cube, two components are found, one dominant component
with multiple exponential decays and one weak component
with contributions only ~5% of the total amplitude and a
lifetime of 0.1 ps.

These analyses by different routes all suggest that the sys-
tem can be best modeled by a single population with homo-
geneous multiexponential dynamics.

All possible models with three different decay compo-
nents have been examined, and the species-associated
spectra corresponding to each model were constructed.
Three possible models are identified. We prefer the
model shown in Fig. 6, for its simplicity and adequacy in
explaining all experimental observations. The other two
candidate models are presented in Figs. S10 and SI1,
and we note that our data is consistent with all three
models.

In our proposed model, after excitation to the Franck-
Condon region (FCPr*), two stages of vibrational relaxa-
tion involving two independent nuclear coordinates lead
to ™P* with time constants of 7, and 7,. This state
then proceeds over a transition barrier resulting from

| >
0.5 SN 3
650 ) 0.1 3
= g
0 0 Q.
700p/)\ & o
o
750 -05 750 Bl
4 Q Q -0.2
750 700 650 600 750 700 650 600
600 - 02 600 -
reIP L Lumi_R 4 0.04
P = 2\ >
: N Vv N
— 650 01 gs0f 1 22—’ 002 3
£ ( o =
£ =
<700 700 @ &
002 &
750 01 750 £
(0 ) Vi -0.04
2

750 700 650 600
A, (nm)

750 700 650 600
A, (nm)

FIGURE 6 Proposed model of the P, to Lumi-R conversion in P2. (a) The
model to describe dynamics of the P2 in the P, — Lumi-R transformation.
(b) Proposed reaction surface geometry. (c) Species-associated spectra of
the corresponding species. To see this figure in color, go online.



avoided crossing between the P.* excited state surface
and the Lumi-R ground state surface, with typical time
73, and then proceeds to the Lumi-R product on the
ground state surface. Before reaching the bottom of
the Lumi-R state, a conical intersection (CI) between the
Lumi-R ground state surface and the P, ground state sur-
face is encountered. The system either proceeds to the
Lumi-R with a quantum efficiency of ® or reverts to P,
at the CL

P, — Lumi-R conversion of Pa

As shown in Fig. 2 b, Pa in dark adopts the Py, form, with an
absorption peak at 750 nm and a vibrational shoulder at
686 nm. Upon continuous illumination of an LED light at
740 nm, the Pa converts completely to the P, state with an
absorption peak at 700 nm (Fig. 2 b). We first examined
the P, — Lumi-R conversion of Pa.

2D-ES was taken for Pa with continuous illumination of
the LED light of 740 nm to populate its P, state. As shown
in Fig. 3, d and e, similar to P2 in the 2D-ES, Pa in its P,
state gives an inhomogeneous broadened peak. The sig-
nals were also beating in waiting time, consistent with a
vibrational mode of 1064 cm™' (Fig. S12). A map of the
beating intensity at 1064 cm™' exhibited an elongated di-
agonal peak (Fig. S12 ¢) and a separate peak in the excited
state absorption region, indicating a similar vibrational
frequency on the ground state and excited state surfaces.
The time evolution dynamics of the spectra, however, is
distinct from that of P2, as shown in Fig. 3. Similar global
fitting was applied to obtain two time constants 7, =
0.31 ps and 7, = 251 ps. The preexponential amplitude
maps (DAS) were again refined with the lifetime at indi-
vidual spots on the 2D maps. The projected absolute
values of the DAS on the A; axis again overlap with
each other, supporting a homogeneous model involving
sequential intermediates (Fig. S13). Consistent with this
hypothesis, SVD analysis also gives only one major
component of the dynamic data. The shorter component
1/7; shows different rates in different locations on the
2D-ES map, indicating different rates of vibrational relax-
ation on the ground state and excited state surfaces. The
long component 1/7,, corresponding to the isomerization,
is distributed much more evenly on the 2D-map, consis-
tent with the homogeneous dynamic model involving
sequential intermediates (Fig. S14). The 7, component
of Pa is much slower than the corresponding component
of P2, indicating a higher barrier before the conical
intersection.

