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Abstract

We present time-resolved Gd-Gd electron paramagnetic

resonance (TiGGER) at 240 GHz for tracking inter-residue

distance during a protein’s mechanical cycle in solution

state using Gd-sTPATCN spin labels. Gd-sTPATCN has a

variety of favorable qualities that include a spin-7/2 EPR-

active electron, a short linker, a narrow intrinsic linewidth,

and virtually no anisotropy at high magnetic fields (8.6 T)

when compared to nitroxide spin labels. Using TiGGER,

we were able to determine that upon light activation, the

Jα-helix and N-terminal of AsLOV2 separate in less than

1 s and relax back to equilibrium in approximately 60 s.

We observed decoupling of the light activated photocy-

cle from the long-range mechanical motions in Q513A-

mutated AsLOV2 by comparing TiGGER data to time-

resolved UV-Vis spectra. Our results suggest that TiG-

GER has the potential to become a valuable tool for the

study of triggered functional dynamics in proteins that is

complementary to existing methods.

1 Introduction

Proteins are fundamental building blocks of life. Under-

standing their function is key to understanding biologi-

cal processes; this drive for understanding has resulted

in nearly 190000 protein structures being logged into the

Protein Data Base at the time of writing [1]. Most state-

of-the-art structural biology tools require the protein to

be immobilized (rapid freeze quench EPR, cryo-electron

microscopy, etc.) or mechanically inhibited (X-ray crystal-

lography) which may cause a significant amount of infor-

mation to be lost (e.g. time-dependence, environmental

effects, and pH effects) [2]. The thoroughness with which

static structures have been mapped leads one to begin

considering a functional “movie” – observing a number of

biologically relevant amino acid sites move in real time –

which can be combined to create a 3D rendition of site-

specific motion. A satisfactory and complete movie, for

the purpose of better understanding protein function and

motion, requires real-time, in vitro tracking.

Time-resolved IR spectroscopy is able to provide in-

formation about the temporally-varying vibrational modes

of constituent molecules, but lacks the ability to pro-

vide inter-residue distance information [3, 4]. In con-

trast, Förster resonance energy transfer (FRET) tracks

distance-mediated fluorescence and has been widely used

as a “spectroscopic ruler” to probe conformational dynam-

ics of macromolecules by measuring nanoscale distances

between two selective sites [5]. Though the physical mech-

anism elucidating distance is different, distance is “filmed”

in a similar way to the techniques presented in this paper.

Solution state NMR is another well-established method for

studying distances in proteins at physiological conditions,

but the smaller magnetic moment of the nuclear spin can

only resolve distances up to 20-25 Å. High resolution NMR

studies are often combined with lower resolution small an-

gle X-ray (SAXS) and neutron scattering (SANS) mea-

surements which can report on the overall dimension and

shape of a biomolecule, and can therefore provide a com-

bined holistic picture [6].

The biophysical method proposed in this paper comple-

ments these existing methodologies and yields qualitative,

time-dependent mechanical motion through time-resolved

Gd-Gd electron paramagnetic resonance (TiGGER) in a

class of proteins known as the Light, Oxygen, and Volt-

age family (LOV), which undergoes reversible structural

changes in response to stimulation. LOV proteins have
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been used as optogenetic actuators to establish light-

dependent control over various aspects of cellular func-

tion, but efficient actuator design requires an in-depth

understanding of site-specific and inter-site movements

in vitro, which cannot be adequately resolved with cur-

rent biophysical techniques [7–10]. A comprehensive pro-

tein LOV movie would, for example, contain time-resolved

secondary structure provided by trIR, high (Å)-definition

movement provided by tr X-ray crystallography, and more

natural, though lower definition, in vitro movement pro-

vided by FRET or high field Gd-Gd electron paramagnetic

resonance (EPR) (as described here). We chose to focus

specifically on a LOV protein from Avena sativa (AsLOV2)

because of intense interest in the community at large about

its potential as a genetically encoded molecular actuator

[11–14]. Furthermore, AsLOV2 serves as an ideal test can-

didate for the transient continuous wave (cw) EPR tech-

nique presented here due to significant movement of the

N-terminus away from the C-terminus upon light-activated

Jα helix unfolding, and due to the relative simplicity to ex-

cite it using 450 nm illumination [7, 11, 12] (see Fig. 1,

top).

