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Antibodies against individual thylakoid membrane proteins as molecular probes
to study chemical and mechanical freezing damage in vitro
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The release of proteins and the loss of biochemical activities under mechanical and chemical stresses during
freezing of isolated thylakoid membranes were investigated, using polyacrylamide gel electrophoresis, single
radial immunodiffusion and the measurement of cyclic photophosphorylation. Antibodies against purified
proteins derived from the stromal (coupling factor CF1, ferredoxin-NADP * reductase) and the lumenal side
(plastocyanin) of the membrane vesicles were used as probes. Low initial solute concentrations were
employed to generate mechanical stress. Chemical stresses were manipulated by varying the molar ratios of
cryotoxic to cryoprotective solutes at high initial solute concentrations. Constant low amounts of ferredoxin-
NADP * reductase were lost from the membranes during freezing, irrespective of the composition of the
suspending media. Damage at high initial osmolalities was accompanied by the release of CF1, which was
influenced by the ratio of potentially cryotoxic to cryoprotective solutes, as demanded by the colligative
theory of membrane cryopreservation. CF1 release and loss of cyclic photophosphorylation were linearly
correlated at different ratios of salt to sucrose. However, the correlation data revealed that CF1 release could
account for only part of the observed cryoinjury. Plastocyanin release was predominant at low initial
osmolalities and was not influenced by the chemical composition of the suspending media. This indicates
mechanical damage by membrane rupture. Under these circumstances loss of plastocyanin and loss of cyclic
photophosphorylation were linearly correlated. Loss of photophosphorylation could be prevented by the
addition of up to 1.2 mg plastocyanin /ml prior to freezing. It could also be ameliorated to a large extent by
raising the phenazine methosulfate concentration in the test assay from 30 to 230 uM. This indicates that the
membranes are able to reseal after rupture, maintaining a proton gradient upon illumination and that it is the
loss of plastocyanin from their lumen that inhibits cyclic photophosphorylation.

Introduction

Over the last years it has been shown that the
inactivation of biomembranes during freezing is
accompanied, if not caused, by the solubilization
of membrane proteins (see Ref. 1 for a recent
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Abbreviations: CF1, peripheral part of chloroplast coupling
factor ATPase; DCCD, dicyclohexylcarbodiimide; Chl,
chorophyll.

review). It has been reported [2] that isolated
thylakoid membranes lost CF1 particles during a
freeze-thaw cycle. In the same report it was shown
that thylakoids could be partially protected from
freezing damage by the addition of plastocyanin
prior to freezing and by the addition of CF1 after
thawing. Protein loss during freezing was demon-
strated by gel electrophoresis when membrane
proteins were found in supernatants of suspen-
sions from which the membranes were removed
after freezing by centrifugation [3—6]. Subunits of
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the chloroplast coupling factor could be identified
in all four cases but, in addition, more than 25
further polypeptides originating from the mem-
branes were found in the supernatants. Using a
polyspecific antiserum raised against the super-
natant of frost-treated thylakoids, ferredoxin-
NADP"* reductase and plastocyanin, in addition
to CF1 have been identified as proteins that are
released during freezing [3]. It has also been re-
ported [7] that the electrophoretic pattern of pro-
teins released during freezing was very similar to
the pattern observed when the membranes were
washed in dilute solutions of EDTA.

Protein release is thought to be due mainly to
solute effects. Chaotropic ions are known to be
able to solubilize peripheral membrane proteins in
the absence of freezing [4,8]. During freezing, water
i1s converted to ice, and solutes are concentrated
together with the membranes, subjecting these to
high solute concentrations which may affect mem-
brane stability. The degree of membrane toxicity
of a solute depends on its chaotropicity [3,4,6,9].
Damage resulting from chaotropic effects may be
termed chemical to distinguish it from the physical
damaged caused by membrane rupture (for a re-
cent review see Ref. 10). Chemical damage can be
prevented by the addition of sufficient amounts of
cryoprotectants, such as sugars of sugar alcohols,
which are thought to protect the membranes on a
colligative basis. According to the colligative the-
ory of membrane cryopreservation {11,12,13] the
degree of chemical damage will be determined by
the molar ratio of potentially cryotoxic to mem-
brane-compatible solutes.

