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Abstract

The photoreceptor bacteriorhodopsin (HsBR) from Halobacterium salinarum is a model sys-
tem for studying ultrafast photoinduced reactions in proteins. Recent time-resolved serial
femtosecond crystallography (TR-SFX) experiments require high pump energies, raising
concerns about nonlinear excitation and multi-photon effects. Here, we systematically
investigate the influence of excitation energy, pulse duration and the sign of the chirp
on the initial HsBR photo-reaction using femtosecond Vis-pump IR-probe spectroscopy
in the retinal C=C stretching region. An acousto-optic programmable dispersive filter
enabled independent control of pulse energy and chirp. Within the tested range, the retinal
dynamics were independent of pulse duration and chirp, indicating that fluence alone does
not fully describe excitation conditions. Increasing excitation energy leads to nonlinear
saturation of the retinal signals and the appearance of an additional band near 1550 cm 1.
However, this band rises linearly with the excitation energy. Hence, the additional band
is not directly caused by non-resonant multi-photon absorption. Spectral decomposition
reveals two components: a low-energy contribution consistent with the known retinal
isomerization dynamics and a high-energy contribution attributed to a small population of
photo-damaged HsBR likely formed via a resonant two-photon process. These findings
clarify the role of excitation conditions in ultrafast HsBR spectroscopy and suggest that
spectral changes at high pump energies mainly arise from damaged species upon resonant
two-photon excitation.

Keywords: ultrafast photoreaction; TR-SFX; multi-photon dynamics; retinal isomerization;
resonant two-photon excitation; nonlinear photoreaction; bacteriorhodopsin; ultrafast
protein dynamics

1. Introduction

Bacteriorhodopsin from Halobacterium salinarum (HsBR), a light-driven proton pump-
ing membrane protein, is one of the benchmark systems for our understanding of molecular
processes in proteins. Upon photoexcitation of light-adapted HsBR, isomerization of the
all-trans retinal chromophore to the 13-cis conformation occurs with a time-constant of
0.5 ps [1]. The ground-state intermediates relax on time-scales from picoseconds to mil-
liseconds via the different states J, K, L, M, N, and O. On a time-scale of milliseconds,
the parent state with an all-trans retinal chromophore is reestablished. This sequence
of reaction processes is called the photocycle of HsBR and it was characterized in de-
tail using various spectroscopic methods over the last decades including time-resolved
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structures [2-5]. Hence, it is also one of the first targets for novel methods. Ultrafast
spectroscopy in particular [1,6-12] successfully disentangled the early steps of the reac-
tion, showing that the initial photo-reaction starts with an excited state building up a
strong dipole moment within 200 fs followed by isomerization of the retinal photo-receptor
on a sub-picosecond time-scale. If and how the protein surroundings of the retinal re-
act to these early changes is still debated, but there is growing spectroscopic evidence
that the retinal-isomerization is also accompanied by ultrafast structural changes in the
protein [8,13-15].

In the last decade, advances in technology led to the application of ultrafast time-
resolved serial crystallography (TR-SFX) onto proteins, finally giving us the ability to
directly compare structural and spectroscopic changes on a femtosecond time-scale. But, as
with most novel methods, there are still open questions and issues: in particular, up to now,
all studies, as also summarized by Orville [16], used and required pump-pulse energies in
the range of several pJ, which translates into multiple photons per chromophore. In this
regime, multi-photon processes are expected. If and how much they influence the resulting
structures is not yet clear. Such high energy excitation conditions were also used in the
two-femtosecond TR-SFX studies on BR [17,18]. As part of the latter study, we showed
that spectroscopic results are drastically affected by using such high energies, in line with
earlier studies reporting resonant multi-photon interactions [12,19]. However, high excita-
tion energies are not unique to TR-SFX experiments; e.g., ultrafast time-resolved Raman
studies [20] have also used 5] and 20 pJ pulses for excitation.

