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ABSTRACT: For single-cell and multicellular systems to survive, they must accurately sense and respond
to their cellular and extracellular environment. Light is a nearly ubiquitous environmental factor, and
many species have evolved the capability to respond to this extracellular stimulus. Numerous photoreceptors
underlie the activation of light-sensitive signal transduction cascades controlling these responses. Here,

we review the properties of the light, oxygen, or voltage (LOV) family of blue-light photoreceptor domains,

a subset of the Per-ARNT-Sim (PAS) superfamily. These flavin-binding domains, first identified in the
higher-plant phototropins, are now shown to be present in plants, fungi, and bacteria. Notably, LOV
domains are coupled to a wide array of other domains, including kinases, phosphodiesterases, F-box
domains, STAS domains, and zinc fingers, which suggests that the absorption of blue light by LOV
domains regulates the activity of these structurally and functionally diverse domains. LOV domains contain
a conserved molecular volume extending from the flavin cofactor, which is the locus for light-driven
structural change, to the molecular surface. We discuss the role of this conserved volume of structure in

LOV-regulated processes.

Light, oxygen, or voltage (LOW)protein domains form a
subset of the large and diverse Per-ARNT-Sim (PAS) domain
superfamily, which has been implicated in cellular signaling
processes across all kingdoms of lif¢. LOV domains were
first identified as the loci for blue-light absorption in the
two plant photoreceptor kinases known as phototrophs (
that control phototropic bending, light-induced stomatal
opening, and light-directed chloroplast movement®). The
phototropins (photl and phot2) exhibit fluence-dependent
functional overlap in control of these processésq) (see
Figure 1 of ref12) and contain a pair of LOV domains,
LOV1 and LOV2, covalently linked to a serine/threonine
kinase. Both LOV domains bind a single molecule of flavin
mononucleotide (FMN) and undergo a self-contained pho-
tocycle that is dependent on the presence of a highly
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conserved cysteine residu& 10). The LOV photochemistry
that underlies kinase activation and signal transduction is
the blue-light-driven formation of a covalent adduct between
the conserved cysteine and flavin atom C(4a}, (12).
Vibrational (13) and NMR (L1) spectroscopic studies on
photoexcited oat photl LOV2 reveal spectral changes that
are consistent with a structural and/or dynamical change in
the protein upon adduct formation. This photoexcited adduct
state slowly decays back to the noncovalent ground state in
the dark.

For the purposes of this review, the term “LOV domain”
will be applied to the phototropin LOV domains and to a
subset of PAS domains, highly homologous to the photo-
tropin LOV domains, which we predict will bind flavin and
exhibit the photochemistry described above. This distin-
guishes these domains from the well-studied PAS photo-
sensor, photoactive yellow protein (PYP), which contains a
covalently attachedp-coumaric acid chromophore that
undergoes cistrans isomerization in response to blue-light
absorption {4). We note that there are other flavin-binding
PAS domains, not known to respond to light, such as the
redox sensors Aerlf) and NifL (16), and flavin-binding
photosensors that do not contain PAS domains, such as AppA
(17). We restrict this review to LOV domains and discuss
the current state of knowledge on LOV photochemistry,
structure, and function as a light-controlled signaling module.
Using structural and sequence data, we identify a conserved
molecular surface present both in LOV domains and in
several other PAS domains. We highlight an evolutionarily
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oC and presumably in their structure. Indeed, modular construc-
- tion of signal transduction proteins is common among the
prokaryotes and eukaryote®X-22), and genetic rearrange-
ment of domain modules may provide a means of adapting
to increasingly complex environmentd3( 24).
Among these modular LOV proteins are four that are
involved in the regulation of circadian rhythms: FKF1 and
ZTL, which control circadian rhythms in the flowering plant
Arabidopsig25, 26), and VIVID and WC-1, which regulate
circadian rhythms in the fungui¢eurosporg27, 28) (Figure
) 3). Flavin binding has very recently been confirmed in the
LOV domain of WC-1, which is dependent on binding of
flavin adenine dinucleotide (FAD) for activity29, 30).
salt bridge Heterodimerization of WC-1 with a non-LOV PAS protein,
WC-2, is necessary for its function as a circadian regulator
of the frequencyf(q) promoter 81). The sequences of FKF1,
Ficure 1. Overall fold of phy3 LOV2. Ribbon diagram of — 7T| v|vID, and WC-1 contain canonical, phototropin-like

