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ABSTRACT: The primary photoprocesses of etiolated oat and pea phytochromes (Pr forms) are diffusion-
modulated by the microscopic viscosity within the chromophore pocket. The chromophore pocket is
preferentially accessible to glycerol but not to Ficoll. Glycerol preferentially retarded the rate (rate constant
ca. 1-2 X 10" s7!) of the initial reaction from the Q, excited state of phytochrome, whereas it increased
the long fluorescence lifetime (nanosecond) component that can be attributed to either an emitting inter-
mediate or to modified/conformationally heterogeneous phytochrome populations. The picosecond time-
resolved fluorescence spectra of different phytochrome preparations (i.e., full-length vs 6/10-kDa NH,-
terminus truncated forms of phytochromes from mionocot and dicot plants) revealed no significant differences.
The spectra in the picosecond time scale showed no spectral shifts, but at longer time scales of up to ~1.90
ns, significant blue spectral shifts were observed. The shifts were more in the truncated than in the full-length
pea phytochrome. Comparison of the fluorescence decay data and the picosecond time-resolved fluorescence
spectra suggests differences in conformational flexibility /heterogeneity among the preparations of the monocot
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vs dicot phytochromes and the full-length native vs the amino terminus truncated phytochromes.

B1ytochrome is the primary photoreceptor chromoprotein
that mediates a variety of morphogenic and developmental
responses of plants to light, including the regulation of
light-responsive gene expression. Modulation of these pho-
toresponses is achieved by the photoreversible transformation
of the phytochrome molecule between its inactive (Pr) and
active (Pfr) forms, according to the photochromic scheme [for
reviews, see Lagarias (1985), Furuya (1987) and reviews cited
therein, and Song (1988)]

660-nm light

Pr T Pfr — biological action

To have a high quantum efficiency, photobiological receptors
such as rhodopsin, bacteriorhodopsin, and the reaction center
chlorophylls utilize an ultrafast primary reaction in their ex-
cited singlet state, in competition with other energy-wasting
relaxation processes such as internal conversion, intersystem
crossing, and fluorescence emission. Phytochrome is no ex-
ception, as its primary photoreaction takes place on a pico-
second time scale (Wendler et al., 1984; Holzwarth et al., 1984;
Song et al., 1986; Brock et al., 1987), with a quantum yield
of 0.5 or greater (Heihoff et al., 1987).

To probe the nature of the primary photoprocesses of
phytochrome, we have studied the fluorescence properties of
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the chromoprotein (Song et al., 1973, 1975, 1979; Sarkar &
Song, 1981; Moon et al., 1985). On the basis of an analogy
to free base porphyrins and the enhancing effect of deuterium
oxide on the fluorescence intensity of phytochrome, it was
postulated that proton transfer plays an important role in the
primary photoprocess of phytochrome (Song et al., 1979,
1981b). It has also been suggested that proton transfer takes
place during the photoconversion process prior to the formation
of a spectrally bleached intermediate (Tokutomi et al., 1988).
A recent NMR study has shown that photoisomerization oc-
curs during the phototransformation of phytochrome from its
Pr to its Pfr form (Ruediger et al., 1983). The isomerization
adequately accounts for the primary photoprocess of phyto-
chrome. Furthermore, picosecond decay kinetics exhibited very
little, if any, solvent deuterium isotope effects (Eilfeld et al.,
1986; Brock et al., 1987).

Upon excitation of Pr phytochrome, a significant movement
and reorientation of the chromophore occurs as it is photo-
transformed to the Pfr form (Hahn et al., 1984; Ekelund et
al., 1985). In a preliminary study, we have shown that the
primary photoprocess of 124-kDa oat phytochrome, possibly
involving a chromophore isomerization, is subject to diffusion
control (Song et al., 1986), analogous to the photoisomerization
of albumin-bound bilirubin that depends on the microscopic
viscosity at the binding site (Lamola et al., 1985). In this
paper, we elaborate on the nature of the viscosity-dependent
primary photoprocesses of phytochrome in terms of macro-
scopic and microscopic viscous additives, as probed by pico-
second fluorescence decays. The nature of the primary pho-
toprocesses has also been elucidated by comparing the mul-
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ticomponent fluorescence decay kinetics for monocot (oat) and
dicot (pea) phytochromes.

