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ABSTRACT Conformational changes in the light illuminated intermediate (pB) of photoactive yellow protein (PYP) were
studied from a viewpoint of the diffusion coefficient (D) change of several N-truncated PYPs, which lacked the N-terminal 6, 15,
or 23 amino acid residues (T6, T15, and T23, respectively). For intact PYP (i-PYP), D of pB (DpB) was ;11% lower than that
(DpG) of the ground state (pG) species. The difference in D (DpG � DpB) decreased upon cleavage of the N-terminal region in the
order of i-PYP.T6.T15.T23. This trend clearly showed that conformational change in the N-terminal group is the main reason
for the slower diffusion of pB. This slower diffusion was interpreted in terms of the unfolding of the two a-helices in the
N-terminal region, increasing the intermolecular interactions due to hydrogen bonding with water molecules. The increase in
friction per one residue by the unfolding of the a-helix was estimated to be 0.3 3 10�12 kg/s. The conformational change in the
N-terminal group upon photoillumination is discussed.

INTRODUCTION

Elucidation of the molecular mechanism of photoreceptors

that control biological processes has been a target of inten-

sive investigations in biophysics and biology as well as

in chemistry. Conformational change of proteins plays an

essential role in many biological functions. Photoreactive

yellow protein (PYP) has been a prototype for such protein

researches (1–30). PYP is a relatively small (14 kDa) water-

soluble protein, which is considered as a blue light photo-

receptor for a negative phototactic response. It possesses a

chromophore, p-coumaric acid (4-hydroxycinnamic acid)

covalently bound to the side chain of Cys-69 via a thioester

linkage (3,4,9). Upon photoexcitation of the chromophore,

PYP exhibits a photocyclic reaction. The ground state species

(pG) is converted into a spectrally red-shifted intermediate

(pR1, also called I1 or PYPL) within,2 ns (6). Subsequently,

pR1 is converted to pR2 without any spectral change (7,8).

The pR2 species decays on the submillisecond timescale

to a blue-shifted intermediate (pB9, I2 or PYPM), which is

converted to pB, again without changes in the spectrum (9–

11). This pB finally returns to pG on a timescale of seconds

(9). The change in the structure of the chromophore should

be relayed to the conformational change of the protein to

activate a downstream signal transduction. The reaction

kinetics as well as the conformational change associated with

this reaction have been very interesting and stimulating

topics of research (1–30). The conformational change has

been studied by a variety of techniques. For example, it has

been shown that the conformation of pB is very much

different from that of pG by using kinetics experiments by

ultraviolet-visible absorption spectroscopy (19,24,25), by

use of hydrophobic probe molecules (23), by monitoring

heat capacity changes (22), by measurements of hydrogen/

deuterium (H/D) exchange rates of hydrophobicity (24), and

by diffusion coefficient (D) measurements (7,8).

In particular, the D-value has recently been recognized to

be a unique and useful property to probe the conformational

change of proteins. It reflects not only molecular size but also

the intermolecular interaction between the protein and water

(31,32). More interestingly, it has been shown that D not

only provides steady-state characteristics but also that one

can use this property to characterize the conformation of

unstable intermediate species during reaction dynamics in

real time by the pulsed laser induced transient grating (TG)

technique (33–36). For example, it has been reported that D
of cytochrome c gradually increases concomitant with the

protein folding process with a time constant of several tens of

milliseconds (33–35). Eitoku et al. (36) have studied spectrally

silent conformational dynamics of the light-oxygen-voltage

sensing (LOV) domain of a phototropin by measuring the

time dependence of D and have found that D decreased with

a time constant of 2 ms. This change in D was explained in

terms of the unfolding of the a-helices in this protein. In the

case of the PYP reaction, characteristic features of the TG

signal were observed upon photoexcitation of PYP, and it

was shown that D of the intermediate species pB is smaller

than that of pG (7,8). The smaller D in the pB state implied

that significant conformational change took place upon the

pB formation so that the friction for the translational dif-

fusion is increased. However, the molecular origin of such

changes in D was unknown. If the molecular origin is

revealed for this reaction, it would be an important clue to

understanding which conformational changes are essential in

the PYP photoreaction. Previously, it was found that the

mutation of one amino acid residue did not change D of pG

or pB, even though the reaction rate changed considerably
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after this mutation (7). This negligible effect of the single

residue mutation was consistent with the expectation that the

D-value is governed by the global structure of the protein,

not its local structure, as will be discussed later. For further

investigation of the origin of this change in D, we here

studied D changes upon the transformation from pG to pB

for certain N-terminal truncated PYPs, which lacked the

N-terminal 6, 15, or 23 amino acid residues (abbreviated as

T6, T15, and T23, respectively).

