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Blue Light Induces Global and Localized Conformational Changes in the Kinase Domain
of Full-Length Phototropin’
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ABSTRACT: The blue-light photoreceptor phototropin plays a crucial role in optimizing photosynthesis in plants. In
the two light-, oxygen-, or voltage-sensitive (LOV) domains of phototropin, the light stimulus is absorbed by the
flavin chromophores. The signal is assumed to be transferred via dissociation and unfolding of a conserved Jo helix
element to the serine/threonine kinase domain. We investigated full-length phototropin from the green alga
Chlamydomonas reinhardtii by Fourier transform infrared spectroscopy to shed light on the signal transfer within the
protein and on the structural response of the kinase. Light-induced structural changes were assigned by comparing
signals of the full-length protein with those of the truncated LOV1-LOV2-Joe and LOV1-LOV2 and with those of
deletion mutants. A loss of helicity originating from the Jou linker helix was observed in LOVI-LOV2-Ja in
agreement with previous studies of LOV2-Ja.. Full-length phototropin showed reversible global conformational
changes via several turn elements. These changes were suppressed in a deletion mutant lacking the Ja linker and are
attributed to the kinase domain. The loss of turn structure is interpreted as a light-induced opening of the kinase
tertiary structure upon release of the LOV2 domain. Concomitant protonation changes of Asp or Glu residues in the
kinase domain were not observed. A light-induced loss in helicity was observed only in the presence of a phototropin-
characteristic 54-amino acid extension of the kinase activation loop, which is predicted to be located apart from the
catalytic cleft. This response of the extension might play a significant role in the phototropin signaling process.

Blue light has a strong effect on plant development and on
photomovement responses for optimization of photosynthesis.
The blue-light photoreceptor phototropin (phot)' regulates these
responses in plants such as phototropism (/), chloroplast
relocation (2—4), stomatal opening (5), rapid inhibition of hypo-
cotyl elongation (6), and promotion of cotyledon expansion (7).
In the unicellular green alga Chlamydomonas reinhardtii, a single
phototropin homologue was proposed to regulate sexual diffe-
rentiation (8) and to modulate chemotactic activity (9). Expres-
sion of the Chlamydomonas phototropin homologue in a phot-
deficient Arabidopsis mutant successfully restored functionality
despite their different functions in vivo (10).

Phototropin is a blue-light-dependent kinase classified
into subfamily VIIIb of the large group of AGC kinases
(protein kinases A, G, and C) (I, 12). The sering/threo-
nine kinase domain of phototropin is regulated by two light-,
oxygen-, or voltage-sensitive (LOV) domains at the N-terminus
(Figure 1A). Each LOV domain carries a noncovalently bound
flavin mononucleotide (FMN) as a chromophore. The kinase
domain is highly homologous to the mouse cyclic adenosine
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monophosphate-dependent protein kinase A (PKA). A major
difference between the light-activated phototropin kinase and
PKA is an extension of 30—50 amino acids inserted into the
14-amino acid activation loop (A-loop) of the catalytic subdo-
main (/1, 13) (Figure 1B). An extension of this size is absent in the
majority of AGC kinases (/4) and has so far been found only in
subfamily VIIIa (/2), and in NDR (nuclear Dbf2-related) kinases
of subfamily VII (/5). There, the extension has been shown to
play important roles either as a localization sequence or in
carrying out an autoinhibitory function (12, 15).

