
VU Research Portal

Excitation-Wavelength-Dependent Photocycle Initiation Dynamics Resolve
Heterogeneity in the Photoactive Yellow Protein from Halorhodospira halophila
Mix, L. Tyler; Carroll, Elizabeth C.; Morozov, Dmitry; Pan, Jie; Gordon, Wendy Ryan;
Philip, Andrew; Fuzell, Jack; Kumauchi, Masato; Van Stokkum, Ivo; Groenhof, Gerrit;
Hoff, Wouter D.; Larsen, Delmar S.

published in
Biochemistry
2018

DOI (link to publisher)
10.1021/acs.biochem.7b01114

document version
Publisher's PDF, also known as Version of record

document license
Article 25fa Dutch Copyright Act

Link to publication in VU Research Portal

citation for published version (APA)
Mix, L. T., Carroll, E. C., Morozov, D., Pan, J., Gordon, W. R., Philip, A., Fuzell, J., Kumauchi, M., Van Stokkum,
I., Groenhof, G., Hoff, W. D., & Larsen, D. S. (2018). Excitation-Wavelength-Dependent Photocycle Initiation
Dynamics Resolve Heterogeneity in the Photoactive Yellow Protein from Halorhodospira halophila.
Biochemistry, 57(11), 1733-1747. https://doi.org/10.1021/acs.biochem.7b01114

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://doi.org/10.1021/acs.biochem.7b01114
https://research.vu.nl/en/publications/94ac95f9-f4e1-493d-ae41-649b59ef3d1d
https://doi.org/10.1021/acs.biochem.7b01114


Excitation-Wavelength-Dependent Photocycle Initiation Dynamics
Resolve Heterogeneity in the Photoactive Yellow Protein from
Halorhodospira halophila
L. Tyler Mix,† Elizabeth C. Carroll,†,@ Dmitry Morozov,# Jie Pan,†,∇ Wendy Ryan Gordon,∥,●

Andrew Philip,⊥,○ Jack Fuzell,† Masato Kumauchi,§,■ Ivo van Stokkum,‡ Gerrit Groenhof,#

Wouter D. Hoff,*,§ and Delmar S. Larsen*,†

†Department of Chemistry, University of California, Davis, One Shields Avenue, Davis, California 95616, United States
‡Faculty of Sciences, Vrije Universiteit Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
§Department of Microbiology and Molecular Genetics, Oklahoma State University, Stillwater, Oklahoma 74078, United States
∥Department of Chemistry and ⊥Department of Biochemistry and Molecular Biology, University of Chicago, Chicago, Illinois 60637,
United States
#Department of Chemistry and NanoScience Center, University of Jyvas̈kyla,̈ P.O. Box 35, 40014 Jyvas̈kyla,̈ Finland

*S Supporting Information

ABSTRACT: Photoactive yellow proteins (PYPs) make up a diverse class of blue-
light-absorbing bacterial photoreceptors. Electronic excitation of the p-coumaric acid
chromophore covalently bound within PYP results in triphasic quenching kinetics;
however, the molecular basis of this behavior remains unresolved. Here we explore this
question by examining the excitation-wavelength dependence of the photodynamics of
the PYP from Halorhodospira halophila via a combined experimental and computa-
tional approach. The fluorescence quantum yield, steady-state fluorescence emission
maximum, and cryotrapping spectra are demonstrated to depend on excitation
wavelength. We also compare the femtosecond photodynamics in PYP at two
excitation wavelengths (435 and 475 nm) with a dual-excitation-wavelength-interleaved
pump−probe technique. Multicompartment global analysis of these data demonstrates
that the excited-state photochemistry of PYP depends subtly, but convincingly, on
excitation wavelength with similar kinetics with distinctly different spectral features, including a shifted ground-state beach and
altered stimulated emission oscillator strengths and peak positions. Three models involving multiple excited states, vibrationally
enhanced barrier crossing, and inhomogeneity are proposed to interpret the observed excitation-wavelength dependence of the
data. Conformational heterogeneity was identified as the most probable model, which was supported with molecular mechanics
simulations that identified two levels of inhomogeneity involving the orientation of the R52 residue and different hydrogen
bonding networks with the p-coumaric acid chromophore. Quantum calculations were used to confirm that these
inhomogeneities track to altered spectral properties consistent with the experimental results.

The photoactive yellow protein (PYP) family of photo-
receptors consists of small single-domain proteins that are

sensitive to blue-light excitation. While more than 140
members of this family have been identified in known genomes,
only a few have been expressed and characterized.1,2 The most
studied representative of this family is the PYP from
Halorhodospira halophila (Hhal PYP). Hhal PYP is a 125-
residue water-soluble Per-Arnt-Sim (PAS) domain containing a
thiol ester-linked p-coumaric acid chromophore3 (4-hydroxy-
cinnamic acid, or pCA) that gives PYP its characteristic yellow
color (Figure 1). PYP naturally controls phototaxis in the
purple bacterium H. halophila4 and the production of biofilms
in the bacterium Idiomarina loihiensis.5

Recently, PAS-containing photoreceptors such as BLUF
domains (sensors of blue light using FAD), LOV (light-oxygen-
voltage-sensing) domains, and PYPs6,7 have become key targets

for engineering novel optogenetic materials because they bind a
variety of chromophores and enable sensory activities.8,9

Optogenetic materials provided researchers optical control
over biological processes via the engineering of foreign
photoreceptors to activate or deactivate cellular functions.
Examples of optogenetics include photocontrol of ionic
currents, messenger molecules, and gene expression.8,9 Photo-
receptors like PYP can be linked in vivo to enzyme domains to
create novel light-activated switches for regulating processes in
biological systems.7

The in vitro photoactivity of Hhal PYP has been studied
extensively since its discovery in 1987 by Meyer et al.10 The
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photochemistry of PYP involves an excited-state trans−cis
photoisomerization of pCA around the double bond that
rapidly quenches fluorescence within several picoseconds and
triggers a reversible photocycle (Figure 1).11,12 Photoisomeri-
zation of pCA results in a temporary intermediate with a red-
shifted absorption spectrum, named I0, after tens of pico-
seconds.13 The spectrum of I0 then blue-shifts and narrows with
the formation a second intermediate, called pR, within a few
nanoseconds.14 After 250 μs, the pR state is protonated to form
the pB state that initiates a large scale unfolding of the protein
backbone.15,16 The protonated signaling state with altered
protein geometry thermally relaxes to the starting pG state
within a second17 and is ready to begin the cycle again.
Three decades of studies of the blue-light photoactivity of

