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ABSTRACT: In many retinal proteins the proton transfer from the Schiff base to the counterion represents
a functionally important step of the photoreaction. In the signaling state of sensory rhodopsin II from
Natronobacterium pharaonisthis transfer has already occurred, but in the counterion mutant Asp75Asn
it is blocked during all steps of the photocycle. Therefore, the study of the molecular changes during the
photoreaction of this mutant should provide a deeper understanding of the activation mechanism, and for
this, we have applied time-resolved step-scan FTIR spectroscopy. The photoreaction is drastically altered;
only red-shifted intermediates are formed with a chromophore strongly twisted around the 14-15 single
bond. In addition, the photocycle is shortened by 2 orders of magnitude. Nevertheless, a transition involving
only protein changes similar to that of the wild type is observed, which has been correlated with the
formation of the signaling state. However, whereas in the wild type this transition occurs in the millisecond
range, it is shortened to 200µs in the mutant. The results are discussed with respect to the altered
electrostatic interactions, role of proton transfer, the published 3D structure, and physiological activity.

Sensory rhodopsin II fromNatronobacterium pharaonis
(NpSRII)1 enables the cell to avoid conditions of high oxygen
concentrations in the presence of intensive light (1). This
pigment, which was originally named phoborhodospin (2),
is closely related to sensory rhodopsin I, another phototaxis
receptor, and the two light-activated ion pumps halorhodopsin
and bacteriorhodopsin (BR) (reviewed in refs3 and4). The
structure of NpSRII has recently been determined, which is
strikingly similar to that of BR (5, 6). Major differences
concern the extracellular channel in which the guanidinium
group of Arg72 points away from the retinylidene Schiff
base. Additionally, the cytoplasmatic channel is blocked
because Asp96 in BR is replaced by phenylalanine (Phe76).
The photocycle of NpSRII displays the canonical intermedi-
ates of the BR photocycle, although the absorption maxima
are blue shifted (7, 8). The turnover of the NpSRII photocycle
is almost 2 orders of magnitude slower than that of BR, an
observation that is responsible for the poor proton pumping
efficiency (9). A mutational study in which key residues
important for the efficient proton transfer in BR were
introduced into NpSRII did not succeed in obtaining the
kinetic properties of BR (10).

From the channel mutations, that at position 75 is of
special interest. The abolition of the carboxyl function at
the position of the counterion will support the assignment
of a band observed with the formation of the M intermediate
at 1764 cm-1 (11, 12) to the CdO stretching mode of this
residue, demonstrating that it becomes protonated with Schiff
base deprotonation. On the basis of a downshift observed in
the Asp75Glu mutant, this band has been assigned previously
to protonation of the counterion (13). In visual pigments the
neutralization of the negative charge at the counterion
position is thought to represent a key step in receptor
activation (14), and it has been shown that it causes
constitutive activity, i.e., receptor activation without the
presence of the chromophore and, therefore, without the
action of light. Binding of the native 11-cis-retinal chro-
mophore re-forms the dark state and turns this activity off.
A related observation has been made for sensory rhodopsin
II from Halobacterium salinarum(HsSRII): here, constitu-
tive activity has been observed by neutralization of the
negative charge at the counterion position 73 even in the
presence of the chromophore. This activity is increased by
the action of light, although it does not reach the level of
the wild-type receptor (15). From this, a general model for
the mechanism of retinal protein photoreceptors and ion
pumps has been developed (16). The role of the salt bridge
formed by the negative counterion and the positive proto-
nated Schiff base in the early steps of the photoreaction of
retinal proteins has been addressed in theoretical calculations
(17, 18). In bacteriorhodopsin, in which the negative charge
of the counterion Asp85 has been neutralized by protonation,
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an intermediate very similar to the L state has been identified
by FTIR spectroscopy (19). This indicates a minor role of
this salt bridge for the early part of the photocycle (corre-
sponding investigations of the Asp85Asn mutant are com-
plicated by the presence of several dark states being in an
pH- and anion-dependent equilibrium, and no IR or reso-
nance Raman studies of the early intermediates have been
published). On the other hand, time-resolved UV-vis studies
on the early step of the photoreaction indicated a kinetic role,
neutralization slowing down photoisomerization (20).