MATERIALS AND METHODS

Phytochrome Isolation and Purification. Undegraded
124-kDa phytochrome was isolated and purified from etiolated
oat seedling shoots (Avena sativa L. cv. Garry oat, supplied
by Stanford Seed Co., Buffalo, NY) according to the method
of Chai et al. (1987). The molecular weight and spectroscopic
characteristics of the isolated phytochrome preparations were
confirmed by the procedures described in Chai et al. (1987).
The degraded, amino terminus truncated 118/114-kDa phy-
tochrome from the etiolated oat shoots was isolated and pu-
rified according to the method of Song et al. (1981a). The
undegraded, 121-kDa phytochrome from the etiolated pea
seedlings (Pisum sativum cv. Alaska) was isolated, purified,
and characterized according to the method of Tokutomi et al.
(1986, 1988). The 114-kDa degraded pea phytochrome was
extracted and purified from the etiolated pea seedlings ac-
cording to the procedure of Yamamoto and Furuya (1983)
and Tokutomi et al. (1988). The phytochrome preparations
used for the picosecond fluorescence decay and time-resolved
spectral studies had specific absorbance ratios (SAR =
Aggo/ Azgo) ranging from 0.9 to 1.1. The 121- and 114-kDa
phytochromes used had SAR values of 0.65 and 0.98, re-
spectively. No definitive dependence of the decay and spectral
properties of the phytochromes on the purity was found outside
the experimental errors. The Pr and Pfr forms of phytochrome
were prepared in situ by irradiating the sample cuvette with
a 738- and 660-nm optical fiber source for 1-2 min, respec-
tively.

Unless stated otherwise, the phytochrome sample solutions
having different solvent viscosities were prepared as described
previously (Song et al., 1986). Temperature control for the
solution was achieved by using a specially built thermoelectric
cooler for the cell compartment.

Picosecond Fluorescence Decay Measurements. These
measurements were performed by using a synchronously
pumped, cavity-dumped dye laser (Spectra Physics 375 and
3448S), a mode-locked argon ion laser (Spectra Physics 171-
18), and a time-correlated single photon counter, as described
elsewhere (Yamazaki et al., 1984, 1985). Optical setup and
conditions were essentially identical with those described in
our previous paper (Song et al., 1986). The excitation laser
power was 0.68 mW /cm? at 800 kHz, with the excitation pulse
width at 637 nm set at 6-7 ps for most of the runs.
Fluorescence detection was achieved by using a microchan-
nel-plate photomultiplier (R1564U; Hamamatsu Corp. Ham-
amatsu, Japan). To minimize the buildup of the Pfr species
of phytochrome resulting from the exposure of the sample
solution to the repeated 637-nm excitation laser pulses, the
pulse-irradiated area of the solution was actinically irradiated
with a far-red light optical fiber source while the solution was
magnetically stirred. This conversion source consisted of an
Ushio 500-W Xe arc lamp, a water filter, a focal lens (f =
50), a neutral density wedge filter, a 738-nm interference filter
(half-maximum bandwidth = 10.5 nm), and a glass optical
fiber. The schematics of this optical arrangement have been
presented previously (Song et al., 1986). Under these con-
ditions, negligible amounts of Pfr were produced during each
data acquisition, which lasts 30-60 s for 2000 counts. Only
after an extended period of data acquisition did the excitation
laser pulses (beam diameter 1.5 mm) produce appreciable
amounts of Pfr in the cuvette, corresponding to ca. 10% con-
version from Pr (Song et al., 1986). After the effect of the
stirring rate on the measured decay data (lifetimes and their
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amplitudes) was studied, the magnetic stirrer was set at or
above a speed where no significant dependences of the decay
parameters on the mixing rate of solution were observed. This
stirring-effect study was necessitated by the observation that
our previous lifetimes of oat phytochrome in 67% glycerol
buffer (Song et al., 1986) were found to be slightly longer than
the values obtained in the present study, due to the effect of
mixing.