PYP have resulted in a wealth of information about PYP
photochemistry with more than 40 different published transient
studies of wild-type (WT) Hhal PYP (Table S1).13,18−60 These
studies have used a broad range of excitation wavelengths
(Figure 2) that span the entire pG absorbance spectra (black
curve), with 400 nm as the most common excitation
wavelength, due to its ease of generation from modern
Ti:sapphire lasers. The multitude of studies at differing
excitation wavelengths present a confusing picture of PYP
dynamics with no agreement about the appropriate model.
From cryogenic trapping measurements, Imamoto et al.

proposed a branched model that entails two pathways that
separate early in the photocycle before recombining to evolve
sequentially.20 A similar heterogeneous branching model was
proposed for ultrafast room-temperature dynamics from PP
experiments28 and by Mix et al.59 from cryokinetics measure-
ments. The observed ultrafast primary (100 fs to 10 ns)
photodynamics are often multiexponential, although research-
ers disagree about the time scales, the amplitudes, and even the
number of exponentials. For example, a mid-IR pump−probe
(PP) study by Groot and co-workers identified two excited-
state lifetimes for Hhal PYP photodynamics, 2 and 9 ps,32 while
visible PP measurements identified three excited-state lifetimes,

500 fs, 2 ps, and 40 ps,24,35,59 despite both techniques resolving
the same excited-state quenching dynamics. Some groups
argued for a homogeneous−unidirectional−branching model
from time-resolved crystallography measurements,46,52,61

although an alternative transient crystallography study by
Anfinrud and co-workers proposed a homogeneous−bidirec-
tional−sequential model for pR production.51 A homoge-
neous−unidirectional−sequential model was proposed for
room-temperature evolution by Cusanovich and co-work-
ers.24,62 Even within sequential models, disagreements exist: a
second intermediate photoproduct state, I0

⧧, has been proposed
between the I0 and pR photocycle states,13 which has not been
confirmed in other PP studies. No model has been firmly
established, which may be due in part to the wide range of
excitation wavelengths among the experiments (Figure 2).
Despite the fact that several studies addressed the wavelength

dependence of Hhal PYP photochemistry, no consensus about
the interpretation of this dependence or on its biological
significance, if any, has been reached. Imamoto argued because
of low-temperature absorption and fluorescence signals that the
yield of photochemical intermediates of PYP is dependent on
the excitation wavelength.20 It is unclear how the dynamics of
cryogenically frozen Hhal PYP extend to the primary dynamics
of PYP at physiological temperatures. Devanathan et al.
proposed a different pathway for formation of I0 initiated by
395 nm versus 460 nm excitation pulses but did not extend
their study into the nanosecond regime required to characterize
pR formation dynamics.24 An ultrafast anisotropy experiment
by Gensch et al. first revealed that photoisomerization occurs in
the I0 state with 400 and 485 nm excitation beams but did not
observe pR formation dynamics.30 Both studies clearly
demonstrated that excitation wavelengths on the low- and
high-energy sides of PYP’s absorption band initiate different
photodynamics (Figure 2, black curve).24,30 Unfortunately, the
data reported by both groups were compromised by solvated
electrons created from two-photon absorption of high-energy
ultrafast pulses prompting pCA ionization.35 This process is an
artifact of the high-intensity ultrafast excitation conditions and
presumably has no significant influence on the photoresponse
of PYP under ambient-light conditions but does complicate the
resulting analysis with excitation wavelengths of <430 nm.
Carroll et al.48 demonstrated that PYP responds to UV light

Figure 1. Simple PYP photocycle model with the protein pocket of
Hhal PYP surrounding the p-coumaric acid chromophore.

Figure 2. Hhal PYP WT pG absorbance spectrum (black) overlaid
with the histogram of the number of photodynamics studies
performed with a given excitation wavelength, which includes ultrafast
transient absorbance, ultrafast fluorescence, low-temperature, and
crystallographic techniques (Table S1).13,18−60
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due to Förster resonance energy transfer (FRET) interactions
with nearby Trp119 but did not investigate the wavelength
dependence beyond characterizing the new initiation pathway.
Because of the limitations in published work on Hhal PYP

wavelength dependence, the field would benefit from a more
sensitive experimental approach for reliably quantifying
excitation-wavelength dependences of PYP photochemistry
that could be applied in vivo. Here we report a comprehensive
excitation-wavelength dependence study of WT Hhal PYP
using primary excited-state femtosecond dynamics, steady-state
fluorescence, cryotrapped spectra, and quamtum mechanics/
molecular mechanics (QM/MM) simulations to reveal and
quantify excitation-wavelength dependence in the photocycle.
We use an experimental method based on a dual-excitation-
wavelength-interleaved pump−probe (DEWI-PP) ap-
proach63−65 whereby two alternating broadband pump−probe
signals are collected nearly simultaneously (within 4 ms) while
all other experimental conditions are essentially unchanged.
The DEWI-PP approach has been successfully used to resolve
wavelength-dependent dynamics of cyanobacteriochromes
NpR6012g4,65 RcaE,64 and β-carotene.63 DEWI-PP removes
errors caused by long-term fluctuations of excitation power,
sample degradation, and different experimental conditions and
constitutes a powerful approach for identifying weak but
significant and potentially informative excitation-wavelength
dependence of transient absorption signals.66 Three distinct
explanations for the observed wavelength dependency are
considered: multiple electronic excited states, vibrationally
enhanced dynamics, or heterogeneous ground and excited
states.

■ EXPERIMENTAL METHODS
Sample Preparation. The N-terminal histidine-tagged WT

apoPYP from H. halophila was overexpressed in Escherichia coli
(BL21 DE3) and extracted with 8 M urea as described
previously.67,68 The apoPYP was diluted 2-fold using a 10 mM
Tris-HCl buffer at pH 7.5 and reconstituted by the addition of
an excess of p-coumaric acid anhydride (Sigma-Aldrich). After
removal of the urea by dialysis against 10 mM Tris-HCl buffer
at pH 7.5, the protein was purified by chromatography on a Ni-
NTA resin (using 200 mM imidazole as the eluent) and DEAE-
sepharose CL6B (using 100 mM NaCl for elution) until a
purity index (defined as the ratio of the absorption at 446 nm
to that at 278 nm) of <0.45 was achieved.
Fluorescence Spectroscopy. Fluorescence excitation and

emission spectra were recorded in a SPEX Fluoromax-3
fluorimeter (Jobin-Yvon) using a cuvette with a 100 μL
nominal volume (Starna #16.100F-Q-10/Z15; ∼130 μL is
needed to avoid scattering from the meniscus). Because the
shape of the fluorescence emission spectra of Hhal PYP is
independent of excitation wavelength (Figure 3A, blue and red
curves), the amplitude of the emission peak was used to
estimate the wavelength dependence of the fluorescence
quantum yield. This is equivalent to dividing the excitation
spectrum of PYP by its absorbance spectrum. We used two
approaches to confirm that inner filter effects did not perturb
the observed excitation-wavelength dependence of the
fluorescence quantum yield. (1) The sample concentration
was adjusted to obtain an absorbance of <0.1 at the excitation
wavelength, and (2) the fluorescence emission spectra were
measured for samples with different PYP concentrations to
ensure a linear relationship between emission intensity and
sample absorbance.

