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ABSTRACT. The flavoprotein AppA is a blue-light photoreceptor that functions as an antirepressor of
photosynthesis gene expression in the purple bactdRbodobacter sphaeroideldeterologous expression
studies show that FAD binds to a 156 amino acid N-terminal domain of AppA and that this domain is
itself photoactive. A pulse of white light causes FAD absorption to be red shifted in a biphasic process
with a fast phase occurring il us and a slow phase occurring at approximately 5 ms. The absorbance
shift was spontaneously restored over a 30 min period, also in a biphasic process as assayed by fluorescence
guenching and electronic absorption analyses. Site-directed replacement of Tyr21 with Leu or Phe abolished
the photochemical reaction implicating involvement of Tyr21 in the photocycle. Nuclear magnetic resonance
analysis of wild-type and mutant proteins also indicates that Tyr21 farfs stacking interactions with

the isoalloxazine ring of FAD. We propose that photochemical excitation of the flavin results in
strengthening of a hydrogen bond between the flavin and Tyr 21 leading to a stable local conformational
change in AppA.

Many photosynthetic organisms use blue light to control shown to mediate these effects by functioning as an anti-
growth, development, and optimization of photosystem repressor of the photosynthesis repressor PAsRA(redox
synthesis. In higher plants, at least two different flavin- mechanism of AppA-mediated antirepression involves break-
containing photoreceptors, phototropin and cryptochrome, age of a disulfide bond in oxidized PpsR through disulfide
mediate blue-light perception that includes deetiolation, bond isomerization with reduced AppA)( A blue-light-
photoentrainment of the circadian clock, floral initiation, mediated mechanism of AppA antirepression involves the
phototropic curvature, chloroplast relocation, and stomatal formation of a stable AppAPpsR antirepressotrepressor
opening (reviewed in refsl and 2). A homologue of complex that inhibits the DNA-binding activity of PpsR.
cryptochrome is also involved in mediating circadian rhythms Formation of the AppA-PpsR complex is inhibited by blue-
in Drosophilaand mice, indicating that blue-light sensing light excitation of the flavin in AppA, thereby allowing a

is also important in nonphotosynthetic organisi®p ( tetramer of PpsR to repress photosystem gene expression
Recently, we demonstrated that the flavoprotein AppA under high-light intensity 3). AppA is therefore a bifunc-
from the purple bacteriurRhodobacter sphaeroidespre- tional regulator that controls photosynthesis gene expression

sents a new class of photoreceptor that controls photosyn-in response to both redox and light excitation states of the

thesis gene expression in response to blue-light intensity, ascell (3).

well as to changes in the cellular redox st&8e AppA was In vivo and in vitro analyses indicate that AppA contains

two domains, a Cys-rich carboxyl-terminal domain that is
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AppA and by the inability of blue-light-excited AppAto form  BL21(DE3) (Novagen) with the proteins overexpressed
a stable AppA-PpsR complex B). by induction with 0.5 mM isopropyp-p-thiogalactopyra-

In this study, we have undertaken biochemical and noside (IPTG) at 25C for 3 h. Further purification steps
mutational analysis of the FAD-binding domain of AppAto were the same as for the native His-tagged AppA as
study the mechanism of its photocycle. Our findings indicate described previously3j. Luria broth medium was used in
that the N-terminal FAD-binding domain of AppA itself the presence of kanamycin at a concentration ofi&onL.
functions as a blue-light sensor that undergoes a characteristidviolar extinction coefficients were calculated on the basis
red-shift photocycle even in the absence of the C-terminal of the concentration of protein as measured by the Bradford
domain. Spectral analysis of wild-type and mutant versions method as described by the manufacturer (Bio-Rad Labo-
of AppA indicates that the photochemical cycle of AppA ratories).
most likely involves alterations in hydrogen- (H-) bonding SpectroscopyUltraviolet and visible absorption spectra
interactions between the alloxazine ring of FAD and the were obtained using a Beckman BU 640 spectrophotometer.
hydroxyl group of Tyr21. These results provide new insights Circular dichroism (CD) spectra were collected on a Jasco
into photochemical reaction mechanisms underlying blue- J-715 spectropolarimeter, equipped with an ultraviolet-
light perception by a flavoprotein photoreceptor. sensitive photomultiplier tube detector. Samples in 10.1 mM

NaHPQ,, 1.8 mM KH,PO,, 140 mM NacCl, and 2.7 mM
EXPERIMENTAL PROCEDURES KCI (pH 7.3) were adjusted t6-125uM (1.0 cm cell) for
Construction of Expression Vectors and Purification of

