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ABSTRACT

Membranes are crucial for the functionality of membrane proteins in several cellular processes. Time-resolved infrared (IR) spectroscopy
enables the investigation of interaction-induced dynamics of the protein and the lipid membrane. The photoreceptor and proton pump
bacteriorhodopsin (BR) was reconstituted into liposomes, mimicking the native purple membrane. By utilization of deuterated lipid alkyl
chains, corresponding vibrational modes are frequency-shifted into a spectrally silent window that allows us to monitor lipid dynamics dur-
ing the photoreaction of BR. Our home-built quantum cascade laser (QCL)-based IR spectrometer covers all relevant spectral regions to
detect both lipid and protein vibrational modes. QCL-probed transients at single wavenumbers are compared with the previously performed
step-scan Fourier-transform IR measurements. The absorbance changes of the lipids could be resolved by QCL-measurements with a
much better signal-to-noise ratio and with nanosecond time resolution. We found a correlation of the lipid dynamics with the protona-
tion dynamics in the M intermediate. QCL spectroscopy extends the study of the protein’s photocycle toward dynamics of the interacting
membrane.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139808

INTRODUCTION

Membrane proteins are essential for carrying out biological
processes within a living cell. They enable the cell to communi-
cate with its intracellular and extracellular environment as well as
regulate the signal and transport processes across the membrane
barrier. The lipid membrane has a critical role in the localization
of membrane proteins and, furthermore, is pivotal in the protein’s
overall functionality. Microbial rhodopsins, in particular, bacteri-
orhodopsin (BR), are adequate model systems for the study of
protein-membrane interactions. Since that time it was reported as
a new photoreceptor membrane,' the light-driven proton pump BR
has been extensively studied using various techniques”~ and uti-
lized in several applications.” The membrane protein BR occurs as
trimers in the native purple membrane of Halobacterium salinar-
ium, which is composed of polar and neutral lipids.” BR consists
of seven transmembrane a-helices with the retinal chromophore
linked to the lysine residue by a protonated Schiff base. After light

excitation, isomerization of the retinal from the all-trans to 13-cis
state occurs, followed by the thermal reisomerization back to the
initial all-trans configuration.” Thereby, BR passes through a series
of different intermediate steps. K, L, M, N, and O are photocycle
intermediates”'” and describe the state of the protein and the chro-
mophore, including individual steps of the proton translocation.
After photoisomerization, the first proton transfer step occurs from
the retinal Schiff base to the primary proton acceptor Asp85. Sub-
sequent to the Asp85 protonation, a proton release group provides
a proton to the extracellular side. Thereafter, the Schiff base gets
reprotonated'' from the donor Asp96 followed by a proton uptaken
from the cytoplasmic side.'” This accessibility change of the Schiff
base from the extracellular to the cytoplasmic channel is referred
to as switch.® The switch happens during the M intermediate,
accompanied by a large conformational change in the M/N inter-
mediate.'” In addition, the first proton transfer step corresponds to
the M intermediate’’ and is reported to occur about 300-400 us
after photoexcitation.”'"” Since M is the only intermediate with a
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(b) QCL setup
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FIG. 1. (a) The absorption spectrum of BR reconstituted into liposomes composed of DSPC (top, green) is shown with its lipid chain bands overlaying with the water band
at ~3400 cm~" (gray). The spectral silent window is marked in this spectrum. For straight comparability, the y-axis of the absorption spectrum of BR reconstituted into
deuterated liposomes with DSPC-d7, (bottom, blue) is represented in mirrored form. DSPC-dj lipids differ from DSPC only in their fully deuterated lipid chains. Therefore,
the bands of the lipid chains are shifted into a spectral silent window, which is covered by the emission of the QCLs (marked along the x-axis). (b) The QCL spectrometer
setup is schematically illustrated in a reduced version with the four probe laser heads, the pump laser for photoexcitation (Nd:YAG), the MCT detector, and the sample
(purple) in a cuvette (blue) with an expanded image of BR reconstituted into DSPC-d lipids. Transients of the single wavenumber measurements are acquired with two
channels covering different time frames ranging from 100 ns to 20 ms. A more detailed sketch is shown in Fig. S1 of the supplementary material.

deprotonated Schiff base, it is considered the key intermediate for
the proton transport.'® The finishing steps in the photocycle are the
thermal reisomerization and the reset of the Schiff base accessibility.