Cryotrapping Spectroscopy. The low-temperature cryo-
trapping measurements were performed using an Oxford
Instruments Optistat DN liquid nitrogen cryostat placed in
the beam path of a Shimadzu UV−vis spectrometer. The PYP
sample was dissolved in a solution of 66% glycerol and 33%
water in a custom designed cell. The procedure for cryokinetic
experiments has been described in detail elsewhere59 and is
very similar to cryotrapping. The sample is cooled to the
appropriate temperature, and a reference spectrum is collected.

Figure 3. Wavelength dependence of the fluorescence quantum yield
for wild-type PYP. (A) Absorbance spectrum of PYP (black) and
emission spectra resulting from excitation of PYP at 420 nm (blue)
and 480 nm (red). (B) Emission peak wavelength as a function of
excitation wavelength. (C) Comparison of the absorbance (black) and
fluorescence excitation spectra (red) of Hhal PYP. The quantum yield
for fluorescence as a function of excitation wavelength is depicted (○,
scaled according to the right y-axis). These data were obtained by
measuring emission spectra at several different wavelengths and
normalizing for the amount of absorbed light. The dotted line shows
the values obtained by dividing the excitation and absorbance spectra.
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Then the sample is illuminated for ∼30 min with the selected
pump wavelength to initiate the photocycle, and absorption
spectra are collected again. The difference between the
reference spectra and the illuminated spectrum at the same
temperature is calculated to eliminate the influence of thermal
equilibration and create spectra that resemble ultrafast transient
absorption spectra for ease of interpretation.
Ultrafast DEWI-PP Absorption. The dispersed transient

absorption setup was constructed from an amplified Ti:sapphire
laser system (Spectra Physics Spitfire Pro and 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.59,65,69,70 The 800 nm fundamental pulse train was
split into multiple paths with one path generating the dispersed
white-light probe supercontinuum (350−650 nm) by focusing
the laser pulses into a slowly translating CaF2 crystal. Two
other paths were used to generate the 435 and 475 nm tunable
visible pulses (∼250 nJ) from a home-built noncollinear optical
parametric amplifier (NOPA) that are impinged and over-
lapped, both spectrally and temporally, on the sample. The 435
and 475 nm pulses were selected to avoid contamination with
solvated electrons.35 The 435 and 475 nm pump beams were
optically chopped at 500 and 250 Hz, respectively, to generate a
pulse sequence in which the reference spectrum and excited
spectra were collected sequentially. The illuminated spectra
share the same reference spectra for the calculation of transient
spectra. Both pump pulses were linearly polarized at 54.7°
(magic angle) with respect to the probe pulses. The spot size
diameters (∼300 μm pump pulse and 50 μm probe pulses)
were estimated using a micrometer stage and razor blade. The
appreciably greater diameter of the pump pulse minimizes
artificial contributions to the signals from a varying spatial
overlap between pump and probe beams. The PYP sample was
circulated through a custom 1 mm path length flow cell with
0.2 mm thick quartz windows. The overall instrument response
was 125 fs as measured by the signal rise time.
Computational Analysis. The initial structure of the Hhal

PYP protein was taken from Protein Data Bank (PDB) entry
2ZOH.71 After the addition of the missing hydrogens, the
protein molecule was solvated in a 6 nm × 6 nm × 6 nm
periodic cube of water with six Na+ ions to neutralize the
system. The total system contained 25174 atoms. The protein
geometry was minimized for 10000 steps followed by a
molecular dynamics equlibration for 20 ns with 2 fs time steps
using an NPT ensemble at a pressure of 1 bar72 with a 1 ps time
constant for pressure coupling and a compressibility of 4.5 ×
10−5 bar−1 and a temperature of 300 K,73 with a 0.1 ps time
constant for temperature coupling. The LINCS algorithm was
used to constrain bond lengths,74 allowing a time step of 2 fs in
the classical simulations. SETTLE was applied to constrain the
internal degrees of freedom of the water molecule.75 A 1.0 nm
cutoff was used for nonbonded van der Waals interactions,
which were modeled by Lennard-Jones potentials. Coulomb
interactions were computed with the smooth particle mesh
Ewald method,76 using a 1.0 nm real space cutoff and a grid
spacing of 0.12 nm. The relative tolerance at the real space
cutoff was set to 10−5. After equilibration, a full dynamics run
for 100 ns with a 2 fs time step was performed using the same
NPT ensemble. All structure preparations and molecular
dynamics simulations were performed with the GROMACS
software package77 and parameters from the Amber03 force
field with the TIP3P model of water.78

From the production run, snapshots with different
conformations of the R52 residue and T50 hydrogen bonding
network around the pCA chromophore were extracted. A
cluster, consisting of the protein molecule with a 5 Å layer of
water around it, was cut from those snapshots and run through
a full scale QM/MM optimization. The quantum mechanical
region consisted of the pCA chromophore molecule, the C69
residue, and side chains of amino acids Y42, E46, and T50 (68
atoms in total). To estimate the effect of the R52 conformation
on the excitation energies, the side chain of that amino acid was
later included in the QM region. The QM/MM interface
between the GROMACS package and the GAMESS(US)
quantum chemistry package79 was employed to perform this
optimization using density functional theory with the PBE0/cc-
pVDZ80 basis set and Amber03 force field. After optimization,
the vertical excitation energies (VEEs) were computed using
second-order extended multiconfigurational quasi-degenerated
perturbation theory (XMCQDPT2)81 using a five-state
averaged complete active space self-consistent field
(CASSCF)82 wave function as a reference. The active space
in these CASSCF calculations included the 11 π-orbitals of the
chromophore and 12 electrons [i.e., XMCQDPT2/SA(5)-
CASSCF(12,11)/cc-pVDZ]. The VEEs and oscillator strengths
were computed with Firefly version 8.2.83

