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Time-resolved IR spectroscopy reveals
mechanistic details of ion transport in the sodium
pump Krokinobacter eikastus rhodopsin 27

Marvin Asido,® Peter Eberhardt,® Clara Nassrin Kriebel,® Markus Braun,?
Clemens Glaubitz ™2 and Josef Wachtveitl (2 *2

We report a comparative study on the structural dynamics of the light-driven sodium pump Krokinobacter
eikastus rhodopsin 2 wild type under sodium and proton pumping conditions by means of time-resolved
IR spectroscopy. The kinetics of KR2 under sodium pumping conditions exhibits a sequential character,
whereas the kinetics of KR2 under proton pumping conditions involves several equilibrium states. The
sodium translocation itself is characterized by major conformational changes of the protein backbone,
such as distortions of the a-helices and probably of the ECL1 domain, indicated by distinct marker bands
in the amide | region. Carbonyl stretch modes of specific amino acid residues helped to elucidate structural
changes in the retinal Schiff base moiety, including the protonation and deprotonation of D116, which is

rsc.li/pccp

Introduction

A basic and widely conserved principle in nature is the conversion
of light energy into chemical energy by means of electrochemical
potentials across cell membranes. In most archaea and bacteria
this is achieved by membrane-embedded proteins, which contain
a retinal chromophore."” Over many decades, several microbial
rhodopsins, such as bacteriorhodopsin (BR), halorhodopsin (HR)
and proteorhodopsin (PR), were discovered and thoroughly
investigated.>” These light-driven ion pumps all have in common
that they are able to translocate charges in the form of protons
or chloride ions across a biological membrane. The discovery of
channelrhodopsins (ChRs) and the rise of optogenetics as a
promising new field of research boosted interest in light-driven
rhodopsins.® ™ Since then, a lot of effort was put into a further
characterization and functional analysis of modified and novel
types of rhodopsins, which could be used to manipulate the
physiological environment of cells by irradiation with light.
Even though ChR and its variants enabled the light-gated
conduction of various cations through a biomembrane, its
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crucial for a deeper understanding of the mechanistic features in the photocycle of KR2.

major disadvantage lies in the non-selectivity towards these
cations and the desensitization in the course of a constant
illumination."” This gap seems to be filled by the light-driven
sodium pump Krokinobacter eikastus rhodopsin 2 (KR2), a novel
member of the new class of non-proton cation pumps first
described by the Kandori group.'**? Like all microbial rhodopsins,
KR2 consists of seven tightly packed transmembrane o-helices, of
which one is linked covalently to the retinal chromophore through
a Schiff base linkage with a lysine residue. Absorption of light
induces the isomerization of the all-trans retinal to the 13-cis
conformation, leading to a sequence of four distinct photo-
intermediates."” New features of KR2 include the extracellular
N-terminal helix, the ECL1-domain [Fig. 1a] and the NDQ-
motif."*'* The latter one comprises the amino acid side chains
of Asn112, Asp116 and GIn123 [Fig. 1b and c], which differs
significantly from the conserved DTD- (BR) or DTE-motifs (PR)
of well-known proton pumps.” In the absence of sodium, KR2 is
able to pump H', Li* and even K" after the exchange of specific
amino acids.""'*'® Even though there have been a lot of advances
since the discovery of KR2, its cation and proton transport
mechanisms are still far from being understood. Therefore,
a deeper understanding of its structure and mechanism is
necessary to expand the toolbox for optogenetic research and
applications. In this work, we focused on a comparative study
of the proton and sodium pumping dynamics of the KR2 wild
type by means of time-resolved UV/vis and infrared spectro-
scopy. Especially IR spectroscopy has proven to be a powerful
tool to determine global as well as site-specific changes of a
wide-range of retinal proteins during the course of a photocycle.
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Fig.1 (a) Crystal structure of the KR2 wildtype (PDB: 3 x 3C). The
highlighted features are: retinal (orange), ECL1-domain (blue), water
molecules (red spheres) and the amino acid side chains Q123, D116, S70,
N112, D251 and K255. A closeup (with a different perspective) of the retinal
moiety is given for (b) deprotonated D116 and (c) protonated D116 based
on the results reported by Kato et al.**

The study of KR2 in proton and sodium pumping conditions did
not just allow us to characterize common mechanistic features,
but more importantly to also elucidate significant differences in
the structural changes of the protein, which are still under-
represented in to date literature.

