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Abstract. Irradiation of phytochrome solutionsewith a high-intensity mixed red and far red
light source causes measurable absorbancy increases at 543 nm. Evidence is presented that
these absorbancy increases are caused by accumulation of intermediates on the PR to PFR
pathway with relatively slow thermal decay constants. Kinetic analysis of the decay signals
is consistent with the interpretation that the signals represent simultaneous independent
and parallel decay of 2 species by first order kinetics to PFm. If actinic light intensity is kept
constant and exposure time changed, the relative amounts of the 2 components change, with
proportionately more of the rapidly decaying species present following short exposure times.
If the amount of the intermediates is decreased by decreasing actinic light intensity at constant
exposure time, however, the relative amounts of the 2 remain constant. The Ql0 for inter.
mediate decay following illumination is approximately 2.0, while that for complete phototrans-
formation of the pigment in either direction is very close to 1.0. Incomplete transformation of
PI to PFit, caused by overlapping absorption of the 2 forms, is shown by the presence of inter-
mediates (indicating cycling of the pigment) in continuous red light. Such intermediates do
not appear in oontinuous far red, indicating a rate of pigment cycling below detection by the
availablo instrumentation.

The elegant flash photolysis experiments by
Linschitz and his co-workers have revealed several
fundamental aspects of phototransformation of the
pigment phytochrome (9, 10). First, transformation
in both directions involves the formation and decay
of a number of spectrally distinguishable intermedi-
ates. Second, the Pit to Pint pathway involves dif-
ferent intermediates than the reverse photoreaction.
Third, concurrent parallel dark reactions lead to the
formation of the final product in both directions.

'Supported by National Science Foundation Grants
GB-2846 and GB-6633 and a grant from Research Cor-
poration to W. R. Briggs.

2 Most of the experiments described in this paper
were performed while the senior author was a member
of the Department of Biological Sciences, Stanford UTni-
versity, Stanford, California, 94305.

Finally, at least 2 intermediates on the Pn to PFI
pathway have rate constants for decay to PFit at
least 10-fold smaller than the rate constants for anv
of the other intermediates on either pathway. Low
temperature studies by Pratt and Butler (12) -and
by Cross et al. (7) suggest that an early event in
PR transformation is the formation of an intermediate
which can be photoreversibly driven back to PR, but
there is no evidence that more than the initial photo-
reaction in transformation of PR to PFII in a forward
direction is light-driven. Spruit has also observed
phytochrome intermediates at liquid nitrogen tem-
perature (14-17) but interpretations of his data are
complicated by possible interference in the spectral
measurements by protochlorophyll, chlorophyll, or
both.

It seemed possible that irradiations of phyto-
chrome solutions with a high intensity mixture of
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red and far red light nmight lead to the accumulation,
under steady-state conditions. of significant amounts
of the longer-lived intermediates onl the PR to Pmr.
pathway. Difference spectra (leternlille(l for the
various intermediates by Linschitz et al. indicated
that if suclh intermediates accutnmulalted in reasonable
amounts, they should be detectable lnuder suitable
spectrophotometric conditions. enabling otle to study
their kinetics and some of their prol)erties. Experi-
ments bearing out these predictions are described in
the present paper. A prelimiinary report of this
work hlas appeared elsewhere (I ).

Materials and Methods

P'livtochromiie was isolated and partially purified
from 5-day-old dark-grown oat seedlings as described
previously (-4). Briefly, the harveste(d shoots were

groulnd in tris buffer, the extract filtered through
cheesecloth and centrifuged to remov e particulate
material, the supernatant passed through sephadex
G-50, and the excluded material adsorbed on calciumll
phosphate gel (brushite). The phytochrome was

then eluted with 0.4 M phosphate buffer, the active
fractions combined and precipitated by adding an

equal volume of saturated ammonium sulfate, cen-

trifuged, and the pellet redissolved in 0.001 M phos-
phate buffer. All operations were carried out at 40
under dim green light, and the pH maintained at
7.8. Phytochrome recovery from the initial extract
xv'as better than 50 %, vith approximately 5-fold
purification. Phytochrome was assayed using a

Ratiospect R-2 difference spectrophotometer (Agri-
cultural Specialty Company, Incorporated), and ac-

tivity is expressed below as the sum of the optical
density differences inducible at 660 and 730 nm by
red anid far red light [A(AOD)].