measurements in the visible regiony70 uM for near-Uv
the FAD-Binding Domain of AppAThe N-terminal FAD- (2.0 cm cell) (256-310 nm), and~20 uM (0.2 cm cell) for
binding domain of AppA was overexpresseddscherichia deep-UV (206-250 nm). Fluorescence measurements were
coli using a T7 RNA polymerase-based overexpression obtained with a Perkin-Elmer LS 50 B luminescence
system that appended the amino terminus of the truncatedspectrometer equipped with a Hamatatsu Model R2371 PMT.
protein with a Hig tag (Novagen). For this construction, the Samples were degassed by bubbling nitrogen through the
region corresponding to residues-156 of AppA was solution for 15 min. Measurements were performed with
amplified using a polymerase chain reaction (PCR) \with concentrations of 5M in a 1 cmquartz cell equipped
DNA polymerase. The upstream and downstream oligo- with an airtight Kontes stopcock. Photocycle illumination
nucleotide primers, AppA-F, '85GCATATGCAACAC- was performed with a 150 W halogen lamp (Model
GACCTCGAGGC-3 and AppA156-R, 5GGGAGCTC- MKII; Nicon, Inc.) at an intensity 90Q:mol m=2 s™* for
TCAGACGTCGGAGAGGAAACG-3, respectively, were 30 s.
designed to contain addd restriction site at the start codon For nuclear magnetic resonance (NMR) spectroscopy, both
and aSad site downstream of the stop codon (start and stop WT and Y21F mutant AppA samples were exchanged to
codons are underlined). Chromosomal DNA frRrsphaeroi- NMR buffers containing 50 mM Trislk/acetateds buffer,
des strain HR was used as a PCR template. The PCR-400 mM KCI, 0.1% NaN and 90%’H,0. Uncorrected pHs
amplified fragment was first cloned int&ma-digested (p?H) of the NMR buffers were 6.8. Deuterium exchange
pUC18 @) and then cloned into thBldd —Sad restriction for all exchangeable protons was accomplished by centrifu-
sites of pET28(a)t) (Novagen), resulting in the recombinant gation with a 20-fold excess amount of the NMR buffers
plasmid pETAppA156. using VIVASPIN-2 (Saltrius Co. Ltd.). Concentrated NMR

The Tyr residue at position 21 in AppA was changed to
Leu and/or Phe (Y21L and Y21F, respectively) by PCR
primer mutagenesis usiifu DNA polymerase as described
previously ). The primers used were as follows: PET28-
F, 5-CGATCCCGCGAAATTAATACG-3; Y21L-F, 5-
GTTTCCTGCTGCCTCCGCAGC CTGG-3Y21L-R, 5-
CCAGGCTGCGGAGGCAGCAGGAAAC-3 Y21F-F, B-
GTTTCCTGCTGCTTCCGCAGCCTGG 3and Y21F-R,
5'-CCAGGCTGCGGAAGCAGCAGGAAAC-3 Y21L-F,
Y21L-R and Y21F-F, Y21F-R are the complementary primer
pairs to give Y21L and Y21F point mutations, respectively

samples were further immersed in NMR buffers overnight
at 310 K. Both protein samples for NMR experiments were
set at 0.1 mM and then transferred into Shigemi NMR tubes
(Shigemi Co. Ltd.). All NMR spectra were recorded on a
Bruker DRX-500 spectrometer operating at 500.03 MHz
frequency with the temperature of the NMR samples
maintained at 310 K. The residual water signals were
suppressed by a Watergate pulse sequence with 1.2 s
repetitive time, respectively.

Laser flash photolysis experiments were performed using
a previously described apparat8% (A nitrogen-pumped dye

(underlined). The forward primer PET28-F anneals upstreamlaser provided pulsed excitation of the sample at 445 nm.

of the polycloning site of the pET28(a)f vector. The first

Transient kinetics were monitored at various wavelengths

PCR was achieved using two primer pairs, PET28-F, Y21L-R using a tungstenhalogen lamp passing through a mono-

(or Y21F-R) and Y21L-F (or Y21F-F), AppA156-R (de-

chromator.

scribed above), using the plasmid pETAppA156 (see above) Gel Filtration Chromatography. AppA samples were
as the template. The two resulting DNA fragments were preincubated at 25C for 5 min under dark or high-light
mixed and then used as a template in a second PCR(900 umol m~2 s %) conditions and then gel fractionated

amplification using PET28-F and AppA156-R primers. The
second PCR products were digested wWitlld and Sad and
ligated into Ndd—Sad-cut pET28(a)fr). The resulting
plasmids were named pETY21L and pETY21F for Y21L
and Y21F mutant proteins, respectively.

The recombinant plasmids pETAppA156, pETY21L, and
PETY21F were transformed into thE. coli host strain

under dark or illuminated conditions with the column
illuminated during fractionation. Typically, a 0.08% column
volume of protein was size fractionated on a prepacked
Sephacryl S-200 HR (16/60) column (Pharmacia Biotach)
equilibrated with 25 mM Tris-HCI (Ph 8.0), 75 mM NacCl,
and 25 mM KCI. Fractions (1.0 mL) were collected with
eluted proteins identified by absorption at 280 nm.
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Ficure 1: Ultraviolet and visible absorption spectra of the FAD-
binding domain of AppA. (A) Absorption spectra of the dark-
adapted and light-excited (for 30 s at 99fhol m2 s™1) FAD-
binding domain of AppA. (B) A fluence response curve for the
photocycle of the FAD-binding domain of AppA that was generated
by plotting the difference between 495 and 445 nm peaks in the
light-excited minus dark difference spectrum versus exciting light
intensity. Inset: Light-excited minus dark (for 30 s at 90@ol

m~2 s™1) difference spectrum of the FAD-binding domain of AppA.

RESULTS

Spectroscopic Analysis of AppAl5A. previous study
established that the FAD-binding domain of AppA was
significantly more soluble than full-length AppA6). To
perform detailed analysis of the AppA photocycle, we

Kraft et al.

