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ABSTRACT: The photocycle of the proton acceptor complex
mutant D227N of the bacterial retinal protein proteorhodopsin is
investigated employing steady state pH-titration experiments in
the UV−visible range as well as femtosecond-pump−probe
spectroscopy and flash photolysis in the visible spectral range.
The evaluation of the pH-dependent spectra showed that the
neutralization of the charge at position 227 has a remarkable
influence on the ground state properties of the protein. Both the
pKa values of the primary proton acceptor and of the Schiff base are considerably decreased. Femtosecond-time-resolved
measurements demonstrate that the general S1 deactivation pathway; that is, the K-state formation is preserved in the D227N
mutant. However, the pH-dependence of the reaction rate is lost by the substitution of Asp227 with an asparagine. Also no
significant kinetic differences are observed upon deuteration. This is explained by the lack of a strongly hydrogen-bonded water
in the vicinity of Asp97, Asp227, and the Schiff base or a change in the hydrogen bonding of it (Ikeda et al. (2007) Biochemistry
46, 5365−5373). The flash photolysis measurements prove a considerably elongated photocycle with pronounced pH-
dependence. Interestingly, at pH 9 the M-state is visible until the end of the reaction cycle, leading to the conclusion that the
mutation does not only lower the pKa of the Schiff base in the unphotolyzed ground state but also prevents an efficient
reprotonation reaction.

Retinal proteins are widely spread in nature. They exist in
all three domains of living organisms and function as

visual pigments, light-activated ion pumps or channels, and
phototactic sensors.1−8 All of these proteins share common
structural motifs even if they have different origins. They are
membrane proteins composed of seven transmembrane helices
forming the binding pocket in which a retinal chromophore is
covalently bound to the ε-amino group of a conserved lysine in
the helix G via a Schiff base linkage.
A sequence comparison of the bacterial proton pump

proteorhodopsin (PR) and the archaeal bacteriorhodopsin
(BR) revealed considerable homology for the residues forming
the binding pocket.9 With the exception of the release complex,
all residues involved in proton transport across the membrane
are conserved. Together with the knowledge of the recently
resolved NMR structure,10 it is not surprising that PR exhibits a
photochemical reaction cycle with intermediates and kinetics
similar to the archaeal BR.
For PR, upon light excitation the ultrafast isomerization of

the retinal from the all-trans to the 13-cis conformation is
induced, which triggers a sequence of protein conformational
changes including several proton transfer reactions.11−13 On
the basis of the models for BR,4,14−16 Lenz et al. proposed a
branched reaction scheme for the primary reaction dynamics of
PR.17 The CC stretching is supposed to be the first reaction
coordinate out of the Franck−Condon region before the

torsion around the C13−C14 bond takes place leading to a
conical intersection (CI) with the ground state. The observed
biexponential deactivation of the excited state was explained by
the assumption that some molecules do not directly reach the
CI and end up in a local minimum on the S1 potential energy
surface (PES), which has to be overcome first. Particularly, it
could be shown that the deactivation of the excited state
possesses a pronounced pH-dependence explained by a pH-
dependent tilting of the S1 potential energy surface.

17 However,
femtosecond infrared spectroscopy showed that the quantum
efficiency of the primary photointermediate, the K-state, is not
affected by the pH/pD value.18

In addition to the primary photodynamics, the subsequent,
thermally driven photocycle steps are also pH-sensitive. Under
alkaline conditions several studies demonstrated the appearance
of four additional intermediates which were termed PRL, PRM,
PRN, and PRO.

12,13,19−21 The transition rates vary depending on
the sample conditions (solubilization or reconstitution, buffer,
pH-value).22 Consistently it was reported that not pure
intermediates are observed but equilibria of several species.
The photocycle under acidic conditions is characterized by
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three red-shifted intermediates (PRL, PRN, and PRO), but no
evidence for the appearance of the blue-shifted M-state could
be found at room temperature.13,21,23 However, in low
temperature measurements an M-like intermediate could be
verified at acidic pH.24 Along with the photocycle character-
istics, the proton pumping direction changes with pH. At pH-
values >8 PR exhibits a BR-like outward directed proton
transport. The direction of the proton transport is inverted at
acidic pH-values.13,24

The variable vectoriality of the proton flow is supposed to be
connected to the protonation state of the primary proton
acceptor Asp97. Interestingly, the pKa of Asp97 (pKa = 7.0−
8.2) in PR12,13,25 is much higher than that of the homologous
Asp85 in BR (pKa = 2−3).15,16 The presence of a highly
conserved histidine residue at position 75 which interacts
directly with Asp97 was recently described as a major
determinant for this finding.26,27

Although Asp97 is proposed to be the primary counterion of
the protonated Schiff base, Ikeda et al. suggested that also
Asp227 plays a crucial role in the photocycle of PR, especially
during the photoisomerization.28 The latter point was further
verified by ultrafast IR measurements.29 By means of FTIR
spectroscopy a strong interaction between the protonated Schiff
base and the negatively charged Asp227 (pKa = 2.630) by a
strongly hydrogen bonded water molecule was shown.
Replacement of Asp227 by an asparagine results in an altered
environment in the binding pocket due to the loss of the
negative charge. Consequently the D227N mutant lacks this
hydrogen bond.28 Further studies of the D227N mutant
showed that Asp227 is also responsible for the selectivity of
retinal photoisomerization. The observation of an increased
concentration of the 9-cis photoproduct in the D227N mutant
indicates that the Asp227 anion facilitates the all-trans to 13-cis
photoisomerization and restricts formation of other con-
formers.30

For the purpose of getting deeper insights into the primary
reaction steps of PR, we studied the D227N mutant at pH 4.0
(protonated Asp97) and pH 9.0 (deprotonated Asp97) using
femtosecond-vis-pump/vis-probe spectroscopy. The present
study includes measurements in H2O and D2O in order to
investigate the influence of previously proposed water clusters
in the binding pocket. Moreover, the subsequent photocycle
steps are addressed by means of pH-dependent flash photolysis
measurements.