Pioneering work of Steinhoff and Hubbell demonstrated

that cwEPR may be used to track site-specific structural

changes in proteins upon activation [15–17]. Such experi-

ments made use of highly anisotropic nitroxide-based labels

that provide extensive knowledge about the local environ-

ment that the spin label resides in. Label tumbling rate

informs an experimentalist about the rigidity of the spin

labeled residue in 3D space and mechanical activation of

a protein may alter this rigidity. Figure 1 (bottom row) is

an example of such an experiment, performed on AsLOV2

that is nitroxide labeled at surface site T406C or E537C:

steady-state lineshape changes caused by a change in spin

label tumbling rate (left) can be tracked as a function of

time as a result of protein activation (right). These ex-

periments are done in lifelike environments, but no infor-

mation about changes in spin-spin distance separation is

obtained, and hence no direct information about protein

movement can be inferred. Double electron-electron res-

onance (DEER), on the other hand, uses nitroxides (and

other labels) and can provide such distances, but requires

cryogenic temperatures and thus eliminates many of the

environmental effects on function [18].

Gd-sTPATCN is a high-spin (S = 7
2), isotropic spin la-

bel with a short tether [19] that enables the observation of

cryogenic and room temperature in vitro dipolar broaden-

ing due to its unique properties (see Figs. 2 and 3, bottom

left) [20]. The linewidth of singly-Gd-labeled (SL) AsLOV2

is approximately 4 G (11 MHz), while dipolar broadening is

ωdd(rAB = 3 nm) = 2π ∗ 1.1 MHz at a spin-spin distance
of 3 nm, and therefore observable broadening is expected

at this distance. Further, as shown in Clayton et al., the

high spin of Gd(III) increases dipolar sensitivity by increas-

ing the energy of coupling (see Eqn. 2) and therefore

increases the distance sensitivity accessible by TiGGER.

Specifically, the central transition of Gd(III), which dom-

inates the cwEPR spectrum at high field, is narrowed with

increasing B0 and thereby shows increased dipolar sensitiv-

ity with increasing B0. To first order in perturbation theory,

E
(1)
ZFS(−

1
2 →

1
2) = 0, which means that the second order

term E
(2)
ZFS(−

1
2 →

1
2) =

D2

gµBB0
becomes the leading order

contribution to linewidth, and hence is inversely propor-

tional to B0 [19, 21]. The favorable high-spin and narrow

linewidth properties of Gd labels have been extensively uti-

lized for cryogenic-temperature DEER measurements [22–

28]. This study extends the application of these charac-

teristics to achieve in vitro real-time transient dipolar EPR

spectroscopy.

We present TiGGER as a method for tracking spin-spin

distance-mediated dipolar coupling. A change of spin en-

vironment, be it tumbling rate or local interactions, can

be observed by change in the cwEPR lineshape. In or-

der to observe a change in dipolar broadening, other line-

broadening contributions must be sufficiently narrow and

spin-spin dipolar coupling must be large [31], as provided

by Gd-sTPATCN. We were able to make use of TiGGER to

extract the room-temperature mechanical relaxation time

of AsLOV2’s C-terminus relative to its N-terminus after

light-activation. These types of measurements are novel

and are inaccessible using the more widely used nitroxide

spin labels.