The photocycle intermediates were extensively studied and
characterized by Fourier-transform infrared (FTIR) difference spec-
troscopy, which is a suitable tool for the investigation of protein
reactions.”” In contrast to IR absorption spectroscopy, only those
vibrational modes are detected, which change during the reaction.
An appropriate method for highly repetitive systems and nanosec-
ond time resolution is step-scan FTIR."” For this technique, the
movable mirror of the FTIR spectrometer is stopped and moved
further in a step-wise manner. At each position, the reaction is
triggered and the resulting signal is detected along the time axis.
After measurements at all mirror positions, the data are merged into
interferograms and processed.!' The time resolution is limited by
the rise time of the detector, the sampling speed of the analog-to-
digital converter, and its memory capacity. The spectral resolution is
dependent on the number of mirror positions."

One approach to gain insights into the protein-membrane
interplay is to analyze the impact on the protein reaction upon
changing the membrane environment. In our previous step-scan
FTIR studies, BR was reconstituted into artificial membranes
with a systematic variation of the lipid properties, such as head
group charge, lipid chain length, and lipid chain saturation. The
effect of the membrane composition on the proton transfer and

conformational changes could be disassembled.'*'* The protonation
dynamics have been found to be significantly affected by the varia-
tion of the lipid head group charge, while bilayer thickness defined
by the lipid chain length had only a minor influence. However, the
degree of lipid saturation had superior influence. In these FTIR stud-
ies, we probed the protein vibrational modes to evaluate the effect of
the lipid environment on protein dynamics. We could not resolve
changes in the lipid vibrational modes because the FTIR method
reached its limits. It should be noted that the spectral changes in the
difference spectra are expected to be very small as only lipids con-
tribute, which are located at the membrane-protein interface and
interact with the protein.

By the introduction of quantum cascade lasers (QCLs),” an

21,2

IR source superior in spectral brilliance compared to FTIR*"** was
. . SRR o 23226 ¢
provided with application in diverse scientific branches. Signal-
to-noise ratio advantages in mid-infrared transmission spectroscopy
of proteins compared to FTIR spectroscopy were achieved.”” More
recently, various forms of QCL setups for the investigation of BR
were presented, and the successful application of time-resolved
single wavenumber measurements at various precisely selected IR
bands has been reported.””" Our home-built QCL spectrometer
with multiple laser heads provides a nearly gapless tunability in a
broad spectral region from around 1150 cm™ up to 2250 cm™
(Fig. 1). BR proton transfer kinetics as well as protein conforma-
tional dynamics have been measured before.”’ Here, the investigated
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spectral region will be expanded to ~2000 to 2300 cm™ in order to
analyze lipid vibrational modes.

As the membrane model system, we chose 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) proteoliposomes. The protona-
tion dynamics of BR in DSPC are similar compared to BR in
the native purple membrane.”® DSPC is a lipid with 18 carbon
long saturated alkyl chains and neutral head groups, whereas the
native purple membrane consists mainly of lipids with 16 carbon
long alkyl chains, but also saturated, and a negative charge of the
lipid head group.””” The measurements were performed at 20 °C,
below the phase transition temperature of DSPC (55 °C)*’ and pur-
ple membrane (>70°C).** To avoid overlapping IR bands of the
membrane’s lipid alkyl chains with water as well as interfering arti-
facts originating from heating effects of the water by the pump
pulse,”” the photoreceptor was reconstituted into liposomes with
fully deuterated tails [Fig. 1(a), bottom]. The vibrational modes of
the deuterated lipid alkyl chains shift into a spectral silent window
with very minor water contributions” and are in the coverage area
of our QCLs. The observable lipid chain dynamics result only from
those lipids close to the protein interface, which are affected by
the light-triggered changes of the protein. Most lipids of the bulk
membrane do not react to photo-excitation. Thereby, our previ-
ous studies monitoring the membrane effects by the protein reac-
tion are expanded to investigations of dynamics of the membrane
environment itself.