Previously, using the fact that N-terminal truncated PYPs

possess much longer pB state lifetimes than intact PYP (i-PYP)

(27), several properties of the pB state of the N-truncated PYPs

were characterized. Small angle x-ray scattering (SAXS)

experiments demonstrated that the radius of gyration (Rg) of
pB was 110 pm larger than that of pG for T6 and that this

increase in radius was reduced when more N-terminal amino

acid residues were cleaved (70 pm for T15). However, further

reduction was not observed after more extensive truncation

(70 pm for T23) (28). This observation suggested that the

positions 6–15 were important for the conformational change.

However, the circular dichroism (CD) intensity simulta-

neously decreased upon formation of pB even for T23, in-

dicating that a-helices besides those in the N-terminal region

may be unfolded in pB (29). Changes in the infrared spectrum

were observed in the amide I region upon the pB formation,

and this band was partially attributed to the antiparallel

b-structure (29). These observations suggested that the b-sheet
and N-terminal region were involved in the conformational

change. Recently, the NMR structure of a PYP lacking 25

N-terminal residues (D25) has been reported (30), showing

that the central b-sheet and a small part of one a-helix
in the helical connector region were still intact but that other

portions were highly flexible in the pB state.

In this work, we found a drastic and systematic change in

DD(¼ DpG � DpB) depending on the length of the cleaved

N-terminal domain. These changes could be explained by

the conformational changes (unfolding) of a-helices in the

N-terminal group, which one would expect to accompany the

conversion of the hydrogen bonding network from intramo-

lecular to intermolecular. Therefore, this finding is clear

evidence of a change in the solvation structure around the

N-terminal region upon the pB formation. PYP has two short

a-helices in the N-terminal domain, two in the Per-Arnt-Sim

(PAS) core, and one in the helical connector. The role of

these a-helices is discussed below. Furthermore, this was a

unique and valuable opportunity to study changes in friction

upon the unfolding of an a-helix. We calculated the increase

in friction caused by the unfolding of the a-helix, and thus

obtained basic data that will be used for examining the

influence of a-helices on D in future researches.

EXPERIMENTAL

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

in previous articles (7,8,20). A XeCl excimer laser-pumped dye laser

(Lamda Physik, Göttingen, Germany; Compex 1023c, Lumonics Hyper

Dye 300; l ¼ 465 nm) beam was split into two by a beam splitter and

crossed inside a quartz sample cell (optical pathlength 2 mm). The laser

power of the excitation was ,5 mJ/pulse. The resulting refractive index

modulation (transient grating) in the sample was probed by a He-Ne laser

(633 nm) as a Bragg diffracted signal (TG signal). The TG signal was

detected by a photomultiplier tube (Hamamatsu Photonics, Hamamatsu,

Japan; R-928), and fed into a digital oscilloscope (Tektronix, Beaverton,

OR; 2430A). The TG signal was averaged by a microcomputer to improve

the signal/noise (S/N) ratio. The repetition rate of the excitation beam was

,0.05 Hz to avoid multiple excitation of the photoproduct of PYP. The

transient absorption signals of PYP were measured by a setup described

elsewhere (27). Dynamic light scattering measurements on PYP were per-

formed by using an FDLS-3000 system (Otsuka Electronics, Osaka, Japan).

