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Abstract

Light-Oxygen-Voltage (LOV) domains are conserved parts of photoreceptors in
plants, bacteria and fungi that bind flavins as chromophore and detect blue light. In the past,
LOV domain variants have been developed as fluorescent reporter proteins (called flavin-
based fluorescent proteins; FbFPs), which due to their ability to fluoresce under anaerobic
conditions, fast folding kinetics as well as small size of ~12—-16 kDa are a promising reporter
system for quantitative real-time analysis of biological processes. Here, we present a small
thermostable flavin-based fluorescent protein CagFbFP derived from a soluble LOV domain-
containing histidine kinase from the thermophilic bacterium Chloroflexus aggregans.
CagFbFP is composed of 107 amino acids with a molecular weight of 11.6 kDa and consists
only of the conserved LOV core domain. The protein is thermostable with a melting point of
about 68 °C. It crystallizes easily and its crystals diffract to 1.07 A. Both the crystal structure
and small angle scattering data show that the protein is a dimer. Unexpectedly, glutamine 148,
which in LOV photoreceptor proteins is the key residue responsible for signal transduction,
occupies two conformations. Molecular dynamics simulations show that the two
conformations interconvert rapidly. The crystal structure of wild-type Chloroflexus aggregans
LOV domain determined at 1.22 A resolution confirmed the presence of two alternative
conformations of the glutamine 148 side chain. Overall, this protein, due to its stability and
ease of crystallization, appears to be a promising model for ultra-high resolution structural

studies of LOV domains and for application as a fluorescent reporter.
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Introduction

Light-Oxygen-Voltage (LOV) domains are conserved parts of photoreceptors in
plants, bacteria and fungi that detect blue light'*. Structurally, as members of the PAS
domain family®, they have a mixed o/p fold. LOV domains bind flavins such as flavin
mononucleotide (FMN) or flavin adenine dinucleotide (FAD) as chromophores and have
characteristic absorption spectra with maxima at around 450 nm. Photoexcitation of the flavin
chromophore results in formation of a covalent flavin-cysteinyl thiol adduct between the
flavin C4a atom and a nearby conserved cysteine residue, which in turn induces
conformational changes in the LOV domains that eventually lead to activation of various
effector domains, such as kinases, esterases and DNA binding motifs®. One of the most
conserved features of LOV domain activation, apart from adduct formation, is altered
hydrogen bonding of the flavin with an adjacent glutamine side chain (Q123 in YtvA, Q182
in Vivid (VVD), Q154 in ZEITLUPE (ZTL) and Q513 in Avena sativa phototropin 1 LOV?2),
which is suggested to rotate in the active conformation in response to protonation of the flavin
and formation of the cysteine-flavin adduct?3’. In the dark, the covalent cysteine-flavin bond
is broken, thus concluding the LOV photocycle®8°.

In the past, several LOV domain variants have been developed as fluorescent reporter
proteins (called flavin-based fluorescent proteins; FbFPs), which due to their ability to
fluoresce under anaerobic conditions, fast folding kinetics as well as small size of ~12-16
kDa are a promising reporter system for the quantitative real-time analysis of biological
processest®t. The first FbFPs, BsFoFP, EcFbFP and PpFbFP, were engineered from the LOV
domains of the bacterial blue-light photoreceptor YtvA from B. subtilis and the PpSB2-LOV
protein from P. putida, by replacing the adduct-forming cysteine residue of the photoreceptor
with alanine, which abolishes LOV photocycling and results in sustained fluorescence
emission'2. ECFbFP represents a shorter version of BsFbFP for which the codon usage of the
corresponding gene was adjusted to the E. coli codon usage bias!2. Soon thereafter, shuffling
of four Arabidopsis thaliana phototropin LOV domain-coding sequences resulted in
development of the fluorescent protein iLOV, which outperformed GFP as a reporter of plant
virus infection®3. iLOV was later improved for enhanced photostability, resulting in a series of
phiLOV constructs,

While increased thermostability is a desirable property of fluorescent proteins, for
them to be used as fluorescence reporters in thermophilic microbes, the first FbFPs unfolded
at moderate temperatures®®. It was possible to increase the melting temperature of BsFoFP by

31 °C, but it was not clear how the brightness of the protein is affected by the introduced



stabilizing mutations®®. Therefore, genome mining approaches have been employed to
discover naturally thermostable proteins. The first protein identified using such an approach,
CreiLOV, was derived from the phototropin LOV1 domain of the alga Chlamydomonas
reinhardtiil’. Later, a plethora of bacterial thermostable FbFPs have been described®®, some of
which showed remarkable thermo- and photostability.

Here we describe the photophysical and structural characterization of a new
thermostable flavin-based fluorescent protein, CagFbFP, derived from the LOV domain of a
soluble histidine kinase from Chloroflexus aggregans. Our study highlights CagFbFP as a
promising model for ultra-high resolution structural studies of LOV domains and for

application as a fluorescent reporter.

