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Abstract

The rational engineering of photosensor proteins underpins the field of optogenetics, in which
light is used for spatio-temporal control of cell signalling. Optogenetic elements function by
converting electronic excitation of an embedded chromophore into structural changes on the
microseconds to seconds timescale, which then modulate the activity of output domains
responsible for biological signalling. Using time resolved vibrational spectroscopy coupled with
isotope labelling we have mapped the structural evolution of the LOV2 domain of the flavin
binding phototropin Avena sativa (AsLOV2) over 10 decades of time, reporting structural
dynamics between 100 femtoseconds and one millisecond after optical excitation. The transient
vibrational spectra contain contributions from both the flavin chromophore and the surrounding
protein matrix. These contributions are resolved and assigned through the study of four different
isotopically labelled samples. High signal-to-noise data permit the detailed analysis of kinetics
associated with the light activated structural evolution. A pathway for the photocycle consistent
with the data is proposed. The earliest events occur in the flavin binding pocket, where a sub-
picosecond perturbation of the protein matrix occurs. In this perturbed environment the previously
characterised reaction between triplet state isoalloxazine and an adjacent cysteine leads to
formation of the adduct state; this step is shown to exhibit dispersive kinetics. This reaction
promotes coupling of the optical excitation to successive time-dependent structural changes,
initially in the B-sheet then a-helix regions of the AsLOV2 domain, which ultimately gives rise to
Ja-helix unfolding, yielding the signalling state. This model is tested through point mutagenesis,
elucidating in particular the key mediating role played by Q513.
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Graphical abstract

Introduction

The LOV (light-oxygen-voltage) domain is a versatile blue light sensing flavoprotein motif
found in plants, fungi and bacteria. This modular unit is coupled to a diverse range of
signalling output domains and thus involved in the optical control of a variety of functions,
including the phototropic response, circadian rhythms and gene expression.1-® This
combination of diversity and modular nature led to the adoption of the LOV domain as a key
element in optogenetics, where light induced structure change has been recruited to optically
regulate a range of activities, such as the tryptophan repressor,8 dihydrofolate reductase’ and
GTPase RAC1,8 among others.%-10 Consequently, there is wide interest in establishing a
detailed microscopic picture of its light sensing mechanism, from both a fundamental point
of view and to facilitate the rational engineering of new optogenetic applications.

The LOV domain is a member of the Per-Arnt-Sim (PAS) superfamily, specifically of a
subfamily which binds a flavin molecule in a binding pocket well protected from the
surrounding medium (Fig. 1). The isoalloxazine unit of the flavin mononucleotide cofactor
(FMN, see Supporting Information (SI) Fig. S1 for structure) acts as the chromophore,
absorbing light at about 450 nm in the unilluminated (dark) state. Following singlet state
excitation the flavin triplet state is formed and reacts (via a mechanism which has yet to be
fully characterised) with a conserved cysteine residue, generating a covalent bond between
the cysteine sulfur and the C4a atom of the isoalloxazine chromophore (Fig. S1 for atom
numbering). This cysteinyl adduct absorbs at 390 nm (hence designated Asgg) and
spontaneously reverts to the dark state in minutes to hours, depending on the particular LOV
domain.1116 Formation of Asqq initiates further structural evolution in the protein, with the
initial step suggested to involve local reorganization of the H-bond network adjacent to the
isoalloxazine chromophore (Fig. 1). The resulting structure change, characterised by X-ray
and NMR, can be extensive and is a function of the specific output domain.3: 17-21 The focus
of this study is the LOV2 domain of Avena sativa phototropin (AsLOV2) in which a Ja-
helix bound to the B-sheet in the dark state (Fig. 1) unbinds under irradiation and ultimately
unfolds.2017

Here we probe in real-time the structural dynamics of AsLOV?2 in deuterated buffer using a
recently developed time-resolved multiple probe spectroscopy (TRMPS) experiment which
measures time resolved infra-red (TRIR) difference spectra with high signal-to-noise and
100 fs time resolution between 100 fs and 1 ms after optical excitation.2? This allows
resolution of intermediate spectra over ten decades of time, and thus the accurate
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determination of kinetics in the ASLOV2 photocycle. The temporally evolving chromophore
(FMN) and amino acid vibrational modes are resolved and assigned by isotope editing,
providing mechanistic detail, and the mechanism is probed further through mutagenesis.
Together these experiments highlight the role of complex kinetics and protein-chromophore
interactions in the LOV domain photocycle. Our measurements build on earlier high quality
IR studies of LOV domains. Kandori and co-workers investigated hydrated films of
AsLOV?2 as a function of temperature. They recorded changes in structure between dark and
signalling states, including significant structural perturbation in the S-sheet, associated with
an initial reorientation of a highly conserved glutamine residue, with subsequent unfolding
of the Ja-helix.1% 23-24 Using step scan FTIR, Heberle and co-workers observed distinct
phases in the LOV domain temporal response to formation of Azgg, ranging from
microseconds to several milliseconds.25-26 Other relevant time resolved studies of LOV
domains include IR studies on the picosecond timescale and electronic spectroscopy on the
femtosecond to nanosecond time domain, which resolved triplet formation and decay.14: 27
These have very recently been complemented by studies extending to the microsecond time
domain through electronic and infra-red spectroscopy.28-2% Kutta et al. showed that
formation of Asgg occurs without a kinetically resolved intermediate,28 while Konold et al.
showed that adduct formation occurs in microseconds and is followed by slower kinetics,
assigned to unfolding of the Ja-helix in 200 microseconds.2? Uniquely, the TRMPS method
enables the entire photocycle to be visualized in one experiment with very high signal-to-
noise. Interrogation of TRMPS data using isotope-labelling and site-directed mutagenesis
then enables the mechanism of photoactivation to be delineated in unprecedented detail.