The Asp75Asn mutant of NpSRII has been investigated
by time-resolved UV-vis spectroscopy and by electrical
measurements (9). The most striking observation is a
considerable shortening of the photocycle. A transient
electrical signal has been described which is directed
oppositely to the proton pumping direction of bacterio-
rhodopsin, and a similar signal has been described for the
red-shifted species of the corresponding mutant of bacteri-
orhodopsin, Asp85Asn (21). Since no state corresponding
to M has been detected, the molecular origin of these signals
cannot be correlated with proton transfer steps. Probably,
they reflect movements of the positively charged Schiff base
or other charged or polar groups, induced by the chro-
mophore isomerization. The molecular changes occurring
with the formation of the K intermediates of wild-type
NpSRII and the Asp75Asn mutant have also been studied
by photoacoustic measurements. The volume changes are
comparable in these two systems, and they are considerably
larger than those of bacteriorhodopsin (22, 23). This indicates
that the global molecular alterations are not strongly affected
by the mutation.

Previously, we have studied the molecular changes of
NpSRII evolving during the photocycle by time-resolved
FTIR spectroscopy (12). As compared to bacteriorhodopsin,
the K intermediate of NpSRII was characterized by larger
amide I bands, indicating larger changes of the protein
backbone. Only small additional changes take place with the
formation of L. In M, the Schiff base is deprotonated, and a
carboxyl group becomes protonated. In view of the similar
observation in bacteriorhodopsin, and since in the Asp75Asn
mutant no M is formed, this group has been tentatively
identified with the counterion Asp75, which has been
confirmed independently (13). Importantly, within the life-
time of the M state a transition has been observed only
involving changes of the protein. Using the spin label
technique, this step has been identified with the outward
tilting of helix F (H.-J. Steinhoff and M. Engelhard,
unpublished observation) that has been described before (24).
Finally, the chromophore geometry in the O state has been
determined to be all-trans. Together with measurements
performed in the presence of azide which causes a fast
reprotonation of the Schiff base, this shows that neither Schiff
base reprotonation nor the thermal reisomerization of the
chromophore is the rate-limiting step for the photocycle
duration and that the long cycling time must be an inherent
property of the protein which guarantees that enough time
is allowed for the signaling state to transfer the information
to the later steps of the signal transduction cascade.

In this paper we describe static low-temperature and time-
resolved step-scan FTIR investigations on the photoreaction
of the Asp75Asn mutant of NpSRII. We confirm the
observations that the photocycle of the mutant is considerably

shortened and that only red-shifted intermediates are ob-
served. Although no M state is formed, a transition reflecting
only protein structural changes also takes place in this mutant,
and the amide spectral changes are very similar to those of
the corresponding transition of the wild-type protein. The
results are discussed with respect to the reported activation
properties of this receptor mutant. In addition, we discuss
some aspects of the color tuning mechanism in the dark state
and K intermediate.

MATERIALS AND METHODS

The expression of NpSRII and its Asp75Asn mutant in
Escherichia coliand the reconstitution into lipids fromN.
pharaoniswere described recently (9).

The static UV-vis and FTIR measurements have been
performed as described recently for the wild-type protein
(12). The photoreaction was induced by illumination with
light between 450 and 500 nm for 1 min, using a slide
projector and attached fiber optics. Approximately 2 nmol
of NpSRII reconstituted into lipids fromN. pharaoniswas
deposited onto a BaF2 window, rehydrated, and sealed with
a second window. The pH was adjusted to 8 by adding 500
nmol of the appropriate phosphate buffer. For measurements
in 2H2O, the protein film on the BaF2 window was dried
five times and rehydrated with 5µL of 2H2O, until the final
hydration was adjusted. Spectral resolution for the FTIR
measurements was 4 cm-1, and usually 512 scans were
accumulated for the single beam spectra of both the dark
and illuminated states. It is important to mention that the
low-temperature photoproduct was completely driven back
to the dark state by illumination with red light (>570 nm).

The acquisition of the time-resolved step-scan FTIR
spectra has been described recently (12, 25). Excitation was
provided by a Nd:YAG laser coupled to an OPO, providing
a pulse of 1.5 mJ at 490 nm within 4 ns. The repetition rate
was 5 Hz. We used mainly our system with a time resolution
of 600 ns; however, a few experiments were obtained with
a time resolution of 30 ns (25), allowing the comparison of
the respective early intermediates. For each step-scan run
eight signals were averaged at each sampling position, and
the results of eight measurements had been co-added. The
spectral resolution was 8 cm-1, and the measuring temper-
ature was 25°C. The time-resolved difference spectra had
been analyzed as described before for the wild-type protein.
They were fitted to a sum of exponentials, from which the
amplitude spectra were obtained. From the amplitude spectra
intermediate spectra were calculated using the unidirectional
reaction scheme without back-reactions.

