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Photocontrol of the polypeptide composition of Fuglena
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Abstract. Two-dimensional gel electrophoresis re-
solved total cellular protein from Euglena gracilis
Klebs var. bacillaris Cori into 650 polypeptides de-
tectable by silver staining. Exposure of dark-grown
resting Euglena to light for 72 h increased the rela-
tive amounts of 79 polypeptides and decreased the
relative amounts of 72 polypeptides. Four poly-
peptides whose level increased upon light exposure
were undetectable in the bleached mutant W,BUL.
Since W,BUL has lost most if not all of its chloro-
plast genome, these polypeptides may be coded by
the chloroplast genome. Although the majority of
the polypeptides studied appear to be coded by
the nuclear or mitochondrial genomes, seven poly-
peptides which were present in W,BUL were not
detectable in another chloroplast-DNA-deficient,
bleached mutant, W,,BSmL. It appears that a
number of nonchloroplast genes are no longer ex-
pressed in this mutant. Exposure of dark-grown
resting cells of the bleached mutant, W,BUL, to
light increased the relative amounts of 12 polypep-
tides and decreased the relative amounts of 14
polypeptides. Since W,BUL lacks detectable pro-
tochlorophyll(ide), the chloroplast photoreceptor,
the levels of these polypeptides are regulated by
light acting through a nonchloroplast photorecep-
tor. Exposure of cells to light had no detectable
effect on the relative amounts of those polypep-
tides which were present in W, ,BSmL, even
though W, ,BSmL has a nonchloroplast photore-
ceptor. Either Euglena contains multiple nonchlor-
oplast photoreceptors, some of which are absent
from W,,BSmL, or the nonchloroplast photore-
ceptor present in W,,BSmL is uncoupled from
some of the events normally controlled by that
photoreceptor.

Key words: Euglena — Light and polypeptide syn-
thesis — Mutant (Euglena) — Polypeptide coding.

Introduction

Light acting through a chloroplast-localized pho-
toreceptor, protochlorophyll(ide), and a blue-ab-
sorbing nonchloroplast photoreceptor regulates
organelle biogenesis in Euglena (reviewed in Schiff
and Schwartzbach 1982). Exposure of dark-grown

-resting Euglena to light induces the synthesis of

chloroplast-localized enzymes such as NADP-glyc-
eraldehyde-3-phosphate dehydrogenase (Horrum
and Schwartzbach 1980a) and valyl-tRNA synthe-
tase (McCarthy et al. 1982). The synthesis of mito-
chondrial enzymes such as fumarase and succinate
dehydrogenase (Horrum and Schwartzbach
1980b) as well as microbody enzymes such as gly-
colate dehydrogenase (Horrum and Schwartzbach
1981) is also increased by exposure of the cells
to light. The induction of organelle enzymes by
light is, however, a selective process as evidenced
by the failure of light exposure to alter the levels
of hydroxypyruvate reductase, a microbody en-
zyme, and serine hydroxymethyltransferase, an en-
zyme found in the cytoplasm and mitochondria
of Euglena (Horrum and Schwartzbach 1980c).
Just as exposure of cells to light increases the spe-
cific activity of certain enzymes, the specific activi-
ty of other enzymes such as NAD-glyceraldehyde-
3-phosphate dehydrogenase (Bovarnick et al.
1974) and pyruvate kinase (Dockerty and Merrett
1979) decreases after exposure of cells to light.
Since chloroplast development in Euglena can oc-
cur in the absence of a net synthesis of protein
(Bovarnick et al. 1974; Horrum and Schwartzbach
1980a), the degradation of preexisting proteins is
thought to provide the amino acids required by
the developing chloroplast. It is not known wheth-
er light induces the degradation of specific proteins
or whether all cellular proteins are turning over
in resting cells and light simply inhibits the resyn-
thesis of those proteins which are gratituous for
phototrophic growth.
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Although light clearly regulates the polypeptide
composition of FEuglena, the extent and level, i.e.
transcriptional, translational, posttranslational, at
which light regulates the synthesis of cytoplasmic,
chloroplast, mitochondrial and microbody en-
zymes is still unclear. Studies of changes in enzyme
specific activity are time consuming, they only pro-
vide information regarding a single enzyme, chan-
ges which are found can be the consequence of
enzyme activation or inactivation, and enzymes are
normally sclected for study because the investiga-
tor assumes that they will be induced or repressed
by light. Two-dimensional gel electrophoresis is a
technique which is free from the problems asso-
ciated with studies of specific enzymes and which
rapidly provides a global picture of changes in cel-
lular polypeptide levels. Polypeptides are chosen
for study based on their physical properties (charge
and molecular weight) (O’Farrell 1975) and chan-
ges in staining intensity of a given polypeptide are
directly proportional to changes in polypeptide lev-
els (Merril et al. 1982). Since the investigator has
not selected the polypeptides to be studied, the reg-
ulatory patterns observed are truly representative
of the changes occurring in response to a specific
environmental agent.

