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The primary photochemistry is similar among the flavin-bound sensory
domains of light-oxygen—voltage (LOV) photoreceptors, where upon blue-
light illumination a covalent adduct is formed on the microseconds time
scale between the flavin chromophore and a strictly conserved cysteine resi-
due. In contrast, the adduct-state decay kinetics vary from seconds to days
or longer. The molecular basis for this variation among structurally con-
served LOV domains is not fully understood. Here, we selected PpSB2-
LOV, a fast-cycling (T 3.5 min, 20 °C) short LOV protein from Pseu-
domonas putida that shares 67% sequence identity with a slow-cycling (T;ec
2467 min, 20 °C) homologous protein PpSB1-LOV. Based on the crystal
structure of the PpSB2-LOV in the dark state reported here, we used a
comparative approach, in which we combined structure and sequence
information with molecular dynamic (MD) simulations to address the
mechanistic basis for the vastly different adduct-state lifetimes in the two
homologous proteins. MD simulations pointed toward dynamically distinct
structural region, which were subsequently targeted by site-directed muta-
genesis of PpSB2-LOV, where we introduced single- and multisite substitu-
tions exchanging them with the corresponding residues from PpSB1-LOV.
Collectively, the data presented identify key amino acids on the Ap-Bf, Ea-
Fa loops, and the Fa helix, such as E27 and 166, that play a decisive role
in determining the adduct lifetime. Our results additionally suggest a corre-
lation between the solvent accessibility of the chromophore pocket and
adduct-state lifetime. The presented results add to our understanding of
LOV signaling and will have important implications in tuning the signaling
behavior (on/off kinetics) of LOV-based optogenetic tools.

Introduction

Light-oxygen-voltage (LOV) domains are a subset of
the period (Per-), aryl hydrocarbon receptor nuclear
translocator (Arnt), single-minded protein (Sim) (PAS)
domain superfamily, which act as light-sensitive sensory
domain in blue-light photoreceptors across multiple

Abbreviations

kingdoms. Members of the LOV protein family play a
role in controlling a number of cellular responses in
plants, alga, fungi, archaea, and bacteria such as pho-
totropism, chloroplast movement, stomatal opening,
regulation of circadian rhythms, photo-induced growth

FMN, flavin mononucleotide; LOV, light-oxygen-voltage; PAS, Per-ARNT-Sim; Pp, Pseudomonas putida; RBF, riboflavin.
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Factors affecting adduct-state lifetime in LOV proteins

patterns and photosynthesis pigment synthesis, general
stress responses, gene expression, and virulence [1-3].
Structurally well conserved, LOV domains display an
overall a + pB-fold of PAS topology, where the core
domain is composed of ~ 110 residues. LOV domains
are usually present in multidomain proteins that contain
at least one effector domain in addition to at most two
LOV domains. Additionally, a number of LOV
domains have been identified as stand-alone single full-
length photoreceptor proteins, lacking any additional
effector domains [3-8]. According to a recent survey,
about 16% of the known LOV photoreceptors are such
short LOV proteins, which renders them the third lar-
gest LOV protein subfamily [4]. At present, the physio-
logical role of these short LOV proteins is poorly
understood and is known only for a few members. For
example, VVD, a short LOV protein in fungi, functions
as an antagonist of White Collar-1 (WC-1) complex,
triggering a multitude of light responses [9]. Another
short LOV protein, DsLOV from a marine pho-
totrophic bacterium, plays a regulatory role in the
induction of photopigment synthesis [3]. The RsLOV
protein from purple photosynthetic bacteria not only
affects blue-light-dependent gene expression but also
plays a role in redox-dependent regulation [8,10]. Very
recently, the physiological function of the two short
LOV photoreceptors, PpSB1-LOV and PpSB2-LOV, of
the saprotrophic soil bacterium Pseudomonas putida
KT2440 was revealed [11]. The two short LOV photore-
ceptors, together with three homologs of class IT LitR/
CarH family of adenosyl B, (AdoB,)-dependent light-
sensitive MerR transcriptional regulators (designated as
PplR1-PplR3), regulate the light-inducible expression
of a number of genes such as DNA-photolyases, the
furan-containing fatty acid synthase folE, a GTP cyclo-
hydrolase I, a cryptochrome-like protein, and various
genes of unknown function. Since class II LitR/CarH
proteins do not fully retain the domains responsible for
AdoBj, binding of class I LitR/CarH proteins, and
light-inducible gene expression was independent of By,
biosynthesis in P. putida [11], one can speculate that the
two short PpSB-LOV proteins serve as (protein—protein
interaction dependent) light-input modules for the three
PplRs. The two proteins would thereby modulate the
repressor function of PplR and cooperatively regulate
the transcription of the light-inducible genes.

For light sensing, all LOV domains rely on blue-
light absorbing flavin chromophores such as flavin
mononucleotide (FMN) [or sometimes flavin adenine
dinucleotide (FAD) and rarely riboflavin (RBF)],
which are noncovalently bound within the LOV
domain in the dark. Blue-light absorption by the LOV
domains flavin chromophore essentially leads to the
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formation of a covalent adduct between the flavin and
a strictly conserved cysteine residue in the time range
of ~200 ns to 2 ps [12-16]. This conformational state
of the protein is referred to as the light state, which is
stable over a wide range of time scales among different
LOV proteins, varying from seconds to days
[3,6,7,17-21]. As illumination ceases, the FMN-Cys
adduct is thermally broken and the initial dark state is
recovered at a characteristic time constant often
reported as the adduct-state lifetime. Both, our group
and others have published high-resolution structures of
short LOV proteins in the light and dark states, pro-
viding insight on the light-induced signaling mecha-
nism [19,22-26]. However, even high-resolution 3D
structures have not explained the reasons for the varia-
tion in observed adduct-state lifetimes among struc-
turally similar LOV domains.

In this study, we aimed to gain insight into the fac-
tors that determine adduct-state decay in the fast-cy-
cling PpSB2-LOV protein using a comparative
approach. For this, we determined the crystal structure
of PpSB2-LOV in the dark state which shows high sim-
ilarity to our previously published structures of PpSBI1-
LOV [6,22], prompting us to perform a sequence-based
structural comparison of the two proteins. Based on
the crystal structures, we performed molecular dynamic
(MD) simulations to identify structural regions that
exhibit altered flexibility in the light and dark states of
the two proteins, and reasoned that these differences
could partly account for the differences in adduct-state
decay. Combining the structure information, sequence
comparison, and MD simulation studies, selected resi-
dues in those regions were targeted by site-directed
mutagenesis. To probe single-site and multisite combi-
natorial effects, we exchanged one to six residues in
PpSB2-LOV with the corresponding residues from
PpSB1-LOV and studied the functional consequences
of those mutations on the adduct-state lifetime. Collec-
tively, our data identify key residues located in the A-
Bf, Ea-Fa loops, and the Fa helix, which together with
known residues such as H61 and 166 affect the adduct-
state lifetime in a cooperative fashion. In addition, a
correlation is found between the adduct-state lifetime
and the size of solvent-accessible cavities.

Results

To understand the molecular basis for the large varia-
tion in adduct-state lifetime and hence the dark recov-
ery kinetics in the homologous short LOV proteins
PpSB2-LOV and PpSBI-LOV, we applied a combined
approach where in the first part, we investigated the
crystal structure of the PpSB2-LOV protein. Structures
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of PpSBI-LOV were previously reported by our group
in the dark as well as in fully light-adapted states
[6,22]. In the second part, we compared the structures
and sequences of both the proteins and performed
MD simulation studies. Based on the comparative
analysis, in the third part, we selected residues for site-
directed mutagenesis and determined the adduct-state
lifetime of the resulting PpSB2-LOV mutants, where
selected residues were exchanged with the correspond-
ing residues from PpSB1-LOV.

