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IDENTIFICATION OF HAEM-PROTEINS
IN THYLAKOID POLYPEPTIDE PATTERNS OF BARLEY

by
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Thylakoid polypeptides from barley were separated by polyacrylamide gel electrophoresis by use of either
SDS or LiDS as the detergent. Staining of either gel-type with 3,3",5,5™-tetramethylbenzidine-H20> revealed two
barley polypeptides with peroxidase activity. The same two polypeptides were shown to incorporate [!4C]-d-
aminolaevulinic acid, identifying haem as their prosthetic group. The haem-protein with a molecular weight of
33,000 is cytochrome f and that with a molecular weight of 20,000 is suggested to be a subunit of cytochrome
b¢. The two polypeptides are also present in etioplast membranes, which from prior spectroscopic evidence are
known to contain cytochromes fand bs.

1. INTRODUCTION protein 3 (17, 19) and is deficient in photosystem

Several barley thylakoid polypeptides have II. Similarily, mutants in Chlamydomonas
been identified and characterized functionally lacking polypeptide 6 are considered to be
with the aid of mutants and specific isolation defective in the reaction center of photosystem II
procedures (17, 18, 19, 21, 25, 33). Photosyn- (5). Antibodies raised to the Chlamydomonas
thetic defects in mutants correlate with the polypeptide were shown by crossed immuno-
absence or reduction of certain polypeptides in electrophoresis to produce a precipitation peak
electrophoretograms of thylakoids. For example, with both the barley and the Chlamydomonas
the barley mutant viridis-c'? lacks chlorophyll -  polypeptide. This strongly implies chlorophyll a-

Abbreviations: Chl ,~AP3 = chlorophyll g-apoprotein 3 (19); Chl P! = chlorophyll a-protein 1 (19);
Chl a/-P2 = chlorophyll a/b-protein 2 (19); DTT = dithiothreitol; HP = high potential; LiDS = lithium do-
decyl sulfate; LP = low potential; PAGE = polyacrylamide gel electrophoresis; PPO = 2,5-diphenyloxazole;
SDS = sodium dodecy! sulfate; TMBZ = 3,3’,5,5 -tetramethylbenzidine.
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Figure 1. Barley thylakoid polypeptides separated by Li-dodecyl sulfate polyacrylamide gel electrophoresis and
stained in A for haem associated peroxidase activity and restained in B for protein with Coomassie Blue.
Lane |: Barley thylakoid polypeptides

2: Barley thylakoid polypeptides + cytochrome c

3: As 2 but chlorophyll removed by heating to 100 °C for 2 min

4: 10 pg cytochrome ¢
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Figure 2. Non-specific binding of haem to thylakoid polypeptides and {!4C]-8-aminolevulinate incorporation

into haem- and chlorophyll-proteins.

The thylakoid polypeptides were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and
stained in A for haem associated peroxidase activity and in B with Coomassie Blue. C are autoradiograms.
Lane 1: Barley thylakoid polypeptides + 100 pmoles of hemin,

Chlorophyll removed by heating to 100 °C for 2 min.

2: Barley thylakoids + 100 pmoles of hemin

3: Barley thylakoid polypeptides labelled with [14C]--aminolevulinate
4: As 3 but chlorophyll removed by heating to 100 °C for 2 min.

protein 3 as the most likely candidate for the
photosystem II reaction center (24).

Other thylakoid proteins can be isolated with
retained catalytic activity. This is the case with
the extrinsic part of coupling factor CF;, which
was recently characterized from barley (15).
Antibodies raised to the native protein permitted
the identification of all five subunits in the total
barley thylakoid polypeptide pattern by crossed
immunoelectrophoresis.

The presence of enzymatic activity in a protein
band on a polyacrylamide gel can frequently be
established by use of a suitable colour reaction
when non-denaturing polyacrylamide gel elec-
trophoresis systems are used (8). This is gen-
erally precluded in the denaturing gel systems
necessary for separation of thylakoid membrane
polypeptides. However, reactions which are
catalyzed by prostethic groups remaining attach-
ed to the polypeptides during SDS-polyacryl-
amide gel electrophoresis are possible. An
example of such a reaction is the peroxidase
activity of haem in haem-proteins. This activity
can be visualized by a colour reaction using
3,3,5,5 -tetramethylbenzidine  (TMBZ)-H,03
(32). The Fe** in haem is oxidized by H,0; to
Fe** which is then reduced by tetramethylbenzi-
dine, resulting in a blue coloured product from
tetramethylbenzidine. This staining procedure
has been successfully applied for the detection of
microsomal cytochrome P-450 and hemoglobin
(32).

