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ABSTRACT:. Phototropins are autophosphorylating serine/threonine kinases responsible for blue-light
perception in plants; their action gives rise to phototropism, chloroplast relocation, and opening of stomatal
guard cells. The kinase domain constitutes the C-terminal pAuteria satia phototropin 1. The N-terminal

part contains two light, oxygen, or voltage (LOV) sensing domains, LOV1 and LOV2; each binds a
flavin mononucleotide (FMN) chromophorg"® = 447 nm, termed k7 and forms the light-sensitive
domains, of which LOV2 is the principal component. Blue-light absorption produces a covalent adduct
between a very conserved nearby cysteine residue and the C(4a) atom of the FMN moiety via the triplet
state of the flavin. The covalent adduct thermally decays to regeneratehaalk state, with a rate that

may vary by several orders of magnitude between different species. We report that the imidazole base
can act as a very efficient enhancer of the dark recovery. gfatva photl LOV2 (AsLOV2) and some

other well-characterized LOV domains. Imidazole accelerates the thermal decay of AsLOV2 by 3 orders
of magnitude in the submolar concentration range, via a base-catalyzed mechanism involving base
abstraction of the FMN N(5)H adduct state and subsequent reprotonation of the reactive cysteine. The
LOV2 crystal structure suggests that the imidazole molecules may act from a cavity located in the vicinity
of the FMN, explaining its high efficiency, populated through a channel connecting the cavity to the
protein surface. Use of pH titration and chemical inactivation by diethyl pyrocarbonate (DEPC) suggests
that histidines located at the surface of the LOV domain act as base catalysts via an as yet unidentified
H-bond network, operating at a rate of (55%pat pH 8. In addition, molecular processes other than
histidine-mediated base catalysis contibute significantly to the total thermal decay rate of the adduct and
operate at a rate constant of (65%)leading to a net adduct decay time constant of 30 s at pH 8.

Phototropins are responsible for blue-light perception in covalent adduct between a very conserved nearby cysteine
plants which leads to phototropism, chloroplast relocation, residue and the C4a atom of the FMN moiety is formed.
and opening of stomatal guard celly.(The phototropins  This state is termeds$ (8—10, 13—16) and is thought to
are serine/threonine kinases that undergo autophosphorylatioorrespond to the signaling state of the LOV domain that
in response to absorption of blue ligl?) (Several phototro-  promotes kinase activatioft) The covalent adduct thermally
pin homologues were discovered in plants, algae, fungi, anddecays to regenerate thaJpdark state at a rate that may
bacteria, and it was proposed that they act as photoreceptorgary by several orders of magnitude between LOV domains
in their respective organism8<7). Two light, oxygen, or  from different speciesl(7), as shown in Figure 1a. Absorp-
voltage (LOV) sensing domains, LOV1 and LOVZ, each bind tjon of near-UV light by the $o state also leads to rupture
a flavin mononucleotide (FMN) chromophore and form the f the covalent adductl@, 18). For convenience, the &
light-sensitive domains of phototropins, of which LOV2is  gnq g . states will be called the dark and light state,
the principal component. In the dark-adapted state of LOV2, respectively.
also termed [y after its absorption maximun8), FMN is
noncovalently bound to the protein via a number of hydrogen The 'dark recovery rates ,Of the covalent' adducidS
bonds and nonpolar and polar interactiodsl(). Blue-light ~ V&ry widely among the various LOV domains, from se-
absorption promotes the noncovalently bound FMN to its ONds to minutes in isolated phototropin LOV1 and LOV2
singlet excited state, which in turn evolves to the triplet state domains 12, 15, 17, 19) to hours in some bacterial LOV
with a high efficiency 8, 11, 12). From the triplet state, a  Proteins 8, 20). In the LOV domains involved in circa-
dian regulation inArabidopsis the covalent adduct does
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Ficure 1: (a) Schematic structure of the chromophore binding
pocket of the LOV domain in the signaling state of receptor state
thermal decay. (b) Schematic structures dfistidine, imidazole,
1-methylimidazole, and dimethylaminopyridine from left to right.
All molecules are shown in the basic form.

(oat) photl LOV2 (AsLOV2) (8), Chlamydomonas rein-
hardtii phot LOV1 (CrLOV1) (2), andC. reinhardtii phot
LOV2 (CrLOV2) (19). According to theAdiantum phy3
LOV2 and CrLOV1 crystal structures, no basic amino acids
are located in the vicinity of the FMNB( 10). Swartz et al.
suggested that two histidines 14 and 12 A from the FMN,
respectively, on the AsLOV?2 surface are possible candidates
from which base-facilitated catalysis may proceed, via a
hydrogen bonding network among the base, chromophore
and intraproteineous water molecul&. For CrLOV1 and
CrLOV2, the dark recovery rate was shown to depend on
the salt concentration. To explain the salt dependence, Kottk
and Guo proposed the involvement of the FMN phosphate
in the regulation of the dark recovery rat#2( 19). The
adduct decay rate slows significantly in LOVLOV2
tandem constructs and in the full-length photl recept@y (
19), indicating that proteirrprotein interactions are important
for the rate of recovery as well. Finally, the dark recovery
was shown to be thermally activated, and energetic barriers
defined by the extent of conformational change of the LOV
domain very likely also partly define the rate of adduct decay
(12, 19, 21—-23).
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spectroscopy to LOV domains which need relatively high
repetition rates, such as step-scan FTIR.

