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In the presented study the low pH photocycle of proteorhodopsin is extensively investigated by means of low
temperature FTIR spectroscopy. Besides the already well-known characteristics of the all-trans and 13-cis ret-
inal vibrations the 77 K difference spectrum at pH 5.1 shows an additional negative signal at 1744 cm−1

which is interpreted as indicator for the L state. The subsequent photocycle steps are investigated at temper-
atures higher than 200 K. The combination of visible and FTIR spectroscopy enabled us to observe that the
deprotonation of the Schiff base is linked to the protonation of an Asp or Glu side chain — the new proton
acceptor under acidic conditions. The difference spectra of the late intermediates are characterized by large
amide I changes and two further bands ((−)1751 cm−1/(+)1725 cm-1) in the spectral region of the Asp/Glu
ν(C=O) vibrations. The band position of the negative signature points to a transient deprotonation of Asp-97.
In addition, the pH dependence of the acidic photocycle was investigated. The difference spectra at pH 5.5
show distinct differences connected to changes in the protonation state of key residues. Based on our data we
propose a three-state model that explains the complex pH dependence of PR.
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1. Introduction

During the last decade proteorhodopsins (PR) have been discov-
ered in uncultivated marine proteobacteria in various oceanic ecosys-
tems [1–6]. They were found to be light-driven proton pumps and can
be mainly classified in two families [1,7]: Green-absorbing PR (GPR)
and blue-absorbing PR (BPR). Interestingly, GPRs can be converted
to BPRs (and vice versa) by a single point mutation [3]. Apart from
their absorption maximum, GPRs and BPRs also differ in their photo-
chemical properties. GPRs show a faster photocycle rate and exhibit a
remarkably higher proton pumping activity. BPRs are therefore dis-
cussed to play a more regulatory rather than an energy converting
role [3]. The wide distribution in different environments and the dif-
ferent functions show that PRs are most likely a key determinant for
the phototrophic energy balance of the biosphere.
Structural information about this class of proteins is therefore crucial
to understand their function. However, up to now only information
about the supramolecular assembly of a GPR variant have been obtained
using atomic forcemicroscopy and electron microscopy [8,9]. Addition-
al insights result from the chemical shift analysis of solid state NMRdata
[10,11]. Here protonation states of several carboxylic acids as well as
boundaries and distortions of transmembrane α-helices and secondary
structure elements in the loops could be identified. However, the struc-
ture on an atomic level still remains unresolved. Nevertheless, specific
structural insights could be obtained by spectroscopic methods [12–
19] and homology modeling to bacteriorhodopsin (BR) [1,2,20] and
sensory rhodopsin II (SRII) [21]. It could be shown that all key residues
involved in the vectorial proton transfer in BR such as the primary pro-
ton donor (BR: Asp-96; PR: Glu-108), the proton acceptor group (BR:
Asp-85, Arg-82, Asp-212; PR: Asp-97, Arg-94, Asp-227) and the Schiff
base linking via a lysine residue (BR: Lys-216; PR: Lys-231) are function-
ally conserved. Nevertheless, notable differences between the archaeal
BR and themicrobial PR have been identified. Amongst those theunusu-
ally high pKa value (7–8) of the primary proton acceptor (Asp-97) is the
most striking one [14,22]. A highly conserved His residue also found for
the eubacterial proton pump xanthorhodopsin (XR) [23] is discussed to
contribute to this property via an Asp-His counterion complex [24–26],
but it is likely that the His does not exclusively account for the high pKa

value. Concomitant with the protonation state of Asp-97 the proton
pumping direction changes dependent on pH [14,27]. At alkaline pH

https://core.ac.uk/display/82331824?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.bbabio.2011.09.001
mailto:maentele@biophysik.uni-frankfurt.de
mailto:wveitl@theochem.uni-frankfurt.de
http://dx.doi.org/10.1016/j.bbabio.2011.09.001
http://www.sciencedirect.com/science/journal/00052728


Fig. 1. IR absorption spectra of 2D crystallized (black) and reconstituted (gray) PR
films. The PR 2D sample contains a significant smaller amount of lipids (band at
1740 cm−1).