F4or rtuidying phytochrome intermediates, a special
double beam spectrophotometer described in detail
elsewhere (8) was used. Light from a 650 w tung-
sten-iodine lanmp wvas passed throughl 27 mm of water
and then through appropriate filters to obtain high
intensity actinic red or far-red light or a mixture of
the two. For red light, a broad band interference-
type filter (Balzers K6) and a Corning 2403 glass
filter were used (intensity at sample: 7.7 X 105
erg cm-2 sec-1); for far red light, a Schott RG10
filter (intensity at sample: 106 erg cm2 sec-1) ; for
mixed red and far red light, a Corning 2030 filter
(intensity at sample: 1.3 X 106 erg cm-2 sec'1) .

The sample was contained in an ice-jacketed lucite
cell 2 cm thick and 3 cm in diameter, closed top and
bottom, and completely filled with the phytochrome
solution. Beneath the sample, above the photomulti-
plier tube was a filter combination which excluded
any of the actinic light but allowed light of wave-

length less than 580 nm to pass through. The
measuring beam was obtained from a 6 volt tungsten
lamp, with the light suitably collimated and passed
through a Balzer interference filtcr transmitting

maximally at 543 nnI. Its intensity was below 300
ergs Cm-2 sec-'. A thermistor inserted into the
sample allowed coinitIuous monitoring of sample
temperature with a Yellow Springs Instruments
Teletlhermometer. Unless otherwise stated, sample
temperatulre varied between 4 and 50. The photo-
tube output was recorded with an oscillographic
recorder, aindl the system was calibrated so that
recorder signal could be directly converted into
absorbancy changes. Light intensities were meas-
ured with an Epplev 8 junction bismuth-silver ther-
mopile and a Hewlett-Packard microvoltmeter. An
approximate correction for infrared was obtained by
measul-ing light intensity in all cases with and
without Polaroid XRN5N55 filter which transmitted
light only beyond about 800 nm. The value obtained
with thle Polaroid filter was subtracted from the
value without to determine total energy below 800 nm
for each actinic light source.

Phvtochrome samples contained photoreversibility
raniging from 1.8 to 3.2 A(AOD) in a total volume
of 25 ml. Loss of activity during an experiment
never exceeded 10 %, and a fresh sample was always
used on any given day.

Results

Accumulation of Intermediates Under Cycling
Condition,s. A typical oscillographic recorder tracing
of the absorbancy change caused by the mixed red-far
red actinic beam is shown in Fig. 1. The difference
spectra obtained by Linschitz et al. (10) suggest
that the long-lived intermediates on the Pit to PPR
pathway should absorb more than PFi at 543 nm

(although their measurements were not carried out
below about 575 nm). The sample illustrated had
been preilluminated with the actinic light to bring
the pigment into approximate photostationary equi-
librium before the measurement was made. There-
fore, if the actinic beam were to cause accumulation
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FIG. 1. Absorbancy change at 543 nm induced by
high intensity mixture of red and far red light in phy-
tochrome solution.
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I I giveni (0.13 sec at 6 sec intervals). A portion of
LIGHT ONF t = .13sec the tracing is shown at the bottomii of Fig. 2. AsLIGHT OFF one would expect, the far red flashes administered

RED RED to PFI: brought about an absorbancy increase at
t ~ DARKKl4 543 nm. However, the absorbancv chanige stops

abruptlv with the termination of the flash, and there
is no evidence of any spectral change in the dark.
The coniverse experinmenit is shown at the top of

.0z2 Fig. 2. P1t was administered similar flashles of redlight. In this case, there is clearly a dark decay
following the end of the light flash (see daslhed
lines). Furthernmore, the amount of dark decay de-
creased linearlv with the amount of Ph remainingFAR RED FAR RED after the flash, and the decay rate wNas roughly

0 2 4 6 8 10 I2 similar to that showni in Fig. 1. The experiments
TIME, sec suggest both that the Fig. 1 signal was from phyto-

chrome, and that it represenlted events on the Pu toFIG. 2. Absorbancy changes induced at 543 nm by Pcir pathway.
f red light flashes on P. (ton) or hrief far redl P
A.. %̂AA sAA&RALA ;11> UA JL k\LVP) VI Ul ILC1Ia1CU

light flashes on Pim (bottom). Curves placed far closer
together than they actually were to save space.

of these long-lived intermediates, one should see an
absorbancy increase upon illumination, and then a
decrease when the light is turned off and intermedi-
ates decay to PFR. Fig. I clearly shows the antici-
pated signal.

