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Abstract

Light, oxygen, voltage (LOV) photoreceptors are widely distributed throughout all kingdoms of life, and have in recent years,
due to their modular nature, been broadly used as sensor domains for the construction of optogenetic tools. For understanding
photoreceptor function as well as for optogenetic tool design and fine-tuning, a detailed knowledge of the photophysics, pho-
tochemistry, and structural changes underlying the LOV signaling paradigm is instrumental. Mutations that alter the lifetime
of the photo-adduct signaling state represent a convenient handle to tune LOV sensor on/off kinetics and, thus, steady-state
on/off equilibria of the photoreceptor (or optogenetic switch). Such mutations, however, should ideally only influence sensor
kinetics, while being benign with regard to the nature of the structural changes that are induced by illumination, i.e., they
should not result in a disruption of signal transduction. In the present study, we identify a conserved hydrophobic pocket
for which mutations have a strong impact on the adduct-state lifetime across different LOV photoreceptor families. Using
the slow cycling bacterial short LOV photoreceptor PpSB1-LOV, we show that the 48T mutation within this pocket, which
accelerates adduct rupture, is otherwise structurally and mechanistically benign, i.e., light-induced structural changes, as
probed by NMR spectroscopy and X-ray crystallography, are not altered in the variant. Additional mutations within the
pocket of PpSB1-LOV and the introduction of homologous mutations in the LOV photoreceptor YtvA of Bacillus subtilis
and the Avena sativa LOV2 domain result in similarly altered kinetics. Given the conserved nature of the corresponding
structural region, the here identified mutations should find application in dark-recovery tuning of optogenetic tools and LOV
photoreceptors, alike.

This publication is dedicated to Prof. Silvia E. Braslavsky, a
pioneer in photobiology and photobiophysics, on the occasion of
her 80th birthday.
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1 Introduction

Almost all organisms possess photoreceptor proteins that
enable them to perceive and respond to light as a physi-
cal stimulus. At present, at least ten photoreceptor protein
families can be distinguished [1-9]. Each of them reacts to
light of a defined wavelength range utilizing a characteristic
photochemistry to drive protein structural changes, which
in turn trigger a specific physiological response. One fam-
ily, widely distributed throughout the three kingdoms of life
(with the exception of Animalia) are so-called light, oxygen,
voltage (LOV) photoreceptor proteins [10], which sense UV/
blue light via small, structurally conserved protein domains,
called LOV domains [11, 12]. LOV domains belong to the
Per-ARNT-Sim (PAS) family and bind flavins (flavin mon-
onucleotide (FMN), flavin adenine dinucleotide (FAD) or
rarely riboflavin (RF)) as blue light-absorbing chromophores
[13, 14]. Plant LOV photoreceptors mediate physiological
effects such as phototropism, light-induced stomatal open-
ing, light-controlled chloroplast movement, leaf photomor-
phogenesis and circadian responses [15]. In green algae such
as Chlamydomonas reinhardtii, sexual differentiation, pho-
totaxis, photoprotection, gene expression and eyespot size
are regulated by a phototropin LOV photoreceptor [16-20],
while in stramenopile algae such as Vaucheria frigida, the
LOV photoreceptor aureochrome is responsible for con-
trolling photomorphogenesis [21]. In fungi, photoadapta-
tion, i.e., carotenoid biosynthesis, is controlled by the LOV
photoreceptors VVD and WC-1 [22]. In prokaryotes, func-
tions are equally diverse, including control of the general
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stress response machinery, virulence, cell-cell adhesion,
the synthesis and degradation of secondary messengers
and the formation of photosynthesis pigments [6, 23, 24].
Interestingly, all LOV photoreceptor signaling responses,
as diverse as they may be, hinge on the same photophysical
and photochemical principles that constitute the so-called
LOV photocycle. Light absorption by the LOV domain’s
flavin chromophore, which is non-covalently bound within
the LOV domain in the dark, induces a series of photophysi-
cal and photochemical reactions that eventually lead to the
formation of a covalent adduct between a totally conserved
cysteine residue of the protein and the flavin chromophore,
accompanied by protonation of the FMN-NS5 atom. This
localized structural change induces large-scale structural
changes throughout the LOV sensory domain, to N and/or
C-terminally fused effector domains that control different
signaling cascades and, thus, enable a large number of dif-
ferent physiological reactions [2]. In addition, LOV photo-
receptors lacking fused effector domains can also be identi-
fied. Best characterized examples include the two short LOV
proteins PpSB1-LOV and PpSB2-LOV from Pseudomonas
putida [25-29], the short LOV protein DSLOV from Dinoro-
seobacter shibae [23], the short LOV photoreceptor RSLOV
of Rhodobacter sphaeroides [30] and the short LOV pro-
tein VVD from Neurospora crassa [31]. Interestingly, all of
the so far-identified short LOV proteins are suggested to be
involved in the regulation of gene expression [23, 32, 33]
likely utilizing short N- and/or C-terminal a-helical exten-
sions to regulate LOV-LOV dimerization or alterations in
the mode of dimerization in a light-dependent manner [23,
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28, 34], which in turn might influence the interaction with
downstream effectors. This architectural plasticity, mani-
fested in the modular nature of LOV photoreceptors, has
led in recent years to the widespread use of LOV domains
as optogenetic tools, i.e., for monitoring and perturbation
of biological functions with high spatiotemporal resolution
[35]. For efficient photoswitching and, thus, also for the
development of optogenetic switches, not only the struc-
tural changes trigged by illumination are of importance, but
also the kinetics of the different photocycle steps, e.g., those
that determine the stability of the signaling-active conforma-
tion, which can either be the light or dark state [23, 35-40].
Therefore, a detailed mechanistic understanding of both
LOV photocycle kinetics and the underlying light-depend-
ent structural changes of the photoreceptor is essential for
understanding photoreceptor function and the development
of optogenetic tools. While the above-mentioned adduct-
formation step happens in most LOV domains in the time
range of ~200 ns—2 ps [41-45], the recovery of the initial
dark state, which involves thermal breaking of the flavin-
cysteinyl covalent linkage and deprotonation of the FMN-N5
atom, can take from seconds to days depending on the LOV
protein [12, 23, 25, 46-50]. The latter step is therefore limit-
ing for efficient photoswitching, as it determines the steady-
state on/off equilibria of the photoreceptor (or optogenetic
switch) at a given light intensity and illumination time [37].
For optogenetic tool development and optimization, it is,
therefore, important, that any variants, which show altered
kinetics, are still undergoing the same light-dependent struc-
tural changes as the native photoreceptor. Probing such an
impact [51-54], however, has been neglected in many earlier
studies, not the least due to the lack of a simple functional or
biophysical read-out [52, 55]. To date, several factors have
been described that tune the dark recovery of LOV pho-
toreceptors. Those include (i) alteration of the H-bonding
network at the pyrimidine side of the flavin ring system [56,
571, (ii) steric factors that impact the conformational free-
dom of the adduct-forming cysteine residue [58, 59] or of
the FMN molecule itself [47, 60] and iii) factors that influ-
ence FMN-N5 deprotonation such as solvent access or base
catalysis [57, 59, 61-63]. Despite these efforts, the structural
and mechanistic basis of LOV domain dark-recovery kinetic
variability has still not been fully understood. Moreover, the
transferability of mutations that tune the dark recovery has
only been tested in a few cases in different LOV photorecep-
tors [51, 59, 64] and the impact of the corresponding muta-
tions on the light-induced structural changes, and thus pho-
toreceptor functionality, are still insufficiently characterized.

