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ABSTRACT Conformational changes in oat phytochrome A (phy) in solution after photoexcitation of the red-absorbing form (Pr)
were studied in time-domain by the pulsed laser-induced transient grating technique. It was found that the diffusion coefficient (D) of
far-red-absorbing form (Pfr) of large phy (1.3 X 10~ " m?s~") is markedly reduced compared with that of Pr (5.8 x 10~ ""m2s™1).
This large reduction indicates that the conformation of Pfr is significantly changed from that of Pr, so that the intermolecular
interaction with water molecules increases. This change completes within 1 ms after the photoexcitation. On the other hand, D of Pr
of intact phy (4.1 X 10~"" m2 s ") first decreases upon photoexcitation to 0.89 X 10~'" m? s~' within 1 ms and then gradually
increases with a time constant of 100 ms to the value of Pfr, 1.7 X 10~"" m?s . This slower phase suggests that the conformation
of the N-terminal region changes with 100 ms to decrease the intermolecular interaction with water after a global change in the large

phy region. The increase of D was interpreted in terms of a-helix formation in the Pfr form from the random coil structure in the

Pr form.

INTRODUCTION

Phytochrome (phy) is a light sensor protein that controls a
variety of light-driven adaptations of green plants including
seed germination and flowering (1-3). Phy exists in one of
the two stable photochromic forms; one absorbing preferen-
tially in the red region of the visible spectrum with an ab-
sorption maximum at A.,x = 666 nm (Pr), and the other
absorbing in the far-red with A,x = 730 nm (Pfr). Phy con-
sists of the N-terminal domain including the amino-terminal
extension sequence (~6 kDa), the photosensory domain con-
taining chromophore (~64 kDa), and the C-terminal domain
that contains two Per-Arnt-Sim related domains and one
histidine kinase-related domain (4). Although intact phy reg-
ulates the photoresponse in plants, large phy lacking the
N-terminal extension sequence is biologically inactive (5).
Recently, by using a C-terminal-truncated phyB sample
fused to the nuclear localization signal domain, it was shown
that the C-terminal part is not directly involved in phy signal
transduction (6). These facts suggest that the conformation of
the N-terminal domain is physiologically important. Reveal-
ing the photoinduced conformational change upon excitation
has been a target of extensive researches in chemistry, bio-
physics, and photobiology of phy.

The ternary and quaternary structures have been studied
by the quasi-elastic light scattering (7), electron micrography
(8-10), size exclusion column chromatography (11), circular
dichroism (CD) (12-14), and small angle x-ray scattering
(SAXS) techniques (15,16). CD spectra of Pr and Pfr states
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showed that the a-helix content of these states is nearly iden-
tical for large phy (12), but it increased by ~5% upon the
transformation from Pr to Pfr for intact phy (13). Recently, a
SAXS measurement combined with a simulation method
revealed a global structural change upon the Pr— Pfr trans-
formation (16). Besides these steady-state measurements, the
dynamics of the photoresponse should be essential to under-
stand the reaction. By monitoring the absorption changes
upon photoexcitation of Pr, for example, several intermedi-
ates have been detected during the Pr— Pfr phototransfor-
mation process, and several reaction schemes have been
proposed (17-19). Although such information is valuable,
we should always be careful with the fact that absorption
changes reflect a conformational change only around the
chromophore. Most of the conformational changes in the
N-terminal or C-terminal regions should be spectrally silent
and they are very difficult to be detected spectroscopi-
cally. One of the unique techniques is the time-resolved CD
method. Indeed, the time-dependence of the CD intensity,
which reflects the content of the secondary structure, was
observed upon the photoexcitation of Pr (20,21).