We selected residues 406 (N-terminus) and 537 (C-

terminus) for initial studies by side-directed mutagenesis

and spin labeling (SDSL) followed by transient cwEPR

[1, 12]. Numerical simulations on Multiscale Modeling of

Macromolecules (MMM) software (version 2018.2) show

that when crystallized, nitroxide-based MTSL labels at-

tached to residues 406 and 537 are ∼ 2.63 nm apart; it
is unknown for certain how this changes in the solution

state, but we expect it to remain similar (±0.4 nm) [32,
33]. In solution state, after light activation, the Jα-helix

unfolds and it is expected that sites 406 and 537 become

separated beyond the dipolar sensitivity of Gd-Gd cwEPR

(approx. 4 nm) [11, 12, 34].

Assuming contributions from the zero-field splitting

(ZFS) are negligible, a simple Hamiltonian that governs

our spin system is given by

H = HZ +Hdd =
∑
i=A,B

ωeiSzi + S̄A · ¯̄T · S̄B (1)

where the first term is the Zeeman term and the second

term is the dipolar interaction between pairs of spins. The

high field field approximation allows us to express the sec-

ond term as

Hdd = ω0dd
(
SAz S

B
z −

1

4

(
SA+S

B
− + S

A
−S
B
+

))
·
(
3 cos2 θd − 1

) (2)
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Figure 1: Photoresponse of AsLOV2. (top row) PYMOL-

generated [29] (version 2.x; PDB 2V1A [30]) struc-

ture demonstrating AsLOV2 structural change (dark-state

AsLOV2 shown left, lit-state AsLOV2 shown right) that

occurs after 450 nm illumination. The lit state residues

537 and 406 are marked green on red Jα-helix (C-terminal)

and orange N-terminal, respectively. (middle left) UV-

Vis absorption spectra of AsLOV2 T406C-E537C with

(dashed blue line) and without (solid black line) blue light

activation (Thorlabs, Inc. LIU470A). The gray line indi-

cates the wavelength at which the lifetime of the protein

was measured. (middle right) The lifetime of the pro-

tein (τ = 65.06 ± 0.03 s) after activation with blue light
was measured by recording the UV-Vis absorbance at 447

nm. (bottom left) cwEPR spectra of MTSL (a nitroxide-

based standard EPR spin label) labeled AsLOV2 at the

residues 537 and 406 at X-band. (bottom right) Tran-

sient X-band EPR demonstrating lack of effect of dou-

bly versus singly MTSL-labeled AsLOV2. Time constants

for the fits (dashed red lines) were τT406C = 70.1 ± 1.3
s, τE537C = 80.5 ± 0.6 s, τT406C−E537C = 66.2 ± 0.8 s.
Transient data (solid black lines) and their fits showed no

significant change in amplitude after light activation (solid

blue lines) between singly (SL) and doubly-labeled (DL)

samples. Field values used for time-dependent measure-

ments were 3475 G for T406C and 3476 G for E537C and

T406C-E537C. Experiments were completed at 294 K.

Figure 2: Site-directed spin labeling of AsLOV2 with

Gd-sTPATCN. (in gray) Enrichment of the doubly-labeled

AsLOV2 (DL T406C-E537C). The reaction products from

the spin-labeling of DL T406C-E537C is mixed with biotin-

maleimide and streptavidin-agarose. Non-fully labeled

AsLOV2 with free cysteine gets trapped in the column

with streptavidin-agarose and the fully labeled DL T406C-

E537C gets through the column. (bottom left) Compari-

son of 240 GHz cwEPR lineshapes of AsLOV2 singly (SL)

and doubly-labeled with Gd-sTPATCN. Lineshapes are nor-

malized to individual maxima in order to highlight dipolar

broadening of DL sample. Experiment was done at cryo-

genic temperatures to eliminate effects of motional aver-

aging. Solid black line, dashed red line, dotted blue line

correspond to AsLOV2 samples singly labeled at residue

537, singly labeled at residue 406, and DL at residue 537-

406, respectively.