We have used two-dimensional gel electropho-
resis to analyze the changes occurring when dark-
grown resting cells of Euglena are exposed to light;
the results are reported in this paper. Of 640445
polypeptides resolved from wild-type cells and de-
tected by silver staining, the relative amounts of
151 specific polypeptides are photoregulated.! Stu-
dies with two bleached mutants of FEuglena,
W,BUL and W,,BSmL, indicate that associated
with the loss of the chloroplast genome is a loss
of the ability to control the levels of specific poly-
peptides by the presence of light. Some photoregu-
lated polypeptides which are present but not pho-
toregulated in W,BUL are not detectable in
W,,BSmL. A brief report of this work was pre-
sented at the 1981 meeting of the American Society
of Plant Physiologists (Monroy and Schwartzbach
1981).

Materials and methods

Strains; culture conditions. Euglena gracilis Klebs var. bacillaris
Cori, maintained in our laboratory in the dark for many years,
and the bleached mutants W;BUL and W, BSmL derived from
this strain (Schiff and Schwartzbach 1982) were used through-

1 For the sake of brevity, polypeptides whose relative levels
are increased or decreased as a result of light exposure will
be referred to as photoregulated polypeptides. The use of this
term is not meant to imply that light acts at the transcriptional
or translational level

out this work. Conditions for cell growth, preparation of resting
cells and light induced chloroplast development were as de-
scribed in Horrum and Schwartzbach (1980Db).

Extraction of total cellular protein. Nucleic-acid-free total cellu-
lar protein samples were obtained by a modification of the
procedure of Van Etten et al. (1979). Cells were harvested at
0-4° C by centrifugation for 5 min at 4000 g , washed two times
with 10% methanol and stored at —70° C for subsequent pro-
tein extraction. The frozen cell pellets were rapidly thawed and
resuspended in water-saturated phenol (13 ml per 200 ml cul-
ture). An equal volume of extraction buffer (0.7 M sucrose;
0.05M 2-amino-2-(thydroxymethyl)-1,3-propanediol [Tris];
0.03 M HCl; 0.05M disodium ethylenediaminetetraacetate;
0.1 M KCl, 2%, v/v, f-mercaptoethanol) was rapidly added
and the proteins were extracted into the phenol phase by vigor-
ous shaking. After phase separation, the upper phenol phase
was removed and reextracted with an equal volume of extrac-
tion buffer; after phase separation, proteins were precipitated
from the phenol phase at —20° C by the addition of five vol-
umes of 0.1 M ammonium acetate in methanol. The precipi-
tated protein was washed three times with 0.1 M ammonium
acetate in methanol, once with ethyl ether, dried at 45° C, and
was resuspended with the aid of a tissue homogenizer in a
minimal volume (2 ml/200 m] culture) of O’Farrell’s lysis buffer
(9.5 M urea; 2%, v/v, Nonidet P-40; 1.2%, v/v, Ampholine
pH 5-7; 0.8% v/v, Ampholine, pH 3.5-10; 5%, v/v, f-mercap-
toethanol) (O’Farrell 1975). The solubilized protein was clari-
fied by centrifugation at room temperature for 10 min at 1000 g
and either immediately subjected to electrophoresis or stored
at —20° C. Two-dimensional gels of total cellular protein pre-
pared by this procedure are virtually identical to gels prepared
from protein extracted by resuspending cells directly in lysis
buffer or by sonicating cells in lysis buffer.

