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ABSTRACT The flavin-adenine-dinucleotide-binding BLUF domain constitutes a new class of blue-light receptors, and the
N-terminal domain of AppA is a representative of this family. The BLUF domain is of special interest because it uses a rigid flavin
rather than an isomerizable chromophore, such as a rhodopsin or phytochrome, for its light-activation process. Crystal and solu-
tion structures of several BLUF domains were recently obtained, and their overall structures are consistent. However, there is
a key ambiguity regarding the position of a conserved tryptophan (Trp-104 in AppA), in that this residue was found either close
to flavin (Trpin conformation) or exposed to the solvent (Trpout conformation). The location of Trp-104 is a crucial factor in under-
standing the photocycle mechanism of BLUF domains, because this residue has been shown to play an essential role in the acti-
vation of AppA. In this study, we demonstrated a Trpin conformation for the BLUF domain of AppA through direct observation of
the vibrational spectrum of Trp-104 by ultraviolet resonance Raman spectroscopy, and also observed light-induced conforma-
tional and environmental changes in Trp-104. This study provides a structural basis for future investigations of the photocycle
mechanism of BLUF proteins.
INTRODUCTION
Understanding protein function at the atomic level is a major

challenge in the field of biophysics and requires a combina-

tion of structural and functional methods. We use photore-

ceptor proteins as a model system to understand in atomic

detail how a chromophore and a protein interact to sense

light and send a biological signal. In many biological photo-

receptors, such as rhodopsins, phytochromes, photoactive

yellow protein, and phototropins, gross structural changes

are photoinduced in the chromophore molecule, triggering

a series of protein structural changes that ultimately lead

to the formation of a signaling state (1). In contrast, flavin-

containing BLUF (blue-light using flavin adenine dinucleo-

tide (FAD)) (2) proteins show a different photoactivation

mechanism that is not accompanied by prominent structural

changes in the chromophore (3). In BLUF proteins, the sig-

naling state is characterized by a light-induced ~10 nm red

shift of the ultraviolet-visible (UV-vis) absorption spectrum

(4–10) and an ~16 cm�1 downshift of the C4¼O stretching

mode of the flavin ring (11–13). These relatively minor spec-

troscopic changes are characteristic of BLUF proteins.

Recently, crystal and solution structures of several BLUF

domains were obtained (7,14–20). These structures show

that the BLUF domain consists of a five-stranded b-sheet

with two a-helices packed on one side of the sheet, and

the noncovalently bound isoalloxazine ring of FAD posi-

tioned between the two a-helices. AppA from Rhodobacter
sphaeroides is representative of BLUF proteins and func-
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tions as a transcriptional antirepressor of photosynthetic

genes (3). Fig. 1 shows the x-ray structures of the BLUF

domain of WT AppA (panel A) (14) and the Cys-20/Ser

(C20S) mutant (panel B) (17). FAD is involved in an exten-

sive hydrogen-bond network with the side chains lining

its binding pocket, including a highly conserved tyrosine

(Tyr-21), glutamine (Gln-63), and tryptophan (Trp-104).

A light-induced rearrangement of the hydrogen-bond net-

work is believed to result in the formation of a signaling state.

In fact, site-specific mutation of Tyr-21 and Gln-63 results in

loss of the light-induced spectral changes (4,21,22). Further-

more, in vivo and in vitro site-directed analyses of AppA (23)

have demonstrated a crucial role for Trp-104 in the light-

dependent antirepressor activity of AppA, although the

Trp-104 mutants show a nearly normal red shift in the absorp-

tion spectrum (24,25). Because these spectroscopic and

biochemical studies indicate that the active-site residues

play an essential role in blue-light sensing by BLUF domains,

information about their structure is required to understand the

photocycle mechanism of BLUF proteins. However, although

an overall protein structure is well established, there still

exists a key ambiguity regarding the position and orientation

of Gln-63 and Trp-104 with respect to the flavin moiety. As

demonstrated in Fig. 1 A, the crystal structure of the BLUF

domain of WT AppA shows that Trp-104 is found in the

vicinity of FAD and forms a hydrogen bond with a side chain

of Gln-63 (14). We denote this structure as Trpin. The Trpin

conformation in the dark state is supported by previous

ultrafast experiments (26) as well as recent fluorescence (27)

