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ABSTRACT. Current sub-millisecond time-resolved broadband infrared spectroscopy, one of the 

most frequently used techniques to study structure-function relationships in life sciences, is 

typically limited to fast-cycling reactions that can be repeated thousands of times with high 

frequency. Notably, the majority of chemical and biological processes do not comply with this 

requirement. For example, the activation of vertebrate rhodopsin, prototype of many protein 

receptors in biological organisms that mediate basic functions of life including vision, smell, and 

taste, is irreversible. Here we present a dispersive single-shot Féry spectrometer setup that extends 

such spectroscopy to irreversible and slow-cycling systems by exploiting the unique properties of 

brilliant synchrotron infrared light combined with an advanced focal-plane detector array 

embedded in a dispersive optical concept. We demonstrate our single-shot method on microbial 

actinorhodopsin with a slow photocycle, and on vertebrate rhodopsin with irreversible activation.  
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Vertebrate rhodopsin is the initiating protein in the visual cascade that converts light into a 

neuronal signal. Importantly, rhodopsin is the prototype of G-protein coupled receptors (GPCR), 

a large receptor family that consists of more than 1000 individual members including the 

cannabinoid receptor, the ß-adrenergic receptor, hormone receptors, and many others1. 

Approximately 34 % of all marketed drugs target the GPCR family2, and rhodopsin is the key 

model for studying conserved GPCR functions and dynamics. Light absorption and isomerization 

of the retinal chromophore in rhodopsin triggers a stepwise transformation from an inactive (dark) 

state into an active (signaling) state at a timescale that ranges from nanoseconds to milliseconds. 

Among protein characterization techniques, IR spectroscopy is commonly used to monitor both 

local and global changes in proteins including secondary structure3, the retinal cofactor4, amino 

acid side chains5, lipid ester head-groups6, and proton transport and hydrogen bonded network 

dynamics7. More specifically, Fourier transform IR (FTIR) difference spectroscopy has become 

the standard method because it detects changes in individual bonds and groups and distinguishes 

them among thousands of vibrations that occur in a complex protein4,5. 

However, to date, an in-depth time-resolved study of the rhodopsin activation cascade using 

established FTIR methods has not been possible due to the requirement that sub-millisecond time-

resolved FTIR must be applied to cyclic samples where the exact same reaction path can be 

triggered more than a thousand times in rapid succession. This limitation arises from the basic 

principle of the standard FTIR step-scan technique that is used for events that occur at sub-

millisecond time-scales (reviewed by Ritter et al.8). Vertebrate rhodopsin is non-cyclic and 

bleaches irreversibly after photon absorption; therefore, experimental repetition with the same 

sample is not feasible9. Consequently, the rhodopsin reaction cascade has to be measured in a  
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Figure 1. (a) Optical layout of the Féry spectrometer with the beam path shown between 1800 cm-1 (blue 

lines) and 1000 cm-1 (green lines). Inset: The spectral image on the FPA pixel detector. (b) The spectral 

resolution as a function of the wavenumber in the range of interest. Inset: The wavelength dependent 

dispersion, in units of cm-1/µm, over a broader spectral range. (c) The measured signal to noise ratio (SNR) 

relevant for the protein difference spectra as a function of the wavenumber. 

single-shot mode, where successive spectra are acquired as a function of time from a single 

turnover experiment. For cyclic systems, including several microbial rhodopsins, this FTIR 

limitation has substantial consequences when a reaction cycle comprises one or more slow reaction 

steps. In these circumstances, long recovery times between individual experiments are necessary, 

and low repetition frequency prevails. This leads to measurements that demand high protein 

stability and robust instrumentation, in addition to extremely long experiment times. For example, 

to analyze a full photocycle of the widely applied optogenetic actuator channelrhodopsin10, weeks 

of data acquisition are required using the step-scan FTIR technique11–13.  
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In FTIR-based true single-shot methods (rapid-scan FTIR), the spectral acquisition speed is 

mechanically limited by a moving element. Although reducing the moving element path length 

allowed to increase the time-resolution into the microsecond time scale down to 13 µs14, it is 

inversely related to the spectral resolution15. Monochromatic quantum cascade lasers have been 

employed to overcome the FTIR limitation, but  the acquisition of spectra requires multiple 

repetitions of the experiment, to account for the required spectral range and resolution16. In another 

recent study, quantum cascade laser optical frequency combs17 were employed to record spectra 

covering up to 55 cm-1 with a time resolution down to 0.3 µs18. Here, the spectral width and the 

signal to noise ratio (SNR) were limited by the availability of suitable lasers. 

 Our spectrometer design capitalizes on (i) an advanced focal plane detector array, (ii) the high 

brilliance of synchrotron infrared light, combined with (iii) a unique, diffraction limited dispersive 

optical setup19 (Figure 1a). Depending on the detector operation mode, it allows to record broad 

band spectra with time-resolutions down to 10 µs.  Whereas conventional FTIR spectrometers 

benefit from high throughput by using large entrance apertures, in a dispersive instrument, small 

entrance apertures must be used to ensure spectral resolution. Furthermore, FTIR spectrometers 

have a multiplex advantage where all wavelength intervals and thus the total light intensity 

contributes to the signal at the single detector element, while in a dispersive device only a small 

fraction of the diffracted light corresponding to a single wavelength interval reaches a given 

detector element. This throughput and multiplex advantages are one of the primary reasons why 

to date predominantly Fourier transform spectrometers have been employed for vibrational 

spectroscopy15.  