Purification and crystallization in the dark state

The recombinant PpSB2-LOV protein was expressed
and purified from Escherichia coli. As quality indica-
tors, flavin chromophore loading and composition
were quantified for the immobilized metal affinity
chromatography (IMAC) purified protein. The chro-
mophore composition of the purified PpSB2-LOV pro-
tein was determined as 70% FMN, 21.3% RBF, and
8.7% FAD, which is in excellent agreement with previ-
ously reported values of 70% FMN, 26% RBF, and
4% FAD [6,7]. After in vitro loading, the FMN con-
tent increased up to 99.0%. Homogeneous chro-
mophore content is important for structural and
biochemical studies as variation in the type of incorpo-
rated flavin chromophore may result in alteration of
the adduct-state lifetimes [17,27].

The PpSB2-LOV crystallization trials were per-
formed under dark as well as under permanent blue-
light (465 nm) illumination. Only crystallization in the
dark conditions produced crystals suitable for diffrac-
tion experiments. Failure to crystallize the protein
under blue-light illumination may be related to the
short adduct-state lifetime of 3.5 min at 20 °C, which
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does not allow for a kinetically stable, homogeneous
population of molecules in the light state, but is
required for the formation of an ordered crystal.

The UV-Vis spectra of dark grown PpSB2-LOV
crystals cooled to 100 K were similar to the dark-state
spectrum of PpSB2-LOV in solution at 293 K, indicat-
ing the preservation of dark state in cryocooled crys-
tals (Fig. 1).

Structure of the PpSB2-LOV dimer in the dark
state

The crystal structure of PpSB2-LOV in the dark state
was determined at a resolution of 1.93 A in the mono-
clinic space group P2;. The data collection and refine-
ment statistics are listed in Table 1. The asymmetric
unit contains a homodimer, formed by monomers with
a noncrystallographic twofold symmetry (Fig. 2A).
Each monomer has a bound FMN chromophore.
From a total of 148 residues, all residues in the elec-
tron density map could be traced in chains A and B.
One of the residues from the N-terminal expression-
tag observed in chain A was numbered 0. Superposi-
tion of monomers in Fig. 2B shows their overall
similarity, with the RMSD of 0.72 A for the Ca atom
positions for residues 1-145. The only differences
between the monomers were in the loop regions: Ap-
Bf, Ea-Fa, and Hp-1B, likely induced due to crystal
packing (Fig. S1).

The PISA analysis [28] of the dimer present in the
crystal structure revealed a calculated total buried sur-
face area of 3390 A® with a —28 kcal-mol™! solvation
energy gain upon dimer formation, indicative of a stable
dimer in solution. The dimer interface is stabilized by
hydrophobic interactions as well by hydrogen bonds

Fig. 1. UV-Vis spectra of PpSB2-LOV in
solution and in crystal. PpSB2-LOV UV-Vis
spectra in the dark and light states,
measured both in solution (solid lines) and

Absorbance [normalized A.U.]

Dark state - crysté| ......

Dark state - solution 1
Light state - solution

of the crystal grown in the dark (dashed
line). Spectra were plotted with the Gnuplot
program [66].
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Table 1. Data collection and refinement statistics of PpSB2-LOV
crystal structure. Statistics for the highest resolution shell are
shown in parentheses.

X-ray Data PpSB2-LOV (dark state) PDB ID:

Beamline/Detector

Wavelength Ay
Monochromator
Resolution range (A)

7A6P

ID23-2, ESRF Grenoble/ DECTRIS
PILATUS3 X 2M

A =0.8726

44.88-1.93 (1.98-1.93)

Space group P 2,
Unitcell a, b, ¢ (AD); o, B,y 37.14, 88.47, 54.18; 90.0, 106.03,
() 90.0
Total reflections 107 111 (6856)
Unique reflections 25 353 (1705)
Multiplicity 4.2 (4.0)
Completeness (%) 100.0 (100.0)
Mean I/sigmal(/) 8.9 (1.4)
Wilson B-factor (A?) 29.14
R-merge 0.097 (0.890)
R-meas 0.111 (1.028)
Mn(l) half-set correlation 0.997 (0.450)
CC(1/2)
Refinement
Resolution range (A) 44.88-1.93 (1.999-1.93)
R-work 0.1769 (0.2711)
R-free 0.1944 (0.3319)
Coordinate error (max.- 0.23
likelihood based)
Number of nonhydrogen 2530
atoms
Macromolecules 2375
Ligands 73
Water 82
Protein residues 299
RMS (bonds / angles) 0.008 / 0.91
Ramachandran favored (%) 98.7
Ramachandran outliers (%) 0
Clashscore 2.93
Average B-factor (A2) 39.18
Macromolecules (A?) 39.28
Ligands (A?) 34.45
Solvent (A?) 40.51
Number of TLS groups 9

and salt bridges. Interfacial residues are predominantly
situated in the A’a helix, the Jo helix, and spread
throughout the p-scaffold of core domain (Table 2).

The overall fold of PpSB2-LOV is o + p-fold of PAS
topology, similar to the crystal structure of PpSB1-LOV
in the dark state [22], where the conserved core domain
comprises residues 17-118. Additionally, two non-
canonical structure elements are present that protrude
away from the LOV core domain: N-terminal helix A’a
(residues 3-12) and long C-terminal helix Ja (residues
120-145), as previously observed in other LOV proteins
from Pseudomonas species [6,17,22].
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Chromophore pocket

Light-oxygen-voltage proteins can generally accept
RBF, FMN, and FAD as a chromophore [17]. The
FMN chromophore is tightly coordinated by amino
acids with total buried surface area of ~ 850 A2 Similar
to PpSBI-LOV and other LOV domains, residues
involved in FMN coordination are mainly spread over
the p-strands: G, Hp and Ip, and a-helices: Ea and Fa
(Fig. 3A,B). The adduct-forming C53 residue of PpSB2-
LOV adopts two conformations with occupancies of
0.49/0.51 for chain A. Also, for chain B there are indica-
tions that a minor fraction of C53 adopts a second con-
formation. Two dark-state conformations for the
adduct-forming cysteine residue have been previously
reported in other dark-state LOV structures [29-33].

Comparison to PpSB1-LOV

As mentioned above, PpSB2-LOV and PpSB1-LOV
are two homologous proteins with sequence identity of
~ 67% from the same strain of P. putida [7]. Most dif-
ferences in the amino acid sequences are localized in
the Fa and Ja helices (Fig. 3B). Additionally, the C-
terminal Ja helices of PpSB2-LOV are twelve residues
longer as first, the PpSB1-LOV sequence is six residues
shorter, and second, the C-terminal six residues are
disordered in the crystal structure. The Ja coiled-coil
interactions are largely hydrophobic in nature with a
unique set of salt-bridge interactions between E135
and R140 of the noncrystallographic-symmetry-related
monomers of the dimer (Table 2).

Molecular dynamic simulation shows differences
in dynamics of PpSB2-LOV and PpSB1-LOV

In order to investigate dynamics of PpSB2-LOV and
its possible influence on adduct lifetime, we performed
MD simulations of PpSB2-LOV and PpSB1-LOV in
the dark states for 100 ns (two times 50 ns). Their
respective crystal structures were used as the initial
models. Overall, the structures remained stable over
the course of the simulation (Fig. S2). The root-mean-
square fluctuation (RMSF) of the core domain resi-
dues 17-119 of PpSB2-LOV and PpSB1-LOV was cal-
culated and is presented in Fig. 4A. The overall
RMSF of main chain atoms (N, Ca, C, and O)
showed some increase in dynamics in PpSB2-LOV,
with the most pronounced changes observed for the
Ap-Bp and Hp-IP loops, and regions including Ca, Da,
Gp, and Hp.

