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Aureochromes are light, oxygen, voltage (LOV) proteins and central blue-light receptors in algae acting as light-gated transcription factors. The C-terminal LOV domain mediates blue-light recognition and the basic region leucine zipper (bZIP) domain binds a specific DNA motif as effector. LOV domains from aureochromes have been successfully applied in optogenetic tools. The light-induced response of aureochromes has been studied by a variety of biophysical techniques, but the mechanism of signal progression from LOV to bZIP remains unclear. We studied the bZIP-LOV module of aureochrome1a from the diatom Phaeodactylum tricornutum using time-resolved rapid-scan FTIR difference spectroscopy. Time-resolved difference spectra of bZIP-LOV in vitro revealed a time constant of 5 s for the formation of a light state dimer of the LOV domains and the concomitant loss of α-helical elements in the bZIP domain. To verify these observations in a near-native environment, in-cell infrared difference spectroscopy (ICIRD) was extended from a steady state to a time-resolved technique using LOV domains in bacterial cells. We established a time-resolved in-cell method with a resolution of 7.6 ms after the laser pulse. Using this technique, the response of bZIP-LOV was followed in living bacterial cells and the light-induced partial unfolding of bZIP was confirmed to take place in cells in a similar time range as in vitro. These results provide structural and kinetic insights into the signaling mechanism of aureochromes. The slow response points to an association of LOV to bZIP in the dark state prior to activation.
Keywords: aureochrome, blue light photoreceptor, diatom, flavin, ICIRD, infrared, LOV (light-oxygen-voltage), transcription factor
1 INTRODUCTION
Light sensing of various organisms is mediated by photoreceptors as the first step for an appropriate response to light exposure. A large variety of photoreceptor families has been found that cover a broad spectral range for light sensing [1]. Light oxygen, voltage (LOV) proteins are blue-light receptors in bacteria, fungi, algae and plants regulating cellular responses such as phototropism, the circadian clock or carotenoid synthesis [2–5]. In LOV, the non-covalently bound flavin mononucleotide (FMN) reacts upon blue-light illumination with a nearby located cysteine to the FMN adduct that represents the signaling state [6]. The FMN adduct then thermally converts back to the dark state within seconds to minutes (Figure 1A) [7–9]. Phototropins were the first members of the LOV protein family identified in plants [10] and contain two LOV domains, LOV1, and LOV2, regulating the activity of a C-terminal kinase. Later, aureochromes were found in algae comprising a less common inverted arrangement, in which the basic-region leucine zipper (bZIP) is located N-terminal to the C-terminal LOV domain (Figure 1B) [11]. Aureochromes are blue-light regulated transcription factors by increasing the affinity to the target DNA after activation and mediate photomorphogenesis, high-light acclimation and cell division in algae [11–14].
[image: Figure 1]FIGURE 1 | The flavin photoreaction in LOV domains, the domain architecture of aureochrome and phototropin, and the crystal structure of the aureochrome LOV domain. (A) In LOV proteins, the non-covalently bound flavin mononucleotide (FMN) reacts with a nearby located cysteine to the FMN adduct upon illumination. (B) The domain architecture of aureochrome is inverted compared to phototropin with an N-terminal bZIP effector domain and a C-terminal LOV domain. Phototropin possesses two sensory domains, LOV1 and LOV2, at the N-terminus and a C-terminal kinase as effector domain. Mutation of cysteine to serine in LOV1 (C57S) abolishes photoactivity. (C) The monomeric crystal structure of LOV from PtAureo1a in the dark (PDB: 5a8b, cyan) shows association of the A’α helix to the β-sheet blocking the dimerization surface. Upon illumination, the Jα helix partially unfolds, which results in the release and partial unfolding of the A’α helix enabling dimerization of two light state LOV domains (PDB: 5dkl, orange, and grey).
