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Blue-Light Induced Interaction of LOV Domains from

Chlamydomonas reinhardtii
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The phototropin from Chlamydomonas reinhardtii is a 720 kDa
blue light receptor that plays a key role in gametogenesis of this
green alga. It comprises two light-sensing domains termed LOV1
and LOV2 (light oxygen and voltage) and a serine/threonine
kinase domain. The post-translationally incorporated chromo-
phore is flavin mononucleotide (FMN). Upon absorption of blue
light, LOV domains undergo a photocycle that activates a Ser/
Thr kinase. The mechanism of this activation is still unknown. We
studied the oligomerization of the recombinant LOV1 domain
(amino acids 16-133) of C. reinhardtii by means of UV/Vis spec-
troscopy, size-exclusion chromatography (SEC), and chemical
cross-linking with glutardialdehyde. The thermal back-reaction of
LOV1 from the signaling state to the dark state as monitored by
UV/Vis spectroscopy after an intensive blue light pulse could not
be explained by a monoexponential model, although the spectra
did not indicate the presence of an additional species. Therefore,

Introduction

Phototropins are flavoprotein photoreceptors that mediate a
variety of physiological processes in plants." Whereas in
most species two phototropins, phot1 and phot2 regulate the
response to light, the green alga Chlamydomonas reinhardtii
contains only one photoreceptor, designated phot. Phototro-
pins are serine/threonine protein kinases that undergo auto-
phosphorylation of the C-terminal kinase domain upon irradia-
tion with blue light (Figure 1).® The N-terminal region con-
tains two similar motifs that belong to the large and diverse
superfamily of PER/ARNT/SIM (PAS) proteins.”! Because these
PAS domains are regulated by external signals, such as light,
oxygen, or voltage they are termed LOV1 and LOV2
(Figure 1).! Both LOV domains of the phototropins serve as
binding pockets for the chromophore FMN, and are directly
involved in light sensing.®® The LOV2 domain is C-terminally
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Figure 1. Schematic drawing of the phototropin from C. reinhardtii (749
amino acids). The light-sensing LOV domains, each of which binds FMN are
indicated. The serine/threonine kinase domain is shown in gray. A conserved
a helix at the C-terminal position of LOV2 (Ja) is also shown. Displacement
of this helix in response to LOV2 photoexcitation has been proposed to re-
sult in the activation of the C-terminal kinase domain."”
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we investigated the quaternary structure of the LOV1 domain by
size-exclusion chromatography in the dark. This revealed an equi-
librium between dimers and higher oligomers (M, > 200 kDa)
under native conditions. No monomers were detected by SEC.
However, by analysis of the equilibrium by cross-linking of the
protein with glutardialdehyde and subsequent SDS-PAGE, mono-
mers and dimers were identified. Exposure of LOV1 to blue light
resulted in a decrease in the monomer/dimer ratio, followed by
re-equilibration in the dark. Calculation of the solvent-accessible
surface area and the Conolly surfaces of the LOV1 dimers present
in the crystal structure support the experimental observation that
no mononomers are detected in the native state. A model is pre-
sented that accounts for a blue-light-driven change in the quater-
nary structure of the LOV1 domain and gives hints to the molec-
ular basis of light activation and regulation in LOV-containing
proteins.

linked by a highly conserved a helix (Ja) to the kinase domain
(Figure 1).

The activation of phototropins is assumed to occur in a
series of events beginning with the absorption of blue light by
the LOV domains. In the dark or ground state, the phototropin
receptor remains unphosphorylated and inactive. After absorp-
tion of light, the LOV domains go through a photocycle that
is characterized by a series of transient photointermedi-
ates.""'2" |n the photocycle two electronic excited states and
one metastable thermal intermediate have been kinetically re-
solved." "™ The metastable thermal intermediate, LOV-390 con-
tains FMN covalently bound to the thiol group of the reactive
cysteine (Cys57 in LOV1 from C. reinhardtii) via the C(4a) posi-
tion of the isoalloxazine ring.”'*'® Subsequently, the phototro-
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pin is activated by autophosphorylation of the kinase domain,
and mediates the transfer of the signal downstream.?>3¢