But direct comparison between different studies is difficult, since the characterization
of the excitation conditions is often incomplete, making the identification of the essential
properties affecting the reaction impossible. It is not clear yet what quantities are useful
descriptions of the excitation conditions. Commonly used are fluence (power/area) and
the number of photons per chromophore, with the former depending critically on the
temporal pulse length, while the latter is independent of it, but directly depends on the
sample concentration. As a corollary, even if the number of photons per chromophore
is the critical quantity, we expect different results when the pump-length exceeds the
excited-state lifetime.

Therefore, the aim of this paper is to quantitatively explore the effect of the excitation
energy and intensity on the photo-reaction of HsBR. From prior studies [18,19,21], it is
already known that higher intensities can influence the reaction quite drastically and
resonant two-photon absorption is observable. Here, we want to directly measure how
much of the reaction is affected at given energies. Since our prior study showed strong
changes correlated with the excitation energy in the mid-IR region of the C=C stretching
vibration of the retinal [1,18], we are again using fs Vis-pump IR-probe spectroscopy to
observe this region. To systematically vary the excitation conditions, we employed a pulse
shaper which allows us to change both the energy and the spectral phase of the excitation
pulse without any mechanical adjustment. By adding or removing a quadratic phase
we can adjust the duration of the pulse. To answer if the fluence or number of photons
per chromophore is a better descriptor, we observe the reaction not only for different
energies but also for different pulse durations. To fully quantify our conclusions, we
document the excitation conditions in detail and explicitly include the calculations of the
resulting properties.

To our surprise, we found that observed differences at high energies can be attributed
to the contribution of photo-damaged HsBR. The photo-damage likely stems from a two-
photon process, but the yield of the process per pump-pulse is likely too low to contribute
to the transient data.
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2. Methods

The basic layout and the pulse generation of the fs Vis-pump-IR-probe spectrometer
are described in detail elsewhere [18,22]. There are two differences in comparison to
the linked references: First is the replacement of the 2 x 32-channel MCT-array with an
128 x 128 pixel MCT-array from Phasetec, USA. The second modification is the addition of
an acousto-optic programmable dispersive filter (AOPDEF, Dazzler, Fastlite, France) into
the pump-beam path. The addition of the AOPDF serves two purposes: we can quickly
adjust the pump energy without mechanical movement by varying the amplitude of the
generated acoustic wave in the AOPDF and we can quickly change the pulse-length by
adjusting the introduced second order dispersion. This variability allows us to make use
of a scan scheme, which minimizes the influence of sample damage by rapidly varying
the excitation settings. Instead of scanning all time-points for each setting sequentially, we
cycle through all settings before going to the next time-delay step.

2.1. Excitation Conditions

As mentioned in the introduction, a detailed analysis of the excitation conditions is
crucial for this study; hence. we measured the beam profiles using the knife-edges method
and the pulse duration using an autocorrelator. The results are shown in Figure 1. Further
details and derivation of the equations applied are given in the SI. To summarize, we
excited HsBR at 548 nm (FWHM 11 nm) with energies ranging from 50 nJ up to 650n]J. The
corresponding number of photons per molecule goes from 0.2 up to 2.8. To investigate
the influence of potential multi-photon contributions, we also varied the group velocity
dispersion by adding a second-order phase with the pulse shaper. We employed three
different phase settings: one which gives the lowest pulse duration (62 fs), and two where
we added a quadratic phase +2000 fs 2, both resulting in pulse lengths of 120 fs. However,
one is positively chirped and one is negatively chirped.
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Figure 1. Characterization of the excitation conditions. (a,b) Measured (squares and dots) and fitted
(Iines) focus-profiles of the pump- and probe-beam using the knife-edges method. The x-values of the
measurements are shifted to show x- and y-profiles in a single graph. (c) Visible absorption spectra
before and after the measurement and the pump-spectrum. (d) Pump-pulse duration as a function of
the AOPDF 2nd-order phase setting (squares), fitted (line) with t(¢) = max(al@| + Tsw, Tmin)-

This setup should allow us to distinguish single-photon, two-photon, and sequential
two-photon absorption contributions. With the exception of the time resolution, single-
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photon absorption dynamics should not be affected by the pulse length. Direct two-photon
absorption is proportional to the square of the intensity, and hence should be affected by
the pulse length but not by the sign of the chirp, while sequential multi-photon absorption
should depend on both the sign and the magnitude of the chirp.

