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ABSTRACT: Phot photoreceptors make up an important protein family regulating biological processes in
response to blue light. They contain two light, oxygen, and voltage sensitive (LOV) domains and a serine/
threonine kinase domain. Both LOV domains noncovalently bind a flavin mononucleotide (FMN). Upon
absorption of blue light, the LOV domains undergo a photocycle, transiently forming a covalent adduct
of a cysteine residue and the FMN (LOV-390). The mechanism of formation of this fiéiviol adduct

is still unclear. We studied a mutant of the LOV1 domain from the green@dgamydomonas reinhardtii

with a methionine replacing the reactive cysteine 57 (C57M). As in the wild type, irradiation leads to
formation of a photoadduct, which, however, is irreversibly converted into a red absorbing species, C57M-
675. On the basis of spectroscopic results and the 2.1 A resolution crystal structure, this highly unusual
FMN species was assigned to a neutral flavin radical covalently attached to the apoprotein at the N(5)
position. In contrast to other flavoprotein neutral radicals, C57M-675 is stable even under aerobic or
denaturing conditions. Pathways for the photoinduced formation of the adduct are discussed for the C57M
mutant as well as the wild-type LOV1 domain.

In 1998, phototropin oArabidopsis thalianavas discov- R
N

ered as the first member of the fast growing “phot” protein /N\ﬁo
family (1). Phot proteins are blue light photoreceptors :@[5/ o N.
regulating biological processes such as phototropic plant N H
movement 2, 3), chloroplast relocatior46), and stomatal H.g °
opening in guard cells7] as well as gametogenesis in green __Cys
algae B). Their common features are two light, oxygen, and Protein
voltage sensitive (LOVY)domains, each containing a non- Lov1
covalently bound flavin mononucleotide (FMN), and a 447 i‘;m
C-terminal kinase domain.
In the dark, the absorption spectra of the LOV domains
exhibit two characteristic bands with vibrational fine struc- 2005 Lovi _ LoVl
ture. For the LOV1 domain fronChlamydomonas rein- 7158 gy 715
hardtii, the high-energy band is centered at 360 nm and the SWHS
low-energy band at 447 nn®,(10). Following the conven-
tions, the lowest energy maximum serves for the specification LOV1
of spectroscopically distinguishable species (e.g., LOV1- 390
447). Upon absorption of blue light, LOV domains undergo R
a photocycle (Figure 1) that tentatively activates a Ser/Thr :@ENTNYO
. . Whtu
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within minutes.
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intermediate with absorption maxima at 650 and 715 nm is  To clarify the adduct formation mechanism, we introduced
present 30 ns after excitation and decays in the time rangea methylated thiol group into LOV1 from the. reinhardtii

of microsecondsl(0, 11). The intermediate has been assigned Photl. The replacement of the reactive cysteine with me-
to the excited triplet state of the FMNL]). A second long-  thionine (C57M) renders a proton or hydrogen atom transfer
living intermediate is formed subsequently, which shows a from the thiol group to the FMN impossible. We had
broad absorption band with a maximum at 390 nm. Salomon expected that a photoreaction analogous to that of the wild
et al. (L2) proposed that the LOV-390 intermediate is a type would lead to a stable LOV-390 intermediate with a
covalent adduct of the FMN and the apoprotein formed by methylated N(5) position, allowing further insight into the
the reaction of a conserved cysteine residue with the C(4a)formation of the flavin C(4aj}thiol adduct.

atom of the flavin. This was verified by NMR spectroscopic ~ However, the photoreaction of the C57M mutant resulted

studies {3) and X-ray crystallographyl@, 15). The LOV- in a photoadduct that decayed on a time scale of hours into
390 intermediate is metastable and decays into the dark forman unusual and extremely stable flavoprotein radical. The
within minutes. properties of the photoproducts were investigated by absorp-

The reaction pathway for the formation of LOV-390 is tion spectroscopy, mass spectrometry, and X-ray crystal-
currently under debate. A clear deuterium isotope effect waslography. Further investigations on the radical species using
observed for LOV2 from oat, suggesting that formation or electron paramagnetic resonance (EPR) and electron nuclear
breakage of bonds involving hydrogen atoms is a rate- double resonance (ENDOR) are presented by Bittl eP4).
limiting step (L6).