In our dispersive set-up, brilliant synchrotron IR light allows for orders of magnitude higher light 

energy to be used with micrometer scale entrance aperatures20. The core of the spectrometer 
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comprises an IR-transparent prism (Féry prism) with two spherical surfaces21 and a spherical 

mirror that is positioned behind the prism such that light from the entrance aperture passes through 

the prism twice22. The implementation of a prism rather than a conventional grating avoids both 

order effects and stray light, and consequently, ensures optimal utilization of the available photon 

flux. Image formation by the spectrometer follows aplanatic principles23 to produce a flat spectral 

image of the entrance aperture that is aligned with the detector pixel line and ensures that the 

maximum light energy reaches the individual detector elements (see SI Figure S1, SI Note S1, and 

SI Note S4). 

The spectrometer was built at the IRIS beamline of the electron synchrotron BESSY II facility (SI 

Figure S2). We confirmed the spectral resolution (Figure 1b) and wavelength calibration by 

comparing the emission spectrum of a quantum cascade laser and the absorbance spectrum of a 

polystyrene reference standard with spectra of the same samples that were obtained with a 

conventional FTIR spectrometer (SI Figure S4). When protein conformational changes are studied, 

difference spectra are recorded that only reflect the changes in the protein induced by an external 

perturbation. Such spectral changes are in the order of 10-2  - 10-3 compared to the total 

absorbance5,8 and accordingly demand for a high signal to noise ratio (SNR). The SNR that is 

relevant to the protein difference spectra was estimated individually for each detector pixel from 

the fluctuations in time with a protein sample in place, with 30 µs time resolution. The SNR as a 

function of the wavelength interval (SNR spectrum) is presented in Figure 1c (for a SNR spectrum 

in absorbance mode, see SI Figure S3). High SNR values between 50 and 200 indicated that protein 

conformational changes could be studied with our IR difference spectrometer in single-shot mode. 

We applied our spectrometer to characterize two photoreceptor proteins: (1) the recently  

discovered microbial actinorhodopsin24 that has a moderately slow photocycle, and (2) non-cyclic 
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bovine rhodopsin. Both of these proteins are incompatible with the step-scan technique because it 

is either time-consuming or impossible to apply, respectively. We studied both proteins with a 

time resolution of 30 µs. 

The interest in microbial rhodopsins has increased in recent years because of expanding 

applications in the field of optogenetics10. Actinorhodopsins from planktonic actinobacteria are 

unusual light-driven outward proton pumps24. In nature, they have an important role in energy 

circulation within freshwater ecosystems25. The binding pocket of these proteins can ac-

commodate carotenoids in addition to the retinal chromophore, which provide a potent light-

harvesting antenna similar to xanthorhodopsins26. This dual chromophore27 present in actinorho-

dopsins doubles the light-harvesting efficiency28. In addition, the dual chromophore can efficiently 

tune or broaden the optical absorbance maximum, which could turn the protein into an interesting 

candidate for optogenetic applications. Photon absorption in the retinal chromophore causes all-

trans to 13-cis isomerization, which triggers a photocycle (Figure 2a) that has a total cycling time 

of ~100 ms. One of the decisive proton transfer steps as identified from UV-Vis spectroscopy29 is 

deprotonation of the Schiff base C=N bond that connects the protein to the chromophore and leads 

to a blue-shifted visible absorption state (M state). The Schiff base is then reprotonated when the 

M state transitions into the next intermediate (Figure 2a). However, the mechanistic basis of these 

processes remains largely unknown, and to our knowledge, no IR spectra have been reported. We 

followed the photocycle of wild type (Figure 2b, c, and e) and mutant E103Q actinorhodopsin 

(Figure 2d and f). In the mutant photoreceptor, the putative proton donor to the Schiff base was 

neutralized, which slowed down the late photocycle reaction.  
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Figure 2. Infrared difference spectroscopy of actinorhodopsin. (a) Photocycle model of actinorhodopsin 

with the dark state D, state with deprotonated Schiff base M, and a late intermediate O. (b) Time-resolved 

infrared difference spectra of the wild-type actinorhodopsin with spectral regions-of-interest marked. (c) 

Light-triggered kinetics of the infrared bands representing formation and decay of photocycle intermediates 

(red: M, blue: O, green: D). (d) Kinetics of the same bands of the mutant E103Q. (e) Infrared difference 

spectra of the wild-type (0.4 - 8 ms), corresponding to the M to O conversion. (f) Difference spectra of the 

mutant E103Q (20 - 800 ms). 