RESULTS

Static Low-Temperature Difference Spectra.We first
studied the photoreaction at low temperature by static UV-
vis difference spectroscopy. In contrast to the wild-type
protein, the yield of photoproduct formation is temperature
dependent above 80 K, increasing from 90 to 150 K,
subsequently remaining constant up to 165 K. At higher
temperatures the photoproduct starts to decay to the initial
state. The shape of the corresponding difference spectrum
does not differ for the various temperatures, especially the
isosbestic point remaining fixed (data not shown). This
indicates that only one photointermediate is involved. We
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deduce an approximate absorption maximum around 560 nm,
in agreement with time-resolved UV-vis measurements (9).
This is corroborated by the corresponding infrared difference
spectra (Figure 1). They are almost identical to each other,
only the size of the bands varies according to the tempera-
ture-dependent photoproduct yield and stability. Representa-
tive difference spectra obtained in H2O and2H2O at 113 K
are shown in Figure 2b,c, together with a corresponding
difference spectrum of the wild type measured in H2O at
103 K (Figure 2a) (12).

Between 1300 and 1100 cm-1 the comparison of wild-
type and mutant spectra reveals great similarities. The large
fingerprint bands in this spectral region show that the
common all-transf 13-cis isomerization has taken place.
In other spectral regions, however, considerable deviations
are evident. The HOOP mode at 989 cm-1 has much higher
intensity and is slightly downshifted, whereas the smaller
HOOP bands are not altered. This large band is, as the
smaller band in the wild-type spectrum, assigned to the C15-
HOOP (hydrogen out of plane) mode since it is downshifted
to 976 cm-1 by Schiff base deuteration (Figure 2c). The
larger size indicates that the chromophore is less relaxed and
more twisted around the C14-C15 single bond. This must
be caused by the altered interaction of the Schiff base with
the now neutral environment. The difference band at 1543-
(-)/1532(+) cm-1 has higher intensity than the correspond-
ing band at 1552(-)/1542(+) cm-1 in the wild-type spec-
trum. This shows that there is little overlap of the bands and
the positions agree with the corresponding absorption
maxima of the dark state (520 nm) and the photoproduct
(565 nm) described above (see ref26) for the correlation of
the absorption maximum and the ethylenic stretching fre-
quency). For the wild-type receptor a much smaller shift from
500 to 511 nm has been identified (7, 12). Previously, we
have explained the apparent discrepancy between the small
red shift and the rather large band separation of 10 cm-1: if
the band shift is considerably smaller than the bandwidth,
the band separation in the difference band is essentially given
by the bandwidth, a larger shift at first causing a higher
intensity (12). Below we will propose mechanisms explaining

the differences in the spectral shifts of the two proteins. The
red shift of the absorption maximum and the characteristic
HOOP mode justify to term this intermediate the K state of
the Asp75Asn mutant.

Deviations between the two spectra are also evident above
1580 cm-1. The difference band at 1599(-)/1587(+) cm-1

is missing, and a new large positive band shows up at 1617
cm-1. In addition, a new pronounced difference band shows
up at 1699(+)/1685(-) cm-1. Because of its position and
its shift induced by2H2O to 1673(+)/1663(-) cm-1, we
assign this last band to the CdO stretch of substituting
Asn75. (The remaining small positive band could arise from
nonexchanged Asn75 or from a different residue hidden
under the 1699/1685 difference band.) A similar downshift
has been described for asparagine in2H2O (27). Bands at
comparable positions have been induced by the Asp96Asn
mutation of bacteriorhodopsin (28) and of Asp83Asn and
Glu122Gln mutations of rhodopsin (29). The upshift in K
indicates that the CdO group becomes less hydrogen bonded.
One explanation could be that the interaction of the positively
charged Schiff base with the CdO group of Asn75 is reduced
by the isomerization. But also a small reorientation of the
Asn75 side chain, changing the interaction of the CdO
group, could cause such an upshift. In addition, changes in
the interaction of the protein with the NH2 group of Asn75
can also influence the position, since the CdO stretch is
coupled to theδ(NH2) vibration.

In the spectral range between 1680 and 1610 cm-1 amide
I bands and the CdN stretch of the protonated Schiff base
contribute. Schiff base deuteration shifts this latter band
down, providing a simple means to identify this mode. One

FIGURE 1: Temperature dependence of the photoproduct yield at
low temperature. Shown are the spectra obtained at 113, 133, and
153 K with increasing amplitude. The insert shows the dependence
over a somewhat wider range, the decrease at 173 K caused by the
slow decay of the photoproduct during the data acquisition (1 min).

