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ABSTRACT: The BLUF (sensor of blue light using FAD) domain is a blue light receptor possessing a
flavin molecule as an active cofactor. A conserved Tyr residue located adjacent to flavin has been proposed
to be a key amino acid in the mechanism of the photoreaction of the BLUF domain. We have studied the
structure of this key Tyr residue and the relevance to the photoreaction in the BLUF protein of the
cyanobacteriumThermosynechococcus elongatus, TePixD, by means of Fourier transform infrared (FTIR)
difference spectroscopy and density functional theory (DFT) calculations. Light-induced FTIR difference
spectra of unlabeled and [4-13C]Tyr-labeled TePixD in H2O and D2O revealed that theνCO/δCOH
vibrations of a photosensitive Tyr side chain are located at 1265/1242 cm-1 in the dark-adapted state and
at 1273/1235 cm-1 in the light-induced signaling state. These signals were assigned to the vibrations of
Tyr8 near flavin from the absence of the effect of [4-13C]Tyr labeling in the Tyr8Phe mutant. DFT
calculations of H-bonded complexes ofp-cresol with amides as models of the Tyr8-Gln50 interactions
showed that Tyr8 acts as a H-bond donor to the Gln50 in both of the dark and light states. Further DFT
analysis suggested that this H-bond is strengthened upon photoconversion to the light state accompanied
with a change in the H-bond angle. The change in the H-bond structure of Tyr8 is coupled to the flavin
photoreaction probably through the Tyr8-Gln50-flavin H-bond network, suggesting a significant role
of Tyr8 in the photoreaction mechanism of TePixD.

Light sensing is an important process in most of living
things. To date, three types of blue light sensor domains using

flavin as an active cofactor are known: LOV (light oxygen
voltage) in phototropins, PHR (photolyase homology region)
in cryptochromes, and BLUF1 (sensor of blue light using
FAD) (1, 2). The BLUF domain is involved in a wide range
of bacterial and eukaryotic proteins (2) such as AppA (3, 4)
and BlrB (5) in the photosynthetic bacteriumRhodobacter
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sphaeroides, PixD (positive phototaxis factor D) in cyano-
bacteria (6, 7) [SyPixD (or Slr1694) fromSynechocystis
PCC6803; TePixD (or Tll0078) fromThermosynechococcus
elongatus], PAC in the green algaEuglena gracilis(8), and
YcgF from Escherichia coli(9). They regulate a variety of
functions, e.g., controlling photosynthesis gene expression
by AppA (4), photophobic movement of cells by PAC (8),
and photophobic regulation of pili-dependent cell motility
by SyPixD (6).

Signal transduction in BLUF proteins is initiated by blue
light absorption by flavin and subsequent conversion from
the dark-adapted state (dark state) to the light-induced
signaling state (light state). This photoconversion is char-
acterized by an∼10 nm red shift of flavin electronic
absorption (4, 6, 10-13) and a large downshift of theνC4d
O frequency of flavin (7, 10, 14-21). The light state has a
relatively long lifetime (seconds to minutes) and slowly
relaxes to the dark state. The changes in BLUF domain
structures upon light-state formation triggers subsequent
reactions such as dissociation of PpsR from AppA (4), that
of PixE from SyPixD (6, 7), and activation of the adenylyl
cyclase domain in PAC (8), which are involved in signal
transduction cascades.

The X-ray crystallographic structures of BLUF domains
have recently been reported for TePixD (22), SyPixD (23),
AppA (24, 25), and BlrB (5) at 1.8-2.3 Å resolutions. Figure
1 shows the crystal structure of the flavin binding site of
TePixD (22). The flavin isoalloxazine ring is surrounded by
several polar amino acids, forming H-bond networks. The
Tyr residue in the vicinity of flavin is conserved among
BLUF domains (2), and mutagenesis studies showed that this
Tyr is indispensable for the proper photoreactions (7, 10,
12, 15, 26, 27). In TePixD, Tyr8Ala and Tyr8Phe mutants
lost the normal red-shifting photoreaction and instead showed
reduction of a flavin following its triplet-state formation (7).
In SyPixD, AppA, and PAC, mutations at the corresponding
Tyr residue inactivated the photoreaction (10, 12, 15, 26,
27). Thus, the Tyr interacting with flavin through the Tyr-
Gln-flavin H-bond network must be crucial in the photo-
reaction mechanism of the BLUF domains.