Another useful physical property reflecting the conforma-
tion of a protein is the diffusion coefficient (D), which is a
physical quantity indicating the speed of the diffusion.
According to the Stokes-Einstein relationship, under a given
environment (temperature and viscosity), D of a molecule
reflects the molecular size (22,23). More importantly, how-
ever, not only the size, but also the intermolecular interac-
tion, affects the magnitude of D. If the friction between the
diffusing solute and the solvent molecules increases, D
should decrease. Therefore, measurements of D in time
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domain would be a powerful technique to study the time
development of the intermolecular interaction, which is spec-
trally silent. For example, it has been recently revealed that
formation or unfolding of a-helices change the diffusion of a
protein significantly (24,25). Hence, if D can be detected in
time domain, it provides us with the information on the dy-
namics of protein conformational changes. Although D has
been considered to be a static physical property for a long
time, the pulsed laser-induced transient grating (TG) method
was recently proven to be a powerful technique to monitor
the time-dependence of D. (24) It enables us to monitor the
time-course of the D-changes after photoexcitation (25).

In this work we adopted TG method to study D-changes
in large phy and intact phy (Fig. 1) upon photoexcitation of
the Pr state. We found that D of the large Pfr-phy species is
markedly reduced (by approximately one-quarter) compared
with the Pr form. This large reduction was interpreted in
terms of significant conformation changes, which increase
the intermolecular hydrogen-bonding and changes in the sur-
face roughness. This change completes within 1 ms after the
photoexcitation. Very interestingly, we found that D of intact
phy first decreases upon the photoexcitation within 1 ms and
then gradually increases with a time constant of 100 ms. This
result is interpreted in terms of the a-helix formation in the
N-terminal domain.

PRINCIPLE

The time-resolved measurement of D was performed by the
TG technique. In the TG method, a sample is photoexcited
by an optical interference pattern that is created by the inter-
ference of two laser beams (24-29). When the photoexci-
tation induces a chemical reaction to produce a product from
a reactant, the spatial modulations of the concentrations of
the reactant and product species leads to a modulation of the
refractive index (6n) and the absorption sinusoidally. This
modulation can be monitored by a diffraction of a continuous
wave probe beam (TG signal). In this study, we used a wave-
length of the probe light such that the change in absorption
can be ignored and only the refractive index change is con-
sidered.

There are several origins of the refractive index change.
Under a weak excitation condition with a nanosecond ex-

large PhyA

intact PhyA

chromophore

N} ATS 3|

Photosensory domain | Regulatory domain -C
Q-BOX NLS
FIGURE 1 Schematic illustration of the intact phy and large phy we used.

Some domains are described: ED, N-terminal extended domain; NLS
domain, nuclear localization signal domain; and Q-BOX, quail box domain.
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citation pulse, the refractive index change comes mainly
from the thermal energy releasing (thermal grating: dny,) and
created (or depleted) chemical species by the photoreaction
(species grating). Under a weak diffraction condition, the
grating intensity (Itg) is proportional to the square of the
variation in the refractive index. Since the photoexcitation
depletes a reactant and produces a reaction product, the phase
of the spatial modulation of the product concentration is
shifted 180° from that of the reactant. The grating intensity
can then be written as

g =2 a(8ny (1) + 8np(t) — dng (1)), (1)

where « is a constant. The terms of 6ng(>0) and 6np(>0)
are, respectively, the refractive index changes due to the
changes of the reactant and the product concentrations.

When a product (P) is created from a reactant (R) upon
photoirradiation within a time-resolution of an experimental
system, R 5 P, the temporal development and the spatial
distribution of the concentrations of the reactant and the pro-
duct can be calculated by solving diffusion equations. In this
case, one may find that the time development of the species
grating signal is expressed by a biexponential function as
(25-27)

