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Abstract

The mechanism of light-triggered conformational change and signaling in light-oxygen-voltage
(LOV) domains remains elusive in spite of extensive investigation and their use in optogenetic
studies. The LOV2 domain of Avena Sativa phototropinl (AsLOV2), a member of the Per-Arnt-
Sim (PAS) family, contains an FMN chromophore that forms a covalent bond with a cysteine
upon illumination. This event leads to the release of the carboxy terminal Ja helix, the biological
output signal. Using mutational analysis, circular dichroism and NMR, we find that the largely
ignored amino terminal helix is a control element in AsLOV2’s light-activated conformational
change. We further identify a direct amino-to-carboxy terminal “input-output” signaling pathway.
These findings provide a framework to rationalize the LOV domain architecture, as well as the
signaling mechanisms in both isolated and tandem arrangements of PAS domains. This knowledge
can be applied in engineering LOV-based photoswitches, opening up new design strategies and
improving existing ones.

All kingdoms of life contain Per-Arnt-Sim (PAS) domains as part of signaling networks that
respond to a diverse array of environmental stimuli and modulate a variety of output
responses.1™ These domains are usually part of larger proteins, some of which can contain
multiple PAS domains. Many PAS domains are attached to signaling proteins such as
kinases and phosphodiesterases?, others to membrane proteins® and some function as single
domain proteins.® The PAS domains have very diverse sequences but all have a highly
conserved 100-120 residue a/p fold termed the PAS core.” Generally, the input sensor is a
ligand contained in a binding pocket located on one side of the five stranded f sheet. The
output is believed to be mediated by amino and/or carboxy termini, typically helices, which
reside on the other side of the sheet38-13 (Fig. 1).

In response to blue light, algae and plants use PAS-containing phototropins to activate
signaling cascades that end in phototropism or chloroplast rearrangement.14-18 Phototropins
utilize a subclass of PAS domains termed the Light-Oxygen-Voltage (LOV) domain. In
phototropins, two LOV domains occur in series followed by a kinase domain. In
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Arabidopsis thaliana, either of the LOV domains can activate phosphorylation through the
attached carboxy terminal kinase domain in vitro.17:18

The LOV domain is an ideal model to study PAS domain signaling because the signaling
state is photoexcitable and reversible. Blue light activation of A. sativaLOV2 (AsLOV2)
occurs when the non-covalently bound flavin mononucleotide (FMN) chromophore absorbs
a photon and forms a metastable covalent bond between its C4a atom and the sulfur of the
neighboring C450.19 This cysteine adduct decays in seconds-hours depending on the local
environment2C and the covalent bond destabilization appears to be caused by a base
catalyzed deprotonation of the FMN.20:21 After covalent bond formation, the protein
undergoes a conformational change that results in the undocking of the carboxy terminal Ja
helix, an event that triggers kinase activity.2223 In particular, the Ja helix docking
equilibrium shifts by ~100-fold from a mostly docked state in the dark to a mostly undocked
condition in the lit state. 24-27 This ~ 3 kcal mol™1 shift in equilibrium free energy can be
used to regulate effector activity.

Although output signals are known for AsLLOV?2 at a gross level, the molecular level
mechanism by which the FMN-cysteinyl adduct formation results in undocking of the Ja
helix located over 15 A away remains largely unknown. Many studies suggest that signaling
occurs through the B sheet separating the chromophore and the Ja. helix3:22:24.26.28.29
potentially due to an increase in dynamics in the lit state.28 Recently, temperature dependent
FTIR studies observed changes in both the a-helical and B-sheet region prior to the
undocking of the Ja helix. This fast response suggests the presence of a S390-1 state,
although the origin is unclear of the early a-helical signal change.3° In crystallographic
studies illumination of LOV?2 crystals results in the backbone of the entire protein moving
by only ~0.2 A RMSD.3! Nevertheless, some side chain displacements and changes in
hydrogen bonding patterns are observed in the region near the chromophore and the amino
terminal A’a helix, which is interpreted as part of a structural signal.

Here, we find that adduct formation triggers unfolding of the A’a helix which in turn
promotes the undocking of the adjoining Ja helix. We also investigate a number of previous
hypotheses related to changes in § dynamics upon illumination. The role of the amino
terminus in AsLOV2 signaling is consistent with other LOV domain studies, suggesting that
this behavior is a widely used mechanism for the entire family. We also suggest that the
direct communication between the spatially adjacent termini in phototropins provides a
simple mechanism for propagating a signal through a tandem series of LOV domains to a
protein’s output effector domain.