Comparison of side chain RMSF values showed that
some of the discrepancies maybe related to the
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Fig. 2. Crystal structure of the PpSB2-LOV
in the dark state. (A) The structure is
represented as ribbons, where chains A and
B are colored in green and blue. FMN is
shown as a stick model and is colored by
element: carbon—yellow; nitrogen—blue;
oxygen—red; phosphorus—pink. (B)
Superposition of the two protein chains.
The RMSD of the Ca atom positions is

0.72 A. Figures shown were generated with

the UCSF Chimera software [62].
mol B

N-terminus

Factors affecting adduct-state lifetime in LOV proteins

-terminus

mol A

Table 2. The interfacial residues of PpSB2-LOV monomers in the dimer within the hydrogen bond distance of < 3.2 A, as observed in the

crystal structure.

Secondary structure Residue of Residue of Secondary
element Chain A Atom Distance (A) Atom Chain B structure element
Ao Asn15 ND2 3.0 0G Ser98 Hp

Ao Asp16 OoD1 2.7 NH2 Arg117 [I5}

HpB Ser98 0G 3.1 ND2 Asn15 Ao

15} Arg117 NH2 2.8 OoD1 Asp16 Ao

Ja Arg 140 NH2 3.1 OE2 Glu135 Ja

differences in protein sequences where side chains of
some residues have different conformational freedoms.
For example, L64 and R80 display increase in RMSF
in PpSB1-LOV, whereas A74 and A92 show a decrease
in RMSF. In addition, residues Q23 (K in PpSBI-
LOV), E24 (identical to PpSB1-LOV), and N26 (D in
PpSBI-LOV) in PpSB2-LOV display relatively higher
dynamics.

In the light state, a covalent adduct is formed between
the conserved C53 residue and the chromophore. In
order to study the MD of both proteins in the light state,
the geometry of the FMN-cysteinyl adduct needs to be
elucidated first, which will serve as a reference for param-
eterization, such as bond lengths, bond angles, dihedral
angles, and partial charges. To our knowledge, no struc-
ture of the FMN-cysteinyl adduct is available with ato-
mistic resolution (<1 /i). The FMN-cysteinyl adduct
has been interpreted from the known crystal structures at
nonatomic resolution, which show additional electron
density between the cysteine residue and FMN. How-
ever, as pointed out by the authors themselves, the
FMN-cysteinyl adduct is susceptible to radiation damage
during the X-ray diffraction experiment and the electron
density maps possibly contain a mixture of broken and
intact bonds in the crystal [24,25,34]. Therefore, we mod-
eled a structure of FMN-cysteinyl adduct based on

The FEBS Journal 288 (2021) 4955-4972 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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lumiflavin(C4a)-isopropyl, which forms a similar cova-
lent adduct (CCDC ID: 1180634) [35]. As described in
the methods section, its geometry was optimized with
quantum mechanical (QM) calculations using the
B3LYP/6 31G* level of theory.

Structure information for PpSB2-LOV in the light
state is not available as the protein did not crystallize
under continuous light conditions. We thus modeled it
based on the crystal structure of PpSBI-LOV (PDB
ID 3SW1) in its light state. During the 200-ns (two
times 100 ns) MD simulations, the structure of PpSB1-
LOV in the light state remained stable with a constant
RMSD fluctuation (Fig. S2). This is not surprising as
the crystal structure is expected to be in the lowest
energy minimum. In contrast, the model created of
PpSB2-LOV light state likely represents only the near-
est local energy minimum. During the MD simulation,
the structure first explores the conformational space,
eventually finding the lowest energy minimum. During
the 400-ns (two times 200 ns) simulation, the PpSB2-
LOV light-state structure attains equilibrium after
170 ns in each simulation run. This can be seen from
significantly lower RMSD fluctuations at later simula-
tion times as compared to that at the beginning (Fig.
S2). For this reason, we used 170-200-ns time frame
for calculation of RMSF values.
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Fig. 3. Comparison of the chromophore binding pockets of PpSB2-LOV and PpSB1-LOV in the dark states. (A) PpSB2-LOV (blue) and
PpSB1-LOV (PDB ID: 5J3W, [22](plum) structures are represented as ribbons and were generated with the UCSF Chimera software [62].
FMN and the interacting residues are shown as stick models colored by element as in Fig. 2. The carbon atoms of the residues within
< 4 A distance to FMN are colored in model color. Hydrogen bonds (< 3.2 A) are shown as dotted lines. (B) The sequence alignment of
PpSB2-LOV (UniProt-ID: Q88JB0) with PpSB1-LOV (UniProt-ID: Q88E39), generated with the Clustal Omega program [67]. The secondary
structure elements for PpSB2-LOV are shown on top, where: arrow—@-strand and cylinder—a-helix. The asterisks at the bottom line of the
alignment indicate identical residues in a given sequence position, while single and double dots refer to highly and moderately similar
residues, respectively. Residues lining the chromophore pocket at cutoff distances < 4 A from FMN in the PpSB2-LOV crystal structure are

highlighted in yellow. Substitution mutations described in the text are marked with arrowheads above the sequence.

The RMSF of the core domain residues 17-119 of
PpSB2-LOV and PpSBI1-LOV was calculated during
their MD simulations in the light state (Fig. 4B) (the
corresponding residue numbers in Oat Phototropin 1,
AsLOV2 are 414-517). The RMSF of main chain
atoms (N, Ca, C, and O) for most of the structure
remained similar between PpSB2-LOV and PpSBI-
LOV in the light state. However, higher RMSF values
were observed for residues in AB-Bp and HB-Ip loops,
the Fa helix and the Gp strand. Considering that there
is only minor difference in the side chain RMSF of the
Fa helix and the Gp strand residues, this can be inter-
preted as a concerted motion. Notably, several resi-
dues with higher RMSF values in the AB-Bp loop, the
Ea-Fa loop, and the Fo helix are located in close
proximity to FMN and are part of the chromophore
pocket in the crystal structure. In the LOV photocycle,
a covalent bond is formed between the photoactive
cysteine residue and the C4a atom of the flavin

chromophore upon blue-light illumination, and the
FMN N5 atom is protonated [36], with the proton
likely originating from the photoactive cysteine or a
water molecule. In the dark, the FMN-cysteinyl thiol
adduct is thermally broken and the FMNH-NS5 atom
deprotonated to conclude the photocycle. Compared
to PpSBI-LOV, several residues lining the chro-
mophore pocket show higher dynamics in PpSB2-LOV
(see inset in upper panel of Fig. 4B), which might be
related to increased solvent accessibility to the chro-
mophore.