PYP was prepared using a heterologous overexpression system in

Escherichia coli as reported previously (16). Truncated PYPs lacking

N-terminal 6, 15, and 23 amino acids (T6, T15, and T23) were prepared by

partial digestion with chymotrypsin followed by isolation using diethyla-

minoethyl-Sepharose column chromatography (27). Briefly, PYP (100 mg)

was partially digested by chymotrypsin (1 mg) for 16 h at 20�C. The reaction
mixture was applied to diethylaminoethyl-Sepharose column and truncated

PYPs were eluted by 0–200 mM NaCl. The fractions showing a single band

at an apparent molecular weight of 13,500, 14,400, or 17,800 in SDS-PAGE

were collected. MALDI TOF mass spectroscopy for these samples showed

a single peak at 11,490.3, 12,347.6, and 13,306.8, respectively, which are

in good agreement with the calculated values for T23 (11,488.0), T15

(12,347.0), and T6 (13,306.0). PYP was dissolved in 10 mM Tris-HCl (pH

8.0). Absorbance was ;0.5 with a 2-mm pathlength in each experiment.

RESULTS

Before presenting the results of our studies on N-truncated

PYPs, it may be instructive to explain some characteristic

features of the TG signal of i-PYP. Figs. 1 a and 2 a depict

the TG signals observed after photoexcitation of i-PYP.

The TG signal intensity is proportional to the square of the

refractive index change (dn) upon photoexcitation as long as

the absorption change is negligible at the probe wavelength

(37–39), which was satisfied under these experimental con-

ditions. Furthermore, under these conditions, the sources of

the TG signal were mostly the temperature change and the

presence (or depletion) of chemical species. The former

contribution is called the thermal grating signal and the latter,

the species grating signal. The temperature changes are in-

duced by energy released upon relaxation of the photoex-

cited state, and by chemical reaction.

The features of the TG signal are briefly summarized as

follows (7,8). The signal rises quickly after photoexcitation

with the instrumental response of our system (;20 ns) and

then shows a weak slow-rising component (Fig. 1a). After
this, the signal decays to a certain intensity with a rate con-

stant Dthq
2, and shows growth-decay curves twice before

finally decaying to the baseline (Fig. 2 a).
The slow rising component immediately after photoexci-

tation has been attributed to a protein conformational change

from pR1 to pR2, which does not change the absorption

spectrum of PYP. The decays characterized by the rate

constant Dthq
2 is the thermal grating component. To show
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these components clearly, the initial rise is depicted in Fig.

1 a on a linear timescale. To determine the lifetime of the

slow-rising component with a minimum of ambiguity, the

initial part of the signal was fitted by the function:

ITGðtÞ ¼ afdnsexpð�t=tsÞ1 dnthexpð�Dthq
2
tÞ

1 dn1expð�t=t1Þ1Cg2
; (1)

where a is a constant, ts is the time constant of the slow-

rising component, Dth is the thermal diffusivity, q is the

grating wave number, t1 is the time constant of the sub-

sequent pR2/pB kinetics, and C is a constant representing

the slower dynamics. To minimize ambiguity in the fitting,

we had to reduce the number of adjustable parameters. To do

so, we fixed Dthq
2 to the decay rate constant of the thermal

grating signal of a calorimetric reference sample (bromoc-

resol purple), which rapidly releases the photoexcited state

energy as the thermal energy. The t1-value was fixed at 220ms,
which was the shorter time constant of the pR2/pB kinetics

(6). In this way, ts was determined with the least possible

ambiguity to be 1.3 6 0.3 ms. This value was insensitive to
the accuracy of the value of t1 used in the fitting.

The next growth component represents the transformation

of pR2 to pB and the last growth-decay curve was attributed

to the diffusion of protein pG and pB (Fig. 2 a). This last

peak (diffusion peak) appears because D of pB (DpB) is dif-

ferent from that of pG (DpG). Previously, it has been shown

that the rates of the rise-and-decay signal were solely de-

termined by the diffusion process, not by the subsequent

chemical reaction (7,8). Moreover, the diffusing species was

identified based on the sign of the refractive index change as

follows: the rate constant of the rising component represents

DpGq
2 and that of the decaying component corresponds to

DpBq
2. On the basis of this assignment and the peak profile,

one may easily find DpG . DpB (7,8).