Recent work has indicated that other mecha-
nisms are also operative in causing cryoinjury to
thylakoid membranes in vitro [5,6,14,15]. Damage
to membranes that had been suspended in media
of low osmolality was not predominantly of chem-
ical nature {6]. Even when the salt to sugar ratio
was minimized by washing the membranes in 10
mM sucrose and freezing them without added salt,
damage as revealed by the inhibition of cyclic
photophosphorylation was severe [5]. Two mecha-
nisms have been discussed to account for freezing
damage under these circumstances. Injury was
either attributed to the direct effects of ice crystals
[14,15] or to membrane rupture due to osmotic
contraction or expansion [5].

The electrophoretic patterns of polypeptides
liberated during a freeze-thaw cycle exhibit signifi-
cant differences between chemically and mechani-
cally injured membranes [5,6]. We have measured
the release of plastocyanin, ferredoxin-NADP* re-
ductase and CF1 under conditions of mechanical
and chemical freezing stress to assess the suitabil-
ity of these proteins to serve as markers for the
two kinds of injury. Marker proteins would permit
a study of the mechanisms of freezing damage at
the molecular level. The use of antibodies against
such proteins would furthermore open the possibil-
ity to probe for the relative contributions of chem-
ical and mechanical stresses in the inactivation of
thylakoid membranes in vivo.

Materials and methods

Isolation of thylakoids. Thylakoid membranes
were isolated from spinach leaves (Spinacia
oleracea cv. Yates) as described previously [5]. The
washing media are given in the figure legends.
Thylakoid suspensions were frozen as described in
Ref. 5.

Cyclic photophosphorylation. Thylakoid suspen-
sions were assayed for cyclic photophosphoryla-
tion as described recently [6].

Osmometry. The osmolality of solutions was
determined by freezing-point depression measure-
ments using a Knauer semi-micro osmometer
(Knauer K.G., Oberursel, F.R.G.).

Gel electrophoresis. Gel electrophoresis was per-
formed as described previously [4,5]. The silver
nitrate procedure of Ansorge [16] was used for
protein staining.

Protein purification. Ferredoxin-NADP™ re-
ductase and CF1 were isolated as described previ-
ously [7]. Plastocyanin was extracted from isolated
spinach chloroplasts by sonic treatment following
the procedure described in Ref. 17. The sonicated
suspension was centrifuged for 30 min at 45000 X
g. and the supernatant was brought to 50% satura-
tion by addition of solid ammonium sulfate. After
stirring for 30 min in the cold it was again centri-
fuged as described above. The clear supernatant
was desalted by gel filtration on a Sephadex G-25
column (3 X 90 cm) equilibrated with 100 mM
NaCl and 50 mM Tris (pH 7.3) and dialysis against
50 mM Tris (pH 7.3) for 4 h. The dialysis residue



was loaded on a DEAE-cellulose collumn (0.5 X 9
cm, Whatman DE-52) equilibrated with the same
buffer.

Plastocyanin was eluted using a linear gradient
from 0 to 1 M NaCl in starting buffer. The total
volume of the gradient was 100 ml at a flow rate
of 12 ml /h. Fractions containing plastocyanin were
identified by their dark blue color after addition of
small amounts of K ;Fe(CN),. The combined frac-
tions were loaded on a Sephadex G-50F column
(1.5 X 50 cm) equilibrated with 100 mM Na(l, 50
mM Tris (pH 7.3) and eluted with the same buffer
at a flow rate of 6 ml/h. The plastocyanin peak
was collected. The protein was pure as determined
by gel electrophoresis.

Protein determination. Plastocyanin was de-
termined using an absorption coefficient of 4.9
mM ™ !-cm™! and a molecular weight of 10.5 kDa
[18]. Ferredoxin-NADP™ reductase and CF1 were
determined according to Warburg and Christian
(19]

Immunization. For immunization of a rabbit, 1
mg of plastocyanin was emulsified in complete
Freund’s adjuvant and injected subcutaneously.
After 3 weeks, a second injection of 1.7 mg
plastocyanin was applied without the addition of
adjuvant. After another 3 weeks, blood was drawn
from an ear vein.

For the immunization of rabbits against CF1
and ferredoxin-NADP* reductase, 3.8 and 2 mg,
respectively, in complete Freund’s adjuvant were
used for the first injection. The second injection in
both cases contained 2 mg protein without ad-
juvant.

