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ABSTRACT: We explored the photoisomerization mecha-
nisms in novel homologues of photoactive yellow protein
(PYP) from Leptospira biflexa (Lbif) to identify conserved
teatures and functional diversity in the primary photochemistry
of this family of photoreceptors. In close agreement with the
prototypical PYP from Halorhodospira halophila (Hhal), we
observe excited-state absorbance near 375 nm and stimulated
emission near 500 nm, with triphasic excited-state decay.
While the excited-state decay for Lbif PYP is the slowest
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among those of known PYPs due to the redistribution of the amplitudes of the three decay components, the quantum yield for
productive photocycle entry is very similar to that of Hhal PYP. Pro68 is highly conserved in PYPs and is important for the high
photochemical quantum yield in Hhal PYP, but this residue is Ile in wild-type Lbif PYP. The level of photoproduct formation is
slightly increased in I68P Lbif PYP, indicating that this residue regulates the photochemical quantum yield in the entire PYP
family. Lbif PYP also exhibited a blue-shifted photoproduct previously undiscovered in ultrafast studies of PYP, which we have
named pUV. We posit that pUV is a detour in the PYP photocycle with a twisted protonated pCAH configuration. Cryokinetic
experiments with Hhal PYP confirmed the presence of pUV, but the population of this state in room-temperature ultrafast
experiments is very small. These results resolve the long-standing inconsistency in the literature regarding the existence of a

bifurcation in the room-temperature photocycle of PYP.

S unlight provides the energy necessary to support life in the
Earth’s biosphere. Sunlight is responsible for driving
photosynthesis processes and modulates a wide range of
other important light-driven bioactivities, including photo-
taxis, " gene expression,3 and vision.”> Moreover, photo-
biological processes are responsible for the mechanisms that
modulate the expression of photosynthetic infrastructure via
complementary chromatic adaptation.” The transduction of
light energy into usable function is performed by two distinct
processes to accomplish transmembrane proton transfer in
membrane proteins. The first process proceeds via electron
transfer in chlorophyll-based photosynthetic reaction centers.’
The second process is driven by double-bond photoisomeriza-
tion in the chromophore of retinal-based proteorhodopsins.”
The photochemical fate of the electronically excited state
formed upon light absorption is different in these two classes of
photoactive proteins. While the parameters that govern
electron transfer are well understood,” the factors that control
chromophore photoisomerization to initiate the signaling
process have been a topic of active interest. Proteins that use
light energy to initiate biological signaling are termed
photoreceptors, and this process is often initiated by
chromophore photoisomerization.
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The chromophore binding pocket of photoreceptor proteins
often greatly increases the quantum yield and specificity for the
alkene photoreceptor compared to those of the free
chromophore in solution,'”"" while reducing fluorescence
quantum yields. This issue is of primary importance for
bioenergetics, biological light sensing, and the use of photo-
receptors as light-activated switches in the emerging field of
optogenetics.'” Optogenetics, using light to control biological
processes, depends on having access to well-understood
photoreceptors.'”> We are studying the influence of the
chromophore binding pocket on photoreceptor yield and
dynamics using the photoactive yellow protein (PYP) as a
model system. PYP is a small, 14 kDa, 125-residue, water-
soluble protein with complex photochemistry that is initiated
by the photoexcitation of an embedded p-coumaric acid (pCA)
chromophore covalently attached to Cys69 (Scheme 1).'* In
the dark-adapted pG state, the pCA is deprotonated with the
double bond in its coumaryl tail in the trans configuration.
Upon the absorption of a blue photon, an excited-state
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Scheme 1. Local Protein Environment around the pCA Chromophore for Hhal PYP (left) and Lbif PYP (right)“
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“The residues shown in bold are different between the proteins, and the Ile68 residue (red) is modified to a Pro residue in the mutant Ile68Pro Lbif

PYP.

isomerization reaction occurs that generates a cis conformation
on a picosecond time scale.">'® This triggers several ground-
state steps, including an intramolecular proton transfer to the
phenolic end of the chromophore and then large-scale
structural changes in the protein through the alterations of
hydrogen bonding interactions.'”~"” The diversity of chemical
reactions in PYP makes it a rich system for investigating how a
protein structure and dynamics guide chromophore dynamics
and vice versa.

The vast majority of studies aimed at understanding the
photoactivity of PYP have focused on the protein isolated from
the proteobacterium Halorhodospira halophila (Hhal PYP),”
including mutants21 =5 or Hhal PYPs expressed with modified
chromophores.”® While close to 100 PYP homologues have
been identified in genomes, few studies have been reported on
the photochemical characterization of PYPs from these other
organisms.””** Recently, we identified a PYP homologue in the
spirochete Leptospira biflexa (Lbif PYP) with an amino acid
sequence that is only 38% identical and 56% similar to that of
Hhal PYP.”” The pCA chromophore pockets of Hhal PYP and
Lbif PYP are qualitatively similar (Scheme 1) with three key
differences. (i) Residue 68, which is immediately adjacent to
Cys69, is an isoleucine in Lbif PYP but a proline in >90% of all
PYPs identified to date.”” (i) Residue 52 at the interface
between pCA and the solvent is an arginine in Hhal PYP but a
nonpolar valine in Lbif PYP. (iii) Residue S0 is a threonine in
Hhal and an alanine in Lbif PYP.

In Hhal PYP, the ThrS0 residue contributes to the hydrogen
bonding network between pCA and the surrounding protein
scaffolding, while the AlaS0 residue in Lbif PYP does not
participate in the hydrogen bonding network. The hydrogen
bonding network is integral in the formation of the light-
adapted pB state.'' Substitutions at position S0 induces
substantial red shifts in the absorbance spectrum of the protein
in Hhal PYP,""***” and this is presumably the origin of the red-
shifted spectrum in Lbif PYP (Figure 1).

