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EPR was used to study the binding of NH , to the photosynthetic O.-cvolving center. NH p-treated. Ca®*-depleted Photosystem
11 (PS 1I) membranes exposed to continuous light at 250 K showed a 10 mT-wide asvmmetric EPR signal, centered around g = 2.
When dark-adapted material was illuminated with a sequence of laser flashes the sume signal appeared after the second flash.
indicating that the g = 2 signal ariscs from a modified S, statc. The signal is different from the 15-16.5 mT-wide EPR sional at
g = 2 ascribed to the S} state in Ca®*-depleted material in the absence of NH ,, indicating thai NH; perturbs the structure of the
O,-¢volving complex in the S} state. Illumination of native NH y-trcatcd PS 11 membranes with continuous light results in the
appearance of an EPR signal at g = 2 with a width similar to that in Ca’*-deplcted, NH s-treatcd membranes. The conditions for
the formation of the signal and its propertics suggest that it also arises from a perturbed S, state with NH ; in closc association

with the manganese.

Introduction

Repeated withdrawal of single electrons from the
oxygen-evolving complex in Photosystem II (PS ID) re-
sults in the advancement from one of the five (S;-S,)
intermediate states of thc complex to the next in a
cyclic sequence with oxygen evolved from water on the
$,-8, transition. The diffcrent S states represent suc-
cessively higher oxidation states of the complex where
the accumulated charges are stored on or in the vicin-
ity of the four manganese ions in PS II. In fact, evi-
dence has accumulated indicating that oxidation of
manganese occurs on the S-S, and §,-§, transitions,
whereas the oxidation state of the metal ions remain
unchanged going from S, to S; (reviewed in Ref. 1).
The latter transition has instead been suggested to lead
to the oxidation of an organic entity, possibly one
directly ligated to the manganese [2] (see also Refs. 1
and 3 for reviews). The S, state is reasonably well
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characterized spectroscopically mainly owing to its as-
sociation with two EPR signals, one. the multiline
signal, centered around g = 2, and another broad sig-
nal known from the g value of its absorption peak as
the g = 4.1 signal. It is now generally recognized that
each of the signals arises from 2 to 4 magnetically
coupled manganese ions (reviewed in Ref. 4) [5]. Re-
cently, a 13-16.5 mT-wide signal from a modified S,
state (S;) was detected after inhibitory treatments of
PS 11, involving cither removal of functional Ca”* [6-8]
or replacement of bound Cl~ with F~ [9]. The signal
was suggested to arise from a radical. formed on oxida-
tion of a histidine residue [6-10], in magnetic interac-
tion with the manganese cluster of the oxygen-evolving
center. Histidine as a redox-active ligand in water
oxidation was. in fact. considered already several years
ago [11].

Ammonia inhibits oxygen evolution by binding to
two different sites on the PS Il donor side. One of
these is also a binding site for chloride [12). The two
EPR signals from the S, state are perturbed by ammo-
nia binding [13,14] and for at lcast one of these, the
multiline signal, this results from the ligation of NH,
directly to the manganese [15].

Binding of ammonia to both sites has been reported
to occur mainly in the S, state where it is strong and
rapid [13,16,17] but weak binding to the §, state has
also been suggested from the effects on the EPR
signals [13,14.17.18].
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When ammonia is bound to the oxygen-cvolving
complex the advancement of the S-state evele is inhib-
ited. An increase in luminescence was observed after
the third flash with dark-adapted. ammonia-treated
chloroplasts. indicating that the S,-5, transition was
blocked, causing the S, state to decay to S; with the
emission of light [19]. Two ammonia molecules bound
in the S, state were required for inhibition [16). In a
recent study of the effects of ammonia on S-state
turnover, S-state cycling was observed despite the pres-
ence of ammonia [20]. This was explained as being due
to sluggish binding of the sccond Ginhibiting) ammonia
molecule to the S, state.

Here we have used EPR to study the effect of
ammomnia binding on the formation of intermediates
occurring in the photosynthetic water-splitting reaction
and their spectroscopic properties.

Materials and Methods

PS 1l membranes were prepared from spinach as
described earlier [21] and suspended in 20 mM Mes-
NaOH (pH 6.3)/15 mM NaCl/5 mM MgCl, /400 mM
sucrose. The membrances were frozen as small beads in
liquid nitrogen and stored at 77 K until used.

