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Sumuwiiii(iry. Phytcchrc'me has been isolated from the green alga Alesotaenimn and
the liverwort Spiwerocarpos. The Mlesotaenhiuin p gment had absorption peaks at
649 and 710 n-m for the P1 and P1. form's, respotcively. Corre-pon-ding difference
spectrum maxima for the Sphw(erocorpos pigment were at 655 and 720 nm. While the
absorption maxima differ, the reversibility and efficiency with which red and far-red
light transform the MAesotaenitnm pigment are verv similar to that reported for
phvtochrome isolated from etiolated seedlings of higher plants. Mcthods are described
wxhich allow efficient separation of phytochrome from highly pigmente(d light-grown
mater al.

Investigations of Hauipt and co-workeirs have
shown that the low intensity induced phototaxis of
the chloroplasts of Mllongeotia and M-esoiaenium
has an action spectrum and a red, far-red rever-
sibility whiclh implicate phytochrome as the photo-
receptor (7). The primary biochemical involve-
ment of phytochrome has not been established in
any plant. In bl)ochemical investigationis of phvto-
chirome action it is of advantage tio have unicellular
material with a rapid response devoild of the com-
plexities of growth and developmental processes
that are usually tused as indiciators of phytochrome
action in higher plants. We are assuming that the
sooner a response becomes evident, the nearer is
its biochemical mechanism to the origin)al triggering
reaction. I,n view of the potential useftulness of
these algae it seemed important to confirm Haupt's
conclusions by actutal isolation and( some character-
ization of the photoreceptor.

Sphacroc(rpos is the liverwort in which Miller
and Mtachlis (12) have found a promotion of
growth by low energies of red light, presutmably
acting throtugh phytochrome. Itt was included in
this work becautse it can be grown heterotroph,ically
in complete darkness in the manner of a tissue
cuilture (11), a procedlure which could also facili-
tate certain experimental approaches to phytochrome
action.

The results reported here confirm the existence
of phytochrome in lower pl,ants throtugh direct
isolation and measurement of the p.gment. It is
further established that substantial differences exist
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in the ab)sorption spectrum of the pigment in plants
wi(lely separated phylogeneticalily.

Materials and Methods

Isolation fronit Mesotaeniuim. Puire ctiltures of
Mlesotaentunt caldariorunm, strain No. 41, were ob-
tamined from the University olf Incliana Algal Cuilture
Collection. They were grown in liter flasks in
Sager and Granick (13) medium I, enriched with
1 % glucose and 2 g per liter each of yeast extract
and soditum acetate to improve their growth rate.
Growith was not m,aintained in complete darkness,
so cultuires were kept under fluorescent light (100
ft-c) at 180. These algae settled rapidlly, however,
so during final st,ages of growth of the cultures,
little light wouldl] actually reach most of the cells.
Cells were collected by centrifuigaticni (5000 X fg),
resutpended once in 0.5 M potas,situm phosphate
buffer (pH 7.8), recentriftiged, and allowed to cool
overnight to 2° in a refrigerator. Stlubsequient steps
were done in a coldroom at 20. The cells were
disintegrated in a prechilled French press in an
equal volui,me of 02 M bulffer. Thils buiffer and all
suib,sequent ones used throoughouit the fofllowing pro-
cedtures was 0.5 m potassiuim phosphate pH 7.8 con-
taining 29 mm 2-mercaptoethanol and 1 mm K-
EI)TA. Tihe dark-green effluent from the press
wias imimediately frozen as a 2 to 4 mm film in
pc:'ri dPihes embedded in dry ice. This was th,or-
ouighly lyophilized at - 1.5. Dry material was
quickly ground in a mortar and pestle at 2°. The
result`ng powder was dispensed twice into I liter
Volumes of acetone at -l19 and collected in a
Buchner funnel. The powder was then dispersed
in 1 liter of peroxide free ether at -19° and
cgollected in a Buchner funnel. The powder was
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finally spread onto alutminuim foil and stored tunder
vacuium over P905 at 20.

