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ABSTRACT The kinetics of conformational change in the N-terminal region of photoactive yellow protein (PYP) was studied by
the time-resolved diffusionmeasurement. The transient grating signal that represented the protein diffusion of the ground state and
pB state depended on the observation time range. An analysis of the signal based on the time-dependent diffusion coefficient
clearly showed that protein diffusion changed with a time constant of 170 ms, corresponding to the pR2 / pB9 transition. Since a
previous diffusion study of N-terminal truncated PYPs had revealed that the change in the diffusion coefficient reflected the
unfolding of the a-helices in the N-terminal region of PYP, the results indicate that this unfolding took place at the same rate as the
pR2 / pB9 transition. This demonstrates that the response of the conformational change in the N-terminal region was quite fast,
probably due to changes in a specific hydrogen-bonding network of this domain.

INTRODUCTION

Conformational change in proteins is a key step in signal

transduction. For understanding the molecular mechanism of

such changes, it is essential to reveal their dynamics in the

time domain. For clarifying the relationship between reaction

kinetics and conformational change, photoactive yellow pro-

tein (PYP), a relatively small (14 kDa) water-soluble protein

presumably functioning as a blue light photoreceptor for a

negative phototactic response, has been used as a prototype

system by taking advantage of light triggering (1–12). We

investigated a reaction step that changed the conformation of

the N-terminal region of PYP by applying a unique technique—

time-resolved diffusion measurement.

The chromophore in PYP is p-coumaric acid (4-hydroxy-

cinnamic acid) covalently bound to the side chain ofCys-69via

a thioester linkage (3,5). After photoexcitation of the chromo-

phore, the photocycle of PYP is triggered by trans-cis
photoisomerization, which has been characterized mostly by

the flash photolysis method (6–8). Upon flash excitation, the

ground state (pG) is converted to a red-shifted intermediate pR1

(I1 or PYPL) in ,2 ns (9). Subsequently, pR1 is converted to

pR2 without the spectral change with a time constant of;1 ms
(10). The pR2 species decays on the submillisecond timescale

to a blue-shifted intermediate pB9 (or I2 or PYP(M)acid), which

is converted to pB (or I29 or PYP(M)alkali) within a few milli-

seconds at room temperature. This pB finally returns to pG

within a few seconds (2,4,9).

The conformational changes of PYP have been examined

by a variety of techniques (13–23). A study using the hydro-

phobic probe molecule Nile red indicated that exposure of

the hydrophobic surface, which is a part of the chromophore-

binding pocket, followed protonation of the chromophore

(14). A hydrogen/deuterium exchange study suggested

instability of the conformation in the N-terminal region

and large structural changes in the protein backbone, involv-

ing both solvent-accessible and core regions upon the forma-

tion of pB (15,16). Furthermore, the thermodynamic properties

of the transition state also suggested the unfolding of the

N-terminal region (17). Far-ultraviolet circular dichroism

(CD) and Fourier transform infrared (FTIR) studies of

N-terminal truncated PYPs suggested conformational changes

of a-helices and b-sheets, respectively (13). Recently, an

NMR structure of a PYP lacking 25 N-terminal residues (D25)
was reported (18) showing that the central b-sheet and a small

part of one a-helix in the helical connector region were still

intact but that the remainder was highly flexible in the pB

state. Conformational change was also detected by monitoring

the diffusion coefficient (D) of the intermediate species, pB

(19,20). It was reported that D of pB (DpB) was smaller than

D of pG (DpG) (21). The smaller DpB was attributed to a

significant conformational change that increased the friction

for translational diffusion (a diffusion-sensitive conformational

change). A later study on certain N-terminal truncated PYPs

concluded that the conformational change at the N-terminal

region was the main cause of the change in D and that the

solvation structure around this group was significantly

altered (20). Hence, the reduction in D was explained in

terms of the increase in intermolecular interactions upon the

unfolding of the a-helices in the N-terminal region. It should

be noted here that ‘‘unfolding of the a-helices’’ does not

necessarily mean the formation of a random coil or stretched

structure of the N-terminal region. The observed changes

in D indicated that the intramolecular hydrogen-bonding

network in the a-helices was changed to protein-water inter-

molecular hydrogen bonding. However, it was reasonable to
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assume that the conformation was no longer a-helices with-
out this intramolecular hydrogen bonding.