The recent time-resolved absorption study by Gauden et
al. (28) resolved the transient intermediates in the photore-
action of SyPixD as a FAD anion radical (FAD•-) and a
subsequently formed neutral radical (FADH•). They proposed
that oxidation of nearby Tyr by the excited singlet-state
FAD* and subsequent formation of a Tyr•-FADH• radical
pair are essential mechanisms of the BLUF reaction. This
radical pair formation triggers a switching of the Tyr-Gln-

FAD H-bond network by an∼180° flip of the Gln side chain.
As a result, the H-bond at FAD N5 is shifted to that at C4d
O, and the H-bond form of Tyr is changed from a H-bond
acceptor [TyrO(H)‚‚‚H2N] to a H-bond donor (TyrOH‚‚‚Od
C) (28). A similar mechanism of electron transfer from Tyr
to flavin triggering subsequent H-bond rearrangement was
also proposed in a time-resolved study of AppA by Dragnea
et al. (27). The flipping of Gln during photoreaction has been
proposed in studies of AppA BLUF (14, 24, 25, 29) and
SyPixD (23). Thus, in the above model of the photoreaction
mechanism, Tyr plays a key role in both the electron transfer
and subsequent H-bond switching.

To understand the molecular mechanism of the photore-
action of PixD, determination of the H-bond structure of the
Tyr8 is essential. However, the X-ray structure (5, 22-25)
did not answer this problem clearly because of the difficulty
in detecting hydrogen atoms and discriminating between
nitrogen and oxygen atoms in amide groups. In this study,
the H-bond structure of the Tyr8 in TePixD and its change
upon photoreaction were investigated using light-induced
FTIR difference spectroscopy, which is a powerful method
to identify the protonation and H-bond structures of proteins
and cofactors in active sites. We have assigned theνCO and
δCOH vibrations of a Tyr side chain using selective labeling
of Tyr residues with [4-13C]Tyr. In addition, [4-13C]Tyr
labeling of the site-directed Tyr8Phe mutant was performed
to identify the signals of Tyr8. The band frequencies were
analyzed by density functional theory (DFT) calculations for
H-bond complexes ofp-cresol with amides as models of the
Tyr-Gln interactions. The results showed that Tyr8 acts as
a H-bond donor in both the dark and light states, and its
H-bond strength and angle are perturbed by the photoreac-
tion.

MATERIALS AND METHODS

The N-terminal (His)6-tagged TePixD ofT. elongatusBP-1
was expressed with pET28a vectors inE. coli BL21(DE3),
and cells were grown in the LB medium containing 20µg/
mL kanamycin for 12 h at 37°C (7). Site-directed mutagen-
esis of TePixD was performed using the PCR-based Quick-
Change site-directed mutagenesis kit (Stratagene, La Jolla,
CA) (7). [4-13C]Tyr-labeled TePixD was expressed in the
tyrosine auxotroph,E. coli BL21(DE3)Y, which was con-
structed by P1 transduction as previously described (30). In
this case, cells were grown in 1 L of modified medium
containing 0.1 g ofL-[4-13C]Tyr in the presence of 19 other
unlabeledL-amino acids (30). TePixD was purified by nickel-
affinity column chromatography with elution buffer (pH 7.5)
containing 20 mM Hepes, 1 M NaCl, and 500 mM imidazole
(22).

For preparation of FTIR samples, TePixD in the elution
buffer was diluted by a factor of 10, and the aggregated
protein was collected by centrifugation. The protein was
washed with 10 mM Hepes-NaOH buffer (pH 7.5) and
resuspended in the same buffer to result in a concentration
of ∼5.0 mg of protein/mL. For preparation of deuterated
samples, TePixD was dissolved in 0.5 M Hepes-NaOD/
D2O buffer (pD 7.5) containing 1 M NaCl and 0.5 M
imidazole and incubated for 24 h at 4°C. The deuterated
TePixD was then collected by centrifugation after dilution
with D2O and resuspended in 10 mM Hepes-NaOD/D2O

FIGURE 1: X-ray structure of the FAD binding site of TePixD (22).
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buffer (pH 7.5). An aliquot of the sample suspension (6µL)
was dried on a CaF2 plate (25 mm in diameter) under N2

gas flow to make a film in an elliptical shape (6 mm× 9
mm) and was sealed with another CaF2 plate with a greased
Teflon spacer (0.5 mm in thickness). The dry film was
hydrated (or deuterated) by placing 2µL of 20% (v/v)
glycerol/H2O [or glycerol(OD)3/D2O] in a sealed infrared cell
without touching the sample (31). The sample temperature
was adjusted to 10°C by circulating cold water in a copper
holder.

Light-induced FTIR spectra were measured using a Bruker
IFS-66/S spectrophotometer equipped with an MCT detector
(Infrared D316/8) at 4 cm-1 resolution. Single-beam spectra
were recorded for 50 s before and during illumination by
white light (∼18 mW/cm2 at the sample surface) from a
halogen lamp (Sigma Koki PHL-150). The measurement was
repeated six times with an interval of 20 min, and a light
minus dark difference spectrum was generated using aver-
aged single-beam spectra. Spectral fitting was performed
using the IGOR Pro program (Wavemetrics Inc.).