The role of ArgS2 in the Hhal PYP photocycle is disputed as
experiments with the ArgS2GIn mutant showed a slight
decrease in the speed of the reaction, but the mutant retained
photoproduct production similar to that of WT Hhal PYP.*
However, molecular dynamics simulations by Groenhof et al.
indicate that a positively charged ArgS2 controls which of the
bonds isomerizes in the pCA chromophore,*® while the mutant
with GIn52 isomerized at the nearby single bond (C;—C,).”"
Further experiments have argued that ArgS2 in PYP is not
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Figure 1. Steady-state normalized absorption spectra of Hhal PYP
(black), Lbif PYP (red), and I68P mutant Lbif PYP (green) in the pG
state with pCA in the trans conformation (Scheme 1). The laser
spectrum of the 438 nm excitation pulses (gray) is indicated.

charged™ and may not influence the forward isomerization
reaction for the Arg52Ala mutant.’ Because the photocycle
proceeds with the Arg52GIn** and Arg52Ala®® mutations, it is
believed that the carbonyl flip and breaking the hydrogen bond
with the amine backbone of Cys69 are the crucial actions in the
initial photoreaction.'””!

A suggested role of Pro68 in WT Hhal PYP was that this
residue constrict the chromophore pocket, leading to isomer-
ization. When residues with smaller side chains are mutated
into position 68,”"** the photoreaction is slowed considerably.
Groot et al. also reported that smaller residues have a more
pronounced effect in decreasing the quantum yield in initiating
the photocycle.”!

While extensive studies have yielded a deep and detailed
understanding of the molecular mechanisms of the initial steps
of the PYP photocycle,">'”***® important unresolved issues
remain. First, the decay of the electronically excited state is
triphasic, but the underlying quenching mechanisms are
unclear. Second, the role of the residues surrounding the
chromophore pocket and the influence of the apoprotein in
non-Hhal PYP systems have not been explored. Third,
Imamoto and co-workers reported evidence of cryogenic
measurements for the existence of an early blue-shifted
photocycle intermediate (at ~450 nm), called PYPy.*”*"
However, most other studies that reported ultrafast visible
pump—probe experiments have found no evidence of such an
early blue-shifted state.”’~>**° Here we report data that yield
novel insights into all three issues, through ultrafast transient
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absorption on the first non-Hhal PYP protein, Lbif PYP, and
through low-temperature kinetic different absorption experi-
ments with Hhal PYP.

B MATERIALS AND METHODS

Mutant Preparation. The synthetic gene encoding WT
Lbif PYP cloned into pUC19 was obtained from Epoch Life
Science Inc. This gene was recloned into the PQE-80L vector at
the BamHI and Pstl sites, and the sequence of the inset was
confirmed by an ABI 3730 DNA analyzer at the Oklahoma
State University DNA/Protein Core Facility. This plasmid was
used as template DNA in a mutagenic polymerase chain
reaction (PCR) to introduce the I68P mutation. Mutagenesis
was performed using the two-step outlines of Mihara et al.”’
with minor modifications. The first step was to amplify the gene
between the primers PQE-FW (flanking sense primer) and
mutation-RV (mutation antisense primer) or Lb-RV (flanking
antisense primer) and mutation-FW (mutation sense primer).
The second step combines the amplified gene products to
amplify the entire Lb-PYP mutant gene with BamHI and Pst
restriction sites. The PCR product was digested with BamHI
and PstI and then ligated into PQE-80L at the same restriction
sites, followed by transformation into Escherichia coli strain DH-
Sa. The resulting plasmid DNA confirmed the DNA sequence,
as well. DNA primer sequences are available in the Supporting
Information.

Protein Expression, Reconstitution, and Purification.
The plasmids encoding WT and Ile68Pro mutant Lbif PYPs
were transformed into E. coli strain BL21(DE3) and used to
obtain the corresponding apoPYP samples. The E. coli strains
were incubated in 1 L of LB medium containing 50 mg/mL
ampicillin at 37 °C for 16—18 h and IPTG (isopropyl thio--
galactoside, final concentration of 1 mM) for inducing protein
expression. The cells were harvested 4 h after induction by
centrifugation (Sorval, 4000 rpm, 10 min) and disrupted with 8
M urea, and the cell debris was spun down (Beckmann, 20K
rpm, 20 min). The supernatant was diluted 2-fold by the
addition of buffer [10 mM Tris-HCI (pH 7.5)] under magnetic
stirring followed by the addition of 200 uL of p-hydroxycin-
namic anhydride. The reconstituted holoPYP was dialyzed
against Tris-HCl buffer (10 mM, pH 7.5). The dialyzed PYP
was applied to Ni-NTA (Qiagen) followed by purification using
CM Sepharose (Sigma-Aldrich). The purity of the protein was
confirmed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. The final protein samples used for the ultrafast
measurements were in 10 mM Tris-HCI buffer (pH 7.5).