MATERIALS AND METHODS

Expression and Purification of LOVZhe LOV2 domain
from A. sativa (oat) phototropin 1 was expressed and purified
as previously describe@4). A. sativa phototropin 1 LOV2
was expressed from a construct spanning residues 362
(construct generously provided by K. Gardner of the
University of Texas Southwestern Medical Center, Dallas,
TX). Because in this work the effect of imidazole on
AsLOV2 has been studied, it is particularly important to
ensure complete removal of imidazole. To do so, the
collected fractions containing AsLOV2 from the His-Trap
HP column (GE Healthcare) were further purified using a 6
mL Resource Q ion-exchange column (GE Healthcare) using
a NaCl gradient and dialyzed against a buffer containing 20
mM Tris-HCI (pH 8) and 50 mM NaCl (10 mL of AsLOV2
agains 5 L of buffer). The sample was stored in 20 mM
Tris-HCI (pH 8) and 50 mM NaCl. The MBPCrLOV2
sample was kindly donated by P. Hegemann of Humboldt
University (Berlin, Germany).

Imidazole and imidazole analogues, 1-methylimidazole,
dimethylaminopyridine (DMAP), and histidine were obtained
from Sigma Chemicals Ltd., as were azide, GnCl, and DEPC.

Transient (milliseconds to seconds) YVis Measure-
ments.Slow (subseconds to hours) UWis transient absorp-
tion spectra were recorded with a model 8453 Hewlett-
Packard diode array spectrophotometer (Portland, OR), which
has a time resolution of 0.1 s. Typically, U\Wis difference
spectra were recorded from 280 to 550 nm. A Schott KL1500
light source (containing a 150 W halogen lamp) connected
to a glass fiber in combination with a heat filter and a 100
nm band-pass filter with maximum transmission at 450 nm
was used for continuous illumination. The fluence rate of
the actinic light was approximately 300@nol m2 s™%.

Laser-Flash Photolysis Spectroscopyor fast visible
transient absorption measurements, an Edinburgh Instruments
Ltd. LP900 spectrometer (Livingston, West Lothian, U.K.)
was used, equipped with a photomultiplier slow board
detection system connected to an oscilloscope (Tektronix
TDS 340A) in combination with a Continuum Surelite 1-10
Nd:YAG laser (output intensity of 140 mJ at 355 nm; pulse

The work presented here shows that the imidazole basejih of 6 ns). The AsLOV2 sample was excited with 355

can act as a very efficient enhancer of the rate of dark
recovery of AsLOV2 and several other well-characterized
LOV domains. Imidazole accelerates the thermal decay of
D447 of ASLOV2 by 3 orders of magnitude in the submolar

nm laser flashes of-23 mJ/pulse at a frequency of 0.5 Hz.
Time traces were recorded at 450 nm with the slow board
option of the photomultiplier (time resolution of 2 ms). For
each measurement, 50 traces have been averaged to increase

concentration range, via a base-catalyzed mechanism, involvyhe signal-to-noise ratio. Optical neutral density filters were

ing base abstraction of the adduct state from FMN N¢3)
and subsequent reprotonation of the reactive cysteine.
Moreover, using pH titration and diethyl pyrocarbonate
(DEPC) inactivation, we demonstrate that histidines located
at the surface of the LOV domain act as a natural base
catalysts via an as yet unidentified H-bond network. This
imidazole effect opens a new avenue for the application of

! Abbreviations: phot, phototropin; ASLOVAwvena satia photl
LOV2; CrLOV1, Chlamydomonas reinhardtphot LOV1; CrLOV2,
C. reinhardtii phot LOV2; phy3LOV2, Adiantum capilluszeneris
phy3LOV2; DEPC, diethyl pyrocarbonate; DMAP, dimethylaminopy-
ridine.

used in the measuring beam before the sample to minimize
measurement artifacts induced by probe light.

Data AnalysisFor the initial analysis, the fitting tools of
Origin 6.0 (Microcal Software, Inc.) were used. Time traces
at 475 and 450 nm were satisfactorily fitted with a single-
exponential function for both the slow and fast measure-
ments.

Effect of Imidazole on AsLOV2 Dark Reeoy. Enhance-
ment of the dark recovery rate by imidazole was analyzed
using AsLOV2 samples in 20 mM Tris-HCI and 50 mM
NaCl (pH 8). For the transient UWis experiments, the
sample was incubated with imidazole concentrations ranging
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from 0.4 to 100 mM and from 150 to 660 mM for the slow
and fast time-resolved experiments, respectively. All added
solutions were set at pH 8 using HCl or NaOH. No free FMN
was found in the flow-through after concentration (Centicon
YM 10, Amicon, Beverly, MA) and dilution of the sample
three times in the presencé bM imidazole, showing that
the amplitude changes are not induced by either inactivation
of AsLOV2 by imidazole or release of FMN.