Experimental methods
Expression of the KR2 wild type

Expression of KR2 WT was essentially carried out as described pre-
viously."”” KR2 pET 26b DNA was transformed in E. coli C43 (DE3).
Transformed cells were grown in LB media containing 100 pg ml™*
of kanamycin at 37 °C. For protein production, cells were transferred
to minimal media containing glucose and ammonium chloride
(1:100 dilution). At an ODgy, of ~0.6, protein expression was
induced with 0.5 mM isopropyl B-o-1-thiogalactopyranoside (IPTG),
and 7 uM of all-trans retinal was added. After an incubation for 16 h
at 27 °C cells were harvested and passed through Constant systems
cell disruptor at 1.85 MPa. The collected membranes were
suspended and solubilized in buffer containing 1.5% (w/v)
dodecyl-B-p-maltoside (DDM) overnight. The solubilized protein
was purified by Ni-NTA affinity chromatography. Purity and
homogeneity of the sample was verified by SDS PAGE and optical
absorption spectroscopy. The protein yield was 22 mg L™,

Sample preparation

For our measurements under salt and salt-free conditions,
we prepared a 50 mM Hepes/Tris (pD 8.3, 100 mM NacCl) and
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a 50 mM MES (pD 6, salt-free) buffer, respectively, which were
diluted in D,O. The pH-values of the buffers were adjusted to
the desired pD-value by using the relationship proposed by
Glasoe et al.*® Both buffers contained 0.05% DDM detergent. For
each sample, 150 pl of the KR2 wild type solution was washed
with the respective buffer in a centrifuge (5415 R, Eppendorf,
Germany) at a speed of 10° rpm (3 times total 4 15 minutes).
Consequently, 15 pul of the obtained KR2 concentrate was placed
and evenly spread on the center of a CaF, window. The cuvette
was then closed with a teflon spacer of 50 pm thickness and a
second CaF, window.

Absorption measurements

Steady state spectra of both samples [ESI,t Fig. S1] were recorded
with a spectrometer (Specord 100, Analytik Jena, Germany),
yielding an absorbance of 0.16 OD for KR2 in sodium pumping
conditions (KR2y,) and an absorbance of 0.11 OD for KR2 in
proton pumping conditions (KR2y). Furthermore, all measure-
ments in the UV/vis and the IR were performed with the same
sample to allow a proper correlation of the data.

UV/vis and IR flash photolysis

The two samples for the UV/vis and IR experiments were excited
by a Nd:YAG laser (Spitlight 600, Innolas Laser, Germany)
pumping an optical parametric oscillator (preciScan, GWU-
Lasertechnik, Germany). The OPO was set to generate pulses
with a central wavelength of 525 nm for the sodium pump and
535 nm for the proton pump to account for the red shift of the
retinal absorption at lower pD-values. The average pulse energy
was set to ~1.7 m] cm 2 Continuous wave probe light for
the UV/vis was generated by a mercury-xenon lamp (LC-08,
Hamamatsu, Japan) and guided through two monochromators
(Photon Technology International, USA) to select specific probing
wavelengths (420 nm, 520/530 nm and 620 nm). The transient
signals were detected with a photomultiplier tube (H6780-02,
Hamamatsu, Japan) and recorded with an oscilloscope (DPO5204-
10RL, Tektronix, USA). The oscilloscope recorded time traces at
a sampling rate of 10 megasamples per second, resulting in a
100 ns resolution for an overall record length of one second.
Each time trace was averaged 100 times. Continuous wave
probe light for the IR was generated by a quantum cascade
laser (MIRcat 1100-U2-5086, Daylight Solutions, USA), which is
tunable in the range from 1508 cm™" to 1748 cm™'. The mono-
chromatic emission of the QCL was recorded by a MCT detector
(KV104 MCT, Kolmar Tech., USA), which is connected to the same
oscilloscope mentioned above. Transients were recorded and
averaged 50 times with a spectral resolution of 4 cm " and the
same oscilloscope settings as in the UV/vis experiments.

Data processing

The transients obtained by the UV/vis and IR measurements
were averaged and reduced to 50 linear and 50 exponential
timepoints. The IR dataset was subjected to singular value
decomposition (SVD) using five components in Matlab. More
detailed information about SVD and its use in spectral analysis
can be found in ref. 19. Both, the UV/vis and the IR datasets,
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were analyzed and fitted by lifetime density analysis (LDA)
[ESI, Fig. S2a and b] and global lifetime analysis (GLA). The
GLA allows the description of the data in terms of a sum of
exponentials and their corresponding lifetimes. The Matlab-
based program “Optimus Fit”’, which we used for the LDA and
GLA, is explained in detail in ref. 20.

