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The proton pump Bacteriorhodopsin (BR) undergoes repeated photocycles including reversible conformational changes upon visible light illumination. Exploiting the sensitivity of infrared (IR) spectra to the conformation, we have determined the reaction kinetic parameters of the conductive intermediate M for the wild-type protein and for its slow mutant D96N during its photocycle. Time-resolved IR micro-spectroscopy using an in-house developed confocal laser microscope operating in the mid-IR is employed to record absorption changes of 10−4 at wavelengths λ1 = 6.08 μm and λ2 = 6.35 μm, assigned to backbone and retinal structural modifications, respectively. Protein samples were embedded in dried lipid bilayers deposited on ultraflat gold supports to enhance the surface field. The signals were analyzed according to a simplified photocycle model with only two dominant states: the dark-adapted state BR* and the intermediate M. We obtained the excitation and relaxation times of the intermediate M from exponential fits to the absorption change time traces. Our results constitute a first step towards future plasmonic-assisted nanoscale time-resolved mid-IR spectrometers for the characterization of bioelectronic and light-harvesting nanodevices based on BR.
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INTRODUCTION
The basic mechanism of many protein functions goes through changes of the protein conformation under a given external stimulus. Vibrational spectroscopy in the mid-infrared (mid-IR) is a well-established tool for protein structural analysis, relying on vibrational transitions measurement, in a label-free fashion and in a quasi-physiologic environment (Baker et al., 2014; Rout and Sali, 2019). In the IR wavelength range between 5.5 and 6.5 μm (approximately from 1500 to 1700 cm−1) the amide-I and amide-II bands are observed, whose detailed line shape is sensitive to the relative positions of the C, N, H, and O atoms of the peptide bonds (Barth, 2007). A protein conformational change often results in an observable mid-IR difference absorption spectrum with both positive and negative features (see examples in Figures 1C, D), which can be compared to atomistic simulations of the vibrational spectrum for each significant protein conformation (Davis et al., 2018; Lorenz-Fonfria, 2020).
[image: Figure 1]FIGURE 1 | Difference FTIR spectroscopy of thin films of wild-type BR (A, C, E) and its slow mutant BR D96N (B, D, F). (A, B) Pictures of the films obtained by drop casting on solid substrates. (C, D) Difference spectra resulting from the average of 80 repeated photocycles together with the indication of the main vibrational bands (in red) and the employed time/color structure of the LED illumination (square waves vs. time). (E, F) Sketch of the photocycle of the two BR protein variants. The approximative lifetime of each step in liquid environment is indicated (Holz et al., 1989; Ernst et al., 2014). To perform difference spectroscopy with repeated cycles on the slow mutant, the second part of the photocycle is usually shortcut by blue light illumination.
Rhodopsins are fundamental cell receptors undergoing light-induced conformational changes that allow them to act as ion pumps and channels through the cell membrane (Ernst et al., 2014). The structure of rhodopsins consists of a seven-helix protein and a non-protein cofactor, called retinal, which provides the protein with sensitivity to visible light. This photochemical sensitivity is exploited by living cells for energy harvesting and signal transduction (Ernst et al., 2014; Frangipane et al., 2018), thereby triggering applications in organic photovoltaics (Jin et al., 2008), active matter control (Mahyad et al., 2015), and optogenetics (Deisseroth, 2011; Grote et al., 2014). Under visible light illumination, the retinal undergoes its own conformational change (in particular, a photoisomerization) that can be monitored through the observation of C-C and C=C vibrations. The simultaneous reversible conformational changes of the protein and the retinal, that take place under visible illumination, are named the rhodopsin photocycle (Ernst et al., 2014). Mid-IR difference spectroscopy is the standard approach to monitor these slight modifications of the protein structure underlying the photocycle of rhodopsins, usually performed with the Fourier-transform IR (FTIR) technique with the time-resolved spectroscopy method (Schultz et al., 2018; Lorenz-Fonfria, 2020). This method can provide information on the protein dynamics analyzing the difference spectra linked to the light-induced chemical bonds and the conformation modifications. Furthermore, it is possible to isolate kinetic information, meaning the excitation time, relaxation time and the lifetime of individual intermediates of the rhodopsin photocycle (Ernst et al., 2014; Lorenz-Fonfria, 2020). Given a time-resolved spectra dataset, a time trace at fixed wavelength describes the temporal evolution of an individual chemical bond (Efremov et al., 2006). Knowledge of the time scale of the photocycle intermediates is essential to have an active control of the biological activity of rhodopsins for both optogenetics and optoelectronic applications.
