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The Photosystem I Reaction Center of spinach was found
to contain two polypeptides of approximate apparent Mr of
56,000 and 64,000. The 56 kDa polypeptide was identified as
the product of chloroplast gene PS1Al using an antibody
specific for the PS1Al gene product of corn. Presumably the
64 kDa polypeptide is the product of gene PS1A2. o 1987 Academic

Press, Inc.

Photosystem I Reaction Center (PS I RC), also called
chlorophyll protein complex I (CP I) can be obtained from
thylakoids by preparation of photosystem I particles and
further fractionation,'or by treatment of thylakoids with SDS
and electrophoresis on acrylamide gels (1). Prepared by the
latter procedure P35 I RC has usually been called CP 1. PS I
RC prepared by either procedure has P700 activity and
predominantly a polypeptide(s) of about 60 kDa (1). The 60
kDa band has been reported as either a single band, or a
doublet, sometimes requiring special gel conditions, e.g. the
presence of urea for resolution (2, 3, 4, 5). We found that

when spinach thylakoids were heated under reducing conditions

lPresent address. Bacterlal Dlsease Sectlon, NIAID,
Building 10, Room 11N112, National Institutes of Health,
Bethesda, MD 20892.

Abbreviations: CP I (see PS I RC), CP II- chlorophyll
protein complexes I and II, respectively; FC- free
chlorophyll; LDS and SDS- lithium and sodium dodecyl sulfate,
respectively; PS I RC- photosystem I RC (see CP 1).
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with LDS and electrophoresed, Lthe PS I RT band Lound without
heat treatment, was replaced by two bands of approximatcly 56
and 64 kDa. The recent f£inding that chloroplast DNA contains
two highly homologous PS I RC genes (6,7) which are
transcribed into a polycistronlic wRNA (7, 8, 9) suggested
thut the two polypeptides we had bLeen observing were distinct
products of the two PS I RC genes. This conjecture appears to

be correct.

MATERTALS AND METHODS

Spinach was grown in vermiculite, (10) except that the
light intensity was 500 pE/m2 x min, and one plant was grown
per 4 in pot suspended in nutrient solution. Leaves were
harvested repeatedly between the sixth and twelfth weeks from
sowing. Thylakoids were isolated from yradient-purified
chloroplasts (10), and stored at -80°C. Electrophoresis was
carried out on 10 % acrylamide gels, as described (10},
except where indicated otherwise, using 3 mm thick gels for
preparation of PS I RC, and 1.5 mm gels for analytical
purposes. Samples of thylakoids were prepared for
electrophoresis by trealment with LDS at O°C, or they were
heated 2 min at 809, except where noted otherwise. Gels were
stained with Coomassie Brilliant Blue (10) or with silver
(11), or were left unstained. Unstained gels were
photographed with a blue filter (Tiffen 80A), and
Coomassie-~stained with a green filter (Tiffen 58).

Antibody was railsed (12) to a PS I RC preparation
containing only the A and B polypeptides (13). Otherwise, to
prepare PS I RC, thylakoids containing 2.5 mg of chlorophyll
were treated with LDS and electrophoresed in the cold on 10 %
acrylamide gels with a slot 240 x 0.3 mm. The green band was
cut out, ground in a mortar and pestle and extracted 3 X with
50 mM Tris, 0.1 % 5DS, pH 8.0. Acrylamide was removed by
centrifugation, extracts were dialyzed against buffer without
5DS, and the dialyzed extract was centrifuged 18 h in a
Beckman 60 Ti rotor at 50,000 rpm to pellet PS I RC. The
supernatant was removed from the noncompacted pellet with a
syringe, PS I RC resuspended in residual supernatant, SDS
added to 0.1%, and was stored at -809C. The PS I RC was
reelectrophoresed on an 8 % gel, about 0.3 mg chlorophyll per
240 x 0.3 mM well, and the complex was recovered as just
described for 10 % gels. Antibody (sp66) to a synthetic
peptide corresponding to amino acids 414 to 423 of corn PS1Al
was obtained from Dr. L. Fish (4). Polypeptides in acrylamide
were Lransferred to nitrocellulose (14), reacted with
antibody and the reaction with antibody detected with goat
anti-rabblit coupled to horse radish peroxidase (15).