Two-dimensional gel electrophoresis. Proteins were separated by
two-dimensional gel electrophoresis essentially as described by
O’Farrell (1975). Isoelectric focusing gels (4%, w/v, acrylamide;
1.2%, v/v, pH 5-7, Ampholine; 0.8%, v/v, pH 3.5-10, Ampho-
line; 9 M urea; 2%, v/v, Nonidet P-40) were prepared in glass
tubes, 130 mm long, 3 mm inner diameter, to a length of
115 mm. The polymerized gels were overlayered with 0.03 ml
of lysis buffer and pre-run for 15 min at 200 V, 30 min at 300 V
and 30 min at 400 V using 20 mM NaOH in the upper reservoir
(cathode} and 10 mM H,PO, in the lower reservoir (anode).
After the end of the pre-run, the sample (60 pg protein) con-
tained in 0.04-0.06 ml of lysis buffer was loaded onto the gel,
the sample was overlyered with 0.015 ml of a mixture of 9 M
urea and 1% Ampholine (0.6% pH 5-7, 0.4% pH 3.5-10) and
subjected to electrophoresis at 400 V for 13 h and then at 800 V
for 1 h. Sample protein concentrations were determined by the
Coomassie-Blue method (Spector 1978) using bovine serum al-
bumin as a standard. The isoelectric focusing gel was equili-
brated for 1 h in 5 ml of sodium dodecyl sulfate (SDS)-sample
buffer (0.625 M Tris-HCI, pH 6.8; 10%, v/v, glycerol; 5%, v/v,
f-mercaptoethanol; 2.3% SDS), immediately placed on top of
a SDS-slab gel, and fused into place with a solution of 1%
(w/v) agarose containing 0.0002% (w/v) bromophenol blue pre-
pared in SDS-sample buffer. Molecular-weight standards
(12,300-200,000) were placed in a slot formed on the top side
of the staking gel and were used for the determination of appar-
ent molecular weights. The second-dimension slab gel (120 mm
long, 150 mm wide, 0.8 mm thick) consisted of a 8.25-11.5%
(w/v) linear polyacrylamide gradient resolving gel containing
0.375 M Tris-HCI, pH 8.8; 0.1% (w/v) SDS; 0.05% (v/v) glyc-
erol; and a 25-mm long, 4% (w/v) stacking gel containing
0.125M Tris HCY, pH 6.8; 0.1% (w/v) SDS. Both buffer
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chambers contained 0.025 M Tris, 0.19 M glycine, 0.1% SDS.
Electrophoresis was at a constant voltage (110 V) for 6-7h
at which time the dye front was approx. 1 cm from the bottom
of the gel. The gels were fixed overnight in 50% methanol,
10% acetic acid.