In this study it was investigated whether this
procedure could be used to detect cytochromes in
SDS- and LiDS electrophoretograms of barley
thylakoids. Two bands were found to have
peroxidase activity and incorporation of [ '4C]--

aminolevulinic acid into these same bands was
used to demonstrate that the peroxidase activity
is due to haem.

2. MATERIALS AND METHODS
2.1. Plant material

Seeds of wild-type barley (Hordeum vulgare
cv. Svalofs Bonus) were germinated in tap water
moistened vermiculite. The seedlings were
grown at 20 °C for 7 days either in continuous
white light (1700 Iux) or in the dark.

2.2. Isolation of thylakoids and electrophoresis

Thylakoids were isolated according to HaYEr-
HanseN and SimpsonN (14) and if not used
immediately they were frozen in small aliquots
containing 0.1 M-Na,COj3, 0.1 M-DTT. Electro-
phoresis was performed essentially according to
the procedures published in (5, 7). Electrophore-
sis with LiDS as the detergent was carried out in
12-18% polyacrylamide gradient gels run at
4 °C. Under these conditions some chlorophyll
remained attached to Chl ,-P1 and Chl 4/4-P2,
and with decreasing amounts of LiDS added to
the sample to other chlorophyll-proteins. SDS-
PAGE was conducted with 11-15% gradient
gels run at room temperature. Under these
conditions only Chl ,-P1 and to a lesser extent
Chl /P2 retain chlorophyll. The buffers used
in both LiDS- and SDS-PAGE were those
described in (5).
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2.3. Staining for haem associated peroxidase
activity

The procedure of THoMas, Ryan and LEviN
was used (32). Immediately after electrophoresis
was completed, the gels were immersed in a
solution composed of 3 parts of 6.3 mm-TMBZ
(Sigma Chem. Co.) in methanol and 7 parts of
0.25 M-Na-acetate, pH 5.0, and kept in the dark
at room temperature with gentle shaking for 2
hours. Hydrogen peroxide was added to a final
concentration of 30 mm. A blue colour forma-
tion was visible after 5 min, and was slightly
increased during the following hour. The gels
were then washed with a solution composed of 3
parts of isopropanol and 7 parts of 0.25 mM-Na-
acetate, pH 5, to remove excess TMBZ. The
washing procedure was repeated once or twice
after which the gels were photographed. A steel-
wire was inserted to mark the location of the
haem stain.

Addition of solid sodium sulfite to the
buffered isopropanol solution removed the per-
oxidase stained blue bands after approximately 2
hours. The gels were shaken during the destain-
ing procedure. Prior to re-staining with Coo-
massie Brilliant Blue (Sigma Chem. Co.), the
gels were washed several times with the buffered
isopropanol solution. Coomassie Blue staining
was conducted as earlier described (18).

2.4. Labelling of haem and chlorophyll in
thylakoids with [14C]-3-aminolaevulinic
acid

Seedlings were grown for six days either in
the dark or in the light (1700 lux). Excised leaves
were placed in 10 ml beakers (10—14 leaves per
beaker) each of which contained 6 pCi of -

amino [4-'4C] laevulinic acid hydrochloride (0.1

mwm) (The Radiochemical Centre Amersham) in

I ml 25 mm-sodium-phosphate, pH 7.5. After 4

hours, 2 ml of distilled water was added to each

beaker and the plants were left for an additional

16 hours prior to homogenization and purifica-

tion of thylakoids.

2.5. Fluorography of gels

The localization of radioactive proteins in gels
was determined by fluography. Gels were
shaken in 2.5-diphenyloxazole (PPO) according

to the procedure of BONNER and LaskEey (4) or in
ENJHANCE™ (New England Nuclear) and
stored in contact with Kodak X-omat RP X-ray
film for appropriate time intervals at —70 °C.

