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Abstract

Light-activated protein domains provide a convenient, modular, and genetically encodable sensor

for optogenetics and optobiologilthough these domains have now been deployed in numerous
systems, the precise mechanism of photoactivatiomhenaccompanyig structuraldynamicshat
modulateoutput domain activity remain to be fully elucidateld. the C-terminallight, oxygen,
voltage (LOV) domairof plant phototropia (LOV2), blue light activation leads ttmrmation of

an adduct between a conser@&gs residue and the embedd&#N chromophore, rotation of a
conserved GIn (§13), andunfolding d a helix ¢ {Belix) which is coupled to the outpdomain

In the present work, we focus on thkosteric pathways leadintg J Belix unfolding inAvena
sativa LOV2 (AsLOV2) using an interdisciplinary approach involvinmolecular dynamics
simulationsextendingt o ,ftimeeresolved infrared spectroscqomolution NMR spectroscopy,
andin-cell optogenetiexperiments In the darkstate, the side chain of N414 is hydrogen bonded
to the backbon&-H of Q513.The simulationgredicta leverlike motion of Q513after Cys
adduct formatiorresulting inloss of the interaction between the side chaiiNéi4 and the
backbone C=0 of)513 andformation ofatransienthydrogen bondetweerthe Q513 and N414
side chains The central role of N414 in signal transduction was evaluated bylisteted
mutageneis supporting a direct link betwednbelix unfoldingdynamicsand the cellular function

of the Zdk2-AsLOV2 optogenetic construcThrough this multifaceted approach, we show that
Q513 and N414 are criticatediatos of protein structural dynamics, linking the ultrafast (ms
excitation of the FMN chromophore to the microsecond conformeadtidmanges that result in

photoreceptor divation and biological function
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Introduction

The C-terminal light, oxygen, voltage (LOV) domain from plant phototrapare versatile
protein domais thathave beenadapted for protein engineering and molecular imagingOV
photoreceptorare members of thBerARNT-Sim (PAS) domain superfamilyand usea ron-
covalently boundlavin mononucleotide (FMNcofactorto sense 450 nm (blue) ligfEigure
1A).2 Light excitationinitiates a photocycle in whichsinglet excited statendergoes intersystem
crossingto atriplet excited state which subsequently forms a covalertFBAiN-C4a adduct on
the &s t ithatabsabs late390 nm (A390)Formation of the A390Cys adductand
accompanying protonation of the adjacent N5 posi@wathoughtto be the dving force behind
the structural changethat accompany effector activatiam the LOV domainfamily including

alterations in the structure and conformation of theer@inald Belix.t
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Figure 1: The AsLOV 2 domain. (A) The isoalloxazine ringf the FMN cofactor(B) The FMN

cofactor(yellow) makes hydrogen bonding interactions with Q513, N492 and N482. Q513 in turn

is hydrogen bonded to4l4 T h e helixUs shown in cyan anthe A6 U hel i x i s

(C) The hydrogen bonding network around FMN is shown for both the (@4k7) and light

(A390,adduct) stated.he flipped conformation of Q513 is shown for the light state structine.

figure was made using MOL Molecular Graphics Softwafeusing thecrystal structure of

AsLOV2 (PDB 2V1A (dark), 2V1B (light).8

show
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The LOV2 domain fromAvena sativaphotl (AsLOV2) is a model system for LOV
photoreceptoactivation Figure 1B). The isoalloxazine ring of the FMN cofactorsisrrounded
by a hydrogerbonding network thasenses and responds to excitation on the ultrafast timescale
leading to activation of a Ser/Thr kinase that regulates phototropism in pl&tistoexcitation
results information of a adduct betwee€450 and FMNand protonation of FMMNN5 which
results in rotation of a conserved GIn5I® andunfolding of a conserved-€C e r mihelia@ U U
helix).® Structural changeare also obsved int he L OV -sheefifaandan N-terminal
helix (A 6) s thought to act as a regulataiementwhich unfoldsconcurrently withchanges in
theJ U ha3y i x .

