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Abstract

Light-Oxygen-Voltage (LOV) flavoproteins transduce a light signal into variable signaling outputs via a
structural rearrangement in the sensory core domain, which is then relayed to fused effector domains
via a-helical linker elements. Short LOV proteins from Pseudomonadaceae consist of a LOV sensory core
and N- and C-terminal o-helices of variable length, providing a simple model system to study the molec-
ular mechanism of allosteric activation. Here we report the crystal structures of two LOV proteins from
Pseudomonas fluorescens - SBW25-LOV in the fully light-adapted state and Pf5-LOV in the dark-state.
In a comparative analysis of the Pseudomonadaceae short LOVs, the structures demonstrate light-
induced rotation of the core domains and splaying of the proximal A’a. and Jo helices in the N and C-
termini, highlighting evidence for a conserved signal transduction mechanism. Another distinguishing fea-
ture of the Pseudomonadaceae short LOV protein family is their highly variable dark recovery, ranging
from seconds to days. Understanding this variability is crucial for tuning the signaling behavior of LOV-
based optogenetic tools. At 37 °C, SBW25-LOV and Pf5-LOV exhibit adduct state lifetimes of
1470 min and 3.6 min, respectively. To investigate this remarkable difference in dark recovery rates,
we targeted three residues lining the solvent channel entrance to the chromophore pocket where we intro-
duced mutations by exchanging the non-conserved amino acids from SBW25-LOV into Pf5-LOV and vice
versa. Dark recovery kinetics of the resulting mutants, as well as MD simulations and solvent cavity cal-
culations on the crystal structures suggest a correlation between solvent accessibility and adduct lifetime.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction the period circadian protein (Per)-aryl hydrocarbon
receptor nuclear translocator (Arnt)-single minded

Light, oxygen, voltage (LOV) domain containing protein (Sim) (PAS) superfamily.® Functionally
flavoproteins are ubiquitous photoreceptors,  versatile, multidomain sensory LOV photoreceptors
whose signal-transducing LOV domains belong to  consist of at least one structurally conserved sensor
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LOV domain, which is in most cases linked to
diverse effector domain(s). The sensor domain
binds a small molecule ligand, such as flavin
mononucleotide (FMN) or flavin adenine dinu-
cleotide (FAD), responsible for signal perception
upon absorption of blue light. Light absorption by
the flavin chromophore triggers a series of photo-
physical and photochemical steps that eventually
lead to the formation of a covalent bond between
the flavin chromophore and a conserved cysteine
residue in the LOV domain®° accompanied by a
conformational change of a conserved glutamine
residue, although both residues have been deemed
dispensable for LOV signal transduction.®” FMN-
Cys adduct formation in turn results in global struc-
tural rearrangements in the LOV domain. This
signaling-state, as the longest lived intermediate
of the LOV photocycle represents in most cases
the biologically active state, where the structural
changes in the LOV domain are transmitted to fused
effector domains®° or downstream signaling part-
ner proteins.'®'" As illumination ceases, the
FMN-Cys adduct is thermally broken and the initial
dark state is recovered with a characteristic time
constant often reported as the adduct-state lifetime
or dark recovery.

Recent studies have shown that the dark
recovery process, involving both the thermal
rupture of the FMN-Cys and reversal of the global
structural changes associated with signaling state
formation, is a complex multi-step process’'* '* that
impacts biological function by providing a handle to
impart different light sensitivities to the photorecep-
tor.">~'” Even though, many mechanistically-driven
mutational studies of the dark recovery process
have been conducted,'® " the dark recovery is still
not completely understood. Various mechanisms
that modify the dark recovery have been presented;
identifying the hydrogen-bond or salt-bridge net-
work surrounding the chromophore,'® 2 steric
interactions affecting the conformation of the adduct
forming cysteine, as well as the conformational free-
dom of the flavin,>**?° and lastly, factors that influ-
ence the deprotonation of the flavin N5 atom, e.g.,
pH, buffer, imidazole, h}/dration or water/solvent
access to the flavin®*"°" as instrumental for dark
recovery tuning.

While the initial photochemical steps leading to
the formation of the covalent protein-flavin adduct
are likely conserved across the LOV family of
photoreceptors, the intramolecular signal relay
mechanisms in the LOV domain and associated
effector domains might be distinct, even though
they display conserved features such as short N-
and C-terminal extensions that transduce the
signal. This may account for the modularity of the
LOV photoreceptor family, in which a structurally
conserved LOV domain controls the activity of a
variety of different effector domains.

As light-dependent signaling receptors, LOV
domains regulate a myriad of light responses, e.g.

phototropism, chloroglast movement, and stomatal
opening in plants®*“?; photomorphogenesis in stra-
menopile algae,®* circadian rhythms and transcrip-
tion regulation in fungi®®; stress responses,
virulence and cell adhesion in bacteria.”*°%® In
most cases, LOV photoreceptors are multidomain
proteins that contain at most two, mostly N-
terminal LOV domains that have short N- and C-
terminal extensions outside the canonical LOV
domain (termed A’a and Ja-helix), which are
involved in intramolecular signaling and effector
domain activation.>”*® In addition, inverted archi-
tectures exist, such as algal aureochromes, in
which the LOV domain is located at the C-
terminus of the effector domain,>* and so-called
short LOV proteins have been identified in bacteria,
fungi, protists, and land plants that consist of only a
single LOV domain and lack a fused effector
domain but instead contain only N- and C-terminal
Ao and Ja helices.**?°*® So far, physiological
functions could only be assigned to a few short
LOV proteins. For example, VVD, a short LOV pro-
tein, which possess a N-terminal A’a extension, but
lacks the C-terminal Ja-helix,”” modulates gating of
the circadian clock via interaction with the White-
Collar Complex (WCC), the central transcription
factor of the circadian clock in fungi such as Neu-
rospora crassa.*’ DsLOV, another short LOV pro-
tein from a marine phototrophic bacterium
Dinoroseobacter shibae, which, like VVD, only con-
tains a N-terminal A’o-helix, mediates light-
dependent pigmentation,** while the RsLOV protein

from the purple photosynthetic bacterium
Rhodobacter sphaeroides, which contains a short
N-terminal A’a-helix and a longer

helix — turn — helix motif composed of helices Ja
and Ka,*® was suggested to act as a repressor of
photosynthesis gene expression and was linked to
photooxidative damage responses, carbohydrate
metabolism, and chemotaxis.*>*° A recent report
on the saprotrophic soil bacterium Pseudomonas
putida KT2440 suggests that the two PpSB-LOV
proteins and three PpIRs (Pseudomonas putida
light-inducible transcriptional regulators) coopera-
tively regulate the light-inducible expression of a
number of genes encoding DNA-photolyases, the
furan-containing fatty acid synthase FolE, a GTP
cyclohydrolase |, a cryptochrome-like protein, and
various genes of unknown function.>' A similar role
has recently been attributed to the short LOV pro-
tein PmSB-LOV of Pseudomonas mendocina.'’
Thus, there is growing evidence for distinct light-
dependent biological functions of a variety of Pseu-
domonadaceae short LOV proteins.

