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Recent studies demonstrate that photoactive proteins can react within several picoseconds to photon absorption
by their chromophores. Faster subpicosecond protein responses have been suggested to occur in rhodopsinlike proteins where retinal photoisomerization may impulsively drive structural changes in nearby protein
groups. Here, we test this possibility by investigating the earliest protein structural changes occurring in
proteorhodopsin (PR) using ultrafast transient infrared (TIR) spectroscopy with ∼200 fs time resolution
combined with nonperturbing isotope labeling. PR is a recently discovered microbial rhodopsin similar to
bacteriorhodopsin (BR) found in marine proteobacteria and functions as a proton pump. Vibrational bands in
the retinal fingerprint (1175-1215 cm-1) and ethylenic stretching (1500-1570 cm-1) regions characteristic
of all-trans to 13-cis chromophore isomerization and formation of a red-shifted photointermediate appear
with a 500-700 fs time constant after photoexcitation. Bands characteristic of partial return to the ground
state evolve with a 2.0-3.5 ps time constant. In addition, a negative band appears at 1548 cm-1 with a time
constant of 500-700 fs, which on the basis of total-15N and retinal C15D (retinal with a deuterium on carbon
15) isotope labeling is assigned to an amide II peptide backbone mode that shifts to near 1538 cm-1
concomitantly with chromophore isomerization. Our results demonstrate that one or more peptide backbone
groups in PR respond with a time constant of 500-700 fs, almost coincident with the light-driven retinylidene
chromophore isomerization. The protein changes we observe on a subpicosecond time scale may be involved
in storage of the absorbed photon energy subsequently utilized for proton transport.