Experimental

Time Resolved Multiple Probe Spectroscopy (TRMPS) Measurements

The femtosecond to millisecond time resolved infra-red (TRIR) data were recorded using the
time resolved multiple probe spectroscopy (TRMPS) apparatus recently developed at the
Central Laser Facility. This has been described in detail elsewhere,22 but essentially allows
the measurement of high signal-to-noise (<10 pOD) IR difference spectra with <100 fs time
resolution at delay times between 100 fs and 1 ms after electronic excitation of the sample.
The apparatus uses a combination of optical and electronic delays to cover the complete time
range. In the present experiments excitation was by an OPA, pumped by an amplified
Ti:Sapphire laser operating at 1 kHz, delivering 450 nm pulses of < 1 pJ energy and 100 fs
duration at the sample, focused to a 100 um spot size; spectra and kinetics were measured to
be independent of excitation energy in this regime. This excitation source was synchronised
with a 10 kHz amplified Ti:Sapphire laser, which pumps optical parametric amplifiers, the
output of which is mixed to generate the broadband IR pulses used as the probe. The TRIR
spectra are collected by multiplex measurements such that 10 spectra are acquired for each
excitation pulse. The samples (all at a concentration of 1-2 mM) were contained in a 50 um
pathlength flow cell, which was itself rastered in the beam such that a fresh sample was
illuminated by each excitation pulse and the entire sample volume was exchanged in each
raster cycle. The temperature was 295 K. Experimental data are shown in Figure 2 and 3.
These data were reproducible over multiple samples prepared in two labs (USA and
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Germany). The reproducibility of the analysis is reported in Supplementary Table 1. Data
used to generate the figures shown is available from the corresponding authors.

Sample Preparation

(i) Wild-type AsLOV2 Expression and Purification—The codon optimized gene
encoding C-terminal LOV2 domain of Avena sativa phototropin 1 (commonly referred to as
AsLOV?2) containing residues 404-546 was sub-cloned into pET15b vector using pTrixEx-
mCherry-PA-RAC1-T17N as a template. Ncol and BamH] restriction sites were used
including N-terminal 6x-His tag in the construct. The resulting plasmid was transformed into
BL21 (DE3) E. coli cells for protein expression and a single colony was used to inoculate a
10 mL culture of LB media supplemented with ampicillin (Amp) at 200pg/mL. After
incubating the culture at 37 °C and 250 rpm overnight, it was used to inoculate 1 L of 2x
YT/Amp media in a 4 L flask. The 4 L flask was shaken at 37 °C and 250 rpm until the
ODgqg reached ~0.8. The temperature was decreased to 20 °C followed by addition of 0.8
mM IPTG to induce protein expression overnight (~16 h) in the dark. Cells were harvested
by centrifugation at 4 °C and 5000 rpm and stored at -20 °C.

The cell pellet resulting from a 1 L culture was thawed and resuspended in 40 mL of buffer
A (20mM Tris, 150mM NaCl pH 8.0) supplemented with 200 uL of the protease inhibitor,
phenylmethanesulphonylfluoride (PMSF; 50 mM stock solution in ethanol), and 14 uL of p-
mercaptoethanol. The cells were then lysed using a high-pressure cell disruptor (Constant
Systems, Model E1061) at 30 kpsi with the pressure cell temperature controlled at 4 °C. Cell
debris was removed by centrifugation (40,000 rpm for 90 min). The supernatant was
incubated with FMN (0.25 mg/mL) for ~30 min on ice and in the dark to ensure a
homogeneous population of protein bound chromophore followed by loading it onto a
column with Ni-NTA resin previously equilibrated with buffer A. The column was washed
with buffer A containing increasing concentrations of imidazole (0 mM, 10 mM and 20 mM)
until AsLOV?2 eluted at 250 mM imidazole. The protein was dialyzed overnight against
buffer A and its purity was assessed by SDS-PAGE. In order to exchange the protein into
D,0, AsLOV2 samples were frozen in liquid N», lyophilized overnight, and re-dissolved in
D,0. The cycle was repeated twice after which the protein at concentration of about 100 uM
was equilibrated in D,O buffer for at least a week to ensure full exchange of all protons.