■ MATERIALS AND METHODS
Preparation of PR Samples. The PR gene was cloned in

the pET-27b(+) vector (Novagene, Merck, Darmstadt,
Germany). We regard this protein as the wt and introduced
the single point mutation D227N. For preparation of the
expression plasmids of the mutant, a QuikChange site-directed
mutagenesis kit (Stratagene, Agilent Technologies, Waldbronn,
Germany) was used according to the standard protocol. The
correct mutation has been verified by sequence analysis of the
complete gene. Expression and purification of both the wt and
the D227N sample were carried out as described earlier by
Hempelmann et al.27

Retinal Extraction Experiments. In order to estimate the
ratio of different retinal isomers in the ground state the isomer
composition of the PR D227N mutant at pH 4 and pH 9 was
determined by extraction experiments as described by Scherrer
et al.31 In analogy to BR we assume the isomeric composition
not to be dependent on the isotope of the solvent.32 Extraction

experiments were therefore only performed in H2O. We ascribe
the higher signal intensity of the deuterated PR D227N samples
in the UV (Figure 1) to the buffer exchange procedure which in

terms causes higher scattering of the samples and/or a higher
UV absorption due to the absorption of degradation products.
A possible change in the retinal beta-band with an increase in
absorption for 13-cis retinal compared to the all-trans isomer
could also be imagined. However, the changes in the UV for the
different isomers are at least for BR not very pronounced,33

which is why we consider this case to be improbable.
The D227N samples were dark adapted for 16 h at room

temperature. The extraction and all subsequent steps were done
under dim-red light conditions. The chromophore samples
were dissolved in the mobile phase consisting of a hexane/
ethylacetate mixture of 90:10 [v:v] and injected into a normal
phase HPLC (Merck LaChrome D-7000 system, Darmstadt,
Germany) and separated on a ProntoSIL-OH 120-3 column
(Bischoff GmbH, Leonberg, Germany). The HPLC peaks have
been assigned to the different isomers using commercially
available standards. For 13-cis, 9-cis, and all-trans retinal
retention times of 4.06, 4.25, and 4.64 min, respectively, have
been found. Since the retention times of the retinal isomers

Figure 1. A comparison of the PR D227N absorption spectra recorded
in H2O (solid line) and D2O (dash-dotted line) at pH/pD 4 (black)
and pH/pD 9 (gray) is depicted in (A). (B) and (C) show the UV−vis
absorption spectra recorded between pH 9 (gray) to pH 5 (black) in
steps of ∼0.5 pH units for both titration directions. For analysis either
the wavelength of the shifting absorption maximum or the absorption
at 368 nm was plotted against the pH-value (shown for the acidic →
alkaline pH-titration in D). A Boltzmann fit of this plot provides the
pKa value of the deprotonation/protonation reaction of Asp97 (λmax vs
pH) or the Schiff base (absorption at 368 nm vs pH).
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extracted from the samples nicely coincide with those of the
standards it is assumed that only these conformers are present
in the D227N samples.
For analysis the area of the HPLC peak was determined in a

first step. This value was taken as the optical density at the
HPLC probing wavelength of 360 nm. On the basis of the
Lambert−Beer Law the relative concentrations of the isomers
were calculated using the different molar extinction coefficients
of the isomers.34

pH-Titration. For the pH-titration the PR sample was
dissolved in a buffer that consists of 50 mM sodium citrate,
50 mM sodium phosphate, 50 mM tris(hydroxymethyl)-
aminomethane (TRIS), 50 mM boric acid, 100 mM sodium
chloride, and 0.1% n-dodecyl-β-D-maltoside (DDM). pH-
dependent UV−vis spectra of the sample were taken using an
Analytik Jena spectrometer (S 100 spectrometer, Analytik Jena,
Jena, Germany). The titration was carried out in a 1 × 1 cm
cuvette, where the sample had an absorption of 0.5−1. To
guarantee an optimal mixing of the sample it was continuously
stirred. The pH value was measured with a calibrated pH-meter
(pH 320 SET microprocessor pH-meter, WTW GmbH,
Weilheim, Germany; Biotrode pH electrode, Hamilton
Messtechnik GmbH, Höchst, Germany). To ensure the
reversibility of the reaction the titration was performed in
both directions (alkaline → acidic pH; acidic → alkaline pH).
The starting pH-values of 9.0 or 5.0, respectively, were adjusted
by adding NaOH or HCl solutions to the buffer. The HCl and
NaOH solutions were highly concentrated to avoid concen-
tration changes of the sample due to increasing volumes.
During the titration HCl or NaOH was added and UV−vis
spectra were recorded approximately every 0.2 pH-units.
For analysis, either the wavelength of the absorption

maximum of a shifting band or the absorption of a certain
wavelength was plotted against the pH. The resulting sigmoidal
curve was fitted with a Boltzmann function:

= +
−

+ −( )
y A

A A( )

1 exp x x
dx

2
1 2

( )0

(1)

The inflection point x0 was directly taken as the pKa value of
the observed protonation reaction. The stated errors are
estimated and consist among other things of calibration
inaccuracies of the pH-meter and fitting errors.
Vis-Pump/vis-Probe Spectroscopy. The femtosecond-

time-resolved measurements of the PR D227N mutant were
performed either in 50 mM citrate buffer with 100 mM NaCl
and 0.1% DDM at pH 4.0/pD 4.4 or in 50 mM TRIS buffer
with 100 mM NaCl and 0.1% DDM at pH 9.0/pD 9.3. The
exchange of the buffer solutions and the adjustment of the
concentration were achieved by Centricon centrifugal filters
(10 kDa MW cutoff; Vivascience, Sartorius Group, Hannover,
Germany). The concentration was adjusted to an optical
density of about 0.5 in a fused silica cuvette with an optical
pathway of 1 mm.
The pump−probe experiment is constructed as described in

Lenz et al.17 A femtosecond-laser system (CLARK CPA 2001,
Clark-MXR, Dexter, MI, USA) served as the pulse source for
the experiment. To generate the excitation pulses at wave-
lengths of 505 and 520 nm, respectively, a noncollinear optical
parametric amplifier (NOPA) was applied.35 The excitation
pulses had pulse energies of approximately 50 nJ and a focal
diameter of about 150 μm. The super continuum white light
probe pulses were generated by focusing the laser fundamental

in a sapphire plate (2.3 mm thickness). The resulting white
light pulses were polarized parallel with respect to the excitation
pulses. Anisotropy effects due to rotational diffusion are slow
for large proteins,36 which is why polarization of pump and
probe pulse in the magic angle is not important. A spectral
range of 440−750 nm was covered in the experiments with a
resolution of approximately 8 nm and a sensitivity of 10−4

absorbance change units. The cross-correlation width (tempo-
ral resolution) gradually changed from 60 to 80 fs as the probe
pulses moved from short to long wavelengths. To guarantee the
exchange of the sample volume for successive laser pulses, the
sample was moved laterally. UV−vis spectra were recorded
before and after the pump/probe experiment to ensure that no
photodegraded proteins were accumulated.