MO calculations were performed using the Gaussian03
program package (32). The B3LYP functional (33, 34) with
the 6-31+G(d,p) basis set was used to optimize the geometry
of the model complexes and calculate the vibrational
frequencies. Calculated frequencies were scaled with a single
scaling factor of 0.977 to adjust the calculatedνCO frequency
of freep-cresol to the experimental value of 1255 cm-1 (35).

RESULTS

Figure 2a (black line) shows a light-induced FTIR differ-
ence spectrum of unlabeled TePixD, which represents the
structural changes upon the conversion from the dark-adapted
state to the light-induced signaling state. Overall spectral
features were similar to those of other BLUF domains such
as SyPixD (15, 16, 18), AppA (10, 19, 20), and YcgF (17).
In particular, the prominent negative/positive peaks were
observed at 1713/1698 cm-1, which have been assigned to
the νC4dO vibration of flavin (7, 10, 14-21). The large
downshift of theνC4dO frequency was attributed to the
decrease in the force constant of the C4dO bond due to a
stronger H-bond interaction in the light state (14-21). Other
peaks at 1700-1600 cm-1 have been mainly attributed to
the amide I bands (CdO stretch of backbone amides) and
νC2dO, while peaks at 1600-1500 cm-1 have been mainly
assigned to the amide II bands (NH bend coupled to the CN
stretch of backbone amides) and the CN stretching vibrations
of a flavin isoalloxazine ring (17-19). In addition to these
vibrations, bands of amino acid side groups whose structures
are perturbed by the photoreaction should be involved in the
difference spectrum.

To identify the bands of Tyr, especially, vibrations
involving a phenolic OH group, substitution of Tyr side
chains with [4-13C]Tyr, in which the carbon atom bearing
the OH group is labeled with13C (Figure 2, inset), was
performed, and a light-induced FTIR difference spectrum
was recorded (Figure 2a, red line). The spectrum was
superimposed on the unlabeled one after normalization at
the 1713/1698 cm-1 signal. Appreciable spectral changes
were observed in the regions of 1520-1500 and 1300-1200
cm-1. The negative peak at 1512 cm-1 downshifted to 1510
cm-1, and the features at 1273(+)/1261(-)/1248(-)/1233-

(+) cm-1 were changed to those at 1259(-)/1251(+)/1245-
(-)/1227(+) cm-1. These isotope-induced changes were
better expressed in the double difference spectrum (unlabeled
minus [4-13C]Tyr-labeled) (Figure 2c), which was calculated
using the spectra normalized to the 1713/1698 cm-1 intensity
(Figure 2a). A differential signal at 1518(-)/1509(+) cm-1

and a rather complex feature with peaks at 1273(+)/1265-
(-)/1252(-)/1242(+)/1233(+)/1226(-) cm-1 were ob-
served. It is noted that small signals at 1720-1600 cm-1

probably originate from subtle changes in the amide I and
νC4dO bands due to a slight difference in sample conditions.
These bands have been reported to be sensitive to hydration
extent and temperatures in FTIR spectra of SyPixD (16).
Indeed, a double difference spectrum between light-induced
spectra obtained using different samples of unlabeled TePixD
showed small changes in the same region with intensities
comparable to those in Figure 2c. It should be emphasized,
however, that the noise level of the 1300-1200 cm-1 region
in this double difference spectrum of unlabeled TePixD was
much lower than the signals at 1280-1220 cm-1 in Figure
2c (the ratio of maximum peak-to-peak intensities was less
than 0.07).

Thus, the bands at 1520-1500 and 1300-1200 cm-1 in
the double difference spectrum arise from the Tyr vibrations
involving the carbon-4 atom in the phenyl ring. The former
and latter frequency regions are typical of theνCC andνCO/
δCOH vibrations, respectively, of a Tyr side chain (36-

FIGURE 2: (a, b) Light-induced FTIR difference spectra of unlabeled
(black line) and [4-13C]Tyr-labeled (red line) TePixD in H2O (a)
and D2O (b). (c, d) Double difference spectra between the [4-13C]-
Tyr-labeled and unlabeled spectra (unlabeled minus [4-13C]Tyr-
labeled) in H2O (c) and D2O (d). The inset shows the position of
the carbon atom labeled with13C (indicated by *) in a Tyr side
chain.
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40). Changes in the similar region by [4-13C]Tyr labeling
have been observed in Tyr in aqueous solution and the redox-
active Tyr in photosystem II (39, 40). For assignments of
theνCO andδCOH bands showing close frequencies in the
1300-1200 cm-1 region, light-induced FTIR spectra were
recorded in D2O (Figure 2b). Upon deuteration of the OH
group of Tyr, theδCOD frequency significantly downshifts
to <1000 cm-1 (36); hence, theδCOH bands disappear, and
only theνCO bands remain in the 1300-1200 cm-1 region.
Indeed, the spectrum showed a simpler feature with peaks
at 1271(+)/1263(-) cm-1 (Figure 2b, black line), which
downshifted to 1246(+)/1234(-) cm-1 upon [4-13C]Tyr
labeling (Figure 2b, red line). The double difference spectrum
(Figure 2d) also showed a simpler shape with four major
peaks at 1271(+)/1263(-)/1247(-)/1238(+) cm-1, indicat-
ing thatδCOH bands disappeared and only theνCO bands
were left as expected. Note that weak intensities at 1233 and
1226 cm-1 remained in the double difference spectrum
(Figure 2d) due to undeuterated Tyr partially left in the
sample.