Fig. 2. Light-induced difference spectrum of a PR 2D sample buffered at pH 5.1
recorded at 77 K. The main signals stem from the depleted ground state (negative
bands) and the formed PRK intermediate (positive bands). The negative signature at
1744 cm−1 indicates also an additional contribution of the PRL state.
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values outward proton flow is observed as in BR, associatedwith the ap-
pearance of five distinct photocycle intermediates, which were termed
K, L, M, N, O states [14,19,22,28,29]. On the contrary, inward pumping
is observed under acidic conditions [14,27]. This vectorial proton trans-
port has been discussed controversially over the last decade for two
main reasons. First, the inversion of the pumping direction could not
be confirmed by photocurrent measurements of oriented membranes
by Dioumaev et al. [13], and second only red-shifted intermediates
have been identified spectroscopically under acidic pH condi-
tions [14,30]. The so called M state, which is thought to represent the
switching process in BR and is also a key feature of the inward pumping
mechanism proposed by Friedrich et al. [14], is kinetically absent. How-
ever, recent two-electrode voltage-clamp experiments on PR-expressing
Xenopus oocytes under different acidic pH conditions have confirmed the
inward-directed proton transport. Additionally, low-temperature spec-
troscopy in the visible spectral range could show the undisputable occur-
rence of a M-like species at low pH [27]. Also a fluorescence essay
supports the bidirectional pumping mechanism [25].

2. Materials and methods

2.1. Proteorhodopsin expression

Expression and purification were performed as described in
Neumann et al. [31]. Theprotocols for reconstitution (PR rec.) and crys-
tallization (PR 2D) are given in references [18] and [9], respectively.
Measurementswere performed in 100 mMphosphate buffer containing
100mM NaCl.

2.2. Low temperature FTIR spectroscopy

For the low-temperature measurements a hydrated film sample
was prepared between two flat CaF2 windows. For this purpose a
high concentrated protein solution was put on one CaF2 window
and dried at room temperature for 20 min. The film was rehydrated
and the second CaF2 window was placed on top of the film resulting
in a film thickness of approx. 5 μm. The film preparation was con-
trolled by taking both UV–visible and FTIR absorbance spectra, ob-
serving water bands, amide I and II absorption and the electronic
spectrum arising from the chromophore. These controls ensure re-
producible and functionally intact PR samples. The ratio of the
amide I/amide II bands indicated that these films were not oriented.
The light-minus-dark spectra were collected on a modified Bruker
IFS66 spectrometer using a liquid N2-cooled cryostat (OptistatDN,
Oxford Instruments, Oxfordshire, UK). Data were collected from 1150
to 2000 cm−1with a resolution of 4 cm−1. The sampleswere illuminated
for 60 s by a mercury-xenon lamp (LC 8–04, Hamamatsu Photonics,
Herrsching, Germany) with a bandpass filter combination (Thorlabs,
Karlsfeld, Germany) to select the 500–550 nm range of the spectrum.

2.3. Low temperature visible spectroscopy

A home built fiber UV–visible spectrometer (200 nm – 800 nm) was
implemented in the FTIR spectrometer at a tilt angle of 10° with respect
to the IR beam. A combined deuterium-halogen lamp (DH-2000, Micro-
pack Inc., Ostfildern, Germany) served as light source. The light was
coupled into the cryostat using a quartz fiber with 100 μm core diame-
ter (Avantes, Eerbeek, the Netherlands) equipped with collimating and
focusing optics. For detection a MCS 55 multichannel spectrometer
module (Carl Zeiss, Oberkochen, Germany) was utilized. The spectra
were collected with 300 ms integration time, ten scans were averaged.
The empty cryostat was used as reference for the calculation of the
absorbance spectra. Illumination of the sample was provided by the
same setup as described in the IR part. In order to correct for light
scattering in the raw spectra, a power function (A+B ⋅ λ-C) was
subtracted and difference spectra (PRilluminated - PRdark) were calculated.
3. Results

The aim of this study is the further characterization of the low-pH
photocycle of PR. To get insights into the proton translocation steps
and concomitant helix movements the structure sensitive method of
FTIR spectroscopy is used. Since it was demonstrated that nearly the
complete photocycle transitions of acidic PR can be resolved at low
temperatures [27] the measurements were performed under these
conditions.

For this purpose sample films with a water/amide I band to amide
II band ratio of ~2:1 were prepared. Sodium phosphate was selected
as IR-compatible buffer system due to the lack of bands between
1150 cm−1 and 1800 cm−1. The measurements were performed at
pH 5.1 and 5.5. Earlier studies have demonstrated that besides the
water content also the amount of lipids as well as the type of added
lipids strongly influence the photocycle kinetics of retinal proteins
[32,33]. For this reason protein films of two different sample prepara-
tions, i.e. reconstituted PR (PR rec.) and 2D crystallized PR (PR 2D)
were tested. For both preparations time-resolved spectroscopy
could show the appearance of all signatures expected for an active
protein with only slightly altered kinetic properties depending on
the lipid contents [14,34]. We take this fact as a proof for functional
integrity. However, the PR 2D protein films possess a significantly
higher stability. Additionally, they have the advantage of a lower
lipid content (protein-lipid-ratio of 0.25 (w/w), Fig. 1), leading to re-
liable signals in the spectral region above 1700 cm-1 where the pro-
tonation changes of the side chains of Asp and Glu are monitored.
The PR 2D sample was therefore chosen for the present study.