Ultrafast Spectroscopy. The primary light source was an
amplified Ti:sapphire laser system (Spectra Physics Spitfire
Pro) that delivered 1 kHz pulses at 800 nm with an energy of
2.5 mJ and a 40 fs full width at half-maximum (fwhm) duration.
The laser beam was split into two separate pathways for the
independent generation of the pump and probe pulses. The
438 nm pump pulses were produced by sum frequency
generation of the near-IR output of a home-built noncollinear
optical parametric amplifier (NOPA) with 800 nm pulses in a 1
mm thick f-barium borate (BBO) nonlinear crystal (Figure 1,
gray curve). Broadband probe pulses were generated by
focusing a portion of the fundamental 800 nm pulses (~500
nJ) into a slowly translating 2 mm CaF, crystal. After being
temporally and spatially overlapped with the pump pulses in the
PYP sample, the probe light was detected by an imaging
spectrograph (Oriel MS 127i) equipped with a 256-pixel
photodiode array (Hamamatsu $3901 and C7884). The pump

beam was modulated by a mechanical chopper to 500 Hz to
collect difference spectra between the pumped and unpumped
samples. The probe pulses were mechanically delayed from
—10 ps to 7.5 ns with respect to the pump pulse by a computer-
controlled linear motor stage (Newport IMS 600). The
polarization of pump and probe pulses was set at 54.7°
(magic angle) with respect to each other to eliminate
anisotropic effects associated with rotational dynamics. The
samples were passed continuously through a commercial quartz
1 mm flow cell (Starna) to provide fresh protein for each laser
shot, and the sample was maintained at room temperature
during all measurements. The resulting transient absorption
(TA) signals had an ~125 fs temporal resolution (instrumental
response function), estimated by the rise of the excited-state
absorption (ESA) band. The ultrafast broadband TA signals of
Lbif PYP, 168P Lbif PYP, and Hhal PYP were measured
consecutively on the same experimental setup and under the
same experimental conditions to allow direct comparison of the
data. The 438 nm excitation wavelength was selected to avoid
multiphoton ionization of pCA.***® A cartoon of the
experimental setup is available in Figure SI.

Cryokinetic Spectroscopy. The low-temperature cryoki-
netic measurements were performed using an Oxford Instru-
ments 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% buffer in a
custom designed cell. The cryokinetic measurements were
performed in two separate (back-to-back) experiments because
of increased light scattering from the sample when the vitrified
sample “cracks” at very low temperatures to generate a high-
scattering sample: (i) from 160 to 290 K and (ii) from 80 to
160 K. Experiments begin at the highest temperature, 290 or
160 K, and reference spectra are recorded every 3 min for 33
min. Next the temperature is “dropped” by 10 K, to 280 or 150
K. Each temperature drop is completed in <2 min (based on
the measured cryostat temperature); however, the sample
thermalizes on a slower (8—10 min) time scale where the
absorption spectra sharpen and blue-shift. The cooling signals
are collected for 33 min to capture the thermal equilibration at
every temperature and more importantly to measure a fully
equilibrated “reference spectrum” to use with the illuminated
cryokinetic spectra discussed below. The temperature drop
kinetics and terminal reference spectra are repeated at 10 K
until the target temperature (either 160 or 80 K) is reached.

At the target temperature, the sample is illuminated for 30
min with 440 nm light to initiate the photocycle. After
illumination, spectra are collected every 3 min for 72 min. The
temperature is increased 10 K, to 170 or 90 K, which allows the
photocycle to proceed, and sample spectra are collected again
for 72 min. Sample spectra are collected at each 10 K upward
jump as the cryostat warms until the starting temperature is
reached. The differences between the final reference spectra
and each illuminated spectra at the same temperature are
calculated to eliminate the influence of thermal equilibration
and create spectra that resemble ultrafast transient absorption
spectra for ease of interpretation. A flowchart depicting the
cryokinetic measurement process is available in Scheme S1.

B RESULTS

Ultrafast UV—Vis Pump—Probe Experiments. The
absorption spectrum of Hhal PYP in the dark-adapted pG-
state peaks at 446 nm (Figure 1, black curve), and the pG
spectra of wild-type Lbif and Ile68Pro PYPs are red-shifted to
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Figure 2. Transient absorption spectra at selected time points for Hhal PYP, Lbif PYP, and Ile68Pro Lbif PYP with expanded views of the later time

points in the second column. The sample was excited at 438 nm with 12S nJ. Spectra are color-coded by time for each protein.

Table 1. Global Analysis Parameters Optimized by Target Analysis of the Difference Absorption Spectra for Hhal PYP, Lbif

PYP, and Ile68Pro Lbif PYP“

pG* 1 pG* 2 pG* 3 GSI 1 Iy pR
Hhal PYP

population (%) 52 42 6
lifetime (ps) 0.5 2.7 45 2 1200 ©
branching yields (%) 22 (GSB)

14 (GSI) 71 (GSI) 99 (GSI) 36 (GSI)

64 (o) 29 (Ip) 1 (Ip) 64 (pR)
pR yield (%) 21 8 0.02 total of 29

Lbif PYP

population (%) 23 25 52
lifetime (ps) 0.2 7 64 not observed 2.4 ©
branching yields (%) 92 (GSB) 99 (GSB)

100 (L) 8 (L) 1 (L) 100 (pR)
PR yield (%) 23 4 0.2 total of 27

Ile68Pro Lbif PYP

population (%) 26 24 50
lifetime (ps) 0.2 9 45 not observed 0.8 )
branching yields (%) 92 (GSB) 99 (GSB)

100 (1) 8 (L) 1 (L) 100 (PR)
PR yield (%) 26 4 0.2 total of 30

“The relative error for each parameter is 10% with the exception of the quantum yields for Lbif PYP and Ile68Pro Lbif PYP, whose relative error

approaches 20%.

465 nm (red and green curves, respectively). This can be
ascribed to the absence of a hydrogen bond between residue
Thr50 and Tyr42 based on the ThrS0Ala mutation on the
absorption Hhal PYP (Scheme 1).* The TA spectra of Hhal
PYP, Lbif PYP, and Ile68Pro Lbif PYP at select times are
contrasted in Figure 2. For Hhal PYP (Figure 2A), the initial
signal amplitude is ~37 mOD while the noise level is ~0.1
mOD, yielding a signal-to-noise (S/N) ratio of ~370. For both
Lbif PYP (Figure 2C,E), the total signal amplitude is ~19 mOD
and the noise level is ~0.1 mOD, yielding a S/N ratio of ~190.