The fluorescence decay curves for various phytochrome
sample solutions were analyzed by a least-squares fit
(O’Connor & Phillips, 1984) for the multiexponential decays
observed (Song et al., 1986). The success of the fit on about
200 decay curves recorded was judged by the reduced x2 values
(1.0-1.3), the Durbin-Watson parameter (greater than 1.6),
and the plots of the weighted residuals and the correlation
functions.

Time-Resolved Fluorescence Spectroscopy. By use of the
same laser system and optical layout as described above,
time-resolved fluorescence spectra of phytochrome were ob-
tained from a series of fluorescence decay curves monitored
at different wavelengths of emission. Both the technique and
analytical method of the time-resolved fluorescence spec-
troscopy employed have been described in detail elsewhere
(Yamazaki et al., 1984). Briefly, time-resolved fluorescence
spectra were obtained from the fluorescence decay curves with
a minimum time difference of 0.8 ps by plotting the fluores-
cence intensities at particular decay times as a function of
emission wavelengths.

RESULTS

Fluorescence Decays as a Function of Viscosity. Figure 1
shows the typical fluorescence decay curves obtained for oat
phytochrome in various viscosity media; 67% (w/w) glycerol
(M, 92) and 51% sucrose (M, 342) solutions possess the same
macroscopic viscosity at 293 K, whereas a 30% Ficoll (average
M, 400000) has a viscosity of about 100 cP, which is more
than 5 times the viscosity of a 67% glycerol solution (19 cP).
According to the least-squares fits, the multiexponential decay
curves can be best represented in terms of three components,
although the two-component fits may be regarded adequate
for describing the decay curves semiquantitatively. Similar
results were obtained with 118/114-kDa oat phytochrome.
Table I presents the lifetime and amplitude data for oat
phytochrome as a function of different medium viscosity. The
lifetime of the fastest component increases moderately in 67%
glycerol and 51% sucrose, but remains approximately the same
in 30% Ficoll and in nonviscous buffers. Furthermore, the
amplitudes of the longer components increase in 67% glycerol
and 51% sucrose, but not in 30% Ficoll (Table I).

Figure 2 shows the picosecond fluorescence decay curves
for 121- and 114-kDa pea phytochromes in different viscosity
media. The resolved lifetimes and their amplitudes are
presented in Table I. Comparison between the decay data for
the oat and pea phytochromes suggests that the overall
multicomponent behaviors of the fluorescence decays are es-
sentially the same for both monocot and dicot phytochromes,
which were also isolated by mutually different isolation/pu-
rification procedures. However, the 7, and 7, values are
significantly greater for pea phytochrome than for oat phy-
tochrome, Furthermore, the effect of 67% glycerol on the 7,
and 7, values appears to be less pronounced for pea phyto-
chrome than for oat phytochrome.

From the data presented in Figures 1 and 2 and Table I,
it is clear that the short-lifetime component predominates the
fluorescence decays in both oat and pea phytochromes. The
amplitude of the longer lifetime component(s) increases sig-
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FIGURE 1: Fluorescence decay curves of oat phytochrome (124 kDa)
as a function of medium viscosity at 290 K. (Top) Phytochrome in
20 mM potassium phosphate buffer in the absence of any viscous
additive. The weighted residuals and the autocorrelation function
for the least-squares fit to the decay curve are displayed on the top
portion. The abscissa scale is 6.2 ps/channel. (Bottom) Phytochrome
in different viscosity media. The excitation wavelength was 637 nm,
and the monitoring wavelength was 680 nm. The instrumental re-
sponse function of the excitation laser pulse (pulse width 40 ps, fwhm)
is also shown, along with a typical plot of the autocorrelation function
and the weighted residuals (for oat phytochrome in 67% glycerol).
Phytochrome was 1.2 uM in 20 mM potassium phosphate buffer, pH
7.8, containing 1| mM EDTA and 67% glycerol (or 51% sucrose or
30% Ficoll v/v). The specific absorbance ratios (SAR = Aggo/ A2s0)
of the phytochromes used were in the range 0.90-1.1.

nificantly in 67% glycerol and moderately in 51% sucrose,
whereas it remains virtually identical for the phytochrome
solutions in 30% Ficoll and in aqueous buffer without any
viscous additive.