Results and Discussion

A comprehensive bioinformatics study performed by Glantz et al.® revealed a LOV
domain-containing protein Cagg_3753 in the genome of Chloroflexus aggregans, a
thermophilic filamentous anoxygenic phototrophic bacterium, which forms dense cell
aggregates and was found in a hot spring in Japan'®. Cagg_3753 is annotated as a putative
soluble histidine kinase protein?. It is composed of three consecutive PAS domains, with the
first one being a LOV domain, rendering Cagg_3753 a putative LOV photoreceptor. The
identity and function of the two other PAS domains is not clear. The PAS domains are
followed by dimerization and histidine phosphotransfer domain DHp, a catalytic domain CA,
and additional response regulator RR and histidine phosphotransfer Hpt domains (predicted
by InterPro®°), as is typical for sensor histidine kinases?*23,

To test whether Cagg_3753 can be engineered into a functional flavin-binding
fluorescent protein, we synthesized genes corresponding to residues 47-153 (shorter construct,
CagFbFP) and 8-175 (extended construct, CagFbFPe) with the conserved adduct-forming
cysteine residue Cys85 substituted by alanine. Similarly to other LOV proteins, in Cagg_3753
the LOV domain is predicted to be flanked by a-helices (traditionally called A’a and Jo).
Such helices are frequently involved in dimerization (in LOV domains overall, and in
histidine kinases in particular?*-2%), which would be an undesirable property for a fluorescent
tag. Consequently, we constructed CagFbFP as completely devoid of A’a and Ja residues,
whereas CagFbFPe includes potential helical fragments, similarly to some other described
FbFP proteins (Figure 1).

Both constructs expressed well in E. coli in flavin-bound form and were purified using

metal-affinity and size exclusion chromatography. Absorption and fluorescence excitation and



fluorescence emission spectra of CagFbFP are shown in Figure S1. Judging from the SEC
profiles, it was not clear whether CagFbFP is a monomer or a dimer, whereas CagFbFPe
clearly was multimeric (Figure 2A). Initial experiments conducted using Rotor-Gene Q real-
time PCR cycler indicated that CagFbFP is thermostable as it unfolded at around 68 °C
(Figure 2B). CagFbFPe was even more thermostable, which is consistent with the A’a and Ja
helices stabilizing the protein assembly (Figure 2B). To gain structural insight about both
CagFbFP variants, we employed solution small-angle scattering, SAXS, which has been
informative in previous studies of LOV domain behavior in solution?*28, The data indicates
that CagFbFP is a dimer with the molecular weight of ~25 kDa, whereas CagFbFPe is a
higher-order oligomer with the molecular weight of ~90 kDa (Figure 2C,D). Since extensive
oligomerization is not desirable for a potential fluorescent tag, we continued our work with
the smaller construct CagFbFP.

Interestingly, while CagFbFP is the shortest among the currently described FbFP
proteins'®!® (Figure 1), it still has remarkable thermal stability. High-throughput thermal
denaturation measurements show that CagFbFP is stable in a wide range of NaCl
concentrations, although refolding is hampered at salt concentrations greater than 1 M
(Figure S2). The protein unfolding temperature is also essentially unaffected by urea (Figure
S2). Another commonly used denaturant, GUHCI, visibly affects CagFbFP stability, but the
protein is still folded in a range of temperatures (Figure S2).

Next, we conducted unfolding, thermostability and photostability measurements using
the same equipment, measurement settings, and sample concentrations and volumes as used
previously by Wingen et al.182%% so that the data are directly comparable. These data is
summarized in Table 1. Exemplary data is depicted in Figures 3, 4 and S3. In the flavin
fluorescence-based melting experiments we observe two transitions with melting temperatures
of Tm1=67.7 £ 0.5 °C and Tmz = 84.7 + 0.5 °C (Figure 3A). It is not clear whether these two
transitions correspond to two different species of CagFbFP in solution or it is the same
CagFbFP proteins melting in two steps. In the nanoDSF-based experiments, where we
monitor only Trp/Tyr fluorescence, we observe the same melting transitions (Tm2 = 69.4 +
0.9 °C; Tmz = 83.2 £ 0.8 °C) as well as an additional melting transition at lower temperature
(Tm1 = 53.4 + 0.7 °C, Figure 3B). The additional transition could correspond either to the
melting of the chromophore-free protein fraction, or dissociation of CagFbFP dimer, both of
which should not be detected in the flavin-fluorescence based melting experiments. During
nanoDSF-based refolding experiments, we observe the predominant transition at around

69 °C. Overall, similarly to what was observed in high-throughput measurements (Figure S2),



around 50% of the protein is refolded as judged from fluorescence emission spectra before
and after melting and refolding (Figure S3).

Next, we checked the optical properties and thermostability of CagFbFP at room
(20 °C) and elevated (60 °C) temperatures (Figure 4). During prolonged incubation at 60 °C
the fluorescence of CagFbFP decreased slowly with an apparent rate of 2.6% per hour
(Figure 4B, Table 1). CagFbFP maintains roughly 50% of its fluorescence after 24 h
incubation at 60 °C with the corresponding fluorescence emission spectrum indicative of a
certain fraction of released flavin as deduced from the altered ratios of the 495 nm and 531
nm emission bands (Figure 4D).

In conclusion, the thermostability of CagFbFP is somewhat lower compared to that of
the currently most thermostable FbFPs MrFbFP and YNP3FbFP®, Still, it should be noted
that CagFbFP is the shortest currently described FbFP (Figure 1) and its longer version is
much more thermostable (Figure 2B).

