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ABSTRACT: The early steps in the photocycle of sensory rhodopsin II mutant D75N are investigated in a
comprehensive study using femtosecond visible pump/probe spectroscopy. An overall slower response
dynamics after photoexcitation is observed compared to wild-type sensory rhodopsin II, which is assigned to
changed electrostatics and an altered hydrogen-bonding network within the retinal binding pocket.
Furthermore, the influence of azide on the primary reaction is analyzed. The addition of azide accelerates
the sub-10 ps dynamics of the D75N mutant nearly to reaction rates found in wild-type. Moreover, a further
reaction pathway becomes observable in the investigated time range, which is assigned to a previously
described K to K, transition. The specific acceleration of the early steps seems to be a unique feature of the
D75N mutant as similar azide effects do not emerge in analogous azide measurements of wild-type sensory
rhodopsin 11, bacteriorhodopsin, and the bacteriorhodopsin mutant D85N.

For their photosynthetic, phototactic, and osmotic require-
ments several archaea (like Natronomonas pharaonis or Halobac-
terium salinarum) rely on a set of retinal proteins, which possesses
seven transmembrane helices as a common structural motif but
are spectrally tuned to optimize the absorption properties and
functionality. Up to now, four types of archaeal retinal proteins
have been identified: bacteriorhodopsin (BR)' (1, 2), halorho-
dopsin (HR) (3, 4), sensory rhodopsin I (SRI) (5), and sensory
rhodopsin IT (SRI) (6, 7). BR and HR are light driven ion
pumps, which transfer a proton or a chloride ion, respectively,
across the membrane. BR hereby generates a proton gradient
which is used for ATP synthesis, whereas HR is responsible for
osmotic balance. The photosensors SRI and SRII are in charge of
phototaxis signaling. To mediate the phototactic response, they
are bound to a large transducer complex in a 2:2 stoichiometry.
The signal transduction between the two domains is a matter of
current research (8). For SRII from N. pharaonis (NpSRII)
(9, 10) it is suggested that the signal transfer is triggered by a
motion of helix F resulting in a rotational or screw-like motion of
the second transmembrane helix (TM2) of the transducer (9).
However, the crystal structure of intermediates taking part in this
process does not show any movement of this helix (/7), which
might be due to crystal packing.

Despite their different functions the available three-dimen-
sional structures of these proteins are strikingly similar, especially
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with respect to the retinal binding site (6, 12). Seven transmem-
brane o-helices form a pore structure divided into two half-
channels by the retinal, which is bound via a Schiff base to a lysine
residue. The all-trans to 13-cis photoisomerization of the retinal
chromophore initiates a photocycle leading to further major
conformational changes on a wide range of time scales. The
emerging intermediates are termed alphabetically (K, L, M, N, O).
The residue providing the proton acceptor and concomitantly the
counterion of the protonated retinylidene Schiff base (Asp85 in
BR) as well as the proton donor (Asp96 in BR) have a high
impact on the general properties of the respective proteins.
Within NpSRII the importance of the primary proton acceptor,
Asp75, has been demonstrated for many functional
aspects (13—17). Upon Asp to Asn mutation several properties
are drastically altered: a large red shift of the ground state
absorption maximum in comparison to the wild-type (wt) protein
of approximately 20 nm is observed (/6). The photocycle becomes
similar to the one observed for NpSRII wt at pH <5.5, which is
reflected by the loss of the functionally relevant M intermedi-
ate (16). Although the D75N mutant lacks this intermediate, it
still exhibits photophobic response to green—blue light (17), what
isinterpreted in terms of M being not a prerequisite for molecular
activation (/3). It has also been shown that D75 has an impact on
the signaling properties of the receptor (1/5). When NpSRII D75
mutants D75A, D75N, and D75Q are complexed with the
transducer from N. pharaonis (NpHtrII), wt-like high sensitivities
to photostimuli are found. However, a complex of the NpSRII
D75Q mutant with the transducer of H. salinarum (HsHtrll) is
fully constitutively active, which highlights the transducer sensi-
tivity to the receptor signal. The present work addresses the
functional role of Asp75 of NpSRII for the primary reaction.
Since azide has a great impact on the D75N response to blue
light in photostationary current measurements (/6), additionally
the effect of azide on the primary dynamics is investigated. Azide
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is mainly known for enhancing the deprotonation and also the
reprotonation of the Schiff base (18, 19). Two different theories
have been proposed for the mechanism of this azide effect. The
first explanation claims a shuttle mechanism in which azide is said
to shuttle between the immediate vicinity of the Schiff base and
the bulk aqueous phase (20, 21). The second theory by Le Coutre
et al. (22) ascribes the functionality of azide to changes in the
hydrogen-bonding network in the retinal binding pocket. They
observed for BR that azide in its anionic form binds near the
primary proton acceptor Asp85 and stays deprotonated during
the time of protonation of the Schiff base. Therefore, it can serve
as proton donor. Interestingly, it was found that azide can restore
a hydrogen-bonded network in the cytoplasmic channel, which
was absent in the primary proton donor mutant BR D96N. This
second interpretation is supported by electron parametric reso-
nance measurements of Steinhoff et al. (23), which showed that
azide decreases the hydrophobic barrier in the proton transfer
channel around both the proton donor and the acceptor.