(ii) Preparation of AsLOV2 Q513A, Q513L, and C450V mutants—Site-directed
mutagenesis was used to introduce Q513A, Q513L, and C450V mutations into a plasmid
carrying the gene for AsLOV?2 (residues 404-546 in pet15b vector) using the following
primers:

Q513A
5-TAC TTT ATT GGG GTT GCG TTG GAT GGA ACT GAG-3" (forward)
5/-CTC AGT TCC ATC CAA CGC AAC CCC AAT AAA GTA-3" (reverse)
Q513L

5 -TAC TTT ATT GGG GTT CTG TTG GAT GGA ACT GAG-3’ (forward)

J Phys Chem B. Author manuscript; available in PMC 2018 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gil et al.

Page 5
5'-CTC AGT TCC ATC CAA CAG AAC CCC AAT AAA GTA-3’ (reverse)
C450V
5’-ATT TTG GGA AGA AAC GTG AGG TTT CTA CAA GGT-3" (forward)
5’-ACC TTG TAG AAA CCT CAC GTT TCT TCC CAA AAT-3" (reverse)

After verifying the sequence of the constructs (AsLOV2 Q513A, AsLOV2 Q513L, and
AsLOV2 C450V), protein expression and purification was performed as described for wild
type AsLOV2.

(iii) Isotopic Labeling of AsLOV2

Reagents: [2-13C;] Riboflavin and [4,10a-13C,] riboflavin were prepared by the procedure
of Tishler et al..30 [U-13C4] Riboflavin was produced by biotransformation of [U-13Cg]
glucose.31

Preparation of AsLOV2 Isotopologues: 13C-Labeled protein samples were produced using
a recombinant Escherichia coli strain that contained a plasmid directing the low-level
expression of a bacterial riboflavin transporter32 and with a second plasmid directing the
high-level expression of AsLOV2. For the production of proteins carrying labelled FMN, the
strain was cultured with a supplement (7 mg L) of 13C-labeled riboflavin. For the
production of [apoprotein-U-13C]-AsLOV?2, the recombinant £. coli strain was grown with
[U13Cg] glucose as the exclusive carbon source; unlabelled riboflavin was added to the
culture medium at a concentration of 7 mg L1, Isotopolog replacement is achieved with a
purity greater than 95% in this method32 and no 12C labelled flavins were detected in mass
spectrometry.

Steady-State FTIR Spectroscopy

Light minus dark IR spectra of wild type AsLOV2 and multiple isotopically labeled samples
were obtained on a Vertex 80v (Bruker) FTIR spectrometer with 1 cm™! resolution. Eighty
pL of 1-2 mM protein sample in D,0O buffer (20mM Tris, 150mM NaCl pD 8.0) was placed
between two CaF, windows with a 50 pm spacer and into a Harrick cell for the
measurement. The light adapted state was generated by 3 min irradiation using a 460 nm
high power mounted LED (Prizmatix, Ltd.) placed in the sample compartment and focused
onto the cell using an objective. The temperature of the sample holder was controlled using a
circulating water bath and data were acquired at 20 °C.

UV-Vis Spectroscopy

Absorption spectra of all protein samples were obtained using a UV-Vis spectrometer (Cary
100 Bio) at 20 °C. The concentration of the protein samples was kept at around 80 UM in
either HyO or D0 buffer (20mM Tris, 150mM NaCl pH/D 8.0). Dark-adapted spectra were
obtained first and then in order to acquire a light state spectra, samples were illuminated
with ~500 mW in approx. 1 cm? of 455 nm light (20 nm bandwidth) for about 1 minute.
Recovery of the dark state from the light state was measured with scanning kinetics followed
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by plotting the change in the absorbance at 447 nm over time and fitting to a single
exponential decay equation.

Data Analysis Methods: Global Analysis

All measured time resolved spectra were subject to global analysis (GA). The GA procedure
simultaneously fits Kinetic traces at all measured wavenumbers to a sum of exponential
decays convoluted with the instrument response function (IRF). The simplest forms of GA
use models with a number of components, either decaying in parallel, which results in decay
associated spectra (DAS), or in a sequential manner, which results in evolution associated
spectra (EAS). The DAS represent estimated spectral amplitudes of each kinetic component.
In most cases DAS are a pure mathematical decomposition of the data that do not represent
real physical/chemical species. The EAS represent the evolution of the spectra in time but
also do not necessarily represent real physical/chemical species. In more advanced forms of
GA full kinetic model may be applied (e.g. Fig. S2, see below) and in that case each
microscopic rate constant represents the transfer of one state/species into another, or the
decay to the ground state. The spectra estimated from such analyses are called species
associated spectra (SAS) and are assumed to represent the pure physical/chemical state/
species in the kinetic model. However, the estimated SAS depend strongly on the adequacy
of the applied model, and whether or not the different species can be kinetically or spectrally
estimated. The global and target analysis in the present paper was performed using the free
and open source program Glotaran33. In most cases we report the results of data which were
well fit by the sequential model yielding EAS, although some SAS analyses were attempted
these proved less satisfactory and physically less meaningful (See Fig. S2 and associated
discussion). The results of the individual analyses are given in Table S1.