FIGURE 2: Static low-temperature FTIR difference spectra of wild-
type NpSRII obtained at 103 K (a) and of the Asp75Asn mutant
obtained at 113 K (b). Spectrum c shows the corresponding
spectrum of the mutant measured in2H2O. Other measurement
conditions are given in Materials and Methods. Spectrum a is from
ref 12). The double arrow corresponds to 1 mOD.
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has, however, to consider the possibility that amide I bands
can also be shifted in the same direction by a few wave-
numbers if hydrogen can be exchanged for deuterium at the
involved peptide bonds. The spectrum obtained in2H2O
(Figure 2c) shows that the negative band at 1640 cm-1

disappears and a new large negative band at 1628 cm-1

appears. This large shift is not explainable by amide bands.
Therefore, we assign the bands to the CdN stretching modes
of the protonated and deuterated Schiff base, respectively,
of the mutant dark state. The corresponding values for the
wild-type protein at 1657 and 1633 cm-1 have been published
recently (30) and are in agreement with our own measure-
ments (12).

Having identified the CdN stretch mode of the dark state,
we can now conclude that the mutation also influences the
amide I bands. The band corresponding to the shoulder at
1668 cm-1 in the wild-type spectrum is missing, and instead,
a new negative band at 1657 cm-1 appears which, however,
is not influenced by deuteration (in contrast to the CdN
stretch of the wild type located at the same position). The
general size of amide bands is similar in the two spectra,
indicating that the extent of distortions of the peptide
backbone is the same in the two systems. However, without
isotopic labeling of specific peptide bonds we cannot
definitely decide whether different parts of the backbone are
involved (31), although the different band frequencies tend
to support this view. It is tempting to assign the positive
band at 1617 cm-1 to the CdN stretch of the K state.
However, a residual band at 1615 cm-1 is still present after
Schiff base deuteration, which arises from the overlap of
this positive band with the large negative band at 1628 cm-1

mentioned above. Thus, we rather assign this positive band
also to an amide I band, further stressing the different amide
I features of the two systems.

The difference band at 1599(+)/1587(-) in the wild-type
spectrum completely disappears by the mutation. We assign
this band to the asymmetric stretching mode of the negatively
charged carboxyl group of the counterion Asp75. This is
supported by the observation that this band is essentially still
present in the spectrum measured in2H2O (our own data
and ref30). The shifted frequency in K would indicate the
altered interaction of the Schiff base with the Asp75-water
402 complex. In addition, also the region of the symmetric
CO2

- stretching region is influenced by the mutation: we
tentatively assign the difference band at 1407(-)/1400(+)
cm-1 to this mode of Asp75 (the positive part of this band
causes the shoulder at this approximate position). However,
we cannot exclude contributions from other amino acid side
chains.

Time-ResolVed Step-Scan FTIR Measurements.The results
of the time-resolved step-scan measurements are shown in
panels A (amplitude spectra) and B (intermediate spectra)
of Figure 3 that were obtained as described in Materials and
Methods. As compared to the spectra obtained for the wild-
type protein (12), the signal to noise ratio is much better in
the data presented here. This is due to the considerably
shortened photocycle, allowing for much more effective
signal averaging. The global fit provides a half-time of 10
ms at 25°C for the slowest component. This value is in
agreement with the time-resolved UV-vis data obtained at
20 °C from which a half-time of 28 ms was deduced (9).
The data can be fitted with five exponentials. The corre-

sponding intermediate spectra are very similar to each other.
It is important to mention that we cannot detect significant
differences between the first intermediate spectrum and the
spectrum obtained by averaging spectra between 30 and 120
ns (measured with a time resolution of 30 ns; not shown).
Thus, we cannot detect relaxation in the nanosecond regime.
All of the intermediate spectra are characterized by a positive
band at 1526 cm-1, which is assigned to the ethylenic stretch
of the retinal. This indicates that all of the intermediates have
a similar absorption maximum at 565 nm, in agreement with
the UV-vis data. In addition, the typical signature in the
fingerprint region (1300-1100 cm-1) shows that in all of
the intermediates the chromophore geometry is 13-cis (12).
Furthermore, the strong HOOP mode between 989 and 997
cm-1 already described for the low-temperature K spectrum
is also present in all of the time-resolved intermediates. It
indicates that they are all characterized by a chromophore
that is similarly strongly twisted around the C14-C15 single
bond. Thus, the larger twist in the mutant described above
is not restricted to the low-temperature intermediate where
the protein structure can be assumed to be more rigid. It
must be a unique consequence of the mutation influencing
in a direct way the environment of the Schiff base. Also,
the band pattern in the amide I range (1600-1680 cm-1) is
similar in all of the intermediates. This shows that the main
distortions of the protein backbone are already present at
least within 30 ns and persist with little further changes until
the last intermediate. The characteristic difference at 1700-
(+)/1683(-) cm-1 described for the low-temperature spec-
trum and assigned to the CdO stretch of Asn75 is present
in the spectra of all intermediates. Also, this residue is
influenced already within 30 ns, and its alteration persists
until the initial state is re-formed. As expected from the
identification of Asp75 as the proton acceptor for Schiff base
deprotonation in the wild type, no protonation of a carboxyl
group is observed in the mutant.