Global Fit Analysis. Initially, the transient absorption data
were corrected for coherent effects around delay time zero by
subtracting the buffer signal measured under identical
conditions.37 The data were adjusted for group velocity
dispersion by observing the temporal and spectral evolution
of the coherent signal of the pure buffer solution. For the
quantitative analysis, a kinetic model was used, which describes
the data as a sum of exponential decays. A Marquardt downhill
algorithm optimizes n global time constants τi simultaneously
with wavelength-dependent amplitudes Ai(λ) for each
component τi. Gaussian pump and probe pulses with a (1/e)-
cross correlation width tcc are assumed:
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Positive amplitudes are indicative for the decay of positive
absorbance changes and the formation of negative ones,
whereas negative amplitudes reflect the decay of negative
absorbance changes and the growth of positive contributions.
An infinite time constant is equal to a time-independent offset
(for t≫ tcc) and can be interpreted as the signal, which remains
at the maximum delay time of the experiment (1.5 ns). The
errors of the time constants given in Tables 2 and 3 are
estimated by a comparison of global fit analyses using different
sets of parameters (number of decay time constants, starting
values, time zero, time window).

Fourier Analysis. For the characterization of the coherent
effects appearing around delay time zero a global fit that only
describes the decay components >250 fs was subtracted from
the transients. The resulting residuals contain only the fast
oscillating signal. For the evaluation all data points ≥2 ps were
discarded, leading to a data set with an x-axis spanning between
approximately −1.9 to 2 ps. The time points were interpolated
and in the same process set to 1/4 of the original distance (33
to 8.2 fs). The absorbance change values at delay times which
do not show the fast coherent signals were defined to be zero.
This procedure is similar to the so-called “zero filling” or “zero
padding” and should not cause artifacts or falsification. For a
quantitative analysis, the processed residuals were evaluated by
fast Fourier transformation (FFT)38,39 using the Blackman
window method. As the outcome the resulting power spectra
are presented. Because of the time resolution of approximately
60 fs, frequencies can be resolved up to 560 cm−1.

Flash Photolysis. A detailed description of the laser flash
photolysis setup can be found in Verhoefen et al.40 For the
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performed measurements excitation pulses with a central
wavelength of 502 and 505 nm were provided by a laser-
pumped optical parametric oscillator system (Spitlight 600,
Innolas Laser GmbH, Krailing, Germany; GWU Lasertechnik,
Erftstadt, Germany). The pulses had a duration of approx-
imately 20 ns and an energy of 2 mJ cm−2. The laser was
operated at a repetition rate of 0.25 Hz combined with an
external shutter blocking two of three pulses. This led to an
interval of 12 s between two subsequent excitation pulses. A
halogen lamp (LC8, Hamamatsu, Herrsching, Germany) served
as probe source. The probe light was spectrally filtered using a
monochromator (Photon Technology International, Birming-
ham, NJ, USA) and focused into the sample cell (fused silica
cuvette, 1 × 1 cm) with an angle of 90° with respect to the
direction of the excitation beam. The probe light intensities
were low enough to avoid actinic effects. After passing through
the cuvette the probe beam was focused onto the entrance slit
of a second monochromator. The signal was detected by a
photomultiplier (Photosensor H6780-02, Hamamatsu,
Herrsching, Germany) and recorded with a digital storage
oscilloscope (Waverunner 62xi, LeCroy, Geneva, Switzerland).
For each scan, data points were collected between −200 ms and
9.8 s with a time base of 1 μs; 1000 scans were averaged. In
order to reduce the data set, the linear time base was converted
to an exponential one for 15 μs < t < 9.8 s (300 points) by
averaging the absorbance changes for the time interval between
the exponentially increasing points. The flash photolysis data
were analyzed using the global fitting procedure described for
the vis-pump/vis-probe data.

■ RESULTS
Retinal Extraction Experiments. The isomeric composi-

tion of the used PR D227N samples was determined as
described in Scherrer et al.31

The peaks were assigned to the isomers using the HPLC
traces of the isolated retinal standards recorded under identical
conditions. The good agreement of the retention times of 13-
cis, 9-cis, and all-trans retinal with the peaks of the isolated
species of the PR D227N samples leads to the conclusion that
only these retinal isomers are present in the mutant at pH 4.0
and pH 9.0.
Table 1 summarizes the individual results of the D227N

samples under alkaline and acidic conditions. At pH 4.0 roughly

22% 13-cis and 76% all-trans retinal are present in the ground
state. The 13-cis contents of the sample increases under alkaline
conditions. At pH 9.0 32% 13-cis and 67% all-trans retinal have
been calculated. The fraction of the 9-cis retinal is ≤2% at both
pH-values.
pH-Titration. Figure 1A−C shows the absorption spectra

for the PR D227N mutant with respect to the pH-value. During
the titration the pH was either varied from alkaline to acidic
pH-values (Figure 1B) or from acidic to alkaline pH-values
(Figure 1C). Both series of curves exhibit the same general
features: The main absorption band shows a red-shift of about

20 nm with decreasing pH (λmax(pH 9) = 502 nm, λmax(pH 5)
= 522 nm). This shift is already known from PR wt13 and has
been attributed to the protonation change of the primary
proton acceptor Asp97. Figures 1B and C demonstrate that the
extinction coefficient of the main absorption band drops with
increasing pH. Concomitantly, a further band appears around
370 nm. Like for the main retinal band a bathochromic shift is
observed when lowering the pH (λmax(pH 9) = 368 nm,
λmax(pH 5) = 389 nm). The band vanishes almost completely
when the pH is decreased to acidic pH-values again, verifying
that its main origin is not a degradation product or unbound
retinal. The band position alludes to a deprotonated Schiff base
configuration of the chromophore. Second, an assignment to
the beta-band of a 13-cis retinal which exhibits a higher
absorption compared to the all-trans isomer cannot be fully
excluded. However, the changes in the near-UV for the
different isomers are at least for BR not very pronounced,33

favoring the first interpretation.
For the determination of the pKa value of the primary proton

acceptor, the absorption maximum of the main retinal band was
plotted against the pH-value, and the resulting curve was fitted
using a Boltzmann function (see Figure 1D). The inflection
point of the curve is interpreted as pKa of Asp97. The titration
direction solely affects the pKa, indicative for a reversible
protonation/deprotonation reaction. The pKa was determined
to be 6.1 ± 0.2 in the alkaline→ acidic and 6.4 ± 0.2 in the
acidic → alkaline pH-titration.
As stated above, the absorption maximum of the band

centered around 370 nm suggests the assignment to a retinal
with a deprotonated Schiff base. The acidic → alkaline pH-
titration shows the incipient formation of this band at neutral
pH. However, the reaction seems not to be fully reversible since
a remaining small contribution is observed at the end of the
alkaline → acidic pH-titration. In order to analyze this
characteristic transition, the absorption at 368 nm was plotted
against the pH-value (Figure 1D). The typical sigmoid shape of
this curve suggests that the main part of the observed transition
is based on a protonation/deprotonation reaction, in this case
most likely the deprotonation of the Schiff base. The inflection
point of the plot is interpreted as pKa of the Schiff base. For PR
D227N it is found at 7.4 ± 0.2 for the acidic → alkaline pH-
titration. In case of the alkaline → acidic pH-titration the pH-
induced decrease of the absorption at 368 nm is less articulated
and the transition is not as sharp, resulting in an imprecise
quantitative evaluation.