MATERIAL AND METHODS
Sample preparation

The purple membrane was isolated and purified from
Halobacterium salinarium as described by Oesterhelt and Stoeck-
enius.”® From the purified purple membrane, BR was solubilized
using 0.8% Triton X-100 and 50 mM phosphate buffer (pH 7).
Lipids of DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine,
Avanti Polar Lipids) and DSPC-dy7 (1,2-distearoyl-d70-sn-
glycero-3-phosphocholine, Avanti Polar Lipids) were dissolved in
chloroform (CHCIl3) and lyophilized. The lipids were rehydrated in
Tris-HCL (pH 7.4) to a concentration of 5 mg/ml. Subsequent to
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sonification, the liposomes were extruded using a 100 nm pore size
filter and mixed with solubilized BR in a lipid-to-protein ratio of
2:1 (w/w). By removing the detergent using detergent adsorbing
beads (SM2 Bio-Beads, Bio-Rad) followed by centrifugation at
100000 g for 1 h at 4 °C, the proteoliposomes were received.

The same sample preparation was used for FTIR- and QCL-
measurements. About 140 ug of BR proteoliposomes, respectively,
BR in the purple membrane for reference measurements, were dried
as a film under constantly flowing nitrogen on a calcium fluoride
thin cuvette with a 10 ym optical path length. The film was rehy-
drated with 1 yl of ultra-pure water. A calcium fluoride window
sealed the cuvette and prevents dehydration. Sample preparation
was well reproducible with respect to the hydration degree and lipid-
to-protein ratio as verified in the absorption spectra of separately
prepared samples.

Kinetic data of reconstituted BR in DSPC, respectively,
DSPC-dy, are averaged of measurements with two separately pre-
pared samples each to ensure reproducibility. Before data were
acquired, the samples were light-adapted with laser pulses.

FTIR spectroscopy

FTIR absorption spectra (Fig. 2) were recorded with a spec-
tral resolution of 4 cm™! (Equinox 55, Bruker). Time-resolved FTIR
spectra [Figs. 4(a) and 4(b)] were performed with the step-scan tech-
nique (Vertex 80v, Bruker). The time resolution was set to 10 ys, and
spectra were recorded from 10 us to 19 ms with a spectral resolution
of 8 cm™ and 2000 mirror positions. Subsequently, the transients
were extracted at the desired wavenumbers from the spectra.

QCL spectrometer setup

The home-built QCL spectrometer setup is shown in a sim-
plified version in Fig. 1 and more detailed in Fig. S1 of the
supplementary material. Four different external cavity QCL laser
heads (QCL 1-4, MIRcat-QT, DRS-Daylight Solutions, Inc.) were
built within the laser source, providing gapless tuning between 1475
and 2250 cm™! (QCL 1: 1950-2250 cm™'; QCL 2: 1650-1950 cm™;
and QCL 3: 1475-1750 cm ™) and from 1150 to 1350 cm ™" (QCL 4).
For measurements in transmission, the probe beam was focused
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FIG. 3. Time-depended QCL measurements at single wavenumbers. De- and reprotonation dynamics of the Schiff base monitored at 1188 cm~" for BR in (a) DSPC and
(b) deuterated DSPC-d7,. Protonation dynamics of the primary proton acceptor Asp85 observed at 1760 cm=" for BR in (c) DSPC and (d) deuterated DSPC-d7g. The data
fits (red lines) until ~430 us show the coincidence of the deprotonation dynamics of the Schiff base with the protonation dynamics of Asp85.

(f = 1524 mm) onto the sample and collimated afterward
(f = 101.6 mm) with a pair of off-axis parabolic mirrors (OAPs).
Another OAP with a focal length of 76.2 mm focused the beam onto
the mercury cadmium telluride (MCT) detector (Kolmar Technolo-
gies, Inc.). A polarizer and analyzer were used to control the power
at the detector. A long-pass filter and a band-pass filter matching
the probe wavenumber were attached light-tightly to the detector
to avoid interfering signals. The spectrometer setup was continu-
ously flushed with dried air, and the sample cuvette was maintained
at a constant temperature of 20 °C. The photoexcitation was ini-
tiated by 5 ns laser pulses of the second harmonic (532 nm) of
a Q-switched Nd:YAG laser (Minilite, Continuum Electro-Optics,
Inc.). Through the widening of the pump beam by a pair of concave
(f = =50 mm) and convex (f = 200 mm) lenses and subsequently
trimming with a 2 mm pinhole, a spatially more homogeneous
excitation of the probed area is achieved. Moreover, this defined
beam diameter was used for setting the excitation energy density to
2 mJ cm™2. The data were recorded using three channels from two
16-bit transient recorder boards (M31.4841/M2p.5960-x4, Spectrum
Instrumentation). For data acquisition over five decades, from
100 ns to 20 ms, the time trace was split before and after at 1 ms to
different transient recorder boards operating at different sampling
rates. The board covering the faster dynamics from 100 ns to 1 ms
was set to 125 MS s™', while the second board was set to 10 MS s
to collect data until 20 ms. The 16-bit resolution is distributed to
+200 mV of the recorded AC-data. The third channel was used for
the associated DC value. 2000 transients were averaged. The data
collection as well as the remote control of the setup was realized

through self-written Matlab programs (Version 9.11.0, Mathworks
Inc). A signal with a blocked pump beam was measured as a
reference.