After an experimental analysis identical to that previously
applied to P2, we propose a model very similar to that of P2
(Fig. S15). The major difference between the P, — Lumi-R
kinetic models of the P2 and the Pa is the substantially
different barrier height before the CI, leading to very
different rates of conversion.
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P;, — Lumi-F conversion of P2

Under illumination at 690 nm, we can partially convert the
P2 protein to the Py, state (Fig. 2 a). Because the conversion
is not complete, the illuminated sample is a mixture of the P;
and the Py, states. When we performed 2D-ES on this sam-
ple, SVD analysis showed two major components for the
dataset, consistent with a mixture of P, and Py, states. The
2D spectrum of the mixture clearly showed additional peaks
at 740 nm, arising from the excitation wavelength of Py,
distinct from that of the pure P, state (Fig. S16). This
is also shown on the projected DAS on the A; axis
(Fig. S19). Direct global fitting 2D-ES dynamics of the
mixture gives four lifetimes: 7, = 0.27 ps, 7» = 5.8 ps,
73 = 39 ps, and 74, = 151 ps (Figs. S16-S19). We tried to
separate the P;. component by subtracting a certain percent-
age of the P, 2D-ES from the mixture spectrum, in which the
percentage of the P, form was refined as an independent
parameter, and estimated to be 49%. The isolated Py, compo-
nent was fitted to three exponentials with 7y = 0.97 ps, 7, =
2.0 ps, and 73 = 50.5 ps. Because this spectrum separation
algorithm is of limited effectiveness due to numerous fitting
parameters and significant spectral overlap between the Py,
and the P; states, we did not pursue analysis in this direction
any further.

The 2D beating spectrum is very different from that
in the P, — Lumi-R conversion process (Figs. 7 and S20).
A strong off-diagonal peak with excitation wavelength
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FIGURE 7 Beating signals of P2 in the mixed P;, — Lumi-F and P, —
Lumi-R processes. (a) 2D-ES map at 7 = 200 fs with contours. (b) Time
trace taken at A; = 764 nm and A; = 726 nm marked by the magenta dia-
mond in (a). The trace shows a beating signal with periodicity at ~25 fs.
(c) Distribution map of the beating power. The heat map encodes power
spectrum intensity at 1158 cm ™. Contours of the 2D-ES at T = 0 fs are
overlaid on the figure. (d) Fourier transform of the time trace in (b),
showing a broad peak centered at 1158 cm ™', possibly associated with
the vinyl C-H rocking vibrational modes. To see this figure in color, go
online.
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at >750 nm can be identified. This feature is associated with
a broad peak in the @, domain centered at 1158 cm ™' with a
FWHM of ~500 cm ™', corresponding to a fast process of
~70 fs in the T domain. In agreement with this, the oscil-
lating time trace in the 7 domain decays within 100 fs
(Fig. 7 b).

P;, — Lumi-F conversion of Pa

The solution of the Pa protein in the dark at room tempera-
ture probably contains a fraction of the P, state, as indicated
by its broad absorption spectrum (Fig. 2 b). Indeed, a related
mutant Q188L even showed mixed P,/Py, states in the crystal
structure (6,55). The SVD analysis of its 2D-ES also showed
two major components. Direct global fitting of the 2D-ES
dynamics gives three lifetimes: 7; = 0.18 ps, 7, = 3.0 ps,
and 73 = 244 ps. The third component 73 = 244 ps is very
similar to the 7, component from the P, — Lumi-R conver-
sion fitting (Figs. S21 and S22). We analyzed the spectrum
after Fourier transforming in the 7 domain (Fig. S23),
which showed similar off-diagonal features to those in the
P2 Py, — Lumi-F conversion at an excitation wavelength
of >750 nm with a broad peak in the @7 domain, indicating
the fast dynamics.