Adiantum phy3 LOV2 in its ground state. Secondary structure : : : .
elements are marked on the structure. Thgh@lical turn, which LOV domains, supplemented by a-@1-residue insertin a

contains the photoactive cysteine, is denatédland colored dark ~ Segment of the structure corresponding to @&/a.C loop

blue. The FMN cofactor is shown in the center of the fold with the (12, 18) (Figures 1 and 2). This insert may accommodate
qonserved LOV cysteine residue pictured in its dark state conforma-the larger, terminal adenine moiety of FAD, which is
tion. Atoms of the cysteine side chain and FMN are colored by predicted to extend outside the LOV fold described in phy3

elements: green for carbon, blue for nitrogen, pink for phosphorus, . . - )
yellow for sulfur, and red for oxygen. E960 and K1001 of the -OV2 (Figure 1), or may have a quite different function.

conserved surface salt bridge are shown. Adapted from Figure 1Nevertheless, we predict that the cysteinffavin covalent
of ref 12 photochemistry that occurs between the reactive cysteine and

__ theisoalloxazine ring moiety of the flavin, which are buried
conserved pathway of long-range structural connectivity ithin the core of the LOV domain, is shared among these
leading from the flavin cofactor in the core of the LOV proteins. This photochemistry provides a direct link between
domain to this molecular surface. This pathway could zpsorption of blue light and a biological response to a diurnal
fagll_ltat(_a propagation of structural and/or dynamical changes“ght cycle. For example, LOV domains in these proteins
originating at the flavin-binding core of the domain to its are predicted to regulate varied molecular activities such as
molecular surface, where it could modulate intra- and pya binding by a GATA-type Zn finger in WC-1 and
interprotein interactions and hence affect cellular signaling ubiquitin ligation by the F-box domains in ZTL and FKF1
processes. Finally, we discuss physicochemical models for(see Figure 3).

LOV-mediated signal transduction. LOV domains containing the photoactive flavin consensus
sequence are also present in numerous bacteria. Aside from
YtvA in Bacillus subtilis which serves as an antisigma-factor
antagonist 2), the function of bacterial LOV proteins is
Crystal structures of LOV21@, 18) from the phototropin unknown. These proteins may act as photoreceptors for
segment ofAdiantumphy3 @9) (Figure 1) reveal critical phototaxis, or control the expression of DNA repair or
protein—flavin interactions. Using this structural information, photosynthetic machinery. Among the simpler bacterial LOV
we determined a consensus sequence for flavin binding andproteins present in GenBank are several that contain a single
photoactivity (8). By applying a relaxed consensus sequence LOV domain coupled to a histidine kinase and, in some
consisting of the reactive cysteine in addition to 9 of 10 other cases, a histidine kinase with its cognate response regulator
flavin-interacting residues, we now identify 15 additional (Figure 3). Histidine kinases and response regulators are the
non-phototropin genes in GenBank that are predicted to key proteins underlying so-called “two-component” signal
encode proteins that contain a flavin-binding, photoactive transduction in bacteri&8). The cyanobacteriurAnabaena
LOV domain (Figure 2). The domain and taxonomic diversity sp. PCC 7120 possesses a histidine kinase that couples a
of LOV proteins will likely increase as additional sequences LOV domain to a bilin-lyase domair84) (Figure 3), which
are deposited in GenBank. The presently identified proteins binds bilin in the phytochrome red-light photorecept@s, (
are distributed across a range of taxa, including plants, fungi, 36). This protein may function as a histidine kinase that is
and bacteria, and exhibit very diverse domain structure responsive to both red and blue light.
ranging from small, one-domain proteins to very large, Another simple class of LOV proteins couples a single
multidomain proteins containing nearly 2000 amino acids. LOV domain to a STAS domain (Figure 3). STAS domains
In almost all, the LOV domain(s) is contained at or near the form a conserved family present in the carboxyl-terminal
N-terminus. These LOV proteins can be subdivided into five region of certain sulfate transporters and in antisigma-factor
functional categories: (1) phototropins, (2) proteins regulat- antagonists in bacterié87). As mentioned earlier, genetic
ing circadian rhythms, (3) LOV histidine kinases, (4) LOV- analysis ofB. subtilishas identified the LOV-STAS protein
STAS proteins, and (5) LOV phosphodiesterases (Figure 3).known as YtvA as an antisigma-factor antagonist to the
Although we predict that these proteins exhibit uniformity environmental stress sigma-facto? (32). Notably, YtvA
in flavin binding and photoactivity of their LOV domain(s), binds FMN and undergoes a photocycle identical to that
their other domains exhibit a wide diversity in their function exhibited by phototropin LOV domain88). Finally, proteins

