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ABSTRACT The ultrafast excited-state dynamics underlying the receptor state
photorecovery is resolved in the M100A mutant of the photoactive yellow protein
(PYP) from Halorhodospira halophila. The M100A PYP mutant, with its distinctly
slower photocycle than wt PYP, allows isolation of the pB signaling state for study of
the photodynamics of the protonated chromophore cis-p-coumaric acid. Transient
absorption signals indicate a subpicosecond excited-state proton-transfer reaction
in the pB state that results in chromophore deprotonation prior to the cis—trans
isomerization required in the photorecovery dynamics of the pG state. Two
terminal photoproducts are observed, a blue-absorbing species presumed to be
deprotonated trans-p-coumaric acid and an ultraviolet-absorbing protonated
photoproduct. These two photoproducts are hypothesized to originate from an

equilibrium of open and closed folded forms of the signaling state, I, and I,'.

SECTION Biophysical Chemistry
hotochromic photoreceptor proteins can be switched
P between different receptor states in response to

different colors of applied light. While most photo-
receptors progress (often as photocycles) through a series of
metastable conformations with different absorption spectra,’
photochromic proteins exhibit light-triggered recovery path-
ways that “short-circuit” the thermal Kinetics and accelerate
the recovery of the dark-adapted receptor state by orders of
maghnitude. For example, plant phytochromes switch between
red-absorbing (P,) and far-red-absorbing (Py;) states by photo-
isomerization of a bound bilin chromophore.' While thermal
reversion of the Py, state occurs on a time scale of hours,?
absorption of a far-red photon recovers the P, state within
milliseconds.” In slow-cycling photoreceptors, photoreversion
is relevant to in vivo activity because each state has a compar-
able probability of absorbing a photon.* Knowledge of the
molecular mechanisms of photochromism, which requires
characterization of the primary photochemical events, is there-
fore important for constructing a microscopic understanding of
the complete activity of photochromic proteins.

PYP is a small, water-soluble photoreceptor first found in the
extremophilic bacterium Halorhodospira halophila (Hh), where
it is presumed to be responsible for blue-light phototactic
activity.” PYP has become a model system for characterization
of the chromophore photochemistry responsible for initiating
signal transduction. PYP domains are characterized by a
p-coumaric acid (pCA) chromophore that is covalently bound
to a conserved PAS (Per-Arnt-Sim) domain structure.® In all
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known PYPs, the dark-adapted state (pG) is thought to contain
the trans isomer of the pCA chromophore, which is stabilized by
hydrogen bonds with several highly conserved residues within
the binding pocket.®~” The forward photocycle (Scheme 1) is
initiated by a trans—cis isomerization on a picoseconds time
scale, followed (in most PYPs) by much slower ground-state
deprotonation to form the light-adapted signaling state (pB).
Photochromism in PYP was first demonstrated in wild-type
HhPYP'* and later in the M 100A mutant of Hh PYP.> While the
dark recovery in M100A PYP has a half-life of 5.5 min, 365 nm
irradiation accelerates pG recovery by 6 orders of magnitude.”
A four-order of magnitude photoactivated increase in pG
recovery was reported in wild-type Hh PYP.'*'? In both cases,
the mechanism of photorecovery was presumed to be photo-
induced cis—trans isomerization of the pCA chromophore, in
large part because thermal cis—trans isomerization was long
considered to be the rate-limiting step in nonphotoactivated
pG recovery.”'>!'>'® However, recent studies on pH depen-
dence and kinetic isotope effects in the dark recovery dynamics
of PYP have suggested that deprotonation of pCA, not isomer-
ization, is likely the rate-limiting step for pG recovery.'*'”
Determining the mechanism of pG photorecovery has been
further complicated by the observation of several pB intermedi-
ates existing in a pH- and salt-dependent equilibrium, which
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Figure 1. Steady-state absorption spectra of the pG (solid curve)
and the pB (dashed curve) state of the M100A mutant of PYP are
shown with the corresponding structures of the pCA chromo-
phore. The slight shoulder at 360 nm in the pG spectrum is due to
partial photoconversion of the sample during spectrophotometry.
The spectra of the 330 nm femtosecond laser pulse (filled) and
440 nm LED (diagonal hatched) are indicated.