The initial spectra for both Lbif PYP samples exhibit features
similar to those found in Hhal PYP (Figure 2A,C,E) with
negative ground-state bleaches (GSBs) at 460 nm for Lbif PYP
and 445 nm for Hhal PYP due to loss of pG absorption (Figure
1), a negative band ascribed to stimulated emission (SE) of the
excited-state pG™* population at 500 nm, and a positive band at
375 nm ascribed to an excited-state absorption (ESA) of pG*.
The spectral similarity of these three PYP systems indicates that
the differences in the pCA chromophore pocket between the
samples (Scheme 1) do not alter the basic photophysical
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Figure 3. Transient absorption kinetics at select wavelengths for WT Hh PYP, WT Lb PYP, and I68P Lb PYP. A logarithmic scale is used in each

trace after 1 ps.

properties of the system and that modeling and interpretations
developed for Hhal PYP can be extended to the Lbif PYP
samples. As expected for the 438 nm excitation, no ionization
features (i.e., solvated electron or pCA radical) were observed
in any of the measured si§nals, indicating these are clean single-
photon-initiated signals.”**’

While the GSB, ESA, and SE bands of pG* are well-resolved
for both Hhal and Lbif samples (Figure 2), the subsequent
ground-state photointermediate spectra are significantly better
resolved for Hhal. The S0 ps spectrum for Hhal PYP (Figure
2B) reveals positive signals ascribed to photoproduct formation
in the region of 470—530 nm with properties closely matching
previously published results.”' ~>**° This spectrum is character-
istic of the primary photoproduct, I, that is generated via a
high-quantum yield excited-state isomerization reaction [~0.45
(Table 1)].°**" Moreover, because I, is spectrally red-shifted
compared to the negative pG bleach at 445 nm, it is well
resolved in Hhal PYP.

The I, blue shifts on a 1 ns time scale to generate the pR
intermediate at 475 nm.”'~*>*° The kinetic traces for Hhal PYP
(Figure 3B) show the conversion of the I, state into the pR
state as the intensity of the positive signal at 500 nm (red
curve) decreases significantly from 100 ps to 7.5 ns, while the
intensity of the signal at 475 nm (green curve) increases. No
features of the I,* intermediate proposed previously’” between
I and pR were resolved in the data (with a 220 ps lifetime), nor
from the global analysis of these data (see below). Subsequent
evolution of the photocycle’* is beyond the time range of the
experiment.

In contrast to the spectral similarities between the pG*
spectra of the Hhal and Lbif PYPs (Figure 2), the temporal
properties differ significantly among the three samples (Figure
3). In Hhal PYP, the ESA band at 375 nm (blue curve) and the
SE band at 500 nm (red curve) have almost fully decayed by 10
ps (Figure 3B). However, in Lbif PYP (Figure 3B,C), these
excited-state signals are significantly slower; the kinetic traces in
Figure 3 at 375 nm (blue curve) and S00 nm (red curve) show

that the ESA and SE bands in Lbif PYP (Figure 3C,E) persist
beyond 200 ps.

While all three PYP samples exhibit similar pG* spectra, the
resulting photoproduct spectra differ appreciably. In the case of
Lbif PYP, the amplitude of the red-shifted photoproduct
spectrum is greatly reduced, which is likely caused by the
stronger spectral overlap of the photoproduct absorption with
the pG GSB. Compared with that of Hhal PYP, the GSB of Lbif
PYP is red-shifted by 1S nm to 460 nm (Figure 1) and
presumably obscures the photoproduct signal. A weak positive
absorption feature is detected on the red side that peaked at
500 nm in the final spectrum at 7.5 ns (Figure 2D,F and Figure
S6). The amplitude of this photoproduct band is ~10-fold
smaller than that observed for Hhal PYP, which may indicate a
lower quantum yield (within the noise level of the measure-
ment) but is more likely caused by the red-shifted Lbif PYP
GSB. To explore the molecular basis for the reduced
photochemical quantum yield in Lbif PYP, we examined the
role of residue 68 (Scheme 1); Pro68 promotes I, formation in
Hhal PYP,*! and Lbif PYP is unusual because residue 68 is an
isoleucine. The decay kinetics was weakly affected in the
Ile68Pro mutant of Lbif PYP (Figure 3E), and the amplitude of
the red-shifted photoproduct is higher in Ile68Pro Lbif PYP
than in WT Lbif PYP (Figure 2C—F).

Global Analysis. Multicompartment global analysis techni-
ques were used to quantitatively describe the ultrafast signals
for the Hhal and Lbif PYP samples.**** In this analysis, we rely
on the approaches that were developed for PYP in extensive
research.”***>*! The transient spectra were initially fit with a
sequential system of differential equations to produce
evolution-associated difference spectra (EADS) and the
apparent lifetimes (Figure S1). These spectra do not represent
individual populations in PYP but are linear combinations of
the true species-associated difference spectra (SADS). To
extract the SADS for WT Hhal PYP, a heterogeneous model
was based on previous analysis of Hhal PYP (Scheme 2).2"*%%°
In this model, the photoexcitation of three dark-adapted pG
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Scheme 2. Target Kinetic Model for Hhal PYP and Adapted
to Lbif PYP*
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“Bach pG* may proceed through three possible paths: to photo-
products (1), to the ground state via the GSI state (2), or directly to
the ground state (3). In Hhal PYP, the excited pG* states
predominantly follow paths 1 and 2, while in both Lbif PYP and the
Ile68Pro mutant, the excited pG* states follow paths 1 and 3.

subpopulations results in generation of three kinetically distinct
pG* populations that either initiate the photocycle via
formation of the I, intermediate (path 1), relax into a short-
lived ground-state intermediate”>*® (GSI) before evolving back
into the pG populations (path 2), or skip the GSI and evolve
directly into the original pG populations (path 3). We found
(see below) that this model has sufficient flexibility to address
the dynamics of all three samples studied here with the
parameters listed in Table 1. The GSI populations could not be
resolved for the Lbif PYP because of its slow excited-state
dynamics, and we used a modified kinetic scheme to allow
direct recovery to the ground state (Scheme 2, path 3).