PpSB2-LOV shows larger solvent-accessible
cavities

Next, we compared the solvent-accessible cavities for
PpSB2-LOV and PpSBI-LOV crystal structures by
scanning the binding pocket with a standard 1.4 A
probe radius (Fig. 5). The cavity volume essentially
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Main chain
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Fig. 4. Residue-resolved RMSF from MD
simulations of the PpSB2-LOV and PpSB1-
LOV. (A) in the dark states and (B) in the
light states. The bars indicate the values of 4t
two monomers, whereas the points indicate
their average. The secondary structure
elements of PpSB2-LOV are shown as
arrows for strands and rectangles for
helices. Secondary structure assignment

RMSF [A]

PpSB2-LOV —e—
PpSBI-LOV —s—

45 55 65 75 85 95 105 115
Residue

Side chains

was done with the DSSP program [65] for
the PpSB2-LOV crystal structure.

reflects shape of the chromophore together with its sol-
vent accessibility. The PpSB2-LOV cavity shows protru-
sions both in the direction of the Ea-Fa loop and in the
direction of the C-terminal end of the Fa helix.
Extended cavity volume might indicate higher solvent
accessibility to FMN in PpSB2-LOV as compared to
that in PpSBI1-LOV. The rate-limiting step for the ther-
mally driven dark recovery is the deprotonation of the
FMN-NS5 [30,37]. Previous reports have suggested a
water molecule as a proton acceptor for the deprotona-
tion of the FMNH-NS5 atom [38,39]. An increased sol-
vent accessibility in PpSB2-LOV may thus enable water
to readily enter the chromophore-binding pocket,

Residue

promoting the deprotonation rates of the FMN-NS,
and accelerate dark recovery, as has been suggested pre-
viously for Avena sativa LOV2 domain [38].

The extension of the PpSB2-LOV solvent-accessible
cavity toward the Fa helix and Ea-Fa loop as well as
the slightly different conformation of this loop might
be linked to the differences in the amino acid sequence
when compared with PpSB1-LOV. For example, both
R61 and R66 in PpSBI1-LOV are part of an arginine
cluster that is unique among available LOV structures
and comprises four arginine residues involved in for-
mation of salt bridges with the flavin phosphate moi-
ety [6]. In PpSB2-LOV structure, the corresponding
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PpSB2-LOV

residues are H61 (charged) and 166 (hydrophobic),
where the side chain of H61 is directed away from the
phosphate group of FMN. Lower conformational free-
dom of the side chains and shorter lengths thus do not
allow interaction with the phosphate group.

Substitution mutations in Ap strand, AB-Bf loop,
and Fa helix in PpSB2-LOV alter the adduct life
time

Comparison of MD simulations performed on PpSB2-
LOV and PpSB1-LOV under dark and light conditions
indicates higher protein dynamics in PpSB2-LOV.
Specifically, residues surrounding the solvent cavity
located in AP strand, AB-Bp loop, and Fa helix (Fig. 4).
In addition, the solvent cavity calculations show a larger
cavity in PpSB2-LOV (Fig. 5). A pairwise sequence
alignment revealed differences in several residues in the
region (Fig. 3B). We thus speculated that protein
dynamics and solvent accessibility might be responsible
for differences in the adduct-state lifetimes in PpSB2-
LOV and PpSB1-LOV proteins. To test this hypothesis,
we performed stepwise site-directed mutagenesis by
mutating PpSB2-LOV residues to the equivalent resi-
dues of PpSB1-LOV. In the first step, we chose follow-
ing single point mutations based on comparative
structure analysis, proximity to the chromophore-bind-
ing pocket and MD simulations. For comparison, the
corresponding residues in the most commonly known
LOV2 domain of A. sativa (Oat) are listed in Table 3. In
Ap strand and AB-Bf loop: Q23K, N26D, E27D, S28T;
in Foa helix: P64L, 173M, R74A; and in If: Y112F
(Fig. 6, Table 3). Side chain of Y112 is involved in
hydrogen bond interactions with Q23 of Ap-Bf loop.
We therefore rationalized that this position could have
an impact on the loop conformation, which in turn
would affect the solvent accessibility to the bound chro-
mophore thus changing adduct stability. A previous
study has examined adduct-state lifetime of Q23K and
E71K mutants in crude cell extract and of H61R and
I66R mutants with purified proteins [7]. We measured
these mutants with our setup to allow a reliable

V. Arinkin et al.

Fig. 5. Solvent-accessible cavities of the
PpSB2-LOV (blue) and PpSB1-LOV (PDB ID:
5J3W, [22] (plum) cavities with several
interacting residues in the close proximity
shown as stick models colored by element
as in Fig. 2. The figure shown was
generated with the UCSF Chimera software

PpSB1-LOV 162l.

comparison. Mutants E27D and I66R showed an
increased adduct life time by more than five times,
Q23K and H6IR by 2.3 and 1.5, respectively, while
others had slightly accelerating (S28T, P64L, 173M,
R74A) or no effect (N26D) (Table 3). Mutants that
result in an adduct-state lifetime that is more than two-
fold longer or shorter are referred to as decelerating and
accelerating mutants, respectively. For clarity, the accel-
erating and decelerating mutants in Table 3 are colored
green and red, respectively.

To further investigate role of above-mentioned
mutations on the adduct-state lifetime, we made dou-
ble mutants in several combinations such as in Ap &
Ap-Bp loop; AP & Bf; Ap & Fo; Ap & 1p; Bp & Ip;
and Fa & Ip (Table 3). Most mutants show an
increase in adduct-state lifetime, with the most pro-
nounced increase (5- to 10-fold) observed in mutants
containing the mutations E27D or I66R. In contrast,
the presence of mutations S28D and 173M resulted in
up to twofold acceleration of the dark recovery. Nota-
bly, the point mutations Q23K and H61R lead to a
moderate increase in adduct lifetime, but they signifi-
cantly enhance this effect in combination with the
strongly decelerating mutants E27D and I66R
(Table 3).

These findings encouraged us to investigate multiple
mutants, which are listed in three clusters in Table 3
for the sake of clarity: Cluster 1 consists of mutants
that have Q23K and E27D common in all. Two inter-
esting observations here are that firstly, all mutants
showed an increase in adduct-state lifetime, and sec-
ondly, the slowing effect of mutations on the dark
recovery process is considerably additive. For example,
Q23K N26D E27D S28T showed a ~ 7-fold increase
in the adduct-state lifetime, which was further
enhanced to ~ 30-fold when combined with I66R
(Table 3, Cluster 1). Addition of H6IR to the latter
further enhanced the deceleration effect to ~ 58-fold.

As a second example, the single mutants H61R and
I66R show increase in adduct lifetimes by 1.5- and
5.5-fold. In combination, the double mutant H61R/
I66R led to an 11-fold increase in the adduct-state
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Table 3. Dark recovery time constants of PpSB2-LOV substitution mutants, based on the PpSB1-LOV protein. All measurements were
performed at 20 °C. Color code for amino acids: red: decelerating; green accelerating, black neutral. Residues E27D and I66R significantly
affect the adduct lifetime and are highlighted in bold. *The corresponding residues in the most commonly known LOV2 domain of Avena
sativa (Oat) are listed.

PpSB2-LOV mutant AsLOV2* | Dark x-fold Secondary structure location

(based on PpSB1-LOV recovery increase

protein sequence) Tree (Min) | of adduct

life time

PpSB2-LOV (wild-type) 35 1.0 -

I. Single Mutants (n = 1)

Q23K (P420) | 7.9 23 AB

N26D (P423) |35 1.0 AB-B loop

E27D (D424) [ 19.0 5.6 AB-BB loop

S28T (N425) | 1.7 0.5 BB

H61R (T458) | 5.2 1.5 Ea-Fa loop

P64L (A461) | 2.2 0.6 Ea-Fa loop

166R (V463) | 18.7 55 Fa

173M (1470) | 1.3 0.4 Fa

R74A (D471) | 2.2 0.6 Fa

Y112F (F509) | 4.3 1.3 1B

1. Double Mutants (n = 2)

Q23K N26D 7.9 23 AB and AB-BB loop

Q23K E27D 353 10.4 AP and AB-Bp loop

N26D E27D 19.0 5.6 AB-Bp loop

Q23K S28T 59 1.7 AP and Bf

Q23K 173M 3.0 0.9 AP and Fo

Q23K I66R 355 10.5 AP and Fo.