Time-Resolved Fluorescence Spectra. Figure 3 shows the
time-resolved fluorescence spectra of oat (124 kDa) and pea
(121 and 114 kDa) phytochromes in 67% glycerol. The sample
solution was simultaneously irradiated with a continuous ac-
tinic light of 738-nm wavelength. It can be seen that the
time-resolved fluorescence spectrum with a peak at ca. 685
nm remains virtually constant over the time domain covered,
except for an apparent blue shift of ca. 10 nm for the emission
peak at times greater than 500 ps after the excitation pulse.
The time-resolved fluorescence spectra of pea phytochromes
(114 and 121 kDa) in 67% glycerol are also shown in Figure
3. For both the 114- and 121-kDa pea phytochromes, the
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Table I Fluorescence Lifetimes and Their Percent Amplitudes for
Oat and Pea Phytochromes as a Function of Emission Wavelength
and Viscosity?

lifetimes (ps) % amplitude

emission
sample? (nm) 2 ) 7 noor, T3
124-kDa oat, 670 308 136.6 1167.1 86.2 126 1.2
KPB 6380 39.6 167.0 11450 90.2 8.8 1.0

690 38.6 1442 1071.0 8384 108 08
700 424 1589 1063.0 909 85 0.5
av 379 151.7 11120 889 102 0.9

124-kDa oat, 660 61.1 3199 1269.0 703 17.5 122
67% glycerol 670 50.8 245.8 1211.0 751 158 9.1
680 50.8 238.5 1187.0 77.7 15.6 6.7

690 49.9 206.7 1146.0 79.0 153 S.6

700 62.9 287.0 12040 78.6 140 7.4

av 53.6 2445 11870 776 156 8.2

124-kDa oat, 670 38.5 2044 11452 819 112 6.9
51% sucrose 680 41.1 176.8 1133.0 839 105 5.6
690 484 219.7 1100.1 86.8 8.1 5.1

700 46.5 2047 1091.6 848 9.6 S.6

av 436 2014 1117.5 844 99 58
124-kDa oat, 670 369 1642 1093.6 82.5 140 35
30% Ficoll 680 388 175.1 1013.0 865 11.I 2.4

690 384 1387 9488 853 129 1.9
700 41.0 1541 961.1 874 107 20

av 38.8 158.0 10040 854 122 25
121-kDa pea, 660 39.6 273.5 16942 90.3 84 1.3
HEPES 670 37.8 244.1 13930 920 72 08

680  39.1 2336 1268.0 935 6.0 0.5
690 397 2333 1217.6 938 57 05
700 390 2153 10826 939 5.6 0.5

av 39.0 2399 13310 927 55 0.7
121-kDa pea, 670  47.3 240.0 14540 86.5 117 18
KPB 680  47.5 2209 13000 892 9.6 12

690 46.5 212.7 12840 899 92 09
700 50.2 240.7 16119 91.2 81 0.7
av 479 2286 14120 892 9.7 1.1

121-kDa pea, 660 43.5 2557 13134 802 158 4.0
67% glycerol 670 51.3 257.0 12483 80.2 162 3.6
680 54.7 232.5 12030 82.0 150 3.0

690 57.2 265.6 1170.6 83.4 13.7 29

700 58.7 2823 11989 856 118 26

av 53.1 258.6 1227.0 823 145 3.2

114-kDa pea, 660 28.6 219.8 24039 939 49 1.2
HEPES 670 33.3 2556 20580 963 3.0 0.7

