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ABSTRACT To characterize the nature of primary photoprocesses of phytochrome which serves as the red-far red
reversible photoreceptor for photomorphogenesis in plants, viscosity dependence of the fluorescence lifetimes of
phytochrome isolated from etiolated oat seedling (Avena sativa L.) has been investigated. The fluorescence decay of
phytochrome exhibited approximately two components, one with lifetime in the range of 50-70 ps and another with
1.1-1.2 ns in phosphate buffer with or without 40-67% glycerol. However, relative amplitudes of these decay
components were found to be strongly viscosity dependent. Thus, the longer decay component increased from 2-5% in
phosphate buffer to -20% in 67% glycerol-phosphate buffer. These results have been interpreted in terms of primary
reaction from the excited singlet state of phytochrome, yielding a photoreversible intermediate whose rate of formation
and decay were apparently viscosity-dependent. Further, the viscosity dependence is consistent with the primary
reaction involving conformational changes of the chromophore/its apoprotein environment.

INTRODUCTION

Phytochrome serves as an efficient photoreceptor for the
red light-mediated morphogenic and developmental
responses in higher plants (for recent reviews see reference
1-5). The red light-absorbing photoreceptor (Pr) functions
to elicit such responses in the cell according to the follow-
ing photoreversible scheme:

660 nm
Pr - Pfr -- Biological action.

730 nm

Scheme I

Like other primary photoreceptors in photobiological pro-
cesses (e.g., rhodopsin, bacteriorhodopsin and photosyn-
thetic reaction center chlorophylls), high efficiency of
photoreception entails an ultrafast reaction from the
excited singlet state of the photoreceptor in competition
with other energy-wasting relaxation processes such as
fluorescence and internal/intersystem conversions.
To probe the nature of the primary photoprocess of

phytochrome, fluorescence properties of phytochrome have
been examined (6-9). It has been suggested that either
proton transfer (7, 8, 10, 11 ) or isomerization of the chro-
mophore is involved in the primary photoprocess of phy-
tochrome (Pr form). To ascertain the extent of movement
of the chromophore and/or its proximal peptide chains in
the primary photoreaction of phytochrome, we have exam-
ined the viscosity dependence of fluorescence lifetime in
glycerol-buffer mixture, on the premise that any signifi-
cant movement of the chromophore and peptide chains is
subject to diffusion-control. For example, it has been

observed that photoisomerization of bilirubin strongly
depends upon microviscosity (protein) around the chromo-
phore (12).

MATERIALS AND METHODS

Chemicals used for buffer preparation and phytochrome isolation and
purification were of highest grade available commercially. Poly(ethyl-
eneimine) and ammonium sulfate (ultra pure, special enzyme grade)
were obtained from Eastman Kodak (Rochester, NY) and Schwarz/
Mann (Orangeburg, NY), respectively. Glycerol (reagent grade) was
purchased from Wako Chemical Co. Affi-Gel Blue gel (100-200 mesh
wet, 75, 150 4), Bio-Gel 0.5 m (200-400 mesh) and BioBeads (SM-2,
20-50 mesh) were purchased from Bio-Rad Laboratories (Richmond,
CA). CaC12 * 2H20 and K2HPO4 for hydroxylapatite preparation were
obtained from MCB Manufacturing Chemists (Cincinnati, OH), and
ethylene glycol from Fisher Scientific Co. (Fair Lawn, NJ). All other
chemicals were supplied by Sigma Chemical Co. (St. Louis, MO).
Deionized, redistilled water was used for all buffer preparations and
sample solutions.
The undegraded, 124 kD phytochrome was isolated from the etiolated

oat seedling (Avena sativa L. cv Garry, supplied by Bahr's Hybrid, Rio,
WI) grown on Vermiculite in a dark room at 298 K for 4 d. Phytochrome
was isolated and purified according to the procedures essentially identical
to the method of Vierstra and Quail (13). In brief, the refrigerated oat
tissue with phytochrome as Pfr form was homogenized in a Tris buffer
containing 50% (vol/vol) ethylene glycol and 4 mM phenylmethylsulfo-
nyl fluoride (PMSF) for isolation work-up. After precipitation of the
extract with poly(ethyleneimine) and then with ammonium sulfate, the
crude phytochrome solution obtained by dissolving the pellets was
chromatographed through a hydroxylapatite column, Affi-Gel Blue gel
affinity column, and finally, Bio-Gel A 0.5 m molecular sieve column. For
other details, see previous report (14).
The molecular weight of phytochrome isolated was determined to be