Identification of the Actie Form of ImidazoleTo deter-
mine which form of imidazole, i.e., the acidic or basic form,
is responsible for the enhancement of the dark recovery rate,
the pH dependence of the effect of imidazole on AsLOV2
was analyzed in 20 mM Tris-HCl and 50 mM NacCl at pH 8 t (s)
and 20 mM MOPS-HCI and 50 mM NaCl at pH 7. Thesp Ficure 2: Dark state recovery of AsLOV2 at different imidazole
state recovery was measured with the Hewlett-Packard 8453concentrations, in decreasing time constant order: 0, 0.4, 1, 2, 4,

S T ; 10, 20, 30, and 50 mM. Kinetics were measured at room
gpllectr(()jpflwg(t)omle\)/'lter ]lcjtsmgdlgnldazole I(I:On(l:entra%)nszb(;/tlweentemperature between 280 and 550 nm with a model 8453 Hewlett-
V.4 an mi, arer adding small volumesnra Packard diode array spectrophotometer (time resolution of 0.1 s).
imidazole stock solution adjusted to pH 8 and pH 7, Here only the 475 nm time trace is shown.

respectively.
pH Titration of the Rate of Dark Reecery of AsLOV2

0.004

-0.08 1

-0.16 1

-0.24 1

OD at 475 nm

-0.32+

-0.40+

-0.48 r———rrrrr——rrr————rry
0.1

enously added imidazole. Figure 2 shows the dark state

The pH titration of ground state recovery of ASLOV2 in 100 ecovery of AsLOV?2 at different imidazole co_ncentrations
mM KP; and 50 mM NaCl was started at pH 6.4. Below ranging from 0 to 50 mM. The dark recovery time constant
this pH, the protein starts to precipitate. The pH was Of ASLOVZ was~30 s in the absence of imidazole at pH 8,
increased in a stepwise manner to 11.5 gsinM NaOH. ~ Which agrees well with previously reported valu&s 19).
Absorption and pH signals were measured simultaneously Complete recovery of the dark state is observed i and

at 293 K by placing a Peltier temperature-controlled “Kraay- ~1 s for 2 and 50 mM imidazole, respectively. The level of
enhof vessel” in the sample compartment of the Hewlett- bl_eachnjg at 475 n.m.under constant |II_um|nat|on decreases
Packard 8453 spectrophotometer. Two of the four available With an increase |n.|m.|dazole conce_ntratlon'from 0.451t0 0.06
ports of the vessel were used for the measurement beam ofor 0 and 50 mM imidazole, consistent with the increased
the spectrophotometer, and a third was used for a pH thermal recovery reaction rate induced by |m|daz_ole. !ndged,
electrode (Mettler Toledo micro-AgCl combination electrode, the steady state equilibrium under continuous illumination
InLab 423) connected to a Dulas Engineering amplifier (pH- In the presence of 50 mM imidazole is dependent on light
meter, input impedance of 30 Q). Continuous actinic ~ intensity (data not shown). No change in the tWs
illumination was provided through the fourth port of the absorption spectrum of either,i or Sy is observed for
vessel by a Schott KL1500 light source, equipped with a imidazole concentrations up &L M atroom temperature.
glass fiber in combination with a heat filter and a 450 nm A more complete kinetic investigation of the imidazole
band-pass filter. AsSLOV2 was used at an OD of 0.5 at 447 €ffect has been performed in the range from 0 to 100 mM
nm in a working volume of 1.82 mL. The electrode was ~ &nd from 150 to 660 mM by combining slow and fast time-
calibrated with calibration buffers of pH 4.01, 6.98, and 9.18 resolved measurements, respectively. Usid@ uM AsLOV2
(Yokogawa Europe BV, Amersfoort, The Netherlands) prior (€ = 13800 M* cm™) in 20 mM Tris-HCI and 50 mM

to the experiment. The data were fitted using the two-site NaCl (pH 8), adduct cleavage was enhaneegt, ~10-,
competition equation of Origin 6.0, leading to estimation of ~100-, and~4000-fold with addition of 0.5, 2, 20, and 660
the two [K, values. mM imidazole, respectively (Figure 3). The recovery rate is

Chemical Modification of Histidine Residues of AsLOv2 linearly dependent on imidgzole c'oncentratio'n in. the range
Using Diethyl Pyrocarbonate (DEPCAsSLOV2 in 20 mM from O t_o _660 mM, mdlcatlng a first-order kinetic effect.
Tris-HCI and 50 mM NaCl (pH 8) was incubated at room For all |m_|dazole concentra_\tlons,_ AsLOV2 add_uct decay
temperature with 5 mM DEPC fro a 6 M stock solution. could be fitted adequately with a single exponential, and the

This latter chemical is a histidine-specific reagent which can resultmg time constant shows a linear dependence on

inactivate histidine function and thereby abolished its base imidazole concentration. Thus, no additional spectroscopi-

catalysis properties. DEPC can also react with tyrosine cally distinguishable intermediates are formed by imidazole

residues; however, upon addition of DEPC, no change atn the dark recovery reaction. Upon dilution of a sample
280 nm ,could be detected in the LVis speétrum of the containing 100 mM imidazole, using overnight dialyses, the

protein (data not shown). We can therefore exclude tyrosine
modification under our experimental conditions. Transient
slow UV—vis measurements were performed before and after
incubation for 15 min with DEPC.