In the νCC region of the double difference spectrum in
D2O, three peaks were observed at 1519(-)/1509(+)/1502-
(-) cm-1 with a strongest intensity in the 1509 cm-1 peak
(Figure 2d). This band shape was different from that in H2O,
which showed two peaks at 1518(-)/1509(+) cm-1 with
nearly equivalent intensities (Figure 2c). These band shapes
may indicate that a differential signal at 1519/∼1509 cm-1

in D2O and a signal at 1518 cm-1 in H2O downshifted by
∼10 cm-1 upon [4-13C]Tyr labeling. Our DFT calculations
showed that theνCC vibration is slightly coupled with the
δCOH vibration when COH is H-bonded (not shown), which
may be the cause of the different behavior ofνCC bands
between the spectra in H2O and D2O.

TheνCO/δCOH (in H2O) or νCO (in D2O) signals of Tyr
in the double difference spectra were decomposed with
Gaussian bands assuming that the spectrum in H2O consists
of four νCO bands (ν12CO andν13CO of the dark and light
states) and fourδCOH bands (δ12COH andδ13COH of the
dark and light states) (Figure 3A) and that in D2O (after
subtraction of the residual undeuterated component) consists
of four νCO bands (ν12CO andν13CO of the dark and light
states) (Figure 3B). Each spectrum was successfully decom-
posed with the expected number of Gaussian bands, indicat-
ing that only a single Tyr side chain in TePixD was affected
by the photoreaction. The obtained peak frequencies and
shifts upon isotope labeling are summarized in Table 1. In
the dark state, theνCO andδCOH vibrations are found at
1265 and 1242 cm-1, respectively, and in the light state, the
νCO frequency upshifts to 1273 cm-1 by 8 cm-1 whereas
the δCOH frequency downshifts to 1235 cm-1 by 7 cm-1.
In deuterated TePixD, theνCO bands in the dark and light
states appear at 1262 and 1270 cm-1, respectively. The
slightly lower (by 3 cm-1) frequencies than those in
undeuterated TePixD are attributed to decoupling of the
δCOH vibration mixed in theνCO normal mode. Identifica-
tion of the δCOH bands also provides solid evidence that
the photosensitive Tyr in TePixD does not take a tyrosinate
form (Tyr-O-) but takes a protonated form (Tyr-OH) in both
the dark and light states.

The best candidate for the Tyr residue observed in the
FTIR spectra is Tyr8 that interacts with flavin through a
H-bond network (Figure 1) (22). To confirm the origin of

the Tyr signals, the spectrum of the Tyr8Phe mutant, in which
Tyr8 was replaced with Phe, was recorded, and the effect of
[4-13C]Tyr labeling was examined. The spectrum of the
unlabeled Tyr8Phe mutant (Figure 4a, black line) showed

FIGURE 3: Tyr νCO/δCOH region in the isotope-induced double
difference spectra [unlabeled minus ([4-13C]Tyr-labeled)] (red lines)
in H2O (A) and D2O (B) and deconvolution of the spectra with
Gaussian bands (blue and green lines). The experimental spectrum
in D2O (B, red line) is a corrected spectrum after removing the
contribution of undeuterated portion. Spectral fitting was performed
by fixing the positions of rather isolated peaks at 1273, 1265, 1252,
and 1226 cm-1 in (A) and of all four peaks in (B). Blue and green
lines indicate the bands in the dark and light states, respectively,
and solid and dotted lines indicate the bands of unlabeled (12C-
Tyr) and 4-13C-labeled Tyr, respectively. The sum of the Gaussian
bands (black dotted line) is overlaid on the experimental spectrum.