All results will be discussed in reference to NpSRII wt, BR, and
the analogous BR mutant BR DS5N.

MATERIALS AND METHODS

Sample Preparation. The NpSRII D75N mutant and
NpSRII wt were expressed as described by Schmies et al. (16)
and Hohenfeld et al. (7), respectively. The expression of BR and
BR DS85N is described in ref 24. All measurements were
performed in 10 mM Tris buffer at pH 8 with 500 mM NaCl
and 0.1% n-dodecyl f-p-maltoside. For the azide samples a
concentration of 100 mM azide was obtained by adding appro-
priate amounts of stock solution (5 M).

Spectroscopic Methods. Steady-state absorption spectra
were measured with a Specord S100 spectrophotometer from
Analytic Jena using fused silica cuvettes with 1 mm optical path
length.

Time-resolved transient absorption measurements in the visi-
ble were performed with a home-built setup using a CLARK
CPA 2001 laser/amplifier system operating at a central wave-
length of 775 nm and a repetition rate of ~1 kHz as a source for
ultrashort laser pulses. To excite the samples at the absorption
maximum, part of the laser fundamental light was converted
employing a home-built noncollinear optical parametric ampli-
fier (NOPA) (25), resulting in a excitation wavelength of 520 nm
for NpSRII D75N, 500 nm for NpSRII wt, 600 nm for BR
D85N, and 550 nm for BR wt, respectively. Excitation pulses
were adjusted to energies of ~50 nJ and a focal diameter of
approximately 100 um. Single filament white light pulses
(supercontinuum, polarization parallel to excitation) were either
generated in a sapphire plate (NpSRII D75N and BR) or a CaF,
substrate (NpSRII wt and BR D85N) and split into two beams,
probe and reference. Data detection was implemented in a
referenced scheme using two 42-segment photodiode arrays
providing a resolution of 10™* optical density units (26). An
instrumental response function of ~150 fs was achieved, and a
spectral range from 430 to 750 nm was covered. To ensure the
exchange of the probed sample volume between individual
excitation pulses, the fused silica cuvette with 1 mm optical path
length was moved laterally with appropriate speed. The sample
concentrations were adjusted to an absorbance of ~0.5 at the
excitation wavelength. UV/vis absorption spectra were taken
prior to and after the time-resolved experiments to ensure that no
long-lived photoproducts or photodegraded proteins were accu-
mulated.
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FIGURE 1: Stationary absorption spectra of NpSRII wt and mutant
samples: gray, WT; dashed, D75N; black, D75N with 100 mM azide.
A red shift of 25 nm for D75N can be seen in comparison to native
NpSRII. By adding azide no significant influence on the absorption
spectra is observable.