The TG signal after the thermal grating (Fig. 2 a) could be
expressed well by the following equation (7,8)

ITGðtÞ ¼ afdnthexpð�Dthq
2
tÞ1 dn1expð�t=t1Þ

1 dn2expð�t=t2Þ � dnpGexpð�DpGq
2
tÞ

1 dnpBexpð�DpBq
2
tÞg2

; (2)

where the lifetimes t1 and t2 represent the pR2/pB kinetics

and the preexponential factors represent the refractive index

change. The refractive index change due to the thermal

grating should possess a negative value at this temperature

(dnth , 0), and the other factors were found to be positive.

As the difference between DpG and DpB becomes smaller,

the two terms of dnpGexp(�DpGq
2t) and dnpBexp(�DpBq

2t)
cancels and the signal intensity becomes weaker. Hence the

maximum amplitude of this peak is a good indicator of the

difference between DpG and DpB.

FIGURE 1 Initial part of the thermal grating signals after photoexcitation of intact PYP (i-PYP) and N-truncated PYPs (T6, T15, and T23) in the buffer

solution. The observed signals and the best fitted curves are shown by the dotted lines and the solid lines, respectively.

3688 Khan et al.

Biophysical Journal 90(10) 3686–3693



The TG signals of N-truncated PYPs are shown in Figs.

1 and 2. The signals up to the diffusion peak were similar to

those of i-PYP. As stated above, the initial rise part of the

thermal grating signal (Fig. 1, b–d) represents the pR1/pR2

transition, which should be the conformational change

occurring distant from the chromophore. Because the

N-terminal group is distant from the chromophore, the change

in this region could be one of the candidates responsible

for this dynamics. If the conformational change of the

N-terminal group is really responsible for this change on

such a fast timescale, the time constant of the pR1/pR2

transition would be strongly affected by the N-terminal

truncation. We fitted the rising part of the thermal grating

signal with Eq. 1 using the same method as for i-PYP. It was

found that the slow-rising components for all PYPs were

very similar (Table 1). (The amplitudes of this component

seem to depend on the N-terminal truncation. We consider

that this difference among the samples is due to the different

amplitude of the thermal grating signal being different from

that of the species grating signal. Because the amplitude of

the slow-rising component comes mostly from the volume

change associated with this transition (7,8), this amplitude

has to be compared with the species grating signal intensity.

In this respect, if the signal intensity was normalized by the

species grating intensity, one found that the amplitude of this

slow-rising component was similar for all samples. Hence,

we conclude that the effect of the N-terminal truncation

is small for the pR1/pR2 transition.) This fact indicates

that the conformational change in the N-terminal region does

not occur in the initial few microseconds after the photoex-

citation.

The next rise part represents the pR2/pB kinetics (Fig. 2,

b–d). From the signals, it is found that this rate increases

slightly in the order i-PYP.T6.T15.T23. For supporting

this rate change, the pR2/pB kinetics were monitored by

the transient absorption method. The observed signals (ITA)
observed over a few milliseconds (Fig. 3) can be reproduced

by a single exponential function with a constant term:

ITAðtÞ ¼ a1expð�t=t1Þ1 a2; (3)

where the constant term a2 represents the pB contribution,

which lasts over a much longer timescale. Indeed, the life-

times of pB for N-terminal truncated samples have already

been reported to be longer when longer N-terminal regions

were cleaved; i.e., the time constants were 18 s for T6, 300 s

for T15, and 590 s for T23 (27). It is reasonable to assume

that in the time range of our observations, this component

remained constant. The time constants of the pR2/pB tran-

sition are listed in Table 1. The result clearly shows the rate

increase, when longer regions were cleaved.

The most significant effect of the truncation was observed

in the diffusion peak intensity. For example, the peak intensity

FIGURE 2 Observed TG signals of i-PYP and N-truncated PYPs (T6, T15, and T23) in a longer time region. The observed signals and the best fitted curves

are shown by the dotted lines and the solid lines, respectively. The signals are roughly normalized at the first peak intensity.
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of T6 (Fig. 2 b) was slightly weaker than that of i-PYP.