The photobleaching experiments show that CagFbFP has a sufficient photostability
compared to other bacterial thermostable FbFPs®® (Figure 5), with the exception of extremely
photostable MrFbFP. To further evaluate the photophysical properties of CagFbFP, we
determined the fluorescence quantum yield (@F) and extinction coefficient (g) of the protein.
In particular, the @r of CagFbFP is 0.36 (Table 1), which is higher than the one of MrFbFP
and YNP3FbFP8 With a comparable extinction coefficient, the fluorescence brightness of
CagFbFP is higher than that of the currently most thermostable FbFPs, including MrFbFP.
Thus, it might be possible to engineer an FbFP protein that would have even better properties
by combining the best qualities of both CagFbFP and MrFbFP.

As a next step, we aimed to elucidate the structural basis of CagFbFP thermostability.
The protein crystallized extremely well, as the crystals were observed in 12 out of 96 standard
crystallization screen conditions® (Crystal Screen 1 by Hampton Research Corp., USA) and
sometimes reached the size of the crystallization drop, 600 um, along the largest dimension.
The best crystals diffracted to a high resolution, and a 1.07 A dataset was collected from a
single crystal (Table 2). The data quality is comparable to that of the best-diffracting iLOV
and miniSOG crystals*32. CagFbFP has a traditional LOV domain fold, and the asymmetric
unit contains two LOV molecules forming an antiparallel dimer, with the hydrophobic
surfaces of B-sheets at the dimerization interface (Figure 6A). Similar dimerization of LOVs
has been observed previously — for example, in the structure of the plant LOV domain-
containing protein ZTL33, Interestingly, the backbones of the residues Ala58 and Asp59 adopt

two alternative conformations, and thus even further stabilization of CagFbFP might be



possible, because in other LOV/FbFP proteins there is often a proline residue in the place of
Ala58.

Overall, the CagFbFP structure is similar to that of other homologous proteins
(backbone RMSD to iLOV?**, for example, is less than 0.5 A). While the direct comparison of
the CagFbFP structure (with an alanine instead of the adduct-forming cysteine) and
photocycling, signaling-competent LOV domain structures (possessing the adduct-forming
cysteine) is not possible, it is still noteworthy that the signaling-relevant glutamine 148 clearly
occupies two conformations: “buried” and “exposed” (Figure 6B). The “exposed”
conformation has previously been observed only in two LOV domain structures, in the flavin-
free structure of W619_1-LOV from Pseudomonas putida® and in the V481 G80R mutant of
the plant blue-light photoreceptor ZEITLUPE (ZTL)* (Figure S4). Previously, different
studies revealed that in many LOV proteins this glutamine is the key residue responsible for
signal transduction; its side chain flips upon formation of the illuminated state>%. The residue
is also important for development of novel fluorescent proteins, as it affects the electronic
structure of the flavin, and its mutation was reported to result in a shift of the absorption and
fluorescence emission maxima?2:30:36,

The reason for the presence of the unusual “exposed” conformation of GIn148 in
CagFbFP might be its steric interaction with Ile52, an important hydrophobic amino acid
located in close proximity. The nature of the side chain at this position greatly affects the
kinetics of LOV signaling®*2"%. Overall, in the dataset of over 6,700 LOV sequences
assembled by Glantz et al., the majority possesses a valine at this position. At the same time,
~23% of bacterial, ~10% of non-tandem protist, and smaller percentages of LOV domain
proteins from other organisms, including N. crassa VVD, have isoleucines at this position
(Table S1). In most of the available crystallographic structures, the residue at the position of
Ile52 is valine. Still, there are some exceptions. Threonine is observed in Rhodobacter
sphaeroides LOV protein?, Erythrobacter litoralis monomeric histidine kinase EL346* and
Trichoderma reesei ENV1*2, In the Brucella abortus LOV domain, the corresponding
position is occupied by a leucine, but the glutamine (GIn132) is in the buried conformation®?
(Figure S4H). In VVD, the residue is isoleucine, but it is in the g*,t rotameric conformation,
similarly to valine in other LOVs, with the Cs atom removed from the glutamine® (Figure
S4l). Finally, the only structure, where there is an isoleucine side chain in the same gt
rotameric conformation as in CagFbFP, is the structure of the V481 G80R double mutant of
the plant blue-light photoreceptor ZTL33. There, in the dark, the glutamine occupies the

“exposed” conformation, but under illumination a partially occupied “buried” conformation is



observed in one of the four protein chains in the crystallographic asymmetric unit
(Figure S4C,F).

Thus, CagFbFP is an unusual FbFP protein with the signaling-relevant glutamine
(GIn148) clearly in two conformations. To test whether these rotamers are able to
interconvert, we conducted several molecular dynamics simulations. Three 100 ns long
trajectories were started with GIn148 in the “buried” conformation, and three other
trajectories were started with GIn148 in the “exposed” conformation. Analysis of the
distances FMN-04---Q148-NE2 (Figure S5) and FMN-N5---Q148-NE2 (Figure 7) shows that
GIn148 preserves the hydrogen bond with FMN-O4 during the simulations but rapidly
switches between the “buried” and “exposed” conformations. Such behavior has not been
observed in similar simulations of iLOV, where the homologous GIn489 resided solely in the
“buried” conformation®®. Thus, on the basis of crystallographic data and molecular dynamics
simulations we conclude that in CagFbFP, GIn148 interconverts rapidly between the “buried”
and “exposed” conformations, and signaling might proceed via a different mechanism
compared to other LOV proteins.

