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Evidence is presented to support the notion that the 16 kDa thylakoid polypeptide, called
CFI1, is an essential subunit of the photosynthetic ATP-synthase complex CF CF:

It is co-isolated with the other subunits of CF CF, in preparations either using octylgluco-
side/cholate or Triton X-100. It is co-precipitated by antibodies together with the other
CF,CF, subunits. It is immunochemically not related to thylakoid polypeptides of higher mo-
lecular weight nor to some thylakoid polypeptides with similar apparent molecular weight be-
tween 16 and 18 kDa: CF g, CF I, subunit IV of the ,f complex, the 16.5 kDa peripheral poly-
peptide of the oxygen evolving complex of PS II, and the intrinsic ferredoxin NADP reductase

binding protein.

The N-terminal amino acid sequences of CFII and the reductase binding protein is deter-
mined by Edman degradation and compared: The two sequences are different and not identi-

cal to other characterized thylakoid polypeptides.

Monospecific antibodies against CF(II inhibit rebinding of CF, to EDTA treated thylakoid
membranes, H* efflux from EDTA treated membranes and cyclic photophosphorylation.
Thus the additional polypeptide CFII qualifies for a functional subunit of the photosynthetic

ATP-synthase.

Introduction

The intricate inner membrane structure of chlo-
roplasts has been named thylakoids by W. Menke
in 1961 [1], recognizing their sacklike structure and
drawing the attention to this significant comparti-
mentation within the chloroplast. Photosynthetic

Abbreviations: CF,, peripheral moiety of chloroplast
ATP-synthase; CF,, membrane integral moiety of chlo-
roplast ATP-synthase; F,, peripheral moiety of ATPase
of oxidative phosphorylation; F,, membrane integral
moiety of ATPase of oxidative phosphorylation: a, B, v,
3, €, subunits of CF, or F; IV, I, I, 111, subunits of CF;
a, b, ¢, subunits of F; Chl, chlorophyll; ELISA, enzyme-
linked immunosorbent assay; PMS, phenazine metho-
sulfate; 278-0, preimmune serum of rabbit 278; 278-
1,2...., successive bleedings of anti-CFII serum; SDS-
PAGE, polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecylsulfate; PTH, phenyl thiohydan-
toin.
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water oxidation and NADP reduction and cou-
pled ATP-synthesis is energized by light and cata-
lyzed by four large protein complexes embedded in
these thylakoid membranes. It is assumed that any
protein subunit can only be a functional subunit of
one of these complexes; it is also assumed that dur-
ing separation and isolation of these complexes for
biochemical analysis no loss or artificial inter-
change of subunits or contamination with foreign
chloroplast polypeptides occurs.

In crude preparations of CF,CF,, the photosyn-
thetic ATP-synthase complex, besides high molec-
ular weight aggregates, the large and the small
subunits of the ribulose-bisphosphate carboxylase,
the ferredoxin-NADP reductase and some LHCP
(27 kDa) are observed on SDS polyacrylamide
gels. Upon removal of the contaminations, partial-
ly identifiable by specific antibodies, nine different
polypeptides remain and seem to constitute the
photosynthetic ATP-synthase [2—7]. By compari-
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son with the composition of the peripheral CF,
moiety with its subunits a, B, v, d and ¢ [8], the oth-
er polypeptides I, II, III and IV are concluded to
be subunits of the membrane integral CF, [2, 3, 9].

The F F, ATPase from E. coli consists of eight
subunits [10]. From amino acid sequence homolo-
gies and similarities in the hydropathy profils fol-
lows: Chloroplast CF,IV corresponds to E. coli
Fya, CF(I to Fyb and CF(III to F,c; thus CFII
apparently is an “additional” polypeptide in prep-
arations of the photosynthetic ATP-synthase [2—7
and reviews, 11]. The question arises whether it is
an essential and functional subunit of the ATP-
synthase and different from all characterized thy-
lakoid polypeptides or a contamination in the
preparation.

Since in crude preparations of CFCF, the ferre-
doxin NADP reductase is always found (running
just above CF, gamma on SDS gels) and an inte-
gral reductase binding protein with an apparent
molecular weight of about 17 kDa is shown to ex-
ist in thylakoids [12, 13], the 16.5 kDa so-called
CF,II could e.g. be identical to this binding poly-
peptide.

In this publication we show: The polypeptide
CF,II with an apparent molecular weight between
16 and 18 kDa (depending on the gel system),
co-isolates with the CF,CF, complex also if for
desintegration of the membrane Triton X-100 is
used instead of P-octylglucoside; CFyII is
co-precipitated together with the other subunits of
the ATP-synthase complex by antibodies; CFII is
immunochemically unrelated to any thylakoid po-
lypeptide of higher molecular weight; it is immu-
nochemically also not related to some thylakoid
polypeptides with similar molecular weight: CF,
subunit &, CF, subunit I, the peripheral 16.5 kDa
subunit of the oxygen evolving complex of PS II,
the 17.5 kDa subunit IV of the b, complex and
not to the thylakoid polypeptide that binds ferre-
doxin NADP reductase.

Our determinations of the N-terminal amino
acid sequences of CFlI and of the reductase bind-
ing protein, reported here for the first time, con-
firm this conclusion. CFlI is also different from
CF,IV [9], both in primary structure and in its ge-
netic origin [5]. The N-terminal sequence of CFII
proves that this additional polypeptide in CF,CF,
is also not identical to the 16 and 18 kDa polypep-
tides of PS 114, 15].
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We show that antibodies against CFII inhibit
rebinding of CF, to EDTA treated thylakoids, H*
efflux from EDTA treated thylakoids and PMS
mediated cyclic photophosphorylation. We there-
fore conclude that CF(II is an essential and func-
tional subunit of the chloroplast ATP-synthase
complex.