Data analysis

The absorbance difference was calculated by AA(¢)
= —log,,(I(t)/I(t)rer), where I(t) is the time-dependent voltage
recorded at the detector and corrected by the separately measured
DC offset. The reference signal I(t).f is acquired with a dark-state
sample and determined equivalently. The resulting transients were
logarithmically averaged at 20 points per decade. The data process-
ing was performed with Matlab (Version 9.9.0, Mathworks Inc.).
For determination of the time constants 7, the logarithmically

TABLE |. Shared time constants of the first proton transfer step for BR in the purple
membrane, reconstituted into DSPC and DSPC-d derived from fitting analysis of
single wavenumber measurements at 1188 cm=" (Schiff base deprotonation) and
1760 cm~" (Asp85 protonation).?

BRin TSEI (p4s) Tﬁfz (p4s) Tfh}‘g (us)

Purple membrane  0.94+0.03 11.22 +1.00 72.00 £2.82
DSPC 0.91+0.03 8.23+0.79 74.07 +1.93
DSPC-dy 0.94+0.03 9.99+£0.91 70.96 +2.30

“Standard error from the fitting routine.
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averaged data were fitted with exponential functions f(¢) with m
terms iterated with #,

f(t):c0+ZAn><exp(—Ti), (1)
n=1 n

where ¢ is time, A, is the amplitude, and ¢ is the y-axis offset. More-
over, a variation of this function was used for the evaluation of two
interdependent transients,

fh(t o m (Al t
h( ) 0 + Z XCXP(*T'W), (2)

ffh(t) CS n=1\ A, sh,n

[

where 74, is a shared time constant to both recorded signals, but the
amplitude A, and the offset ¢y are independent. The number of time
constants (respectively, number of terms m) was chosen to result in
the best fit with the minimum number of exponential components.
For the protonation and deprotonation dynamics of BR with the
functions ¥ (¢) and £/ (¢), three exponential components were

used in a time window up to ~430 us,

1188 1188 1188 1188
fon () o Ay t A,
+ P\~

1760 | 1760 1760 1760
fa (1) o A A,

¢ A1188 ¢
x exp (_W) * i7so X €Xp (_W)' ®)
Tsh,Z A3 Tsh>3

Fits are shown in Figs. 3 and S2 (supplementary material). Result-
ing time constants are in Table I. For the lipid dynamics, Eq. (1)
was applied to the data shown in Fig. 5 to determine the num-
ber of components needed. This resulted in three components for
2190 cm™" and four components for 2090 cm™. The correspond-
ing Egs. (S1) and (S2) and the time constants in Tables S1 and
S2 are shown in the supplementary material and are discussed in
the section titled “Results and Discussion.” Thereafter, the time
constants for the data in Fig. 5 were also determined with shared
time constants by using the fitting functions f3°°(¢) and f3°°(t)
based on Eq. (2). With the obtained result, f2°°(¢) contains four
exponential components, while f31°°(¢) has three by setting the
amplitude 43" = 0,

Tsh,l

2090 2090 2090 2090

fsh (t) _ o 4 Ao X exp ( t ) Al
2190 | 2190 T ip 2190

fa (1) o ) A

X exp

X exp

2090
t A3 t
T || e | P ) @
Tsh,2 A3 Tsh,3

lip 1

where 1'0i is a time constant belonging exclusively to 2090 cm™

and T:i}}:n (with n=1,2,3) are the shared time constants of both
wavenumbers. Fits are shown in Fig. 5 and the resulting time con-
stants in Table II. For the fitting procedure, Origin (Version 2022,
OriginLab Corporation) was used.