where ω0dd =
µ0
4π

µ2bg1g2
h̄

1
r3AB
is the dipolar splitting caused by

one spin on another and θd is angle between ⃗rAB and the

applied field B0 [21, 34]. Hdd expresses the fields felt by
one spin, SA, due to another, SB, where a random distri-

bution of SB magnetic moments within the sample causes

a small shift to the applied field (Beff,A = B0 + Bdd) and

therefore an inhomogeneous broadening of the cwEPR res-

onance spectrum. Increasing the ensemble-averaged spin-

spin separation, rAB, reduces the dipolar contribution to

the spectrum and thereby narrows the cwEPR line. The

distance dependence of the dipolar coupling is commonly

applied in DEER to measure static inter-spin distance,

but may be extended to cwEPR for real-time tracking of

ensemble-averaged spin-spin separation, assuming, for ex-

ample, that HZFS, Hhyperfine, ... ≪ Hdd . An important
note about equation (2) is that it will average to zero with

fast tumbling [35]. Hence, the condition ωdd ∗ τ > 1,
where τ is the rotational correlation time, is a requirement

for observing dipolar broadening that is not averaged out

in solution state by cwEPR.
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2 Results

Following site-directed mutagenesis, the two sites, 406

and 537, were mutated to cysteine residues and spin-

labeling procedure was carried out to label these sites

(T406C and E537C) with nitroxide spin label (MTSL) (1-

Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl methane-

sulfonothioate) or Gd-sTPATCN.

To remove any AsLOV2 protein that was not fully la-

beled in the above steps, a method to enrich the amount

of doubly-labeled (DL) protein was devised (Fig. 2, gray).

For this purpose, spin-labeled preparation was further in-

cubated with 0.01 mg/mL maleimide-biotin stock solution

(prepared in 20 mM Tris-HCl 150 mM NaCl pH: 8.00) to

achieve a 1:1 molar ratio between AsLOV2 cysteines and

the maleimide-biotin. The mixture was incubated at room

temperature for 50 min to allow the maleimide-biotin to

react with any free (i.e., unlabeled) cysteines in AsLOV2.

Excess biotin-maleimide is not used in this step, so that

biotin-maleimide has limited interaction with the photo-

active cysteine. After incubation, the mixture was added

to a streptavidin agarose resin (Pierce®, Thermo Scien-
tific) to bind with biotinylated AsLOV2, thereby allowing

DL AsLOV2 proteins to be enriched in the flow-through.

(Fig. 2, gray). See demonstration of additional dipolar

broadening in DL-Gd-sTPATCN-AsLOV2 as a result of

enrichment in S.I. Fig. 1. The large DEER modulation

depth (∼0.4) observed at Q-band (34 GHz Bruker E580
ELEXSYS pulse EPR spectrometer equipped with a TWT

amplifier at 300 W) of the doubly-MTSL-labeled AsLOV2

indicated that we had sufficiently high labeling efficiency

(conservatively ∼ 80% of the protein are double-labeled,
as calculated from [36]) (see SI Fig. 4).

High-field EPR was carried out at UCSB’s Institute for

Terahertz Science and Technology (ITST). ITST’s home-

built EPR spectrometer consists of a 12.5 T field-swept

magnet (Oxford Instruments), 60 mW 240 GHz cw source,

and subharmonically mixed heterodyne receiver (Virginia

Diodes, Inc., Charlottesville, VA) that operates in induc-

tion mode and has been described in detail previously [20,

37]. A small offset of the recorded magnet field of approx-

imately 12 mT causes resonances shown in Figs. 2, 3 to

appear at 8.62 T, not 8.608 T as would be expected for Gd

labels with an isotropic g-value of 1.992 [38]. A 240 GHz

Gaussian beam was coupled by a corrugated waveguide

into the sample space, where liquid samples were loaded

into a 100 µm-thick, 2-by-6 mm borosilicate glass cap-

illary (VitroCom, Mountain Lakes, NJ) to maximize the

ratio of optical surface area to optical density [39]. Cap-

illaries were then placed on a Teflon® tape-covered, 7

mm wide, protected silver mirror. Field-swept EPR ex-

periments were done at first in the dark and then under

450 nm laser illumination. The laser produced 70 mW at

450 nm (Laser Components USA, Inc., Bedford, NH) and

was coupled into a fiber optic that carried approximately

15 mW to the sample space. Time-dependent experiments

were completed by continuously collecting field-modulated,

lock-in detected, cwEPR data as a function of time (60

ms time steps) and activating the laser light for 10 cycles

of 5 seconds on, 175 seconds off. The repetitions were

then averaged to reduce noise fluctuations (see SI section

2.1).