Results
UV/vis flash photolysis

The first set of measurements was performed in the UV/vis flash
photolysis, which monitors the retinal chromophore. To account for
the different intermediate steps of the photocycle, we have chosen
probing wavelengths at 420 nm, 520/530 nm and 620 nm, respec-
tively, as shown in Fig. 2a (bottom). In KR2y, [Fig. 2a, bottom], at
around 80 ps after the photo-excitation, a signal at 620 nm decays
and a signal at 420 nm rises, representing the transition from the K
to the L/M state. A subsequent transition from this equilibrium
state' to the O intermediate takes place at 0.6 ms, indicated by the
rise of the transient signal at 620 nm. After 9 ms, both, the transient
at 620 nm and the transient at 520 nm, which represents the bleach
of the ground state, approach zero. We therefore conclude that the
photocycle is finished on that timescale. In KR2y, the K/L equili-
brium is prolonged up to the millisecond range. With a time
constant of 26 ms, a positive signal at 420 nm is observable, whereas
the transient signal at 620 nm approaches zero. This marks the
transition from the K/L to the L/M state of the photocycle. Com-
pared to KR2y,, the M intermediate is more pronounced in H"
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pumping conditions, whereas the spectroscopic signature of the O
intermediate is completely missing. This was also observed in
several flash photolysis studies before, leading to the conclusion
that the O intermediate is indicative for sodium pumping.'*>"* A
dominant part of the ground state bleach at 530 nm recovers fast
up to the millisecond range and a residual signal remains, which
reaches zero after approximately 70 ms. An overview of the time
constants can be found in Tables 1 and 2.

Infrared flash photolysis

The data obtained in the IR, ranging from 1508 cm ' to

1748 cm ™' [Fig. 2a and b], can be sub-divided into three major
groups of structural changes in the protein. They include the
conformational changes of the retinal chromophore, structural
changes in the protein backbone and site specific changes
of amino acid residues. For a better overview they will be
presented and discussed in different segments.

Distortions in the n-electron system of retinal

The first major set of changes originates from the distortion of
the retinal chromophore itself, which can be seen in the range
of 1508 cm ™" to 1560 cm ' [Fig. 3a]. At first glance, a broad
negative signal centered at around 1540 cm ™' is observable in
KR2y,. This broad bleaching signal can be associated with the
C=C stretch modes of all-trans retinal.>* Correspondingly, a narrow
positive band at around 1516 cm ™" occurs in the microsecond to
the tenth of a millisecond time scale, which then becomes more
intense and broader at around one millisecond [see also Fig. 2a, top].
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Fig. 2 Overview of the UV/vis and IR measurements for (a) KR2y, and (b) KR2y. IR data are color coded, so that negative signals are depicted by blue
colors and positive signals by yellow/red colors. The corresponding raw data of the transients in the UV/vis flash photolysis and their fits are shown in the
bottom panel. To account for the shifted absorption spectrum, the GSB signals of KR2y, and KR2y were probed at 10 nm shifted wavelengths (520 nm
and 530 nm, respectively). The colored markings and numbers on the right hand side indicate the discussed transients and their corresponding figures in

this report.
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Table 1 GLA derived time constants of KR2y, in the IR and the UV/vis

7,/ms Tp/ms T3/ms T4/ms T5/ms
UV/vis 0.08 0.6 9 — —
IR 0.03 0.4 9 — —

Table 2 GLA derived time constants of KR2y in the IR and the UV/vis

71/ms T,/ms T3/ms T4/ms Ts/ms
UV/vis 0.02 0.5 26 73 —
IR 0.01 0.5 19 200 Inf.
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Fig. 3 Infrared transients of the retinal C—C stretch modes of (a) KR2na
and (b) KR2y. The individual data points of the SVD processed data are
shown as symbols, whereas the fits are depicted as solid lines.

Similarly, the bleaching signal of the all-trans retinal C—C stretch
mode at around 1532 ecm ™" exhibits weaker amplitudes between
10 ps and 100 ps. This signature suggests that there might be an
overlap of positive and negative contributions in the spectral range
between 1520 cm ™' to 1532 cm™ ' [Fig. 2a, top], which could be a
spectral indicator for the decay of the K intermediate. Following
the time line, the next positive signal emerging lies around
1552 cm™ ' with a build-up time of approximately 80 ps.
By taking a closer look at the transient at 1556 cm™ ', one can
see a slightly delayed dynamics in comparison to the transient at
1552 cm™ " [Fig. 4a]. The additional shoulder in the sub-millisecond
time range at 1552 cm ™~ might hint at spectroscopically distin-
guishable L and M intermediates in the photocycle, with the M
intermediate being slightly more blue-shifted. After approximately
half a millisecond the transient at 1516 cm™ ' shows an intense
positive change in absorbance, which coincides with the transition
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from the M to the O state. All transient signals in this spectral
region decay in the time range of 9 milliseconds, which is in good
agreement with the time constants found in the UV/vis measure-
ments and therefore being indicative for the duration of the
photocycle of the sodium pump. By taking a closer look at our
measurements in salt-free conditions [Fig. 2b], one can clearly see
that the dynamics is prolonged by at least one order of magnitude.
Moreover, the spectral signature of the IR bands is slightly different
compared to KR2y,. The bleaching signal of the C—C stretch mode
of all-trans retinal can be found at around 1532 cm™!, which
accounts for the red shift in the absorption spectrum at low pH.
This negative signal is accompanied by three positive bands at
around 1520 cm ™', 1548 cm ™" and 1552 cm ™, which are already
present from the beginning of the measurement [Fig. 3b and 4b].
The positive signal at 1520 cm ™" shows a stable amplitude in the
microsecond range and then starts to decay after approximately a
few milliseconds, which correlates with the transition from the K
to the L/M state. The transients at 1548 cm ™" and 1552 cm ™" start
with a similar amplitude but follow different dynamics after 80 ps.
While the transient at 1548 cm™ ' shows a small drop and then a
subsequent increase of AA in a time window of a few hundred
microseconds, the transient at 1552 cm™ " steadily increases in
amplitude. While the signal at 1552 cm™ " reaches its maximum
after a few milliseconds, the transient at 1548 cm ™' starts to
plateau over a time scale of several decades. In analogy to KR2yy,,
one can assign these two bands to the L and M intermediate,
respectively, with the M intermediate being more blue-shifted.
The co-existence of the transients at 1520 cm ™%, 1548 cm ™' and
1552 em ' indicates that the K, L and M states might be in
equilibrium, however, at later times the equilibrium shifts
towards the M state. This state then decays very slowly in the
millisecond to second time range (t3-7s), leaving a residual signal
by the end of the experimental time window.