Blue light induces formation of adducts between the sulfur
atom of conserved cysteines of the LOV1 and LOV2 domains
and the flavin Cy4, atoms (16— 18) (Figure 1C). These adducts are
stable on the order of seconds to minutes and finally revert to the
dark form. Adduct formation in LOV2 induces detachment of a
conserved Ja helix in the linker region between the LOV2 domain
and the kinase domain, which has been shown by nuclear
magnetic resonance (NMR) spectroscopy on a 40-amino acid
extended LOV2 domain construct (/9) (Figure 1D). It has been
proposed that this detachment is followed by unfolding of the
helix due to observation of light-induced changes in the diffusion
constant (20). This proposal has gained support in the recent
results from Fourier transform infrared (FT-IR) spectro-
scopy (21, 22), with the reservation that unfolding was not
detectable in LOV2-Ja from the phytochrome—phototropin
chimera neochrome 1 (23). Blue light finally activates the
C-terminal kinase domain, which autophosphorylates phototro-
pin (24). Inactivation of the LOV2 domain by point mutation
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FIGURE I: (A) Domain organization of phototropin. Schematic re-
presentation of the constructs investigated in this study from Chla-
mydomonas phot. Furthermore, deletion mutants were constructed
that lack the Ja helix and the A-loop extension. The LOV1 domains
were inactivated by mutation of the reactive cysteine 57 to serine to
prevent overcrowding of the spectra. (B) Sequence alignment of the
activation loop in the catalytic subdomain of kinases from Chlamy-
domonas phot, Arabidopsis photl, and Mus musculus PKA. Photo-
tropins contain an extension of the loop of ~30—54 residues as
compared to PKA and many other homologous kinases. Highlighted
residues show the conservation of the Mg>"-binding aspartate and the
serine/threonine phosphorylation site. (C) Chemical structure of the
flavin chromophore in the regulatory LOV domains in the dark and
after light-induced formation of the adduct. The adduct is character-
ized by a covalent bond between flavin C4, and the cysteine thiol. (D)
Current model of light-induced conformational changes of the LOV2
domain and the adjacent Ja helix. Dissociation of the helix is followed
by partial unfolding and results in activation of the kinase.

abolished autophosphorylation in vitro and phototropic res-
ponses in transgenic Arabidopsis, whereas inactivation of
LOV1 led to a wild-type phenotype (25). Autophosphorylation
became light-independent in vitro in variants with a modified Ja
helix that show permanent helix displacement (26). This promi-
nent role of the Ja helix for kinase activation was challenged by
the in vitro observation that the isolated LOV2 domain without
Jou was able to act as light-dependent inhibitor of the kinase (27).
In the absence of the inhibiting LOV2 domain, the kinase domain
triggers constitutive physiological responses, when fused to green
fluorescent protein (28).

Several signaling components and downstream events of
phototropin signaling have been identified in higher plants (as
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reviewed in ref 13) and in Chlamydomonas (29), but a natural
phosphorylation substrate has not been found. On the other
hand, it has been shown that autophosphorylation of a conserved
serine residue at the end of the A-loop is a prerequisite for signal
mediation of Arabidopsis phototropin (30). In Chlamydomonas, a
light-induced, proteolytic degradation of phototropin has been
observed after exposure to blue light (Y. Lu and P. Hegemann,
unpublished results).

Kinase activation of phototropin has been studied in vitro
by autophosphorylation assays, which, however, did not
provide any information about the signal transfer to the kinase
after activation of LOV2-Ja. Biophysical studies of photo-
tropin were restricted to shorter fragments such as the LOV
domains, the LOV2-Ja construct, and the LOVI-LOV2
tandem protein without the Jou linker. Purification of full-
length phototropin from heterologous expression systems was
unsuccessful.

In this study, we obtained full-length Chlamydomonas photo-
tropin from Escherichia coliin sufficient yield and purity to apply
FT-IR spectroscopy. The aim of this first biophysical investiga-
tion of the full-length protein was to resolve secondary structural
responses to light. FT-IR spectroscopy is an established techni-
que for studying secondary structure of proteins via the coupled
C=0 stretching modes of the backbone. Different elements can
be distinguished by this amide I band with -sheets absorbing at
1620—1640 cm™' with a weak contribution at ~1680 cm ',
helices and loops at 1640—1660 cm”!, and turn elements at
1660—1690 cm ™" (31, 32). The method has already been applied
to LOV domains for the assignment of light-induced structural
changes in static (33—35), time-resolved (36), and temperature-
dependent (37) approaches. Furthermore, an FT-IR study on the
LOV-containing, bacterial protein YtvA (38) revealed light-
induced conformational changes in the STAS (sulfate transporter
anti-sigma-factor antagonists) domain by comparison of spectra
of the full-length protein with those of its single LOV
domain (39).

Here, we analyzed the transfer of the signal from the LOV2
domain to the kinase domain in phototropin by comparing
light-induced responses from full-length protein with those
from the shorter LOVI-LOV2-Jo. and LOV1-LOV2 constructs
(Figure 1A). Additionally, we employed deletion mutants lacking
the Jau helix and the A-loop extension. The comparison reveals
changes in secondary structure upon light activation of LOV2,
which are assigned to a global response of the kinase domain and
a specific change in its A-loop extension.