Table 1: Frequencies (cm-1) of the νCO andδCOH Vibrations of
Photosensitve Tyr in the Dark and Light States of TePixD

νCO δCOH
12C-Tyr [4-13C]Tyr (∆)a 12C-Tyr [4-13C]Tyr (∆)a

in H2O
dark state 1265 1242 (-23) 1242 1232 (-10)
light state 1273 1252 (-21) 1235 1226 (-9)

in D2O
dark state 1262 (-3)b 1239 (-23)
light state 1270 (-3)b 1247 (-23)
a Values in parentheses are frequency shifts by [4-13C]Tyr labeling.

b Values in parentheses are frequency shifts by deuteration.
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features significantly different from those of the wild-type
spectrum (Figure 2a). A number of strong or medium peaks
were newly observed at 1680-1000 cm-1, in addition to the
1714/1699 cm-1 peaks, which most probably correspond to
the νC4dO peaks at 1713/1698 cm-1 in the wild-type
spectrum. The strongest signal was a negative peak at 1549
cm-1. A prominent signal around 1550 cm-1 along with
strong or medium peaks at 1500-1000 cm-1 is similar to
the feature of light-induced FTIR spectra of LOV domains
(41, 42) and cryptochrome (43), suggesting that the chemical
structure of the flavin isoalloxazine ring was somehow
modified rather than simple H-bond changes as proposed
for the BLUF domains. This observation is consistent with
the previous proposal that the Tyr8Phe mutant of TePixD
undergoes flavin reduction (7). The FTIR spectrum of the
[4-13C]Tyr-labeled sample of Tyr8Phe is shown in Figure
4a (red line) superimposing that of the unlabeled mutant
sample (black line). Both spectra were basically identical,
and no specific difference was observed. This was more
clearly shown in the double difference spectrum (Figure 4b),
showing no specific bands in the TyrνCO/δCOH region. It
is noted that the higher noise level in the spectra of the
Tyr8Phe mutant (Figure 4) than that of the wild type (Figure
2) is ascribed to a lower efficiency of photoreaction in the
mutant and hence to the smaller signal intensities (by a factor
of ∼50).

To identify the H-bond structure of the Tyr in TePixD
from the observedνCO/δCOH frequencies, vibrational
frequencies of model complexes of Tyr with different forms
of H-bond interactions were calculated using the DFT
method. We used H-bonded complexes ofp-cresol with
acetamide as models of H-bonding interactions of Tyr with
a Gln side chain.p-Cresol has been used as a model of a
Tyr side chain in FTIR and Raman investigations of Tyr
interactions (36-40). Although we used acetamide as a
H-bond partner, the purpose of this calculation is not exact
reproduction of the Tyr-Gln interaction in TePixD but

examining the general effects of H-bonding on theνCO/
δCOH frequencies. Thus, the mutual arrangement ofp-cresol
and acetamide does not necessarily agree with that in the
X-ray structure of TePixD. Figure 5 shows the optimized
structures of freep-cresol (I) and its H-bonded complexes
with acetamide, in whichp-cresol acts as a H-bond donor
to the oxygen atom (II) or the nitrogen atom (III) of amide,
as a H-bond acceptor (IV), and as both H-bond donor and
acceptor (V). All of the calculated frequencies were scaled
with a single scaling factor of 0.977 to adjust the CO
frequency of freep-cresol to the experimental value (1255
cm-1) (35). CalculatedνCO and δCOH frequencies are
summarized in Table 2 together with shifts by deuteration
of the OH group and by 4-13C labeling. Whenp-cresol acts
as a H-bond donor to the amide CdO (model II), theνCO
frequency showed an upshift by 19 cm-1 from that of free
p-cresol resulting in the frequency of 1274 cm-1, and the
δCOH vibration also exhibited a significant upshift of 84
cm-1 to give a frequency of 1240 cm-1. A similar tendency
of shifts was observed whenp-cresol is H-bonded to the
nitrogen atom of amide (model III), but upshifts were much
smaller, i.e., +6 and +53 cm-1 for νCO and δCOH,
respectively, due to a rather weak H-bond as shown in the
H-bond distances (2.079 Å in model III in comparison with
1.789 Å in model II; Figure 5). On the other hand, when
p-cresol acts as a H-bond acceptor (model IV), a relatively
large downshift of theνCO frequency by-23 cm-1 was
observed to give a frequency of 1232 cm-1, and theδCOH

FIGURE 4: (a) Light-induced FTIR difference spectra of the Tyr8Phe
mutant of TePixD. Black line: unlabeled TePixD. Red line: [4-13C]-
Tyr-labeled TePixD. (b) Double difference spectrum between the
[4-13C]Tyr-labeled and unlabeled spectra (unlabeled minus [4-13C]-
Tyr-labeled) of the Tyr8Phe mutant.

FIGURE 5: Optimized structures ofp-cresol (I) and its H-bonded
complexes (II-V) with acetamide as models of the Tyr8-Gln50
interaction in TePixD: (I) freep-cresol; (II)p-cresol as a H-bond
donor to the oxygen atom of amide; (III)p-cresol as a H-bond donor
to the nitrogen atom of amide; (IV)p-cresol as a H-bond acceptor;
(V) p-cresol as both a H-bond donor and an acceptor.