Using TiGGER, were able to observe EPR-detected

intra-molecular light activated mechanical movement

in AsLOV2 with time-dependent dipolar broadening of

Gd(III). Figure 3 (bottom left) demonstrates the effect

of dipolar broadening by spin labels placed at sites T406C

and E537C located in the N and C termini respectively (see

Fig. 1, top) [1]. As compared to singly labeled proteins

(Fig. 3, top row), where no light-activated change was

observed, the DL sample had significant field-swept line-

shape change. In Figure 3 (bottom right) transients, us-

ing TiGGER, the time-dependent changes caused by light

activation were elucidated. We observed a large time de-

pendent light activation (τactivate < 1 s) and relaxation in

the dark (τrelax = 51.9±0.3 s) in the DL sample, and little
to no change in either SL or C450A-modified DL sam-

ples (discussed below). The sensitivity to specifically DL

AsLOV2 means that we are explicitly measuring distance-

mediated dipolar coupling and not a change in tumbling

rate or sample temperature, for example.

To further confirm that we were explicitly measuring

a change in solution state mechanical distance, we com-

pleted UV-Vis, X-band, and cryogenic temperature cwEPR

measurements as comparisons. First, we expected that

UV-Vis decay lifetimes would be comparable to that of the

mechanical relaxation and used UV-Vis to confirm that the

protein was indeed photoswitching. UV-Vis data is shown

in Figure 1 (middle row): wavelength swept data of spin-

labeled proteins showed results similar to that in the lit-

erature [7, 40] and a decay constant (τ = 65.06 ± 0.03
s) similar to what was observed with TiGGER. Next, X-

band EPR (Fig. 1, bottom row) also gave similar time-

dependent results (top: τT406C = 70.1 ± 1.3 s, middle:
τE537C = 80.5±0.6 s, bottom: τT406C−E537C = 66.2±0.8
s) to that of TiGGER. However, the peak intensities of the

lineshape changes were unchanged between single and dou-

ble labeling, which means that the decay we observed was a

result of changing tumbling rate when the J-α and A-α he-

lices unfold, and not dipolar coupling. We confirmed that

TiGGER is measuring mechanical movement, and that it is

dipolar-mediated, proven by the large change between sin-

gle and DL samples. Finally, cryogenic temperature mea-

surements comparing singly and doubly-Gd-labeled sam-

ples were completed to confirm that dipolar broadening is

apparent when rotational averaging has been eliminated.

The results, shown in Figure 2 (bottom left) demonstrate

a broadening of singly labeled 7 G linewidth to DL 12 G
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and ensure that samples had multiple Gd-sTPATCN labels

within TiGGER’s distance sensitivity.

Further, similar high-field TiGGER experiments were

completed on DL AsLOV2 with an additional C450A mu-

tation. Previous studies have shown that mutation of

this conserved cysteine residue leads to complete inhibi-

tion of the photocycle and suppression of the associated

secondary structural changes [10, 41]. Our hfEPR exper-

iments on C450A DL AsLOV2 shows no field-swept or

time-dependent line shape changes and endorses these re-

sults (Fig. 3, bottom right and S.I. Fig. 8).