RESULTS AND DISCUSSION

Imidazole Reersibly Enhances the Dark Re@ry Rate
of AsLOV21In this investigation, we found that the ASLOV2

dark recovery time constant in the absence of imidazole (30
s) is recovered, indicating that the effect of imidazole is fully
reversible.

The addition of imidazole to several other LOV domains
shows a similar enhancement of the thermal decay rate: from
(240 sy to (1 s)y* at 20 mM imidazole inAdiantumphy3
LOV2 (phy3LOV2). In CrLOVZ2, which shows a biphasic
dark recovery 19), the fast component (from 30 to 0.18 s
with 100 mM) is 4 times more sensitive to imidazole

dark state recovery rate was markedly enhanced by exog-(expressed as fold enhancement) than the slow one (from
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FicurRe 3: Enhancement of the thermal back reaction rate of 'atio of the fold enhancement between the two data sets varies
AsLOV2 (in fold stimulation) plotted vs imidazole concentra- Petween 1.7- and 1.9-fold, which is expected considering that at

tion. The plot combines slow and fast time-resolved measurementsPH 7 @nd 8, 53 and 92% of the imidazole is present in the basic

of the recovery rate of AsSLOV2 as a function of imidazole OfM. respectively.

concentration. the enhancement of the dark recovery rate is between 1.7
. ) and 1.9 times less efficient at pH 7 than at pH 8. This result

115to 2.5 s with 100 mM). This result may be correlated agrees well with the ratio of 1.74 calculated for the

with the different activation energy barriers for the biphasic zpundance of the basic and acidic form of imidazole under
adduct cleavage that have been determined for CrLOV2, of these conditions, respectively. Thus, the basic form of imi-
52 and 72 kJ/mol for the fast and slow component, gazole is likely responsible for the enhancement of the rate
respectively {9). We cannot exclude, however, that the of the dark recovery. These data are consistent with an
different sensitivities could be due to differences in acces- imidazo'e_enhanced dark recovery by a genera' base_cata_
sibility for imidazole toward two structurally distinct popula-  |yzed mechanism.
tions (e.g., as the result of a CrLOV2 monomeimer Specific, Discrete Effect of an Imidazole Ba$e.obtain
equilibrium). additional insights into the base-catalyzed mechanism medi-
We tested whether the imidazole effect was dependent onated by imidazole, we tested the effect of imidazole
protein concentration: at 0.1 mM imidazole, the recovery analogues (Figure 1b). Interestingly, histidine did not have
rate is dependent on protein concentration in the range fromany effect (up to concentrations of 100 mM), indicating that
0.03 to~1 mM (equivalent to an OD of 0.3512 at 447  the imidazole base does not act from the LOV domain
nm) with recovery time constants ranging from 32 to 24 s surface. Thus, it could be either its size (153fér histidine
(Figure S1 of the Supporting Information). We conclude that vs 65 A for imidazole) or its polarity (both amines and
imidazole forms a very low-affinity MichaelisMenten  carboxylates are charged at pH 8) which precludes the action
complex with AsLOV2, without significantly disturbing the  of histidine. We thus investigated the effectiveness of
electronic state of FMN. This complex has a very high  imidazole analogues with similar sizes but different polarities.
(corresponding to a low affinity) witho, andko rates that  1-Methylimidazole (molecular structure shown in Figure 1b)
are very fast, much faster than the rate of adduct decay. Ais more hydrophobic than imidazole with a very simil&t.p
linear dependence of the thermal decay rate as a function of(7.1) and exhibits a slightly higher efficiency (1.3 times) in
imidazole concentration has already been reported for theenhancing the rate of dark recovery of AsSLOV2 at pH 8 as
blue light photoreceptor AppA26) and in rescue experi-  compared to imidazole, when tested at equimolar concentra-
ments using imidazole as an exogenous ligand for luciferasetions. Specifically, at 20 and 80 mM 1-methylimidazole, 130-
(26), horseradish peroxidasgg, 27), and ribozymeZ7). In and 450-fold enhancement of the recovery rate of ASLOV2
all these studies, th&y was estimated to be larger than s observed, respectively, compared to 100- and 350-fold for
several molar. However, in these rescue experiments, theimidazole, respectively. An even more hydrophobic analogue,
activity is restored with millimolar concentrations of imi-  dimethylaminopyridine (DMAP, molecular structure shown
dazole, showing that under such conditions imidazole and in Figure 1b), with a [, of 9.7, shows a significant effect
protein or catalytic RNA (ribozyme) form a discrete complex at pH 8 where less than 2% of the DMAP molecules are in
prior to catalysis. the basic form, indicating that this molecule is a very efficient
pH Dependence of the Imidazole Effetb determine enhancer of the dark recovery rate of AsLOV2. Indeed, the
which form of imidazole, i.e., the acidic or basic form, is latter molecule exhibited an only 2-fold lower efficiency as
responsible for the observed effects, we conducted kineticcompared to that of imidazole at pH 8 in the range from O
assays at different imidazole concentrations (ranging from to 10 mM DMAP. To properly compare both molecules, the
0 to 100 mM) at pH 7 and 8. The concentration and pH effect of DMAP was studied at pH 10, where more than
dependence of the pseudo-first-order recovery rate constanb0% of the molecules reside in the basic form. At pH 10,
for AsSLOV2 in imidazole at pH 7 and 8 are shown in Figure DMAP is slightly more efficient than imidazole. Because at
4. The <, of imidazole is 6.95; thus at pH 7 and 8, 53 and this pH imidazole resides entirely in its basic form, compared
92% of the imidazole resides in the basic form, respectively. to ~55% for DMAP, DMAP is approximately 2 times more
For the different imidazole concentrations that were used, efficient than imidazole in performing the catalysis. This
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increased efficiency of DMAP is very likely due to its
increased hydrophobicity. Moreover, the acceleration by
DMAP shows that the I§, of the AsLOV?2 reactive cysteine
is higher than 9.7 which is rather high for an aqueous thiol.
Azide (HNs), a small molecule with alg, of 4.8, had no
obvious effect on the thermal decay ofy$Sof ASLOV2 at
pH 8 up to concentrations of 100 mM. Azide has been
reported in bacteriorhodopsin to shuttle protons from the
solvent to the protein interior, increasing the decay rate of
the M intermediate (i.e., Schiff base reprotonatid®2g)( The
lack of an effect of azide can be due to its negative charge
at pH 8 which could disfavor its binding to AsLOV?2 and/or
its low pKa.