The photoactive proton pump Bacteriorhodopsin (BR) and its mutants are promising materials for use in light-harvesting and bioelectronic nanodevices (Haupts et al., 1999). The function of rhodopsins as proton pumps works at the nanometric scale because of their transmembrane protein nature (cell membrane thickness is around 5 nm, lateral protein size is below 3 nm, lateral size of a typical cell membrane patch containing rhodopsins is around 500 nm) (Ernst et al., 2014). In many applications of these nanometric “molecular machines”, dried thin films (down to monolayers) of lipid bilayers containing BR proteins are sandwiched between metal or semiconductor electrodes. It is known that the scarcity of protons in the dry environment prolongs the lifetime of the M intermediate state up to several seconds, nevertheless the relevant time scales of the photocycle intermediates in this condition are not reported in literature (Giliberti et al., 2019). It is therefore important to be able to measure the relevant lifetimes using mid-IR radiation and, in perspective, reaching nanoscale resolution, which will be relevant for characterizing light-energy conversion and bioelectronic devices.
Nanoscale resolution for mid-IR spectroscopy is currently attained by using atomic-force-microscopy (AFM)-assisted laser spectrometers (Amenabar et al., 2013; Giliberti et al., 2019; Pfitzner and Heberle, 2020). The nanoscale resolution can be only reached thanks to the plasmonic filed enhancement at the metal-coated AFM probe tip, acting as a plasmonic nanoantenna (Giliberti et al., 2019; Malerba et al., 2022). These sophisticated instruments do not feature time resolution capabilities, which can be maybe expected in the future with the introduction of even more advanced mid-IR frequency-comb quantum-cascade-laser (QCL) spectrometers (Klocke et al., 2018). In this context, we have built a confocal optical microscope coupled to a mid-IR QCL (Temperini et al., 2023),1 with which we have started to implement time-resolved measurements, foreseeing, although not yet using at the moment, a scanning plasmonic nanoantenna (metal-coated AFM probe or similar) for nanometric resolution (Giliberti et al., 2019; Polito et al., 2021).
In this paper, we report, for the first time to our knowledge, the excitation and relaxation times of the conductive intermediate M of wild-type BR and its slow mutant BR D96N (Holz et al., 1989; Gergely et al., 1993) embedded in dried thin films and deposited on flat solid supports. We performed time-resolved mid-IR laser micro-spectroscopy (Mittal et al., 2018; Kümmel et al., 2021) operating with a time resolution of 30 ms. Our IR microscope features two co-aligned paths for visible and IR laser for the selective photoactivation of the proteins in the illuminated sample area only. To obtain the required signal-to-noise ratio (SNR) necessary to probe the small mid-IR relative absorption differences, of the order of 10−3 to 10−4, time-resolved experiments generally require averaging over many tens of repeated photocycles (Heberle et al., 2000; Lorenz-Fonfria, 2020). Between two subsequent visible light pulses it is needed a delay longer than the time required for the proteins to recover the dark-adapted state BR*. This return time can range from a few tens of milliseconds, as for the wild-type BR in liquid environment (Heberle et al., 2000), to many minutes, as for some mutants of Channelrhodopsin (Berndt et al., 2009; Franziska et al., 2015), depending on the specific protein and the environmental conditions (Ernst et al., 2014). In the case of proteins with a slow photocycle, of the order of seconds or minutes, this translates to a long total experimental time up to several hours or days. To tackle this temporal limitation, we performed experiments for the slow mutant BR D96N using a protocol for sample replacement to record each measurement from a dark-adapted sample area, thereby minimizing both the total experimental time and the photodegradation of the sample. Moreover, the visible light activation of only the molecules present in the IR focal spot of a few tens of microns reduces the sample consumption which is generally a problem for biomolecules: a few-μl droplets resulting in mm-sized sample area provide 102–103 different dark-adapted locations for signal co-adding and improvement of the SNR. In conclusion our microscope has many practical advantages that could make it suitable for performing time-resolved studies of several photo-induced processes ranging from other photobiological to photochemical reactions (Mezzetti et al., 2022).