We also completed similar experiments of time-

dependent hfEPR on Q513A-mutated DL AsLOV2. This

glutamine residue (Q513) is located on the Iβ-sheet that

interacts with the Jα-helix and is also in the immediate

proximity of the chromophore binding site. It is suspected

that, upon light activation, this glutamine residue switches

its hydrogen bonding pattern with the chromophore and

plays a key role in transmission of stress to the Jα-helix,

which causes it to unfold [42, 43]. In order to elucidate the

role of Q513 in the unfolding of the Jα-helix, we mutated

the glutamine residue to an uncharged, non-polar amino

acid, alanine, and observed site-specific intra-molecular

mechanical movement in AsLOV2, across the same Gd

(III) sites T406C and E537C as used before. The Q513A

mutation slowed the kinetics of the chromophore photo-

cycle by a factor of 5.97 (τQ513A DL = 388.4 ± 0.5 s)
compared to the DL AsLOV2 (τDL = 65.0 ± 0.3 s) but
did not inhibit photoswitching (see Fig. 4, right). In fact,

the amplitude of change in UV-Vis absorption is similar be-

tween the wild type (referred to as DL for double labeling

across T406C-E537C) and the Q513A variant (referred

to as Q513A DL). This result is in agreement with previ-

ous UV-Vis photocycle kinetic studies on AsLOV2 Q513A

[12]. However, Q513A mutation completely eliminated

all hfEPR dipolar broadening effects and no field-swept

nor time-dependent lineshape changes could be observed.

This reinforces the earlier studies on AsLOV2 using time-

resolved vibrational spectroscopy, where the frequency at

1640 cm−1 corresponding to the α-helix amide-I vibration

mode is suppressed on light activation, compared to the

wild-type protein [41, 44]. Our results directly show that

the Q513 residue plays a critical role in modulating the

structural changes of Jα-helix upon blue light illumination.

3 Discussion

This paper reports the ability of time-resolved Gd-Gd elec-

tron paramagnetic resonance to track mechanical sepa-

ration of two protein residues upon activation. We were

able to resolve an approximate time of activation and a

precise relaxation time (that is consistent with UV-Vis re-

laxation) in AsLOV2 during and after 450 nm illumination.

Gd-sTPATCN enhanced distance sensitivity as compared

Figure 3: Effect of laser illumination on cwEPR spectra

of Gd-labeled AsLOV2. Singly labeled (SL) cwEPR of

residue 406 (top left), residue 537 (top right) spectra of

AsLOV2 demonstrating that the spectrum with the laser

off (solid black line) is unchanged when the laser is turned

on (dashed blue line). (bottom left) DL (sites 406 and

537) cwEPR spectra of AsLOV2 demonstrating that the

spectrum with the laser off (solid black line) is narrowed

when the laser is turned on (dashed blue line). Static

field B0 where maximum time-dependent change occurred

is shown on all three plots by vertical gray line. Note

that the field values for for time-dependent measurements

were not the same for all three samples. Though both

derivative peaks (absorption shoulders) showed very similar

time-dependent changes, the position with best signal-to-

noise was chosen for the time-dependent figure; these were

the low-field peak for T406C and the high-field peak for

E537C and T406C-E537C. (bottom right) cwEPR time-

dependent signal change of singly labeled and doubly-Gd-

labeled AsLOV2 due to laser illumination at T = 294 K,

shown by solid blue line (solid black, green, and blue lines

correspond to singly labeled T406C, singly labeled E537C,

and DL T406C-E537C, respectively). Overlaid best fits

(dashed red lines) of the exponentials provide time con-

stants of τ = 62.5±1.8 s for SL T406C, τ = 34.6±1.9 s
for SL E537C, τ = 51.9±0.3 s for DL T406C-E537C, and
τ = 20.8± 3.4 s for DL C450A T406C-E537C, where the
range represents a 95% confidence interval for the best fit.