Sera prepared from rabbits prior to the first
immunization did not show any reaction with crude
preparations from spinach leaves. All antisera
showed only one precipitate in immunodiffusion
against such preparations and were thus consid-
ered to be monospecific.

Immunodiffusion. The release of CF1, ferredo-
xin-NADP™ reductase and plastocyanin was mea-
sured using single radial immunodiffusion [20].
The gels contained 1% agar, 1% Triton X-100,
0.1% NaN;, 25 mM Tris and 190 mM glycine (pH
8.4). Samples were allowed to diffuse for 40 to 50
h in a moist chamber at room temperature. Pre-
cipitates were stained with Serva Blue.

Before freezing, an aliquot of the thylakoid
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suspension was lysed in 2% Triton X-100 to de-
termine the total amount of a given protein. After
freezing, samples were centrifuged for 30 min at
10000 X g. The pellet was lysed in 2% Triton
X-100 before subjecting it to immunodiffusion.
The supernatant was used directly without further
processing. For all experiments reported here the
amount of a given protein in the pellet and the
supernatant after fréezing added up to 99.8%
(+£7.1% S.D.) of the pre-freezing control.

Results

Fig. 1 shows that the modes of release of cou-
pling factor CF1, ferredoxin-NADP™* reductase
and plastocyanin from thylakoids suspended and
then frozen in media of different initial osmolality
and composition differed from one another. Very
little CF1 dissociated from the membranes during
freezing when membrane suspensions contained
only low concentrations of sucrose and NaCl at a
fixed molar ratio. Dissociation increased as the
osmolality of the media used for suspending the
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Fig. 1. Percentage of (a) ferredoxin-NADP *-reductase (FNR),
(b) coupling factor (CF1) and (c) plastocyanin (PC) released
during a freeze-thaw cycle as a function of the osmolality of the
suspending medium prior to freezing. The samples contained
sodium chloride and sucrose at constant molar ratios of 1:1.5
(®),1:2 (m), 1:2.5 (a), 1:3 (O). The membranes were washed
in media containing 10 mM NaCl and the appropriate sucrose
concentrations yielding the NaCl to the sucrose ratios listed
above.
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membranes was increased (Fig. 1b). Dissociation
also increased when, at constant osmolality, the
ratio of the cryoprotective solute sucrose to the
potentially cryotoxic solute NaCl was decreased.
Such behavior is predictable on the basis of the
colligative theory of cryoprotection [11-13]. Not
predictable in this context is the increase in dis-
sociation with increasing solute concentration in
the suspending media. It can be explained on the
basis of a dissociation /association equilibrium as
has been discussed before [5].

In contrast to the behavior of CF1, the release
of ferredoxin-NADP™ reductase was independent
of concentration and composition of the suspend-
ing media (Fig. 1a). Both CF1 and ferredoxin-
NADP" reductase are peripheral membrane pro-
teins situated on the outside of the membrane
vesicles facing the medium. Apparently, different
rules govern the release of CF1 and ferredoxin-
NADP~ reductase.

When release of CF1 was negligible, release of
plastocyanin was maximal (Fig. 1c). It decreased
with increasing osmolality of the suspending media
and appeared to be practically independent of
their composition. Plastocyanin is a soluble pro-
tein component of the inner phase of the thylakoid
vesicles [21,22]. It can be released only after re-

200 |

~

=3

<
T

umol ATP x mg cht ™ x h~1

0 20 40 60 80 100
%CF1released

Fig. 2. Correlation of the rate of cyclic photophosphorylation
and the amount of coupling factor (CF1) released during
freezing. The data were taken from Fig. 1. Only samples that
had lost less than 40% plastocyanin were used for this graph.
The lines were fitted to the data using linear regression analy-
sis, the respective r values are shown . For symbols, see legend
to Fig. 1.

moval of permeability barriers.