To check whether the same GIn148 conformations are present in the wild-type
(signaling-competent) Cagg_3753 LOV domain, we introduced the mutation A85C into
CagFbFP and crystallized the resulting construct. The crystals diffracted to 1.22 A (Table 2).
The data quality is comparable to that of other best-diffracting wild type LOV crystals*,
Overall, the structure is identical to that of CagFbFP, with RMSD of atomic positions of
0.1 A. Electron densities reveal the adduct-forming cysteine 85 and confirm alternative
conformations of glutamine 148 (Figure 8).

To conclude, due to remarkable crystallizability and high quality of the resulting
crystals, CagFbFP appears to be a promising model for ultra-high resolution structural studies
of LOV and FbFP proteins and their variants, whereas its optical and thermal stability make it

a good fluorescent reporter.



Methods

Cloning, protein expression and purification

The nucleotide sequences encoding residues 47-153 (CagFbFP) or 8-175 (CagFbFPe)
of Cagg_3753 (Uniprot accession code B8BGAY9) with C85A mutation and C-terminal 6xHis
tag were synthesized de novo (Evrogen, Russia) and introduced into the pET11 expression
vector (Novagen, Merck, Germany) via Ndel and BamHI restriction sites. Wild-type
Cagg_3753 LOV domain construct was generated using site-directed mutagenesis. CagFbFP,
CagFbFPe and wild-type Cagg_3753 LOV domain were expressed in Escherichia coli strain
C41 (DE3). Cells were cultured in shaking baffled flasks in ZYP-5052 auto-inducing
medium* containing 100 mg/l ampicillin. Incubation continued for 7 hours at 37 °C.
Harvested cells were disrupted in M-110P Lab Homogenizer (Microfluidics, USA) at 25000
psi in a lysis buffer containing 50 mM Tris-HCI, 300 mM NaCl, pH 8.0 with addition of 0.5
mM PMSF. The lysate was clarified by removal of cell membrane fraction by
ultracentrifugation at 100000 g for 1 h at 4°C. The supernatant was incubated with Ni-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Germany) on a rocker for 1 hour at 4° C. The Ni-
NTA resin and supernatant were loaded on a gravity flow column and washed with buffer
containing 20 mM imidazole, 300 mM NaCl and 50 mM Tris-HCI, pH 8.0. The protein was
eluted in a buffer containing 200 mM imidazole, 300 mM NaCl and 50 mM Tris-HCI, pH 8.0.
The eluate was subjected to size-exclusion chromatography on Superdex® 200 Increase
10/300 GL column (GE Healthcare Life Sciences, USA) in a buffer containing 10 mM NacCl
and 10 mM sodium phosphate, pH 8.0. Protein-containing fractions were pooled and
concentrated to 30 mg/ml for crystallization.

Spectroscopic methods

High-throughput thermal stability measurements were conducted using Rotor-Gene Q
real-time PCR cycler (Qiagen, Germany) with excitation at 47010 nm and fluorescence
detection at 510£5 nm. 20 ul samples with a protein concentration of approximately 1 mg/ml
have been used. AIll other spectroscopic measurements were performed as described
previously*®2%3°_In brief, to minimize inner filter and reabsorption effects, all fluorescence
measurements were carried out using purified CagFbFP samples adjusted to absorption of
Ausonm < 0.1 (corresponding to a protein concentration of approx. 0.18 mg mL™). Absorption
spectra were measured using a temperature-controlled (20 + 1°C) Cary-60 UV/Vis
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The flavin load of
CagFbFP samples was calculated from absorption spectra of the chromophore-loaded protein.

The total flavin concentration in the sample was determined from the absorption at 450 nm



using the molar extinction coefficient of free FMN (grmn, 450 nm = 12200 Mt cm™)#748, The
apo protein concentration was calculated by subtracting the absorbance contribution of FMN
at 280 nm (grmN, 280 nm = 18000 Mt cm™)*48 from the measured absorption taking into
account the theoretical extinction coefficient of the protein at 280 nm (&cagrorp, 280nm = 8480
M7 cm?), derived from the amino acid sequence using the ProtParam web service®
(https://web.expasy.org/protparam/). Chromophore load is then expressed as the ratio of the
total flavin concentration and the apo protein concentration. Fluorescence quantum yields
(@r) were determined employing a QuantaMaster 40 fluorescence spectrofluorimeter (Horiba
Jobin Yvon GmbH, Bensheim Germany) equipped with an integrating sphere. All
measurements were performed at 20 + 2 °C in 10 x 10 mm quartz-glass cuvettes filled with 4
mL sample. The same volume of buffer was used as reference. The extinction coefficient of
CagFbFP was determined by measuring the absorption of the protein at 20 °C (chromophore
bound to the protein) and after heating to 95 °C (chromophore dissociated from protein). The
extinction coefficient of CagFbFP at 450 nm ecagrore,4s0nm (protein bound FMN) was then
determined by multiplying the ratio of the absorption measured at 20 °C and 95 °C with the
extinction coefficient of free FMN in aqueous solution (12200 M cm™ at 450 nm)*"48,
Thermal-unfolding was monitored spectrofluorimetrically by detecting FbFP-specific
fluorescence using a QuantaMaster 40 spectrofluorimeter (Horiba Jobin Yvon GmbH,
Bensheim Germany) at a heating rate of 1 °C per minute starting at 20 °C and ending at
100 °C. All measurements were carried out in Sealed 10 x 10 mm quartz glass cuvettes filled
with 3.5 mL of sample. Samples were excited at 450 nm and fluorescence emission was
recorded at 495 nm. Fluorescence emission spectra were recorded at 20°C before and after
thermal denaturation. Melting temperatures were determined from the first derivative of the
melting curve, by fitting the smoothened data (FFT filter method, 15 points, implemented in
Origin 9.0G (OriginLab Corporation, Northampton, MA, USA), to multiple Gaussian
functions (Origin 9.0G, Quick Peaks Gadget). In order to determine the thermal stability of
CagFbFP at 60 °C, we performed a long-term thermostability experiment. All measurements
were performed using a temperature-controlled QuantaMaster 40 spectrofluorimeter. Samples
(3.4 mL in sealed 10 x 4 mm quartz-glass cuvettes) were heated inside of the
spectrofluorimeter to 60 °C (1°C/min ramp rate). Subsequently, the temperature was kept
constant for 24 hours, during which the fluorescence emission was continuously monitored.
Samples were excited at 450 nm and fluorescence emission was recorded at 495 nm.
Fluorescence emission spectra were recorded before heating at 20 °C, after reaching 60 °C as

