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Phototropin is a plant blue-light sensor protein that possesses a ll?

flavin mononucleotide (FMN) as the chromophér&pon light HaC N N 0 HaC N °
absorption, structural changes of the FMN-binding LOV domain :@i /I \,E — [FMN|] — jij: \l/
Ns ﬁf
o}
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activate serine/threonine kinase domain, leading eventually to H,C
various functions such as tropic responses, relocation of chloroplast,

and stomata opening in plarit3he primary reaction is an adduct i: c{..z CH, };Hz CH, EH
formation between FMN and a nearby cysteine (Cys; Figure 1), L 2 / / c \ \ ! 2
ySs VS YS

which takes place in a few microseconds through a triplet excited

state of EMN23 In the case of the LOV2 domain ofdiantum Figure 1. Possible structures of Cys in the triplet excited state of LOV
hvtoch 3 (0hv3LOV?2). the dist bet the C4 iti domains (middle). The structures of FMN and Cys in the unphotolyzed

phytochromes3 (phy ), the dis e_lnce e Ween. e Laaposiuon (left) and S390 (right) states are also shown.

of FMN and the sulfur atom of cysteine (Cys966) is 4.2 fhus,

molecular mechanism of the adduct formation through the triplet v aen 77 and 295 K for phy3LOV2Nevertheless, interestingly
excited state of FMN has been of interest. _ formation yield of S390 was reduced at low temperatures. We

Swartz et al. proposed that Cys is deprotonated in the LOV2 oh51404 the presence of unreactive fractions to be 64 and 36% at
domain of oat phototropinl (phot1LOV2) on the basis of the pH 77 5,4 100 K, respectively. This observation can be interpreted
titration of flugrescence from FMN for the Wlld-type and cysteine- j, tarms of structural heterogeneity that prohibits molecular motion
mutant prote|n§_. However, Fourier transform _mfra_\red _(FTIR) for adduct formation at low temperatures. This also suggests that
spectroscopy directly detected;?ﬁl stretching vibrations in the prolonged illumination accumulates the triplet excited states, though
unphotolyzed State,@ of phy3LOVZnd phot1LOV1 ofChlamy- they rapidly decay to the original state at 77 K. Consequently, both
domonas reinhardi The next question is the chemical structure ;\,_yisibje and IR difference spectra after and before illumination
of Cys in the triplet excited state, from which an adduct is formed. o6 jgentical to the baseline. However, if the triplet excited state
From t_h_e ultrafast spectroscopic res_ults, Kennis et al. suggested g¢ populated enough during illumination at 77 K, we expected that
possibility that proton-transfer 7react|0n takes place from Cys 10y gifference during and before illumination would possibly provide
FMN‘_SO tha_t Cys has gn’Sorm. In contrast, Kay et al. propose_d a meaningful spectrum, and this was indeed the case.
a radical-pair mechanlsm_ based on the EPR study on mutations, Figure 2a shows the difference FTIR spectrum of phy3LOV2
where a hydrogen atom Is transferred from Cys to FMN so that 5qer"ang pefore illumination at 77 K. The spectrum reproduced
Cys has a neutral radical form (8T-he same group also suggested the reported one between $390 and phy3L3Vand about 30%

. . o i ;

anotfller p055|bll|t¥ that CYS |sfan SHorm.” This mor?el art?ues was photoconverted to S390 in this study. Although no further
an e ectron-t_rans er reaction rom Cys ‘9 FMN. T us, t ere are changes were observed for the difference spectra after and before
several possible structures for Cys in the triplet excited state (F'gureillumination the difference FTIR spectrum during and before
;L)' which is essential for the reaction mechanism of adduct j,mination (Figure 2b) was similar to neither the baseline nor the
0”’?""“0.”- . . . ... difference spectrum of S390 and phy3LOV2 (Figure 2a). This

