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ABSTRACT. AppA, a transcriptional antirepressor, regulates the steady expression of photosynthesis genes
in Rhodobacter sphaeroidés response to high-intensity blue light and to redox signals. Its blue-light
sensing is mediated by an N-terminal BLUF domain, a member of a novel flavin fold. The photocycle of
this domain (AppA-125) includes formation of a slightly red-shifted long-lived signaling state, which is
formed directly from the singlet excited state of the flavin on a subnanosecond time scale [Gauden et al.
(2005)Biochemistry 443653-3662]. The red shift of the absorption spectrum of this signaling state has
been attributed to a rearrangement of its hydrogen-bonding interactions with the surrounding apoprotein.
In this study we have characterized an AppA mutant with an altered aromatic amino acid: W104F. This
mutant exhibits an increased lifetime of the singlet excited state of the flavin chromophore. Most strikingly,
however, it shows a 1.5-fold increase in its quantum yield of signaling state formation. In addition, it
shows a slightly increased rate of ground-state recovery. On top of this, the presence of imidazole, both
in this mutant protein and in the wild-type BLUF domain, significantly accelerates the rate of ground-
state recovery, suggesting that this rate is limited by rearrangement of (a) hydrogen bond(s). In total, an
~700-fold increase in recovery rate has been obtained, which makes the W104F BLUF domain of AppA,
for example, suitable for future analyses with step-scan FTIR. The rate of ground-state recovery of the
BLUF domain of AppA follows Arrhenius kinetics. This suggests that this domain itself does not undergo
large structural changes upon illumination and that the structural transitions in full-length AppA are
dominated by interdomain rearrangements.

Photoreceptor proteins contain at least one domain thatuitous signaling module found in proteins from all kingdoms
monitors the spectral and intensity changes of the environ- of life. Detailed knowledge is available for the primary
mental light conditions and elicit an appropriate response in photochemistry and the structural dynamics relevant for PYP
living organisms. Several photoreceptor families have evolved function. Its photochemistry is based on cis/trans isomer-
that absorb light in different regions of the solar spectrum, ization of an ethylene bond in its 4-hydroxycinammic acid
ranging from UV-A to the far-red. Four different families chromophoreX), which ultimately results in partial unfolding
of blue-light absorbing photoreceptors are known: the of the protein in its signaling stat@-{5).
xanthopsins, the LOV domains, the cryptochromes, and the Interestingly, the other three families all use flavin as their
recently discovered family of the BLURlomains. chromophore, but each with very different photochemistry.