Optogenetics and optobiologye emergig fieldsin whicha range of biological functiorean
now be controlled by lightEarly LOV-effector fusions were constructed to afford light control to
the enzymalihydrofolate reductad& transcription repressdfs and histidine kinaseé$.Fusion
proteins utizing AsLOV2 followed, with the development dfie photcactivatable LOVRacl
sensoPA-Rac 1) i n helixivashsedaf eversible photocagentrolling the activity
of theGTPaseRac1l’'® Furtherproteinengineering led to the development of il_lhich added
light inducible dimerization capabilities aadrecognition peptidembeddedvithin thesequence

of theJ Belixsuch that wunfolding of the JU hélix

cell’®*andLEXY, which included a nucl ear neclegexpott sequ

could be controlledpblue light?® Despite these advancesmmelLOV-based optogenetic tools
still possessa significant level of activity in thdark stateresulting in subpptimal dynamic range
and limiting their broad deployment. A completelecularunderstanding of thenechanisnof

LOV domain function is thus required for tinational optimization oL OV-based optogenetic

photoreceptor$!?2

en
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Molecular dynamics (MD3imulationshavepreviouslyguided hypothesegato themechanism
of formation?® and breakdowr? of the CysFMN adduct,and the accompanyingtructural
dynamics?°in native LOV domains and mutants lacking the Cys resi®lueitial studes by
Peter et alfocused ot he r ol e of the 1 b and, ®kbultimginthends i
proposat hat stress on | b the bydrdgerbohdingcontaesh e a wg e me b
andtheJ Belix andhelix unfolding. It was also proposetiat the FMN binding pocket undges
dramatic changeis whichN482 and N492noveout of the pocket to maintasontactsetween
Q513 and FMN.Freddolino et alextendedhis work by increasing the simulation timescale to 1
us,'® leading to thddentification of apotentialsalt bridge betweethe A6 U  a melices arid
supporting previous studies an interaction between the two helice$he simulationsalso
suggested thahe N414 side chain ¥ forms a Hbond with the Q513 side chain C=dDring
light state formation The role of N414n photoactivatiorhas beemtested experimentalip which
the N414A, N414V and N4l4@utationsmodulate the cycling time of AsLOV#®ith time
constants of 1427 $2720s, and 280 s, respectivaedgmpared to 80 s for wiltype?’ In the case
of Nd14V,a sl ightly unfolded JU h%®lix was observed
LOV structural dynamics have been studied extensively using infrared spectroscopgrand
recently timeresolved infrared spectroscopy (TRIR).Aar ker band for unfol di
was identified in the amide | region, ~162640 cm' using difference FTIR®* TRIR
experiments revealed that helix unfolding was mstkig3! and that structural changessulting
from adduct formation follow dispersive kinetics commonly associated with sampling of multiple
protein conformations prior to reaching a metastable,stdtieh is thesignaling state in LOV
doman proteins®? TRIR spectroscopyf multiple LOV domainproteins revealed variations in

thedynamicsof theb-s heet and the JU hel i xthereldvaneffectod i nk t



111 domains®® Despite the information obtained from timesolved spectroscopy, the mechanisms
112  of signal propagation from FMN to the effector domain arelatigjely unknown.

113 Usinga combiration oftheoretical and experimental approasjwe have now directly probed
114 the evolution of thestructural dynamicsn AsLOV2 that coupleflavin photoexcitation with
115 structual changes asites that are remot&om the chromophore In particular, ve have
116 determinedthat the rotation of Q513 out of the flavin binding pockat the formation of a
117 transienthydrogenbondwith N414 isa key step inthe mechanism ol WBelix unfolding Site
118 directed mutagenest®mbined wih time-resolved infrared spectroscopgd NMRspectroscopy
119 was used tinterrogate thisnechanism and we found that thelielix was partially unfolded in
120 the dark state and unfolding kinetics were acceleratdeei414A mutantand delayed in N414Q
121 AsLOV2. To correlate photoreceptor dynamics and function, the impact omtitantswas
122 assessedtthecellular levelin the Zdk2AsLOV2 dimerization (LOVTRAP) systenvhere it was
123 found thatthe N414A mutantshoweda 4fold reduction inactivity and dynamic range when
124  exposed to blue light

