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ABSTRACT: Light—oxygen—voltage (LOV) domains bind a flavin chromo-
phore to serve as blue light sensors in a wide range of eukaryotic and
prokaryotic proteins. LOV domains are associated with a variable effector
domain or a separate protein signaling partner to execute a wide variety of
functions that include regulation of kinases, generation of anti-sigma factor
antagonists, and regulation of circadian clocks. Here we present the crystal
structure, photocycle kinetics, association properties, and spectroscopic
features of a full-length LOV domain protein from Rhodobacter sphaeroides
(RsLOV). RsLOV exhibits N- and C-terminal helical extensions that form an
unusual helical bundle at its dimer interface with some resemblance to the
helical transducer of sensory rhodopsin II. The blue light-induced conforma-
tional changes of RSLOV revealed from a comparison of light- and dark-state
crystal structures support a shared signaling mechanism of LOV domain

proteins that originates with the light-induced formation of a flavin—cysteinyl photoadduct. Adduct formation disrupts hydrogen
bonding in the active site and propagates structural changes through the LOV domain core to the N- and C-terminal extensions.
Single-residue variants in the active site and dimer interface of RSLOV alter photoadduct lifetimes and induce structural changes
that perturb the oligomeric state. Size exclusion chromatography, multiangle light scattering, small-angle X-ray scattering, and
cross-linking studies indicate that RsSLOV dimerizes in the dark but, upon light excitation, dissociates into monomers. This light-
induced switch in oligomeric state may prove to be useful for engineering molecular associations in controlled cellular settings.

er-ARNT-Sim (PAS) domains are key components of
many photoreceptor proteins and are present in all
kingdoms of life." PAS domains often detect signals through
a cofactor that undergoes chemical changes in response to
environmental stimuli.”* Light—oxygen—voltage (LOV) do-
mains are a subset of the PAS domain superfamily that exhibit a
mixed a/f-fold common to PAS domains but are distinguished
by binding a flavin cofactor that imparts blue-light (4 = 440—
480 nm) sensitivity.4’5 LOV domains serve as sensory domains
that modulate interactions in signal transduction proteins.
Upon photoexcitation by blue light, the noncovalently bound
flavin cofactor forms a covalent adduct between the flavin C4a
atom and the sulfur atom of a conserved cysteine residue in the
LOV domain active center (Figure 1).°
LOV domain proteins perform many different functional
roles that are determined by an associated effector domain or
protein partner under control of the LOV light switch. These
roles include the regulation of the phototropin serine/
threonine kinases (photl and phot2) in Chlamydomonas
reinhardtii (green algae)”® and higher plant life, Oryza sativa
(rice),” "' regulation of histidine kinases in Caulobacter
crescentus (Gram-negative bacterium),lz’13 regulation of the
anti-sigma factor antagonist YtvA in Bacillus subtilis (Gram-
positive bacterium),'*~"” and regulation of the circadian clock
photosensors White collar-1 (WC-1) and Vivid (VVD) in
Neurospora crassa (filamentous fungi),'®™>* (Figure 1).>> LOV
domain proteins that do not contain an effector domain are so-
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called “short” LOV domains.** Short LOV domain proteins
include VVD and the LOV domain protein from Pseudomonas
putida (PpSB1-LOV)™ as well as the LOV protein of this work
from Rhodobacter sphaeroides. VVD has been shown to signal to
a protein partner in the White-Collar Complex.”*™>® Thus,
LOV domains propagate signals in two distinct ways: by
affecting an auxiliary domain within the LOV protein or by
interactions with a protein partner.

Outside of the conserved structural core,”® LOV domains are
distinguished by variations of their N- and C-terminal structural
extensions (Figure 2). These structural differences result in a
variety of molecular mechanisms in light-dependent signaling of
LOV proteins. A key attribute of LOV domains is their
tendency to dimerize. There are two general association modes
of PAS—PAS dimerization. In one mode, the dimer interface is
the PAS domain f-scaffold, as seen in hypoxia inducible
factor,®® KinA histidine kinases,>* and LOV1-type proteins.32 In
the second mode, the N-terminal helices flanking the domain
core (Ncap) of each subunit form intermolecular contacts that
establish the dimer interface. This mode is exhibited by heme-
based oxygen sensor FixL,* nitrogen fixation regulatory protein
NifL,>* and heme-regulated phosphodiesterase EcDOS.*®
Interestingly, the LOV domain protein VVD exhibits the

Received: August 2, 2012
Published: December 19, 2012

dx.doi.org/10.1021/bi3015373 | Biochemistry 2013, 52, 378—391


pubs.acs.org/biochemistry

Biochemistry

Ap

'DPRLPDN
TDPALEDN

CrLovl
PpSB1LOV
RSLOV
VVD
EL222

GLRHT
MGSSHHHHHHSSGLVPRGSHMINAQLLQSMVDASNDG
MDOKQFEKIRAVEDRSGVAL
MHTLYAPGGYDIMGYLIQIMNRPNFQVELGPVDTSCA
QDRPIDGSGAPGADDTRVEVQPPAQWVLDLIEASPIA.

Cu Da Ea

PE
PE
DATLPDCPL

42

AsLOV2
YtvA
CrLovl
PpSB1LOV
RsLOV
VVvD
EL222

AsLOV2
YtvA
CrLovl
PpSB1LOV
RSLOV
vVD
EL222

Ka

AsLOV2
YtvA
CrLovl
PpSB1LOV
RsLOV

GRSGNSEEAHRAA

LEVTTLVASGLRNKE

AsLOvV2
YtvA
CrLovl
PpSB1LOV
RsLOV

KLNLKTSADLVRIAVEAGI 222

B

Caulobacter crescentus , [ [LOV Hisk™ ..,
Avena sativa [ JLovq Jrovd | SernThrK

Bacillus subtilis, Ytva ,[TEOV]  [STAS] .,
Chiamydomonas reinharatii , [[LOVI] [Lova
Pseudomenasputida |,ﬁ?

Rhodobacter sphaeroides ‘ 176
Neurospora crassa, VWD |,91
Erythrobacter litoratis ,[_TLOVI T HTH] ,,,

7

Lsis

| Ser/ThrK

[7es

FMN-adduct

I

rp2263 rap2264
Response Chemotaxis multidomain protein:
regulator CheB, CheR. SAM, PAS, HK
receiver protein

2265 -lov  rap2l6s
LOVdomain Glucose-1-
protein  phosphate
adenylyltransferase

r3p2267 - ghg r3p2268
Glycogen debranching  Hypothetical
protein protein

1k
—y

Figure 1. LOV domain homology and chemistry. (A) Structure-based sequence alignment of LOV domains: Avena sativa LOV2 (2V1A), B. subtilis
(2PRS), C. reinhardtii (IN9L), P. putida (3SW1), R. sphaeroides (RsSLOV), N. crassa Vivid (2PD7), and Erythrobacter litoralis (3P7N). Secondary
structure elements are noted above (a-helical residues colored blue, f-sheets colored aqua). Residues critical to flavin coordination are highlighted in
yellow; sites of RsLOV single-residue variants surrounding the FMN-binding pocket are highlighted in pink, and the four-Ala repeats in helices Jor
and Ko are highlighted in green. (B) Domain arrangement of sequence-aligned LOV domain proteins (number of residues specified). Abbreviations:
HisK, histidine kinase; Ser/ThrK, serine/threonine kinase; STAS, sulfate transporter anti-s antagonist; HTH, helix—turn—helix. (C) Schematic of
light-induced cysteinyl-FMN (C4a) covalent adduct formation. (D) Genetic context of the LOV domain protein in R. sphaeroides.