A concerted mechanism was proposed by Crosson and'vl'A‘TERIALS AND METHODS

Moffat (17) in which the N(5) position of the flavin is LOV1 Expression and PurificationWild-type Photl-
protonated as the thiol sulfur attacks C(4a). In a more detailed|_Ov1 from C. reinhardtiiand the LOV1-C57S mutant were
approach, Fedorov et all§) calculated the charge redistri-  prepared as pMal fusion proteins as described previously
bution within the FMN upon formation of the triplet state (10). For the C57M mutant, cysteine 57 of wild type was
based on the crystal structures of the LOV1 dark form (1.9 exchanged for methionine by site-directed mutagenesis and
A resolut.|0n) and the L(_)V1-390 flavinthiol adduct (2.8_ ~amplified by overlapping PCR. The MBPLOHis—LOV1-
A resolution). The negative charge on N(5) and the positive C57M fusion protein was expressed Escherichia coli
charge on C(5a) increase significantly, whereas C(4a) BL21(DE3), purified via amylose resin (New England
remains almost neutral. The authors suggested that duringBiolabs) (L0), and stored at a concentration of 10 mg/mL in
the lifetime of the triplet state the-8 proton moves toward 10 mM potassium phosphate (pH 8.0) and 10 mM NacCl.
the N(5) atom. Simultaneously, the extent of interaction of For mass Spectrometry, the fusion protein was dia|yzed
Cys57 with C(4a) increases until the sulfur orbitals overlap against 10 mM NaCl, 1 mM Cagland 50 mM Tris-HClI
with those of C(4a) and the adduct is formed. (pH 8.0) and cleaved with factor Xa (Roche) (1:100) for 3
The first ionic mechanism starting from a deprotonated days at room temperature. The HisOV1-C57M fusion
cysteine was proposed by Swartz et dl1)( The authors protein was finally purified via NirNTA column chroma-
suggested that a flavin cation is formed by protonation of tography (Qiagen). The calculated average molar mass of
the FMN in the triplet state and is attacked by the thiolate the apoprotein is 14 963.0 g/mol. The wild-type sample for
anion. However, it has been shown by infrared spectroscopymass spectrometry was obtained as a 16H{V1 fusion
on LOV2 from Adiantum capillusseneris Phy3 (8) and protein using a pET16 vector (Novager)d.
LOV1 from C. reinhardtii Photl (9) that the reactive Investigation of the LOV1-C57M Reaction Sequence.
cysteine is protonated in the dark form. The corresponding Absorption spectra were measured with a Lambda 9 spec-
S—H vibration mode disappears upon adduct formation. trophotometer (Perkin-Elmer). The sample in its dark form
Thereupon, Crosson et aR() presented a reaction scheme was irradiated with a xenon flash (Metz 40-CT1) through a
in which base abstraction of the thiol proton by the excited 435 nm cutoff filter (Schott GG435) until irradiation did not
FMN is followed by a nucleophilic attack of the sulfide. induce any further changes in the spectrum. The spectrum
Spectroscopic analysis of the fine structure of the LOV2 of C57M-415 obtained in this way showed a small contribu-
absorption on a nanosecond time scale was taken as evidencigon of secondary product C57M-675 and was therefore
of a protonated triplet state of the FMIRX). corrected by subtraction of the C57M-675 absorption. Full
For the concerted mechanism5( 17) and for the ionic thermal conversion into C57M-675 was achieved by keeping
pathway (1, 20, 21), the important step of triplet to ground the irradiated sample at A€ for up to 60 h. The kinetics
state conversion has not been discussed. Neiss e22l. (  of this conversion was derived from the spectral changes at
calculated the electron distribution for a complex of isolu- 630 nm.
mazine and methanethiol as a model for the FMhNiol The relative quantum yield of C57M-415 formation in
complex of LOV domains on the basis of ab initio comparison to that of the wild type was obtained by
formalism. From an energetic point of view, adduct formation measuring the loss in absorbance at 475 nm of the dark form
in the triplet state is unlikely. The same authors favored a after irradiation with a xenon flash through a 435 nm cutoff
two-step radical mechanism starting with a hydrogen atom filter. Temperature, pH, volume, concentration, and path
transfer from the cysteine to the FMN N(5) position followed length were the same for wild-type and C57M mutant
by intersystem crossing and radical recombination. Likewise, samples. In the case of the wild type, the bleaching directly
Kay et al. 3) argued that adduct formation in the triplet after the flash was determined by a fit to the recovery
state is unlikely. They favored the formation of a neutral Kinetics. We assume that the FMN chromophores in the wild
flavin radical by initial electron transfer from the sulfur to type and mutant have the same absorption coefficients.
the flavin and subsequent protonation. After intersystem For denaturation, sodium dodecyl sulfate (SDS) was added
crossing to the ground state, the semiquinone reacts withto the sample to a final concentration of 1% (total volume
the cysteine radical to form the covalent adduct. of 300uL). The sample was subjected to ultrafiltration using
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a ﬁlte_r with a 10 kDa molecular maS_S cutoff (Millipore Table 1: Statistics of Diffraction Data and Refinement for the
Centricon YM-10) at a speed of 5090ntil 40% of the total Crystal Structure of C57M-675
volume passed through the membrane. Small aliquots of the