The LOV core of aureochreome1a from the diatom Phaeodactylum tricornutum (PtAureo1a) is flanked by two helices, Jα and A’α, of which the A’α helix is associated to the β-sheet surface of the LOV core (Figures 1B, C) [15,16]. Formation of the FMN adduct leads to a partial unfolding of the Jα helix [17,18] as it was observed before in phototropin LOV2 [19]. Subsequent allosteric regulation in PtAureo1a causes the reorientation and partial unfolding of the A’α helix in vitro enabling an access to the β-sheet for formation of the light state dimer of two LOV domains [18,20]. Activation of the LOV sensor leads to a signal progression to the effector bZIP with a time constant of 160 ms as observed by transient grating spectroscopy on aureochrome1 from Vaucheria frigida (VfAureo1) [21]. Photoactivation of bZIP-LOV of PtAureo1a results in a partial helical unfolding of the bZIP domain in the absence of DNA, whereas the helicity of the bZIP domain is extended in the presence of DNA, as detected by infrared difference spectroscopy [22] and hydrogen/deuterium exchange mass spectrometry [18].
The photoreaction and the structural response of LOV as well as of bZIP-LOV from aureochromes has been studied in detail, but the signal progression from LOV to bZIP is still a topic of debate. Three contradictory mechanisms have been proposed. For VfAureo1, bZIP-LOV is present as a monomer that dimerizes upon illumination [23]. For PtAureo1a, each LOV domain is either associated to a dimeric bZIP in the dark state [18], or both LOV and bZIP domains form homodimers [22]. Resolving this question is not only of importance for our understanding of the signaling mechanism of light-gated transcription factors but may also be relevant for the design of new optogenetic tools. LOV domains of aureochromes have been successfully applied as optogenetic tools, for instance for the dimerization of tyrosine kinases in human cancer cell lines [24–26].
Time-resolved experiments on aureochromes so far have been limited to UV/vis and fluorescence spectroscopy, small angle x-ray scattering (SAXS) and transient grating spectroscopy [18,21–23,27], which do not provide any detailed structural information on the protein moiety. Moreover, these studies have been performed under in vitro conditions differing substantially from those in a cellular environment. Recently, we developed in-cell infrared difference (ICIRD) spectroscopy to study the light-induced changes in structure of chromophore, side chains and secondary structure of soluble photoreceptors in living E. coli cells and therefore in a near-native environment with a receptor copy number per cell of ∼300,000 [28]. We found that the A’α helix of LOV from PtAureo1a does not unfold under cellular conditions in contrast to in vitro experiments but rearranges instead in its folded state.
To date, studies with in-cell infrared difference spectroscopy have been very rare. The membrane receptor rhodopsin was investigated using synchrotron radiation [29] and the catalytic center of hydrogenase was studied by in-cell gas exchange [30]. Here, we extended the ICIRD spectroscopy from a steady-state to a time-resolved method using the rapid-scan technique. Time-resolved ICIRD spectroscopy was first established on the model photoreceptor LOV1-C57S-LOV2 of phototropin from Chlamydomonas reinhardtii (CrPhot) and then applied to the bZIP-LOV of PtAureo1a. We studied the signal progression of the LOV sensor domain to the bZIP effector domain in vitro and in cells using the rapid-scan technique. We observed changes in secondary structural elements on the second time scale providing new structural insights into the mechanism of signal progression of aureochromes.
2 MATERIALS AND METHODS
2.1 Expression and purification
bZIP-A’α-LOV-Jα (bZIP-LOV, amino acids 145–378) of PtAureo1a was expressed with an N-terminal His6 tag in E. coli BL21 (DE3) using an pET28a (+) vector [22]. LOV1-C57S-A’α-LOV2-Jα (LOV1-C57S-LOV2, amino acids 16–363) of CrPhot was expressed with an N-terminal His12 tag in E. coli BL21 (DE3) or Origami B (DE3) cells using a modified pMALc2x vector [31]. The cells were cultivated at 37°C and 120 rpm in DYT medium up to an OD600 of 0.5 and were then cooled to 18°C. At an OD600 of 0.8, protein expression was induced by addition of 10 µM isopropyl-β-d-thiogalactopyranoside and performed for 20 h in the dark. For ICIRD experiments, the cells were washed twice with a saline solution (150 mM NaCl and 5 mM KCl) and concentrated to an OD600 of ∼200–300 as described previously [28].