Using the same consideration as for the i-PYP case, this

amplitude reflects the difference between DpG and DpB, that

is, the weaker peak amplitude indicates the smaller differ-

ence in D (DD¼ DpG � DpB). (In principle, because the final

decay rate of the diffusion peak is determined by the protein

diffusion and the reverse reaction rate (pB/pG), the life-

time of pB may affect the peak intensity. However, because

the pB lifetimes of the N-terminal truncated PYPs (vide

supra) are sufficiently longer than the observation time of the

TG signal (,100 ms), we can assume that the decay rate of

the diffusion peak is solely determined by the protein dif-

fusion process and that its amplitude is solely determined by

the difference in D.)
More significantly, the peak amplitude decreases yet more

for T15 and T23 (Fig. 2, c and d). In particular, the peak

almost disappears for T23. The decreasing trend of the

diffusion peak intensity in the order i-PYP.T6.T15.T23

clearly shows that the difference between DpG and DpB de-

creases upon cleaving the N-terminal group. In other words,

it is a clear indication that the change in the N-terminal group

is the main factor responsible for the slower diffusion in the

pB state.

For quantitative analysis, the signals were fitted by Eq. 2.

To reduce the ambiguity of the fitting, D of pG were mea-

sured by the light scattering method for the same sample

solution. The DpG-values were (1.33 6 0.05) 3 10�10 m2/s

for i-PYP and T6, (1.20 6 0.09) 3 10�10 m2/s for T15, and

(1.13 6 0.08) 3 10�10 m2/s for T23. To determine DD, we
fixed the DpG-value at 1.33 3 10�10 m2/s for i-PYP and T6,

1.20 3 10�10 m2/s for T15, and 1.13 3 10�10 m2/s for T23

during the fitting procedure. Furthermore, we used the value

of Dthq
2 determined from the calorimetric reference sample

and t1, the time constant of pR2/pB kinetics, measured by

the transient absorption signal. Therefore, the adjustable

parameters in Eq. 2 were DpB and the amplitudes of the ex-

ponential terms. Even with these restrictions, the observed

TG signals over the wide time range from 10 ms to100 ms

could be reproduced well, as shown in Fig. 2. The deter-

mined DpB are (1.18 6 0.03) 3 10�10 m2/s for i-PYP, (1.21

6 0.03) 3 10�10 m2/s for T6, (1.15 6 0.02) 3 10�10 m2/s

TABLE 1 The time constants of the pR1!pR2 transition (t1/ms

and t2 /ms), the diffusion coefficients of pG (DpG/10
�10 m2/s) and

of pB (DpG/10
�10 m2/s), and the change in friction (Df /10�12 kg/s)

upon transformation from pG to pB for intact PYP (i-PYP) and the

N-terminal truncated PYPs (T6, T15, and T23

ts/ms t1/ms t2/ms DpG DpB Df

i-PYP 1.3 250 1.5 1.33 1.18 3.9

T6 1.4 136 – 1.33 1.21 3.1

T15 1.4 97 – 1.27 1.15 1.5

T23 1.7 78 – 1.13 1.11 0.7

The time t2 were determined from the rise part of the TG signal (Fig. 1),

and those of pR1/pR2 transition were measured by the temporal profiles

of the transient absorption signals monitored at 456 nm (Fig. 3). Diffusion

coefficients of pG were measured by the dynamic light scattering. D of pB

were determined from the temporal profile of the TG signals (Fig. 2). The

uncertainties of the values are described in text. The Df-values were

calculated by Eq. 5.

FIGURE 3 Temporal profiles of transient absorption signal of T6, T15, and T23 probed at 456 nm. The observed signals and the best fitted curves are shown

by the dotted lines and the solid lines, respectively. The initial spike-like signals are due to the scattering of the excitation laser light.
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for T15, and (1.116 0.01)3 10�10 m2/s for T23 as listed in

Table 1.

DISCUSSION

According to the Stoke-Einstein relationship, D of a spher-

ical molecule with radius r in a continuum medium is

given by

D ¼ kBT=ahr; (4)

where kB, T, h, and a are, respectively, the Boltzmann con-

stant, the temperature, the viscosity, and a constant repres-

enting the boundary condition between the diffusing molecule

and the solvent. This equation assumes that the friction ex-

perienced by the diffusing molecule comes solely from the

viscosity effect without any specific intermolecular interaction

such as hydrogen bonding. For a small molecule, this friction is

not large, so that any additional intermolecular interaction could

significantly affect D.
On the other hand, because the friction from viscosity

would be greater for a large molecule such as a protein, one

may expect that changes to friction from intermolecular

interactions induced by conformational changes in the pro-

tein would be minor compared with those from the viscosity.