Bacteriorhodopsin and its photocycle variants
We investigated the photoactive protein BR in two different variants: the wild-type BR featuring a fast return time of less than 30 ms in liquid environment (Heberle et al., 2000), and the slow mutant BR D96N featuring a long return time of many seconds (Holz et al., 1989; Gergely et al., 1993). The relevant time scales and illumination wavelengths of the BR photocycle are summarized in Figures 1E, F for both variants in liquid environment. The intermediate M is the so-called conductive state of the photocycle because during its lifetime a proton is released toward the extracellular surface of the protein. In FTIR difference spectroscopy of the slow mutant, after the green light excitation it is often necessary to use blue light, absorbed by the M intermediate state, to “shortcut” the slow section of the photocycle (M → N → O) (Krisztina et al., 1999). One is then able to take hundreds of difference spectra in a reasonable time frame, however the proton capture dynamics of the proteins that absorbed blue light is fundamentally different from those who went through the N and O intermediates. In Figure 1D a double-dip structure is observed in the difference spectrum of the slow mutant around 1570 cm-1, suggesting the simultaneous population of two different final states (BR* and X*), indeed (Giliberti et al., 2019). In the case of the slow mutant BR D96N, we employed a protocol of dark-adapted sample replacement to eliminate the need for blue light “shortcut” illumination, allowing to probe the lifetime of the intermediate state M in a reasonable time frame.
MATERIALS AND METHODS
Sample preparation
Patches of cell membranes densely filled with wild-type BR or its mutant BR D96N were purified as reported in ref 31 and stored in buffer solution (20 mM Bis-Tris propane, 100 mM NaCl, 1 mM MgCl2) at −80°C. Droplets of 10 μL of the suspension containing cell membranes were cast onto 1 cm × 1 cm template-stripped gold chips (Platypus Technologies) and let dry in controlled low-humidity conditions.
Time-resolved mid-IR micro-spectroscopy
Time-resolved micro-spectroscopy measurements were performed using an in-house developed confocal mid-IR laser microscope (Temperini et al., 2023).1 The latter operates in reflection mode and features a co-aligned IR and visible illumination path. The IR source is an external-cavity QCL operating in pulsed mode with a tuning range from 5.80 to 6.35 μm and peak output power <300 mW. The microscope is based on a pair of infinity-corrected Cassegrain reflective objectives with numerical aperture of 0.4 (Beck Optronic Solutions) and a piezo-driven XY table (Physik Instrumente). The IR diffraction-limited spot size at λ1 = 6.08 μm is around 32 μm. A time resolution of 30 ms is achieved using a cryogen-free (thermoelectric-cooled) HgCdTe detector and lock-in amplification at the QCL repetition rate of 100 kHz. The SNR is 103 in the time trace ω1 = 1/λ1 = 1644 cm-1 and it increases to 104 when averaging 80 time traces. The light to start the BR photocycle is provided by a LED (Thorlabs M565L3, center wavelength at 565 nm). The visible illumination power sent to the sample is around 10 mW. The microscope is implemented with a protocol for sample replacement that allows one to perform time-resolved studies rigorously starting from the dark-adapted state of the slow mutant BR D96N. The LED illumination (from 60 ms to 1.5 s pulse duration), the piezo-driven XY table and the lock-in amplifier are synchronized by a master oscillator (Quantum Composers) and controlled by a Python code that ensures full automation. For more details see ref 20.