crystal parameters

retentate and the filtrate were taken and diluted with P6:22 unit cell @ = b, ¢) (A) 119.5, 45.6
phosphate buffer for analysis by absorption spectroscopy. data statistics
The retentate was treated with trichloroacetic acid (TCA) to resolution (A) 15.6-2.1
a concentration of 10%, and the precipitate was separated  no. of observations/no. of unique reflections 110224/11500
by centrifugation. Thin-layer chromatography (TLC) analysis completeness (total/high) (%) 98.5/99.7
of the supernatant was carried out in a solvent of butanol, g/”('()tggf/tﬁ'/h'gw 18.2/7.1
, f sym ghy 8.5/32.9

acetic acid, and water (4:1:5). refinement statistics

Enzymatic digestion of C57M-675 was performed with a resolution range (A) 8621
sample dialyzed against 10 mM Tris-HCI (pH 7.8), 5 mM included amino acids 17125
ethylenediaminetetraacetic acid (EDTA), and 0.5% SDS. > 8;5’\232 atoms 185124
After proteinase K (Qiagen) was added to a concentration no. of SQZ- ions 1
of 90 ug/mL, the sample was incubated at 45 for 20 h. Rwor/ Riree (%)° 18.6/21.9

Photoreduction of LOV1-C57%he neutral radical of the rms deviation for bonds (A) 0.007

LOV1-C57S mutant was generated following standard rms deviation for angles (deg) 14

proceduresd5). The sample containing 100 mM phosphate  * CompletenessRs, andl/o(l)Uare given for all data and for the
buffer (pH 8) and 10 mM EDTA was made anaerobic by Nighest-resolution shell (2:12.2 A). ® Rym = 3| — T3 . © Ruo =
bubbling argon through the solution. The sample was Vzvg‘ébs'us_eld(l?S?'Ctlgzgiug‘t’ig#%;cent of randomly chosen reflections
irradiated with a 100 W tungsten lamp (Osram) through a e

435 nm cutoff filter (Schott GG435). Absorption spectra were

recorded until the absorbance at 570 nm reached itsfiles for the covalent Met5#FMN adduct were obtained
maximum. from quantum chemical calculations (see #&). During

Mass SpectrometryMass spectra were measured on a several cyplic rounds of refinement and maljual rebuillding,
SSQ7000 single-quadrupole mass spectrometer (Thermd? sulfate ion and solven.t molecules were mcludgd in the
Finnigan), equipped with an electrospray ion (ESI) source. model. The final model displays good stereochemistry (see
Sample solutions (25 uL) were introduced into the mass 1aPle 1).
spectrometer via loop injection using a Rheodyne valve and RESULTS
a Harvard Apparatus microsyringe pump. The aqueous
solution was delivered to the ESI source at a flow rate of  Dark Form of the LOV1-C57M MutantVe employed a
5—10 ulL/min through a 75m fused silica capillary. The  mutant of the LOV1 domain from th€. reinhardtii Phot1
solvent was a methanol/water (1:1) mixture containing 0.5% receptor protein containing a methionine at position 57
acetic acid. The samples were dissolved in the same solven{C57M) instead of the cysteine in the wild type. The
at a concentration of~5—20 pmoliL. The needle was  absorption spectrum of the dark form of the C57M mutant
positioned 5 mm from the capillary, and the capillary is shown in Figure 2A. It closely resembles the spectrum of
potential was set at 4.5 kV. The temperatures of the transferwild-type LOV1 with the difference of a less distinctly fine-
capillary and the manifold were 100 and 2ZT) respectively.  structured absorption band at 350 nm. In the wild type as
The pressure of the sheath gas)(Was 30 psi. It is typical  well as in the C57S mutant, at least two different vibrational
for ESI to produce multiply charged protein ions. As a result, transitions are visible in this spectral regidr0). The main
the mass spectra show a series of peaks corresponding t@bsorption maximum of C57M is slightly red-shifted to 448
differentm/z values, with neighboring peaks differing by one nm compared with that of the wild type (447 nm).
charge unit. From these data, the molecular mass of the Bjue Light Induced Absorption ChangeSxposure of
protein can be calculated (“deconvolution”). This was done LOV1-C57M to blue light dramatically changed the absorp-
using the deconvolution program of the BioWorks software tion properties, indicating that the protein is photochemically
(Thermo Finnigan). reactive despite the mutation. The spectrum of the photo-

Crystallization and Structure DeterminatidnOV1-C57M product (C57M-415) exhibits an absorption maximum at 350
was crystallized in the dark at 2Z by vapor diffusion using ~ nm and a broad shoulder around 415 nm (Figure 2B). The
the hanging drop geometry. One microliter of protein and absorption properties resemble those of reduced flavin species
reservoir solutions were mixed; the latter contained 100 mM (28).