ARTICLE scitation.org/journalljcp

RESULTS AND DISCUSSION

Absorption spectra of BR reconstituted into DSPC and DSPC-
d7 as well as of BR in the native purple membrane are shown
in Fig. 2. The spectra are normalized to the amide I band
(1600-1700 cm™").”” Amide I and amide IT (1510-1580 cm™") bands
are caused by the protein backbone vibrations. Lipid bands can
be observed in the spectral regions from 1000 to 1800 cm™" and
between 2800 and 3000 cm™', respectively, 2050 and 2250 cm™,
for deuterated lipids. The C=O stretch of the lipid ester group
(~1736 cm™') and amide I (~1656 cm™!) are used to determine
the lipid-to-protein ratio in the proteoliposomes for DSPC and
DSPC-dy. A slightly weaker lipid band of DSPC-dy indicates a
smaller ratio for deuterated than non-deuterated lipids. The broad
water band (~3400 cm ™) overlaps with the CH, and CH3 stretch-
ing modes of the non-deuterated lipids. The two dominant peaks
at ~2850 and ~2920 cm™ are associated with the symmetric and
the antisymmetric CH, stretching mode.” These bands are mainly
caused by the alkyl lipid chains but also from CH, vibrations of the
lipid head groups. It should be noted that the native purple mem-
brane shows only a weak lipid absorption compared to the DSPC
and DSPC-dyy proteoliposomes due to the significantly different
lipid-to-protein ratio.*

DSPC-dy differs from DSPC only in fully deuterated lipid
chains. Hence, all 70 hydrogen atoms of the alkyl chain were
replaced by deuterium. Thus, the absorption spectrum of BR in
DSPC-dy shows a strong decline of the CH stretching bands. The
signal is not completely vanished due to CH, modes of the lipid
head groups, not fully removed purple membrane or side-chain
contributions. The frequency-shifted peaks linked to the symmet-
ric (~2090 cm™!) and antisymmetric (~2195 cm™!) CD; stretch-
ing modes’’ now appear in a spectral silent window with only
minor interfering water bands.”” The band intensities of the deuter-
ated lipids are weaker compared to the non-deuterated lipids. We
attribute this observation mainly to the significantly weaker under-
lying water absorption and the missing contribution of the CH,
vibrations of the head groups.

Protonation dynamics

The protonation dynamics of BR reconstituted into DSPC
[Figs. 3(a) and 3(c)] and BR reconstituted into DSPC-d7g [Figs. 3(b)
and 3(d)] were investigated and compared to BR in the purple mem-
brane (Fig. S2, supplementary material). The first step of the proton
translocation is the deprotonation of the Schiff base, which can be
monitored at 1188 cm ™! [Figs. 3(a) and 3(b)].!° This deprotonation
results in a steady decline of the absorbance change to a minimum
at ~400 ps corresponding to the M intermediate. After reprotona-
tion of the Schiff base and relaxation of BR to the ground state,
the transient converges toward zero. This kinetic trace represents
the rise and decay of the M intermediate and relaxation toward the
ground state as the band at 1188 cm™ is assigned to the C-C stretch
of the 13-cis retinal, which is sensitive to the protonation state of
the Schiff base. Asp85 is the primary proton acceptor of the proton
from the Schiff base. Thus, coincidently with the deprotonation of
the Schiff base, the protonation dynamics of Asp85 can be observed
by an increasing absorbance change at 1760 cm™ [Figs. 3(c) and
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FIG. 4. Detection of lipid dynamics (CD, stretching vibrations) with step-scan FTIR at (a) 2195 cm~" and (b) 2091 cm=" and with QCL measurements (c) at 2190 cm~" and
(d) 2090 cm~". Note the difference of a factor of 10 on the y-axis scale between FTIR- and QCL-measurements.

3(d)].*! While Asp85 remains protonated in the N and O interme-
diates, the observation thereof shifts to lower wavenumbers, and in
combination with the BR recovery, this band relaxes again. How-
ever, at ~1760 cm ™, after passing its maximum at ~400 us, the
decrease in the kinetic trace is in good agreement with the decaying
M intermediate.'’

We compared the M intermediate kinetics to evaluate if the
DSPC and DSPC-dy lipids provide similar environments and inter-
actions with BR compared to the native purple membrane. We
could not apply a global fit analysis because single wavenumber
measurements do not provide whole spectra. With only two, but
directly related transients at 1188 and 1760 cm™', we evaluated
the data by a fit that includes shared time constants 75" and inde-
pendent amplitudes. The fitting function is based on Eq. (2) and
includes a sum of three exponentials in the fitted time window from
100 ns to ~430 us [Eq. (3)]. The resulting time constants for BR
in the purple membrane, in DSPC, and in DSPC-d7y are shown
in Table .