The xanthopsins are mainly found in purple bacteria, and LOV domains occur in many signal transduction proteins
photoactive yellow protein (PYP) fronialorhodospira  such as the phototropins from plan,(VIVID and WC-1
halophilais the best characterized of its members. PYP is from the fungusNeurospora crassé#7, 8), and YtvA from
the prototypical PAS domain and functions as the photo- Bacillus subtilis(9). They mediate different light responses
receptor for negative phototaxis. PAS domains are a ubig- such as phototropism, chloroplast movement, and control of
the circadian rhythm. Signaling state formation in the LOV
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to unfolding of ana-helix outside the PAS fold, which is  of the BLUF domain of AppA and that of SIr1694 are
involved in regulation of the kinase activityL g, 17). respectively approximately 2 and 4 four times slower y©D
The cryptochromes are found in lower and higher eukary- compared to KO (28, 33) indicates that (a) rate-limiting
otes (including mammals such &omo sapiens insects proton-transfer step(s) and/or a change in hydrogen bonding
(Drosophilg, plants, algae Ghlamydomongs and one is involved in the recovery process.
prokaryote Synechocystjs where they are involved in Secondary structure predictions suggested that the fold of
processes such as synchronization of the circadian clock, seethe BLUF domain is different from the structure of all the
germination, and regulation of pigment synthe4i®)(They known flavin-binding folds. This is confirmed by the recent
share sequence and structural homology with (bacterial) resolution of the crystal structure of the BLUF domain of
photolyases19). The photochemistry of cryptochromes is AppA from Rb. sphaeroidesand of the BLUF domain
thought to be based on (reversible) electron transfer to thecontaining protein TII0078 frori. elongatuBP-1 (34, 35).
flavin (20, 21), but little is known about the changes in The structure of the BLUF domain adopts @ff-sandwich
tertiary structure after light activation. fold with a fa5Ba5p topology. The structure shows a five-
Recently, a novel family of blue-light photoreceptors strandeds-sheet (four antiparallel strands and one parallel
emerged, the BLUF domains [for sensordhfe light using strand), with two helices on top of the sheet. The FAD
FAD (22)]. BLUF domains are mainly found in prokaryotes chromophore binds flat on top of thfesheet and under the
and in one eukaryotdE(iglena gracili and are involved in  a-helices, with the ribose, phosphate, and adenine moieties
photophobic responses inh gracilis (23), in transcriptional extending out into solution. The structure shows no signifi-
regulation inRhodobacter sphaeroidé®4), and in phototaxis ~ cant structural homology to other flavoproteins, so the BLUF
in Synechocysti&25). domain does indeed represent a novel flavin-binding fold
The photochemistry and structural dynamics underlying (34, 35).
signaling state formation in the BLUF domains are at present  The flavin-binding pocket of the BLUF domain of AppA
poorly understood. Five members of this family have been is lined by very hydrophobic side chains (Y21, L34, 137,
characterized by various spectroscopic techniques: AppAV38, A43, G52, L54, Y56, F61, L65, V75, M76, 179, V88,
from Rb. sphaeroidege.g., refs24, 26, and 27), SIr1694 190, W104), with a few polar or charged residues (Q63, Q42,
from SynechocystiBCC6803 28), YcgF fromEscherichia Q80, and H85) in a position to make specific contacts with
coli (29), the photoactivated adenylyl cyclase (PAC) from its nitrogen and oxygen atoms. Of these residues, almost all
E. gracilis (23), and TII0078 fromThermosynechococcus are conserved within the BLUF domain family, suggesting
elongatusBP-1 30). The most extensively studied BLUF that they specifically evolved for binding flavin. The side
domain containing protein, with respect to both function and chains of H44, N45, and Q63 jointly make four hydrogen
photochemistry, is AppA fronRb. sphaeroide&4, 26, 27, bonds to the flavin. N45 and Q63 are both completely
31-33). AppA is a regulatory protein that integrates light conserved, and H44 is a conserved polar residue in the family
and redox signals and functions as a transcriptional antire-of BLUF domains. The amide N of the side chain of Q63
pressor, controlling the expression of the photosynthesis genedonates hydrogen bonds to both the flavin N5 and the
clusters via redox and light-modulated interaction with the phenolic oxygen of Y21, while the oxygen of the Q63 side
repressor PpsR2#). When oxygen levels decrease, AppA chain accepts a hydrogen bond from the highly conserved
binds to PpsR, thereby preventing the latter from binding to W104. The highly conserved N45 makes two hydrogen
its DNA targets and allowing transcription of the photosyn- bonds to the flavin pyrimidine ring: Its side-chain nitrogen
thesis genes. Blue-light illumination disrupts this interaction, donates a hydrogen bond to the flavin G&) carbonyl
restoring the repressor activity of PpsR. The ground state of oxygen, while its side-chain oxygen accepts a hydrogen bond
AppA shows the two main absorption bands typical for a from the flavin N3. A similar hydrogen-bonding network is
flavin, located around 370 and 447 nm. Upon illumination, observed in the crystal structure of the ground state of the
an intermediate is formed which exhibits art0 nm red- BLUF protein TII0078 fromT. elongatusBP-1. However,
shifted absorption spectrum, which decays back to the groundin this protein, the conserved Q50 (equivalent to Q63 of
state with a rate of+1 x 1072 s7% (24, 27). The recovery  AppA) makes two hydrogen bonds to the chromophore: one
rate of YcgF is about 2-fold faste9) and that of SIr1694  to the N5 of the flavin and one to the oxygen of the G4)
~180-fold 28), whereas TII0078 recovers evef¥00-fold O carbonyl group.
faster B0). The signaling state is formed directly from the This conserved glutamine residue appears to play a central
singlet excited state of the flavin on a subnanosecond torole in the mechanism of photoactivation of BLUF domains,
nanosecond time scale with a quantum yield of 0.22.(It since it is hydrogen bonded to both the flavin and the key
has been suggested that the photochemistry of AppA is basedyrosine residue. Indeed, a Q50A mutant of TIIO078 is
on a change imt—x stacking between the flavin and an nonresponsive to light36). Moreover, the key tyrosine is
aromatic residue, probably a conserved tyrosine, and anot directly hydrogen bonded to the flavin, nor does it form
change in hydrogen bonding between the flavin N5 and the aromatic stacking interactions with it.
conserved tyrosine26). In agreement with this, mutation In full-length AppA and in the C-terminally truncated
of this tyrosine has been shown to abolish the primary variant AppA_ise (containing residues-1156), the formation
photochemical reactior26, 27). In addition, FTIR measure-  of the signaling state is accompanied by a conformational
ments on SIr1694 and the BLUF domain of AppA indicate change thatincreases the Stokes radius and/or the aggregation
that signaling state formation in BLUF domains is ac- state of the protein, as detected by size-exclusion chroma-
companied by increased hydrogen bonding between thetography 24, 26). Also FTIR measurements on the BLUF
C(4y=0 of the flavin and residues lining the chromophore domain of AppA and SIr1694 revealed light-induced struc-
binding pocket 28, 33). The fact that the recovery reaction tural changes in the protein, although little structural changes



Activation of the BLUF Domain of AppA Biochemistry, Vol. 45, No. 1, 20063

were detected in the flavin2g, 33). Similarly as in PYP convert AppA (WT or W104F in 10 mM Tris-HCI, pH 8.0,
and in LOV domains, it is of interest to know whether the with or without different concentrations of salt or imidazole
light-induced structural changes in BLUF proteins might as indicated in the Results section) to the signaling state by
reflect functional unfolding. illumination with actinic light from a Schott KL1500 light
Here we report additional studies on the mechanism of source (containing a 150 W halogen lamp). Two ports were
activation of AppA. We characterize a second site-directed used for the measuring beam, and the fourth port was used
mutant of the BLUF domain with an altered aromatic amino to monitor the pH by using a Mettler Toledo (micro)
acid (W104F), which, very surprisingly, turns out to display combination pH electrode (InLab423) connected to a Dulas
a 1.5-fold increase in quantum yield of signaling state Engineering amplifier. The data were fitted with a monoex-
formation as compared to the corresponding wild-type Ponential decay function using Origin software.
protein. In addition, we show that the extent of unfolding of ~ Ultrafast Time-Resekd SpectroscopyTime-resolved
AppA in its signaling state most probably is very limited in fluorescence experiments were performed with a synchroscan
the isolated BLUF domain (residues 525). This conclusion  streak camera setup described earB8).(The time-resolved
is based on the linear Arrhenius kinetics of its ground-state fluorescence kinetics were recorded upon excitation at 400
recovery rate. This recovery rate can be accelerated up tonm at a power of 50@W. Pulses of 100 fs duration were
700-fold, which makes this BLUF domain suitable for studies generated with 50 kHz repetition rate using an amplified
that require high repetition rates of photoactivation, like step- titanium:sapphire laser system (Vitesse-DUO-Rega, Coherent
scan FTIR. Kinetic isotope effects lead to the conclusion Inc., Mountain View, CA). Fluorescence was collected with
that important transitions that are not reflected in altered a right-angle detection geometry using achromatic lenses and
UV —vis flavin spectra are involved in the photocycle of this detected through a sheet polarizer set at the magic angle