Na"-HEPES buffer (pH 7.3), 1:51.8 M ammonium sulfate, In direct comparison to a wild-type sample, the efficiency
and 1-8% PEGB8000. Yellow, pencil-shaped crystals grew of irradiation (i.e., bleaching) is reduced by a factor of 10 in
after a couple of months. The cover slides with the hanging the C57M mutant. The formed C57M-415 species proved
drops containing the crystals were placed for-20 s in to be more stable than the LOV1-390 product of the wild-
front of a 100 W xenon lamp and then placed back atop the type photoreaction. However, within several hours, it con-
reservoir solutions. After 24 days, the now neon-green verted thermally into a species with unusually red-shifted
crystals were mounted in a loop and flash-cooled in liquid absorption. For conversion at 4C, the time constant was
nitrogen. Diffraction data were collected at beamline ID14-2 4 h. The spectrum of the thermoproduct (Figure 2C) contains
at the ESRF (see Table 1 for details) using an ADSC two absorption maxima in the red part of the spectrum (675
Quantum 4 detector and were reduced with the XDS programand 625 nm) and three maxima in the blue region (450, 370,
package26). The structure of the dark state of LOV1 (PDB and 320 nm). This C57M-675 species was stable for several
entry 1N9L) was used as a starting model for refinement months under aerobic conditions.

using CNS 27) and included simulated annealing and Photoactiation Links the Chromophore FMN Irersibly
individual B-factor refinement. The topology and parameter to the Protein.n wild-type LOV1 and in the LOV1-C57M
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FIGUurRe 2: Sequence of absorption spectra showing the stepwise

reaction of the C57M mutant. The C57M dark form (A) is converted FIGURE 3: Ultrafiltration and analysis by absorption spectroscopy
upon blue light irradiation into the photoproduct C57M-415 (B). ©f denatured samples of C57M-675 and wild-type LOV1

Thermal conversion of C57M-415 leads to the final reaction product (**:)- The spectra prior to ultrafiltration (A) and of the retentate
C57M-675 (C). P (B) show the absorption of C57M-675 and of free FMN. In the

filtrate (C) (40% of the total volume), the chromophore of C57M-

. . 675 is not detectable, indicating that it cannot be separated from
dark form, denaturation caused a loss of fine structure of {he apoprotein. The retentate and filtrate were diluted for analysis.

the FMN absorption band around 450 nm obviously due to
relief of protein-induced conformational constraints and A

exposure of the FMN to the aqueous bulk phase (Figure 3A). C5T™ C57M- C5T™- WT
Surprisingly, in C57M-675, the absorption properties of FMN dark form 415 675 dark form
were influenced very little by chromophorgrotein inter- 14959 15419 15417 15609

action. Denaturation in 1% SD$ 8 M urea did not change 107 17 107 17

the absorption maximum, and in particular, the fine structure
80 80 80 80

of the long-wavelength absorption band was left unchanged. &

Ultrafiltration could not separate the FMN chromophore from §

the denatured C57M-675 protein, which was easily possible g 6 60 60 60

in denatured wild-type LOV1 (Figure 3). Only complete ¢ 14563

removal of the protein environment by digestion with "8 41 | 1ss9 | 404 4] 4]

proteinase K led to a loss of the C57M-675 absorption. & !

Similarly, upon precipitation of C57M-675 in TCA, the 20 20 ] 20 2

chromophore was released from the protein and exhibited

the characteristic absorption of an oxidized FMN in TCA.

The identity with the FMN was supported by TLC analysis. 15000 16500 15000 16000 1500016000 15000 16000
To confirm a covalent linkage between the FMN and the Da Da Da Da

apoprotein, we investigated the photoreaction sequence ofFicure 4: Deconvoluted ESI mass spectra of the C57M photo-
C57M by electrospray ionization (ESI) mass spectrometry. reaction sequence. The main mass signal of the C57M dark form
The deconvoluted mass spectrum (see Materials and Meth{A) can be attributed to the apoprotein. The photoproduct C57M-

P ; 415 (B) exhibits an increase in mass of 460 units, indicating a
ods) of the C57M dark form exhibits a main peak at a mass covalent binding of the FMN to the apoprotein. Thermal conversion

of 14 959 Da (Figure 4A). On,the basis of the,calcmated to C57M-675 (C) has no further effect on the signal pattern. For

mass of 14 963.0 g/mol, the signal can be assigned to thecomparison, the wild-type spectrum (D) shows the signal of the

apoprotein. Accompanying peaks at masses of an extra 76wild-type apoprotein (cloned into a different vector; see ¥6¥.

and 98 units may be attributed to traces of sodium and The arrow marks a mass increase of 460 units where no signal is
phosphate ions, respectively, aggregating with the protein. Present in the spectrum.