Q23K Y112F 9.4 2.8 AP and If

S28T 173M 1.6 0.5 Bp and Fo

S28T Y112F 2.7 0.8 Bp and If

H6IR 166R 37.6 1.1 Eo-Fo loop and Fo.

[73M R74A 1.7 0.5 Fa

173M Y112F 1.7 0.5 Fo and If

III. Multiple mutants (n > 3)

Cluster 1

Q23K N26D E27D 315 93 AB and AB-BB loop

Q23K N26D E27D S28T 245 72 AB, AB-Bp loop, BB

Q23K N26D E27D S28T I66R 101.4 299 AB, BB, AB-BB loop and Fu

Q23K N26D E27D S28T H61R 166R 198.4 58.4 AB, BB, loops AB-Bp, Ea-Fa
and Fa

Q23K E27D H61R 166R 137.7 40.6 AB, loops AB-Bp, Ea-Fa and
Fa

Q23K H61R 166R 67.9 20.0 AB, Ea-Fa loop and Fa

Cluster 2

E71K 173M R74A 19 0.6 Fa

166R 173M R74A 56.4 16.6 Fo

166R E71K 173M R74A 69.4 20.4 Fa

P64L E71K 173M R74A 1.8 0.5 Ea-Fa loop and Fa

P64L 166R E71K 173M R74A 57.6 17.0 Ea-Fa loop and Fa

H6IR P64L 166R E71K 173M R74A 131.2 38.6 Ea-Fa loop and Fa

Cluster 3

Q23K S28T 173M 1.4 0.4 AB, Bp and Fo.

Q23K S28T Y112F 6.1 1.8 AP, BB and Ip

Q23K I73M Y112 29 0.8 AB, Foand If

Q23K S28T 173M Y112F 1.5 0.5 AB, BB, Fa and Ip

Q23K N26D E27D S28T [73M Y112F | 5.9 1.7 AB, BB, AB-Bp loop, Fa and
1p

S28T I173M Y112F 1.1 0.3 BB, Fa and If

S28T P64L 173M Y112F 0.8 0.2 BB, Fa and Ip

S28T 173M R74A Y112F 1.3 0.4 BB, Ea-Fa loop, Fa and I
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lifetime. As a triple mutant Q23K H61R I66R incor-
porating the mutation Q23K, the same effect is
increased 20-fold, and again to 40-fold in the quadru-
ple mutant Q23K E27D H61R 166R.

In cluster 2, we have listed the mutants primarily
located on Fa helix and the preceding loop Ea-Fa. Sev-
eral residues in the region are involved in the hydrogen-
bonding network with the FMN chromophore. A com-
bination of Fa mutations (I66R E71K 173M R74A)
resulted in a 20-fold slower dark recovery. Excluding
I66R from the same mutant, however, produces an
opposite result where a moderate twofold acceleration
was observed in the triple mutant E71K 173M R74A.
The acceleration effect is likely due to the presence of
mutation 173M, which shows 2.5-fold acceleration when
mutated alone (Table 3). The stepwise incorporation of
P64L, 166R, and H61R into the triple mutant E71K
173M R74A yields 4er, Ser, and 6er mutants that show
a slight acceleration, a 17-fold deceleration, and a 39-
fold deceleration, respectively. Cluster 2 again demon-
strates that I66R mutation has a significant effect on
stabilization of the adduct and hence in slowing down
of the dark recovery process.

Multiple mutants incorporating the accelerating
mutations S28T and/or 173M are listed in Cluster 3.
Mostly, the mutants show an acceleration of dark
recovery kinetics with up to fivefold increase in the tri-
ple and quadruple mutants that consist of both, S28T
and 173M. We show above that E27D is a strong decel-
erating mutation. The sextuple mutant, which is a com-
bination of a deceleration mutant Q23K N26D E27D
(ninefold slower dark recovery) and the acceleration
mutant S28T 173M Y 112F (fivefold faster dark recov-
ery), displays only a 1.7-fold increase in the adduct life-
time. The presence of the accelerating mutations S28T
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Fig. 6. Mutation sites in Ap, Ap-Bp loop,
and Fa helix in PpSB2-LOV (A) Ribbon
representation of the PpSB2-LOV core
domain with the orientation as in Fig. 3A.
Residues mutated in this study are shown
as filled circles. Ap and Ap-Bp loop—Red,
Ea-Fa loop and N terminus of Fa helix—
Green, C terminus of Fa helix—Blue, 1p—
Yellow. Conserved water molecules in the
chromophore pocket are shown as filled
gray circles (B) Complete protein chain
showing the mutation sites. Compared to
panel A, this view is rotated by roughly 90°
along the y-axis. Representations in both
the panels were generated with the UCSF
Chimera software [62].

and I173M is thus sufficient to diminish the deceleration
effect of Q23K and E27D mutations.

Hydrogen bonding and hydrophobic interactions
on the periphery of chromophore pocket
influence adduct-state lifetime

While the direct impact of the I66R and H61R muta-
tions was expected and can be rationalized in terms of
solvent-access (see above) and/or by constraining the
orientation of the phosphate moiety and possibly of
the whole FMN molecule in the light state [6], the
impact of the other accelerating and decelerating
mutations is more difficult to discern.

In order to get more insight into specific interaction
of mutated residues, we have analyzed MD simulation
data of PpSB2-LOV and PpSB1-LOV. Specifically, we
looked for hydrogen bonding and salt-bridge forma-
tions (Table S1).

Residue E27/D27 participates in hydrogen bonding/
salt-bridge formation in both the PpSB2-LOV and
PpSB1-LOV proteins mainly with R54. The Ilatter
coordinates tightly with the phosphate group of the
FMN chromophore. The side chain of D27 in PpSBI1-
LOV is, however, shorter than that of E27 and one
can speculate that the AB-Bf loop bends closer onto
the chromophore, hindering the solvent access from
this side of the pocket.

D26 in PpSBI-LOV and N26 in PpSB2-LOV, both
form hydrogen bonds to R70 and N26 additionally to
R54. Both these arginine residues coordinate phos-
phate group of FMN and have been predicted to play
a significant role in adduct stabilization [6].

For the residues 23 and 28, we could not find strong
change in hydrogen-bonding partner during course of
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simulation, except that Q23 in PpSB2-LOV in compar-
ison with K23 had more diverse interaction partners
including the side chain of Y112. Overall, it suggests
that increased hydrophobicity of the side chain may
play a role in controlling the solvent accessibility to
the chromophore. This might be related to the slower
dark recovery of PpSB1-LOV where Y112 lining the
chromophore pocket is replaced by F112 (Fig. 3).
Another residue lining the pocket, M73 in PpSBI-
LOV has a longer side chain and can interact more
effectively with the F112 via hydrophobic interactions
than 173 in PpSB2-LOV.

For E71K and R74A mutation, it is not evident
from our data how they can contribute to the adduct
stabilization or destabilization. The changes we here
observed were in their interaction partners, where K71
in PpSBI-LOV interacts with E75 both in crystal
structure and in MD simulation, whereas E71 in
PpSB2-LOV shows interactions during MD simulation
with R74 and R77.