second mode of dimerization, with intermolecular contacts
primarily in the Ncaps, while YtvA utilizes both modes of
dimerization, using contacts in the f-scaffold and in the C-
terminal extension (Ja helix) to form a dimer (Figure 3).>°
Structurally characterized tandem PAS structures have head-to-
tail PAS-A to PAS-B associations that form parallel or
antiparallel dimers mediated by extensive contacts between
exposed f3-sheet and a-helical extensions.””>*

R. sphaeroides is a purple photosynthetic Gram-negative
bacterium (a-proteobacterium) that contains a short LOV
domain protein in addition to other light-sensing proteins that
include AppA, a blue-light-sensing FAD photoreceptor, and
three cryptochrome-like proteins.**** The LOV domain
protein of R sphaeroides (RsSLOV) binds flavin mononucleotide
(FMN) as its chromophore. RsLOV is 18% identical to N.
crassa VVD, with a moderate pairwise score of 25.*' Sequence
alignments of RsSLOV and VVD reveal structural similarities in
the LOV core region, but differences in the terminal extensions
(Figure 1A). Specifically, the N-terminal latch of VVD, which
participates in a “domain swapping” interaction to allow VVD
light-dependent dimerization, " is lacking in RsLOV; however,
the receptor pocket for the VVD N-terminal latch is conserved.
RsLOV also contains a C-terminal extension absent in VVD but
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present in YtvA and the LOV2 domain of Avena sativa (oat,
AsLOV2),* which have pairwise scores from ClustalW of 28
and 25, respectively.”** Other LOV domain proteins with
similar sequences include the LOV proteins from P. putida (soil
bacterium, PpSB1-LOV)*** and Erythrobacter litoralis (marine
bacterium, EL222). PpSB1-LOV has an N-terminal extension
similar in length to that of RsSLOV and a C-terminal Ja helix
shorter than that of RsLOV,* whereas the LOV domain
protein from EL222 has a short N-terminal extension and a Ja
helix that attaches to a helix—turn—helix (HTH) effector
domain.*’

The differences in LOV domain light-dependent signaling
processes are exemplified by the structural changes induced in
LOV proteins VVD, YtvA, and AsSLOV2 upon their exposure to
light. VVD forms a light-induced dimer through an N-terminal
helix and flexible coiled regions.'”™>* YtvA exhibits a light-
induced rotation of subunits in its head-to-head dimer that
involve changes in intermolecular contacts between the C-
terminal Ja helices and between the individual f-scaf-
folds.'”*** In the isolated AsLOV2 domain of plant
phototropin, light-induced rearrangements of hydrogen bonds
within the structural core propagate to changes in both the N-
and C-terminal flanking regions that result in a partial unfolding

dx.doi.org/10.1021/bi3015373 | Biochemistry 2013, 52, 378—391



Biochemistry

‘EL222

CrLov1

Figure 2. LOV subunit structures. RSLOV structure in the dark state,
with the PAS core colored violet, the N-terminal extension orange, and
the C-terminal extension light green. Dark-state structures of N. crassa
VVD (2PD7, PAS core colored light orange), Avena sativa LOV2
(2V1A, PAS core colored forest green), C. reinhardtii LOV1 (1N9L,
PAS core colored light blue), B. subtilis LOV (2PRS, PAS core colored
pink), EL222 (3P7N, PAS core colored aqua, HTH motif colored
gray), and P. putida (3SW1, PAS core colored salmon), with N-
terminal extensions colored orange and C-terminal extensions light

green.

Figure 3. Comparison of LOV dimers. Light-state structure of N.
crassa VVD (3RHS, light orange), dark-state structure of B. subtilis
LOV (2PRS, pink), light-state structure of P. putida (3SW1, salmon),
and dark-state structure of RsLOV (purple), with N-terminal
extensions colored orange and C-terminal extensions light green.

of the Ja helix, but the protein does not homodimerize.'”*">°

However, the proteins display conserved aspects of signal
propagation from the flavin chromophore to the variable
peripheral elements despite differences in light-induced
conformational changes in these peripheral regions.*

The LOV protein of R. sphaeroides ATCC 17025 is a short
LOV (rsp2265) lacking an effector domain. Downstream on the
chromosome from the RsSLOV gene is a large 1165-amino acid
protein that contains PAS, histidine kinase, S-adenosylmethio-
nine methyltransferase, CheR methyltransferase, and CheB
methylesterase domains [rsp2264 (Figure 1D)]. Upstream of
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RsLOV are a hypothetical protein of 224 residues (rsp2268)
and a 409-amino acid glycogen-1-phosphate adenylyltransferase
(rsp2266). Previous studies of RsLOV from a similar R
sphaeroides strain implicated the protein in photosynthetic gene
expression in a manner similar to that of the other two
photoreceptor proteins of R. sphaeroides, AppA and CryB.>'
Thus, functional and gene clustering analyses potentially
involve RsLOV function in carbohydrate metabolism, chemo-
taxis, and cellular response to photooxidative stress.

Herein, we investigate the molecular mechanism behind the
light-dependent signaling of RsLOV, specifically, how the
photosensor protein generates and propagates light absorption
to changes in protein conformation and association. Through a
combination of crystallographic and biochemical studies, we
define the structural features of RSLOV and describe how flavin
photochemistry correlates to changes in the oligomeric state of
the protein.

B MATERIALS AND METHODS

Protein Expression and Purification. The RsLOV (R
sphaeroides 17025) gene was cloned into expression vector
pET28a (Novagen) in frame with an N-terminal His tag using
Ndel and EndoRI restriction sites. Site-directed mutagenesis by
overlap extension with the polymerase chain reaction generated
point mutation constructs of RsLOV: T21V, L32V, CSSA,
I71L, 171V, L101L, S127C, A136C, A136Y, A138Y, E142C,
R145C, and A167C. All were cloned between Ndel and EndoRI
restriction sites and sequenced in their entirety at the
Biotechnology Resource Center of Cornell University.

RsLOV constructs were overexpressed in Escherichia coli
BL21(DE3) cells. Cultures were induced with 100 uM IPTG at
a cell density (ODyq) of 0.6—0.8. Proteins were expressed for
20—22 h at 17 °C and shaken at 170 rpm under constant light.
Cells were harvested by centrifugation (8000 rpm and 4 °C for
15 min) and flash-frozen in liquid N,, and the cell pellets were
stored at —80 °C. Cell pellets were resuspended in buffer
containing 50 mM Tris (pH 8.5), 10 mM imidazole, and 300
mM NaCl and lysed by sonication, and cell debris was
subsequently removed by centrifugation (22000 rpm and 4 °C
for 1 h). The soluble cell lysate was purified with Ni-NTA
affinity chromatography. The eluted protein was concentrated
and treated with thrombin overnight. Samples were then
purified on a Superdex 75 Hi-load 26/60 fast performance
liquid chromatography (FPLC) column and concentrated to
5—30 mg/mL by centrifugation. Analytical size exclusion
chromatography (SEC) FPLC was completed using a Superdex
200 10/300 analytical column. The column was equilibrated
with buffer containing 150 mM NaCl and 50 mM Tris (pH
8.5). Samples were injected in 500 mL aliquots and run at a
flow rate of 0.3 mL/min.