and NMR (28) spectroscopic studies on the BLUF domain of

AppA. On the other hand, the x-ray crystal structure of the

C20S mutant of AppA showed the Trpout conformation,
doi: 10.1016/j.bpj.2010.01.007
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FIGURE 1 X-ray structures of the BLUF domain of AppA for the (A) WT

and (B) C20S mutant. The vicinity of the FAD chromophore and two tryp-

tophan residues is highlighted with the hydrogen-bond patterns lining the

FAD binding pocket. The coordinates were taken from Protein Data Bank

ID (A) 1YRX (14) and (B) 2IYG (17). Panels C and D show the structure

and numbering of the FAD isoalloxazine ring and tryptophan residue,

respectively.
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where Trp-104 is exposed to the solvent and is located>10 Å

from Gln-63 (17). More recently, spectroscopic studies

of the AppA BLUF domains showed an influence of

a N-terminal truncation on the conformation and/or environ-

ment of Trp-104 and suggested that the Trpout conformation

is a physiologically relevant structure (29). The Trpout confor-

mation has been also observed in several BLUF proteins,

such as PixD from Thermosynechococcus elongatus BP-1

(Tll0078) (15) and BlrB from R. sphaeroides (7). Further-

more, the crystal structures of PixD from Synechocystis sp.

PCC6803 (Slr1694) show the Trpout conformation, with the

exception that one of 10 crystallographic subunits adopts

the Trpin conformation (18). It is clear that, although detailed

structural information has been accumulated, an important

question remains regarding the location of Trp-104. Further-

more, contradictory observations regarding the structures of

Trp-104 make the photocycle mechanism of the BLUF

domain a matter of controversy.

Therefore, it is crucial to determine the position of Trp-104

in solution to elucidate the mechanism of the signaling state

formation. To that end, we applied ultraviolet resonance

Raman (UVRR) spectroscopy to BLUF proteins, for the first

time to our knowledge. Raman spectroscopy can provide struc-

tural information via the sensitivity of vibrational bands to

molecular conformation and environmental changes (30,31).

If the excitation wavelength is out of resonance with the elec-

tronic transitions of a sample, both the chromophore and

protein moieties will contribute to the Raman spectra.

However, excitation at wavelengths below 250 nm results in

strong enhancement of vibrational modes for aromatic residues

such as tryptophan and tyrosine, with little interference from

the chromophore and the remaining protein moiety. Thus,

the UVRR spectra of the BLUF domain of AppA directly
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probe structural and/or environmental changes in Trp-104.