3
€
c
0 2 -
()]
3
=
[72])
C
2
c
=14
[0
C
=)
n

04

I T 1 T
0.000 0.002 0.004 0.006 0.008
Time (s)

Ficure 2: Flash-induced absorbance change in the FAD-binding
domain of AppA monitored at 495 nm.

The light-excited minus dark-adapted difference spectrum
of AppA156 (Figure 1B, inset) reveals negative features at
336, 352, 418, and 442 nm and positive peaks at 365, 387,
461, and 495 nm. Analogous spectral shifts in the visible
region have been reported upon ligand and/or substrate
binding to other flavoproteinsl(—16). Differing mecha-
nisms have been proposed to account for these observed
spectral profile variations, including—x stacking (6),
interactions of keto groups with the-system of the flavin
ring (14), and H-bonding at the O5 and N5 positions of the
alloxazine ring 15).

A fluence response curve for the photoinduced spectral
shift was obtained by generating a series of light-excited
minus dark difference spectra from samples that were
exposed to different light intensities (Figure 1B, inset). This
analysis indicates that the light intensity needed for half-
saturation of the photocycle is100 umol m=2 s1, which
is indistinguishable from that observed with full-length AppA
(3). AppA156 and full-length AppA also both undergo decay
from the blue-light-excited and red-shifted spectrum back
to the ground state over a 30 min period with a calculated
half-life of 15 min (data not shown). The similarity in the

therefore analyzed a truncated 156 amino acid version of spectral features of full-length and AppA156 indicates that

AppA (AppA156) that lacked the Cys-rich carboxyl-terminal

the photocycle reaction of AppA is achieved solely within

domain. The electronic absorption spectrum of dark-adaptedthe N-terminal FAD-binding domain and is directly related

(>30 min prior to spectral analysis) AppA156 exhibits two

to excitation of the flavin chromophore.

broad flavin features centered at 365 and 445 nm (Figure The kinetics of photoproduct formation during the AppA
1A). The lower energy absorption band displays three distinct photocycle was followed by measuring the rise in absorbance

transitions separated by1020 cmt, which have previously
been attributed to vibronic coupling of a ring mode of the
isoalloxazine chromophore to the electronic transiti@ri ().
Upon excitation with 90Q:mol m~2 s~1 of white light (or

an Ar* laser operating at = 457 nm and 30 mW), there is

a significant red shift observed in the position of both
features, resulting in maxima at 371 nm and at 460 nm
(Figure 1A). The low-energy transition shows a 15 nm red
shift, with no disruption of the vibronic progression. Isos-

at 495 nm upon laser flash excitation/at= 445 nm. As
shown in Figure 2, biphasic kinetics were observed after
single flash irradiation as indicated by a rapid initial rise of
ODugs (t1r < 1 us; ki > 10F s71) followed by a less
pronounced slow phase.{ = 5 ms; ks = 690 s%). The
kinetics profile is also observed for the decrease in$D
(data not shown), consistent with the bleaching at 435 nm
observed in the difference spectrum (Figure 1B, inset). These
results clearly reveal that photoproduct formation within the

bestic points at 377, 398, and 454 nm are also observed upor-AD-binding domain is a biphasic process.
conversion of the dark form to the light-adapted state. These Ewidence for Interaction between the Alloxazine Ring of
spectral characteristics are identical to those observed withFAD with an Aromatic Residudrecent evidence suggests

full-length AppA @3).

that AppA may be one member of a new family of flavin-
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AppA 1 MOHDLERDVTMTGEDAVECcCHRELDAPDLT . . LREIAL Egfgoa) RAQ
Srll694 1 MSAYRLIV{SEOGIPNLO. . POPMKPR{LESEORNRPANGI
F403 1 TTLINMREHIRDDEPVKK. .IEEMS IANRRIMOSDYV

ORF 1 MAYVRLL){VEKTAKQHHEIKH EfLTHAIRFLSINKIK
PACu 40 ~~VTPTMS.KGGETGETQOMRRLM}LEASTEPEKCNAEY AHVATLRIJKQIGVS
PAC« 452 KLAFPSSMMEIGGE...GQAITLTHIEOMAHP. .MSRL SHORIAFARJESSNI
PACPH 41 ~~~APAISASGGSNEATNMRRLM}{LEKSTNPEECNPQFI#AEMARVATIRRREIGVS
PACP 456 KLAGP.SVSETGD...TTATTLTHIEORTRP. . MSRLEIASARMREJATRRJAQQST
AppA 55 FIEoEVEEOWIEERPAAFAGV . MT REJREEISIRGE EEGFIAKEREG . AGHHTIOL . . .
Srl1694 42 CPERPARLMVIAAEECEQWN|YT . YHRVOPIERE:IH S P ORI ECMB{RREINI . EV|{{SLIOAITVN
F403 41 LFNGSHFIILIAAIPEEQ)). KMIYRA IVEMALCDYAPAKIRIYGKA . GUELFDLR
ORF 44 YFGNEYIFVMCIAAIEERVIYDVFYNRMIKNSR:I0NCE[#ASCKAVNELL) .QKES KFAPLN
PACa 96 LyEISPFIFIIVIIfeTDEDL . DFLFAKSADIPLEIERC IVIHINGECTGEMYG . EQHIKDSHID
PACU 507 LyqVSELGVHTAAEPKGA. VSLYLKMRODIKEEGIKDVAVFMAIFIDERVYGSPLDIUTSATEE
PACfH 98 M}{SPFIFIIVI|AeTDEDL . DFLFAKMSANPEEIERC I VIBEING|CTGiMY G . DJHJ(KD SHMD
PACPH 511 LHVNELgVTAePKDA. VNLYLRIMROPIPEEITDHT TVHMAJLOEVYPSE|TLTSATEE