Results and Discussion

Kinetics of the LOV Photocycle

Fig. 2 shows experimental TRIR data for AsLOV?2 in deuterated buffer. Fig. 2A shows
spectra recorded 2 ps, 50 ns and 100 ps after excitation, compared with the cognate 2 ps and
50 ns TRIR spectra for FMN in D,0. Fig. 2B compares the 100 ps TRIR spectrum with the
steady state (light minus dark) FTIR difference spectrum of AsLOV2. Fig. 2C shows the
complete temporal evolution of the TRIR spectra of AsLOV2, with #= 0 defined as
excitation of the isoalloxazine chromophore by a 450 nm sub-100 fs ‘pump’ pulse. The
TRIR difference spectra comprise negative and positive bands (Fig. 2A). The negative bands
(bleaches) are associated with depletion of the isoalloxazine singlet ground state, or with
changes in the vibrational spectrum of the surrounding protein occurring instantaneously (as
a result of chromophore excitation) or as a result of subsequent structural dynamics. The
positive bands (transient absorptions) arise due to vibrations of the electronically excited
states of isoalloxazine, to amino acid modes perturbed by electronic excitation or to
vibrational modes of products formed following excitation.

Fig. 2A shows marked differences between TRIR spectra of aqueous FMN and AsLOV?2,
with the latter revealing much richer structure in the 1600 — 1750 cm™1 region. The
vibrational spectrum of FMN itself has been assigned;3*-36 the bleaches at 1660 cm™! and
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1700 cm (Fig. 2A) are associated with C=0 vibrations of isoalloxazine, which comprise a
coupled pair with the higher wavenumber mode more localized on C4=0 and the lower on
C2=0. The next two bleaches at lower wavenumber (1630, 1585 cm™1) are ring modes with
significant C4aN5 stretch contributions, and the most intense bleach (1550 cm™) is a
C10aN1 dominated mode.34-36 The three transient absorptions (1385, 1430, 1615 cm™) in
the 2 ps spectrum are due to vibrations of the FMN singlet excited state, LFMN*,
Significantly, two additional bleaches are well resolved in the 2 ps spectrum of AsLOV?2 (at
1690 and 1670 cm™1), which must arise from vibrational modes of amino acids interacting
with the chromophore. Their appearance in the earliest difference spectra indicates that the
amino acid/chromophore interaction is modified instantaneously (within the 100 fs time
resolution) by electronic excitation. We suggest that changes in electron density distribution
between ground and excited states modify the strength of H-bonds, modifying in-turn
amplitudes and frequencies of the vibrational modes of adjacent amino acid residues.3”

As IFMN* decays, the triplet state ((FMN) is formed (the 1438 and 1488 cm™! transients in
the 50 ns spectrum are characteristic), which then reacts with C450 to form the Azgg
adduct.1® The 100 zs TRIR spectrum (Fig. 2B) is profoundly different to that at 2 ps, as
expected for formation of the chemically distinct Azgo.28 Finally, comparison with the
steady state IR difference spectrum (Fig. 2B) shows that while many important changes in
the photocycle occurred within the first 100 ps, further evolution occurs on a longer
timescale, most notably near 1640 cm™! (see below and ref. 26). Fig. 2C shows the complete
temporal evolution during the LOV photocycle. These data are consistent with the
mechanism proposed through studies of electronic spectra;2 14 28, 38-39 Ip\N*
(characteristic transients shifted to 1378 and 1415 cm in the protein) decays in
nanoseconds to form 3FMN (characterized by growth of transient absorption at 1438 and
1488 cm™1) which then reacts in microseconds to form Agzgp.

The evolution in vibrational spectra provides insight into structural changes in the protein
required to understand formation of the signaling state. The changes in vibrational spectra
between singlet and triplet are mainly associated with the chromophore, while bleaches
associated with perturbed amino acid residues (e.g. the previously noted 1670 and 1690
cm1) are unaltered. In contrast, there are large changes in both chromophore and protein
amino acid modes upon adduct formation, consistent with a major structural transformation.
Changes include new bleaches at 1625 and 1650 cm™! and three transients at 1640, 1665 and
1722 cm™L, with several smaller changes in the 1400 — 1600 cm range (Fig. 2A). The Asgg
formation, characterized by these new vibrational modes, is not seen in the C450V mutant,
where instead the triplet lifetime is greatly extended; this is consistent with Azgq arising
from a reaction between 3FMN and C450 (mutant data are discussed further below).