The isolated kinetics of the band at 1570 cm-1 were indicative of the M state and the kinetics at  

1508 cm-1 were indicative of a later intermediate. The kinetics was slowed down by an order of 

magnitude in the mutant. Our data present the first continuous decay kinetics of this specific 

microbial rhodopsin. In addition, the data allowed us to isolate the spectral signatures of both the 

M state and the late O state. The latter can be identified as the red-shifted species known as P62029.  

The band at 1733 cm-1 can be assigned to the C=O mode of protonated E103. The data confirmed 

E103 as the proton donor of the Schiff base and showed that its neutralization prolonged the 
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lifetime of the M state by more than an order of magnitude under low humidity condition (for 

details and band assignments, see SI Note S2). The spectral fingerprints of the M and O states are 

represented as red and blue lines in Figure 2e,f, respectively. The total measurement time was 

approximately 20 min to account for recovery of the mutant with a minimum regeneration time of 

20 s (64 experiment repetitions). Notably, a comparable step-scan experiment (spectral resolution 

of 4.5 cm-1) would require more than half a day of data acquisition to achieve similar spectral 

quality (details in the SI Note S4). 

To apply our spectrometry approach to a true non-cyclic system, we investigated bovine rhodopsin, 

which is responsible for vision in dim light conditions. This type of irreversible photoreaction is 

impossible to study with the conventional step-scan FTIR technique. Photoactivation of bovine 

rhodopsin triggers conformational dynamics of the protein moiety that leads via an early Lumi 

intermediate to an equilibrium between inactive Metarhodopsin (Meta) I and the active state, Meta 

II30. The latter state decays irreversibly by Schiff base hydrolysis, and retinal release occurs within 

minutes (Figure 3a). The crucial step in this process is the transformation from the Meta I to the 

Meta II state, which requires deprotonation of the Schiff base and important structural re-

arrangements including helix elongation and movement that facilitate G-protein binding pocket 

formation on the millisecond timescale (Figure 3b). Although IR spectroscopy has been widely 

used to investigate rhodopsin activation, to date, the intermediates have only been studied by IR 

in cryotrapped states due to the photoconversion irreversibility. Our setup enabled us to measure 

the conversion dynamics of the Lumi, Meta I, and Meta II states of bovine rhodopsin from a  
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Figure 3. The irreversible photoreaction of vertebrate rhodopsin. (a) Schematic of the rhodopsin activation 

cascade beginning from the dark state (Rho) towards Meta II and Schiff base hydrolysis, with temperatures 

for cryotrapping indicated. (b) Schematic of Rho (green) and Meta II (blue) structures with retinal 

isomerization and proton transfers (inset). (c) Time-resolved infrared difference spectra showing Lumi (red, 

~1–5 ms), Meta I (green, ~5–10 ms), and Meta II (blue, >500 ms), and corresponding cryotrapped 

intermediates (grey). Data were obtained by averaging the single-shot measurements from 7 samples. (d) 

Amide II region of the same spectra to identify the intermediates. (e) Extraction of the improved Lumi 

spectrum by SVD and global analysis. (f) Decay kinetics of Meta I (half-life of τ1/2 ~90 ms). 
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time-resolved continuous data set in real-time (Figure 3c). Importantly, the spectra exhibited the 

typical known patterns for the temperature-stabilized intermediates4. For example, the 

isomerization of retinal from 11-cis to all-trans was represented by a negative band at 1238 cm-1. 

A positive mode at 1198 cm-1 in the first and second observed intermediates corresponded to the 

Lumi and Meta I states. Schiff base deprotonation upon formation of the Meta II state (Figure 3b) 

was indicated by the complete disappearance of the mode around 1198 cm-1 from the second to 

the third spectrum (Figure 3c). Note that systematic error signals introduced by the laser flash and 

source oscillations are still seen in the raw spectrum of Lumi (Figure 3c). However, the amide II 

region around 1550 cm-1 is highly sensitive to changes of the chromophore and the protein and 

thus confirms the formation of Lumi (Figure 3d). An improved difference spectrum of the Lumi 

intermediate was achieved through singular value decomposition combined with global fitting 

analysis (Figure 3e), a standard method also used for rapid-scan or step-scan FTIR. Through this 

procedure, corresponding kinetics of all intermediates were also obtained with the example of 

Meta I shown in Fig. 3f. Additional details on this procedure and details related to the time-

resolved infrared spectra of rhodopsin are given in SI Note S3. 

In conclusion, our novel approach employs microsecond time-resolved IR spectroscopy to analyze 

irreversible reactions and significantly shortens the measuring time required for reversible, cyclic 

reactions that cannot be repeated on a timescale of seconds or faster. The current set up utilizes the 

brilliance of infrared synchrotron light, however with bright IR laser sources undergoing fast 

development and becoming more broadband31,32, one can expect this method quickly extending 

beyond the large synchrotron facilities to the application in laboratory practice. Our technique 

paves the way for the application of single-shot IR spectroscopy to a broad range of biochemical 

reactions, including those that are naturally triggered by light or by the un-caging of bioactive 
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compounds. In addition, emerging applications for single-shot IR spectroscopy are present in fields 

outside of biochemistry where non-cyclic chemical reactions are studied, for example, water 

oxidation or catalytic systems research.  
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