well as after completion of the experiment. The unfolding/denaturation rate (Kdenat,60°c) Was



determined by considering the relative (per hour) loss of the fluorescence signal over the
complete incubation time. Photobleaching kinetics were measured using a temperature-
controlled Cary Eclipse spectrofluorimeter (Agilent Technologies, Santa Clara, CA, USA)
thermostatted to 20+ 2 °C. For all measurements, a LUXEON High-Power LED Rebel
LXML PRO1 royalblue (Philips Lumileds, San Jose, CA, USA; 1.3 mW/cm?, Kaschner et
al.®®) was mounted on top of a 10x2 mm quartz-glass cuvette filled with 700 uL of sample.
Samples were continuously illuminated, while the bleaching of the protein bound FMN was
monitored (Aexcitation = 450 nm, Aemission = 495 nm, 5 nm excitation and emission band widths,
data interval 1 second) over 60 minutes. The first data point below 50% of the starting
intensity was taken as bleaching half time.

NanoDSF-based thermal unfolding/refolding experiments.

Thermal unfolding and refolding experiments were performed using a Prometheus
NT.Plex nanoDSF system (NanoTemper Technologies GmbH, Miinchen, Germany). Purified
CagFbFP protein samples, adjusted to an absorption of Assonm ~ 1.0 (corresponding to a
concentration of approx. 1.8 mg mL™), were subjected to a linear unfolding ramp (1 °C/min,
from 20 to 95 °C) followed by a refolding ramp (1 °C/min, from 95 to 20°C). The intrinsic
protein fluorescence was monitored continuously (18 data points per minute) at 350 and
330 nm. Unfolding transition midpoints were determined from the first derivative of the
fluorescence ratio (F350/F330) by using Quick Peaks gadget implemented in Origin 9.0G
(OriginLab Corporation, Northampton, MA, USA).

Small angle X-ray scattering

The SAXS experiments were performed at the EMBL BioSAXS beamline P12 on
storage ring PETRA Il at the Deutsches Elektronen-Synchrotron (DESY), Hamburg,
Germany®L. Scattering curves were recorded using a photon-counting PILATUS 2M detector
with a sample-detector distance 3.1 m. For all experiments, two-dimensional (2D) SAXS data
were recorded as a sequential set of images (frames). A single frame exposure time was 50 ms
(45 ms collection time and 5 ms detector readout time). The energy was 10 keV with a
wavelength of 0.124 nm. Scattering vector (s = 4nsin6/A) range was 0.026-5.075 nm™.
Measurements were performed using the robotic sample changer with continuous in capillary
sample flow through the beamline (horizontally oriented under vacuum). Before and after the
protein solutions the corresponding buffer solutions were measured. The measurements was
provided in the flow of protein solution at temperature T=20 °C. The concentrations of the
protein samples were 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 10.0 mg/ml. Data was analyzed using



ATSAS software package®’. To estimate molecular weight of particles in solution the
SAXSMoW (SAXS Molecular Weight) package was used®. The CagFbFP dimer model was
fitted using a normal mode analysis-based approach> .Theoretical scattering curve of
CagFbFP was calculated using Pepsi-SAXS®.

Crystallization

CagFbFP and wild type Cagg_3753 LOV domain crystals were obtained using the
hanging drop vapor diffusion approach. Crystallization trials were set up using NT8 robotic
system (Formulatrix, USA). The crystals were grown at 22 °C and reached the final size of
100-600 um within few days. The drops contained 150 nL concentrated protein solution and
100 nL reservoir solution. The best crystals of CagFbFP were obtained using the precipitant
200 mM Ammonium citrate dibasic, 20% (w/v) PEG 3350. The best crystals of wild type
Cagg_3753 LOV domain were obtained using the precipitant solution 25 from the Morpheus
crystallization kit (Molecular Dimensions, UK) containing 0.09 M sodium nitrate, 0.09 M
sodium phosphate dibasic, 0.09 M ammonium sulfate, 0.1 M imidazole and MES
monohydrate (acid) buffer with pH 6.5, 20% PEG 500 MME and 10% PEG 20000. To
prevent drying and for cryoprotection, the same precipitant solution with 20% glycerol was
added to the crystallization drops. The crystals were harvested using micromounts and then
flash-cooled and stored in liquid nitrogen.