The comparison of the first intermediate spectrum and the
low-temperature K spectrum (Figure 2b) shows great simi-
larity, taking into account the different spectral resolution
(8 vs 4 cm-1, respectively). However, two features cannot
be explained by this instrumental difference. In the time-
resolved spectrum, one of the larger amide I bands is located
at 1659 cm-1, whereas in the low-temperature spectrum it
is at 1657 cm-1. Because of the overlap with bands at lower
frequencies, the lower resolution of the time-resolved spectra
would rather produce an apparent band position at lower
frequencies. However, the higher position allows a better
separation from the CdN stretch at 1640 cm-1. On the other
hand, the amide I band at 1630 cm-1 and the CdN stretch
are poorly resolved in the time-resolved spectrum, causing
an apparent band position at 1638 cm-1. The other difference
relates to the ethylenic mode of the photoproducts, i.e., 1532
cm-1 (low temperature) vs 1526 cm-1 (time resolved).
Neither the smaller size nor the altered position of the
photoproduct band can be explained by the lower spectral
resolution (the bandwidth of the fingerprint bands is not very
different from that of the ethylenic modes). Although a clear-
cut explanation is not possible at this state, one reason could
be that in the time-resolved spectra amide II modes super-
impose on the ethylenic bands. Such interference has been
described frequently (12, 25, 32). However, for proof one
would have to isotopically label the chromophore. Because
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of the differences between wild type and the mutant in the
low-temperature K spectra, it is not surprising that also in
the time-resolved spectra considerable differences are ap-
parent (see ref12 for the corresponding spectrum of wild
type).

A more careful analysis of the intermediate spectra,
however, reveals small but significant changes. This is
especially evident from the amplitude spectra. Since the half-
times obtained from the global fit differ at least by a factor
of 4, the amplitude spectra essentially describe the spectral
changes from one intermediate to the next one. In the first
two transitions, both chromophore (C15-HOOP mode and
fingerprint bands) and protein (amide II at 1543 and 1557
cm-1 and several amide I bands) undergo small changes.
Generally, the intensity of the HOOP mode decreases
continually, indicating a somewhat more relaxed chro-
mophore in the latter intermediates. In the third amplitude
spectrum, neither the HOOP mode nor the fingerprint bands
of the chromophore can be seen. Only amide I changes and
changes between 1530 and 1560 cm-1 are present. The latter
spectral range is characteristic for amide II bands, but in
addition changes of the ethylenic band of the chromophore
could also show up. However, since the other bands
characteristic of the chromophore are not present, we interpret
these features as amide II bands. Thus, this is a transition
without changes in the UV-vis, commonly called a spec-
trally silent transition. In agreement with this, no spectral
changes have been detected by time-resolved UV-vis studies
(9). Such transitions have been described for bacteriorhodop-
sin (25), halorhodopsin (33), and the wild-type NpSRII (12;
see Discussion). It should be emphasized that the small size
of the amplitude spectra and, consequently, the great similar-
ity of the intermediate spectra can also be explained by a
mixture of states being in a fast equilibrium (34), the same
species largely dominating in all of the mixtures. In this case,
the amplitude spectra would reflect the variations of the small
admixtures and, possibly, small depletion of the dominating
species. On the basis of our data, however, one cannot decide
between the two interpretations of the intermediate spectra.
However, in view of the spectrally silent transition, which
for the wild-type protein has been correlated with the
movement of helix F, we regard, at least for this transition,
the latter interpretation of the intermediate spectra as rather
unlikely.