FiGure 3: Amino acid sequence alignment of the primary structures of the FAD-binding domains from, SgpAchocystisp. Srl1694,
E. coli F403,Acinetobactesp. ORF1, andt. gracilisPACa and PAQ (accession numbers are AE000215, D90913, AF400583, AB031225,

and AB031226, respectively). Conserved amino acids are shaded, and identical amino acids are printed white on black. Tyr21 is indicated

with an arrow.
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Ficure 4: Comparison of the U¥visible spectra of FAD bound
to AppA156 (black), Y21F (blue), and Y21L (red). Spectra were
collected at 25°C.
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containing photoreceptors that possess significant homology

in their first 130 amino acids3( 4, 17). Alignment of five
members of this family (Figure 3) reveals-385% similarity
to the 130 amino acids at the amino terminus of AppA with

the presence of a conserved tyrosine at position 21 (Tyr21).
Since tyrosine contains both aromatic and H-bonding char-

are derived solely from the flavin cofactor. Upon mutation
of Tyr21 to Phe, all three transitions decrease in intensity
(6270 = 33300 Mm1? Cm_l, €359 = 6700 M1 Cm_l, €q44 =
7500 Mt cm™3). There is also a blue shift observed in the
two low-energy flavin transitionsifiax = 359 Nnm andmax

= 444 nm). The decrease in the intensity of the 270 nm peak
can be accounted for by replacement of Tegz{ ~ 1440
M™% cm™%) with a Phe residueifax = 257 nm,e ~ 220
M~*cm™), as well as from an increase in the hydrophobic
nature of the flavin-binding pocke®). In contrast, substitu-
tion of Tyr21 with a Leu residue results in dramatic changes
in the electronic spectrum with the flavin peaks which are
blue shifted and significantly reduced in intensii{x =

359 nm,e = 3500 Mt cm™%; Amax = 438 nm,e = 3100
M™% cmY). The intensity of the flavin transitions is not
altered after the addition of 10 molar equiv of KHS@ata

not shown), thereby indicating that the diminished extinction
of the flavin transitions in Y21L is not a result of altering
the redox state of the flavin. Additionally, the 270 nm peak
in Y21L has lost considerable intensityafo = 20100 M*
cm1), which cannot be accounted for by replacement of Leu
for the Tyr residue. Since the 270 nm absorption band derives
from the extinction of both the flavin and the remaining
aromatic residues, the overall extinction attributable to the
flavin can be estimated by subtracting the component derived

acteristics, we addressed whether Tyr21 may have a role inffom the protein & zoprotien™ 2emp + eryr ~ 11540 M cm™),

the binding of FAD as well as in the observed photocycle
by constructing Phe and Leu mutations at this position
(designed as Y21F and Y21L, respectively). AppAl56
proteins containing the Y21L or Y21F mutation were then
overexpressed, purified frof coli, and spectrally compared
to wild-type AppA156.

The UV—visible spectra of the Y21F and Y21L mutant
AppA proteins show marked changes of flavin absorption
relative to dark-adapted wild-type AppA156 (Figure 4). The
wild-type protein has three transitions with peak &t 270
nm (€ = 35800 Mt cm™?), A = 366 nm ¢ = 7100 M*
cm™1), andl = 446 nm ¢ = 8500 M1 cm™1). The 270 nm
peak is derived from spectral contributions from the two Trp
and two Tyr aromatic residued & 270 nm,e ~ 13000
M~ cmt) as well as from the flavin cofactoi (& 270 nm,
€ ~ 22800 Mt cm™), while the lower energy transitions

yielding a flavin extinction of~21500 Mt cm™ for the
Y21F and~8500 Mt cm* for the Y21L mutant protein.

If one assumes no changes in the intensity of the 270 nm
flavin transition upon substitution of Leu for Phe, it can be
calculated that only-40% (8500/21500) of the Y21L protein
contains the flavin cofactor. This value is consistent with
the decrease in the intensity of the 440 nm peak, & 7500

M=% cm™ for Y21F andesss = 3100 Mt cm™ for Y21L),
which also indicates that Y21L has only40% bound FAD.

It is also clear that the flavin-binding pocket becomes more
hydrophobic upon substitution of Leu for Phe as evidenced
by the blue-shifted low-energy flavin transitions. While a
change of this nature could cause a decrease in the intensity
of the three flavin transitions, the magnitude of the decrease
in intensity is much too large to simply be attributable to
these effects9). Instead, it appears that while the side chains
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Ficure 5: Size exclusion chromatography of the FAD-binding
domain of AppA (A) and its Y21F mutant protein (B) in the dark
and after irradiation for 5 min with white light (9Qamol m—2 s7%).

35 45

of Tyr and Phe both provide a favorable and necessary
environment for FAD binding, the substitution of the Leu
aliphatic side chain results in a decrease in the binding
affinity for FAD.