Purification of bZIP-LOV was done as described previously [22]. bZIP-LOV was obtained in 50 mM phosphate buffer, pH 8, 20% (v/v) glycerol, 300 mM NaCl. For FTIR spectroscopic experiments the protein was washed with 50 mM phosphate buffer, pH 8, 300 mM NaCl and concentrated to 1.54 mM.
2.2 Time-resolved FTIR spectroscopy
The rapid-scan FTIR difference experiments were performed on a Bruker IFS 66/S spectrometer with a long pass filter with a cut off at 2050 cm−1 in front of the mercury cadmium telluride detector. The filter was used to protect the detector from stray light and to increase the signal-to-noise ratio. Intensity spectra were recorded at 25°C with a scanner velocity of 320 kHz and a spectral resolution of 4 cm−1. The FT was performed with a zero filling factor of 4. For time-resolved ICIRD spectroscopy, the E. coli cells were prepared, and ∼2 µl of the cells were placed between two BaF2 windows without any spacer and sealed with grease as described previously [28]. For FTIR difference spectroscopy in vitro, ∼2 µl of 1.54 mM bZIP-LOV in 50 mM phosphate buffer, pH 8, 300 mM NaCl was placed between the BaF2 windows. The path length of the sandwich cuvettes with both, cells and in vitro samples, was adjusted via the pressure applied during preparation to reach an absorbance of 0.8–1.1 at 1650 cm−1. It should be noted that in the gentle preparation of E. coli cells and in vitro samples, any drying or film formation was avoided.
Seven samples were mounted in a home-built sample changer. The sample was rotated into the IR beam of the spectrometer by a stepper motor (Nema 14, 0.1 Nm, 0.4 mA) with a L298N motor driver controlled by a RaspberryPi 3B+ with an obstacle avoidance IR sensor. Before illumination, 64 scans of background intensities (Idark) of the sample were recorded. Then, a TTL pulse from the FTIR spectrometer triggered a pulse from the Nd:YAG laser (wavelength 355 nm; pulse width 10 ns, Quantel Ultra 100). The beam diameter of the laser was enlarged with a dispersing lens (focal length −250 mm, distance to sample 120 cm), to ensure a homogeneous illumination of the sample, resulting in energy densities of approximately 1–1.5 mJ/cm2 for bZIP-LOV or 0.6–1 mJ/cm2 for LOV1-C57S-LOV2 at the sample. The TTL pulse from the spectrometer was delayed by 97.5 ms by a pulse generator (DG535, Stanford Research Systems) to compensate for the void time of the interferometer during the mirror inversion, thereby increasing the time resolution of the first scan to 7.6 ms. After excitation, a series of 254 scans of sample intensities (Iilluminated) was recorded with the sequence 1, 1, 4, 8, 16, 32, 64, 64, and 64 scans. Scans were splitted into the forward/backward and single sided motions of the interferogram. After the measurement, the sample changer rotated the next sample into the IR beam. For sample recovery, the time in the dark of a full rotation between two excitations of the same sample was set to 2,160 s for bZIP-LOV in vitro, 3,605 s for bZIP-LOV in cells and 350 s for LOV1-C57S-LOV2 in cells. Difference absorbance spectra were calculated using a python script according to Eq. 1.
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Representative spectra of multiple independent preparations of seven samples were averaged resulting in a total number of 147 measurements for the first scan of bZIP-LOV in vitro, 840 measurements for the first scan of bZIP-LOV in cells and 10,500 measurements for the first scan of LOV1-C57S-LOV2 in cells. For LOV1-C57S-LOV2, difference spectra with ΔA > |±0.00027| in the range of 1800 to 1200 cm−1 were discarded from averaging by the script to filter out artifacts in the early spectra. Analysis of individual signals was performed in OriginPro 2020 using the Multi-Data Fit Mode and a monoexponential fit with shared time constants. To reduce noise, the mean absorbance of individual bands in a given wavenumber interval was calculated for analysis. Global fit analysis of the full spectral range (1800–1200 cm−1) was performed using MATLAB (The Mathworks) [32]. A spectrally non-weighted global fit with a kinetic model of sequential first order reactions with three intermediates was applied (Supplementary Figure S1A).