Mutational Analysis of AsLOV2

To identify how adduct formation triggers the undocking of the Ja. helix, we examined the
effects of mutations throughout the PAS core of the AsL.OV2 domain, measuring the FMN
photorecovery rate and Ja. docking equilibrium (Fig. 1). Blue light illumination (A~400-450
nm) and adduct formation resulted in a decrease in absorbance in the region near Amax = 448
nm. We measured the photorecovery rate by tracking absorbance at 448 nm for 29
mutations. Recovery times were within 10% of the WT (Asphot1 residues 404-560) protein
for ten mutations (time constant T = 81 + 2s, Table 1). Five mutations located in or near the
FMN binding site produced longer recovery times. Another ten mutations dispersed
throughout the protein resulted in faster recovery times. Our results are consistent with prior
studies which observed that the changes in the local environment or steric interactions near
the FMN chromophore are responsible for the slowing of photorecovery, while faster
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recovery can occur upon changes in solvent accessibility resulting from structural
perturbations distal to the chromophore.20

We also tracked the loss of secondary structure upon blue light photoexcitation using far-Uv
circular dichroism (CD) amplitude change at 222 nm (Table 1). In AsLOV2, photoexcitation
resulted in a reduction in the magnitude of the (negative) CD signal at 222 nm (8555). This
decrease, which primarily reflects the result of a loss of helical structure, is attributed to the
unfolding in the Ja helix, although other structural changes could be occurring as well. No
obvious correlation existed between photorecovery times and light activated conformational
changes.

The fractional change in CD signal at 222 nm of WT AsLOV?2 in the dark state relative to lit
state, 8222 = (0 222,1it-0 222.dark)/0222 dark, Was 0.30 £ 0.01. Notably, a construct lacking the
Ja helix entirely (AsLOV2AlJa, residues 404-520) still had a significant CD change, 8799 =
0.15 (Fig. 2a and Table 1). This result indicated that structures other than Ja. helix undergo a
conformation change upon illumination, although some portion of the residual CD change
could be attributable to the FMN during light activation.

Conformational Changes Associated with Ja undocking

We sought to identify the light-sensitive conformational changes in the AsLOV2AJa
construct by performing NMR measurements employing a Carr-Purcell-Meiboom-Gill
(CPMG) refocusing component.32:33 For protein ensembles with ps-ms interconversion
times between different states, CPMG measurements can provide quantitative information
on weakly populated conformations.273435 Using these methods, well-to-well kinetics and
docking equilibrium of the Ja helix in the dark state were measured.2” A subsequent study
found that mutations that altered the Ja helix docking equilibrium in the dark state, as
determined by CPMG measurements, also changed the &5, value.2

Here we employed a 15N-1H HSQC sequence which incorporates a CPMG pulse train
within the INEPT transfer period. This pulse train suppresses the loss of signal due to multi-
site exchange so that an increase in peak intensity reflects an increase in ps-ms dynamics.
This protocol allows for the facile measurement of changes in conformational fluctuations
across the entire protein for a large number of Ja containing AsLOV?2 variants, as defined in
terms of the ratio /cpnid InHsOC

Using this pulse sequence, we probed multi-site exchange processes for WT AsLOV2 and
seven variants (K413A, F434L, F452L, E475A, F494L, R500A and H519A). These variants
had a range of values for dark-to-lit state changes in 8,95 from 0.20 to 0.39. To quantify the
change for each mutant, the CPMG values were averaged for the assignable residues in each
of AsLOV2’s eleven secondary structural elements and three loops (Fig. 1). These values
are compared to those observed in the WT AsLOV2. This averaging procedure across
secondary structure elements helps remove possible bias from the selection of residues in
regions that are prone to fraying or rigidity.

As previously demonstrated2®, conformational fluctuations of the Ja helix in the dark state
reflects a docking-undocking process that can be perturbed by mutations. In the present
study, we hypothesized that if a mutation perturbed a structural element that was related to
Ja helix undocking, the change in fluctuations of the structural element should be correlated
with the changes of the Ja helix. Accordingly, we looked for structural elements which had
changes in ps-ms fluctuations that were correlated with the changes in dark-to-lit state 659,
CD signal. We anticipated that this comparison would identify structures whose fluctuations
were related to Ja undocking.

J Mol Biol. Author manuscript; available in PMC 2013 May 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zayner et al.