Crystallization, Data Collection, and Structure Deter-
mination. Orthorhombic RsLOV crystals in space group
P2,2,2, and hexagonal RsLOV crystals in space group P65 were
obtained at 17 °C under constant darkness by vapor diffusion.
Crystals grew from an equal volume (1.5 L) of 30 mg/mL
protein in buffer containing SO mM Tris (pH 8.5) and 150 mM
NaCl and the reservoir solution: 30% PEG 400, 0.15 M
Mg¢Cl,-6H,0, 0.1 M HEPES (pH 8.5) (orthorhombic) or 0.1
M HEPES (pH 7.5), and 43 M NaCl (hexagonal). RsSLOV
crystallizes as single rods, which diffract to ~2.4 A resolution.
L32V RsLOV crystals in space group P2,2,2, grew from LiSO,
in 0.1 M HEPES (pH 7.9) and diffract to 1.9 A resolution.
A138Y RsLOV crystals in space group P6s grew from 0.1 M
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HEPES (pH 7.5) and 4.3 M NaCl and diffract to 2.6 A
resolution. Data were collected at 100 K on beamlines Al and
F1 at the Cornell High Energy Synchrotron Source (CHESS).
Dark-state crystals were excited to the light state by white-light
illumination while still in solution prior to being cryo-cooled to
100 K. To minimize reduction of the covalent adduct formed in
the light-adapted protein by the X-ray beam, two strategies
were employed to stabilize the adduct as reported pre-
viously.'"”*" To reduce radiation exposure, each frame was
collected over a 1—5° oscillation per second (X-ray flux of 3 X
10" photons/s per 0.2 mm X 2.00 mm focus at 0.979 A), and
secondly, data were collected from several different spots on a
single crystal and then merged with data collected on additional
crystals in the same manner, to generate the complete data set.
Data were reduced and scaled using HKL.2000.>* Initial phases
were determined by molecular replacement in AutoMR
(Phenix)** using VVD (Protein Data Bank entry 2PD7%') as
a search model. Models were rebuilt and fit using XFIT>*
followed by refinement using CNS>* (Table S1 of the
Supporting Information) and Phenix.>®

SAXS Data Collection and Analysis. SAXS data were
collected at beamline F2 at the CHESS at 9.881 keV. RsLOV
solutions at concentrations of 2.5, 5, and 10 mg/mL in a buffer
consisting of 2 mM DTT, 1% glycerol, S0 mM Tris (pH 8), and
150 mM NaCl were used for the SAXS analysis. The X-ray
beam was collimated to 250 mm X 250 mm and was centered
on a 2 mm diameter vertical quartz capillary tube with 10 mm
thick walls (Hampton Research, Aliso Viejo, CA). The protein
samples were centrifuged at 14000 rpm for 10 min prior to data
collection. Sample aliquots of approximately 15—20 uL were
delivered from a 96-well plate to the capillary using a Hudson
SOLO single-channel pipetting robot (Hudson Robotics Inc.,
Springfield, NJ). To reduce the extent of radiation damage, the
sample plugs were oscillated in the X-ray beam using a
computer-controlled syringe pump (Aurora Biomed, Vancou-
ver, BC). Images were collected on a Quantum 1 CCD detector
(Area Detector Systems Corp., Poway, CA) with six sequential
30 s exposures being used to assess possible radiation damage.
Dark samples were wrapped in aluminum foil until they were
placed in the 96-well plate to minimize light activation. Light
samples were exposed to white light prior to addition to the
plate, and data collection was initiated within a short time
(seconds to minutes) to minimize the contribution from the
recovered dark-state sample.

Scattering data were processed according to previously
described protocols®® utilizing BioXTAS RAW,”” and programs
from the ATSAS**~% and SITUS®' packages. SAXS of hen egg
white lysozyme (MW = 14700 Da) and glucose isomerase
(MW = 173000 Da) were collected as references for
determining the apparent MW of RsLOV. Additionally, the
SAXS MoW tool developed by Fischer et al.> was applied to
the data for MW calculations. The MW values derived from
SAXS MoW utilizing the GNOM output files are reported
herein (Table S3 of the Supporting Information). Fits to the
experimental SAXS data were generated using CRYSOL®® and
a combination of RANCH13 and GAJOE13 for the EOM
approximations.* In the CRYSOL fits, the dimer model was
the P6, dark-state structure and the monomer model was chain
A from the P6; dark-state structure. In the EOM
approximation, the monomer model included residues 20—
125 of P6; dark-state structure chain B as the folded domain,
whereas the rest of the chain was treated as random coil; the
dimer model included residues S (chain A) through 172 (chain
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B) as the folded domain, while the remaining residues were
treated as random coil. Envelopes were generated using the
output of DAMFILT preceded by DAMAVER® completed
with 10 DAMMIF® calculated reconstructions, as input for the
pdb2vol utility in the SITUS package. A rigid body search to fit
crystallographic models into SAXS envelopes was completed
using the COLLAGE utility in the SITUS package.

Light Scattering. Multiangle light scattering (MALS) was
conducted on RsLOV with a Protein Solutions Dynapro
dynamic light scattering instrument over a concentration range
of 100—500 yM. Dark- and light-state samples were injected
into a Sephadex 75 10/300 analytical column, which was
connected to a Wyatt miniDAWN Treos multiangle light
scattering system. Absolute MW calculations were completed
using ASTRA version 5.0 from Wyatt Technologies.

Cross-Linking. Cross-linking studies of RsLOV variants
with cysteine residues introduced at positions 127, 129, 136,
138, 142, and 145 were conducted under native and oxidizing
conditions. For oxidizing conditions, cross-linking was induced
via the addition of 0.5 mM Cu(II)(1,10-phenanthroline); to
dark- and light-state protein samples at concentrations of 4—8
mg/mL. Changes in oligomerization were assessed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and ana-
Iytical SEC FPLC.

Time-Resolved Absorption Spectroscopy. Time-re-
solved electronic absorption spectroscopy measurements of
RsLOV and RsLOV mutants were performed using an Agilent
8453 spectrophotometer. Samples were excited to the light
state using white light from a Xe arc lamp. Measurements of
dark-state recovery rates were taken every 30 s for 2—4 h.
Absorbance traces at 450 and 310 nm were fit assuming first-
order kinetics with a single rate constant, using a mono-
exponential function (Abs = B + Ce ™). Average rate constants
were determined from multiple measurements.

Accesion Codes. The crystal structures of RsSLOV in the
dark-adapted (P2,2,2, and P6;) and light-adapted states, L32V
RsLOV, and A138Y RsLOV in the dark state were deposited as
Protein Data Bank entries 4HJ4, 4HJ6, 4HNB, 4HIA, and
4H]J3, respectively.

B RESULTS

Dark State of RsLOV. Orthorhombic crystals of RsSLOV
that were grown in the dark diffracted to 2.4 A resolution
(Table S1 of the Supporting Information) at the synchrotron.
The crystallographic structure was determined by molecular
replacement using dark-state VVD (PDB entry 2PD7) as the
probe. The two molecules of RsLOV in the asymmetric unit
form a tight dimer that is related by noncrystallographic
symmetry. RsLOV adopts the PAS fold' with the conserved
core of a five-stranded antiparallel -sheet, A} (Leu20—Met25),
Bf (Pro31—Ala35), G (Glus0—Arg89), HA (Glu93—Gly106),
and I (Prol11—Leul21), and helical connector elements Ca
(Pro37—Thr43), Da (Glu47—GlyS2), Ea (CysS5—GInS9), and
Fa (Ala65—Leu77).