Up to the third amplitude spectrum the bands of the dark
state do not show up as negative bands. This indicates that
up to the fourth intermediate there is no decay to the initial
state. However, the fourth amplitude spectrum has already
pronounced negative bands of the initial state. These
comprise chromophore bands at 1205, 1240, and 1541 cm-1,
the Schiff base/amide I bands at 1638 cm-1, the amide I
band at 1659 cm-1, and the band due to Asn75 at 1683 cm-1.
This excludes a decay to a state with an all-trans chro-
mophore but different protein conformation, such as an
O-like state. The partial decay to the initial state causes the
smaller amplitudes in the last intermediate. The last two
spectra can be explained by a branched photocycle; part of
the fourth intermediate (labeled d in Figure 3B) decays
directly to the dark state, whereas the remainder passes over
an additional intermediate, characterized by the last amplitude
spectrum. In this model, the fourth amplitude spectrum
describes the transition of intermediate d to the initial state

plus its transition to the intermediate on the side path.
Therefore, this amplitude spectrum deviates somewhat from
the intermediate spectra d and e. As we have discussed
previously, under the conditions of kinetic constants differing
from each other by more than a factor of 4, not only the
shape but also the size of the last amplitude spectrum
represents the spectrum of the intermediate on the side path.
In addition, intermediate spectrum d in Figure 3B essentially
also represents the spectrum of the intermediate at which
the branching takes place. It is given by the sum of the last
two amplitude spectra (33). Under these conditions, we can
estimate the percentage of branching to 37%. Since the C15-
HOOP mode has a shifted position in the last amplitude
spectrum, representing the side path intermediate, one would
expect that this shift also shows up in the fourth amplitude
spectrum. Indeed, it is located at 990 cm-1, whereas in the
intermediate spectrum its position is at 993 cm-1. This
difference is indicated in the fourth amplitude spectrum by
the presence of a small negative band at 997 cm-1 super-
imposing on the high-frequency slope of the larger positive
band. It is important to emphasize that the branching
occurring at intermediate d does not influence the evaluation
of the earlier intermediate spectra. Although we regard this
analysis of the two last kinetic constants as the most
plausible, we cannot exclude the possibility that intermediate
d decays into a state being in a fast equilibrium with a state
very similar to the initial state. However, since the last
transition is irreversible, we regard such an equilibrium as
rather unlikely.

It is important to mention that although the spectra of the
intermediates are very similar, the changes identified by the
global fit are reliable. They describe distinct steps during
the photoreaction, during which at first chromophore and
protein are affected, then only the protein, and finally again
chromophore and protein.

DISCUSSION

In contrast to bacteriorhodopsin, where we observed
considerable differences between the low-temperature and
the nanosecond K intermediates, the two corresponding states
of the mutant described here are very similar. They are even
more alike than the two respective intermediates of the wild
type (12). Both UV-vis and FTIR spectra of the wild type
showed that the red shift of the absorption maximum of K
is very small (10 nm). However, here we described a much
larger shift (45 nm). Since in both systems the all-transf
13-cis isomerization has taken place, it appears interesting
to discuss possible molecular causes for the different spectral
shifts. One possibility could be the larger distortion of the
chromophore described above. Such distortions caused by
the not yet relaxed isomerization are generally thought to
cause a red shift in the absorption maximum. The red shift
from 500 to 530 nm occurring with bathorhodopsin forma-
tion, the first photoproduct of the visual pigment rhodopsin,
is mainly explained by these distortions, since the environ-
ment of the positively charged Schiff base is not altered (35,
36). In bacteriorhodopsin, spectral and structural investiga-
tions clearly demonstrate changes in the interaction of the
Schiff base with its environment upon formation of low-
temperature K (37, 38). In the 1.43 Å K structure, water
402 is still hydrogen-bonded to Asp85, but the isomerization
of the chromophore causes a redirection of the NH bond of
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the protonated Schiff base away from water 402. This induces
a weakening of the interaction of the protonated Schiff base
with its environment, causing a red shift of the absorption
maximum. Since also strong HOOP modes are observed,
both chromophore distortion and altered electrostatic inter-
action will contribute to the red shift of 40 nm, the extent of
the respective contributions being difficult to estimate. No
structure at comparable resolution is available for low-
temperature K of NpSRII. In the published 2.3 Å structure
(39) water 402 is missing, equally as in the 2.3 Å structure
of K of bacteriorhodopsin published by the same group (40)
and in contrast to the structure obtained at higher resolution.
Therefore, this K structure of NpSRII cannot be taken as a
reference. However, in view of the higher resolution data of
K of bacteriorhodopsin which indicate only little changes
of the Schiff base environment, it appears reasonable to
assume that also in K of NpSRII the environment is equally
little altered. Therefore, the small red shift in K of wild-
type NpSR with respect to the dark state could be explained
by a still prevailing hydrogen bond of the Schiff base
hydrogen with its environment (water 402) and/or by a
smaller distortion of the chromophore. Since the HOOP
modes have rather small intensity (12), the latter mechanism
will certainly contribute (30). No direct information is
available with respect to the former explanation, but a smaller
twist of the chromophore would be compatible with a still
existing hydrogen bond.