Page 4

AsLOV?2 has fourteen structural elements. We were able to measure dynamics for four or
more residues in ten of these regions (Fig. 3). For three elements, the shift in the CPMG
values upon mutations correlated with the shift in the dark-to-lit CD change, 627, with a
correlation coefficient stronger than R2 > 0.6 (Table S1), the Ja helix (R? = 0.78), the HB
strand (R? = 0.68) and the A’a helix (R? = 0.71). The strong correlation between 8,5, and
the Ja helix CPMG values indicates the change in Ja docking affinity in the lit state tracks
with changes in its fluctuations in the dark state. This result reaffirms that the changes in
dark state fluctuations of Ja helix probed by the CPMG measurement are largely attributable
to changes in the Ja docking rates and equilibrium, consistent with earlier findings.2%27

This explanation can be extended to the other two strongly correlated regions, the Hp strand
and A’a helix. The Ja helix undocking is known to alter the NH chemical shifts of adjacent
structural elements.36 As a result, a strong correlation is expected between the CPMG values
for Ja helix and any structural element that senses the Ja helix undocking event. This
situation applies to both the HP strand and A’a helix because the shifts in their CPMG
values upon mutation correlate well with the shift for the Ja. (R?g = 0.81 and R?s»q = 0.6)
and they are both in direct contact with the Ja helix (the Hp strand has the most contacts
with the Ja) (Fig. 3d,e). The CPMG values for the GP and Ip strands correlate to lessor
degree with the Ja. helix dynamics (R%g = 0.55 and R?jg = 0.47) and they are not well
correlated with light activated conformational change as measured by 8,77 (RZG[; =0.23 and
Rzm = 0.26). These results suggest that the Gp and If strands experience only a mild
conformational change upon Ja helix undocking or adduct formation. (Table S2). Overall,
the correlations of the shift upon mutation of the CPMG values for the A’a helix, the HB
strand and the Ja helix both with each other and with changes in &, can be attributable to
the same process, Ja helix undocking.

Furthermore, any change in fluctuations identified by the CPMG measurements cannot be
attributable to photoexcitation because the NMR measurements are conducted in the dark.
Hence, the observed changes in HB and A’a helix fluctuations identified in the CPMG
measurement in the dark do not result from changes in FMN’s photo-state. Rather, the
CPMG data indicate that the observed increase in dark state fluctuations of these elements is
a consequence of Ja undocking rather than the underlying cause of the light-induced
undocking. These results along with the significant change in 8,55 in the construct lacking
the Ja helix provide a strong motivation for a reexamination of the mechanism of photo-
induced undocking of the Ja helix.

The N-terminal A’a helix unfolding controls Ja undocking

In the crystal structure3!, the small amino terminal A’a helix is in contact with the Ja. helix
(Fig. 1d). Although the protein backbone does not appreciably move in the crystal structure
upon illumination, side chain rearrangements and electron density differences are observed
in the region between the A’a helix and the chromophore.3! Accordingly, we created an
AsL.OV2 variant lacking both the Ja and A’a helices (AsLOV2AJa AA'a, lacking residues
408-411 and 520-560). The fractional change in CD upon illumination is reduced in
AsLOV2AJaAA'a to 859, = 0.10, as compared to the 0.15 and 0.30 observed in
AsLOV2AJa and WT AsLOV?2, respectively (Fig. 2a and Table 1). These results are
particularly significant as they suggest that even in the absence of the Ja helix, the A’a
helix is folded in the dark state and unfolds upon illumination. This photosensitive event
could be the critical event that shifts the docking equilibrium of the Ja. helix from favorable
to unfavorable (Fig. 5a).

To obtain additional, site resolved information about the photo-induced conformational
changes related to the A’a helix, we replaced L408 with a tryptophan. In the crystal
structure, this tryptophan would be partially buried by both the Ja and A’a helices. To focus
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on this tryptophan only, we removed the remaining tryptophan (W491Y) in the
AsLOV2AJa and in a truncated WT construct (404-546), which lacks the putative
unstructured carboxy region that contains another tryptophan.

Conformational changes were probed with fluorescence taking advantage of the sensitivity
of tryptophan’s fluorescence to its environment. The fluorescence quantum yield of the WT
and AsLOV2AJa constructs decreased by nearly the same amount upon excitation (Fig. 2e).
Further, the emission spectrum of AsLOV2AJa underwent an ~ 4 nm red shift (Fig. 2f)
upon excitation. Both features were to be expected if the tryptophan becomes more solvent
exposed in the lit state, e.g. upon unfolding of the A'a helix, consistent with similar studies
on LOV domains.3"38 While it may be considered that the decrease in quantum yield could
also be explained by an electron transfer reaction from the tryptophan to the lit state FMN
chromophore, the red shift was indicative of the tryptophan undergoing a change in its
environment. These results support our hypothesis that the A’a. helix is folded in the dark
even upon truncation of the Ja helix, and that it undergoes photo-induced conformational
change, which in turn promotes the unfolding the Ja helix in the WT construct.

To further examine this possibility, we created additional constructs that contain the Ja helix
but a modified A'a helix. We either truncated a large portion (AsSLOV2AA'a), or
destabilized it using a helix-breaking proline substitution (R410P), or substituted an inward
facing core residue with a carboxylic acid (L408D). In the L408D construct, we presumed
that the burial of the charged acidic group would constitutively unfold the A’a helix, as the
other core acidic substitutions had done for the Ja. helix in LOV2 (e.g. 1539E4%) and various
secondary structures in ubiquitin.#! We also strengthened the helix, replacing the two
solvent exposed B-branched residues with helix stabilizing alanines (T406A/T407A).