Biochemistry, Vol. 46, No. 11, 2008133

Absorbance (normalized)

450 470
440 460
Wavelength (nm)

446

0.04 4%

448

420

472

474
T

480 500

The question of whether the base-mediated catalysisFicure5: Low-temperature (77 K) absorption spectra of ASLOV2
destabilizes the light state of the protein via a protein-assistedat different imidazole concentrations: no imidazote){( 200 mM

recovery or acts directly on the cysteimpl5 covalent adduct

arises. Dark recovery enhanced by imidazole has already

been shown in AppA, albeit with a 100-fold lower efficiency
(25). There, the authors concluded that imidazole was acting
on the protein surface rather than on the H-bond network
directly responsible for the stability of the light-induced
signaling state. To test if the imidazole effect is due to
disruption of noncovalent interactions leading to destabiliza-
tion of the secondary and tertiary structure and/or disorga-
nization of the H-bond network in the vicinity of the FMN
moiety of the LOV2 domain in a nonspecific way, the effect
of guanidinium chloride (GnCl, chaotropic salt) on the rate

of dark recovery was measured at various concentrations ofc2talysis properties as imidazole,

this denaturant. We found that GnCl has a very weak effect
up to 500 mM, and when half of the LOV2 domains are
unfolded 43 M GnCl, an only 3-fold increase of the recovery

imidazole (- - -), and 500 mM imidazole~). Insets are zooms on
two isosbestic points at 448 (left) and 471 nm (right).

absorption of the flavin is relatively insensitive to a nearby
bound imidazole molecule.

Cavity Identification in the Crystal Structure of the
Phy3LOV2 DomainThe fact that histidine has no effect on
the dark recovery rate of AsLOV2, as opposed to neutral
basic imidazole and its hydrophobic analogues, with an
increased efficiency for the latter, suggests that the base-
catalyzed activity takes place from a hydrophobic locus
within the PAS fold. Histidine, which has the same base
is able to explore the
surface of AsLOV2 but has no effect, suggesting that base
catalysis does not take place from the AsLOV2 surface. In
such a context, two interpretations appear to be likely.

rate is observed (data not shown). These results exclude the First, imidazole and its hydrophobic analogues may be

interpretation that imidazole acts in a nonspecific way by
destabilizing the PAS fold of AsSLOV2. As its influence is
very weak and incompatible with the 3 order of magnitude

dissolved nonspecifically in the hydrophobic core of AsLOV2
and interact specifically with the FMNcysteinyl adduct.
The dynamic motions of the protein would allow the

change induced by imidazole, this suggests a direct interac-nydrophobic molecules to enter and reside in the core.

tion of imidazole molecules with the adduct state and the
acceleration of the limiting step of the reaction via a base-
catalyzed mechanism.