As discussed below, the UVRR data provide evidence for

the Trpin conformation and structural and/or environmental

changes in Trp-104 during the light-activation process.
MATERIALS AND METHODS

Sample preparations

The W64F and Q63L/W64F mutations were achieved by polymerase chain

reaction (PCR) primer mutagenesis using Pyrobest DNA polymerase (TaKaRa,

Shiga, Japan). The primers used were pET28-F (4), AppA126-R (24), AppA-

W64F-F (50-GGCGTCTTCTTCCAGTTCCTCGAAGGCCGCCCC-30),
AppA-W64F-R (50-GGGGCGGCCTTCGAGGAACTGGAAGAAGACG

CC-30), AppA-Q63L-W64F-F (50-CAGGGCGTCTTCTTCCTCTTCCTCG

AAGGCCGCCC-30), and AppA-Q63L-W64F-R (50-GGGGCGGCCTTCG

AGGAAGAGGAAGAAGACGCCCTG-30). The AppA-W64F-F and AppA-

W64F-R, and AppA-Q63L-W64F-F and AppA-Q63L-W64F-R were the

complementary primer pairs to yield specific W64F and Q63L/W64F

mutations, respectively. The first PCR was achieved with the primer pairs

pET28-F/AppA-W64F-R (or AppA-Q63L-W64F-R) and AppA126-R/

AppA-W64F-F (or AppA-Q63L-W64F-F), using the isolated plasmid

pETAppA156 (4) as a template DNA. The two DNA fragments from the first

PCR were mixed and then used as templates for the second PCR amplification

using the primer pair pET28-F/AppA126-R. The second PCR products were

digested with NdeI and EcoRI, and cloned into NdeI-EcoRI-cut pTYB12

vector (New England BioLabs, Ipswich, MA). The resulting plasmids

pTYAppA126-W64F and pTYAppA126-Q63L-W64F were used to trans-

form Escherichia coli strain BL21(DE3) (Novagen, San Diego, CA), and

the resulting strains were used to express AppA126 W64F and Q63L/W64F

mutant proteins, respectively. Previously published expression plasmids for

AppA126 WT (11), Q63L (22), and W104A (24) mutant proteins were

used, and the recombinant proteins were expressed and purified as described

previously (11).
UVRR spectroscopy

The UVRR spectrometer is composed of a hollow cathode HeAg Laser

(70-224SL; Photon Systems, Covina, CA), a 0.5 m single spectrometer

(Spex 500M) equipped with a 3600 groove/mm holographic grating, and

a liquid nitrogen-cooled, UV-coated charge coupled device (CCD) detector

(Spec-10:400B; Roper Scientific, Trenton, NJ). The HeAg laser was run at

15 Hz and produced a 224.3 nm light of ~100 ms pulse width. The system

was operated to produce 0.3 mJ/pulse at the sample. A 90� scattering geom-

etry was employed, and the scattered photons were collected and focused

onto the entrance slit of a spectrometer by using two quartz plano convex

lenses. A polarization scrambler was placed at the entrance slit to remove

the effects of polarization from the spectrometer throughput. A Triax190

spectrometer (HORIBA Jobin Yvon, Edison, NJ) removed the excitation

light, and the first order of the dispersed light by the 500 M spectrometer

was imaged on the detector. An entrance slit width of 0.2 mm corresponds

to a spectral resolution of ~14 cm�1. All spectra were taken at room temper-

ature (~25�C), and an in-house-made software eliminated the noise spikes in

the spectra caused by cosmic rays. All Raman spectra were calibrated by

using neat cyclohexane as a standard. Sample volumes were 150 mL and

were contained in a quartz spinning cell (10 mm in diameter). The cell

was spun at 1600 rpm. The sample was dissolved in 5 mM Tris-HCl,

1 mM NaCl, pH 8.0, 0.1 M NaClO4. The protein concentration was esti-

mated by measuring absorption spectra, and ~50 mM of samples were

used for the measurements. The extinction coefficients of the FAD chromo-

phore are assumed to be the same in both the wild-type (WT) and mutants.

The effect of sample degradation during the measurements was carefully

checked by comparing the observed Raman spectra. If some spectral

changes were recognized, the Raman spectrum was discarded.
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For measurements of the signaling state, the sample solutions were irradi-

ated by a 441.6 nm light from a helium-cadmium laser (IK5651R-G;

Kimmon Electric, Tokyo, Japan) to produce the signaling state as a photosta-

tionary state. The pump beam was spatially displaced from the probe beam

to avoid fluorescence generated by the pump beam, as well as possible

contamination of short-lived intermediates. The laser power at the samples

was 0.5 mW. The spectral intensities were normalized by adjusting the

heights of the perchlorate bands at 934 cm�1 to be the same for both the

dark and signaling states. Typically, a 1 mL of sample solutions was

prepared and split into six solutions, and these sample solutions were used

to measure the UVRR spectra for either the dark or the signaling state.

This ensured that the concentrations of NaClO4 were exactly the same in

both states.

Instrumental resolution and spectral shifts

The instrumental resolution of the UVRR spectrometer (~14 cm�1)

describes our ability to distinguish adjacent Raman bands in a spectrum.

Relative frequency shifts in the Raman bands of different samples or

conditions, however, can be determined with much greater accuracy (32).