For all three A’a helix-challenged variants, the change in CD signal upon illumination was
greatly reduced. For the deletion (AsLOV2AA'a) and the charge buried variant (L408D),
8299 = 0.11 and 0.18, respectively (Fig. 2a and Table 1). The helix-stabilized variant,
T406A/T407A, had 8,90 = 0.37, a value even greater than the 0.30 observed in the WT
AsLOV?2 (Fig. 2b and Table 1).

For the AsSLOV2AA'a and charge buried variants, the extent of undocking of the Ja. helix
was reduced compared to wild-type (i.e. lower 855, value). This reduction could be due to
the Ja. being largely unfolded in the dark state or to a smaller fraction undocking in the lit
state. To determine which situation was applicable, we conducted NMR 1°N-1H HSQC
measurements (Fig. S1). In contrast to the well dispersed wild type AsLOV2’s spectrum, the
A’a-destabilized mutants had poorly dispersed, exchanged broadened and depleted spectra.
These spectra were similar to that observed both for AsLOV2 in the light?3 as well as for
AsLOV2AlJa indicating that the Ja. helix is largely undocked in the dark. Conversely, the
A’a-stabilized T406A/T407A variant had a wild-type 15N-1H HSQC spectrum and the
CPMG measurements show a decrease in Ja helix dynamics (Table S2).

To further demonstrate that the docking equilibrium of the Ja helix can be controlled by
interactions involving the A’a helix, we introduced a bihistidine (biHis) metal ion binding
site between the Ca and A’a helices using substitutions E412H and Q436H (Fig. 1d). BiHis
sites have been used in protein folding studies to identify regions that have come together at
the rate limiting step by examining the effects of metal binding on folding rates.#2=44 In
spite of the biHis site being located over 10 A away from the Ja helix, an increase in [Co?*]
both decreased the 82,, amplitude in the dark as well as the magnitude of the light-induced
change, 8,27 (Fig. 2d). These two results can be explained by the A’a helix being pulled
towards the Ca helix upon titration of Co2* which results in the helix being farther away
from the Ja helix weakening its interactions with the Ja. helix. As a result, the Ja. is docked
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less often in the dark state, and hence the fraction that can become undocked upon
illumination is reduced (Fig. 5a).

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations have been performed on AsLOV?2 in both the lit and
dark states for hundreds of nanoseconds but they do not shown any of the major
conformational changes seen during /n vitro experimentation.*284% This difference can be
accounted for by the conformational changes occurring /n vitro on micro to millisecond
timescales. To overcome this issue, we created two less stable constructs /n silico,
AsLOV2AA’a and AsLOV2AJa to promote conformational changes (Fig. 4a,b). Our
corresponding /n vitro experiments indicated that when the A’a helix unfolds, the Ja helix
should unfold but the opposite should not be true. To investigate this possibility /in silico, we
performed explicit solvent simulations using the CHARMMZ22 force field. Each simulation
was run for at least 50 ns and repeated at least twice with different initial velocity
distributions to test reproducibility.

In the AsLOV2AJa trajectories, the A’a helix did not undergo any significant structural
change. The RMSD of the A’a helix for both WT AsLOV2 and the AsLOV2AJa construct
stayed at 1.3 A over the course of the simulations (Fig. 4a,c). This small variance indicates
that even without the Ja helix, the A’a helix has sufficient interactions to stay folded and
docked on the PAS core over the length of the simulation. In contrast, the ASLOV2AA’a
construct shows unwinding and unfolding of the Ja helix at the carboxy terminus (Fig. 4b).
For the ASLOV2AA’a construct, the RMSD fluctuated up to 5 A for Ja helix while it
remained below 2 A for the wild type protein (Fig. 4d). This difference indicates that the
amino terminal region and the A’a helix are required to maintain the Ja helix’s native
conformation. These simulations match our experimental results in that they find the
docking of the Ja helix is more sensitive to the presence of the A’a helix than vice-versa.

In summary, our critical findings are i) disruption or stabilization of the A’a helix markedly
affects the fraction of Ja helix that goes from a docked to undocked conformation upon
illumination; ii) A’a helix conformation is light dependent; iii) this light-induce change does
not depend on the presence of the Ja helix, but the conformational status of the Ja helix
depends on the presence of the A’a helix, iv) the interactions between the two helices
modulates the docking status of the Ja. helix. Based on these results, we believe that the
photo-controlled unfolding of the A’a helix shifts the equilibrium of the Ja helix from
docked to undocked (Fig. 5a), although other factors involving the p sheet may contribute to
the undocking equilibrium as well, as discussed below.