Despite these extensive investigations, kinetic studies of the

conformational change in solution have been rather limited. A

time-resolved infrared (IR) study revealed that the protonation

of p-coumaric acid and Glu-46 ionization occurred with a time

constant of 260 ms (pR2 / pB9) and that conformational

change of the C¼O stretch of the protein backbone (amide I)

in the antiparallel b-sheet took place later with a time constant

of 2 ms (pB9 / pB) (24). However, kinetic information on

the conformational change in the N-terminal region has not

yet been detected. For example, the structural change of the

hydrophobic surface shielded by the N-terminus was not ob-

served by the Nile red binding technique (14).

In this study, we successfully obtained kinetic parameters

of the conformational change in the N-terminal region by

using the time-resolved diffusion measurement. Although D
has been categorized as a steady-state characteristic so far,

it was demonstrated recently that this property can be used

to characterize the conformation of unstable intermediate

species during a reaction in real time by the pulsed laser

induced transient grating (TG) technique (20,25–32). For

example, it was reported that D of unfolded cytochrome c
gradually increased in conjunction with the protein folding

process (25). This change was attributed to the helices for-

mation, along with a change in the hydrogen-bonding network

from intermolecular to intramolecular bonding. Spectrally

silent conformational dynamics of the LOV (light-oxygen-

voltage sensing) domain of a phototropin was investigated

using the time dependence of D, showing that it decreased

with a time constant of 2 ms (26,28). The change in D was

explained in terms of the unfolding of the a-helices at this rate.
Spectrally silent dynamics of photosensor proteins have also

been detected (27,29–31). However, such a time-dependent D
has not been observed for the PYP reaction so far in the time

window (5–100 ms) achievable with the grating wavenumber

(q) normally used in our group (1 3 1011 m�2 , q2 , 2 3
1012 m�2) (21). The time independence of D in this time

window indicated that the change in D was complete within a

few milliseconds. For monitoring this change on a shorter

timescale than before, the TG signal should be recorded at

large q, which was rather difficult. In this study, using a

careful alignment of the experimental setup, we succeeded in

recording the diffusion signal in the submillisecond range. We

analyzed the observed TG signals over a wide time range for

time-dependent changes in D and concluded that conforma-

tional changes in the N-terminus took place with a time con-

stant of 170ms, which corresponded to the rate of formation of

pB9 under the experimental conditions. Hence, this result

indicated that the conformation of the N-terminus changed

during an early step of the reaction, before changes occurred

in the structure of the chromophore binding domain previ-

ously monitored by the FTIR method (24). To our knowledge,

this is the first report on the kinetics of the conformational

change in the N-terminal region.

THEORY

The principle of the TG measurement has been reported

previously (32,33). The TG signal intensity is proportional to

the square of the light-induced refractive index change (dn) as
long as the absorption change is negligible at the probe

wavelength, which was satisfied under these experimental

conditions. There are two main contributions to the refractive

index change: the thermal effect (dnth(t), thermal grating) and

change in chemical species upon reaction (dnspe(t), species
grating). The species grating signal intensity is given by the

difference between the refractive index changes due to the

reactant (dnR) and the product (dnP). Hence, the TG signal

(ITG(t)) can be expressed as

ITGðtÞ ¼ afdnthðtÞ1 dnPðtÞ � dnRðtÞg2
; (1)

where a is a constant. The ‘‘product’’ in this equation does not

necessarily mean the final product but can be any molecule

produced from the reactant at the observation time.Thenegative

sign of dnR is due to the depletion of the reactant.

When the molecular diffusion coefficient (D) is time inde-

pendent, the temporal profile of the species grating signal can

be calculated by the molecular diffusion equation, and we

may find that the q-Fourier component of the concentration

decays with a rate constant of Dq2 for the reactant and the

product. (In principle, the molecular diffusion and thermal

diffusion are coupled. However, the coupling is generally very

weak; so we can neglect this coupling as shown by a number

of reports (19–22,25–35).) Hence, the time development of

the TG signal for describing the molecular diffusion part can

be expressed by

ITGðtÞ ¼ afdn0P expð�DPq
2
tÞ � dn

0

R expð�DRq
2
tÞg2

; (2)

where DR and DP are diffusion coefficients of the reactant

and the product, respectively. Furthermore, dn0Rð.0Þ and

dn0Pð.0Þ are the initial refractive index changes due to the

changes in the reactant and the product concentrations, respec-

tively, upon the reaction.