All plots are normalized to magnitude of DL T406C-E537C

signal change. Static field for time-dependent experiments

are shown in cwEPR field swept spectra with vertical gray

line.
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Figure 4: Q513A decoupling of chromophore and mechan-

ical photocycles as detected by TiGGER. (left) cwEPR

spectra of DL T406C-E537C-Q513A AsLOV2 showing

no change between dark state (solid black line) and il-

luminated (dashed blue line). (right) Time-resolved UV-

Vis demonstrates a slowing of the chromophore photocy-

cle in unlabeled T406C-E537C after illumination (shown

by vertical blue line). Solid black and solid blue repre-

sent DL T406C-E537C and Q513A DL T406C-E537C,

respectively. Best fits are shown by dashed red lines with

respective time constants of τDL = 65.0 ± 0.3 s and
τQ513A DL = 388.4±0.5 s. Static field for time-dependent
experiment is shown left with vertical gray line. (inset)

AsLOV2 time-dependent cwEPR signal change caused by

laser illumination of AsLOV2 with and without Q513A

mutation demonstrating that Q513A stabilizes C-terminus

covalent adduct and inhibits mechanical motion. UV-Vis

and EPR experiments were done at 294 K.

to EPR standard labels and allowed us to extract dipolar

broadening at temperatures that are otherwise inaccessi-

ble. TiGGER allows researchers to probe the steps of a

protein’s photocycle in a lifelike environment, both at room

temperature and in solution state and helps complete a pic-

ture that is partially told by X-ray crystallography, time-

resolved IR spectroscopy, cryo-EM, time-resolved NMR,

rapid freeze-quench EPR, and FRET.

Upon light activation, the FMN (flavin mononucleotide)

chromophore is excited to a triplet state and reacts with

the nearby C450 residue. It forms a covalent bond between

the C(4a) atom of the chromophore and the sulfur atom

of C450 [45]. This cysteinyl adduct formation is accom-

panied by destabilization of the Jα-helix in the C-terminal

of the protein. We successfully probed the light activated

movement of Jα-helix from the N terminal in AsLOV2 as

a function of time (ms to s timescales), taking advan-

tage of the spin properties of Gd-sTPATCN at high field.

Though small, compared to the DL T406-E537C sample,

it is worth noting that we see nonzero temporal decay of

the singly labeled samples, which was unexpected. It is

hypothesized that these small lineshape changes can be

attributed to a small percentage of spins experiencing un-

intended dipolar broadening and subsequent narrowing that

may be a result of nonspecific labeling. If a small number

of unintended sites were being labeled, it is possible that

they could move away from the intentionally labeled site

upon light activation.

We expect that the narrowing effect caused by the acti-

vation of DL proteins is greater than is shown in Figure 3,

but is obscured by a large background caused by imperfect

labeling and protein activation. Even after purification, it

is likely that a large fraction of the proteins were still singly

labeled and caused a large, sharp background to obscure

the desired DL lineshape change. Further, it is known that

not all proteins will activate upon illumination, as a small

fraction have a labeled central cysteine (see later discus-

sion of C450A mutation) and others are be empty (with-

out FMN chromophone), both of which will inhibit protein

movement and contribute only a broadened background

that obscures the signal of interest. We are currently mod-

ifying and enabling CWdipfit [46] (dipolar distance extrac-

tion software backed by EasySpin [47]) to help us eliminate

these effects and extract only the DL broadening compo-

nent of our experimental results. Further, solution state,

room temperature experiments fall victim to rotational av-

eraging; we were able to see signal change with the cur-

rent samples, but rotational immobilization in hydrogels

may limit tumbling and enhance signal sensitivity without

sacrificing the protein’s range of mechanical motion. Our

signal sensitivity is also expected to improve as we refine

our sample preparation protocol.

In LOV domains, the recovery rates of the covalent

adduct to the dark state vary widely, on a timescale of

seconds to days [40, 48–50]. This widely varying photo-

cycle is interesting; it is believed that the adduct decay

is base-catalyzed, limited by a proton transfer step [51].