Auxiliary to the PAS core, RSLOV has an additional N-
terminal aa helix (Met1—Argl5) and a C-terminal helix—turn—
helix motif composed of helices Ja (Glu128—1Ile146) and Ka
(Leul53—Gly176) (Figure 2). The 15-residue N-terminal helix
(aq) is 21 A in length and attaches to A} through a short five-
residue loop that includes Glyl7 in the hinge. The aa helix is
adjacent to the end of the Ja helix and flanks the f-scaffold for
most of its length until the HS—If loop is reached. The ac helix
is amphipathic; the solvent-exposed side of the helix consists of
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A130-133

Figure 4. RsSLOV dimerization motif. (A) Four-helix bundle at the interface of the RsLOV crystallographic dimer, with subunits A and B
distinguished by color. (B) Side chain contacts at the helix Ja interface of chain A and chain B. (C) Side chain contacts at the helix Ja—helix Ko
interface. There are salt bridges between Argl4S and Glul42 (same monomer) and between Argl$ and Glul54 (opposing monomer). Hydrogen
bonding interactions range from 2.45 to 3.66 A in length, including those from the amide H of ArglS8 to the backbone O of Glyl7 (opposing
monomer) and from the amide H of Arg159 to the side chain O of Ser124 (opposing monomer). The residues with the most buried surface area are
within the crossing point of the two Ja helices at the region of the four-alanine repeat: Ala130—133, Gly134, Gly137, Alal38, and the cross section of

Ka, including Glul54, ArglS8, and Alal62.

hydrophilic and charged residues, whereas the inner side that
flanks the f-sheet is generally hydrophobic. Asn36 mediates a
direct interaction between the aa helix and Bf.

The C-terminal helix—turn—helix motif composes the dimer
interface from roughly 48 residues on each subunit. The shorter
Ja helix is 29 A in length, whereas the longer Ka helix extends
40 A. The helices are at an ~30° angle to one another and
make a close central crossing of 3.8 A in the region of Alal36,
Alal62, Thr140 and ArglS8, and Vall69 and Glul29. The
proximity of the helices is largely due to four-alanine repeat
sequences at their centers and several glycine residues (Figures
1 and 4). His13$ anchors the Ja helix to the LOV domain via
If Serll7. The Ja—p-scaffold interface is primarily hydro-
phobic, with Ja helix nonpolar residues Alal32, Leul39,
Leul43, and Ilel46 extended toward the sheet and the
nonpolar side chains of LeullS and Phell9 of If extended
toward the helix. Direct interactions between helices Ja and aa
occur via hydrogen bonding residues ArglS and/or Ser16 and
Glul42. The Ka helix has Leul6l, Leul68, and Trpl72
directed toward the f-sheet, whereas Hf has Leu98 and
Phel00 directed toward the Ka helices.

RsLOV is unique among short LOVs in that it has both N-
and C-terminal flanking helices that could interact with an
effector protein. At the center of the crystallized dimer interface
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are the C-terminal helix—turn—helix motifs (helices Ja and Ka)
of the two subunits (A and B) that pack against each other in a
coiled coil to form a distorted four-helix bundle with a highly
unusual packing interface. The Ja—Ka helix dimer interface has
a highly complementary solvent exclusive core formed primarily
by close symmetric interactions of three helix Ja Gly residues
(134, 137, and 141) that allow the 137—138 peptide bonds
from each subunit to stack against each other (~3.5 A). Packing
of the Ala, repeats at the beginning of helix Ja (residues 130—
133) and the end of helix Ko (residues 162—167) in roughly
perpendicular helices also mediates an especially tight interface
(Figure 4). Long side chains at the ends of the helices stabilize
the periphery of the interface with salt bridges and hydrogen
bonds. In total, the dimer interface involves 34 residues and
buries 1100 A* per subunit but because of the predominance of
Ala and Gly residues does not contain the branched
hydrophobic side chains typical of coiled coils. As a result,
interface analysis as performed with PISA complex®”®®
indicates that the contact buries a small amount of hydrophobic
surface area (AG of complex formation of —0.4 kcal/mol) and
therefore is unlikely to participate in solution dimerization.
However, this estimate is based almost exclusively on buried
hydrophobic surface area, and there are also substantial
hydrophilic interactions between the subunits, including salt

dx.doi.org/10.1021/bi3015373 | Biochemistry 2013, 52, 378—391



Biochemistry

bridges between Argl4S and Glul42 and between Argl$S and
Glul54. This, and the unusual packing interactions at the
bundle core mediated by the symmetric contacts of the Gly and
Ala repeats, suggests that the dimer interface may not simply be
a result of crystallization.

The FMN binding pocket buries the isoalloxazine ring in the
P-scaffold and exposes the ribityl phosphate chain to solvent.
The pocket is polar on the pyrimidine side of the isoalloxazine
ring where its closest contacts are those with GInS9, Asn87, and
Asn97; nonpolar around the dimethylbenzimidazole moiety
with proximal residues Val23 and Phell4; and polar along the
solvent-exposed ribityl phosphate where the phosphate
interacts with ArgS6 and Arg68. The S atom of CysS3S is 4.5
A from C4a of the FMN in the dark state. At the periphery of
the LOV domain, Arg56, Arg68, GIn29, and GInS9 interact
with the FMN phosphate moiety, and inside the pocket, Asn87
and Asn97 form hydrogen bonds to the pyrimidine ring of the
flavin.

Light State of RsLOV. Illumination of RsLOV in solution
generates a distinct photobleaching of the protein associated
with formation of the cysteinyl—flavin adduct. This is seen by a
change from the dark-state absorption peak at 447 nm to the
maximal light-state absorption peak centered at 390 nm (Figure
SB). As part of the reversible photocycle, the cysteinyl—flavin
adduct (Scys5—C4a) spontaneously breaks down in a first-
order reaction with a lifetime of 2357 s.

To investigate changes in structure induced by light
exposure, crystals were irradiated with white light until they
were visibly bleached and then flash-frozen. It is well-known
that the adduct is not stable to the reducing power of the
synchrotron beam,lg’zl’69 and thus, the light-state data set was
composed from data collected on multiple crystals that were
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Figure S. Solution properties of RSLOV. (A) Elution profile of RsSLOV
expressed in E. coli with a Superdex 75 10/300 column. The light state
(red dotted line) elutes at 16.1 mL and the dark state (black solid line)
at 15.5 mL. (B) Electronic absorption spectra of light-state RsSLOV
(red dotted line) and dark-state RsLOV (black solid line).
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each minimally exposed. In the final 2.14 A resolution structure,
the flavin—cysteinyl adduct is present in only one subunit of the
RsLOV crystallographic dimer, and even in that one subunit,
the light state is not fully occupied, with approximately 40% of
the molecules present in an alternative (dark state)
conformation. In the light-state structure, the Cys—FMN
adduct forms with a Sc,ss—C4a bond distance of ~1.8 A
The planarity of the reduced FMN is disrupted, with C4a
pulled up above the ring plane and NS and O forced below the
plane by the Scs—C4a bond. This effectively breaks the
conjugated z-system and induces a pucker across the
isoalloxazine ring (Figure 6A). In general, the dark- and light-
state structures have very similar conformations. This is not
surprising because the conversion of RsSLOV to the light state
within the confines of the dark-state crystals likely eliminates
the possibility of large-scale conformational changes. Nonethe-
less, light minus dark (F, — Fp) Fourier difference maps
identify residues that exhibit some perturbation in position or
dynamics from dark to light state (Figure 6C). Residues that
show difference peaks of >3.5¢ are primarily within the first
sphere of the flavin, on the interior of the binding pocket; these
include Thr21, Leu22, Val23, Met25, CysSS, Phel00, Leulls,
and GIn118 (Figure 6B). It appears that conformational
changes propagate from FMN NS, which will undergo
protonation upon adduct formation, through the f-sheet, to
proximal second-sphere residues, including Leu34, Leu$5l,
Phel3, and Argl0. ArglO and Phel3 are residues in the N-
terminal flanking helix. The largest light—dark residue changes
are observed at Alal33 and GIn49. Alal33 resides in the center
of the Ja helix, whereas GIn49 is in the Da helix, a solvent-
exposed structural feature on the periphery of the domain. The
potential of signal propagation through to the Ja helix has been
shown before in the AsLOV2 protein.”®”" Our data also
indicate that the unique flanking terminal regions of RsSLOV
respond to adduct formation and that a series of conforma-
tional changes, dampened by the crystal lattice, propagate from
the NS edge of the flavin, through If, to the terminal helices at
the dimer interface.