Classes of LOV Proteins: Domain Structure and
Function
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Ficure 2: Multiple-sequence alignment of phototropin and phototropin-like LOV domains. All aligned sequences from GenBank contain the photoaictvaraysteleast 9 of the 10 other
residues that interact with the FMN cofactor in the phy3 LOV2 structure. Phototropin-like LOV domains were identified in a BLAST search usingtive séddiantumphy3 LOV2 as a
search element (cutoff & < 10). From sequences in this range, the flavin-interacting consensus sequence was identified manually. Alignment is shaded using a 1.0 dutdffdk stading
indicates 100% identity and gray 100% similarity. Residues that interact with the chromophore in the phy3 LOV2 crystal structure are markedavithrasigues that form the connected
structural pathway (shown in Figure 7A) are marked with one asterisk, and residues that form the conserved surface salt bridge are marked vistkstv&eastelary structure is noted above

the alignment; a gap in secondary structure is shown above-thé&-@esidue insert present in LOV proteins that regulate circadian rhythm. LOV sequences in the alignment include the following:
Adiantum capilluszeneris (maidenhair fern) phy3 (BAA36192Arabidopsis thaliangohotl (AAC01753) and phot2 (AAC27293)vena satia (oat) photl (AAC05083)Qryza satia (rice) O
photl (BAA84780) and phot2 (BAA8477%ea maygcorn) photl (AAB88817)Adiantumphot (BAA95669) Pisum satium(pea) photl (AAB41023)Chlamydomonas reinhardfihot (CAC94940), S
LOV from a partial phot sequence 8pinacia oleracedspinach) (CAA82993)ArabidopsisPAS/LOV protein (BAB83170)Xanthomonas campestri$DV kinase (AAM41699) Xanthomonas @
axonopodid OV kinase (AAM37406),Caulobacter crescentusOV kinase (AAK22272) Brucella melitensid OV kinase (AAL53921) AnabaenaPCC 7120 LOV bacteriophytochrome kinase=
(BAB74574),Listeria innocuaLOV STAS protein (CAC96024).isteria monocytogendsOV STAS protein (CAC988778. subtilisYtvA (A70002), SynechocystBCC 6803 LOV phosphodiesterase—
(BAA10080), AnabaenaPCC 7120 LOV phosphodiesterase (BAB748@Ra|stonia solanacearurhOV phosphodiesterase (CAD1740%eurospora crassavhite collar 1 (CAA63964) and S
VIVID (AF338412), andArabidopsisZTL (AF252294) and FKF1 (AF216523). O

SOl



Current Topics Biochemistry, Vol. 42, No. 1, 20035

[ Lov

] eas

_ Phytochrome/Bilin-Lyase Domain
|:| Serine/Threonine Kinase
_ Histidine kinase

L1 sms

BEEEEEH cGDEF Domain

] EAL Domain

F-box

Kelch repeats

| I Arabidopsis phot1
996

Phototropins

| Arabidopsis phot2
a5

T
- | | Adiantum phy3
1465

Arabidopsis PAS/LOV protein

1 449
! 489 B Response Regulator
E-:-:-] Xanthomonas sensor kinase/regulator [N Fhosphotransfer Domain
! 540

e

B Zincfinger

EEEEEH cAr pomain

LOV Histidine Kinases

1 1817

I-:D Bacillus YtvA

1 261
I.]:l Listeria LOV/STAS

1 253

LOV-STAS

I ]