The excited-state decay in Lbif PYP is triphasic with time
constants of 0.2, 7, and 64 ps (Table 1 and Figure 3B). Similar
triphasic excited-state decay kinetics have been detected in
multiple studies of Hhal PYP*'™>**® and are also observed in
our analysis with time constants of 0.5, 2.7, and 21 ps. The
structural inhomogeneity responsible for these three phases in
Hhal PYP is still unresolved but is likely caused by small-scale
conformational heterogeneity of the surrounding residues in
the initial pG dark state of PYP. The primary difference
between Hhal PYP and Lbif PYP is the relative amplitude of
these three phases: in Hhal PYP, the fastest component (0.5
ps) contributes 50%, while in Lbif PYP, 50% of the population
decays in the slowest 64 ps component.

In both WT and Ile68Pro Lbif PYP, proteins exhibit different
decay kinetics of the SE signals (Figure 3C,E, red curves) and
ESA signals (Figure 3C,E, blue curves). Because both of these
signals originate from same pG™* populations, and the “SE
kinetics” are faster than the “ESA kinetics”, these differences are
interpreted as an overlapping transient photoproduct around
500 nm (Figure S7). This population is not clearly visible in the
raw spectra because the slow decay of the negative SE signal
overlaps its growth and decay kinetics (an inversion of time
scales). Fortunately, global analysis is able to extract a SADS of
this transient state (Figure 4B,C, green curve), which is
assigned to a short-lived I; population. This spectrum peaks
around S00 nm and appears between pG* and pR (Figure
4B,C, green curves). Because we could not resolve a GSI
population in either Lbif PYP sample, it is possible that this
spectrum represents the combination of the I, and GSI
populations.

The terminal SADS resolved after decay of I, for both Lbif
PYP samples exhibit positive signals at 360 nm (Figure S). In
transient absorption, positive signals can result from only ESA
or photoproduct bands. Because no excited-state signals are
present after 300 ps, this positive absorption cannot come from
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Figure 4. Species-associated difference spectra (SADS) and population kinetics for WT Hhal PYP, WT Lbif PYP, and Ile68Pro Lbif PYP. All three
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protein.
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Figure 5. Comparison of photoproduct spectra with the inverted
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PYP, (C) WT Lbif PYP, and (D) Lle68Pro Lbif PYP. Difference
spectra have been reconstructed by subtracting the scaled inverted
GSA from the terminal spectra (blue curves).

ESA and must be a photoproduct. Therefore, the final SADS
states for Lbif PYP and Ile68Pro Lbif PYP appear to be
mixtures of pR and a blue-shifted photoproduct. This is a novel
observation, because such clear features of a blue-shifted
photoproduct have not been reported before in ultrafast
observations of PYP.

Cryokinetic Measurements. To shed more light on the
possible occurrence of an early blue-shifted photoproduct, we
developed a variant of cryotrapping experiments in which
transient photoproducts are trapped at low temperatures. In the
classical variant of this experiment, a light-sensitive protein is
cooled to low temperatures and then exposed to visible light to
generate the photoproduct. The sample temperature is then
gradually increased, and the resulting spectral changes are
recorded. In this approach, the general notion is that the
lifetime of an intermediate at room temperature is related to
the temperature at which it will thermally convert to the next
photocycle intermediate. Intermediates with shorter lifetimes
will proceed forward in the photocycle at a lower temperature
due to the small barrier that needs to be overcome. In the
experiments performed here, the cryotrapped species is exposed
to a sudden temperature increase (a T-jump), and the kinetic
changes in absorbance are recorded (albeit with a time
resolution of minutes instead of 100 fs in the ultrafast TA
measurements). The observed kinetics will be governed by the
energy barrier separating the observed species; we refer to this
approach as cryokinetic experiments.

To examine the occurrence of an early blue-shifted
intermediate, we performed a series of cryokinetic measure-
ments on Hhal PYP. The full data with 10 K T-jumps are
depicted in Figures S2—S4 with select cyrokinetics at different
T-jumps contrasted in Figure 6. The 80 K — 90 K T-jump
signals (Figure 6A—C) exhibit a red-shifted state corresponding
to Iy in the ultrafast data along with hints of a UV-absorbing

state that we call pUV. Spectra recorded over 1 h as the protein
thermally equilibrates at 90 K show the absorbance of I,
decreases as that of pUV increases, indicating a connection
between the I and pUV state. At higher temperatures in the
120 K — 130 K T-jump signals (Figure 6D—F), the pUV
signals are well-resolved and I, has completely decayed. There
are hints of the pR state as a positive signal persists at 475 nm,
but it is not obvious because of the scattering background,
which could not be removed completely. Above 160 K, the
spectra are free of scatter as it is not cold enough for the
glasslike protein sample to crack. In the 160 K — 170 K T-
jump signals (Figure 6G—I), the well-resolved decay of pUV is
accompanied by the growth of the pR state. The growth of pR
and decay of pUV continue in the 170 K — 180 K cryokinetics
(Figure 6]J—L). The simultaneous changes in the pR and pUV
states also indicate than equilibrium may exist between these
two states. The pUV state is distinct from the pB*' terminal
signaling state of Hhal PYP, which is not observed in the
cryokinetic experiment.”® The 200 K — 210 K cryokinetics
(Figure 6M—0) track the dark reversion from pR into pG
without resolving the pB state.