When D changed in this observation time window, the

kinetics must be included in the diffusion equation. In this

study, we examined the following two possible schemes for

changes in D:

pR2 ðDpGÞ/k1 pB9 ðDpBÞ/k2 pB ðDpBÞ (Scheme 1)

pR2 ðDpGÞ/k1 pB9 ðDpGÞ/k2 pB ðDpBÞ; (Scheme 2)

where DpG and DpB represent D of the initial (pG) and the

final (pB) species, respectively. Scheme 1 represents the

change in D for the transition from pR2 to pB9 with a rate

constant of k1, which was 170 ms at room temperature in this

study. Scheme 2 depicts the change in D for the transition

from pB9 to pB with a rate constant of k2, which was 1 ms.

Solving the diffusion equations, which are similar to those

reported before (32), with initial conditions of [pR2] ¼
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[pR2]0(1 � cos qx) (q: grating wavenumber, x: direction of

the grating wave vector), [pB9] ¼ 0, and [pB] ¼ 0, the time

dependence of the refractive indices for both cases are given by

Scheme 1:

Scheme 2:

where A ¼ D1q
2 � D2q

2 and B ¼ (k1 � k2).
Equations 3 and 4 are different from the equation reported

previously (21) because the previous equation did not

consider the time dependence of D. The previous equation

was sufficient to reproduce the observed TG signal before

because the observation time range was slow enough (slower

than the D-change dynamics).

MATERIALS AND METHODS

The experimental setup for the TG experiments was similar to that reported

in previous studies (10,19–21,35). A XeCl excimer laser-pumped dye laser

(Lambda Physik, Göttingen, Germany; Compex 102xc, Lumonics Hyper

Dye 300; l¼ 465 nm) beam was split into two by a beam splitter and crossed

inside a quartz sample cell (optical path length ¼ 2 mm) by a focusing lens.

The laser power of the excitation was ,5 mJ/pulse. The created refractive

index modulation (TG) in the sample was probed by a He-Ne laser (633 nm)

or a diode laser (840 nm) as a Bragg diffracted signal (TG signal). The

grating wavenumber q was changed by changing the crossing angles of the

excitation beams and the probe beam. For achieving a wide range of q, a
variety of lenses with different focal lengths were used. The TG signal was

detected by a photomultiplier tube (Hamamatsu R-928; Hamamatsu, Japan)

and fed into a digital oscilloscope (Tektronix 2430A; Beaverton, OR). The

TG signal was averaged by a microcomputer to improve the signal/noise

ratio. All measurements were carried out at room temperature.

PYP was prepared as reported previously (10,21,35) and was dissolved in

10 mM Tris-HCl (pH ¼ 8.0) with 0.5 mM PMSF (phenylmethanesulfonyl

fluoride). Bromocresol purple was used as a calorimetric reference for the

TG measurement. The absorbance at the excitation wavelength was ;0.4–

0.7 in these experiments.

RESULTS

To determine the time dependence of the change in D, it was
necessary to analyze the TG signals consistently over a wide

q2 range. The features of the TG signal of PYP will first be

briefly described. The signal rose quickly after photoexci-

tation with the instrumental response of our system and then

showed a weak slow-rising component (Fig. 7 in Takeshita

et al. (10)). The latter component observed just after the

photoexcitation was attributed to the protein conformational

change from pR1 to pR2, without an accompanying change

in the absorption spectrum of PYP. After this, the signal de-

cayed to a certain intensity with a rate constant Dthq
2 and

showed growth-decay curves twice before finally decaying

to the baseline. The component with the decay rate constant

of Dthq
2 must be the thermal grating component. A typical

TG signal at q2¼ 33 1011 m�2 is shown in Figs. 1 A (a) and
B (a). For simplicity, the signal after the thermal grating

component is shown. The first growth component in this

figure represents the transformation of pR2 to pB. This

kinetics was expressed by a biexponential function with a

time constant of 170 ms and 1 ms at 293 K, which could be

monitored by detecting absorption changes. The subsequent

decay and the next growth-decay curve were attributed to the

protein diffusion of pG and pB (10). This latest peak

(diffusion peak) appeared because DpB was different from

DpG. The diffusing species were assigned based on the signs

of the refractive index changes, and it was concluded that

the rate constant of the rising component represented DpGq
2

and that of the decaying component corresponded to DpBq
2

(DpG . DpB) (10). Hence, the observed TG signals after

the thermal grating were reproduced well by

ITGðtÞ ¼ afdnth expð�Dthq
2
tÞ1 dn1 expð�k1tÞ

1 dn2 expð�k2tÞ � dnpG expð�DpGq
2
tÞ

1 dnpB expð�DpBq
2
tÞg2

; (5)

where the rate constants k1 and k2 represent the pR2 / pB

kinetics, and the preexponential factors represent the refrac-

tive index changes. This equation was used to reproduce the

previously observed TG signal (21). Here, the pR1 and pR2

formation processes were omitted to focus on the relation

between the reaction kinetics of k1, k2, and the protein dif-

ITG ¼ afðdnpR2 � dnpB9k1=B� dnpBk1k2ð�A� k2Þ=ðð�A� k1Þð�A� k2ÞBÞÞ exp½�ðDpGq
2 1 k1Þt�1 ðdnpB9k1=B