1
LOV Phospho-
diesterases 1

1178

=111 Synechocystis LOV/GAF Phosphodiesterase

| Arabidopsis ZTL
609

. . Arabidopsis FKF1
Circadian Rhythm Iow

] N wc-

1| - |"::J'J"OSPO(0 1

Ficure 3: Domain diversity of LOV proteins. The five major subsets of LOV proteins are represented: (1) phototropins, (2) proteins
regulating circadian rhythms, (3) LOV histidine kinases, (4) LOV STAS proteins, and (5) LOV phosphodiesterases. Of the phototropins,
only Arabidopsisphotl and phot2 are shown. Domains are defined according to multiple-sequence alignment with the Conserved Domain
Database (NCBI).

containing LOV domains coupled to tandem GGDEF and
EAL domains, which are implicated in phosphodiester
cleavage of cyclic nucleotide89, 40), have been identified
in cyanobacteria and proteobacteria families (Figure 3).
We predict that blue-light absorption by LOV domains
regulates the activity of this diverse group of LOV-containing
proteins. Regulation of these structurally and functionally
diverse domains by LOV may occur in cis or in trans.
Proteins such ableurosporaVVD and ArabidopsisPAS/ e o000
LOV, which contain a LOV domain without a predicted 0%

\\°‘l}l

Acv_physioy,

LOV1

Acv_photloyq

. . . LA 4
effector domain, are likely to act on other cellular proteins 1?;5’;33;‘::3‘\\?";\0&0 . Son,
in trans. The role of these proteins as photosensors is easily S 'y v

%
%

testable: individual LOV domains can be cloned, expressed,
purified, and assayed for photoactivity in vitro. Moreover, gype 4: Phylogenetic tree of phototropin LOV domains.
several of these proteins are from genetically tractable modelsequences that were used include all the phototropins from Figure
organisms, which allows their biological function to be 2 except the partial sequence of spinach phototropin.

probed through the use of knockout and photochemically
deficient mutant strains.

>

phot2 of several speciedl) has shown that the extent of
. . the kinetic difference between the two LOV domains depends
Phototropin LOV Domains: LOViersus LOV2 on their origin (i.e., photl or phot2). In phot1, LOV2 exhibits
The phototropins are unusual among the LOV proteins in a higher quantum efficiency for adduct formation and a
that they possess two LOV domains rather than the single slower rate of dark recovery than LOV1. However in phot2,
LOV domain seen in other groups (Figure 3). LOV1 and quantum efficiencies are comparable, and LOV2 exhibits a
LOV2 are closely related to each other: both contain the faster rate of dark recovery. Thus, the origin of a particular
flavin-interacting consensus sequence and exhibit in vitro set of LOV1 and LOV2 can be determined on the basis of

photochemical activity§, 10). Nevertheless, differences in
their sequences define them as either LOV1 or LOY2 (
18) (see Figure 4 of refl8). They also exhibit in vitro
photocycle kinetics that are qualitatively identical but
quantitatively distinct 10, 41). Comparison of the kinetic
properties of LOV1 and LOV2 domains from photl and

their kinetic properties.

Spectroscopy on tandem constructs of LOV1 and LOV2
and on the full-length photl and phot2 proteins shows that
LOV dark recovery rates are slowed in the context of a larger
protein @1). Specifically, recovery is slowed approximately
2—20-fold in tandem LOV1 and LOV2 and full-length
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Ficure 5: Photochemistry and photophysics of flavicysteinyl adduct formation. The fundamental processes underlying light-driven
covalent adduct formation between the conserved cysteine and flavin atom C(4a). The energy of a blue photon itndeheteate of
radiative decay from the photoexcited singlet statg internal conversion back to the ground stktg and singlettriplet intersystem
crossingkisc. The asterisk denotes the excited singlet state and T the excited triplet state. Adapted from Figure4®.of ref

protein relative to single LOV domain constructs. Thus, there
is interaction between LOV1 and LOV2 and/or between the
LOV domains and other regions of phototropin. These
interactions, not present in the isolated structure of LOV2,
are likely to modify the structure of LOV domains when
these are embedded in the full-length protein.