BLUF domain. (54.7) with a Hamamatsu C5680 synchroscan camera and
a Chromex 250IS spectrograph. The streak images were
MATERIALS AND METHODS recorded with a cooled~55 °C) Hamamatsu C4880 CCD

camera. Streak camera images were obtained on time bases
of 200 ps and of 2 ns.

Femtosecond transient absorption spectroscopy was carried
out with a 1 kHz Ti:sapphire-based regenerative amplification
system described previous|g9); 400 nm light was obtained
by frequency doubling the output of the Ti:sapphire laser,

) M attenuated to JuJ, and used as a pump. A white light
qnd kanamycin were used at 100 and:&0mL"", respec- continuum, generated by focusing the rest of the amplified
tively. . o 800 nm light @ a 1 mm Cakcrystal, was used as a probe.

Site-Directed Mutagenesighe BLUF domain with the  The probe pulse was focused and overlapped with the
W104F mutation was constructed with the QuickChange site- excitation beam at the sample position. After passing through
directed mutagenesis kit (Stratagene, La Jolla, CA). the sample, the probe beam was dispersed by a polychro-
PQEAPPAs-125 (27) was used as the template for the PCR mator and projected on a diode array detector. Femtosecond

reaction using the following primers: AppA W104F F:5  time delays between the pump and probe were controlled
GCTTTGCGGGATTCACATGCAGCTCTCCTGC-3,and  py g delay line covering delays up to 4.5 ns. The relative

AppA W104F R, 5GCAGGAGAGCTGCATGTRAATC- polarization plane of the pump and probe beams was set to
CCGCAAAGC-3. Mutated bases are indicated in bold. The the magic angle (54°.

constructs were verified by sequencing (BaseClear, Leiden, Tpe samples were loaded in a flow system with a volume
The Netherlands). of 10 mL, including a flow cuvette with a path length of 1
Protein Production and PurificationVild-type AppAs-125 mm, and passed by a peristaltic pump. For the time-resolved
and the AppA-125s W104F mutant were both expressed and fluorescence experiment, the absorbance of the sample was
purified essentially as described previousB6) Before adjusted to 0.07 mn# at 446 nm, whereas for the femto-
proceeding with the nickel purification, the cell-free extracts second time-resolved absorption experiment, the absorbance
were incubated fiol h on icewith a large molar excess of  of the sample was adjusted to 0.3 mmThe absorption
FAD. Purified proteins were dialyzed to 10 mM Tris-HCI,  spectrum of the sample was checked during the measure-
pH 8.0, and stored at20 °C. Purity of the samples was  ments to verify that the sample remained in the “dark” state.
checked by SDSPAGE using the PHAST System (Amer-  Data AnalysisThe time-resolved fluorescence data were
sham Biosciences) and UWis spectroscopy. The flavin  globally analyzed in terms of a sum of exponentials to obtain
composition of each variant was determined by thin-layer decay-associated spectra (DAS). The femtosecond transient
chromatography (TLC) as describe@6). For isotopic  absorption data were globally analyzed using a kinetic model
replacement, the protein was concentrated and subsequentlgonsisting of sequentially interconverting evolution-associ-
diluted with buffered DO at least three times. ated difference spectra (EADS), i.e., 22— 3 — ... in
Transient U+ Vis Absorption Spectroscopgteady-state  which the arrows indicate successive monoexponential
UV —vis absorption spectra and receptor state recoverydecays of increasing time constant, which can be regarded
kinetics were recorded using a Hewlett-Packard 8453 spec-as the lifetime of each EADS. The first EADS corresponds
trophotometer (Portland, OR). Measurements of the rate ofto the time zero difference spectrum. This procedure enables
receptor state recovery were performed using a “Kraayenhofus to visualize clearly the evolution of the (excited) states
vessel” B7) placed in the sample compartment of the of the system. In general, the EADS may well reflect
spectrophotometer. One port of the vessel was used tomixtures of molecular states. The instrument response

Strains and Growth Condition€loning was performed
usingE. coli XL1-Blue grown in LB medium according to
established protocols. Protein overproduction was performed
in E. coliM15 (pREP4) grown in production broth (PB: 20
g L™! tryptone, 10 g L* yeast extragt5 g L™! dextrose, 5
g L™t NaCl, and 8.7 g L' K;HPQO, pH 7.0). Ampicillin
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function was fit to a Gaussian of 120 fs full width at half-
maximum for the ultrafast transient absorption experiments 82 A
and 3 and 13 ps for the time-resolved fluorescence measure-
ments on the 200 ps and 2 ns time base, respectively. The 0.15
global analysis procedures described in this paper have been 1
extensively reviewed in ref0. < 0.104

Calculation of Thermodynamic Parameteermody-
namic parameters were calculated using eq 1, in wkjch s |
is the rate of ground-state recovery amd,, andR are the :
Planck, Boltzmann, and universal gas constant, respectively.