124,000 by SDS-polyacrylamide gel electrophoresis (Laemmli, 1970).
No contaminant protein bands were seen when -5 gg of phytochrome
preparations with specific absorbance ratios (A66o/A,0) > 0.84 was
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applied on the electrophoresis gel (We thank Dr. 1. -S. Kim and Mr. Y. G.
Chai for running the electrophoresis). Fluorescence lifetime data were
obtained with phytochrome preparations ranging from absorbance ratio
0.84 to 0.93, but results were not noticeably dependent upon the purity of
phytochrome preparations. Nonetheless, data presented in this paper
were obtained with those preparations with absorbance ratios greater
than 0.87.

Absorption spectra were recorded on a Lambda-3 (Perkin-Elmer
Corp., Instrument Div., Norwalk, CT) or Shimadzu (Shimadzu Scientific
Instruments, Inc., Columbia, MD) spectrophotometer, whereas steady
state fluorescence emission and excitation spectra were taken on a Spex
Fluorog-2 spectrofluorometer (Spex Industries, Inc., Edison, NJ)
equipped with a cooled red-sensitive photomultiplier tube (31034; RCA,
Lancaster, PA). Fluorescence decay measurements were performed using
a synchronously pumped, cavity-dumped dye laser and a time-correlated,
single photon counting system. Details of the experimental apparatus
have been described elsewhere (15). Excitation laser power was 6.8 x
10-4 W/cm2 at 800 kHz, corresponding to 10' photons/cm2/pulse.
Excitation pulse width set at 637 nm was shorter than 10 ps; 6 - 7 ps for
most runs. Emission was detected at 680 nm, using a microchannel-plate
photomultiplier (R1564U; Hamamatsu Corp., Middlesex, NJ), which
allows us to obtain an instrument response function with 50-ps pulse
width for the scattered laser light.

Fig. 1 shows the sketch of optical arrangement for excitation, detection
and phytochrome regeneration. For the phytochrome regeneration during
pulse excitation, a 500 W xenon source with one 730 nm interference
filter was used. In addition, phytochrome solution was constantly stirred
with a Tri-R micro-submersible magnetic stirrer (model MS-7, Tri-R
Instruments, Rockville Centre, NY) with the stirring bar placed inside
the cuvette. Under these conditions, negligible amounts of Pfr were
produced during each data acquisition lasting 30-60 s for 2,000 counts.
Only after an extended period of measurement for more than 10 min,
excitation pulses (beam diameter - 1.5 mm) produced appreciable
amounts of Pfr in the cuvette (-10% conversion from Pr). For steady state
fluorescence measurements, phytochrome solution was stirred with a
multistirrer (model M-3, luchi Co., Tokyo, Japan).
To prepare solutions with varying viscosity, phytochrome in phosphate

buffer, pH 7.8, was mixed with glycerol (40 or 67%, vol/vol) and the
ambient temperature of the solution with or without glycerol was read
(+± C). Relative viscosities of water and water-glycerol mixtures were
taken from Handbook of Chemistry and Physics (16), and temperature
dependence of the viscosity of glycerol-water mixture was graphically
estimated by assuming that the temperature variation of the mixture is
predominantly determined by glycerol, as the viscosity of glycerol varies
from 12,110 at 0°C to 1,490 centipoise at 200C, whereas the water
viscosity decreases from 1.787 to 1.002 over the same temperature
interval. The relative viscosities of 40 and 67% glycerol (vol/vol) are 3.1
and 15 at 200C, respectively (16).

interference

500W filter50W 730

fiber
H20 filter

Phytochrome solutions with and without added glycerol were first
degassed by vacuum and then flushed with water-saturated nitrogen
(99.998%). This procedure eliminated air bubbles in the solutions intro-
duced during solution preparation and minimized any irreversible photo-
bleaching of phytochrome during pulse excitation.