In VVD, the conserved Gln residue in the I3 sheet (Gln182
in VVD and GIn118 in RsLOV) flips upon blue-light excitation
and thereby alters hydrogen bonding interactions with the
backbone of Ala72, which precedes the Af strand in the hinge
region of the N-terminal helical cap.lg’21 Thus, in VVD, the
hinge region between the Ncap and PAS f-sheet plays a major
role in mediating light-activated conformational changes
between the flavin center and the protein interaction regions."
The reorientation of the Gln residue and its role in disrupting
hydrogen bonding interactions that extend to the surface of the
protein have also been supported in LOV2, LOV2-Ja, and full-
length phototropin systems.”'~’> Although the Ala72 residue
that couples to the N-terminal cap in VVD is conserved in
RsLOV (Alal9), differences in the neighboring residues,
especially the presence of Thr21 in RsLOV, suggest that the
mechanism of conformational propagation may not be
conserved. The side chain hydroxyl group of Thr21 is closer
to the GIn118 residue (3.4 A) than the carbonyl O of Alal9
(3.8 A) (Figure 6B). In AsSLOV2, changes in hydrogen bonding
triggered by a conformational change in flavin-interacting
GIn513 strengthen the coupling between the I and Hp
strands. This overall tightening of the p-sheet leads to
detachment of the Ja helix from its outside surface.”’ In
AsLOV2, Asn482 and Asn492 hydrogen bond with the flavin
and GInS13. Changes in the dynamics of these residues upon
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Ala19 38",

Figure 6. Irradiation of RsSLOV crystals. (A) Light-state structure of RsSLOV with electron density corresponding to the light-induced cysteinyl—C4a
adduct of CysSS and FMN [F, — F, simulated annealing omit map, obtained by omitting the flavin molecule and CysSS residue, contoured at 2.20
(cyan) or 0.76 (gray)]. The two conformations of CysSSB and flavin are colored yellow (covalently bound) and green (unbound). (B) FMN binding
pocket residues affected by changes in light-state conversion. (C) RsLOV structure in the light state with an F, — F, difference map of light—dark

amplitudes (green for 3.5¢ and red for —3.50).

adduct formation are thought to be critical for propagating a
light signal to the surface of the protein.”" Both residues are
conserved in RsSLOV (Asn87 and Asn97, respectively). Because
RsLOV has both aa and Ja/Ka extensions, it is possible that a
hybrid form of these aforementioned structural changes is
responsible for propagating conformational changes out from
the flavin. The hinge region is likely to be affected by NS
protonation and Gln rearrangement, as is the association of
helix Ja with the PAS f-sheet. Although the crystal lattice
prevents observation of large-amplitude perturbations, the
difference Fourier analysis does anticipate conformational
changes in all of these regions.

Solution-State Behavior of RsLOV. RsLOV elutes via
SEC at a MW consistent with a dimer. To test whether the
RsLOV solution dimer is the same as that observed in the
crystal, we engineered Cys residues at the dimer interface and
evaluated their ability to cross-link. Cys residues placed on
helices Jo and Ka cross-link the subunits effectively, even in the
absence of oxidants, confirming that the crystallographic dimer
is represented in solution (Figure 7B, Figure S3 of the
Supporting Information, and Table 1). Moreover, mutation of
E142, which participates in a salt bridge with Argl4S of the

Figure 7. RsLOV point mutants. (A) Dark-state structure of RsSLOV
with residues adjacent to the FMN binding pocket targeted for point
mutations colored cyan. (B) Residues targeted for point mutations at
the RsSLOV dimer interface highlighted: S127 (yellow), E129 (blue),
A136 (green), A138 (aqua), E142 (pink), R14S (orange), and A167
(red).

384

Table 1. Results of Cross-Linking in RsLOV Variants
Showing the Distances between Ca Atoms in the Relevant
Cys Residues, the B Factors of the Cys Ca Atoms, the
Oligomeric State in the Dark, and Whether the Level of
Cross-Linking Increases upon Addition of Cu(phen); in the
Dark”

distance B dimer or cross-linked by
between Car factor ~ monomer in  Cu(phen); in the
variant atoms (A) of Car the dark dark
wild type 482 47.8  monomer no
(Css
S127C 14.3 66.4 dimer/ yes
monomer
A136C 10.1 37.7  monomer yes
E142C 10.1 46.6  monomer no
R145C 11.3 56.0 monomer/ no
dimer
Al167C 17.9 55.1 dimer/ yes
monomer

“The gel is shown in Figure S3 of the Supporting Information.

opposing subunit, completely abolished dimerization in the
dark (Figure 4B and Figure S3 of the Supporting Information).
Thus, RsSLOV dimerizes through the interface found in the
crystals.

Upon conversion to the adduct state, RSLOV elutes at a
much later volume on SEC compared to the dark state (Figure
SA and Figure S2 of the Supporting Information).”* The
transparent column was exposed to white light for the duration
of the SEC experiments to minimize dark-state reversion, which
occurs with a half-life of 27 min. The elution profiles of the light
state are consistently shifted by ~0.6 mL, which corresponds to
an 8.3 kDa reduction in MW. This is not enough of a MW shift
for a full dimer to monomer conversion (which would
represent a change of ~19 kDa), but the reduction in the
light-state elution volume was consistent across a large range of
protein concentrations. The oligomeric state of RsSLOV was
further analyzed by multiangle light scattering (MALS). In the
case of SEC-coupled MALS, the protein could not be irradiated
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during chromatography, which typically took ~40 min to
complete. Nevertheless, the light state consistently showed a
smaller MW than the dark state. In fact, the MALS-determined
light-state MW (20.4 kDa) was very close to that predicted for
a pure monomer (19.9 kDa), whereas the dark-state MW was
smaller (30.2 kDa) than that predicted for a true dimer (39.8
kDa) (Figure S1 and Table S2 of the Supporting Information).
The behavior of the dark state is consistent with a dimeric
species that exchanges rapidlgr with a monomeric species on the
time scale of size exclusion,”” and thus, the MALS data support
a monomer—dimer equilibrium that is shifted toward the
monomer by light.