For a quantitative data analysis we employed a kinetic model
which describes the experimental data as the sum of exponential
decays. A Marquart downhill algorithm optimizes n global time
constants 7; for all wavelengths simultaneously with wavelength-
dependent amplitudes 44(4) for each component. Our model
function assumes Gaussian pump and probe pulses with a (1/e)
cross-correlation width 7.

n A L e
AA(1)) = ;Ai(l) exp (4riz _n) 3 (1 Ferf (t - 27))

The n wavelength-dependent fit amplitudes 4A) represent the
decay-associated spectra (DAS) for each decay constant. In this
definition an infinite time constant is equal to a time-independent
offset in the transient absorbance changes, and therefore it
mainly corresponds to the signal which remains at the maximum
delay time in our experiment (~1.5 ns). The data were corrected
for coherent effects around time zero and for group velocity
dispersion. Due to the fact that it cannot be excluded that residual
contributions of coherent effects remain around time zero, the
data analysis was restricted to delay times ¢ > (.15 ps.

RESULTS

UV—Vis Absorption Measurements. The UV—vis spec-
trum of NpSRII D75N depicted in Figure 1 shows a significant
red shift of the retinal band of NpSRII D75N (520 nm) compared
to NpSRII wt (495 nm). This finding has been reported before by
Schmies et al. (/6) and is in agreement with similar shifts observed
for BR and the respective BR D85N mutant (27, 28). The shift is
primarily assigned to electrostatic changes in the retinal binding
pocket. As can be seen in Figure 1 for the NpSRIT D75N mutant
the addition of azide does not significantly influence the sta-
tionary absorption properties.

Time-Resolved Measurements of NpSRII D75N. Fem-
tosecond time-resolved absorbance changes of NpSRII D75N
are shown in Figure 2A. For probing wavelengths between 430
and 750 nm well-resolved contributions in four different spectral
regions can be distinguished.

At early delay times an absorption increase at the blue side of
the retinal chromophore band is observable (region A in
Figure 2A). It can be assigned to the absorption of the first excited
state and vanishes on a subpicosecond time scale. For early delay
times it overlaps with a negative contribution centered around
520 nm, which can be attributed to the depletion of the ground
state (region B in Figure 2A). This negative absorption band shifts
slightly to the blue for longer delay times and is centered around
490 nm for delay times >35 ps. In the region between 550 and
630 nm strong positive absorption changes are observable over the
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FIGURE 2: Temporal evolution of the transient absorbance changes
after photoexcitation at 520 nm of D75N with (A) and without
(B) azide. Signal amplitudes are color coded: red labels positive, green
neutral, and blue negative absorbance changes. Contributions from
excited state absorption (A), ground state bleaching (B), the forma-
tion of the red-shifted intermediate (C), and stimulated emission
(D) are clearly distinguishable and indicated accordingly in the plot.
As for all transients the delay time axis is linear for 7 < 1 ps and
logarithmic for longer delay times.
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F1GURE 3: Transient absorption spectra at different delay times for
NpSRII D75N (A) and wt (B) at pH 8.0. Ground state bleaching and
excited state absorption are observable. For the mutant no stationary
point is detected, whereas this feature is clearly visible in the wt
sample.

whole investigated time range. The signal originates most likely
from overlapping contributions of excited state decay and photo-
product formation leading to a constant positive absorption for
delay times > 20 ps (region Cin Figure 2A). In analogy to NpSRII
wt (29) the spectral characteristics at 1500 ps are attributed to the
D75Ng — D75N spectrum. For wavelengths > 600 nm stimulated
emission (region D in Figure 2A) arises within the time resolution
of the experiment and decays with the same temporal behavior as
the excited state absorption.

Figure 3 shows transient difference spectra of NpSRIT D75N
(A) and wt (B) at selected delay times between 450 and 650 nm.
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Table 1: Comparison of the Global Fit Analysis for Transient Absorption
Measurements of NpSRII wt and NpSRII D75N with and without Azide

71/ps To/ps T3PS Ta/ps T,
NpSRIT wt” <0.15 0.3 4-5 infinite
NpSRII D75N <0.15 0.8 35 infinite
NpSRII D75N azide <0.15 0.5 3 450 infinite

“Reference 29.
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FiGure 4: Fit amplitudes (DAS) of the multiexponential global fit
analysis of D75N without (A) and with (B) 100 mM azide. Spectra for
the main time constants are given.