2.2. Sample Preparation

The growth and preparation of the proteins is described in detail elsewhere [18]. The
protein solution containing a buffer of 50 mM K, HPO4/NaH; PO, was added to D,O
solution and the pD was adjusted to 7.0. Protein samples were placed between two sealed
barium fluoride windows with a sample thickness of 25 pm using a Teflon spacer. The
initial and final absorptions of the sample are shown in Figure 1c, with an initial absorption
of about 0.26 OD at the excitation wavelength. After the experiment, the absorption maxima
is decayed by one third; at the same time, a shoulder appeared at 625nm. This spectral
change is similar to the two-photon absorption-induced spectral changes observed [23]
by Imhof et al. They concluded that the difference is caused by decarboxylation of the
glutamate and aspartate in the counter-ion complex.

3. Results and Discussion

Figure 2 shows the resulting transient spectra for the lowest and highest excitation
energies for all three phase settings. All spectra look rather similar, with all sharing three
main features: a negative band at 1528 cm ™!, positive bands at 1510cm ™! and 1541 cm ™! a
negative band around 1550 cm~!. Closer inspection also reveals another positive band at
1541 cm ™! in the first hundred fs. The bands at 1528 cm~—!, 1510cm ™! and 1541 cm ! are
assigned to C=C-stretching modes of the retinal. The dynamics of the v(C=C)-stretching
modes are well described by earlier studies [1,13]: excitation of the retinal leads to bleach-
ing of the v(C=C)-band. Simultaneously, positive bands at 1542cm~! and 1510 cm !
appear. With about 600 £ 100 fs, the isomerization of the retinal is complete and the sig-
nal partly decayed. Further relaxation dynamics lead to narrowing of the positive peak
occurring within 4 + 1 ps. The origin of the 1552 cm~!-band is not completely clear, but
Gross et al. [13] showed that the band is part of the protein response.

Comparing the signal strengths of the bands at 1555cm~! and 1528 cm ™! at 50 nJ and
650 nJ excitation energy shows a significantly different behavior. The signal increase in
the 1528 cm ! band is only about while the increase in the 1555 cm ™! band is about 6-fold,
unmistakably proving the different behavior as a function of excitation energy. However,
to get a better comparison, Figure 3 shows the summation of all time-delays for all six
measurements presented in Figure 2. While the resulting sum-spectra are not helpful in
analyzing the photo-reaction—their relative signal amplitudes depend on the choice of
the summed time-delays—they are quite useful for quantifying the influence of excitation
conditions. Two major observations are made:

(@) Since the lines for the different phase settings are almost identical, the pump-pulse
duration and chirp (within the checked limits) do not influence the reaction for both the
minimal and maximal excitation power. Within the one-photon limit, the lack of influence
of the spectral phase was already shown by Libel and Kukura [24]. Our findings are, at
first glance, in contrast with Florean et al. [19], who observed a dependence of the product
yield on the linear chirp in the multi-photon regime. The difference might be due to the
different pump spectra: their excitation pulse was centered at 570nm and had a larger
spectral width of approximately 30 nm (FWHM) compared to to the 10 nm used here.

(b) The ratio of the two negative peaks changes with the excitation energy. To get a
better understanding of this energy dependency, we additionally average over all three
spectral phase settings. The bottom panel shows these averaged sum-spectra for all mea-

https://doi.org/10.3390 / photochem6020023


https://doi.org/10.3390/photochem6020023

Photochem 2026, 6, 23

50f11

50 nJ

650 nJ

Absorbance change [mOD]

sured energies. The main observation is the occurrence of isosbestic points, indicating
that two different reactions might be sufficient to describe the reaction within the given
energy limits.
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Figure 2. Isotropic transient spectra for minimal (top) and maximal (bottom) excitation powers for
all three dispersion settings. On first inspection, all spectra look quite similar, sharing the same main
features. Within the same energy, no difference between the different settings is discernible even
at closer inspection. Direct comparison between the different energies reveals clearly non-linear
behavior, as the 13-fold increase in energy only leads to a 3-fold increase in signal strength. In
addition, the peak at 1550 cm ! is clearly more pronounced at higher energies.