Introduction
Proteorhodopsin (PR), a newly discovered microbial rhodopsin found in marine proteobacteria, functions as a light-driven
proton pump1,2 similar to bacteriorhodopsin (BR). Over 4000
different PR variants have been discovered that are distributed
throughout the world’s oceans.3-5 PR-containing bacteria account for ∼13% of the microorganisms in the oceans’ photic
zone and are responsible for a significant fraction of the
biosphere’s solar energy conversion.2,6 Similar to BR and other
microbial rhodopsins, PR consists of seven transmembrane
R-helices containing a retinylidene chromophore covalently
bound to a lysine (Lys-231) via a protonated Schiff base.1 Light
absorption by PR results in an all-trans to 13-cis isomerization
of the retinal which then drives a series of reaction steps taking
a total of approximately 20 ms that result in a proton being
pumped from the cytoplasm to the extracellular medium.7
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Recent ultrafast visible absorption experiments8,9 indicate that
the primary photoreaction in PR occurs on a similar time scale
(∼0.5 ps) to BR.10-12 However, visible absorption studies only
probe the electronic state of the chromophore. In contrast, IR
difference spectroscopy can directly detect small changes
occurring in all the molecular components of proteins.13 Lowtemperature (80 K) Fourier transform infrared (FTIR) difference
spectroscopy detects changes occurring in the conformation of
the chromophore, protein, and internal water molecules of a
green-absorbing PR (GPR) during the GPR f K phototransition.14 However, measurements on cryogenically trapped intermediate states may not accurately reflect native structural
changes occurring in PR and other proteins on ultrafast time
scales at room temperature (RT ) 298 K).
Recent ultrafast transient infrared (TIR) studies on photoactive
proteins such as photoactive yellow protein,15 myoglobin,16 and
green fluorescent protein17 demonstrate that proteins can react
within several picoseconds to nanoseconds following photon
absorption by their chromophores. UV resonance Raman
spectroscopy on rhodopsin18 and ultrafast TIR measurements
on the related archaeal microbial rhodopsins BR,10 sensory
rhodopsin II (SRII),19 and halorhodopsin (HR)20 all suggest that
protein responses may occur even faster, and may be coincident
with the initial subpicosecond all-trans- to 13-cis-retinal isomer-
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ization. However, these conclusions are limited by instrument
response (∼1 ps) in the case of rhodopsin18 or rest on the
appearance of bands which may arise from either chromophore
or protein vibrations.10,19,20
We report here for the first time ultrafast TIR studies with
∼200 fs time resolution at RT over the first 30 ps of the
photocycle of a green-absorbing proteorhodopsin (GPR) variant
found in marine proteobacteria from Monterey Bay strain EBAC
31A8. Measurements were made in the 1500-1570 cm-1 region
characteristic of retinylidene ethylenic CdC stretching normal
modes and the amide II mixed mode involving the C-N stretch
and C-N-H bend of peptide groups, and in the 1175-1215
cm-1 C-C stretch fingerprint region which is sensitive to the
retinal chromophore configuration.21,22 Here, using ultrafast TIR
spectroscopy with subpicosecond time resolution combined with
protein and chromophore isotope labeling, we identify chromophore and protein vibrations in GPR and find that an amide
II protein backbone vibration undergoes a frequency downshift
with a time constant of 500-700 fs, coincident with retinal
chromophore isomerization.
Experimental Methods
Protein Expression and Purification. Procedures for protein
expression and purification were described previously.23 E. coli
cells containing the GPR-encoding plasmid (Monterey Bay
strain EBAC 31A8) were cultured on standard Luria Broth
medium (Sigma Aldrich) and supplied with either all-transretinal or all-trans-retinal containing a deuterium on carbon 15
(C15D). Total-15N labeling was achieved by growing E. coli
containing the GPR-encoding plasmid on isotopically labeled
growth media (Bioexpress Cell Growth Media, U-15N, 98%,
Cambridge Isotope Laboratories, Inc.). After the induction
period, the cells expressing His-tagged wild-type GPR were
centrifuged at 1000g, resuspended in 5 mM MgCl2, 150 mM
Tris‚HCl, pH 7.0, and disrupted by sonication. The membranes
containing pigment were collected by centrifugation (39000g,
60 min) and solubilized in a wash buffer (50 mM potassium
phosphate, 300 mM NaCl, 5 mM imidazole, and 1.5% octylglucoside (OG), pH 7.0) for at least 1 h at 4 °C. Unsolubilized
membranes were removed by centrifugation at 28000g for 30
min. The supernatant was incubated with a His-binding resin
on a shaker at 4 °C for at least 1 h. The bound resin was applied
to a 10 cm chromatography column and washed with 3× volume
of wash buffer followed by elution buffer (50 mM KPi, 300
mM NaCl, 250 mM imidazole, and 1.0% OG, pH 7.0). The
sample purity was assessed by UV-visible spectroscopy.1
Proteoliposome Reconstitution. Purified His-tagged GPR
was reconstituted into E. coli polar lipids (Avanti, Alabaster
AL) at a 1:10 protein-to-lipid (w/w) ratio. Lipids initially