3 RESULTS
3.1 Time-resolved FTIR spectroscopy on bZIP-LOV in vitro
To follow the signal progression from the LOV sensor to the bZIP effector after blue-light absorption, we recorded time-resolved FTIR difference spectra of bZIP-LOV from PtAureo1a using the rapid-scan approach. A challenge was the long recovery after excitation with a time constant of the flavin adduct of τ = 1,560 s at 20°C [22], which prevents the necessary averaging. Therefore, a sample changer was implemented in the FTIR spectrometer for the mounting of seven sandwich cuvettes (Figure 2). The sample was exchanged in between the experiments leading to a dark time for recovery of 36 min between two excitations of the same sample.
[image: Figure 2]FIGURE 2 | Schematic illustration of the setup for time-resolved rapid-scan FTIR difference experiments. A home-built sample changer controlled by an RaspberryPi (RasPi) was implemented in the spectrometer for the automated measurement of seven samples. TTL pulses from the spectrometer triggering the Nd:YAG laser were delayed by a pulse generator to synchronize the excitation with the onset of the data acquisition by the interferometer.
Time-resolved difference spectra of bZIP-LOV from 102 ms to 15 s were obtained by recording intensity spectra before and after excitation with a 10 ns laser pulse at 355 nm. Most signals remained constant in this time range and are attributed to the photoconversion of flavin to the adduct in LOV. Characteristic bands of flavin were observed at 1727 (+), 1713 (−), 1425 (+), 1271 (−) and 1250 (−) cm−1 (Figure 3A) [33,34]. Other signals show a strong increase in intensity on the time scale of seconds and finally converge with the steady-state spectrum. The time-resolved difference spectrum at 102 ms reveals far less pronounced signals in the spectral region of amide I (1695–1615 cm−1) and amide II (1570–1520 cm−1) compared to the steady-state spectrum of bZIP-LOV. These differences point to changes in secondary structure elements of bZIP-LOV during the experimental time window. Previously, the prominent negative band at 1644 (−) cm−1 in the steady state has been assigned to comprise an α-helical unfolding of the bZIP-linker and unfolding of the Jα-helix of LOV [17,20,35]. The signal at 1630 (+) cm−1 has been assigned to the reorganization of β-sheet of the LOV domains by formation of the light state LOV dimer. This assignment was achieved by correlation to results from size exclusion chromatography on LOV variants [20]. Changes at 1667 cm−1 have been assigned to a response in turn structural elements in the bZIP region by comparison to the difference spectrum of the isolated LOV domain [22].
[image: Figure 3]FIGURE 3 | Time-resolved FTIR difference spectra of bZIP-LOV from PtAureo1a and kinetics of selected secondary structure elements highlighted in gray. (A) The series of difference spectra after laser excitation at 355 nm shows distinct changes in secondary structure elements at 1644 (−) cm−1 and 1630 (+) cm−1 in the millisecond to second time range. For comparison, a steady-state spectrum was taken from [22] and scaled at 1727 cm−1. (B) Kinetic analysis was performed of the characteristic signals at 1630 (+) cm−1 (mean absorbance from 1632 to 1622 cm−1) and 1644 (−) cm−1 (mean absorbance from 1647 to 1636 cm−1) assigned to formation of the light state dimer of LOV via β-sheet dimerization and to α-helix unfolding of the bZIP, respectively. The partial unfolding of bZIP is also observed in the corresponding amide II region at 1550 cm−1 (mean absorbance from 1553 to 1545 cm−1). A monoexponential global fit reveals a time constant of τ = 5 (± 1) s for β-sheet dimerization and bZIP unfolding.