The energy-dependent behavior of the main features is further analyzed in Figure 3,
where the signal of three features in the sum-spectra is plotted against the pump-energy.
Normalized spectra are shown in the Supplementary Materials (Figure S2). The behavior
of the C=C-stretching bands is clearly non-linear. This is in line with recent studies by
Robben and Cheatum [25], which predict a saturation behavior for pump-probe signals as
excitation energy increases.

Surprisingly, the behavior of the 1550 cm ™! signal seems to be linear, which will be
discussed later. All lines are required to reach 0 mOD for OnJ. Linear extrapolation of the
two lowest energies indicates that at least the second lowest energy of 100 n] is already in a
non-linear regime, in line with prior fs Vis-pump Vis-probe studies [12,19] stating similar
focii conditions, which report 30-50nJ as an upper limit of the linear regime.

The relative dependency of the features is visualized in the bottom of the figure. The
ratio between the positive and negative v(C=C)-bands is nearly constant at the shown
positions. In contrast, the relative strength of the 1550 cm~! band goes up with energy.
We and others previously assigned the behavior at high energies to resonant two-photon
absorption [12,18,19]. Furthermore, this band does not appear (or is much weaker) in
earlier studies [1,13,26] using lower energies.
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Figure 3. (Top left) Sum over all time-delays larger than 0fs for the six measurements shown in
Figure 2. The sum-spectra form two groups, one for each energy. Within each group, the sum-spectra
of the three different phase settings are nearly identical. The dashed black line is the scaled average
of the 50n]-lines. Clearly identifiable absorption peaks of the v(C = C) stretching vibrations of
the retinal at 1510 cm~! and 1528 cm ! are due to absorption in the K intermediate state and in its

—1 is under discussion.

electronic ground state, respectively. Assignment of the vibration at 1554 cm
(Bottom left) Sum over all time-delays averaged over all three dispersion settings for all measured
energies. (Top right) Power dependency of selected spectral positions in the sum-spectra. Positive
signals at 1510 cm ! (green dots), negative signals at 1528 cm ™! (blue dots) and at 1550 cm ™! (orange
dots). The black dot indicates the On] signal. As shown by the black lines, the power dependence
can be modelled well by an exponential function for the signal at 1528 cm ™! with saturation energy
Es and by a linear function for the signal at 1550 cm~!. (Bottom right) Ratio of the 1510cm~! and
1550 cm ! signals to the 1528 cm ! signals (green and orange dots, respectively); deviations at low
energy reflect lower signal to noise ratio.

However, the power-dependency observed here cast doubts about the previous as-
signment: the population of the sequentially two-photon excited-state has to be a function
of single-photon excited population and is expected to rise non-linearly with increasing
photons in the linear single-photon excitation regime. While the signal at 1531 cm™! is
clearly leveling off at higher energies, the 1550 cm_l—signal is independently increasing in a
linear fashion. Additional simulations have to be performed to check whether this linear in-
crease is compatible with resonant two-photon excitation at nearly saturated single-photon
excitation conditions.

To further check if these two power-dependencies are enough to model all the observed
data, we use them as basis-vectors for a linear regression of all the sum-spectra presented in
Figure 3. The resulting fit is quite good with a x?, only 11 % worse than a two-component de-
composition by singular value decomposition, which gives the best rank-2 approximation.
We get an slightly better approximation, within 7 % of the SVD, when using the transients
at 1547 cm~! and 1531 cm ™! as basis-vectors instead. The resulting associated sum-spectra

are shown in Figure 4. For simplicity, we call the 1531 cm ™!