Contributions of excited state absorption (positive signals) and
ground state bleaching (negative signals) are observable. Clearly,
for the D75N mutant no stationary point can be found as
is evidently observed in the transient spectra of NpSRII wt around
510 nm (Figure 3B and ref 29). Therefore, the early photoreaction
of the D75N mutant seems to be more complex than in NpSRII wt.

For further analysis the transient data were analyzed by a
global fitting routine, revealing that the data can be satisfactorily
described with four time constants (7; < 0.15 ps, 7,=0.8 ps, 13=
3.5 ps, and 7..> | ns, which can be treated as infinity for the time
range investigated here; Table 1). The shortest decay time
constant 7; is in the range of the time resolution of this
measurement and hence is obscured by coherent effects due to
the temporal overlap of the pump and the probe pulse as well as
wave packet motions and the dynamic Stokes shift. Thus, only
the decay-associated spectra (DAS) of the slower kinetic compo-
nents are shown in Figure 4. The DAS of 7, shows strong
contributions of excited state decay (centered around 460 and
590 nm) and stimulated emission (> 670 nm) as well as ground
state recovery (around 510 nm) indicating a dominant transition
from the excited state to the ground state potential energy
surface. Additionally, a strong negative contribution around
540 nm indicates that the signature of the photoproduct is
already formed with 7,. In contrast, the DAS of 73 does not
contain contributions of excited state depopulation and photo-
product formation but strongly resembles the DAS of 7.
Contributions of ground state recovery and a decaying early
photoproduct signature centered around 590 nm are apparent.
The DAS of 7., reflects the D75Ng — D75N difference spectrum.

Time-Resolved Measurements of NpSRII D75N with Azide.
Analyzing the observed traces for D75N with azide (Figure 2B) in
comparison to the one without azide (Figure 2A), the general
spectral features do not change. Excited state absorption (region
A), ground state bleaching (region B), photoproduct signature
(region C), and stimulated emission (region D) are spectrally at
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FIGURE 5: Transient absorbance changes of D75N with (shaded
circle) and without (open circle) azide. Most prominent signals are
related to the decay of the excited state (443 nm, A), the repopulation
of the ground state (499 nm, B), and the formation of the photo-
product (587 nm, C).

the same position. Nevertheless, the global fitting routine reveals
that the primary reaction is slightly accelerated by azide (Table 1;
see also Figure 5A). The most striking difference however is the
finding of two additional absorption features at delay times > 100 ps;
anegative absorption at 500 nm (Figure 5B) and a strong positive
signal band around 570 nm (Figure 5C) become observable. It is
thus evident that in the case of D75N containing azide an
additional time constant in the range of 100 ps is needed to
satisfactorily fit the data. The analysis of the transient absorbance
changes using a global fitting routine reveals the following time
constants: 7; < 0.15ps, 7,=0.5ps, 73=3 ps, 74, =450 ps, and 7., =eo.
The amplitudes of 7;—73 and 7.. for D75N with and without azide
exhibit similar spectral characteristics (Figure 4), which suggests
an assignment of these time constants to the same processes. The
DAS of the additionally emerging time constant 74 shows a
negative contribution around 590 nm, indicating a growing signal
in this wavelength range. The amplitudes in the other wavelength
regions are negligible.

Time-Resolved Measurements of NpSRII wt. To confirm
that the pronounced effect of azide is specific for the primary
reaction dynamics of the NpSRII D75N mutant, a series of
control measurements have been performed.