Since the total amount of protein released dur-
ing freezing and loss of photophosphorylation are
linearly correlated [5,6], it was of interest to see
whether the loss of a specific protein is correlated
with the loss of biochemical activities thylakoid
membranes suffer during a freeze-thaw cycle.
Cyclic photophosphorylation has been shown by
many workers to be a frost-sensitive process, in
which CF1 is involved. Fig. 2 shows that loss of
CF1 and loss of photophosphorylation are linearly
correlated in samples that did not suffer heavy loss
of plastocyanin. However, the slopes were differ-
ent for different ratios of NaCl to sucrose. When
the ratios were high (and initial osmolalities were
comparatively low) only low rates of photophos-
phorylation were measured after freezing, even in
the absence of much CF1 release. This shows that
loss of CF1 is only one of the parameters causing
inactivation of photophosphorylation during freez-
ing. It should be noted that loss of plastocyanin
from the thylakoids cannot explain the different
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Fig. 3. Gel electrophoretic analysis of proteins released from
the membranes after freezing to —20°C. The washing medium
contained 10 mM NaCl. The positions of molecular weight
standards are indicated. Molecular mass is given in kDa. PC
indicates the position of plastocyanin and « and 8 those of
subunits of coupling factor CF1. All samples contained 5 mM
NaCl. The arrows mark bands that increase with decreasing
osmolality of the suspending media. X is discussed in the text.
Lanes 1-6, dimethyl sulfoxide; lanes 7-12, glycerol; lanes
13-18, sucrose. Concentrations: lanes 1, 7 and 13, 500 mM;
lanes 2, 8 and 14, 250 mM; lanes 3, 9 and 15, 100 mM; lanes 4,
10 and 16, 50 mM; lanes 5, 11 and 17, 20 mM; lanes 6, 12 and
18, 10 mM.



slopes in Fig. 2, since it was comparable in the
different samples of which the assay produced the
data in Fig. 2.

To gain more insight into the process of freez-
ing damage at low osmolalities, thylakoid mem-
branes were frozen in the presence of 5 mM NaCl
and increasing concentrations of the cryoprotec-
tants sucrose, glycerol and dimethyl sulfoxide. The
gel electrophoretic analysis of the proteins released
during freezing (Fig. 3) shows that the pattern of
protein release was very similar in all three cases.
A prominent band was the 8 subunit of the cou-
pling factor CF1. However, loss of CF1 from the
membranes was comparable at different osmolali-
ties of the suspending medium. It could not account
for the differences in photosynthetic phosphoryla-
tion measured after freezing. There was an in-
crease in the intensity of bands of several poly-
peptides as initial osmolalities decreased. One of
these polypeptides had the same electrophoretic
mobility as plastocyanin, the others have not been
identified. Only one of the unidentified bands
increased with increasing osmolalities, as has been
described before [5]. This effect was particularly
marked when glycerol was used as a cryoprotec-
tant. Apparently, glycerol is capable of solubiliz-
ing a membrane-bound protein, which had no
detectable effects on cyclic photophosphorylation.

Under the conditions of this experiment, chem-
ical damage to peripheral membrane proteins is
negligible [5,6]. But a comparison of the liberation
of plastocyanin during freezing with the phos-
phorylation activity of the membranes after freez-
ing revealed a linear correlation between loss of
plastocyanin and loss of cyclic photophosphoryla-
tion (Fig. 4). Release of plastocyanin from the
intrathylakoid space requires an opening of the
membranes. Thus the results may be explained in
different ways. Either loss of plastocyanin (or other
polypeptides) inhibits cyclic electron flow, a pre-
requisite of light-dependent phosphorylation, or
the membranes become leaky during freezing and
can no longer maintain the proton gradient and
electrical potential difference which are built up
during electron transport and provide energy for
photophosphorylation.

To distinguish between these two possibilities,
we froze thylakoid membranes in the presence of
varying concentrations of purified plastocyanin
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Fig. 4. Correlation of the rate of cyclic photophosphorylation
with the amount of plastocyanin released from the membranes
during a freeze-thaw cycle. The samples were the same as in
Fig. 3 containing sucrose (a), glycerol (M), dimethyl sulfoxide

(®).