To address these issues, we chose the slow cycling LOV
protein PpSB1-LOV [25], which is a well-characterized
model system for bacterial short LOV proteins [27-29].
Based on previous work [28], we here identified one resi-
due, 148, localized in a conserved hydrophobic pocket,

which when mutated to threonine resulted in a three times
faster dark-recovery reaction as compared to the wild-type
protein, while retaining wild-type like flavin-loading and
light-induced structural changes, as probed here by NMR
spectroscopy and X-ray crystallography. Introduction of
the corresponding mutation in Bacillus subtilis YtvA
(I57T) and the Avena sativa phototropin-1 LOV2 domain
(AsLOV2) (1445T) also resulted in altered dark-recovery
kinetics, while the introduction of further mutations within
the hydrophobic 148 pocket led to variants with up to
32-fold faster dark recovery. Our study, thus, stresses the
general importance of the corresponding structural region
for tuning of the dark recovery of LOV photoreceptors,
while at the same time opening up new possibilities for the
fine-tuning of LOV-based optogenetic tools.

2 Materials and methods
2.1 Bacterial strains and plasmids

All bacterial strains and plasmids that were used in this
study are listed in Table S1. Escherichia coli DHS and
E. coli BL21(DE3) were used for cloning purposes and
heterologous overexpression, respectively.

2.2 Cloning and site-directed mutagenesis

All oligonucleotides used for site-directed mutagenesis are
given in Table S2. The variants PpSB1-LOV-148T, -F55H,
-F55A, -V33T, -Y43A and -Y43H as well as the YtvA-
IS7T variant (equivalent to I48T and 1445T in PpSB1-LOV
and AsLOV2, respectively) were generated by Quikchange
PCR according to the instructions given by the manufac-
turer (Stratagene, La Jolla, CA) using pET28a-PpSB1-
LOV [25] and pET28a-YtvA [65] as templates, respec-
tively. The gene coding for the LOV2 domain of the Avena
sativa phototropin-1 (AsLOV2; residues 404-546 of full-
length phototropin-1) as well as the corresponding gene
coding for the AsLOV-1445T variant were obtained by
gene synthesis (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA). Both synthetic genes, appended with a
5 Ndel and a 3’ Sall restriction endonuclease recognition
site, were subcloned from the respective pMA-RQ(+) syn-
thesis vectors (Table S1) into pET28a using Ndel and Sall.
All constructs were appended with an N-terminal hexa-
histidine tag (sequence: MGSSHHHHHHSSGLVPRGSH)
encoded by the expression vector (Table S1). All final con-
structs were verified by sequencing (SeqLab, Gottingen,
Germany).
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2.3 Heterologous gene expression and protein
purification

Expression and purification of wild-type PpSB1-LOV and
its variants was carried out with minor modifications as
described previously [28]. All samples were either pre-
pared without N-terminal hexa-histidine tag; removing the
tag by proteolytic cleavage with thrombin [28] (NMR stud-
ies), or were used as His-tagged variants (UV/Vis spectro-
scopic characterization of all PpSB1-LOV variants, YtvA,
YtvA-I47T, AsLOV2 and AsLOV2-1445T, crystallization
of PpSB1-LOV-148T). Protein samples were desalted
using PD-10 desalting columns (size: 1.4 X5 cm, gel bed
volume: 8.3 mL; GE-Healthcare, Chicago, Illinois, USA)
and transferred to 20 m M sodium phosphate buffer pH
6.4 supplemented with 10 mM NaCl and 1 mM DTT as
storage buffer. Samples were stored either in soluble form
at 4 °C or as lyophilized powder at — 20 °C in the dark
until further use.