dissolved in chloroform were dried under argon and resuspended
in the dialysis buffer (50 mM potassium phosphate, 300 mM
NaCl, pH 7.0) to which OG was added to the final concentration
of 1%. The lipid solution was incubated with the OG-solubilized
protein for 1 h on ice and dialyzed against the dialysis buffer
with three buffer changes every 24 h. The reconstituted protein
was centrifuged for 15 min and resuspended in the sample buffer
(50 mM CHES, 150 mM NaCl, pH 9.5).
Sample Preparation. For ultrafast TIR measurements, the
reconstituted protein was suspended in sample buffer (50 mM
CHES, 150 mM NaCl, pH 9.5) and then pelleted in an
Eppendorf tube at 14 000 rpm for 20 min. After centrifugation,
the excess buffer was removed and the pellet was pressed
between two 32 mm × 3 mm circular CaF2 windows separated
by a 25 µm Teflon spacer. The visible absorption maximum
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for the samples was approximately 0.2 OD (OD ) Optical
Density) at 520 nm. During experiments, the samples were
rotated and translated perpendicular to the laser beams in order
to provide a fresh area of sample for each laser shot using an
apparatus similar to that described previously.24 We found that
liquid samples resulted in more spatially homogeneous samples
and consequently better signal/noise transient signals than
hydrated films. This method also provided better sample pH
control, which is required due to the strong pH dependence on
the dynamics of photoisomerization.8,9 In addition, the sample
holder was kept at 298 K using a circulating water bath.
Pump-Probe Spectrometer. The visible-pump infraredprobe spectroscopy apparatus is based on a commercial Spectra
Physics Hurricane Ti:sapphire regenerative amplifier and two
Spectra Physics optical parametric amplifiers (OPAs): Models
800 and 800C. The Hurricane amplifier produces 1 mJ laser
pulses with ∼130 fs duration at 1 kHz repetition rate and a
wavelength of 800 nm. The pulses from the amplifier are split
by a 50/50 beamsplitter and used to pump the two OPAs. Both
OPAs employ two-stage amplification and frequency conversion
of the pump pulses from the Hurricane in a type II BBO crystal
to produce tunable signal and idler laser pulses from 1.1-1.6
and 1.6-3.0 µm, respectively. In the OPA 800C, difference
frequency mixing of the signal and idler laser pulses in a
AgGaS2 crystal produces tunable mid-IR laser pulses from 3.0
to 10 µm with spectral full width at half-maximum of ∼100150 cm-1. A small portion (estimated at ∼100 nJ/pulse) of this
IR light was directed through the sample. The mid-IR laser pulse
optical path is purged with dry air to avoid absorption from
water vapor. In the second OPA, sum frequency generation of
the signal and residual 800 nm pump in a type I BBO crystal
produces laser pulses at 520 nm. Samples were excited with
100 nJ 520 nm visible pulses.
The pulses from the two OPAs were parallel polarized and
overlapped at the sample in a noncollinear ∼11° geometry. The
IR beam was approximately 300 µm in diameter, while the
visible beam was kept slightly larger (∼400 µm). After the
sample, the mid-IR pulses are directed into a spectrometer and
dispersed onto a 32 element mercury cadmium telluride linear
array detector (Infrared Associates, Inc.). Visible pulses are sent
through a variable optical delay and chopped at half the
repetition of the mid-IR pulses. This results in a transient
absorbance difference between pumped and unpumped sample
at a delay time between the visible and mid-IR laser pulses.
Boxcar integration and digitization of the detector response is
performed by a multichannel laser pulse spectroscopy system
from Infrared Systems Development Corp. and Labview software. The cross correlation of the visible and IR pulses was
determined by measuring photoinduced reflectivity in a 100 µm
thick silicon wafer. The cross correlation indicates a system
response of ∼180 fs near the ethylenic region (1570-1500
cm-1) and ∼250 fs near the fingerprint region (1215-1175
cm-1).25,26 This also provides a measure of time zero for the
system with a precision of ∼50 fs.
Data Collection and Analysis. At each time delay, the signal
was accumulated for 20 s and the results for six or more scans
were averaged. The GPR preparation used is very sensitive to
photobleaching by the exciting laser, so at various times during
the scan the signal at t ) 0 was collected. Using these data
points, the entire set was normalized for the loss of population
due to photobleaching similar to previous visible absorption
experiments on GPR.27 At the end of data collection (8-10 h)
the signal was ∼2 times smaller than at the beginning of the
scan. In addition, spectra were taken with 10, 30, 50, 70, 90,
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and 110 nJ/pulse showing a linear increase in signal size with
excitation power and otherwise identical spectra. See the
Supporting Information (SI) Figure S1 for a comparison of
transient difference spectra taken at various delay times for 30
and 100 nJ excitation.
A global analysis was performed on the data using Wavemetrics Igor Pro version 5.05A. Transient signals were fit to
eq 1, where the pump induced absorbance changes are modeled
N