Results
Identity of CF,polypeptide 11
a) Definition of CFlI

The enzyme complex from chloroplasts, that ca-
talyzes photosynthetic ATP-synthesis, can be iso-
lated after dissolving the thylakoid membrane
with the detergents B-octylglucoside and cholate
[2] or Triton X-100 [3, 4]. Besides the subunits of
CF, the CF,CF, complex seems to contain four
additional polypeptides. Although noticed in the
initial publication, the uppermost of the additional
bands was for several years disregarded as a con-
tamination due to its poor stainability with Coo-
massie or Amido black. The others have been
numbered I, 11, IIT according to decreasing appar-
ent molecular weight on SDS-PAGE. Polypeptide
CF,II has the property to migrate on SDS gels
very close to CF ¢ at about 16 kDa, but to change
its apparent molecular weight to about 18 kDa
and to migrate close to CF(I in SDS gels with 6 M
urea [5]. This polypeptide will be further character-
ized in this publication.

b) CF, polypeptide II belongs to the CF;CF,
complex

The thylakoid polypeptide CF(II, as defined
above, is seen in preparations of CF,CF, after use
of B-octylglucoside/cholate to separate the four
large photosynthetic complexes [2, 5—7]. We de-
veloped an alternative method for isolation, using
the less expensive Triton X-100 instead ([4], cp.
Methods). On SDS polyacrylamide gels of the pu-
rified CF,CF, complex nine polypeptides are re-
solved; apparent molecular weights and staining
intensity of the bands are identical, when com-
pared to the preparation using octylglucoside
(Fig. 1a, b). Also in our preparation subunit
CF,IV is only seen as a shadow band after Coo-
massie staining, but present: It can be stained by
silver according to Oakley ez al. [16] and migrates
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Fig. 1. Analysis of different preparations of CF,CF, by
SDS-PAGE. a) CF,CF, complex isolated in Triton
X-100, incl. sucrose density centrifugation (cp. Meth-
ods); b) CF,CF, complex isolated in octylglucoside/cho-
late, incl. sucrose density centrifugation, according to
[2]; ¢) CF,CF, precipitated after isolation in Triton
X-100 by antiserum 155 against CF,; d) markers. The
protein complexes were incubated in sample dissolving
buffer for 1 h at 22 "C; CF,CF, after octylglucoside iso-
lation (b) shows aggregation of CFIII at about 100 kDa
[57], not however after isolation in Triton (a); 13—18%
gradient of acrylamide, 2.5 M urea); triangel indicates
shadow band, later identified as CFIV.

in an identical position compared to CFyIV in a
preparation [6] from the laboratory of P. Griber,
Berlin, which was generously sent to us (data not
shown). Polypeptide CF Il was always present and
is migrating close to CF,e without urea on the
SDS gels, and close to CFl in the presence of urea
also after isolation of the complex using Triton
X-100.

Next the CF,CF, complex, prepared in Triton
X-100, was precipitated by an antiserum against
CF,, not containing any antibodies crossreacting
with CF, polypeptides in Western blot. Upon
SDS-PAGE of the precipitate the characteristic
nine polypeptides of CF,CF, were resolved, and in
addition the light and heavy chains of the immu-
noglobuline (Fig. 1c¢).

To further show that polypeptide CFII is tight-
ly bound to CF,, a sandwich-ELISA was carried

out (Fig. 2): After incubation of the ELISA plates
with catcher antibody (1), (antiserum 278 against
electroeluted CF(II, cp. Methods, dilution
1:25,000), and coating the remaining plastic with
gelatine (2), a preparation of CF,CF, (3), (pre-
pared in Triton X-100, 1 pg in coating buffer) was
added and excess removed by washing; as indica-
tor antibody (4) the monoclonal mouse antibody
2C3 against CF, 3 was added, incubated and ex-
cess removed by washing; and finally the horserad-
ish peroxidase conjugated 2nd antibody (goat anti
mouse, dil. 1:2000) was added (5). The complete
system resulted in an ODyy,,,, of 1.1 after 10 min
reaction time (6); with CF, as antigen or without
serum 278 the color development was below 0.01,
i.e. CF,does not bind to the gelatine coated plastic
without the catcher antibody, serum 278 does not
react with CF, and CF Il indeed is tightly connect-
ed to CF, B under the incubation conditions.

¢) CF, polypeptide II is immunochemically not
related to another thylakoid polypeptide

In preparations of CF,CF, two (or three) bands,
migrating on SDS gels between CF,6 and CF e,
have been seen after isolation from chloroplasts
from spinach [2, 4—7], Vicia faba and Avena sativa
[3] and lettuce (Lactuca sativa, var. Romaine) [17].
To show more specifically the presence of polypep-
tide CFII in thylakoids and CF,CF, preparations
in addition to CF I, the monospecific antisera 278

6

(.

Fig. 2. Scheme of sandwich-ELISA to show that CF;
polypeptide I and CF, subunit B are physically connect-
ed within the same protein complex (for procedure see
text).
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against spinach CF Il (cp. Methods) and 313
against spinach CF(I were used: On Western blots
of isolated thylakoids bands of apparent molecu-
lar weight of 16 and 18 kDa were decorated, re-
spectively, indicating the presence of polypeptides
CF,lII and CF I in chloroplasts of Spinacia olera-
cea, Pisum sativum, Zea mays, Sorghum bicolor,
Lemna gibba and Chiamydomonas reinhardii (data
not shown).

From the fact that only one band is decorated
with serum 278 against CF Il on Western blots
with isolated thylakoids we conclude that CFII is
a polypeptide of its own identity and not a degra-
dation product of any thylakoid protein of higher
molecular weight, and that the precursor of nu-
clear encoded CF(II with a molecular weight of
26 kDa [5] was not present in sufficient amounts to
be detectable.

Then the immunochemical crossreactions of
some thylakoid polypeptides with molecular
weights of 16—18 kDa have been tested (Table I).
The results shown depend on the specificities of
the antisera, which in turn are dependent on the
rabbits and the purity of the injected antigens, and
also may depend upon the conformation of the
test antigens; the conclusions are clear cut, how-
ever: Polypeptide CFII is immunochemically not
related to the reductase binding protein (cp. also
next chapter), to CF; subunit I, the 16.5 kDa peri-
pheral protein of the oxygen evolving complex of
PS 11, subunit IV of the b,f complex, CF, subunit €

and the small subunit of the ribulose-bisphosphate
carboxylase.

If compared to thylakoids, PS II particles [18] or
isolated byf complex [19], polypeptide CFII is al-
ways enriched in CF,CF, preparations. Subunit
IV of the hif complex, the reductase binding pro-
tein and the peripheral 16.5 kDa polypeptide of
PS 11 are not detected in our preparations of
CF,CF,. No crossreaction between the reductase
binding protein (cp. next chapter), the 16.5 kDa
peripheral protein of PS II and subunit IV of the
bsf complex, was observed, respectively.

d) N-terminal amino acid sequence of CF|
polypeptide II is distinct

The clearest biochemical identification of a thy-
lakoid polypeptide would be the determination of
its amino acid sequence after purification. Reading
frames on the chloroplast DNA became available
coding for CFIII, homologous to E. coli Fo c [20],
and for CF,l, homologous to E. coli Fo b [21, 9];
by chemical N-terminal sequencing the processing
of CF,I was determined in spinach [21]. Another
reading frame was sequenced in the chloroplast
ATPase operon, encoding for a hydrophobic poly-
peptide with some homologies to E. coli Fo a and
called CF( IV from spinach [9] and other species
(for review cp. Hudson et al. [11]). Thus the nu-
clear encoded polypeptide CFII, if it can be
shown to be an essential subunit of the chloroplast

Table I. Analysis of immunochemical cross reaction in Western blot of some thylakoid polypeptides and of cross

contaminations in isolated complexes.