Silver-nitrate staining procedure. The fixed gels were stained
by a modification of the procedure of Oakley et al. (1980);
this modification maintains the high sensitivity of the original
procedure while reducing the background and increasing the
reproducibility from gel to gel. By carefully controlling the
staining process, direct visual comparisons could be made be-
tween gels stained on the same day. The fixed gels were allowed
to expand during three 10-min washes with 250 ml of 5% meth-
anol, 7% acetic acid. The gels were then soaked individually
for 30 min in 10% glutaraldehyde (200 ml/gel). The glutaralde-
hyde was removed over a 2-h period by six rinses with glass-
distilled water (250 ml/gel). The gels were then transferred to
a large partitioned plastic (plexiglass) container and soaked in
100 ml/gel of ammoniacal silver which was prepared immedi-
ately before use by mixing 4 ml of 20% (w/v) AgNO;, 1.4 ml
fresh NH,OH, 21 m! 0.36% (w/v) NaOH and distilled water
to a final volume of 100 ml. After 10 min soaking, the gels
were rinsed with two changes of distilled water and stored in
distilled water. The stained proteins were visualized by transfer-
ring a gel to a plastic box containing 250 ml of 0.0025% (w/v)
citric acid, 0.012% (v/v) formaldehyde. After 1.5 min incuba-
tion with gentle shaking (the incubation time required for opti-
mal resolution on stained gels containing 60 pg protein), the
visualization reaction was stopped by addition of 250 ml of
0.75 mM NaOH. After 1 min, the gel was transferred for 2 min
to a tray containing 250 ml of 0.75 mM NaOH and the stained
gels were stored in distilled water. This staining procedure per-
mits detection of a protein band containing approx. 2 ng of
protein.

Analysis of polypeptide patterns. The absolute position of a
polypeptide on a two-dimensional gel varies from one gel to
the next. The relative position of a protein, i.e. position relative
to neighboring proteins, however, is constant and portions of
gels can be superimposed. For comparative analysis, a plastic
transparency was placed over a photographic enlargement of
the stained gel. The gel was then divided into vertical and hori-
zontal sectors based on the positions of landmark polypeptides,
i.e. polypeptides present in all of the gels to be examined. Within
a sector, the polypeptide patterns were superimposable. For
each pair of gels, differences in the relative amounts of each
polypeptide to be compared were recorded directly upon the
transparencies. The transparencies recording differences for
cach gel pair in five independent experiments were then super-
imposed sector by sector and those polypeptides whose relative
amounts were altered in at least four out of five independent
experiments were considered to be photoregulated. The figures
illustrate representative gel pairs.

Chemicals. Ampholines were purchased from LKB Instru-
ments, Rockville, Md., USA, Nonidet P-40, ultrapure urea,
and molecular-weight standards from Bethesda Research Labo-
ratories, Gaithersburg, Md., USA. Glutaraldehyde was sup-
plied by Eastman Kodak, Rochester, N.Y., USA.

Results

Limitations to visual quantitation of relative protein
levels in silver-stained two-dimensional gels. Stain-
ing polyacrylamide gels with silver provides a

highly sensitive method for detecting proteins. The
actual staining intensity obtained is, however, de-
pendent upon which of several staining protocois
is used (Ochs et al. 1981), the amino-acid composi-
tion of the polypeptide being stained (Merril et al.
1982), the amount of time the gel is exposed to
developer, and the batch of reagents actually used
to stain a specific gel (Merril et al. 1982). For a
given polypeptide on a set of gels stained simulta-
neously, staining intensity is proportional to pro-
tein concentration over a 40-fold concentration
range (Merril et al. 1982). When dealing with total
cellular proteins, the relative concentrations of the
most abundant and least abundant proteins could
conceivably differ by more than 40-fold, thus ex-
ceeding the linear range of the stain. Furthermore,
visual comparisons of staining intensity are not
strictly quantitative. A number of preliminary ex-
periments were therefore performed in order to de-
termine the reproducibility from gel to gel of the
staining procedure, the polypeptide pattern, and
the relative increase in protein required to produce
a visually detectable increase in staining intensity.
By standardizing the time a gel was exposed
to developer (3 min) and staining all of the gels
to be compared at the same time, two types of
changes were observed when increasing amounts
of total Euglena protein were resolved by two-di-

_mensional gel electrophoresis. As the amount of

protein applied to the gel was increased, the
number of polypeptides detected was increased.
For polypeptides which were detectable at the low-
est protein load, an increase in the absolute
amount of protein resulted in an increase in stain-
ing intensity. For proteins present in low amounts,
a 1.5-2-fold increase in amount produced a
visually detectable increase in staining intensity
while for proteins present in high amounts (most
intensely stained polypeptides), a threefold in-
crease in amount produced a visually identifiable
increase in staining intensity (data not shown). If
equal amounts of protein were loaded onto gels,
there were no detectable differences in staining in-
tensity. In five independent experiments, 60 pug of
total cellular protein from wild-type Euglena were
resolved into 640 £ 45 polypeptides. It appears that
the technique is highly reproducible and that two-
to threefold differences in the amounts of specific
polypeptides can be visually detected.