Up to now, five short LOV proteins from different
Pseudomonas species were spectroscopically
characterized, suggesting an  evolutionary
conservation of fast- and slow-reverting short LOV
proteins in Pseudomonadaceae.*' Apparently, evo-
lutionary pressure exists to select for fast and slow
reverting LOV proteins linked to different physiolog-
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ical functions in Pseudomonadaceae. This feature,
at the same time, renders the Pseudomonadaceae
short LOV protein family a paradigm for studying the
LOV domain dark recovery process. All five
sequences show the classical features of the Pseu-
domonadaceae short LOV protein family, i.e., Y(Q/
R)DCRFLQG motif in the LOV core domain, a con-
served N-cap, and the C-terminal Ja-extension
(Figure 1, Supplementary Table S1A, S1B). While
the N-cap region is relatively conserved, the C-
terminal Ja-helix is variable in both, length and
sequence. We previously reported structural and
mutational studies on three of the slow and fast
reverting Pseudomonadaceae short LOV proteins
PpSB1-LOV, PpSB2-LOV and W619_1-LOV from
Pseudomonas putida.'®234345:46.52

In the current study, we present the crystal
structures of two Pseudomonadaceae short LOV
proteins; SBW25-LOV and Pfi5-LOV from
Pseudomonas fluorescens SBW25 and P.
fluorescens Pf-5.°> A comparative assessment of
these structures and our previously reported Pseu-
domonadaceae short LOV crystal structures in the
light, dark, and apo states reveal a highly conserved
signaling mechanism among the LOV proteins of
the Pseudomonadaceae family. As observed for
the short LOV proteins of Pseudomonas putida
KT2440, despite high sequence identity (~73%),
the SBW25-LOV and Pf5-LOV proteins show very
different dark recovery kinetics of 1470 min and
3.6 min at 37 °C, respectively (Supplementary
Table S1A, S1B). Interchanging certain non-
conserved residues in a solvent channel lining the
chromophore between the two proteins resulted in
a correlated acceleration or deceleration of the dark
recovery of the two proteins. Thus, due to their con-
served sequence, structure, and signaling mecha-

nism, as well as the ability to choose between
slow and fast cycling LOV domains, the Pseu-
domonadaceae short LOV protein family offers a
wide range of choices for synthetic biology applica-
tions such as the development of LOV-based opto-
genetic tools (reviewed in®?).

Results and Discussion

Uv-Vis spectroscopy, single crystal
microspectrometry and dark recovery kinetics

The purified SBW25-LOV and Pf5-LOV proteins
were obtained in chromophore loaded form, with
HPLC analyses (Supplementary Table S2)
revealing FMN as the predominately (>70%)
bound flavin chromophore, which is in good
agreement with previous reports.**"4°

SBW25-LOV undergoes a photocycle similar to
other LOV proteins, albeit with an extremely slow
dark recovery. Complete dark recovery at 20 °C
could not be achieved even after 16 h of
observation. At 37 °C, however, an adduct-state
lifetime (r,e?) value of 1470 min was measured
previously.*" The SBW25-LOV protein crystallized
under permanent blue-light (Anax = 450 nm) illumi-
nation (see Methods section). The UV-Vis absorp-
tion spectrum of protein crystals was measured to
confirm that the protein is in the light state. For com-
parison, the UV-Vis absorption spectra of SBW25-
LOV in solution, in the light and partially dark states
are depicted in Figure 2(a). The crystal spectrum
shown is identical to the light state spectrum of
SBW25-LOV in solution, except for the higher inten-
sity of the peak, which could be due to a higher pro-
tein concentration in a crystal (crowding) and the
crystal orientation. The complete dark state could

Ao A3 BS Cav Do Eav Fa
10 20 30 40 50 60 70
SBW25-L0OV MINAKLMQLVINASNDGIVVAEREGKDK-PLI¥YVNPAFERLTGYTLDEILYQDCRFLQSIGDRDQPALMAIRETLESGGAC 79
P£5-LOV MINAHLLQRMINASNDGIVVAEQEGEDN-IVIYVNPAFERLTGYSADEVLYQDCRFLQSIGDRDQPGLEVIRQALRQGRPC 79
Pf01-LOV MINASLMQMVINASNDGIVVAEREGKDDNILIYVNPAFERLTGYTSEEILYQDCRFLQSIGDRDQENLALIRDALRNNGSC 80
PpSB1-LOV MINAQLLQSMVDASNDGIVVAEKEGDDT-ILIYVNAAFEYLTGYSRDEILIYQDCRFLQGDDRDQLGRARIRKAMAEGRPE 79
PpSB2-LOV MINAKLLQLMVEHSNDGIVVAEQEGNES-ILIYVNPAFERLTGYCADDILYQDCRFLQGEDHDQPGIAIIREAIREGRPC 79
W619_1-LOV MINAQLLQSMVDASNDGIVVAEQEGDDT-ILIYVNPAFERLTGYSRDEILYQDCRFLQGDDRDQLARARIRKALAEGRPC 79
w619_2-LOV MIDAKLLQLMVEASNDGIVIAEQEGNDS‘ILIYVNPAFERLTGYAADDILYQDCRFLQGQDHDQEALDAIRQAIRDGRPS 79
hk ok kok .. ckkhkhkkk:kk Kk 2 s okkkk:hkkhk . hkhkkh .. okkkkkkkkk: Kkokk__ kk st
Gg3 HB 18 Ja
100 110 120 130 140 150
SBW25-L0OV REILRNYRKDGSHFWNELSLSTVYNEADKQTYFVGVQKDVTLQVKAQQRVGQLEAELNQVKAELAALKATSGFNKI—— 155
P£5-LOV REVLRNYRKDGSHEWNELSITPVENDSDQLTYFIGVQKDVSVQVKAQQRLLQLEQQLAEVQAELAALKATSGH----- 152
P£01-LOV REILRNYRKDGTPFWNELSLSTVKNVDDGQTYFVGVQKDVTVQVKAQQRVAQLEAQVAALEAELAALKATNGANKTAN 158
PpSB1-LOV REVERNYRKDGSAFWNELSITPVKSDFDQRTYFIGIQKDVSRQVELERELAELRARPKPDERA--------------- 142
PpSB2-L0OV CQVLRNYRKDGSLEWNELSITPVHNEADQLTYYIGIQRDVTAQVFAEERVRELEAEVAELRRQQGQAKH--------~— 148
W619_1-L0V REVLRNYRKDGSAEWNELSITPVKCDADHRTYFIGIQKDVSRQVELERELAEMHVRRNFDKRPEPSA----------- 146
W619_2-L0OV CQVLRNYRKDGSLFWNELSISPIRNEADQLTYYIGIQRDVTAQVFAEERVRELEAEVAQLRRQLDDRDS ————————— 148
crrkkkkkkokok r kkkkkk ;oo ko kkoook kokk o kk -

Figure 1. The sequence alignment of short LOV proteins from P. putida and P. fluorescens. The sequence

alignment was generated with Clustal Omega.®®

The secondary structure was assigned with the DSSP program®

from crystal structures, where helix (yellow) and strand (blue) are marked in the sequences. Secondary structure
element labels are shown at the top. The asterisks in the bottom line of the alignment indicate identical residues in a
given sequence position, while double dots and single dots refer to residues conserved to >70% and 50-70%,
respectively. Sequence numbering for SBW25-LOV is shown at the top. The conserved Y(Q/R)DCRFLQG sequence
motif, bearing the adduct forming cysteine, identified in Pseudomonadaceae LOV proteins is highlighted by a red box.
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not be populated in solution due to the instability of
the protein, as it undergoes proteolysis over such a
long period of time. Nevertheless, the dark state
spectrum showed characteristic peaks: three peaks
in the region 400 nm—-500 nm and broad peak at
365 nm, which originate from the bound flavin chro-
mophore. Upon blue-light illumination, the covalent
adduct is formed between the chromophore and the
conserved cysteine residue leading to the loss of
absorbance at 450 nm and the concomitant forma-
tion of a new broad peak with a maximum at around
390 nm.

Pf5-LOV is a short LOV protein originating from
Pseudomonas fluorescens strain Pf-5 and a close
homolog of SBW25-LOV (Figure 1). The spectrum
of Pf5-LOV in the dark and light states showed
characteristic absorption peaks, indicating a
photocycle similar to that of other LOV proteins
(Figure 2b). The crystals of Pf5-LOV protein grew
under dark conditions, and UV-Vis spectrum of
the crystals used for data collection confirmed
their dark state (Figure 2b). The spectrum is
similar to the dark state spectrum of Pf5-LOV in
solution, except minor differences that might be
related to the fact that spectra were measured at
a temperature of 100 K instead of room
temperature. In contrast to SBW25-LOV, P{5-LOV
has a shorter adduct state lifetime of 45.3 + 0.7 mi
n at 20 °C (Supplementary Figure S1), in general
agreement with previous data measured at 37 °C
(adduct lifetime of 3.6 + 1.5 min), which indicated
that the protein is fast cycling.*'

Crystal structure of SBW25-LOV

Using the crystals obtained under continuous
blue light conditions, we determined the structure
of SBW25-LOV with a resolution of 1.6 A in the
P1 space group. The data collection and
refinement statistics are listed in Table 1. The

(a) SBW25-LOV
— 1r dark ]
2 ligh{ ___________
E 0.8 crysta
E
5 06 1
8
E 0.4 :
e
g 0.2 1
=

0 1 1 1 |~

250 300 350 400 450 500 550
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structure revealed an overall fold similar to the
previously published structures for other members
of the Pseudomonas short LOV family such as
PpSB1-LOV#*“¢, PpSB2-LOV** and W619_1-
LOV*®. The final atomic model in the asymmetric
unit is a dimer, where the monomer subunits are
related by a 2-fold non-crystallographic symmetry
(Figure 3).