(Fig. 5). It has been shown [21] that the addition
of plastocyanin to the suspending medium pre-
vents damage to cyclic photophosphorylation by
sonic treatment and thylakoid membranes could
be partially protected from damage when they
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Fig. 5. The retention of cyclic photophosphorylation during a
freeze-thaw cycle as a function of the amount of plastocyanin
(PC) added to the samples prior to freezing. The washing
medium contained 10 mM sucrose. Sample size was 0.4 ml. All
samples contained 10 mM NaCl and 20 mM sucrose. For
better comparison, the activity of the membranes is given as
percentage of a sample frozen in the presence of 500 mM
sucrose which yielded maximum cryoprotection (110 pmol
ATP/mg chl per h). Plastocyanin was taken from a peak
fraction of the G-50F column (see Materials and Methods) and
was dialysed for 20 h against 40 mM NaCl prior to use.
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were frozen under conditions which were similar
to those applied here [2,23]. Fig. 5 shows that it is
possible to protect thylakoid membranes from
mechanical freezing damage by adding sufficient
amounts of plastocyanin. About 1.2 mg plasto-
cyanin/ml (approx. 120 pM) protect cyclic photo-
phosphorylation to the same extent as the addition
of 500 mM sucrose. This indicates that it is the
loss of plastocyanin by which photophosphoryla-
tion in inactivated by a freeze-thaw cycle at low
initial osmolalities and that the membrane vesicles
reseal after they have lost the protein from their
lumen, regaining a low permeability to protons.
The same concentration of plastocyanin had no
effect on the photophosphorylation rates of
thylakoids stored for the same time at ice-bath
temperature.

It has been shown [24] that plastocyanin is
necessary as an electron carrier in cyclic photo-
phosphorylation with phenazine methosulfate as a
cofactor only as long as the concentration of
phenazine methosulfate is low. At high concentra-
tions, phenazine methosulfate can donate electrons
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Fig. 6. Dependence of the rate of cyclic photophosphorylation
on the concentration of phenazine methosulfate (PMS) present
during illumination. Samples were frozen for 3 h to —20°C in
the presence of 5 mM NaCl and 10 mM sucrose or stored for
the same time at ice-bath temperature. The washing medium
contained 10 mM NaCl. Activity is given as the percentage of
photophosphorylation reached by frozen samples as compared
to controls at the same phenazine methosulfate concentration.
The line was fitted to the data using linear regression analysis
(r=0.96).

directly into the Photosystem I reaction center
P700. The conclusion that freezing of thylakoids
suspended in media of low osmolality inactivates
photophosphorylation by causing transient mem-
brane rupture which permits the escape of plasto-
cyanin is supported by the experiment shown in
Fig. 6. Photophosphorylation of thylakoids in-
activated by freezing in a medium containing 5
mM NaCl and 10 mM sucrose can be reestab-
lished by increasing the concentration of phena-
zine methosulfate in the test assay.

Discussion

When thylakoids were frozen in media contain-
ing sucrose and NaCl at a constant molar ratio but
in different concentrations, plastocyanin is prefer-
entially released at low initial osmolalities and
CF1 at high initial osmolalities (Fig 1b,c). This
should be expected if high initial solute concentra-
tions favor chemical membrane damage while low
concentrations result in mechanical damage. Dif-
ferent ratios of cryoprotective (sucrose) to cryo-
toxic solute (NaCl) influenced the amount of re-
leased CF1, but not that of plastocyanin (Fig.
1b.c).

Not all peripheral membrane proteins re-
sponded to freezing stress in a comparable manner.
This is illustrated by the reaction of ferredoxin-
NADP"* reductase (Fig. 1a) of which about 20%
were solubilized during freezing, irrespective of the
osmolality or chemical composition of the sus-
pending media.

As the concentrations of the cryoprotectants
glycerol, dimethyl sulfoxide and sucrose are de-
creased (Fig. 3), freezing of thylakoid suspensions
liberates increasing amounts of several membrane
proteins, among them the soluble electron carrier
protein plastocyanin. Quantification of released
protein after electrophoresis is inaccurate with the
silver staining procedure used, since the staining
intensity is not linearly dependent on the protein
concentration. In addition, some protein (for ex-
ample, the a-subunit of CF1) are only weakly
stained under our condition [7]. The pattern of
membrane damage revealed in this experiment and
in the experiment of Fig. 1 at osmolalities up to
100 mosmolal is different from the pattern pro-
duced by the accumulation of chaotropic solutes



during freezing [5,6]. The latter promotes the dis-
sociation of peripheral membrane proteins. Dis-
sociation is favored by high initial solute con-
centrations (see Fig. 1) which increase the solvent
space available for protein dissociation during
freezing.