� dnpBk1k2ðA� k1Þ=ðð�A� k1Þð�A� k2ÞBÞÞ exp½�ðDpGq
2 1 k2Þt�

1 ðdnpBk1k2B=ðð�A� k1Þð�A� k2ÞBÞÞ expð�DpBq
2
tÞ � dnpG expð�DpGq

2
tÞg2

; (4)

ITG ¼ afðdnpR2 � dnpB9k1=ðA1BÞ1 dnpBk1=ðð�A� k1Þð�A� BÞÞÞ exp½�ðDpGq
2 1 k1Þt�1 ðdnpB9k1=ðA1BÞ

1 dnpBk1ð�A� k1Þ=ðð�A� k1Þð�A� BÞÞÞ exp½�ðDpBq
2 1 k2Þt�

1 ðdnpBk1ðA1BÞ=ðð�A� k1Þð�A� BÞÞÞ expð�DpBq
2
tÞ � dnpG expð�DpGq

2
tÞg2

(3)
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fusion processes. From the curve fitting of the signal, DpG

and DpB were previously determined to be 1.35 3 10�10

m2s�1 and 1.15 3 10�10 m2s�1, respectively (10).

Fig. 1 shows the TG signals measured over a wide range

of q2. These signals were normalized by the intensity of the

thermal grating component, which was an indicator of the

concentration of the photoexcited PYP. There were several

interesting features in the signal. In particular, it is noted that

the diffusion peak intensity decreased with increasing q2, i.e.,
in the faster time region. If therewas no change inD during the

diffusion process, the time dependence would be expressed

by a combination of exp(�Dq2t) terms (e.g., Eq. 2). In this

case, the diffusion peak intensity, which is determined by the

difference of two exponential functions, should not be ex-

pected to depend on q2. Since the diffusion peak appears to be
due to the change inD of the intermediate species, the weaker

diffusion peak intensity in the earlier time range is clear evi-

dence for the smaller difference between DP and DR on a fast

timescale. The time-dependent change in the diffusion signal

intensity was attributed to the time-dependent decrease in the

apparent D of the product, because D of the reactant (DpG)

should be constant. This finding prompted the efforts to

determine the rate of change in D from these signals.

We examined two possible reaction schemes for explain-

ing the observed signal at various values of q2: the change in
D associated with the transition from pR2 to pB9 (Scheme 1:

Eq. 3) or with the transition from pB9 to pB (Scheme 2: Eq.

4). To distinguish between these two routes, we used the

following methods.

First, we tried to fit the temporal profiles of the signals at

various q2 consistently. For this purpose, we initially fit the

signal at the lowest q2 (Figs. 1 (a) and B (a)) withDpG¼ 1.35

3 10�10 m2s�1 and DpB ¼ 1.153 10�10 m2s�1, which were

determined previously from the data at relatively low q2;
i.e., kinetics of change in D can be ignored in this long time

range (20). Adjustable parameters of the fitting were the

refractive index changes, dnpG, dnpR2, dnpB9, and dnpB. By
properly adjusting these refractive index changes, the signal

at q2 ¼ 3 3 1011 m�2 could be satisfactorily reproduced by

both Eqs. 3 and 4 (Fig. 1, A(a) and B(a)). The reasonable fits
based on both schemes are not surprising because the dy-

namics of the change in D were already complete at the dif-

fusion peak time at this small q2. We then calculated the TG

signals at the larger q2 using these parameters. Surprisingly,

the calculated signals based on Scheme 1 reproduced the

observed signals very well without the use of any adjustable

parameters (Fig. 1 A). On the other hand, the calculated

signal intensities based on Scheme 2 were drastically lower

than the observed values at the higher q2 (Fig. 1 B). Appar-
ently, this difference comes from the different rates of change

in D we used for these calculations. The very good repro-

duction without any adjustable parameter strongly suggested

that Scheme 1 correctly described the change in D of PYP.