Well-defined electron density was observed for
148 residues in chain A and 150 in chain B, out of
a total of 155 amino acids in the protein sequence.
The superposition of the monomers demonstrates
high similarity with a root mean square deviation
(RMSD) of the Ca-atom positions of 0.89 A over
residues 1-133 (Figure 3). In contrast, from
residue 134 onwards, the positional differences in
the Jo-helix become more than 4 A and were
excluded from the RMSD calculation. Other
differences between the two monomers are
localized in the GB-HB loop and the A’a-helix,
which are likely induced by crystal packing.

PISA analysis®’ of the SBW25-LOV dimer
observed in the crystal structure revealed a calcu-
lated total buried surface area of 4157 A% with a sol-
vation energy gain of 37.1 kcal/mol upon dimer
formation, indicating a stable dimer in solution.
The dimer interface is stabilized by hydrophobic
interactions in addition to hydrogen bonds and salt
bridges (Table 2). The interfacial residues are pre-
dominantly located in the A’a-helix, Jo-helix and
are distributed throughout the p-strands. The
sequence of the Ja-helix shows characteristic hep-
tad repeats leading to the coiled-coil-like interac-
tions that contribute significantly to the interface
(Figure 3).

The Ja-helix of chain B shows a kink with an
approximate angle of 26°, measured between the
two vectors defined by the Ca atoms of residues
125-128 and 128-131, using the HELANAL-Plus
program.®® In comparison, chain A has a maximum

(b)

Pf5-LOV

s ! (Ilark 4
2 light
E 0.8 crystal =--------
5
= 06 |
—8
ﬂ o]
E 0.4 |
=
E 02 |
Z
0 N\
250 300 350 400 450 500 550

Wavelength [nm]

Figure 2. UV-Vis absorption spectra of SBW25-LOV (a) and Pf5-LOV (b) in solution and in crystal. The solution
spectrum in the light (red) and partial dark states (blue) in solution are shown as solid lines, the spectrum of the protein
crystal used for the structure determination is shown as a dashed line.

4
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Table 1 Data collection and refinement statistics.

X-ray data SBW25-LOV, light state Pf5-LOV, dark state
PDB ID: 7YX0 PDB ID: 7R5N

Beamline ID23-2, ESRF ID29, ESRF

Detector PILATUS 6 M PILATUS 6 M

Wavelength [A] 0.873 0.976

Resolution range [A] 39.77-1.60 48.12-3.45
(1.63-1.60)* (3.70-3.45)*

Space group P1 14,22

Unit-cell a, b, c [A]
o B, v [7]
Total reflections
Unique reflections
Multiplicity
Completeness [%]
Mean I/o(l)
Wilson B-factor [A?]
R-merge
R-meas
CCyp2

Refinement
Resolution range [A]

R-work

R-free

coordinate error (max.-likelihood based) [A]
Number of non-hydrogen atoms
macromolecules

Ligands

Water

Protein residues

RMSD (bonds) [A]

RMSD (angles) [°]
Ramachandran favored [%]
Ramachandran outliers [%]
Clashscore

Average B-factor [A?]
macromolecules [A?]

ligands [A?]

solvent [A?]

36.26 42.44 51.74

148.7 148.7 200.79

95.27 95.71 109.02 90 90 90
125,311 72,313 (17255)
36,845 (1827) 15,076 (3526)
3.4 (3.4) 4.8 (4.9)

97 (95.2) 99.5 (99.8)

5.0 (1.3) 9.0 (1.0)

19.56 155.21

0.093 (0.705) 0.081 (1.885)
0.11 (0.836) 0.091 (2.115)

0.992 (0.761)

33.6-1.6
(1.66-1.6)
0.1882 (0.2249)
0.2385 (0.2983)
0.2

0.997 (0.531)

47.18-3.45
(3.57-3.45)
0.2152 (0.3481)
0.2495 (0.3284)
0.42

2816 2460
2569 2398
129 62

118 -

316 300
0.006 0.004
0.79 0.76
97.76 96.62
0 0

3.12 8.02
31.10 195.64
31.31 195.66
25.07 194.76
33.17 -

* Statistics for the highest-resolution shell are shown in parentheses.

kink angle of only 9.6°. Interestingly, SBW25-LOV
neither contains proline nor a specific sequence that
is prone to induce an a-helix kink at this position. A
possible significance of the kink in the context of sig-
naling is discussed later in the manuscript.

Chromophore binding pocket in the crystal
structure of SBW25-LOV

As shown in Figure 4, the FMN chromophore can
clearly be identified in the 2mF,-DF. electron-
density map. This observation is consistent with
the HPLC results for chromophore content
analysis, with  FMN being the dominant
chromophore (~71%). In previous structural
studies, the continuous_electron density and the
bond distance of < 2.3 A between the Sy atom of
the active site of the cysteine residue and the C4a
atom of the FMN were used as indicators of the

presence of a covalent FMN-Cys bond, i.e., the
light state of the LOV protein. In contrast, a non-
continuous electron density and a larger bond
distance (>3.2 A) suggests the dark state. In the
SBW25-LOV crystal structure determined from the
crystal grown under continuous light conditions,
the electron density of individual atoms shows
anisotropic distribution, such as those of FMN and
surrounding residues Cys53, GIn57 and Leu97.
Such an anisotropic distribution can, for example,
be the consequence of the collective motions of
the atoms or the result of an averaging across the
different conformations present in the crystal. The
electron density map shows a continuous density
between the FMN-C4a atom and the Cys-Sy
atom. In addition, two conformations of the Cys53
side chain were observed (Figure 4). For
refinement, we modeled both the conformations of
FMN- first, with planar ring as in the dark state
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Figure 3. The crystal structure of the SBW25-LOV in the light state. The structure is represented as ribbons, where
chains A and B are colored in light and dark shades of gold. FMN is shown as a stick model. (a) The dimer of SBW25-
LOV observed in the crystal structure. (b) The superposition of the SBW25-LOV monomers by the core domain
residues 17—117, which showed the difjerences in the GB-Hp loop and the A’a, Ja helices. After superposition, the
RMSD of the Ca atom positions is 0.89 A over the residues 1—133. The residues at maximum kink of Chain B Ja-helix,
indicated by a box, are shown as sticks in the inset. The hydrogen bonds between backbone N and O atoms are

shown as green lines.

Table 2 The interfacial residues of SBW25-LOV monomers in the dimer within the hydrogen bond distance of <3.2 A.

Secondary structure element Residue of chain A Atom

Distance [A] Atom

Residue of chain B Secondary structure element

Ao GIn8 NE2 31
Ao Ala13 (0] 2.7

2.8
A’a-AB loop Asn15 ND2 31
A'a-AB loop Asp16 OD1 3.0

2.8

2.9
Gp Arg80 NH2 2.7
Hp Gluge OE1 29
HB Ser98 oG 2.8

2.8
HB Ser100 oG 2.8
Jo Arg128 NE 2.9
Jo Arg128 NH2 2.9

(@) lle2 -

oG Ser100 HB

oG Ser100 HB

oG Ser98 HB

NH1  Arg80 Gp

NH2  Arg80 GB

oG Ser98 HB

OD1 Aspi16 A’a-Ap loop
Nz Lys117 1B

OD2 Aspi6 A’o-Ap loop
ND2 Asni15 A'a-Ap loop
O Ala13 Ao

OE2 Glu133 Jo

OE2 Glu133 Jo

and second, non-planar ring as in the light state
where the planarity in the ring system is disrupted
by the sp3-hybridization of C4a atom which is
involved in the FMN-cysteinyl adduct formation.
For this, we used the FMN geometry optimized
using quantum chemical calculations (QM)
described in our previous report,*® also due to the
fact that atomic resolution experimental data is still
missing for the geometry of the FMN-cysteinyl
adduct where the FMN-C4a atom is sp3 hybridized.
After refinement, the distance between the FIMN-
C4a and Cys53-Sy atoms was 2.02 A (1.98 A in
chain B) and 3.52 A (3.41 A in chain B), correspond-
ing to the FMN conformation in the light and dark
states, respectively. The relative occupancies

between the light and dark states were 0.71 / 0.29
(0.43/0.57 in chain B). In previous studies reporting
structures in the light state, this ‘mixed’ state obser-
vation was attributed to either a very rapid dark
recovery rate and/or radiation damage from X-
rays.>*"°? The recovery rate of SBW25 is extre-
mely slow (with a T, value of 1470 min at 37 °C),
and is not expected to affect dark recovery under
cryogenic conditions, i.e., at 100 K during data
acquisition, although we cannot completely rule this
out due to lack of evidence. The UV—Vis absorption
spectrum of the crystal showed that the chro-
mophore was in the light state before X-ray irradia-
tion, i.e. a covalent adduct was present, as
evidenced by the absence of absorption at
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Chain A