This is the basis of a commonly used method for determining

the molecular size of proteins from their D-values. Contrary
to this expectation, D of the intermediate pB of PYP was

found, surprisingly, to be smaller than that of pG (7,8). After

this finding, it was reported that the increase in friction due to

intermolecular hydrogen bonding, induced by the unfolding

of a-helices, can actually cause a decrease in D of proteins

(33–36) and of a polymer (32); that is, the friction due to the

unfolding of an a-helix is not negligible even for macro-

molecules. In keeping with these results, we suggest that the

decrease in D in the pB state of PYP is due to the unfolding

of the a-helices.
In this study, we found that DD decreases upon cleaving

the N-terminal region. This is a clear indication that the

additional friction causing DD comes from the change in the

N-terminal region. The additional friction due to the inter-

molecular interactions of the N-terminal group may be cal-

culated as follows. The friction coefficient of species i is

defined by fi ¼ kBT/Di (species i is pG or pB). The change in

friction, Df, upon the transformation from pG to pB is

calculated by

Df ¼ fpB � fpG; (5)

and is listed in Table 1. The Df value decreases from 3.9 3
10�12 kg/s for i-PYP to 0.7 3 10�12 kg/s for T23. In par-

ticular, the friction decreases significantly upon cleaving the

positions 7–15 ((3.1� 1.5)3 10�12 kg/s¼ 1.63 10�12 kg/s).

PYP has two short a-helices in the N-terminal region

(between Ile-11–Leu-15 and Asp-19–Leu-23), two in the

PAS core, and one in the helical connector region. Therefore,

all a-helices are conserved in T6, but one of the a-helices is

cleaved in T15, and two in T23. Using this fact, we may be

able to estimate the friction increase per unfolded residue as

follows. Taking the difference between fpB and fpG (Df), the
friction change due to the exposure of buried residues by

truncation can be eliminated if they do not contribute to the

conformational change upon the pB formation. Hence, Df
comes from the friction due to residues that participate in the

conformational change. If we assume that the difference in

Df between T6 and T15 (DDf ¼ 1.6 3 10�12 kg/s) is caused

by the difference in the length of the a-helix region (five

amino acid residues), the friction increase per unfolded

residue in an a-helix (Df0) is roughly estimated to be 0.3 3
10�12 kg/s. This number should be considered as just a rough

estimation of the excess friction. However, because there has

been no available data on this subject so far, we believe that

this value could be a guide for making a connection between

D and conformational change for future studies.

If this estimated Df0 value can be applied to other proteins,
the additional friction incurred by unfolding of a-helices
may be calculated. For example, the increase in f upon

unfolding of an a-helix composed of 100 residues (the size

of small globular protein) is calculated to be 3.0 3 10�11

kg/s. If D for such a protein in the native form is assumed to

be 1.1 3 10�10 m2/s (cf., D ¼ (0.9–1.1) 3 10�10 m2/s for

myoglobin (153 residues) (40–41)), D for the unfolded form

is estimated at 0.553 10�10 m2/s. This estimated value of D
is reasonably close to that actually measured for unfolded

myoglobin (0.51 3 10�10 m2/s) (40), supporting the values

of Df0 estimated above.

Rg of the pB state have been measured previously for T6,

T15, and T23 (28). Although Rg for pB was larger than that

of pG for all samples, the radius increased less when the

N-terminal amino acid residues were cleaved (110 pm for

T6, and 70 pm for T15 and T23). Based on this observation,

it was suggested that positions 1–15 are important for the

conformational change. This result is consistent with our

observation that Df was reduced by the N-terminal trunca-

tion, because the effect of the truncation on Df is most sig-

nificant for positions 6–15 (Df(i-PYP) � Df(T6) ¼ 0.8 3
10�12 kg/s, Df(T6) � Df(T15) ¼ 1.6 3 10�12 kg/s, and

Df(T15) � D f(T23) ¼ 0.8 3 10�12 kg/s). However, the fact

that cleaving the positions 19–23 further reduces Df suggests
that the a-helix in this region is also unfolded upon pB

formation.