MATERIALS AND METHODS

Expression Constructs. cDNA of full-length phototropin
from C. reinhardtii (accession number CAC94941) was amplified
by PCR and inserted in frame with an N-terminal Strep-Tag-I1
into pASK-IBA-7plus using EcoRI and HindIII restriction sites.
Additionally, a six-His tag was fused in frame to the C-terminus
by insertion of a double-stranded oligonucleotide using PfI231
and HindIII sites. Cysteine at position 57 was replaced with serine
through site-directed mutagenesis (Quikchange, Stratagene) with
oligonucleotides previously described (40). In the resulting
pASK-IBA-7plus-phot_C57S_HTc plasmid, bases encoding ami-
no acids 330—352 were replaced with those for four glycine
residues by overlapping PCR to yield pASK-IBA-7plus-
phot_C57SAJo__HTe. Deletion of the A-loop was accomplished
by subcloning from pKS-phot-Aext using Eco72l and PfI231 sites
to yield pASK-IBA-7plus-phot_C57SAext_HTc. In the resulting
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gene product, four glycine residues replace residues 551—605. For
expression of the tandem LOVI-C57S-LOV2 (amino acids
16—329) and LOV1-C57S-LOV2-Ja. (amino acids 16—363) con-
structs, the corresponding DNA sequence was amplified by PCR
from pASK-IBA-7plus-phot_C57S_HTc and inserted in frame
with a His tag into Hisp2x using EcoRI and HindIII sites as
previously described (41).

Protein Purification. Tandem constructs were expressed and
purified as previously described (4/). Full-length constructs
were purified from BL21(DE3) cells after overnight expression
at 18 °C in LB containing 0.2 ug/mL anhydrotetracycline for
induction. Cells were collected and resuspended in 50 mM Tris
(pH 8.0), 200 mM NaCl, 10 mM MgCl,, and 0.1 mM PMSF.
After disruption using a microfluidizer (Avestin EF-C3) at 1300
bar, insoluble material was removed by centrifugation at 16000g
(Avanti, Beckmann). The cytosolic fraction prepared by ultra-
centrifugation at 150000g was applied to a Ni-NTA column
(Qiagen, Hilden, Germany) and washed extensively with buffer
containing 25 mM imidazole. The full-length protein was eluted
from the column with 500 mM imidazole and dialyzed twice
against 1000 volumes of 50 mM Tris (pH 8.0), 200 mM NaCl,
10 mM MgCl,, and 10% glycerol. The identity of the full-length
phototropin was confirmed by mass spectrometry (data not
shown).

Sample Preparation. Proteins were transferred into 10 mM
Tris buffer (pH 7.5) containing 200 mM NaCl and 5% glycerol
by repeated ultrafiltration using a Vivaspin 500 filter device with
a 10 kDa cutoff (Sartorius). The final concentration of the sample
was adjusted to 800 uM with respect to chromophore content.
The concentration was determined by the absorbance at 445 nm
using an extinction coefficient of 12500 L mol ™' cm™! for free
FMN (42). For FT-IR spectroscopy, 2 uL of the protein solution
was applied on a BaF, window. All experiments were performed
in solution without any drying except for those on full-length
phot, where a suitable concentration could not be achieved by
ultrafiltration. Instead, the water content was slowly reduced at a
pressure of 300 mbar. This procedure is gentler than the
established procedure of drying and rehydration, which might
interfere with the functionality of the protein. The sample was
sealed by a second window.

FT-IR Spectroscopy. FT-IR spectra were recorded on a
Bruker IFS 66v spectrometer with a resolution of 2cm ™' A long-
wave pass filter with a cuton of 5.35 yum (OCLI) was placed in
front of the detector to block stray light and to improve the
signal-to-noise ratio. The filter restricted the spectral range to
1900—900 cm ™ '; 1024 or 2048 scans before and after illumination
of the sample for 2 s were recorded for the difference spectra. Blue
light was provided by a light-emitting diode (Luxeon Star,
Lumileds) with an emission maximum at 455 nm and a power
of 20 mW/cm?. The temperature of the sample was adjusted to
20 °C by a circulating water bath. The experiment was repeated
after 60 min, when the protein had completely returned to the dark
state. Several illuminations of independent preparations were
performed and representative spectra averaged to a total number
0f 4096 scans for LOV1-C57S-LOV2 and LOV1-C57S-LOV2—Ja
constructs, 26624 scans for phot-C57S, 10240 scans for phot-
C57S-AJa, and 16384 scans for phot-C57S-Aext. The sample-
to-sample variation is exemplarily shown for LOV1-C57S-LOV2-
Jocand phot-C57S in the Supporting Information (Figures S2 and
S3). The spectra were scaled to the isolated C,=O difference band
of LOV2 at 1717 (=)/1730 (+) cm™". In this spectral region, the
apoprotein does not contribute to the signal of LOV2.
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FiGUurRE 2: (A) SDS—PAGE of full-length phototropin carrying a
C-terminal His tag after purification by affinity chromatography.
The major band marked with an arrow corresponds to the apoprotein
with a theoretical mass of 85.7 kDa. (B) UV—vis spectrum of the
holoprotein showing the typical absorption bands of protein-bound
flavin.