Role of the B sheet

In this section, we examine the contribution of the  sheet in the photo-induced Ja
undocking event. As discussed in the NMR section, B sheet fluctuations increase in response
to Ja undocking in both the dark and lit state. This result motivated us to test a number of
hypotheses about the role of B sheet in Ja helix undocking. MD simulations observed that a
reorientation of Q513 transmits stress through the I strand, which results in the breakage of
the Q497-D540 and Q479-E518 bonds, followed by undocking of Ja helix.28 To test this
proposal, we made mutations Q479L and Q497A but still observed a 6,5, value consistent
with Ja helix undergoing light activated conformational change (Fig. 1b and Table 1). We
then proceeded to make mutations to other residues that could form interactions with the Ja
helix, T477V and Q502A, and still observed no change in 8,5, as compared to the WT
value. These two results do not support the proposal that changes upon illumination in the
hydrogen bonding or electrostatic interactions between the B sheet and the Ja helix are
responsible for undocking.

J Mol Biol. Author manuscript; available in PMC 2013 May 25.
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Next we set out to test the suggestion that N414, Q513 and D515 form a hydrogen bond
network that changes upon light activation and modulates Ja. helix undocking?® (Fig. 1c).
For the mutations N414V, Q513A and D515V, only Q513A has a significant effect on 672,
(Table 1) suggesting a separate or non-unique role for these residues. Another suggestion is
that a side chain rotamer of Q513 causes a bulge in the Ip strand which could affect Ja. helix
docking affinity.4 Using CD and NMR, we analyzed mutations made on the HB and IB
strands, on both the chromophore side (N492A, F494L and Q513A), and the Ja helix side
(L493A and L514A) (Fig. 1a). All mutations reduced the 6,0, value except L514A, which
had an increased value (Fig. 2c and Table 1). The NMR spectra did not provide further
information as all of the mutants are similar to WT except for L493A which was
significantly different and indicative of structural disruption. This provides the most
promising support for the involvement of the § sheet in photo-induced undocking. It is still
unclear if mutations to the  sheet have an active role in light activation, e.g. specifically
promoting the Ja undocking in the light state, or whether each mutation equally affects the
dark and lit state Ja. docking equilibrium. These data represent a basis for further analysis of
the role of the B sheet.

DISCUSSION

Our major goal is to identify how absorption of a photon by the FMN chromophore in
AsLOV?2 results in the undocking of the Ja helix located over 15 A away. We have found
that the absence of A’a helix results in the undocking of the Ja helix even in the dark (Fig.
5a). Our CD and fluorescence measurements indicate that the A’a helix unfolds upon
illumination even upon deletion the Ja helix. Hence, the docking affinity in the dark is
favorable between the PAS core and the A’a helix but not between the core and the Ja
helix. These observations argue that the photosensitivity of A’a helix modulates the
undocking of the Ja helix. This result is supported by our MD simulations and the
crystallographic studies where side chain movements near the A’a helix are interpreted to
be part of the structural signal.3! In addition, conformational changes of the A’a helix can
account for the FTIR-monitored decrease in helical content that occurs prior to the
undocking of the Ja. helix at low temperature in AsLOV2.30

Light-triggered conformation changes have been observed by NMR2426 and
FTIR22:29.3047.48 i the B sheet that separates the chromophore and the Ja helix. These
changes have been suggested to play a role in the undocking of the Ja helix. This hypothesis
is supported by FTIR spectroscopy on Adantium phy3 LOV?2 that observed conformational
changes in Ja helix when mutations are made to residues homologous to F49448 and
Q513264749 in As.OV2, located on the Hp or IB strand respectively. Nevertheless, we note
that in the absence of the A’a helix in AsLOV?2, the docking equilibrium of the Ja helix is
unfavorable even in the dark. Hence, the light sensitivity of the A’a helix, which is not
located on the face of the B sheet, is sufficient to explain the photocycling of the Ja. helix
although changes in the p sheet could be a factor as well.

We have examined the behavior of 29 mutations in this study and have unpublished data on
over 50 others located throughout AsLOV2. Nevertheless, we are unable to conclusively
identify a residue that is essential for the light sensitivity of Ja helix docking except for
residues in or near the A’a helix, or the adduct-forming C450. This result suggests that there
is not a single signal propagating from the FMN to the Ja helix. Potentially, a structural
rearrangement of multiple residues produces a state with weaker A’a docking affinity. The
conformational adjustment, however, must be sufficiently minor that the protein’s hydrogen
network remains because hydrogen exchange protection factors remain above 10° across
most of the core of the protein in the lit state.23

J Mol Biol. Author manuscript; available in PMC 2013 May 25.
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Our CD studies of the double helix truncation, ASLOV2AA’aAla, indicate there is still a
residual light activated conformational change, 652, = 0.10. This residual may be due in part
to changes in the Ca and Ea helices, the B sheet, as suggested by the FTIR
studies,22:304748 3 shrinkage in the core® or the FMN chromophore. Previous CPMG
measurements on WT AsLOV2 found Rey > 4 571 for two residues in the Ca. helix
indicating dynamics on the same timescale as Ja. helix unfolding.2’ A conformational
change in the Ca helix could be involved in the signaling mechanism from the chromophore
to the A’a helix as it is located between the two.