Time-dependent absorbance changes of NpSRII wt were
recorded between 430 and 750 nm. Traces for selected probing
wavelength are shown in Figure 6A. Around 500 nm an instanta-
neous absorption decrease caused by ground state depletion is
observable. In the red wing of the ground state bleaching signal
strong excited state absorption occurs at early times. The signal
decays within 0.3 ps, followed by a further decrease on the
picosecond time scale. At decay times > 5 ps the residual signal
stays constant. Weak negative signals indicative for stimulated
emission are monitored at wavelengths above 700 nm, which also
decay with a time constant of 0.3 ps. The data set is consistent with
the one already published by Lutzet al. (29). The addition of 100 mM
azide does not influence the reaction dynamics at all, which can
be verified by a comparison of selected transients in Figure 6A.
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FIGURE 6: Transient absorbance changes depicting ground state
bleaching and formation of the K intermediate for NpSRII wt
(Aprobe =491 nm and Aprope = 579 nm, A), BR Wt (Aprobe = 574 nm
and Aprone = 670 nm, B), and BR D85N (Aprope = 550 nm and Aprope =
654 nm, C) with (shaded circle) and without (open circle) azide,
respectively.

Time-Resolved Measurements of BR wt. Transient
absorbance changes were recorded as described above.
Around 550 nm negative absorbance changes due to ground
state depopulation appear. This signal shifts to shorter wave-
lengths during the first 10 ps and stays constant afterward. The
signal arises within the apparatus response time and decays
with 0.5 and 3 ps. Red shifted to the ground state signature
photoproduct formation is visible at long delay times. At
wavelengths > 650 nm stimulated emission occurs and decays
with the same time constant as the excited state absorption.
The data agree with published work (30—39). No indication
could be found that the primary reaction dynamics is influ-
enced by azide, which becomes also evident from the transients
given in Figure 6B.

Time-Resolved Measurements of BR D85N. The photo-
induced transient difference spectra of BR D85N show a positive
absorbance change due to the excited state absorption around
480 nm, which arises within the time resolution of the setup and
decays on a 10 ps time scale. Around 550 nm negative absorbance
changes indicative for ground state bleaching are observed. This
band strongly overlaps with the signal from the K intermediate,
leading to nearly complete cancellation of signals at delay times
>15 ps. At the red-most end of the investigated spectral range
negative contributions indicative for stimulated emission appear
and decay with the same temporal behavior as the excited state
absorption. The time constants derived by a global fitting
procedure coincide with those received by transient absorption
measurements of Logunov et al. (34). Also for the BR D85N
mutant no influence on the reaction dynamics upon addition of
azide could be found (Figure 6C).

DISCUSSION

In this paper the primary dynamics of NpSRII D75N and the
influence of azide are investigated using transient absorption
spectroscopy in the visible.
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For NpSRII D75N without azide an ultrafast evolution on the
S, surface within the first 150 fs is observed. In accordance to
former investigations of retinal proteins (26, 29, 37, 39—41) this
process is attributed to a wave packet motion out of the
Franck—Condon region. It is widely discussed to be an in-plane
stretching motion of the conjugated carbon chain, which is
followed by a torsional motion around the C,3=C,4 double
bond. The relayed excited state population afterward decays
monoexponentially with 0.8 ps populating both the all-trans
retinal ground state and a photoproduct state absorbing around
590 nm. In analogy to NpSRII wt (29) the photoproduct is
assigned to the K intermediate characterized by an isomerized 13-
cis-retinal. The DAS of the subsequent time constant of 3.5 ps
leads to the conclusion that part of the population of the early
photoproduct evolves to the all-frans ground state. The DAS of
7., reflects the D75Ng — D75N difference spectrum.