Here it is appropriate to discuss to what extent the band
assigned to the 15-HOOP mode indicates distortions respon-
sible for the red-shifted absorption maximum. Our earlier
calculations have shown that the HOOP mode gains intensity
by twists around neighboring single bonds (41). Thus, the
intensity of the 15-HOOP mode is an indication of the C14-
C15 single bond twist. Large twists (>30°) of this bond
would, of course, cause a blue shift, since it interrupts the
conjugation. However, this does not apply to smaller twists,
which mainly cause a destabilization of the ground state.
Our previous calculations have shown that large HOOP
intensities are already obtained for twists as low as 15°. In
addition, as has been argued for the K structure of bacteri-
orhodopsin (38), a twist of the CdN bond, which will clearly
cause a red shift, is counterbalanced by a twist of the
neighboring C14-C15 single bond, and larger twists of the
former will cause larger twists of the latter. Thus it appears
safe to conclude that the intensity of the 15-HOOP mode
indicates retinal distortions responsible for a red-shifted
absorption maximum.

We now address the large red shift observed for K of the
Asp75Asn mutant. Here, the special interaction involving
the counterion Asp75, water 402, and the protonated Schiff
base is no longer present, causing a red shift of 20 nm of
the dark state. The weaker electrostatic interaction in the dark
state of the mutant is supported by the smaller deuteration-
induced downshift of the Schiff base CdN stretching
mode: a larger downshift is taken as an indication of a
stronger hydrogen bond (42, 43). Thus, if one assumes
similar molecular changes as discussed above for K of the
wild type, an even smaller red shift for K of the mutant would
have been expected, contrary to what is observed.

Other electrostatic contributions have also to be taken into
account: theoretical calculations indicate that, as compared
to bacteriorhodopsin, the blue-shifted absorption maximum

FIGURE 3: Time-resolved spectra of the Asp75Asn mutant. (A)
Amplitude spectra obtained by the global fit analysis to a sum of
exponentials of the time-resolved step-scan FTIR spectra. The
spectra are labeled by their respective half-times. The temperature
was 25°C and the spectral resolution 8 cm-1. The double arrow
corresponds to 2 mOD. (B) Intermediate spectra derived from the
amplitude spectra presented in (A) using the linear reaction scheme.
The double arrow corresponds to 1 mOD.
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is mainly explained by the outward direction of Arg72, which
allows for a more effective interaction of the two negative
charges of Asp75 and Asp201 with the protonated Schiff
base (44), and/or by a smaller distance between the Schiff
base and Asp201 on helix G (44, 45). The 20 nm red shift
induced by the mutation, considerably smaller than the red
shift observed for the corresponding Asp85Asn mutation of
bacteriorhodopsin (46), indicates that the causes for the blue
shift of the absorption maximum are still effective. Although
we cannot exclude a major increase of the distance between
Asp201 and the Schiff base upon isomerization, in view of
the structural data obtained for K of bacteriorhodopsin (38),
we regard this as less likely. However, it is clear that upon
K formation the distance between Arg72 and the carboxylates
of Asp75 and Asp201 will not be reduced to an extent that
would red shift the absorption maximum.

Thus, it is obvious that a property of the K state so far
neglected has to be taken into consideration to explain the
large red shift of 45 nm. One clear distinction is the large
intensity of the 15-HOOP mode of the mutant K state,
indicating larger twists of the chromophore in the Schiff base
region. We propose that these larger chromophore twists are
the main cause for the considerably larger red shift as
compared to the rather small red shift in K of the wild type.
Although more retinal proteins would have to be examined
to allow for an extrapolation, we suggest on the basis of our
FTIR spectra of rhodopsin, bacteriorhodopsin, halorhodopsin,
NpsRII wild type, and the mutant investigated here that a
large red shift of the early intermediate states is explained
by large chromophore twists.