2.4 UV-vis spectroscopy

UV/Vis spectrophotometric measurements were carried
out under dim-red safety light using a Cary-60 UV/Vis
spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) equipped with a single-cell cuvette holder ther-
mostatted to 40+2 °C (PpSB1-LOV and its variants) or
25+1°C (YtvA, YtvA-I57T, AsLOV2, AsLOV2-1445T).
All measurements were performed in 20 mM sodium
phosphate buffer (pH 6.4) supplemented with 10 mM
NaCl, 1 mM DTT, 0.03% (w/v) NaNj; in a 90%/10% (vol/
vol) H,0/D,0 mixture, to mimic the conditions during
the NMR measurement. All samples were diluted to an
absorbance of 0.1 at 4,,,,pvn =450 nm. Samples were
illuminated using a blue light-emitting high-power LED
(Luxeon Lumileds, Phillips, Aachen, Germany; 2.6 mW/
cm?) mounted on top of the cuvette. Illumination was
controlled using an Arduino UNO (Smart Projects, Italy)
microcontroller as described previously [52, 66]. After
illumination, dark-state recovery was either followed by
recording sequential UV/Vis spectra (PpSB1-LOV, YtvA
and their variants) or by directly following the recovery of
the absorbance at 485 nm (AsLOV?2 and AsLOV2-1445T).
The adduct-state life time Ty, was obtained by plotting
the recovery of the absorbance at 485 nm against the time
and fitting the data to a mono-exponential decay function
according to:

¥(O) = y(t = 0) + Ae 7,

where y is the absorbance at 485 nm, y(#=0) is the starting

absorbance at t=0 and 7t is the adduct-state lifetime.
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2.5 NMR spectroscopy

[U-13C,’ N] and [U-'° N] PpSB1-LOV wild type and the
I48T variant samples were prepared in 20 mM sodium
phosphate buffer (pH 6.4) supplemented with 10 mM NaCl,
1 mm DTT, 0.03% (w/v) NaN; in a 90%/10% (vol/vol) H,O/
D,0 mixture. The protein concentration was 500 uM unless
stated otherwise. NMR spectra were recorded at 40 °C on
spectrometers operating at protein frequencies of 600, 700,
and 800 MHz, equipped with cryogenically cooled z-gra-
dient probes. The sample temperature was calibrated using
a perdeuterated methanol sample as described by Find-
eisen et al. [67]. For measurement of light-state samples,
the NMR sample transferred inside a 5 mm NMR Shigemi
tube was pre-illuminated with blue light using a high-power
LED (Luxeon Lumileds, Royal Blue 4,,,,, =450 nm, 2.6 mW
cm™2; Philips GmbH, Aachen, Germany). The sample was
kept illuminated for the course of experiments with a fiber-
optic cable, placed inside the Shigemi plunger, which trans-
mits the blue light through a collimator lens. This mode of
illumination inevitably results in lower light intensity during
actual the NMR experiment. For PpSB1-LOV wild type, this
mode of illumination was sufficient to hold the whole protein
sample in the light state to enable triple resonances experi-
ments to acquire assignments [28]. The Shigemi tube with
the attached fiber-optic cable was then lowered inside the
magnet.

2.5.1 Chemical shift perturbation analysis

PpSBI1-LOV wild-type backbone resonance assignments
were determined previously [28]. The backbone assignments
for the dark state of the PpSB1-LOV- 148T variant were
confirmed using a 3D HNCA experiment [68]. Spectra were
processed using the NMRpipe package [69] and analyzed
with CcpNMR analysis [70]. The weighted average chemical
shift differences, (Ad,,), were calculated using the formula:
Ab,, = [(AS% g+ ASW/25)/2]2 [71].

2.6 Crystallization of PpSB1-LOV-148T, data
collection, and analysis

2.6.1 Protein crystallization

The purified PpSB1-LOV-I48T protein in 20 mM sodium
phosphate buffer at pH 6.4 supplemented with 10 mM NaCl
was concentrated to 15 mg/mL using 10 kDA molecular
weight cut-off centrifugal concentrators (Macrosep Advance,
Pall, Port Washington, NY, USA). Two parallel crystalliza-
tion setups were performed at 19 °C—One in complete dark-
ness, and the other under continuous illumination with blue-
light LED arrays (4,,,,, =450 nm, Luxeon Lumileds, Phillips,
Aachen, Germany). Both approaches were done using the
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sitting-drop vapor diffusion method using 1 pL of protein
and 1 pL of the reservoir solution. The protein crystallized
in the dark under the conditions 0.2 M sodium chloride,
0.1 M MES pH 6.0, 15% (v/v) pentaerythritol propoxylate in
the monoclinic symmetry, while under constant light condi-
tions the crystals appeared in hexagonal symmetry under the
conditions 0.085 M HEPES pH 7.5, 17% (w/v) PEG 4000,
15% (v/v) glycerol, 8.5% (v/v) isopropanol. The respective
crystallization time was 2—3 weeks in both cases.