0.00 L) I N 1 L 1 " 1 . 1
kgrh As*(TO) AHi*(TO) Acpi*{ T, T, 300 350 400 450 500 550
In kT R RT R \ T +1n T Wavelength (nm)
(1) OJDj
0084 B

Quantum Yield of Signaling State Formation of Appés 0.06 ]
W104F.The quantum yield of signaling state formation of .
the W104F mutant was determined using a relative actino- o
metric method with ruthenium(ll) trisbipyridine [Ru(bp$)] < 02
as a reference, as described for the wild-type BLUF domain 0.00 1
of AppA (32), assuming the same extinction coefficient at -0.02
447 nm as for the wild-type protein [8500 Mcm™ (26)]. -0.04
The quantum yield of signaling state formation in AppA was ]
determined using the expression: ——

—T —Tr—
300 350 400 450 500 550

AODX?EAAGEQ?O) Wavelength (nm)
(I)APPA T ref AODW?50A (495) @) Ficure 1: UV—vis absorption characteristics of the W104F mutant.
ref AppA (A) Absorption spectra of the W104F variant (in 10 mM Tris-HCI,

. . . pH 8.0 at 25°C) in the dark (black line) and after illumination
where® is the quantum yield of the photoreaction of Ru- (gray line). (B) Light minus dark difference spectra of the W104F
(bpy)?t, Ae” (M~ cmY) is the change in the absorption mutant (black line) and wild-type AppAs2s (gray line).
coefficient of Ru(bpy#* at 450 nmAeiso) (M~ cm™Y) is
the change in the absorption coefficient of AppA at 495 nm,
and AOD is the optical density change.

RESULTS

Characterization of AppA W104Rlltrafast fluorescence
and femtosecond to nanosecond transient absorption spec-
troscopy measurements on AppA have revealed that the
signaling state of AppA is formed directly from the singlet
excited state of the flavin on a subnanosecond to nanosecond
time scale with a quantum yield of 0.232). Given that the .
natural lifetime of a flavin cofactor amounts to several 0 1000 2000 3000 4000 5000
nanoseconds, these results indicated that an additional Time (s)
excited-state deactivation mechanism had to be in effect in Figure 2: Recovery kinetics of the W104F mutant. AppAes
AppA. Tryptophan residues are well-known as electron W104F (squares) and wild-type AppAzs (triangles, both in 10
donors, and a tryptophan, at position 104 in the BLUF MM Tris-HCI, pH 8.0 at 25°C) were converted to the signaling
domain of AppA, is highly conserved in all known BLUF state by illumination with white light and allowed to revert back

T | h ial role of thi idue i to the ground state in the dark. Plotted are the absorption changes
sequences. To explore the potential role of this residue In 4; 495 'nm. The solid lines represent fits through the data using a

the photochemistry of AppA, we changed this tryptophan monoexponential function. The corresponding recovery rates are
to a phenylalanine and produced and purified this W104F given in Table 2.

protein. The protein was produced with yields comparable

to those of the wild-type protein and could be fully a 2.7-fold increased recovery rate (Figure 2). The ratio of
reconstituted with FAD exclusively (data not shown). The the absorption at 270 nm over the absorption of the flavin
W104F variant was photoactive, and the G¥s absorption peak at 447 nm is-90% of that of the wild type (data not
spectra of its ground and signaling state and the light minus shown), which can be accounted for by a decrease in the
dark difference spectrum are similar to those of the wild type, intensity of the 270 nm peak by replacement of a tryptophan
although the spectrum of the signaling state is a little less (€270 = 5200 M* cm™) by a phenylalaninecfso = 200 M*
far-red shifted, exhibiting absorption maxima at 457 and 380 cm ). This suggests that the extinction coefficient of the
nm [460 and 381 nm in wild type (Figure 1)]. As in the flavin is unaffected by the W104F mutation.

wild type, the signaling state of the mutant protein returns ~ We also determined the quantum yield of signaling state
back to the ground state monoexponentially, however, with formation using the relative actinometric method with Ru-

Normalized AA
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Ficure 3: Quantum yield determination of signaling state formation 480 500 520 540 560 580 600
of AppA W104F. Transient absorption kinetics of solutions of Ru- Wavelength (nm)
(bpy)?* (circles) and AppA W104F (squares) measured at 450 and 9000 -
495 nm, respectively, after excitation by a laser pulse at 450 nm. i
The inset shows the absorption changes after excitation at 450 nm 8000 4
for both the wild-type and the mutant protein. The quantum yield .
was calculated using eq 2. Note that the signal at 495 nm shows 7000
some variation as a result from interference with the Q-switch from —~ 6000 ]
the Nd:YAG laser. S I
& 5000 -
(bpy)32+_ as a reference, Wh?ch we haye previously used to 2 4000
determine the quantum vyield of wild-type AppA. The . i
photoreactions were monitored by the detection of transient g 3000'_
absorption changes at 450 and 495 nm for the reference and = 2000 H
AppA, respectively, after their excitation at 450 nm. To 1000
determine the quantum yield, absorbance changes of the 1

samples at the time of appearance of the maximal concentra- T A L5 D DL,

tion of the photoproduct state were assessed (Figure 3). Very O ljb=8 {00 L £o0  ID0S 122

surprisingly, the W104F mutant protein displayed larger Time (ps)

absorption changes at 495 nm than the wild-type protein (Seergure 4: Time-resolved fluorescence of AppA W104F. (A)
Figure 3 inset), suggesting a higher quantum yield for the Decay-associated spectra (DAS) with time constants of 47 ps (black
former. Indeed, using actual experimental parameters, theline), 555 ps (dashed line) and 2.5 ns (dotted line) that follow from

quantum yield of the phototransformation is determined as @ global analysis of the streak camera images obtained from AppA