Structural changes in the protein backbone

The spectral region from 1560 cm™* to 1700 cm ™! is primarily
representative for the amide vibrations of the protein back-
bone, with the exception of the C—=N stretch mode of the retinal
and a few contributions from amino acid side chains.?? Hence,
strong signals in this spectral window are usually due to major
changes in the protein conformation during the photocycle. For
KR2\, we could observe ten distinct bands in this region, which
we sub-divided into three groups. The first set of signals are the
transients at (—) 1604 cm™ ", (+) 1620 cm™ " and (—) 1692 cm ™' as
they show similar dynamics. The negative band centered around
1604 cm~ ' shows a strong increase of signal amplitude with a
time constant 7, = 0.4 ms, which correlates with the decay of the
K intermediate. Simultaneously with this bleaching signal, a
broad positive band at around 1620 cm ™', which can be assigned
to the L/M state, emerges, albeit it reaches its maximum later in
the millisecond time range. By comparison of the signal ampli-
tudes of these two bands, which differ by a factor of three, it is
highly suggestive that the band at 1620 cm ™ is not just the result
of an up-shift of the 1604 cm ™" transient. A closer look at the
transient at 1692 cm™ ' reveals a similar temporal signature, which
reaches its minimum after approximately one millisecond [Fig. 5].
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Fig. 4 (a) Comparison of the IR signals of KR2y, at 1552 cm™ and
1556 cm~t An additional shoulder around 100 ps can be seen at
1552 cm™. (b) Transient signals of KR2y at 1520 cm™, 1548 cm™* and
1552 cm™L. The individual data points of the SVD processed data are
shown as symbols, whereas the fits are depicted as solid lines.
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Fig. 5 IR transients of KR2y, at 1604 cm™2, 1620 cm™ and 1692 cm 2. The
positive signal at 1620 cm™* might be an overlap of shifts from both bleaching
signals at 1604 cm™t and 1692 cm™* The individual data points of the SVD
processed data are shown as symbols, whereas the fits are depicted as solid lines.

This can not be seen in salt-free conditions, where the band at
1692 cm ' is completely missing, and thus, making this a
possible marker for sodium transport. In contrast to that, KR2yx,
and KR2y; show spectral similarities in the region from 1590 cm™"
to 1640 cm ™ *. In both cases, a set of two positive and two negative
signals can be found [Fig. 6]. Except for the transient at 1592 cm ™"
in sodium pumping conditions, all other signals already have a
significant amplitude at the earliest recorded times, which sug-
gests that there are some major changes prior to the experimental
time window. The transients at (—) 1608 cm™"/(+) 1612 em™" in
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Fig. 6a show mirrored dynamics, which can be described with the
same time constants. Both, the positive and the negative signal, rise
mono-exponentially with a time constant of 7; = 30 pus and then
decay bi-exponentially with 7, = 0.4 ms and 73 = 9 ms. The remaining
two transients at (—) 1592 cm™ " and (+) 1636 cm™ " [Fig. 6a] do not
show such a similarity. Instead, the amplitude of the negative signal
at 1592 cm ™" increases bi-exponentially, peaking at approximately
1 ms, and then decays mono-exponentially. At 1636 cm ™ *, the
initial signal decays tri-exponentially with a small dip around
1 ms suggesting some changes during the formation of the
O intermediate. The corresponding transients of KR2y; [Fig. 6b]
have a prolonged dynamics, which is in agreement with the
extended duration of the photocycle in saltfree conditions. Even
though the two negative transients at 1592 cm™ ' and 1608 cm ™"
are spectrally separated by 16 cm ™', they show a similar tem-
poral profile, which can be characterized by two time constants
71 =10 ps and 1, = 0.5 ms for the decay of K, as well as two time
constants 73 = 19 ms and 7, = 200 ms for the regeneration of
the ground state. In contrast to KR2y,, the two positive transients
at 1620 cm ™" and 1632 cm ™" have a more complex dynamics in
the microsecond time range, which could be due to a super-
position with bleaching signals on an earlier timescale. However,
the decay of both transients can be described with the time
constants 75 and 14, which are identical to the ones found for the
signals at 1592 cm ™' and 1608 cm ™.