It was then necessary to clarify 2 questions:
first, since the purification of the phytochrome was
not great, one had to determine that the signal indeed
came from phytochrome and not some form or forms
of chlorophyll; second, should the signal turn out to
be phytochrome, one had to determine whether the
intermediates observed were indeed those on the Pit
to PFP. pathway. The following experiments actually
bear on both questions.

Fir.,tf tlhi qqMnjp n Zr trqn1,fnrMS.1-r T r-r 1;0,'k

A second kind of exl)eriment is illustrated in
Fig. 3. It was reasoned that the higher the light
intensity, the higher the steady-state level of inter-
mediates should be. If these intermediates really
decayed to PFrP., then the ratio of P. to Pm. should
be lower after a high intensity saturating actinic
dose than after a low intensity dose. The assump-
tion was that regardless of intensity, the ratio of Pi
to PFR should be constant, and only the percentage
of pigment as intermediate present at steadv state
should be changed by intensity. Since PFIt absorbs
less than PR at 543 nm, the base line after a high
intensity exposure should be lower than the base line
following a low intensity exposure. Intensitv was
therefore altered using neutral density filters. Fig.
3 shows one typical record. The base line could be
reversibly shifted many times simply by alterinig
the actinic beatn intensity.

P .
13 ,eIIe3t11J1WCJLCII11C 'U .CIIl

t iS possible to calculate from experiments suchto PFi, and a series of brief flashes of far red light
as that shown in Fig. 13 the percentage of total
phytochrome present as intermediates under any

X X X given conditions of illumination. Complete trans-
E formation of phytochrome from Pit to PFIt at 543 nm

LIGHT ON in this experiment yields a lowering of the baseline
LIGHT OFF of 115.5 mv [of which only 80 % can actually be

directly measured, see (5)]. The baseline shift
I 100% between high and low intensity treatments (Fig. 3)

< I 29.5% averaged 5.46 mv (15 measurements). The differ-
4 ~ ence in signal heights for intermediate between high

and low intensity averaged 17.18 mv (9 measure-

ments). It should be remembered that a 5 % shift
in the baseline represents a 10% change in Pm

J.t (or Pi) concentration, since one form increases in
absorbancy as the other decreases. Thus 17.18 mv

teris ity mixed red and far red ight. had of
,of intermediate equals (2 X 5.46/115.5) X 100 %

O 10 20 30 40 50 of total phytochrome, or approximately 9.5 By
TIME, sec simple ratio, it can be determined that the 25.15 mv

FIc.. 3- Shift in base line caused by irradiation of representing intermediates with the actinic intensity
phytochrome sample alternately with high and low in- at 100 % is equivalent to 12.9 % of the total phyto-
tensity mixed red and far red light. Sample had re- chrome, while the 7.97 mv representing intermediates
ceived 6 sec illumination at 100 % intensity just prior with the actinic intensity at 29.5 % is equivalent to
to start of record shown. 4.4 % of the total phytochrome.
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FIG. 4. Absorbancy changes induced by saturating
far red and then red light at 543 nm. Sample of phy-
tochromne received saturating red treatment just prior
to start of record shown. Note small decrease in ab-

sorbancy immediately following enid of red, but not far

red, exposure.

A final kind of experiment suggesting that the

Observed signals repr,esented intermediates of phyto-
chrome tranisformation is shiown in Fig. 4. A sample
of PFiR was first irradiated with far red light until

no fuirther change could be observed. Upon termi-

nation o-f illulmination, there is no further spectral

change except a slow drift down caused by the

mieasuring beam. The sample was then irradliated
with red light until no further spectral change could
be observed. Upon termination of illumination, a

small but distinct dark decay is observed. Since

PFr absorbs substantially at 660 nm, it is well known

that complete transformation Of Plt to PFR is not

possible, and, in fact, with oat phytochrome, one

obtains a PRe:PFiv ratio of about 20:80 (5). Thus

one would expect to see some consequences of cycling
with red light, including at least a low level of
intAermediates. On the other hand, far red light
brings about a far more complete transformation of
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FIG. 5. Absorbancy changes z
different exposure times with hig
and far red light.