UV−vis Absorption Spectra in H2O and D2O. Figure 1A
contrasts the UV−vis spectra of the D227N mutant in H2O and
D2O. The absorption maximum of the main retinal band is not
shifted in the deuterated samples and remains at 522 nm for
pH/pD 4 and at 502 nm for pH/pD 9. However, both D2O-
samples show a constant offset between 300 and 450 nm,
originating from an increased scattering background, and do
not exhibit a distinct maximum at 370 nm.

vis-Pump/vis-Probe Experiments. Femtosecond-transi-
ent absorption measurements of the PR D227N mutant were
carried out in H2O and D2O at two distinct excitation
wavelengths depending on the protonation state of the primary
proton acceptor. Experiments were performed either at pH 4.0/
pD 4.4 (below the pKa of Asp97) with an excitation wavelength
of 520 nm or at pH 9.0/pD 9.3 (above the pKa of Asp97) using
an excitation wavelength of 505 nm. Figure 2 gives an overview
about the resulting pD-dependent absorbance changes of PR
D227N. A closer look at the characteristics of the transient

Table 1. Retinal Isomer Ratios of the D227N Mutant
Determined in Extraction Experimentsa

sample % all-trans % 13-cis % 9-cis

D227N, pH 9.0 67 32 1
D227N, pH 4.0 76 22 2

aThe error of each value is estimated to be in the range of 2%.
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absorbance changes of each pD/pH pair provides evidence that
the dynamics are independent of the H/D exchange within the
accuracy of the experiment (see Figure 3A−D). The apparent
small differences between the transients of pH 4.0 and pD 4.4
(see Figure 3B,D) could result from anisotropy effects of the
pump and the probe beam. The relative orientation between
the beams has an inaccurancy of approximately 5°. Further on,
small differences in the experimental settings, such as the
calibration of the white light could also explain the slightly
different decay of the transients at pD 4.4. Because the better
signal-to-noise ratio, the results are discussed for the deuterated
samples.
In general, at both protonation states of Asp97 four

characteristic spectral features show up in the measured
difference spectra. At pH/pD 9 a very short-lived negative
signal between 440 and 500 nm precedes to a positive
absorbance change within the cross correlation time (Figure
3A). This positive contribution (region (1) in Figure 2A)
decays on a 100 fs time scale. It can be assigned to the
absorption of the excited state. The positive signature is
followed by a negative one (region (2) in Figure 2A) at delay
times > 0.5 ps. This negative contribution is assigned to the
depopulated ground state. Around 500−600 nm positive
absorbance changes are observed for the whole investigated
time range (Figure 3C). At delay times < 200 fs a very fast
(20 fs) decay of the initial signal is observed. Afterward it rises
again until 500 fs and then decays slightly with a time constant
around 5 ps. The signal at long delay times can be
unambiguously assigned to the absorption of the K-like
photoproduct (region (3) in Figure 2A), with its isomerized
13-cis retinal chromophore. At early delay times fractions of the
excited state absorption also contribute to the observed
signature. In the red part of the investigated spectral region
the negative difference signature of the stimulated emission is
observed (region (4) in Figure 2A). Figure 3E illustrates that
the signal decays nearly completely within 7 ps.

Because of the pH-dependent main absorption band of the
retinal chromophore, the photoinduced difference spectra of
PR D227N drastically differ in the spectral region between 440
and 600 nm for pH/pD 9 and pH/pD 4. Although the time
resolution of the experiments performed at acidic and alkaline
pH-values is approximately the same, the sub 100 fs dynamics
(later on also termed coherent effect) is less pronounced at
pH/pD 4. It should be noted that we cannot rule out that this
signature also comprises uncorrected residuals of coherent
solvent effects.
The positive signal around 480 nm arising within the cross

correlation time (region (1), Figure 2B) can be again assigned
to the absorption of the excited state. Compared to the
transients at pH/pD 9 the signal decays considerably more
slowly (Figure 3A,B). It heads to the negative contribution of

Figure 2. Transient absorbance changes of PR D227N at pD 9.3 (A)
and 4.4 (B) after photoexcitation at 505 and 520 nm, respectively. The
amplitudes are color coded: red, positive; green, zero; blue, negative
absorbance changes. The time axis is linear in the range from −1 ps to
+1 ps and logarithmic for longer delay times. The spectra are
dominated by the excited state absorption (1), ground state bleaching
(2), the absorption of the photoproduct (3), and stimulated emission
(4).

Figure 3. Transient absorbance changes of the PR D227N mutant at
selected wavelengths for alkaline and acidic pH/pD values. In (A) and
(B) contributions of the excited state absorption and predominantly
the ground state bleaching are observed. The decay of the excited state
absorption and the absorption of the photoproduct are monitored in
(C) and (D). In all four plots the raw data are depicted as open and
filled dots or diamonds and the global fit as solid black or gray line. In
(E) the temporal evolution of the stimulated emission is compared for
pD 9.3 and pD 4.4.
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the ground state bleaching signal (region (2), Figure 2B). The
latter feature extends up to wavelengths of 600 nm at early
delay times and is therefore drastically red-shifted compared to
pH/pD 9. The positive signature of the photoproduct
absorption is observed between 550 and 630 nm (region (3),
Figure 2B). The signal is formed within 1 ps and partially
decays with a ∼5 ps time constant (Figure 3D). The maximum
of this difference band is about 25 nm red-shifted compared to
the one recorded under alkaline conditions. Around 700 nm
again the negative signal of the stimulated emission from the S1
state (region (4), Figure 2B) appears. Figure 3E nicely shows
that the time traces of the stimulated emission and therefore
the lifetimes of the excited states are equal for pD 9.3 and
pD 4.4. The putative pH-dependence observed for the excited
state signature must therefore be due to different super-
positions of the contributions in this spectral region.
Global Fit Analyses. All data sets of the vis-pump/vis-

probe experiments were fitted using eq 2. The derived time
constants are displayed in Table 2. The decay times and also
the decay associated spectra (DAS) are independent of the
deuteration ratio (H2O vs D2O). Therefore, the amplitude
spectra are only shown for the samples in D2O (Figure 4).