The time constants of BR in the purple membrane derived
from our measurements and analyzed as described above were com-
pared with other published data (Table S3, supplementary material).
The fastest time constant 1351 is ~1 us. Nanosecond step-scan FTIR
data yielded time constants of 0.78* and 1.2 us,” and other sin-
gle wavenumber QCL (SW-QCL) measurements recorded in the
spectral range from 1700 to 1800 cm™", provided time constants of
0.4 and 1.2 ps.”” The second time constant 73 ~11 ys is also in good
agreement with other studies. 8 ys*> were determined by SW-QCL
and 12 ps” by dual frequency comb QCL spectroscopy (DCS-QCL)
recorded in a spectral range from 1185 to 1240 cm™', Step-scan

FTIR studies lead to slightly higher time constants of 18* and
22 ps.** The third time constant 'rshl?3 of 72 us also matches well with
a SW-QCL study, yielding 75 us’* and also with 74 us'® found in
our previous study performed with step-scan FTIR and analyzed by
a global fit. DCS-QCL measurements result in 56.3°' and 65.3 s’
as well as 140 ps.”” Step-scan measurements in the literature lead
to slightly higher time constants of 78, 122, 130, and 134 pus.*’
Overall, there is consistency, especially if one considers the differ-
ent spectral and time ranges, but also minor measurement condition
differences in pH and a certain deviation of temperatures. This
demonstrates that the reproduction of the time constants based on
two selected single wavenumbers, 1188 and 1760 cm™, provides
consistent results.

BR reconstituted into DSPC liposomes reveals similar three
time constants with ~1, ~8, and ~74 us for DSPC compared to
~1, ~11, and 72 ps for the purple membrane and agrees well with
previous steps-scan data and global fit analysis.'® Therefore, BR
reconstituted into DSPC is an appropriate model system for the pur-
ple membrane. BR reconstituted into DSPC-d7y liposomes shows
time constants of ~1, ~10, and ~71 us. Hence, the deuteration of the
lipid chains is not affecting the dynamics.

Lipid dynamics detected by step-scan FTIR
and SW-QCL

Our first approach to monitor directly the lipid vibrations
for investigating the interplay of the protein and its surround-
ing membrane was done with step-scan FTIR. The maximum
absorbance changes of the CD, stretching vibrations occur at
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2195 and 2091 cm ™', and the transients were extracted from the
FTIR spectra [Figs. 4(a) and 4(b)]. The absorbance changes are rel-
atively small, as expected because only those lipids contribute to
the signal, which interact with the protein during the photoreac-
tion, whereas most of the lipids in the bulk membrane will not
be involved. Both transients indicate the existence of lipid chain
dynamics; however, the signal quality was not sufficient for further
analysis. Using the same sample preparation, we measured the lipid
vibrations with our QCL setup [Figs. 4(c) and 4(d)]. Since the nom-
inal edge of the QCL emission spectrum at 2250 cm™" is shifted
due to the losses by the spectrometer optics, e.g. the polarizers, the
most suitable wavenumber to measure the dynamics was 2190 cm”l,
which is slightly lower than 2195 cm™'. Remarkable is the extension
of the time range along the x-axis, especially in combination with
the improvement in the resolution of the signal in the y-direction.
Qualitatively, the FTIR- and QCL-measurements indicate the same
trend as both transients start from a negative absorbance value
and then relax toward zero again. Photothermally induced water
dynamics of BR have been reported previously in the here stud-
ied spectral region®® since the bend + libration water combination
band absorbs around 2130 cm™'.”” We can exclude significant con-
tributions of photothermally heated water interfering with the CD,
lipid dynamics by control measurements (Fig. S3, supplementary
material).