The next set of signals lies in the range of 1650 cm™ " and
1670 cm ™', where three transients at (+) 1652 cm™ ', (—) 1660 cm ™"
and (+) 1668 cm ™' can be found [Fig. 7a]. The intense bleaching

1
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signal at 1660 cm ' increases in amplitude in a time

window of a few microseconds up to a millisecond and
then quickly decays with a time constant of 7; = 9 ms. By
taking a closer look at the transient at 1668 cm ™', one can
see a steady positive signal in the microsecond range, which
starts to drop rapidly with a time constant of 7, = 0.4 ms.
At the same time, the weak positive signal of the transient
at 1652 cm ' starts to increase. When it reaches its
maximum after approximately one millisecond, the transient
at 1668 cm ™" becomes zero. This spectral shift is also reflected
in the small shoulder of the bleaching signal at 1660 cm ™",
which occurs in the time frame of 100 us to 1 ms. Considering
the photocycle of KR2y,, one can assign the band at 1668 cm™!
mainly to the K intermediate. The spectral down shift
from 1668 cm™' to 1652 cm™ ' occurs in the subsequent
steps leading to the rise of the O intermediate. Such a behavior
does not occur in the case of KR2y. Here one can see an
intense bleaching band at (—) 1660 cm ™" and an intense and
broad positive band at 1668 cm ' [Fig. 7b]. Both signals
span the microsecond to second time scale, reflecting the
prolonged duration of the KR2y photocycle. For a better
comparison with KR2y,, we also extracted the transient at
1652 cm™*. In fact, one can see a small positive amplitude
between 50 ps and 1 s. However, a spectral shift, as it is
seen in salt conditions, can not be observed. This again
stresses the major sodium-related changes in the protein
backbone, which can be tracked with the signal pair at
1668 cm ™' and 1652 cm .
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Fig. 8 IR transients of the carbonyl vibrations for (a) KR2y, and (b) KR2y.

The individual data points of the SVD processed data are shown as
symbols, whereas the fits are depicted as solid lines.

Amino acid side chains

In addition to the chromophore distortions and the movement of
the protein backbone, one also has to consider the dynamics of
the individual amino acid side chains, which are involved in the
mechanism of sodium or proton transport. Such signals are
expected in the range of 1700 cm™" to 1800 cm™*, in which one
can find the carbonyl stretch modes of Asp, Glu, Asn or GIn.>® For
KR2y,, we can observe a positive band at 1744 cm ™, which already
has significant amplitude at the earliest times recorded in our
measurement [Fig. 8a]. From there the signal decays with a lifetime
of 7; = 30 ps, before it eventually rises again with 7, = 0.4 ms. The
final decay can be described with a lifetime 73 = 9 ms. This general
characteristic seems to be conserved in KR2y, however, it is
prolonged by two orders of magnitude [Fig. 8b]. In this case, one
can see a stronger initial signal, which rises with a lifetime
of 7; = 10 ps followed by a slow decrease of signal amplitude
with 7, = 0.5 ms. Another rise occurs within 7; = 19 ms, followed
by a relaxation to zero. In contrast to KR2y,, an additional
bleaching signal can be found at 1740 cm™'. Comparing the
transients at 1740 cm™' and 1744 cm™', the astonishing
similarity of their temporal profiles has to be pointed out. In
fact, their changes in absorption can be described with similar
time constants, suggesting a spectral up shift from 1740 cm™*
to 1744 cm™ " after photo-isomerization. By comparison of these
transients with the UV/vis data, one can deduce that the second
rise of the signals occurs simultaneously with the decay of the
M intermediate in both, the sodium and the proton pump.