RESULTS

Full-length phototropin from C. reinhardtii was obtained from
E. coli as a yellow-colored, soluble protein. SDS—PAGE after
purification showed a band at ~90 kDa with a purity of >70%
(Figure 2A). The molecular mass corresponds to the theoretical
mass of the apoprotein of 85.7 kDa. Contributions by impurities
are visible at ~80 and ~30 kDa. Impurities with high molecular
weights are likely to consist of N-terminally degraded photo-
tropin molecules that still contain the C-terminal His tag. The
30 kDa impurity was identified as the cAMP receptor protein of
E. coli, which was copurified using this procedure. The UV—vis
spectrum of the protein exhibits the typical fine-structured
absorption of protein-bound FMN with absorption maxima at
444, 368, and 349 nm (Figure 2B). The purified protein is not
phosphorylated according to phosphoprotein staining and mass
spectrometry (C. Gasser and T. Mathes, unpublished results).

Light-induced FT-IR difference spectroscopy was applied to
the algal phototropin. To assign signals of the full-length protein
to different structural subunits, the LOV1-LOV2 domain tandem
(amino acids 16—329) and the tandem additionally containing
the conserved Ja helix (LOV1-LOV2-Ja, amino acids 16—363)
were investigated (Figure 1A). In all three constructs, the LOV1
domain was inactivated by replacement of the reactive cysteine
57 with a serine (40) to prevent crowding of the spectra by
simultaneous contributions of both LOV domains. It has been
shown that activation of the kinase is dominated by the LOV2
domain (25, 27).

Great care was taken to maintain a high water content in all
experiments (Figure S1 of the Supporting Information), which is
paramount for resolving structural changes in phototropin (data
not shown). The water content by far exceeded that of previous
studies where a strong effect of hydration has been shown by
using glycerol/water mixtures (43). Any artificial effects by
dehydration can therefore be ruled out.

LOVI-LOV2 Tandem Protein with and without the Jo.
Helix. The light-induced FT-IR difference spectrum of LOV1-
LOV2-Ja shows a typical pattern of vibrational changes caused
by adduct formation (Figure 3a). Negative bands originate
from the dark form of LOV2, and positive bands characterize
the light state. Only bands of those vibrations are visible that are
affected by the reaction. Most of the vibrational bands in the
mid-infrared spectral range originate from changes in structure of



Article

LOV1-LOV2-Ja

O]

o

c

®

2

o

(%]

Q

<

< LOV1-LOV2
b
Jo.0002

¢ (a minus b)

AA Absorbance
1 6461

1800 1700 1600 1500 1400 1300 1200

Wavenumber / cm™’

FIGURE 3: (Top) Comparison of the light-minus-dark FT-IR diffe-
rence spectra of LOVI-LOV2-Ja (a) and LOVI-LOV2 (b). The
contribution of the Ja. helix is evident at 1646 cm™'. The position
and negative sign of the band point to a light-induced loss of helicity.
(Bottom) The calculated double difference spectrum (c) supports
the assignment of the band to an isolated structural change of the
helix, because other signals are not evident within the experimental
accuracy.

the FMN chromophore by adduct formation (33, 34). Further
contributions are due to changes in the secondary structure of the
LOV2 domain (35). The latter are spectrally confined to the
amide I region between 1615 and 1695 cm™ ' and the amide II
region between 1520 and 1570 cm ™.