RESULTS

Fig. 2 shows the steady state fluorescence spectra of
phytochrome at two different viscosities. The corrected
fluorescence maxima are at 689 and 688 nm in buffer and
buffer-40% glycerol, respectively. Thus, within noise levels
seen in Fig. 2, the two fluorescence spectra are virtually
identical. Fig. 3 shows examples of fluorescence decays of
phytochrome in phosphate buffer and buffer-glycerol mix-
tures. It is clear that the decays are nonexponential, with
the short component being the major contributor. A satis-
factory fit can be obtained in terms of two exponential
decay components, according to the least squares fit proce-
dure used. Decay curves were reproducible well within
10% variations. In fact, several runs at two slightly
different temperatures yielded nearly perfect superimpos-
able decay curves, suggesting that the decay is not strongly
temperature-dependent.

Table I summarizes the fluorescence decay data
obtained in three different media containing 0, 40, and
67% glycerol, respectively. It can be seen that the short
lifetime (TI) of the fluorescence decay of phytochrome are
slightly viscosity-dependent, and the longer component
(r2) is definitely viscosity-independent. However, the
amplitudes of both components are strongly viscosity-
dependent.
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FIGURE 1 Optial layout for fluorescence excitation (ps pulses) and
actinic irradiation (730 nm) of phytochrome solutions for lifetime mea-

surements. The sample solution was stirred with a rotating magnet during
excitation. Intensity of the excitation laser light is decreased (3.0 W/m2)
by using a neutral density filter so as to minimize the degradation of Pr.

FIGURE 2 Fluorescence emission spectra (corrected) of phytochrome
(Pr) in potassium phosphate buffer pH 7.8 (a) and in 40% glycerol-buffer
mixture at 13 and 150C, respectively. Concentrations, 1.7 gM (a) and
1.0 IAM (b). Excitation wavelength, 640 nm. Excitation bandwidth, 5.4
nm. Emission bandwidth, 5.4 nm.
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FIGURE 3 Fluorescence decay curves (...) and best-fit curves (-)
calculated by convolution with the instrument response function (---) for
phytochrome (Pr) in glycerol-buffer mixture at -288 K. Concentrations:
(a) 1.8 MM; (b) 1.2 ,uM; (c) 0.7 MM. Excitation pulse wavelength, 637
nm, and emission wavelength monitored, 680 nm (Slit width -3-6 nm).

DISCUSSION

When phytochrome is irradiated in frozen matrix at liquid
nitrogen temperature, a photoreversible intermediate is
formed, suggesting that the primary process occurring
from the excited singlet state ('Qy) of phytochrome is
extremely fast (10). Both low temperature and ambient
temperature studies of phytochrome phototransformation
suggested the same conclusion, although these studies used
proteolytically degraded oat or rye phytochrome prepara-
tions which qualitatively retained the spectroscopic and
photochemical properties of undegraded 124 kD phyto-
chrome (17-20). It is now established that the latter
exhibits a higher photostationary concentration of the Pfr
form when the Pr form of phytochrome was excited at 660
nm and the absorption maximum of the Pfr form is red
shifted by 5-10 nm relative to that of degraded phyto-

chromes (13, 21). However, the spectral maximum of the
Pr form is not significantly different from that of degraded
proteins. Thus, it is not surprising that the fluorescence
decay characteristics of degraded and intact phytochrome
preparations are essentially identical (9).

Although the fluorescence decay of phytochrome in
phosphate buffer in the absence of glycerol may be better
fit with three exponentials, the two component analysis
appears to be satisfactory. This is also true for phyto-
chrome solutions in buffer-glycerol mixtures as shown in
Fig. 2. We have also performed three-component analysis,
with the results tabulated in Table II. As can be seen from
the values listed in Table II, the third component does not
significantly contribute to the overall decay amplitudes.
The fitting is better in the three component analysis (Xr =
1.05-1.1) than in the two component analysis (X2 =
1.5-2.0), as shown in Fig. 4. It is seen from values for the
fastest and slowest components correspond to the results in
the two component analysis (Table I), and that the lifetime
and the contribution of the intermediate component is
changed in parallel with those of the slowest component.
The results of the three component analysis are qualita-
tively in agreement with the previous work (9), if the
different phytochrome preparations and solution condi-
tions employed are taken into account.