Imidazole Acts in the Vicinity of FMNNo significant

However, such solubilization of a hydrophobic molecule
within the PAS fold would affect specific interactions and
would be expected to lead to unfolding of the PAS domain
at high concentrations, which is not observed experimentally.

change was observed in the absorption spectrum of AsLOV2 Second, a specific tunnel cavity structure may exist that
between 400 and 500 nm at room temperature in the presenc@llows specific entry and binding of imidazole and its

of imidazole up ® 1 M at room temperature. The dark
recovery rate varied linearly with the imidazole concentra-
tion, without any saturation effect up to 660 mM, which
precludes an estimate of thi€; of imidazole binding.
However, at 77 K, a 0.5 and 1.5 nm red shift of the

absorption spectrum, with isosbestic points at 428, 448, 464,

hydrophobic analogues but restricts histidine from entering
it by size and/or charge exclusion. Such an interpretation is
consistent with the work of Rudiger and Briggs, who have
indicated a role for a hydrophobic cavity in light-activated

autophosphorylation of phototropin in plasma membranes
isolated from the tips of maize coleoptiles by use of several

471, and 478 nm, is observed in the presence of 0.2 and 0.8hiol reagents 33). Considering the small size of the LOV

M imidazole, respectively. This observation suggests the
formation of a AsLOVZ2-imidazole complex upon addition
of imidazole (Figure 5). The red shift probably results from
a weak H-bond between imidazole and the FMN N(5) atom

domain, this cavity is likely to be close to the FMN binding
site.

To test this hypothesis, we used three software packages
[Deep View (spdbv), UCSF Chimera, and PyMol (Caver)]

or to one of its GO groups, leading to a more delocalized to compute cavities and channels in the four different
FMN-conjugated system. Such small absorption changesmolecules of the unit cell of the structures of the dark and
have been observed in rescue experiments of a His to Alalight states of phy3LOV2 (PDB entries 1G28 and 1JNU,
mutant of horseradish peroxidase, in which imidazole binds respectively). All calculations show the presence of two main
to the cavity created by the mutation, restoring enzyme hydrophobic cavities located-% A from the isoalloxazine
activity and coordination of the heme to the iron atom. In moiety. The first one is located above the dimethylbenzene
similar experiments for choline oxidas29j and luciferase plane and has a volume ef30—40 A3 (Deep View). The
(26), two flavin-binding enzymes, no spectral changes were second cavity is larger, with a volume s#%0—60 A3 and is
detected upon imidazole addition, suggesting that the visiblelocated between the C&D group and the PAS fold surface.
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We emphasize that the computed cavities should not be
regarded as static voids in the PAS core: since the crystal Tunnel
structures represent average structures and the protein it
highly dynamic, the cavities indicate the sites where on )
average more space is available for small molecule binding
than elsewhere in the hydrophobic core.
The volume of the cavities is slightly larger in the light
state than in the dark state which suggests that the imidazole )
binding site is more accessible in the light state. Considering
the imidazole volume of 65 A we expect the larger cavity N
to be a good candidate for imidazole binding. Moreover,
light-induced protein structural changes have been found to
be relatively small in crystals, whereas in solution, NMR |
spectroscopy 24) and FTIR light minus dark spectra of '\~ \ @85 20
AsLOV2 (16) and phy3LOV2 22, 34) show significant \\ ac
protein structural changes. Interestingly, PYP exhibits the '
same difference in behavior in solution compared to the
crystalline state35). Thus, a larger imidazole accessibility :
of the LOV2 light state may be expected under our

experimental conditions (solution) compared to the crystalline FIGURE 6: PyMol-Caver picture showing the structure of one of
state. the channels (tunnel), joining the large cavity locatees3 from

. oo . the FMN C(4¥0 moiety with the protein surface of the LOV2Phy3
The first phy3LOV2 cavity is surrounded by the dimeth- 5 state (PDB entry 1G28). The channel pointing toward the

ylbenzene moiety of the isoalloxazine ring of FMN and suyrface is colored gray and FMN yellow-Helices are colored
protein residues 1943, N965, T934, and V932; the second blue; thes-sheet is colored green, and the surface is shown as an

cavity is surrounded by the FMN C&D group and residues ~ outline.

F950, F1006, L969, L953, T954, and N1008. Both cavities @ )

are quite hydrophobic, which could explain the slightly 2 R R

higher efficiency of 1-methylimidazole and the even higher N /NYO N /N\fo

efficiency of DMAP. It also explains the exclusion of Ij[ NH ;@ NH

imidazolium (the acidic form of imidazole), histidine, and ) N Y

azide and the very fadt,/kox rates of the imidazole base.
A more thorough molecular surface study, using Chimera, Cys / Cys

shows the structure of the second cavity, which exhibits two /\:)N

narrow channels that point toward the LOV surface. The =

longest channel reaches the surface by forming a “hole”. The (g) (©

latter is located between theA helix and the bottom of the

R
|
five p-strands, forming a “cliff’, further identified as a N N 0O |
potential imidazole binding site on the PAS fold surface by ><I Y N N\(O
N/ NH
o]
S—H

Chimera. Strikingly, similar cavitychannet-surface struc-

tures are observed in the crystal structure of CrLOYQ),(

PYP (@6), and NifL (37), suggesting that it is an intrinsic

structural property of the PAS fold. Nevertheless, imidazole /—N cl s _H Cys

did not have any observable effect on the photocycle kinetics H’N\) Y N@

of PYP (data not shown). Because the first, smaller, cavity HTINZ

does not show any opening to the solvent, the highest

population of imidazole molecules is to be expected in the Ficure 7: Proposed ionic base-catalyzed mechanism to account

cavity located between the surface and the FMN €@) for the imidazole-mediated acceleration of the dark state recovery

group. To test this hypothesis, we used the Caver plug-in in of A. satva photl LOV2. See the text for further details.