. _ _ W104F upon 400 nm excitation. (B) Time-resolved fluorescence
follows: - ®appawsosr = (0.013 x 7900)/(0.08x 3500) = trace recorded at 505 nm of wild-type AppA (bottom black line)

0.37+ 0.07, which is 1.5-fold higher than the quantum yield and AppA W104F (top gray line) and results of the global analysis
determined for the wild-type protein. fitting procedure (gray and black line for wild-type and W104F,
Time-Resaled Fluorescence Spectroscopyo try to respectively).
determine the basis for the observed increased quantum yield
of the W104F mutant, we have performed synchroscan streaksmaller contributions by the 47 ps component (amplitude
camera fluorescence experiments to examine its excited-stat®.14) and the 2.5 ns component (0.23). These data are
dynamics and compared these with results obtained for thesignificantly different from those obtained on the wild-type
wild-type protein in a previous study3?). The selected  protein. In the wild type, four components were observed:
excitation wavelength was 400 nm, which implies that a 25 ps (amplitude 0.10), 150 ps (amplitude 0.32), 670 ps
mixture of § and S singlet excited states of FAD was (amplitude 0.56), and 3.8 ns (amplitude 0.02). The kinetics
generated. The fluorescence was monitored in a spectralof the fastest component in AppA W104F is similar to that
window from 460 to 650 nm. A kinetic trace (gray line) of the fastest component in the wild-type protein, also with
measured at the maximum of the fluorescence emission bandespect to amplitude. The dominant 555 ps may be compared
(505 nm) is depicted in Figure 4B, together with a trace with the 670 ps component in the wild type. The slowest
measured on the WT protein for comparison (black line). component of the mutant has a shorter lifetime than the
As becomes evident from Figure 4B, the W104F mutant has slowest component in the wild type, but a 10-fold increased
a longer excited-state lifetime than wild-type AppA. The contribution, whereas the 150 ps component in the wild type
application of a global analysis procedure yielded three decayhas no counterpart in the mutant. This results in an overall
components, with lifetimes of 47 ps, 555 ps, and 2.5 ns. The increase in the lifetime of the singlet excited state of the
solid lines in Figure 4B show the fitted curves. The decay- chromophore in the mutant, as compared to the wild-type
associated spectrum (DAS) of each component (Figure 4A) protein, which may be related to the increased quantum yield
has a maximum around 505 nm and a shoulder around 5300f signaling state formation, as will be discussed below.
nm. The DAS of the first component is blue shifted compared D,0 and Imidazole Affect the Ground-State Rexy Rate.
to the other two, but this DAS may be affected by a scattering Figure 5A shows the decay kinetics of the signaling state of
contribution from the 400 nm excitation pulse. The 555 ps AppAs-125in H>O and DO. The deuterated sample exhibits
component is dominant with a decay amplitude of 0.63, with a 4.7-fold slower recovery rate. This deceleration is com-
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nm, at the maximum of the stimulated emission band of the
FAD chromophore. Four kinetic components are required
for a satisfactory fit of the time-resolved data, with time
constants of 1.6, 76, and 564 ps and a nondecaying
component. The first EADS (red line) is created upon photon
absorption and shows ground-state bleaching features near
450 nm, a small excited-state absorption near 520 nm, a
stimulated emission band near 550 nm, and excited-state
absorption at wavelengths longer tha620 nm, indicating
the presence of the singlet excited state of the flavin
chromophore32, 41, 42). This EADS lives for 1.6 ps, and
it evolved into the second EADS which has a lifetime of 76
ps (green line). This evolution involves a small blue shift
and increase of the stimulated emission band near 550 nm
and is assigned to a vibrational cooling process of the excited
FAD (32). Thus, the second EADS corresponds to the relaxed
singlet excited state of FAD. Next, the second EADS evolves
into the third EADS (blue line) in 76 ps. This EADS has
decreased amplitude of ground-state bleach, stimulated
emission and excited-state absorption bands, indicating decay
of excited FAD. As observed in hydrated AppA, a small
shoulder is visible near 495 nm on top of the excited FAD
———T excited-state absorption, which indicates that during the 76
1000 2000 3000 4000 5000 ps evolution a fraction of the signaling state is formed. The
) Delay (ps) third EADS evolves in the nondecaying EADS (cyan line)
a4 ¢ in 564 ps. In the final EADS, the singlet excited states of
; FAD have all but disappeared, and an absorption band at
2+ 495 nm has formed, whereas a small ground-state bleach
near 450 nm and induced absorption near 650 nm have
remained. As observed previously in hydrated AppA, the
absorption band at 495 nm corresponds to formation of the
AppA signaling state, whereas the absorption near 650 nm
4 ——16ps may be assigned to formation of a small number of triplet
~——76ps states of FAD 82).
_ﬁE: f;caying Compared to the results obtained on the BLUF domain in
— T T T T T H>0 in our previous study3@), both the fastest and slowest
450 S00 550 600 650 700 component (250 fs and 2.7 ns) are not resolved in the analysis
Wavelength (nm) of the deuterated sample. The components that are resolved
Ficure 5: Photocycle kinetics of AppA125in D20. (A) AppAs-125 are spectrally and kinetically comparable to those observed
in H,O (squares) and AppAis in D,O (circles, both in 10 mM in H,O. The 1.6 ps component in the deuterated sample may
K/PQ,, pH 8.0 at room temperature) were converted to the signaling be compared to the 1.2 ps component in the hydrated sample,