Important factors that affect the observable spectral shifts are the signal/

noise ratios and the number of data points. Fig. 2 considers two Gaussian

bands centered at 49 and 50 cm�1, with a full-width at half maximum of

14 cm�1. The number of data points in the simulated spectra shown in

Fig. 2, A–C, is 51, which corresponds to 1 cm�1 increments. When there

is no noise (Fig. 2 A), the small shift of 1 cm�1 can be observed, and their

difference spectrum (a lower trace) exhibits a clear, derivative-like feature.

In Fig. 2, B and C, on the other hand, two Gaussian bands contain 4%

and 10% levels of Gaussian noise, respectively, and the 1 cm�1 shift

becomes unclear when the noise level increases (Fig. 2, A–C). Panels D–F

and G–I in Fig. 2 display similar simulated Gaussian bands with 5 and

10 cm�1 increments, respectively (the number of data points is 11 and 5,

respectively). As the increment increases (and the number of data points

decreases), it is difficult to recognize a 1 cm�1 shift even when there is no

noise (Fig. 2 G). In this study, the increments of the reported UVRR spectra

are ~2 cm�1. Thus, the signal/noise ratios of the spectra mainly determine

whether shifts of a few wave numbers can be detected. Note that we repeated

the same measurements several times and confirmed that the frequency

of the perchlorate bands at 934 cm�1 was accurate, with an accuracy
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of 50.2 cm�1. This verifies the integrity of the observed shifts reported

here.
RESULTS

UVRR spectra for the dark state of AppA126

Fig. 3 shows the UVRR spectra for the dark state of WT

AppA126, as well as aqueous solutions of tryptophan, tyro-

sine, and FAD at 224.3 nm excitation. A comparison of the

spectra indicates that the UVRR spectrum for WT AppA126

(trace a) contains several Raman bands that arise mainly

from tryptophan (trace b) and tyrosine residues (trace c);

their mode labels (W for tryptophan, Y for tyrosine) (30)

are indicated in the figure. The bands at 1551, 1011, and

761 cm�1 are assigned to W3 (C-C stretching of the pyrrole

ring), W16 (benzene ring-breathing), and W18 (the indole

ring-breathing), respectively (30,31). A doublet at 1360/

1340 cm�1 is ascribed to W7, which arises from a Fermi

resonance between a fundamental mode at ~1340 cm�1

and a combination of two out-of-plane modes (30). The tryp-

tophan bands dominate the UVRR spectra of AppA126

because 224.3 nm excitation occurs within the strong trypto-

phan p–p* electronic transition around 220 nm (denoted as

Bb) (33,34). In addition to tryptophan, we observed Raman

bands for a tyrosine residue. A main Raman band of tyrosine

is observed at 1616 cm�1 and is assigned to the ring C-C

stretching mode Y8a (30,31). Although this mode is overlap-

ped with the W1 mode of tryptophan, the intensity ratio of W1

to W3 bands of tryptophan in an aqueous solution (trace b)

indicates that Y8a is a dominant contributor to the band at

1616 cm�1. A remaining Raman band of tyrosine is observed

at 1178 cm�1, which is due to Y9a (CH in-plane bending)
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FIGURE 2 Simulated Gaussian bands centered at

49 cm�1 (open circle) and 50 cm�1 (closed circle) cm�1

with different noise and increments, and their difference

spectrum (open square). In panels B, E, and H, a random

value from a Gaussian distribution is added such that the

standard deviation is 4% of the band intensity. In panels

C, F, and I, a random value from a Gaussian distribution

is added such that the standard deviation is 10% of the

band intensity. Spectral increments: (A–C) 1 cm�1, (D– F)

5 cm�1, and (G– I) 10 cm�1.
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FIGURE 3 UVRR spectra of WT AppA126 (a), aqueous tryptophan (b),

tyrosine (c), and FAD (d). The spectra were obtained at 224.3 nm excitation.
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FIGURE 4 UVRR spectra of WT AppA126 and the W64F and W104A

mutants in the dark state with 224.3 nm excitation. (a) WT AppA126 (dotted
line) and the W64F mutant (solid line). (b) WT AppA126 (dotted line) and

the W104A mutant (solid line). Estimated UVRR spectra for Trp-104 (c) and

Trp-64,(d) as well as a spectrum of aqueous tryptophan (e), are also shown.