PyMol to specifically compute channels. As expected, the from the FMN N(5) atom, which carries a hydrogen in the

first cavity is connected to the surface via very narrow light state. Such proximity could explain the surprisingly high

channels while the second cavity shows three channels,imidazole sensitivity (a more than 4000-fold increase in the

starting 3-4 A from the FMN/C(4%=0O group and pointing  recovery rate at 0.66 M) of AsLOV2, pointing toward a

toward the same (Chimera) hole in the surface, following mechanism in which the FMN N(5) proton is directly

slightly different routes. For the purpose of clarity, only one abstracted in an imidazole-induced base-catalyzed mecha-

of these channels is shown in Figure 6. This observation is nism. Thus, we propose that the imidazole base accesses the

consistent with the red shift of the low-temperature absorp- vicinity of the FMN binding site, with particularly high

tion spectrum, which suggests a weak H-bond interaction efficiency in the light state (Figure 7b), via the channels

between imidazole and the FMN N(5) o=© group. leading to the C(4rO cavity. Imidazole within this cavity
Mechanism of the Imidazole Base-Catalyzed Accelerateddoes not disturb FMN binding, as FMN is neither released

Dark Recaery of AsLOV2BY fitting an imidazole molecule  nor significantly altered with respect to its spectral properties

in the computed cavity using DeepView and/or Chimera, we of the light and dark state UVvis absorption spectra up to

can show that its two nitrogen atoms are locatet+5 A 1 M imidazole at room temperature. Imidazole is in fast
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equilibrium between the inside and outside of this cavity,
which explains the linear imidazole concentration depen-
dence. If specific binding occurs in this cavity, ig should 45+
be on the order of several molar. Because imidazole acts on

50+

FMN from a few angstroms, the base-catalyzed reaction is 401
assumed to be fast and efficient. In this context, a likely = 351
mechanism of base-catalyzed adduct rupture can be consid- -
ered as outlined below. 30+
lonic Mechanism (concertedJhe imidazole base presum- 25 5

ably catalyzes the dark recovery by direct proton abstraction

of the FMN N(5) atom (competing with the H-bonded 20

GIn1029, phy3LOV2 numbering) which leads to the forma- . . . : . )

tion of a negatively charged adduct state intermediate, FMN

C(4a)sp3f)_S-Cys , and a positively charged imidazole PH

(ImH,*, acidic form). FiGURE 8: pH fitration of the dark recovery time constant of
(i) First, the lone pair of the N atom of imidazole will AsLOV2 in the pH range of 6411.5. The data have been fitted

attack the proton of the N(5) atom and bind it (Figure 7b). using a doubled§, Hendersor-Hasselbalch equation (black line).

The mechanism can also be concerted, leading to an(g). The dark recovery time constant increases by a factor
imidazole hydrogen-bonded to the FMN N{& bond  of2 going from 50 s at pH 6.4 to 25 s at pH 9.5, comparing
creating an electropositive ImH-H base and an electronega-ye|| with previously reported date39).
tive Cys-S-C(4a)-N(5) conjugated network where the sulfur  Histidine as an Intrinsic Base Catalyst in AsLOV2:
attracts the electrons as proposed by Swartz eBal. ( Chemical Modification of Histidine Residues by Diethyl
(i) Second, the electrons of the N(SH bond will then  pyrocarbonate (DEPC).One can wonder whether the
form a double bond between N(5) and C(4a), which (iii) in - positioning of histidine residues within the PAS fold and
turn will lead to disruption of the C(4)S bond and formation  the stabilization of their protonated state, e.g., acidic (inac-
of the thiolate anion (Figure 7c). These events likely induce tive) or basic (active), can tune the dark recovery rate. To
a reversible switch of the GIn, which H-bonds back to the address this question, we performed a measurement of the
FMN C(4)y=0 group. (iv) The last step then is protonation dark recovery rate as a function of pH and we chemically
of the Cys anion by the protonated imidazole, regenerating modified the two conserved (among the photl/2 LOV2
both the noncovalently bound oxidized FMN and the family) surface-exposed histidine residues of AsLOV2
imidazole base (Figure 7d). (His1011 and -1035, phy3LOV2 numbering) by incubating
The effect of imidazole on AsLOV2 confirms that the them with an excess of the histidine-specific reagent DEPC
proton transfer step is the rate-limiting step of the dark (40). At pH 8, the recovery time constant is 30 s in the
recovery reactiond, 38). Thus, by accelerating the rate- apsence of DEPC and 65 s in the presence of 5 mM DEPC,
limiting step of the recovery reaction, the presence of the demonstrating a significant effect that may be attributed to
imidazole base leads to such a drastic increase in its rate ohjstidine modification (Figure S2 of the Supporting Informa-
dark recovery. tion). We can now make a quantitative relation among the
pH Titration of the Adduct Decay Rate of AsLOWZith total thermal recovery raté) in the absence of DEPC, the
regard to the high efficiency of the imdazole base-catalyzed rate of adduct rupture mediated by processes other than base