3.1. Photoisomerization at 77 K

Fig. 2 shows the light-induced difference spectrum of acidic PR at
77 K. The peak pattern found in this spectrum resembles the PR dif-
ference spectra obtained at the maximal delay time (~2 ns) of pump
probemeasurements (region of the C-C, C=C and the C=N stretching
vibration of the chromophore) [12,31,35]. It can therefore be concluded
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Fig. 3. Transient absorbance changes of PR 2D at pH 5.1 recorded after 1 min illumina-
tion at 242 K. (A) and (B) depict the time evolutions of the bands in the region of the C-
C and the C=C stretching vibrations of the chromophore. The time courses at
1647 cm−1 and 1663 cm−1 (C) reflect the light-induced changes of the C=N stretch-
ing vibration band which are superimposed by the formation of strong amide I differ-
ence bands. The transients at 1732 cm-1 (D), 1724 cm−1 and 1752 cm−1 (E) are
directly linked to the protonation or deprotonation kinetics of Asp or Glu side chains.
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that the product bands of the difference spectrummainly stem from the
first photocycle intermediate, PRK. In reference to BR and already pub-
lished low temperature FTIR data [16,36] the following band assign-
ments can be made: Between 1180 cm−1 and 1260 cm−1 the
difference pattern of the C-C stretching vibration of the chromophore
is found. The positive bands at 1182 cm−1 and 1192 cm-1 in combina-
tion with the negative bands at 1200 cm−1, 1235 cm−1 and
1256 cm−1 bear the typical signatures of the all-trans to 13-cis isomer-
ization of the retinal. The N-H and the C-H in-plane vibrations are pre-
sent around 1360 cm−1–1390 cm−1 and 1290 cm−1–1320 cm−1,
respectively. At (-)1536 cm−1 the C=C stretching vibration of the de-
pleted all-trans retinal chromophore is observable. The C=C stretching
band of the 13-cis photoproduct is located at (+)1519 cm−1. Since the
chromophore absorption maximum in the visible and the position
of the C=C stretching vibration are correlated in retinal proteins
(-4 nm/cm−1) [37,38] the position of the bleached C=C stretching vi-
bration shows a small pH dependence (pH 9.0: 1540 cm−1, pH 5.1:
1536 cm−1). It can therefore serve as internal pHmarker. The difference
signature in the spectral range between 1500 cm−1 and 1550 cm−1

most likely contains additional small contributions of local amide II
changes, as shown by Amsden et al. in ultrafast transient absorption
measurements of reconstituted PR at pH 9.5 [12]. The C=N stretching
vibration of the Schiff base retinal chromophore link can be found
around 1650 cm-1 [15,16]. In this region also first local amide I
changes are monitored [31,36]. A small difference signature is ob-
served at (-)1693 cm-1 / (+)1702 cm−1. It has been attributed to a
perturbation of Asn-230 [36]. In addition, a further clear negative signal
is observed at 1744 cm−1. This band has been neither observed in light-
induced difference spectra of alkaline nor of acidic PR samples at 77 K
before, which might be due to different lipid concentrations. The band
position favors the interpretation of an isomerization-induced pertur-
bation of a carboxylic side chain of an Asp or Glu residue as it was
found for the BRL intermediate [39,40].

The described difference pattern of the first intermediate can be
trapped (which means that no time-dependent evolution of the
bands is observed) up to temperatures of about 190 K. This is most
likely connected to the protein-solvent glass transition, which results
in the arresting of surface-coupled rotational and librational degrees
of freedom, whereas internal protein modes as rotations of side
chains or in this case the isomerization of the chromophore are unaf-
fected [41]. Above 190 K the light-induced difference spectra are not
static any more. For the characterization of the subsequent photo-
cycle intermediates we therefore used time-resolved rapid scan IR
spectroscopy. This technique allows following the time course of the
difference bands as well as the calculation of difference spectra at cer-
tain times after illumination. At a temperature of 242 K nearly the full
photocycle transitions can be observed within a recording time of 1
hour. Transient absorbance changes indicating the K decay (C-C-
and amide II/C=C stretching region) are displayed in Fig. 3A and B.
In Fig. 3C–E the time course of the bands assigned to the C=N
stretching vibration of the retinal chromophore and the amide I
changes (C) as well as the small but reproducible temporal character-
istics of the carboxylate vibrations (D and E) are shown.
3.2. Photocycle dynamics at 242 K