FTIR Study of Tyrosine in TePixD Biochemistry, Vol. 46, No. 22, 20076463



was calculated to be 1167 cm-1 as a result of a medium
upshift by 11 cm-1. Finally, when both of the hydrogen and
oxygen atoms of the OH are H-bonded simultaneously
(model V), theνCO downshifted and theδCOH significantly
upshifted, and as a result, these vibrations were strongly
coupled with each other to form a mode with a strong
infrared intensity at 1241 cm-1. We have calculated theνCO
andδCOH frequencies ofp-cresol with various H-bonding
partners other than amides (Takahashi and Noguchi, unpub-
lished results) and found that the above tendencies ofνCO
andδCOH shifts depending on the H-bond forms generally
hold. These calculated results are also in good agreement
with experimental data ofp-cresol or Tyr in various solvents
and crystal forms (37, 38). Takeuchi et al. (37) showed that
νCO occurs at 1275-1265 cm-1 in H-bond donating states
and at 1240-1230 cm-1 in H-bond accepting states, while
Gerothanassis et al. (38) reported a large increase in the
δCOH frequency by H-bond formation as a donor or as both
donor and acceptor. Thus,νCO andδCOH can be good
markers to determine the H-bond forms of a Tyr side chain.

In Figure 6, the experimentalνCO andδCOH frequencies
of the photosensitive Tyr in TePixD in the dark and light

states are compared with the calculated frequencies with
different H-bond forms. In both states, theνCO frequencies
(1265 and 1273 cm-1 in the dark and light states, respec-
tively) are located above the freeνCO frequency, and the
δCOH frequencies (1242 and 1235 cm-1 in the dark and
light states, respectively) are found at significantly higher
positions than theδCOH frequency of freep-cresol (Figure
6f,g). This experimentalνCO/δCOH pattern is in good
agreement with the pattern of a H-bond donor (Figure 6b,c)
but significantly differs from that of a H-bond acceptor
(Figure 6d). The structure of double H-bonds (Figure 6e) is
also dismissed, because in this structure theνCO andδCOH
vibrations are strongly coupled with each other showing a
frequency slightly lower than the freeνCO. Thus, the H-bond
donor is the most probable H-bond form of the photosensitive
Tyr in both the dark and light states of TePixD. As a H-bond
partner, the amide CdO is in better agreement with the
experimental data than the nitrogen of amide NH2. In the
structures as a H-bond donor, shifts of theνCO/δCOH
frequencies by 4-13C labeling were calculated to be-23 to
-21/-16 cm-1 (Table 2), in fair agreement with the
experimental values of-23/-10 and-21/-9 cm-1 in the
dark and light states, respectively (Table 1).

To further study the structural implication of the changes
in the νCO/δCOH frequencies upon photoconversion, vi-
brational frequencies were calculated for model complexes
of p-cresol H-bonded with various amides. In these com-
plexes,p-cresol acts as a H-bond donor to amide CdO. The
calculatedνCO andδCOH frequencies together with the
H-bond distances are summarized in Table 3, and the
optimized structures of these complexes other than the
complex with acetamide (Figure 5, model II) are shown in

Table 2: Calculated Frequencies (cm-1) of the νCO andδCOH Vibrations ofp-Cresol and Its H-Bonded Complexes with Acetamide

νCO δCOH

H-bond form
(structure in Figure 5)a

frequencyb

(∆H-bond)c ∆Dd ∆4-13Ce
frequencyb

(∆H-bond)c ∆Dd ∆4-13Ce

freep-cresol (I) 1255 (0) -6 -25 1156 (0) -255 -4
OH‚‚‚OdC (II) 1274 (+19) -10 -21 1240 (+84) -246 -16
OH‚‚‚NH2 (III) 1261 (+6) -10 -23 1209 (+53) -264 -16
O(H)‚‚‚H2N (IV) 1232 (-23) -3 -22 1167 (+11) -255 -3
OH‚‚‚OdC/O(H)‚‚‚H2N (V) 1241f (-14) +15 -17 1241f (+85) -267 -17

a The optimized structure of each complex is shown in Figure 5.b Calculated frequencies were scaled with a factor of 0.977 to adjust theνCO
frequency of freep-cresol to the experimental value (35). c Shifts by H-bond formation.d Shifts upon deuteration of the OH group.e Shifts upon
4-13C labeling.f The mode in which theνCO andδCOH vibrations are strongly coupled with each other.

FIGURE 6: Calculated frequencies of theνCO (closed squares) and
δCOH (open triangles) vibrations ofp-cresol in model complexes
with different H-bond forms in comparison with the experimental
frequencies of Tyr8 in TePixD in the dark and light states.