regulator of in vivo phototropin function may lead to
increased stabilizing selective pressure and hence to less
divergence. Aside from the minor role of LOV1 in control-
ling kinase activity 42), it may, like other PAS proteing6,

47), mediate proteifrprotein interactions during cellular
signaling processes. Evidently, LOV1 is under less stabilizing

These results leave open the question of what the selective pressure.

individual function of LOV1 and LOV?2 is in the photl and
phot2 photoreceptors. Analysis of full-length phototropin

Primary LOV Photophysics and Photochemistry

constructs possessing serial and tandem disruption of pho-

tochemistry in LOV1 and LOV242) has shown that LOV2
is the predominant light sensor in photl and phot2. Blue-
light-controlled kinase activity of photl and phot2 in vitro
is mainly mediated by LOV2 with a smaller contribution
from LOV1. Moreover, photochemically active LOV2 in the
context of full-length protein is sufficient to elicit photo-
tropism in vivo; active LOV1 in the absence of active LOV2
elicits no phototropic responsé3).

A phylogenetic and protein distance comparison of LOV1
and LOV2 provides additional insight into their different
roles. A protein distance matrix based on mutation prob-
abilities @3) was calculated using sequences for all pho-
totropin LOV1 and LOV2 domains shown in Figure 2. From
this distance matrix, a phylogenetic tree for the LOV domains
was constructed using the FiteMargoliash criterion and
enforcing a molecular clockdd, 45) (Figure 4). This tree
reveals that LOV1 and LOV2 cluster into discrete groups,
in which phototropins from the alg@hlamydomonasind
the fernAdiantumare ancestral to the higher-plant photo-

The primary photophysical and photochemical events
preceding adduct formation have been investigated spectro-
scopically for several LOV domains. Phototropin LOV1 and
LOV2 domains fromArabidopsis rice (Oryza satia), and
the algaChlamydomonas reinhardfill exhibit light-driven,
cysteinyC(4a) adduct formatiord(l) as does th8. subtilis
LOV-STAS protein, YtvA @8). In oat photl LOV248) and
phy3 LOV2 @9), adduct formation is preceded by a long-
lived (~4 us) flavin triplet state possessing an electronic
structure 0, 51) that promotes protonation of flavin atom
N(5) and the subsequent nucleophilic attack of the cysteine
sulfur at flavin atom C(4a)18, 48, 49). This excited flavin
triplet state forms with a half-time of3 ns via a simple
mechanism of intersystem crossing (ISC) from an excited
flavin singlet state 49) (Figure 5). Moreover, the rate of
ISC from singlet to triplet is enhanced in oat photl LOV2
and maidenhair fern phy3 LOV?2 relative to that in free flavin.
The protein context thus promotes adduct formatié8).(
Similar protein-mediated ISC rate enhancement in photo-

tropins. The most striking feature of the tree is that there is tropin LOV1 from Chlamydomonads evidenced by a
less sequence distance between LOV2 domains than betweedecrease in the lifetime of flavin fluorescence when bound

LOV1 domains. Nonparametric statistical analysis (Mann
Whitney rank sum test) of all LOV1 and LOV2 intradomain

to the LOV domain %2). These results suggest that the
detailed mechanism of light-driven cysteimflavin adduct

distances shows that LOV2 domains are significantly less formation via excited singlet and triplet state intermediates

divergent in sequence than LOV1 domaimps< 0.0001).
One explanation for this finding is that there is stronger
stabilizing selection on LOV2. Indeed, its role as the main

is conserved among the LOV proteins. That is, all LOV
domains will demonstrate qualitatively identical photocycles,
governed by the same general reaction mechanism.
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bridge is striking because the contribution of a solvent-
exposed bridge to the overall stability of a protein is
negligible 63). We propose that this salt bridge is selected
because it is involved in the function of LOV as a light-
responsive signaling module.