125
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Results

The objective of this work was ttharacterizéhe structural dynamicthat lead to Uhelix
unfolding in AsLOV2. To accomplish thigoalwe used MD simulations to analyze gteuctural
changes that accompany light state formation by inserting th&K)slight state adduct into the
dark state structure of AsLOV2 and then allowihg ™MD simulations o 6r el ax 6
structure to adjust to the presence of the-ElyN addut¢. The MD simulations were used to
identify key residues implicated in the pathway leadingldchelix unfolding Sitedirected
mutagenesis was then used to probe the role of these residues in light state fami&tsiOV2
dynamics using a combinatiaf MD simulations, static and timesolved infraredpectroscopy,

I5N/*H-HSQCNMR spectroscopyand cellbased optogenetic experimenBased on this analysis

t

he

we propose a mechanism for photoactivation in which a hydrogen bonding interaction between the

NH side chain of N414 and backbone C=0 of Q513 is broken arahsienthydrogen bond is

formedbetweerthe NH and C=0 side chain groups of N414 and Q513, respectively. Q513 is thus

shownto act as a lever which forces tbig helix away from the LOV domain thereby initiating

helix unfolding and activation of the downstream effector module.

Molecular dynamtcs (MD) simulationsof AsLOV2

To identify allosteric pathways leading to unfolding of theh&lix in AsLOV2, we used
MD simulations to predict structural changes in response td=@\¢ formation. The CysFMN
adductwastaken fromthe light state crystal structure (PDB 2V IBnd parameterizegrior to
insertion into the dark state crystal structure (PDB 2V1Ajhe dark state crystal structure

containing the lighttate CysFMN adductwasequilibrated prior tdhe MD simudationswhich
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werethenperformedin 4 fs steps for >£sto simulate the response of the protein to-EWiN

adduct formation.

Thedata from the simulati@are presented as a heat mapigure 2A with time on the

x-axis, residue number on thg-axis and a color barto show increasing root mean squared
deviation (RMSD log scal¢ from the initial dark state structureThe simulation revea that

residues in a loop immediately precedingthd h e | i x

become

per eally bed

in the simulatiorand propagate through thetdrminal end of theUhelix with the most dramatic

changes itthe helixoccurring at ~&s with complete loss of helical charactEne simulation was

run with the same forcefield on the dark state @wpstadduct not formed) where it was predicted

that the Uh e |
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Figure 2: Molecular dynamics simulations reveahydrogenb ondi ng
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helix unfolding. (A) RMSD as a function of time postdduct formation for each residue in

AsLOV2is shown as a heat map with increasing simulation time onae»nd residue number
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10

€

S



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

4. 53 ¢s, (aghtdstaté, MB)1Hydragen bonds arshown as black dotted lineShe
figure was made using PyMOL Molecular Graphics Softiasengpredicted structures from MD

simulations performed in Ambé&rf©

Averaged RM® tracesas a function afimeare showrior several key regions of AsSLOV2
with maximum RM® shown as a scale babsldck ling Figure 2B). The standard error of the
mean (SEM) is shown as shaded color around the black Tire.e A 6 Wesitiuesl 404X.0, (
slate) shows the most varibty very early in the simulation with both high average RIM&nd
SEM, consistent with previous experimentadrk.> The RM®i ncr eases again at
timescale of unfoldingf theJ Helix. RMSDf o r -dhéewf bbegidues 41418cy an) and |
(residues 50%616,green) are also shown artedictsignificant perturbatiomafter 5us . T-he J U
helix (residues 52544, pink) shows the most changes in RM8ver time, as expected for the
helical to disordered transitidhat has beeshownto occur upon light state formatitwy Gardner
and othes.®%° The unfoldingo f t h e appéars tweduriinfour phases with increases in
RMSDat 0.5 es, 2.75 d§b8e B.B85essphasd 6n6ol ges
t h ehdJiUx f r-sheetFiglree2CpS) and the formation of a helical structure in the loop
adjacent taheJ Belix (1.15e s s n aThesdavdnts appear to be initiated by the rotation of
Q513.The 5.25 e€s phase is assi gtheldielikwhicmresults si gn
in complete unfoldingf the helixby~6 . 6 0 € s .