Strength of reaction with antigens blotted onto nitrocellulose
after separation by SDS-PAGE

Immunogen-  Apparent Antiserum Reductase- CF,CF* CFCF, OEC bhf* SSUin Thyla-
injected molecular number binding total I 11 € 16.5 total crude koids*
weight protein CF;

Reductase-bind-

ing protein  18.5 348 +++ - = - - - — = s
CF,I 18 313 = +++ +++ - - — — — ++
OEC periph. 16.5 180 = - - - - +++ - = o
Sllb. IV bbf 16 327 = == — — —_ = + + = +
CF,lI 16/18 278 = +++ - +++ - - + - ++
CE,& 16 272 = ++ - - +++ — - - ++
Smallsubunit of

RuBP carb. 14 124 = == — — — — = + + +

* On thylakoids or enriched complexes after SDS-PAGE: Strength of reaction in the respective molecular weight

region.
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ATP-synthase, would be the additional, ninth sub-
unit which constitutes part of CF,.

Therefore we have sequenced the isolated poly-
peptide II in CF; [22]: On analytical and prepara-
tive SDS gels according to Lugtenberg without
urea a rather broad band of comigrating CF, e and
CF,II was often observed. From Western immu-
noblots CF e appears to migrate mostly in the
lower portion of the band, polypeptide II in the
upper half. To avoid contact of polypeptide II
with urea during preparation for automated Ed-
man degradation it was not purified by rechroma-
tography on gels with urea after electroelution
from SDS gels without urea, as in the case of prep-
aration of the antigen to be injected into rabbits or
mice [23]; the upper part of the band was electro-
eluted; variant amounts of contaminating CF, ¢
were taken into account during the interpretation
of the chromatograms of the PTH derivatives of
the respective cycles. In the first analysis of the
N-terminal sequence of CFlI 16 residues could be
identified in 20 cycles; in the second sequencing
with an initial yield of 150 pmol the following 26
residues of CFII were identified:

X EI1 () K A S L F D,
X NL TLPTI I MA,
EFLXTLM

In the third sequencing of a new preparation of
electroeluted CFgII with an initial yield of
110 pmol less overlap of cycles was observed, but
two residues raised in each cycle, one of which was
identical to the sequence of CF, € [24]. Sorting out
these peaks the following residues can be assigned
to CF, polypeptide I1:

E EI EKAS L F D,
F NLTTLTPTI I M A,y
EFLFLMFATL D
K 1

Residue Glu, is a correction of residue Leu, re-
ported in the earlier communication [22]. The se-
quence was new, i.e. not found in the EMBL pro-
tein data bank, and proves biochemically that po-
lypeptide CF(II has its own identity and is not
related to any characterized and sequenced chloro-
plast polypeptide. The first ten residues are identi-
cal to the 10 published amino acids, deduced from
cDNA sequencing, following the completely pub-
lished presequence of the precursor [25] with an
apparent molecular weight of 26 kDa [5].

R. J. Berzborn et al. - On the Additional Polypeptide II in CFCF,

As mentioned [22] 19 hydrophobic residues are
found between Asp,, and Asps,, except for Glu,,,
very suitable to build a membrane crossing span.

The sequence of CF, ¢ in this analysis started
with

T L NL X V L T P Ny
i.e. subunit CF, ¢ had lost its initial Met [24].

Also the subunit CFyl was electroeluted from
preparative SDS gels after separation of CF,CF,,
prepared in the presence of Triton X-100, and se-
quenced by automated Edman degradation. The
analysis of the PTH derivatives confirmes bio-
chemically the sequence of spinach CF I deduced
from cDNA [9] up to residue Asps,, and confirmes
the findings that mature spinach CFI starts with
G S F G and that the mRNA of the two exons is
spliced to yield Gy, V L S Dy, etc. [21] (cp.
Table IV).

Relation of polypeptide CF,II and the thylakoid
intrinsic reductase binding protein

Although polypeptide CF(II is shown above to
be immunochemically unrelated to thylakoid poly-
peptides with different molecular weight, and un-
related to some polypeptides with similar molecu-
lar weight, and although the N-terminal sequence
of spinach CFlI, as determined by us, is not iden-
tical or homologous to any polypeptide in the
EMBL data bank, a mixup with other chloroplast
polypeptides, not yet sequenced, with comparable
apparent molecular weight cannot be excluded.

Since routinely some ferredoxin-NADP reduc-
tase is co-isolated with CF,CF,, it seemed worth-
wile to consider the reductase binding protein [12,
13]. We have purified this protein, produced and
used antibodies against it and determined the
N-terminal sequence. This polypeptide will now be
shown to be different from CFII:

a) Production and properties of antibodies against
the reductase binding protein

Monospecific antisera against the thylakoid in-
trinsic polypeptide binding ferredoxin-NADP re-
ductase [12] have been prepared [26]. The isolation
and characterization of the polypeptide will be de-
scribed elsewhere (R. J. Berzborn and St. Schiine-
mann, to be publ.). In principle the antigen for in-
jection was isolated by the following procedure:
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Spinach thylakoids were dissolved in Triton
X-100, lipids removed by 25% ammonium sulfate,
and the complex of ferredoxin-NADP reductase
with its binding protein, stabilized by MgCl,, puri-
fied by affinity chromatography on Blue Sephar-
ose CL-6B and anion exchange chromatography
on DEAE Sepharose CL-6B; the presence of re-
ductase in the fractions was monitored by specific
antibodies. Free reductase was separated from the
complex on Sephadex S-200. The 16.5 kDa poly-
peptide of the oxygen evolving complex of PS II
was identified by specific antibodies and also re-
moved.

The binding protein, co-eluting with reductase,
was separated by preparative SDS-PAGE and
electroelution of a band of apparent molecular
weight of about 18 kDa, as compared with CF,d
(21 kDa) and CF,¢ (16 kDa). Immunization of 2
rabbits (Nr. 347 and 348) was done with 80 pg pro-
tein for each treatment (cp. Methods).