Light-dependent changes in the relative amounts of
protein extracted from wild-type Euglena. Exposure
of dark-grown resting cells to light for 72 h to com-
plete chloroplast development increased the rela-
tive amounts of 79 specific polypeptides (squares,
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Fig. 1). Of these polypeptides, 64 increased in rela-
tive amount in each of five independent experi-
ments while 15 polypeptides increased in relative
amount in four out of five independent experi-
ments. Exposure of the cells to light also decreased
the relative amounts of 72 specific polypeptides
(circles, Fig.1). Of these polypeptides, 39 de-
creased in relative amount in each of five indepen-
dent experiments while 33 polypeptides decreased

Fig. 1. Silver-stained two-
dimensional gel of 60 pg total
cellular protein extracted from
dark-grown, resting Fuglena
maintained in the dark (fop) or
exposed to light for 72 h (bottom).
Polypeptides whose relative
amounts decreased or increased
upon light exposure are enclosed
in circles or squares, respectively.
The lines on the edge of the
electrophoretogram indicate the
positions of the sectors used for
polypeptide analysis

in relative amount in four out of five independent
experiments. Although additional alterations were
detected, changes observed in less than four inde-
pendent experiments are not reported. The relative
amount of the majority of the polypeptides re-
solved appeared to be unaltered by light exposure,
indicating that light selectively regulated the poly-
peptide composition of Euglena.

A composite map indicating the relative posi-
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tions and shapes of all of the polypeptides resolved
from 60 pg of total cellular protein extracted from
dark-grown resting cells maintained in the dark
or exposed to light for 72 h is shown in Fig. 2.
Landmark polypeptides which were present in all
of the gels studied were used to divide the map
into four sectors in both the isoelectric-focusing
dimension and the sodium-dodecyl-sulfate dimen-
sion. As proposed by Pedersen et al. (1978), each
polypeptide is identified by an alphanumeric sys-
tem consisting of a letter (A-D; A being the most
acidic) corresponding to the isoelectric-focusing
sector in which the polypeptide is found and a
number corresponding to the apparent molecular
weight of the polypeptide rounded to the nearest
1000. For proteins of the same molecular weight,
a decimal is added with the most acidic protein
corresponding to 0.1.

Light-dependent changes in the polypeptide composi-
tion of the bleached wmutants W;BUL and
W,oBSmL. A number of mutants have been used
to determine the genome coding for specific pro-
teins and the photoreceptor regulating the synthe-
sis of specific polypeptides. W,BUL is a bleached
mutant which lacks photoconvertable protochlor-
ophyll(ide) (reviewed in Schiff and Schwartzbach
1982). It contains nuclear-coded plastid-membrane