Both the wild type and the mutant have a transition that
is spectrally silent in the UV-vis. Figure 4 shows that the
corresponding amide band changes are very similar in these
two systems, indicating similar backbone changes of the
protein. Thus, this transition is not restricted to a state with
deprotonated Schiff base. However, it occurs considerably
earlier in the mutant (0.2 vs 3 ms at comparable tempera-
tures). This transition is of special interest, since spin label
measurements of the wild type indicated a correspondence
between this transition and the outward movement of helix
F. This movement is thought to be the signal transmitted to

the transducer interacting with the receptor via helix-helix
contacts (47, 48). Preliminary spin label measurements
indicate that such an outward movement of helix F also
occurs in this mutant (Steinhoff, Engelhard, et al., unpub-
lished results). It appears that deprotonation of the Schiff
base is not a prerequisite for this helix movement. It would
be induced by the retinal isomerization but probably requires
neutralization of the residue at the counterion position, as
discussed in the introduction. Thus, this mutant is expected
to show light-induced receptor activation. Indeed, preliminary
physiological investigations indicate thatH. salinarumcells
containing this mutant exhibit light-induced repellent re-
sponse, although the sensitivity of this response has not been
determined. In addition, unlike the corresponding mutant
Asp73Asn ofH. salinarum(HsSRII) no constitutive activity
has been observed in the mutant investigated here (J. L.
Spudich, private communication with respect to both obser-
vations). Despite the similarity of the amplitude spectra
characterizing the spectrally silent transition of the mutant
and wild-type protein, the respective intermediate spectra of
the two systems differ considerably, also in the amide I
spectral range (12). Despite the generally reduced noise in
the spectra of the mutant, the noise in the two spectra of
Figure 4 is similar. This is due to the shorter time constant
of this transition reduced by more than a factor of 10.

The properties of the Asp75Asn mutant can be summarized
as follows. In the formation of K at low temperature the
reaction has to pass over a barrier, explaining the increase
in photoproduct yield with increasing temperatures. This
would be in line with the observation that neutralization of
Asp85 in bacteriorhodopsin slows down K formation (20).
The barrier could be caused by altered steric chromophore
interactions, leading to a more strongly twisted chromophore.
These changes in chromophore protein interaction could
explain the decay of K back to the initial state above 180 K.
Probably, the movement of helix F is inhibited below this
temperature. In contrast, K of the wild-type protein starts to
decay above this temperature to M that can be stabilized up
to 257 K (ref49 and our unpublished observation). At 25
°C, the photoreaction passes over several intermediates, all
exhibiting a red-shifted absorption maximum. They differ
only in small chromophore relaxations and in small protein
backbone changes. Especially a spectrally silent transition
only involving protein changes is observed, very similar to
that the wild-type receptor, although here it is much faster.

How can the faster spectrally silent transition and the faster
thermal back-reaction to the initial state be explained?
Probably both observations bear on the activation mecha-
nism. The static and time-resolved spectra demonstrate that
although light induces the all-transf 13-cis isomerization,
the amide I band changes differ considerably from those
observed for the wild-type protein for comparable intermedi-
ates or time range. This is probably due to a different protein
structure of the dark state. Such a different structure, which
even has some properties of the active state, has been inferred
from the constitutive activity described for the Asp73Asn
mutant of HsSRII (15). For the receptor studied here, no
constitutive activity has been observed. Nevertheless, it could
be that also here the dark state has already some properties
of the active state, although not to the same extent as in the
HsSRII mutant. A different structure of the dark state is also
suggested by the temperature-dependent photoproduct yield,

FIGURE 4: Comparison of the time-resolved spectra describing the
spectrally silent transition of the wild type (upper trace, reproduced
from ref 12) and of the mutant (lower trace, from Figure 3A). The
double arrow corresponds to 2 mOD.
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which is often explained by a barrier in the electronic excited-
state potential surface along the reaction coordinate. The
wild-type receptor does not show such a temperature
dependence. This would indicate that the steric chro-
mophore-protein interaction is altered in the mutant, sug-
gesting an altered structure of the dark state. This altered
dark state would be caused by neutralization of the charge
at the position of the counterion. A similar conclusion has
been reached for the visual pigment rhodopsin (14). If this
assumption is accepted, it appears feasible that the transition
to the signaling state is accelerated. The strong twist of the
chromophore, which is, although somewhat reduced, still
present in the last two intermediates, could cause the faster
back-reaction. Furthermore, it could also be accelerated by
the smaller structural changes since the involved barrier will
most likely also be smaller.

In comparison to bacteriorhodopsin, the counterion mutant
of NpSRII does not exhibit the complex mixture of dark
states. The chromophore geometry is only trans, and even
at pH 8 no deprotonation of the Schiff base takes place. This
indicates that despite the neutralization of the counterion,
the dark state is a well-defined entity. Nevertheless, our
studies have revealed quite surprising molecular properties
of the dark and photoproduct states which bear on the
activation mechanism.
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