On Western blots with the crude preparation of
the complex of binding protein with reductase the
antisera from both rabbits decorated only one
band at 18 kDa, as did serum 348 on thylakoids;
serum 347 was negativ on blots with thylakoids. In
double diffusion tests according to Ouchterlony
one precipitation line with dissolved thylakoids or
crude preparations of binding protein precipitat-
ed, but no cross reaction occurred with reductase
or other isolated proteins (data not shown).

Antibodies seem to dissociate the complex of
binding protein and reductase, since it was not
possible to demonstrate a “line of identity” with
anti reductase, anti binding protein and the com-
plex, or to co-precipitate the two proteins with
either antiserum. We are sure to have isolated the
reductase binding protein, however: It is present in
preparation according to Vallejos et al. [12], al-
though not identical to the 16.5 kDa peripheral
PS 11 polypeptide of the oxygen evolving complex
present in that preparation. In the presence of
MgCl, it is co-eluted together with reductase in all
steps of our preparation; it forms a crosslink upon
glutaraldehyde treatment, positive on Western
blots with anti-reductase at about 60 kDa; it does
not pass through a Amicon YM 30 filter in the
presence of MgCl,, but after dissociation of the
complex with reductase by EDTA (data not
shown). As reported in Table I the antisera 347
and 348 against this polypeptide did not crossreact

On the Additional Polypeptide I in CF CF,
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on Western blots with the thylakoid polypeptides
of similar molecular weight, tested, especially not
with CF polypeptide II.

b) N-terminal sequence of the reductase binding
protein

tured conformation by electroelution from SDS
gels and used for immunization, was sequenced by
automated Edman degradation. In the first run the
N-terminal residues

AV AMXTS QP S

could be identified with an initial yield of 32 pmol.
In a second preparation, not used for immuniza-
tion, two residues could be identified in each cycle.
Using the ten residues of the first analysis, the
contamination could be found to be the L,
protein from ribosomes with the sequence
AVEAPEKIEQ etc. Taking this sequence
into account, the following residues with an initial
yield of 120 pmol could be assigned to the reduc-
tase binding protein:

AV AMDTS QP S,
PSS DQDO QT x x4

This sequence is not identical or homologous to
any sequenced polypeptide (Swiss Prot. rel. 12), es-
pecially not to any sequenced thylakoid polypep-
tide (cp. Table IV), i.e. in particular this polypep-
tide, co-eluting together with reductase is not a
degradation product of reductase. The sequence
supports the conclusion from immunochemical
data that the reductase binding protein is not relat-
ed to the CF polypeptide II.

CFy Il is a functional subunit of the chloroplast
ATP-synthase

a) Topography of polypeptide CF 11

In a recent publication [23] we have shown that
isolated spinach chloroplast thylakoids adsorb an-
tibodies against CF subunit I and polypeptide II;
i.e. CF,l and CF(II are partially exposed at the
matrix side. The adsorption capacity towards both
antisera was increased by removal of CF, by
EDTA and decreased again by rebinding of CF,
[23]. Therefore CF Il and CF I are partially shield-
ed against antibody approach underneath CF,. A
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similar conclusion has been drawn earlier from
similar results [4, 27].

Here we present further evidence for the loca-
tion of a large proportion of CFII (and of CFI)
on the matrix side of the thylakoid:

Polypeptide CFII is not extracted from the thy-
lakoid membrane by EDTA treatment that re-
solved CF, (Table II), not even by NaBr treatment
(data not shown). Polypeptide CFII is protected
against degradation by trypsin in situ on the thyla-
koid membrane, since removal of CF, increases
the susceptibility to trypsin (Table II). The same
was found for CF,1[28].

After trypsination the binding capacity of
EDTA treated thylakoids for CF, is decreased
(Table II). Since CF,, subunit III is not degraded
under these conditions (R. J. Berzborn and M.
Schmidt, unpubl.) there may be a correlation be-
tween digestion of CFlIl and/or CFl and the loss
of CF, binding capacity, but we do not have inves-
tigated CF,IV.

b) Effects of monospecific antisera against CFlI
on photosynthetic reactions

— Antibodies produced by absorption from sera
against CF,CF,

Antibodies against subunits CF I and CFIII
and polypeptide CF Il have been produced in sev-
eral rabbits by injecting the entire CF,CF, com-
plex after isolation in Triton X-100 and additional
precipitation with an antiserum against CF, [4].
When these sera were absorbed with CF,, in serum
187 only antibodies against CF polypeptide II re-
mained and a low titer in non absorbable antibod-
ies against CF,B and CF,y, visible in Western
blots after SDS-PAGE of CFCF,.

This absorbed serum 187 A inhibited rebinding
of CF, to EDTA treated membranes [4] as deter-
mined quantitatively by rocket immunoelectro-
phoresis [29] of CF, in the supernatants; PMS-me-
diated cyclic photophosphorylation was inhibited
up to 95%, when concentrated immunoglobuline
from the serum 187 A was used [4]; the globuline
from controlsera had no effect. To exclude the
possibility that the inhibition was caused by the
non absorbable antibodies against CF, 3 or CF,v,
the incubation was done in the presence of excess
soluble CF, (titrations not shown here).

The absorbed serum 187 A also inhibited H* ef-
flux from EDTA treated thylakoids (Fig. 3). The
control serum had no effect; the antibodies against
CF,II had no effect on the extend of A pH in con-

Table II. Residual amounts of CF (a) and CF(II) after proteolytic treat-
ment and subsequent reconstitution with CF, (normalized to amounts in
untreated thylakoid membranes). After trypsination for 10 min at room
temperature trypsin inhibitor was added, the samples were washed, recon-
stituted with CF, [47], washed again, dissolved with Triton X-100 (final
conc. 0.5%) and diluted with carbonate buffer for coating; the amounts of
antigen were determined in ELISA (cp. Methods) with the anti-CF,a
serum 250 (dil. 1:15,000) and the anti-CF I serum 278 (dil. 1:10,000).

Membrane pg Trypsin - ng CF, % Residual and/or rebound
type used/mgChl added/mgChl CFII CF,a
Thylakoids - - 100 100
Thylakoids 12 = 95 70
Thylakoids 1200 - 54 11
EDTA-treated - - 105 17
EDTA-treated 12 = 23 11
EDTA-treated 1200 - 4 4
EDTA-treated - 110 96 30
EDTA-treated 12 110 27 10
EDTA-treated 1200 110 6 3
EDTA-treated - 660 97 102
EDTA-treated 12 660 29 24
EDTA-treated 1200 660 5 3




trol thylakoids (Fig. 3), i.e. they do not uncouple.
A similar absorbed antiserum (169 A), containing
antibodies against CF I, 1I and III even stimulated
residual photophosphorylation in EDTA-treated
thylakoids [4, 27], i.e. reconstituted structurally
like an energy transfer inhibitor (titrations not
shown here).