Irradiation with blue light, which promotes formation of

C57M-415, increased the protein mass by 460 units to 15 419415. Due to incomplete conversion, the signal of the

Da (Figure 4B). The increase of 460 units after irradiation apoprotein is still present in the spectrum of C57M-415. The

is in good agreement with the mass of the FMN chromophore mass pattern of the heat-treated protein, C57M-675, is shown
(456 g/mol). This allows the conclusion that FMN is in Figure 4C. It does not reveal any change relative to C57M-

covalently linked to the protein in the photoproduct C57M- 415. Again, this result supports the earlier proposal of a
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Ficure 5: Irradiation of the LOV1-C57S mutant in the presence
of EDTA under anaerobic conditions. The dotted line shows the
absorption spectrum of the sample before exposure to light. The
solid line depicts the characteristic features at 570 and 610 nm of
a flavoprotein neutral radical species generated by blue light
irradiation.

Ficure 6: Close-up view of the chromophore pocket obtained from
the crystal structure of C57M-675 showing the covalent linkage
between flavin and methionine. Depicted is thg, 2= F. omit
electron density map contoured atd &ound the positions of FMN
and Met57.

covalent linkage of FMN to the protein in C57M-675, but
does not clarify how both partners had reacted. For com-pgg and R112 that are not stabilized by intramolecular
parison, the wild-type dark form (His-tagged) was investi- interactions. There is a difference in the positions of the C(5)
gated and exhibits a peak at 15609 Da (Figure 4D), in 504 O(5*) atoms of the FMN ribityl chain, whereas the rest
agreement with the calculated mass for the wild-type uf the chain and the phosphate have not changed. Most of
apoprotein 10). No further signals are present in the wild- 6 active site residues (including the M57 region) have the
type spectrum. The second signal in the C57M dark form same conformations as their analogues in the dark state
spectrum at 15 419 Da (Figure 4A) can therefore be assignedgircture of wild-type LOV1. There are only two exceptions.
to the photoadduct C57M-415, formed by exposure to faint The | 34 and Q120 side chains appear to be shifted to prevent
light during the preparation process. , overly close contacts with the atoms of the M57 side chain
Comparison of C57M-675 with a Neutral Rlaprotein in C57M-675. As shown in Figure 6, there is clear electron
Radical of the C57S MutanUsually, absorption bands of ~ gensity for a covalent link between the mutated M57 and
flavin species in the red spectral region euher are due to N(5) of the isoalloxazine ring. The isoalloxazine ring
charge transfer complexes or can be attributed to flavin ggsenially preserves its flat conformation. The conformation
radicals. Electron paramagnetic resonance (EPR) studies onyt the M57 side chain in C57M-675 is not strained. A nice
C57M-675 yielded a signal that is characteristic of a neutral it o the experimental electron density can be achieved by
flavin radical species 24). Most flavoproteins can be o small rotations around the methioning-&C; and $—
converted into radicals by irradiation under anaerobic condi- C. bonds starting from one of the standard rotamers. This
tions in the presence of a reducing agent, such as EDTAgyplains why formation of a covalent bond between the
(25). We used a LOV1 mutant in which cysteine 57 was teyminal carbon atom of the methionine side chain and the
replaced with serine (C57S) to prevent thiol adduct formation N(5) atom of the isoalloxazine ring does not cause any
(10). Blue light irradiation of LOV1-C57S in the presence changes in the M57-containing region.
of 10 mM EDTA generated a species with absorption
maxima at 570 and 610 nm (Figure 5). Upon admission of p|SCUSSION
air, the initial spectrum of the unexposed sample was
regained. The spectrum resembles that of a typical neutral Upon absorption of blue light, LOV1-C57M undergoes a
flavoprotein radical 23, 25). In contrast, the spectrum of photoreaction despite the exchange of the reactive cysteine
C57M-675 is significantly red-shifted by 65 nm. for methionine. We propose a reaction sequence as depicted
Crystal Structure of C57M-675.0 analyze the covalent in Figure 7. After excitation to the triplet state, the flavin
linkage between the apoprotein and the FMN chromophore reacts with the terminal methyl group of methionine, forming
as well as the associated conformational changes within thethe adduct C57M-415. In a subsequent thermal reaction, the
protein, LOV1-C57M was crystallized according to the adduct is oxidized to the final reaction product, the radical
procedure established for wild-type LOV1Y). The pencil- C57M-675. In the following, we will discuss the evidence
shaped crystals were illuminated and kept ferd&2days at  for this proposal and present a mechanistic view of the
room temperature for conversion into C57M-675. Since the photoreaction.
crystals of the long-lived radical species are isomorphous Spectral Features of the Reduced #taSpecies C57M-
with those of the wild type, the structure was determined by 415.The spectrum of C57M-415 with two absorption bands
difference Fourier methods. The overall three-dimensional at 350 and 415 nm closely resembles spectra of reduced
structure of C57M-675 is very similar to that of the wild- flavoproteins 28). For comparison, the wild-type thiol adduct
type LOV1 in the dark state (PDB entry 1IN9L), with g C  LOV1-390 exhibits a single broad absorption band at 390
rms deviation of 0.2 A. Except for the flexible N-terminus nm (10), whereas this single band is blue-shifted to 340
and residues D50 and E51 forming a looposhelix 2 that 360 nm in N(5)- and C(4a)-alkylated reduced flavi28)(
participates in a crystallographic contact, aces of both The 350 nm absorption of C57M-415 is therefore in
structures are practically identical. The only noticeable agreement with an alkylation of the reduced FMN (Figure
differences in conformations of side chains are observed for 7). The presence of a second electronic transitior 400
surface residues E63, K68, E69, Q71, K72, R74, K78, K79, nm is an indication of a coplanar geometry of reduced flavins
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Ficure 7: Photoreaction of the LOV1-C57M mutant. After
excitation of the FMN to the triplet state, its reaction with the
terminal methyl group of methionine leads to formation of the
photoadduct C57M-415. Slow thermal oxidation of the adduct
generates the neutral flavoprotein radical C57M-675.