For many LOV domains it has been shown that they under-
go structural changes in the proximity of the chromophore
during their photocycle. In prokaryotes the LOV light-sensing
domain is coupled to diverse effector domains.”>? Although
the exact role of the LOV domains in the activation cycle of
the kinase is not fully understood, it is assumed that after light
sensing, the highly conserved a-helical region (Ja) is released
from the surface of LOV2."? This displacement is hypothesized
to lead to an activation of the C-terminal kinase domain, which
in turn results in autophosphorylation of the photoreceptor
protein.'?” This suggestion was put into question, when it
was observed that the Ja linker is needed neither for the
LOV2-kinase interaction, nor for the light-driven phosphoryla-
tion of a substrate.”” LOV1 acts as an attenuator of the photo-
activation, possibly because of a stereochemical blocking of
the interactions between LOV2 domain and kinase domain in-
dependently of the photoreaction of LOV1.2"

So far it is not known how the light-induced reactions that
are centered on a LOV domain are transmitted to the effector
domains, whether this occurs by the same molecular mecha-
nism in all cases, and whether the LOV domains always interact
with other domains in the same orientation. The latter ques-
tion arises because in phot1-LOV2 of Avena sativa the central
[B-scaffold has been demonstrated to participate in interdo-
main communication while making contact with the Ja link-
er2% However, in bacterial LOV proteins only one LOV
domain is present, whereas phot contains two such motifs or-
ganized in tandem.’”? Hence, a LOV-LOV interaction might
not be necessary for the function, or at least in bacteria, it
occurs between LOV domains of different protein molecules.

It was observed that the LOV2 domain has a higher photo-
cycle quantum yield than LOV1.'” Therefore, LOV2 acts as the
basic light-sensing domain and triggers the phot1 and phot2
kinase activity. LOV1 is supposed to play a regulatory role.?* A
comparison of the amino acid sequences of bacterial LOV do-
mains with LOV1 and LOV2 of phot proteins revealed that in
general, bacterial LOV domains have intermediate characteris-
tics between LOV1 and LOV2.*¥

The tendency of LOV domains to form dimers has been no-
ticed previously.”>>" Salomon et al. showed by using size-ex-
clusion chromatography that phot1-LOV1 dimerizes, but LOV2
stays monomeric.” In this work the authors suggested that
LOV1 is responsible for phot dimerization, which would pro-
vide a possible functional role for the tandem organization of
LOV domains in phot proteins.” An increase in volume by a
factor of about 1.8 during light activation of an extended
phot1-LOV2 construct, which was observed by a laser-induced
thermal grating technique has been interpreted as a transient
dimerization in the time range of 300 us.”® Using small-angle
X-ray scattering (SAXS) Nakasako et al. reported on the detec-
tion of dimeric states for the LOV domain of FKF1 and phot
LOV1 domains.””-* The SAXS experiments showed that phot1-
LOV2 is dimeric, whereas phot2-LOV2 is monomeric."% The
latter results are at variance with those reported by Salomon
etal. and Nakasone et al.** Another example for LOV-LOV
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dimerization is the LOV domain of WC-1 from Neurospora,
which showed homodimerization in vitro.”” Recently, dimeriza-
tion and interdomain interactions were observed in the isolat-
ed YtvA-LOV domain by size-exclusion chromatography.?” Cir-
cular dichroism (CD) spectroscopy measurements showed a
central distortion in the f scaffold of the LOV domain. These
data led to the proposal of a common surface for LOV-LOV
and intraprotein interaction that involves the central f3 scaf-
fold.B”

Apparently, LOV-LOV interactions that lead to dimers are a
common feature of many LOV domains, but their role in the
signaling cascade still needs to be uncovered. In particular, it
should be investigated whether this interaction is modulated
by the photochemistry of the LOV domains. To gain insight
into the role of the LOV1 domain in the light-induced activa-
tion of phototropins, we investigated isolated LOV1 domains
from C. reinhardtii with respect to oligomerization, and investi-
gated whether the LOV-LOV interaction is correlated to the
light sensitivity of these domains.