3. RESULTS

The TMBZ-H;O; staining patterns obtained
with barley thylakoid polypeptides separated on
a 12-18 % gradient gel (LiDS-PAGE) are shown
in Figure 1A, lane 1. Two blue bands are
observed, the apparent molecular weight of the
upper one being 33,000 and that of the lower
one approximately 20,000. While the upper
band is sharp, the lower band appears consist-
ently broad and diffuse, indicating that the haem
group is bound differently in the two cases or
that the lower band comprises two or more
polypeptides. The two green bands in lane 1
(Figure 1A) are chlorophyll ag-protein | and
chlorophyll a/b-protein 2, respectively.

In lane 2 of Figure 1A, cytochrome ¢ was
added prior to separation. The staining reaction
produced a heavy band for this cytochrome at
the appropriate molecular weight position. Heat-
ing of the solubilized thylakoids to 100 °C prior
to application to the gel removed the chlorophyll
from the two chlorophyll-proteins (Figure 1A,
lane 3) but did not affect the binding of the haem
in cytochrome ¢ and the other two haem-
proteins.

Figure 1B represents the same gel after
restaining for protein with Coomassie Blue. The
de- and re-staining procedures cause changes in
the dimensions of the gels and the peroxidase
positive bands were therefore marked with a
steel-wire prior to de- and re-staining in order to
locate the corresponding polypeptide bands. The
upper sharp haem containing band corresponds
to a faintly stained protein band while the lower
diffuse band corresponds to two faint protein
bands in the total pattern. Removal of chloro-
phyll led to the well known enhancement of the
chlorophyll a-apoprotein band and the chloro-
phyll a/b-apoprotein 2 band. The strong colour
reaction of cytochrome ¢ with TMBZ-H;0; in
Figure 1A as compared to the faint staining
observed with Coomassie Blue in Figure 1B
illustrate the high sensitivity of the TMBZ-H,0,
staining method.
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Figure 3. Etioplast and chloroplast thylakoid polypeptides separated by Li-dodecyl sulfate polyacrylamide gel
electrophoresis and stained in A for haem associated peroxidase activity and restained in B for protein with
Coomassie Blue.
Lane 1: Etioplast thylakoids

2: Chloroplast thylakoids
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Non-covalently bound haem as found for in-
stance in the b-type cytochromes could conceiv-
ably dissociate from the protein during SDS
solubilization under reducing conditions (20) and
thereafter bind unspecifically to thylakoid poly-
peptides. In order to investigate to what extent
thylakoid polypeptides bind haem unspecifically,
barley thylakoids were mixed with 100 pmoles
of hemin prior to SDS solubilization and
electrophoresis. As can be seen in lanes 1 and 2
of Figure 2A a considerable number of thylakoid
polypeptides now bind hemin. Comparison of a
sample that had been heated to 100 °C for 2 min
(lane 1) with an unheated sample (lane 2) reveals
that the conditions which remove chlorophyil
from the polypeptides do not remove non-
covalently bound hemin. Among the polypepti-
des binding hemin are Chl ,-P1, a and 8 subunits
of CF;, Chl ,-AP3 and Chl ,;-AP2. Only a
fraction of the 100 pmoles of hemin can bind to
the thylakoid polypeptides as evidenced by the
free hemin observed ahead of the free pigment
zone. No DTT was included as reducing agent in
this experiment, which makes the bands diffuse
as is also apparent in the gel restained with
Coomassie Blue (Figure 2B, lanes 1, 2). The two
bands (33,000 MW, 20,000 MW) staining
specifically with TMBZ-H,0; did not bind
significant extra amounts of hemin. Hemin
binding did also occur under reducing condi-
tions.

When freshly isolated thylakoids were solubil-
ized and analyzed by LiDS-PAGE additional
faint bands were occasionally obtained. These
faint bands corresponded to the a and § subunits
of CF|, to two bands in the vicinity of the 33,000
polypeptide and frequently to Chl ,/-AP2. In
these gels free haem was also seen in front of the
free chlorophyll band. Thus detachment of non-
covalently bound haem can occur and result in
unspecific binding to other polypeptides.