PFn to Pit, so little cycling should be observed under
far red illumination and no intermediates should be
observed. Experiments such as that shown in Fig. 4
support this prediction.

As will be shown below, the decay of intermediates
can be resolved into 2 simultaneous independent first
order components. The rate constants for these 2
components fit well with those calculated by Linschitz
et al. ( 10) for the 2 slowest intermediates on the
PR to PFI pathway. Thus all available evidence
indicates that the signals observed in the present
experiments are indeed these intermediates.

Kinetic Studies on Intermediate Decay. In pre-
liminary attempts to analyse the decay of the observed
intermediates, light intensity was kept constant and
exposure time was varied between 0.125 and 24 sec
(a manual shutter was used, and expo ure time
calibrated with an oscilloscope). Some typical rec-
ords are shown in Fig. 5. It is clear that the decay
half time is substantially shorter with the shorter
exposures. In Fig. 6, decay half times for 2 separate
experiments are plotted against amount of spectrally
detectable intermediate at the end of the light period.

C.)
(A)
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5 10 15 20
P' CONCENTRATION, ABSORBANCY543 x 104

FIG. 6. Measured half times for signal decay plotted
against signal height. Details in text. Signal height
varied by keeping intensity constant and varying ex-
posure time.

t= 6 sec

Each point represents the average measurement from
a minimum of 6 signals. It is clear that simple first

t sec or seconid order kinetics cannot account for the
results, since with first order kinetics, decay lhalf
time should be independent of concentration of

t .69 soc intermediates, and with second or higher order, half

time for decay should decrease with increasing con-

centration.
I. l In another series of experiments, intermediate
8 10 12 concentration was varied by keeping exposure time

constant, and varying actinic beam intensitv tising
at 543 nm induced by neutral density filters. Typical records are seen in
h intensity mixed red Fig. 7. In these experiments, it is clear that haitlf

time does not vary as a function of intermediate

i I CONSTANT, ,,A
t VARIED / -0
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TIME, sec TIME, sec
FIG. 7. Absorbancy changes at 543 nm induced by

similar exposure times of different intensities of mixed
red and far red light.

concentration, and Fig. 8 shows half time plotted
against concentration under 2 different conditions of
exposure time. Apparent first order kinetics are
obtained.

The resolution of the apparent discrepanicv is
found by plotting log of absorbancy decay against
time, as has been done in Fig. 9 for 2 different
exposure times at full actinic beam intensity. The
upper solid curves represent the average measture-
ments of at least 6 decay curves. They start to
decline in a non-log-linear fashion, but then even-
tually assume the typical log-linearity expected for
a first order reaction. Extrapolation of the straight
portion of the curve (daslhed line) anld replotting
the arithmetic difference between the actual data
and the extrapolated curve produces a second straight
line. Thus, the decay observed can be shown to fit
simultanieous decay of 2 independent components, in
agreement with the parallel pathways proposed by

n
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P' CONCENTRATION, ABSORBANCY543 x104

FIG. & Measured half times for signal decay plot-
ted against signal height for 2 different exposure times
at 4 different intensities each.

FIG. 9. Semilog plots of signal decay following 2
different exposure times at full intensity of mixed red
and far red light. Upper solid line: actual data (average
of 6 decay curves) ; dashed line: extrapolation to time
zero of log-linear portion of original data; lower solid
line: arithmetic differences between upper solid line
and dashed line. P' indicates intermediate concentra-
tion, with subscripts t, 1, and 2 referring to total inter-
mediate, rapidly decaying form, and slowly decaying
form, respectively. r values are reciprocals of rate
constants. Details in text.