Comparing these findings to the results obtained for
NpSRII wt (29), two main differences emerge upon Asp to
Asn replacement. First, the time constant associated with the
fast decay of the excited electronic state increases by more than
a factor of 2 from 0.3 (29) to 0.8 ps. This overall slower
response upon removal of the primary proton acceptor is a
well-known feature for retinal proteins and is thought to be
caused by changed electrostatics associated with altered hy-
drogen-bonding networks (25, 33, 42—45). For proteorhodop-
sin (PR) it was shown that the protonation state of the primary
proton acceptor has already a strong impact on the reaction
rates (26,40, 46, 47). Within the framework of potential energy
surfaces the pH-dependent differences were rationalized as a
tilting of the S; surface. However, electrostatic interactions
also affect the shape of potential energy surfaces and the
character of the wave function as calculated for BR (48). For
BR DS85T it was proposed that the mutation introduces a
barrier in the S; potential which affects the accessibility of a
conical intersection thus influencing the reaction rates (49).
Further arguments were proposed by El-Sayed et al. (44), who
discussed Asp85 and Asp212 in BR to be necessary for
tightening the retinal binding pocket, thus introducing an
anisotropic potential with specific repulsion which would
facilitate ultrafast isomerization. Isomerization would be
retarded if the mutation weakens or deletes this potential.
The importance of water in the associated hydrogen-bonding
network has been discussed widely (45, 50, 51). The overall
belief is that a mutation of the primary proton acceptor
perturbs the stabilizing geometry, destabilizes the active
site, and therefore influences the isomerization dynamics as
well.

The second difference between NpSRII wt and the D75N
mutant becomes evident by looking at the transient absorbance
changes at different delay times. Whereas a clear stationary point
is observable in the wt data, this characteristic point is absent in
the traces for the D75N mutant (Figure 3A,B). The decay of the
excited state can therefore not be described by a simple two-state
model as proposed by Lutzet al. (29). As both Losi et al. (/4) and
Inoue et al. (/3) showed that multiple optically silent K inter-
mediates are present in the photocycle of NpSRII D75N,
we propose that at least two K states are populated via the
excited state decay, termed K; and K,. According to the
literature (13, 14) the K; to K, transition proceeds on a 100 ns
time scale.

Concerning the investigation of the D75N mutant with azide,
it could be shown that the addition of this external anion does
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not have a great impact on the general optical properties,
e.g., electronic transitions (see Figures 1 and 2), but produces a
pronounced effect on the reaction dynamics. On the one hand the
reaction kinetics are slightly accelerated. This can be best seen in
the comparison of time constants obtained by the global fit
(1,=0.8 psand 73=3.5 ps for D75N; 7,=0.5 ps and 73=3.0 ps for
D75N azide; see Table 1) and the transients for single wave-
lengths depicted in Figure SA—C. We attribute this to the fact
that at physiological pH negatively charged N5~ ions have a great
impact on the hydrogen-bonding network (22), presumably
restoring part of the negative charge at the position of the
counterion of the Schiff base. Further on, two additional
absorption features at delay times > 100 ps connected to a further
transition in the 100 ps time range become clearly observable. The
observed signals at long delay times can be explained under the
assumption that azide accelerates the transition of K; to K, by at
least 1 order of magnitude, becoming thus visible in the time
range investigated here. Although in principle the assumption
of two K intermediates agree with the results obtained by Losi
etal. (/4) and Inoue et al. (13), the photoproducts observed in this
study are not optically silent, since there are contributions at
500 nm as well as around 570 nm. We suppose K, to absorb
slightly red shifted compared to K;.

As NpSRII wt is not responsive toward azide, it seems that the
structural properties in the vicinity of the retinal differ drastically
for NpSRII wt and D75N. It is not unlikely to assume that the
D75N mutant exhibits a different hydrogen-bonding pattern,
which reacts very sensitively to the addition of azide. This is
further in agreement with static low temperature and step scan
FTIR measurements of Hein et al. (52). They found that the
amide I band changes and the temperature-dependent photo-
product yield differs considerably for sensory rhodopsin wt and
D75N. They attribute this to the fact that the dark states of
sensory rhodopsin wt and the D75N mutant have different
structures.

Since both BR and the respective counterion mutant DSSN
are not at all sensitive toward azide (Figure 6B,C), the
characteristic influence of azide on the primary reaction of
NpSRII D75N is likely to be a unique feature of this mutant.
Under the assumption that the formation of the signaling state
is directly coupled to the structural rearrangements after
retinal isomerization, the observed influence of the neutraliza-
tion of the Schiff base counterion verifies the functional
importance of this residue.
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