Acquisition and treatment of diffraction data

The diffraction data were collected at 100 K at the ESRF beamline 1D23-1 equipped
with a PILATUS 6M-F detector. The data collection statistics are reported in Table 2.
Diffraction images were processed using XDS*®. POINTLESS®” and AIMLESS® were used
to merge, scale and assess the quality of the data, as well as to convert intensities to structure
factor amplitudes and generate Free-R labels.

Structure determination and refinement

The CagFbFP structure was solved using molecular replacement with MOLREP® and
a model generated using the RaptorX web server®® as a search model. The model was refined
manually using Coot®® and REFMAC5® resulting in a structure with 99.5/0.5/0% of the
protein residues with favored/allowed/outlying backbone conformations, respectively, as
determined by Ramachandran analysis. The wild type Cagg_3753 LOV domain structure was
solved using molecular replacement with MOLREP®® and CagFbFP structure with GIn148

side chain removed as a search model, and refined manually using Coot® and REFMAC56.



Molecular dynamics simulations

The initial coordinates for the monomeric subunit were taken from the solved crystal
structure of CagFbFP. Two sets of independent simulations for each conformer of GIn148
(“buried” and “exposed”) were carried out. The PROPKA 3.1 program® was used to assign
the protonation states of titratable residues on the basis of pKa values and visual inspection.
Side chains of Asn and GIn residues were inspected for possible flipping. The Amber ff99SB
force-field parameters®35 for the protein and general Amber force field (GAFF)® for flavin
mononucleotide (FMN) were used. The atomic charges and force field parameters for FMN
were adapted from previous work®. The phosphate group of flavin was deprotonated with a
charge of —2, which leads to a total charge of —2e for CagFbFP. The whole system was
neutralized by adding 2 Na+ ions. Crystal water molecules were kept and hydrogen atoms
were added by employing tleap module of AmberTools14%. The protein was solvated in an
octahedral TIP3P® water box centered at the center of mass to ensure a water layer of 12 A
around the protein. The systems contained ~25500 atoms in total, including ~7812 TIP3P®’
water molecules. Initially, the solvent and the ions were minimized followed by the whole
system minimization using 10000 steps of steepest descent followed by 3000 steps of
conjugate-gradient minimization. Afterwards, the system was heated slowly from 0 to 300 K
for 50 ps. In MD simulations, constant pressure periodic boundary conditions using the
particle mesh Ewald (PME)%® method were employed. The electrostatic interactions were
calculated using a cutoff of 10 A. After heating step, the systems were equilibrated for 1000
ps at 300 K. Three independent production runs each for 100 ns were carried out for both the
conformers. All classical molecular dynamics (MD) simulations were performed using the
Amber14 program®. The obtained MD simulations trajectories were visualized and analyzed
with Pymol®®, VMD™, and AmberTools 14%. For the hydrogen bond calculations, a

geometric cutoff of 3.2 A and 150° for distance and angle was used, respectively.
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Table 1. Spectral properties and thermal stability of CagFbFP. Errors correspond to
the standard deviation of the mean derived from three independent measurements on three
independently expressed and purified samples.

absorption Amax (M) 447

emission Amax (NM) 497

e(M?*cm?) 15317 + 387

chromophore load (%) 56 +7

D 0.36 £ 0.01

brightness (M cm™) 5534 + 141

thl, 500 (MiN) 423+0.8

TMriwor [TM1/Tmz] (°C)? 67.7+£0.5/84.7+£0.5

TMnanosk [TM1/TmM2/Tms] (°C)P 53.4+0.7/69.4+0.9/83.2+0.8
Kdenat, 60 °c (%0 h'l) 2.57+0.4

&b melting data displaying two or three melting transitions, respectively




Table 2. Crystallographic data collection and refinement statistics. High-resolution

cutoff is applied according to Karplus and Diederichs’.

Data collection

Space group

Cell dimensions
a,b,c(A)

a B,y (°)
Wavelength (A)
Resolution (A)
Rmerge (%)

I/ol

CCu2 (%)
Completeness (%)
Unique reflections
Multiplicity

Refinement
Resolution (A)
No. reflections
Rwork/ Riree (%)
No. atoms
Protein
FMN
Water and glycerol
B-factors
Protein
FMN
Water and glycerol
R.m.s deviations
Bond lengths (A)
Bond angles (°)

CagFbFP
P21212

53.93, 110.00, 38.92
90, 90, 90
0.972
48.43-1.07 (1.09-1.07)*
6.0 (183.4)
9.6 (0.8)
99.8 (29.3)
99.6 (97.8)
102522 (4922)
5.3 (5.0)

48.43-1.07
102449
12.4/14.9

1800
62
331

17.3
145
36.5

0.021
2.1

WT Cagg_3753 LOV
P21212

53.79, 110.27, 39.14
90, 90, 90
0.976
48.34-1.22 (1.24-1.22)*
8.6 (129.0)
9.4 (1.3)
99.7 (54.1)
97.4 (95.6)
68182 (3250)
6.4 (6.6)