(30) and a measure for the degree of sp2 hybridization of
N(5) (3. A single absorption band is accordingly explained
by a predominantly sp3-hybridized N(5) in C(4a) and N(5)
adducts. In N(5) adducts, this is caused by a “butterfly”
conformation with an N(5yN(10) bending axis31). The
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presumably via one or more redox-active amino acids and
protonation. In contrast, in C450A-mutated LOV2 fréin
sativa, a neutral radical is formed by illumination already
in the absence of any external electron doriz8).(A red
shift of more than 50 nm distinguishes the latter species from
C57M-675. Anionic flavoprotein radicals are not considered
because they absorb at 490 n&b)(

The extreme red shift of C57M-675 may be explained by
alkylation of the FMN at the N(5) position. Spectra of free
N(5)-ethyl flavin neutral radicals are indeed similar to the
C57M-675 spectrum34). More direct evidence for the
radical nature of C57M-675 is provided by EPR and ENDOR
measurement24).

Mechanistic Proposal for the C57M PhotoreactioA.
reaction sequence for C57M analogous to that of the wild
type would lead to a flavin C(4a)-homocysteine adduct that
is methylated at the N(5) position. The homolytic cleavage
of such a SC(4a) linkage would result in an N(5)-
methylated radical species that is disconnected from the
apoprotein and released upon protein denaturation. However,
this mechanism is refuted by mass spectrometry (Figure 4).
The electron density in the crystal structure of C57M-675
(Figure 6) shows a linkage between the apoprotein and the
FMN composed of the methionine side chainH&-C)
attached to N(5). The structure clearly indicates a reaction
of the terminal hydrocarbon of the methionine with the FMN
instead of the cysteine sulfur in the wild type.

For the first step in the wild-type reaction, base abstraction
of the thiol proton by the excited FMN has been proposed
(20, 21). In the C57M mutant, the thiol proton has been
replaced with a methyl group and water molecules or acidic
amino acids are not present in the vicinity of the chro-
mophore 15). Thus, protons are most likely not available

presence of the 415 nm band in C57M-415 allows us 10 o hrotonation of the N(5) position of flavin. An abstraction
conclude that the photoadduct is substituted at the N(5) of 4 proton from a terminal thiomethyl group and formation

position and possesses a fairly planar conformation enforcedys 5 carbanion are unlikely from an energetic point of view.
by the protein environment and the steric repulsion between 5 two-step ionic mechanism for adduct formation can
the N(5) and N(10) substituents. Similarly, the proton has therefore be ruled out for the mutant reaction. However, a
to be localized at N(1) and not at the C(4a) position. An ¢oncerted mechanisml%, 17) is feasible and will be
additional presence of a C(4a)-alkylated adduct cannot begiscussed elsewhere (R. Fedorov, unpublished experiments).

evaluated on the basis of the spectrum.
C57M-675 Is a Flaoprotein Radical with a Cealently
Bound ChromophoreThe prominent absorption of C57M-

Neiss et al. 22) and Kay et al. 23) favor a radical
mechanism for wild-type adduct formation, because the other
proposals implicate a quantum mechanically unlikely bond

675 in the red spectral region provokes a comparison with formation during the triplet lifetime. It has already been

three well-known flavin species.