Discussion

In bacteria, fungi, protists, and land plants, the so-
called short LOV protein family, lacking fused effector
domains, represents the third largest LOV photorecep-
tor family [4]. The PpSB1-LOV/PpSB2-LOV short LOV
photoreceptors of P. putida KT2440 are among the
most  well-studied short LOV  photoreceptors
[6,7,11,17,22,23,40]. PpSB1-LOV is a very slow-cycling
short LOV protein with an adduct-state lifetime Trgc =
2467 min at 20 °C. PpSB2-LOV from the same organ-
ism, in contrast, shows a relatively fast dark recovery
Trec of ~ 3.5 min at 20 °C. Both the proteins share
67% sequence identity. The crystal structure of PpSB2-
LOV in the dark state presented here shows that the
overall structure is similar among the three-known short
LOV protein structures (PpSB1, PpSB2, and W619_1)
from P. putida [6,17,22]. A significantly higher resolu-
tion of 1.9 A in PpSB2-LOV provides additional insight
into molecular details, including the presence of struc-
tured water molecules in the solvent channel, which
could not be observed previously in the other three
structures due to moderate resolution (> 2.5 on). Fur-
thermore, almost all residues in the Ja helix (residues
120-148) are resolved which is 12 residues longer than
that of PpSB1-LOV, and is the longest C-terminal Ja
helix among the known Pseudomonas LOV protein
structures. In most LOV proteins, the Ja helix is the
connecting link for signal relay from the sensor to the
effector domain. Among the y-proteobacterial short
LOV proteins, the C-terminal Ja-helix is variable in
both sequence and length [40]. We previously proposed

Factors affecting adduct-state lifetime in LOV proteins

signaling mechanism for the Pseudomonas LOV protein
dimers, where rotation of two protein chains relative to
each other causes large movements in the C-terminal Ja
helices, relaying the light-activated signal from the sen-
sor to the associated effector domains [22]. This mecha-
nism was based on the comparative analysis of dark
and fully light-adapted state crystal structures of
PpSB1-LOV. PpSB2-LOV did not crystallize under
light conditions, which is most likely due to a relatively
fast dark recovery that makes it difficult to maintain a
steady-state population of the adduct under illumina-
tion. Crystallization of LOV proteins alone in fully
light-adapted state has been successful only in selected
cases that show very slow dark recovery [6,25]. We
obtained the light-state model for PpSB2-LOV from
MD simulations based on the PpSB1-LOV light-state
structure, where the model is allowed to explore the
conformational space and arrive at a more plausible
structure than a homology model that is mainly guided
by the template. Very low RMSD changes over time
(Fig. S2) for the constructed light-state dimer suggest
highly similar structural conformations in the light state
of both, PpSB2-LOV and PpSBI1-LOV proteins. In
addition, superposition of the PpSB2-LOV structural
model for the dark and the light states reveals global
conformational changes described previously in PpSBI1-
LOV and corroborate signaling mechanism similar to
the PpSBI-LOV protein (Fig. 7). PpSB2-LOV is thus
the second example, after PpSB1-LOV, to corroborate
this signaling mechanism, which might also be trans-
ferred to other structurally conserved short LOV pro-
teins from different Pseudomonas species.

The structure alone, however, is not sufficient to
explain the vast differences in adduct-state lifetimes
among this class of structurally conserved short LOV
proteins. MD simulations presented in this work reveal
higher dynamics in the Af strand, AB-Bp loop, and Fa
helix in PpSB2-LOV (Fig. 4). By combining MD simu-
lation results with sequence and structural homology
to PpSBI-LOV, we generated substitution mutants in
PpSB2-LOV to identify the residues responsible for the
differences in adduct-state lifetimes between the two
proteins (Table 3). Previous mutagenesis studies have
demonstrated that a subtle change in the residue type
can lead to considerable alterations in the adduct life-
time [29,38,41,42]. In PpSB2-LOV, residue positions 27
(424 in AsLOV2) and 66 (V463 in AsLOV2) play a
central role while 23 (420 in AsLOV2) and 61 (458 in
AsLOV?2) likely work cooperatively in stabilization of
the adduct and hence slowdown of the dark recovery.
In contrast, positions 28 (425 in AsLOV?2) and 74 (471
in AsLOV2) have an opposite effect, increasing the
rate of dark recovery. All the residues mutated in this
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Fig. 7. Structural differences between the dark- and the light-state
dimers of PpSB2-LOV. Ribbon representations showing super-
position of PpSB2-LOV dark state (blue) and light state (pink),
generated with the UCSF Chimera software [62]. The structure
alignment was done for the LOV core domains of single protein
chains (shown left). A ~ 29° rotation and translation of the core
domain in the counterpart (chain shown on right) are required to
superpose the two dimers on each other. The FMN molecules are
shown as stick models, and the twofold axis runs from top to
bottom.

study are in the vicinity of the chromophore pocket
(Fig. 6). Interestingly, several of the residues interact
with the conserved water molecules bound to the chro-
mophore (Fig. 6). We analyzed crystal structures of
the LOV domains listed in PDB database with a reso-
lution of 2.0 A and higher for the chromophore-bound
water molecules and observed that both, the water
molecules as well as the FMN-water and FAD-water
interactions are well conserved (Tables S2,S3). Nota-
bly, the solvent-accessible cavities calculated for
PpSB2-LOV are significantly large compared with that
in PpSB1-LOV (Fig. 5). The cavity is extended toward
the AB-Bp loop, Ea-Fa loop, and Fa helix, which out-
lines the solvent channel to the chromophore. The
MD simulations suggest increased flexibility in the resi-
dues located in the aforementioned secondary structure
elements implying their role in adduct stabilization or
destabilization by controlling the solvent/base accessi-
bility. Residues in close proximity to the solvent chan-
nel have been previously reported to attenuate the
adduct decay rates by altering the stability of the NS5
protonation state and hydrogen bonding to the active
site flavin [29,30,43].

The dark-state structure of PpSB2-LOV shows two
conformations of the active cysteine (C53). The same
has been observed in several other LOV structures in

V. Arinkin et al.

the dark state where the first conformation positions
the active cysteine above the C4a position and is
favorable for adduct formation whereas the second
conformation orients away [31,33] and was suggested
to destabilize the light-state adduct [29,30]. Mutations
altering the steric factors that favor the first conforma-
tion will thus have a stabilizing effect and result in
longer adduct lifetime. Even though none of the resi-
dues mutated in the current study shows direct H-
bonding interactions with the isoalloxazine ring of the
bound FMN, they form the border of the solvent
channel. An increased density of electrons as a result
of mutations such as increase in hydrogen bonding
near the pyrimidine ring of flavin can stabilize the
light-state adduct [44,45]. And in contrast, factors
favoring deprotonation of the N5 position of the isoal-
loxazine ring contribute to a faster decay [30,44,45].
Many of the mutated residues such as S28, H61, 166,
and 173 are hydrogen bonded to the conserved water
molecules in the chromophore pocket. Mutation of
these residues is expected to affect the H-bond net-
work, steric contacts as well the electron distribution
within the flavin system. In PpSB1-LOV, four arginine
residues R54, R61, R66, and R70 form a unique clus-
ter of salt bridges with the FMN phosphate moiety.
Current work and previous mutational studies demon-
strate an important role of the side chain interactions
such as H-bonds or salt bridges with the FMN phos-
phate group in controlling the adduct lifetime [6,7,46].
I66R mutant in PpSB2-LOV results in more than five-
fold increase in the adduct lifetime. The reverse muta-
tion in PpSB1-LOV had even more dramatic effect
where the adduct lifetime decreased by a factor of
more than 100 in PpSB1-LOV mutant R66I [7].