The protein concentration was ~50 mM and the buffer composition was

5 mM Tris-HCl, 1 mM NaCl, pH 8.0, 0.1 M NaClO4. The concentration

of tryptophan was 1 mM, and the sample was dissolved in 10 mM Tris-

HCl, pH 7.4. Trace f is the Trp-104 (c) minus Trp-64 (d) difference spec-

trum. The asterisk indicates a Raman band of ClO4
�.
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(30,31). The 932 cm�1 band marked with an asterisk derives

from the internal standard perchlorate band.

The upper part of Fig. 4 (traces a and b) compares the

UVRR spectra for the dark state of WT AppA126 and

Trp-64/Phe (W64F) and Trp-104/Ala (W104A) mutants.

We selected these mutants for this study because their spectro-

scopic and/or biochemical characterizations have already

been reported (23,24,27,29). In Fig. 4, the UVRR spectra

are normalized by adjusting the heights of the tyrosine Y9a

bands at 1178 cm�1 to be the same, because the number of

tyrosine residues remains unchanged in the mutants. On the

other hand, since the mutant proteins lack one of the trypto-

phan residues, the intensities of the tryptophan Raman bands,

such as W3, W16, and W18, are significantly reduced. The

difference Raman spectrum of trace c in Fig. 4, obtained

by subtracting the W104A spectrum from the WT spectrum,

displays the spectrum of the Trp-104 residue. Similarly, by

subtracting the W64F spectrum from spectrum of WT, we

can obtain the Raman spectrum of Trp-64 (trace d). For

comparison, Fig. 4 also displays the UVRR spectrum of tryp-
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tophan in an aqueous solution (trace e). As can be seen in the

difference spectrum (trace f), the UVRR spectra of Trp-104

and Trp-64 are distinctly different. For instance, the frequency

of the W3 band for Trp-104 (1552 cm�1) is slightly higher

than that for Trp-64 (1549 cm�1), and the band shape of

the W7 doublet also differs between the two residues. In addi-

tion, we observed a larger intensity of the W3, W7, and W16

bands for Trp-104 compared to Trp-64. These spectral differ-

ences between the two residues are due to their different

conformations and/or environments, as discussed in detail

in the Discussion section.

UVRR spectra for the signaling state of AppA126

As a next step, we examine the protein structural changes

associated with the formation of the signaling state. The sig-

naling state was produced as a photostationary state, and
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Fig. 5 shows the light-induced spectral changes in the UVRR

spectra. The upper part of Fig. 5 compares the UVRR spectra

of the dark (solid line in trace a) and signaling (dotted line)

states of WT AppA126, and trace b is the light-induced

difference spectrum. The samples contain 0.1 M ClO4
� as

an internal intensity standard, and its 934 cm�1 band was

used to normalize the spectra for subtraction as described

in Materials and Methods. As can be seen in the difference

spectrum, some of the Raman bands give rise to difference

features that reflect intensity changes and/or frequency shifts.

A comparison with its parent spectra (trace a) indicates that

most of the features in the difference spectrum arise from

tryptophan residues. Fig. 5 also illustrates the light � dark

difference spectra for the W64F (trace c) and W104A

(trace d) mutants. As shown in the figure, the difference

spectrum for the W64F mutant is very similar to that for

WT, especially for features observed at ~1550, 1350, and

1010 cm�1. On the other hand, there is no detectable feature

for the W104A mutant. These observations demonstrate

spectral changes in the UVRR spectrum of Trp-104, imply-

ing that Trp-104 experiences structural and/or environmental

changes during the formation of the signaling state.