Fitting the kinetics with a monoexponential function revealed a shared time constant of τ = 5 (±1) s for the unfolding of the bZIP linker at 1644 cm−1 and its corresponding signal in the amide II region at 1550 cm−1 as well as for the formation of the light state LOV dimer at 1630 cm−1 (Figure 3B). A monoexponential fit was used for describing the kinetics because bZIP-LOV is present as a dimer in solution in the dark and the light [22] and therefore the processes were not expected to be concentration-dependent. A global analysis of the full spectral region (1800–1200 cm−1) with a kinetic model of sequential first order reactions (Supplementary Figure S1A) supports the previous analysis with a global time constant of τ = 5.4 s (Supplementary Figures S1B, C). The processes observed by rapid-scan FTIR are much slower than the unfolding of the Jα helix in LOV with 10 μs and ∼200 µs as demonstrated by time-resolved IR spectroscopy [36]. We conclude that the changes at 1644 cm−1 reflect restructuring of helices in bZIP-linker without any contributions by Jα unfolding of LOV. The time constant of the unfolding of bZIP determined with rapid-scan FTIR is slower by almost a factor of 50 than reported by transient grating spectroscopy for bZIP-linker restructuring [21]. The global analysis indicates the presence of an additional fast process in the millisecond time range with τ ∼ 100 ms (Supplementary Figure S1C). This process includes some changes at the β-sheet in the LOV core decoupled from the later light dimer formation and unfolding of the bZIP.
3.2 Development of time-resolved in-cell FTIR spectroscopy using LOV domains
Next, we aimed to verify our observations under near-native conditions in cells. We recently established the in-cell infrared difference (ICIRD) spectroscopy to study the blue-light response of bZIP-LOV in the steady state. Here, we aimed to extend the application of ICIRD spectroscopy to a time-resolved method by applying the rapid-scan technique. However, bZIP-LOV from PtAureo1a takes hours to recover back to the dark form [22] and is accordingly an unsuitable system for method development. We resorted to LOV1-C57S-LOV2 from Chlamydomonas reinhardtii phototropin (CrPhot) as a model, because the protein resembles bZIP-LOV in domain topology comprising an inactivated LOV1 domain instead of bZIP. LOV1-C57S-LOV2 represents a suitable sample for rapid scan, because of its faster adduct decay in the time range of minutes and the available steady-state FTIR difference spectrum from in vitro experiments [31]. We investigated the adduct decay of LOV1-C57S-LOV2 in E. coli cells with fluorescence spectroscopy (Supplementary Figure S2). Fitting the fluorescence recovery with a monoexponential function yielded τ = 473 (±60) s in cells.
LOV1-C57S-LOV2 was expressed in E. coli and the cells were washed, concentrated and placed in a sandwich cuvette. Time-resolved difference absorbance spectra were obtained by recording 64 scans before and a series of scans after excitation by the laser pulse. Afterwards, the sample was moved by the sample changer. The time resolution was maximized by splitting the interferogram into single-sided forward and backward motions and by synchronizing the start of each data acquisition with the laser pulse. With this time-resolved ICIRD approach, we achieved a time resolution of 7.6 ms. The first difference spectrum already showed characteristic signals of the photoreaction of LOV1-C57S-LOV2 (Figure 4A).
[image: Figure 4]FIGURE 4 | Time-resolved ICIRD spectra on the model protein LOV1-C57S-LOV2 from CrPhot in E. coli cells. (A) At 7.6 ms, characteristic signals of the photoreaction are already resolved. (B) The difference spectra after laser excitation show changes in secondary structure elements at 1676 (−) cm−1 and the adduct decay in the millisecond and second time range, respectively.