Chain B

Figure 4. FMN electron density maps in the SBW25-LOV light state structure. Two conformations of the Cys53, and
the “light state” and “dark state” FMN structures used in the refinement, representing the dark and light states are
shown. The relative occupancies between the “light” and “dark” states were 0.71/0.29 (0.43/ 0.57 in chain B). 2mF,—
DF. electron-density maps contoured at 1 RMSD are shown as a blue mesh. mF,—DF,, difference maps contoured at
+3 RMSD are shown as a transparent surface, where difference maps with positive values are colored green. FMN
and the conserved Cys53 are shown as a stick model and colored by element: nitrogen, blue; oxygen, red;
phosphorus, purple; sulfur, orange. The carbon atoms of “dark state” molecules are colored in grey and that of the

“light state” in yellow.

450 nm and a distinct maximum at around 390 nm.
In contrast, after X-ray irradiation during data collec-
tion, the UV—-Vis spectrum of the crystal no longer
showed a spectrum typical of the light state (Sup-
plementary Figure S2), but instead, minor peaks
appeared at around 450 nm, indicating at least par-
tial disruption of the covalent FMN-Cys adduct
caused by the radiation damage. This observation
suggest that the obtained electron density map is
likely an average between the light state with the
intact covalent Cys53-FMN-C4a (FMN) adduct
and a conformation with locally disrupted adduct,
that might be similar to the dark state. However,
partial disruption of the adduct due to radiation dam-
age is not expected to affect the large conforma-
tional changes in the tertiary and quaternary
structure because the movements of the secondary
structure elements are limited by the constraints of
the crystal packing where the SBW25-LOV crystals
formed under permanent blue light illumination.

Crystal structure of Pf5-LOV

The crystal structure of dark-adapted Pf5-LOV
was determined up to a resolution of 3.45 A in
14,22 space group. The data collection and
refinement statistics are listed in Table 1. The
asymmetric unit contains a homodimer, which is
formed by monomers with a non-crystallographic
2-fold symmetry (Figure 5). The electron density
map allowed observation of 149 of the 152
residues in chain A and all 152 residues in chain
B. The superposition of the monomers shows their
similarity with a root mean square deviation
(RMSD) of 0.89 A for the Ca-atom positions over
residues 1-139. Similar to the SBW25-LOV

structure, the Ja-helix of chain B exhibits a kink
with an angle of 26°, measured between the two
vectors formed by the Ca atoms of residues 125
to 128 and 128 to 131 with the HELANAL-Plus
program.”® In comparison, chain A has maximum
kink angle of 15.8°, which is higher than 9.6°
observed in the equivalent chain in the crystal struc-
ture of SBW25-LOV.

The diffraction data of Pf5-LOV crystals showed a
high relative Wilson B factor of 155 A2 (Table 1).
The estimated solvent content of the protein
crystal based on the Matthews probability was
~83%, which is high compared to a range
between 40%—60% that is typical for protein
crystals. Accordingly, the crystal had very loose
packing with broad solvent channels. High values
of the Wilson B factor are associated with a loss
of detail in the electron density maps, and in this
case, a combination of high solvent and low-
resolution data resulted in an electron density map
that was not well-defined, in which mostly
residues truncated to the Cp atom were modeled.
Analysis  requiring more  precise  atomic
coordinates were therefore not performed for the
Pf5-LOV structure model.

Comparative structural analysis highlights a
conserved signaling mechanism in short LOV
proteins of the Pseudomonas family

Based on structural studies of light and dark
states of the Pseudomonas putida PpSB1-LOV
and PpSB2-LOV protein dimers, we previously
proposed a signaling mechanism in which light-
induced changes in the chromophore pocket
trigger rotation of the two protein chains relative to
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Figure 5. The crystal structure of Pf5-LOV in the dark state. The structure is represented as ribbons, where chains
A and B are colored in light and dark shades of cyan. FMN is shown as a stick model. (a) The dimer of Pf5-LOV
observed in the crystal structure. (b) The superposition of the Pf5-LOV monomers by the core domains residues 17—
117, which showed the differences in the HB-IB and Ea-Fa loops and the Jo helices. After superposition, the RMSD of

the Ca atom positions is 0.89 A over the residues 1-139.

each other, resulting in large movements in the C-
terminal Ja-helices that relay the signal from the
sensor to the associated effector domains.*>* Very
similar structural conformations in the respective
dark and light states, as well as the light-induced
global conformational changes in both proteins,
led us to speculate that this signaling mechanism
could also be transferred to other structurally con-
served short LOV proteins from different Pseu-
domonas species. Superposition of the two
structures presented here, SBW25-LOV dimer in
the light state and the Pf5-LOV dimer in the dark
state resulted in a poor match (Figure 6¢). This is
consistent with studies on the dark and the light
states of PpSB1-LOV and PpSB2-LOV, where the
overall fold of short LOV proteins from Pseu-
domonas family reported in the current and our pre-
vious work is similar.?4345:46

Next, we performed pairwise analysis of the short
LOV protein structures in the light and dark
conditions from the Pseudomonas family
(Table S3). Considerable differences are observed
in the Ja helices within the monomers of a dimer,
so that caution is required when interpreting Jo
movement in the context of signaling. It is also
worth noting that no crystal contacts were
observed between the Ja and Ao helices
(Supplementary Figure S3). While Jo and Hp-Ip
loops are variable among LOV proteins of the
Pseudomonas family, the core domain is quite
conserved where most of the sequence
differences can be identified in A'a, Fo, the AB-Bp

loop and the Hp-strand (Figure 1). The core
domain residues (17-117) of equivalent
monomers were superimposed as described
previously.*>*® The rotation values in Supplemen-
tary Table S3A reflect the degree of rotation
required for molecule B to superimpose itself over
its corresponding counterpart in the two structures,
with molecules A initially superimposed. The larger
rotation values between two structures indicates
larger differences, for example, a ~15-25° rotation
is observed between the dark and the light state
structures of PpSB1-LOV. Please note that the val-
ues provided in Supplementary Table S3 are com-
parable and were obtained applying the same
protocol for all. We observe a clear trend (Supple-
mentary Table S3A), where the rotation angles
between two structures in the light state (<5°) or
dark state (<7°) are relatively small compared to
the rotation angles between a light and dark state
(11-29°).