polypeptides (Bingham and Schiff 1979) and a
plastid remnant which undergoes limited morpho-
logical changes upon light exposure (Osafune and
Schiff 1980). W,,BSmL is another bleached mu-
tant which differs from W,BUL in that it lacks
colored carotenoids (Fong and Schiff 1979) and
a plastid remnant (Osafune and Schiff 1980). Chlo-
roplast valyl-tRNA synthetase is detectable and
light-induced in W,BUL (McCarthy et al. 1982),
but this enzyme, as well as alkaline DNase (Egan
etal. 1975), is wundetectable in W, BSml
(McCarthy et al. 1982). Fragments of the chloro-
plast genome, predominantly rRNA genes, have
been found in some bleached mutants and there
is some evidence that these fragments, but not the
entire genome, could be present at low copy
numbers, but unexpressed in W,BUL and
W,oBSmL (Heizmann et al. 1981, 1982; Schwarz-
bach et al. 1976). Thus, the nuclear genome is the
probable coding site for the chloroplast-localized
polypeptides fround inW,BUL and W, ,BSmL. In
both W;BUL and W,,BSmL light induces para-
mylum degradation (Horrum and Schwartzbach
1980b; Schwartzbach et al. 1975) and transiently
increases and decreases the rate of amino-acid in-
corporation into protein (Schwartzbach and Schiff
1979), indicating that both mutants contain a non-
chloroplast photoreceptor. Light induces the syn-
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thesis of cytoplasmic TRNA (Cohen and Schiff
1976), of fumarase (Horrum and Schwartzbach
1980b) and of phosphoglycerate phosphatase
(James and Schwartzbach 1982) in W;BUL but
not in W,,BSmL, indicating either the presence
of multiple photoreceptors only a few of which
are present in W, BSmL, or an uncoupling be-
tween the single photoreceptor and the processes
controlled by that photoreceptor. In order to deter-

Fig. 3. Silver-stained two-
dimensional gel of 60 pg total
cellular protein extracted from
dark-grown, resting cells of the
bleached mutant W,BUL
maintained in the dark (top) or
exposed to light for 72 h (bottom).
Polypeptides enclosed in circles or
in squares as in Fig. 1. Triangles
indicate the positions of
polypeptides which are detectable
in wild-type cells but undetectable
in W,BUL. The lines on the edge
of the electrophoretogram indicate
the position of the sectors used
for polypeptide analysis

mine the presumptive coding site for each photo-
regulated polypeptide, the photoreceptor regulat-
ing polypeptide accumulation, and the differences
between the polypeptide composition of the mu-
tants W,BUL and W,,BSmL, two-dimensional
polypeptide maps of the bleached mutants have
been compared to those of wild-type cells.

A comparison of the two-dimensional polypep-
tide maps of dark-grown resting wild-type cells
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Fig. 4. Silver-stained two-
dimensional gel of 60 ug total
cellular protein extracted from
dark-grown, resting cells of the
bleached mutant W,,BSmL
maintained in the dark (top) or
exposed to light for 72 h (bottom).
Triangles indicate the positions of
polypeptides which are detectable
in wild-type cells but which are

A - 5 - L. - s undetectable in W ,BSmL. The
- ‘“ - A’ lines on the edge of the
" -~ - . = electrophoretogram indicate the
i - e - positions of the sectors used for
= - - - B polypeptide analysis

with those of dark-grown resting cells of the
bleached mutant W,BUL maintained in the dark
or exposed to light for 72 h (Fig. 3) showed that
four polypeptides, A17, B51, D54 and D21, whose
relative amount increased in wild-type cells upon
light exposure, were undetectable in W,BUL.
Thus, all of the polypeptides whose relative
amounts decrease in wild-type cells upon light ex-
posure, all but four of the polypeptides whose rela-

tive amounts increase in wild-type cells upon light
exposure, and all of the polypeptides whose rela-
tive amounts are unaffected by light exposure ap-
pear to be coded by either the nuclear or mitochon-
drial genome. A comparison of the two-dimen-
sional polypeptide maps of dark-grown, resting,
wild-type cells with dark-grown resting cells of the
bleached mutant W, ,BSmL maintained in the
dark or exposed to light for 72 h (Fig. 4) showed
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that in addition to the four polypeptides undetect-
able in W;BUL, there were seven polypeptides,
A110, A76, A28.2, A22.1, D93, C75 and D26,
which though present in W;BUL were undetect-
able in W, BSmL. As found for alkaline DNase
(Egan et al. 1975) and chloroplast valyl-tRNA syn-
thetase (McCarthy et al. 1982), although these po-
lypeptides appear to be coded by the mitochondrial
or nuclear genome, they are undetectable in the
bleached mutant W, ,BSmL.