680 343 261.0 19530 97.7 20 03
690 349 252.8 18570 979 19 0.2
700 348 231.8 14987 974 24 0.2
710 36.8 243.1 15002 975 23 0.2
av 338 2440 18780 968 28 04

114-kDa pea, 660 320 207.0 19023 91.0 76 14
40% glycerol 670 364 223.6 15916 937 55 08
680 37.5 231.0 14360 951 44 0.5

690 414 2372 13655 956 40 04

700 40.0 229.9 12872 956 40 04

710 39.4 2364 14714 958 39 03

av 37.8 227.5 1509.0 945 49 08

114-kDa pea, 660 38.9 236.3 17020 879 99 22
16% glycerol 670 41.3 2413 14849 903 82 1.5
680 42,3 231.7 13110 911 78 1.1

690 437 2204 12209 910 79 1.1

700 43.3 216.0 12259 909 8.1 1.0

av 41.9 229.1 1389.0 902 84 14

2See Materials and Methods for measurement details and experi-
mental conditions. *KPB, potassium phosphate buffer, pH 7.8.
HEPES, HEPES buffer, pH 7.8.

emission maximum changes to the blue at 1 ns longer after
an excitation pulse. This blue shift appears to be somewhat
more prominent with the pea phytochromes, especially the
114-kDa species, than with oat phytochrome.
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FIGURE 2: Fluorescence decay curves of pea phytochrome as a function
of viscosity at 286 K. (a) 121-kDa phytochrome (SAR 0.65) and
(b) 114-kDa phytochrome (SAR 0.98) in 25 mM HEPES buffer, pH
7.8, containing 1| mM EDTA. Other measurement conditions are
identical with those described in the caption for Figure 1, except for
a larger pulse width, 60 ps (fwhm). The autocorrelation functions
and the weighted residuals for Pr in 67% glycerol (top) and Pr in 61%
glycerol (bottom) are also shown. The abscissa scale is 6.2 ps/channel.

The time-résolved fluorescence spectra of phytochromes
within 500 ps were found to be independent of medium vis-
cosity, i.e., 67% glycerol (data not shown). However, a
long-lived species with an emission maximum at ca. 660 nm
or shorter was determined from the time-resolved spectra of
114-kDa pea phytochrome in phosphate buffer without glycerol
at times longer than | ns after an excitation pulse, independent
of far-red actinic irradiation and magnetic stirring (Figure 4).
The long-lifetime species was resolvable from the time-resolved
fluorescence spectra independent of the mixing and the 738-nm
actinic irradiation of the sample solution. However, the species
emitting at ca. 660 nm is not seen in a 67% glycerol solution
(Figure 3), suggesting that the formation of this species is
retarded in the viscous medium.

The time-resolved fluorescence spectra of phytochrome in
30% Ficoll were similar to those in 0% and 67% glycerol.
Figure 5 shows a typical set of the emission spectra of 124-kDa
oat phytochrome in 30% Ficoll.

To follow a fast movement of the chromophore of phyto-
chrome in its excited state, fluorescence anisotropy decays of
124-kDa oat phytochrome in 67% glycerol were measured
(Figure 6). It can be seen that the anisotropy declines initially
by ca. 0.04.

DiISCUSSION

To interpret the viscosity dependences of the fluorescence
decay data on phytochrome, the following points from the
previous section are highlighted and will be discussed.

(1) The fluorescence decay of phytochrome is multiexpo-
nential; three exponential components can best account for the
complex decay curves shown in Figures 1 and 2. The short
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FIGURE 3: Time-resolved fluorescence spectra of 124-kDa oat (a) and
114-kDa (b) and 121-kDa pea (c) phytochromes in 67% glycerol. The
excitation wavelength was 637 nm. The time zero corresponds to the
time at which the excitation pulse reaches a maximum intensity. The
sample preparation and conditions are the same as in Figures 1 and
2.

component is the major contributor to the fluorescence decays.
This observation confirms the previous results with oat
(Holzwarth et al., 1984; Wendler et al., 1984; Song et al,,
1986) and rye (Lippitsch et al., 1988) phytochromes.