The AppA Photocycle lmlves a Change in the Tertiary
Structure.Size exclusion chromatography was performed
with dark and light-excited AppA156 to establish whether
excitation of the flavin results in a conformational change
in the protein. In this experiment, AppA156 was preincubated
under dark or high-light conditions and then subjected to
chromatography also under dark or illuminated conditions.
As shown in Figure 5A, dark-adapted wild-type AppAl156
exhibited an elution profile 0f35 kDa (fraction 69) which
was clearly distinguishable from an37 kDa (fraction 67)
elution profile exhibited by light-excited AppA156. The

Kraft et al.
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Photochemical excitation of the flavin in wild-type
AppA156 (. = 457 nm orA > 300 nm) induces a slight
increase in the percentage of random coil within the protein
as indicated by the decrease in CD intensity at 220 nm and
increase in the band at 201 nd8j (Figure 7C). The features
observed in the mid-UV region of the spectrum (Figure 7B)

different chromatographic features were highly reproducible, remain largely unchanged, with only a small increase in
indicating that light excitation of the chromophore caused a intensity of the two positive Cotton features at 289 and 253
stable conformational change in AppA156 that increases its nm. The increase in intensity of the peaks in the visible and
Stokes radius and/or its dynamics. Additionally, the Y21F mid-UV regions suggests that the overall tertiary structure
mutant protein, which does not undergo a light-induced is retained in light-excited AppA156 with only a minor
spectral shift, exhibits arv35 kDa elution profile under both  perturbation of total chirality. Excitation of wild-type
dark and illuminated conditions (Figure 5B). AppA156 also induces a slight increase in the intensities of
The far-UV (206-260 nm) CD spectrum of dark-adapted the flavin transitions at 390, 468, and 488 nm in the CD
wild-type AppA (Figure 6A) reveals the presence of ap- spectrum (Figure 7A). These features correlate well with the
proximately 60%c.-helix secondary structure as based on red shift observed in the absorption spectra upon excitation.
comparison to poly-lysine standards of known solution The light-induced spectral changes are reversible, with a
structures18). This degree of helicity is retained in the Y21F recovery of the original features and intensities following
and Y21L mutant proteins (Figures 6A), indicating that the 30 min dark incubation after initial exposure to light.
loss of the photocycle in Y21F and Y21L is not a result of ~ The Y21F Mutation in AppA Disrupts—sz Stacking
changes in the secondary structure caused by the Phe or Lelnteractions A comparison of expandetH NMR spectra
point mutations. From these data, it can be further concludedfor wild-type and Y21F AppA156 proteins for both the
that the observed decrease in FAD binding of the Y21L aromatic and methyl regions is given in Figure 8. Since
mutant protein is not a result of a large change in the protons in these samples were carefully exchanged with
secondary structure of the mutant protein. In contrast, a deuterium in the NMR buffer, the spectral pattern observed
comparison of the CD spectra of the flavin chromophore in the aromatic region is representative of only the two Tyr,
across the mutant series (Figure 6B) demonstrates a perturtwo Trp, four His, and seven Phe that are present in
bation of the symmetry relationships between the isoallox- AppA156, in addition to those arising from the flavin ring
azine chromophore and either the ribityl side chain or the itself. A comparison of the spectral pattern in the aromatic
surrounding protein environmentq, 20). Together, these  region between the WT AppAl156 and the Y21F mutant
results clearly indicate that mutation of Y21 only results in demonstrates few changes in the peak positions, relative
a local change in the flavin microenvironment. intensities, and the overall spectral topology, indicating that
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Ficure 7: Effect of photolysis on the CD spectrum of wild-type aromatic (A) and the methyl (B) regions of the WT and the Y21F
ApPpA156 in the 206250 nm (A), 256-300 nm (B), and 306 mutant AppA proteins. Both samples are dissolved in a deuterated
550 nm (C) regions. Spectra were collected at@swith iradiation buffer system (see Experimental Procedures) and are kept in the
of photoexcited samples involving exposure to 9ol m—2 s71 dark prior to NMR analysis (11 T)
of white light for 30 s. '