∆A(νprobe,t) ) Along(νprobe) +

Ai(νprobe)e-(t/τ )
∑
i)1
i

(1)

by a sum of two or three exponentials plus an absorbance change
at long (>30 ps) delay times, Along(νprobe), which evolves on a
time scale longer than ∼100 ps. This procedure resulted in decay
associated spectra (DAS) Ai(νprobe) and their corresponding time
constants τi for the exponential decay rates.28 Signals at early
(<200 fs) delay times are partly obscured by contributions from
the free induction decay induced by the probe pulse and
perturbed by the pump pulse;29 therefore, we restricted our
analysis to the observed signals at delay times >150 fs in the
ethylenic and >200 fs in the fingerprint regions.
Results
Figures 1, 2, 4, and 5 show the TIR spectra for the ethylenic
and fingerprint regions of GPR for labeled and unlabeled
samples and Figure 3 shows a comparison of unlabeled and
total-15N labeled GPR in the ethylenic region at four delay times.
The top panel in Figures 1, 2, 4, and 5 is a two-dimensional
surface plot representing the temporal evolution of the TIR
spectra, where red represents a positive absorbance change and
blue represents a negative absorbance change. The bottom panel
in each figure displays TIR spectra at various delay times.
Negative bands correspond to vibrations in the ground state of
GPR removed by photoexcitation, while positive bands result
from the IR absorption of transient photoproducts at different
time delays between the visible pump and infrared probe pulses.
Ethylenic Region. In the ethylenic region (Figure 1), a
negative band appears at 1536 cm-1 within the time resolution
of the apparatus that decreases in amplitude and shifts to higher
frequency (1538 cm-1) at later times due to overlap with the
transient absorption of photoproduct bands. A positive peak near
1519 cm-1 begins to appear in the first picosecond and shows
relatively little change after 3 ps. A negative band at 1548 cm-1
also begins to appear in the first picosecond and is most evident
at later times (>3 ps). On the basis of an empirical inverse
relationship between the visible absorption maximum and the
ethylenic stretching frequency established for rhodopsin30 and
later observed in bacteriorhodopsin,31 the 1536 cm-1 band is
assigned to the ground state ethylenic vibration of the retinal
chromophore in GPR absorbing near 523 nm and the 1519 cm-1
positive band to a red-shifted K-like intermediate characteristic
of the primary photoproduct in all microbial rhodopsins. The
TIR spectrum at 30 ps resembles the static GPR f K FTIR
difference spectrum obtained at low temperature (80 K)14
(dashed line, Figure 1a), with the exception of the negative band
near 1548 cm-1.
In order to assign the 1548 cm-1 band, we expressed GPR
using total-15N isotopically labeled growth media or with alltrans-retinal containing a deuterium on carbon 15 (C15D). These
labels facilitate assignment of vibrational modes but are not
expected to alter protein or chromophore structure or structural
changes. Consistent with earlier studies,32,33 total-15N labeling
causes a downshift of 14 cm-1 in the amide II normal mode in

Figure 1. Transient infrared spectrum of unlabeled GPR in the
ethylenic (1570-1500 cm-1) region after ∼100 nJ 520 nm photoexcitation. (top) Color representation of the temporal evolution of the
TIR spectra, where red represents positive absorbance change and blue
represents negative absorbance change. (bottom) Transient spectra at
various delay times compared to the low-temperature FTIR difference
spectrum from ref 14. The dotted lines representing the 80 K FTIR
difference spectrum are offset by 2 × 10-4 OD for clarity. ∆OD )
absorbance change.

the GPR FTIR absolute absorption spectrum (see SI Figure S2).
However, this label does not alter retinal ethylenic normal modes
of GPR as shown by resonance Raman spectroscopy (RRS) (see
SI Figure S3) even though a 15N label is incorporated into the
Schiff base through the attached lysine. In contrast, consistent
with earlier studies21 C15D retinal labeling downshifts the main
ethylenic mode ∼5 cm-1 in the RRS of GPR (see SI Figure
S3). Since the C15D label is only incorporated into the
chromophore, it should not alter protein vibrations as confirmed
by low-temperature FTIR difference spectra of GPR14 (data not
shown).
Figure 2 displays the TIR spectra for total-15N labeled GPR
in the ethylenic region. Similar to unlabeled GPR, a negative
band appears at 1536 cm-1 within the time resolution of the
apparatus which then decreases in amplitude and shifts to higher
frequency (1538 cm-1) at later times due to overlap with
photoproduct bands and is assigned to the ground state ethylenic
vibration. Also, a positive peak near 1519 cm-1 begins to appear
in the first picosecond with relatively little change after 3 ps
and is assigned to the red-shifted photoproduct. Figure 3 shows
a comparison of the unlabeled and total-15N labeled TIR spectra
at four delay times. The negative band at 1548 cm-1 is
significantly more negative in amplitude in each of the unlabeled
spectra, except at t ) 0 where the labeled and unlabeled spectra
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Figure 2. Transient infrared spectrum of total-15N labeled GPR in the
ethylenic (1570-1500 cm-1) region after ∼100 nJ 520 nm photoexcitation. (top) Color representation of the temporal evolution of the
TIR spectra, where red represents positive absorbance change and blue
represents negative absorbance change. (bottom) Transient spectra at
various delay times. ∆OD ) absorbance change.