Scheme 1. PYP Photocycle Indicating the Dark-Adapted State
(pG), the Light-Adapted State (pB), and Photointermediates”

trans
pG ‘\\ *
,pG
cis
P N
pG'cis 7 P430:
,’ H I’ |1cis
’ / thrans
/
’ pB* ,l
g 7
/ ’
1 ’ J
! cis s cis
\\ |2 ,/ |2
" n
pB

“The isomerization state of the p-coumaric acid chromophore is
denoted. In the pH range of 3—10, the pB intermediates have a
protonated chromophore, while pG, Ip, and [, intermediates are
deprotonated.'®”"'? The dashed ellipse shows the photoreversal path-
way investigated in this paper, while the pB"*"® pathway is based on
previous work."

exhibit different photorecovery kinetics (Scheme 1)."'7'%!7:!8

Essentially no information is available for the excited-state
dynamics underlying the photoreversal phenomenon.

In this Letter, the M100A mutant of Hh PYP was used to
resolve the pB photoreversal dynamics on the ultrafast (100 fs
to 3 ns) time scale. Although M100A has similar steady-state
pG absorption spectrum as wt PYP (Figure 1), it has a distinctly
slower dark recovery of the pG state (42 min vs 1 s).>'” The long
recovery time allowed generation of a photoequilibrium under
440 nm light that is nearly 100% in the pB state. Continuous
irradiation with 440 nm light (which the pB state does not
absorb) excludes any interfering pG signals that would plague
the faster-cycling wt PYP.
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Figure 2. Transient absorption data from M100A mutant. The
sample was excited at 332 nm with 270 nJ. (a) Transient spectra
(100 fs—100 ps) show evolution of the stimulated emission in the
region of 450—600 nm. Inset: Spectral evolution between 200 ps
and 3 ns. (b) Kinetic traces with fits from global analysis. Black
lines correspond to fits from global analysis. (c) Evolution
associated difference spectra (EADS) coexisting with a fourth
static spectrum (designated o) estimated by means of global
analysis.

The measured femtosecond transient absorption signals of
the pB state in M100A PYP (Figure 2) demonstrate rich dyna-
mics. The kinetics varies strongly with probe wavelength. The
early transient spectra include an excited-state absorption
band from 360 to 425 nm with a negative stimulated emis-
sion band between 425 and 600 nm (Figure 2a). Excited-state
absorption largely obscures the bleach of the ultraviolet
absorption of pB. The excited-state signals decay within
150 ps, after which the transient spectrum plateaus to a
broad 0.5 mOD absorption between 430 and 740 nm with a
negative band at 377 nm (Figure 2a, inset). This spectrum
does not change from 200 ns to the ~3.3 ns time range of the
experiment.

Global analysis of the wavelength-dependent transient
data was used to characterize spectral changes associated
with differing time scales.”® The data were fit to a set of first-
order rate equations representing a simple model of the
underlying dynamics (Supporting Information). The global
fit results in evolution associated difference spectra (EADS),
which are composite difference spectra that describe a
kinetics feature generally linked to an excited-state decay
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process but which are not necessarily the difference spectra of
populations of two pure molecular states (i.e., species asso-
ciated difference spectra or SADS).*® The M100A data are well
described with three EADS decaying sequentially with expo-
nential time constants of 1.9, 15, and 120 ps, which coexist
with a fourth static spectrum (designated o) (Figure 2c). The
three transient EADS all exhibit stimulated emission compo-
nents, indicating multiexponential excited-state Kinetics. The
similarity of the EADS suggests the possibility of either con-
tinuous evolution of a single-species spectrum (e.g., solvation)
or evolution between multiple species with similar spectral
properties (e.g., cis to trans isomerization). The processes
accompanying these time constants are interpreted by exam-
ining the spectral characteristics of the EADS.

A prominent feature in all of the EADS is that the stimu-
lated emission band occurs at significantly lower energy
than other PYP samples containing a protonated cis-pCA
chromophore.®' ~** For example, the fast-cycling PYP from
Rhodobacer sphaeroides, which contains a thermal equili-
brium of pG and pB states, exhibits two emission bands;
fluorescence excitation spectra have indicated that a fluores-
cence band peaking at 440 nm originates from the pB state
with protonated cis-pCA, while a second fluorescence band at
500 nm was ascribed to the pG state with deprotonated trans-
pCA?" Acid denaturation studies in wt Hh PYP have also
shown that emission from the protonated forms of both
isomers of pCA peak between 420 and 430 nm.***> PYP
denatured with guanidinium chloride at high pH, and contain-
ing anionic pCA, has emission peaking at 500 nm.** Red-
shifted emission from the anionic form compared to the
neutral form is also observed in isolated pCA and similar
chromophores in solution.>>*® The stimulated emission in
the 1.9 ps EADS extends to 600 nm, making this emission
spectrum comparable to deprotonated trans-pCA in the pG
state.”” Because the 1.9 ps EADS forms near-instantaneously
after excitation (within the instrument response), the excited-
state population in M100A is, at least partially, deprotonated
within ~300 fs through an excited-state proton-transfer
(ESPT) reaction.