2.6.2 Data collection and structure determination

Both the crystal types were cryo-compatible in their respec-
tive reservoir solutions and were used as such for data col-
lection at 100 K. Diffraction data were recorded at beamlines
ID23-1 and ID29 at ESRF (Grenoble, France, [72, 73]). The
respective wavelengths and the corresponding detector types
of each beamline can be found in Table 1. Data collection
strategies were established using the program BEST [74]
such that the radiation damage was minimized while ensur-
ing maximum data completeness. Data processing was car-
ried out using the program XDS [75] and AIMLESS (part of
the CCP 4 package, [76]). The initial phases were obtained
by molecular replacement using MOLREP (CCP4-package.,
[76]), and the respective models were generated from the
crystal structures of PpSB1-LOV in the dark state (PDB-
ID: 5J3W) and PpSB1-LOV in the light-state (PDB-ID:
3SW1). Four molecules occupy the asymmetric unit in the
monoclinic crystal form of the dark state with space group
C2, while the blue light-excited crystal structure with space
group P6,22 has one molecule in the asymmetric unit. The
respective Matthews coefficients [77] are 2.2 and 2.55 A3/
Da, corresponding to a solvent content of 44.2% and 51.8%.
Both X-ray structures were further refined with the program
Phenix [61] and visually inspected with the graphics pro-
gram Coot [78] and corrected accordingly. The statistics are
shown in detail in Supporting Table S3.

2.7 Sequence conservation analysis

The conservation of residues constituting the hydrophobic
148 pocket was analyzed as described previously [52, 79]
using the comprehensive LOV domain sequence data set
provided by Glantz and co-workers [80]. Sequence logos
were generated with WebLogo 3 [81] and analyzed with
Skylign [82]. In the latter case, conservation was quantified
as observed counts relying on sequence weights to account
for a high degree of similarity in a subset of sequences. This
yields for each amino acid position probabilities for the
occurrence of the possible different amino acids, reflecting
the overall sequence diversity of the data set.

3 Results

Our previous NMR analysis to investigate the light-induced
conformational changes in the PpSB1-LOV wild-type pro-
tein revealed that residue 148, located at the C-terminal end
of the Da helix, shows a remarkable chemical shift pertur-
bation upon illumination with blue light [28]. Such a large
change, indicative of a major conformational and/or envi-
ronmental change around 148, is surprising since this resi-
due is located at a distance of ~ 10 A away from the FMN
chromophore and the dimer interface, with the latter expe-
riencing the most pronounced chemical shift perturbation
[28], structurally manifested in a rotation of the two dimer
subunits relative to each other, as observed in the dark- and
light-state crystal structures of PpSB1-LOV [28].

As judged from the corresponding dark and light-state
structures, illumination with blue light leads to a rotation
of ~ 120° around the y! angle of 148 (Fig. 1 B). A closer
inspection reveals that the region around the 148-haboring
Da helix is primarily composed of hydrophobic residues
located on Bf, Ca, Ea, and Da. For simplicity, we will
refer in the following to this structural feature as the “I48
pocket” (Fig. 1B). This residue corresponds to I57 in B. sub-
tilis YtvA and 1445 in Avena sativa AsLOV2. For simplic-
ity, we will in the following refer to this pocket as the 148
pocket. The 148 pocket hereby stabilizes the Ea helix and
the adduct-forming cysteine (C53 in PpSB1-LOV) located
within this helix. The pocket is dominated by residues L30
(I39 in YtvA, 1427 in AsLOV2), V33 (V42 in YtvA, A430
in AsLOV2), F37 (F46 in YtvA, F434 in AsLOV2), Y43
(Y52 in YtvA, Y440 in AsLOV), 148 (I57 in YtvA, 1445 in
AsLOV2), F55 (F64 in YtvA, F452 in AsLOV2, and L56
(L65 in YtvA, L453 in AsLOV2), in both light and dark
states of the protein (Fig. 1B). Amongst these residues, the
side chains of V33, Y43, 148, and F55 are at a distance of
more than 6 A from the FMN chromophore.

3.1 The 148T mutation has no impact
on the light-induced conformational changes
of PpSB1-LOV in solution

To probe the importance of the 148 pocket for the func-
tion of PpSB1-LOV, we introduced a hydrophilic residue,
threonine, at position 48 of PpSB1-LOYV, resulting in the
variant PpSB1-LOV-I48T. Threonine was chosen to per-
turb the 148 pocket, as a result of the hydrophilic side
chain Y'OH group and a 45% lower van-der-Waals volume
in comparison to isoleucine. The PpSB1-LOV-I48T vari-
ant could readily be purified (FMN load >99% FMN), as
estimated from the dark-state UV/Vis spectrum of the pro-
tein (Fig. 2A) and reverse-phase UPLC analyses (Fig. 2B).
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Fig. 1 A Crystal structure of the PpSB1-LOV dimer in the dark state
(PDB: 5J3W) with FMN in stick representation, with carbon atoms
in gray, oxygen in red, nitrogen in blue and phosphorus in orange.
In addition, 148 is shown as stick representation with carbon atoms
in gray. B A close-up of the hydrophobic pocket is depicted as inset.
The view shows both the dark- and light-state structure highlighted
as transparent cartoon and marks the structural changes of 148 due to
illumination. 148 is shown in its dark- and light-state conformation
with carbon atoms in dark gray and dark blue, respectively. Residues
that constitute the hydrophobic pocket around 148 are shown in their
dark-state conformation in stick representation
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Fig.2 A Dark (black line) and light-state (blue line) UV/Vis spectra
of PpSB1-LOV-148T and B UPLC analysis of flavin-species distribu-
tion of purified PpSB1-LOV-148T. The employed UPLC method is
described in the Supporting Materials and Methods section. (B, upper
panel) UPLC chromatogram of a mixture of authentic, flavin mono-
nucleotide (FMN), flavin adenine dinucleotide (FAD), riboflavin (RF)
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Moreover, wild-type like photocycling is retained in the vari-
ant (Fig. 2A), indicative of a fully functional photoreceptor.