Figure 3. Transient infrared spectra comparing unlabeled (blue trace)
and total-15N labeled (green trace) GPR at 0, 3, 10, and 30 ps after 100
nJ photoexcitation at 520 nm in the 1570-1500 cm-1 region of the
infrared spectrum. ∆OD ) absorbance change.

are very similar. The gradual appearance of this negative band
in unlabeled GPR with a time constant of 500-700 fs (see
below) is consistent with its assignment to an amide II mode
which undergoes a change in frequency and/or intensity and
not to a retinal ethylenic mode in the ground state of GPR which
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Figure 4. Transient infrared spectrum of C15D retinal labeled GPR
in the ethylenic (1570-1500 cm-1) region after ∼100 nJ 520 nm
photoexcitation. (top) Color representation of the temporal evolution
of the TIR spectra, where red represents positive absorbance change
and blue represents negative absorbance change. (bottom) Transient
spectra at various delay times. ∆OD ) absorbance change.

is expected to result in a negative band at t ) 0. Furthermore,
the expected ∼14 cm-1 downshift of this band in the total-15N
label would result in partial overlap with the 1538 cm-1
ethylenic stretch mode, thus explaining the observed increase
in negative absorbance near this frequency in the total-15N
labeled vs unlabeled spectra after t ) 0 (Figure 3). In addition,
the positive band appearing at 1523 cm-1 in the total-15N label
may indicate a ∼14 cm-1 downshift of a hidden positive amide
II band which overlaps with the 1538 cm-1 peak in the unlabeled
GPR.
In GPR containing C15D labeled retinal, (Figure 4) the
ethylenic bands at 1536 and 1519 cm-1 downshift ∼5 cm-1,
further confirming the presence of an unshifted negative band
near 1547 cm-1 appearing with a 500-700 fs time constant
(see below). In addition, an apparent positive band is seen near
1538 cm-1 which is at the predicted position to explain the
positive 1523 cm-1 band in the total-15N label (see above). The
combination of the isotope labeling of the protein and retinal
thus confirms the assignment of these bands to the downshift
of an amide II mode from 1548 cm-1 to near 1538 cm-1 in
less than a picosecond after photoexcitation. Note that a small
residual band at 1548 cm-1 still remains at t ) 0 in the C15D
TIR spectrum (Figure 4). Since this band is also seen as a small
shoulder at the same frequency in the t ) 0 TIR spectra as well
as the RRS of GPR independent of C15D and total-15N labeling
(see SI Figure S3), it most likely corresponds to a nonfunda-
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Figure 5. Transient infrared spectrum of unlabeled GPR in the retinal
fingerprint (1215-1175 cm-1) region after ∼100 nJ 520 nm photoexcitation. (top) Color representation of the temporal evolution of the
TIR spectra, where red represents positive absorbance change and blue
represents negative absorbance change. (bottom) Transient spectra at
various delay times compared to the low-temperature FTIR difference
spectrum from ref 14. The dotted lines representing the 80 K FTIR
difference spectrum are offset by 2 × 10-4 OD for clarity. ∆OD )
absorbance change.