The main dynamics for delay times >150 fs obtained at pH/
pD 9 and pH/pD 4 can be described with three time constants
(τ2, τ3, and τ4). The last time constant thereby models the
residual contributions at 1.5 ns. Because of distinct coherent
signals around delay time zero at pH/pD 9 two additional time
constants in the range of a few ten femtoseconds (τ1A, τ1B) are
needed for a satisfactory description of the data sets. These
ultrafast oscillatory, wavepacket-like components are consid-
erably less pronounced at pH/pD 4. Therefore only one single

sub-100 fs time constant is required for the optimal fit (τ1A).
Although the data have been corrected for the solvent
signatures, τ1A and τ1B might contain coherent solvent
contributions. Additionally, the observed dynamics seem to
be highly nonexponential and therefore cannot be treated with
the current model. The DAS of τ1A and τ1B are therefore neither
shown nor interpreted. A further analysis of the coherent effects
around time zero is given in the subsequent section.
For pD 9.3 (Figure 4A) the positive amplitude in the spectral

region between 440 and 550 nm in the DAS of τ2 = 0.29 ps
must be ascribed to the decay of the excited state absorption.
The accompanying negative signature (550−600 nm) is
assigned to the buildup of the photoproduct. The negative
amplitude at wavelengths longer than 600 nm describes the
decay of the stimulated emission. Also in the DAS of τ3 = 3.0 ps
contributions of the decay of the excited state absorption
(440−480 nm) and the stimulated emission (650−750 nm) are
visible, pointing to a corresponding S1 deactivation pathway.
Additionally, a negative amplitude is found between 480 and
520 nm, which is attributed to the back reaction to the ground
state. The spectral position of the positive signal between 520
and 650 nm coincides with the positive photoproduct
difference band. A cooling process of the presumably
vibrationally hot product band signature is therefore likely.
The DAS of the infinite time constant reflects the signal after
1.5 ns. The difference band of the depleted ground state is
monitored at 460 nm, the K-state product band at 560 nm.
For pD 4.4 (Figure 4B) the positive part of the DAS of τ2 =

0.43 ps between 440 nm −530 nm indicates the decay of the
excited state absorption. The following negative contribution
until 625 nm belongs to the reformation of the ground state
and/or the formation of the photoproduct. At wavelengths
greater than 650 nm the decay of the stimulated emission is
observed. The amplitude spectrum of τ3 = 6.3 ps also shows the
depopulation of the S1 monitored by the decay of the excited
state absorption (440 nm − 490 nm) and the stimulated
emission (>650 nm). The negative signal around 550 nm most
likely describes the decay of the ground state bleach.
Additionally, the small positive amplitude between 580 and
640 nm points to the decay of a vibrationally hot photoproduct
population. The DAS of the infinite time constant exhibits
contributions of the bleached ground state population (around
480 nm) and the positive difference band of the K-
photoproduct (590 nm). Obviously, these difference bands
are shifted with respect to pH/pD 9.

Analysis of Coherent Effects. The characterization of the
coherent effects appearing around delay time zero requires an
analysis independent of the sample dynamics, since they are
superimposed by the latter. To this end, a fit was applied that
only describes the decay components >250 fs, which was
subtracted from the transients (Figure 5A). After further data
processing (see Materials and Methods), a FFT was applied

Table 2. Comparison of the Time Constants Obtained in the Global Fit Analysis of the PR D227N Pump/Probe Data Sets
Recorded at Acidic and Alkaline pH/pD Valuesa

sample τ1A/ps τ1B/ps τ2/ps τ3/ps τ4

D227N, pH 9.0 0.03 ± 0.05 0.05 ± 0.05 0.28 ± 0.15 3.0 ± 1.5 infinite
D227N, pD 9.3 0.02 ± 0.05 0.02 ± 0.05 0.29 ± 0.15 3.0 ± 1.5 infinite
D227N, pH 4.0 0.08 ± 0.05 0.42 ± 0.15 6.7 ± 1.5 infinite
D227N, pD 4.4 0.08 ± 0.05 0.43 ± 0.15 6.3 ± 1.5 infinite

aSince under alkaline conditions strong coherent effects occur at very early delay times, two time constants < 100 fs are needed for a satisfactory
description of these data sets.

Figure 4. Decay associated spectra resulting from the global fitting
procedure of the PR D227N pump/probe data sets recorded at pD 9.3
(A) and pD 4.4 (B). In each case only the spectra of the last three
components are shown, since the earlier ones (τ < 0.1 ps) contain
significant contributions of coherent effects around time zero.
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and the power spectrum was evaluated. As a result of the time
resolution of approximately 60 fs reliable frequencies can be
resolved up to 560 cm−1.
For pH 9 most pronounced coherent signals are obtained at

probing wavelengths in the range of the photoproduct. The
power spectra resulting from the FFT analysis show a broad
distribution of frequencies in the range of 80 cm−1 and 300
cm−1 with a maximum around 160 cm−1 to 190 cm−1 (Figure
5B). The spectra arising from the blue edge of the
photoproduct absorption additionally show a band around
100 cm−1. The contributions at wavenumbers lower than 40
cm−1 are most likely unspecific. Although the coherent signals
are less pronounced in the spectral region between 450 and 500
nm the obtained power spectra are quite robust and very
similar to those depicted for the region of the photoproduct
absorption in Figure 5B. Also here the main frequencies are in
the range of 170−190 cm−1.
The evaluation of the coherent signals at pH 4 is hampered

by the fact that the signal size is drastically smaller compared to
pH 9 and in addition the oscillations only span half a period.
We thus decided not to analyze those traces any further.
Flash Photolysis Measurements. The photocycle proper-

ties of the PR D227N mutant were investigated in flash
photolysis measurements at pH 9.0 (λexc = 502 nm) and pH 4.0
(λexc = 522 nm). The probing wavelengths were chosen to
correspond to the absorption bands of the characteristic
intermediates found in the PR wt photocycle.12,13,19,21,23 The
band at 400 nm is indicative for the M-intermediate and around
500 nm the ground state bleaching signal appears (Figure
6A,C). Around 570 nm the absorption of the K-intermediate is
visible, and the absorption of the late intermediates can be
monitored at 610 nm (Figure 6B,D). In order to correlate the
observed kinetics to specific processes in the photocycle a
global fitting routine using a sum of exponential functions (eq
2) was applied to each data set. A satisfactory description of the
transients requires five time constants at pH 9.0 and six time
constants at pH 4.0 (Table 3).
At pH 9.0, the positive absorbance change of the K-

intermediate is visible at 560 and 610 nm directly after
photoexcitation (Figure 6B). It decays with time constants of
τ1 = 20 μs and τ2 = 170 μs. Concomitantly, an absorbance
increase is monitored at 400 nm (Figure 6A). It is assigned to