Results and Discussion
Recovery of the dark-state after “fast bleaching”

Immediately after strong bleaching with a high-power LED at
460 nm, the absorption spectrum of the sample in the range
A>300 nm consists of a single broad band with maximum at
390 nm. This has been previously assigned to the adduct of
Cys57 to FMN.®'5'® Figure 2 A displays examples from a se-
quence of 150 spectra that were measured at intervals of 20 s
during the recovery of the system in the dark. The final spec-
trum, which corresponds to a delay time of 3000 s is identical
to the spectrum taken before irradiation. This data set has
been decomposed into the superposition of two spectra S{4)
and two concentration profiles ¢(t) according to Equation (1):

A(t) = 5 (A)ar(t) + S, (A)cy(t) (M

(for details see the Supporting Information). The resulting
spectra are shown in the Figure 2B, and the concentration pro-
files are shown in Figure 3 A. The sum of these, which is shown
as curve (¢, +¢,) in Figure 3A, deviates from a constant value
by less than + 1% over the whole temporal range. Hence, only
the concentration profile ¢;(t) assigned to the adduct species is
analyzed in the following.

The residuals of a single exponential decay fit to ¢,(t) results
in the line (s) of Figure 3B. The deviations are much larger
than the noise, hence the decay can definitely not be de-
scribed properly by a single exponential. A double exponential
function leads to a significantly better fit (Figure 3B, d). Inci-
dentally, the fit finds almost identical amplitudes for the two
decay components. A model that accounts for such behavior
would be a 1:1 mixture of two structural isomers of the LOV1
protein, one with a short recovery time and the other with a
long recovery time. An alternative explanation is the existence
of dimers in which the two monomers occupy nonequivalent
sites. This would in particular account for the equal ampli-
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Figure 2. A) Sequence of spectra measured at increasing delay times follow-
ing irradiation of LOV1 for 1 s with a strong blue-light emitting LED. Spectra
were measured at intervals of 20 s for a total duration of 3000 s. The integra-
tion time obtained by measuring a single spectrum was 25 ms; this short
period of irradiation with white light was found not to affect adduct forma-
tion during the registration of a single spectrum. In addition, we made sure
that an interval of 20 s between the recordings of subsequent spectra had
no effect. Only the spectra at delays 0, 20, 40, 60, 80, 100, 300, 500, 700,
900, and 3000 s are shown. B) Spectra of the photoadduct (a) and the dark
form (b) of LOV1. C) Standard deviation between the data and a reconstruc-
tion with an increasing number L of principal components.

tudes. A fit of similar quality is, however, observed with the
function [Eq. (2)]:

ki¢o

c(t) = 2
(®) exp(kqt)(k; + kyCo)—k,Co )

This function is the solution of the differential Equation (3):

dc

5=k c—k,c? (3)

which is the superposition of a monomolecular and a bimolec-
ular decay process. Although a double exponential function as
well as the mixed kinetics of Equation (4) yield a better fit than
a single exponential, the residuals still show a systematic devi-
ation from zero that exceeds the noise significantly (Figure 3B,
m). One might hence ask whether the system is inhomogene-
ous, that is, whether it contains molecules that represent a
whole distribution of rate constants p(k) that lead to the
apparent decay function:
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Figure 3. A) Decay of the adduct fraction (c;) and rise of the dark form (c,).
The sum of both concentrations is constant within 4-1%. B) Residuals (4) of
the fits of several model functions to the decay curve of the adduct.

c(t) = / dkp(k)exp(—kt) (4)

The inversion of this Laplace transform with the aim of obtain-
ing the distribution function p(k) is a classical ill-posed prob-
lem, but can be solved by the maximum entropy method.®”*¥
The result is shown in Figure 4, and the corresponding residu-
als of the fit are shown in Figure 3B (0), and are indistinguisha-

T T T T T T

T
35 30 25 20 15 -10 -05
log, (k) —

Figure 4. Laplace inverse of the decay curve of the adduct obtained with
the maximum entropy method. The amplitude p(k) is plotted versus the log-
arithm of the rate constant, k. Three maxima occur at the rate constants
3.84x107% 4.11x1073 and 1.21x 1073 s™". These correspond to lifetimes of
26, 244, and 823 s.
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ble from the noise. The distribution function has three maxima
that correspond to decay times of 26, 244, and 823 s. This sug-
gests that a three-exponential decay function might also yield
a satisfactory fit. Indeed, such a fit is almost as good as the
result from the inverse Laplace transform by maximum entropy
(residuals in Figure 3B). We conclude, that the thermal decay
of the photoadduct back to the dark form indicates that the
system is inhomogeneous. A fit with residuals at the noise
level requires at least three exponentially decaying compo-
nents. However, if we allow for some amount of systematic
error in the measurement, a double-exponential fit or a mixed
kinetic model might also be acceptable. These observations
point to the possibility that the sample contains dimers or
aggregates of LOV1 domains, and that bimolecular reactions
might be involved in the equilibration of the sample in the
dark. However, no dependence of the decay curves on the
concentration of LOV domains was observed in the range from
OD,,; ,m=0.2to 1.2.