To further support this conclusion, we analyzed the peak

times (tmax) of the diffusion signals at various q2. The peak

time was determined by the difference of two exponential

functions that represented the diffusion of pG and the in-

termediate. Hence, it is natural that when q2 is increased tmax

decreases. However, if the D-change was complete in a fast

time range (e.g., ,50 ms), the temporal profile of the TG

signal is determined by Eq. 2, and hence tmaxq
2 should not

depend on q2. Fig. 2 depicts a plot of the experimentally

determined tmaxq
2 against q2. Apparently, this tmaxq

2 de-

pended on q2, clearly indicating the time dependence of D in

this time window. We superimposed calculated tmaxq
2 based

on Schemes 1 and 2 on this plot. It is apparent that tmaxq
2

calculated from Eq. 3 (Scheme 1) reproduces the observed

times, whereas tmaxq
2 from Eq. 4 (Scheme 2) does not. This

analysis is a clear presentation showing that the D-change
took place with a time constant of 170 ms, not 1 ms.

For further confirmation of the above treatment, we mea-

sured the TG signals of an N-terminal truncated PYP, which

lacked the N-terminal 15 amino acid residues (T15). Previously,

we reported that the D-change is smaller than that for the

intact PYP, and the rate of pR2/ pB9 became faster when

FIGURE 1 TG signals (solid lines) of PYPmeasured at q2 of (a) 33 1011,

(b) 1.64 3 1012, (c) 5 3 1012, (d) 7.3 3 1012, and (e) 1 3 1013 m�2. The

signals are normalized by the thermal grating intensities, not shown in this

figure. (A) The calculated signals based on Scheme 1 (time constant ¼ 170

ms) are shown by the gray lines. (B) The calculated signals based on Scheme

2 (time constant ¼ 1 ms) (gray lines) are superimposed. The labels (a–e) in

(B) indicate the calculated signals in this panel.
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the N-terminal region was eliminated (20). Fig. 3 depicts the

observed TG signals at various q2. Since the D-change for

T15 is smaller, the diffusion peak intensity is weaker than

that of the intact PYP. However, we could reproduce the

signals by Eq. 3 with DpG ¼ 1.273 10�10 m2s�1 and DpB ¼
1.153 10�10 m2s�1 (20) and a time constant of 50 ms, which
were determined for the pR2/ pB9 rate from the population

grating signal. This result supports the idea that the con-

formation change in the N-terminal region is quite fast.

DISCUSSION

Aprevious time-resolved IR study showed biphasic dynamics

for the transition from pR2 to pB (24). The faster phase

(pR2 / pB9) was assigned to the protonation of p-coumaric

acid andGlu-46 ionization, whereas the slower phase (pB9/
pB) involved global conformational changes in PYP (24).

These conformational changes were attributed to the C¼O

stretch of the protein backbone (amide I) in the antiparallel

b-sheet. In fact, an FTIR spectrum of an N-terminal truncated

PYP showed a drastic change in amide I bands compared

to intact PYP even for PYP possessing the a-helices in

the N-terminal region (13). These studies indicated that it is

rather difficult to discern the conformational changes in the

N-terminal region from changes in the time-resolved FTIR

spectra. A previous time-resolved optical rotatory dispersion

experiment also showed that the dominant change occurred

with a 2 ms time constant (23). However, the CD spectra of

N-terminal truncated PYPs showed that the contributions of

the N-terminal helices are not large in the total CD intensity

(13). Hence, it is possible that the conformation change of the

N-terminal could not be detected by the time-resolved CD

either. On the other hand, it was previously shown that the

diffusion-sensitive conformational change reflected the un-

folding of the a-helices in the N-terminus (20). Therefore, the

conclusion from this time-resolved D study should provide

information on the kinetics of the conformational changes in

this region.

It is interesting to note that the conformational change in the

N-terminal region, which was monitored by the TG method,

occurred with a time constant of 170 ms, whereas the time

constant of the change in the b-sheet was reported to be 2 ms

in the previous FTIR study (24). Furthermore, CD measure-

ments at two different pHs showed that a significant change

(36%) in the CD intensity, which was attributed to the un-

folding of the a3- and/or a5-helices and disruption of the

b-sheet of PYPalkaliM ; which may correspond to pB (36,37). A

minor change (9%) in CD intensity observed in PYPacidM ;
which may be similar to pB9, could represent the unfolding of
the a-helices in the N-terminal region. However, we should

consider the fact that the reaction intermediates during the

time-resolved measurements under the native condition may

not be the same as the species observed under different pH

conditions. Therefore, the changes in the b-sheet cannot be
the cause of the unfolding of the a-helices in the N-terminal

region. Rather, we propose that the conformational changes in

the N-terminal region induce the changes in the b-sheet of the
chromophore binding domain.