The distances between the two subunits of a
dimer were measured at three reference points:
one, at the center of the core domains which was
determined between the respective center-of-
mass (COM) values (Figure 6d). We observe that
this distance is comparatively smaller in the light
state (~26 A) than in the dark state (~30 A), i.e.
the core domains are located closer to each other.
For the second and the third reference points, we
selected residues 15 and 118 positioned at the N-
and C-terminal ends of the core domain, both of
which move apart in the light. Compared to the
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Pf5-LOV
PpSB2-LOV

SBW25-LOV (b)

PpSB1-LOV

© Chain A

(d) © Chain B

SBW25-LOV
Pf5-LOV

118~ ~10A ~17A

I5Q “13A ~17A

® Dark Light

Figure 6. The superposition of the light and dark state dimers (a) SBW25-LOV in the light state (gold), and SB1-
LOV in the light state (plum)(PDB ID 3SW1) are shown as ribbons, where chains A and B are colored in light and dark
shades. (b) Pf5-LOV in the dark state (cyan), and SB2-LOV in the dark state (light blue)(PDB ID 7A6P). (c) SBW25-
LOV in the light state (gold) and Pf5-LOV in the dark state (cyan). The panel shows superposition where LOV core
domains are represented as surfaces, and Ja helices as ribbons to emphasize the dimer interface rotation. The
RMSD between the core domain residues 17—-117 of SBW25-LOV and Pf5-LOV is 1.1 A and 0.9 A for their A chains
and B chains, respectively. (d) Cartoon representation of the dimer interface rotation observed between the dark and
light structures when viewed from the side. The black circle indicates the center of mass (COM) of the core domain,
and the curved arrows represent rotation between the two protein chains of a dimer. The straight double-headed
arrows around amino acid residues 15 and 118 represent the distances between the two protein chains in the light
and dark state dimers (Supplementary Table S3B).
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dark state, we measured a ~7 A increase in
distance (Ca-Ca) between 15-75 at the A'a-Ap
loops, and ~3 A at 118—118 at the N-terminal end
of the Ja-helices (residues in italics are from the
opposite subunit) (Supplementary Table S3B).
The RMSD values and the Q-score are further
parameters reflecting structural similarity. The Q-
score varies between 0 (for completely dissimilar
structures) and 1 (identical structures) and is a
more objective indicator of the qualit¥ of the
alignment than RMSD and N align alone.®” Supple-
mentary Table S3C shows a high Q-score (>0.7)
for two randomly selected LOV structures, both in
either the dark or light state, indicating general
structural similarity. In contrast, the lower Q-score
(<£0.4) between two different LOV proteins- one in
the dark and the other in the light state indicates
structural differences.

Taken together, these observations suggest that
the light-dependent global structural changes,
such as rotation of the core domains relative to
each other, increased distance at the N- and C-
terminal junctions, are essentially identical among
the here studied short LOV proteins of
Pseudomonadaceae. Interestingly, SBW25-LOV
light state dimer interface reveals the presence of
a unique salt bridge K117 - E96 (Table 2), which
was previously identified in molecular dynamics
simulations studies on the light-adapted (adduct)
state of PpSB1-LOV.?° In contrast, these interac-
tions are absent in the simulations on the dark-
adapted state, as well as in the respective dark-
state crystal structures that became available soon
after.”® The distances between K117 and E96 are
>10 A in the dark-adapted crystal structures. In
contrast, the corresponding distance is >2.9 A in
light-adapted crystal structures of SBW25 (current
study) and PpSB1-LOV.?*>“¢ Based on the molecu-
lar simulations, Bocola et al. proposed that the light-
dependent reorientation of the conserved glutamine
Q116 which flips its side-chain oxygen atom posi-
tion impacts the salt-bridge network constituted by
K117 (IB) and E96 (Hp), stabilizing the light state
dimer. Disruption of the salt bridge interaction in
the dark state thus has an impact on the displace-
ment of I and Hp strands (as suggested by the
increased 118-118 distance in Supplementary
Table S3B) which results in a correlated rotation
of both LOV core domains and subsequently large
movements in the C-terminal Jo-helices. Similar
results were also recently obtained in a theoretical
study, which employed a Markov state model
(MSM) combined with molecular dynamics (MD)
simulations to investigate the signal transduction
pathway of PpSB1-LOV.®" In this work, in addition
to the E96 — K117 salt-bridge network, the Q5-
D105 interaction as well as the D16-R80 and D16-
K117 interactions were deemed important for the
light dependent dimer rearrangement. Previously,
we reported the same in the comparative analysis
of the crystal structures of PpSB1-LOV in the dark
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and fully light-adapted states.”*“® For example, a
shift of the HB-IP loop by ~4 A towards the N-cap
helix A'a leads to an additional hydrogen bonding
interaction between Q5 and D105 in the dark state.
NMR data reported in the same study also indicated
involvement of the AB-BB and HB-IP loops in the
light-dependent dimerization of PpSB1-LOV.*® Fur-
thermore, an increase in the crossing angles
between the N-terminal A'a-helices (40° to 64° in
the light state) and the C-terminal Ja-helices (26°
to 48° in the light state) around the dimer axis was
calculated in the crystal structures.’® A similar
extent of changes in the Jo-Jo and A’a-A’o crossing
angles was observed in the molecular simulations
work.5952

Itis striking that the C-terminal Jo-helix among the
Pseudomonadaceae short LOV proteins is variable
in both, sequence and length (Figure 1).*' Our
structures for the short LOV proteins of the Pseu-
domonadaceae family demonstrate the role of Ja-
helices in dimerization of PAS/LOV domains. In
multidomain LOV proteins, the Ja-helices form the
connecting link for signal transduction from the sen-
sor to the effector domain. Due to their amphipathic
character, these linkers are packed in coiled-coil «-
helical structures to facilitate dimerization. In addi-
tion, the crystal structures show variations in the rel-
ative orientation and bending (presence of kinks) in
the a-helical coiled-coil structure, raising the obvi-
ous question whether this is functionally relevant.
In multidomain proteins, the bending of these long
a-helices is likely to be involved in the signal trans-
duction between the LOV sensor and the regulatory
domain, such as a kinase domain. In a recent
report, Rinaldi et al. reported the crystal structure
of a full-length LOV histidine kinase (LOV-HK) from
Brucella abortus in the light and dark states.®® Light-
induced covalent bond formation between the FMN
and the protein triggers a series of structural
changes that result in concerted motion of the
LOV domains, such as rotation relative to the cen-
tral axis and an increase in distance between the
two subunits at the junction of LOV domains and
the coupled Ja helices. This leads to a change in
the coupling between the LOV domain and the Ja
helices and consequently to a change in the
coiled-coil interactions. These structural changes
are expected to impose conformational strain on
the long linker helices, causing them to kink or bend,
resulting in asymmetry in the structure. These
results are consistent with observations in the short
LOV dimers of Pseudomonadaceae family, and
other LOV proteins.*®*“°® MD simulations of the
full-length SBW25-LOV structure remained stable
overall during the 200-ns time course of the simula-
tion, with more variation in RMSD due to the higher
dynamics of the Jo-helices (Supplementary Fig-
ure S4). The two Ja-helices adopted distinct confor-
mations during the simulation, with one of the
helices being kinked (see snapshots of the trajec-
tory in Supplementary Figure S4). We previously
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observed a kink and super-twisting of the Ja-helices
in the PpSB2-LOV structure.* Superposition of the
averaged model of PpSB2-LOV in the light state
derived from MD simulation with the structure of
SBW25-LOV shows the similarity of the two struc-
tures, including the location of the kink (Supplemen-
tary Figure S5). Using time-resolved X-ray
scattering and electron—electron double-
resonance (ELDOR) spectroscopy, light-induced
structural rearrangements such as splaying apart
and relative rotation of the two monomers were
identified in two previous reports on YF1, a chimeric
protein generated by fusion of the Bacillus subtilis
YtvA LOV photosensor domain and the histidine
kinase module of FixL from Bradyrhizobium japon-
icum.®*~%6 The authors proposed left-handed super-
coiling of the coiled-coil Ja linker helix as the
structural mechanism by which signals are relayed
from the sensor to the effector domain in the sensor
histidine kinase. In a study on the full-length natural
blue-light receptor LOV-HK, Rinaldi et al. postulated
that the structural changes mentioned above in the
LOV domain lead to a relaxation of strain in the teth-
ered helical spine (composing the long a-helices),
which triggers further asymmetric reactions over
long distances in the dimer scaffold. This eventually
leads to a severe kink in the DHp (dimerization and
histidine phosphotransfer) helices of the HK
domain, thereby activating the attached CA (cat-
alytic and ATP binding) subdomain.®® Given the
recent observation that light signaling mediated by
short-LOV proteins in several Pseudomonads
depends on a downstream interaction with a Class
Il LitR-like transcriptional regulator (TR),"" it is
tempting to speculate that the interaction between
the short LOV proteins and the transcriptional regu-
lator occurs via the Ja helix region and that struc-
tural changes imposed on the Ja-Jx interaction by
LOV-LOV subunit rotation enable or prohibit TR
binding. The differences in helix length and the Ja-
dimer interaction among the Pseudomonadaceae
short LOV proteins may thereby be due to an evolu-
tionary adaptation to enable interaction with the
respective cognate TRs in the cell.