SEC of the natural LOV (LOV1-wt) domain under native
conditions

SEC analysis of a pure sample of LOV1 showed a distinct peak
at 91 min (corresponding to a molecular mass of 30 kDa) and a
broad peak at about 66 min with a shoulder at about 60 min
(Figure 5). For the 66 min peak a molecular mass of >200 kDa
was calculated. This demonstrates that LOV1 forms dimers
(30 kDa) and higher oligomers (> 200 kDa). No peaks that cor-
responded to monomers, trimers or oligomers up to tetrade-
camers were detected. To investigate whether dimers and olig-
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Figure 5. Equilibrium between LOV-wt dimers and higher aggregates under
native conditions. Elution profiles were obtained from the Superdex 200 pg
column. The peak positions of the standard proteins used for calibration are
indicated by arrows as follows: a) 3 amylase (200 kDa); b) alcohol dehydro-
genase (150 kDa); c) albumin (66 kDa); d) carboanhydrase (29 kDa); e) cyto-
chrom c (12.4 kDa). The sample (1 mL, 0.92 mgmL~'") was loaded on the
column, and the fractions were pooled according to the elution profile
(hatched areas) and concentrated in centrifugal filter devices. The mobile
phase was sodium phosphate buffer (10 mm, pH 8.0) supplemented with
NacCl (10 mm). The concentrated fractions that contained high or low-molec-
ular weight compounds were reanalyzed. A) Chromatogram corresponds to
the initial LOV1-wt sample; B) the result of the fractionated high-molecular
peak from the initial run; C) the result of the fractionated low-molecular-
weight peak from the initial run; inset: lane from the SDS gel showing only
monomers in the native LOV1 sample (without cross-linking).
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omers exist at equilibrium, the peaks were fractionated, con-
centrated, and re-loaded onto the column. The chromatograms
of both fractionated samples showed a size distribution of
LOV1 that was very similar to the initial one (Figure 5). This
demonstrates that in the dark the LOV1 domain stays in equi-
librium between dimers and higher aggregates. An increase in
the ionic strength of the eluent shifted the equilibrium to-
wards the aggregates, which is very unusual.

The identity of the LOV1 protein in each fraction was con-
firmed by UV/Vis spectroscopy in the range from 300 to
600 nm.

This result stands in contradiction to the results described
by Fedorov et al."® who found a mixture of monomers (about
80-90%) and tetramers (about 10-20%) of the same LOV1
domain by SEC analysis. However, dimerization of LOV1 do-
mains from several other species was often observed before.
The LOV1 domain of phot1 from Avena sativa exists as a mix-
ture of monomers and dimers under native conditions.”
Nakasako et al.””’ showed by using small-angle X-ray scattering
that the LOV1 domain of phot1 and phot2 from Arabidopsis
thaliana exists as a dimer in solution in the dark. A similar
result was seen for the LOV domain of FKF1 (Flavin-binding,
Kelch repeat, F-box protein) from A. thaliana,”™® and the LOV
domain of the white collar 1 protein from Neurospora crassa.”

Cross-linking in the dark

For analysis of the equilibrium, cross-linking with glutardialde-
hyde was performed because analytical ultracentrifugation is
inadequate on the required time scale. Electron paramagnetic
resonance spectroscopy requires unpaired electrons, which are
not present in LOV1 and would require labeling of the protein,
and which might affect interactions.

Obviously, the LOV1 domain exhibits a tendency for oligo-
merization. One set of samples was illuminated for different
periods of time with blue light before the cross-linking reac-
tion. A second set of samples was illuminated with blue light
for a constant period of time and was incubated in the dark
for different periods of time before being cross-linked. This
analysis was not feasible with SEC because the time required
for elution exceeds the thermal recovery time of the dark
state.