Small-angle X-ray scattering was also used to determine the
oligomeric state of RsSLOV in both the light and dark states. In
total, from the time of light exposure, the experiment took less
than 10 min for complete data collection, allowing only
minimal dark-state recovery. The molecular weights derived
from SAXS MoW analysis of GNOM output files’®”” of the
experimental SAXS data predict a dark-state MW of 34.1 kDa
and a light-state MW of 27.8 kDa, which is higher than that of
the smaller species observed via MALS. This is probably
explained by the fact that protein concentrations used for SAXS
are higher than that found on the MALS SEC column and thus
favor some dimerization of the light state. It is also possible that
the synchrotron beam reduces the adduct to some extent and
drives the system back toward a dimer. Theoretical scattering
curves for the crystallographic dimer and monomer structures
were generated and fit to the dark- and light-state experimental
SAXS data using CRYSOL®(Figure 9A,B). The theoretical
curve generated for the dimer structure fits well to the dark-
state experimental data (y* value of 0.9). The theoretical curve
generated for an RsSLOV monomer does not fit either state well,
1 values of 3.5 (dark) and 2.6 (light) indicating some
contribution from dimer and possibly conformational changes
in the monomer that are not modeled well using the single
compact subunit of the RSLOV crystal structure. The best fit to
the light-state experimental data was obtained using the
ensemble optimization method (EOM) via RANCH and
GAJOE®* with a monomeric model made from an ordered
LOV domain core and disordered N-terminal ac helix and the
C-terminal Jar and Ka helices (* value of 0.42). However, the
predicted molecular weight derived from this experimental
SAXS data indicates a contribution from an RsLOV dimer even
in the “light-state” ensemble. Accordingly, the best fit to the
experimental scattering curve came from a linear combination
of calculated scattering from the EOM-modeled monomer and
the CRYSOL-predicted dimeric state (Figure 9B). In further
support of an altered monomer structure, Kratky plots of the
SAXS data, which emphasize changes at larger g values (i.e.,
intramolecular), are indicative of a more unfolded light state
(Figure 9C). The ~1 A difference in experimental R, values
between the dark and light state at three protein concentrations
(Table S3 of the Supporting Information) agrees well with the
difference between average R, values from the EOM models of
the monomer and dimer with varying degrees of disorder (21.9
and 22.6 A, respectively). These slightly larger values, compared
to those predicted from CRYSOL with the static crystal
structures, (17.9 A for the monomer and 21.4 A for the dimer),
support enhanced flexibility in the light state, and perhaps in
the dark state to a lesser extent. The predicted molecular
envelopes based on the SAXS (Figure 9D, corresponding data,
and Table S3 of the Supporting Information) confirm that the
dark-state envelope completely overlays the crystallographic
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dimer, whereas the light state fits a monomer with additional,
unfilled volume. The unfilled volume in the light-state envelope
could result from a monomer with terminal helices in an
extended conformation and/or a contribution from the dimeric
state. Although the fits to the scattering curves themselves are
the most reliable indicators of the light-state ensemble, the
envelope reconstructions do reflect what we believe to be the
key changes upon conversion of RsLOV to the light state: loss
of dimer content and increase in the level of subunit disorder.

Variants of RsLOV That Affect Dark-State Recovery.
Sequence variations in LOV proteins and related PAS domain
proteins like PYP have been shown to alter thermal reversion
rates and affect overall protein stability.”>’®”® In previous
studies of LOV domain variants, substitutions that affected
hydrophobicity, solvent accessibility, hydrogen bonding, and
salt bridges in the flavin pocket all altered adduct lifetime. In
RsLOV, we examined active site variants Thr21 — Val, Leu32
— Val, lle7]1 — Leu, Ile71 — Val, Leul01 — Ile, and CysSS —
Ala, which were all chosen to alter the adduct-state stability.
CysSS forms the adduct state with the C4a atom of FMN.
Indeed, UV—vis spectroscopy confirmed that the Cys55 — Ala
variant does not form the light-state adduct. Thr21 (5 A to
CysSsS, 3.6 A to FMN C6) and Leu32 (3.3 A to Cys55) were
expected to affect the conformational stability and solvent
accessibility of CysSS. lle71 (3.7 A to O3’ in FMN tail) and
Leul01 (3.8 A to FMN C7) contact the re face of the flavin ring
and influence solvent access in the FMN binding pocket
(Figure 7A).

Despite the relatively conservative residue substitutions, each
variant decreased the adduct stability (Table 2). The

Table 2. Parameters for Adduct Decay Kinetics in RsSLOV
Variants and Comparable LOV Domain Proteins

variant rate constant (s™!) lifetime (s)
RsLOV 42 x 1074 2374 + 304
T21V 1.3 x 1073 799 + 78
L32V 6.1 %1073 164 + 7
I71L 5.6 x 107* 1801 + 362
171V 6.5 % 107* 1544 + 95
L1011 6.1x 107* 1647 + 71
S127C 6.5%x 107* 1536 + 122
E142C 53 x 107 1904 + 99
A167C 58 x 1074 1720 + 162
R145C 3.5 x 1074 2849 + 268
A136C 39 x 107 2587 + 96
Al136Y 42 x 107* 2372 + 802
A138Y 55 % 107* 1829 + 62
wild-type (WT) YtvA® 28 x 1074 3600
WT AsLOV2# 12 x 1072 81
VVD-36 5.6 % 107° 18000

“Values obtained from ref 22.

substitution at Leu32 had the most substantial increase in
thermal revision rate, which increased 14-fold in the variant.
Substitutions at Thr21, Ile71, and LeulOl also increased the
thermal reversion rate, though to a lesser extent, ~1.4—3-fold.
None of the FMN binding site variants decreased the reversion
rate.

Leu32 resides on the bf strand proximal to the flexible
connective loop region within the FMN binding pocket and is
within van der Waals contact distance of CysS5 (3.3 A).
Substitution of Leu with Val would increase the volume of the
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pocket, make additional space for solvent, and disrupt the
packing of Cys55. Because the most substantial changes to
thermal reversion rate were caused by the Leu32 — Val
mutation, we further characterized this substitution by
determining the L32V dark-state crystal structure (vide infra).

The changes in recovery rate exhibited by the remaining
variants, at Thr21, Ile71, and LeulOl, are modest, although
their structural contexts provide possible explanations for the
slightly increased recovery rates. In VVD, thermal reversion is
rate-limited by deprotonation of NS;** thus, changes that
increase the solvent accessibility of the pocket are likely to
destabilize the adduct. Thr21 contacts hydrogen bonds from
FMN C6 to the conserved GIn118 and resides within the first
sphere of residues adjacent to CysSS. The change from Thr21
to Val will eliminate hydrogen bonding interactions through the
side chain and introduce more nonpolar character into the
binding pocket. Ile71 and LeulO1 are situated below the re face
of FMN, and changes in these residues would be expected to
affect the access of the solvent to flavin N5 and likely the flavin
redox potential.'”** Tle71 is on the interior of Fa and within 4
A of the FMN ribose moiety, and Leul01 is on the Hf strand.
For both positions, removal or addition of a methyl group is
likely to subtly alter the accessibility, dynamics, and redox
properties of the adduct, thereby producing the small
reductions in light-state stability that were observed.

The variants that introduced Cys and Tyr residues into the
C-terminal helices were also analyzed for effects on light-cycle
kinetics (Figure 7B). Like most variants proximal to the FMN
binding site, the variants in the Jo and Ka helices had a minimal
effect on the reversion rates. The largest deviations from that of
the WT were R145C, with a 1.2-fold longer recovery, and
S127C, with a 1.6-fold shorter recovery.