The difference spectrum of LOV1-LOV2-Ja closely resembles
that of the LOV1-LOV2 tandem protein (Figure 3b) except for
the pronounced negative band at 1646 cm™'. Since all other
vibrational contributions of LOV1-LOV2 remain unperturbed,
this band is assigned to a change in the vibrations of the ~20-
amino acid Ja helix upon illumination. The extent of change is
illustrated by calculation of a double difference of the spectrum
with Jo minus that without the Jo helix (Figure 3c). The double
difference spectrum shows a broad and prominent band in the
amide I region at ~1646 cm™ ', which indicates a secondary
structural change as a response of the Ja helix to light. This band
was detected only in experiments with protein in solution, as
employed in this study. The loss of the Ja contribution upon
concentration of the protein to a film (data not shown) might be
interpreted as an aggregation effect that restricts the changes in
the secondary structure of the Ja helix.
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FIiGUrE 4: (Top) Light-minus-dark FT-IR difference spectra of full-
length phototropin (a) and LOVI-LOV2-Ja (b). The scale bar
represents a difference absorbance of 0.0001. (Bottom) The double
difference spectrum (c) illustrates the differences between the two
spectra in the frequency and amplitude of the bands. Prominent
signals located in the amide I and amide II regions point to secondary
structural changes attributed to the kinase domain. The negative
band at 1685 cm ™' is assigned to loss of turn structural elements. The
gray bar highlights those signals that are above the limit of sample-
to-sample variation in the experiment.

Full-Length Phototropin. Vibrational bands in the diffe-
rence spectrum of full-length phot are again dominated by
changes in the chromophore structure of the LOV2 domain
(Figure 4a). The photoreaction of the chromophore is not
influenced by the presence of the kinase domain, as is evidenced
by the identical band pattern in the range of 1200—1500 and
1700—1800 cm ™' as compared to LOV1-LOV2-Ja (Figure 4b).
The comparison reveals, however, alterations in band positions
and intensities in the amide I and amide II regions by the presence
of the kinase domain. It should be noted that changes in band
position cannot be explained by variations in sample preparation
but are a clear indication of additional vibrational contributions
in the full-length protein (Figure S3 of the Supporting In-
formation). The most prominent change is a strong increase in
intensity of the difference band at 1552 (—)/1539 (+) cm™ ' with a
concomitant shift to 1537 cm™". This band has been assigned to
comprise contributions of secondary structural changes (35)
together with the C;,=N; vibration of flavin (33, 34). Further
pronounced differences are evident in the amide I region.
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1657 cm™ ! is absent. This finding is interpreted as light-induced structural changes in the A-loop extension of full-length phototropin. (C)
Difference spectrum of phot-AJa, a full-length phototropin without the Ja linker helix, in comparison to that of LOV1-LOV2. The spectrum of
phot-AJa resembles more that of LOV1-LOV2 than that of full-length phototropin. (D) The double difference spectrum shows only minor
changes in the amide I region despite an increase in size of the protein by a factor of 2. Prominent signals that were assigned to the response of the

kinase domain of full-length phot are absent.

The positive band at 1683 cm ™' of LOV1-LOV2-Ja. is missing in
the spectrum of full-length phot. This band has been assigned to
the C,=0 vibration of flavin in the adduct (35), a contribution
that cannot be lost. Instead, it is (over)compensated by a strong
negative contribution. At 1692 cm ™', a negative band is detected
in the presence of the kinase, whereas the band of LOVI-
LOV2-Ja at 1696 cm™' remains in the form of a shoulder. The
positive band of LOVI-LOV2-Jo. at 1663 cm ™! is shifted to
1666 cm™". The band assigned to the Jo helix at 1646 cm ™" in
the spectrum of LOVI-LOV2-Ja is less pronounced in the
difference spectrum of full-length phot. However, infrared
light at ~1650 cm ™' is strongly absorbed by water vibrations
(Figure SI of the Supporting Information). This absorbance
results in an increase in the noise of the spectrum and of the
sample-to-sample variation (Figure S3 of the Supporting Infor-
mation). Because of the extremely small difference signal of the
full-length protein, the presence or absence of a Ja contribution
to the spectrum cannot be decided on the basis of these data.
All differences are illustrated by a double difference spectrum
(Figure 4c). Prominent bands are detected at 1685 and 1657 cm ™!
in the amide I region and at 1550/1532 cm™' in the amide II
region, which are attributed to a response of the kinase domain to
illumination of the LOV2 domain. This response provides
evidence that the signal relay was not impaired by the
overexpression of full-length phot in a heterologous system.

Outside of the spectral range of amide vibrations, signals are
absent. The lack of signals above 1712 cm ™" implies that the
response of the kinase to illumination does not involve changes in
protonation state or hydrogen bonding of glutamic or aspartic
acids (31).