To “freeze” the association/dissociation equilibrium of LOV1,
€-amino groups on the surface of a monomer (nine lysines)
were covalently cross-linked by glutardialdehyde as described
previously.®" With references, which were not subjected to the
cross-linking procedure, we proved that sample preparation
(dialysis, vacuum concentration and solubilization) did not
cause aggregation. In the absence of the cross-linking agents,
only monomers that corresponded to a M,, of approximately
15 kDa were detected by SDS-PAGE (Figure 5, inset). As a refer-
ence to the blue-light effect, a sample of pure LOV1 was cross-
linked in the dark. The SDS-PAGE showed two bands that cor-
responded to about 15 kDa (monomer) and 30 kDa (dimer), re-
spectively (Figure 6, lane B). To account for a potential loss of
protein associated with the sample preparation for SDS-PAGE,
BSA (Figure 6 A and B, 66 and 50 kDa bands) was added as an
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Figure 6. Blue-light induced changes of the monomer/dimer ratio in LOV1-
wt. The concentration of LOV1-wt was 55 pum. A) Polyacrylamide gel (15%);
lane IS: internal standard (10 pL; 10 ug uL~" bovine albumin: 66 kDa);

lane M: molecular-weight marker; lane 1: sample cross-linked in the dark
before SDS-PAGE; lane 2: exposed to blue LEDs for 3 min before cross-link-
ing and SDS-PAGE; lane 3: exposed to blue LEDs for 3 min, incubated for

40 min in the dark, and then cross-linked before SDS-PAGE. B) Corre-
sponding densitometer plots of lanes IS and 1-3. C) Data of the experiments
with LOV1-wt. The values of the areas for the dimers and the monomers are
shown in lanes 1-3.

internal standard after cross-linking. As is obvious from Fig-
ure 6 A and B, the BSA contained an impurity. However, this im-
purity did not interfere with the analytes (monomers, dimers).
Additional bands on the gel might represent small amounts of
proteolytic fragments, because rather than a protease inhibitor
cocktail (containing peptides), only PMSF was used to prevent
interference with SDS-PAGE.

Although the recoveries of the samples differed slightly, the
sum of the monomers and dimers was constant, with respect
to the amount of the internal standard (BSA; Figure 6 A and B).

The yield of the cross-linking reaction strongly depended
both on the concentration of glutardialdehyde and on the re-
action time. The incubation period was kept constant at 2 min,
and the glutardialdehyde concentration was varied between 0
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and 5.5%. In the range between 0.2 and 3.5% of glutardialde-
hyde, the monomer/dimer ratio remained constant at a value
of about 1.3. In no case were species other than monomers
and dimers detected. For quantitative analysis of the densito-
metric plots, all peaks were numerically fitted with Gaussian
functions, which enables the determination of the areas of
overlapping peaks. The amounts of monomers and dimers
were calculated by the integrated optical density of the peak,
which was correlated to the integrated optical density of the
internal standard. In contrast to the SEC analysis, which
showed only dimers and oligomers of high molecular weight,
after cross-linking both monomers and dimers were identified.

Effect of blue light exposure on the monomer/dimer ratio

To investigate the effect of blue light on LOV1, a sample was il-
luminated with intensive LEDs for 3 min and cross-linked im-
mediately. Another sample was also illuminated for 3 min, but
was cross-linked after an incubation time of 40 min in the dark
(Figure 6). In comparison to the dark state, the ratio of mono-
mers to dimers decreased from 1.3 to about 0.3 after exposure
to blue light (Figure 6, lane C). When LOV1 was incubated in
the dark for 40 min after light exposure, the monomer/dimer
ratio of the dark state was recovered (Figure 6, lane D).

These experiments showed that the influence of light on the
association state of LOV1 is reversible. Apparently, the forma-
tion of the adduct-state results in structural changes on the
protein surface, which influence the intermolecular interactions
of the LOV1 domain.

Kinetics of monomer/dimer ratio during irradiation and
relaxation in the dark

To assess the time required to reach the light-adapted state,
the time of light exposure before cross-linking was varied.
Samples of LOV1 were irradiated with blue light for different
periods of time (0.5, 1, 2, and 3 min) and immediately cross-
linked (Figure 7). As a control an identical sample was cross-
linked in the dark. An exposure time of 0.5 min already result-
ed in a significant decrease in the monomer/dimer ratio com-
pared to the dark state. Before exposure, the amount of
dimers was about 40%. Immediately after 0.5 min of exposure
to light the amount of dimers increased to about 75%. This
value remained constant after longer exposure times (Fig-
ure 8A).