Snp(t) — ng(t) = Sngexp(—quzt) — 6ngexp(—DRq2t),
2

where ¢ is the grating wavenumber, and Dy and Dy are the
diffusion coefficients of the reactant and the product, respec-
tively. Similarly, the thermal grating signal decays exponen-
tially with a rate constant of Dthq2 (Dy; thermal diffusivity of
the solution). Since the grating wavenumber can be varied by
varying the crossing angle of the excitation beams (26,27),
one can determine these diffusion coefficients from the decay
rates of the TG signals measured at different crossing angles.
When a reactant (R) is converted to an intermediate species
(1) suddenly upon the photoexcitation and this intermediate is
transformed to a product (P) with a rate constant of £,
RS> P, and the diffusion coefficient of I (Dy) and P (Dp)
are different, the averaged D (apparent D) of the photoinduced
species should change with a rate constant of k. The time
dependence is expressed by the following equations (24):

dng (1) = Sngexp(—Drq’t), (3a)
ks ne
) = (o e
— exp(—Dpq’t)],
dni(t) = dnlexp{—(D\q" + k)t}. (3c)

Using these equations, one may find that the temporal
profile of species grating signal can be expressed by
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Lis(f) = a[—8npexp(—Drq’t) + dnjexp{—(Diq" + k)t}

k
+ —(D b )q2 kéng[exp{—(qu2 + k)t}
P 1 -

—exp(—Deq1)]] " )

EXPERIMENTAL

The experimental setup was similar to that reported previously (26-28).
Briefly, alaser pulse (wavelength = 610 nm) from a dye laser (HyperDye 300,
GSI Lumonics, Watertown, MA) pumped by an excimer laser (Lambda
Physik, Ft. Lauderdale, FL; XeCl operation, 308 nm) was used as an
excitation beam and a diode laser (835 nm) as a probe beam. The excitation
beam was split into two by a beam splitter, and crossed inside a sample cell.
The sample is photoexcited by the created interference pattern to induce the
refractive index modulation in the sample. A part of the probe beam was
diffracted by the modulation (TG signal). The signal was isolated from the
excitation laser beam with a glass filter and a pinhole, detected by a
photomultiplier tube (model No. R1477, Hamamatsu Photonics, Hamamatsu
City, Japan), and recorded by a digital oscilloscope. The spacing of the fringe
was measured by the decay rate constant of the thermal grating signal from a
calorimetric standard sample (aqueous solution of malachite green), which
releases all the photon energy of the excitation as the thermal energy within a
time response of our system. All measurements were carried out at room
temperature (~20°C). At the intervals of the TG data collection, the infrared
light from a diode laser (wavelength = 785 nm) was irradiated to convert the
sample state from Pfr to Pr.

Native (124 kDa) oat phytochrome A (phyA) was obtained from etiolated
oat seedlings (Avena sativa, L. cv. Garry) with a specific absorbance ratio
(SAR = Ageo/Azgo ratio) of over 1.0, as previously described (30). Large
phytochrome lacking the N-terminal 65 amino-acid residues (114-kDa
species) was obtained from the tryptic digests of Pr form of 124-kDa oat
phyA (use 11). The digestion of phytochrome was performed at a trypsin/
phytochrome ratio of 1:200 (w/w) in 10 mM Tris-HCI buffer (pH 8.0)
containing 2 mM EDTA for 15 min reaction at 37°C under green safelight.
Proteolysis was terminated with the addition of 4 mM PMSF. Then, we used
the ammonium sulfate back-extraction procedure to separate the tryptic
phytochrome species and the intact phytochrome as follows. The phyto-
chrome digests were pelleted by 20 g/100 ml of ammonium sulfate. Using
washing procedures with 100 mM phosphate buffer containing 5 mM
EDTA, 5 mM 2-ME, and 2 mM PMSF (pH 7.8), we were able to separate the
soluble 114-kDa species and insoluble native oat phyA. At the final step,
size-exclusion chromatography on Superose 12 HR 10/30 column in 10 mM
Tris-HCI, 150 mM NaCl, 2 mM DTT, and 1 mM EDTA (pH 7.8) at 4°C was
performed to purify large phytochrome. The purity of 114-kDa large
phytochrome was >95% as judged by Coomassie Brilliant Blue staining
after SDS-PAGE. The specific absorption ratio Agee Azgg Was >1.0.