To investigate whether the I48T mutation leads to
large-scale structural perturbation of PpSB1-LOV,
thereby impairing light-dependent conformational
changes, we compared the 2D 'H-'3 N HSQC spectra of
wild-type PpSB1-LOV and PpSB1-LOV-148T (Figure S1
A, B). The backbone 'H and '° N chemical shift assign-
ments for the dark state of the [48T variant were con-
firmed using a 3D HNCA experiment.

Confirmation of the light-state chemical shift assign-
ments, however, was not possible for PpSB1-LOV-148T
because the blue-light LED source used for chromophore
excitation (see Materials and Methods for details) was not
able to hold the I48T variant in the light state for the dura-
tion of the 3D HNCA experiment (typically more than
one day). Therefore, only the resonances which could
be unambiguously assigned from the overlay between
2D 'H-!5 N HSQC spectra of wild-type PpSB1-LOV
and the I48T variant (Figure S1) were used for chemical
shift perturbation analysis. Significantly large chemical
shift perturbations (Ad,,) above the significance level of
(AS,, + 16(AS,,); dashed line in Fig. 3) due to the muta-
tion are primarily localized around the mutation site, i.e.,
the Ea and Da helices, without any significant effects on
other regions of the protein (Fig. 3A, B), suggesting that
the mutation does not cause large-scale structural changes
in the protein.
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and lumichrome (LC); used as HPLC standards for identification of
protein loaded flavins. (B, lower panel) UPLC chromatogram of the
flavin species released from PpSB1-LOV-148T. Evaluation of the
data yielded a flavin-species distribution of 99.5% FMN, 0.1% FAD,
0.1% RF and 0.3% LC. Black dashed lines mark the retention times of
FAD, FMN, RF and LC
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In conclusion, wild-type like flavin-loading, photo-
chemistry, and NMR data indicate that the [48T mutation
is benign with respect to the function of the PpSB1-LOV
photoreceptor.

3.2 Dark- and light-state crystal structures
of PpSB1-LOV-148T corroborate the benign
nature of the 148T mutation

To gain further insights into the structural consequences
of the 148T mutation, we crystallized the 148T variant in
the dark and under constant illumination and determined
the corresponding dark- and light-state crystal structures.
Table S3 summarizes data collection and refinement statis-
tics for all here obtained structures. In the dark, the protein
yielded monoclinic crystals in the space group C2, consist-
ing of four molecules in an asymmetric unit. This is very
similar to our previously reported dark-state structure of
wild-type PpSB1-LOV (backbone root mean-square devia-
tion of 0.37 A; Fig. 4A) that also crystallized in C2 space
group with four molecules in the asymmetric unit form-
ing two dimers, which differed primarily in the orienta-
tion of the two protruding Ju helices [28]. Under constant
illumination, hexagonal crystals (space group, P 6, 2 2)
of PpSB1-LOV-148T were obtained with one molecule
per asymmetric unit. However, PISA analysis suggests a

wild-type-like dimer arrangement, which agrees with the
results from size exclusion chromatography where PpSB1-
LOV-I48T elutes as a dimer (Figure S2). Superimposi-
tion of the corresponding wild-type light-state structure
of PpSB1-LOV yields a backbone RMSD value of 0.37 A,
indicative of nearly identical structures. Thus, the light-
dependent conformational changes previously described
for PpSB1-LOV wild type still occur in the I48T vari-
ant, corroborating the functionally benign nature of the
mutation (Fig. 4E). Residue 148 resides at the C-terminal
end of Da helix, forming part of a hydrophobic pocket
comprising the residues L29, L.30, V33, F37, Y43, L49
and F55 from Bf, Ca, Ea, and Da (see inserts to Fig. 4A,
B). In PpSB1-LOV I48T crystal structures, these residues
show no significant changes when superimposed on the
respective wild-type structures (Fig. 4A, B). This is not
surprising as they are not directly involved in either FMN
coordination or in the formation of dimer interface.
Light-induced changes such as movement of the Da—Ea
loop are similar, where the latter moves out slightly (dis-
tance measured between Co atoms of residue 48 in the two
states is~ 1.6 A in PpSB1-LOV and 0.9 A in PpSB1-LOV
148T), and is more solvent exposed in the dark state. We
previously reported that the side chain of 148 in the crystal
structures of dark and light states of PpSB1-LOV reveals a
change in its y' angle upon illumination, from Xl angle of

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Residue Number

Fig. 3 Backbone amide chemical shift perturbations of PpSB1-LOV
due to I48T mutation in the dark-(A) and light state (B). Chemical
shift perturbation Ad,, relative to the corresponding dark- and light-
state chemical shifts of wild-type PpSB1-LOV. Significant chemical
shift changes (Ad,,) arising from the I48T mutation are mostly local-
ized around the mutation site (residues 39-51). The significance level

(AS,,+10(Ad,,) is indicated by the black dashed line. A AS,, of the
dark-state spectra with a significance level of 0.08 ppm, and B A§,,
of the light-state 'H-'> N HSQC spectra with a significance level of
0.06 ppm. The secondary structure elements are shown on top of the
Figure
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Fig.4 Overlay of dark- and light-state crystal structures of PpSB1-
LOV and PpSB1-LOV I48T. A Superposition of dark-state dimer
(A-B chains) of PpSB1-LOV I48T (green) and the corresponding
dark-state wild-type PpSB1-LOV dimer (B-D chains in PDB-ID
5J3W) (salmon). B Superposition of the wild-type light-state PpSB1-
LOV dimer (beige) and the corresponding I148T light-state structure
(plum). The insets in panels A and B show the close-up view of the
hydrophobic pocket carrying the 48T mutation in dark and light

54° in the dark state to y' angle of — 59° in the light state.
In contrast, the side chain rotamer of T48 is similar in
both, light and dark states in the PpSB1-LOV I48T variant,
which is likely due to the shorter side chain. Nevertheless,
side chains of both 148 in the wild type and T48 in the
corresponding crystal structures point to the hydrophobic
pocket, composed of residues mentioned above.