B DISCUSSION

The results reported here reveal both striking similarities and
distinct differences between the highly studied Hhal PYP and
the recently discovered Lbif PYP. Despite sharing only 38%
amino acid sequence identity with Hhal PYP, the WT and
Ile68Pro mutant Lbif PYPs exhibit nearly identical ESA and SE
spectral characteristics with triphasic decay kinetics of pG*
(albeit with slower kinetics). These results imply that the initial
stages of the photocycle are conserved in members of the PYP
family that exhibit fairly strong sequence divergence in the
apoprotein. In addition, the data reported here for Lbif PYP
indicate that triphasic excited-state decay is a general feature in
the PYP family of photoreceptors.

In contrast to the spectral similarities of pG* between Hhal
and Lbif PYP, the decay kinetics of the excited state in Lbif PYP
are 10-fold slower, with Lbif PYP exhibiting the slowest excited-
state decay of any known PYP protein or mutant to date.
Sequence comparison of the residues in the chromophore
pocket between Hhal and Lbif PYP suggests Ile68, AlaS0, and
Val52 as likely candidates for residues being responsible for the
10-fold slower decay of the excited state in Lbif PYP. Because
the Ile68Pro mutation only slightly accelerates the excited-state
decay in Lbif PYP, it is not a major contributor to the increased
lifetime of the excited state in this photoreceptor. This is in
agreement with the results of Groot et al., who determined that
the excited-state decay kinetics and quantum yields are largely
unchanged in the Pro68Val mutant of Hhal PYP.”' Hhal PYP
Glu46 mutants*® that remove a hydrogen bond partner from
pCA showed slower excited-state dynamics without a decrease
in quantum yield. The AlaS0 mutation in Lbif PYP similarly
removes a hydrogen bond partner when compared to WT Hhal
PYP but displays a slowing of the dynamics more 4pronounced
than that observed in Glu46Ala Hhal PYP.” Ultrafast
spectroscopic studies of Hhal PYP mutants by Changent-
Barret et al”’ revealed that the Thr30Val and Arg52Gln
mutations slow excited-state decay in Hhal PYP by
redistributing the heterogeneous populations into slower, less
productive states. The triphasic decay kinetics in Lbif PYP is
also a result of heterogeneous populations that favor the slower
decaying excited state; 52% of the Lbif PYP sample decays with
the slowest rate (64 ps) compared to only 6% in the slowest
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Figure 6. Cryokinetic raw spectra, kinetic traces, and sequential global analysis EADS of Hhal PYP. I, features a peak at 490 nm at 90 K, with weak
pUV signals at 380 nm. At 130 K, I, has decayed and pUV continues to grow. At 170 and 180 K, pUV decays while pR grows in at 475 nm. The 210
K spectrum shows the dark reversion of pR into ground state pG, and the light state pB is not observed.

(45 ps) decaying excited Hhal PYP state. The combination of
the naturally occurring residues Ala and Val at positions 50 and
52 in Lbif PYP significantly slows the excited-state decay,
affecting the rate of the initial step of the PYP photocycle by
decreasing the extent of hydrogen bonding between the pCA
and protein and by redistributing its decay over the three
available kinetic channels without decreasing the yield.

The photochemical quantum yields of Hhal PYP and both
Lbif PYPs were calculated from the global analysis lifetimes
listed in Table 1. It should be noted that yields, especially in
inhomogeneous systems, are difficult to estimate; those
estimated here have an associated relative error of 10% for

Hhal PYP and 20% for Lbif PYP. The quantum yield for I, in
Hhal PYP is 45% based on the GSB signals. Because the
absorbance peak of the GSB signal decreases while its shape on
the high-energy side (Figure SS) is maintained as Hhal PYP
progresses from I, to the pR state (Figure 2) with the
reasonable assumption that the I, and pR spectra are not equal
in the bleach region, we concluded that the pG population is
increasing. At this time in the photocycle, ~50 ps, all of the
pG* has decayed and the increase in the ground-state
population cannot originate from pG*. Therefore, some of
the I, population fails to propagate to pR and returns to pG
(perhaps via the GSI) to decrease the intensity of the GSB
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signal. Our global analysis estimates that 36% of the I,
population decays into GSI and then pG, while 64% proceeds
forward to generate pR. The effective pR yield of 29% reported
here is in agreement with ultrafast visible pump—probe WT
Hhal PYP studies,>**’ although other studies”*>** agsumed a
100% conversion from I, to pR; ie, the pG* to I, step
exclusively determines the photocycle yield.

The overall pR yields in Lbif PYP were surprisingly similar to
those of Hhal PYP given the large difference in pR signal
amplitude (Table 1) with a quantum yield of 27% for WT Lbif
PYP and 30% for Ile68Pro Lbif PYP. Unlike in Hhal PYP, in
Lbif PYP we did assume 100% of the I, population proceeded
to pR. The inversion of time scales for evolution of I, in the
Lbif PYP samples made it impossible to estimate the I, to pR
yield. If we were able to observe a GSI state in Lbif PYP, we
would expect a similar behavior for the I, and GSI states as in
Hhal PYP. The relatively large quantum yield for pR formation
in Lbif PYP as compared to the small amplitude of the
photoproduct signals in the ultrafast difference spectra can be
explained by a small (15 nm) but significant red-shift of the
peak of the GSB signal that hides the pR signal. The red-shift of
the GSB in Lbif PYP compared to that in Hhal PYP is caused
by the disruption of the hydrogen bond network with an Ala
instead of Thr at position 50.°*** The spectral separation
between the GSB and pR states is reduced to 15 nm in Lbif
PYP from 30 nm in Hhal PYP, creating a situation in which the
large negative GSB obscures the smaller positive pR signal.
Subtracting the GSA inverted matched and scaled by eye to the
GSB from the pR SADS reveals a significant pR amplitude for
all three proteins, which peaks at 480 nm (Figure S). Thus, the
actual pR amplitude is larger than what appears in the SADS,
particularly for Lbif PYP, in line with the derived quantum
yield.