leratlonal spectroscopy is a potential method In determining if observation suggests that Figure 2b originates from the spectrum
Cys IS pg)tor.]at.ed hor znt)gtége(’;ause 1the .stretchhmg frlcqequel:cy of of the triplet excited minus original state in phy3LOV2. Amplitude
c_ystel_ne His in the 5 5 S,C”_T region, where t_e other ot vibrational bands was proportional to the light intensity (data
wbratlo_ns are abseﬁ_@.Thls led to finding of the protonation statg not shown), indicating that the product is formed as a single photon
_Of Cys in LOV domaing:° In contrast to the unphqtolyzed _state, T event. Figure 2c shows the difference FTIR spectrum of the C966A
IS not easy t.o apply F,TIR spectroscopy to the triplet excited state mutant during and before illumination at 77 K. The difference
k_)ecause (I)f |(tjstThI%rt lifetime (a fevx;]_mrlﬁrosecond(si). r']: or SteP's‘?a” spectrum after and before illumination was identical to the baseline
_tlme-re_s o(;/e h SE‘:')C\t/rZSCODY’ Lg y relpeate hp otoelxcnat!og (data not shown). It is known that the triplet excited state is directly
IS required, whereas 1.t omains have a long p otpcyc € Perod reverted to the original state in this mutant because of the lack of
sugh as minutes. In ,th'S communlcat!on, we determine the proto- 5y ot formatiort. Similar spectra in Figure 2b and c strongly
hation st?:e of Cys in the ::”_ﬁlgt excited state of phy3LOV2 by suggest that both products originate from the triplet excited state.
means of low-temperature spectroscopy. Figure 2b shows negative bands at 1681 and 1546 cwhich

. IIIumiglationFlof phlyS!_iVZSgggsesh fornlwaFion ofdt.he SfSLg(g)V are assignable for the vibrations of FMN! On the positive side,
intermediate (Figure 1, right). Is the sole intermediate o strong peaks were observed at 1493, 1439, 1156, and 114D cm

domains, and we found that S390 is formed at any temperaturesfor the wild type (Figure 2b), while similar bands were present at

t Nagoya Institute of Technology. slightly modified frequencies for C966A (Figure 2c). Previous time-
*Osaka Prefecture University. resolved resonance Raman spectroscopy of the triplet excited state
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Figure 2. Difference FTIR spectra of the wild-type (a, b) and C966A
mutant (c) proteins of phy3LOV2 in the 1862050 cn1? region at 77 K.
lllumination of the wild type causes formation of the stable S390
intermediate with the yield of 30 %. (a) The difference spectrum after and
before illumination corresponds to that of the S390 and unphotolyzed state.
(b) The difference spectrum during and before illumination for the remaining
unreactive fraction (70%). (c) The difference spectrum during and before
illumination of C966A, which forms only the triplet excited state. One
division of they-axis corresponds to 0.001 absorbance units.

of FMN in solution did not show prominent vibrational bands in
the 1506-1100 cm! region}? which may suggest the effect of
the specific protein environment. FTIR studies by use of isotope-
labeled FMN will reveal the structure of the triplet excited state of
FMN in phy3LOV2, which is our future focus.

Spectra in Figure 3ac correspond to those in Figure 2@,
respectively, in the characteristie-8l stretching frequency region.
Figure 3a shows the presence of a negative band at 2569, cm
which reproduced the previous resuid.It clearly demonstrates
the presence of the-SH group for Cys966 in the initial state and
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Figure 3. Difference FTIR spectra of the wild-type (a, b) and C966A
mutant (c) proteins of phy3LOV2 in the 263@490 cnt! region at 77 K.
Experimental conditions for thick solid lines are the same as those in Figure
2, while dark minus dark spectra are shown by thin dotted lines (baseline).
Thick horizontal bar (25882525 cnt?) shows the frequency region of
the S-H stretch known from the literature. One division of tit@axis
corresponds to 0.000 03 absorbance units.

2500

2523 cnT10 In this case, the hydrogen-bonding acceptor is a
negatively charged Asp85. Thus, the frequency at 2537 cnight
favor the SH form in the triplet excited state. However, more
experimental efforts are required to conclude whether Cys has an
SH or SH" group. In any case, it is evident that the hydrogen-
bonding interaction of the-SH group becomes very strong in the
triplet excited state. We infer the hydrogen-bonding acceptor to be
the N5 atom of FMN, and such strong interaction presumably drives
adduct formation on a microsecond time scale.
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only one cysteine. In contrast to Figure 3a, the difference FTIR
spectrum of the triplet excited and original state in the wild-type
phy3LOV2 (Figure 3b) shows the presence of both positive and
negative peaks at 2537 and 2562 ¢€nrespectively. The lower
frequency in Figure 3b (2562 cr than that in Figure 3a (2569
cm~1) may originate from structural heterogeneity of I3 groups.
Such bands are not observed for the C966A mutant (Figure 3c).