Data analysis
The time traces acquired at fixed wavelengths are plotted as ION(t)/IOFF where ION(t) and IOFF are the values of the reflected intensity under visible illumination and just before turning the LED on, respectively. The exponential increase and decay of the time traces are fitted to obtain the characteristic excitation (τE) and the relaxation (τR) time of the intermediate M, respectively. In the case of the time trace acquired on the slow mutant BR D96N at fixed position (brown curve in Figure 3C), an exponential profile obtained by fitting the curve of Figure 2C is subtracted from the raw data. This subtraction operation is performed to remove unavoidable photothermal effects.
[image: Figure 2]FIGURE 2 | Time-resolved micro-spectroscopy of wild-type BR performed with our mid-IR laser microscope. (A) FTIR reference difference spectrum replotted from Figure 1C. (B) Simplified chemical reactions describing the principal photocycle events of BR. (C) Time traces averaged over 80 repeated measurements for wild-type BR (orange curve) and for the slow mutant BR D96N (gold curve) acquired at ω1 = 1644 cm-1 with a visible illumination time on of 1.5 s and a time resolution of 30 ms. (D) The same of (C) with a visible illumination time on of 60 ms.
RESULTS
A typical thin film of BR is produced by drop-casting 10 μL of cell membrane suspension on an ultraflat gold surface (Figures 1A, B). The cell membrane of Halobacterium salinarum contains almost exclusively BR and lipids (Soppa, 2006). The film thickness is inhomogeneous and varies between 1 and 3 μm. The total dried-drop area is around 4 mm2.
Time-resolved kinetic studies of the intermediate M of wild-type Bacteriorhodopsin
Figure 2A is a detailed view of Figure 1C, in which we plot ION/IOFF instead of -ln (ION/IOFF) where ION and IOFF are the values of the reflected intensity under visible illumination and just before turning the LED on, respectively. In Figure 2A, the mid-IR wavelength selected for the experiment has been highlighted: λ1 = 6.08 μm (ω1 = 1644 cm-1). It is close to the center of the amide-I band where the α-helix absorption has a maximum and atmospheric attenuation is minimal. We acquired time traces at ω1 = 1644 cm-1 (Figures 2C, D) as the α-helix absorption is the most sensitive to the protein conformational changes. Time-resolved reflected-intensity time traces ION(t) are acquired with duration of the illumination pulse ΔtON and wait time before the next pulse of 1.5 s and 1.8 s, respectively. The wild-type BR (fast) photocycle is not strongly affected by the repetition of subsequent illumination cycles with total period of a few seconds, therefore meaningful time traces can also be acquired without replacing the sample in the focus of the microscope. The time trace averaged over 80 photocycles at fixed position of the XY stage features an exponential increase with a characteristic excitation time τE = 0.14 s that is determined from fitting (Figure 2C, orange curve). This exponential increase is followed by a non-perfect asymptotic behavior and then by a slower exponential decay to the dark-adapted value, with characteristic relaxation time τR = 0.47 s > τE. Figure 2C shows also the time trace acquired at fixed position on the slow mutant BR D96N averaging over 80 photocycles. It increases slightly with a characteristic photothermal time constant τth = 0.66 s and, when the illumination is turned off, it decreases with a relaxation time constant undistinguishable from τth. This indicates that the conformational changes, in the case of BR D96N without replacing the sample in the focus of the microscope, have a trivial photothermal origin, i.e., a local temperature increase due to absorption of visible light coming from the LED. The amide-I signal increases and decreases with visible illumination turning on and off, respectively, not revealing any intrinsic photocycle dynamics. After the first LED pulse, which hits the proteins in their dark-adapted BR* state, the subsequent 79 LED pulses hit the same proteins in a non-dark-adapted state, most likely a high vibrational level of the M state, not originating any photocycle but only photothermal effects. The correct procedure to measure the photocycle of the slow mutant BR D96N is therefore dark-adapted sample replacement by mapping. Figure 2D shows the time trace acquired on wild-type BR at fixed position by reducing the illumination time to ΔtON = 60 ms in order to avoid slight photothermal effects unavoidable even in the fast BR variant. The excitation and relaxation times obtained from exponential fitting fairly match those of Figure 2C (orange curve).