state by illumination with white light and allowed to revert back ; ; ; ; ;
to the ground state in the dark. Plotted are the absorption (:hangeswhere it has been attributed to vibrational coling. The 76

at 447 nm. The solid lines represent fits through the data using aand 564 ps componen.t may be comp{ired to the 90 and 590
monoexponential function. (B) Ultrafast kinetic trace at 546 nm of PS component, respectively, observed in the hydrated sample,
AppAs_125in D,O upon excitation at 400 nm (circles), along with ~ which represent the decay of the singlet excited state of the
the result of the global analysis of these data (solid line). (C) flavin to the electronic ground state of the signaling state

Evolution-associated difference spectra (EADS) and their corre-
sponding lifetimes resulting from global analysis of ultrafast and to decay to the ground state of dark Apf2)( The

transient absorption experiments on Appfs in DO upon 250 fs component, observed in hydrated AppA, was not
excitation at 400 nm. resolved here because of the presence of a pronounced cross-

phase modulation artifact in the data, which obscured the

parable to what has been observed for SIr1694, although indynamics around time zero. Also, in hydrated AppA we
absolute terms the recovery rates in Slr1694-a260-fold observed a very small spectral evolution on the nanosecond
higher than in AppA. It should be noted that this deceleration time scale. Here, we could not resolve such a component
of the rate of recovery by D is considerably more because of a less favorable signal to noise ratio.
pronounced than the2-fold reduction reported previously During purification of the BLUF domain of AppA it was
for the BLUF domain of AppA 28, 33). observed that the recovery rate of the protein directly after

To assess whether deuteration of the BLUF domain affectselution from the nickel affinity column, thus in the presence
the kinetics of signaling state formation, we performed of 0.5 M NaCl plus 0.5 M imidazole, was significantly higher
femtosecond time-resolved absorption spectroscopy on thisthan after dialysis against buffer without salt and imidazole.
domain in DO. The EADS that result from the sequential Analysis of the recovery rate in the presence of either NaCl
analysis are presented in Figure 5C, while the solid line in or imidazole revealed that the observed effect is mainly due
Figure 5B represents the fit to a kinetic trace taken at 546 to imidazole (Table 2). The recovery rate increased 1.5-fold
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Table 1: Thermodynamic Parameters of the Ground-State Recovery
of AppA? c
AS [J/(mokK)]  AH* (kd/mol)  AG* (kJ/imol)  AC,* [J/(mokK)] %_
71+ 11 82+3 61+ 9 570+ 490 S
aThe values of the thermodynamic activation parameters associated %
with the recovery of AppA-125 were calculated from the fit of the -
data from Figure 1. Values at 298 K are shown, followed by the standard IS
deviation in the thermodynamic parameter, according to the least- ©
squares fit of the data to eq 1. g
=z
Table 2: NaCl and Imidazole Increase the Recovery Rate of AppA 50 0 50 100 160 200 250 300 350 400
protein pH NaCl (M) imidazole (M) rate103s?) Time (s)
wild type 8.0 0 0 1.306t 0.10 1
wild type 8.0 0.5 0 1.62+ 0.03 0124 B
wild type 8.0 1.0 0 2.04-0.20 010 1
wild type 8.0 0 0.5 19.5& 1.50 ]
wild type 8.0 0 1.0 34.7@-0.20 = 0.084
wild type 8.0 0 15 68.3& 1.68 L
wild type 8.0 0 2.0 104.6% 1.72 % 0.06
wild type 7.0 0 0 1.5G 0.08 =
wildtype 7.0 0 1 18.68: 0.30 = 0.04]
W104F 8.0 0 0 3.55:0.04 3
W104F 8.0 0 0.5 82.68 1.00 § 0.02
W104F 8.0 0 1.0 201.12 9.40 o .
W104F 8.0 0 15 479.4& 17.0 0.00 +
W104F 8.0 0 2.0 730.56 33.7 T T

— .
, 00 05 10 15 20

2The recovery of wild-type Appé.i>s and the W104F mutant Imidazol (M)
protein was measured at 26 in 10 mM Tris-HCI, pH 7.0 or 8.0, in o
the absence or presence of NaCl and imidazole. The absorption change§1GURE 6: Effect of imidazole on the recovery rate of AppA. (A)
at 495 nm were fitted with a monoexponential function. The values APPAs-125 (in 10 mM Tris-HCI, pH 8.0 at 25C) with (squares)
shown are the mean of at least two experiments and the standardor withou 1 M imidazole (circles) was converted to the signaling
deviation. state by illumination with white light and allowed to revert back
to the ground state in the dark. The solid lines represent fits through
the data points using a monoexponential (decay) function. The insert
in the presencefd M NaCl, whereas an equal concentration shows the UV~vis light minus dark difference spectra of AppA

of imidazole increased the recovery rate 27-fold (Figure 6). Wflttt;] (solid "fée)ta?d withoti1 Mtimi0f|aAZ0|e (d:;tgdfdir?;)ib?gfi’r'fg
: R ; nd-state recovery rate o