At 242 K, the first spectrum after excitation (Fig. 4A) showsmainly
the prominent features of the PRK-PR difference spectrum as dis-
cussed in the paragraph above. Nevertheless, it differs from the one
recorded at 77 K (Fig. 2) in the spectral region of the carboxylate vi-
brations (N1700 cm-1). Instead of the negative signature at
1744 cm-1, a positive contribution around 1730 cm−1 is observed. In
general, this positive band is visible in the early difference spectra
recorded at temperaturesN200 K. It can most likely be attributed to
a protonation of an Asp or Glu side chain.
As illustrated in the transient absorbance changes for individual
wavenumbers (Fig. 3D), the protonation signature at 1732 cm−1

stays constant during the next 10 min, whereas the contributions of
the C-C and C=C stretching vibrations around 1200 cm−1 and
1530 cm−1 decay on a 2 min time scale (Fig. 3A and B). The band at
1520 cm−1 thereby reaches zero around 7 min after excitation. Also
the negative signals in the region of the C=N stretching region
decay on this time scale (Fig. 3C).

The overall decrease of the PRK-PR difference pattern leads to a
difference pattern for t=3–4 min with a remarkably small amplitude
in the range of 0.5×10−3 (see Fig. 4B). The signal to noise ratio is
therefore lower compared to the other spectra. At times N4 min the
difference signals start to grow again. The biggest changes are moni-
tored in the amide I region. The initially negative absorbance change
at 1647 cm−1 changes sign after 6 min and further grows to positive
absorbance changes, whereas the signal at 1663 cm−1 turns again
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Fig. 4. Transient light-induced spectra of PR 2D at pH 5.1 recorded at 242 K. The first
three spectra (A-C, 1 min, 4 min and 10 min after excitation) are taken from a rapid
scan experiment. The spectrum 45 min after excitation (D) is from a static measure-
ment after the rapid scan.

Fig. 5. FTIR difference spectrum (A) simultaneously recorded with the visible differ-
ence spectrum (B) for the pH 5.1 sample at 237 K, 1 min after excitation. The combina-
tion of the carboxylate signal at 1728 cm−1 and the prominent difference signal at
420 nm is indicative for an M-like intermediate.
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negative (Fig. 3C). At the same time a positive contribution arises
around 1560 cm-1 (Fig. 3B). This signal can be most likely assigned
to the amide II mode and/or the C=C stretching vibration of the sub-
sequent intermediates. Also in the carboxylate region new difference
bands evolve on this time scale. Around 1750 cm−1 a negative signa-
ture is observed. A positive band around 1720 cm−1 is formed some-
what delayed. Both difference bands further grow in the next minutes
and reach their maximum 45 min after excitation. An exemplary dif-
ference spectrum for this time is depicted in Fig. 4D.

3.3. Assigning the difference signatures to the intermediates of the
photocycle

After careful consideration, the difference signals recorded at certain
times in the reaction cycle can be attributed to one intermediate or to a
mixture of different intermediates. A clear cut band assignment of the
PRK/L-PR difference spectrum can be obtained from the spectra mea-
sured at 77 K. Besides the negative band at 1744 cm−1 all features are
well known and understood [16,36]. It can also be assumed that the
spectra recorded 45 min after excitation at 242 K should neither have
significant contributions of the early K state, since these decay within
the first minutes after excitation (see Fig. 3A and B), nor of the M inter-
mediate, because only a small amount of M should be present at this
temperature [27]. The difference spectra therefore most likely show a
mixture of the N/O-like states. Due to the low signal to noise ratio the
spectra of the N and O state cannot be disentangled from the recorded
data by fitting a kinetic model.
To visualize the contribution of the M intermediate, visible and IR
difference spectra were simultaneously monitored. This approach al-
lows the direct identification of the M state due to the characteristic
blue shifted absorption band in the visible spectral range (λmax(M)=
420 nm), which is clearly separated from the other intermediates
(λmax(N/O)≥540 nm). For this purpose measurements in the visible
and IRwere performed at 237 K since at this temperature the strong dif-
ference bands observed at the end of the reaction cycle (see Fig. 4C
and D) are not present.

An exemplary set of two difference spectra recorded in the IR and
visible is presented in Fig. 5. The spectra were taken at 1 min after ex-
citation at 237 K. In the IR, the already discussed signature of the
PRK/L–PR spectrum is the dominant feature in the spectral region be-
tween 1150 cm−1 and 1700 cm−1. An altered band shape in the re-
gion of the C=C stretching vibration probably points to beginning
amide II contributions at 237 K. In contrast to the PRK/L-PR difference
spectra recorded at 77 K, where a negative signature is observed
above 1700 cm−1, a positive signature at 1728 cm−1 is visible in
the early spectra at 237 K. The signal must be due to the protonation
of an Asp or Glu side chain. The observed red shift of the band com-
pared to the measurement at 242 K (1733 cm−1) should be due to
the different temperature conditions. This is supported by the fact
that the band further shifts to 1722 cm−1 at 227 K (compare
Figs. 4A, 5A and 7C). The respective difference spectrum in the visible
shows the negative signature of the depleted ground state at 530 nm
and two positive photoproduct signals at 420 nm and 600 nm. Due to
the pronounced PRK marker bands in the IR difference spectrum, the
band around 600 nm can be ascribed to PRK. The second product
band in the visible difference spectrum at 420 nmmust be unambig-
uously assigned to the M state. To estimate the fraction of theM state
observed in the difference spectrum depicted in Fig. 5B the percent-
age of PRM and PRK was calculated adopting the extinction coeffi-
cients of BR and its K and M intermediate [42] to the known extinction
coefficient of ground state PR at pH 4 (ε=45.000 M−1 cm−1)
[14]. The yields of PRM and PRK are approximately 40% and 60%,
respectively.