The conserved molecular surface of LOV domains is very
similar to the signaling surface proposed by Pellequer and
colleagues for the PAS photosensor, photoactive yellow
protein (PYP) $4), which suggests commonality in the
signaling mechanism between these two classes of PAS blue-
light photoreceptors. Moreover, a sequence alignment (see
Figure 2 ofl) reveals that this surface salt bridge is conserved
in several other PAS proteins, including the FixL family and
ERG potassium channels, for which crystal structures also
exist 65, 56), as well as CLOCK and SIM fror@rosophila
Y956 mice, and humans, and the aerotaxis receptor (Aer) in
proteobacteria. Least-squares superposition of the LOV2
structure onto the PAS domains of FixL and HERG shows
BC/BD loop that the salt bridge residues and the aromatic residue flanking
the salt bridge are spatially conserved (Figure 7A). This
surface salt bridge certainly has a role in Aer signaling, as
mutation of E58 in théescherichia coliAer protein (corre-
sponding to E960 in phy3 LOV2) results in a loss of function
(15). No analogous salt bridge exists in the photoactive
T yellow proteins. However, the conserved molecular surface

helix 0B . . )
present in LOV, FixL PAS, and HERG is structurally

equivalent to the region of PYP containing R52 and the
salt bridge M100 loop, which undergoes large structural and dynamical

. 6 C d surt " Resid Hibiting 100% changes in response to light absorptiéa<59).
IGURE 6: Conserved surface residues. Residues exhibiting 0 : . . g
similarity in the multiple-sequence alignment of LOV domains (as This LOV surface differs from the recently identified

in Figure 2) were mapped as green onto the surface of CPK modelskinase-interacting surface of the ligand-activated PAS domain
of the protein structures. The terminal phosphate of FMN is yellow, in human PAS kinase(), which is equivalent to theC—

and residues of the conserved salt bridge are red. The position of3C loop in phy3 LOV2 (Figure 1). The highly mobile loop
the conserved tyrosine 956 flanking the salt bridge in LOV2 is of six residues is also present in FixL PAS, and it has been
marked. . . ' . :
proposed that the dynamics of this loop may be involved in
A Consered Molecular Volume in LOV Domains its ablllty to switch between kinase-bound and unbound
o ] ] ~ forms ©0). This loop is smaller in LOV domains, in PYP
The structural and mechanistic basis of LOV signaling gnd in HERG, which contain from two to four residues at

after formation of the cysteinylflavin adduct is generally  pis position and do not exhibit unusually high mobiligs(
unknown. One fundamental question regarding LOV do- 57 g7).

mains, and indeed PAS domains in general, is how these
domains interact with their signaling and/or interaction Consered Structural Connectity in LOV Domains

partner(s). A number of the highly conserved residues in . N _
LOV domains are clearly essential for flavin binding and ~ The conserved volume identified above contains a set of

photoactivity (Figure 2), but others may be conserved amino acids, interconnected through a series of van der Waals
because they are involved in interactions with LOV partner contacts, that extends outward from the FMN cofactor to
domains, in cis or in trans. Indeed, when conserved residuesthe surface of the molecule and terminates at the salt bridge
present in all known bacterial, fungal, and plant LOV (E960 and K1001 in phy3 LOV2) (Figure 7B). Evolutionarily
domains (Figure 2) are mapped onto the crystal structure ofconserved structural connectivity over long distances has
phy3 LOV2 (Figure 1), they reveal a conserved volume been previously noted in the large PDZ domain family where
extending from the FMN chromophore to the molecular mutation of conserved interconnected residues resulted in a
surface. loss of function 62). Comparison of the refined dark &)
Those residues on the surface cluster in a region of theand steady state photoexcitek?) structures of phy3 LOV2
domain containing the'A 3,0 helical turn and the reactive ~ shows that upon adduct formation, the flavin ring tilts and
cysteine {8) (Figure 6). This molecular surface may all of these structurally interconnected residues move from
represent a biologically significant interaction interface 0.15 to 0.6 A toward the salt bridge (Figure 7B).
during light-driven signaling mediated by LOV domains. In our original presentation of the photoexcited LOV2
Notably, it possesses a completely conserved salt bridgestructure 12), a very conservative statistical cutoff was used
(E960-K1001 in phy3 LOV2) (Figure 6) that joins two to define significant changes between the dark and photo-
separate segments of secondary structure, represented by thexcited structures. Specifically, a change was judged to be
oaB—a'A helices andfC—pD loop of LOV2 (Figure 1). significant only if it exceeded two standard deviations (0.69
From an energetic standpoint, conservation of a surface salt) above the mean coordinate change between dark and
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A surface salt bridge identifies a signaling pathway that plays
2, a key regulatory role in LOV-mediated signal transduction.
This proposal can readily be tested by mutation of these
BC/BD loop interconnected residues. This would, we predict, interfere
with signaling readout such as autophosphorylation in the
phototropins.
Notably, a least-squares superposition of LOV2 and PYP
shows that R52, which forms the lid of the PYP chromophore
pocket and swings out into the solvent upon photoexcitation