The TRIR measurement in Fig. 2C was repeated for the U-13C labelled apoprotein of
AsLOV?2 loaded with unlabelled FMN (designated [apoprotein-13C]-AsLOV?2) and for
AsLOV?2 with unlabeled apoprotein reconstituted with [2-13C4]-, [4,10a-13C,]- or
[U-13C47]-FMN (Fig. 3); the isotope shifts are discussed in the next section. Separate global
analyses of all five of these samples in terms of an unbranched sequential kinetics model
required the same number of time constants which were the same within experimental error
(the global analysis procedures are presented in methods below and the results from the five
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separate analyses in SI Table S1). Significantly, these separate analyses of wild type protein
all required two steps in the photocycle associated with the 3SFMN to Aggg reaction. The
absence of a kinetic isotope effect allows a parallel global analysis of all five data sets for
enhanced precision in the time constants (Fig. 4, Table 1). This reveals that 3FMN is formed
from IFMN* in 2.4 ns. The 3FMN then relaxes in an apparent two-step fashion with time
constants of 9.5 ps and 17 ps to form Aggg (the quality of fit data showing the requirement
for a second component are included in Figure S2). The evolution associated spectra (EAS,
see methods) at 9.5 pis contains vibrational modes characteristic of both 3FMN and Asgp.
This requirement for an additional component between 3FMN and Azqq does not therefore
indicate resolution of any chemically distinct intermediate. The mechanism of formation of
Aggg has been discussed in terms of initial H atom or proton/electron transfer steps, or a
concerted mechanism.3? Either intermediate species would yield distinct signatures in
TRIR,% which are not observed; the 9 ps EAS only has features of 3FMN and Agzgg, not of
any new modes. The absence of an observable intermediate suggests that the rate
determining step in Asgo formation is the initial reaction between C450 and 3FMN, with any

subsequent steps occurring on the submicrosecond timescale; this is in accord with Kutta et
al.28

Two related non-sequential models of the two-step kinetics for 3SFMN to Asgp Were
considered. One invokes different pathways from SFMN to Aggq, associated with distinct
orientations of C450. This is plausible, based on the observation of two orientations of C450
in the crystal structure.1’ However, a global fit to this model resulted in very different EAS
for the two fundamentally similar 3FMN states, which is unrealistic (Fig. S2). The extreme
form of this model is that one C450 orientation does not lead to reaction at all, but returns to
the ground state. In this case the 9.5 us component recovered is too fast for decay of an
unquenched triplet state (especially in the light of the very long lived 3FMN resolved in
C450V, Table 1). Thus, the sequential model provides the best description of the data.

As noted above, the 9 us EAS has features of both 3FMN and Aszqgg (Fig. 4). Specifically,
among Aszgp modes the 1722 cm™ C4=0 transient (see below for assignment) appears in
both 9.5 and 17 ps EAS, while the 1540 cm™1 transient is only fully developed in the 17 ps
EAS. The 1665 cm™! transient, which comprises both FMN and protein contributions, and
the 1625 cm™® protein bleach both have very different amplitudes in the two EAS (Fig. S3).
From this mixed character we suggest that these two EAS should not be interpreted as
reflecting two distinct Kinetic steps involving an additional intermediate state, but rather as
averaged spectra representative of multistep or dispersive kinetics leading from 3FMN to
Aggg. Dispersive kinetics are a feature of protein folding dynamics, and arise naturally from
roughness in an energy landscape.#! The present data may be interpreted with a similar
model, but now applied to the dynamics of sub-millisecond optically induced
conformational change. Thus, we assign the dispersive kinetics to a model in which the
protein structure visits multiple metastable trap states on an energetically downhill pathway
to the relaxed Asqq state.*! We note that step scan FTIR data also revealed two-state adduct
kinetics (20 ps and 52 ms, the former being in good agreement with the 17 ps resolved
here).26 These data then point to a very wide range of kinetics in the AsLOV2 photocycle, to
be probed further here by isotope labelling.
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Isotope Labelled AsLOV2

In addition to [apoprotein-13C]-AsLOV2, obtained by growing the recombinant £. coli strain
with [U-13Cg] glucose and unlabelled riboflavin, protein samples carrying 13C-labels of the
FMN chromophore were obtained by in vivo loading of a recombinant Escherichia coli
strain with 13C isotopologues of riboflavin affording [2-13C4]-AsLOV2, [4,10a-13C,]-
AsLOV?2 and [U-13C17]-AsLOV2 (details are presented in methods below). Fig. 3 shows the
experimental data for each sample. Qualitatively the evolution from IFMN*—3FMN—Azq
is apparent in Fig 3 A-D, with transient signals at 1380 cm™! decaying to a transient at 1438
cm L and, after 10 ps the appearance of three transients characteristic of Azgg. The data for
[U-13C47]-FMN are more perturbed but show the same qualitative trend and kinetics (Table
S1). There are striking differences between Fig 3A and B revealing a key role for protein
modes in the TRIR data, while Fig. 3C-E allow better discrimination of chromophore modes
from modes of the perturbed protein backbone. However, these comparisons are best made
on the basis of the EAS (Fig. 4).