mental mode observed at the same frequency in the RRS of the
related protein BR.21
Fingerprint Region. In the 1175-1215 cm-1 fingerprint
region (Figure 5), negative bands appear at 1199 and 1184 cm-1
within the time resolution of our apparatus, and decrease in
amplitude at later times. In addition, two positive bands appear
at 1191 and 1183 cm-1 with a time constant of approximately
700 fs (see below). The TIR spectra obtained at 30 ps closely
resemble the static low-temperature FTIR difference spectrum
of GPR (dashed line, Figure 1b).14 The 1199 and 1184 cm-1
negative bands are assigned to the C-C stretch of the all-transretinylidene chromophore, and the positive 1191 and 1183 cm-1
bands correspond to the 13-cis configuration on the basis of
comparison to RRS of BR and low-temperature FTIR of
GPR.14,21,22,34
Kinetic Analysis. To analyze the kinetics of the structural
changes observed in GPR, global analysis was performed to
derive time constants and DAS (see Experimental Methods).
Figures 6-8 show the DAS for the unlabeled, retinal C15D
labeled, and total-15N labeled GPR in the ethylenic region,
respectively. Figure 9 shows the DAS for unlabeled GPR in
the fingerprint region. In Figures 6-9, the top panel displays
the DAS Ai(νprobe) for the two or three time constants as well
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Figure 6. (top) DAS for unlabeled GPR resulting from a triple
exponential global fit in the 1570-1500 cm-1 region of the infrared
spectrum for time constants of 0.5, 2, and 11 ps. The constant trace
refers to the transient difference spectrum at long delay times, >30 ps
in our experiment. (bottom) Experimental data points plotted at selected
frequencies along with the results of a triple exponential global fit with
time constants of 0.5, 2, and 11 ps. ∆OD ) absorbance change.

as Along(νprobe) representing the pump induced transient spectrum
at long delay times (>30 ps). The bottom panel shows the time
evolution of the signal at selected frequencies along with the
global exponential fit. Overall, the kinetic analysis yields three
time constants including a subpicosecond (500-700 fs) time
constant indicating isomerization of the chromophore and
perturbation of the amide II normal mode, a slower 2-3.5 ps
time constant indicating a parallel path from the excited state
back to the all-trans form of the chromophore as well as a
sequential J-K-like transition as seen in BR,10,36 and a long
∼11 ps time constant indicating relaxation of the amide II
perturbation and possible minor structural rearrangements of
the chromophore in the resulting all-trans and 13-cis forms.
Figure 10 displays a reaction scheme based on our interpretation
of the DAS. The dotted lines in Figure 10 represent processes
deduced by previous visible8,9,35 and FTIR7,35 experiments but
not measured in this experiment due to our time resolution (∼0.2
ps) and the time scales over which we measured (0.2-30 ps),
while the solid lines indicate states deduced from our TIR data.
In the ethylenic region for unlabeled GPR, a band appears at
1529 cm-1 in the 500 fs DAS (Figure 6, blue trace). This band
corresponds to the 1519 cm-1 peak assigned to the ethylenic
mode of the red-shifted photoproduct observed in the TIR
spectrum (Figure 1). This band appears at a higher frequency
in the DAS due to the absence of the negative band at 1536
cm-1 in the TIR spectra which causes band splitting.14 As
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Figure 7. (top) DAS for C15D retinal labeled GPR resulting from a
triple exponential global fit in the 1570-1500 cm-1 region of the
infrared spectrum for time constants of 0.7, 2.7, and 12 ps. The constant
trace refers to the transient difference spectrum at long delay times,
>30 ps in our experiment. (bottom) Experimental data points plotted
at selected frequencies along with the results of a triple exponential
global fit with time constants of 0.7, 2.7, and 12 ps. ∆OD ) absorbance
change.

Figure 8. (top) DAS for unlabeled GPR resulting from a double
exponential global fit in the 1215-1175 cm-1region of the infrared
spectrum for time constants of 0.7 and 3.5 ps. The constant trace refers
to the transient difference spectrum at long delay times, >30 ps in our
experiment. (bottom) Experimental data points plotted at selected
frequencies along with the results of a triple exponential global fit with
time constants of 0.7 and 3.5 ps. ∆OD ) absorbance change.