3.3 The hydrophobic 148 pocket is important
for dark-recovery tuning

3.3.1 The I48T mutation accelerates the dark recovery
of PpSB1-LOV

The inability of the blue-light source to hold the I148T vari-
ant in a stable light state during the NMR experiments
(see above) indicated that the light state of the I48T vari-
ant decays significantly faster than in wild-type PpSB1-
LOV. This implies faster adduct rupture and hence a faster
dark-recovery process. To quantify this acceleration, we
determined the adduct-state lifetime of the 148T variant by
UV/Vis spectroscopy by following the change in absorb-
ance at 485 nm. At 40 °C, i.e., to mimic the conditions of
our NMR experiments, the 48T variant shows faster dark
recovery than wild-type PpSB1-LOV, yielding an adduct-
state lifetime of t,,.=25.0 £ 0.8 min, which is about three
times faster than the wild type with a t,,.=73.7+ 0.8 min;
under identical conditions (Table 1). Please note that, in
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states, respectively. T48 and residues contributing to the hydrophobic
pocket that are within 5 A of 148 are shown as stick models C Super-
imposition of PpSB1-LOV I48T dark- (green) and light-state struc-
tures (plum). For clarity, only the FMN molecule in the respective
148T structure is shown as stick model. In panels A and B, the FMN
is colored by element: carbon—yellow; nitrogen—blue; oxygen—red;
and phosphorus—magenta

Table 1 Adduct-state lifetimes of all tested PpSB1-LOV, YtvA and
AsLOV?2 variants

Protein® TRe/MiN F (x-fold)®
PpSB1-LOV 73.7+0.8

PpSB1-LOV-I48T 25.0+0.8 2.9
PpSB1-LOV-V33T 594+1.7 1.3
PpSB1-LOV-Y43A n.a

PpSB1-LOV-Y43H 96.9+1.3 -13
PpSB1-LOV-F55A 23+0.1 32
PpSB1-LOV-F55H 3.7+0.1 20
YtvA 31.2+8.7 -
YtvA-I5S7T 17.5+£0.1 1.8
AsLOV2 0.81+£0.02 -
AsLOV2-1445T 2.53+0.05 -3.1

The corresponding dark-recovery time traces can be found in the Sup-
porting Information (Figure S3-S5)

“The adduct-state life time g, of all PpSB1-LOV variants was deter-
mined at 40 °C; due to stability issues the corresponding values for
YtvA, AsLOV2 and their variants was measured at 25 °C
®Acceleration/deceleration relative to the corresponding wild-
type protein. n.a. not applicable as the Y43A variant lost the flavin
chromophore after purification

previous studies, a T, of about ~ 2500 min was deter-
mined for PpSB1-LOV at 20 °C [25]. Exemplary UV/Vis
time traces can be found in the Supporting Information

(Figure S3, A and B; compare X-axis scale).
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3.3.2 General importance of the hydrophobic 148 pocket
and generality of the mutation for dark-recovery
tuning

To infer if the hydrophobic 148 pocket plays a general role
in stabilizing the light state, we decided to investigate the
effect of mutations of other hydrophobic residues within
this pocket on the dark recovery of PpSB1-LOV. We
introduced the mutations V33T, Y43A, Y43H and F55A
and F55H into PpSB1-LOV. The mutated positions corre-
spond to V42/A430, Y52/Y440 and F64/F452 in YtvA and
AsLOV?2, respectively. With the exception of the Y43A,
which lost its chromophore after purification, and Y43H,
which showed a slower dark recovery (t,..=96.9 + 1.3 min)
compared to the wild type (t,..=73.7+0.8 min), all tested
variants showed a faster dark recovery (Table 1). Exem-
plary dark-recovery time traces can be found in the Sup-
porting Information (Figure S3, C-F). The most pronounced
acceleration was observed for the two F55 variants -FS5A
(Tee=2.3+0.1 min) and -F55H (7., =3.7 +0.1 min), which
showed 32- and 20-fold faster dark recoveries, respectively.

Lastly, to test whether the 48T mutation identified to
accelerate the dark recovery of PpSB1-LOV, has a simi-
lar effect in other LOV photoreceptors, we introduced
the I57T and 1445T mutations in the YtvA photoreceptor
of Bacillus subtilis and the LOV2 domain of the Avena
sativa phototropin-1 (AsLOV2), and measured their
adduct-state lifetime (Figure S4 and S5) at 25 °C. While
the YtvA-I5S7T variant showed an accelerated dark recov-
ery (T,.=17.5+0.1 min) compared to wild-type YtvA
(Tree=31.2 +8.7 min), surprisingly the corresponding
AsLOV2-1445T variant showed a threefold slower dark
recovery (T,.=2.53+0.05 min) as compared to the cor-
responding wild type (t,..=0.81+0.02 min).