EAS from the global kinetic analysis of the complete TRIR data for wild type AsLOV?2 are
shown in Fig. 4A, while in Figs 4 B-E the wild type EAS are compared with the four
isotopically labelled samples. The comparison with [apoprotein-13C]-AsLOV2 (Fig 4B)
resolves contributions to the TRIR spectra of vibrational modes associated with the
chromophore from those due to surrounding amino acid residues perturbed by electronic
excitation. The first EAS is associated with IFMN*. The major changes induced by 13C
exchange occur above 1600 cmt, which confirms the contribution of amino acid modes in
that region, in addition to the expected two FMN C=0 mode contributions°. In particular,
the 1690 and 1670 cm! bleaches are downshifted in [apoprotein-13C]-AsLOV2 to merge
with and contribute to the intense 1645(-)/1618(+) pair, which overlaps the 1615 cm™1
isoalloxazine transient absorption. Further these modes are present in Figs 4C and D, so they
must therefore be of amino acid rather than isoalloxazine origin. In contrast, modes below
1600 cm! are unshifted in the first EAS in Fig 4B and barely shifted in 4C and D,
demonstrating that they are dominated by isoalloxazine vibrations; the larger perturbation of
these transitions at lower wavenumber in Fig 4E suggests that they arise from ring modes of
isoalloxazine. The peak at 1705 cm1 which is unshifted in 4B, C is the C4=0 localised
isoalloxazine mode (confirmed by the shift [4,10a-13C,]-AsLOV2, Fig, 4D). The downshift
of the 1670 cm™L protein mode suggests that the expected isoalloxazine C2=0 mode (see
Fig. 2A) in AsLOV2 must have been obscured by it; as a check, polarization resolved
experiments were performed which indeed reveal the wild type 1670 cm™! mode to be
composite (Fig S4). Thus, we assign the shoulder seen at 1660 cm™ in wild type, and
revealed unshifted in the [apoprotein-13C]-AsLOV2 EAS, to the C2=0 localized
isoalloxazine mode which is supported by the [2-13C]-AsLOV?2, data Fig. 3C.

The major contributions from perturbed amino acid modes occur at wavenumber >1660
cm1, which is too high to be assigned to amide I vibrations, so the most plausible
assignment for the 1690 and 1670 cm™1 bleaches is to carbonyl containing sidechains which
interact with isoalloxazine. The X-ray structure of AsLOV2 (Fig. 1) suggests a prime
candidate to be the conserved glutamine residue, Q513 (Fig. 1), which had already been
proposed to be involved in triggering protein structure change.19: 42
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The second EAS reflects formation of 3FMN. The main changes are associated with
isoalloxazine transient absorptions, with negligible changes in modes >1600 cm1; the amino
acid modes perturbed on electronic excitation are unaffected by intersystem crossing (Figs
3,4). The first phase of the reaction between 3FMN and the adjacent C450 to form Asqg is
characterized by spectral evolution from the second to third EAS. The latter comprises both
triplet modes (1438, 1488 cm1) and modes associated with formation of the final Azqq state.
As discussed above this mixed character is assigned to a spectroscopic manifestation of
underlying dispersive kinetics. A transient at 1722 cm™L unshifted in [apoprotein-13C]-
AsLOV?2 (Fig 4B) but absent in 4E, is assigned to the C4=0 mode of Aszgg, the increase in
frequency results from a loss of conjugation, consistent with the observed blue shift in
electronic spectra.13 The protein bleach at 1690 cm™ observed in the first EAS is unshifted
by formation of Azqg, while that at 1670 cm™1 is now obscured by a new transient at 1665
cmL. This transient is present in [apoprotein-13C]-AsLOV2, suggesting it arises from Azqp.
Significantly, in the same EAS a new transient appears at 1638 cm™! with concomitant
bleaches at 1625 and 1652 cm™L. All three are uniformly shifted down in frequency in
[apoprotein-13C]-AsLOV2 (Fig. 4B), suggesting they arise from changes in the protein
structure induced as a result of Azgg formation. Thus the onset of Azgg formation already has
a large effect on the protein vibrational spectrum.

The second phase of Azgg formation is characterized by a 17 ps time constant and reveals
further evolution in the distribution of the higher wavenumber protein modes, most notably a
strongly increasing bleach at 1625 cmL. These kinetics show that evolution in the protein
structure occurs on the microsecond timescale, while the wavenumber (1625 cm™1) suggests
assignment to a structural perturbation of a g—sheet amide | mode (which are observed in the
1615 — 1645 cmL range in D,0 43); this is consistent with the simulations of Peter et al. who
report that Aggg formation leads to reorganisation of Q513 which transmits stress to adjacent
[strands.*2 These changes in protein structure are accompanied by formation of a new
transient at 1540 cm! near to the intense 1550 cm™1 isoalloxazine bleach; this transient is of
mixed character, showing a small shape change on [apoprotein-13C] substitution, while the
TRIR of three samples with 13C labelled flavin cofactors (Fig. 4C-E) confirm it is associated
with Aggg formation. This is consistent with changes in protein structure and Azgp formation
occurring simultaneously, reflecting dispersive kinetics.