Comparing step-scan FTIR- and QCL-data from Fig. 4, the
most notable difference is the magnitude of the observed absorbance
change being about ten times larger for the QCL measurements. The
QCL probe beam has a spectral brightness many orders of mag-
nitude higher than the polychromatic IR source used in FTIR.”
Thus, the signal-to-noise ratio is much better in SW-QCL measure-
ments, which becomes particularly apparent when small absorbance
changes are monitored. The total absorbance change in the FTIR
data is less than 0.1 mOD, and the scattering of the data points is
obvious. The significant difference in absorbance change may be
attributable to inhomogeneities of the BR film in combination with
different sizes of probed areas. The diameter of the FTIR probe
beam is a few millimeters, while the QCL beam is in the range of
hundreds of micrometers. This can result in a higher local concen-
tration in QCL-probed measurements compared to FTIR-detected
measurements. The different probe spot sizes have further con-
sequences for the photoexcitation of the pump laser’s Gaussian
beam profile. The diameter of the pump beam is similar to the size
of the FTIR probe beam. Since the QCL probe spot is manifold
smaller, it is located in the inner center of the pump beam. Thereby,
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an effectively higher power density excites the probed intersection
on the sample. Additionally, a proportionally small and centrally
located probe spot provides a more homogeneous excitation. In
contrast to the edges of the Gaussian intensity distribution, no sig-
nificant change in intensity is in its center. Therefore, a more defined
excitation energy can be adjusted and enables a higher compara-
bility of experiments. Besides the fundamentally different ways of
data acquisition and processing of FTIR and QCL spectrometers,
the spectral resolution differs between the two measurement tech-
niques. While SW-QCL measurements provide an extremely narrow
linewidth (<100 MHz), the measured transients are more inde-
pendent from nearby bands. With a typical spectral resolution of
8 cm™! in step-scan FTIR,"® both the time trace and the absorbance
change within this range could interdependently influence the result.
Distorting effects of insufficient temporal resolution or strong noise
also lead to varying outcomes. Other studies also show variances in
the signal extracted from step-scan FTIR and measured with single
wavenumber QCLs.”*"

Correlation of lipid chain and BR protonation
dynamics

For a more detailed analysis of lipid dynamics, the transients of
the deuterated lipid chains [Figs. 4(c) and 4(d)] were normalized and
are shown in Fig. 5. With this representation, the matching of the
transients at t > 200 ys and also the deviation around 10 ys become
visible.

Reproducing the more than five-decade spanning time trace, a
minimum of three exponential components is necessary. Therefore,
Eq. (S1) of the supplementary material based on Eq. (1) with a sum
of three independent exponentials was selected. The fitting results
for the time constants are shown in Table S1 of the supplementary
material. For both transients, the three time constants describing the

- . . . lip,3 .
lipid dynamics occur in the same orders of magnitude, 7, in tens of
. lip,3 . . lip,3 .
microseconds, Tzlp in some hundreds of microsecond, and T;p ina

few milliseconds. The time constants were compared with the time
constant of the protonation dynamics of the protein (Table I). Time

constant Tllip"” measured at 2190 cm™' (68 us) matches to time con-

stant 73 monitored at 1188 and 1760 cm™" (71 ps). The deviation
of the two lipid transients observed around 10 us (Fig. 5) is reflected

by the faster relaxation at 2090 cm™" with Tllip’3 = 30 us. Regarding

TABLE I Shared time constants and relative amplitudes of the lipid chain dynamics at 2090 and 2190 cm~" from Fig. 5

using Eq. (4).7

BRin Tgp Ao Tiihp,l Tiihp’z Ay Tlihpﬁ As

DSPC-dr (us) (%) (us) (us) (%) (us) (%)

2090 cm™! 13+4 8 54 20
68 + 10 440 + 41 3095 + 520

2190 cm™! 0 57 19

*Standard error from the fitting routine.
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FIG. 5. Normalized QCL measurements of deuterated lipid chain dynamics at
2190 cm~" (open circles) and 2090 cm~" (filled dots). The fits (red) were per-
formed with Eq. (4), and the derived time constants are in Table |I. The transients
are linked to the antisymmetric and symmetric stretching of CDy.

the slower time constant, leip‘3 of ~370 ps (2090 cm™") and ~430 us
(2190 cm™) as well as Tl;p’3 of ~2.7 ms (2090 cm™!) and ~2.9 ms
(2190 cm™"), the well matching time constants support the match-
ing course of the transients. To explore if the use of more than three
time constants change the result, an extra exponential was added to
the fit by applying Eq. (S2) of the supplementary material. While the
fit for the lipid chain dynamics at 2190 cm™ is not improving, an
additional exponential component provides a better fitting result for
2090 cm™'. The resulting time constants for 2090 cm™" are 11 ps
(TgpA), 58 us (Tllip’4), 431 us (TEPA), and 3.1 ms (Tl3ip‘4) and shown in
Table S2 of the supplementary material. Five components did not
improve the fits as opposed to four. Besides optimizing the fits for
the transients at 2090 and 2190 cm ™ individually, the same concept
of shared time constants was performed for the lipid dynamics as
done above for the protonation dynamics of BR. This results in an
equation with three shared exponentials but one independent addi-
tional for 2090 cm ™! [Eq. (4)]. The determined time constants are
shown in Table II.