the environment of the aromatic residues in Y21F is very Pocketand in the protein structure overall. Exposure of WT
similar to that observed for WT AppA156. The parallel APPAL56 to light ¢ = 457 nm orA > 300 nm) results in
nature of these spectra suggests that the substitution of Ph&ignificant quenching of the fluorescence from FAD with
for Tyr at this position induces only local structural changes only 18% of the total intensity observed with the dark-
in the protein, further supporting the CD analysis. In contrast, @dapted protein (Figure 9A). A 10 nm red shift in the flavin
the NMR spectra of WT and Y21F AppAl56 exhibit €mission maximum is also observed, which is comparable
remarkable differences at the0.8 and 0.2 ppm region of in magnitude to the red shift of the UWisible spectrum of
the spectrum (Figure 8B). A number of resolved, but closely the flavin that occurs upon photoexcitation. However, the
spaced, methyl resonances are observed in this region fo€Xcitation spectra for both the light- and dark-adapted
both the light- and dark-adapted AppA156 that are absentfluorescence signals yield profiles that match the dark-
in the Y21F spectra. In general, upfield-shifted methyl adapted AppA156 absorption spectrum. Together, these
resonances are the result of ring current effects derived fromresults demonstrate that, after exposure to light, two forms
neighboring aromatic residues in close spatial proximity to of AppA156 are present in solution: residual dark-adapted
the NMR active nucleus2(l—23). The spectral discrepancy APPAL56, which is the primary contributor to the fluores-
between WT and Y21F AppA156 indicates that the wild- cence intensity, and light-adapted AppA156, which exhibits
type protein contains significant stacking interactions that very little fluorescence intensity and a red-shifted fluores-
are lost upon substitution of Phe for Tyr. Overall, we estimate C€NCe maximum.
that there are four methyl resonances involved in these In contrast to the quenching of flavin emission, the
structural changes. Upon exposure of WT AppA156 to light, fluorescence from tryptophan is quenched only slightly,
an increase in the number of resolved resonances at 0.2 ppnnetaining 88% of the dark-adapted intensity (Figure 9B).
is observed, indicating that the protein environment in the While variations in tryptophan fluorescence suggest minor
vicinity of these specific methyl groups has been perturbed changes in the protein structure, the exact origin of the
by photoexcitation. Given the changes in the flavin absorp- quenching is complicated by the presence of two tryptophan
tion (Figure 4) and CD (Figure 6D) spectra upon Y21F residues in AppAl56, both of which combine to yield the
mutation, it is likely that the resonances from the methyl observed fluorescence intensity. Interestingly, recovery kinet-
groups of FAD are among those shifted in thé NMR ics of the FAD (Figure 9C) and tryptophan fluorescence
spectra of AppA156. emissions (Figure 9D) are both biphasic, having rate
Fluorescence Analysis of the AppA PhotocyEleiores- constants on the order of 19[ky, = (1.074 0.02) x 10
cence analysis of light- and dark-adapted AppA156 was s * for FAD andky, = (3.814 0.03) x 1075 s for Trp]
undertaken to assay for perturbations in the flavin-binding and 102 s [ky, = (1.914 0.01) x 102 s™* for FAD and
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previous report %), we found that a truncated version of
AppA containing only the first 156 residues (AppAl56)
effectively binds FAD and that this domain exhibits a blue-
light-dependent photocycle that is indistinguishable from that
k,=1.07 (x 0.02) x 10°s™! observed with full-length AppA.

k =191 (= 0.01) x 10°s" Light-adapted AppA156 is characterized by a red shift of
? the absorption spectrum relative to dark-adapted AppA156.
—is "'600 o 5 550 1650 Light excitation also leads to quenching of both the FAD

Mnm Time /s and Trp fluorescence and a perturbationmofsr stacking

interactions. A red shift in the absorption spectrum and

A C

Intensity (AU)

A520 nm FI. Intensity

. D guenching of fluorescence can be attributed to either H-
=) 2 bonding,7-stacking, or an increase in the solvent exposure
< g / of FAD. An increase in solvent exposure is not a viable
= ] PP ; ; ;

G Tl . explar)atlon because this would only par_tlally quench the
g g| ki =381(=003)x10%s emission (by~50%) and would also result in an increase in
= | k,=42(x06)x10° s the intensity of the 445 nm absorption band with an

. ‘ ‘ accompanying decrease in the resolution of the vibronic fine

3 0 2000 Ti:‘r?g‘; . 6000 structure 9). Since these characteristics do not occur, there

Ficure 9: Effect of photoexcitation of AppA156 on fluorescence must be another explanation for the observed photocycle.
emission spectra and recovery kinetics. (A) Emission of FAR ( One possibility is that. an increased H-bqndlng interaction
= 450 nm) from dark-adapted—) and light-excited AppA156  at NS may b_e responsible for the changes in the quorescenpe
(- - -). (B) Tryptophan fluorescence emissidia{= 290 nm) from and absorption spectra that are observed upon photochemical
dark-adapted and—) and light-excited (---) AppA156. (C)  excitation of AppA. This supposition is based on the
Experimental {) and fit (- - -) of the fluorescence recovery kinetics - opseryation that emission from flavin derivatives without the

of FAD by measuring the change in emission at 520 nm. (D) .,. . . . . .
Experimental ) and fit (---) of the tryptophan fluorescence =PIyl side chain is quenched in acidic med® €4) and

recovery kinetics by measuring the change in emission intensity at that comparable red shifts in the absorption spectra have been
340 nm. Spectra and kinetics were measured at’@5under attributed to H-bonding interactions at N5 of the flavin ring
anaerobic conditions. Light excitation of AppA156 involved (15 25-26). The presence of—x stacking interactions in

—2 o1 i i . . .
exposure of the sample to 9@nol m™ s~ of white light for the dark-adapted state and perturbations of the interaction