Table 3: CalculatedνCO andδCOH Frequencies (cm-1) of
p-Cresol in H-Bonded Complexes with Various Amides in Which
p-Cresol Acts as a H-Bond Donor to Amide CdO

amide (H-bond acceptor)a
H-bond

distance (Å)b νCOc δCOHc

formamide 1.820 1273 1231
acetamide 1.789 1275 1240
N-methylformamide 1.800 1274 1237d

N-methylacetamide 1.783 1276 1243d

diformamide 1.899 1266 1222
N,N-dimethylformamide 1.789 1275 1239d

N-formylacetamide 1.862 1268 1224d

a The optimized structures of model complexes are shown in Figure
S1 other than the complex with acetamide (Figure 5, model II).b The
H-bond distance between the hydrogen atom ofp-cresol OH and the
oxygen atom of amide CdO [r(H‚‚‚O)]. c Calculated frequencies were
scaled with a factor of 0.977.d Frequencies decoupled with amide
vibrations by isotope substitution of the amide group.
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Figure S1 (see Supporting Information). Figure 7A (solid
circles) shows that theνCO frequency is well correlated to
the H-bond distance; a shorter H-bond distance (i.e., a
stronger H-bond) gives a higherνCO frequency. This
correlation also holds for the model with a weak H-bond to
the amide nitrogen (open circle; Figure 5, model III). When
this correlation is applied to the experimental data of TePixD,
which showed an 8 cm-1 upshift of theνCO frequency upon
photoconversion (Table 1), it is concluded that the H-bond
of Tyr8 is strengthened by the formation of the light state.

Calculation of the model complexes also shows the
correlation of theδCOH frequency with theνCO frequency
(Figure 7B). Complexes with higherνCO also have higher
δCOH frequencies. This relationship is contrary to the shift
direction of theδCOH in TePixD, i.e., a downshift by 7 cm-1

upon photoconversion (Table 1). Since theδCOH frequency
should be directly affected by the COH angle, the photo-
conversion of TePixD may induce the changes not only in
the H-bond strength of Tyr but also in its H-bond angle.

DISCUSSION

FTIR measurements of TePixD in which Tyr residues are
selectively labeled with [4-13C]Tyr showed that signals from
a Tyr side chain are involved in the light-induced FTIR
difference spectrum upon transition from the dark state to
the light-signaling state (Figure 2). This observation indicates

that there is a Tyr residue that is coupled to the photoreaction
of the flavin in TePixD and this Tyr undergoes some
structural changes by the formation of the light state. Spectral
analysis by measurements in D2O and band fitting in the
νCO/δCOH region of 1300-1200 cm-1 (Figure 3) showed
that only a single Tyr side chain is related to these signals
and theνCO/δCOH frequencies were identified to be 1265/
1242 cm-1 in the dark state and 1273/1235 cm-1 in the light
state (Table 1).

TePixD contains six Tyr residues (Tyr8, Tyr18, Tyr43,
Tyr63, Tyr113, and Tyr137) (22). Among them only Tyr8
is conserved in different BLUF domains (2). Tyr8 is also
located in close vicinity of the flavin isoalloxazine ring
(Figure 1); in the X-ray structure of TePixD, the distance
from the oxygen atom of the Tyr8 side chain to the nearest
edge of the ring is 3.3 Å, whereas the other five Tyr residues
are located more than 10 Å apart from the isoalloxazine ring.
The Tyr8Phe mutant exhibited an FTIR spectrum (Figure
4) significantly different from the wild-type spectrum,
probably reflecting photoreduction of the isoalloxazine ring
(7). Interestingly, the Tyr8Phe mutant of SyPixD did not
show any light-induced reactions (15), indicative of some
difference between TePixD and SyPixD. The presence of
the 1714/1699 cm-1 peaks (Figure 4) also suggests that the
H-bond change at C4dO similar to the wild-type reaction
takes place in addition to the flavin change. Thus, amino
acid residues structurally coupled to the flavin through
H-bond networks are expected to be perturbed by the
photoreaction of the Tyr8Phe mutant, although the nature
of perturbation could be different from that of the wild type.
[4-13C]Tyr labeling of TePixD from the Tyr8Phe mutant,
however, did not show any difference from the unlabeled
spectrum (Figure 4), indicating that Tyr signals are not
involved in the Tyr8Phe spectrum. These results strongly
support the assignment of the Tyr bands in the wild-type
spectrum to Tyr8, whose structure is perturbed by formation
of the light state.