To estimate protein in PS I RC and in hands A and B,
thylakoids were heated at different temperatures,
electrophoresed, and stained with Coomassie. Lanes were cut,
placed in a silica boat, and scanncd at 596 nm with a Gilford
Model 240 spectrophotometer and gel scanning attachment.
Relative amounts of protein werc estimated by peak heights.
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RESULTS

green PS I RC found on electrophoresis
appears to be replaced by two <olorless bands, a sharp baod

(A) which migrates just behind the o subunit of CP 1, ond

When spinach thylakoids are heatod two min at 809C the

diffuse band (B) which migrates between the « and B

bands of CF 1 (Fig. 1, lanes 7 and 8, and Fig. 2, lanes &

of unheated thylakoids

)

and 6). This apparent reciprocal relationship was guanlitated

by plotbing the disappearance of PS I RC and the appearance
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thylakcids were heated (Fiqg.

polypeptides A and B as a function of temperalure at which
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Flgure 1. Puriflcation of P3 I RC. A) 10 % gel: lane 1
unstained; lane 2, stained with Coomassie. B) PS I RC (CP 1)
isolated from 10 % gels and rerun on an 8 % gel: lane 3,
unstained; lane 4, stained with Coomassie. C) Analysis of PS
I RC from 10 % and 8 % gels on a 10 % gel, stained with
silver: lane 5, P5 I RC from 10 % gel, heated; lane 6, PS I
RC from 8 % qcl heated; lane 7, thylakoids, heated lane 8,
thylakoids, unheated. CP I and CP II are chlorophyll proteln
complexes I (PS I RC) and II, respectively. FC is free
chlorophyll. Numbers to the right of each panel are Mr in
kba.

Figure 2. Identification of the product of gene PS1Al.
Samples of thylakoids, containing 25 ug chlorophyll, were
treated with LDS in the cold (lane 6), or were heated 2 min
at 80 C (lanes 1-5). Lanes 5 and 6 were stained with
Coomassie. Lanes 1-4 were blotted to nitrocellulose. The
nitrocellulose was reacted with anti-PS I RC (lane 3) and its
corresponding preimmune serum {lane 1), or with anti-spésg
(lane 4) or with its corresponding preimmune serum (lane 2).
Numbers to the left are kDa. CP 1 is PS I RC, and A and B are
P3 I RC polypeptides A and B. The only materials on the
nitrocellulose that reacted with antibody were in the region
of A and B. Other bands are colored material not related to
the immunological reaction.
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Figure 3. Polypeptide bands A and B -arise in parallel from PS
I RC (CP 1) on heating of thylakoids. Replicate samples of
thylakoids, containing 25 ug chlorophyll, were heated with
SDS for 2 min at the temperatures indicated. They were
electrophoresed, gels stained, scanned, and the relative
amounts of PS I RC, and PS I RC polypeptides A and B were
determined.

of bands A and B in PS I RC, PS I RC was isolated. Thylakoids
were treated with LDS at 0 C and electrophoresed at 49C on 10
% acrylamide gels (Fig. 1, lanes 1 and 2). The PS I RC band
(CP I) was recovered, and a portion was reelectrophoresed
under the same conditions, except on 8 % acrylamide gels, to
remove contaminating non-pigmented polypeptides {Fig. 1 lanes
3 and 4)(16), and the complex recovered as above. PS I RC
from the 10% gel (Fig 1 lane 5), and P53 I recovered from the
8 % gel (Fig. 1 lane 6) were heated and electrophoresed on a
10 % gel. PS I RC poiypeptides A and B were present in both
preparations, indicating that both are components of the
pigment protein complex. In addition, a polypeptide band of
approximately 10 kDa was also present, as has been observed
previously (5). It was concluded that 56 kDa and 64 kDa
polypeptides are components of PS I RC.

The possibility that PS T RC polypeptides A and B are
the products of the PS1Al and PS1A2 yenes was tested in an
immunodecoration experiment (Fig. 2) using 1) an antibody to

a PS I RC preparation which contained polypeptides A and B,

284



Vol. 143, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

but not C, and 2) an antibody (anti-sp66) to the derived
seguence (amino acid numbers 414 to 423) of the PS1Al gene of
corn, This sequence 1s also present in zplvach BSIAT (anino
acids 413 to 422)(7, and Margulies, M., uanpublished). As
expected antibody 1 reacted with bolth the A (sharp) and B
bands (diffuse) of PS I RC of spinach thylakoids (lane 3). In
contrast, antibody 2 reacted with only the B band (lane 4).
The corresponding preimmune sera did not react (lanes 1 and
2). It was concluded that the B band corresponds to the
product of the PS1Al gene. Deductively, the A band is

probably the product of the PSL1A? gene.