The difference spectra of LOV1-C57S-LOV2 in cells showed all characteristic signals assigned to the flavin adduct formation in LOV2, as introduced above [33,34] (Figure 4B). Light-induced structural changes are detected in the amide I region, in which the prominent signal at 1641 (−) cm−1 was attributed to the unfolding of the Jα helix in LOV2 [31]. The analysis of the time-resolved spectra was complicated by an admixture of flavin radical formation in LOV1-C57S [37]. UV-vis difference spectroscopy of LOV1-C57S-LOV2 in E. coli cells confirmed partial formation of the flavin neutral radical in the LOV1-C57S domain (Supplementary Figure S3). This observation might be attributed to the strongly reducing intracellular environment of E. coli. Therefore, we reproduced the time-resolved spectra by fitting a linear combination of the steady-state spectra of LOV1-C57S-LOV2 [31] and the flavin radical in LOV1-C57S [38] (Supplementary Figure S4A). The simulated spectra described the experimental data well in the time range from 0.038 s to 0.614 s (Supplementary Figure S4B). In contrast, the spectra in the time range from 3.137 s to 15.160 s deviate at 1676 (−) cm−1 from the simulated spectra (Supplementary Figure S4B), which is not caused by the LOV1 radical (Supplementary Figure S4C). The reduced amplitude of the signal at 1676 cm−1 might be attributed to a suppression of changes in turn elements [39] in LOV2 as influenced by the intracellular environment. Suppression of changes in specific structural elements by the cellular components has already been observed by ICIRD spectroscopy on LOV from PtAureo1a and demonstrated to be a result of macromolecular crowding by proteins [28].
3.3 Signal progression in bZIP-LOV in cells revealed by time-resolved FTIR spectroscopy
With having established time-resolved ICIRD spectroscopy, we focused on the signal progression in bZIP-LOV in cells. The slow dark state recovery kinetics of τ = 2,800 s in E. coli cells [28] resulted in a reduced number of scans and thus a lower signal-to-noise ratio of the spectra as compared to LOV1-C57S-LOV2, which strongly restricts the resolved time range. We recorded a series of time-resolved spectra from 1.0 s to 17.5 s (Figure 5A). The signals of the flavin photoreaction were observed at 1729 (+) and 1714 (−) cm−1 well above the noise level. In the time range of seconds, the signal of bZIP unfolding at 1646 (−) cm−1 increases in intensity (Figure 5B), indicating an unfolding process on the second time range in cells as observed in vitro (Figure 3). The overlap with the bending mode of water at around 1650 cm−1 causes strong noise in this region of these spectra, which prevents a fit to determine a time constant. However, the signal at 1552 cm−1 in the corresponding amide II region shows a similar kinetic behavior, which supports an unfolding process in the bZIP within few seconds (Figure 5B). Therefore, the structural response of the bZIP domain takes place in cells in a similar time range as it was observed in vitro.
[image: Figure 5]FIGURE 5 | Time-resolved ICIRD spectra of bZIP-LOV from PtAureo1a in E. coli cells and kinetics of selected bands. (A) The time-resolved difference spectra show characteristic signals of adduct formation and changes in the amide I and amide II range (highlighted in gray). (B) The process of light-induced bZIP unfolding in cells takes place within seconds, as observed at the amide I signal at 1646 (−) cm−1 (mean absorbance from 1657 to 1644 cm−1) and at the amide II signal at 1552 (−) cm−1 (mean absorbance from 1557 to 1542 cm−1). The fit from in vitro experiments on the bZIP unfolding at 1644 cm−1 was added to guide the eye.
4 DISCUSSION
4.1 Insights into light-induced signal progression in aureochromes
Much effort has been spent on studying aureochromes and their photoactivation using various biophysical techniques. Blue-light illumination of the LOV domain induces adduct formation with a time constant of 2.8 µs [21] followed by structural responses of the Jα and A’α helices [17,20,40]. Discrepancies are present in the proposed mechanisms for the signal progression from LOV to bZIP regarding the dark state structure of aureochromes. A dimeric structure in the dark of both, LOV and bZIP, was proposed for PtAureo1a (Figure 6C) as a result from SAXS [22]. Then, a repositioning of the A’α and Jα helix and a rearrangement of the LOV domains to a light state dimer mediate the signal progression and cause the partial unfolding of bZIP, as observed by FTIR spectroscopy [22]. In contrast, an association of the LOV domain to the leucine zipper region of bZIP in the dark state was suggested according to H/D exchange mass spectrometry and SAXS experiments on the same protein [18] (Figure 6B). Illumination leads to the dissociation of LOV from bZIP resulting in dimerization of LOV as well as an increase of structural flexibility in bZIP and flanking helices of LOV [18]. Only the latter model is in agreement with the time constants of seconds observed here by FTIR spectroscopy in vitro and in cells. The slow process is attributed to the time required for an assembly of LOV from a monomeric to a dimeric form (Figure 6B). As opposed to this, a dark dimer of LOV would be expected to reorient to a light dimer within few milliseconds or less (Figure 6C). Moreover, a dark state structure with an association of LOV to bZIP is supported here by a structural model generated via AlphaFold2 [41] (Figure 6A).