— Antibodies produced with electroeluted CFII

By injection of electroeluted CFII antibodies
against homogeneous but denatured CF Il were
produced that proved to be monospecific (serum
278, cp. Methods). Also these antibodies inhibited
CF, rebinding to EDTA treated thylakoids (Ta-
ble III). In this experiment the residual and re-
bound CF, on the thylakoid was determined quan-
titatively in ELISA.

Since the strength of the decorated band in
Western blot did not decrease much upon absorp-
tion of this serum with thylakoids, i.e. CF,CF, in
situ, the titer of antibodies against the denatured
CFII crossreacting with the native conformation
of the exposed part of CFII in the presence of CF,
was low. In accordance with this agglutination of
thylakoid suspensions with serum 278 was only
observed down to a dilution of 1:32; after CF, re-
moval by EDTA the titer increased to 1:128 [28],
which is still low compared to agglutination with
anti-CF, that can be clearly seen at dilutions of
1:512 or more. Proton flux measurements were not

Table I11. Inhibition of rebinding of CF, to EDTA-treat-
ed thylakoids by antibodies against CF Il and CF L
(The residual and rebound amounts of CF, were deter-
mined in ELISA with anti-CF, a serum 250, as in Table
II; all membranes were washed before CF, determina-
tion.)

Membrane type % CF, (a)
Thylakoids 100
EDTA-treated 12
— and incubated with 16 pg CF,/25 pg Chl 84
— and incubated with IgG from preimmune
serum (6.4 ng/80 pg Chl), washed,

and incubated with 16 pg CF,/25 ng Chl 70
— and incubated with IgG from anti-CF Il

(278) (2.5 pg/80 pg Chl), washed,

and incubated with 16 pg CF,/25 ng Chl 20
— and incubated with I1gG from anti-CF

(313) (6.4 pg/80 pg Chl), washed,

and incubated with 16 ng CF,/25 pg Chl 25
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Fig. 3. Stimulation of extend of ApH in EDTA-treated
thylakoids due to inhibition of H* efflux by antiserum
187 A against CFII; cp. text. Thylakoids were incubated
for Smin at 15°C in the dark with concentrated
immunoglobuline; 50 mm NaCl, 40 pg Chl/ml, 0.01 mm
PMS, 0.2—-0.5 mM tricine-NaOH, pH 7.2; then the pH
was titrated to 6.5 with 0.01 N HCI and the H* uptake
measured upon illumination; filter: RG 610 nm, Schott.

investigated with this serum; the PMS-mediated
cyclic photophosphorylation was inhibited signifi-
cantly, up to 26% of the control values (data not
shown).

Discussion

The photosynthetic ATP-synthase complex
CF,CF, contains nine different polypeptides with
a proposed stoichiometry of a5, B5, v, 9, &, 1,5,
II,_,, III;_,; and IV. Since CF IV corresponds to
E. coli Fya [9], CFI to Fyb [21] and CF(III to F,c
[20], what the amino acid sequence, the hydro-
pathy profile, the apparent molecular weights and
the position of the gens in the ATPase operon is
concerned (Hudson and Mason, 1988), CF poly-
peptide II seems not to correspond to any F sub-
unit, i.e. it may not be essential for the basic func-
tion of the ATP-synthase. These doubts are
strengthened by the finding that CF(I alone can
substitute in function for Fyb in an E. coli mutant
with deleted F,b [30].

On the other hand a gen doublication of F;b has
been detected in the ATPase operon of cyanobac-
teria [31], and we found that the N-terminal se-
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quence of CF,II ([22] and this paper) can be
aligned with the open reading frame F,b’, like the
sequence of mature CF I with the reading frame
F,b (Table IVa). The number of identical residues
and conservative replacements in the respective
N-terminal sequences, all suitable to build trans-
membrane spans, indicate that CF(II is homolo-
gous to F,b" of cyanobacteria, and CFyI to Fb;
both chloroplast polypeptides, however, seem
equally homologous, or better equally different

from E. coli Fyb (Table V). In cyanobacteria the
expression of the reading frames, i.e. the existence
of both polypeptides b and b" in the ATP-synthase
has not yet been demonstrated; it would be intrigu-
ing to speculate that during evolution from hetero-
trophs to autotrophs the function(s) of two copies
of F,b were distributed among two different sub-
units providing the opportunity to optimize the
function of either one, e.g. subunit interactions
within the CF,CF, complex.

Table IV. a) Alignment of N-terminal amino acid sequences of CF;, subunit I (this paper) and polypeptide CFII ([22]
and this paper) from Spinacia oleracea and subunit Fyb from E. coli [52] and PS3 [53] with homologous sequences
deduced from open reading frames for Fyb and b’ from Synechococcus sp. 6301 [50] and Anabaena sp. 7120 [51].
b) Comparison of aligned CF subunits with sequenced spinach thylakoid polypeptides of similar molecular weight:
Ferredoxin-NADP reductase binding protein, as sequenced in this paper; mature CF IV ([6, 9], with corrections of
printing errors in both publications, span not aligned); subunit IV of A complex [54] (span not aligned); mature
16.5 kDa polypeptide of oxygen-evolving complex of PS I1[55]; 16 (10.8) kDa subunit of PS I from barley [14]; 18 (20)

kDa subunit of PS I [15]; CF, subunit ¢ [24].
a)

CFo II EEIEKASLFDFNLTLPIIMA-EFLFLMFALD--~-KI....
Syn b' .. .VQEAEGGLFDLDATLPL-MAVQILVLVFLLNAVFYK----P
Ana b' .. .KVAKEGGLFDLDATLPL-MAIQFLLLALILNATLYK-~--P
E.c.b VNLNATI-LGQAIAFVLFVLFCM----KYVWPP
PS3 b EAAHGISGGTI-IYQLIMFIILLALLR----KFAWQP
CFo I GSFGFNTDILAT-NLINLSVVLPVLIFFG----KGVLSD
Syn b «+ .SGFGLNLDLFET-NLINLAIIIGLLVYAG----RGFLGN
Ana b .+ .GGFGLNTNILDT-NLINIAIIITVLFVFG-—---RKFLGN
b)

rbp AVAMDTSQPSPSSDQDQTXXXXXXXXXXXXXXXXXXXXKXXK
CFo IV GVEVGQHFYWQIGGFQIHDKALITSWVVIAILLGSAATIAVR
Iv b6f MGHNYYWPNDLLYIFPVVILGTIACNVGLAVLEPSNIGEPA
16.5 OEC EARPIVVGPPPPLSGGLPGTENSDQARDGTLPYTKDRFYLQ
16 PS I AEEPTAAAPAEPAPAADEKPEAAVATKEPAKAKPPPRGPKR
18 PS I AAATETKEAPKGFTPPELDPNTPSPIFAGSTGGLLRKAQVE