Time-resolved kinetic studies of the intermediate M of D96N Bacteriorhodopsin mutant
Figure 3A illustrates a part of a slow mutant BR D96N droplet with a grid of 80 locations. At each grid position, we acquired IR data and then we averaged them to obtain the final time trace. The replacement step was chosen to be around 250 µm to avoid any stray light effects inside the drop. We measured the time traces at two different mid-IR wavelengths λ1 = 6.08 μm (ω1 = 1644 cm-1) and λ2 = 6.35 μm (ω2 = 1575 cm-1) (highlighted in Figure 3B). The resulting curve at ω1 (amide-I) is shown in Figure 3C. In these conditions, the photothermal contribution to the amide-I difference signal could not be neglected as we did in Figure 2C for wild-type BR. In other words, we have to remove the signal contribution of those proteins that do not experience any conformational changes related to the photocycle, but only due to temperature increase. We then subtracted from the raw data (brown curve in Figure 3C) an exponential profile with τth = 0.66 s, taken from the previous observation of Figure 2C, both from the increasing and decreasing range of the signal (0 < t < 1.5 s and t > 1.5 s, respectively). The resulting red curve in Figure 3C shows two different characteristic times that can be fitted with simple exponential relations: a short τE,D96N = 0.88 s for the excitation of the M intermediate under green light illumination, and a long τR,D96N = 4.8 s for relaxation back to the dark-adapted state BR* after the light pulse is turned off. This slow relaxation from the intermediate M to the dark-adapted state BR* represents the main characteristic of the slow mutant BR D96N, correlated to the substitution of the hydrogen-binding amino acid aspartic acid in position 96 with the asparagine. In particular, that specific amino acid substitution inhibits the hydrogen-transfer capability to the retinal, slowing down the M → BR* transition (Krisztina et al., 1999; Berndt et al., 2009).
[image: Figure 3]FIGURE 3 | Time-resolved micro-spectroscopy of the slow mutant BR D96N performed with our mid-IR laser microscope. (A) Picture of part of the dried drop with indication of the array of positions (white dots) of sample replacement by mapping. (B) FTIR reference difference spectrum replotted from Figure 1D. (C) Time traces at ω1 = 1644 cm-1 with and without sample replacement for the slow mutant D96N (brown and dashed gold curves, respectively). The red curve is the subtraction between the other two curves. (D) Time trace at ω2 = 1575 cm-1 showing the opposite sign of the spectral difference as expected from panel (B).
Figure 3D shows the time trace acquired on the same sample at ω2 = 1575 cm−1, which is related to conformational changes of the retinal. In the case of BR, only when the protein executes its conformational change from the M to the N and finally to the O state does the retinal reverse its photoisomerization (see Figure 1F). For this reason, there is a good correlation between the relaxation time of the amide-I and of the retinal signals as verified from the fitting curves in Figure 3D (dotted black curves), obtained by imposing the same τE and τR taken from the fitting of the red curve of Figure 3C. Notably, it is not necessary here to subtract the photothermal signal because at this wavenumber corresponding to the edge of the strongest retinal absorption change, the signal is almost insensitive to temperature (Rödig et al., 1999; Mezzetti and Spezia, 2008).