[image: Figure 6]FIGURE 6 | Model for the blue-light activation of bZIP-LOV from PtAureo1a. (A) The structure of bZIP-LOV predicted by AlphaFold2 shows an association of LOV to bZIP. (B) The following model is based on Heintz and Schlichting [18] with some modifications. (1) In the dark state, bZIP-LOV is present as a dimer with association of bZIP to bZIP and LOV to bZIP. (2) Illumination leads to an unfolding of the Jα helix, subsequent reorientation of the A’α helix and dissociation of LOV from bZIP. This process is proposed here to proceed with the time constant of τ = 160 ms observed by transient grating experiments [21] and supported by rapid-scan FTIR spectroscopy. (3) The signaling state of bZIP-LOV is formed by dimerization of LOV and concomitant or subsequent unfolding of the bZIP-linker with a time constant of τ = 5 s. (C) In the competing model [22] bZIP-LOV is present as a dimer in the dark state in which bZIP and LOV is associated to bZIP and LOV, respectively. This model cannot explain the slow kinetics of activation of the bZIP.
For VfAureo1, a monomeric dark state was reported, in which dimerization is mediated by light and by intermolecular cysteine disulfide bonds [23]. Many other aureochromes such as PtAureo1a do not possess cysteines in the bZIP domain and PtAureo1a is present as a dimer in the dark state [18,22]. In VfAureo1, interaction of bZIP with LOV in the dark and dissociation of LOV from bZIP in the light state was suggested from high-speed atomic force microscopy on a monomeric double mutant of bZIP-LOV called photozipper [42]. This structural model agrees with the model in Figure 6B but starts from a monomeric state.
We provide additional information on the signal progression from the LOV sensor to the bZIP effector using time-resolved FTIR difference spectroscopy. We observed the dimerization of LOV and the partial unfolding of bZIP with a time constant of τ = 5 s. This time range is at odds with results from transient grating observing structural changes in the bZIP and LOV domain of VfAureo1 with τ = 160 ms [21]. We consider it unlikely that such a large difference in time constants is caused by structural differences between VfAureo1 and PtAureo1a. More likely, different processes have been detected. With transient grating spectroscopy, changes in the diffusion coefficient of the photoreceptor are observed, whereas FTIR difference spectroscopy is sensitive to changes in secondary structural elements. The strong change in the diffusion coefficient observed by transient grating might accordingly be attributed to a release of LOV from the bZIP domain (Figure 6B). In the same time range, global analysis of time-resolved IR difference spectra indicated a process with τ ∼ 100 ms (Supplementary Figure S1), which might reflect the reorganization of the β-sheet of the LOV core that leads to the dissociation of LOV from bZIP. Only after the dissociation of LOV from bZIP, the activated LOV units might move towards each other and dimerize at the β-sheet surface [17,20], which is then detected with a considerable delay (τ = 5 s) in the time-resolved experiments at 1630 cm−1. Concomitantly, the partial unfolding of the bZIP domain represents formation of the signaling state with high affinity for target DNA [11,18,22]. Such small changes in secondary structure would probably not be resolved in transient grating spectroscopy because the resulting changes in diffusion coefficient are too small. Accordingly, the differences in sensitivity between transient grating and FTIR spectroscopy might explain differences in the observed kinetics.
