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AppA is a transcriptional antirepressor of photosynthesis gene
expression inRhodobacter sphaeroidethat regulates cellular
responses to light and oxygeitis a blue-light photoreceptor that
mediates blue light induced photosynthesis gene represdiba.
N-terminus of AppA contains a BLUF (blue light photoreceptor
utilizing flavin adenine dinucleotide (FAD)) domain (residues-16
108) and binds to flavind* Absorption of blue light results in a
~10 nm red shift of the UV/vis absorbance spectiifie lifetime
of the red-shifted absorbance spectrum for the light-induced signal-
ing state of AppA is among the longest of all known flavin-based
photoreceptors~1800 s), yet is formed within 1 ns from the
singlet-state flavirt:® Emerging evidence from spectroscopic and
mutational studie’s® suggests that light catalyzes flipping of the
conserved Q63 side chainl80 degrees to form a strong hydrogen
bond between the Q63 side chain amide and the flavir@Q4
altering the electronic configuration of the flavin isoalloxazine ring
and giving rise to the observed10 nm red-shift of its UV/vis
absorbance spectrum, as welklas6 cnr! downshift of the C4=0
stretching mode in FTIR spectra. In contradiction to this, the recent-
ly reported crystal structure of AppA mutant C20Bas been inter-
preted that in the dark the Q63 side chain is oriented with its
carbonyl oxygen near the Y210H group and its side chain amide
close to the flavin O4 (opposite the dark state orientation proposed
by Anderson et al!) and that in response to light it flips by180
degreed?

In light of this discrepancy, it is very important to determine
which model represents the dark state and light-induced signaling
state orientation of Q63 side chain for AppA in solution. Here we
present NMR data describing changes in the core of the BLUF
domain of AppA in response to blue light illumination supporting
the model that, in solution, AppA WT undergoes a flip of the Q63
side chain in response to light to form strong hydrogen bonds
between the Q63 side chain amide and the flavi=CG4and
between the Q63 side chain carbonyl oxygen and Y21 side chain
hydroxyl, as proposed by Anderson et'al.

The chemical shift position of the FAD H3 proton was previously
unknown and prevented a description of the light-induced changes
in the FAD isoalloxazine ring and its immediate environment. We
report the assignment of the flavin H3 proton NMR frequency in
the dark (11.16 ppm, 290 K) and in the light-induced signaling
state of AppA (11.80 ppm, 290 K). Figure 1 shows the downfield
shifted region of NMR spectra of the dark state and light-induced
signaling state of°N-labeled AppA. The FAD H3 resonance was
previously assigned to the M resonance of H44 because it
appeared in the HSQC spectrum of AppA (Figure 1, inset).
Exchange of thé5N-labeled FAD for unlabeled FAD leaves an
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Figure 1. Region of'H NMR spectra of'>N-labeled AppA5-125 with
unlabeled FAD (a) in the dark usingN decoupling, (b) in the dark and
15N-coupled, (c) illuminated (150 mW, 200 ms per 15 s) &tdecoupled,

and (d) illuminated and®N-coupled. All protein NH resonances are split

by the 1Jyu coupling, while the unlabeled FAD H3 resonance is not. The
Y210H resonance at 10.22 ppm is not split and does not appear in HSQC
spectra of the light-induced signaling state. Assignments of the resonances
in the light-induced signaling state are indicated by arrows. The inset shows
the HSQC spectrum of the same protein wWiK-labeled FAD and a visible

H3 resonance.
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identical 1D NMR spectrum (Figure 1a), but because the FAD H3
is attached td“N, it is not split into a doublet in 10H NMR
spectra recorded without decoupling'®fl (Figure 1b), demonstrat-
ing the correct assignment.

The difference in chemical shift of the H3 proton between the
dark state and the light-induced signaling state is the largest ob-
served change for all resonances in the protaid (0.6 ppm).