oA/oB loop

helix aB (59), is in a structural position identical to that of the aromatic
residue that flanks the conserved salt bridge in LOV2, FixL
“veal PAS, and HERG PAS (Figure 7A). Thus, the photoinduced
“tea ejection of R52 from the chromophore pocket of PYP is
S structurally analogous to the photoinduced tilt of the flavin
" oalt bridge chromophore at the core of the LOV domain that “pushes”
on the surface salt bridge through the conserved volume.
B Models for LOV-Mediated Signaling

It is evident that proteins containing photoactive LOV
domain(s) have very diverse domain structure and cellular
function (see Figure 3). A single, common photochemistry
in the LOV domains is therefore coupled to the regulation
of different enzymatic and other biological activities, each
associated with a domain with a very different tertiary
structure. How do the structural and dynamical changes
initiated by photon absorption and subsequent cysteinyl
flavin adduct formation lead to a biological signal in the
highly diverse family of LOV proteins? Is there similarity
at the structural level in the way in which partner domains

N\ such as kinases, STAS, phosphodiesterase, or other PAS
oA/0B Ioop/ domains interact with the LOV domain? We favor a general
, model that involves light-modulated changes in binding
helix B E964 . affinity between the LOV domain and its partner domain-
saT;l;ridge (s). For example, in phototropins, the N-terminal LOV

domain(s) may serve as an autoinhibitor of the C-terminal
FiGURE 7: Conserved pathway of structural connectivity. (A) Detail kinase enzymatic domain in the dadky]. Affinity between

of the structural position of the salt bridge and flanking aromatic the LOV domain(s) and the enzymatic domain would
side chains in LOV2 (green), FixL PAS (red), and HERG (blue). decrease due to light-driven structural and/or dynamical

R52 of PYP is shown in yellow. Salt bridges are shown as dashed ; ; : :
lines. (B) Residues that are part of the structurally interconnected changes in the LOV domain, allow the active site of the

pathway leading from the FMN cofactor to the conserved surface €Nzymatic domain to bind ATP, and permit autophospho-
salt bridge. All residues that are shown are in van der Waals contactrylation. Indeed, basal repression of kinase activity or the
with adjacent residuesH0.2 A). Side chain overlays are from a  activity of other output modules by a domain on the same
least-squares superposition of the main polypeptide chains of thepolypeptide is a common means of protein regulatia (

dark (blue) and photoexcited (yellow) structures of phy3 LOV2. : : o
Regions of secondary structure in which the residues are Iocated63)' Conversely, in other LOV proteins, photoexcitation of

are labeled. The large gray arrow shows the pathway of structural LOV' could i_ncrease the affinity_anc_j promote interactions
connectivity from the flavin cofactor to the salt bridge. with interacting partners by altering its dynamical state and

promoting the formation of conformational substates that are
photoexcited structures. A conservative cutoff in moderate- competent to interact with structurally diverse domains such
resolution structures such as these can mask small changeas those pictured in Figure 3.
in atomic coordinates that potentially have a large effect on  How then, at the structural and physicochemical level, does
domain function. We have devised a method that takes theabsorption of a blue photon lead to changes in the binding
concerted nature of these atomic motions into account by properties of LOV and the subsequent signal transduction?
assessing the magnitude and direction of coordinate displaceThe conservation of interconnected residues extending from
ments within the conserved volume (see Figure 7). Residuesthe flavin cofactor out to a surface salt bridge suggests that
in the conserved volume have a statistically significant (  this region of structure is involved in LOV-mediated signal-
< 0.025) directional displacement (see the Supporting ing. Even if the salt bridge is energetically neutral (i.e.,
Information). Statistical significance aside, the conservation present only 50% of the time), it could still serve to modulate
of these six structurally interconnected residues across athe structure and dynamics of thd8—a'A helices and the
range of LOV proteins from diverse taxa provides strong SC—pD loop in the LOV domain. Slight shifts in the stability
evidence that the conserved volume is involved in LOV of the bridge due to adduct formation could serve to increase
function. We propose that this small but structurally plausible or decrease the structural mobility @B—o'A helices and
movement extending from the flavin cofactor out to the thefSC—/fD loop, and thus affect LOVpartner interactions.