■ RESULTS

Static Fluorescence. Hhal PYP is weakly fluorescent with
fluorescence quantum yields (Φf) that are <0.5% but exhibit a
clear excitation-wavelength dependence in the emission and
excitation spectra (Figure 3). The emission maximum of Hhal
PYP changes slightly as a function of excitation wavelength,
with shorter excitation wavelengths producing shorter emission
wavelengths (Figure 3A,B). Excitation on the far blue edge of
the absorbance spectrum at 370 nm generates emission at 490
nm, while 480 nm excitation produces emission at 498 nm. The
largest changes in the peak position of the emission spectra
occur upon excitation above 460 nm, on the red flank of the
absorbance band. However, the shape, including bandwidth and
shoulder, of the fluorescence emission spectra is largely
independent of excitation wavelength (Figure 3A). The
characteristics of the excitation spectrum measured at 490 nm
(Figure 3C) provide further evidence of wavelength-dependent
fluorescence. The excitation spectrum (red curve) is substan-
tially broader than the absorbance spectrum (black curve), with
clearly enhanced amplitudes on the flanking edges.
The wavelength dependence of the fluorescence quantum

yield (Φf) was determined in two ways. First, the excitation-
wavelength-dependent amplitude of the emission peak was
normalized to the sample absorbance. Second, the measured
excitation spectrum of Hhal PYP was divided by its absorbance
spectrum. Both approaches yield nearly identical results [Figure
3C (○)]. The value of Φf is smallest near 450 nm and increases
upon excitation with light on both the blue flank and the red
flank of the Hhal PYP absorbance band. Hence, both higher-
energy excitation, 400 nm, and lower-energy excitation, 480
nm, result in up to twice as much emission as excitation at the
pG absorbance peak, 440 nm. Because the observed depend-
ence of fluorescence quantum yield on excitation wavelength
resembles the absorbance spectrum, we performed additional
measurements at multiple reduced sample concentrations,
demonstrating that inner filter effects did not contribute to
the fluorescence yields in Figure 3C (data not shown).
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Cryotrapping Spectra. The full cryokinetic spectra and
analysis of Hhal PYP were published previously.59 Here we
focus on the excitation-wavelength dependence of the differ-
ence spectra at only two temperatures, 90 and 170 K. Upon 405
nm illumination at 90 K, the spectra display a positive I0
photoproduct band at 500 nm and a possible pUV photo-
product at 375 nm. The ground-state bleach has multiple peaks
at 455 and 425 nm and a shoulder at 400 nm (Figure 4A).

Immamoto and co-workers20 also observed multiple GSB
signals via low-temperature spectroscopy. Under illumination
with a different laser diode at 445 nm and 90 K, I0 is still
present, with no clear pUV state and with altered relative
amplitudes of the multiple GSB signals. Illumination with 405
nm light results in weaker I0 signals and a more intense bleach
at 425 nm, while illumination with 445 nm light results in a
larger I0 band with a smaller 425 nm bleach feature. These data
indicate that illumination at different wavelengths manipulates
subpopulations of the Hhal PYP ground state that cannot
interconvert because of the low thermal energy available; 405
nm illumination favors the 425 nm subpopulation and
contributes less to I0 photoproduct formation, while 445 nm
illumination favors the 455 nm subpopulation with more I0
photoproduct formation. Also, 405 nm illumination may favor
the 400 nm subpopulation, but the small shoulder does not
have sufficient definition in the spectra to make an evaluation.
At 90 K, there is a clear wavelength dependence with at least
two separate GSB subpopulations and different I0 evolution.

The photocycle evolves as the temperature is increased to
170 K, and the cryotrapping spectra under each illumination
wavelength are now essentially identical. At this temperature,
the pR state is beginning to form with a peak at 475 nm and the
pUV state at 375 nm is decaying. The GSB still displays some
asymmetry with a shoulder at 425 nm, but the shapes of the
bleach after 405 nm radiation and that after 445 nm radiation
are equal. The initial excitation-wavelength-dependent spectra
of the Hhal PYP photocycle are not present at higher
temperatures further along the photocycle.

Primary Photodynamics. Both data sets in the DEWI-PP
signals produced by 435 and 475 nm excitation exhibit
qualitatively similar features as demonstrated previously for
WT Hhal PYP.28,35,49,59 To quantitatively compare the
transient dynamics initiated from the two excitation wave-
lengths, the spectra of both data sets were scaled to the bleach
region from 400 to 450 nm in the terminal 6 ns spectrum. The
spectra (Figure 5A) of the 435 nm excitation (blue) and 475
nm excitation (red) initially exhibit a ground-state bleach
(GSB) between 400 and 475 nm with an excited-state
absorption (ESA) in the range of 340−400 nm and a
stimulated emission (SE) in the range of 450−600 nm. The
ESA and SE signals for the 475 nm excitation are slightly
higher, indicating that a greater proportion of the sample was
excited with respect to the terminal population amplitude
(Figure 5A,B). The GSB in the 475 nm excitation spectra is
also noticeably red-shifted compared to the 435 nm excitation
spectra at early probe times.
By 60 ps (Figure 5F), the differences in amplitude in the ESA

and SE have converged with formation of the I0 photoproduct;
spectra from both excitation wavelengths are nearly identical,
including the GSB. This finding agrees with the cryotrapping
analysis in which initial differences in GSB spectra with
different excitation wavelengths evolve into a single GSB shape.
At 1.2 ns, the spectra have diverged as the amplitude of the I0
state (near 500 nm) is slightly larger upon 475 nm excitation
than that for 435 nm excitation (Figure 5G). For the 6 ns
spectra (Figure 5H), the GSB signal amplitudes are normalized
from 400 to 450 nm, suggesting equal coexisting populations,
but with different pR contributions.
Both DEWI-PP signals exhibit triphasic excited-state kinetics

(Figure 6), mirroring observations from WT Hhal PYP
transient absorption data measured previously.13,33−35,49,59

The ESA kinetics at 375 nm (Figure 6A) exhibit a greater
amplitude after 475 nm excitation (red curve) than after 435
nm excitation (blue curve) for the duration of the experiment.
The slight positive signal in the nanosecond regime is likely due
to the pUV state recently reported for Hh PYP and other
PYPs,59,70 but this state does not emerge from further global
analysis, because of its very low level of accumulation. The 450
nm GSB trace (Figure 6B) exhibits an initial deeper bleach in
the 475 nm excitation and the convergence of the two
excitation signals around 100 ps. The 510 nm (Figure 6C) and
550 nm (Figure 6D) traces the SE signals decay into a similar
positive I0 signal at ∼10 ps, followed by a decay as I0 evolves
into the blue-shifted pR population at ∼300 ps.