Subsuming, it can be stated, that the deprotonation of the Schiff
base (as evidenced in the visible difference spectrum) consequences
the protonation of an Asp or Glu side chain (as observed in the IR dif-
ference spectrum). Unfortunately, the deprotonated Schiff base signa-
ture cannot be easily resolved in IR measurements.
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Fig. 7. A: Comparison of the light-induced difference spectra of acidic PR samples (pH
5.1=black, pH 5.5=gray) at 77 K. A significant difference between both spectra is ob-
served around 1540 cm−1, where an additional shoulder is observed at pH 5.5. In B and
C transient absorbance changes of PR recorded at 227 K are shown. A clearly different
dynamics is observed for the decay of the K state (1520 cm-1), whereas the protonation
kinetics of the proton acceptor (1722 cm−1 / 1725 cm−1) is equal within the signal to
noise ratio.
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3.4. Temperature dependence of the frequency of the primary proton
acceptor

The comparison of the early light-induced spectra taken at 242 K,
237 K and 227 K shows that the band position of the positive proton-
ation signal of the primary proton acceptor exhibits an unusual blue
shift with rising temperature (compare Figs. 4A, 5A and 7C). These
characteristics are observed for 2D crystallized as well as reconsti-
tuted PR samples. To substantiate this finding further spectra taken
at temperatures below and above these were evaluated (Fig. 6). In-
deed, at a temperature of 212 K the protonation signature of the pro-
ton acceptor further downshifts to a wavenumber of 1719 cm−1.
Below this temperature the positive band is very small or not ob-
served. Instead, the difference spectra in the region of the carboxylate
signals are dominated by a negative band around 1740 cm−1, which
was also monitored in the spectra taken at 77 K (Fig. 2). For
temperatures N250 K the evaluation is challenged by the fact that
the de-/protonation signatures of the different carboxylic side chains
cannot be temporally separated. Nevertheless, besides bands at (+)
1721 cm−1 and (-) 1752 cm−1 the early light-induced difference
spectra of acidic PR samples exhibit a positive band at 1744 cm−1,
which is most likely due to the protonation of the proton acceptor.
At a temperature of 257 K the difference pattern at (+)
1744 cm−1/(-) 1752 cm−1 exhibits a considerably smaller amplitude
compared to the one at 250 K, which most likely hints to the fact that
both signals superimpose each other.

3.5. Influence of small pH changes on the PR photocycle

Previous electrophysiological experiments have proven that in PR
directed proton transfer takes place at pH values higher than 9 and
lower than pH 5 [14,27]. Nevertheless, there is an ongoing discussion
about the active proton transport at different pH values in the litera-
ture, especially at low pH. We therefore additionally studied the PR
photocycle at a pH value 0.4 pH units further to the pKa of Asp-97
(pH 5.5).

Fig. 7A displays the difference spectra obtained at 77 K for the two
selected pH values. All key features of the all-trans to 13-cis isomeri-
zation including the pH-dependent shifting of the C=C stretching
band are present at pH 5.5 Also the negative carboxylate signature
at 1744 cm−1 is observed at this pH value. Besides these similarities,
one small difference is observed around 1540 cm−1. Here, the spec-
trum at pH 5.5 exhibits an additional shoulder, which overlaps with
the C=C stretching difference pattern of the PRK/L-PR spectrum.
The band position argues for a local amide II contribution.

Also for the subsequent photocycle intermediates and transitions
pH-dependent differences are observed. The availability of time-
resolved data enabled us to identify not only spectral differences,
but also altered reaction dynamics. As an example for the latter
point the comparison of the K decay monitored by the decay of the
C=C stretching vibration of the PRK state at 227 K is presented in
Fig. 7B. In the time range of 1–2 min fast decay kinetics are found
Fig. 6. Temperature-dependence of the band position of the primary proton acceptor. The
values are taken from different rapid scan experiments recorded after 1 min illumination.
for both samples. But whereas the signal at pH 5.1 decays nearly to
zero, the one at pH 5.5 reaches a plateau after several minutes. For
pH 5.5, a higher amount of PRK/L should therefore be present in the
subsequent equilibrium of states. However, the protonation kinetics
of the primary proton acceptor residue (Asp or Glu) is not affected
by the pH as can be seen in the normalized transient absorbance
changes at 1722 cm−1/1725 cm−1 in Fig. 7C.