Linschitz et al. (9, 10). The zero time intercepts
yield values for the initial relative amounts of each
of the 2 species. r is the reciprocal of the rate con-
stant in each case. The shorter exposure (Fig. 9,
left) shows a higher proportion of the fast-decaying
species, while the longer exposure slhows substantially
more of the slow decaying species !(Fig. 9, right).
The relative amounts of the 2 components, P'1 and
P', for various exposure times witlh full intensity
actinic light, calculated as in Fig. 9, are shown in
Fig. 10. P't represents total intermediate. The
faster component, P'1 builds up rapidly, and then
decreases somewhat, while the slower component, P'2

v
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vT04 8 12 16
TIME, sec

FIG. 10. Relative amounts of total intermediate
(P't), rapidly decaying (P',) and slowly decaying
(P'2) forms plotted against length of exposure to mixed
red and far red light, 100 % intensity.
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Tabe I. Relaiive Amounts and Decax, Constants for
Phytochroine Intermiediates Produtced by Different

Irr-adiatio;1t Time1cs

Ex-
posure
time

sec

0.125
0.36
073
2.0

0.13
0.34
0.69
2.0
6.0
120

%P'I %P.,
(rapid) (slow) T,v,I

Experiment 1
47 53 0.131
57 43 0.18
57 43 0.23
44 5i6 0.22

Ex1)wrinient 2
56 44 0.13
53 47 0.14
55 45 0.22
52 48 0.26
37 63 0.21
26 74 0.17

T.P., Temp.

deg

0.69 4.3
0.85 4.0
0.90 4.2
0.86 4.8

0.63
0.87
1.06
1.18
1.17

Accuracy of measurements for short ex
when the signal was small or for the
surements where baseline drift could be
less than for interimiediate exposure timnes
set is tlle average of at least 6 decay c

builds up gradually to a stable level. To
the percentage of each component as a
exposure time and also shows the conlsis
r values obtained tinder a variety of con(
A similar analysis of curves obtained

exposure tinme constant but varying
concentration by vaarving intensity sl
change in the relative amounts of the 2
as one would expect from the apparent
nature of the kinetics as shown in Fig. E

Effect of Temnperature onl. Tranisformn1tl
Intermediate Decay. On 2 occasions,
wvas allowed to warm up slowly and 6t
exposures at full intensity were given
Temperature was nmonitored continuousIh
times for decay are plotted againist temi
one of these experimenits in Fig. 11. T
2 clearly indicates the thermlal nature of

6

< .4

w

0

cN
-6.

- 4 8 12 16
TEMPERATURE, 0C

FIG. 11. Half timiies for siginal decay,
lowing 6 sec 100 % intenisity mixed red
light at different temperatures.

3.7
3.7
38
4.2
4.2
4.2

:posure times
longest mea-
substantial is
s. Each data
urves.

able I shows
function of

;tency of the
ditions.
by keeping

intermediate
iowed little
components,

t first order

Ltion Verstis

It shouild l)e pointed ouit that these half timiies repre-
sent both componienits, aud no effort was mnade to
resolve differential effects of temiperature on the 2.
The rate of complete transformation of the p)igment
in both directions was measured on the samiie saimples
to obtain Q10's for the over-all reactioni. The data
are showvn in Fig. 12. Over-all transformation is
clearly temnperature-independent in both directions
under our conditions, and decay of long-lived inter-
mediates thierefore cannot be the limiting step in
transformation.

.6

.4
N
"I,

2

10 14 18
TEMPERATURE, 0C

22

FIG. 12. Ialf times for Pit to PrI. transformation
(triangles) and Pii1t to P, transformation (circles) at
differenc temperatures.

Discussion

the sample The above results are consistent with 2 possible
sec actinic interpr-etations for M1 to Il1. conversioni. The first

at intervals. interpretation, presenlte(l independently by Linschitz's
The half groul) (Q, 10) and bNy Briggs and Fork (1) is that

perature for a single initial species of Pu, upon suitable excitation,
he Q,, near follows a pathway whlich eventually splits, leading to
the reactioii. at least 2 long-lived intermediates which decay inde-

p)endently anld in parallel to PFR. Briggs and Fork
F T p)ropo ecl a lpossible light-mediated formation of 1 of

_thle intermediates from the other, prior to their
independent (lecay to PI.]. but this pathway can be
elimi'natLed by the careful double flash experiments of
_Linschitz anid Kasche (9). It seems clear that the 2

intermiediates arise 1y dark reactions. However, the
(luestioii of their ultimate origin remaiins unanswered.