expected, this band downshifts ∼5 cm-1 to 1524 cm-1 in the
700 fs DAS of the C15D labeled GPR (Figure 7, blue trace).
The band near 1548 cm-1 assigned to the amide II vibration
also appears in the fast 500-700 fs time constant DAS in both
unlabeled and C15D labeled GPR (Figure 6 and 7, blue traces),
indicating that this protein structural change occurs concomitantly with formation of the 13-cis-retinal photoproduct. In the
total-15N labeled GPR there is no evidence of a band at 1548
cm-1 in the fast 700 fs DAS or in the DAS for any of the other
time constants (Figure 9). The C-C retinal fingerprint bands
at 1191 and 1183 cm-1 associated with formation of the 13cis-retinal configuration also appear with a similar fast time
constant (700 fs) (Figure 8, blue trace), indicating that an alltrans to 13-cis isomerization occurs on this time scale.
In contrast to the fast formation of the 13-cis photoproduct
from the excited state, a parallel partial repopulation of the
ground state from the excited state occurs as evidenced by the
decreasing amplitude of the 1536, 1199, and 1184 cm-1 bands
assigned to the ground state ethylenic and fingerprint modes in
unlabeled GPR (Figures 1 and 5). Bands near 1535, 1199, and
1184 cm-1 in the 2 and 3.5 ps DAS for unlabeled GPR in the
ethylenic and fingerprint regions, respectively (Figures 6 and
9, green traces), indicate a slower time constant for this partial
repopulation of the ground state. A similar 2.7 ps time constant
is associated with the partial recovery of the C15D isotope
shifted ground state ethylenic mode at 1532 cm-1 in GPR

containing C15D labeled retinal (Figure 7, green trace). Additionally, a band appears near 1519 cm-1 in the unlabeled GPR
2 ps DAS. This band shifts to near 1514 cm-1 in the retinal
C15D labeled GPR. This indicates a transition similar to the 3
ps J-K transition observed in BR10,36 and attributed to
vibrational cooling and torsional relaxation of the retinal.
However, a 3 ps process representing a J-K-like transition was
not observed in the ultrafast visible experiments on PR.8,9
Spectral changes near 1548 cm-1 evolving with an 11-12
ps time constant seen in the long time constant DAS for
unlabeled and C15D retinal labeled GPR (Figures 6 and 7, red
traces) reflect relaxation of the amide II perturbation. Additional
spectral changes in the 11-12 ps DAS for unlabeled and C15D
retinal labeled GPR may indicate further rearrangements of the
chromophore or a second slower decay from the excited state
evident in ultrafast visible absorption measurements.8,9 In
particular, a band appears near 1537 cm-1 in the 11 ps DAS
for unlabeled GPR. This band shifts ∼5 cm-1 to near 1532 cm-1
in the C15D labeled retinal, possibly indicating further repopulaton of the all-trans state. Also, a band at 1513 cm-1 in the 11
ps DAS for unlabeled GPR appears to downshift outside our
detection window in the DAS for C15D retinal labeled GPR,
possibly indicating some rearrangement of the 13-cis chromophore.
The total-15N labeled GPR has a 7.2 ps time constant related
to the partial recovery of the ground state at 1538 cm-1 (Figure

11830 J. Phys. Chem. B, Vol. 111, No. 40, 2007

Amsden et al.
and protein groups as seen in unlabeled and C15D labeled GPR
with an 11-12 ps time constant. For example, the 7.2 ps DAS
for total-15N labeled GPR exhibits bands at 1538 and 1519 cm-1
similar to bands at 1537 and 1519 cm-1 in the unlabeled GPR
2 ps DAS attributed to partial repopulation of the ground state
and a J-K-like transition, as well as a band at 1513 cm-1 found
in the 11 ps DAS for unlabeled GPR, possibly indicating further
minor structural changes in the retinal.
Discussion

Figure 9. (top) DAS for total-15N labeled GPR resulting from a double
exponential global fit in the 1570-1500 cm-1 region of the infrared
spectrum for time constants of 0.7 and 7.2 ps. The constant trace refers
to the transient difference spectrum at long delay times, >30 ps in our
experiment. (bottom) Experimental data points plotted at selected
frequencies along with the results of a triple exponential global fit with
time constants of 0.7 and 7.2 ps. ∆OD ) absorbance change.

Figure 10. Kinetic scheme for the GPR primary photoreaction based
upon TIR data and previous visible8,9,35 and FTIR7,35 experiments.
Dotted lines indicate processes not measured due to our time resolution
(∼0.2 ps) or to the time scales over which we measured (0.2-30 ps),
while solid lines indicate processes deduced from our data. S0 indicates
the all-trans ground state of the protein, while S1FC and S1CI represent
the Franck-Condon region and conical intersection of the retinal excited
state, respectively. J and K represent the red-shifted 13-cis photointermediates.