The influence of the small pH change to the difference signals ismost
pronounced at the end of the reaction cycle (Fig. 8, 242 K, 45 min after
excitation). The difference signals in the whole spectral range are less
pronounced at pH 5.5. In the amide I region, the most prominent
pair of a negative and a positive band at pH 5.1 ((-)1663 cm−1,
(+)1646 cm−1) is even completely missing at pH 5.5. Only the differ-
ence bands at (-)1674 cm-1/(+)1659 cm-1 are present. In addition,
the negative signature at 1751 cm−1 is absent in the difference spec-
trum at pH 5.5.

4. Discussion

In this paper an elaborated characterization of the low pH photo-
cycle of PR is presented. The inherent structural sensitivity of IR spec-
troscopy thereby allows following the individual proton translocation
steps. Due to the variable temperature conditions the different parts
of the photocycle could be addressed either separately or at an elongat-
ed time scale (compared to room temperature) one after another. As a
consequence the altering Asp/Glu side chain protonation states could
be ascribed to certain time points in the reaction cycle. According to
the obtained results the photocycle of PR at pH 5.1 can be described as
follows:

The spectrum at 77 K is dominated by the light-induced changes
of the retinal chromophore. Besides the expected small shift of the
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Fig. 8. Transient difference spectra of PR at pH 5.1 (top) and pH 5.5 (bottom) recorded
45 min after illumination at 242 K. The spectral region between 1800 cm−1 and
1710 cm−1, where the characteristic protonation changes of the Asp and Glu side
chains are monitored, is enlarged in the left panel. The negative deprotonation signa-
ture observed at pH 5.1 is absent in the trace of the pH 5.5 sample. Also the strong
amide I and amide II changes are much less pronounced at pH 5.5; the difference pat-
tern absorbing at (−)1663 cm−1 /(+)1646 cm−1 is even completely missing.
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C=C stretching vibration of the depleted ground state, the observed
chromophore difference bands are at the same position for pH 9.0 and
pH 5.1 [15,16,36]. It can therefore be assumed that the retinal chro-
mophore fulfills a proper all-trans to 13-cis isomerization at the acidic
pH value. Small local amide I and amide II contributions are thought
to be present around 1650 cm−1 as well as around 1540 cm−1

[12,31]. A perturbation of an Asn side chain is discussed to cause
the difference signature around 1700 cm−1 [36]. The difference spec-
tra additionally show a negative signature at 1744 cm-1, which is only
present at low pH. However, up to now this signal has not been mon-
itored in other low temperature FTIR spectra at 77 K [15,36]. Though,
step-scan measurements of PR reconstituted into dimyristoylpho-
sphatidylcholine vesicles at pH 9.5 by Xiao et al. revealed a strongly
pH-dependent band at 1740 cm−1 which emerges during the K
state decay [19]. A negative signature in this spectral region has also
been observed in the early steps of the BR photocycle. Here, the signal
is attributed to the disturbance or deprotonation of the primary pro-
ton donor Asp-96 [39,40] and is used as indicator for the BRL state. In
analogy to BR, the observed negative signature at 1740 cm−1 in our
PR difference spectra could be assigned to the perturbation of a ho-
mologous amino acid in PR. We excluded that the band originates
from the lipids in the sample, because first the band is only formed
at low pH (data for pH 9.0 not shown) and second it is built to the
same extent regardless of the lipid concentration (data for PR rec.
not shown). For all stated reasons, we term the difference spectrum
measured at 77 K a PRK/L-PR spectrum.