Furthermore, the incubation period in the dark after irradia-
tion with blue light for 2 min and before cross-linking, was
varied. Incubation times of 2, 6, 10, 20, 30, and 40 min were
selected. As a reference, an identical sample was cross-linked
without exposure to light (Figure 7B). After an incubation
period of 2 min the monomer/dimer ratio was comparable to
the one detected directly after illumination, that is, there were
about 70% dimers. By contrast, upon longer incubation times
the amount of monomers increased significantly, and the mo-
nomer/dimer ratio returned to that of the dark state. Figure 8B
illustrates this phenomenon in a plot of the amounts of mono-
mers and dimers versus time. The time constant for this pro-
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Figure 7. A) Effect of exposure time on the monomer/dimer ratio. The con-
centration of LOV1-wt was 55 um. The following exposure times before
cross-linking were chosen: lane 1: cross-linked in the dark; lane 2: 0.5 min;
lane 3: 1 min; lane 4: 2 min; lane M: molecular-weight marker. B) Influence
of incubation time on the monomer/dimer ratio. The concentration of LOV1-
wt was 55 um. The following incubation times in the dark after a constant
exposure time of 2 min, and before cross-linking were used: lane 1: 2 min;
lane 2: 6 min; lane 3: 10 min; lane 4: 20 min; lane 5: 30 min; lane 6: 40 min.
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Figure 8. Effect of exposure time on the monomer/dimer ratio, A) deter-
mined by fitting the peaks in the densitometer plots with Gaussian func-
tions, and B) the time in the dark after 3 min of exposure. The fitted expo-
nential curves yield a time constant of about 7 min. The dots show the spec-
tral decay of the fraction of adduct, which is in the same order of magnitude
as the decay of the monomer/dimer ratio in the dark after an exposure time
of 3 min. The concentration of LOV1-wt was 55 um.

cess is about 7 min. The time constant of the spectral recovery
is about 200 s. If one considers the experimental time resolu-
tion of the cross-linking experiments of about 2 min, both time
constants are of comparable magnitude.
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Model of a LOV1 dimer

SEC analysis under native conditions showed that LOV1 exists
mainly as a dimer in the dark. SDS-PAGE experiments with and
without cross-linking confirmed that these dimers are not co-
valently bound. To visualize the quaternary structure, an analy-
sis on the basis of the X-ray crystal structure of the LOV1
domain from C. reinhardtii, which was solved by Fedorov
et al™ (PDB ID code: 1N9L) was performed. For this purpose,
the monomeric structure was expanded in its P 65 2 2 symme-
try in the crystal, which yielded a circular oligomeric structure.
An enlargement of the neighboring space of a single LOV1
domain within the crystal reveals that a single domain (a) is
surrounded by four neighboring domains (b-e), which are in
direct contact (Figure 9A). These four different kinds of dimers
were analyzed in more detail by calculating the solvent-acces-
sible surface area (SASA) of each dimer and of a single domain
by subtraction of the double SASA of a single domain by the
corresponding SASA of the dimer; this gave an estimate of the
total contact area within each type of dimer. The dimer [a]|b]
showed the largest contact area. The Conolly surface of the
LOV1 domain was calculated and revealed a lipophilic area in
the left bay of the domain (Figure 9B, brown region), which
protrudes into the direction of an area with higher hydrophilic-

A)

B)

Figure 9. Analysis of the quaternary structure on the basis of the X-ray crys-
tal structure of the LOV1 domain from C. reinhardtii (PDB ID code: 1N9L).

A) Neighboring space of a single LOV1 domain within the crystal (crystallized
in P 65 2 2 symmetry) reveals that a single domain (a) is surrounded by four
other domains (b-d) and is in direct contact with them. The dimer [a|b]
shows the largest contact area (calculated by SASA); this suggests that this
type of dimer is most stable. B) Calculated Conolly surfaces of the LOV1 do-
mains in the [a|b] dimer. The lipophilic potential shows a lipophilic area
(brown region) in the left bay of the domain, which protrudes in the direc-
tion of an area with higher hydrophilicity (green region). In the dimer [a|b]
both lipophilic surfaces fit very well sterically.
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ity (Figure 9B, green region). In the dimer [a|b] both lipophilic
surfaces point to each other and fit very well sterically. There-
fore, we assume the dimer [a|b] predominates in solution.