Discussion
Retinal distortions and characterization of photointermediates

The time-resolved measurements presented in this work span a
wide range of dynamics, which are involved in the photocycle of
KR2. In order to disentangle and assign the complex IR data,
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the first step is a proper determination of the photo-
intermediates occurring during the photocycle of KR2y, and
KR2y, respectively. For this it is helpful to compare the data
obtained in UV/vis measurements at 420 nm, 520/530 nm and
620 nm with the IR bands of the C=C stretch modes of the
retinal chromophore. A commonly accepted rule of thumb is
the inverse relationship between the absorption maximum in
the visible and the resonance frequency of the C—C stretch mode.
This is rooted in the assumption, that the level of n-delocalization,
which is reflected in the absorption maximum, correlates with the
strength of the C—=C bonds along the chromophore.>*® Follow-
ing the signals in the spectral window of 1500 cm™" to 1560 cm ™"
in KR2n, [Fig. 3a), one can see that there is an initial down shift
from around 1540 cm ™' in the ground state to the spectral area
around 1520 cm™ . As stated above, the signals around 1520 cm ™"
are most likely a superposition of the ground state bleach and an
additional positive contribution from the K intermediate. From
there the signal shifts up to 1552 cm ™" and 1556 cm™’, respec-
tively. This correlates clearly with the rise of the M state, however,
the additional shoulder at 1552 ecm ™" could be a contribution
from L [Fig. 4a]. In the last step, a down shift to 1516 cm™" is
observed, which occurs simultaneously with the rise of the O
intermediate. The signal then decays with a lifetime of 9 ms,
marking the recovery of the ground state. The temporal trace of
the IR bands strongly correlates with the spectral shifts observed
in the UV/vis, being in agreement with the empirical rule stated
above [ESL Fig. S3]. In the case of KR2y, the time trace of the
signals is not as clear. In addition to an initial downshift
from 1532 em™" to 1520 cm™" one can also observe transients
at 1548 cm ™" and 1552 em™*, which show distinct kinetic features
[Fig. 4b]. Following the assignments of the bands at 1532 cm ™,
1520 cm™ %, 1548 cm™ ' and 1552 cm ™! as the dark state, K state,
L state and M state, respectively, one has to come to the conclu-
sion that K/L/M form an equilibrium in KR2y. A major signal at
1516 cm™ " is missing, stressing the correlation of the O state with
this spectral feature in the KR2y,. The observations made here are
in agreement with Raman spectroscopy and step-scan FTIR data
previously published by the groups of Kennis and Kandori,
in which the bands at 1519 cm ' and 1516 cm ™' have been
suggested to be markers for the K- and O-intermediates,
respectively.”*° However, a definite IR assignment of the K,
L and M intermediates and a quantitative analysis of possible
equilibrium states is still subject to further investigation. The
signals of the C—C stretch modes of the chromophore decay
bi-exponentially with a remaining amplitude at the end of the
measurement, even though an O intermediate is not formed in
H' pumping conditions. This is not observed in the UV/vis,
which might suggest an additional, but spectrally silent, state
after M. Such an intermediate has been found and discussed
for other microbial rhodopsins like HR and PR.®**7

Structural changes of the protein backbone during sodium
uptake and translocation

Besides the dynamics of the retinal chromophore itself, a
further characterization of the protein distortions is of great
interest. With KR2 being able to transport protons and cations
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of different sizes (Li" and Na"), one expects charge and/or size
induced changes in the protein backbone and its surroundings
during the ion uptake and translocation. One way to detect
such changes is to take a look at the amide I and II vibrations,
which are spectrally located in the range of 1560 cm ™' to
1700 cm ' These bands include the C=O stretch mode
(amide I), the C-N stretch mode (amide I + II), the N-H bending
mode (amide I + II) and the C—=O0 bending mode (amide II), of
which most are sensitive to hydrogen bonding.>” In the case of
KR2y,, the signature found at (+) 1652 cm™ ", (=) 1660 cm ' and
(+) 1668 cm ™" is certainly interesting. Whereas the bleaching
signal at 1660 cm™ ' remains over a time period of several
decades, the temporal profile of the two positive bands is
strongly indicative for an initial up shift to 1668 cm™* and a
subsequent down shift to 1652 cm ™, which can be described
with the lifetime 7, = 0.4 ms [Fig. 7a]. As pointed out earlier, this
spectral shift correlates with the transition from the M state to
the O state in the photocycle. Crystal structures of KR2 pub-
lished by Kato et al. and Gushchin et al. revealed that several
water molecules are embedded in the ion translocation path-
way [Fig. 1a], especially in the ion-uptake and ion-release
cavities."*'®> Furthermore, it is deduced from the mere size of
the hydration shells of sodium and potassium that sodium has
to be stripped off its hydration shell in order to enter the
protein."® Apart from conformational changes in the protein
backbone, a reasonable origin of the aforementioned spectral
signature would be an interaction of the sodium ion with the
water molecules inside the protein. An up (down) shift in the
frequency of the amide I band could be explained by weaker
(stronger) hydrogen bonds with the carbonyl groups in the
o-helices.”” This suggests a weakened hydrogen network in the
early stages of the photocycle, which is reflected in the up
shifted band at 1668 cm™ " during the K state and its transition
to L/M. The down shift, which follows the transition from M to
O, could then be the result of water re-organization and a
further stabilization in the ion-release cavity. In the case of
KR2y, such a clear feature is not observed. The bleaching signal
at 1660 cm ' is conserved, albeit prolonged by two orders of
magnitude and weaker in amplitude compared to the signal
seen for KR2y,. Instead of a pair of rising and disappearing
positive signals, one can see two co-existing positive signals
at 1652 cm™ " and 1668 cm . The spectral positions of the
transients suggest, again, an initial decrease and subsequent
increase of the hydrogen bond interaction with the o-helices,
which could be induced by rotation and flipping of several
amino acid side chains. However, the camel-like shape of the
1668 cm™ ' band and its extended temporal profile might be the
result of several orientation and re-orientation steps, due to
the lacking stabilization from a sodium ion.