The observed change in chemical shift for the FAD H3 proton reso-
nance can be caused either by a change in the electronic structure
of the flavin isoalloxazine ring or by a change in the local chemical
environment due to a structural change of the protein. Other photo-
receptor proteins such as PYP or LOV domains are known to under-
go large structural unfolding transitions in their signaling st&és,

but it is thought that AppA undergoes only a small structural
perturbation in response to light*1> From NOESY spectra in
Figure 2, it can be seen that the chemical shifts of dark state NOEs
to the flavin H3 proton (S44, H44¢1, and V7%2) are virtually
unchanged in the light. In addition, other resonances in this region
of the NOESY spectrum show small chemical shift changes and
almost identical NOE patterns. The high degree of similarity of
these NOE patterns is consistent with very little overall structural
perturbation of the flavin binding core. Therefore, the light-induced
change in chemical shift of the FAD H3 proton resonance is most
likely caused by changes in the electronic structure of the flavin
isoalloxazine ring. Formation of a strong hydrogen bond to the C4

O position in the light-induced signaling state withdraws electron
density from the ring structure and deshields the H3 proton and is
the most likely cause of the downfield shift observed for the FAD

10.1021/ja0660103 CCC: $33.50 © 2006 American Chemical Society



Downloaded by UNIV OF PUGET SOUND on August 19, 2009
Published on November 2, 2006 on http://pubs.acs.org | doi: 10.1021/ja0660103

COMMUNICATIONS

17981 o
7972 |-
Vs -
T .
1 ~ 3
S41R o ) A S
=, 4
£
FADH3 R100HN Hase2 wei oMY on &
e -3
E [ = = - T am Yol E7
{ Hase1€ R - E
i &
o
15 10 §ppm 105 100

Figure 2. NOESY spectrum of unlabeled AppA&.25 in the dark (black)
and light (red). Vertical bars highlight the light state resonances. Additional
weak unassigned peaks appear in the light state.
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Figure 3. Dark state crystal structures of AppA (a) WT and (b) mutant
C20S. The orientation of the Q63 side chain in (b) corresponds to the light-
induced state of AppA proposed by Anderson ét alxcept for the hydrogen
bond to M106 (hydrogen bond distances shown as dotted lines).

H3 proton resonance. Our observation supports FTIR data on the
light-induced signaling state of ApgAnd other BLUF domain$:”

The ultrafast kinetics reported for FAD signaling state formation,
combined with these NMR observations, are consistent with a small,
local change in protein structure such as reorientation of the Q63
side chain. From the dark state crystal structure of AppA WT
(Figure 3a)l! it can be seen that rotation of the side chain of Q63
by ~180 degrees in the light-induced state would place its side
chain carbonyl group in perfect position for making a hydrogen
bond with Y210H (see Figure 3b). In support of this light-induced
flip of Q63, a new resonance at 10.22 ppm can be seen in the
NOESY spectrum of the light-induced signaling state that arises
from the Y21OH proton (Figure 2). Observation of this tyrosine
hydroxyl resonance indicates that the hydroxyl proton exists in a
very stable hydrogen bonding arrangement that prevents fast
exchange of the proton with solvent in the light (see Supporting
Information)!® which is in agreement with the orientation of the
Q63 side chain in the light state as proposed by Anderson (see
Figure 3b)! We do not observe this Y210H resonance in spectra
of the dark state, consistent with the structure in Figure 3a, in which
the Y210H proton exists in a very hydrophobic pocket, and does
not have a hydrogen bonding partner available.

Examination of the available structural information on AppA
and other BLUF domains also supports our conclusion on the dark
state orientation of Q63. The side chain orientation of Q63 in AppA
crystal structures was determined by analyzing nearby hydrogen
bond donors and acceptors to model the most likely orientation of
the amide and carbonyl moietitst! The structure of AppA mutant
C20S in the dar¥ shows the conserved Q63 side chain amide in
a hydrogen bonding arrangement with conserved M1®Fgjure
3b). However, the orientation of the Q63 side chain in this structure
may be influenced by the C20S mutation and a DTT molecule
(present in the crystallization buffer) covalently linked to C19, very
near the Y21 and Q63 sidechains. The orientation of Q63 in the
C20S mutant structure is opposite that found in the dark state crystal

structure of AppA WTt which shows the conserved Q63 side chain
carbonyl oxygen in hydrogen bonding arrangement with the indole
NH of conserved W104 (Figure 3a) and does not show any covalent
adducts. The solution structure of AppA WT in the darkhows
that W104 is in the core of the protein, with its indole NH able to
hydrogen bond with the Q63 side chain carbonyl oxygen (as in
Figure 3a). This orientation is supported by more than 20 separate
NOEs (see Supporting Information), demonstrating that, in the dark
and in solution, W104 is buried in the core of AppA WT. This
dark state orientation of Q63 agrees with available spectroscopic
dat& and is independent experimental confirmation of the orienta-
tion of the Q63 side chain in the crystal structure of AppA WT in
the dark!t