Conclusions

Kinetic measurements showed that the thermal back-reaction
from the photoadduct to the dark state is inhomogeneous. A
possible reason for this could be the coexistence of monomers,
dimers, and higher aggregates. In this case bimolecular reac-
tions may participate in adjusting the equilibrium in the dark.
Analysis of LOV1 by SEC showed a mixture of dimers and
higher aggregates (larger than tetradecamers). These oligo-
mers were shown to exist at equilibrium, which can be shifted
to the higher aggregates with an increasing ionic strength in
the eluent.

Cross-linking of LOV1 in the dark and subsequent SDS-PAGE
showed that the dimers that were identified in the SEC are
bound by noncovalent interactions. Without cross-linking, only
monomers could be observed by SDS-PAGE. The higher aggre-
gates that were observed in the SEC were not detected by
SDS-PAGE. Apparently, the probability of cross-linking of such
higher aggregates is too low. Furthermore, monomers were
detected, which were not seen in the SEC.

The observation of monomers after SDS-PAGE indicates that
cross-linking is not complete. Because no monomers exist in
the native state, the increase of the dimer fraction following
excitation with blue light can not be due to dimer formation
from monomers. One plausible explanation is that the dimers,
even those that are obviously present as subunits in the
higher aggregates, undergo a conformational change in the
photoexcited state that strongly increases their cross-linking
yield. This might happen because the distances between the
lysines decrease in the photoexcited state so that the cross-
linking reaction is more probable (see figure in the graphical
abstract). Such a photoinduced increase of the LOV-LOV inter-
action might be important for signal transduction if, as sug-
gested,®™ the autophosphorylation of phot is in fact a mutual
cross-phosphorylation of a pair of phot proteins.

In summary, our observations indicate a light-induced inter-
action between the LOV1 domains from C. reinhardtii. Blue
light induces the formation of the adduct state within the pro-
tein, and this adduct formation then forces the protein into a
conformation in which the interaction between two LOV1 do-
mains is strongly increased. This kind of blue-light-driven inter-
action between LOV1 domains might also occur in the full-
length protein phototropin, and might play a role in the signal
transduction pathway.

Experimental Section

Materials: Bacto tryptone, agar and yeast extract were purchased
from Becton, Dickinson and Company (Sparks, USA). PMSF was
bought from Roth (Karlsruhe, Germany) and the molecular weight
standards for SDS-PAGE were purchased from Peglab (Erlangen,
Germany). Water was purified by a Milli-Q system (Millipore, Esch-
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born, Germany). All other chemicals were of analytical grade and
were obtained either from Merck or from Sigma-Aldrich.

LOV1 expression and purification: The gene fragment that en-
coded the FMN-binding LOV1-wt domain (amino acids 16-133)
was cloned into the E. coli expression vector Hispx2 between the
EcoRl and Hindlll sites in such a way that the protein carried one
Met, twelve His, one Glu, and one Phe that were derived from the
vector sequence at the N-terminal end. (The Hispx2 vector was
produced by cutting off the sequence that coded for the maltose-
binding protein out of the pMal-p2x vector (New England Biolabs,
Frankfurt, Germany) in a first step, and then inserting a sequence
that encoded 10xHis.) The protein was expressed in E. coli strain
BL21 (New England Biolabs, Frankfurt, Germany) and purified by a
Ni-NTA column (Qiagen, Hilden, Germany) as described previous-
ly." After purification, LOV1 was dialyzed against sodium phos-
phate buffer (10 mm, pH 8.0) that contained NaCl (10 mm) and
PMSF (0.1 mm).

UV/Vis spectroscopy: For all bleaching experiments LOV1 was
diluted in sodium phosphate (10 mm, pH8.0) that contained
NaCl (10 mm) to yield a protein concentration of 0.85 mgmL .
LOV1 concentrations were determined by measuring the absorp-
tion at 447nm by using the extinction coefficient g,,=
12500 Lmol'ecm™' of free FMN. This determination was based on
the assumption of identical extinction coefficients for free and
LOV1-bound FMN. For photobleaching, the samples were irradiat-
ed for 1 s with intense blue light LEDs (Luxeon® lll Emitter K&nigs-
blau, Lumileds Lighting, San Jose, USA) with an emission maximum
of 460 nm and a width at half height of 20 nm. LEDs were posi-
tioned on both sides of the cuvette. Immediately after bleaching,
time sequences of spectra were collected in the dark every 20 s for
an overall time interval of 3000 s. The shutter of the diode array
was opened for only 25 ms, which is too short a period of irradia-
tion time with white light to affect adduct formation during the
registration of a single spectrum. In addition, we made sure that
an interval of 20 s between the recordings of subsequent spectra
had no effect. Cuvettes were maintained at a temperature of 20°C
during the measurements. Absorption spectra were measured with
a Lambda 9 spectrophotometer (Perkin—Elmer), and time sequen-
ces of the spectra were recorded with a Specord S100B diode array
spectrometer (Analytik Jena, Jena, Germany).