The side chain dynamics are increased in the lit state according to 3C-1H HSQC
measurements. 23 This result supports the notion that conformational entropy increases upon
Ja undocking, ASyndock, @nd this increase favors the undocking of the helix. However, for
entropy to be a contributing factor in the light-triggered increase in Ja undocking, the
conformational entropy in the lit state must be higher than in the dark undocked state (i.e.
AS ok > AS9K - ock). We are unaware of any such demonstration.

Another unknown factor is whether the strength of the A’a helix- Ja helix interactions in
the docked conformation are decreased upon illumination. Such a decrease, however, is
unnecessary for photo-triggering; mutations which have the same effect in both states can
still alter the magnitude of the dark-lit switching.2> Irrespective of whether the A’a helix
interactions change, it does not affect our conclusion that the docking of the A’a helix itself
is light sensitive and this sensitivity can control the docking status of the Ja. helix.

A central question is why do organisms continually use the PAS fold in signaling networks?
PAS domains have highly conserved structures even when there is little sequence similarity.
A lack of understanding may be attributed to the fact that many PAS domain structures that
have been solved contain only the a/p core, lacking either the amino terminal or carboxy
terminal regions and sometimes both, which may be critical to signaling.8-13

Our finding that the AsLOV?2 output signal, Ja release, is promoted by the A’a undocking
has implications that may explain the widespread use of the PAS fold. An analysis of the
structure and function of PAS domains suggests that the amino terminus either undergoes a
conformational change (e.g., in Vivid3, AsLOV2, PYP>! and hERG®*2) or is positioned at
a dimer interface in PAS domains that experience a change in quaternary structure (e.g., in
YtvA3354 CitA%® and Vivid®6). This observation along with the diversity of sequences
flanking the a/p core suggests that the region occupied by the A’a helix is an allosterically
sensitive but variable region of the PAS domain that provides each domain with its unique
function.

In this light, the PAS domain architecture can be viewed as a large p sheet which provides a
central scaffold. Attached on one side is the input sensor which is held in place by variable
regions, for example, the Ea and Fa helices and the turn between the G and Hp strands in
AsLOV2. Along the edge and continuing on to the other side of the B sheet are the variable
amino- and carboxy termini (Fig. 5b). These elements are involved in protein-specific
sighaling mechanisms.

In crystallographic studies on Vivid, Zoltowski ef /.12 identified a network of salt bridges
and hydrogen bonds as the signaling conduit between the chromophore and its amino
terminus. They suggest that a conformational change of the large amino terminus in Vivid
occurs through changes in side chain interactions around the helix. This helix is positioned
where the Ja helix is in AsSLOV2 rather than where the A’a helix is located. Potentially, the
36 residues upstream of the amino terminal helix which are unresolved in the Vivid structure
are positioned where the A’a helix is in AsLOV2, and they undergo a conformational
change upon adduct formation for similar reasons.
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Given our finding of a coupling between the neighboring A’a and Ja helices in AsLOV?2,
we suggest that signaling in tandem LOV domains can occur through interactions involving
their termini (Fig. 5b). This coupling is distinct from a signaling mechanism which goes
through the entire body of protein, as often is implied by the simplistic linear arrangement of
protein “boxes” illustrating tandem LOV domain architectures. The mechanism involving
amino-to-carboxy transmission may explain how signals can be propagated in PAS domains
which lack an input sensor (e.g. chromophore). In addition, a number of PAS domain
proteins, including phototropins, contain more than one PAS domain in tandem. The A.
thaliana phototropin 2 contains sequentially arranged LOV1, LOV2, and kinase domains®’.
When LOV?2 is photoinactivated with a C450A mutation, LOV1 still can activate the kinase
domain potentially by signaling through LOV2.17 Although there can be a considerable
number of residues (50-100) between LOV1 and LOV?2 in phototropins, the A’a helix in
these LOV2 domains typically has 100% identity across species. Potentially the signal from
LOV1 propagates to the kinase domain through the amino terminus of LOV2.