We conclude here that, in the light-induced signaling state of
AppA, the structure of the flavin binding core in general is only
minimally altered. The observed FAD H3 chemical shift change
and NOE patterns provide evidence that the strongest local effect
of light-induced signaling state formation is alteration of the
electronic structure of the flavin isoalloxazine ring upon formation
of a strong hydrogen bond between the flavirF€ and Q63 side
chain amide. Observation of the Y210H resonance in the light
confirms formation of a strong hydrogen bond between the Y210H
and the Q63 side chain carbonyl group. These conclusions are
supported by inspection of available crystal and solution structural
data, are consistent with the model proposed by Anderson et al.
for orientation of the Q63 side chalhand confirm flipping of the
Q63 side chain as the likely mechanism of signaling state formation.
How this light-induced side chain flip affects the rest of the BLUF
domain is currently under study.

Acknowledgment. This work was supported by a grant from
the Netherlands Organization for Scientific Research (Divisions
NWO-CW and NWO-ALW program “Molecule to Cell”).

Supporting Information Available: Materials and methods, supple-
mental results, and discussion. This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

(1) Bauer, C.; Elsen, S.; Swem, L. R.; Swem, D. L.; Masud®&ltlos. Trans.
R. Soc. London, Ser. B003 358 147—-154.
(2) Shimada, H.; Iba, K.; Takamiya, K.4Plant Cell Physiol1992 33, 471—
475.
(3) Gomelsky, M.; Kaplan, SJ. Biol. Chem.1998 273 35319-35325.
(4) Masuda, S.; Bauer, C. Eell 2002 110 613-623.
(5) Gauden, M.; Yeremenko, S.; Laan, W.; van Stokkum, I. H.; Thalainen, J.
A.; van Grondelle, R.; Hellingwerf, K. J.; Kennis, J. Biochemistry2005
44, 3653-3662.
(6) Dragnea, V.; Waegele, M.; Balascuta, S.; Bauer, C. E.; Dragnea, B.
Biochemistry2005 44, 15978-15985.
(7) Masuda, S.; Hasegawa, K.; Ono, T. Biochemistry2005 44, 1215-
1224.
(8) Unno, M.; Masuda, S.; Ono, T. A.; Yamauchi,J3Am. Chem. So2006
128 5638-5639.
(9) Kita, A.; Okajima, K.; Morimoto, Y.; Ikeuchi, M.; Miki, KJ. Mol. Biol.
2005 349 1-9.
(10) Jung, A.; Reinstein, J.; Domratcheva, T.; Shoeman, R.; Schlichting, I.
J. Mol. Biol. 2006 362 717—321.
(11) Anderson, S.; Dragnea, V.; Masuda, S.; Ybe, J.; Moffat, K.; Bauer, C.
Biochemistry2005 44, 7998-8005.
(12) Rubinstenn, G.; Vuister, G. W.; Mulder, F. A.; Dux, P. E.; Boelens, R.;
Hellingwerf, K. J.; Kaptein, RNat. Struct. Biol.1998 5, 568-570.
(13) Harper, S. M.; Neil, L. C.; Gardner, K. Fscience2003 301, 1541—
1545.

(14) Laan, W.; van der Horst, M.; van Stokkum, I.; Hellingwerf,®hotochem.
Photobiol.2003 78, 290-297.

(15) Grinstead, J. S.; Hsu, S. T.; Laan, W.; Bonvin, A. M. J. J.; Hellingwerf,
K. J.; Boelens, R.; Kaptein, RChemBioChen2006 7, 187—193.

(16) Hasagawa, K.; Masuda, S.; Ono, T.Fant Cell Physiol2005 46, 136—
146.

(17) Hasagawa, K.; Masuda, S.; Ono, T. Biochemistry2006 45, 3785~
3793.

(18) Liepinsh, E.; Otting, G.; Wuthrich, K. Biomol. NMR1992 2, 447—465.

JA0660103

J. AM. CHEM. SOC. = VOL. 128, NO. 47, 2006 15067