In conclusion, LOV domains have proven useful in
the development of optogenetic tools where the pho-
toresponsive LOV domain forms the input module to
activate/regulate diverse signal transduction domains.
In Table 3, we report several PpSB2-LOV mutants
with the dark recovery time ranging from seconds to
hours, providing a broad selection that can be utilized
for the generation of optogenetic tools with very speci-
fic on/off kinetic requirements. Considering the simi-
larities and structural conservation between the short
LOV proteins from Pseudomonas family [6,17,22,40],
the photocycle tuning strategies from this study can
likely be extended to other LOV proteins. An impor-
tant issue that we cannot address with our study is the
impact of the presented mutations on the signal relay
process, since no functional read-out assay is available
to probe the functionality of the presented variants of
PpSB2-LOV. Please note, however, that we have only
introduced interchanging mutations between two

4966 The FEBS Journal 288 (2021) 4955-4972 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



V. Arinkin et al.

homologous proteins; that is, amino acids were inter-
changed between the slow reverting PpSB2-LOV and
the fast reverting PpSB2-LOV. For example, PpSB2-
LOV harbored a Gln at position 23, while PpSBI-
LOV contained a Lys at the corresponding position.
Consequently, we introduced the Q23K mutation in
PpSB2-LOV. We are thus only exchanging amino
acids between two natural photoreceptors, which
should render the mutations structurally and presum-
ably also functionally more benign than, for example,
mutations that are not found in nature. This hypothe-
sis is partially corroborated in a recent study by Hart
et al., which performed targeted mutagenesis on Ara-
bidopsis photl and phot2 to modify their photocycle
to enhance their responsiveness and to promote plant
growth [46]. They show that tuning the phototropin
photocycle can reduce or extend the duration of pho-
toreceptor activation in planta. Plants engineered to
have a slow-photocycling variant of photl or phot2
displayed increased biomass production under low-
light conditions as a consequence of their improved
sensitivity, and plants with fast-cycling variants exhibit
reduced phototropin’s sensitivity for chloroplast accu-
mulation movement. One of the very effective mutants
in extending the adduct lifetime reported by the
authors is in fact V525R, which is equivalent to I66R
in PpSB2-LOV. The study highlights that one of the
mutations, which had the most pronounced impact in
the present study, does not negatively influence the sig-
nal relay process in full-length phototropin. Neverthe-
less, further work is needed to probe the functional
impact of the here presented mutations on the signal
relay in the Pseudomonas short LOV family. In fact,
the two short LOV photoreceptors, PpSB1-LOV and
PpSB2-LOV, were recently implicated in light-depen-
dent gene expression process in P. putida KT2440 [11].
The use of knockout strains in combination with gene
expression studies as presented by Sumi et al. [11]
would open up the possibility to probe the functional
impact of PpSB1-LOV/PpSB2-LOV mutations, which,
however, exceeds the scope of the present study. Both,
the results presented in our study and the previous
results by Hart et al. emphasize the importance of a
mechanistic understanding of photocycle tuning in
LOV proteins, especially in the context of their poten-
tial applications.

Materials and methods

Protein expression

The gene encoding PpSB2-LOV (Swiss Prot: Q88JB0) was
cloned as described previously [7]. In brief, a construct of

Factors affecting adduct-state lifetime in LOV proteins

PpSB2-LOV possessing N-terminal hexahistidine tag (tag
sequence: MGSSHHHHHHSSGLVPRGSH) was expressed
in E. coli BL21 (DE3). Autoinduction (Al) media was pre-
pared with Terrific Broth medium (X972; Carl-Roth, Karl-
sruhe, Germany) and supplemented with 50 pm riboflavin
(A6279; AppliChem GmbH, Darmstadt, Germany),
50 pg-mL~" kanamycin and for induction, 0.5 g-L™' glu-
cose, and 2 g-L™' lactose. Overexpression was carried out
in 250 mL AI media cultures for 3 h at 37 °C. Afterward,
the incubation temperature was changed to 30 °C and the
cells were incubated for 24 h with constant agitation at
110 r.p.m.

Protein purification

The cell pellet (5 g cells, wet weight) was dissolved in
30 mL of lysis buffer [SO mm NaH,PO,4/Na,HPO,4, 300 mm
NaCl, and 10 mm imidazole (pH 8.0)]. The cells were then
lysed by passing the cell suspension through a Microflu-
idizer three times at a constant pressure of 2000 bar. The
soluble fraction was separated from the pellet by centrifu-
gation at 50 000 g for 30 min at 4 °C. The supernatant was
purified by IMAC using a Superflow Ni-NTA resin (QIA-
GEN; Hilden, Germany) with the gravity flow protocol.
The standard column volume (CV) of the Ni-NTA resin
was 5 mL. The lysate was applied to the resin and washed
with 10 CV of lysis buffer and 5 CV of wash buffer [S0 mm
NaH,PO4/Na,HPO,4, 300 mm of NaCl, and 40 mm imida-
zole (pH 8.0)]. Elution was performed with 5 CV of elution
buffer [50 mm NaH,PO,4/Na,HPO,, 300 mm NaCl, and
250 mm imidazole (pH 8.0)]. The purity of the eluted frac-
tions was evaluated by SDS/PAGE.

The pure protein fractions were pooled, and the elution
buffer was exchanged to the storage buffer [10 mm Tris pH
8.0, 10 mm NaCl], using AKTA pure FPLC system (GE
Healthcare, Buckinghamshire, UK) with an HiPrep 26/10
Desalting column as per standard protocol. The protein frac-
tions were pooled, supplemented with 3 mm Tris(2-car-
boxyethyl)phosphine  (TCEP), and concentrated by
ultrafiltration using Vivaspin centrifugal concentrator units
(molecular mass cutoff: 10 kDa) (Sigma-Aldrich; St. Louis,
MO, USA). All steps were performed at 4 °C, with only the
buffer exchange procedure done at room temperature (20 °C).

Chromophore content and loading

In order to achieve higher chromophore loading in vitro,
FMN was added to the protein sample to the final concen-
tration of 10 mm and subsequently incubated overnight in
the dark at 4 °C. Unbound chromophore was removed by
size-exclusion chromatography using a HiLoad 26/600
Superdex 200 pg column (GE Healthcare) on an AKTA
pure FPLC system at room temperature. Fractions contain-
ing purified protein were pooled, supplemented with 3 mm
TCEP, and concentrated as described above.
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Chromophore content and quantification of PpSB2-LOV
was done with HPLC (Agilent Technologies, Inc., Santa
Clara, CA, USA) according to protocol described previ-
ously [47]. The total chromophore loading was quantified
using protocol described before [17].

Spectroscopic techniques

UV/Vis Spectroscopy measurements were carried out with
a Shimadzu UV-1800 spectrometer (Shimadzu, Kyoto,
Japan). All measurements were done at 20 + 2 °C in 1.5-
or 1-mL quartz cuvette with 1 cm light path and in buffer
with 10 mM sodium phosphate buffer at pH 8.0, supple-
mented with 10 mm NaCl. For generation of the light state,
the sample was illuminated for at least 30 s using a blue-
light (Apmax = 450 nm) emitting LED with a radiant power
of 50 mW (Luxeon Lumileds; Phillips, Aachen, Germany).
Dark recovery kinetics were measured from the illuminated
sample using the protocol described previously [7]. After
illumination, the absorbance recovery at 475 nm was
recorded as a function of time. Time of measurement var-
ied depending on the dark recovery lifetime (trec) Of the
respective mutant. The absorbance data were plotted
against time with the Gnuplot program and fitted using
monoexponential decay function using following equation:

Abs=ay+ Ae e

where ¢ is the time since illumination, Abs—measured
absorbance at 475 nm, Tre.—is the time constant
referred to as the adduct lifetime. All measurements
were done in triplicate.

Single crystal microspectrometry

UV-Vis absorbance spectra in the wavelength range
250-700 nm were recorded using an microspectrometer at
ID29S at ESRF (Grenoble, France) [48]. Fluorescence spec-
tra were measured by excitation with a blue-light laser
(440 nm, 15 mW, cw mode) of cryocooled crystals at
100 K. Same crystals were annealed to room temperature
and illuminated for 10 s with the blue-light laser and subse-
quently frozen to 100 K prior to measurement of UV-Vis
spectra.