Although a complicated model can be proposed to
account for the three component decays observed, a model-
ing based on the two component decays would be satisfac-
tory and more useful for a qualitative understanding of the
viscosity dependence investigated here. The latter can be
justified on the ground that the relative contribution of the
third component to the overall fluorescence intensity in
Fig. 4 and Table II (T2) is negligible; i.e., rl(ns) x Al (%
amplitude) = 4.47, r3 x A3 = 2.43 and r2 x A2 = 0.48 at
viscosity n/% = 0.98. Even at the highest relative viscosity
examined, this component is not a significant one, com-
pared to the strongly viscosity-dependent component (T3).

TABLE I
FLUORESCENCE LIFETIMES OF PHYTOCHROME (Pr) AS A FUNCTION OF VISCOSITY

Medium* / TOC rl 72 kl,s- x 10`10 k_, s- x 10-8
(Pr)

ps % ns %
Buffer 0.98 21 53 (98) 1.14 (2) 1.84 4.4

(0 % glycerol) 1.10 16.5 55 (97) 1.15 (3) 1.77 4.8
1.20 13 55 (97) 1.15 (3) 1.77 4.8
1.47 6 61 (96) 1.16 (4) 1.58 6.9

40 % glycerol 3.1 21 62 (93) 1.13 (7) 1.49 11.9
in buffer 4.7 15.5 58 (93) 1.14 (7) 1.61 11.3

7.2 10.5 69 (90) 1.14 (10) 1.30 15.1
16.1 2 73 (89) 1.14 (11) 1.22 15.2

67 % glycerol 19 19 64 (78) 1.17 (22) 1.29 26.1
in buffer 21 15.5 69 (78) 1.20 (22) 1.12 32.6

21 15 69 (80) 1.20 (20) 1.16 29.0
34 9 68 (81) 1.14 (19) 1.19 28.6

For rate constants listed, see the text for definition.
*Phosphate buffer, 20 mM, pH 7.8, containing 1 mM (Na)4-EDTA, and 2.8 mM 2-mercaptoethanol, stored at ice water temperature until used.
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TABLE II
THE FLUORESCENCE DECAY ANALYSIS OF PHYTO-
CHROME (Pr) IN TERMS OF THREE COMPONENTS, AS A
FUNCTION OF VISCOSITY (~~

Medium nt/no TOC r1 72 T

PS % Ps % ns
Buffer 0.98 21 47 (95) 198 (2.4) 1.058 (2.3)
( % glycerol) 1.10 16.5 49 (96) 356 (1.5) 1.096 (2.4)

1.20 13 51 (95) 186 (2.0) 1.054 (2.8)
1.47 6 60 (92) 292 (4.4) 1.174 (3.8)

40 %glycerol 3.1 21 50 (88) 260 (5.4) 1.146 (6.2)
4.7 15.5 49 (86) 221 (7.8) 1.120 (6.6)
7.2 10.5 61 (85) 279 (7.5) 1.188 (9.3)

16.1 2 61 (85) 299 (5.8) 1.168 (9.5)
67 %glycerol 19 19 52 (67) 314 (12) 1.225 (21)

21 15.6 55 (67) 351 (12) 1.242 (21)
21 15 56 (70) 357 (11) 1.241 (19)
34 9 54 (74) 328 (11) 1.233 (16)

The two exponential decays observed in this study can be
interpreted in terms of the following scheme:

'Pr k1 k
kI k-

Pr' - ~Lumi-R?,

Pr

Scheme II

where 'Pr and Pr' represent the excited singlet state of
phytochrome and its primary intermediate, respectively,
with the corresponding rate constants, ko and kl/k-,. The
intermediate decays further, with rate constant k2.
With the reasonable assumption for an efficient photo-

receptor that k, is greater than the absolute difference
(ko - k2), the following expressions can be derived:

l/T,=k + k-(1

(I)~~~~~~~~L jj
43~~~~~~~~~~~~~~~~~~~~~~~~~~LI~~~~~~~~~~~~~~~~~~~T

co

time - O

FIGURE 4 Fluorescence decay curve of phytochrome and its best three-
component fit (solid line) and the residuals (upper panel) for the data
shown in Fig. 3 a.