Full-Length Phototropin without the A-Loop Extension.
To further localize the light-induced structural changes occurring
in the kinase domain, the 54-amino acid extension in the A-loop
that is characteristic for phototropins (amino acids 551—605) was
replaced with four glycines (Figure 1B). The overall difference
spectrum of this extension deletion mutant (phot-Aext) is similar
to that of full-length phot (data not shown). The difference bands
in the amide I and amide II regions are even more pronounced
than those of full-length phot as the protein exhibited a weaker
tendency to aggregate during preparation. A more detailed
analysis of the amide I region reveals similarities and differences
in the band pattern of phot-Aext to full-length phot and LOV-
LOV2-Jo (Figure 5A). The positive band at 1683 cm ™' is absent
from and the negative band at 1693 cm ™' present in the spectra of
both full-length phot and phot-Aext. The latter band therefore
serves as a marker band for kinase response. In the spectral
region at around 1657 cm™, a similar trend would be expected
with a strongly reduced positive band intensity for phot-Aext as
compared to LOV-LOV2-Ja. On the contrary, the band intensity
is found to be similar to that of the construct without kinase,
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taking some experimental variability into account. For illustra-
tion, the corresponding double difference spectra were calculated
(Figure 5B). The double difference bands of full-length phot
minus LOV1-LOV2-Ja represent the pattern of response induced
by the kinase. When this pattern is compared to the double
difference spectrum of phot-Aext minus LOV1-LOV2-Ja, it is
evident that the negative double difference band at 1657 cm ™ is
completely absent in the latter. From theoretical considerations,
this double difference pattern might be caused either by a
structural change in the light state of LOV1-LOV2-Ja that is
suppressed in full-length phot but not in phot-Aext or by a loss of
secondary structure in the extension that is accordingly only
observed in full-length phot. As the latter case is considered much
more likely, the double difference band at 1657 cm™ ' is tenta-
tively assigned to conformational changes in the A-loop exten-
sion. The light-induced movements are not confined to the highly
conserved parts of the kinase domain but propagate to the
extension with its unknown function.

Full-Length Phototropin without the Jo. Helix. A negative
control was performed to support these assignments. Transfer of
the signal to the kinase was stopped by inactivation of the Ja helix
by mutation. A suitable candidate would be the 1608E point
mutation in this helix, which has been shown to induce perma-
nent kinase activity in Arabidopsis photl (26). However, this
mutation could not be introduced into Chlamydomonas photo-
tropin due to limited conservation of the linker sequence.
Furthermore, autophosphorylation of Chlamydomonas photo-
tropin in vitro is weaker than that of Arabidopsis photl (10),
which makes a screening of the effect of mutations difficult.
Therefore, a Jo deletion mutant was constructed in which the 23
amino acids of the (conserved) helix were replaced with four
glycines. The FT-IR difference spectrum of phot-AJo resembles
much more those of LOV1-LOV2 and LOV1-LOV2-Ja than that
of the active full-length phot (Figure 5C). Prominent spectral
changes detected in the presence of the linker in full-length
phot are absent in the deletion mutant. In comparison to that
of LOV1-LOV2, the spectrum shows minor changes in the amide
I and amide II region. The overall double difference between
the two protein spectra is small considering that the constructs
differ in size by a factor of more than 2 (Figure 5D). The
Ja-deficient phototropin shows a much weaker structural re-
sponse to blue light. These findings confirm the prominent role
of the Ja helix in signal transfer. They further support the
conclusion that conformational changes detected in the spectrum
of full-length phototropin are induced by the presence of the
kinase domain.

DISCUSSION

Previous spectroscopic studies on the photoactivation of
phototropin were limited to LOV domains or LOVI-LOV2
tandem constructs. Further progress was impeded by the low
solubility of the full-length blue-light receptor from higher plants.
We have overcome this limitation by heterologous expression
and purification of the 86 kDa phototropin homologue from the
unicellular alga Chlamydomonas. FT-IR spectroscopy was used
in a systematic study of the responses of the Ja linker and the
kinase domain.