In prokaryotic organisms, most linkers between the PAS domains are 2040 residues?,
which generally is less than observed in phototropins. Méglich et a/46 identified that in
prokaryotic tandem PAS structures, the PAS A and PAS B domains are linearly oriented in a
head-to-tail arrangement. In Sinorhizobium meliloti DctB (PDB ID: 3E4P), we note that the
helical interconnecting linker and the end of the long amino terminal helix of PAS A are
positioned in the PAS B domain at the analogous positions occupied by the A’a and Ja
helices in LOV2 domain, respectively. The interactions between these two helices in DctB
and in other tandems, may help explain the required heptad phasing of the interconnecting
helix. Furthermore, the flanking helices that are amino and carboxy terminal to the core
contribute to the interface in many prokaryotic dimers.3

The AsLOV2 domain has been employed as the light-sensitive control element in
optogenetic studies that have already much shown promise for addressing questions in cell
biology.2557-59 Qur elucidation of the A’a helix-initiated undocking of the Ja. helix can aid
in the design of new synthetic AsL.OV2-based photoswitches. Whereas all previous
AsL.OV2 fusions have focused on the Ja helix undocking, the realization that the A’a helix
also undergoes a conformational change opens up the possibility of other design strategies
involving the amino terminus.

METHODS

Cloning, Expression and Purification

A clone of A. sativaphotl LOV2 (404-560) with a Hisg-Gp1 fusion was generously
provided by K. Gardner (University of Texas Southwestern Medical Center, Dallas).
Mutations were made using the quickchange site directed mutagenesis strategy. All proteins
were expressed in Escherichia coli BL21 (DE3) cells grown in M9 minimal medium
supplemented with 15NH4CI (1 g/L) at 37 °C to an OD 600 nm of 0.6 and induced with 1
mM IPTG. Cultures were then incubated for ~18 hours at 18 °C and pelleted and frozen.
Frozen pellets were resuspended in 50 mM Tris 100 mM NaCl and 0.01% SDS and cells
were lysed using sonication and clarified with centrifugation at 10000g for 45 min. The
proteins were then purified using metal affinity chromatography and exchanged into 50 mM
Tris, 1 mM EDTA, 5 mM DTT, pH 8. The Hisg-Gp1 tag was removed by incubating
overnight at 20 °C with Hisg-TEV protease. Metal affinity chromatography was then used to
remove Hisg-GB1 and Hisg-TEV protease from the solution. The final protein contains
residues GEF on the amino terminus and G on the carboxy terminus as cloning artifacts.
Proteins were run on a Sephadex S100 size exclusion column (GE Healthcare) and if the
UV-Vis 280/447 nm ratio differed greatly from ~2.6-2.9, proteins were further purified
using anion exchange chromatography.
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Circular Dichroism

UV-Vis

Circular dichroism was performed using a Jasco J-715 spectrometer with ~1 uM protein in
50 mM NaH,PO4 200 mM NaCl pH 7 at 22 °C using a 1 cm pathlength cuvette. Light
activating kinetic traces were collected by illuminating the sample using a 40 W white LED
(BT DWNLT A, TheLEDIight.Com) for 30 seconds to photosaturate. Measurements were
then made every second with a 2 nm bandwidth and fit with a single exponential decay
using Origin 7 software (MicroCal Inc., Northampton, MA).

UV-Vis spectra were acquired using an Olis HP 8452 Diode Array (Bogart, GA) with a 1
cm path length cuvette at 22 °C. Kinetic traces were acquired after illumination with
photosaturation assayed by a severely diminished signal. Measurements were taken every 1
to 30 seconds depending on the recovery rate at the FMN central peak maximum, usually
448 nm, until complete recovery of the signal was achieved.

Fluorescence

Tryptophan fluorescence recovery was measured using a Jasco J-715 spectrometer with
Aexcitation = 275 £5 nm and a Hanamatsu H5784-06 PMT with a 300-400 nm filter for
emission detection. Experiments were performed at 22 °C by exposing the samples to a 40
W white LED. All experiments were performed in a 1 cm path length cuvette and
normalized to 1 puM concentration using the FMN absorbance at 448 nm. Tryptophan Amax
emission experiments were performed on a Horiba Fluorolog 3 fluorometer with excitation
at 295 + 2 nm with protein concentrations of 10 — 100 pM.

NMR Measurements

All NMR experiments were performed on a Varian Inova 600 MHz spectrometer with a
cryoprobe at 25 °C. Proteins were concentrated to 100-500 uM and 10% D,0O was added
prior to experimentation. NMR data was processed using NMRPipe8% and analyzed using
SPARKY?®L, NMR experiments were run using standard pulse sequences available in Varian
BioPack, 1°N-1H HSQC (gNhsgc) and CPMG 15N-1H HSQC (CPMGgNhsqc). The

CPMG 15N-1H HSQC applies a CPMG pulse train during the standard INEPT transfer
period thereby increasing the intensity of peaks by reducing the effect of conformational
exchange (Rex) on the signal.33 The contribution of Rey to the THN transverse relaxation
rates was determined by calculating the ratio of the peak intensities between the

CPMG N-H HSQC (/cpmc) and N-tH HSQC (Aynsqc) spectra. Signal intensity gain
due to the CPMG pulse train can be be approximated by /cpmc / INHsoc = €7ex452 To
calculate the conformational dynamics of secondary structural elements the /cpmc / INHsQC
ratio of assignable peaks for each element in each mutant were averaged and a ratio was
calculated by comparing to the exact averaged assignable residues in WT AsLOV2. The
NMR assignments of WT AsLOV2 were provided by K. Gardner (University of Texas
Southwestern Medical Center, Dallas).