Il/T2 == k2 + k + k oIc. (2)

The relative amplitudes of two lifetime components (r, and
'r2) are given by:

C2=k,I
C1 k, (3)

Solving for k, and k-1, we obtain the expression

k = 1 (1/Tri)
I+ (C2/CO

k =C2 k
C'

(4)

(5)

Values of the rate constants calculated are listed in Table I.
It can be seen that k, decreases somewhat with increasing
viscosity, whereas k-, increases steeply with increasing
viscosity. The fact that the short component lifetime is only
slightly viscosity dependent is explicable in terms of Eq. 1
with two rate constants having opposing dependencies on
viscosity (see Table I) and with k , being much greater than
k-1. The viscosity independence of 'r2 is attributable to k2,
which dominantly contributes to the long fluorescence
decay component, as can be seen from Eq. 2.
The viscosity dependence of rate constants k, and k-,

may reflect conformational/configurational isomerization
of the Pr chromophore in its primary photoprocess (9, 18).
However, k, depends only moderately on the medium
viscosity, whereas k-, increases strongly with increasing
viscosity. It is possible that this differential viscosity depen-
dence of the forward and backward reactions arises from a
restricted conformational flexibility of the chromophore in
the primary intermediate and/or its proximal amino acid
residues under higher viscosity conditions. In less viscous
media, the chromophore may assume an equilibrium distri-
bution of conformation within the solvation cage from
which the reverse reaction (k-,) proceeds with the reor-
ganization of the solvent cage. In higher viscosity media,
this reorganization is less extensive, according to the
proposed model. This would explain the differential depen-
dences of k I and k on viscosity.

Previously, Holzwarth et al. (9) reported fluorescence
lifetimes of phytochrome in buffer solution. They analyzed
the fluorescence decay curves into three exponential
decays. Only the fastest component has been related to the
Pr *- Pfr primary reaction. They attributed the slower
decay components as arising from some impurities depen-
dent upon the method of phytochrome preparation. In the
present analyses, we proposed that both the fast and the
slow components arose from the reversible 'Pr -- Pr'
conversion. The viscosity dependence of k I and k, is
consistent with this model.

In the presence of only weak actinic light of 730 nm (via
monochromator), which partially converts the Pfr form of
phytochrome produced by the exciting picoseconds pulses
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(under such conditions, -50% of Pr was converted to Pfr
after a series of pulse excitation experiments; total time of
experiment-10 min), the short component lifetime was
-90 ps. The longer lifetime component detected under the
photocycling conditions with the weak actinic light of 730
nm (see Fig. 1) is probably due to a new fluorescent
intermediate that is detectable in frozen matrix under
steady state conditions (22).

The authors wish to acknowledge technical assistance by Drs. In-Soo Kim
and Satoru Tokutomi and Mr. Young-Gue Chai. One of the authors
(P.-S. Song) would also like to thank Professor Masaki Furuya of the
University of Tokyo for arranging his trip to Okazaki where the experi-
ments described herein were carried out.

This work was supported by grants from the Robert A. Welch Foundation
(D-182), National Science Foundation (PCM81-19907), and by a devel-
opmental leave from Texas Tech University.

Received for publication 29 July, 1985 and in final form 8 October
1985.

REFERENCES

1. Pratt, L. H. 1982. Phytochrome: the protein moiety, Annu. Rev.
Plant Physiol. 33:557-582.

2. Schopfer, P. 1984. Photomorphogenesis. In Advanced Plant Physiol-
ogy. M. B. Wilkins, editor. Pitman Books, London. Chap. 17.
380-407.

3. Smith, W. O., Jr. 1983. Phytochrome as a molecule. In Photomor-
phogenesis. Encyclopedia of Plant Physiology. Vol. 16A. W.
Shropshire, Jr., and H. Mohr, editors. Springer Verlag, Berlin,
Heidelberg, New York. 96-118.

4. Song, P. -S. 1983. Protozoan and related photoreceptors: molecular
aspects. Annu. Rev. Biophys. Bioeng. 12:35-68.

5. Quail, P. H. 1984. Phytochrome: a regulatory photoreceptor that
controls the expression of its own gene. Trends in Biochem. Sci.
451-452.