RESULTS AND DISCUSSION
Dynamics of large phy

The TG signal of large phy in the Tris buffer solution was
measured upon photoexcitation at 610 nm. A typical signal
measured at ¢*> = 5.26 X 10'' m~? is depicted in Fig. 2. The
signal rose quickly with a time response of our system (~20
ns), decayed, and showed a weak rising component. After
this rise, it decayed to the baseline and finally a relatively
strong growth-decay component appeared. We found that
this signal could be analyzed well with a sum of five expon-
ential functions. For the assignment of these components, we
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FIGURE 2 Observed TG signal (dashed line) after photoexcitation of
large phy in the Tris buffer solution at ¢*> = 5.3 X 10" m~2. The best fitted
line with Egs. 1 and 2 (i.e., Eq. 5) is shown by the solid line.

measured the signals under various grating wavenumbers
(qz), and found that three rate constants depended on the
¢*-value, whereas two of them were independent.

The ¢*-dependence indicates that this time-dependence
represents a diffusion process. By comparing with the ther-
mal grating signal from a calorimetric reference sample
(aqueous solution of malachite green), we found that one of
the rate constants agreed with Dy,¢” under this experimental
condition. This fact indicates that this component is the
thermal grating component created by the thermal energy
due to the nonradiative transition from the excited state. The
temporal profile of the TG signal can be expressed by

(1) = a{dnuexp(—Dwq’t)
+ &niexp(—kit) + dnyexp(—kat)
+ 8nsexp(—Dsq’t) + dmyexp(—Duq’ 1)}, (5)

where k; (i = 1 and 2) represents the g*-independent rate
constants (k; > k), D; (i = 3 and 4) denotes the diffusion
coefficient (D3 > D,).

From the fitting of the signals at various ¢° the
qz—independent rate constants were determined to be k; =
(40 ws) " and k» = (10 ms) . This qz-independent dynamics
reflect an intrinsic reaction of phy, not a diffusion process.
There are two types of contributions in the species grating
signal; the population grating, which is associated with an
absorption spectrum change, and the volume grating, which
comes from the density change due to a molecular volume
change. The faster component with the 40-us lifetime is
close to that reported before by using the beam diffraction
method (43.4 us at 20°C) (31). This signal may originate
mainly from the population grating but a possible volume
grating contribution cannot be excluded. Indeed, a relatively
large energetic relaxation and volume change associated
with this process was reported (32).

The slower ¢>-dependent components should represent the
molecular diffusion processes. This last rise-decay curve
(diffusion peak) was fitted by the last two exponential terms

Biophysical Journal 91(10) 3797-3804
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of Eq. 5. From the ¢*-plot of the rate constants (Fig. 3), D of
the rise and decay components were determined to be D3 =
(5.8 + 0.2) X 107" m%s, and D,= (1.3 = 0.1) X 10"
m?%/s. Furthermore, the preexponential factors were deter-
mined to be 6n3 <0, dny> 0, and 1613 < 16n4l. The signs of
the preexponential factors were determined without ambi-
guity, using a fact that the sign of the thermal grating signal
is negative (6ny, < 0), and the diffusing species can be
assigned from the signs of the preexponential factors and the
theoretical equation (Eq. 2). On the basis of the signs, we can
easily attribute the 6n3 and 8n4 terms of Eq. 5 to the éng and
onp terms of Eq. 2, respectively. Hence, D3 and D, should
respectively correspond to the diffusion coefficients of the
reactant ( DL ) and that of the product ( Dk ) for large phy.