The presence of a glutamine residue, Q513, in hydrogen-

bonding interaction with the chromophore seems to be the

only residue in proximity to the chromophore, capable of

catalyzing this deprotonation process [42]. Hence, it is

expected that mutation of Q513 to a non-polar residue

will eliminate the photocycle. However, our UV-Vis exper-

iments on Q513A AsLOV2 (see Fig. 4, right), along with

the previous studies by others [12, 43], show that mutation

to the glutamine residue slows the photocycle instead of

prohibiting it. Studies in the literature have suggested that

this could be potentially explained by effects of hydration of

the LOV domain, where water molecules can directly act

as a base catalyst by entering the chromophore binding

pocket and hydrogen-bonding with the FMN chromophore

[40, 52–54]. Indeed, we observed that the photocycle is

still able to proceed even in the absence of the glutamine

residue, albeit with a greater time constant (see Fig. 4).

However, we did not observe any lineshape changes in the

time-dependent hfEPR experiments. We attribute this to

inhibited mechanical motion and a decoupling of the chro-

mophore and mechanical photocycle – a finding that may

be interesting to the optogenetic community. This indi-

cates that the spectroscopic changes due to water-based

catalysis at the FMN molecule in Q513A is not sufficient
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to drive long-range movements, suggesting that Q513 is

involved in more than just catalysis, but also helps drive the

mechanical movement between N and C termini. There-

fore, our hfEPR experiments on Q513A DL AsLOV2 were

capable of directly confirming that the glutamine residue

acts as an essential link for coupling the FMN photocycle

at the core of the protein to driving the mechanical motion

further away in the Jα-helix [41, 44].

Here we report a hfEPR method using Gd-sTPATCN

spin labels that is capable of tracking distance-mediated

in vitro mechanical motion in a LOV protein. To our

knowledge, such measurements are only possible in so-

lution state with TiGGER and FRET. FRET relies on

the distance-dependent non-radiative energy transfer from

donor to acceptor fluorophores that have been introduced

site-specifically into the macromolecule of interest. Recent

advances have also made it possible for its application on a

single molecule level [55, 56]. However, the application of

FRET to explore dynamics in a light sensitive protein can

be complicated due to the need for additional correction

factors to resolve the spectral crosstalk between the light

sensitive protein and donor-acceptor pairs [57]. As well,

FRET has a steeper distance falloff (r−6 vs. r−3) than

the technique we present in this paper [5, 58].

Future work for TiGGER will include refining the labeling

protocol to enhance signal strength, incorporating a hydro-

gel for rotational stabilization, testing a variety of residues

to create a 3D “movie” of mechanical motion, and up-

grading the spectrometer to enable 10 µs-resolution field-

swept spectra. Currently, transient measurements have a

temporal resolution of ∼ 60 ms and can only be done at a
fixed field. Enabling rapidscan EPR with complete digiti-

zation of the field-swept line every 10 µs, combined with

an improved version CWdipfit [46], will enable quantitative

time-dependent distance extraction and enhance the data

presented by a TiGGER “movie”.

4 Conclusion

In this paper, we demonstrate the first step to ‘filming’ a

protein in action using TiGGER. Site-specific labeling al-

lowed us to track a change in distances between residues

in an ensemble of room temperature proteins. Addition-

ally, we discovered mutation-induced decoupling of chro-

mophore and mechanical photocycles, highlighting the im-

portance of TiGGER to the optogenetic community. Fu-

ture work, including improving the temporal resolution of

the spectrometer and acquiring full time-dependent field

swept spectra, may allow for extraction of absolute spin-

spin distances in real-time during a protein’s photocycle.

Further, a more comprehensive and quantitative under-

standing of the effects of motional averaging at room

temperature in solution state would enable more accurate

quantitative distances. Additional experimental develop-

ment and an application of TiGGER to a range of pro-

tein residues will enable three-dimensional, time-dependent

mapping of protein mechanical action and may play an im-

portant role in improving design of optogenetic actuators

and fluorescent reporters. Additionally, the technique pre-

sented here should be applicable to protein conformational

changes that are triggered by other factors, such as ligand

binding by rapid mixing, voltage actuation, or temperature

jump as they become of interest to the community.
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