Light-Induced Unfolding of the Jo. Linker Helix. The
position of the negative difference band assigned to the Jo linker
at 1646 cm ™ points to a long, rigid helical structure in the dark
(Figure 3a) (31). This helical fold in LOVI-LOV2-Ja is lost upon
illumination, which corroborates previous results on the shorter
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LOV2-Ja construct from transient grating spectroscopy (20) and
FT-IR spectroscopy (21, 22). The absence of a corresponding
positive band might be explained by a strong broadening of the
signal by formation of fluctuating random coil elements. In full-
length phot and the deletion mutants, the lower signal-to-noise
ratio in the water region around 1650 cm™' impairs a final
evaluation of the Ja contribution. The question of whether light-
induced Joo unfolding takes place in the presence of the kinase will
have to be resolved by other approaches.

Light-Induced Conformational Changes in the Kinase
Domain. The assignment of signals in the double difference
spectrum of full-length phototropin minus LOVI-LOV2-Ja
(Figure 4c) is not as straightforward as in the case of the Ja
helix. First, the spectral range points either to alterations by
secondary structural changes or to changes in amino acid side
chains. The cooperative appearance of signals in both amide I
and amide II regions argues in favor of secondary structural
changes. Second, signals exclusively observed in the longer
construct can originate either directly from the additional kinase
domain or indirectly from strong changes in the structure of
LOVI-LOV-Ja induced by binding to the kinase domain. We
cannot exclude the latter case but will provide in the following a
conclusive interpretation of the signals in the framework of the
current understanding of kinase responses.

The negative band at 1685 cm™ ' in the kinase difference
spectrum (Figure 5B) can be assigned to turn structural elements
due to its frequency (31, 32). The negative sign of the band points
to a loss of the hydrogen bonding within the turns. The extent of
this change can be estimated by comparison to the signal
generated by Ja helix unfolding (Figure 3). Both bands are
comparable in amplitude and integral band intensity. Both bands
have a similar origin, a coupled carbonyl vibration of the back-
bone. The molar extinction coefficient of helices is considered to
be similar or even higher than that of turns (44, 45). Since Jau
unfolding comprises the loss of several helical bonds, it is
correspondingly concluded that several turn structural elements
are lost upon illumination of full-length phototropin.

Turn elements can be visualized like joints that hold structural
elements together. An unfolding of several of these joints upon
illumination might be interpreted as a reorganization of whole
subdomains of the kinase. Structural changes in kinases have
been demonstrated before in crystal structures of open and closed
conformations of the homologous mouse PKA (46, 47) and by
subsequent NMR analysis (48). A similar transition from a closed
to open state could be discussed for the light-regulated kinase of
phototropin. However, the closed state of PKA is formed by
binding of ATP and substrate, whereas in this study, phototropin
kinase can bind only the regulatory LOV domain. Such a binding
has been shown by NMR to take place for the LOV-homologous
PAS domain to the human PAS kinase without providing insight
into the kinase interaction site or response (49). For phototropin,
it has been shown that LOV2 acts as an inhibitor of kinase
action (27). From docking studies, the LOV2 domain has been
proposed to inhibit the kinase by binding to the catalytic cleft
between the C- and N-terminal lobes of the kinase (/7). The
inhibition can proceed either intra- or intermolecularly, because
phototropin has been suggested to form a dimer (50, 51) similar
to the homologous PKA in the inactive state (52). It has been
proposed that light initiates a dissociation of LOV2 from the
kinase (27). The changes in turn structural elements identified in
this study may reflect the light-induced opening of the kinase by
release of the inhibitory LOV domain.
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FIGURE 6: (A) Three-dimensional structural model of the kinase domain of Chlamydomonas phototropin. Templates for modeling were
determined by homology detection using the HHpred server (http://toolkit.tuebingen.mpg.de/hhpred) (56). The model was created with
MODELER (57) using 30 templates of crystal structures of homologous kinases. The A-loop comprises amino acids D547—S611. The A-loop
extension is colored red. Secondary structure prediction identifies helical content in the extension. (B) Model of phototropin activation. In the dark
state, the catalytic cleft of the kinase is covered by the LOV2 domain. After illumination with blue light, the secondary structure of the LOV2
domain changes, the Ja helix dissociates, and the interaction with the kinase domain is disrupted. The lobes of the kinase domain respond and
move to form an open state. These responses gate (auto)phosphorylation. Some helical structure of the A-loop extension is lost by illumination.
The light state of phototropin exposes interaction sites where a substrate or regulation partner might bind.