(1) The triplet state of free FMN shows a fine-structured
band with maxima at 660 and 710 ni32]. Similar spectra
were observed for the FMN triplet state of LOV2 frdhmena
sativa (11) and LOV1 fromC. reinhardtii (10). However,
the lifetime of the triplet state in the time domain of

discussed controversially for decades by Hee8S) (or
Hemmerich 86) whether flavin photoreduction in general
is proceeding via one- or two-electron transfer, respectively.
Interestingly, indications for radical intermediates have
already been found in spectroscopic studies on LOM) (
and LOV2 @1), but the latter authors questioned their

microseconds excludes the assignment of C57M-675 to arelevance for adduct formation. In conclusion, we favor a

triplet state.
(2) Charge transfer complexes of flavin with adjacent

protein residues may lead to absorption in the red spectral

radical mechanism to explain the reactions occurring in both
the wild type and C57M mutant (Figure 8).

We propose that after excitation of the FMN chromophore

range. To the best of our knowledge, these charge transfero the triplet state, a hydrogen atom is abstracted from the
complexes appear as broad absorption bands with singleterminal methyl group of the methionine. The hydrogen

maxima B3) and do not show the fine structure of C57M-

transfer is facilitated via a primary one-electron transfer from

675. Because charge transfer complexes are based ofthe sulfur atom of methionine to the flavin, followed by a

negative charges close to the FMisystem, the absorption
is lost upon protein denaturation.

(3) Neutral radical species of flavoproteins are character-

ized by their absorption at 590 and 620 n23)( In LOV1-
C57S fromC. reinhardtii, the neutral radical is formed by
an electron transfer from EDTA to the excited FMN

subsequent transfer of a proton (see als@d&f A primary
electron transfer was proposed by Yang et a¥) (for the
reaction of free methionine with FMN. Hydrogen abstraction
from the CH group next to the sulfur is also conceivable
but was excluded on the basis of the crystal structure. The
resulting flavin neutral radicah and the reactive SCH,*
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Ficure 8: Pathways of the photoreaction of the C57M mutant and wild-type LOV1 domain proposing a radical mechanism. In the wild
type, abstraction of a hydrogen atom from the cysteine generates radiRaldical recombination leads to C(4a) add@atLOV-390). In

the mutant C57M, abstraction of a hydrogen from the terminal methyl group of methionine is similarly followed by formation of adduct
C, but a rearrangement to N(5) addictakes place (C57M-415), most likely via intermediary adddcAlternatively, C57M-415 might

be generated directly via isomeric radical spe@dedhe thermal back reaction in the wild type and the radical formation in the C57M
mutant were omitted for clarity.

group recombine under formation of a flavin C(4a) adduct and subsequent deprotonation are rendered more difficult by
C. This kind of radical addition reaction has been proposed replacing a cysteine thiol with a methionine thiomethyl
by Heelis after observation of flavin radicals in flash- group.

photolysis studies with amino acids as substrag. (In Unusual Stability of the Radical C57M-678lost fla-
the mutant, however, a subsequent rearrangement to N(5),oprotein radicals are rather stable under anaerobic conditions
adducte must take place (C57M-415). This step is energeti- pyt rapidly react with molecular oxygen. One of the few
cally favorable as is shown by computational studies exceptions is the neutral flavin radical &. coli DNA
presented in the Appendix. For free flavin in so_Iut|0n, it has hotolyase 39). The protein environment prevents dispro-
been found that C(4a) and N(5) adducts can be '”te_fco_”ve”e‘gortionation and may also stabilize the radical via hydrogen
via a rearrangemen29), with the position of the equilibrium bonding but usually does not prevent the reaction with
depending on reaction conditions and substitution. In the cas€oxygen @0, 41). In contrast, C57M-675 is stable under
of thioethers, the final product is the N(5) adduggy In aerobic conditions for months. This may be caused by the
the photoreaction of FMN with methionine in LOV1, N(5)  gtapilizing effect of N(5) alkylation as has been reported for
adductE is formed accordingly (C57M-415), most likely  free flavin radicals 41). But surprisingly, C57M-675 does
via intermediary N(5) adduct isomé. In the presence of  maintain the fine-structured absorption bands even under
oxygen, the photoadduct is slowly oxidized to the stable yenaturing conditions where the C57M dark form releases
flavin radical C57M-675, as described for N(5) adducts by he chromophore from the apoprotein. The covalent bond
Walker and Hemmerich2Q). This is in agreement with the  heryveen the FMN and protein obviously guarantees protec-
finding that the mass signal of C57M-675 is unchanged {jon of the radical in SDS or urea. This is a clear difference
compared fo that of C57M-415. . from other flavoprotein radicals that are considered stable.