6. Song, P. -S., Q. Chae, and W. R. Briggs. 1975. Temperature
dependence of the fluorescence quantum yield of phytochrome.
Photochem. Photobiol. 22:75-76.

7. Song, P. -S., Q. Chae, and J. D. Gardner. 1979. Spectroscopic
properties and chromophore conformations of the photomorpho-
genic receptor: phytochrome. Biochim Biophys. Acta. 576:479-
495.

8. Sarkar, H. K., and P. -S. Song. 1981. Phototransformation and dark
reversion of phytochrome in deuterium oxide. Biochemistry.
20:4315-4320.

9. Braslavsky, S. E., A. R. Holzwarth, J. Wendler, B. P. Ruzsicska, and

K. Schaffner. 1984. Picosecond time-resolved and stationary fluo-
rescence of oat phytochrome highly enriched in the native 124
kdalton protein. Biochim. Biophys. Acta. 791:265-273.

10. Song, P. -S., H. K. Sarkar, I. S. Kim, and K. L. Poff. 1981. Primary
photoprocesses of undegraded phytochrome excited with red and
blue light at 77 K. Biochim. Biophys. Acta. 635:369-382.

11. Song, P. -S. 1985. The molecular model of phytochrome deduced
from optical probes. In Optical Properties and Structure of Tetra-
pyrroles G. Blauer and H. Sund, editors. W. de Gruyter, Berlin
and New York. 331-348.

12. Lamola, A. A. 1985. Effects of environment on photophysical
processes of bilirubin. In Optical Properties and Structure of
Tetrapyrroles G. Blauer and H. Sund, editors. W. de Gruyter,
Berlin and New York. 311-330.

13. Vierstra, R. D., and P. H. Quail. 1983. Purification and initial
characterization of 124 kdalton phytochrome from Avena. Bio-
chemistry. 22:2498-2505.

14. Hahn, T. R., Q. Chae, and P. -S. Song. 1984. Molecular topography
of intact phytochrome probed by hydrogen-tritium exchange mea-
surements, Biochemistry. 23:1219-1224.

15. Yamazaki, I., N. Tamai, H. Kume, H. Tsuchiya, and K. Oba. 1985.
Microchannel-plate photomultiplier applicability to the time-
correlated photon-counting method. Rev. Sci. Instrum. 56:1187-
1193.

16. Weast, R. C., editor. 1973. Handbook of Chemistry and Physics.
Chemical Rubber Co., Cleveland. p. F53.

17. Kendrick, R. E., and J. C. P. Spruit. 1977. Phototransformations of
phytochrome. Photochem. Photobiol. 26:201-214.

18. Braslavsky, S. E., B. P. Ruzsicska, and K. Schaffner. 1985. The
kinetics of the early stages of the phytochrome phototransforma-
tion Pr - Pfr. A comparative study of small (60 kdalton) and
native (124 kdalton) phytochromes from oat. Photochem. Photo-
biol. 41:681-688.

19. Pratt, L. H., M. -M. Cordonnier, and P. Mathis. 1981. Phototrans'
formation kinetics of undegraded oat and pea phytochrome ini-
tiated by laser flash excitation of the red-absorbing form. Photo-
chem. Photobiol. 34:733-740.

20. Pratt, L. H., Y. Inoue, and M. Furuya. 1984. Photoactivity of
transient intermediates in the pathway from the red-absorbing to
the far-red-absorbing form of Avena phytochrome as observed by a
double-flash transient-spectrum analyzer. Photochem. Photobiol.
39:241-246.

21. Litts, J. C., J. M. Kelly, and J. C. Lagarias. 1983. Structure-function
studies on phytochrome. Preliminary characterization of highly
purified phytochrome from Avena sativa enriched in the 124
kilodalton species. J. Biol. Chem. 258:11025-11031.

22. Inoue, Y., H. Hamaguchi, K. T. Yamamoto, M. Tasumi, and M.
Furuya. 1985. Light induced fluorescence spectral changes in
native phytochrome from Secale cereale L. at liquid nitrogen
temperature. Photochem. Photobiol. 42:423-427.

SONG ET AL. Viscosity Dependence ofPrimary Photoprocesses 649