Global Analysis. Multicompartment global analysis techni-
ques were used to quantitatively describe the ultrafast signals
for both excitation wavelengths.84,85 Multiple kinetic models
were created and evaluated on the basis of their ability to
represent a plausible molecular mechanism, and their simplicity.
If a model is the true representation of the mechanism, then the
extracted species-associated difference spectra (SADS) are the

Figure 4. Cyrotrapped spectra at two temperatures [(A) 90 K and (B)
170 K] after illumination with 445 nm light (red curves) and 405 nm
light (blue curves). The obvious differences in the I0 feature at 500 nm
and the GSB between the two pump wavelengths at 90 K are not
present after evolution of the photocycle at 170 K. Wavelength-
dependent processes influence only the early stages of the photocycle.
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“correct” spectra of the constituent populations; if a model is
inaccurate, the SADS represent a linear combination of the
spectra of the real species. In this effort, two models were
developed based on models that were developed for PYP

previously.35,49,86,87 The first model (Figure 7) has three
heterogeneous ground states that are excited to pG* and may
relax into a short-lived ground-state intermediate (GSI)
population before returning to the pG ground state or evolve

Figure 5. Comparison of select transient spectra from 435 nm excitation (blue) and 475 nm excitation (red) at selected probe times as indicated.
Removed regions of the 475 nm excitation spectra are due to excessive pump scattering; the 435 nm data set did not exhibit significant scattering to
warrant the excision of data. Panels A and B clearly illustrate the pG* spectra of Hhal PYP with ESA, GSB, and SE signals. Panels C and D show the
decay of the pG* state and the red-shifted GSB upon 475 nm excitation. In panels E and F, the I0 state is formed and blue shifts in panel G into the
last observed pR photoproduct in panel H. The spectra were normalized for comparison at 6 ns from 400 to 450 nm.

Figure 6. Kinetics (empty circles) for 435 nm excitation (blue) and 475 nm excitation (red) at specific wavelengths with the global analysis fits
(line). (A) ESA decay, (B) GSB, (C) evolution from SE to I0 to pR, and (D) largely SE kinetics with some I0 influence. As with the spectra in Figure
5, the data were normalized for comparison at 6 ns from 400 to 450 nm. Figures S1 and S3 compare the kinetics across the probed wavelengths.
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to produce I0 and pR. The second model (Figure S1B) has two
heterogeneous ground states that vibrationally relax and
isomerize on comparable time scales.
Both global models fit the dynamics of Hhal PYP excitation

nearly identically with root-mean-square fit errors of 0.909 and
0.896 (a difference of 1.4%). In each model, the kinetics at 435
and 475 nm are fitted with the same kinetic parameters and the
wavelength-dependent differences are resolved in the corre-
sponding SADS spectra. While both models include inhomo-
geneity to explain the DEWI-PP data, the three-state
heterogeneous model is preferred for its simplicity. Hence,
the remainder of the discussion will focus on the application of
the three-state inhomogeneity model in Figure 7; however, for
the sake of completeness of the discussion, the kinetic
parameters and spectra for the two-state vibrational relaxation
model are given in Table S2 and Figures S4 and S5.
Within the inhomogeneous model in Figure 7, both DEWI

data sets are fit to the same similar triphasic pG* quenching
kinetics with 1.1, 4.7, and 34 ps lifetimes (Table 1 and Figure 7,
black boxes). As demonstrated below, the DEWI data sets can
be fit with the same decay time constants, but with differing
amplitudes and spectra. While previous studies35,48,59 of WT
Hhal PYP assumed that each pG* population was spectrally
identical with different kinetic time constants, the raw DEWI-
PP data in Figures 4 and 5 clearly show that 435 and 475 nm
excitations produce similar, albeit not identical, pG* spectra.
Thus, the SADS of the constituent pG* states must be different
in the modeling. The SADS of the fastest and intermediate pG*
populations were unconstrained in the global analysis fitting,
while the weak-amplitude third population was locked to the
second. The ESA features in all the pG* spectra are identical

both among and between excitation wavelengths. In all the pG*
GSB features, excitation at 475 nm versus excitation at 435 nm
produces a red-shifted bleach by ∼10 nm. All the 475 nm
excitation pG* states also produce SE signals with amplitudes
greater than those of the 435 nm excitation compared to the
GSB. This suggests the higher fluorescence yield (Figure 3C)
observed after 475 nm excitation versus 435 nm excitation may
result in part because of an increased oscillator strength and
changing quantum yields. Within a single excitation wavelength,
there are slight differences in the SE regions of the different
heterogeneous pG* states. Under 435 nm illumination, the
pG* 1 SE at 500 nm produces a more rounded gradual peak
than at later times in pG* 2 and pG* 3. Under 475 nm
illumination, the SE is blue-shifted slightly and forms a sharper
peak than in pG* 2 or pG* 3. These differences are more
evident when the pG* spectra are overlapped as seen in Figure
S3.
Quenching of pG* populations proceeds through a GSI35

(Figure 8D and Figure 7, blue boxes) that is argued via pump−
dump−probe spectroscopy to be a highly vibrationally excited
electronic ground-state species that is produced when the pCA
chromophore fails to enter the photocycle and nonradiatively
relaxes.35 The transient GSI spectra are red-shifted from the
GSB peaking at 470 nm. The GSI spectrum with 475 nm
excitation clearly shows the red-shifting of the GSB spectra at
early times compared to the 435 nm excitation GSB.
The DEWI-PP data indicate that the heterogeneity of the

excited-state pG* populations may not propagate through the
first two intermediates of the resulting photocycle dynamics.
The I0 (Figure 8E) state exhibits slight kinetic and spectral
differences depending on the excitation wavelengths, but the
main indicator of heterogeneity, the GSB, is almost identical.
The recombination of the bleach spectra at later probe times
matches the results of the cryotrapping experiments that
showed the GSB differences also recombined at higher
temperatures (Figure 4). The pR SADS (Figure 8F) with 475
nm excitation do produce a slightly larger bleach at the peak;
however, the GSB region as a whole is similar.
The photoproduct quantum yields (Φph) were evaluated

from the populations and branching ratios modeled in our
global analysis (Table 1). In agreement with previous PYP
studies,35,49,59,87 the overall pR yield is 22% and the primary
contributor to the production of Io and pR is the fastest pG* 1
state. Because both excitation wavelengths are fit to the same
model to make the spectral differences clear, we did not
calculate any differences in the quantum yield under 435 or 475
nm excitation.

Figure 7. Three-state heterogeneous global analysis model for fitting
the transient absorption dynamics from each DEWI-PP data set with
different parameters. The excitation-wavelength dependence shows up
in the spectral features of the extracted SADS from the fits.