It is significant that D% (1.3 X 10~'" m?/s) is drastically
smaller than Dk, (5.8 X 107" m?s). In general, D is
determined by the size and shape of a solute, and varieties of
intermolecular interactions. At first, we tried to explain the
observed D from the viewpoint of a radius change of the
proteins. According to the Stokes-Einstein relationship, D is
inversely proportional to the radius of the molecule if the
other solution properties (e.g., viscosity or temperature) are
identical (22). We examined whether or not the reduction in
D can be explained in terms of an increase in molecular
radius. There have been attempts to establish the relation
between the radius of gyration (R,,) and D. One of the recent
successful attempts was reported by Hem and Niemeyer
(33). They proposed an empirical equation that can repro-
duce D (in m’ sfl) of a variety of native proteins from R, (in
A) and the molecular weight M in g - mol ") in a solution of
temperature T (in K) and viscosity 7 (in Pa s),

D =6.85x10""T/ (n /M3 .Rg). (6)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
q?/ 10" m?

FIGURE 3 Plot of the rate constants (k) from the diffusion signal against
q2 (circles, reactant, Pr; squares, product, Pfr) for large phy. The solid lines
are the best fitted line with k = Dg* The slopes of the fitted lines represent
the diffusion coefficients.
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Using the average value of the reported R, for each state
(5.71 nm for Pr and 6.26 nm for Pfr of Pea large phy) and the
molecular weight of the dimer 236 kDa (phy exists as a
dimer form) (16,33), one may calculate D of Pr and Pfr to be
Dp, =34 x 1071 m? s~ !, and Dp=3.2 X 107 m?s L
The difference in the calculated D between Pr and Pfr is
much smaller than that of the experimentally observed value.
Therefore, the large reduction in D upon photoexcitation is
not due to the change in R,.

A possible origin for the observed reduction in D may be
the change in the protein-protein interaction to produce, e.g.,
a dimer of the reactant. This possibility was examined by
measuring the concentration dependence of the TG signal. If
the dimer or aggregates are formed by photoexcitation, the
signal shape should be concentration-dependent, which was
clearly displayed by other photosensitive proteins (34,35).
However, in this phy case, the TG signal was independent of
concentration in the range of 10 ~ 70 uM. Therefore, we
exclude the aggregation formation for explaining the
D-reduction.

Previously, it was found that the enhanced intermolecular
interaction between a protein (or a macromolecule) and
water molecules reduced D significantly. For example, it was
reported that D of the unfolded form of cytochrome c is
nearly half of the native form (24). Similarly, D of poly-
glutamic acid with the secondary structure of a-helices de-
creased upon unfolding of the a-helices (36). These changes
were explained as follows. When an a-helix is unfolded, the
intramolecular hydrogen bonding of the «a-helix is rear-
ranged to the intermolecular one between the protein and
water molecules. The intermolecular hydrogen bonding acts
as an additional friction for the diffusion to reduce D. Hence,
if the a-helix content of Pr decreased upon Pfr formation, it
could be a cause of the reduction of D. However, previously
reported CD spectra of Pr and Pfr did not show significant
differences in the a-helix content (12). Therefore, the change
in the extent of the a-helix from Pr to Pfr may not be the
cause of the D-change.

Finally, the other possible origin for the reduced D-value
is the change in surface corrugation and roughness of pro-
teins. When protein surface expands so that the solvent mol-
ecules interact, the protein molecule consequently feels more
frictional drag in the solvent. Its dynamic flexibility is more
restrained (37). The surface roughness of a protein molecule
is related to D. Indeed, the larger the surface roughness, the
smaller the diffusion coefficient. In this respect, the global
structural changes calculated from the SAXS data showed
that the Pfr state structure is more elongated and corrugated
(16). Main reason for the corrugation is related to the ex-
posure of the nuclear localization signal domain (6,38,39)
and/or the structural change of the Quail box domain (40),
both of which are thought to have major importance on the
biological function of phy molecule.