The most characteristic feature in the difference spectrum

is observed in the W3 band. A derivative-like difference
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FIGURE 5 Light-induced changes in the UVRR spectra of WT AppA126

and the W64F, W104A, and Q63L mutants. (a) WT AppA126 in the dark

(solid line) and light (dotted line) states. Light � dark difference spectra

are shown for (b) WT AppA126 and the (c) W64F, (d) W104A, and (e)

Q63L mutants.
signal indicates a downshift of the W3 band, and the shift

for WT and the W64F mutant is also clearly seen in an

expanded view of the UVRR spectra shown in Fig. S1 in

the Supporting Material. The observed shifts are estimated

as ~�1 and �2 cm�1 for WT and W64F, respectively.

A derivative-like feature at ~1011 cm�1 indicates an upshift

of the W16 mode in the signaling state. The small shifts for

WT and the W64F mutant can be also discerned in an

expanded view of the UVRR spectra shown in Fig. S1.

Another feature in the difference spectrum is due to the

W7 doublet of tryptophan. Fig. S1 displays the UVRR

spectra in the region between 1270 and 1420 cm�1, and it

can be seen that a higher-frequency component of the W7

doublet at 1359 cm�1 decreases in intensity upon formation

of the signaling state.

Effects of Gln-63/Leu mutation on the UVRR
spectra

We next examined the effects of the Q63L mutations and

further explored the location of Trp-104. The upper part of

Fig. 6 displays the UVRR spectra of the dark state for WT

AppA126 (dotted line in trace a) and the Q63L mutant (solid
line). In contrast to WT AppA126, this mutant did not show

the characteristic light-induced spectral changes observed for

WT AppA126 and the W64F mutant (see Fig. 5), which is

consistent with a previous UV-vis absorption study (22).

To visualize the effects of the mutation more clearly,
a
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d

FIGURE 6 UVRR and difference spectra for WT AppA126 and the Q63L,

W64F, and Q63L/W64F mutants. (a) UVRR spectra of WT AppA126 in

the dark state (dotted line) and the Q63L mutant (solid line). (b) The Q63L

mutant � WT AppA126 in the dark state. (c) The Q63L mutant �WT

AppA126 in the light state. (d) The Q63L/W64F � W64F mutants in the

dark state.

Biophysical Journal 98(9) 1949–1956
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Fig. 6 displays the Q63L � WT difference spectrum

(trace b). It is clear that this mutation significantly affects

the Raman bands of tryptophan residues. One of the remark-

able spectral changes is the reduced intensity of the bands for

W3, W7, W16, and W18. The mutation also causes ~þ2

and�2 cm�1 shifts for the W5 and W17 bands, respectively.

In addition, the flavin moiety also contributes to the observed

spectral changes. We assign the difference features near

1580 and 1225 cm�1 to the vibrational modes of the flavin

ring, since the UVRR spectrum of FAD shows clear bands

at the same frequencies (Fig. 3). The influence of the

Q63L mutation on the Raman bands for the FAD chromo-

phore is reasonable, since Gln-63 directly interacts with the

isoalloxazine ring (14,16,17). Tyrosine Raman bands are

also expected to show a sensitivity to the Q63L mutations

because of a hydrogen bond between Tyr-21 and Gln-63

(see Fig. 1). A difference feature around 1250 cm�1 may

be due to the Tyr Y7a band, but its origin is not clear at

present. In Fig. 6, we also show the difference spectrum

between the Q63L mutant and the signaling state of WT

AppsA126 (trace c), and the difference spectra for the dark

(trace b) and signaling states of WT AppA126 are very

similar.

In Fig. 6, we compare the UVRR spectra of the W64F

mutant and the Q63L/W64F double mutants in the dark state.

Since these mutants contain only one tryptophan residue at

position 104, we can see whether the Q63L mutation influ-

ences the Raman bands of Trp-104. Trace d is the Q63L/

W64F � W64F difference spectrum, and a comparison of

the difference spectra shown as traces b and d indicates that

most of the difference features for the Q63L�WT difference

spectrum are preserved for the Q63L/W64F �W64F differ-

ence spectrum, with the exception of a negative feature for

the W18 band. This result demonstrates an influence of the

Q63L mutation on the Raman bands for Trp-104, implying

a direct interaction between Trp-104 and Gln-63.
DISCUSSION

Structure of the BLUF domain of AppA

In this study, we found clear distinctions in the UVRR

spectra between Trp-104 and Trp-64 (Fig. 4). One remark-

able difference is the higher intensity of the W3, W7, and

W16 bands for Trp-104 compared to those for Trp-64.