CFl €

(M) TLNLCVLTPNRSIWNSEVKEIILSTNSGQIGVLPNHAPTAT
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Table V. Quantification of homologies of CF Il and CF I N-terminal
sequences with corresponding sequences as aligned in Table IVa. Num-
bers of identical residues are given. In brackets: Numbers of identities
plus conservative and compensating replacements; the groups of
residues, which were considered according to Dayhoff [56], are:
(M,LL,V,F), (F,Y,W), (H,R,K), (N,D.E,Q) and (S,T,A.,G).

CF,JI Synb” Anab” Ec.b PS3b CFJI Synb Anab
CFII 32 13 13 S 7 5 5 4

(32) 24) (2D (15) (13) (13) (14 (14)
CF I S 5 7 6 4 34 15 16

(13) (12)  (13) (14) (14) 34) (30) (29)

Polypeptide CFII exists as a polypeptide entity
in isolated CF CF,. It is co-isolated in different
procedures and co-precipitated together with the
other subunits. In properties on SDS gels, immu-
nochemical characteristics and N-terminal amino
acid sequence it is distinct from other thylakoid
polypeptides in spinach, as far as they are charac-
terized biochemically. It still could be a contami-
nation. There is a wealth of polypeptides in thyla-
koids with apparent molecular weights between 16
and 20 kDa; after twodimensional separation on
gels 21 different polypeptides are listed in this
region [32].

The N-terminal sequence of the ferredoxin-
NADP reductase binding protein, as determined
in this paper, is also new and distinct, i.e. different
from other thylakoid polypeptides (Table IV b).
The supposition of Vallejos et al. [33] that the re-
ductase-binding protein is identical to the 16 kDa
peripheral protein of the oxygen-evolving complex
of PS II is unreasonable, and will be dealed with in
a separate publication (R. J. Berzborn and St.
Schiinemann, in prep.).

Polypeptide CFII exists as a biochemical entity
besides in spinach also in chloroplasts of several
other plants; it is either isolated with the CFCF,
complex, or our specific antibodies against CFII
cross react and decorate a band on Western blots
of thylakoids of these species: Vicia faba, Avena sa-
tiva, Lactuca sativa var. Romaine, Pisum sativum,
Zea mays, Sorghum bicolor, Lemna gibba and
Chlamydomonas reinhardii.

It sometimes forms a heterodimer with CFl
running on Western blots at about 34 kDa, and
shows affinity to CF,& (J. Otto, unpubl.). Cross-
links of CFyII with CF,a, CF,B and CF,y and
with CF(III have been described [34], although

there are difficulties with the nomenclature and
identification of subunits in this paper. Since poly-
peptide CF,II was not found in isolated b¢f com-
plex (Table I) and decreased in thylakoid subfrac-
tions with enriched PS II, CFII seems to be found
only in CF,CF, preparations.

CF,II is partially membrane embedded, in
agreement with the suitability of the N-terminal
sequence to build a transmembrane span. Since it
is easily digested by trypsin and accessible to anti-
bodies at the matrix side after CF, removal, other
part of it are exposed; if the homology to the
cyanobacterial Fyb’, which is very hydrophilic,
also holds for the rest of the sequence of CFlI not
yet published, we do not expect a further span.

From the fact that the accessibilities of CF(II
and CF I in situ to antibodies and trypsin are simi-
lar we concluded [23] that CF Il may function to-
gether with CF(l as a binding subunit for CF,
connecting the membrane integral moiety of the
ATP-synthase with the peripheral catalytic part.

In analogy to the suggested structure of the two
copies of E. coli Fyb [35] the CF subunits II and I
together may form a 4-helix bundle and constitute
(part of) the stalk visible on electron microscopic
pictures of CF,CF, [36], penetrating into CF,. We
found by absorption experiments that some immu-
nochemical epitopes on CF(II and on CFlI are ex-
posed in situ, but others shielded by CF,.

The results described in this paper suggest a fur-
ther function: Antibodies against polypeptide
CF,II inhibit rebinding of CF, to EDTA-treated
thylakoids in agreement with the function just sug-
gested, but in addition inhibit PMS-mediated cy-
clic photophosphorylation, and after CF, removal
H* efflux from EDTA-treated membranes. Poly-
peptide CFII therefore seems to qualify as an es-
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sential and functional subunit of the chloroplast
ATP-synthase complex and to guide either pro-
tons or some conformational movement up into
CF,.

The residue Glu,, within the span could even
participate in proton conduction within CF,.
Cyanobacterial F,b’ have the polar Gln in this
position (Table 1Va). It will be of great value to
investigate the effects of interchange of cyanobac-
terial Fyband F;b" with E. coli Fb.

Thus subunit CF(II may participate in the basic
mechanism of ATP-synthesis, but it also may par-
ticipate in the regulation of this fundamental proc-
ess in chloroplast thylakoids.

Materials and Methods

Preparation of CF, from market spinach [37],
chlorophyll [38] and protein [39] determination,
SDS-PAGE [40], staining with Coomassie brillant
blue (Serva G 250) or silver [16], immunization,
agglutination, absorption and inhibition by anti-
bodies [41], Western immunoblots [42], decoration
with peroxidase conjugated 2nd antibodies and
color development due to oxidation of 4-chloro-
I-naphthol by H,O, [43] were carried out accord-
ing to standard techniques. ELISA [44] was done
with horseradish peroxidase conjugated goat anti-
rabbit (IgG, IgM, BioRad) and measuring the oxi-
dation of o-phenylene diamine at 450 nm; 10 pl of
antigen, about 10—100 pg, were bound in coating
buffer (0.2 M Na,CO,, 0.2 M NaHCO;, pH 9.8), to
each well of the microtiter plates (Falcon 3912,
Becton Dickinson) for at least 3 h at 37 °C. 1%
gelatine and antisera were diluted in TTBS (0.05%
Tween-20, 20mmMm Tris-HCL, 150 mm  NaCl,
pH 7.5).