Dynamical information on the conformation change in phy
is important for studying the reaction mechanism of this
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transformation. How fast does this change occur after the
photoexcitation? It should be noted that the observed signal at
various ¢* can be reproduced very well by Eq. 5, which
indicates that D5 and Df;, are time-independent within the
observed time range; i.e., the D-change from Pr to Pfr has
already completed before the diffusion signal appeared, which
was ~ 1 ms. This fast change in D after the photoexcitation can
be further confirmed by the analysis described below.

The curvature of a biexponential function at the maximum
intensity provides a geometric mean of reactant Di and
product Dp at this peak time (fpear) (41),

1 |—I" (tpeax)
DDy = — | 18 ek )
PR q2 2ITG(Z‘peak)

where Itg(fpea) is the signal intensity at the peak and
Itg" (fpear) 18 the second derivative at this time. It should be
noted that Dp in this equation does not necessarily mean D of
the final product, but this D could be a species created from
the reactant at this peak time. Hence, this value could be D of
an intermediate species, if it exists. The value of (DPDR)” 2
calculated from Eq. 7 is plotted in Fig. 4 against the peak
time. The plot shows that mean values are nearly constant
during the observation time range indicating that Dp is time-
independent. Therefore, we conclude that the D-change has
already completed before the diffusion signal appeared.

Dynamics of intact phy

The TG signal of intact phy was similar to that of large phy.
The observed signal at ¢> = 4.87 X 10" m~2 is shown in
Fig. 5. The signal rose with the time-response of our system,
decayed with a rate constant of Dyg?, and showed a weak
rising. Finally it exhibited a strong rise-decay component.
From the TG signals at various ¢°, the latest strong rise-
decay curve was attributed to the signal representing molec-
ular diffusion. The assignment of the signal component was

35 H T O
o 3.0 -
£
s
~ 2.5 —} -
0
[=)
>
a }
A 20+ o
.50 1 | 1 1 I
0.0 02 0.4 0.6 0.8 1.0
tocak /s

FIGURE 4 Plot of the geometric means of the diffusion coefficients
(DpDR)"? calculated from the curvature of the diffusion peak (Eq. 7) versus
the peak time (fycak)-
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FIGURE 5 Observed TG signal (dotted line) after photoexcitation of
intact phy in the Tris buffer at ¢* = 3.0 X 10'® m~2. The best fitted line with
Eq. 4 is shown by the solid line.

similar to that of large phy. The rise and decay of the dif-
fusion peak represent the diffusion of Pr and Pfr, respec-
tively. Therefore, the diffusion of Pfr also is slower than that
of Pr of the intact phy.

Although these qualitative features of the signal are sim-
ilar to those of large phy, we noted several differences. First,
the diffusion peak intensity compared with the thermal
grating or the species grating intensity of the 40-us com-
ponent is much stronger than that of large phy. Second, most
interestingly, the diffusion signal cannot be reproduced by
Eq. 5. The fact that the diffusion peak cannot be fitted by the
biexponential function may be explained in two ways: there
may be more than two species involved in the diffusion
signal, or apparent D is changing during the observation time
range.

If the profile represents only the diffusion process, the
time-dependence should be expressed by a combination of
terms of exp(—qut) (e.g., Eq. 2). In this case, if the signals
measured at various ¢> are plotted against ¢’¢, the signals
should be identical. However, Fig. 6 shows that the signals
are totally different depending on g*-value. Therefore, the
failure of the biexponential function cannot be explained by
simply adding more diffusion terms; instead, it indicates that
D is time-dependent.

The time-dependent D was further confirmed by the cur-
vature analysis of the diffusion peak (Eq. 7). Fig. 7 depicts
the geometric mean of D (DpDR)"?) against the peak time.
As mentioned above, this Dp is D of the photoinduced
species existing at this time. Interestingly, the mean value of
D gradually increases with time. This feature strongly sug-
gests that D first decreases upon photoexcitation and then
gradually increases during the observation time range. This
fact indicates that there is an intermediate species having
different D-value.