2.3 The results are wholly consistent with a scheme in
w_hichi there are 2 initial species of P,. Upon exci-

tation, both follow closely similar pathways until the
formation of the final intermiediates which then decay

M~. with rate conistaInts differing by a factor of about 5
20 24 to discrete finial species of Prit. A survey of the

literature reveals a number of reasons why the second
543 nnI, fol- interpretation shotuld be giveni serious consideration.
an(l far red Miumford. and Jenniier ( 11 ) mention in a- footnote

that they have some evidence for aggregation of oat
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phytochrome (nmolecular weight approximately
60,000) into higher molecular weight species. Cor-
rell et al. (6) report similar aggregation phenomena
writh phytochrome from rye. Finally, Briggs et al.
(4) show by gel filtration chromatography the pres-
ence of large and small molecular weight species of
oat phytochrome early in the purification procedure.
Thus both the studies done in Linschitz' laboratory
(7, 9, 10) and those reported in the present paper
were probably done on a mixture of molecular weight
species.
A second complication is raised by some spectral

observations by Briggs ct al. (4). Native phyto-
chrome in oats, in vivo, shows an absorption maxi-
mum for Pr. at 667 nm. Material carefully isolated
under dim green light retains this absorption maxi-

mum. However, if the phytochrome is transformed
to PFB and allowed to remain overnight at 40, the
absorption maximum shifts to 660 nm. Linschitz
et al. (10) report that the material which they used
for flash photolysis had a maximum for PR at 664 nm,
and could easilv have been a mixture of 667 and
660 nm material. The same complication applies to
the present work. Thus our experiments and those
of the Linschitz group may well have been done oIn
a complex mixture of phytochrome molecules, dif-
fering in molecular weight, and also differing in
absorption properties. Unpublished observations in
the laboratory of W. B. show that both large and
small molecular weight forms of phytochrome can

have their absorption maxima at 667 nm, so the
spectral shift cannot be simply correlated with
molecular size.

None of the work mientioned so far, however,
provides an answer to a crucial question: do any

of the current studies on llvtochrome intermediates
have any bearing on phytochrome transformation as

it occurs in the living cell or is one simply studving
artifactual mixtures? Three lines of evidence sup-

port the first alternative. First, Pratt and Butler
(12) and Cross et al. (7) have observed intermedi-
ates in isolated phytochrome preparations at low
temperature which appear remarkably similar to
intermediates reported by Spruit (14-17) to be
present in vivo in etiolated pea epicotyl tissue.
Second, Purves and Briggs ( 13) have presenited
dosage-respoinse curves for phvtochrome transforma-
tion in vivo which are consistent witlh the interpre-
tation that there are 2 kinetically distinct species of
phytochrome withini the tissue of oats, peas, corn,
and cauliflower. Finally, Briggs and Fork have
sttudied formation and decav of intermediates in vivo

in oats, and find decay kinetics which, like those
reported in the present paper, can be resolved into
2 kineticallv distinct first order components (2, 3).

It would be useful to study kinetic properties of
intermediates in phytochromle preparations in which
one was cer.-tain of having a single spectral form and
material of a single molecular weight. Unfortu-
nately, to date, it has not been possible to do so in

a meaningful way. The only form which will remain
reasonably stable under the cycling conditions of the
present experiments is material of approximately
60,000 molecular weight, absorbing maximally at
660 nm-in other words already spectrally altered
from the native material. Further experiments are
currently in progress to attempt to stabilize the
various possible kiinds of phytochrome obtained
during the isolationi procedure, but thus far. the
results have not been successful.

The identity of the proposed long-lived inter-
mediates discussed here with the 2 slowest ones on
the P. to PFU pathway proposed ;by Linschitz et al.
(10) seems reasonable on the basis of comparative
rate constants and information regarding their posi-
tion in the complex series of reactions involved in
cycling phytochrome from 1 form to the other. It
should be pointed out that the intermediates are
sufficiently long-lived to participate in some bio-
chemistry, and the possibility that they could partici-
pate in certain kinds of phytochrome responses in
plants cannot be rigorously excluded at the present
time.
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