the M-intermediate formation with its deprotonated Schiff base
configuration. Afterward the transient at 400 nm reaches a
plateau ranging from 1 to 50 ms. During this time period the
first small signature of the late red-shifted intermediates is
visible (Figure 6B). Figure 6A indicates that the ground state
recovers with a main time constant in the range of τ5 = 300 ms
and a further slower component (τ6 = 2 s). Surprisingly, a
400 nm signal can be observed up to the end of the photocycle.
The decay of the late red-shifted states is also visible in this
time range.
The transient absorbance changes at pH 4.0 reveal a

considerably different photocycle behavior (Figure 6C,D).
The K-intermediate decays on a slower time scale (τ1 = 50 μs,
τ2 = 250 μs) compared to pH 9.0. In accordance with other
flash photolysis studies of PR wt the photocycle of the D227N
mutant does not exhibit a contribution of the blue-shifted M-
intermediate at pH 4.0. The slightly negative signal at early
times most likely corresponds to the bleaching of the S0 → S2
transition of the ground state. The small absorbance change of
the late red-shifted intermediates accompanies the decay of the
K-state; no formation kinetics can be monitored (Figure 6D).
At pH 4 the ground state is recovered with three time
contstants (see 510 nm transient in Figure 6C).

■ DISCUSSION
pH-Titration. The neutralization of the charge at position

227 already affects the ground state absorption properties of the
chromophore. At pH 9, the main retinal band shifts from
approximately 520 nm in the wt13 to 502 nm in the D227N

Figure 5. Transient absorbance changes of PR D227N demonstrating
the unbundling of the coherent signal and the slower sample dynamics
(A). The residual oscillatory signal was Fourier transformed. The
resulting frequencies are shown for selected wavelengths in the region
of the photoproduct absorption for pD 9.3 in (B).

Figure 6. Transient absorbance changes of the PR D227N mutant
under alkaline (circles, A and B) and acidic conditions (triangles, C
and D). The raw data are plotted as open or filled symbols, the global
fits of each data set as solid gray lines. The transients are indicative of
the formation of the blue-shifted M-like intermediate (400 nm), the
ground state bleach (490 nm, 510 nm) as well as the early K and the
late (N/O-like) intermediates (560 nm/580 nm, 610 nm).
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mutant (Figure 1). This spectral blue-shift of approximately
20 nm is attributed to the altered charge and H-bond
distribution in the immediate vicinity of the chromophore.
At low pH, the main absorption band of the D227N mutant

shifts to 520 nm (pH 5.0). As for PR wt this effect is attributed
to the fact that the charged primary proton acceptor Asp97
influences the potential energy surfaces of the protein. With
18 nm, the pH-induced spectral change of the main band is
somewhat less pronounced than in PR wt (28 nm).13 The
evaluation of the pH-dependent position of the absorption
maximum permits the determination of the pKa value of Asp97
(Figure 1D). With a mean value of 6.25 the pKa was found to
be lower than the one observed for the wt (pKa(PR wt) = 7.0−
8.2).12,13,25 This finding nicely corroborates the results obtained
by Imasheva et al.30

In the D227N mutant, the intensity of the main retinal band
decreases with increasing pH-values (Figure 1B,C). This is
probably because not only the side chain of Asp97 is titrated
within the pH range used, but also the Schiff base. The
recorded UV−vis spectra show the concomitant formation of a
further band peaking at 368 nm. Here, also a pH-induced shift
is monitored. The band peaks at 368 nm under alkaline
conditions and is found at 389 nm at pH 5. Because of its
spectral position this band can be assigned to a retinal with a
deprotonated Schiff base. Also the S0 → S2 absorption band of
the retinal is found at this position. Part of the signal therefore
might also be traced back to the retinal beta-band. Finally also
there is the 13-cis form of the retinal, which is supposed to have
a higher extinction coefficient than the all-trans band might
contribute. The evaluation of the pH-induced rise of the UV-
band yields a typical titration curve with its sigmoidal shape. We
infer from this result the deprotonation reaction of the Schiff
base as the most likely explanation. The respective pKa value
was determined to be 7.4. NMR measurements could not
observe resonances in PR wt indicative for the deprotonated
Schiff base below pH 12.41 The pKa of the Schiff base is
therefore drastically reduced by the D227N mutation. First
solid-state NMR data on D227N revealed 15N chemical shift
changes of D227N compared to wild type PR indicating a
direct effect of this mutation on the Schiff base properties
(Hempelmann et al., Supporting Information27). In summary,
the results of the titrations lead to the conclusion that the loss
of the charge and accordingly the loss of the water binding site
at Asp227 stabilize the deprotonated forms of both Asp97 and
the Schiff base.
Isomeric Composition of the D227N Samples. Retinal

extraction experiments were performed prior to the time-
resolved experiments in order to quantify the chromophore
species excited. The HPLC traces of the extracted chromo-
phore isomers were assigned according to the available retinal
standards (all-trans, 13-cis, 9-cis) measured under identical
conditions. As a further control we also extracted retinal from
PR wt samples. The outcome of the wt experiments coincides
with previously published results.13 The obtained retention
times of the standards perfectly match those of the extracted
PR D227N samples. At acidic pH-values the isomeric ratio was

determined to be roughly 76% all-trans and 22% 13-cis. In the
alkaline environment the ratio is approximately 67% all-trans
and 32% 13-cis. The fraction of the remaining isomer
(presumably 9-cis) is <2%. This finding differs from previous
studies by Imesheva et al.,42 which found a considerable
amount of 11-cis retinal at pH 8.5. The deviations could arise
from the different samples that were used (C107V/C156V/
C175V/D227N vs D227N), which may lead to a modified
retinal binding pocket where other isomers are stabilized.
Since the absorption spectra of the different retinal isomers

incorporated in PR are unknown so far, it is not unambiguously
clear which isomer is excited in the time-resolved measure-
ments. Because of the high fraction of all-trans retinal, we
assume that the reaction dynamics predominantly originates
from the excitation of this isomer. Contributions of a 13-cis
photocycle cannot be excluded. However, the absorption
maximum of 13-cis retinal included in PR should most likely
differ from the one of the embedded all-trans isomer.
Additionally, the extinction coefficient is supposed to be
lower for 13-cis retinal. On that account, we neglect a
simultaneous 13-cis excitation.