The CD measurements on T6, T15, and T23 showed that

the CD intensity decreases upon the formation of pB (29).

This result suggested that a-helices besides those in the

N-terminal region were unfolded in pB, consistent with our

observation that D decreases upon the pB formation for T23.

This decrease indicates that there is a hydrogen bonding

network change in other regions besides the N-terminal

region. However, this change is small (Df(T23)¼ 0.73 10�12

kg/s) compared with the effect of the N-terminal region

(Df(i-PYP) � Df(T23) ¼ 3.2 3 10�12 kg/s). If we use Df0
estimated above (0.33 10�12 kg/s), the value ofDf(T23)¼ 0.7
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3 10�12 kg/s suggests that two or three residues in thea-helix
are unfolded. This minor effect indicates that the hydrogen

bonding network may be reorganized in the core region, but

that intramolecular hydrogen bonding is still dominant.

From the backbone H/D exchange rate measurement by

NMR (24), it was found that the N-terminal domain is of

low intrinsic stability. Genetic truncation of the N-terminal

domain significantly decreases the extent of cooperativity in

the titration curve (30). This N-terminal domain is linked

through a hydrogen bonding network with the chromophore-

containing domain of the protein. The change in the con-

formation of the N-terminal region may be caused by this

network being linked with the photoisomerization reaction of

the chromophore.

It is interesting to note that DpG decreases in the order

i-PYP;T6.T15.T23. Because the radius of gyration de-

creases upon cleavage of the N-terminal group (28), the

above order of DpG is opposite to what is expected from the

Stoke-Einstein relationship. The smaller D-value of T23 sug-
gests that the conformation of the chromophore-containing

domain is somewhat changed (increasing intermolecular

hydrogen bonding) upon removal of the N-terminal group.

Finally, we mention the conformational changes of another

photoresponse domain. PYP is a member of the PAS family,

and the LOV domain, which is a blue light sensor, is also a

member of this family. Previously, TG measurements have

shown a significant reduction in D upon photoillumination

of a phototropins LOV2 domain with a linker (36). This

reduction was explained in terms of the unfolding of the

a-helix in the linker moiety, and this unfolding of the a-helix
was also reported from NMR measurements (42). The

reduction of D was not observed, when the linker region was

cleaved. It is particularly interesting to note a similarity with

PYP. The LOV2 domain without the linker may correspond

to PYP without the N-terminal group. Also, D for the LOV2

domain with the linker could be similar to that of intact

PYP, because both of them showed a similar reduction in

D, explicable in terms of the a-helices unfolding. For the

phototropin case, it was suggested that this a-helix unfolding
is important for the biological signal transduction (36,42).

Analogously, the same unfolding in the N-terminal region of

i-PYP could be responsible for the signal transduction. This

result suggests that the D measurement will be an important

research tool for detecting protein conformational changes

essential for the function of photoresponse proteins.

SUMMARY

Conformational changes in PYP upon photoexcitation were

studied from a viewpoint of diffusion coefficient (D) for

N-terminal truncated samples. For intact PYP, D of pB (DpB)

was;11% smaller than that of pG (DpG). This fact indicates

that friction for diffusion increases after the conformational

changes in the illuminated PYP. Most significantly, the de-

crease in D after conversion from pG to pB decreases upon

cleavage of the N-terminal group in the order of i-PYP.
T6.T15.T23. This finding clearly shows that the confor-

mational change at the N-terminal group is the main cause of

the change in D and that the solvation structure around this

group is significantly altered. This reduction was explained

in terms of the increase in the intermolecular interaction

by the unfolding of the a-helices in the N-terminal region.

Because the pR1/pR2 transition is not affected by the

N-terminal truncation, the conformational change in the

N-terminal group does not occur in the pR state. The friction

increase per residue due to the unfolding of the a-helix is

estimated to be 0.33 10�12 kg/s. This value may be used for

estimating unfolded regions in other protein reactions in

future.
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