Exposure of dark-grown resting W;BUL to
light for 72 h increased the relative amounts of
12 polypeptides, A110, A76, A42.1, A42.2, A28.2,
A22.1, B62.1, C75, C36, C22.2, D93, and D26
(Fig. 3), and decreased the relative amounts of
14 polypeptides, A38.1, A25.1, A20, C62.3, C56,
C52, C32.1, C32.2, D120, D104, D65.1, D65.2,
D65.3 and D56 (Fig. 3). Although many of these
photoregulated polypeptides are present in
W, ,BSmL, light exposure had no effect on poly-
peptide levels in this bleached mutant (Fig. 4).

Discussion

Light regulates the expression of the nuclear and
chloroplast genomes of Fuglena. The complexity
of total cellular RNA derived from single-copy nu-
clear DNA increases during the first 12 h of light
exposure of the cells and then declines (Curtis and
Rawson 1979). Polyadenylated-RNA sequences
present 24 h after light exposure differ from those
present prior to light exposure (Verdier 1979), indi-
cating that light induces the transcription of some
nuclear genes while repressing the transcription of
other genes. A large fraction of the chloroplast
genome is transcribed in the dark (Chelm and Hal-
lick 1976; Rawson and Boerma 1976) and light
exposure induces the expression of additional se-
quences (Chelm and Hallick 1976; Rawson and
Boerma 1979). Most sequences expressed in the
dark continue to be expressed in the light (Chelm
et al. 1979; Rawson and Boerma 1979) but the
abundance of some of their transcripts increases
five- to tenfold (Rawson et al. 1981). Some chloro-
plast genome transcripts present in dark-grown
cells can not be detected 4 h after light exposure
but they are detectable 72 h after light exposure
(Chelm et al. 1979). Other transcripts are not de-
tected in the dark but they are present in the light
(Chelm et al. 1979).

Visual comparisons of two-dimensional gels in-
dicate that changes in the relative levels of specific
polypeptides parallel the changes in the levels of
nuclear and chloroplast genome transcripts. The
relative amounts of 79 specific polypeptides in-

creased in response to light exposure. This increase
is probably the result of a de-novo enzyme synthe-
sis resulting from increased mRNA levels which
are in turn the result of the light-dependent in-
crease in the transcription of specific nuclear and
chloroplast genes. Since light induces the synthesis
of mitochondrial (Horrum and Schwartzbach
1980b) and microbody enzymes (Horrum and
Schwartzbach 1981) as well as chloroplast enzymes
(Horrum and Schwartzbach 1980a; McCarthy
et al. 1982), it will be interesting to determine the
intracellular localization of the photoregulated
polypeptides.

In resting (carbon-starved) cells, the amino
acids required by the developing chloroplast ap-
pear to be obtained through the degradation of
preexisting proteins (Bovarnik etal. 1974;
Schwartzbach and Schiff 1979). Since a decrease
in the level of 72 specific polypeptides occurs in
response to light exposure coincidently with a de-
crease in the complexity of total nuclear transcripts
(Verdier 1979; Curtis and Rawson 1979), it is likely
that light acts at the transcriptional level by select-
ing which proteins can be resynthesized rather than
at the posttranslational level by selecting which
proteins will be degraded. Although nonselective
protein degradation followed by selective resynthe-
sis is an energetically wasteful way in which to
alter the polypeptide composition of a cell, it may
be the only way in which a cell can maintain the
selectivity required to adapt its polypeptide com-
position to diverse environmental conditions.