The complexity of solute damage is illustrated
in Fig. 2, which shows the relationship between
loss of CF1 from the membranes and loss of
membrane function (i.e., photophosphorylation) at
different ratios of sucrose to NaCl and elevated
solute levels. Solute damage during freezing is
accompanied, but not fully characterized by the
appearance of the coupling factor CF1 in the
membrane supernatants. The concentration of
other membrane components (more than 25 ad-
ditional polypeptides) in the membrane super-
natants is increased with increasing solute damage.
Is should be noted that removal of only a fraction
of CF1 from the membranes by EDTA can result
in the complete inactivation of photophosphoryla-
tion owing to the opening of proton channels (see
Ref. 25 for a review). It has been shown [2,23] that
the light-dependent proton uptake of thylakoids
can be partly reestablished after freeze-induced
loss of CF1 by the addition of DCCD to the
membranes after freezing. DCCD has been shown
to specifically close the proton channels opened by
the loss of CF1 [25]. CF1, which is attached to the
thylakoids and protrudes into the suspending
medium, has long been known to be cold-labile
[26], and cold lability is enhanced in the presence
of chaotropic agents [27].

Plastocyanin is an intermediate electron carrier
which donates electrons to the reaction center of
Photosystem I (P700) and is localized in the
thylakoid lumen [22]. Its liberation into the sus-
pending medium (Fig. 4) during freezing requires
thylakoid rupture. The experiments of Figs. 5 and
6 show that rupture is transient and followed by
resealing which reestablishes the permeability
characteristics of thylakoids necessary for photo-
phosphorylation. In contrast, chaotropic mem-
brane damage is characterized by irreversible alter-
ations of the permeability properties of the
thylakoids so that ion gradients can no longer be
maintained [28] and photophosphorylation is per-
manently lost.

Transient membrane rupture resulting in the
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liberation of soluble proteins of the intrathylakoid
space may be occasioned by the hypertonic stress
produced during freezing as has been suggested
before [29], or by the subsequent solute dilution
during thawing. Dilution could lead to membrane
rupture if osmotically active particles were trapped
in the intrathylakoid space and would then lead to
excessive swelling of the vesicles upon thawing. It
has been shown recently [30] that thylakoids take
up normally non-penetrating substances under the
extremely hypertonic conditions during freezing.
After thawing, these vesicles regained their full
osmotic responsiveness. Two of the cryoprotec-
tants used in the experiment of Figs. 3 and 4
(glycerol, dimethyl sulfoxide) are known to
penetrate biomembranes, whereas the permeability
of the thylakoids to sucrose and NaCl is low under
non-freezing conditions [31].

In consequence, the concentration of dimethyl
sulfoxide and glycerol will, during slow freezing,
be comparable on both sides of the membranes,
whereas sucrose will .accumulate together with
NaCl outside the thylakoids. Osmotic stress on the
membrane vesicles will therefore be larger with
sucrose than with the other cryoprotectants used.
However, liberation of plastocyanin was less sig-
nificant at comparable osmolalities with sucrose
than with glycerol or dimethyl sulfoxide (Fig. 4).
This may be due to the fact that more of the
penetrating agents than of the normally non-
penetrating sucrose had entered the intrathylakoid
space. Then the membranes would have ruptured
during thawing when glycerol and dimethyl sulfo-
xide which had accumulated in the thylakoid lu-
men were not released rapidly enough to avoid
excessive thylakoid swelling.

When loss of plastocyanin was responsible for
thylakoid inactivation during freezing, the mem-
branes could be protected against loss of function
by the addition of plastocyanin to the suspending
medium prior to freezing (Fig. 5). The extent of
protection given by 120 uM plastocyanin was
comparable to that afforded by 500 mM sucrose.
Obviously, protection by plastocyanin is not of a
colligative nature. Rather, transient opening of the
membranes during freezing or thawing no longer
resulted in the net loss of plastocyanin from the
intrathylakoid space.

It has previously been reported that several low
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molecular weight proteins isolated from frost-hardy
leaf material provided non-colligative protection
to thylakoids during freezing in vitro [32,33].

The results presented here provide a model
system to monitor freezing damage and to corre-
late physiological parameters with events on the
molecular level, using specific antibodies as probes.
In vitro, two different mechanisms of freeze-thaw
injury could be distinguished by the release of the
marker proteins CF1 and plastocyanin. It is now
possible to study the release of these proteins and
thus the relative contributions of mechanical and
chemical freezing stress on thylakoid membranes
in vivo. These experiments are currently under
way in our laboratory.