UVRR studies on tryptophan and its models have shown

that the Raman intensities of tryptophan reflect its environ-

mental hydrophobicity (35,36). For example, Chi and Asher

(36) measured the UVRR spectra of a tryptophan derivative

in water-propanol solvent mixtures and found that the inten-

sities of tryptophan Raman bands with 229 nm excitation

increase with decreasing water composition due to a red shift

of the Bb absorption band. A similar change in intensity was

also observed for the UVRR spectra of tryptophan in water-

ethylene glycol mixtures with 223 nm excitation (34). Thus,
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the larger intensity of the bands for Trp-104 relative to those

for Trp-64 suggests a more hydrophobic environment around

Trp-104, in agreement with recent fluorescence studies on

AppA (27,29). This observation is also consistent with the

Trpin conformation as found in WT AppA structures in

which Trp-104 is buried within the interior of protein and

Trp-64 is located on the surface of protein (14,16). However,

we cannot completely exclude the Trpout conformation,

because Trp-64 may be more buried as a consequence of

dimerization of the protein molecule (37). To obtain further

evidence concerning the location of Trp-104, we next con-

sider the results for the Q63L mutants as described below.

As shown in Fig. 6, we found significant effects of the

Q63L mutation on the Raman spectrum of Trp-104. This

suggests a direct interaction, such as a hydrogen bond,

between Gln-63 and Trp-104, and implies a Trpin conforma-

tion in the dark state of AppA126. The direct interaction

between the two residues is consistent with x-ray crystal

(14) and NMR solution (16) structures for the BLUF domain

of WT AppA. As illustrated in Fig. 1 A, these structures

show a hydrogen bond between Gln-63 and Trp-104. This

accounts for the significant effects of the Q63L mutation,

since the Gln-63/Trp-104 hydrogen bond will be broken

in the mutant. In addition, the Trpin conformation is also

consistent with the tryptophan fluorescence data of the

W64F mutants of AppA (27,29), which exhibit a fluores-

cence maximum (~330 nm) that is typical for a buried envi-

ronment. On the other hand, our finding provides evidence

against the Trpout conformation as found in the crystal

structure of the AppA C20S mutant (17). The reason for

this discrepancy is unclear, but the C20S mutation and/or

a binding of a DTT molecule, which is present in the crystal-

line buffer, may affect the protein structure of the mutant. We

also note that the Trpin conformation for AppA126 is also in

conflict with a proposal based on a recent spectroscopic

study of AppA in solution. Dragnea et al. (29) made an inter-

esting finding that the presence or absence of the N-terminal

amino acids affects the environment of Trp-104, and sug-

gested that the N-terminal truncation in AppA17-133

(a BLUF domain of AppA containing amino acids 17–133)

may be responsible for the observation of the Trpin confor-

mation in the crystal structure of WT AppA (14). However,

because their results do not provide direct evidence for the

location of Trp-104, we believe the data presented here for

the Q63L mutant favor the Trpin conformation for the dark

state of AppA126.

It should be noted that the above conclusion contradicts

the crystal structures of Tll0078 (15), BlrB (7), and nine of

10 crystallographic subunits of Slr1694 (18). Because our

UVRR study does not address the location of the tryptophan

residues in these BLUF proteins, this remains to be resolved in

a future study. However, a recent site-directed mutagenesis

study on Slr1694 showed that although Trp-91 (Trp-104 of

AppA) is not functionally important, its neighboring residue,

Met-93, is crucial (38). This result may imply that the location
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of the tryptophan residue does indeed differ between AppA

and other BLUF proteins, such as Tll0078, BlrB, and

Slr1694. Further UVRR studies on the other BLUF proteins

are necessary to clarify this issue.