(2) The short-component lifetime and the long-component
amplitudes increase in 67% glycerol, compared to those in
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FIGURE 4: Time-resolved fluorescence spectra of 114-kDa pea phy-
tochrome in 100 mM potassium phosphate buffer, pH 7.8, containing
1 mM EDTA at 290 K. Experimental conditions are identical with
those in Figure 3. (a) Without far-red actinic irradiation and magnetic
stirring; (b) with far-red actinic irradiation and magnetic stirring (see
Materials and Methods).
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FIGURE 5: Time-resolved fluorescence spectra of 124-kDa oat phy-
tochrome in 30% Ficoll. See Figure 3 for measurement conditions.

nonviscous buffers, but show almost no increase in 30% Ficoll.
In 51% sucrose, these parameters take on intermediate values
between those in 67% glycerol and 30% Ficoll. The lifetime
of the 1.1-ns component is not affected by medium viscosity,
however (Table I).
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FIGURE 6: Fluorescence anisotropy decays (r()) of 124-kDa oat
phytochrome (1.2 uM) in 67% glycerol in 20 mM potassium phosphate
buffer, pH 7.8, containing 1 mM EDTA at 290 K. The excitation
wavelength was 637 nm; the monitoring wavelength was 660 (left)
and 700 nm (right). The abscissa scale is 6.2 ps/channel. For
fluorescence anisotropy measurements, an analyzing polarizer was
placed between the sample compartment and a depolarizer placed
in front of the photomultiplier. The depolarizer was used to remove
any polarization-sensitive bias of the photomultiplier.

(3) Qualitatively, the monocot and dicot phytochromes
exhibit similar decay characteristics in terms of multicom-
ponent lifetimes and their relative amplitudes. However, the
two longer component lifetimes of the latter tend to be re-
producibly greater than the corresponding values of the former
(Table I).

(4) Within a few hundred picosecond range, there is no
significant time resolution of the fluorescence emission spectra
of both oat and pea phytochromes. A significant blue shift
of the emission maxima occurs in the nanosecond region, which
appears to be slightly dependent on the medium viscosity (the
least shift is in 67% glycerol) but strongly dependent on the
integrity (M,) of pea phytochrome (Figure 4).

There are several interpretations for the three-component
decays of phytochromes. We will discuss here two of the most
likely models. Model I is to assume that only the shortest,
predominant lifetime component reflects the radiative and
radiationless relaxation processes of the Q, excited state of
phytochrome. The two longer components represent the
fluorescence decays of “denatured” or “modified” phyto-
chromes, consistent with Holzwarth et al. (1984). Thus, the
primary photoprocesses of phytochrome can be represented
as

Pr + hy — Pr* (Qy excited state)
Kex
Pr* — Pr’ (¢x = 0.5; Heihoff et al., 1987)

key
Pr* —> Pr + heat

kg
Pr* — Pr + fluorescence

(¢n = 0.5; Heihoff et al., 1987)

(¢¢ = 0.003;
Holzwarth et al., 1984)

where ¢,,, ¢, and ¢; are quantum yields for the primary
reaction (k,), radiationless heat dissipation (k,), and
fluorescence emission (k;), respectively.

Using the relation

ke = ¢/ Ts

where 7; is the measured fluorescence lifetime (38 £ 8 ps;
Table I) at ambient temperature, one obtains k., = 1.3 X 10'°
57!, which is comparable to a diffusion-controlied rate constant
in an aqueous medium. The same value can be calculated for
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Table 11: Fluorescence Lifetimes, Percent Amplitudes, and Rate Constants (k; and k_;) for Oat and Pea Phytochromes in Different Viscous
Media, Calculated from the Two-Component Lifetime Fits to the Observed Fluorescence Decay Curves®

lifetimes (ps) rate constants (s™)