Protein crystallization

The purified protein was concentrated to 8 mg-mL™' and
crystallized by vapor-diffusion method in 96-well sitting
drop plates. Crystals were grown under dark conditions in
1.8 pL drops (0.9 pL purified protein plus 0.9 pL reservoir
solution) against 70 uL of 100 mM sodium acetate (pH
4.9-5.3), 22-26% (w/v) polyethylene glycol 200, and 3-7%
(w/v) polyethylene glycol 3350 at 19 or 14 °C. Typically,
clusters of needle crystals appeared within a week.
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Data collection and structure determination

Single crystals of PpSB2-LOV were mounted in loops
under dim red light and flash frozen with gaseous nitrogen
at temperature 100 K. Native data were recorded at the
microfocus beamline 1D23-2 at ESRF (Grenoble, France)
[49] tuned to a wavelength of 0.8726 A on the PILATUS3
X 2M detector from Dectris Ltd (Baden, Switzerland) at
100 K. Data collection strategy was based on calculations
using the program BEST which accounts for radiation
damage and symmetry [50]. Collected data had significant
reflections up to 1.93 A resolution and was processed using
the xps software [51].

Space group of PpSB2-LOV crystals was determined to
be P2, with the Pointless program (part of CCP4 software
package [52]. The initial phases were obtained by molecular
replacement using MOLREP program (CCP4 package)
with a single native dataset. The search model was created
from the crystal structure of the homologous protein
PpSB1-LOV (PDB ID: 3SW1). Analysis of Matthews coef-
ficients [53] suggested two molecules per asymmetric unit,
with Matthews coefficient of 2.22 A>Da~' and a solvent
content of 44.6%.

The model was further improved with several cycles of
refinement using the PHENIX package [54] and manual
rebuilding using the coot program [55]. Data collection
and refinement statistics are listed in Table 1.

Molecular dynamic simulations

The initial models selected for the MD simulation were fol-
lowing: the dimer structure (Chains B and D) of PpSBI-
LOV in the dark state (PDB ID: 5J3W), the dimer structure
of PpSB1-LOV in the light state (PDB ID: 3SW1), and the
dimer structure of PpSB2-LOV in the dark state (current
work). Water, ions, and ligands except FMN were removed
from the protein crystal structures. Structure information on
PpSB2-LOV in the light state is still missing. Due to high
similarity of their structure and sequence, the homology
model of PpSB2-LOV in the light state was thus created as
following. Each chain of PpSB2-LOV crystal structure was
divided into three parts: N-terminal (residues 1-16), core
domain (residues 17-119), and C-terminal (residues
120-148). Each part was superposed on the corresponding
part of PpSB1-LOV light-state structure. Conformations of
identical residues were preserved as seen in PpSB1-LOV,
whereas in the case of sequence differences, conformations
of residues from the superposed PpSB2-LOV structure were
used as guidance. The C-terminal residues 135-148 were not
changed as this part is disordered in the PpSB1-LOV crystal
structure (residues 120-134). Notably, these terminal resi-
dues at the extreme end do not participate in the dimer inter-
face and are solvent exposed (Fig. S1).

Next, we created a model of FMN-cysteinyl adduct
based on previously determined crystal structure of
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lumiflavin(C4a)-isopropyl that has a covalent adduct simi-
lar to FMN-cysteinyl adduct (CCDC ID: 1180634) [35].
The FMN with adduct to cysteine residue capped by two
alanine residues was modeled, and then, its geometry was
optimized with QM calculations using the B3LYP/6 31G*
level of theory implemented in GAMESS program. In pre-
vious studies, the bond length of the FMN-cysteinyl adduct
was assumed to be ~ 1.82 A, as it is in the C-S bond pre-
sent in cysteine [56]. However, geometry optimization led
to the bond length of 1.96 A due to the fact that the C4a
atom of the FMN-cysteinyl is sp’-hybridized.

The initial crystal structures and the initial model of
PpSB2-LOV in the light state were protonated and parame-
terized by the pdb2gmx program as implemented in the
GROMACS 5.1 software (www.gromacs.org) using the
AMBER-99SB-ILDN force field [57]. The approach has
been tried and reported to show very good agreement with
the experimental NMR data [57,58].

The topology for the QM-optimized geometries of
FMN-cysteinyl and FMN together with the QM-derived
partial charges was created with the ACPYPE script [59].
The models were solvated in a periodic box (with > 12 A
distance from any protein atom to the edge of the box)
with TIP3P water molecules, and neutralized at a 150 mm
NaCl concentration. The systems were energy-minimized
with the steepest descent method, and followed by the con-
jugated-gradient method, and afterward equilibrated at
temperature of 298 K and 1 bar pressure. Cutoff for the
electrostatic interaction with Particle Mesh Ewald algo-
rithm [60] was 10 A and that for the short-range van der
Waals interactions was also 10 A. The simulation time step
was 2 fs, and the trajectories were saved every 10 ps. The
dark-state simulations were run two times for 50 ns. The
light-state simulations were run two times 100 ns for
PpSB1-LOV and two times 200 ns for PpSB2-LOV.

The RMSD fluctuation after 170 ns of MD simulation
time became small which indicates that the model of
PpSB2-LOV in the light state was in apparent equilibrium.
The structure was subsequently energy-minimized, first with
steepest descent method followed by the conjugated gradi-
ent to yield the final model of PpSB2-LOV in the light
state. The root-mean-square fluctuation (RMSF) calcula-
tion for the simulation of PpSB2-LOV in the light state
was derived from 170 to 200 ns trajectory and that for
PpSB1-LOV from 70 to 100 ns trajectory. The RMSF cal-
culation for the dark-state simulations was derived from
the whole 50 ns trajectory.

Hydrogen bond analysis was performed with help of the
vMmD software package [61].

Graphical representation

Unless otherwise indicated, figures were generated with
UCSF Chimera software [62], Molscript [63] and Raster3D
[64] using secondary structure assignments as given by the

Factors affecting adduct-state lifetime in LOV proteins

DSSP program [65]. UV-Vis spectra were plotted with the
Gnuplot program [66].
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Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Crystal packing of the PpSB2-LOV in (A) a-b
plane and (B) in a-c plane showing solvent exposed C-
termini. A single dimer is shown in blue and all other
molecules in sand color. (C) The zoomed in view of
panel B with a slight tilt (X = —10°, and Y = —-5°) for
a better view. Bound FMN are shown as stick models
and colored by element: carbon — yellow; nitrogen —
blue; oxygen — red; phosphorus — purple.

Fig. S2. RMSD calculation for all residues, and only
for the core residues (17-119) over the course of simu-
lation with respect to the starting model. Each simula-
tion run is depicted separately, red and magenta for all
residues and blue and cyan for core residues.

Table S1. MD simulation data of PpSB2-LOV and
PpSBI-LOV. We looked here for hydrogen bonding
and salt-bridge formations. The data shows persistence
of hydrogen bonds between partners in percentage of
simulation time. As the proteins are dimers, the total
time is 200%. Also shown are their conversions in
nanoseconds.

Table S2. FMN-water interactions. Conservation in
the interaction between chromophore and bound water
molecules in LOV domains. Analysis of chromophore-
bound water molecules in the structures of LOV
domains listed in PDB database with a resolution of
2.0 A and higher.

Table S3. FAD-water interactions. Conservation in the
interaction between chromophore and bound water
molecules in LOV domains. Analysis of chromophore-
bound water molecules in the structures of LOV
domains listed in PDB database with a resolution of
2.0 A and higher.
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