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Phototropins (phot1 and phot2) are blue light‑activated serine/
threonine protein kinases that function to mediate a variety of 
adaptive processes that serve to optimize the photosynthetic effi‑
ciency of plants and thereby promote their growth. Light sensing 
by the phototropins is mediated by a repeated motif located within 
the N‑terminal region of the protein designated the LOV domain. 
Although phototropins possess two LOV photosensors (LOV1 and 
LOV2), recent biophysical and structure-function analyses clearly 
indicate that the LOV2 domain plays a predominant role in  
regulating phototropin kinase activity owing to specific protein 
changes that occur in response to LOV2 photoexcitation. In particular, 
the central b‑sheet scaffold plays a role in propagating the photo‑
chemical signal generated from within LOV2 to protein changes at 
the surface that are necessary for kinase activation.

Light‑Induced Activation of Phot1

The primary amino acid structures of plant phototropins (phot1 
and phot2) can be separated into two distinct regions: a N‑terminal 
photosensory region linked to a C‑terminal effector domain that 
includes a classic serine/threonine kinase motif.1‑3 The N‑terminal 
photosensory region comprises two LOV domains each of which 
binds the blue light absorbing cofactor flavin mononucleotide (FMN) 
as chromophore.4,5 LOV domains exhibit significant homology to 
motifs found in a diverse range of eukaryotic and prokaryotic proteins 
involved in sensing Light, Oxygen or Voltage, hence the acronym 
LOV.6

Bacterially expressed LOV domains are photochemically reac‑
tive as monitored by absorbance spectroscopy.7 In the dark, LOV 
domains bind FMN non-covalently forming a spectral species, 
LOV447, which absorbs maximally near 447 nm.7,8 Irradiation of 
the domain induces the formation of a covalent bond between the 
C(4a) carbon of the FMN and the sulfur atom of a nearby, conserved 
cysteine residue within the domain. Cysteinyl adduct formation 

occurs within microseconds of illumination and produces a spectral 
species, LOV390, that absorbs maximally near 390 nm.8

Mutation of the afore-mentioned active‑site cysteine to either 
alanine or serine results in a loss of photochemical reactivity of the 
LOV domain.7,8 Moreover, this mutation has been used successfully 
to probe the roles of LOV1 and LOV2 in regulating phototropin 
activity and function.9‑12 As reported previously (ref. 13), the  
Cys → Ala mutation within LOV2 of Arabidopsis thaliana phot1 
(C517A) results in a loss of light‑induced receptor autophosphory‑
lation when expressed in insect cells (Fig. 1A), demonstrating that 
LOV2 is the principle photosensor regulating phot1 kinase activity. 
A similar mode of action has been reported for the LOV2 domain 
of Arabidopsis phot2.12,14,15 The LOV1 domain, by contrast, is 
proposed to mediate receptor dimerization16 and/or modulate the 
photoreactivity of LOV2.14

Substitution of the conserved active‑site cysteine with methionine 
has been shown to result in the formation of a unique photoproduct 
species absorbing maximally in the red region of the spectrum.17 
This species is stable both under aerobic and denaturing condi‑
tions and consists of a covalent adduct between the introduced 
methionine and the N5 nitrogen of the FMN.17 We have found that 
an equivalent mutation within the LOV2 domain of Arabidopsis 
phot1 (C517M) does not completely abolish light‑induced receptor 
autophosphorylation when expressed in insect cells (Fig. 1B).  
These findings imply that formation of a N5 methionyl adduct 
within the LOV2 domain still has the capacity to function as a 
signalling state, albeit at reduced capacity.

Kinase Regulation by LOV2

The current view of phototropin receptor activation is that 
LOV2 functions as a repressor of the C‑terminal kinase domain in 
the dark and that this mode of repression is alleviated upon photo‑
excitation, resulting in receptor autophosphorylation.1,2 The sites 
of phototropin autophosphorylation have been mapped upstream 
of the LOV2 domain.18 However, there is still no information as to 
the functional consequences following receptor autophosphorylation. A 
truncated version of phot2 comprising only the LOV2 domain and the 
C‑terminal kinase domain can restore functional activity in a phot2 
mutant of Adiantum capillus‑veneris.10 Thus, autophosphorylation 
may not be required for receptor signaling but may be involved in 
some other function, such as receptor desensitization.

The predominant role of LOV2 in regulating phototropin  
activity appears to arise from its position within the phototropin 
molecule. Photoexcitation of an extended LOV2 fragment leads to 
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displacement of an a‑helix from the surface of the LOV2‑core.19 
This a‑helix, designated Ja, is amphipathic and situated downstream 
of LOV2. Substitution of non-polar amino acids located within the 
hydrophobic docking interface with polar residues results in consti‑
tutive disordering of the Ja‑helix from the LOV2‑core.20 Moreover, 
incorporation of these mutations into full‑length Arabidopsis phot1 
increases dark levels of autophosphorylation relative to wild‑type 
controls.20 One mutation in particular, I608E, shows comparable levels 
of kinase activity in the dark and the light (Fig. 1A). In addition, 
the I608E mutation can restore phot1 kinase activity in the C517A 
mutant background (Fig. 1A), further demonstrating that unfolding 
of the Ja‑helix results in activation of the C‑terminal kinase domain. 
Further analysis is now required to assess the functional consequences 
of the I608E mutation on phototropin activity in planta.