4 Discussion

Using a combination of UV/Vis spectroscopic methods,
NMR spectroscopy and X-ray crystallography, we here iden-
tified a residue substitution within a hydrophobic 148 pocket
of PpSB1-LOV, which alters the dark recovery of the pro-
tein. This observation is in so far surprising, as the mutated
residue is located at a distance of about 10 A from the FMN
chromophore and can, thus, only indirectly affect covalent
adduct formation between the protein and the flavin chromo-
phore. NMR studies and the here-presented dark- and light-
state crystal structures of the faster reverting PpSB1-LOV-
I48T variant showed that the introduced mutation is benign
with regard to the light-induced conformational changes, and
hence most likely does not affect the in vivo functionality of
the photoreceptor. Such a feature is important, e.g., for the
tuning of LOV-based optogenetic tools, where photocycle

kinetics play an important role for the efficacy of the artifi-
cially generated light switch [83, 84]. Likewise, LOV photo-
receptors with altered photocycle kinetics have recently been
used in planta, e.g., for improving biomass production under
low light conditions [36]. Based on the additional mutations,
which we introduced within the 148 pocket of PpSB1-LOV,
we conclude that this structural region is important for dark-
recovery tuning in PpSB1-LOV. Moreover, the introduction
of similar mutations within two other LOV proteins; the B.
subtilis YtvA photoreceptor and the LOV2 domain of A.
sativa phototropin-1 (AsLOV2); resulted in variants with
altered dark-recovery kinetics. Interestingly, while a faster
dark recovery was observed for the YtvA and PpSB1-LOV
I57T/148T variants, respectively, AsSLOV2-1445T showed a
slower dark recovery. These contradictory trends, although
confirming the importance of the hydrophobic 148 pocket for
dark-recovery tuning, hint at different tuning mechanisms in
AsLOV2 and YtvA/PpSB1-LOV, respectively.

Given the opposite trends seen for the dark recovery of
the AsLOV2-1445T, YtvA-I57T and PpSB1-LOV-I48T vari-
ants, one would have to assume that placing a threonine into
the AsSLOV?2 pocket stabilizes the FMN-Cys linkage in the
light state, while in case of YtvA and PpSB1-LOV a destabi-
lization is observed. However, due to the conserved nature of
the hydrophobic 148 pocket (see below), only few structural
differences can be identified between PpSB1-LOV, YtvA
and AsLOV2 (Figure S4). Superimposing the light-state
structures of the isolated LOV domains of YtvA and PpSB1-
LOV (both chains) to AsSLOV?2 yields RMSD values between
1.18 and 2.33 for all backbone atoms (Table S4). While 148
of PpSB1-LOV and 157 of YtvA show very similar light-
state conformations, the corresponding 1445 of AsLOV2
shows two conformations in the light state, neither match-
ing the conformation seen for YtvA and AsLOV2 (Figure
S4), indicative for some flexibility in this region in ASLOV2,
which is absent in YtvA and PpSB1-LOV. In addition, both
PpSBI1-LOV and YtvA possess a valine at position 33 lining
the 148 pocket, while ASLOV2 contains a smaller alanine at
this position, possibly rendering the pocket more compact in
case of PpSB1-LOV and YtvA. Further, in PpSB1-LOV, a
glutamine is found at position 38 (on Ca), whose side chain
forms an H-bond to backbone of Arg45 (E38-OFE1 ... R45-
N) (on Da) thereby stabilizing the pocket, while YtvA and
AsLOV?2 lack such an interaction, as they possess a valine
(V47) and leucine (L435) at the corresponding position,
respectively. Overall, the hydrophobic pocket might be more
compact and less flexible in case of PpSB1-LOV and YtvA
compared to AsLOV2. It is tempting to speculate that this
feature could account for the opposite behavior of ASLOV2,
compared to YtvA and PpSB1-LOV, which was observed for
the 1445T and I57/T/148T mutations, respectively.

Mechanistically, introducing a polar threonine side chain
into the hydrophobic pocket might impact the dynamics of

@ Springer



722

Photochemical & Photobiological Sciences (2023) 22:713-727

the overall region, which in turn could impact stability of
the FMN-Cys linkage and hence dark recovery. Generation
of a L435E/A430V/1445T triple variant of AsSLOV2 might
help to delineate the nature of observed contradictory trends,
while molecular dynamics (MD) simulations of light and
dark state of PpSB1-LOV and the corresponding PpSB1-
LOV-I48T variant would enable assessment of the dynamics
of the corresponding region.

Further supporting the importance of the hydrophobic
148/157/1445 pocket for dark-recovery tuning, in a previ-
ous study the mutation of F46 to histidine in YtvA (cor-
responding to F37 in PpSB1-LOV and F434 in AsLOV2),
was shown to accelerate the dark recovery of the protein
25-fold [6]. Though, when introduced in the artificial pho-
toreceptor YF1, the F46H mutation adversely affected light
regulation [51]. When combined with the I39V mutation
(corresponding to L30 of the PpSB1-LOV 148 pocket, and
1427 of AsLOV?2), the recovery of the YtvA F46H/I39V
double mutant variant is even accelerated 75-fold [6]. The
1427V mutation in AsLOV?2 likewise accelerated the dark
recovery by a factor of about eight [58]. However, likely due
to its close proximity to the FMN chromophore, the YtvA
139V mutation severely impaired light regulation by the
YtvA-LOV domain, albeit in the artificial YF1 framework
[51]. Those studies corroborate the general importance of
the structural region corresponding to the PpSB1-LOV 148
hydrophobic pocket for the dark recovery of LOV proteins
in general, while stressing the importance of using distant
sites for dark recovery tuning, whose mutation is less likely
to influence the signaling response.