For extraction, dry algal acetone powder (76 g)
was stirred rapidly into 300 ml of 0.15 m buiffer,
and the slurry allowed to stand on ice for 10
minutes. It was centrifulged at 9000 X g for 15
minutes vield 'ng a dark-green suipernatant (1/70
ml). The pellet was stirred again with 50 ml of
butffe,r and centrifulged yielding 50 ml of sulper-
n,atant. T!he suiccessive extracts were combinedl and
passed thlroutgh a 4 X 56 cm Sephadex G-50 column,
equiflibrated with extraction huffer. The first 250
ml of eluate containing high molecuilar we:ght
com,pounds was immediately passed throuigh a
5.5 X 63 cm DEAF-cellulose (0.3 mea/g exchange
capacity) column pre-equilibrated with the same
buffer. Phytochrome isollated from peas is sF-ghtly
retarded by hutt not adsorbed to DEAE-celluilose
under these conditions. A UV monitor was uised
to record the elt ition of 254 nm absorbiing com-
ponent,s. The effluient was collected as the first
proteins came from the coltumn, and was stopped
after 320 ml had been pooled. An equial voluime of
80 % saturated (NH4)2S04 (adjuisited to pH 7.8
with NH40H) was rapidly stirred into this poole-d
fraction, and tihe resuilting protein prec&p;tate secdi-
mented at 30,000 X g. The precipitate was resuis-
pended in 6 ml of 0.15 Mi phosphate buiffer. The
resullting bright yelilow solution showe(d optical
density changes typi,cal of phytochrome (8) after
irradiating with red and far-red light. The sample
was still contaminated with chlorophyll, however,
so its phosphate m1olarity was lowered by passing it
throuigh a 1.1 X 27 cm columin contiaining 0.03 M
buiffer equilibrated Sephadex G 50. It was then
adsorbed to the top of a 2 X 25 cm DEAE-celluilose
(0.3 meq/g exchange capacity) column equlil brated
with th,e same btuffer. This collumn was eluted
using a linear gradient mixer conita.inng 0.04 Mi
starting btuffer (110 ml) and 0.6 Mi limit buffer
(110 ml). Flow rate (50 ml/hbr) was kept con-
stant w-ith a puimp and 8 ml fractions were collectecl.
Fractions containing phytochrome were pooled (57
ml) and precipitated by the additirn of an eatual
volume of 80% satulrated (NH4)2S04 (pH 7.8).
The smiall greyish precipitate collected by centrifut-
gation was resuspended in 5 ml of 0.1 Mi buiffer
and recentriftuged to remove scattering debris.
This sample was tised in all suibsequtent spectral
analyses.

Isolation froiim Sphaerocarpos. Plant material
for this work was kindly suipplied by David H.
Miller, Department of B-3otany, Unersitv of Cali-
fornia, Berkeley. It consisted of small dark-grown
plants from shake ctultuires in a mineral salts
medliutm (11) modified by tusing 1.5 % suicrose as
the carboni souirce and raising the nitrate concen-
tration to 0.01 m.

Success with the MWesota enhimi isolation prompted
a similar approach to extracti,on from Sphaero-

carpos. The starting material was only 15 g dry
weight after lyophilization so the columns and
extractions were scaled to a third of their previous
size. ResuiEpension of the pellet from the first
(NH4,)2S4 precipitation gave a sample (5 ml)
that was suifficiently pure to obtain a reasonable
difference spectrum between 600 and 800 nm.
Further purification did not seem worthwhile be-
cause of the snmall amount of phytochrome present
and the losses incurred in steps involving gradient
el,ution from DEAE-cel.lulose. Data in figuire 2
are obtained from the sample withouit further
puriffication.

Measurem ent of Photoeffecticveness of Pigmnent
Conversion. The uise of the rate equation.s for
transformations of Pp. and PFR to calculate limits
for the extinction coefficients of the 2 forms is
discussedl in Hendricks, et al. (8). These general
methods were used here wvith the exception of
modifyin-g the equations by a factor of 0.43 to use
the conventional definition of a first order rate
conistant. No corrections (4) were miade to ac-
count for the overlapping absorption of the 2
pigment forms and the resulting photostationary
states which are at less than complete conversion.
There was enough extraneous absolute absorption
in the saimples to preclude accutrate appli'cation of
the correction factors which depend ulponl optical
purity of the sample.