In addition to the Ja-helix, the short LOV proteins
of Pseudomonadaceae contains an N-terminal A’a
helix, which is part of the N-cap region (residues
1-16), at the dimer interface. The A’a helices are
intertwined and partly cover the adjacent -
scaffold of the LOV core (Figure 3). In our
comparative structural analysis, significant light-
induced structural changes were observed in the
N-terminal A’a-helices, which are evident from the
increased distance between the Co atoms of
residue 15—15 (Supplementary Table S3B) in the
two subunits. In the PpSB1-LOV light structure,
the A'a-helix is shorter by one residue, due to the
unfolding of the A’a helix.*® This results in a change
in the crossing angle, as was previously predicted
by molecular simulations.®® In a recent study, Zay-
ner et al. showed that both, the N- and C-terminal
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helices of AsLOV2 domain of Avena sativa Pho-
totropin 1 are necessary for allosteric regulation of
the phototropin kinase domain.®” Phototropin 1 con-
sists of two nonidentical LOV domains LOV1 and
LOV2, and a serine-threonine kinase domain. The
AsLOV2 domain is the most extensively studied
model protein to study allostery and function among
LOV proteins. The covalent adduct formation upon
absorption of light in AsLOV2 results in the unfold-
ing of the amino-terminal A’a helix and the
carboxy-terminal Ja helix. Using Fourier-transform
infrared difference spectroscopy, Zayner et al. show
that deletion of the A'a helix abolishes the light-
induced unfolding of Ja, whereas extensions of
the A’a helix lead to an attenuated structural change
of Ja helix. These results support the hypothesis
that the a-helical linker domains on both, N- and
C-termini are involved in the signal relay from the
sensor to the effector domain.

Thus, in conclusion, the light-induced structural
changes observed in the N- and C-terminal
helices of the Pseudomonadaceae short LOV
proteins, in analogy to the few known structures of
LOV-effector fusion proteins, suggest that the N-
terminal A'a-helices, in addition to the Ja-helices,
could serve as an interaction hotspot for a
downstream signaling partner in the
Pseudomonadaceae short LOV protein family.
However, truncation studies combined with
interaction assays'' are needed to shed further light
on these potential mechanisms.

Differences in the dark recovery kinetics
between SBW25 and Pf5-LOV proteins

In order to understand the highly variable dark
recovery kinetics of Pseudomonas short LOV
proteins, we focused on SBW25-LOV and Pf5-
LOV and introduced mutations targeted at
mutually altering their recovery kinetics.

Mutual exchange mutations. SBW25-LOV and
Pf5-LOV differ dramatically in their adduct
lifetimes (1470 min vs 3.6 min at 37 °C), despite a
sequence identity of ~73% (Supplementary
Table S1B). The molecular basis for the significant
differences in adduct-state decay kinetics among
structurally conserved LOV domains is not fully
understood. Performing a detailed site-directed
mutagenesis study, we previously identified key
amino acids on the AB-Bp loop, the Fa helix and a
cluster of arginine residues that interact with the
FMN phosphate moiety'®%*“° (see Table S1A for
the list of adduct lifetimes). The arginine cluster,
observed to be important for determining the slow
and fast dark recovery of PpSB1-LOV and
PpSB2-LOV from Pseudomonas putida is only par-
tially conserved in SBW25-LOV and Pf5-LOV.
While the arginine corresponding to R61 of
PpSB1-LOV is conserved between SBW25-LOV
and Pf5-LOV, the position of R66 of PpSB1-LOV
is occupied by a leucine in both of the here studied
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proteins. Thus, the arginine cluster observed to be
important for tuning the dark recovery in the
PpSB1- and PpSB2-LOV proteins, seems not to
be decisive in case of SBW25-LOV and P{5-LOV.

We therefore focused on the other previously
identified hotspots for dark recovery tuning of
Pseudomonadaceae short LOV proteins, the Ap-
BB loop and the Fa helix. We reasoned that
mutations in these secondary structure elements
will have an effect on the loop conformation
thereby affecting the solvent accessibility to the
bound chromophore, resulting in altered adduct
stability and recovery Kkinetics. Interestingly, a
sequence comparison of SBW25-LOV and Pf5-
LOV showed again that the positions 23, 28 on
AB-Bp loop and 74 on Fa helix, with all three
residues lining a solvent channel to the
chromophore, are not conserved in sequence. We
thus generated a set of site-directed variants by
mutually exchanging these residues between the
two proteins individually as well as in different
combinations (Table 3). For example, slow
reverting SBW25-LOV harbors a Glu at position
74, while Pi5-LOV has an Arg at the
corresponding  position.  Consequently, we
introduced the E74R mutation in SBW25-LOV.
The introduced substitution mutations are
mutations between homologous, natural
photoreceptors of Pseudomonas fluorescens,
where no drastic changes in the overall structure
of the resulting mutants are to be expected.

Dark recovery kinetics of all mutants reported in
this study were measured at 30 °C by UV-Vis
spectroscopy as described in the Methods
section. The mutants resulting in a longer adduct
state lifetime are referred to as decelerating
mutants, while mutants that lead to a shorter
adduct state lifetime are termed as accelerating
mutants. For clarity, the accelerating and
decelerating mutants in Table 3 are colored green
and red, respectively. Amongst the single
mutants, mutation of residue 28 showed a
correlated deaccelerating effect in Pf5-LOV (~22-
fold for N28K), and an accelerating effect in
SBW25-LOV (~2.6 fold for K28N). The single
mutation E74R in SBW25-LOV caused a marked
acceleration of the recovery, while the mutual
R74E mutation in Pf5-LOV only caused a
moderate slow-down. Vice versa, the mutation at
position 23 had only a moderate accelerating
effect in SBW25-LOV but a much more
pronounced accelerating effect in Pf5-LOV, ruling
out correlating effects in both proteins. We next
constructed the double (23/28, 23/74 and 28/74)
and triple mutants (23/24/74). Interestingly, again
the double and triple mutants that include the
mutation of residue 28 showed more pronounced
effect on the adduct lifetime, suggesting that the
majority of the observed effect results from the
mutation at position 28. This might be related to
the fact the residue is directly lining the solvent
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channel, while the other tested residues are more
proximal and hence have only modulating effects.
Table 3 shows a general trend where substitution
of the respective residues in the fast Pf5-LOV
protein leads to a deceleration, whereas the
corresponding mutants in the extremely slow
SBW25-LOV protein lead to an acceleration of
dark recovery. The exact degree of deceleration
or acceleration is, however, incomparable for the
two proteins, for example, deceleration observed
in the Pf5-LOV triple mutant (23/24/74) was 30-
fold, whereas the corresponding reverse
exchange in SBW25-LOV showed an acceleration
by only 2.5-fold. Nevertheless, a 2.5-fold
acceleration for SBW25-LOV represents a
remarkable change in dark recovery from ~117 h
to ~47 h. Currently, we still lack understanding at
the molecular level of all the factors affecting the
kinetics of adduct recovery in the LOV domains.
Both, others'92224727:29-31 gnd our previous stud-
ies 823284552 have shown that the lifetime of the
adduct state is not solely determined by individual
residues or their positions in the chromophore
pocket, but is the result of several contributing fac-
tors, such as hydrophobicity, cavity volume, interac-
tions  with  (structured) water molecules,
electrostatic interactions, etc. Residues in close
proximity to the solvent channel attenuate the
adduct decay rates by altering the stability of the
N5 protonation state and hydrogen bonding to the
active site flavin.?>#6:45:68

Correlation between solvent accessibility and
adduct lifetime. Probing the solvent-accessible
cavity volume essentially reflects shape of the
chromophore  together  with its  solvent
accessibility. To examine whether there is a
relationship between solvent accessibility and dark
recovery rate, we generated the solvent cavity by
rolling a probe with a radius of 1.4 A in SBW25-
LOV, as shown in Figure 7. For comparison, we
show the solvent-accessible cavities of a slow-
reverting PpSB1-LOV and a fast-reverting PpSB2-
LOV protein with the dark recovery rates of 109
and 0.5 min at 37 °C.*> We observe a relation
between the solvent accessibility and dark recovery
rate, where the solvent cavity of SBW25-LOV is
even more compact than that of PpSB1-LOV (Fig-
ure 7). In contrast, the solvent cavity is largest in
the fast-reverting PpSB2-LOV protein. In the active
site of SBW25-LQOV, there is an intricate network of
hydrogen bonds between residues Arg23, Lys28,
Glu74, the structured water molecules 307 and
312, the chromophore FMN and the active site resi-
dues Cys53 and Asp52. Position 28 is at the C-
terminal end of the AB-Bf loop, which is occupied
in the SBW25-LOV, PpSB1 and PpSB2-LOV pro-
teins by Lys28, Thr28 and Ser28, respectively.
Both, in dark and light states, residue 28 forms
hydrogen bonds to the water molecule coordinated
by the OH groups of the FMN ribityl chain. Unique to
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Table 3 Dark recovery time constants of SBW25-LOV and Pf5-LOV and variants harboring respective mutations.