Since we did not observe any change in D with a time

constant of 1 or 2 ms, we concluded that the conformational

change in the chromophore binding domain does not change

D. TheD-insensitivity of the 1 or 2ms conformational change

that was previously observed by the FTIR or CD methods is

not surprising if this conformational change does not induce

the hydrogen-bonding network switching from the intramo-

lecular to intermolecular bonding. Interestingly, these features

are similar to those of other photosensor proteins, phototropin

1 (phot1) and phototropin 2 (phot2), which possess the LOV

domains, a member of the Per-Arnt-Sim (PAS) family. After

FIGURE 3 TG signals (black lines) of T15 measured at q2 of (a) 7.5 3
1011, (b) 2.8 3 1012, and (c) 9.1 3 1012 m�2. The signals are normalized by

the thermal grating intensities, not shown in this figure. The calculated signals

based on Scheme 1 (time constant ¼ 50 ms) are shown by the gray lines.

FIGURE 2 Plot of tmaxq
2 against q2 (solid circles). The calculated tmaxq

2

based on Scheme 1 and Scheme 2 are shown by the solid line and the broken

line, respectively. The calculated tmaxq
2 without change in D is also shown

by dotted line, which illustrates the lack of dependence on q2.

Conformational Changes of PYP 2191

Biophysical Journal 94(6) 2187–2193



light triggering in the LOV domain of phot1 and phot2, the

a-helices in the linker region were unfolded and the diffusion
became slower (26,28).On the other hand, the conformational

change in the LOV domain does not change D. These

observations indicate that the hydrogen-bonding networks in

the PAS core (PYP and phototropins) are not altered by the

photoexcitation, whereas the conformations of the region

attached on the PAS core do change significantly.

It was of some interest to note that the conformational

change in the N-terminus occurred with the same rate as the

protonation of the chromophore. Recently, it was suggested

that the a-helices in the N-terminal region were stabilized

by the hydrogen-bonded network in the protein structure

(38). We suggest that the protonation of the chromophore

changed this network, causing unfolding of the a-helices in
the N-terminal region. The fact that the time constant of the

conformational change was equal to that of the protonation of

the chromophore detected by FTIR indicated that these re-

sponses were very rapid.

CONCLUSION

Conformational changes of PYP upon photoexcitation were

studied from a viewpoint of diffusion coefficient (D) in the

time domain. The TG signals measured over a wide q2 range
were consistently fitted by the equation based on the change

in D occurring with a time constant of 170 ms. On the other

hand, the signals could not be reproduced at all by the equa-

tion based on a model for change inDwith a time constant of

1 ms. Previously, we identified that this D-change reflected

the conformational changes in the a-helices of the N-terminal

region. Hence, we concluded that the a-helices at the N-terminal
region is unfolded with 170 ms (pR2-pB9 process). In light of
the previous time-resolved FTIR results (24), we concluded

that the N-terminal a-helices changes faster than the confor-

mation of the b-sheets in the chromophore-binding domain.

This faster rate suggests that the N-terminal conformation is

stabilized by a specific weak interaction, as suggested before

(38), and that this interaction is perturbed by the protonation

of the chromophore. The time response of the conformation

in the N-terminal region is very fast. The reaction scheme of

PYP is summarized in Fig. 4.

A part of this study was supported by the Grant-in-Aid (Nos. 13853002 and

15076204) from the Ministry of Education, Culture, Sports, Science, and

Technology of Japan.

REFERENCES

1. Sprenger, W. W., W. D. Hoff, J. P. Armitage, and K. J. Hellingwerf.
1993. The eubacterium Ectothiorhodospira halophila is negatively
phototactic, with a wavelength dependence that fits the absorption
spectrum of the photoactive yellow protein. J. Bacteriol. 175:3096–
3104.

2. Meyer, T. E., E. Yakali, M. A. Cusanovich, and G. Tollin. 1987.
Properties of a water-soluble, yellow protein isolated from a halophilic
phototrophic bacterium that has photochemical activity analogous to
sensory rhodopsin. Biochemistry. 26:418–423.
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