-component low energy (LE)
and the 1547 cm~!-component high energy (HE). The decomposition reveals contributions
at 1518 cm~! of the HE-component and contributions at 1558 cm ™! of the LE-component.
The HE-component is dominated by three bleaching bands at 1550 cm~!, 1539 cm~! and
1518 cm ™!, all overlaid by a positive continuum band. In contrast, the LE-component
consists of multiple positive-negative peak pairs, consistent with previous studies [26]. The
bleaching signal at 1528 cm ! is assigned to the ethylenic C=C stretching vibration of the

retinal in its electronic ground state, while the positive band around 1510 cm ™! is assigned
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to the ethylenic C=C stretching vibration of the retinal in the ] and K intermediate. The
positive band at 1570 cm ™! is assigned to a chromophore vibration in the S; state, while the
negative bands around 1550 cm ! are suggested to be non-chromophore bands.
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Figure 4. (Top) Linear decomposition of the sum-spectra using the signals at 1531 cm™
1547 cm~! as a basis. Colored regions mark the 20-region resulting from the linear regression.
(Middle,Bottom) Power-dependent linear decomposition of the full dataset using the power-
dependence of the sum-spectra as the basis. The lines show the time-resolved difference spectra

associated with the low-energy regime (top) and high-energy regime (bottom).

However, after verification of basis-vectors with the sum-spectra, we can apply the
same vectors for each time-delay and therefore reconstruct the two power-depended time-
resolved difference spectra. The result is shown in Figure 4. The transient spectra of LE-
component are very comparable to earlier studies [1,13] in this spectral region, confirming
the validity of our decomposition approach. Therefore the assignment follows the previous
work as described above.

The HE-spectra are, not surprisingly, much noisier. Again, the HE-spectrum is domi-
nated by the negative feature at 1550 cm~!, accompanied by an positive-negative feature
at1522cm~! (+) and 1513cm ™! (—). The band origins are not completely clear. However,
we can assume that at least one of the bands is the ethylenic stretch of the retinal. The
frequency of this vibration is known [27,28] to be anti-correlated with the wavelength of
the absorption maximum. By applying this relationship, a C=C stretching frequency of
1550 cm ! would indicate an absorption maximum around 490 + 10nm and a frequency of
1513 cm ™! at 620 4 20nm. While neither of the wavelengths are directly covered by our
pump-spectra, the excitation of a retinal with v;,,y = 620nm via a vibronic progression
band is possible. This assignment is supported by our “After” visible absorption spectra
in Figure 1c, which have a visible shoulder around 620 nm, and by the increasing change
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in transient spectra over time (see Figure S3). Two-photon excitation of the 1A§’ state
(HsBR) was reported to absorb at 488 & 5 nm, matching our estimated absorption maximum
of a C=C stretching frequency at 1550 cm~! [29]. Thus, the negative signal at 1550 cm ™!
could reflect the bleaching signal of the C=C stretching vibration upon excitation to the
1AZ,_ state.

Hence, we tentatively assign the peak at 1513cm ™! in the HE regime to the ethylene
stretching vibration of the retinal and the peak at 1550 cm ! to either the ethylene stretching
upon two-photon excitation or to a protein vibration. Similarly, Gross et. al [13] showed
that, under LE-conditions, peaks above the ethylenic stretch must be protein contributions.
According to Imhof et al. [23,30], the shoulder at 620 nm in the visible spectrum belongs to
a product state in which the carboxylates of the counter-ion, D81 and E212, are partially
decarboxylated by a two-photon-induced process. Following this argumentation, the
origin of 1550 cm~!-band may be the anti-symmetric stretching vibration of the remaining
COO™ -group, which is likely strongly coupled to the retinal via the positive Schiffs base.
Another possibility is an assignment of the 1550 cm ! bleaching band to Tryptophan ring-
mode [31,32], since the two tryptophans near the retinal are strongly coupled to the retinal
chromophore in the excited state [8].