LOV2 Signal Transmission

Biophysical studies have implicated a role for the central b‑sheet 
scaffold in propagating the signal generated within the FMN‑binding 
pocket to protein changes at the LOV2 surface, which are necessary 
for activation of the C‑terminal kinase domain.21,22 Specifically,  
the side chain of a conserved glutamine residue within LOV2  
(Gln575 in Arabidopsis phot1) which forms hydrogen bonds  
with the FMN chromophore flips by 180° upon cysteinyl adduct 
formation11,23,24 causing protein changes in the central b‑sheet 
scaffold that forms contacts with the Ja‑helix.19,20 We have recently 

shown that mutation of the conserved glutamine to leucine (Q575L) 
attenuates light‑induced autophosphorylation of Arabidopsis phot1 
expressed in insect cells,13 suggesting that this residue plays a role 
in transmitting the signal generated upon light‑driven cysteinyl adduct 
formation from within LOV2 to protein changes at the LOV2 surface. 
An equivalent mutation when introduced into Arabidopsis phot2 
(Q489L) also attenuates light‑induced autophosphorylation (Fig. 2A) 
implying that the role of the conserved glutamine in LOV2 signal  
transmission is conserved between phototropins.

It should be noted that incorporation of the Q575L mutation  
into the isolated LOV2 domain of Arabidopsis phot1 alters its spectral 
and photochemical properties relative to wild type, presumably due 
to a loss of hydrogen bonding with the FMN chromophore.13,21 The 
effects observed for the Q575L mutation on phototropin kinase activity 
may therefore result from a reduction in the photocycle quantum  
yield of LOV2. However, the rate of bleaching for bacterially  
expressed LOV2 harboring the Gln → Leu mutation, in response 

Figure 1. Effect of point mutation analysis on the autophosphorylation 
activity of Arabidopsis phot1. (A) Autoradiograph showing light‑dependent 
autophosphorylation activity of single C517A and I608E mutations and the 
combined double mutation in soluble protein extracts prepared from insect 
cells. All manipulations were completed under dim red light. Samples were 
given a mock irradiation (D) or irradiated with white light (L) at a total fluence 
of 30,000 mmol m‑2 prior to the addition of radiolabelled ATP as described 
previously (refs. 13 and 20). Western blot analysis of phot1 protein levels 
using anti‑phot1 antibody is shown below. (B) Autoradiograph showing the 
effect of the single C517M point mutation on phot1 autophosphorylation 
activity in soluble protein extracts prepared from insect cells. Western blot 
analysis of phot1 protein levels using anti‑phot1 antibody is shown below.

Figure 2. Analysis of Gln→Leu mutations in full‑length Arabidopsis phot2 and the 
LOV2 domain of Arabidopsis phot1. (A) Effect of the Q489L mutation on phot2 
autophosphorylation activity in soluble protein extracts prepared from insect 
cells. Sample preparation and experimental procedures were performed as 
described in Figure 1. Kinase activity was quantified by phosphorimaging and 
expressed as a percentage of maximal autophosphorylation (errors bars indi-
cate standard error). (B) Relative bleaching measurements for FMN‑cysteinyl 
adduct formation using bacterially expressed phot1 LOV2 and the Q575L 
mutant. Light‑induced absorbance changes were monitored at 448 nm (LOV2) 
or 440 nm (Q575L) over a range of light intensities as described previously 
(ref. 15). The fitted line gives a measure of relative bleaching for both pro-
teins. Relative bleaching values for each protein are shown and represent 
the average of two independent protein preparations. Inset shows absorp-
tion spectra of phot1 LOV2 (solid line) and the Q575L mutant (dashed line) 
before bleaching.
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to pulses of light given at different intensities, is identical to that 
measured for the wild‑type domain (Fig. 2B). The degree of 
bleaching for each domain is proportional to the light intensity, indi‑
cating that the light intensity used is not saturating.15 Hence, these 
measurements indicate that the quantum yield for adduct formation 
is the same for both wild‑type LOV2 and the Q575L mutant. This  
conclusion is consistent with a structural relay mechanism whereby 
Gln575 is required to propagate conformational changes at the b‑sheet 
surface upon LOV2 photoexcitation which in turn leads to Ja‑helix 
displacement and subsequent activation of the C‑terminal kinase 
domain.

A similar glutamine flipping signal transmission mechanism has 
recently been reported for the fungal LOV‑containing photoreceptor, 
VIVID from Neurospora crassa.25 LOV‑domain b‑sheet rearrangement 
also appears to be required for interdomain interactions in the bacterial 
photosensor YtvA from Bacillus subtilis.26 Further studies will deter‑
mine whether a signal transmission mechanism involving the central 
b‑sheet is common to other LOV‑sensor proteins. Interestingly, 
molecular dynamic simulations indicate that the consequences of 
LOV1 photoexcitation differ to that of LOV2 and involve stabi‑
lizing a conserved surface salt bridge.27 Mutational analysis of the 
salt bridge associated with LOV1 may provide additional insights 
as to the function of this domain, which to date remains poorly 
understood.
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