dark recovery of the AsLOV2 domain, the question of catalysis kne) after DEPC inactivation, and the histidine-
whether histidine residues in the native structure can act aSmediated base Cata|ysis raw‘ic) via the relation

base catalysts of the dark recovery reaction arises. To

investigate the involvement of histidine residues in the Kin = Kuse T Kother

thermal recovery of AsLOV2, we performed a pH titration

of the dark recovery time constant (Figure 8). The pH This experiment indicates that the rate of histidine-mediated
titration was already reported by Corchnoy et al. and was base catalysisk{gsc) at pH 8 amounts to (30s) — (65 s)*
found to exhibit a K, of 6.8 38). We repeated these = (55 s)!, where~92% of histidine molecules are in the
experiments to verify our experimental conditions. The basic active form. A good correlation is found between the
titration curve between pH 6.4 and 11.5 was best fitted using pH titration and the histidine inactivation experiment in the
two pKa values, with a first g, of 7.2 with an associated sense that plotting the fraction of histidines in the basic form
amplitude of 0.8 and a secon&pof 11.2 with an amplitude  as a function of the decay time constant gives a linear
of 0.2. The first K, of 7.2 compares well with the value of  function which extrapolates to 62 s for 0% of the basic form
6.8 reported by Corchnoy et aBg) and can be assigned to (data not shown). The predicted time constant of 62 s for
a histidine residue or the FMN phosphate group, although it 0% of the basic form of histidine is close to 65 s when all
is quite high compared to theKp of phosphate of 6.2 in  histidines are inactivated by DEPC and indicates that a
solution. The secondKy was not resolved in the previous molecular process other than histidine-mediated base cataly-
study, where the titration stopped below pH 10. It represents sis contributes significantly to the total thermal decay rate
a crude estimate, considering the fact that the pH range aboveof the adduct in AsSLOV2 by a rate constdge,of (65 s) .
11.5 was not accessible because of the limited stability of In addition, the linear behavior of that latter plot confirms
the protein. The secondKg may tentatively be assigned to that only one K, is observable around 7, leading to the
deprotonation of the N(3) atom of FMN, which has ld,p conclusion that only one of the two histidines is active or
of 9.75 in solution 89) which shifts to~11 in AsLOV2 that the two have approximately the sam&.pThis experi-
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ment allows us to estimate the contribution of histidine of AsLOV2 is 30 s in the absence of DEPC and 65 s in the
residues in the catalysis of thermal adduct decay, showingpresence of 5 mM DEPC, demonstrating a significant effect
that as in the case of exogenously added imidazole, the basi¢hat may be attributed to histidine modification (Figure S2).
form of histidine constitutes the base catalyst in this reaction. This material is available free of charge via the Internet at

Thus, as proposed by Swartz et 8), @t least in AsLOV2,
base catalysis can take place from surface-exposed histidine

http://pubs.acs.org.

residues to the FMN, localized 12 A away, via a postulated REFERENCES

hydrogen bonding network of the base, chromophore, and
intraprotein water molecules. The relatively low efficiency
(factor of 2 only) of the histidine base-catalyzed mechanism
in AsLOV2 can be explained in terms of distance, as
suggested by the imidazole effect which increases the decay
rate by at least 3 orders of magnitude when it is used as an
exogenous ligand acting in the FMN vicinity.

CONCLUSIONS

Imidazole greatly enhances the thermal decay rate of the
covalent adduct in several LOV domains, suchhasatva
photl LOV2, Adiantumphy3LOV2, andChlamydomonas
phot LOV2, extending its action on LOV domains from
plants to green algae. The general base catalysis mechanism
for imidazole, or an imidazole side chain, as proposed for
the process studied here is supported by a strong precedent

for exogenous imidazole acting as a general base catalyst, 7.

for example, in AppA and in the rescue of the activity of
histidine mutations of bacterial luciferase (H44A) and
horseradish peroxidase (H42A). Furthermore, evidence of
the role of imidazole, or an imidazole side chain, as a general
base in RNA cleavage reactions is availaldl#)( The effect

of imidazole on LOV and BLUF domain-containing photo-
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can be involved in the tuning of the thermal recovery rate 19,

of the adduct-containing signaling state. The extent of
acceleration of the recovery rate using imidazole renders
possible the application of time-resolved techniques which

require relatively fast repetition rates, such as FTIR step- 11.

scan spectroscopy, which is at present under investigation
in our laboratory.
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