_ConcenFratlons of |m|QazoIe up t(.).2 M, at which the recovery ?mid:z%rlguconcentration. Tr){e data poFi)ft/gQZre taken from Table 2.
is ~80 times faster, did not significantly affect the BVis The error in each point is smaller than 3%. The line represents a
spectra of the ground and signaling state but higher concen4inear fit through the data points.
trations resulted in release of the flavin from the apoprotein,
as indicated by a simultaneous loss of fine structure and redinduces a conformational change in the protein that increases
shift of the ground-state U¥vis spectrum. The recovery the Stokes radius. Similar experiments also show that the
rate shows a linear dependence on the imidazole concentrafull-length protein is a monomer, whereas App#ss forms
tion, indicating a first-order effect. The recovery was dimers @4, 26). Analysis of AppA-125 by size-exclusion
monoexponential, indicating that the imidazole does not chromatography (using a preilluminated sample and il-
induce formation of additional intermediates (Figure 6). luminating the column during chromatography with a 150
Imidazole has alg of 6.95, and the fact that the increase in W lamp) has revealed no significant difference in elution
recovery rate in the presenceloM imidazole is about 2-fold profile between the ground and signaling state of AppA. Both
smaller at pH 7 (53% neutral imidazole) compared to pH 8 states elute at a volume corresponding to-@® kDa protein
(92% neutral imidazole) suggests that it is the neutral form (data not shown). Since the mass of the protein is 15.5 kDa,
of imidazole that affects the recovery kinetics. The recovery this indicates that also this variant forms dimers. The apparent
kinetics of the protein before the addition of imidazole and molecular mass (40 kDa) is higher than the mass of a dimer
after removal of the imidazole by dialysis were identical. calculated from the amino acid sequence (31 kDa), suggest-
This shows that the effect exerted by the imidazole is ing that AppA-12sforms dimers with a molecular shape that
reversible. As observed for the wild-type protein, imidazole deviates from a spheré3). A change in the tertiary structure
also significantly increased the ground-state recovery rateof a protein, like partial unfolding, may result in a change
of AppA W104F, ultimately resulting in an~700-fold in heat capacity, as has been shown for P¥pP44, 45).
acceleration®2 M imidazole compared to wild-type protein  The change in heat capacity associated with the transition
without imidazole (Table 2). Significantly, the recovery rate from the signaling to the ground state of a photoreceptor
in the W104F derivative is always faster (between 2.7- and protein can be calculated from the degree of curvature of a
7-fold under the conditions tested) than the corresponding plot of the natural logarithm of the recovery rate against
rate in the wild-type BLUF domain of AppA. reciprocal temperature, i.e., an Arrhenius plot. For the BLUF

Thermodynamics of the Re@y. It has been suggested, domain of AppA, a nearly linear plot is obtained (Figure 7).
based on size-exclusion chromatography of full-length AppA From this plot, a change in heat capacity associated with
and the C-terminally truncated variant AppAse, that light the transition from the signaling to the ground state of 570
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55 chain of W104 and the flavin C(4)O oxygen is about 3 A
1 in the crystal structure of the BLUF domain of AppA4).
6.0 It is interesting to note that ultrafast transient absorption
6.5 - measurements on Y21 mutants revealed spectral features that
704 were consistent with the transient presence of a neutral flavin
x ] semiquinone, a species which is not observed in the wild
£ 75 type (Gauden et al., unpublished experiments). Since the
-8.0 samples did not contain any reducing agent, the hydrogen
85 atom taken up by the flavin must originate from the protein
] environment, and in light of the present results, W104 would
9.0 be a very likely donor.
0.0032 0.0033 0.0034 0.0035 0.0036 Trp104 is almost completely conserved in all of the BLUF
y sequences known to date. The exceptions are the second
T (K BLUF domain of the PAG. subunit fromE. gracilis (which

Ficure 7: Thermodynamic analysis of the rate of ground-state contains a leucine at this position), the two BLUF domains
recovery of AppA-12s The natural logarithm of the rate constant from Klebsiella pneumoniadthreonine and valine), and

k is plotted as a function of reciprocal temperature. The points . . -
shown are the mean of at least two experiments; the error in each Y c9F from E. coli (alanine). It would be of interest to

point is less than 5%. The solid line represents the fit to the data determine the quantum yield of signaling state formation of
using eq 1. these BLUF domains and assess whether the introduction

o . of a Trp at this position would also decrease the quantum
J/imol/K can be calculated, albeit with a large uncertainty yjeld in these BLUF domains.