It has been shown in Arabidopsis that autophosphorylation of
phototropin kinase in the A-loop is a key event in signaling (30).
The FT-IR experiments on full-length phototropin from Chla-
mydomonas were performed on an unphosphorylated protein and
in the absence of ATP. Therefore, ATP binding is not a pre-
requisite for light-induced structural changes. Furthermore, the
secondary structural changes observed cannot be directly corre-
lated with an autophosphorylation response. Autophosphoryla-
tion is weaker in Chlamydomonas phototropin than in
Arabidopsis, and several target residues are not present in the
more compact algal phototropin (/0). On the other hand,
Chlamydomonas phototropin is functional in Arabidopsis (10),
so that the observed structural changes might directly reflect the
gating of autophosphorylation or might modulate the affinity of
the kinase with a signaling partner.

Response and Localization of the A-Loop Extension. The
double difference band at 1657 cm™' of full-length phot is
tentatively assigned to contributions of the A-loop extension,
because its contribution is missing in phot-Aext (Figure 5B). The
position of this band points to a loss of helical structure. This loss
could be differently attributed to a response taking place any-
where in the protein induced by the presence of the extension. In
support of its localization to the extension, however, secondary
structure prediction using the consensus of seven algorithms (53)
shows a helical element in the A-loop extension besides random
coil elements. More precisely, this helix is predicted to be located
within ~20 extra residues that are specific for Chlamydomonas
phot and not found in other phototropins. Upon activation of the
kinase by light, this helix might be disrupted.

The A-loop is part of the catalytic cleft between N- and C-
terminal lobes. Its extension, however, is predicted to be located
apart from the catalytic cleft, as revealed by tertiary structure

modeling to structures of 30 kinases with a level of sequence
identity of >30% (Figure 6A). The fold of the extension itself
could not be modeled accurately because of a lack of templates
for this region. Therefore, the localization of the extension is
predicted on the basis of the orientation of the A-loop without
extension in the template structures. This orientation seems to be
a general feature of protein kinases despite a conformational
diversity of the A-loop (54). Furthermore, positions of starting
and end points of the extension were maintained even in the case
of a template kinase, where an extension of eight residues was
present in the sequence (55).

The response of the extension is not a prerequisite for the other
light-induced structural changes of the kinase because those are
preserved in phot-Aext. The physiological role of the A-loop
extension in phototropin is unknown, but recent observations
point to a crucial role in blue light-induced proteolytic degrada-
tion in vivo (Y. Lu and P. Hegemann, unpublished results).

A Model of Phototropin Activation. In summary, our study
provides evidence that full-length phototropin undergoes second-
ary structural changes upon illumination, which are attributed to
the kinase domain in general, and especially to the A-loop exten-
sion (Figure 6B). The overall movements can be interpreted as
disassembly of the structure of the inactive dark state. All changes
are reversible, and the whole process can be initiated again by light
several times, as the reproducibility of the spectral changes shows.

On the basis of our findings, we present the following model of
phototropin activation, simplified by neglecting contributions of
LOV1 (Figure 6B). Upon illumination of LOV2, the Ja helix
dissociates as has been shown previously (/9), which leads to
disruption of the inhibitory interaction between kinase and
LOV2. The kinase domain in response to LOV2 activation per-
forms a segment movement, which is interpreted as an opening of
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the structure. This opening might disrupt inhibition of the kinase
and result in an increase in (auto)phosphorylation activity, and/
or it might modulate the affinity for a signaling partner. Con-
comitantly, the phototropin kinase undergoes conformational
changes attributed to the A-loop extension. Blue light-induced
conformational changes apart from those in the catalytic site of
the kinase may serve as a signal mediator for physiological
responses. The A-loop extension might represent a second inter-
action site for outward signaling (protein—protein interaction) or
internal allosteric regulation (phosphorylation activity). Out of
geometrical considerations (Figure 6A), targets of this structural
change might be a substrate or inactive phototropin in a possible
dimer. Because of the limited conservation of the A-loop exten-
sion, this structural response is not available in most homologous
AGC kinases and might therefore be an important and specific
component in mediation of the physiological signal in photo-
tropin.

The approach taken in this study has been shown to be capable
of differentiating in vitro between a potential functional and a
nonfunctional phototropin. A comparable assay has only been
available up to now via exploitation of the weak autophosphory-
lation response. Previous in vitro studies were restricted to
mutants in the Mg>" and ATP binding sites of the kinase. Our
approach can now be applied to extend the scope to point
mutations and deletions in the whole kinase domain. This
screening will help in finally resolving the intramolecular signal
transduction of phototropin.
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