48.34-1.22
64766
13.9/17.6

1744
62
290

18.6
14.4
35.9

0.021
2.1

* Data for the highest resolution shell is shown in parenthesis
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Figure 1. Sequence alignment of LOV-based flavin-binding fluorescent proteins
(FbFPs): iLOV!3, EcFbFP!2, Pp1FbFP?°, Pp2FbFP (formerly PpFbFP2), DsFbFP?°, CreiLOV
and VafLOV?Y, eight different FbFPs from thermophilic microorganisms and the new
Chloroflexus aggregans LOV-based FbFPs (CagFbFP and CagFbFPe). Conserved amino
acids alanine (Ala85 in CagFbFP), which replaces the functional cysteine, and glutamine
(GIn148 in CagFbFP) are marked using asterisks. The sequences were aligned using Clustal’

and visualized using Jalview"®,
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Figure 2. Comparison of the short (CagFbFP) and extended (CagFbFPe) variants of
the C. aggregans LOV-based fluorescent protein. (A) Size-exclusion chromatography profiles
of CagFbFP and CagFbFPe. (B) Melting curves of CagFbFP and CagFbFPe determined by
measuring the dependence of flavin fluorescence on temperature using Rotor-Gene Q real-
time PCR cycler. (C) SAXS data (blue) and model fit (magenta) of CagFbFP in solution. The
inset shows the dimer model fitted using a normal mode analysis-based approach®>?, with y?
of 1.064. (D) SAXS data of CagFbFPe in solution. The estimated molecular weight of
CagFbFPe is ~90 kDa.
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Figure 3. Exemplary melting curves of CagFbFP determined based on flavin
fluorescence (A) and the fluorescence of aromatic amino acids (B). (A) The upper panel
shows the decrease in the FbFP-specific fluorescence during heating from 20 °C to 100 °C
(ramp rate 1°C/min). The lower panel depicts the first derivative of the data. Melting
temperatures are marked by dashed lines in all panels. The measurements were performed
using a temperature controlled QuantaMaster 40 fluorescence spectrofluorimeter. (B) The
change in the fluorescence of aromatic amino acids (350 nm/330 nm ratio) was monitored
using a Prometheus NT.Plex nanoDSF System. The upper panel depicts the melting (red line)
and refolding (blue line) behavior of CagFbFP during the respective heating (20 to 95 °C,
ramp rate 1 °C/min) and cooling (95 to 20 °C, ramp rate 1 °C/min) steps. The lower panel
shows the first derivative of the corresponding data. For clarity only the melting temperatures
are marked by dashed lines. Only one data set out of three independent measurements on

three independently prepared samples is shown.
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Figure 4. Fluorescence stability of CagFbFP during long-term incubation at 60 °C.
Only one data set out of three independent measurements on three independently prepared
samples is shown. (A) CagFbFP fluorescence during heating from 20°C to 60 °C
(ramp: 1 °C/min). (B) CagFbFP fluorescence during continuous incubation at 60°C. A
decrease of fluorescence is observed proceeding with a rate of Kdenats0cc = 2.57 + 0.4 % per
hour.  (C) Recovery of CagFbFP fluorescence as the sample was cooled to 20 °C
(ramp: 1 °C/min). Limited refolding of the protein is observed. (D) Emission spectra of
CagFbFP before heating (solid blue line), upon heating to 60 °C (solid red line), upon 24 h
incubation at 60 °C (dashed red line) and upon cooling down to 20 °C (dashed blue line).
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Figure 5. Exemplary photobleaching kinetics of CagFbFP. Photobleaching was
monitored continuously by exciting the sample at 450 nm and recording fluorescence
emission at 495 nm (1 data point per second), while the sample was continuously illuminated
using a high-power LED mounted on top of the cuvette. During illumination with blue-light,
the fluorescence intensity decreases over time. The first data point below 50% of the initial

fluorescence was taken as photobleaching half time (to1, s0%, marked by vertical dashed line).



Figure 6. Structure of CagFbFP. (A) Overall structure of CagFbFP dimer. Cofactor
FMN is shown in green. (B) Electron densities around FMN and GIn148. GIn148 occupies

two conformations: “buried” and “exposed”. Weighted 2F,-Fc map at the level of 1o is shown
in black, polder™ (improved omit) map around GIn148 at the level of 3 is shown in green.

Hydrogen bonds between GIn148 and FMN’s O4 are shown using the dashed lines.



>

~

—runl
—run2

B ($)] (2]

Distance (A)

w

N
o 4

20 40 60 80 100
Time (ns)

100 -
—runl
80 —run2
—run3
60 1

40 1

20 1

~ 4

2 3 4 5 6
Distance (A)

Distance (A)
w = (6, (2] ~

N
o 4

100 S

80 1

60 -

40 1

20 1

B

20 40 60 80 100

Time (ns)
—runl
—run2
—run3
2 3 4 5 6 7

Distance (A)

Figure 7. Switching of the GIn148 side chain of CagFbFP in molecular dynamics
simulations. (A) FMN-N5 — Q148-NE2 distance as a function of time starting from the
“exposed” GIn148 conformer. (B) FMN-N5 and Q148-NE2 distance as a function of time
starting from the “buried” conformer. (C) Distance distribution curve of the interatomic

distances between FMN-N5 and Q148-NE2 calculated over the MD trajectories starting from

the “exposed” conformer.