Preparation of subunit IV from isolated byf
complex [19] was done by electroelution [45]. Prep-
aration of the 16 kDa polypeptide of oxygen-
evolving complex of PSII was done by anion
exchange chromatography on DEAE Sepharose
CL-6B in the presence of Triton X-100 from dis-
solved thylakoids, a by-product of the CF,CF, iso-
lation [4].

The photosynthetic ATP-synthase complex
CF,CF, was prepared from spinach thylakoids.
After isolation of the membranes in STN (400 mm
sucrose, 20 mm Tris-NaOH, pH 7.8, 10 mm NaCl)

the pellet after osmotic shock (10 mm NaCl) was
resuspended in 20 mMm Tris-SO,, pH 7.7, and
0.1 mm MgCl,, to a Chl concentration of 0.6 mg/
ml; an equal volume of 0.5% Triton X-100 in
20 mm Tris-SO,, pH 7.7 and 10 mm MgCl, was
added, and the suspension stirred for 20 min on
ice. After 30 min centrifugation at 38,000 x g, 4 "C,
the supernatant was adjusted to 60 mm (NH,),SO,
and loaded on DEAE Sepharose CL-6B, equili-
brated with 0.25% Triton X-100, 20 mM Tris-SOy,,
pH 7.7, 5 mm MgCl, and 60 mm (NH,),SO,. After
washing the protein was eluted with 250 mm
(NH,),SO, in the same buffer, and depending on
the purpose concentrated on Amicon XM 100 (10-
to 20-fold) and the complex further purified in a
sucrose gradient (12—40%, 0.2% Triton X-100,
30 mm Tris-succinate, pH 6.5, 0.1% sonicated
phospholipids [2], and the fractions containing
CF,CF, frozen at —40 "C; or the eluted protein
was in the presence of 1% Na cholate precipitated
with solid (NH,),SO, (250 mg/ml), spun down,
dissolved in 40 mm tricine-NaOH, pH 7.8, 2 mm
EDTA and kept frozen until use; for electroelution
of subunits from SDS gels the fractions from the
anion exchange column were frozen immediately
in the buffer containing 250 mm (NH,),SO,.

Polypeptide CF (I and CFII were electroeluted
[45] from preparative SDS gels [46] according to
Lugtenberg [40], CF,II rechromatographed on
SDS gels containing 2.5 M urea [28].

For immunization of rabbits 500—1000 pg of
CF,CF,, and 100—300 pg of homogeneous CFlI
or CF I were used for each treatment [41]. The
specificities of the antiserum 278 against CFII and
of serum 313 against CF I were tested, in addition
to Western blots with thylakoids, in ELISA with
CF,, CF,CF,, and electroeluted polypeptides
CF,I, CFII, CF,¢; within the limits of sensitivity
the sera were monospecific. Sometimes polypep-
tide CF,II tended to migrate partially at 16 kDa,
but partially at 18 kDa without urea on the gels,
yielding a double band with serum 278.

Spinach thylakoids for activity measurements
were prepared from growth chamber plants as de-
scribed [47]. During resolution of CF, by EDTA
from the thylakoid membrane the pH was kept
above 7.2 [47]. PMS-mediated cyclic photophos-
phorylation [47] and inhibition by antibodies [46]
was done as described; removal of CF, by NaBr
treatment [48] monitored by ELISA.
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N-terminal sequencing was done in the gas
phase by automated Edman degradation (Applied
Biosystems Sequenator) and online analysis of the
PTH derivatives [49].

Chemicals were of the highest purity available.

Acknowledgements

The immunogen for rabbit 124, the small sub-
unit of the ribulose bisphosphate carboxylase, was

[1] W. Menke, Z. Naturforsch. 16b, 334—336 (1961).

[2] U. Pick and E. Racker, J. Biol. Chem. 254, 2793 —
2799 (1979).

[3] K. H. St and O. Schmidt, FEBS Lett. 144, 213—
218 (1982).

[4] L. Klein-HitpaB3, Ph.D. Thesis, Ruhr-Universitit
Bochum 1983.

[5] P. Westhoff, J. Alt, N. Nelson, and R. G. Herr-
mann, Mol. Gen. Genet. 199, 290—299 (1985).

[6] P. Fromme, P. Griber, and J. Salnikow, FEBS Lett.
218,27-30(1987).

[71R. E. McCarty, A. B. Shapiro, and Y. Feng, in:
Light-Energy Transduction in Photosynthesis:
Higher Plant and Bacterial Models (S. E. Stevens jr.
and D. A. Bryant, eds.), pp. 290—304, American
Soc. Plant Physiol., Rockville 1988.

[8] E. Racker, G. A. Hauska, S. Lien, R. J. Berzborn,
and N. Nelson, Proc. 2nd Intern. Congr. Photosyn-
thesis Res., Stresa (G. Forti, ed.), Vol. I1, pp. 1097—
1113, Dr. W. Junk, The Hague 1972.

[9]J. Hennig and R. G. Herrmann, Mol. Gen. Genet.
203,117—128 (1986).

[10] A. E. Senior, Curr. Topics in Membr. Transport,
Vol. 23, 135—-151 (1985). M. Futai, T. Noumi, and
M. Maeda, Ann. Rev. Biochem. 58, 111—-136(1989).

[11] G. S. Hudson and J. G. Mason, Photosynth. Res.
18, 205—222 (1988). C. M. Nalin and N. Nelson,
Curr. Topics in Bioenergetics, Vol. 15, 273-294
(1987). J. B. Marder and J. Barber, Plant Cell Envi-
ronm. 12, 595-614 (1989).

[12] R. H. Vallejos, E. Ceccarelli, and R. Chan, J. Biol.
Chem. 259, 8048 —8051 (1984).

[13] S. J. Coughlan, H. C. P. Matthijs, and G. Hind, J.
Biol. Chem. 260, 14891—14893 (1985).

[14]J. S. Okkels, L. B. Jepsen, L. S. Honberg, J. Lem-
beck, H. V. Scheller, P. Brandt, G. Heyer-Hansen, B.
Stummann, K. W. Henningsen, D. v. Wettstein, and
B. Lindberg Moller, FEBS Lett. 237, 108—112
(1988).

[15] B. Lagoutte, FEBS Lett. 232, 275—280 (1988).

[16] B. R. Oakley, D. R. Kirsch, and N. R. Morris, Anal.
Biochem. 105, 361—363 (1980).