Analysis of theνCO/δCOH frequencies of Tyr8 (Table
1) using DFT calculations for different H-bond forms of the
p-cresol-acetamide complex (Figure 5, Table 2) as a model
of Tyr8-Gln50 interaction showed that Tyr8 in both the dark
and light states takes basically the same H-bond form as a
H-bond donor (Figure 6). In both states, theνCO/δCOH
pattern is more consistent with the structure H-bonded to
the oxygen atom than to the nitrogen atom of an amide group
(Figure 6). This is because H-bonding to the nitrogen of the
amide is much weaker than that to CdO as shown in the
longer H-bond distance (1.789 and 2.079 Å for H‚‚‚O and
H‚‚‚N, respectively; Figure 5). This H-bond structure as a
donor to the amide CdO is in agreement with the X-ray
structure of TePixD (Figure 1) (22). In the X-ray structure
of SyPixD by Yuan et al. (23), however, a few subunits out
of ten took a different conformation, in which the amide
nitrogen is directed to Tyr8, and they favored this conforma-
tion as a solution structure of SyPixD by fluorescence
analysis. Similarly, the X-ray structure of AppA by Anderson
et al. (24) took the Tyr‚‚‚NH2 conformation, whereas that
by Jung et al. (25) and the structure of BlrB (5) took the
Tyr‚‚‚OdC conformation. Although the present FTIR data
prefer the Tyr‚‚‚OdC conformation as a solution structure
of TePixD, the possibility of the Tyr‚‚‚NH2 conformation
cannot be excluded at present. The H-bond with the NH2 of

FIGURE 7: (A) Correlation between the H-bond distance and the
νCO frequency ofp-cresol calculated for the model complexes of
p-cresol H-bonded with various amides. In the complexes, the OH
group of p-cresol acts as a H-bond donor to amide CdO (solid
circles) or to the nitrogen of acetamide (open circle). (B) Correlation
between the calculatedνCO andδCOH frequencies ofp-cresol in
model H-bonded complexes (solid circles, H-bond to CdO of
various amides; open circle, H-bond to the nitrogen of acetamide).
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Gln50 in TePixD could be much stronger than that with the
amide NH2 in a model complex due to, for example, a strong
H-bond of the hydrogen of NH2 to the N5 of flavin. Further
DFT calculations for model complexes including the isoal-
loxazine ring may be necessary to draw a more decisive
conclusion about the H-bond partner. It should be empha-
sized, however, that even in the Tyr‚‚‚NH2 conformation Tyr
acts as a H-bond donor but not an acceptor.

Upon transition from the dark state to the light state, the
νCO frequency upshifted by 8 cm-1 from 1265 to 1273 cm-1

(Table 1). This upshift was interpreted as due to the
strengthened H-bond between the Tyr-OH and Gln (Table
3, Figure 7A). Also, theδCOH change in the opposite
direction (a downshift by 7 cm-1; Table 1) suggests that the
H-bond angle is also perturbed by the photoreaction. The
H-bond angle (∠C-O‚‚‚O) of Tyr8 in the crystal structure
of the dark-state TePixD (22) was 108.4°, which is much
smaller than the corresponding angles in the optimized
structures of model complexes (∠C-O‚‚‚O ) 117.1° for
model II and∠C-O‚‚‚N ) 121.4° for model III). This rather
distorted H-bond structure in the dark state could be
responsible for the relatively highδCOH frequency. This
structure may be changed to a stronger H-bond with a proper
H-bond angle upon light-state formation. Such changes in
the H-bond structure of Tyr8 suggest a significant change
in the H-bond network of Tyr8-Gln50-flavin, which is
consistent with the formation of a stronger H-bond at the
flavin C4dO revealed by a large downshift of the C4dO
peak from 1713 to 1698 cm-1 (Figure 2) (7, 10, 14-21).

A recent NMR study of AppA by Grinstead at al. (29)
showed that the proton of Tyr-OH exists in a very stable
H-bonding arrangement in the light state, which is in
agreement with the strong H-bond interaction of Tyr8 in the
light state of TePixD. However, the Tyr-OH resonance was
not observed in the NOESY spectrum in the dark state of
AppA, and this observation was interpreted as that the Tyr-
OH proton exists in a hydrophobic pocket and does not have
a H-bonding partner available (29). This conclusion is in
contrast to the present FTIR results in the dark state of
TePixD, in which Tyr8 forms a H-bond most likely to the
amide CdO or possibly to the NH2. It could be possible
that the NMR signal was not detected due to a rather weak
and distorted H-bond of Tyr-OH in the dark state as
suggested in the present FTIR study. Alternatively, the
discrepancy could arise from an original conformational
difference between TePixD and AppA as has been revealed
in the X-ray crystal structures (22, 24).

In conclusion, the present FTIR study provided solid
evidence that Tyr8 in TePixD is structurally coupled to the
flavin and its H-bond structure is perturbed during photo-
reaction. The OH of Tyr8 acts as a H-bond donor in both
the dark and light states, but the H-bond is strengthened by
formation of the light-signaling state concomitant with a
change in the H-bond angle. This structural change of Tyr8
may play an important role in the mechanism of photore-
action of the flavin site and subsequent signal transduction
in TePixD.

SUPPORTING INFORMATION AVAILABLE

Optimized structures of the model complexes ofp-cresol
that acts as a hydrogen bond donor to the CdO of

formamide,N-methylformamide,N-methylacetamide, difor-
mamide,N,N-dimethylformamide, andN-formylacetamide.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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