The rate equations for transfornmation of Pa
anrd PPR by monochromatic light of wavelength X
can be transfornmed to:

0.43 K frrX Ofr ErX Or
E X (PRO)X (PFRP.)A

(Pr.x)X an(l (PFRXc)X are the mole fractions of
Pi and PrP. at the photos4tationary state (t = o

in monochromatic light of wvavelength X, E is the
inten,sity of monochromatic light (einstein cm2
sec '), ErX and EfrX are the extinctioni coefficients
of Pp. and PFR at X (cIm2 mole -1, to the base 10)
and (r and dbfr are the qutiantuim viel(ds for the
transformations of PR1 and PE R. (moles einsteins')D.
E and K are determined.

NIonochromatic light for conversion was ob-
tained fro,m a projector with interference filters.
Routitile measuirements utilized Baird type B-3 with
approximately 25 nm half bandwidth at 660 or 730
nm. For the kinetics of photoconversion narrow
band filters wiith trantsmission maxima at 652 or
712 nm were adide(d in tandem to the corresponding
red or far-red filters above.

Light intensities were meastured with a cali-
brated Eppley thermopile and Kintell electronic
galvanometer. Certain of the mulltilayer interfer-
ence filters had transmission banids above 900 nm
which are not eliminated by 6.6 cm of water. A
suitable filter was devised to eliminate these wave-
length!s from the thermopile measturemenits. Com-
plexing of 0.072 M\ nickelous salts with O.5 M\ EI)TA
moves the nickel absorption b)and froqn 1180 im to
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1IOX) nm. Thus the 1 % cut off range of the 6.6
cm pathlength aqueotus heat filter was extended
dowin to 900 nm and near infrared eliminated as a
cointaminant.

Absorption measturements were ma(le at 10 ill
10 cm pathleingth (0.7 cm inside diameter) cylin(ri-
cal cuvettes Nwith a Cary 14 recordling spectropho-
tometer.

Results
15

.Vcsotuenlinin. The visible absorption spectruim
of the preparatilon from M11esottienlun is shown in
figlure 1 after saturation with either re(d or far-red
light. A difference spectrum derived from these
(lata is plotted above. The absorption and (liffer-
eInce maxima are at 649 for P, aInd 710 for PFR,
making them quiite distinct from higher plant forms
of ph-tochrotmie as seeni in table I. Thouigh the

Table I. Absorption M11aximia of thlC Red and Far-Red
Alorbming Formjis of Plivtochromet, Purified fromi

I'ariouls Soulrces

Splacrocarpos figuires are estimated from difference
spectr. ( fig 2) and are approximate only. Data on oats
are fromii Siegelman anid Firer (14), and those on peas
fromii Bouniier ( unpublished observations). The cross-

10-
Abs.

x 102'
-\ \

j far-red sat.

I'I'1''I' I Iw- w.II r
550 650 750

nanonmeters

FIw. 1. Absorption spectra of Iartially purified Illeso-
tacniumn phytochrome after saturating doses of red (650
rnm) and of far-red (712 nnm) light (10 cm path lengtlh).
A difference spectrum takeni frcm these data is plotted
above the absorptioni spectra.

over point (isosbestic) is also sho-wn. at 00. After satuirating with red light the sample
showed some dark reversion to the retd absorbing

AbsorptionI maxima form over a 4 houir period at 1°. The sample had
Mllso- Splhaero- some light scattering which changecd over periods
taeniMao earpos Oa Pea of houirs thuis precludcing the measurement of rates

urnIl 111m1 u1111 11111 of reversion.
P1 formii 649 65, ca 670 ca 667 Characteristics of the Photoconzersion. The

ISOSbesti (ldistinctive posiltions of the absorption maxim,a of

Isosl...le 688 the lower pliant phytochrome forms make it desir-
Po InIIt 670 68() a,ble to compare other characteristics of a lower

P1,Rt forini 710 720 ca 725 ca 725 plant form with that from higher plants. WVithotit
knoowledge of.the molecuilar weight or concentration,
exact mlolar extinction coefficients cannot 1)e deter-

startinlg material wrx as a (leep green-black pa.ste of minedl althouigh there are desirable characteristics

cellfs, the chlorophyll contaminiation was almost for use in comparison of pigments. Hendricks

entirely eliminated. Residuial chl,orophyll probably et al. (8) have set lower limits on the extinction