[17TA. A. Kondrashin, A. Kandrach, and E. Racker,
Biokhimija (Biochemistry) 50, 733—743 (1985).

[18] D. A. Berthold, G. T. Babcock, and C. F. Yocum,
FEBS Lett. 134, 231—234 (1981).

[19] E. Hurt and G. Hauska, Eur. J. Biochem. 117, 591 -
599 (1981).

isolated by G. Bonnekamp; the immunogen for
rabbit 250, CF, subunit a, by W. Nier; the immu-
nogen for rabbit 327, 17.5 kDa subunit IV of the
bsf complex, by M. Schimiczek; the monoclonal
anti-CF, B (2C 3) was produced by W. Finke, all in
my (R. J. B.) laboratory. The skillful technical as-
sistance of H. Korte is appreciated. The investiga-
tions have been supported by grants from the
Deutsche Forschungsgemeinschaft (Be 664 and
SFB 168) to R.J. B.

[20]J. Hoppe and W. Sebald, Biochim. Biophys. Acta
768, 1—-27 (1984).

[21] C. R. Bird, B. Koller, A. D. Auffret, A. K. Huttly,
C.J.Howe, T. A. Dyer, and J. C. Gray, EMBO J. 4,
1381 —1388 (1985).

[22] R. J. Berzborn, J. Otto, W. Finke, H. E. Meyer, and
J. Block, Biol. Chem. Hoppe-Seyler 368, 551—552
(1987).

[23]J. Otto and R. J. Berzborn, FEBS Lett. 250, 625—
628 (1989).

[24] G. Zurawski, W. Bottomley, and P. R. Whitfeld,
Proc. Natl. Acad. Sci. (U.S.A.) 79, 6260—6264
(1982).

[25] G. von Heijne, J. Steppuhn, and R. G. Herrmann,
Eur. J. Biochem. 180, 535—545 (1989).

[26] St. Schiinemann, Master Thesis, Ruhr-Universitit
Bochum 1988.

[27] L. Klein-HitpaB3 and R. J. Berzborn, in: Advances in
Photosynthesis Research (C. Sybesma, ed.), Vol. II,
p. 563—566, M. Nijhoff/Dr. W. Junk Publishers,
The Hague 1984.

[28]J. Otto, Ph.D. Thesis, Ruhr-Universitit Bochum
1989.

[29] P. Roos and R. J. Berzborn, Z. Naturforsch. 38¢,
799—805 (1983).

[30] G. Schmidt, A. J. W. Rodgers. S. M. Howitt, A. L.
Munn, G. S. Hudson, T. A. Holten, P. R. Whitfeld,
W. Bottomley, F. Gibson, and G. B. Cox, Biochim.
Biophys. Acta 1015, 195—199 (1990).

[31]1S. E. Curtis, Photosynth. Res. 18, 223—244 (1988).

[32] J. Masojidek, M. Droppa, and G. Horvath, Eur. J.
Biochem. 169, 283—288 (1987).

[33] F. C. Soncini and R. H. Vallejos, J. Biol. Chem. 264,
21112-21115(1989).

[34] K. H. StiB3, FEBS Lett. 201, 63—68 (1986).

[35] G. B. Cox, D. A. Jans, A. L. Fimmel, F. Gibson,
and L. Hatch, Biochim. Biophys. Acta 768, 201—
208 (1984).

[36] E. J. Boekema, G. Schmidt, P. Griber, and J. A.
Berden, Z. Naturforsch. 43¢, 219—225 (1988).

[37] S. Lien and E. Racker, Methods Enzymol. 23, 547—
555 (1971).

[38] D.J. Arnon, Plant Physiol. 24, 1—5 (1949).

[39] O. H. Lowry, N. J. Rosebrough, A. L. Farr, and
R. J. Randall, J. Biol. Chem. 193,265-275 (1951).

[40] B. Lugtenberg, J. Meijers, R. Peters, P. van der
Hoek, and L. van Alphen, FEBS Lett. 58, 254—258
(1975).



784 R. J. Berzborn et al. - On the Additional Polypeptide II in CF,CF,

[41] R. J. Berzborn, Methods Enzymol. 69, 492—-502
(1980).

[42] H. Towbin, T. Stachelin, and J. Gordon, Proc. Natl.
Acad. Sci. (U.S.A.) 76,4350—4354 (1979).

[43] R. Hawkes, E. Niday. and J. Gordon, Analyt.
Biochem. 119, 142—147 (1982).

[44] M. F. Clark, R. M. Lister, and M. Bar-Joseph,
Methods Enzymol. 118, 742—-766 (1986).

[45] M. W. Hunkapiller, E. Lujan, F. Ostrander, and
L. E. Wood. Methods Enzymol. 91,227-236 (1983).

[46] R. J. Berzborn, and W. Finke, Z. Naturforsch. 44c,
153—160 (1989).

[47] R. J. Berzborn and P. Schréer, FEBS Lett. 70, 271 —
275 (1976).

[48] A. Kamienietzky and N. Nelson, Plant Physiol. 55,
282-287(1975).

[49] R. M. Hewick, N. W. Hunkapiller, L. E. Hood. and
W.J. Dreyer, J. Biol. Chem. 256, 7990—7997 (1981).

[50] A. L. Cozens and J. E. Walker, J. Mol. Biol. 194,
359-383 (1987).

[51] D. F. McCarn, R. A. Whitaker, J. A. Lam, J. M.
Vraba, and S. E. Curtis, J. Bact. 170, 34483458
(1988).

[52]J. E. Walker, M. Saraste, and N. J. Gay, Biochim.
Biophys. Acta 768, 164—200 (1984).

[53] S. Ohta, M. Yohda, M. Ishizuka, H. Hirata, T.
Hamamoto, Y. Otawara-Hamamoto, K. Matsuda,
and Y. Kagawa, Biochim. Biophys. Acta 933, 141—
155 (1988).

[54] W. Heinemeyer, J. Alt, and R. G. Herrmann, Curr.
Genet. 8, 543—549 (1984).

[55] T. Jansen, C. Rother, J. Steppuhn, H. Reinke. K.
Beyreuther, C. Jansson, B. Andersson, and R. G.
Herrmann, FEBS Lett. 216, 234240 (1987).

[56] M. O. Dayhoff (ed.), Atlas of Protein Sequence and
Structure, Vol. 5, Suppl. 3, pp. 345—-358, Natl.
Biomed. Res. Foundation, Washington D.C. 1978.

[S7]P. Fromme, E. J. Boekema, and P. Griber, Z.
Naturforsch. 42¢, 12391245 (1987).