The changes in secondary structure are accompanied by specific change®sidties
that surround th&MN chromophoreand are presented as snhapshots from the MD trajectories

(Figure 2C). These snapshots were chosen to represent sections of the tyajdatoe increase

11
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in the RMSD are observed (vertical dashed lings)he dark stat®&414 ishydrogenbonded to

the backbone amide of Q51By the0 . 38 ¢ s df thersenulation®513is predictedo
move 2.4A and 5.7 Afrom its initial backbone and side chapositiors, respectivelyandrotate

62° out of the binding pocketThis motionof Q513pullst h esheét such thahe sidechains of
N482 and N492 lostheir hydrogen bondingnteractions withC2=0, C4=0, and N3H of FMN.

In the 4.53 ps structuréy482 appears taindergo a 3.1 Alide out of the pocket while N492
rotates outwardhy 31° resulting in a side chain motion of 3.7 Rhese residuesppeato form a
chain that includes N414, Q513, N492, and N#B&hich N482remainshydrogen bondetb the
flavin C4=0O(Figure 2C.1 . 1 and4 .s 5 3trucuse}, consistent with simulations Iireddolino

et al® N482 appears tanove back toward C2=0 over time while N492 undergoes a rotation
along the protein backbone and remains rotated out and exjposelyent (between 15l1e s t o
6.8l¢ s Jnthe6.8¢s structur e, N482 has returned to i
is predicted taemain rotated out of the pockdt4 A from its initial position Q513 is shown to
behydrogen bonéddto C4=0, though in a slightly different orientation comparetthé&b observed

in the X-ray structure of théght state Fig S2). Thedifferences can be explained by the method
of generating light state crystals in which the protein crystals of the tidekwgere illuminated
prior to data collection and may not reflect the flexibility of the protein observed in solution
measurementSimultaneouslyN414 is pulled away from Q513 due to its proximitythe A 6 U
helix which becomes disordered prior to unliolg oftheJ Helix. We propose that the transient
hydrogenbonth et ween N4 14 alitcdFM 64EQviakais5 A kignaltargsduction
wire in whichN482 and N492naintain a connection between Q513 and FMN. This in turn results
inunf ol ding of the A6U hel i xskeoatcosnid¢mnt havti tth

pushed far enough away from the LOV core to induce its unfolding.
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A transienthydrogenbond between Q513 and N414 modulates helix unfolding.

The MD resuis were used to inform 4ms TRIR measurements, suggesting transient
studies of N414A and N414Q@s L OV2 mutants could provide
unfolding dynamics.The N414A mutation was chosen to remove potentiaydrogenbond
interactionswith the N414 side chaiandthe N414Qmutationwas chosen to retain an amide side
chainpotentiallycapable of forming a hydrogen bond with Q513.

We first measured the TRIRpectraof wild-type AsLOV2 usingtime resolved multiple
probe specbscopy TRMPS Figure 3A). Theband assignments atiche constant®f 2.3 ns,
8.8¢ s, @ redrrespdnding to the excited state decay, triplet state daed)yA390 formation
are consistent with the global analysis of our previousfdataGil et. al.(Figure 3B).3? A fourth,
313¢s time constantEASS) has been added to the global fitting modelvidd-type ASLOV2
which describes thiormationof the final signalig stateasobserved idight minus dark I(-D)
steay stateFTIR measurements-igure 3B; Figure S5 shows the comparison between EAS5
and LD FTIR). Thi s additional EASS5 i s t esorgesiroftheSi g o
helix and light state formatioriThe bleach at 1626 chwhich correspondto disorderof the JU
helix, reachesa maximum 0f0.35 mODon this timescale and does metoverwithin the time
resolution of the experimefEigure 4A). The transient at 1&cm™ shows a rise and decay on
the us timescaleassigned toan i nter medi ate state between
unfolding, andconsistent with thpresencef a transienhydrogerbond from the MD simulatias

Therefore, the full activation pathway of AsSLOV2 can be probed using the TRMPS method.
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Figure 3: TRIR spectra of wild-type and mutant AsSLOV2 proteins shows reduced helix

unfolding in N414A-AsLOV2. TRIR spectra for (Awild-type (C) N414A, and (E) N414Q

AsLOV2 are shown at time delays of 2 ps, 50 ns, d§9§B00cs, and 90&s. TheEAS from a