Prt medium® n/ng° 7 (%) 2 (%) k, X 10710 ko X 10°¢
124-kDa oat KPB 1.0 36.2 (98.8) 1102 (1.2) 2.7 3.3
67% GOH 19.0 45.6 (93.1) 1157 (6.9) 2.0 15.1
51% SOH 19.0 43.0 (93.3) 1147 (6.7) 22 15.6
30% FCL 100.0 38.8 (97.4) 1073 (2.6) 2.5 6.7
118-kDa oat KPB 1.0 45.1 (98.8) 1219 (1.2) 22 2.8
121-kDa pea KPB 1.0 46.3 (98.8) 1279 (1.2) 2.1 2.6
HEPES 1.0 34.1 (99.5) 1252 (0.5) 2.9 1.6
67% GOH 19.0 53.3 (96.5) 1206 (3.5) 1.8 6.6
114-kDa pea HEPES 1.0 36.2 (99.7) 1956 (0.3) 2.8 0.8
40% GOH 3.1 35.1 (99.6) 1434 (0.4) 2.8 1.2
61% GOH 17.3 423 (98.8) 1308 (1.2) 2.3 2.9

aSee text for details. ?Red-absorbing form of phytochrome (Pr). ¢KPB, potassium phosphate buffer; GOH, glycerol; SOH, sucrose; HEPES,

HEPES buffer; FCL, Ficoll. 4Relative viscosities.

121-kDa pea phytochrome in HEPES buffer. The &, value
decreases with viscous additives (1.1 X 10 s7! in 51% sucrose
and 9.2 X 10° s7! in 67% glycerol), but not with 30% Ficoll
(1.3 X 109571,

Model II (Song et al., 1986) assumes that the multiexpo-
nential decays shown in Figures 1 and 2 can be adequately
represented by two exponentials. Under these assumptions,
the three-component fit is replaced by the two-component fit
in terms of two lifetimes, 30-50 ps and 1-2 ns, without sig-
nificantly sacrificing the quality of least-squares fits [cf. Song
et al. (1986)]. Table II shows a set of such fits that were
performed without any preselected constraints as to which of
the two longer lifetime components (second and third com-
ponents shown in Table I) can be neglected. The following
scheme qualitatively accounts for the two-component model

Pr + hv — Pr* (Qy excited state)

ky
Pr* .——k_‘ Pr
-1

(reversible primary reaction)

ke
Pr* — Pr + fluorescence

ks
Pr' — lumi-R(?)

where k, corresponds to &, in model I. Model II leads to the
expressions (Song & Yamazaki, 1987)

ky =711+ (4,/4))
k_y = ki(A4y/A4)

where 7, = (k; + k_;)™! and A4, , represent the relative am-
plitudes of the two lifetime components. Table II presents the
calculated values for k’s. The calculated k; values are similar
in magnitude to the k,, values estimated from the scheme for
model I. It should be noted that these values are reduced by
67% glycerol and 51% sucrose, compared to the data in non-
viscous buffers, but are unaffected by 30% Ficoll. Other
alternative models may be suggested, but it appears that the
rate constant for the primary reaction is not expected to vary
greatly, since the short-lifetime component predominates the
fluorescence decay curves of oat and pea phytochromes in
different media.

The nature of the primary reaction in the above models is
not known at present. An initial intermediate arising from
the primary reaction is either lumi-R [or I540; Heihoff et al.,
1987, see review by Song (1988)] or prelumi-R, which may
be formed prior to lumi-R (Song et al., 1981, 1986; Lippitsch
et al., 1988). A recent study based on both picosecond ab-
sorption and fluorescence of rye phytochrome assigns 40 ps