CONCLUSIONS

The two bacteriophytochromes in this study show many
similar characteristics, but their differences have the poten-
tial to elucidate the underlying principles. P2 and Pa both
convert between P, and Py, but adopt different conforma-
tions (P, and Py, respectively) in their dark states. P2 and
Pa also demonstrate quite different relaxation rates in their
various interconversions. Notably, the two bacteriophyto-
chromes possess different local hydrogen bonding between
ring D of the BV and the surrounding polar residues in the
protein pockets, which may account for the differences in
rates (55). Two sets of residues around BV are impor-
tant—the 15Ea pocket and the 15Za pocket (Fig. 1). Ring
D of BV in the Py, form resides in the 15Ea pocket, forming
hydrogen bonds with the Asp-194, Tyr-250, Ser-459, and
GIn-188 residues (4,6,55,56). Such interactions stabilized
Pa in the Py dark state. In comparison, P2 has a mixture
of polar and nonpolar residues in the corresponding three
positions (Tyr, Leu, and Phe). The ring D resides in the
15Za pocket in the P, form, interacting with a conservative
His-277 residue and additional polar residues Ser-259 and
Ser-275 for Pa (4,5). This interaction and other subtle
differences in the chromophore binding pocket may slow
down the Pa dynamics of P, — Lumi-R (42 ps for P2;
251 ps for Pa).

The Py, — Lumi-F photodynamics are generally faster
than those of the P, — Lumi-R process. The Fourier trans-
forms over the T domain help isolate the oscillation signal
from the Pg. — Lumi-F process with an excitation wave-
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length >750 nm. The broad peak in the ®; domain arises
from the ultrafast decay (<100 fs) of this oscillation. Such
fast decoherence may be related to a CI on the Py —
Lumi-F pathway (9,12). A proposed scheme is shown in
Fig. S24, in which the initial Py, state is excited to the vi-
bronic excited state manifold, followed by fast leaking
through a CI between the Py excited state surface and the
Lumi-F ground state surface.

The P, — Py and P — P, interconversions in phyto-
chromes are initiated by ultrafast photoinduced isomeriza-
tion of the chromophore (5,6). Previous spectroscopic
studies of the isomerization have observed multiexponential
decays, and have attributed these dynamics to the existence
of ground state heterogeneity across the ensemble (10—
15,18). In this work, we leverage the 2D resolution in
2D-ES to address whether ground state heterogeneity is
indeed the origin of the functionally distinct relaxation path-
ways, as previously suggested. In 2D-ES, ground state het-
erogeneity is directly evident as an elongation of signal
along the diagonal. Indeed, with lineshape analysis and
global fitting, we were able to confirm the existence of
this heterogeneity in the data (Fig. 2). We could then ask
whether complexes with different transition energies (e.g.,
on the blue side of the elongated peak versus the red side)
follow the same dynamics. In this manner, we separately
analyze subensembles such as the red and blue edges
of ground state heterogeneity, and compare results. Across
the entire inhomogeneously elongated peak, we see strik-
ingly similar dynamics. That is, despite the presence of
ground state heterogeneity, we observe the same multiexpo-
nential decays (Fig. 5). This observation supports a model in
which the multiexponential terms describe evolution on the
excited state surface through sequential intermediates rather
than distinct subpopulations following different pathways.
Regardless of the transition energy to the initial excited
state, the ensemble is functionally homogeneous on the
excited state.

Because we observe no difference in the dynamics arising
from ground state heterogeneity, we propose a model with
just one component of P, — Lumi-R relaxation and isomer-
ization of the BV cofactor that includes a transition barrier
between the Franck-Condon region and the CI degeneracy.
This barrier accounts for multiexponential dynamics as
well as the relatively slow CI isomerization compared to
rhodopsin or photoactive yellow protein. This model applies
to both P2 and Pa, although the relaxation rate constants
differ between the two proteins. We attribute the different
rates of the dynamics between P2 and Pa to the number
and strength of hydrogen bonds between the ring D of
BV and the residues in the 15Za pocket of the proteins.
We now have a clearer understanding of the relationship be-
tween the tetrapyrrole cofactor and its apo-protein as they
influence ultrafast isomerization dynamics. Future work is
needed to establish the generality of these findings across
the broader phytochrome family of proteins.
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