8, green trace). The length of this time constant compared to
those in unlabeled and C15D labeled GPR may be due to
overlapping signals unresolved by global fitting. These overlapping signals are likely due to ground state recovery, amide II
relaxation, and additional rearrangements of the chromophore

The TIR data indicate that the early events occurring in GPR
are similar to those in BR based on ultrafast Raman,37 visible
absorption,11,12,38,39 and TIR10 studies and are consistent with
visible absorption experiments8,9 as discussed below. In BR,
visible photon absorption produces an excited state with alltrans-retinal which decays in approximately 500 fs to a redshifted J-intermediate with a 13-cis-retinal configuration or
returns with a 1 ps time constant to the all-trans configuration.
Then, in ∼3 ps the K-intermediate forms from the 13-cis species
through vibrational cooling and torsional relaxation of the retinal.
In GPR, TIR data indicate that absorption of a photon results
in an all-trans- to 13-cis-retinal chromophore isomerization and
formation of a red-shifted photointermediate with a 500-700
fs time constant. Partial relaxation back to the ground state from
the excited state along with a J-K-like transition in the
photoproduct occurs on a slower 2.0-3.5 ps time scale (see
Figure 10). Subpicosecond visible absorption studies of PR
reconstituted in halobacterial lipids at pH 9.0 revealed three time
constants of <200 fs, 400 fs, and 8 ps.8,9 The <200 fs time
constant was attributed to the formation of the retinal excited
state, while the 400 fs and 8 ps time constants are identified
with multiple excited state decays to the 13-cis photoproduct.9
The time resolution of our experiment prohibits measurement
of a <0.2 ps time constant process. However, the 500-700 fs
process in our data appears to correspond to the 400 fs
determined from the visible absorption experiments reflecting
formation of a red-shifted photointermediate. The absence of a
2 ps ground state recovery component in the ultrafast visible
transients may be due to the presence of an overlapping signal
from excited state absorption.8,9 Further experiments are necessary to determine if the components of the 11-12 ps TIR DAS
data assigned to chromophore modes are analogous to the 8 ps
process attributed to multiple excited state decay in the visible
absorption experiments or are simply minor structural changes
in the chromophore.
TIR data also show that, concomitant with retinal isomerization, a downshift occurs in frequency of the amide II mode
of one or more peptide groups from 1548 cm-1 to near 1538
cm-1 and is assigned on the basis of total-15N and C15D isotope
labeling. This amide II perturbation then relaxes with an ∼1112 ps time constant. The subpicosecond amide II backbone
changes may be associated with the storage and transfer of the
absorbed photon energy that is eventually used to drive proton
transport. For example, photon energy which drives retinal
photoisomerization could be transmitted to the Lys-231 peptide
group on helix G through structural changes in the Lys-231 side
chain, which forms a Schiff base attachment with retinal through
the -nitrogen.1 This energy could be stored through distortion
of the backbone structure around Lys-231 indicated by a
downshift of the amide II frequency associated with a weakening
of peptide N-H hydrogen bonds.40 Energy transfer beyond Lys231 in helix G may also occur through nonlinear excitations
similar to those observed in the predominantly R-helical
myoglobin.41 Photon energy could also be transmitted to helix

Protein Structural Changes in PR
G through a change in the retinal Schiff base interaction with
the Asn-230 side chain deduced using low-temperature FTIR
difference spectroscopy and site-directed mutagenesis.14 In
support of this model, the homologous residue, Thr-204 in SRII,
is predicted to be involved in the initial energy storage for the
purpose of signal transduction.42
In BR, evidence for structural changes in the side chain and
associated peptide group of the homologous residue Lys-216
in helix G was found by low-temperature (70 K) FTIR difference
spectroscopy43,44 and low-temperature (110-125 K) X-ray
crystallography of the trapped K-intermediate.45 However, a
second low-temperature (100 K) X-ray study of the Kintermediate revealed only local changes in the retinal structure
which were associated with energy storage.46 It is worth noting
that the rapid structural changes we observe at RT in GPR may
be suppressed at low temperature.
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