30s. in the light-adapted state also suggest an influence of stacking

ko = (4.2+ 0.6) x 103 s 1 for Trp]. Because distinct rate  interactions on the fluorescence of light-adapted AppA156.
constants are observed for each fluorophore for both theA potential mechanism to account for differing degrees of
“fast” and “slow” phases of the recovery, it is clear that the quenching derived from stacking interactions could therefore
two quenched f|u0r0phores are not direcﬂy interacting, involve a change in the relative orientation of the involved
thereby ruling out energy-transfer mechanisms as a means?-systems 27—29).
of tryptophan quenching. Furthermore, from the recovery If the fluorescence quenching is a result of the altered
kinetics it is apparent that the fast phase is much more relative orientation or distance of the flavin isoalloxazine
pronounced for the flavin (recovering90% of the dark-  ring 7-system with respect to an aromatic stacking partner,
adapted intensity for FAD and only-20% of the Trp then photochemical excitation of the flavin could cause a
intensity), while the slow phase dominates the recovery of shift of the chromophore within the binding pocket. Indeed,
the tryptophan fluorescence (recovering0% of the dark- semiempirical calculations demonstrate that photoexcitation
adapted intensity for Trp and only10% of the FAD can lead to an increase in electron density at the N5 position
intensity). These results indicate that the fast phase of theof the isoalloxazine ring30, 31) that can be correlated with
recovery more greatly reflects changes in the flavin environ- an increase in proton affinity to N5 upon photochemical
ment, while the slow phase of the kinetics reflects a more €xcitation 82, 33). Furthermore, it is known that the presence
extended conformational alteration affecting the fluorescence 0f H-bonding interactions at N5 can act to lower the energy
of the tryptophan(s). As a result, it can be concluded that, of the lowest unoccupied molecular orbital (LUMO) of
analogous to the formation kinetics (Figure 2), there are two flavins (25, 34). This has been shown to result in spectral
phases of the recovery of AppA156 to the dark-adapted statered shifts in flavoenzymeslp) that are similar to those
(Figure 9C,D), affecting both the local environment of the observed with photoexcited AppA. Thus, excitation of the
FAD and the extended protein conformation. flavin could cause an increase in the basicity at N5 that
Fluorescence excitation of either dark- or light-excited induces a local structure change within the flavin-binding
Y21F or Y21L mutant proteins also has no effect on the pocket that ultimately leads to extended global conforma-
intensity of either the FAD or Trp fluorescence (data not tional changes in the protein. A mechanism of this nature is
shown). This is consistent with the observation that these supported by the formation kinetics of the light-adapted
mutant proteins do not undergo a photocycle or a change inAPPA156 which demonstrates a biphasic rise in the absor-

shape as assayed by chromatography. bance at 498 nm, where the fast process is attributable to an
excited-state event at the flaviky(> 10° s 1) and the slow
DISCUSSION process is indicative of an extended conformational change