Another outstanding feature of KR2y, is the strong signal
pair at (—) 1692 cm™*/(+) 1620 cm ™" [Fig. 5]. The spectral width
of these bands suggests a superposition of several vibrational
modes, which makes a proper assignment difficult. Since this
pair can not be observed in KR2y, it is very likely that a sodium
related interaction might be the cause of the intense absorption
changes. One contribution of the band around 1692 cm ™" could
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originate from the C=O0 stretch mode of asparagine, which was
observed in the range of 1648-1704 cm " in several proteins.
In fact, a similar spectral shift was reported by Cao et al. for the
D96N mutant in BR.>* In the case of KR2 the most obvious
candidate is N112. It was suggested that the two key roles of
N112 are the stabilization of the D116 residue during the M
state of the photocycle and the coordination of the sodium ion
along with D251 in the O intermediate."*">?>3’ The initial
down shift from 1692 cm ™" to 1620 cm ™ could therefore be
due to strong hydrogen bonds, which are build up between the
protonated D116 and N112 in the course of the M state.
A further stabilization of the amino acid side chains through
additional water molecules in close proximity, as it was seen in
the crystal structures, is also possible.**** The following transi-
tion from M to O is characterized by the transient binding of
the sodium ion in between D251 and N112 leading to another
change of the hydrogen bond network. These two steps could
explain the bi-exponential rise of the band at 1620 cm ™" with
7, = 30 ps and 7, = 0.4 ms. Still, signals of this amplitude and
spectral width do not very likely originate from a single amino
acid. Considering the spectral width of the whole amide I
band with its edges at around 1620 cm ' and 1700 cm ™,
another explanation for the negative signal around 1692 cm ™"
and the positive signal around 1620 cm ™" could be a change
of several amide I modes in the course of sodium trans-
location.*®*° This could be explained by size and charge
induced changes in the protein conformation during the
sodium transport, resulting in a shift of the whole amide I
band. Signals in the range of 1670-1690 cm™ ' are often
assigned to B-loop or B-sheet structures and they are usually
accompanied by stronger main bands at around 1620-1640 cm ™"
due to band splitting.**™*? Therefore it is also possible that the
band pair of (—) 1692 cm™'/(+) 1620 cm™ " is not the result of
an actual down shift of the whole amide I band, but a result of
either a shift of the B-sheet resonance or a perturbation in
band coupling of B-sheet contributions. This would stress
the involvement of the ECL1 domain [Fig. 1a] in the ion trans-
location, since this is the only known B-sheet structure in
KR2.'*'®> As mentioned above, the 1620 cm ™! transient seems
to be a superposition of the just mentioned amide I signal and
the blue shifted vibrational mode from 1604 cm . There are two
additional side bands at 1612 cm™' and 1636 cm ' with a
differing dynamics compared to the 1620 cm™ ' transient
[Fig. 6a]. Such a double band also occurs in KR2y with a slightly
different frequency [Fig. 6b]. They could be the result of an up
shift from the signals observed at 1592 cm™ ' and 1608 cm ™,
which we found for KR2y as well as KR2y,. This is a strong
indication for a more or less sodium independent structural
change. One possibility would be a change of the retinal Schiff
base moiety, since the region from 1600 cm™* to 1650 cm™* can
also contain major contributions of the C—=N-H group as seen in
several other retinal proteins.** Due to the strong overlap with
the amide and amino acid side chain signals, it is necessary to
perform H/D exchange, isotope labeling and mutational studies
to discriminate the contributions of the individual functional
groups.
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Protonation state of the D116 residue