The decay of the K/L state can be monitored at temperatures
higher than ~200 K. This is most likely due to the protein glass transi-
tion, which is discussed to occur around 180 K for protein films [41].
The difference spectra now exhibit a very low amplitude. Besides
the residual difference pattern of the PRK state, a new positive signa-
ture is observed in the region of the carboxylate vibrations. This band
is strongly temperature dependent and shifts from 1733 cm−1 at
242 K to 1728 cm−1 at 237 K and 1722 cm-1 at 227 K (Fig. 6). This
might be interpreted in a way that either the microenvironment of
this Asp or Glu residue or its conformation drastically changes with
temperature. However, we have to point out, that we cannot be
sure whether this signature is associated to one single side chain.
The possibility to record IR and visible spectra at the same time en-
ables us to identify that the observed protonation of an Asp or Glu
side chain, manifested by the positive band around 1728 cm−1, is
the consequence of the deprotonation of the Schiff base (M interme-
diate), which is sensed by the difference band at 420 nm in the visible
spectrum (Fig. 5). This shows that the proton translocation pathway
at pH 5.1 also proceeds via the Schiff base. The band position in the
IR shows that the proton acceptor at this pH value must be an Asp
or Glu. There are in principle three Asp and Glu residues within the
retinal binding pocket. Asp-97 and Asp-227 are in the immediate vi-
cinity of the Schiff base. According to the homology model [20] the
carbons of both carboxylate groups are 5 Å away from the nitrogen
of the Schiff base. Yet, Asp-97 cannot be the proton acceptor since it
should be already protonated at pH 5.1. The pKa of Asp-227 was
reported to be around 2.5 [43,44], making Asp-227 a likely candidate.
However, the protonation signature of the analogous residue in BR,
Asp-212, is found at a significantly lower frequency (1712 cm−1)
[45–47]. This may be explained by a different environment (H-bonding
network, charge distribution) of both residues. Taking the inversion of
the pumping direction at acidic pH into account [27] Glu-108 could
also be the proton acceptor. The exact pKa of Glu-108 is to our knowl-
edge unknown, but since Glu-108 functions as proton donor at pH
values higher than the pKa of Asp-97, Friedrich et al. suggested a value
above 10 [14]. For the homologous residue in BR, Asp-96, the pKa

value was determined to be ≥10 [48,49]. The carboxyl side chain of
Glu-108 is within 11 Å distance from the Schiff base nitrogen. An auxil-
iary water cluster must therefore be present between both residues to
assist a possible proton transfer. For BR a water cluster between the ho-
mologous residue Asp-96 and the Schiff base has been demonstrated
[50].

The formation of the positive signature at around 1728 cm−1 is
followed by drastic changes in the amide I and II region. The altered
band shape in the amide II region of the very early spectra at 237 K
and 242 K compared to the 77 K difference spectra already indicates
first backbone movements. The emerging amide difference bands
are developed to their full extent at the end of the reaction cycle
(242 K, tN30 min), where most likely the N- and O-like late interme-
diates are present. The most prominent feature in this FTIR difference
spectrum (Fig. 4D) is a pair of a negative and a positive band in the
amide I region ((-)1663 cm−1, (+)1646 cm−1). A second difference
band smaller in intensity ((-)1675 cm-1, (+)1656 cm−1) is also pre-
sent in this region. In accordance to BR, where a strong difference
band at (-)1670 cm-1/(+)1650 cm−1 was found in the N intermedi-
ate difference spectra, these difference bands are attributed to back-
bone movements of the peptide carbonyl groups [51]. The signal
next in size in the spectrum is found in the C=C stretching/amide
II region. Besides the bleached ground state C=C stretching signature
((−) 1537 cm−1), two positive contributions at 1551 cm−1 and
1559 cm−1 are found. These signals must be either due to amide II
changes or the C=C stretching vibrations of PRN. The C=C stretching
signal of the PRO state is expected to be red shifted ((+) 1520 cm−1)
to the depleted ground state band. Indeed a positive signature in this
spectral region is monitored at very long observation times.

The structural movements are attended by protonation changes of
two further carboxylic residues. The formation of a negative signature
at 1751 cm−1 is somewhat faster observed as the rise of a positive
signal at 1724 cm-1 (Fig. 3E). Also in BR, a negative signal is moni-
tored in the carboxylate region at the end of the reaction cycle (N in-
termediate). It is attributed to the transient deprotonation of the
proton donor, Asp-96 [40,46]. For PR at pH 5.1, the band position of
the negative signal at 1751 cm−1 matches the positive protonation
signal of Asp-97 at alkaline pH [14,19,22]. This may favor an interpre-
tation in terms of transient deprotonation of Asp-97 at the end of the
PR photocycle at pH 5.1. Nevertheless, it can also not be excluded that
another Asp or Glu side chain is deprotonated since the shift of the
resonance frequency in different photocycle intermediates is also
known from BR. Moreover, a possible assignment of the positive sig-
nature at 1724 cm−1 is the protonation of Asp-227. As stated above,
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Fig. 9. Schematic picture of the proposed mechanism for the proton translocation in PR. There are three pH-dependent states for the protein. In accordance with already published
data at pH 9 outward directed proton pumping takes place. Between pH 8.5 and 5.5, around the pKa of the key amino acid Asp97, no large protein motions occur and therefore no
directed proton transport is proposed. At pH 5.1 the system starts working again and is able to pump protons inwards.
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this residue should exist in its deprotonated form (pKa of 2.5 in the
ground state [43]) unless it has not been protonated at the beginning
of the reaction cycle. For BR it was shown that the H-bonding pattern
of the analogous residue Asp-212 is crucial for the proton transfer
[52]. An attribution to a release complex (most probably composed of
Glu-245, Glu-50 and/or Asp-52 taking the inversion of the proton
pump direction into account) is rather unlikely, since in BR difference
bands of the release complex of Glu-194 and Glu-204 have not been
detected in time-resolved FTIR experiments [53,54]. This finding was
referred to a hydrogen bonded network in the extracellular channel
comprising Asp-85, Arg-82, the dyad of Glu-194 and Glu-204 [53,55]
as well as intervening water molecules [50,56,57]. Last but not least,
the negative/positive signature at ((-)1751 cm-1/(+)1724 cm−1)
could also be due to a spectral red shift of an Asp or Glu C=O vibration
whichwould lead to a negative band in the region of the initial frequen-
cy and a positive band red shifted to this frequency.