Bleached mutants of Euglena are readily ob-
tained. The common characteristic of these mu-
tants is that they have lost their chloroplast ge-
nomes (Schiff and Schwartzbach 1982). Many of
these mutants have retained fragments of chloro-
plast DNA (usually rRNA cistrons) in low-copy
numbers, but this DNA does not appear to be
expressed (Schwartzbach etal. 1976; Heizmann
et al. 1981, 1982). All but four of the polypeptides
whose amounts increase and all of the polypeptides
whose amount decreases after exposure of cells to
light were present in the mutant W,;BUL at the
same level as in dark-grown, resting, wild-type
cells, indicating that most of the photoregulated
polypeptides were coded by the nuclear and possi-
bly mitochondrial genomes. Based on its isoelectric
point, its molecular weight and its relative abun-
dance (McFadden et al. 1975; Sagher et al. 1976),
one of the four polypeptides undetectable in
W,BUL, polypeptide D54, is probably the large
subunit of ribulose bisphosphate carboxylase, a
polypeptide whose gene has been mapped on Fug-
lena chloroplast DNA (Stiegler et al. 1982). At the
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present time, the function and intracellular local-
ization of the other polypeptides not found in
W;BUL is unknown.

It has been assumed that bleached mutants are
capable of expressing nuclear genes for chloro-
plast-localized enzymes to the same extent as dark-
grown wild-type cells. Thus, the presence of an
enzyme in W,BUL has been used as evidence that
this enzyme is coded by nuclear DNA. Some en-
zymes present in W,BUL, however, are undetect-
able in the mutant W, ,BSmL (McCarthy et al.
1982; Egan et al. 1975).

In contrast to measurements of enzyme activi-
ty, visual inspection of two-dimensional gels pro-
vides information concerning the amount of a
polypeptide; quantitation is not dependent upon
the production of a functional polypeptide. Of the
72 identified polypeptides whose level decreased
upon exposure of wild-type cells to light, all 72
are present in both W,BUL and W, BSmL; they
are nuclear-coded polypeptides which are probably
required for heterotrophic growth and at least par-
tially gratuitous for phototrophic growth. Of the
75 identified polypeptides which are present in
W;BUL and whose level increased upon exposure
of wild-type cells to light, seven are undetectable
in W, ,BSmL. Associated with the loss of the chlo-
roplast during the bleaching process, W, ,BSmL
appears to have lost the ability to express or post-
transcriptionally process and accumulate the prod-
uct of some, but not all, of the nuclear genes coding
for light-induced and possibly chloroplast-local-
ized enzymes. Since bleaching selectively represses
the accumulation of nuclear-gene products, poly-
peptide levels in bleached mutants can not be the
only criteria used to determine the coding site for
a specific polypeptide. Thus, those polypeptides
other than D54 which are not found in W,;BUL
are only tentatively identified as coded by the chlo-
roplast genome.

In addition to lacking most if not all of their
chloroplast genome, bleached mutants lack photo-
transformable protochlorophyll(ide), the chloro-
plast-localized photoreceptor regulating organelle
biogenesis (Schiff and Schwartzbach 1982). Pho-
toresponses maintained by the bleached mutants
must be mediated by a nonchloroplast photorecep-
tor. Exposure of W, ;BUL to light increased the
relative amounts of 12 polypeptides and decreased
the amounts of 14 polypeptides. A nonchloroplast
photoreceptor apparently regulates the levels of
these polypeptides. Although W, BSmL contains
a nonchloroplast photoreceptor (Horrum and
Schwartzbach 1980b), light exposure had no effect
on polypeptide levels in this mutant. A number

of polypeptides whose levels are regulated by the
nonchloroplast photoreceptor are present in
W, BSmL; they are no longer photoregulated.
Taken together, these results indicate that Euglena
may contain multiple photoreceptors or that in
W,oBSmL, the nonchloroplast photoreceptor has
been uncoupled from some of the events regulated
by that photoreceptor. As W,,BSmL lacks carot-
enoids (Fong and Schiff 1979), the possibility exists
that carotenoids as well as the ubiquitous blue-
absorbing system which has been termed crypto-
chrome (Senger 1980) regulate macromolecule syn-
thesis in Euglena.

This work was supported by National Institutes of Health grant
GM26994 and National Science Foundation grant
PCM 8202472.
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