Recently, the role of intrinsically disordered regions in a basic-helix-loop-helix (bHLH) transcription factor was emphasized by molecular dynamics simulation, nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) [43]. The high flexibility of the N-terminal region enables a switch between two conformational subensembles mediating affinity to DNA and target DNA. Although bZIP and bHLH are different types of transcription factors, they differ only slightly in the dimerization/zipper site and show high similarities in DNA binding [44]. Hence, the partial unfolding of bZIP as the final step in photoactivation of bZIP-LOV might mediate the enhanced affinity to the target DNA via an increased flexibility in the N-terminal region of bZIP similar as it has been observed in bHLH transcription factors.
4.2 Extending ICIRD spectroscopy to a time-resolved method
A variety of biophysical methods has been developed to collect structural information on proteins in their native environment since the impact of the intracellular environment on proteins received increased attention [45]. For example, the introduction of a fluorescence label allows for sensing of the unfolded state in mammalian cells [46]. Spin labels in combination with EPR spectroscopy enable distance measurements in eukaryotic cells [47–49]. Even the three-dimensional structure of a protein in cells can be determined by selective isotope labeling using in-cell NMR spectroscopy [50–52].
Recently we introduced the label-free ICIRD spectroscopy to study the structural response of soluble photoreceptors in living E. coli cells [28]. Here, we established the time-resolved ICIRD spectroscopy on LOV1-C57S-LOV2 with a time resolution of 7.6 ms at a spectral resolution of 4 cm−1. For comparison, the time resolution of commercially available rapid-scan FTIR spectroscopy was estimated to be about 10 ms at a spectral resolution of only 16 cm−1 [53], whereas home-built rapid-scan setups reach 13 μs at a spectral resolution of 9 cm−1 [54]. To achieve the high time resolution with a conventional FTIR spectrometer, we delayed the TTL signal from the spectrometer to the pulsed laser to compensate for the void time of the interferometer during the mirror inversion. Other in-cell spectroscopic methods such as EPR spectroscopy might achieve time resolutions in the nanosecond time range [55], but such experiments have, to our knowledge, not been reported yet. In-cell NMR spectroscopy has been applied to processing, phosphorylation and degradation of various short proteins in eukaryotic cells with a time resolution on the minute time scale [56,57]. Here we introduce a time-resolved in-cell spectroscopic method with a time resolution in the millisecond time range providing structural information on proteins in cells.
It is of high interest to characterize the sequence of events in photoreceptors and optogenetic tools in an intracellular environment to provide a complete picture of the light-induced activation mechanism. Therefore, we studied the light-induced response of bZIP-LOV of aureochrome1a from P. tricornutum directly in living E. coli cells. A distinct partial unfolding of the bZIP domain was detected in the seconds time range in the cells. It should be noted that the presence of DNA in vitro led to an increase in α-helical fold of the bZIP domain [22], which was not observed in the in-cell experiments although genomic DNA was present. The overexpression of bZIP-LOV might lead to an unbalanced ratio of genomic DNA and receptor resulting in a structural response comparable to that observed in the absence of DNA. Further studies on bZIP-LOV in cells with lower receptor concentrations or with DNA containing the aureo box as recognition sequence would be required to clarify this issue.
4.3 Conclusion
Results from time-resolved FTIR difference spectroscopy on bZIP-LOV from PtAureo1a in vitro and in cells revealed a slow LOV dimerization and bZIP unfolding in the time range of seconds. These results favor a dark state model for aureochromes as proposed by Heintz and Schlichting [18], in which each LOV domain is associated to bZIP in a bZIP-mediated dimer. After illumination, time is required for the LOV domains to dissociate and dimerize. It remains to be resolved whether this structural model with its slow signal progression is also applicable to VfAureo1 with a monomeric dark state of bZIP-LOV [23].
Time-resolved investigations of protein structures in living cells are challenging. We demonstrated using in-cell FTIR spectroscopy that a time resolution of a few milliseconds can be reached. Moreover, ICIRD spectroscopy is currently limited to slight overexpression with a protein concentration between 120 μM and 330 µM [28] deviating from a native receptor concentration. Further improvements in time resolution and sensitivity might be achieved by employing setups with quantum cascade lasers (QCL) [58–60] or QCL frequency combs [53,61]. Such approaches might allow in future in-cell infrared spectroscopic studies at native receptor concentration and nanosecond time resolution.
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