Spectral Features of the AppA Photocydlethis study, of the protein k; = 690 s) (Figure 2).
we have characterized a flavin photocycle in the newly  Mutation at Tyr21 Changes the Rla-Binding Pocket
identified blue-light photoreceptor AppA. Consistent with a On the basis of homology present in putative flavin-binding
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domains that were identified by a database search for The AppA Photocycle Initiates a Global Conformational
homologous proteins, a conserved Tyr residue at position Change Even though the CD and NMR analyses of dark-
21 and a Ser at position 23 were identified as potential adapted and photoexcited AppA156 indicate that there are
participants in the observed photocycle. The hydroxyl group only small changes in the polypeptide secondary structure,
of Tyr is capable of H-bonding with the flavin chromophore, the chromatography results do reveal that significant light-
while the aromatic ring of Tyr can form-stacked complexes  induced changes in the protein structure do occur. Two
with the isoalloxazine ring of FAD. The conserved Ser possible explanations (or both) may be considered for the
residue at position 23 is also capable of H-bonding and action of AppA156 upon photoexcitation. One is that there
forming fluorescence quenching interactions with FAIB)( are two (or more) distinct domains in AppA156 that are
However, in contrast to mutating Tyr21, which results in tethered by a flexible hinge region with the protein favoring
proteins that properly fold and are capable of binding FAD, one structural conformation in the dark-adapted state and a
mutations in Ser32 form insoluble protein (data not shown). different conformation in the light-excited state. The other
Thus, although Ser23 is a possible contributor to the idea considers the conformational flexibility or entropy
spectroscopic features of AppA, our studies have focusedchange of this domain upon photoexcitation, in which
on the role of Tyr2l in affecting the activity of the dynamical change of this domain regulates the activity of
photocycle. AppA. Such dynamical regulation of some protein activities
A comparison of the CD spectroscopic properties of dark- has been suggested recently, including the LOV domain, the
adapted WT AppA156 relative to the Y21L and Y21F flavin-binding domain of the plant blue-light receptor,
mutants reveals that all three proteins exhibit conserved phototoropin 86, 37). Clearly, more detailed crystallography
global protein structures with a 40/60 mix of random coil to and solution spectroscopy of this domain are necessary to
o-helix (Figure 5A). A comparison of the absorption spectra test this model, and these studies are currently underway in
of wild-type and mutant AppA156 indicates that the muta- the authors’ laboratories.
tions do lead to a change in the local flavin environment.  The flash excitation experiments show that light-induced
While the intensity of the low-energy absorption band formation of the stable red-shifted form of the protein
remains relatively constant, there is a small blue shift in the involves a biphasic reaction (as monitored by an increase in
Phe mutant spectra relative to the wild-type spectra (Figure OD4gg) With a fast phase having a rate constant-df®® s*
3). A blue shift is also observed in the high-energy band, and a slow phase at 690'gFigure 8). The kinetics for the
reflecting an increase in the hydrophobic nature of the flavin recovery of the light-adapted AppA156 to the dark-adapted
environment upon going from Tyr to Phe. Upon mutation protein is also biexponential with recovery of Trp and FAD
of Tyr to Leu a dramatic drop in the intensity of all three fluorescence grouped into fask;( ~10°° s %) and slow
peaks is observed, consistent with a decreased affinity forevents k;y ~10°2 s71). As a result, it can be concluded that
FAD. Moreover, a large blue shift is observed in both of there are two phases of both the formation of light-adapted
the low-energy transitions, indicating an increase in the AppA156 and the subsequent return to the dark-adapted state
hydrophobic nature of the flavin-binding pocket. Alterations which affect both the local environment of the FAD and (but
of the flavin environment are also observed in the CD to a lesser extent) the extended protein conformation. We
spectrum of the flavin region (Figure 5B). Since the sign suspect that the fast phase of the formation kinetics involves
and relative magnitude of the CD signals from the flavin local changes in electron density that strengthen a H-bonding
chromophore only reflect changes in the symmetry relation- interaction at the N5 position of the flavin ring. Although it
ships between the isoalloxazine ring and either the ribityl is likely that additional H-bonding interactions of the flavin
side chain or the orientation of the residues surrounding themay change upon excitation, the spectral red shift clearly
chromophore 19, 20), detailed information about the local implicates altered hydrogen bonding at NE(25, 34). A
structural change cannot be derived from the CD data. local flavin conformational change in the light-adapted
However, from these data, it is clear that a substantial changeprotein presumably involves an increase in the proximity of
in the orientation of the flavin chromophore is observed upon the hydroxyl group in Tyr21 to the N5 position of the flavin
mutation of Tyr21 with respect to the surrounding residues (as discussed above), which leads to both a red shift of the
and/or the ribityl side chain. flavin absorption spectrum through stabilization of the
NMR analysis of dark-adapted AppA156 also shows the LUMO and a quenching of the FAD fluorescence (via a
presence of numerous well-resolved high-field signals in the perturbation of the dark-state-stacking interaction). This
methyl region (Figure 7B) which are characteristic of ring local change of the flavin orientation initiates a relatively
current effects derived from interactions between the FAD slow “second phase” (Figure 8) of the formation of the red-
and a spatially close aromatic residue involvedsif shifted form of AppA, which is most likely related to changes
stacking interactions2(l—23). These high-field signals are in the molecular volume (Figure 4) of the protein rather than
absent in the Y21F mutant protein. Given the conservation due to an electronic rearrangement of the flavin. The recovery
of the global protein structure and the local changes in the kinetics follow the same general trend, having a fast phase
flavin-binding pocket upon mutation, it is reasonable to which appears to be primarily localized at the flavin, while
conclude thatt—s stacking interactions exist between the the slow phase more greatly affects residues not directly
isoalloxazine ring of the flavin and the aromatic ring of interacting with the flavin.
Tyr21. Furthermore, the conservative nature of the Y21F A viable description of the photocycle, consistent with all
mutation implicates direct H-bonding interactions between of the structural, spectroscopic, and kinetic data, suggests
the hydroxyl group in Tyr21 and the flavin ring, which that there are initial light-induced alterations of hydrogen
presumably facilitate proper stacking interactions between bond interactions of the flavin which subsequently lead to
the flavin isoalloxazine ring and the aromatic ring in Tyr21. alterations in the relative conformation of distinct protein
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domains. A conformational change of this type would not 11.

only affect the Stokes radius (and/or the dynamics) of the
protein (Figure 4) but also affect the total chirality of

AppA156 upon excitation (Figure 6B). 13.

Concluding Remarks flavin photocycle reaction involv-
ing photoinduced alterations &i-bonding interactions of
the flavin has not been observed in other flavoprotein 15
photoreceptors. Indeed, the photochemical reaction of AppA

is distinctly different from that observed in the flavin-binding 16

domains of plant blue-light photoreceptors, phototropin and ;-
cryptochrome 38—39). In the case of phototropin, the
photocycle has been found to involve the formation of a
transient flavin-cysteinyl adduct40—42). While details of
blue-light sensing by cryptochrome are not clear, it is thought 19
to involve the formation of a flavin radica#8). Although

AppA, phototropin, and cryptochrome all use flavin as a blue- 20

light-absorbing pigment, these proteins have very different ,,
flavin-binding domains. Thus, they appear to have indepen-

dently evolved ways to use the blue-light-absorbing proper- 22..

ties of flavin to transmit information on the intensity of blue
light to control gene expression. 23

homology at their amino-terminal domain<110 amino
acids) but no significant homology among their carboxyl-
terminal regions. These proteins are derived from such g
diverse organisms as the cyanobacteri@ynechocystis

PCC6803,Acinetobacter, E. caliand the algaEuglena 217.

gracilis. This suggests that members of the AppA family ,g
may contain common blue-light “input domains” with

different sets of carboxyl-terminal “output domains”. This
would allow these proteins to control many different cellular
processes in response to blue light. Although functions for 3
most of these AppA-like proteins are unknown, the AppA-

like protein isolated fronk. coli has been shown to contain g%

flavin (5). In addition, a blue-light avoidance response
exhibited byE. graciliswas recently shown to involve two 33
polypeptides of this family that are also known to bind flavin
(17). Thus, this protein family appears to constitute flavin-
bound photoreceptors that are present in diverse species of

organisms. 35.
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