(oes account tor the hnump in the O660 to 6/t( nm

region of the spectrum after sa,turation with red

light (fig 1).
The .l1esotaen in mn phy tochrome xvas not delna-

tuired V)v 3 weeks storage at O0. It was repeatedly,
photoreversible withoult loss of activity, and the
ratio of optical density ch.ailges at the peak wave-

lengthi (649 and 710 inm) wis clase to 1 to 1.
The sample wvas Ilot ptire enouigh to determiie a

tilffereince Fpectru m at wavelengths below 450 nm.

After saturation with red ligh't, the sample showed
little or no dlark reversion (1) of P710 to P649 after
4 h,oirs at 1°.

Sphl(eroc(arpos. A difference spectrLum plottetd
from the absorption spectra after red and far-red
Faturation of the 8phacrocarpas preparation is
shovw n in figuire 2. The phytochr,ome was repeat-
e-dly photoreversible ain-d appeare-d reasonably stable

+ 5 -

A Abs.

5-

I I I I I ~~ ~~~~II
. . I I I I I I I I

-1

600 650 700 750
nanometers

Fi(.. 2. Difference spectrum of partially purified
phytochrome from dark grow n S'phacrocarpos, after s;A'tu-
rating doses of red (660 mi) and then far-red (730 m,u)
light (10 cm path length').

+ 5-

A Abs.
x 102 0°
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a . I I I I - I I

76)4
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coeffic enits for Pr. and Pro by measuring rate
constants for photoconversion with known light
fltlxes and relating these to the product o-f extinc-
tion coefficient and quantum. efficiency for con-
version. Knowledge of absolute absorption values
and realization that photoconversion is not complete
enabled Butler, et al. (4) to fturther refine the
lower limits of the extinction coefficients. In this
work the visible absorption spectrtum was not com-
pletely free of extraneous absorption so corrections
for the amotunt of each pigment form remaiining at
the photostationary state could not be made. How-
eveir, comparison of equivalent data for oat and
Mesotucenimn phvtochrome show very simil,ar char-
acteristics. The first order rate constant for the
net conversion of P649 to P,10 was K650 = 0.045)
sec with B650 0.77 X 10-9 einsteins cm-2 sec'
yielding a value of 2.5 X 104 liters cm-1 for the
product of extinction coefficient and qulantum
efficiency, a,.1,, 0,50, for Pn. The rate constant
for conversion of PF., P7'1o > P649, was K7,.=
0.0079 sec-1 with P,. = 0.425 X 10-9 einsteins
cm-2 sec-1 yielding a712 7,,2 = 0.8 X 104 liters
cm 1 einstein-1. These comrpare with valuies of
2.0 X 104 and 0.8 X 104, respectivelv, fouind for
oat phytochrome (4).

Discussion

The phytochrome isolated from Mlesotaenium
has an unexpected absorption speictrum, differing
from that of the higher plant pigment iin that the
absorption maxima are displaced abotut 15 nm
toward the bluie. The photoreversibility, the spec-
tral shifts, and the rate constants for photocon-
version are those expected of phytochrome. A
number of presuimed chlorophyll com,plexes with
far-red absorption bands (6), or which produce
far-red absorption bands on heating (9) or irradia-
tion (16), have been reported. It seems uinlikely
that a complex of this type couild be conftused with
phytochrome in the present work.

The qluestion arises as to whether or not the
pigment we isolated matches the action spectra for
the clhloroplast rotation response. The ptublished
action spectra for Mon gcotia (7) and for Meso-
taeniuiiii (5 ) are not detailed enough to choose
between a 649 and 665 nm Pit peak, although a
more detailed action -pectrum determined by Corona
Machemer (Senior Honors Thesis, Harvard Uni-
versity, 1964) for chloroplast rotation in this strain
of Alesotaenhion srhows a maximum at about 650
nm for PR. Haupt's action spectrum for reversal
(PFr ) shows maximum. activity near 715 nm (7),
whereas most phytochrome P}T. action spectra peak
around 730 nm. It appears that a 715 nm peak in
the action spectrtum may bear the same relationship
to ai710 nm Pr peak that a 730 nm action peak
bears to a 725 nm absorption maximum in angio-
sperms.