Analysis of the 15 ps EADS provides further evidence of
rapid ESPT in M100A. In Figure 3, the EADS from the M100A
pB state data are compared to SADS obtained from wt PYP pG
state data (Supporting Information).?” The difference of these
difference spectra (EADSpg — SADS,¢) closely resembles the
difference spectrum of the static ground-state absorption
spectra, pG — pB. This comparison indicates that the transient
spectra obtained from Hh PYP in the pG and pB states differ
only in their ground-state bleach components, implying that
the excited-state absorption spectrum and stimulated emis-
sion from pG* and pB* are nearly identical. Such an observa-
tion is remarkable considering that the chromophores in
these two states initially differ in geometry, protonation, and
local protein structure. While previous studies have suggested
that distinguishing between isomers could be difficult because
the cis- and trans-pCA ground-state absorption spectra differ
more in extinction coefficient than peak wavelength,'***2
the 50—150 nm blue shift in ground-state absorption and
emission due to protonation of pCA is unmistakable. The
nearly indistinguishable excited-state signals in the pB state

W © XXXX American Chemical Society

2795

pubs.acs.org/JPCL

——M100A pB

Amplitude (a.u.)
o

'
-
1

T T T T
450 500 550 600

Wavelength (nm)

T T
350 400

Figure 3. Comparison of 15 ps EADS from the pB state of M100A
(red, solid) with SADS obtained from photoexcitation of the pG
state in wild-type PYP (red, dotted). The difference spectrum AA
(black, circles) indicates that the pB and pG states have identical
picosecond emission spectra, suggesting that the predominate
fluorescent excited-state species in photoexcited pB has a depro-
tonated chromophore. It resembles the static difference spectrum
of pG and pB (black, dashed).

of M100A PYP (after 335 nm excitation) and the pG state of wt
PYP (after 440 nm excitation) are strong evidence that the
pCA chromophore is fully deprotonated and relaxed in the
excited state in the 15 ps EADS. The decay of the partially
deprotonated 1.9 ps EADS puts an upper limit on the time
scale of formation of the 15 ps EADS, but the 1.9 ps time
constant is likely related to structural relaxation in the excited
state.

Subpicosecond ESPT indicates that the proton-transfer
reaction has a low barrier in the excited state, suggesting a
large photoinduced change in pK, or a highly favorable
hydrogen acceptor—donor geometry. For instance, an ESPT
reaction occurring within 50 fs was recently reported® in the
S65T/H148D mutant of green fluorescent protein (GFP). The
GFP chromophore is theoretically predicted to be a strong
photoacid,*® with the large decrease in the pK, of the hydroxyl
group upon photoexcitation facilitating the proton-transfer
kinetics. Furthermore, the hydrogen donor and acceptor
groups are in unusually close proximity in this mutant, with
the phenol hydroxyl group of the GFP chromophore forming a
2.4 A hydrogen bond with D148. In wt GFP, solvent-mediated
ESPT from the chromophore to Glu222 (4.55 A) occurs on a
slower, but still rapid, time scale of 2—3 ps.*® The PYP
chromophore pCA is also predicted to be a strong photoacid
based on the large difference in transition energies between
neutral and ionized states.*” Additionally, Stark spectra of the
pB state of M100A have shown that pCA undergoes a large
change in static dipole moment (|Au| = 19 D) upon
excitation,'® resulting in a decrease in charge density on the
hydroxyl oxygen that would acidify this group in the excited
state. A pR,* value substantially lower than the pK, of trans-
pCA (~9) would promote ESPT to a nearby proton acceptor.
Structural models based on time-resolved X-ray crystallo-
graphy on wt PYP indicate that Arg52 forms a hydrogen bond
with the hydroxyl group of cis-pCA in the pB state (PDB:
1TS0)”" and is a potential proton acceptor. On the other hand,
solution structures of the pB state, based on the N-terminal
truncate (A25 PYP), argue a high degree of disorder in
residues 42—56 (PDB: 1XFQ)’ that would make specific
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hydrogen bonds between pCA and the protein unlikely.
Kinetic isotope effect studies and additional mutant studies
will be necessary to determine the identity of the proton
acceptor in M100A PYP2®