LOV SBW25- | SBW25- | SBW25- | SBW25- | SBW25- | SBW25- | SBW25- | SBW25-
proteins | WT R23Q K28N E74R R23Q- R23Q- K28N- R23Q-
K28N E74R E74R K28N-
E74R
tau* 7034 6188 2719 2188 3139 3582 2869 3390
[min]
st. dev* 185 152 157 137 340 147 40 504
fold 1.0
change
slower
fold 1.0 1.1 2.6 3.2 2.2 2.0 2.5 2.1
change
faster
Pf5-WT | Pf5- Pf5- Pf5- Pf5- Pf5- Pf5- Pf5-
Q23R N28K R74E Q23R- Q23R- N28K- Q23R-
N28K R74E R74E N28K-
R74E
tau [min] | 8.6 1.9 189 104 108.7 1.65 255 245.4
st. dev 0.13 0.01 1.18 0.04 5.7 0.09 1.15 1.55
fold 1.0 22.1 1.2 12.7 29.8 28.6
change
slower
fold 1.0 4.5 5.2
change
faster

*All measurements were performed at 30 °C; tau: dark recovery time; st. dev. standard deviation.

SBW25-LOV, Lys28 additionally interacts with the
Glu74 on the Fa-helix, closing the pocket and
thereby hindering solvent access (Figure 7). In the
sequence alignment with the related LOV proteins
(Figure 1), only SBW25-LOV has this combination
of Lys28 and Glu74 residues, while others have
either Arg74 or Ala74 at the latter position. More-
over, Arg23 in SBW25-LOV is also located within
the hydrogen bonding distance to Glu74, which
allows for even better closure of the pocket with
respect to the solvent (Figure 7).

Due to loss of details on the side chain
conformations in Pf5-LOV structure, we did not
generate its solvent-accessible cavity.
Nevertheless, the above-mentioned hypothesis
appears to be valid. As in PpSB2-LOV, P{5-LOV
has an identical combination of the Arg74 and
GIn23 residues that are arranged in a similar
manner. Phel112 instead of Tyr112 residue
prevents the hydrogen bonding to GIn23, as seen
previously in PpSB2-LOV.*> Analogous to PpSB2-
LOV, such sequence differences between Pf5-
LOV and SBW25-LOV may account for the faster
dark recovery of Pf5-LOV, suggesting that solvent
accessibility to the FMN ring system correlates with
adduct lifetimes.

In our previous work, MD simulations on PpSB2-
LOV and PpSB1-LOV proteins under dark and light
conditions indicated a correlation between
increased protein dynamics and a faster dark
recovery.45 Here, we performed a 200-ns MD simu-
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lation for SBW25-LOV in the light state using the
crystal structure of SBW25-LOV in the light state
as the initial structure (see details in the Methods
section). The residue-resolved root-mean-square
fluctuation (RMSF) of core domain residues 17—
119 of SBW25-LOV were compared with those of
PpSB1-LOV and PpSB2-LOV in the light states
(Figure 7b). The overall RMSF of the main chain
atoms (N, C, O, and Ca) remained similar for most
of the structure in all three LOV proteins (Supple-
mentary Figure S4, panel a). However, lower RMSF
values were observed in some regions of SBW25-
LOV. For example, the AB-Bp loop becomes more
rigid in SBW25-LOV. In addition, the presence of
the above-mentioned hydrogen-bond interactions
of Lys28 and Arg23 with Glu74 (on the Fa-helix)
also stabilizes the AB-Bp loop. In fact, RMSF values
are lower for the side chains of these residues in the
AB-Bp loop and the C-terminal part of the Fa-helix
when compared to those of PpSB2-LOV and
PpSB1-LOV (Supplementary Figure S4a). Both,
the main chain and side chain atoms of the residues
showed lower RMSF values. The HB-I loop in
SBW25-LOV is more rigid, which may be related
to the sequence divergence observed even among
homologous short LOV proteins shown in the
sequence alignment in Figure 1. Please note that,
the medium/low resolution nature of the Pf5-LOV
structure render MD simulations of this protein diffi-
cult, since any imprecisions in the structure of Pf5-
LOV, would strongly influence the outcome of the
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PpSB1-LOV

Main chain

PpSB2-LOV

SBW25-LOV
PpSB2-LOV +—o—
PpSBI-LOV_+=—

N
T

RMSF [A]

25 35 45 55

65

75 95 105

Residue

Figure 7. (a) Solvent-accessible cavities of the SBW25-LOV (gold), PpSB1-LOV (plum) (PDB ID: 5J3W) and
PpSB2-LOV (blue) (PDB ID: 7A6P). The figure shown was generated with the UCSF Chimera software.®® (b)
Residue-resolved RMSF of MD simulation of the main chain atoms of SBW25-LOV, PpSB2-LOV and PpSB1-LOV in
the light states. The bars indicate the values of two monomers, whereas the points indicate their average. The
secondary structure elements of SBW25-LOV are shown as arrows for strands and rectangles for helices. Secondary
structure assignment was done with the DSSP program®® for the SBW25-LOV crystal structure.

MD simulation, and the timescales of classical MD
simulations for a protein of this size cannot access
the times necessary for convergence to its lower/-
correct energy state/structure.

Conclusions

In the present work, the crystal structures of two
Pseudomonadaceae short LOV proteins are
presented in the fully light-adapted state (SBW25-
LOV) and the dark state (Pf5-LOV). Both proteins
are short full-length LOV proteins that exhibit very
different dark recovery rates of 1470 min and
3.6 min at 37 °C, respectively. Comparison of the
respective structures, with previously reported
dark and light state structures of homologues
proteins®® and previous MD simulations®® highlight
a conserved signaling mechanism for the short
LOV protein family of Pseudomonadaceae. Blue-
light illumination hereby results in subtle structural
rearrangements in proximal amino acids including
the “flipping’ glutamine 116 (IB) and the H-bonding
network between residues of Hp, 1B, Ap and A'a-
AB loop. These rearrangements initiate global
changes such as an increase in overall rigidity,
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and rotation of the two domains relative to each
other, causing large movements in the Jo-helices
that might relay the signal from the sensor to poten-
tial effector proteins, recently shown to be Class Il
LitR-like transcriptional regulators. In contrast to
our previous studies, the much longer Ja-helices
of SBW25-LOV and Pf5-LOV show bending, with
a more pronounced asymmetry observed in the
light state. The motion of the helices can be
described as supercoiling, which is consistent with
other two-component LOV proteins as well as
LOV-histidine kinases.”®’® Simultaneously, struc-
tural changes such as unfolding and increased dis-
tance between the A’a helices in the N-termini is
also suggestive of their role in signaling.

To investigate the remarkable difference in dark
recovery rates of the two homologous
Pseudomonadaceae short LOV proteins, we
introduced single, double and triple mutations
where we exchanged the non-conserved amino
acids from slow-reverting SBW25-LOV into a fast-
reverting Pf5-LOV and vice versa. The selected
residues show higher dynamics in the MD
simulations and were expected to influence the
solvent accessibility to the chromophore, as they
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are located at the structural elements that form the
entrance and exit of the solvent channel. The dark
recovery kinetics of the resulting mutants could
largely be reversed, suggesting a correlation
between the solvent accessibility and the adduct
lifetime.