Some protein denaturing agents or treatments
can catuse the absorption peaks of phytochrome
isolated from seedlings to undergo shifts to shorter
wavelengths. It is pertinent to ask whether the
MIesotaeniufm or Sphaerocarpos preparations under-
went changes in absorption maxima reflecting de-
nattiration during iso'ation. Denatulration bv urea
(2, 3), para chloromercuribenzoate (3) or pro-
longed dialysis against polyethylene glycol (8)
causes sh,ifts in the absorption maxima to shorter
wavelengths. This is accompanied by a labilization
of PFR so that there is a lowered ratio of absorbancy
changes at the far-red peak compared to that at
the red peak. There is a progressive loss of
optically reversAble phytochrome under these con-
ditions. Neither of these phenomena was observed
with these preparations. The absorbancy changes
at the red and far-red maxima were equal ancl
repeatedly phlotoreversible with no loss of optical
activity. The characteristics were checked over
several weeks of storage at 1 for the MIesotaenimin
preparation. On the basis of these criteria we
conclt'de that the absorption max.ma observed cor-
respond to those of the native state. The (liffer-
ences among the various form's probably reflect
changes in amin,o acid composition arounid the
binding site for the chromophore and would thus
be dtle to varying protein-chiromcphore interaction.
It is also a possibility that strLuctural variations of
the tetrapyrrole (15) chromophore can accouint for
the spectral differences.

It is possible to make a rough comparisCon of
pigmeinit concentration in the light grown Aleso-
taeniiumz with that of higher plants. If one assumes
fairly complete solubilization of phytochrome from
the lyophi'lized preparation and assumes that the
losses duiring the coluimn puirification steps were
similar to thiose of pea phytochrome put through
the lame procedure, one may obtain a figuire of
8 X 10- AA OD cc/g dry weight. A figture of
6.3 X 10-3 AA OD cc/g fresh weight can be cal-
cuilated from Siegelman's data (14) on etiolated
oat coleoptiles. If one adjuists the oait figure uip-
wards to convert it to a dry weight basis and (lown-
wards to correspond to the drop (approx 90 %)
in phyv.ochrome level caused by prolonged red
irradiation of etiolated seedlings, the concentrations
appear to be of the same order of magnitude in
this alga and in some higher plants.

The Mesotaenium preparation is considerably
cleaner than any other phvtochrome solutions pre-
pared from light-grown green material. The spec-
truim of the Mlesotoenioni preparation has a minor
shoulder on the long wavelenigth side of the Pit
peak which is in all likelihood duie to a trace of
chlorophyll. The dominant peak is duie to phyto-
chrome. In the spectra of Lane, et al. (10) of
spinach lea,f extracts the dominant peak is dlue to
chlorophyll with phytochrome being recognizable
only from the difference spectrutm.

Several aspects of the isolation and purif cation
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meth,ocd used here deserve note because of their
successful application to green imiaterial. Lvophil-
ization of tihe French press homogenates prior to

preparation of acetone powders preclude,d the for-
mation o,f liarge, hard, icy lumips when (lispersed
into acetone at --19°. This successful use of ace-

to,ne pow.ders f<or phytochrome preparatioln extends
a previous application to pea homogen-ates ( UIn-
published results, B. A. Bonner). Considerable
amounts of chloroplast pigmenits were removed by
the acetone and ether steps. The buflk of the re-

maining chlorophyll \was removed by adsorption
oito DEAE-cellulose, from which it is not displaced
by high molarity buffers (0.2 M phosphate). The
early steps were rapid flow-through column operia-

tionis, designe,d to rem,ove as many imipuirities as

quiickly as possible from the crtude isolate. It
shotuld be poijnted out that there was so muich
chlorophyll in the initial steps that optical assay of
plhytochroimie activity was out of the quest on and
that miiost of these proce(lures x-ere chosen on the
basis of ouir experience with the behavior of phyto-
chrome from peas uinder similar condlitions.
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