DISCUSSION
We now connect the experimentally observed τE and τR in wild-type BR with the photochemical reaction rates of Figure 2B. We assume a simplified photocycle with two dominant states, the dark-adapted state BR* and the longest-lifetime intermediate M. This occurrence is peculiar of BR proteins in dry conditions as also verified by us with time-resolved FTIR spectroscopy (Giliberti et al., 2019): the scarcity of protons in the dry environment slows down the M → N transition and the green light is partly absorbed by the N and O intermediates depopulating them, but not by the M intermediate, whose optical absorbance peaks sharply in the blue light. According to our model, τE and τR can be directly correlated to the excitation and relaxation lifetime of the conductive state M, respectively. We apply the rate law of the chemical kinetics to the reversible reaction BR* ⇔ M (see scheme in Figure 2B), because during the excitation light pulse not only BR* turns into M (forward reaction rate k1), but also the fast non-radiative relaxation from M to BR* takes place (backward reaction rate k2<k1) (Atkins and de Paula, 2014; Tian et al., 2017). When the LED is turned off, the intermediate state M is depleted with rate k2 and without any counter reaction. k1 and k2 can then be derived from the experimentally determined τE and τR as follows:
[image: image]
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From the formulas we obtain k1 = 4.0 s−1 and k2 = 2.2 s−1. Note that the M state population reached at the end of the LED pulse, i.e., when the chemical equilibrium is achieved, is lower than the initial BR* population by an efficiency factor k1/(k1+k2) = 0.64. The wild-type BR time trace in Figure 2C (orange curve), however, does not reach an asymptote at t > 5τE = 0.7 s because of unavoidable photothermal effects: also in the wild-type BR, as in BR D96N, the temperature increases due to visible light absorption resulting in small secondary structure changes, that continue to take place in the time interval 0.7–1.5 s. To avoid photothermal effects, the curve in Figure 2D is obtained by decreasing the illumination time to ΔtON = 60 ms. The τE and τR are in agreement with those of Figure 2C (orange curve).
Concerning the slow mutant BR D96N, to precisely determine from our time-resolved data its reaction rates, we again use Eq. 1, 2 at the amide-I frequency ω1 = 1644 cm−1. We obtain k1,D96N = 0.93 s−1 and k2,D96N = 0.21 s−1. The efficiency factor is 0.82, higher than that of wild-type BR due to the much slower backward reaction rate, k2,D96N << k2,WT correlated to the longer lifetime of the intermediate M state. As already mentioned, we obtain the backward reaction rate of the slow mutant BR D96N from the fitting of the time trace acquired by averaging over 80 photocycles with sample replacement. This would not be measurable resting at a fixed position with alternated green and blue light illumination periods, as done in the FTIR experiment of Figure 1D, because the absorption of blue light “shortcuts” the photocycle and prevents its completion.
CONCLUSION
In this work we have monitored the kinetic parameters of the conductive intermediate M during the photocycle of wild-type BR and its slow mutant BR D96N when embedded in dried lipid bilayers. Assuming a simplified photocycle model with only two dominant states, the dark-adapted state BR* and the intermediate M, we have evaluated, for the first time to our knowledge, the excitation and relaxation times of the conductive intermediate M in dry conditions. We performed our measurements using an in-house confocal microscope integrating an IR laser source with a parallel confocal visible light illumination channel. In perspective, the data obtained with the micro-spectroscopy approach proposed in this paper constitute a first step towards future AFM-assisted time-resolved difference spectroscopy of rhodopsins, in which the nanoscale is reached due to the plasmonic nanoantenna behaviour of the gold-coated AFM probe. Our results are relevant for bioelectronic nanodevices in which dried films of cell membranes containing BR proteins are employed to harvest the visible light and inject photoelectrons to metal or semiconductor electrodes (Giliberti et al., 2019; Polito et al., 2021).
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