Another controversial issue regarding the structure of the

BLUF domain is the orientation or structure of a conserved

Gln-63 residue. In various x-ray crystal and NMR solution

structures (14–18,28), as well as spectroscopic (13,22,39–

41) and theoretical (42–44) studies, the dark-state orientation

of Gln-63 has remained ambiguous. As illustrated in Fig. 1 A,

the crystal structure for WT AppA shows that the amino

group of Gln-63 is hydrogen-bonded to Tyr-21 and the

FAD N5 atom. No hydrogen bonding to the flavin C4¼O

moiety occurs. In the crystal structure for the C20S mutant

(Fig. 1 B) (17), on the other hand, Gln-63 is rotated by

~180� compared to WT AppA, Tyr-21 is a hydrogen-bond

donor to the Gln-63 carbonyl, and the Gln-63 amino group

is hydrogen-bonded to both the N5 and C4¼O moieties of

FAD. Although our UVRR study does not provide direct

information concerning the orientation of Gln-63, the Trpin

conformation proposed here appears to favor the former

orientation, where the carbonyl group of Gln-63 forms

a hydrogen bond with the NH moiety of the indole ring in

Trp-104.
Photocycle mechanism

The light-induced changes in the UVRR spectra of AppA126

shown in Fig. 5 provide spectroscopic evidence for structural

and/or environmental changes in Trp-104 associated with

the formation of a signaling state. A characteristic feature

of the light-induced difference spectra is a downshift of

the W3 mode. The frequency of the W3 band for tryptophan

is a sensitive probe of the side-chain conformation, i.e., the

frequency depends on the c2,1 dihedral angle about the

Ca-Cb-C3¼C2 linkage of the indole side chain (30,31).

The observed downshifts of 1–2 cm�1 imply a decrease in

the dihedral ~5� in the signaling state based on a reported

relationship between c2,1 and the W3 frequency (30,31).

The light-induced difference spectra also exhibit features

for the W7 and W16 bands. For example, the band shape

of the W7 doublet sensitively reflects environmental changes

in a tryptophan residue, such as hydrophobic interactions and

steric repulsion (30,31). Thus, the data shown in Fig. 5

unequivocally indicate light-induced environmental changes

in Trp-104.

Previous crystallographic studies of BLUF domains

(14,17,18) suggested that Trp-104 plays a central role in

the formation of a signaling state. The importance of Trp-

104 was also supported by a biochemical and genetic study

showing that the Q63L and W104A mutants of AppA are

insensitive to blue light and functionally locked in the

signaling state (23). This observation suggests the impor-

tance of a hydrogen bond between Gln-63 and Trp-104,

and that the protein structure of the Q63L mutant is similar
to that of the signaling state of WT AppA126. However,

our investigation demonstrates that the UVRR spectra of

the Q63L mutant and the signaling state of WT AppA126

are clearly different (see Figs. 5 and 6). For instance, the

formation of a signaling state causes an ~2 cm�1 downshift

of W3, whereas the Q63L mutation does not show this

frequency shift. Another noticeable difference is that the

characteristic reduction in the intensities of the tryptophan

Raman bands caused by the Q63L mutation is not accompa-

nied by the formation of a signaling state. Because the

reduced intensities imply a decrease in hydrophobicity

around a tryptophan residue, as discussed above, the Q63L

mutation may lead to an altered protein conformation in

which Trp-104 becomes exposed to solvent. On the other

hand, Trp-104 of WT AppA126 could be buried in both

the dark and signaling states, albeit with different conforma-

tions and environments. The buried nature of Trp-104 during

a photocycle is also supported by recent fluorescence exper-

iments on tryptophan in WT and mutants of AppA (27,29).

In conclusion, the UVRR data reported here strongly

suggest that AppA126 in the dark state adopts a Trpin confor-

mation in which the highly conserved tryptophan, Trp-104,

is buried inside the protein. This result resolves a controversy

concerning the location of the Trp-104 residue. Furthermore,

we observed conformational changes in Trp-104 associated

with the formation of the signaling state. This result is

consistent with the proposal that Trp-104 mediates the light

signal from the FAD cofactor to a protein surface, which ulti-

mately generates a biological signal.
SUPPORTING MATERIAL

One figure is available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(10)00102-5.
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