The observed signal should be analyzed based on the time-
dependent D model such as Eq. 4. However, since there are

Biophysical Journal 91(10) 3797-3804



3802

T T T T T T T T T T T T T T TT1TT =

261s 1.25[5 O.|65$ 0.4|6$ 0.15s
‘ l

I1g/au.

T Lol

10° 101 10" 10"

qi

FIGURE 6 TG signals of intact phy measured at ¢> of 4.9 X 10'!, 1.1 X
10", 6.2 X 10", 3.0 X 10'°, and 1.5 X 10" m~? (from right to left of the
curves). The times of the peak after the photoexcitation are indicated in the
figure. The signals are normalized at the peak intensity and plotted against
qzt to show the temporal changes of D.

many parameters in Eq. 4, the parameters cannot be deter-
mined uniquely by the fitting. Hence, we analyzed the signal
by the following way. First, it should be noted that the
signals plotted against ¢’¢ are relatively close to each other
for the signals measured at relatively small ¢°. This fact
indicates that D is almost time-independent in a longer time
region. From this ¢’¢ plot, we first roughly estimated that the
time dependence of D is almost negligible after 0.5 s from
the photoexcitation. Hence, the diffusion signals after 0.5 s
were analyzed by the time-independent equation, i.e., Eq. 3.
From the slope of the ¢* dependence of the rate constants
from the biexponential fitting, D of the reactant (Intact Pr)
and the final product (Pfr) are determined to be D! =(4.1=*
0.2) X 107" m%s, and Db, = (1.7 = 0.1) X 10" m%s
(Fig. 7). Since the molecular size of intact phy is larger than

0 ! l l L | [

0.00 0.02 0.04 0.06 0.08 0.10 0.12
q* /10T m?2

FIGURE 7 Plot of the rate constants (k) from the diffusion signal against
q2 (circles, reactant, Pr; squares, product, Pfr) for intact phy. The solid lines
are best fitted lines with k = Dg?. The slopes of the fitted lines represent the
diffusion coefficients.
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that of large phy, this slightly smaller D}, than D may be
reasonable. Interestingly, on the other hand, D{Dfr is larger
than D}, .This difference will be explained later.

The time-dependence of D indicates that Pr does not
convert to Pfr directly with respect to D, but an intermediate
species is involved in the reaction path. If we refer this
intermediate species as DI (diffusion detected intermediate),
the reaction scheme is Pr — DI — Pfr.

The peak profile analysis (Fig. 8) indicates that D of the DI
intermediate ( Di,;) is smaller than D of Pfr. Hence, we
analyzed the temporal profile of the TG signal based on the
two-state model by assuming D}, > D, > DL,. The signal
over a wide time range (10 ms—10 s) can be fitted consistently
with this model and two adjustable parameters, DL and k. The
following parameters were determined: Dk, = (0.89 =+ 0.09)
X 107" m?/s, and the rate constant k = 10 = 3 s~ . This time
constant of 100 ms is sufficiently shorter than the time range
used for the biexponential fitting to determine D}, and D}
(longer than 0.5 s).

It is interesting to note that the factor of the reduction in D
from Pr to Pfr of large phy ( D%,/ D5, = 22%) is very close to
that of intact phy ( DY,/ D}, = 22%) (see Fig. 8). Further-
more, the time range, in which the reduction in D occurs for
intact phy is faster than 1 ms, which agrees with the result of
large phy. These facts suggest that the conformational change
that causes the D-reduction is considered to be similar, pro-
bably localized in the large phy domain.