To further examine the pH sensitivity of the PR photocycle addi-
tional measurements were performed at a pH value 0.4 units closer
to the pKa of Asp-97. Already the PRK/L-PR difference spectra of both
samples (77 K, Fig. 7A) have shown distinct variations in the region
of the C=C stretching vibration. Here an additional shoulder is ob-
served for PR at pH 5.5. Since in this spectral region amide II changes
are expected, the monitored shoulder can be attributed to first local
structural changes. This means that the reaction barriers for the tran-
sition to the subsequent intermediates, including conformational
changes, are lowered at pH 5.5.

Altered photocycle properties of PR at pH 5.1 and 5.5 are also evi-
dent in the further reaction steps. The two most outstanding features
are discussed in the following. First, the transient absorbance changes
of the C=C stretching vibration of the K photoproduct (227 K) are
presented (Fig. 7B and C). The traces of both samples show a decay ki-
netics on a 1–2 min time scale. But whereas the signal at pH 5.1
reaches zero, a residual signal persists at pH 5.5. This could on the
one hand hint to a significantly elongated life time of the K state at
pH 5.5. On the other hand, the positive offset signal may also be
traced back to the C=C stretching vibration of a red-shifted late in-
termediate. However, the formation of the protonated proton accep-
tor is not influenced by the small pH changes as can be seen in the
transients in Fig. 7C. This protonation kinetics might therefore corre-
late with the first pH independent decay of the K state. As a second
example for the influence of small pH changes the difference spectra
of the late photocycle steps (45 min, 242 K, Fig. 8) are compared for
pH 5.1 and 5.5. The overall difference amplitude at pH 5.5 is drastical-
ly smaller than at pH 5.1. It is particularly noticeable that the prominent
difference pattern in the amide I region ((-)1663 cm-1/(+)1646 cm−1)
is missing at pH 5.5. This hints to the fact that in this case fewer changes
in the protein structure are observed at the end of the photocycle. At pH
5.5, also the negative signature of the deprotonated Asp or Glu side
chain at (-)1751 cm−1 is absent in the difference spectrum. Different
proton translocation pathways are therefore active at both pH values.
Thus, the question arises, whether directional proton pumping can be
established at all at this pH value.

A comparison of low temperature FTIR spectra at pH 8.5 and 9.0
also revealed several differences in the photocycle, which are not fur-
ther discussed here. All available data on the influence of small pH
changes on the PR photocycle validate the fact that the functional
properties of PR are not only determined by the pKa value of the prima-
ry proton acceptor, but the interplay of several pH-sensitive equilibria
of protonation/deprotonation steps connected with rearrangements in
the hydrogen bonding network. Part of the changes can be attributed
to structural rearrangements in the binding pocket due to a protonation
change of His-75. The direct involvement of His-75 in the hydrogen
bonding network of PR could recently be demonstrated by NMR
[24,25] as well as visible and FTIR [26] studies. For the related bacterial
rhodopsin XR the participation of an analogous residue in the counter-
ion complex has been shown [23].

Based on our data we propose a three-state model (Fig. 9) that ex-
plains the complex pH dependence of PR. At pH 9.0 the photocycle of
PR is BR-like and the active proton transport is undisputed. The data
recorded at pH 5.1 show a full photocycle with an altered proton ac-
ceptor. Lörinczi et al. demonstrated that under these conditions the
vectoriality of the H+ transport is inverted and protons are pumped
into the cytoplasm [27]. Compared to the pH values at which active
proton pumping is observed, our data measured on PR at pH 5.5
and 8.5 (not shown) show drastic changes concerning the backbone
movements and the protonation/deprotonation steps. This might im-
plicate that near the pKa of Asp-97 directed proton pumping is not
established at all. This assumption is substantiated by the fact that
Dioumaev et al. reported a dramatic decrease in the proton transport
activity between pH 9.0 and pH 8.5 [13].
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