Size-exclusion chromatography (SEC): Prior to the separation of
LOV1, a Superdex 200 pg 16/60 column (GE Healthcare, Uppsala,
Sweden) was equilibrated with sodium phosphate buffer (10 mm,
pH 8.0) supplemented with NaCl (10 mm). Calibration was per-
formed with gel filtration by using molecular weight markers of
12400-200000 Da (Sigma-Aldrich, Munich, Germany). After calibra-
tion Ni-IMAC purified LOV1 was separated by SEC. The LOV1
sample (1 mL) with a concentration of 0.84 mgmL~" was applied
to the column and separation was performed at a flow rate of
1 mLmin~" and a detector wavelength of 280 nm by using an Akta
Purifier FPLC system (GE Healthcare, Uppsala, Sweden). All SEC ex-
periments with LOV1 were performed in the dark at 8-9°C. Frac-
tions were pooled according to the elution profile and were con-
centrated in centrifugal filter devices (MWCO 5000, Amicon Ultra-5,
Millipore, Eschborn, Germany). The concentrated fractions that
contained high or low-molecular-weight compounds, were then re-
analyzed by SEC. Fractions were separately applied to the Super-
dex 200 pg 16/60 column, and elution profiles were detected as
described above.

Cross-linking with glutardialdehyde: Cross-linking with glutardial-
dehyde was essentially performed as described in ref. [31,33]. Brief-
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ly, sodium phosphate (421 uL, pH 8.0; 10 mm) that contained NaCl
(10 mm) was mixed with 2.5% (v/v) ag. glutardialdehyde solution
(50 pL). After 30 s, protein solution (0.85 ugmL™"; 29 ulL) was inject-
ed, and the mixture was shaken vigorously for 2 min. The reaction
was stopped by addition of NaBH, (ca. 10 mg) and shaken for
20 min to assure complete reduction of excess glutardialdehyde.
Concentrated H;PO, (30 pL) was added in three portions. After ad-
dition of SDS solution (10%, w/v; 100 pL) the samples were dia-
lyzed (MWCO 10000 Da) against SDS (0.2%, w/v) at 60°C. Samples
were dried, overnight, in a speedvac (Savant speedvac Plus
SC110A; Divebid, Cambridge, USA) at low temperature before they
were dissolved in water (12 pL) and Laemmli buffer (3 pL) for sub-
sequent SDS-PAGE analysis.

SDS-PAGE: SDS-PAGE was performed as described in ref [34]. Pro-
teins were separated in 12 or 15% polyacrylamide gels by using a
PerfectBlue™ gel electrophoresis system Twin S (Peglab, Erlangen,
Germany). All samples were heated for 3 min at 100°C before they
were loaded onto the gel. The gels were scanned and analyzed in
a GS-710 Imaging Densitometer by using Quantity One quantifica-
tion software, version 4.0.3 (Bio-Rad, Munich, Germany). For quanti-
tative evaluation of protein peaks the fitting routines in the pro-
gram Origin (OriginLab Corporation, Northampton, USA) were
used.

Calculation of LOV1 surfaces and visualisation of dimer forma-
tion: The vicinity of a LOV1 monomer within the crystal (Figure 9)
was analyzed with the software package PyMOL“? by using the
symmetry information within the PDB file TN9L. Solvent-accessible
surface areas were calculated with VEGA ZZ 2.1.0.57

Connolly surfaces were calculated by using Sybyl version 7.1
(Tripos, St. Louis, USA). Inorganic ions and water molecules were
excluded and a radius of 1.4 A was chosen for the contact mole-
cule. In accordance with the distribution of lipophilic residues and
the electrostatic potential on the Connolly surface, the proposed
protein dimers were fitted manually.
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