With this approach, the lipid transients are well described by
the fit functions shown in Fig. 5. Lipid and BR protonation dynam-
ics of the M intermediate (Table I) have been compared. The fastest
time constant 731} (1 us) has no counterpart, but 1'352 (10 ps) cor-

relates with Tgp (13 us) and 73 (71 ps) with Tli}f,l (68 us). Time

constants of 300,*° 469,"° and 544 us*’> have been reported for BR
and ‘ri& (440 ps) is found in the same time domain. Likewise, Tilhp)s

(3.1 ms) matches with time constants of 2.6,** 2.8,”! 3,%° 3.01,’! and
3.3 ms.” The fact that every time constant finds its counterparts
implies that the detected lipid dynamics are linked to the protein’s
photocycle. Control measurements also indicate that lipid dynamics
are induced by the protein activity since the laser excitation of just
DSCP-dy liposomes without protein has no effect on the vibrational
modes of the bulk lipids (Fig. S3 of the supplementary material). The

amplitudes of the fits give the largest fraction at Tli}iz with 440 ps,
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which corresponds to the decay of the M intermediate detectable
at the minimum of Fig. 3(b), and also found in other studies
about 300-400 us after photoexcitation.'*"” Since the protonation
dynamics correlate with conformational changes,'® this could hint
at a strong link between lipid dynamics and large-scale conforma-
tional changes of the M intermediate. The kinetics of the symmetric
and antisymmetric stretching vibrations are expected to be simi-
lar; however, the deviation at 10 us is reproducible and the reason
remains to be clarified. For further conclusions, more data from
measurements at specifically selected wavenumbers are needed. As
the transients have to be measured individually, a dataset composed
of all the necessary wavenumbers to map each kinetic resolving
all intermediates would be desirable to link lipid dynamics to the
photocycle.

CONCLUSIONS

DSPC proteoliposomes serve as a suitable model for a mem-
brane environment of BR. This is supported by similar time con-
stants for the protonation dynamics of the M intermediate measured
for BR in the native purple membrane. Furthermore, the deutera-
tion of the lipid chains does not affect the kinetics. Measurements
with our home-built QCL spectrometer enabled the observation of
lipid chain dynamics in a time window from 100 ns to 20 ms. The
resolved lipid dynamics demonstrate the improvement of signal-to-
noise and better time resolution of single wavenumber QCL over
FTIR step-scan measurements. This opens up the field of investiga-
tion from the protein’s photocycle to lipid-mediated dynamics of the
membrane. Hereby, deeper insights into protein-membrane inter-
actions can be gained. The observed symmetric and antisymmetric
CD; stretching modes of the lipid alkyl chains show a negative
absorbance change and subsequent relaxation path, similar for both
with only a minor deviation around 10 us. Correlations between the
time constants of the resolved lipid transients and the protonation
dynamics of the protein were identified. The evaluation of the single
wavenumber data with shared time constants follows the same prin-
ciple as a global fit analysis of FTIR data, namely, to correlate spectral
changes and to identify intermediate states during the photocy-
cle. For the identification of membrane states and correlation with
the protein’s protonation and conformational change, an extension
to additional selected wavenumbers representing other photoint-
ermediates is required. Covering the whole photocycle dynamics
at characteristic wavenumbers in combination with data evalua-
tion using interdependent time constants for individually measured
transients is an aspired objective. Furthermore, detailed molecular
analysis of lipid—protein interactions and dynamics becomes feasi-
ble with the here presented setup and will be addressed in the future
for other membrane proteins.

SUPPLEMENTARY MATERIAL

The supplementary material is provided with a detailed scheme
of the experimental setup, time constants of lipid dynamics deter-
mined by multiexponential fits, transients and fits of BR in the pur-
ple membrane, control measurements on photothermally induced
dynamics, and a summary of time constants of the BR photocycle
deduced from the literature.
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