Thus, we concluded that both unphotolyzed and triplet excited states

of phy3LOV2 possess-SH groups, whose stretching frequencies
are 2569 and 2537 cmh, respectively.

S—H stretching vibrations appear in the 2582625 cn1? region
(thick bar in Figure 3), and their frequencies are reduced as the
hydrogen-bonding of the -SH groups becomes strong€rThe
frequency at 2569 cn in phy3LOV?2 indicates that the-SH group

is located under weak hydrogen-bonded condition. This is consistent ©

with the local structure around Cys96@here there is no hydrogen-
bonding acceptor site for Cys966. It is noted that upon formation
of the triplet state, the frequency is remarkably downshifted to 2537
cm L. This indicates that the-SH group finds a hydrogen-bonding
acceptor in the triplet excited state. Previously, we have not
observed such low frequency as-8 stretches among bovine
rhodopsint® neurospora rhodopsifiand quinol oxidase®,;*®where
S—H stretches are at 2540 cnT®. The only exception is the T89C
mutant bacteriorhodopsin, where the 3 stretch was observed at

(15076202 to H.K., 13139205 to S.T.).

References

(1) Briggs, W. R.; Christie, J. MTrends Plant Sci2002 7, 204-210.

(2) Swartz, T. E.; Corchnoy, S. B.; Christie, J. M.; Lewis, J. W.; Szundi, |.;
Briggs, W. R.; Bogomolni, R. AJ. Biol. Chem2001, 276, 36493-36500.

(3) Kottke, T.; Heberle, J.; Hehn, D.; Dick, B.; Hegemann,Btophys. J.
2003 84, 1192-1201.

(4) Crosson, S.; Moffat, KProc. Natl. Acad. Sci. U.S.£2001, 98, 2995~
3000

(5) lwata,
11841
(6) Ataka, K.; Hegemann, P.; Heberle,Biophys. J.2003 84, 466-474.
(7) Kennis, J. T. M.; Crosson, S.; Gauden, M.; van Stokkum, I. H. M.; Moffat,
K.; van Grondelle, RBiochemistry2003 42, 3385-3392.

(8) Kay, C. W. M.; Schleicher, E.; Kuppig, A.; Hofner, H.; Riger, W.;

Schleicher, M.; Fischer, M.; Bacher, A.; Weber, S.; RichterJGBiol.

Chem.2003 278 10973-10982.

Schleicher, E.; Kowalczyk, R. M.; Kay, C. W. M.; Hegemann, P.; Bacher,

A.; Fischer, M.; Bittl, R.; Richter, G.; Weber, 3. Am. Chem. So2004

126, 1106711076.

(10) Kandori, H.; Kinoshita, N.; Shichida, Y.; Maeda, A.; Needleman, R;
Lanyi, J. K.J. Am. Chem. So0d.998 120, 5828-5829.

(11) Iwata, T.; Nozaki, D.; Tokutomi, S.; Kagawa, T.; Wada, M.; Kandori, H.
Biochemistry2003 42, 8183-8191.

(12) Sakai, M.; Takahashi, H. Mol. Struct.1996 379, 9—18.

(13) Kandori, H.; Maeda, ABiochemistryl995 34, 14220-14229.

(14) Furutani, Y.; Bezerra, A. G., Jr.; Waschuk, S.; Sumii, M.; Brown, L. S;
Kandori, H.Biochemistry2004 43, 9636-9646.

(15) Yamazaki, Y.; Kandori, H.; Mogi, TJ. Biochem1999 125 1131-1136.

(16) Yamazaki, Y.; Kandori, H.; Mogi, TJ. Biochem1999 126, 194-199.

JA0436897

T.; Tokutomi, S.; Kandori, H.. Am. Chem. So2002 124, 11840~

J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005 1089