Structure of the L32V RsLOV Variant. To further
investigate the 14-fold change in recovery rate caused by the
Leu32Val substitution, orthorhombic crystals of RSLOV L32V
were grown. Interestingly, crystal growth required conditions
different from those used for wild-type RsLOV, and the
resulting cell dimensions were also different from those of the
wild-type crystals. Data were collected from a single crystal to
1.9 A resolution and scaled in the P2,2,2, space group, and the
structure was determined by molecular replacement with WT
RsLOV as a probe (Table S1 of the Supporting Information).
Leu32 is found on Bf, approximately 3.3 A from the Cys5S
residue. The most substantial differences in electron density
due to the Val mutation are located in three of the four
consecutive helices on the si face of the flavin: Da, Ea, Fa, and
the flexible loops that connect them (Figure 8A). The turn that
connects Aff and Bf sheets and the loop that connects Ea and
Fa helices are all repositioned with respect to the WT RsLOV
structure. The alterations in loop position correlate with
increased B factors in these regions (Figure 8A). The Val32
side chain does not extend as far into the FMN pocket as Leu
and thereby provides more conformational freedom for CysSS.
In general, the Leu32Val substitution appears to destabilize the
protein structure surrounding the active site Cys: the loop
regions have opened, they are more mobile, and the Cys is less
conformationally constrained. These factors all likely contribute
to the increased reversion rates.

Structure and Solution Behavior of the A138Y RsLOV
Variant. We also produced a variant RsSLOV designed to alter
the dimer interface in the dark state by mutating one of the Ala
repeat residues at the center of the Ja helix interface to Tyr.
The structure of the A138Y RsLOV variant was determined
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Figure 8. Structures of L32V and A138Y RsLOV. (A) Structure of the
L32V RsLOV variant in the dark state colored by B factor (ROYGBIV
spectrum coloring in which red is the maximum and violet is the
minimum) overlaid on the P6; dark-state RLOV structure (gray,
transparent). (B) Structure of the A138Y RsLOV variant in the dark
state (aqua) overlaid on the P6; dark-state RsSLOV structure (violet).
The dimer interface is unperturbed by change of Ala138 (violet sticks)
to Tyr (orange sticks).

from a single crystal that formed under the same crystallization
conditions that were used for the WT. Despite the same
conditions, the hexagonal crystal was distinctly conical in shape
in contrast to the long rods that formed from the WT.
However, the crystallographic data scaled to the P6; space
group, with unit cell dimensions (a = 105.9 A b=1059A4,c=
84.1 A, @ = 90°, # = 90° and y = 120°) similar to those of the
WT. The structure is the same crystallographic dimer as that of
the WT, with the Tyr side chains forced alongside the Jo helical
interface (Figure 8B). Despite the introduction of the bulky Tyr
residues at the dimer interface, the A138Y structure produces a
subunit association nearly identical to that of the WT RsLOV
structure. There are no significant deviations of the path or
direction of the Ja or Ka helices at the interface, and no
conformational changes that propagate from the single-residue
change. Thus, crystallization strongly favors the dark-state
dimer, and the crystal packing forces are able to overcome a
substantial perturbation to the interface. The curve generated
via SEC of A138Y is included in Figure S3 of the Supporting
Information and indicates that this substitution, designed to
disrupt the dimer interface, in fact, predisposes the variant to
form a dimer in solution. Tyrosine is well suited for mediating
molecular recognition at protein—protein interfaces,®® because
tyrosine uses interactions of both the side chain hydroxyl and
the aromatic ring to make specific contacts with a wide variety
of residues on a protein surface. Thus, despite the large increase
in side chain volume at the interface, for these other reasons,
Tyr138 facilitates RsSLOV dimerization. Moreover, there is no
significant change to the A138Y variant in solution upon its
exposure to light, indicating that this variant interferes with the
propagation of the signal from the PAS core to the flanking
helices.

B DISCUSSION

RsLOV is a LOV domain protein that has a moderate lifetime
(2374 s) for the cysteinyl—flavin adduct state. The striking
aspects of the RsSLOV structure are its short N-terminal helical
extension and its long C-terminal HTH dimerization motif. In
the crystal structure, two RsLOV subunits pack together
through the C-terminal HTH motifs to form a closely
associated four-helix bundle, flanked by the N-terminal helices.
A preponderance of Gly and Ala residues in the interface
generates a tight knitting of the Jo helices. Evidence from
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Figure 9. SAXS of RsLOV in dark and light states. (A) Fits of scaled theoretical monomer (orange) and dimer (blue) scattering curves generated
with CRYSOL for the dark-state (black) and (B) light-state (gray) RsLOV (S mg/mL data). EOM fits generated with RANCH13/GAJOE13 of the
monomer were generated from the truncated PDB file of the dimer with only the A subunit. Light-state fit composed of 70% EOM monomer model
and 30% dimer (lime). (C) Kratky plot of dark- and light-state RsSLOV data of 10 and S mg/mL samples. (D) Scattering envelope models based on
the S mg/mL SAXS data of dark-state RSLOV (top, cyan) and light-state RSLOV (bottom, green), superimposed with the crystal structure surface of

RsLOV, as a complete dimer or truncated to a monomer.

chromatographic, light scattering, and chemical cross-linking
indicates that light causes the RsSLOV dimer to dissociate. This
behavior is in marked contrast to that of VVD, where light
causes dimerization. The structural changes determined from
the light-state X-ray crystal structure suggest that despite its
unusual oligomerization, RSLOV behaves like other well-
characterized LOV domain proteins, such as AsSLOV2 (LOV2
domain protein of oat), with which it shares a long flanking Ja
helix. Although irradiation of the dark-state crystals produces
few large-scale structural perturbations, difference Fourier
analysis indicates that conformational changes propagate from
the flavin NS position, through the conserved Gln amide, across
Ip3 to the Ncap and Ja, which lie against the PAS f-sheet. These
structural changes must ultimately disrupt contacts in the
helical dimer interface and lead to subunit dissociation.

The study of several RsSLOV variants revealed that minor
perturbations in side chain size or polarity have minor effects
on adduct stability. Mutations localized to the FMN binding
pocket destabilized the Cys—FMN adduct and increased the
rate of thermal reversion. The most impactful mutation was the
L32V mutation, which increased the recovery rate 14-fold. The
crystallographic structure of L32V RsLOV showed that a
conservative point mutation in a small, compact domain can
induce extensive structural changes. The substitution of Leu32
located in the B/ strand altered the positioning of helices Da
and Ea and the flexible connecting loops on the si face of the
FMN. These changes likely cause increased domain dynamics
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that result in destabilization of the adduct bond and greater
solvent accessibility of flavin NS to aid in the deprotonation.
Blue-Light-Induced Structural Changes. The changes
exhibited in the light-state RSLOV crystal structure, obtained
from irradiation of dark-state RsSLOV crystals, capture the initial
structural perturbations induced by adduct formation, which
was visualized in one of the two independent subunits. The
majority of residues impacted by the light in the crystal
structure are within the first sphere of residues of the FMN
binding pocket. These residues, highlighted by the changes in
the F, — F. omit maps between the light and dark states,
include Cys55 and GIn118, which have been shown in other
LOV domains to be critical for altering hydrogen bonding in
the flavin binding pocket and thereby causing the predicted
large conformational changes. Second-sphere residues in the
solvent-exposed regions also highlighted by the difference
Fourier analysis include Alal33 in the Ja helix, Argl0 and F13
in the ao helix, and Gly48 and LeuSl in the Da helix.
Differences in the density surrounding the Ja helix of ASLOV2
indicate that movement of the Jo helix is an initial response in
RsLOV, as it is in other LOV domains.””®" Indeed, the integrity
of the tightly packed helical interface of RsSLOV may be
especially sensitive to small changes in the position of Ja. The
subunit contact relies on having virtually no side chain
contribution at the center of the interface, and such an
association would be incompatible with a slight shift or rotation

of helix Ja.
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Blue-Light Signal Propagation in R. sphaeroides.
Although large structural rearrangements in the RsLOV light
state will be prevented by crystal packing constraints and the
short-lived adduct state precludes a long-lived, crystallizable
intermediate, the differences observed between the light- and
dark-state RsLOV structures in illuminated crystals reveal
structural perturbations that suggest a larger rearrangement
involving the N- and C-terminal flanking regions. It is
interesting that the SAXS scattering profiles of the light-excited
samples are not particularly well modeled from linear
combinations of the monomer and dimer scattering profiles,
as calculated from the crystal structure, and are better modeled
by designating regions of disorder. One explanation for this is
that the dissociated RsLOV monomer changes conformation
considerably from how it appears in the dimer crystal structure.