Acknowledgements

We are grateful to Prof. A. Schimpl and Prof.
E. Wecker for their help in the preparation of
antisera against CF1 and ferredoxin-NADP™ re-
ductase, and to Prof. H.J. Bohnert for reading the
manuscript. This investigation was supported by
the Deutsche Forschungsgemeinschaft.

References

1 Steponkus, P.L. (1984) Annu. Rev. Plant Physiol. 35,
543-584

2 Garber, M.P. and Steponkus, P.L. (1976) Plant Physiol. 57,
673-680

3 Volger, H.G., Heber, U. and Berzborn, R.J. (1978) Biochim.
Biophys. Acta 511, 455-469

4 Mollenhauer, A., Schmitt, J.M., Coughlan, S. and Heber, U.
(1983) Biochim. Biophys. Acta 728, 331-338

5 Hincha, D.K., Schmidt, J.E., Heber, U. and Schmitt, J.M.
(1984) Biochim. Biophys. Acta 769, 8-14

6 Hincha, D.K. and Schmitt, J.M. (1985) Biochim. Biophys.

Acta 812, 173-180

Wolter, F.P., Schmitt, J.M., Bohnert, H.J. and Tsugita, A.

(1984) Plant Sci. Lett. 34, 323-334

~]

o

31, 770-790

Hatefi, Y. and Hanstein, W.G. (1974) Methods Enzymol.

9 Heber, U., Volger, H., Overbeck, V. and Santarius, K.A.
(1979) in Proteins at Low Temperatures, Chemistry Series
(Fennema, O., ed.), pp. 159-189. American Chemical
Society, Washington

10 Schmitt, J.M., Schramm, M.J., Pfanz, H., Coughlan, S. and
Heber, U. (1985) Cryobiology 22, 93-104

11 Lovelock, J.E. (1953) Biochim. Biophys. Acta 10, 414-426

12 Lovelock, J.E. (1953) Biochim. Biophys. Acta 11, 28-36

13 Lovelock, J.E. (1954) Biochem. J. 56, 265-270

14 Santarius, K.A. and Giersch, C. (1983) Cryobiology 20,
90-99

15 Santarius, K.A. and Giersch, C. (1984) Biophys. J. 46,
129-139

16 Ansorge, W. (1983) in Proceedings of Electrophoresis
(Stathakos, D., ed.), pp. 235-242, W. de Gruyter, Berlin

17 Yocum, C.F. (1982) in Methods in Chloroplast Molecular
Biology (Edelman, M.R., Hallick, R.B. and Chua, N.-H.,
eds.), pp. 973-981, Elsevier, Amsterdam

18 Ramshaw, J.A.M., Brown, R.H., Scawen, M.D. and Boulter,
D. (1973) Biochim. Biophy. Acta 303, 269-273

19 Warburg, O.T. and Christian, W. (1941) Biochem. Z. 310,
384-421

20 Mancini, G., Carbonara, A.O. and Heremas, J.F. (1965)
Immunochem. 2, 235-254

21 Hauska, G.A., McCarty, R.E., Berzborn, R.J. and Racker,
E. (1971) J. Biol.Chem. 246, 3524-3531

22 Haehnel, W. (1984) Annu. Rev. Plant Physiol. 35, 659-693

23 Steponkus, P.L., Garber, M.P., Myers, S.P. and Lineberger,
R.D. (1977) Cryobiology 14, 303-321

24 Ouitrakul, R. and Izawa, S. (1973) Biochim. Biophys. Acta
305, 105118

25 Strotmann, H. and Bickel-Sandkotter, S. (1984) Annu. Rev.
Plant Physiol. 35, 97-120

26 McCarty, R.E. and Racker, E. (1966) Brookhaven Symp.
Biol. 19, 202-212

27 Santarius, K.A. (1984) Physiol. Plant 61, 591-598

28 Heber, U. (1967) Plant Physiol. 42, 1343-1350

29 Williams, R.J. and Meryman, H.T. (1970) Plant Physiol. 45,
752-755

30 Jensen, M. and Oettmeier, W. (1984) Cryobiology 21.
465-473

31 Packer, L. and Crofts, A.R. (1967) in Current Topics in
Bioenergetics (Sanadi, D.R.. ed.), pp. 23-64, Academic
Press, New York

32 Volger, H.G. and Heber, U. (1975) Biochim. Biophys. Acta
412, 335-349

33 Heber, U. and Kempfle, M. (1970) Z. Naturforsch. 25b,
834-842