Current Topics Biochemistry, Vol. 42, No. 1, 2003

Lov

K
E

Interacting partner

Ficure 8: Two models for light-driven changes in binding affinity between the LOV domain and its partner dom@inandAG, denote

the free energies of binding between the LOV domain and its interacting partner in the dark and light, respectively. (A) In an enthalpically
driven interaction AS = 0), absorption of a photon and subsequent adduct formation destabilize the salt bridge and lead to the adoption
of a distinct conformation associated with a different affint, for the LOV interacting partnerAG; = AG,. (B) In an entropically

driven interaction AH = 0), photon absorption and adduct formation destabilize the salt bridge but do not change the average conformation
of the LOV domain. It does increase its conformational flexibility, leading to a different affinity for its interacting patiGer= AG;.

Two distinct models involving the conserved surface salt properties of the domain, we favor a model in which the
bridge in LOV-mediated signaling may be identified. In both, dynamical state of the LOV domain is the main determinant
the salt bridge interaction is modulated by light-driven adduct of its interactions with partner domains. Dynamical regulation
formation and the subsequent “push” on the bridge by the provides one way in which the LOV domain, which has
structurally interconnected pathway (Figure 7B). Figure 8 conserved structure and photochemistry, could be competent
presents a hypothetical model for interaction between LOV to signal to very diverse acceptor domains such as those
and a partner domain in which the LOV surface containing pictured in Figure 3. Indeed, this concept of dynamical
the salt bridge acts as an interaction interface. In the first regulation of PAS proteins has been proposed for human
model (Figure 8A), photon absorption leads to salt bridge PAS kinase where the dynamical state of ¢i@—3C loop
destabilization and a change in the LOV conformation and of PAS may be involved in its ability to switch between
in the surface complementarity between the LOV domain kinase-bound and unbound forn@&). Protein dynamics also
and its interacting partner (Figure 8A shows the change in play a role in the regulation of Src tyrosine kinases in which
LOV2 conformation as disrupting the interaction, though it dynamic coupling between the N-terminal SH2 and SH3
could equally well be that the change enhances the inter-domains is key to C-terminal kinase inhibitio64j. More
action). This model presents a more canonical view of detailed time-resolved studies on identical LOV constructs
structural regulation, in which a discrete conformational and full-length LOV proteins using crystallography and
change leads to an increase or decrease in binding affinitysolution spectroscopy are necessary to test the models
between two domains. Our second model considers thepresented here and to resolve the question of the structural
surface salt bridge as affecting solely the conformational and physicochemical basis of LOV signaling.
flexibility or entropy of LOV domains, and not the average
structure. Just as covalent attachment of the polypeptide toACKNOWLEDGMENT
the flavin cofactor must alter the flexibility or entropy of
certain structural elements of the proteih2), so must
modulation of the strength of the conserved surface salt
bridge. Considering that all biomolecular interactions are
governed by enthalpic (e.g., hydrogen bond, van der Waals
or charge-charge interactions) and entropic components, one
can envision a physicochemical model for LOV signaling
in whi_ch changgs i_n th_e dynamical or entropic state of the SUPPORTING INEORMATION AVAILABLE
domain affect binding interactions, without any change in
the average structure (Figure 8B). A description of the method used for assessing the

Although the structural basis of signaling by LOV domains statistical significance of concerted motion within the
is likely to combine features of the two models and exhibit conserved volume of LOV2. This material is available free
both conformational changes and changes in the dynamicalof charge via the Internet at http://pubs.acs.org.
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