The comparison of TRIR and FTIR data in Fig. 2B pointed to continued spectral evolution
on a longer (hundreds of microseconds) timescale. Such a long time constant cannot be
determined accurately using kHz repetition rate apparatus, because the sample must be
rastered and flowed (see on-line methods) and so necessarily replaced on this slow
timescale. However, such sample replacement will affect all modes in the same way, so by
normalising TRIR spectra to a characteristic chromophore mode which remains constant
after Aggg formation, the slow evolution can be visualised. The result is shown in Fig. 5
where data beyond 100 ps were normalised to the adduct 1552 cm bleach. There is clearly
continuing evolution in protein amino acid modes on the hundreds of microsecond
timescale, while the 1722 cm™ Azqq isoalloxazine C4=0 mode remains, as expected,
unaltered. The largest change is at 1640 cm™1, where relaxation at 100 ps was incomplete
(Fig. 2B) — this probably reflects relaxation in an a-helix backbone (typically around 1650
cm143). There is also a smaller but significant evolution at 1672 cm-L. Interestingly, the
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strong bleach seen in the steady state FTIR difference spectrum at 1645 cm™! (Fig. 2B) is not
recovered within one millisecond, which points to ongoing structural relaxation on longer
timescales, consistent with the observations of Pfeiffer et al.28 The observations of a series
of ever slower kinetics following decay of 3FMN is characteristic of hierarchical relaxation
dynamics in the protein structure stimulated by Azgg formation.

Mutants of AsLOV2

C450 is essential for adduct formation through its reaction with 3SFMN 2 13 while Q513
reorganisation is believed critical in initiating the broader structure change in the

protein 1944 Mutation at these residues thus probes the AsLOV?2 photocycle mechanism.
The most significant EAS recovered from the analysis are shown in Fig. 6 and in more detail
in Fig. S5.

Asgp adduct formation is not possible in the C450V mutant protein, and instead the triplet
lifetime is greatly extended (Table 1). Significantly, this mutation alters the TRIR spectrum
of protein modes perturbed by electronic excitation. Most notably the 1670 cm protein
bleach (Fig 2-4) is suppressed or shifted in C450V (Fig. 6). The AsLOV2 structure (Fig. 1)
shows that the cysteine sits ca4 A above the isoalloxazine ring, and thus does not appear to
be involved directly in the H-bonding network around FMN.? However, these TRIR data
(Figs. 6, S5) show that it plays a role in the extended H-bond network. On the other hand,
neither the FMN modes nor the 1690 cm™ amino acid mode are modified in C450V (Fig. 6)
and the only time dependence is the sequential appearance and decay of 3FMN (Table 1, Fig.
S5).

The Q513A mutation replaces the glutamine involved in the H-bond network around the
isoalloxazine chromophore with a small nonpolar non-H-bonding sidechain. In this case
Aggg is formed but the photocycle kinetics and associated EAS are modified. We also
studied Q513L, which had a near identical effect on the TRIR spectra to Q513A, but,
surprisingly, quite different 3FMN to Asgg Kinetics, with the reaction in Q513L being almost
twice as fast as in Q513A (Fig. S6). We propose that changes in steric interactions with the
larger nonpolar leucine sidechain caused cysteine 450 to move closer to the isoalloxazine
ring; covalent bond formation (whatever the mechanism) is expected to be very distance
dependent. Most significantly, in Q513A the 1640 cm™® protein mode in Azgg has developed
to a much lesser extent than in wild type AsLOV2 within the first 100 ps (Fig. 6). Further,
the slower structural evolution seen in AsSLOV?2 at 1640 cm™! (Fig. 5) and assigned to
changes in a-helix amide | modes, is absent in Q513A (Fig. S7).

The Q513A mutation causes major changes in the first EAS (Fig. 6). As noted by Nozaki et
al.19 the FMN C4=0 bleach shifts up from 1705 to 1720 cm™! indicating a weaker H-
bonding interaction between FMN carbonyl and adjacent amino acid residues, consistent
with the structure (Fig. 1) which shows C4=0 H-bonded to Q513 and N482. Significantly,
both perturbed amino acid modes identified at 1690 and 1670 cm! are absent in Q513A,
proving that their origin lies in the strong coupling between the isoalloxazine ring and the H-
bonding network, mediated by Q513. We propose that perturbation of the H-bonding
environment around the isoalloxazine ring on electronic excitation arises from a change in
electron density between Sy and S;. Such a change would modify H-bond strengths, giving
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rise to the instantaneous perturbation observed (Figs. 2, 6). We note that a similar
instantaneous change was observed in a Blue Light Using Flavin (BLUF) domain protein, in
which glutamine reorganisation is also proposed to be a key step in signalling state
formation.3 In that case the effect of electronic excitation has been discussed in terms of
light induced structure change in the glutamine.#5-50 Evidence that changes in isoalloxazine
electronic structure can lead to optically induced changes in its interaction with its protein
environment have also been reported in the calculations and Stark shift measurements of
Kodali et al.>1 A similar mechanism could operate in AsSLOV2, with electronic excitation
modifying the H-bond environment prior to Azgg formation.