DISCUSSTON

PS I RC, prepared as described here contains, in
addition to the two high Mr polypeptides, a polypeptide of
low Mr. This result has becn ohserved previously (5). Spinach
PS I RC has been shown here to contain two polypeptides of
apparent Mr 56,000 and 64,000, A similar observation has been
made for corn (4, 6). However, good sezparation and definition
of the two bands was obtained without the addition of urea to
gels, as was required with corn PS I RC (4). The lower band
was identified as the product of the PS1Al gene, even though
its predicted Mr from the DNA sequence of the gene is lower
than the product of gene P31AZ (7)(Fig. 2). In contrast, in
corn, when PS I RC polypeptides are separated on acrylamide
containing urea, the upper band is the PS1Al product (4). The
reason for this difference is not known, but could possibly
be due to the composition of the SDS used for separation of
the polypeptides (17), the presence of urea, or it might be
due to an intrinsic property of the pulypeplides. However,
this difference in order of migration of PS1Al and PS1lA2 gene

products in corn and spinach is not regarded as important

285



Vol. 143, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

because these polypeptides behave anomalously. The apparent
Mr of the corn gene products is considerably lower than the
Mr indicated f:om the DNA sequence, even though the
polypeptide products do not seem to be processed (4). The
reason for this behaviour is not known.

It is unlikely that PS I RC polypeptide A is a
derirative of PS I RC polypeptide B, the product of gene
PS1Al, since the peptide, sp66, to which antibody was
prepared, is present in the middle of the molecule both in
corn, and in spinach (7, Margulies, M., unpublished}. Since
polypeptide A reacts with antibody to PS I RC, which contains
both the A and B polypeptides (Figs. 1 and 2), but not with
anti-spé6, which is specific for the pslal gene product (4),
it seems likely that polypeptide A is the product of gene
PS1A2. However, positive identification of the PS1A2 gene

product has not been made.

ACKNOWLEDGEMENTS

The authors are grateful for receipt of antibody to the
synthetic peptide, sp 66, from Dr. L. Fish, and for receipt
from Prof. R. G. Herrmann of information in reference (7)

prior to publication.

REFERENCES

1. Margulles, M. M., Tiffany, H. L, and Hattorj, T.

(1986) Regulation of Chleroplast Differentiation,

pp. 181-186, Alan R. Liss, New York.

Vierling, E., and Alberte, R. 5. (19%983) Plant Thysiol.

72, 625-633.

3. Bengis, C., and Nelson, N. (1977) J. Biol. Chem. 252
4564-4569.

4. Fish, L. E., and Bogorad, L. (1986) J. Biol. Chemn.
261, 8134-8139.

5. Lagoutte, B., Setif, P., and Duranton, J. (1981)
Photosynthesis II1I, pp. 237-243, Balaban, Philadelphia.

6. Fish, L. E., Kuck, E., and Bogorad, L. (1985) J. Biol.
Chem. 260, 1413-1421.

7. Kirsch, W., Seyer, P., and Herrmann, R. G. (1986)
Curr. Genet. 10, 843-855.

[

286



Vol. 143, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10.

11.

12.

13.

14,

i6.

17.

Alt, J., Morris, J., Westhoff, P., and Herrmann, R. G.
(1981) Curr. Cenet. 8, 597-607.

Westhoff, P., Alt, J., Nelson, N., Bottomley, W.,
Buneman, H., and Herrmann, R.G. (1983) Plant Mol.
Biol. 2, 85-107.

Hattori, T., and Margulies, M. M. (1986) Arch.
Biochem. Biophys. 244, 630-640.

Merril, C. R., Goldman, D., Sedman, S. A., and
Ebert, M. H. (1980) Science 211, 1437-1438.

Hoober, J. K., Marks, D. B., Keller, B. J., and
Margulies, M. M. (1982) J. Cell Biol. 95, 552-558.
Margulies, M. M., Tiffany, H. L., and Hattori, T.
Arch. Biochem. Biophys., in press.

Towbin, H., Staehelin, T., and Gordon, J. (1979)
Proc. Natl. Acad. Sci. U.S.A. 76, 111-115.

Hawkes, R., Niday, E., and Gordon, J. (1982) Analyt.
Biochem. 119, 142-147.

Delepelaire, P., and Chua, N. (1981) J. Biol. Chem.
256, 9300-9307.

Margulies, M. M., and Tiffany, H. L. (13984)

Analyt. Blochem. 136, 309-313.

287