We have interpreted the spectral evolution between the 1.9
and 15 ps EADS as structural relaxation of the chromophore,
but we note that the spectroscopic data do not conclusively
support complete isomerization in the excited state. Recently,
Martinez and co-workers argued that acid—base chemistry
and photoisomerization dynamics are coupled in the GFP
chromophore, which shares the same phenolate mono-
methine motif as pCA.>> In the GFP simulations, as in many
other theoretical and experimental studies,”* photoisomeri-
zation proceeds through conical intersections with the ground
electronic state and is therefore necessarily coupled to a loss
of excited-state population. In the present M100A data, the
persistence of stimulated emission (an excited-state signal) in
the 15 and 120 ps EADS clearly indicates that the excited
electronic state is not strongly quenched with the 1.9 ps time
constant. Therefore, we do not believe that chromophore
deprotonation and isomerization are coupled in the case of
M100A PYP. Cis—trans isomerization more likely occurs after
deprotonation, possibly associated with the slower 15 and
120 ps excited-state decay constants. Notably, these time
scales are at least a factor of 3 longer than those observed
in the forward trans—cis reaction. The slower reverse photo-
isomerization likely reflects the role of the binding pocket in
stabilizing isomerization in the folded protein, particularly by
lowering an excited-state activation barrier.

Although evidence of isomerization in the ultrafast experi-
ments is indirect, long-lived photoproducts are observed in
the “terminal” (>300 ps) transient spectrum (Figure 2c¢).
Because the red absorption band in the static EADS was
consistent with a solvated electron from a two-photon ioniza-
tion process, observed in previous ultrafast studies on the pG
state?” and isolated chromophores in solution,”® ™7 the in-
tensity dependence of the 300 ps transient spectrum was
measured (Figure 4a). The shape of the spectrum is relatively
flat, with distinct bands at 430 and 640 nm. When the power-
dependent spectra are normalized at the red band, the
430 nm peak exhibits different power dependence than the
red band, indicating that the visible region of the 300 ps
spectrum consists of contributions from two photoproducts
with different power dependence. Global analysis of the data
using a spectral model resolves two spectra, (1) a 600 nm
band with a quadratic power dependence (Supporting In-
formation) expected for two-photon photoionization®” and
(2) a band with a peak at 430 nm representing a population
with linear power dependence at low pulse energies. The
430 nm band is ascribed to an unidentified photocycle inter-
mediate, P450, in which the red-shifted spectrum suggests that
the species has a deprotonated pCA chromophore (e.g., in
pG). The kinetics of P45, formation is obscured by overlapping
photoionization and excited-state signals; however, genera-
tion of a deprotonated photoproduct is consistent with the
observed ESPT reaction discussed above.

The populations extracted from the SVD analysis were also
used to decompose the broad-band terminal EADS from the
global analysis of the transient data (Figure 2c). The negative
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Figure 4. (a) Power dependence study of the 300 ps transient
absorption spectrum of M100A, showing spectra normalized at
640 nm. Excitation energies varied from 40 to 260 nJ. SVD analysis
indicated two species with difference power dependence assigned
to solvated electron and a primary photoproduct P4s0. (b) Com-
parison of the terminal spectrum (3 ns, circles) with the pB bleach,
P450, and the solvated electron contributions indicates absorption
of an UV photoproduct. (c) Absorption spectra of species present
at ~10 ns, pB, P45p, solvated electron, and the deduced UV
photoproduct Pssg.

signal at 377 nm is attributed to the ground-state bleach of pB.
Since the absorption peak of the pB state is located at 355 nm,
a photoproduct absorption with maximum absorption at
around 350 nm is deduced (Figure 4b). This unidentified
photoproduct, P55, peaks in the UV, suggesting that the
chromophore is protonated. Moreover, its spectrum is very
similar to a protonated trans-pCA species (pB"™"®) observed in
wild-type Hh PYP following 355 nm laser excitation of a
steady-state mixture of pB and pG populations.'’