Model of Retinal Isomerization in D227N. The analysis
of the vis-pump/vis-probe data recorded for the D227N mutant
shows that independent of the deuteration ratio as well as the
pH/pD value (9 vs 4) the same general reaction steps are
observed. Since those nicely conform to the findings of PR
wt,17,18,43 they can be interpreted within the framework of the
reaction model derived for wt.17 The reaction cycle is started by
the excitation of the all-trans retinal chromophore to the S1
potential energy surface. The shortest time constant of less than
150 fs has been ascribed to a wavepacket motion out of the
Franck−Condon region. Lenz et al. suggested that a nuclear
stretch motion is connected to this process. Also the global fit
of the D227N data revealed very short time constants, in this
case below 100 fs. Because of the better time resolution of the
present study the data at the early delay times are superimposed
by coherent effects. Fourier analysis of these effects show low
frequency vibrations between 80 cm−1 and 300 cm−1, which
peak around 175 cm−1. Besides multiple torsional modes that
are active below 300 cm−1 in the reactive excited states of
retinal proteins,44,45 Kahan et al. especially claim the 170 cm−1

vibration to be due to the symmetric in-plane motion of the
retinal.38 In an ultrafast Kerr shutter fluorescence measurement
of PR wt it was shown that a dynamic Stokes shift is connected
to the processes observed within the first 200 fs.17 Our
transient data recorded on the D227N mutant show a similar
effect: A strong red-shift of the stimulated emission band is
monitored within the first 200 fs.
The retinal stretching is followed by a torsional motion in the

300 fs time range, in other words the formation of a twisted,
photoproduct-like retinal configuration, which leads to the CI
with the ground state. The DAS of the time constants τ2
indicates contributions of photoproduct formation for the
D227N mutant at both pH/pD values. As for the wt, the
transition to the electronic ground state proceeds biexponen-
tially via two decay channels (τ2 and τ3) in PR D227N. Lenz et

Table 3. Comparison of the Time Constants Obtained in the Global Fit Analysis of the PR D227N Flash Photolysis Data Sets at
pH 9.0 and 4.0

sample τ1 (μs) τ2 (μs) τ3 (ms) τ4 (ms) τ5 (ms) τ6 (s)

D227N, pH 9.0 20 ± 10 170 ± 50 2.0 ± 0.5 300 ± 50 2 ± 1
D227N, pH 4.0 50 ± 10 250 ± 50 3.0 ± 0.5 23 ± 5 150 ± 50 2 ± 1
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al. explained this finding with the hypothesis that not all of the
molecules reach the CI directly, but some have to overcome a
barrier. At the ground state PES the molecules can either go
back to the all-trans configuration or decay to the 13-cis
conformation. For PR D227N the DAS of τ3 supports the
presence of such a back reaction. At the end of the investigated
time range the PRK-PR difference spectrum with its relaxed red-
shifted photoproduct signature is observed.
pH-dependence of the Primary Reaction. For PR wt

and several mutants, for example, His75 mutants, the excited
state deactivation is drastically dependent on the pH-
value.17,27,29,46 The time constants derived in the present
study of the PR D227N mutant also show a small pH-
dependence (Table 2). This small pH-sensitivity can be
visualized best in the individual transient absorbance changes
which are indicative for the decay of the excited state
absorption (Figure 3A,B). However, a comparison of the
time traces of the stimulated emission which are not perturbed
by overlapping contributions of the ground state bleach and the
absorption of the excited state and/or the photoproduct (λProbe
> 650 nm) reveals identical temporal evolution at pD 4.4 and
pD 9.3 within the signal-to-noise ratio (Figure 3E). The
modeled small pH-dependence of the global time constants
must therefore originate from the different spectral shifts of the
contributions observed at pH/pD 9 and pH/pD 4. It can thus
be concluded that the pH-dependence of the primary dynamics
is lost if Asp227 is replaced by Asn.
A comparison of the S1 deactivation time constants (τ2 and

τ3) determined for the D227N mutant with those of the
wt17,29,46 shows that they are very similar to the values obtained
for PR wt with a deprotonated Asp97 (pH 9). On the contrary,
the decay times obtained for the wt under acidic conditions are
considerably larger. This shows again that the photocycle of PR
is not optimized for speed.27 In conclusion, this means that the
primary reaction is not only determined by the charge at the
primary proton acceptor but also the interplay of the charges at
Asp97 and Asp227. Additionally, also the interacting hydrogen
bonding network around the Schiff base in the binding pocket
must be of considerable importance for the excited state
deactivation pathways.
Kinetic Isotope Effect of the Excited State Deactiva-

tion. For PR D227N, the comparison of the individual
transient absorbance changes measured in D2O and H2O
reveals under both alkaline and acidic conditions no significant
differences in the dynamics dependent on the deuteration level.
Consequently, the obtained time constants and the respective
DAS are identical within the experimental accuracy for pH 9.0
and pD 9.3 as well as pH 4.0 and pD 4.4.
This finding clearly differs from the results obtained for PR

wt and the D97N mutant.18,47 For PR wt a kinetic isotope
effect of 2.4 was calculated at pH/pD 9. It decreases to a kinetic
isotope effect of 1.6 at pH/pD 6 and is with a value of 1.3 even
less pronounced for the D97N mutant. The different values for
the kinetic isotope effect have been explained by the absence of
a catalytic water molecule in the vicinity of the counterion
complex and the Schiff base for the wt protein at pH 6 and the
D97N mutant. The FTIR measurements of Ikeda et al.
demonstrate that also the removal of the negative charge at
position 227 in PR D227N leads to the lack of a strongly
hydrogen-bounded water in the vicinity of Asp97, Asp227, and
the Schiff base.28 Similar observations were also made for the
respective BR mutants D85N and D212N.48,49 In conclusion,
our femtosecond-transient absorption measurements carried

out in H2O and D2O further prove that the negative charge of
Asp227 is one of the main determinants of the H-bonding
pattern in the retinal binding pocket.

The Slower Photocycle Dynamics. The subsequent
photocycle steps which are triggered by the isomerization
process were investigated using the flash photolysis technique.
The general sequence of intermediates is analogous to the
results obtained for PR wt.12,13,19,21,23,27 At alkaline pH the
prominent signature of the K-state is followed by the formation
of the blue-shifted M-intermediate (τ1 = 20 μs, τ2 = 170 μs). At
the end of the reaction cycle slightly red-shifted intermediate(s)
are observed, which decay with a main contribution of τ5 =
300 ms. Under acidic conditions also the early K-state and the
late red-shifted states are successively monitored. A formation
dynamics of the latter is not visible since it is superimposed by
the decay of the K-state. Like for PR wt, the M-intermediate is
not detectable under these conditions.
Besides these general agreements several pronounced