to the formation of prelumi-R, followed by the formation of
lumi-R with a time constant of 60 ps (Lippitsch et al., 1988).
Since photoisomerization about a C=C bond in a conjugated
molecule can take place at picosecond and femtosecond time
scales (e.g., cis-trans isomerization in bacteriorhodopsin taking
place in ca. 0.5 ps; Mathies et al., 1988), the proposed E-Z
photoisomerization of the 15 C=C bond of the tetrapyrrole
chromophore of phytochrome (Ruediger et al., 1983) must
similarly occur from the Q, excited state of the phytochrome
molecule. Since the Pr chromophore of phytochrome is buried
in a hydrophobic binding pocket (Hahn et al., 1984; Song &
Yamazaki, 1987), it is reasonable that the movement/isom-
erization of the chromophore therein is apparently sensitive
to glycerol but not to Ficoll, as the pocket would be most
readily accessible to the small glycerol molecule but not to the
larger Ficoll molecule. Sucrose with its M, greater than that
of glycerol but considerably smaller than that of Ficoll also
moderately retards the primary reaction. The similar de-
pendence of the amplitude of the nanosecond component
(Table II) on these viscous additives can be satisfactorily
explained in terms of model II discussed above, although the
observation can also be reconciled with model [ or its variants,

Comparison of the fluorescence decay data and time-re-
solved fluorescence spectra between the monocot and dicot
phytochromes (Table I and Figures 1-3) reveals some subtle
differences. In contrast to oat phytochrome, the fluorescence
decay curves for 118/114-kDa oat and 114-kDa pea phyto-
chromes yield a significantly smaller value for k_; than for the
undegraded full-length phytochrome preparations (Table II).
This is attributable to a markedly smaller contribution of the
nanosecond component to the fluorescence decay curves and
to the relatively larger time-resolved spectral shift that is seen
with the degraded pea phytochrome (Figure 3) than is seen
with the other preparations. From Table II, k, for the amino
terminus truncated phytochromes also depends moderately on
the medium viscosity, whereas k., increases significantly and
preferentially with increasing concentration of the smallest
viscous molecule, glycerol, as in the case of the full-length
native phytochromes. There are also noticeable differences
in the k; and k_, values between oat and pea phytochromes
(Table II). The differential glycerol dependences of these rates
may arise from a restricted conformational flexibility of the
chromophore and the surrounding residues in the excited state
and its primary intermediate.

Since phytochrome exists as a dimer (248 kDa) in solution
(Jones & Quail, 1986), its Brownian rotation is negligible in
67% glycerol at picosecond time scales. However, the chro-
mophore in its apoprotein pocket may exhibit an orientational
tumbling during the relaxation processes (k; and k_;), ac-
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cording to model II. This is borne out, as the fluorescence
anisotropy decays rapidly by about 0.04 during the first 500-ps
range (Figure 6).

Alternatively, according to model I, the lower k_; values for
the amino terminus truncated phytochromes exhibit a sub-
stantially lower contribution from the nanosecond component
to the overall fluorescence decays, as the long-lifetime con-
taminant(s) is minimized in these degraded phytochrome
preparations. The blue-shifted emission at times longer than
1 ns after the pulse excitation (Figures 3 and 4) can then be
assigned to such a contaminant or heterogeneity in the phy-
tochrome populations, according model I. However, it is im-
portant to note that the significant increase in the amplitude
of the nanosecond component in 67% glycerol is not accom-
panied by a blue shift of the time-resolved emission spectra
(Figures 3-5). This implies that the nanosecond component
cannot be entirely attributed to a contaminant emission.

The fluorescence lifetimes also depend on the buffers used,
i.e., phosphate vs HEPES (Table I). Lagarias and Mercurio
(1985) found a significant effect of different buffers on the
gel filtration profiles of phytochrome, suggesting gross con-
formational differences in the protein in different buffers.
However, we have no evidence for gross conformational per-
turbations of the phytochrome molecule by glycerol, sucrose,
and Ficoll. Thus, the differences in lifetimes and their am-
plitudes in varying viscosity media are explicable in terms of
a microenvironmental conformational flexibility, which is
diffusion-modulated by the microscopic viscosity within the
chromophore pocket or elsewhere in the apoprotein (accessible
preferentially to glycerol).

Finally, we note that an attempt to study the primary
photoprocesses of the Pfr form of phytochrome by using a new
near-IR-sensitive S-1 photomultiplier tube (Hamamatsu Model
1564U-05) operated at —-30 °C was not successful, as
fluorescence emission from the Pfr form was undetectable.
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