4.1 The hydrophobic 148 pocket of PpSB1-LOV
is highly conserved

Given the observed mutational effects, the question
arises, if the structural region centered around the 148
pocket of PpSB1-LOV is well conserved in other LOV
proteins. Based on a multiple-sequence alignment of
1975 LOV domain sequences [79], obtained from the
sequence data set of Glantz and co-workers [80], we ana-
lyzed the sequence conservation of residues constituting
the hydrophobic 148 pocket of PpSB1-LOV by generating
a sequence logo (Fig. 5A). For reference, the dark-state
structure of PpSB1-LOV is shown in Fig. 5A, B, and an
alignment of selected LOV domain sequences is shown in
Fig. 5C. In addition, sequence conservation was analyzed
with Skylign [82], which for every amino acid position
calculates a probability for the occurrence of different
amino acids. The corresponding probabilities for the resi-
dues constituting the hydrophobic 148 pocket are sum-
marized in Table S5. The pocket is hereby constituted by
residues L30 (I39 in YtvA, 1427 in AsLOV?2), V33 (V42
in YtvA, A430 in AsLOV2), F37 (F46 in YtvA, F434
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in AsLOV2), Y43 (Y52 in YtvA, Y440 in AsLOV), 148
(I57 in YtvA, 1445 in AsLOV2), F55 (F64 in YtvA, F452
in AsLOV2, and L56 (L65 in YtvA, L453 in AsLOV2)
(highlighted with red asterisks in Fig. 5C).

Interestingly, while the most common residues that con-
stitute the corresponding pocket in LOV domains are indeed
mostly hydrophobic, we still find naturally occurring polar
substitution for all positions, albeit with generally low prob-
abilities. The most common polar residue type identified in
the data set for the 148 position of PpSB1-LOV is threonine,
which is found in 3.2% of the analyzed sequences, followed
by serine found in 1.4% of the sequences. Putative LOV
photoreceptors containing either a serine or threonine at
the position of 148 of PpSB1-LOV include among others
a LOV domain containing protein from Coccomyxa subel-
lipsoidea, a LOV histidine kinase of Erythrobacter sp. and a
LOV histidine kinase of Pseudomonas syringae (see Fig. 5,
C marked by a red asterisk in square brackets). Polar 148
substitutions can, thus, be found in eukaryotes and phototro-
phic and non-phototrophic prokaryotes, indicative of a more
general tuning mechanism that is not restricted to certain
genera. A list of selected proteins containing polar 148 sub-
stitutions can be found in Supporting Table S6.

Based on these findings, it is tempting to speculate that
polar substitutions within the hydrophobic 148 pocket, as
the ones we have introduced here artificially by site-directed
mutagenesis in PpSB1-LOV, are indeed used in nature to
tune the dark-recovery kinetics of LOV domains. Further
studies of LOV proteins naturally containing polar resi-
dues within the hydrophobic 148 pocket would, however, be
needed to corroborate this notion.

5 Conclusions

In conclusion, the here-presented study identifies a con-
served, but previously overlooked structural region outside
the flavin-binding pocket of LOV domains, for which muta-
tions have a strong impact on the dark-recovery reaction
across different LOV photoreceptor families. Moreover,
the identified I48T mutation in PpSB1-LOV is structurally
and mechanistically benign, i.e., as light-induced structural
changes, as probed by NMR spectroscopy and X-ray crystal-
lography, are not altered in the variant. Please note that, due
to the lack of a straightforward functional read-out for the
here-studied PpSB1-LOV system, the impact of the mutation
on the cellular function of the protein could not be tested.
In addition, whether or not, the homologous mutation in
other LOV photoreceptors, as well as other mutations in the
hydrophobic pocket of PpSB1-LOV are also functionally
benign, remains to be addressed in future studies. Never-
theless, due to the conserved nature of the corresponding
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Fig.5 A Sequence logo illus- A
trating the conservation of resi- J B8

dues within the hydrophobic 148 e
pocket. Residues that constitute
the pocket are localized on Bp,
Ca, Da and Ea (red asterisks).
Violet asterisks label additional
residues that are within 5 A of
148 but are not part of the 148
pocket of PpSB1-LOV (PDB-
ID: 3SW1). The position of 148 7 - eg‘—(’?_
of PpSB1-LOV is marked by a 0 i amn T Sl V Vs S0 SE=
red arrow. Residue numbering 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59
according to the PpSB1-LOV residue number

scheme. The sequence logo was

generated with Weblogo [81] B
based on a multiple-sequence

alignment of 1975 LOV domain
sequences for a recently pub-

lished data set [80]. B Close-

up view of PpSB1-LOV with

residue backbone positions

for residues within (red) and

around (violet) the hydrophobic

148 pocket shown as spheres

(compare to red and violet aster-

isks in panel A). C Multiple

sequence alignment of the LOV

domain of PpSB1-LOV, YtvA,

AsLOV2 and three selected

putative LOV photoreceptors

with a polar substitution at the

148 position of PpSB1-LOV

(marked with red asterisk in

square brackets). Residues

constituting the hydrophobic

pocket are marked by red

asterisk. Sequence information

can be found in the Supporting
Information Table S6
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structural region, the here identified mutations should find
application in dark-recovery tuning of optogenetic tools and
LOV photoreceptors, alike.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-022-00346-5.
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