differences to the PR wt photocycle are observed. Independent
of the pH, the most outstanding feature of the PR D227N
reaction cycle is its exceedingly long duration. At acidic as well
as at alkaline pH-values turnover rates of 0.5 s−1 (τ6 = 2 s) have
been modeled. This is in both cases more than 10 times slower
than for PR wt (compare to ref 27 since the preparation of the
wt sample is equal to the one used for the D227N mutant).
Interestingly, the τ6 = 2 s does not describe the main ground
state recovery channel. The process attributed to τ5 is clearly
the dominant deactivation pathway (Figure 6A,C). Contrary to
the last decay constant τ5 exhibits a clear pH-dependence (τ5
(pH 9) = 300 ms, τ5 (pH 6) = 150 ms). This result is in good
agreement with measurements of PR wt,27 which showed the
photocycle at alkaline pH to be approximately a factor of 2
slower.
A closer look at the transient absorbance changes indicative

for the ground state recovery demonstrates a further difference
between the photocycle at pH 4.0 and pH 9.0. At pH 4.0 a third
time constant is needed to model the ground state recovery.
This decay time of τ4 = 23 ms is not required to describe the
alkaline dynamics. This finding is in opposition to the
photocycle dynamics of PR wt or the His75 mutants,27 since
for these data sets one extra time constant is needed to model
the data recorded under alkaline conditions. Another important
difference between PR wt and its D227N mutant in the alkaline
environment is the negligibly small signal of the N/O
intermediates for the mutant. Most likely these states cannot
be accumulated due to the decrease of the Schiff base pKa in the
photointermediates and accordingly the slow decay of the M-
state.
Moreover, the alkaline photocycle of PR D227N itself

possesses one additional striking feature. Unlike other retinal
proteins, the M-state is present until the end of the reaction
cycle. This has neither been observed for the wt protein nor for
the His75 mutations of PR.13,19,21,26,27 It is most likely
connected to the fact that the D227N mutation strongly
affects the H-bonding character of the Schiff base.28 It seems
that the mutation does not only lower the pKa of the Schiff base
in the unphotolyzed ground state, but also an efficient
reprotonation reaction could not be observed. Further
electrophysiological and kinetic studies are necessary to fully
understand the function of Asp227 concerning the relevance of
its negative charge as well as its implications on the hydrogen
bonding network in the retinal binding pocket. The present
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results already highlight its critical role for all steps of the PR
photocycle.
Comparison to the Homologous BR Mutant. In BR, the

homologous position of Asp227 in PR is also occupied by an
Asp residue (in BR Asp212). In the ground state BR Asp212
exists in its ionized, deprotonated form50 as PR Asp227.
Together with Arg82 and Asp85, Asp212 is part of the Schiff
base counterion complex in the retinal binding pocket of BR. It
also plays a relevant role in the proton pumping mechanism.
This residue is for example involved in the primary proton
transfer from the Schiff base to Asp85 upon formation of the M
intermediate.51 Also the restoration of the charge at Asp85 at
the end of the photocycle (O intermediate) proceeds via
Asp212.52,53 Accordingly, no net charge translocation occurs in
the entire pH range from 0 up to 11.54 However, it could be
demonstrated, that upon addition of chloride, the net proton
pumping is restored from pH 3.8 to 7.2. Outside this pH range,
transient charge motion similar to the acid-blue to acid-purple
transition of wt BR takes place.55

For PR D227N our results as well as former studies30,42 show
that the visible absorption maximum is approximately 20 nm
blue-shifted compared to PR wt. Using Escherichia coli as the
expression system (like for PR) results in a similar shift for BR
and the respective mutant D212N.54,56 However, this blue-shift
is controversial to the predicted red-shift after removal of a
negative charge according to the point-charge-model of
rhodopsins.57 Indeed, when expressed in the natural host
Halobacterium salinarum, the D212N mutant of BR exhibits a
large red-shift.58 As suggested by Shibata et al.,59 this
discrepancy may be indicative for an unusual protein folding
resulting in modified properties of BR. Furthermore, the
presence of halide anions has been shown to generate a
hypsochromically shifted absorption of the main retinal band in
BR D212N.59 The pH-dependent UV−vis spectra additionally
show that the pKa of the Schiff base is drastically reduced by the
PR D227N mutation. For BR such an effect is well-known for
the counterion mutant BR D85N.60,61

The BR D212N mutation has also a high impact on the
photocycle properties of BR. Already the primary reaction
steps, that is, retinal isomerization, show significant deviations
compared to the wt. The decay of the S1 state has shown to be
biexponential in the D212N mutant at pH 5,62 whereas a
monoexponential deactivation of the excited state (in both
cases exclusive of the ultrafast sub 150 fs component) has been
observed for BR wt.63−65 Also the reaction rates vary: The
lifetime of the excited state is four times higher in the mutant
(τBR wt ≈ 0.5 ps; τBR D212N = 2 ps (and 6 ps)). Halides, in this
case Cl−, have a decisive influence on the excited state
deactivation pathway.66 Adding 1 M NaCl to the BR D212N
sample significantly accelerates the S1 decay (τBR D212N, NaCl =
1 ps), which was found to become monoexponential. In the
present study of PR D227N no decelerated dynamics compared
to PR wt was found. Like in PR wt the mutated protein exhibits
a biexponential deactivation characteristics of the excited state.
The first time constant describing the S1 decay is thereby in the
range of the value obtained for the PR wt under alkaline
conditions.17 The second one is even smaller compared to the
wild type. Owing to the presence of 100 mM NaCl in our
buffer solution, an effect of chloride ions cannot be precluded.
At least, Sharaabi et al. showed for PR wt that the pKa value of
Asp97 exhibits a small NaCl dependence (7.8 in deionized
water, 7.0 after adding 300 mM NaCl).67 Additionally they
suggest that also the M intermediate decay at pH 9.4 might be

influenced by the salt concentration. Since the electrostatic
changes within the retinal binding pocket are supposed to be
the same in the BR D212N and PR D227N mutations, the
observed differences in the primary reaction dynamics can most
likely be explained by a considerably altered hydrogen bonding
characteristiscs for both proteins. Indeed Ikeda et al. could
show that upon isomerization the Schiff base forms a strong
hydrogen bond in PR (interaction with Asp227) which was not
observed for BR.28

Also the subsequent dynamics of PR D227N differs
considerably from the one of the respective BR mutant. For
PR the mutation of Asp227 results in a dominant, long-lived M-
like state and a considerably elongated photocycle. However,
for BR D212N at pH-values <7 the amount of the M state is
drastically reduced to 15%; at pH-values >7 it is not even
detected.58 For all stated reasons, the effect of the neutralized
charge at position 227 in PR (212 in BR) differs drastically for
PR and BR. A part of these differences is most probably caused
by the varying H-bonding characteristics around the Schiff base
and the counterion complex in BR and PR. It may also be the
case that Asp227 in PR and Asp212 in BR possess slightly
different functions in the photocycle. Exactly these highlighted
differences between the mutations in BR and PR make the PR
D227N mutant an important PR variant for further research.
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