The here presented results significantly broaden
our understanding of the light-induced structural
transitions, signaling mechanism and the dark
recovery process in LOV proteins. This knowledge
will have important implications for the design and
development of LOV-based optogenetic tools. In
this respect, the comparative analysis of
structurally similar homologous short LOV proteins
from the Pseudomonadaceae family with a wide
range of dark recovery rates (from seconds to
several days) provides a unique tool for
developing LOV-based optical tools with fine-
tuned signaling behavior (on/off kinetics).

Materials and Methods

Heterologous gene expression

The Pseudomonas fluorescens Pf5 and SBW25
LOV genes encoding LOV proteins SBW25-LOV
and Pf5-LOV (UniProt entries C3K1WO0 for
SBW25-LOV, Q4Kl48 for Pf5-LOV) were cloned
as described previously.*" In brief, each of the con-
structs possessing an N-terminal hexahistidine tag
(tag sequence: MGSSHHHHHHSSGLVPRGSH),
cloned in pET28a+ (Merck, Darmstadt, Germany)
as expression vector, were expressed in E. coli
BL21 (DE3). Autoinduction (Al) media’® was pre-
pared with Terrific Broth medium (X972; Carl-
Roth, Karlsruhe, Germany) and supplemented with
50 um riboflavin (A6279; AppliChem GmbH, Darm-
stadt, Germany), 50 pg/mL kanamycin and for
induction, 0.5 g/L glucose, and 20 g/L lactose. Over-
expression was carried out in 250 mL Al media cul-
tures for 3 h at 37 °C. Afterwards, the incubation
temperature was changed to 30 °C and the cells
were incubated for 24 h with constant agitation at
110 rpm.

Protein purification

Both the LOV proteins were purified by using
immobilized metal affinity chromatography (IMAC)
as described previously.”'*> The fractions contain-
ing purified protein obtained from IMAC were
pooled, and the imidazole containing elution buffer
was exchanged with the storage buffer [10 mm Tris
pH 8.0, 10 mm NaCl], using AKTA pure FPLC sys-
tem (GE Healthcare, Buckinghamshire, UK) with an
HiPrep 26/10 Desalting column as per standard pro-
tocol. The eluted protein fractions were pooled, sup-
plemented with 3 mM Tris(2-carboxyethyl)
phosphine (TCEP), and concentrated by ultrafiltra-
tion using Vivaspin centrifugal concentrator units
(molecular mass cutoff: 10 kDa) (Sigma-Aldrich;
St. Louis, MO, USA).
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Chromophore content and loading

The chromophore loading and the chromophore
content quantification for both SBW25-LOV and
Pf5-LOV were performed by UV-Vis spectroscopy
and high-performance liquid chromatography
(HPLC) as described previously.*®

Spectroscopic techniques

UV/Vis Spectroscopy measurements were
carried out with a Shimadzu UV-1800
spectrometer (Shimadzu, Kyoto, Japan) as

described previously.*®> Due to the very slow dark
recovery kinetics of SBW25, we performed all dark
recovery measurements at both 20 °C and 37 °C.
For a direct comparison with Pf5-LOV, these mea-
surements were performed at 30 °C for both the
proteins. The sample was illuminated for at least
30 s using a blue-light (Amax = 450 nm) emitting
LED with a radiant power of 50 mW (Luxeon Lumi-
leds; Phillips, Aachen, Germany) to generate the
respective light states. Dark recovery kinetics were
then measured from the illuminated sample as
described previously.*' The absorbance recovery
at 475 nm was recorded as a function of time. The
absorbance data were plotted against time with
the Gnuplot program and fitted using a single expo-
nential decay function. All measurements were
done in triplicate.

Protein crystallization

The purified proteins SBW25-LOV and Pf5-LOV
were concentrated to 8 and 15 mg/mL,
respectively. Crystallization experiments were
performed using the vapor diffusion method in 96-
well sitting-drop plates, with a drop size of 1.8 L
(0.9 pL purified protein plus 0.9 ulL reservoir
solution) against 70 pL of the reservoir solution.
SBW25-LOV crystallized at 21 °C under
continuous light conditions where the plates were
constantly illuminated with blue-light LED arrays
(Amax = 450 nm, Luxeon Lumileds, Phillips,
Aachen, Germany), with the reservoir containing
10%—12% PEG 3350, 0.1 M MES (pH 6.0-6.3).
Pf5-LOV crystallized at 14 °C under dark
conditions where the plates were kept wrapped in
aluminum foil, with the reservoir containing 1.0 M—
1.2 M (NH4)2S0Oy4, 0.1 M MES (pH 6.0-6.3). Prior
to cryocooling, 25% PEG 3350 (v/v) and 25%
glycerol (v/v) were added in small steps (~5%) to
the SBW25 and Pf5-LOV crystals, respectively.

Single crystal microspectrometry

UV-Vis absorbance spectra of cryo-cooled
crystals at 100 K were recorded in the wavelength
range 250-700 nm using a microspectrometer at
the beamline ID29S at ESRF (Grenoble, France)
as described previously.”” The spectra of protein
crystals were measured both, before and after X-
ray exposure during data collection.
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Data collection and structure determination

Single crystals were mounted in loops and flash
frozen with gaseous nitrogen at a temperature of
100 K. All the steps for Pf5-LOV crystals,
including data acquisition at the beamline, were
performed under red-light conditions. X-ray
diffraction data at 100 K were recorded at the
ESRF beamlines ID23-278 and ID297° at Grenoble,
France. The respective wavelengths and corre-
sponding detector types of each beamline are listed
in Table 1. The strategy for data collection was
determined using the BEST program to reduce
potential radiation damage from the beam while
maintaining data collection as complete as possi-
ble.®° Data processing was performed using the
XDS program81 and AIMLESS (part of the CCP 4
package).®” The initial phases were determined by
molecular replacement using the program MOL-
REP (CCP4 package). The search models for
SBW25 and Pf5-LOV structures were based on
the crystal structures of PpSB1-LOV (light state:
PDB ID: 3SW1) and PpSB1-LOV (dark state: PDB
ID: 5J3W), respectively. The SBW25 protein crys-
tals obtained under blue light exhibit a triclinic crys-
tal form and have space group P1 with diffraction up
to 1.6 A. For Pf5-LOV in the dark state, the tetrago-
nal crystal form with space group 14,22 diffracted
only up to 3.45 A, witha high relative Wilson B factor
(see Table 1) as a result of very loose crystal pack-
ing with high solvent content. Both the crystals have
two molecules per asymmetric unit that are related
by a two-fold NCS symmetry, i.e. are homo-
dimers. The models described were further
improved with several cycles of refinement using
the program PHENIX®® and manual rebuilding using
the COOT graphics program.®* Data collection and
refinement statistics are listed in Table 1.

Molecular dynamic simulations

The light state dimer structure of SBW25-LOV
(current work) was used as the initial model for
the MD simulations, performed with help of
GROMACS 5.1 software®® using the AMBER-
99SB-ILDN force field.*® Water, ions, and ligands
except FMN were removed from the structure.
The topology and partial charges of FMN- cysteme
adduct were used from our previous study.*® 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 neu-
tralized at a 150 mM NaCl concentration. The sys-
tems were energy-minimized with the steepest
descent method followed by the conjugated-
gradient method, and afterwards equilibrated at
temperature of 298 K and 1 bar pressure. Cut-off
for the electrostatic interaction with Particle Mesh
Ewald algorithm®” 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 trajecto-
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ries were saved every 10 ps. The light state simula-
tions for SBW25-LOV were run for 200 ns.

Graphical representation

Unless otherwise indicated, figures were
generated with UCSF Chimera software,®”
Molscript®® and Raster3D®° using secondary struc-
ture assignments as given by the DSSP program.®
UV-Vis sgectra were plotted with the Gnuplot
program.

Accession Numbers

Atomic coordinates and structure factors for
SBW25-LOV and Pf5-LOV were deposited in the
Protein Data Bank (https://www.rcsb.org) under
PDB IDs 7YX0 and 7R5N, respectively.
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