The Lbif PYP 168P mutant displays a slightly increased yield
for pR of 30% over the 27% yield in the WT. This result agrees
with experiments by Groot et al.”' on photoproduct yields of
Hhal PYP mutants at position 68. In Pro68Val, Pro68Ala, and
Pro68Gly Hhal PYP, the residues with smaller side chains
experienced the largest reductions in yield. As the Ile residue
side chain is one carbon larger than Val, it is reasonable to
observe only a small change in the yield for Ile68Pro Lbif PYP.

The final SADS of Lbif PYP (Figure S) reveal a distinct
signature for a blue-shifted photoproduct in the spectral region
from 350 to 375 nm that clearly contains a positive absorption
after the overlapping pG* spectrum had completely decayed.
We believe this to be the same blue-shifted pUV photoproduct
observed in the cryokinetic results at 130 K for Hhal PYP.

Further examination of the ultrafast SADS compared with
the scaled inverted GSA signals in Figure 5 revealed that pUV
signals are also present in Lbif PYP Ile68Pro and may also be
weakly present in Hhal PYP. Interestingly, in the case of
Ile68Pro Lbif PYP, the amplitude of the pR species is increased
at the expense of the pUV band. Because Hhal PYP lacks a
clearly defined bleach minimum in our data set, due to the
pump pulse scattering, the inverted GSA could not be scaled
exactly to the GSB. Therefore, the amplitude of the pUV
absorption in Figure SB for Hhal PYP is not quantitatively
robust. A positive pUV band is also visible when the I SADS
are compared with the GSA (Figure SA). However, from these
observations combined with the cryokinetic data presented
below for Hhal PYP, we are confident the blue-shifted pUV
state does exist in WT Hhal PYP and both Lbif PYPs.

pUV is reminiscent of the properties of the Tyr42Phe”* and
Met100Glu>® mutants of Hhal PYP, in which a fraction of the
dark-state population absorbs at 390 nm that they called the
intermediate spectral form.”* Both Heyn and colleagues and
Woolley and co-workers concluded that the blue-shifted
intermediate spectral form contains a protonated trans-pCA
chromophore.””** The Tyr42Phe mutation™* directly, and the
Met100Glu mutation™ indirectly, removes a hydrogen bond
that stabilizes the deprotonated pCA phenolic hydroxyl group,
strengthening the hydrogen bond from Glu46 to form trans-
pCAH, yet the disruption of the hydrogen bonding network
was not severe enough to disrupt the photocycle in the case of
Met100Glu™ or Tyr42Phe.”* Heyn and Woolley introduced
the possibility that an altered hydrogen bonding network could
produce a blue-absorbing protonated pCA that is not the pB
signaling state. Similarly in Lbif PYP (Scheme 1), the absence
of the hydrogen bond between Thr50 and Tyr42 strengthens
the Glu46 hydrogen bond and may promote the transfer of a
proton to the pCA hydroxyl group. We propose that the pUV
intermediate in Lbif PYP and Hhal PYP represents an early
intermediate containing a protonated pCA chromophore
because it has a spectral peak similar to that of the intermediate
spectral form and a disruption of the hydrogen bonding
network similar to those of the Tyr42Phe and Met100Glu
mutations without abolishing the photocycle.

Cryokinetic experiments in our lab and cryotrapping
measurements of Imamoto et al.’”’® also argue for the
existence of a blue photoproduct in Hhal PYP after formation
of I, [PYP;] and before pR [PYP;]. Names for PYP
photoproduct states from Imamoto are in brackets. Our
cryokinetic experiments confirm the immediate formation of
I [PYPg] at 80 K (Figure 6) but differ from those of Imamoto
in that we do not detect a pUV [PYPy] state immediately. The
advantage of having kinetic data at low temperatures is that it
allows us to observe pUV signals that develop over time as I,
decays in the 80 K — 90 K T-jump. In these cryogenic
experiments, we did not observe the pB state with an
absorbance maximum 353 nm*' compared to the pUV
maximum at 390 nm. As the intensity of the pUV band
increased, we observed a simultaneous decay in the I; signal,
suggesting that the two states are in equilibrium. Subsequent
analysis by illumination at the peak wavelengths of both states
at low temperatures by Imamoto”® indicated that I [PYPg] and
pUV [PYPy] decay into pR [PYP, ] above 190 K, evidence that
pR and pUV are in equilibrium. Our cryokinetic traces show
the decay of pUV and formation of pR from 160 to 180 K, in
agreement with the results of Imamoto,”® and add to the
evidence for interconversion between pUV and pR. Ultrafast
results from I68P Lbif PYP where the magnitude of the pR
signal is increased at the expense of pUV (Figure SC,D)
validated the observed cryokinetic equilibria. Our cryokinetic
data on Hhal PYP contribute to our understanding of the
bifurcation proposed by Imamoto®** of the PYP into red-
shifted, pR [PYP; ] and blue-shifted, pUV [PYPy] intermediate
pathways. With the additional cryokinetic data, we propose that
the pUV state is a protonated pCA chromophore with an
unknown conformation that forms in equilibrium with the I,
and pR states. However, we were not able to separate the
bifurcation cleanly in the global analysis because of the weak
pUV signal. The SADS shown for I, and pR (Figures 4 and $)
are linear combinations with pUV. If pUV is formed
sequentially as observed in the cryokinetic and crystallography
experiments (see below), I; and pUV and then pR and pUV
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Scheme 3. Revised Forward Photoreaction of PYP Proteins, Including the Unproductive Detour into the Protonated pUV
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“The heterogeneous nature of the excited-state intermediate is shown by three separate pG and pG* states. The basic conformation of the pCA
chromophore is labeled below or above each state. Alternate names for the states from Imamoto et al.*® are shown in square brackets and those from
Thee and coworkers® in parentheses. Time scales are approximate; more detailed lifetimes are listed in Table 1.