Previously, Nishida et al. demonstrated that D increases
with the folding of the a-helices of cytochrome c (24). The
increase in D for the DI—Pfr process suggests that the
a-helix is forming during this process. In the case of intact
phy, the time-resolved CD analysis showed the secondary
structure change (a-helix generation) occurred at N-terminal
domain and its time constant was 70~160 ms. We suggest
that the cause of the D-increase ( DL to DL ) with time con-
stant 100 ms is due to the generation of the secondary struc-
ture, e.g., a-helices of this protein.
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FIGURE 8 Plot of the geometric means of the diffusion coefficients
(DpDR)'? calculated from the curvature of the diffusion peak (Eq. 7) versus
the peak time (Zpeax)-



Conformational Changes in Phytochrome

Reaction dynamics of phy

The reaction scheme of phy has been investigated mainly by
the transient absorption methods and a variety of schemes
have been proposed. For example, Zhang et al. analyzed the
data based on a sequential model with time constants of
7.4 us, 89.5 us, 7.6 ms, 42.4 ms, and >266 ms (18). Eilfeld
et al. showed kinetics of 35.7 us, 2.7 ms, and 50 ms (17).
Losi and Braslavsky analyzed the absorption changes by a
parallel model showing time constants of (10 us, 7 ms, 400
ms), and (90 ws, 50 ms, 3000 ms) (19). In our TG signal, we
observed 40-us and 10-ms population grating kinetics at
20°C. Possible other dynamics could be masked by the
strong diffusion signal of the TG method. Our unique obser-
vations here are the relatively fast conformational change
of the large phy domain and 100-ms dynamics of the
N-terminal region, both of which are spectrally silent. In par-
ticular, our observations such as the relatively fast (< 1 ms)
conformational change and intermolecular interaction change
in the large phy domain will be useful information for re-
vealing the reaction dynamics of phy.

Previously, D-values of Pr and Pfr of large and intact phy
were reported by using the quasi-elastic light scattering
method at 14°C at relatively dilute condition (0.2 mg/ml =
1.6 uM) (7). The results showed that D-values of Pr and Pfr
for large phy were almost identical (2.7 X 10~"'' m%/s). The
D-values of the intact phy-Pr and -Pfr species were also
similar (1.76 X 107" m?%/s and 1.82 X 107" m%/s). The
reason for the discrepancy between the previous light-scat-
tering data and our TG data is not clear at present. However,
we may consider that the difference could be due to the
different principle of the measurements. In the previous
light-scattering experiment, D-values were measured under a
steady-state condition with illumination of red or IR light to
the sample. If there is a meta-stable intermediate state, phy
could equilibrate among various conformational states by the
steady-state light illumination. The D-values measured by
the quasi-elastic light-scattering method could represent such
a mixture state of several species. On the other hand, our TG
measurement detects light-induced D change directly. Hence,
this is a more straightforward detection method. This con-
tradiction should be examined in future by the quasi-elastic
light-scattering measurement with highly controlled inten-
sity and the wavelength of the red/IR light. Comparison of
D-values from different methods under well-controlled con-
ditions could reveal more detailed reaction properties of phy.

CONCLUSION

Photoreactions of large and intact oat phytochrome A were
investigated from a viewpoint of time-dependent diffusion
coefficients. After the photoexcitation of large phy, D
decreased quickly within 1 ms from 5.8 X 107" m* s~
(Pr)to 1.3 X 10~ "' m? s~ ! (Pfr). This significant reduction in
D was interpreted in terms of the change in the surface
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roughness of phy. This result indicates that the global
conformation change from Pr to Pfr completes within 1 ms
after the photoexcitation. The TG signal of intact phy was
different from large phy in several points. Most significantly,
D of intact phy (4.1 X 10~ m? s~ ') initially decreased to
0.89 X 107" m? s~! within 1 ms and gradually increased
(1.7 X 107" m? s™") with a time constant of 100 ms. It is
interesting to note that the initial D change is similar to that
observed for large phy and the second phase is characteristic
of intact phy. Hence the conformational change of the large
phy domain in intact phy completes quickly within 1 ms.
After this change, the increase in D, which is interpreted in
terms of the a-helix formation in the N-terminal region, takes
place with the time constant of 100 ms.
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