Table 1. Global Analysis Parameters of the DEWI Data Setsa

Heterogeneous Model

pG* 1 pG* 2 pG* 3 GSI I0 pR

population (%) 57 32 11
lifetime (ps) 1.1 4.7 34 4.5 970 ∞
branching 67 (GSI) 67 (GSI) 100 (GSI) 35 (pG)
yield (%) 33 (I0) 33 (I0) 0 (I0) 65 (pR)
pR yield (%) 14 8 0 total of 22

aThese are optimized by target analysis to the model in Figure 7 for Hhal PYP after 435 and 475 nm excitation. The relative error for each parameter
is 10%.
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■ DISCUSSION

While the differences between 435 and 475 nm excitation are
small, they are well-resolved in the DEWI-PP measurements.
The primary photodynamics, cryotrapping spectra, and
fluorescence dynamics of PYP are clearly manipulated by
excitation wavelength. Three hypotheses are considered for the
origin of this effect (Figure 9): (1) the multiple-electronic
excited-state model, (2) the vibrationally enhanced isomer-
ization model, and (3) the static heterogeneity model.
Multiple-Electronic Excited-State Model. This model

hypothesizes that the pG spectrum of Hhal PYP is attributed to
a single homogeneous population with two or more over-
lapping absorption bands attributed to different electronic
transitions (Figure 9A). Excitation to different excited-state
potential energy surfaces will affect the nature of the
intersections with the ground state, leading to different
photodynamics. Other photochemical systems like azoben-

zene88 and metal carbonyls89 are known examples of multiple
electronic excited states that influence photochemistry.
If excitation into different excited electronic states of PYP

(Figure 9A) resulted in differing photodynamics, then the
fluorescence, cyrotrapping, and DEWI signals would certainly
exhibit an excitation-wavelength dependence. Quantum calcu-
lations90,91 that include the local amino acid environment
predict a large energy gap (≥1 eV) between S1 (π → π*) and
S2 (n → π*) that places the n → π* transition out of reach of
the wavelengths in this DEWI-PP experiment (435 nm, 2.8 eV;
475 nm, 2.6 eV). There is evidence of multiple excited states
influencing the isomerization of the neutral pCA chromophore
in the gas phase,92 but subsequent efforts have called this result
into question.93

Multiple excited states are consistent with some aspects of
the Hhal PYP dynamics. The observed fluorescence spectra
exhibit red shifting with excitation wavelength (Figure 3B),

Figure 8. Comparison of global analysis SADS for 435 nm excitation (blue) and 475 nm excitation (red). Spectra are calculated from the transient
absorption spectra that were normalized at 6 ns between 400 and 450 nm. The target model and concentration profiles correlated with these SADS
are shown in Figure 7. Panels A−C show the SADS for the three heterogeneous pG* states. In panels B and C, the red shift of the GSB with 475 nm
excitation is evident. The GSI spectra and the extremely clear difference in the GSB at early times are shown in panel D. The I0 intermediate SADS
are shown in panel E and the later pR photoproduct SADS in panel F, where the GSBs are approximately identical. The sharp peaks (denoted with
asterisks) in panels D−F are due to scattering of the 475 nm excitation light into the detector.

Figure 9. Depiction of three models conceived to explain excitation-wavelength dependence in PYP: (A) multiple-electronic excited-state model, (B)
vibrationally enhanced isomerization model, and (C) static heterogeneity model.
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consistent with multiple excited states in which excitation on
the red edge excites a pG* state at a lower energy. The gradual
fluorescence peak shift opposed to a large discrete jump
requires multiple pG* populations close in energy. In the
DEWI-PP measurements, differences between the triphasic
pG* decay at different excitation wavelengths can be
interpreted using three pG* states. Each of the multiple pG*
states has its own spectral form and decay constants for the
transition to the ground state.
The multiple-excited-state model additionally predicts a

homogeneous single GSB that is independent of excitation
wavelength. This is inconsistent, however, with the multiple
bleach subpopulations observed in the cryotrapping spectra and
ultrafast transient absorption experiments. At low temperatures,
excitation at 405 nm produces an obvious shifts toward a 425
nm bleach subpopulation compared to that seen upon
excitation at 445 nm (Figure 4). In the ultrafast experiments,
435 nm excitation produces a blue-shifted bleach while 475 nm
excitation produces a red-shifted bleach. Hence, while this
hypothesis can explain the pG* triphasic decay and
fluorescence emission, it is not sufficient for the wavelength-
dependent behavior of the GSB.
Vibrationally Enhanced Isomerization Model. This

model postulates that the photoisomerization behavior of
Hhal PYP is ascribed to a homogeneous population with an
electronic excited-state manifold with multiple vibronic levels
that result in differing isomerization dynamics (Figure 9B).
Photoexcitation launches a wave packet on this potential energy
surface based on the amount of vibrational energy deposited by
excitation (above the 0−1 transition energy). The excitation-
wavelength dependence of stilbene photoisomerization is
heavily influenced by vibrational motion along the isomer-
ization coordinate94 increasing the rate and quantum yield in
solution compared to those in the gas phase. The barrierless
isomerization in rhodopsin is also dependent on wavelength
because of excited-state vibrational wave packets,95 with a
significant drop in yields above 500 nm. For a vibrationally
enhanced isomerization model to significantly affect the
isomerization dynamics, the time scale of photoproduct
formation must be comparable to that of vibrational relaxation.
Because of the relatively short dephasing time of <1 ps, here,
only the fastest decay component could be modulated due to
vibrational enhancement.
If Hhal PYP is influenced by purely vibrationally enhanced

barrier crossing, higher-energy excitation should have signifi-
cant effects on the photodynamics by allowing easier barrier
crossing to produce faster excited-state kinetics, greater
photoproduct yields, and less fluorescence. Excitation at shorter
wavelengths and higher vibrational energies are predicted to
produce higher photoproduct yields and lower fluorescence,
and longer wavelengths with lower vibrational energies to
produce lower photoproduct yields and higher fluorescence.
GSB and photoproduct spectra and kinetics should be identical
regardless of the excitation wavelength in the vibrational
enhanced barrier crossing model with a single ground-state
potential surface.
The observed fluorescence, cryotrapping, and transient

spectra all deviate from the predictions by a pure vibrationally
enhanced barrier crossing model. The curious shape of the
fluorescence quantum yields (Figure 3C) with a minimum at
440 nm and maxima at 400 and 475 nm is not consistent with
the steady increase in fluorescence at longer wavelengths
predicted by a vibrational enhancement model. As with the

multiple-excited-state model, the obvious differences in the
GSB and photoproduct spectra are not consistent with a single
ground state. For the red-shifted bleach under 475 nm
excitation to be the result of only Stokes shifting, the vibrational
relaxation time would need to be around 100 ps, which is
implausibly slow. Stokes shifting may be responsible for the red
shift in the SE band at early times (Figure 5A,B), but any
differences in the GSB bleach caused by the Stokes shift would
not persist later in the experiment. Furthermore, at 90 K, the
thermal energy available to produce vibrational effects is greatly
decreased and at least two obvious ground-state subpopulations
are observed in the cryotrapping spectra. As with the multiple-
excited-state model, vibrationally enhanced barrier crossing can
explain some aspects of the pG* kinetics and quantum yields of
the wavelength dependence but not the wavelength-dependent
ground-state bleach.