will be present in the sample concurrently as the transformation
propagates through the PYP population. This process leads to
the presence of pUV signals in the I and pR SADS.

The pCA conformations in the WT Hhal PYP and Glu46Gln
mutant photocycle have been resolved nicely by Ihee and co-
workers' = via time-resolved X-ray crystallography. Names for
photoproduct states from Ihee are given in parentheses. In WT
Hhal PYP, they observed that the twisted pCA™ 1; (Ir) state
could proceed to form the cisspCA™ pR state by a hula-twist
motion or form a distinct state they called Iy by a bicycle-
pedal motion that subsequently forms cis-pCA™ pR. Anfinrud
and co-workers*” dispute the bifurcation of the PYP crystallo-
graphic photocycle in favor of an equilibrium pathway.*
However, bifurcation is also supported by low-temperature
spectroscopy’ *® and is supported by the ultrafast work
reported here. In the Glu46Gln mutation,'” Iy was not
present, and the bicycle-pedal motion and bifurcation of the
photocycle did not occur. The crystallographic structure is not
sufficient to observe hydrogen atoms. However, the removal of
the hydrogen donor Glu46'”**** quenches the formation of
Icr, implying that the hydrogen bond to the pCA may be
important in stabilizing the Iy structure and promoting
branching. The Glu46 hydrogen bond is also crucial to
formation of the proposed pUV state. We believe that the
absence of Iy in the Glu46Gln mutation along with its position
in the photocycle between I; and pR, the same position where
pUV is found in both ultrafast and cryokinetic measurements,
indicates that the ultrafast pUV may have the same pCA
structure as the I state.

With the combined evidence from our ultrafast studies,
mutation work,”*** cryokinetics and low-temperature differ-
ence spectra,’”*® and crystallography,®> we propose that the
pUV state has a twisted pCAH chromophore that is a detour in
the PYP photocycle. We have modified the photoreaction
pathway from Ihee and co-workers® to include the ultrafast
transient absorption data for PYP shown in Scheme 3. Alternate
designations for the states from Imamoto and co-workers®”**
are in square brackets and those from Thee and co-workers™” in
parentheses. The heterogeneous dark state, pG, with the
deprotonated trans-pCA~ chromophore absorbs 445 nm light
undergoing a transition to the excited pG* state. pG* decays in
a triphasic”*>*" heterogeneous fashion with some of the
population progressing to the twisted deprotonated I, pCA
state within picoseconds. The twisted pCA~ may be
protonated, forming pUV, or continue forward to the cis-
pCA™ pR state. Any population that detours to the pUV state

must release the proton and form pR to rejoin the pathway to
the pB signaling state. The time scale of pUV formation and the
transition into pR in Lbif PYP was not observed in the ultrafast
experiments but must be longer than 7.5 ns as pUV signals are
still present in the last recorded spectrum. Subsequently, the pR
state is protonated in microseconds, and the protein undergoes
large structural changes to form pB in milliseconds. The
protonated cis-spCAH pB state is the biologically active signal
state of the protein. Without further illumination, the pB state
thermally reverts back into the pG ground state after ~1 s and
is ready to begin the signaling process again.

B CONCLUDING COMMENTS

The mechanisms that allow photoreceptor proteins to greatly
increase the quantum yield for chromophore alkene photo-
isomerization are not well understood. We examine a novel
homologue of photoactive yellow protein (PYP) from L. biflexa
to identify conserved features and functional diversity in the
primary photochemistry of this family of photoreceptors. In
close agreement with the prototypical PYP from H. halophila,
we observe excited-state absorbance near 375 nm and
stimulated emission near 500 nm, with triphasic excited-state
decay. The excited-state decay for Lbif PYP is the slowest yet
observed in any PYP because the majority of the heterogeneous
ground-state population occupies slower, less productive states.
While Pro68 is highly conserved in PYPs and is important for
the high photochemical quantum yield of Hhal PYP, this
residue is Ile in wild-type Lbif PYP. The Ile68Pro mutation
causes a small increase in the level of photoproduct formation
in Lbif PYP, indicating that this residue regulates the
photochemical quantum yield in the entire PYP family. Lbif
PYP also exhibited signs of a blue-shifted photoproduct
previously undiscovered in any ultrafast transient absorption
study of PYP that we named pUV. pUV is also present in
ultrafast and cryokinetic Hhal PYP spectra. We posit that pUV
is a twisted protonated form of pCA that creates a detour in the
photoreaction of PYP proteins. Our data resolve the
inconsistency in the current PYP literature in which some
groups describe the early stages of the PYP photocycle as
bifurcating whereas others do not. We find clear evidence of an
early blue-shifted species in cryokinetic measurements of Hhal
PYP and room-temperature ultrafast pump—probe measure-
ments of Lbif PYP. However, the amplitude of this blue-shifted
species is very small in Hhal PYP, explaining why it has not
been reported in previous ultrafast experiments with this PYP.
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