(D) Distance distribution curve of the interatomic distances

between FMN-N5 and Q148-NE2 calculated over the MD trajectories starting from the

“puried” conformer.
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Figure 8. Structure of the FMN-binding pocket in the wild-type Cagg_3753 LOV

domain. FMN is shown in green. GIn148
occupies two conformations: “buried” and “exposed”. Weighted 2Fo-Fc map at the level of 1o
is shown in black, polder’ (improved omit) map around Cys85 and GIn148 side chains at the

level of 3o is shown in green. Hydrogen bonds between GIn148 and FMN’s O4 are shown
using the dashed lines.
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Statement of novelty

A new thermostable fluorescent protein is shown to be a promising model for ultra-
high resolution structural studies of LOV domains and for application as a fluorescent

reporter.
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Table S1. Frequencies of aminoacids at the position of CagFbFP’s 1le52. The most

frequent occurrences are highlighted. The data are based on the dataset by Glantz et al., 2016.

LOV Total Val lle Leu Thr Ser Cys Ala | Others
group
Archaea 156 16% 3.2% 1.9% | 71.2% | 4.5% - 3.2% -

Bacteria 1146 | 45.1% | 22.9% 12% 125% | 2.3% 1.5% 2.4% 1.4%
Fungi 645 50.2% | 3.1% 6% 2.6% 03% | 332% | 3.7% 0.9%
Protists 373 453% | 9.7% 3.8% | 16.6% | 1.6% | 19.6% | 1.6% 1.9%
single
Protists 169 81.7% | 3.6% 1.2% 5.9% - 2.4% 5.3% -
tandem
LOV1
Protists 169 71.6% | 4.1% 1.2% 1.2% 1.2% | 20.7% - -

tandem
LOV2
Land 2689 | 92.9% | 3.2% 1.2% 0.9% | 0.04% | 0.2% 0.9% 0.7%

plants

single
Land 1587 | 98.6% | 0.2% | 0.7% - - - 0.5% -

plants

tandem
LOV1
Land 1587 | 99.9% | 0.1% - - - 0.1% - -

plants
tandem
LOV2
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Figure S1. CagFbFP absorption (A) and fluorescence excitation and fluorescence
emission (B) spectra.
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Figure S2. Temperature-induced unfolding (solid lines) and refolding (dotted lines) of
CagFbFP in different solutions. Initial parts of the unfolding curves are noisy due to automatic
fluorescence signal gain adjustments. To obtain the samples, purified CagFbFP was mixed
with concentrated stock solutions. The measurements were performed using a Rotor-Gene Q

real-time PCR cycler.
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Figure S3. Exemplary fluorescence emission spectra of CagFbFP before and after
melting and refolding. Samples were equilibrated for 5 minutes at 20 °C, an emission
spectrum was recorded (before, blue line) and the sample was subsequently heated to 100 °C
(1 °C/min ramp rate). After reaching the final temperature, the sample was cooled to 20 °C
and a second emission spectrum was recorded (after, red line). In terms of fluorescence
intensity at 495 nm approx. 50% of the initial value is recovered after melting. Only one data

set out of three independent measurements on three independently prepared samples is shown.



A CagFbFP B W619_1 apo ZTL V481 G80R illuminated

A .\ m

V19

< NE \2&

D ZTL WT dark E ZTL G8O0R dark ZTL V481 G80R dark
V48 V48
}\ \
Avena sativa LOV2 dark Brucella abortus LOV-HK dark Neurospora crassa VVD dark

V416 Q132 Q182

\qq“lt R

Figure S4. “Buried” and “exposed” conformations of the signaling glutamine amino
acid in different crystal structures. CagFbFP Q148 positions are shown in gray for reference.
(A) Structure of CagFbFP. (B) Structure of cofactor-less LOV protein W619 1 (PDB ID
5LUV). (C) Structure of V481 G80R mutant of ZTL under illumination (PDB ID 5SVW). The
“buried” conformation is partially occupied in the chain C and is not observed in the chains A,
B and D. (D) Structure of WT ZTL in the darkness (PDB ID 5SVG). (E) Structure of G80R
mutant of ZTL in the darkness (PDB ID 5SVU). (F) Structure of V48l G80R mutant of ZTL
in the darkness (PDB ID 5SVV). (G) Structure of the Avena sativa LOV2 in the darkness
(PDB ID 2V0U). (H) Structure of the Brucella abortus LOV-HK in the darkness (PDB ID
3T50). (1) Structure of the Neurospora crassa VVD in the darkness (PDB 1D 2PD7).
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Figure S5. Distances between the GIn148 side chain and the O4 atom of FMN in
molecular dynamics simulations of CagFbFP. (A) FMN-O4 and Q148-NE2 distance as a
function of time starting from the “exposed” conformer. (B) FMN-O4 and Q148-NE2

distance as a function of time starting from the “buried” conformer. (C) Distance distribution

curve of the interatomic distances between FMN-O4 and Q148-NE2 (in A) calculated over

the MD trajectories starting from the “exposed” conformer. (D) Distance distribution curve of

the interatomic distances between FMN-O4 and Q148-NE2 (in A) calculated over the MD

trajectories starting from the “buried” conformer.
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