Static Heterogeneity Model. This model argues that the
absorption spectrum of Hhal PYP can be ascribed to a single S1
excited state, but that multiple subpopulations coexist because
of functionally relevant variations in the protein environment
(Figure 9C). The heterogeneous mechanism predicts that the
primary photochemistry varies with excitation wavelength
because it is possible to selectively excite different subpopula-
tions that exhibit differing intrinsic photodynamics.
The static heterogeneous model combines features of

multiple pG* excited states with multiple ground states. In
the heterogeneous system, each ground state and each excited
state can have a different potential energy surface with a
different energy separation and different fluorescence spectra.
The wavelength dependence in both the Hhal PYP
fluorescence emission spectra and fluorescence quantum yield
(Figure 3) indicate that excitations at 400, 446, and 480 nm are
sampling different portions of the pG* surface with different
local minima and different fluorescence energies. The first pG*
subpopulation exhibits a relatively high fluorescence quantum
yield (near 0.3%) and a relatively blue-shifted emission
spectrum peak near 491 nm; the second subpopulation has a
lower fluorescence quantum yield and an emission peak near
492 nm, and the third subpopulation has a somewhat higher
fluorescence quantum yield combined with a red-shifted
emission spectrum near 498 nm.
Cryotrapping spectra also support a heterogeneous model

with two obvious subpopulations and a possible third. These
subpopulations are evident at 90 K (Figure 4A) where the
ground-state bleach has two peaks at 455 and 425 nm and a
possible shoulder at 400 nm. With a change in the excitation
wavelength, the occupation of these ground-state subpopula-
tions and their influence on the initial I0 photoproduct can be
manipulated. Excitation at 445 nm results in a smaller 425 nm
bleach and a larger I0 amplitude, implying that most of the
photoproduct is formed by the 455 nm ground state.
The transient spectra in the DEWI data sets (Figures 5 and

6) are also consistent with a three-state heterogeneous model.
Transient spectra display multiple pG* states with different
spectra and kinetic properties. The triphasic decay kinetics are
best fit by a linear combination of three exponential rates,
representing the three heterogeneous pG* states. These pG*
states also display spectral differences with the fastest
population having different SE features. Heterogeneity also
provides the best framework for interpreting the wavelength-
dependent differences in the GSB and the photoproduct
spectra. Excitation with 475 nm light on the red edge of the
absorption spectra preferentially excites the reddest heteroge-
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neous population, resulting in red-shifted GSB spectra
compared to those seen with 435 nm excitation.
The second model developed for PYP (Figure S1B) is a

hybrid of the vibrational enhanced isomerization and static
heterogeneity. The static heterogeneity is responsible for the
shifts in the GSB, and the vibrational relaxation contributes to
the fit of the shifting SE signals observed at early times of
<10 ps (Figures S4 and S5). Attempts to assign the shifted GSB
to the vibrational relaxation were not fruitful, and any model
explaining the GSB required heterogeneity. Vibrational
relaxation may have a place in the dynamics of Hhal PYP,
but it is incapable of explaining all the observed wavelength
dependence alone without the inclusion of heterogeneity.
Heterogeneity is the simplest hypothesis available consistent
with triphasic pG* decay, and wavelength-dependent GSB
bleaches.
Adoption of a heterogeneous model can explain aspects of

the Hhal PYP photodynamics other studies have explained with
more complicated models. Models with bifurcation20,52

following pG* to produce two different photoproducts can
be expressed using two heterogeneous states each producing
their unique product. Each heterogeneous pG* state has unique
kinetic and spectral properties, and they can produce varied
photoproducts without bifurcation. Models with equilibria51

can also be redrawn using heterogeneous states. Equilibria are
mainly used to allow the production of primary photoproducts
later in the photocycle. With heterogeneous states, primary
photoproducts can be produced at different time scales in each
pG* state. This allows for the production of a photoproduct
over an extended period of time without introducing equilibria.
We believe that the heterogeneous model is the appropriate
explanation for the Hhal PYP photodynamics.
Heterogeneity in PYP. Heterogeneous Hhal PYP

populations are likely created by variations in the positioning
of the protein scaffold around the pCA chromophore.96

Proteins are not static objects, and in solution at physiological
temperatures, they are dynamic, continually flexing and rotating
to sample different portions of the ground potential energy
surface.97 Variations in the hydrogen bonding network of the
reversibly switchable fluorescent protein Dronpa98 demonstrate
structural heterogeneity can be a key element in protein
photocycles. The origins of the observed heterogeneity in Hhal
PYP have been examined by computational and nuclear
magnetic resonance (NMR) experiments exploring the
conformations of R52 and T50 with respect to the pCA
chromophore as potential heterogeneous agents.
R52 is in the chromophore binding pocket and shields pCA

from solvent exposure in the folded pG state. The positive
charge of arginine has been proposed to provide a counterion
to the negative charge of the deprotonated chromophore, with
a significant influence on the electronic potential energy surface
of pCA and the subsequent excited-state dynamics.99,100 The
charge of the R52 residue remains a subject of controversy as
multiple structural studies have produced conflicting results.
Yamaguichi et al.71 observed a neutral charge in their neutron
diffraction studies; earlier neutron diffraction studies by Moffat
and co-workers101 did not, and the most recent crystallography
effort by Kataoka102 argues for both the cationic and neutral
forms. The NMR titration results of Mulder and co-workers
posit that R52 is protonated in solution, which is probably
more relevant to the in vivo action of Hhal PYP than crystals.103

Further support for a protonated R52 in the crystal comes from

computer simulations that predicted an increase in pKa rather
than a decrease in R52 pKa in crystals.104

The R52Q mutant exhibits slower excited-state dynam-
ics105−107 and a photocycle quantum yield ∼10% lower than
that of PYP (21%108 vs 25−35%), while the absorption
spectrum is nearly identical to the WT spectrum (446 nm).
Solution NMR structures of the pG state place R52 in two
configurations: either with the guanidinium group positioned
directly above the phenol ring of pCA or alternately with the
guanidinium group positioned far from pCA and above Y98.109

QM/MM calculations by Groenhof and co-workers110 predict
the guanidinium group is oriented either perpendicular or
parallel to the pCA ring with a difference of ≤20 nm in the
absorption spectra of pG based on the orientation. Further
calculations using the Gromos96 force field solidify the
influence of different conformers of R52 on the photo-
cycle.99,110,111

New calculations using the Amber03 force field, presented
here, have arrived at other possible conformers of R52 (Figure
10 and Table 2). In the majority of the dynamics simulations,

R52 is observed in the perpendicular conformer with a torsion
angle of 60° (Figure 10A), similar to the X-ray structure
determined by Yamaguchi et al.71 The R52 residue also samples
a configuration with a torsion angle of −60° (Figure 10B), in
line with the NMR structure determined by Bernard et al.,112

and rarely appears in the parallel conformer seen in the
previous calculations.110 Although the −60° R52 conformer is
less populated than the 60° conformer, there are several
transitions, and the −60° conformation has a lifetime that is
significantly longer than the excited-state lifetime of the
chromophore (Table 2). The 60° and −60° conformers display
differences in their electronic excitations with absorption at 454

Figure 10. The (A) 60° and (B) −60° conformers of R52 (green)
from calculations using the Amber3 force field in relation to the pCA
chromophore (black) in the ground pG state.