Molecular Dynamics

Simulations were run using standard procedures described elsewhere.* Briefly, MD
simulations were performed using the NAMD®3 molecular dynamics package with the
CHARMMZ22 force field on the dark state of AsLOV2 (PDB ID: 2V0U). All simulations
were run on Teragrid using the Ranger resource. All simulations were performed by
solvating the protein in TIP3P water box and neutralizing the charge of the system with six
sodium ions. Parameters for FMN were taken from Freddolino et a/. (2006).%° All
simulations were performed using an NPT ensemble at a temperature of 300 K, a pressure of
1 atm, a 2-fs timestep and full electrostatics calculated every two steps using the PME
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method. The amino terminal truncations were made by removing every residue before 414
in the structure file. The Ja helix truncations were made by removing every residue after
520 in the structure. All simulations were performed at least twice with different initial
velocity distributions to test reproducibility.

¢ We investigate the mechanism of light-triggered conformational changes in
AsLOV2

e Spectroscopy indicates that the N-terminal helix unfolds upon illumination
*  This event triggers the unfolding of the C-terminal Ja helix

e Results can be used in other LOV-based photoswitches and new designs
strategies

¢ An N- to C-terminal signaling mechanism is possible in other PAS domains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

AsLOV?2 structure. (a) A’a helix mutations and the biHis site with Co2* atom (turquoise).
(b) The location of residues hypothesized to stabilize the Ja. helix through electrostatic
interactions. (c) Hypothesized N414, Q513 and D515 network (Ca helix is truncated for
clarity). (d) Residues hypothesized to transmit signal directly through Hp and Ip strands (Ca
helix is truncated for clarity). Structural images were created using Pymol (Schrédinger,
LLC).
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on the A’a helix (Aexcite = 280 £ 5 nm). (f) Fluorescence emission spectrum with Aeycite =
295 + 2 nm to minimize the contribution of the three tyrosines.
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Correlated dynamics across AsLOV2 structural elements identified through mutations. (a—c)
Correlations of the CPMG values for secondary structure elements with the light-activated
secondary structure change as measured by CD parameter 872, for the A’a helix (blue), Ja
helix (red) and Hp strand (green). (d,e) Correlations of the CPMG values between the Ja
helix and the A’a helix and Hp strand.
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Fig. 4.

MD simulations of AsLOV2 constructs in the dark state.(a) Structural alignment of the final
frame for WT AsLOV?2 (grey) and AsLOV2AJa (purple). (b) Structural alignment of the
final frame for WT AsLOV?2 (grey) and AsLOV2AA’a (orange). (c) RMSD (A) for the
amino terminus (401-414) from the starting state for the WT AsLOV2 and AsLOV2AlJa.
(d) RMSD (A) for the Ja helix (520-546) from the starting state for WT AsLOV2 and
AsLOV2AA’a.
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(b)
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Fig. 5.

LOV docking equilibria, architecture and signaling. (a) Docking reactions of the A’a and Ja
helices in the lit and dark states. For simplicity, only the route where the A’a undocking
precedes the Ja undocking is shown. (b) In phototropins containing LOV2, the amino-to-
carboxy terminal communication within each LOV domain may influence the other LOV
domain via a carboxy-to-amino communication allowing for a greater output effect as
compared to a single LOV domain.
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Table 1

Secondary structure changes and photorecovery times

Construct 8052 FMN < ()
WT 030 81
WT(404-546) W491Y/L408W 0.30 78
ANa 0.15 82
Ala W491Y/L408W 0.16 79
A408-411 Ala 0.10 83
T406A/T407A 0.38 56
T407P 0.27 81
T407TW 029 82
A408-411 011 71
L408D 018 96
R410P 0.20 108
R410G 035 78
A410-412 0.34 72
K413A 022 59
N414V 025 5 12hrs?
F434L 035 12
E475A 020 67
Q479L 030 49
N492A 0.18 54
L493A 011 121
F494L 0.15 206
H495L 0.15 85
Q497A 038 74
R500A 039 57
Q502A 030 78
Q513A 0.18 261
L514A 0.42 83
D515V 025 54
H519A 0.30 80
E412H/Q436H 0.27 39

a
8222 = (6222 it — 6222,dark)/6222,dark

bAggregation prone.
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