sign, than the value reported for PYPZ.5 kJ/(moiK) (4, in D,O is comparable to the reduction observed in SIr1694
49)]. but is significantly larger than the 2-fold reduction reported
DISCUSSION by ref 33 for the BLUF domain of AppA. The reason for

this difference is at present unclear. The effect of deuteration
The fact that the recovery rate of the W104F mutant is indicates that ground-state recovery involves a rate-limiting
slightly increased compared to the wild type might indicate rearrangement of hydrogen bonds and/or a proton-transfer
that the signaling state of this variant is less stable than thestep. Formation of the signaling state has been proposed to
light-induced state of the wild type. The reduced temperature involve a change in hydrogen bonding between the conserved
stability of the mutant is in agreement with this (data not tyrosine and the flavin26). However, the crystal structure
shown). The increased quantum vyield of signaling state of the BLUF domain reveals that the conserved tyrosine is
formation might be related to the longer living singlet excited indirectly hydrogen bonded to the flavin via a conserved
state of the flavin, as shown by time-resolved fluorescence glutamine. The role of the tyrosine appears to be to keep
measurements. As we noted earlier, to explain the fluores-the glutamine positioned close to the flavin. Presumably, light
cence lifetime in wild-type AppA, a singlet excited-state activation of the BLUF domain leads to a reorientation of
deactivation mechanism must be active that competes withthe glutamine side chain with respect to the flavin, leading
signaling state formatior8@). It has been shown in flavoen-  to increased strength of hydrogen bonding at the €@)
zymes already that efficient electron and proton transfer may (34). Surprisingly, deuteration does not have a significant
occur from aromatic residues to the flavin, after which the effect on the kinetics of formation of the red-shifted state.
radical pair rapidly recombines on the picosecond time scale Although we can at present not exclude that a kinetic isotope
to the ground state4g, 47). We propose that, in wild-type  effect underlies the slightly slower vibrational cooling after
AppA, the FAD singlet excited state is partially deactivated excitation of the flavin in the BLUF domain of AppA in
via a hydrogen transfer, an electron transfer, or a coupledD,O (1.6 vs 1.2 ps in kD), the kinetics of the formation of
electron-proton transfer from Trp104 to FAD (e.g., possibly the signaling state are, within experimental error, identical.
in competition with electron transfer from Y21) and subse- This suggests that the recovery of the ground state is not
guent rapid recombination to the ground state. If this simply a reversal of the light-induced events leading to the
recombination is faster than the initial electron/hydrogen signaling state but involves a different mechanism.
transfer, the semiquinone will not transiently accumulate in  In contrast to deuteration, the presence of imidazole
an appreciable concentration and, thus, will not be detected.significantly accelerates ground-state recovery. The structure
In the W104F mutant, the contribution of this deactivation of imidazole is analogous to the side chain of histidine, which
pathway would be significantly reduced due to the lower is capable of accepting and donating hydrogen bonds.
electron/proton-transfer capacities of the phenylalanine, Imidazole might increase the rate of ground-state recovery
resulting in a longer excited-state lifetime and increased by catalyzing the relaxation of the light-induced changes in
guantum yield of signaling state formation, consistent with the hydrogen-bonding network of AppA. However, the fact
our present results. that the UV~-vis spectra of both the ground and the signaling
The rate of electron/hydrogen transfer is dependent on thestate are virtually unaffected by the presence of imidazole
donor/acceptor distance. In flavoproteins where ultrafast suggests that imidazole affects the protein outside the
electron/hydrogen transfer from a Trp residue to the flavin chromophore binding pocket.
is observed (e.g., in flavodoxin, photolyase), the edge to edge By combining the effects of the W104F mutation and those
distance between the Trp and the flavin is aboutt R\ (46— of addition of imidazole, ground-state recovery rates are
48). In agreement with this, the distance between the side obtained which are compatible with step-scan FTIR. This
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will be very useful to gain more insight into the detailed
structural dynamics underlying the BLUF photocycle.

We conclude that the BLUF domain of AppA displays
relatively restricted structural changes upon illumination,
although a recent FTIR study did reveal such chang8p (
The linear Arrhenius behavior of the ground-state recovery
of the BLUF domain of AppA indicates that there is no

significant change in heat capacity between the ground and 7.

signaling state. Although this does not exclude the possibility
that illumination elicits a large structural change without
exposure or shielding of a hydrophobic surface, both our 8
results of size-exclusion chromatography and the fact that
we observe very little changes in the structure of AppA upon
illumination in HSQC NMR spectra (Hsu et al., unpublished g
experiments) argue against such a large conformational
transition and rather suggest that these changes are minor.
The positive value for the change in heat capacity suggests !
that, in contrast to what is observed in PYP, signaling state

formation in AppAs-125 results in burial of hydrophobic 11.

contact surface. The fact that an apparent increase in size
upon illumination is observed with the BLUF domain in the
context of longer fragments of AppA suggests that the minor

structural changes in the BLUF domain upon formation of 12.

the signaling state propagate to residues outside the domain
and lead to larger structural changes in elements outside the
BLUF domain.

A fragment of AppA lacking the entire BLUF domainis 13

still functional with respect to redox signaling, implying that
the C-terminal part of AppA interacts with PpsR9( 50).
Upon illumination of the full-length protein this interaction
is disrupted, suggesting that the light-induced structural
changes in the BLUF domain are propagated to the C-

terminal domain of AppA. A similar mechanism is observed 15.

in PYP and LOV domains, where light-induced structural
changes in the PAS core of the protein lead to partial g4
unfolding of helical segments outside the PAS domain. It

would therefore be of interest to determine whether longer 17.

fragments of AppA show nonlinear Arrhenius behavior of
their ground-state recovery kinetics. 18
The fact that AppA-125sand AppA -1s¢ both form dimers,

whereas the full-length protein is a monomer in solution, 19

suggests that truncation of AppA exposes a hydrophobic
region in the protein which is stabilized by proteiprotein

interactions. In the full-length protein, this putative interaction  20.

surface might relay the structural changes in the BLUF
domain to the C-terminal domain. 21
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