An alternative, direct pathway needs to be discussed. For example, irE. coli DNA photolyase, the flavin radical
Neutral radicalB bearing a proton at the N(1) position is  decays immediately in 0.8% SDS already under anaerobic
not much higher in energy than N(5)-protonated spedies  conditions 89). Similarly, the neutral flavoprotein radical
as shown in the Appendix. Other isomers with protons at generated in the LOV1-C57S mutant (Figure 5) survived only
O(4) or C(4a) can be ruled out. Partially populated radical ynder exclusion of oxygen. C57M-675, however, decays only
B might recombine with the amino acid radical and directly ynder very acidic conditions, when the radical converts into
form final N(5) adductE (C57M-415). This would imply  free oxidized FMN. Dealkylation might occur via protonation
an early separation between mutant and wild-type reactionof the radical followed by oxidation and hydrolysis of the
mechanisms. unstable radical catior4p).

The reduction of the quantum vyield of C57M adduct
formation by a factor of 10 compared to the yield of the ACKNOWLEDGMENT
wild type can be explained by the change in the reactivity
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mutant. In line with our mechanistic proposal, both abstrac- and Eduard Hochmuth for recording the mass spectra. We
tion of a hydrogen atom as well as transfer of an electron also thank Elisabeth Hartmann for crystallizing LOV1-C57M
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Table 2: Total Energiek and Energy DifferenceAE Obtained by Geometry Optimization Calculations for Several Intermediates Discussed in
the Photoreduction of FMN in the Wild Type and the C57M Mutant of LOV1

species AMIE (kcal/mol) HF/6-31GE (au) AM1 AE (kJ/mol) HF/6-31GAE (kJ/mol)
radical A [FMN*-N(5)-H] 1.67 —828.0331398 0.0 0.0
B [FMN*-N(1)-H] 4.55 —828.0311941 12.0 5.1
FMN*-O(4)-H 12.81 —828.0156014 46.6 46.0
FMN*-C(4a)-H 26.19 —827.9901231 102.6 112.9
adduct (X= SCH) C [C(4a) adduct] —0.68 —1265.1035822 0.0 0.0
D [N(5) adduct] 2.61 —1265.0731625 13.8 79.9
E [N(5) adduct] 3.52 —1265.0949867 17.6 22.6
adduct (X= CH,SCH) C [C(4a) adduct] —5.74 —1304.1201641 0.0 0.0
D [N(5) adduct] 3.17 —1304.1084222 37.3 30.8
E [N(5) adduct] -9.74 —1304.1304144 -16.7 —26.9

2 The radical species were produced by attachment of a hydrogen atom to the indicated atom. The adduct species correspond @-sfuctures
shown in Figure 8. Model compounds for the formation of the adduct of FMN with thid Bond of cysteine bear SGHs X (wild type). Species
with CH,SCH; as X are the corresponding models for adducts to thél®ond of methionine (C57M mutant).

and Christian Neiss and Tatiana Domratcheva for stimulating ever, specie€ is more stable thai® and D. This result

discussions. supports our assignment of the C57M-415 adduct.
Both computational methods AM1 and HF/6-31G come
APPENDIX to the same conclusion about the relative stabilities of the

FMN--H radicals as well as those of structu@sandE of

|the adduct models. For the formation of wild-type adduct
C, this supports a simple two-step mechanism in which the
most stable species is formed in every step. If the same route
is followed by the C57M mutant, exothermic isomerization

methionine. The second step is the formation of a bond to specie<t is expected to follow as a third step. Alterna-

between the FMNH radical and the amino acid radicat.x  tvely, E mightbe formed directly if specids s the reactive

If the hydrogen atom is attached to N(5) of FMN and the FMN*-H radical. According to both calculations, the energy
radical X to C(4a), the result is addu€ known from the  difference between FMNH radicalsA andB is so small
wild type (LOV-390). StructureE that we assign to the that speciesB might be_suffluentl_y populated at room
C57M-415 state of the C57M mutant may be formed by temperature to allow a direct reaction of LOV1-C57M.
attachment of the hydrogen atom to N(1) of FMN followed REFERENCES

by a combination of the radical*Xvith N(5). Alternatively,

To explore the feasibility of the radical mechanism
presented in Figure 8, we performed quantum mechanica
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tion of a hydrogen atom by the FMN triplet, either from the
S—H group of cysteine or from the -SCH; group of
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