Intense signals above 1700 cm™ ", such as those we observe in

both, the proton and sodium pump [Fig. 8], are usually indica-
tive for changes in the C—=O stretch modes of glutamic or
aspartic acids.>**? This reduces the list of possible amino acid
side chains to D116 and D251, which both play a key role in the
photocycle of KR2. The two positive bands of KR2y, and KR2y
at 1744 cm™ ', exhibit similar but temporally shifted features.
However, under the assumption that D251 is directly involved
in the coordination of sodium one would expect major differ-
ences under sodium and salt free conditions.'*'> Therefore we
assign the bands in this spectral region to the C=O0O stretch
mode of the D116 side chain. Since our measurements were
performed at pD 6 (KR2y) and pD 8.3 (KR2y,), it is obvious that
the resting conditions are not the same. At pD 6.0 it is very
likely that the D116 is already protonated and the water net-
work inside the protein is slightly altered.'®'> Moreover, D116
seems to be in an M-like conformation [Fig. 1c] in the resting
state of KR2 at acidic pH values." This might be an explanation
for the comparatively low frequency of the C=O stretch mode
of D116 in the resting state of KR2y, as D116 might already be
hydrogen bonded with N112."*'>3%?% guch a hydrogen bond is
probably not formed initially at pD 8.3 [Fig. 1b] resulting in a
higher frequency of the C=O stretch mode, which is not in the
spectral window of our experiment.®® In this context, the band
pair at (=) 1740 cm™Y/(+) 1744 cm™* found for KR2y, also
reflects the strength of hydrogen bonds with the carbonyl
oxygen of D116. Since D116 needs to be deprotonated before
the retinal Schiff base can transfer its proton in the course of
the photocycle, the D116 residue has to release its proton first.
This could be reflected in the upshift from 1740 cm™ " in the
ground state to 1744 cm ' and the delayed rise of the L/M
intermediate in KR2y. The transition from the K to the L/M
state is marked by the local minimum of (+) 1744 cm ™' and the
local maximum of (—) 1740 cm™ ", which indicates reprotona-
tion of D116 and a subsequent hydrogen bonding with N112.
The second deprotonation of D116 can then be observed during
the decay of M, which is shown in the second local maximum of
(+) 1744 cm ™" and the second local minimum of (—) 1740 cm ™",
respectively. In KR2y, at pD 8.3 the D116 side chain is probably
rotated more towards the retinal Schiff base.** After photo-
isomerization, the Schiff base proton turns towards the D116,
which increases hydrogen bond strength.** This would cause a
downshift of the C=O0 stretch mode from initially >1750 cm™,
which we could not resolve, to 1744 cm '. The first local
minimum of 1744 cm ' after approximately 30 ps coincides
with the transition from the K state to the L/M state, represent-
ing the protonation of D116. The decay of M and the rise of the O
state, respectively, is in good agreement with the local maximum
of the transient, which occurs with 7, = 0.4 ms.

Kinetic model for sodium and proton transport

Based on the results found in this comparative study we are
able to formulate a minimalistic model for the photocycles of
proton and sodium pumping [Fig. 9]. In the case of KR2y,, we
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Fig. 9 Schematic models of the photocycle for (a) KR2y, and (b) KR2y
based on the lifetimes derived from the analysis of the IR data.

observed a sequential rise and decay of most photointermediates
with the exception of the L/M states, which seem to be in
equilibrium. Schiff base deprotonation, and therefore protona-
tion of the D116 residue, leads to the rise of the M state. At the
same time the uptake of a sodium ion takes place. This is
reflected in major changes of the protein backbone and the
hydrogen bond network during the M to O transition. Besides
the changes in the o-helix conformation, we found strong
indications for an involvement of the ECL1 domain, which is
not seen in KR2y. Synchronously with this transition, the D116
residue is deprotonated again, leading to the protonation of the
Schiff base and therefore a recovery of the initial KR2 ground
state. In contrast to that, KR2y shows a prolonged K/L state,
which is in equilibrium with the L/M state. The limiting factor
for the transition to the M intermediate seems to be the
protonation state of the D116 residue. This residue has to be
deprotonated prior to the transfer from the Schiff base proton
to D116. The proton transport pathway is still unknown and
cannot be derived from the presented data alone. However, a
major involvement of the hydrogen network and individual
amino acid side chains in KR2 is very likely (depicted as the red
proton pathway in Fig. 9b). The regeneration of the ground
state seems to be biphasic, suggesting an additional intermediate
KR2', which is spectrally silent in the UV/vis.

Conclusions

We were able to elucidate important mechanistic differences of
the KR2 wild type in proton and sodium pumping mode by
means of time-resolved UV/vis and infrared spectroscopy.
By using an identical sample for both techniques, it was
possible to correlate the data in both spectral windows directly
and without the uncertainties stemming from different sample
preparations. We found that the photocycle of KR2y, shows a
sequential character, whereas the photocycle of KR2y involves
several equilibria, which are reflected in intermediate specific
vibrational changes of the retinal chromophore. Moreover,
KR2y, exhibits major conformational changes of the protein
backbone, involving distortions of the o-helices and probably of
the ECL1 domain, which are not observed in KR2y. The hereby
identified marker bands of such protein distortions can help to
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map the sodium ion uptake and transport. Besides larger
structural changes inside the protein, we could also identify
amino acid specific changes, including protonation and depro-
tonation of D116, which helped to monitor structural changes
in close proximity to the retinal Schiff base. Based on these
findings we could expand the kinetic model for the sodium
pumping of KR2 and furthermore formulate a new kinetic
model for KR2 in proton pumping conditions.
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