Protonated and deprotonated photoreversal pathways are
not necessarily conflicting observations; rather, two photo-
intermediates could potentially arise from conformational
heterogeneity. It is well-documented in wt PYP that the pB
state consists of two states I,’ and I, in a pH-dependent
equilibrium (Scheme 1); the pK &~ 5.9—6.4 is thought to be
associated with protonation of Glu46.'%'®® Far-UV circular
dichroism measurements indicate that these states have
different degrees of helical secondary structure,*® while tran-
sient absorption measurements show that the states follow
different photorecovery kinetics.'® For the M100A mutant,
dark recovery is known to be pH-dependent, with pK values of
6.5 and 107 At 7.4 pH, the conditions of our M100A
experiment, the photoequilibrium mixture is 80—90% I,
where the protein is in a partially unfolded conformation
called the “open folded” signaling state.'® In contrast, pre-
vious photoreversal studies on wt PYP (in which pB™®" was
observed) were conducted at pH 5.6,'> where 80—90% of
the signaling state is I,, which has a folded protein structure.
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The difference in folding states would have a significant effect
on the pK, of pCA and neighboring residues and could affect
chromophore photochemistry. Additional pH dependence
studies will elucidate this question.

Unfortunately, our data do not conclusively rule out the
possibility that P55 is a photoionization product. Two-photon
ionization in wild-type PYP*” as well as solutions of isolated
pCA”® and chromophore analogues,””*° has been observed to
form a radical species with absorption peaks near 370 nm.**>’
Radical formation should follow a quadratic power dependence
like the solvated electron band at 600 nm; however, poor
signal-to-noise in the UV region of the data prohibited measure-
ment of a power dependence of Ps5o. The simple Kinetics
model presented in this Letter is insufficient for separating Ps5¢
kinetics from excited-state absorption kinetics.

In conclusion, the photodynamics of the pB state in the
M100A mutant of PYP was studied by femtosecond transient
absorption. Spectral and kinetic analysis indicated that in the
initial photoreaction, the chromophore undergoes a rapid
subpicosecond ESPT with chromophore isomerization occur-
ring on 15 and 120 ps time scales. A long-lived deprotonated
photoproduct absorbing at 430 nm and an UV-absorbing
product in which the chromophore remains protonated were
observed. Future studies will further explore the nature of the
ESPT during the photorecovery of PYP with deuterium kinetic
isotope effect and pH dependence studies.

EXPERIMENTAL SECTION

Expression, Reconstitution, and Purification of PYP. Histidine-
tagged M100A apoPYP from H. halophila was overexpressed in
E. coli (BL21 DE3) and extracted with 8 M urea, as described
previously*' with modifications. The apoPYP was diluted two-
fold using a 10 mM Tris-HCl buffer at pH 7.5 buffer and was
reconstituted by the addition of an excess of p-coumaric acid
anhydride. After removal of the urea by dialysis against a
10 mM Tris-HCI buffer at pH 7.5, the protein was purified by
chromatography on Ni-NTA resin (using 200 mM imidazol as
the eluent) and DEAE-sepharose CL6B (using 100 mM NacCl for
elution) until a purity index of 0.6 was achieved.

Ultrafast Spectroscopy. Upon blue-light irradiation of PYP-
M100A, the pG population with an absorption spectrum
peaking at 444 nm shifts to the pB population with a blue-
shifted 355 nm peak.'” In the absence of light, the pG state
thermally recovers with a 42 min time constant it the dark in
PYP-M100A. To maintain an excess of pB state during the
ultrafast transient absorption measurements and prevent
signal contamination from recovered pG, the sample was
continuously irradiated with CW 430 nm light from a high-
power LED (720 mW). The PYP-M100A sample was exposed
for 5 min to the LED prior to collecting data to ensure that the
measured dynamics originated from photoexcitation of the
pB state without contamination from the pB’ state.** The
protein sample was buffered with 10 mM Tris-HCl buffer at pH
7.4. The absorption spectra of the samples were measured
before and after data collection, with no significant changes
observed. The data were collected at room temperature.

Femtosecond transient absorption spectra were collected
with an ultrafast spectrometer.*> Pump pulses at 332 nm were
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generated by sum frequency generation of the laser funda-
mental (800 nm, 40 fs, 270 uJ) and 537 nm pulses (50 fs,
1.9 u]) generated by a noncollinear optical parametric amplifier,
overlapped with an external angle of ~1.6° in a 1 mm BBO
crystal. After passing through a UG-11 transmission filter, the
pump pulses were 300 nJ, the bandwidth was 5 nm (Full Width
at Half Maximum), and the pulse duration was ~300 fs. White-
light probe pulses were generated by focusing part of the
fundamental into a CaF, window, with magic angle polarization.
The sample was inserted into a 1 mm quartz cell, which was
translated by a motorized actuator. Transmitted probe pulses
were focused into a spectrograph and the signals recorded with
a homemade silicon diode array detector system.

SUPPORTING INFORMATION AVAILABLE Details of global
analysis. This material is available free of charge via the Internet at
http://pubs.acs.org.
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