Table 2. Possible Heterogeneous Conformers of PYP
Revealed by QM/MM Simulations

R52a T50a

60 −60 Y42 E46 pCA

occupation percentage (%) 97 3 12 10 78
estimated lifetime 15 ns 160 ps 13 ps 14 ps 40 ps
vertical electronic
excitation (nm)

454 439 423 453 426

aSee Figures 9 and 10 for structures.
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and 439 nm (Table 2). Despite the differences in relative
populations of the various R52 conformations, in simulations
with both force fields, the WT PYP undergoes the transition
from trans-pCA to cis-pCA along identical pathways.60 All of
these conformers of R52 are qualitatively valid options for the
positioning in the chromophore pocket and one mechanism
that may be responsible for the heterogeneous dynamics
resolved in the fluorescence, cryotrapping, and DEWI data of
Hhal PYP photodynamics.
T50 has also been identified as a possible source of

heterogeneity in the chromophore pocket of Hhal PYP. The
T50 residue is an important member of the hydrogen bonding
network around the phenolate end of the pCA chromophore,
and any variations in its positioning would strongly influence
the photodynamics. Crystallography and neutron diffraction
results place T50 with a hydrogen bond to Y42 (Figure 11A).

Computations performed by Ochsenfeld and co-workers113 and
confirmed in this work, demonstrate that T50 samples three
different orientations with different hydrogen bond networks.
First, T50 may hydrogen bond to Y42 as seen in the crystal
structures (Figure 11A). Second, T50 may hydrogen bond to
the carbonyl on the E46 backbone (Figure 11B). Third, T50
may hydrogen bond directly to the phenol of the pCA
chromophore (Figure 11C). Ochsenfeld and co-workers113

used these three conformers to calculate an accurate chemical
shift for the E46 proton. In our simulations, these three
conformers exchange on a picosecond time scale and have
different electronic transitions. The T50−Y42 conformer
undergoes a transition at 423 nm, the T50−E46 backbone
conformer at 453 nm, and the T50−pCA conformer at 426 nm
(Table 2).
Although these shifts are in line with the single configura-

tional approximate coupled-cluster calculations of Ochsenfeld
and co-workers,113 our multiconfigurational perturbation results
suggest that the main absorption in solution is due to the
configuration in which T50 is hydrogen bonded with the E46
backbone (Figure 11B and Table 2). Excitation-wavelength-
dependent excited-state populations would be expected in Hhal
PYP based on the T50 conformer population distribution at the
moment of absorption. Collectively, the variations in the
calculated positions of T50 and R52 provide compelling
evidence that there are ample degrees of freedom in the Hhal
PYP chromophore pocket to produce excitation-wavelength-
dependent heterogeneous ground states, excited states, and
photoproducts.
Regardless of the origin, the wavelength-dependent hetero-

geneous Hhal PYP photodynamics requires reevaluation of the
literature. Prior works paid little attention to the possible effect
of wavelength dependence and the ability to compare
experiments performed with different illumination wavelengths.

It is expected that a range of excitation wavelengths greater than
the range of 40 nm used in this study (Figure 2) would reveal
more profound differences in the associated dynamics. Time-
resolved crystallography by Anfinrud and co-workers51 with a
390 nm pump should be compared with reservations to
crystallography by Ihee and co-workers52 with an excitation
pump at 418 nm and crystallography by Hutchinson and van
Thor114 with an excitation pump at 450 nm. Because any bulk
sample represents a weighted average over all possible
heterogeneous structures, different excitation wavelengths
among the time-resolved crystallographic structures51,52,57,60

create a different distribution of excited heterogeneous
populations whose spectral, kinetic, quantum yield, and
structural properties are not equivalent. This same argument
applies to any comparisons of techniques using different pump
wavelengths (Figure 2 and Table S1), including low-temper-
ature spectroscopy,15,20,56,59visible ultrafast transient experi-
ments,49,59,87,115 infrared observations,29,32 and fluorescence
measurements.21,31,116 Direct comparisons of PYP studies that
have been performed using dissimilar pump wavelengths must
be performed with caution and are not expected to yield
identical kinetic lifetimes or spectra.

Concluding Comments. Wavelength-dependent excitation
of Hhal PYP with 475 nm light versus 435 nm light has a small,
but measurable, effect on the fluorescence, cryotrapped spectra,
and ultrafast photodynamics. We would expect these effects to
scale with excitation far from the 440 nm absorbance center to
display the greatest deviations. Multiple excited-state inter-
actions, vibrationally enhanced barrier crossing, and pG
heterogeneity are possible causes of the wavelength depend-
ence. Heterogeneity in the ground, excited, and photoproduct
states is the only model that can explain all of the differences,
including the ground-state bleaches, triphasic excited-state
quenching, photoproduct amplitudes, and quantum yields.
Heterogeneity is likely created by the subtle movements of
proteins in solution environments, and PYP rotamers of R52
are a possible contributor. Conformers of T50 resulting in
variations of the hydrogen bond network have also been
identified in new QM/MM calculations as possible heteroge-
neous residues. Confirmation of wavelength dependence in
PYP encourages researchers to use caution with all future and
past comparisons between PYP studies with different excitation
wavelengths.
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lation; TIP3P, transferable intermolecular potential with 3
points; NPT, constant N, constant pressure, and constant
temperature; GAMESS(US), General Atomic and Molecular
Electronic Structure System U.S. variant; VEE, vertical
excitation energy; XMCQDPT2, extended multi-monfigura-
tional quasi-degenerated perturbation theory; CASSCF, com-
plete active space self-consistent field; S/N, signal to noise
ratio; PP, pump−probe; QM/MM, quantum mechanics/
molecular mechanics; GSB, ground-state bleach; ESA, excited-
state absorption; SE, stimulated emission; GSI, ground-state
intermediate; EADS, evolution-associated difference spectra;
SADS, species-associated difference spectra.
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