In a recent SAXS study of light-induced movement of the
LOV2 domain in Arabidopsis phot2, the linker region that is
responsible for executing the light-induced conformational
changes between the LOV2 and kinase domains is Jor helix-
like.*” The SAXS profiles suggest photoreversible movement of
the LOV domain with a Ja linker relative to the effector
domain, which produces a more extended structure in the light
state.”> Molecular dynamics studies of AsLOV2 revealed a
partial unfolding of the Ja helix, which precedes its detachment
from the LOV2 domain interface, a rearrangement originally
proposed from the initial structural characterization of
AsLOV2."7>*! The RsLOV residues attributed to the partial
unfolding of the Ja helix (Ile533—1IleS39, centrally located
residues adjacent to GInS13 of the If strand) are similarly
affected in the observed structural changes from the dark to
light state in RsLOV crystals (Alal33 adjacent to Glnl18).
Thus, a large conformational change is also possible in the
RsLOV protein that would extend the Jor and Ko helices away
from the LOV domain. The SAXS data suggest that this may
indeed be the case (Figure 9C).

RsLOV Flanking Regions. The N- and C-terminal
extensions of RsLOV flank the LOV domain core where they
are held in place by hydrophobic interactions and side chain-
mediated hydrogen bonds. The long C-terminal extension of
RsLOV is a unique HTH motif (Jo and Ka) that has not been
observed previously in LOV domain proteins and forms an
unusual dimerization domain. A Dali search® of the
dimerization domain finds only weak structural homology to
other coiled coils. The topology and juxtaposition of helices Jor
and Ka are most similar to those of the membrane helices
found in mechanosensitive channels, membrane transporters,
and the transducer of sensory rhodopsin, but the relationships
are only approximate (Figure 10). To the best of our
knowledge, the tight interaction between Ja helices and helical
crossing angles at the interface has not been previously
observed. The overall domain architecture of RsSLOV is perhaps
similar to that of EL222, which has a DNA-binding HTH
effector domain coordinated to the LOV domain via a Ja helix,
but the HTH motif of EL222 consists of shorter helices that are
arranged differently, do not flank the LOV core, and do not
dimerize.*” However, the EL222 HTH motif does respond to
light, which alters the ability of the protein to bind DNA.

Perhaps the most relevant analogues of RsLOV are the
bacterial sensory rhodopsin (sR) light sensors, which are
membrane proteins that convert light signals to conformational
changes in a helical transducer protein. The coupling module of
the transducer is a membrane-embedded four-helix bundle,
composed of two antiparallel helices from each subunit.***> On
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Figure 10. Analogy between RsLOV and sensory rhodopsin. The left
panels show a structure of the RsLOV dimer (violet) overlaid on the
dimer of sensory rhodopsin II in complex with the helical transducer
(pale green, PDB entry 1H2S). The right panels show an overlay of
the monomers of RsLOV and sensory rhodopsin II depicted as
ribbons with the C-terminal helices aligned and colored darker than
the PAS core and transducer helix bundle.

the periphery of each helical hairpin are two transmembrane sR
proteins. Isomerization of the retinal cofactor in sR is thought
to perturb the orientation of the transducer helices, thereby
sending conformational signals through their cytoplasmic
HAMP domains.*® The sR units are similar in size to that of
the RsSLOV PAS domains, and the transducer helices are
oriented like helices Ja and Ka within each subunit. One of the
key interface Gly residues and its flanking sequence of RsSLOV
are also found in the transducer. Thus, RsLOV may be seen as a
soluble, functional analogue of bacterial sensory rhodopsin. The
sR transducer remains a dimer throughout signal transduction,
but the subunit association is stabilized by extensive
interactions in the cytoplasmic regions. Without these addi-
tional regions, shifts in the RSLOV helices induced by the light-
sensing PAS domains destabilize the dimeric interface enough
to cause subunit dissociation.

The RsLOV N-terminal extension may also play an
important role in the light-induced subunit association and
subsequent recognition of another protein, yet to be defined.
The RsLOV N-terminal extension is a short acr helix that lacks
the long flexible region that allows light-induced dimerization of
VVD. The aa helix also flanks the LOV core and is held in place
by hydrogen bonding with the Ja helix and hydrophobic
interactions with the core f-strands. Argl0 and Phel3 of the N-
terminal a helix are perturbed when the adduct is formed in a
manner similar to that of the second-sphere residue in the Ja
helix. VVD undergoes a large structural rearrangement of the
N-terminal extension upon conversion to the light state, but the
RsLOV N-terminal extension lacks the flexible hinge regions
preceding the LOV domain that transduce the conformational
change in VVD. However, the role of the shorter aa helix in
AsLOV?2 has also recently been examined and was identified as
a possible control element for use in optogenetic studies.”” The
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structural changes observed in the RsSLOV aa helix may indicate
that the helix is forced away from the LOV domain in a manner
similar to that seen with the AsSLOV2 Ja helix: first by distorting
the helix at its center, which in turn disrupts the hydrophobic
interactions that stabilize the aa helix against the surface of the
PAS f-sheet. Were the Ja helix to unwind and release from the
core like that of AsSLOV2, the aa helix would likely follow, and
its new conformation would act as a recognition site for a
signaling partner.

Targets and interacting partners of RSLOV are currently
unknown. The structural analogy between the RsLOV
dimerization domain and the membrane helices of channels,
photosensory transducers, and transporters raises the possibility
that the target for these helices, once the RsSLOV dimer is
dissociated by light, is a similar set of helices, perhaps in or
associated with the membrane. Previous studies of RsSLOV from
R. sphaeroides 2.4.1 detected the protein in both the cytoplasm
and the membrane fractions,* making a signal to a transporter
or a channel protein not unreasonable. RsSLOV has been linked
to a regulatory role in photosynthetic gene expression,
carbohydrate metabolism, chemotaxis, and the response to
photooxidative stress.”" RsSLOV also impacts blue-light-depend-
ent gene expression and redox-dependent regulation.

LOV domain proteins are rapidly being designed and applied
as tools in the emerging field of optogenetics.””**~° RsLOV
offers new utility as a photoswitch with a unique combination
of features for controlling cellular processes. These properties
include the ability to switch from dimer to monomer upon
exposure to light, as well as both N- and C-terminal helical
extensions whose conformations change on release and may
thereby serve as sites for new protein interactions. Moreover,
the change in the oligomeric state of RsLOV can be
manipulated by mutation. Applications could include oligomers
of designed RsSLOV domains that cage or localize interactions
to be released by photoactivation and controlled conforma-
tional switching of attached segments with either N- or C-
terminal coupling.
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