Conclusion

Structural evolution in AsSLOV2 from 0.1 ps to 1 ms after absorption of a photon has been
probed using high signal-to-noise IR difference spectroscopy to study the protein, its
isotopologues, and two mutants. These data point to a detailed mechanism for signalling
state formation in AsLOV2, summarized in Fig. 7. Electronic excitation leads directly (<1
ps) to changes in the strength of H-bonded interactions between isoalloxazine and its
immediate environment. A key interaction is with Q513 but other residues are involved and
affected by electronic excitation, suggesting an extensive H-bond network is perturbed by
isoalloxazine excitation. The singlet excited state decays in hanoseconds to 3FMN, which
undergoes reaction with an adjacent C450 residue. The evolution from the SFMN to Aggg in
AsLOV2 occasions extensive perturbation to protein spectra, most likely occurring in g
sheet structures, and reveals dispersive kinetics on the 1 - 20 ps timescale, with structure
change in the chromophore proceeding in parallel with the earliest changes in protein
structure. Simulations suggest that important structural evolution can occur within
nanoseconds of Azgg formation, which is consistent with the present data, although the
changes observed hereextend over a wide time-range.*2 In Q513A the reaction with C450
occurs, but changes in TRIR spectra arising from perturbation to the protein structure are
less extensive, and crucially do not evolve beyond 100 ps. In contrast spectral evolution in
wild type AsLOV?2 reveals structural changes occurring out to 1 ms (Fig. 4) and beyond.26
These slower timescale dynamics are suggested to arise from changes in secondary structure
of the protein, ascribed to a-helix structures, ultimately leading to signalling state formation.
Thus, the present high signal-to-noise measurements yield an accurate picture of LOV
domain Kinetics and connect the very earliest dynamics to steady state experiments,
providing a detailed characterisation of signalling state formation in LOV domain proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of the AsLOV2 domain
A. The Flavin cofactor is shown bound to the S-sheet (olive) with the Ja-helix in yellow. B.

Details of the H-bonding network surrounding FMN.
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Figure 2. TRIR difference spectra of AsLOV2 between 1 ps and 100 ps
A. Upper panel, the experimental TRIR spectra for FMN in buffer at 2 ps (black) and 50 ns

(red) compared (lower panel) with key stages in the AsLOV2 photocycle (2 ps; red, 50 ns;
blue, 100 ps; green). 2B. The 100 ps TRIR spectrum of AsLOV2 compared with the steady
state FTIR difference spectrum recorded after continuous irradiation. C. A 2D a red-blue
‘heatmap’ representation of the complete TRIR data showing three distinct regions ascribed
to singlet, triplet and adduct. Yellow — red indicates a transient absorption, blue a bleach.
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Figure 3. Experimental TRIR data for AsLOV2 and Four Isotopologues
A. Wild Type AsLOV?2 (see also Figure 2). B. [apoprotein-13C]-AsLOV2. C. [2-13C]-FMN,

D. [4,10a-13C5]-FMN, E. [U-13C17]-FMN. The data are shown as heat maps (blue for
bleach, red for transient absorption) with a logarithmic timescale, where the evolution from
singlet to triplet to Azgq is clear and the experimentally observed changes resulting from
isotope labelling are apparent.
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Figure 4. EAS from Analysis of TRIR of AsLOV2 and Isotopologues
The EAS for the sequential kinetics model 1FMN*—3FMN-—3FMN/A390—Azgo. A Wild

Type AsLOV2, with wavenumber labels used in text shown. In each subsequent pane the
wild Type EAS are compared with the isotopologue. B. [apoprotein-13C]-AsLOV2, C.
[2-13C]-FMN, D. [4,10a-13C,]-FMN, E. [U-13C17]-FMN.
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Figure 5. Long Time Apoprotein Structural Evolution
Evolution of the 1540 cm normalised TRIR spectra measured for hundreds of

microseconds after adduct formation, showing continued evolution in the protein structure.
Kinetics at key wavenumbers are shown as an inset. Irregular spacing of data points in the
inset reflects collection of more data at early time and the multiplex nature of the TRMPS

experiment.22
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Figure 6. EAS for C450V and Q513A

1700 1800

The EAS for three key steps in the LOV photocycle for AsLOV2 and the two mutants

studied.
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Figure 7. Proposed Photocycle for AsLOV2
The earliest TRIR data show the protein modes (reported in Fig. 2-4) are a result of

instantaneous perturbation (< 100 fs), consistent with changes in H-bond strength rather than
protein conformation. The singlet state in that perturbed environment (AFMN*T) relaxes to a
triplet, (FMNT), which in C450V can only relax back to the ground state. In AsSLOV?2 the
pathway to Asgg is dispersive (indicated by the mixed character of the 3SFMN/Agzqq recovered
in the EAS). On a longer time scale Asgg relaxes directly back to the ground state in Q513A,
while wild type AsLOV2 undergoes further structural evolution on the hundreds of ps
timescale leading to signalling state (SIG) formation.
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Time constants resulting from global fits2

Gil etal.
AsLOV2 | z/ns | mlus | zlus | z/us
wrb 24 |95 [17 [ >500
Q513A 2.1 5 16 >500
Q513L 1.8 4.7 c >500
casov? | 35 | 003 | 98

a .
Accuracy of all time constants better than £5%.

b ) .
Results from a parallel fit to 5 isotopologues.

5
Second component not detected,

d . ] . . . .
Second fast component required to fit the data, suggesting departure from exponential relaxation at early time.
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