However, in both cases it is rather surprising that the intensity of the C=C mode is
weaker than the protein mode. Hence, further studies are required to fully elucidate the
assignment of a protein vibration or to support the assignment of an ethylenic stretching
vibration upon two-photon excitation.

4. Conclusions

The current necessity of high excitation energies in TR-SFX experiments to achieve
well resolvable structural changes in proteins requires a careful examination of the behavior
of the associated photo-reactions under these conditions. Here, we applied fs Vis-pump
IR-probe spectroscopy to HsBR using a AOPDF and careful characterization of the focii,
allowing us to study the ultrafast reaction under different chirp and energy settings of the
excitation pulse. Within the tested parameter limits, the chirp—and therefore the pulse
length—has negligible influence on the reaction. Thus, the fluence alone is an incomplete
description for the excitation conditions. Instead, the pulse energy and duration and the
protein concentration should be given separately. Since neither the sign of the chirp nor the
pulse length has an influence, contributions of non-resonant multi-photon effects to the
recorded spectra must be negligible.

Furthermore, the data confirms that the earlier ultrafast TR-SFX studies of HsBR
were clearly in the non-linear regime. Our results suggest that TR-SFX studies should
be performed with lower excitation power or include a power titration to ensure mea-
surements in or close to the linear regime. In our experiments the non-linear regime is
mostly characterized by saturation of the retinal v(C=C)-bands with increasing energy.
As previously reported, an additional band at 1550 cm ! gains relative strength at higher
energies that we assign to a high-energy (HE) component. Surprisingly, the HE component
signal increases linearly with excitation energy, indicating that this signal is not caused
by non-resonant two-photon excitation. It remains open whether it could be caused by
resonant two-photon excitation. Therefore, we tentatively assign the additional signal
either to a resonant two-photon excitation to the 1A§’ state or to a single-photon transition
with absorption centered at 625 nm, with a lower absorption at the excitation wavelength
of 548 nm. The latter assignment explains the wavelength dependence observed in earlier
studies [12]. The exact nature of this signal at 1550 cm ™! remains to be explored in further
studies, but we tentatively assign it to photo-damaged [23,30] HsBR upon resonant two-
photon excitation. Our experimental conditions reuse HsBR sample after excitation, while
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in XFEL-experiments a sample volume is measured only once. Thus, a one-to-one compari-
son is not given. Therefore, further experiments have to be performed to determine possible
reaction pathways under high-energy excitation conditions identical to XFEL-experiments.

In general, photo-induced processes in biological systems that regulate biological
functions occur almost exclusively under single-photon excitation conditions. It is therefore
appropriate to study these processes exclusively under single-photon excitation conditions.
Multi-photon processes lead to additional signals and relaxation pathways that complicate
the understanding of the original reaction cascade. Therefore, comparability with the
natural process should be ensured in all experiments on biological systems.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 / photochem6020023/s1. Figure S1: Relationship between the
different beam-diameter definitions for a simulated gaussisan beam with w = 50 um. Top: The blue
line shows the power density along the x-axis. The green line displays the normalized integrated
power along the x-axis simulating the knifes-edge method. The 10 % and 90 % points are marked.
Bottom: Colormap of the focus profile with contours at 1/2 and 1/¢? of the maximum value. The
beam-waist w is equal to w = 1d; /. Figure S2: Transient spectra and normalized transient spectra:
Left: Transient spectra at different delay times were plotted upon different excitation energies (color
coded). Here, it is clearly visible that with inceasing energy vibrational signals increase. Right: Same
spectra normalized to the negative peak at 1528 cm~!. Figure S3: Evolution of transient spectra: For
each measurement we performed 12 scans and averaged them. Left: Here, we compare the first six
scans (blue lines) with the following six scans (orange lines) and plotted the averages for given delay
times. It is clearly visible that during the measurement the transient spectra changes, supporting the
accumulation of a new state that contributes to the transient data. Right: Same spectra normalized
around 1528 cm~!. From these transient spectra one can conclude that a significant contribution
from the acculumated new state is responsible for the different pump energy dependence around
1550 cm 1.
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