In order to positively identify haem as the
source of peroxidase activity in the bands with a
molecular weight of 33,000 and 20,000, the
incorporation of ['*C]-6-aminolaevulinate, a pre-
cursor of chlorophyll and haem, was studied.
Seedling leaves were detached and incubated for
2 hours with [!4C]-8-aminolaevulinate in the
light as described under 2.4. The thylakoids were
isolated, solubilized and separated ona 11-15%

SDS gel. TMBZ-H0; staining in Figure 2A
lane 3 reveals the two prominent bands with
peroxidase activity. After de- and re-staining
with Coomassie Blue this lane is depicted in
Figure 2B, lane 3. An autoradiogram of the
same lane is also shown (Figure 2C, lane 3) and
indicates the incorporation of the precursor into
the chlorophyll of Chl ,-P1, Chl ,/4-P2 and into
the free chlorophyll band. Incorporation is also
found in the 33,000 and 20,000 MW bands,
identifying the source of peroxidase activity in
these bands as haem.

When the sample is heated prior to application
on the gel (Figure 2A, B and C, lane 4), Chl ,-P1
and the Chl ,/-P2 disappears as does the
radioactivity in these bands.

Synthesis of chlorophyll and chlorophyll-
proteins requires light, whereas haem and
cytochromes are also formed in the dark.
Thylakoids isolated from seven day old seedlings
grown either in the dark or in the light, were
therefore solubilized, subjected to LiDS-PAGE,
and stained with TMBZ-H,0, (Figure 3A) as
well as Coomassie Blue (Figure 3B). The TMBZ-
H,0, positive haem containing bands (33,000
MW, 20,000 MW) are found in both etioplast
and chloroplast thylakoids, whereas chlorophyll-
proteins are only present in the latter.

4. DISCUSSION

The TMBZ-H,0; staining procedure (32) is
suitable to localize haem in polyacrylamide gel
patterns of barley thylakoid membrane polypep-
tides solubilized with either SDS of LiDS. In
thylakoids, four haem-proteins have been de-
scribed: cytochrome f (2, 3, 11, 22, 23, 26, 29,
31), cytochrome bg (6, 12, 27, 28, 29, 30) cyto-
chrome 5-559p (1, 23) and cytochrome
b-5591p (2,9, 10, 13, 29, 30). Cytochrome f has
been purified to homogeneity from several
higher plants (11, 22, 26, 29, 31), and its
molecular weight varies from 27,000 to 39,000.
J. Gray (personal communication) obtained an
apparent molecular weight of about 35,500 for
partially purified barley cytochrome f. The
observed TMBZ-H;0; positive band with an
apparent molecular weight of 33,000 thus fits
the characteristics of cytochrome f. It should be
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mentioned that the haem in cytochrome f is
covalently bound.

Cytochrome b has been purified from spin-
ach (28). Its molecular weight is estimated to
60,000 and the molecule consists of four
polypeptide chains with molecular weights of
20,000, 9,600, 6,600 and 6,600 (28). The haem
in cytochrome b is non-covalently bound. If the
haem is associated with the 20,000 molecular
weight polypeptide, then the TMBZ-H,0, posi-
tive band with this apparent molecular weight in
the barley polypeptide pattern is a good candidate
as a cytochrome bg subunit. Both cytochrome f
and cytochrome bg are present in etioplasts as
judged by absorption spectroscopy (3, 23) and
this is in agreement with the presence of the two
haem staining polypeptides among the etioplast
membrane polypeptides.

Cytochrome b-5591 p is present in etioplasts as
well as chloroplasts whereas cytochrome
b-559up is restricted to greening and greened
plastids (3, 13, 23). Cytochrome b-559 is
considered to consist of eight polypeptide chains
with a molecular weight of 5,600 per haem
molecule (10). This polypeptide would be expect-
ed to produce a diffuse band below the region of
c¢ytochrome ¢ in the present electrophoreto-
grams. No such band was detected.

In the analysis of cytochrome P-450 from
liver microsomes by gel electrophoresis and
TMBZ-H,0; staining it was found that the use
of sulfhydryl reducing agents together with SDS
promoted the loss of haem from the haem-
protein (16, 32). The thylakoids studied here
were stored in 0.1 M-DTT, but no detrimental
effects were found on the peroxidase activity of
the 20,000 molecular weight haem-protein in
comparison with conditions not using DTT. In
that respect the presumed cytochrome b subunit
of the barley thylakoids is different from the
microsomal cytochrome P-450.
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