For ammonia treatment, PS 11 membranes were
washed with 20 mM Hcepes-NaOH (pH 7.5)/15 mM
NaCl/5 mM MgCl, /400 mM sucrose and transferred
to EPR tubes. After 1 h in darkness at 0°C, 2 mM
phenyl-p-benzoquinone was added 1o the samples which
werc further incubated in the dark with 100 mM NH ,Cl
for 1 min and frozen for later illumination with contin-
uous light. Samples to be illuminated with light flashes
were incubated in darkness with NH,Cl for | min
immediatcly before being subjected to the illumination.

Depletion of Ca®™ bound to the oxvgen-cvolving
complex was performed essenti- 'ty as described in Ref.
22: the PS 1l membranes were mcubated for 30 min in
room light at 4°C at (.5 mg chlorophy!l/ml in 25mM
Mecs-NaOH (pH 6.5)/1.2 M NaCl/0.3 M sucrose /50
M EGTA. Atter centrifugation, the pellet was washed
twice with 25 mM Mes-NaOH (pH 6.5)/30 mM
NaCl/50 uM EGTA followed by one wash and final
resuspension in the same buffer but with 10 mM EGTA.
For experiments at pH 7.5, the washing was done with
a buffer containing 20 mM Hepes.

HMumination of the EPR samples (about 10 mg
chlorophyll/ml) with continuous light (2000 W,/m*)
was done in a nitrogen gas-flow system which allowed
the temperature of the gas to be sct at any temperature
between 100 and 300 K. The temperature within a
PS 11 sample during illumination was checked in sepa-
rate experiments with a thermocouple in the sample.

Flash illumination of EPR samples was done as
follows: aftcr dark adaptation and addition of NH,Cl
the samples. at a chlorophyll concentration of 2.2

mg,/ml, were illuminated at 250 (frozen samples), 273
or 293 K by flashes from a frequency-doubled, Q-
switched Nd: YAG laser [23]. The illuminated samples
were frozen immediately or after a delay in darkness in
an cthanol-solid CO, slush and then cooled to 77 K in
liquid nitrogen.

EPR mcasurements were performed with a Bruker
ER 200D-SRC instrument equipped with an Oxford
Instruments ESR-9 helium-flow cryostat.

Results

NH , modification of Ca**-depleted material

The 13-16.5 mT-widce signal at g = 2 observed after
Ca” " depletion has been suggested to arise from the S
state modified by the absence of the cofactor. Using
this EPR signal as a probe, the binding properties of
the S; state towards NH; were studied. In the absence
of NH; the 14.4 mT-wide S state EPR signal at pH
7.5 (Fig. 1B) is similar to that at pH 6.5. We have,
however, noticed that the signal at both pH values
appuars to have a more complex shape than observed
carlicr (see for example Refs, 7 and 10) as indicated by
the presence of a shoulder at fields slightly above the
ncgative peak in the signal at about 0.345 T. Ca’*-de-
pleted PS Il membranes treated with NH ,Cl at pH 7.5
and illuminated at 250--270 K with continuous light
showed an asymmetric and more narrow EPR signal
compared to the signal obtainced in the absence of NH
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Fig. 1. Effect of NH,CI on tiie Jight-induced EPR spectrum of
Ca” “-depleted PS Il membranes. (A) Treated with 100 mM NH K|
at pH 7.5. Dashed line. durk-adapted: solid line, 4 min illumination
at 27 K. (B) Spectra obtained as in A but without NH,Ci. Condi-
tions for EPR spectra: microwave frequency. 9.36 GHz; microwave
power. 20 mW: modulation amplitude 2 mT: temperature 11 K.
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Fig. 2. Relaxation of the light-induced EPR signal in Ca” " -depleted
PS Il membranes. (A) a. membranes treated with 100 mM NH ,Cl
and itluminated at 250 K: b-d. after relaxation at 273 K for 1. 3 und
15 min. respectively. (B) Membranes illuminated as in A but without
NH ,Cl: t:~d. after durk-relaxation for 0.5, 1 and 3 min. respectively.
Conditions for EPR spectra as in Fig. 1.

(Fig. 1). The width of the new signal in NH ;-treated
membranes was estimated to be 10 mT or a little Iess
from the illuminated minus dark difference spectra
although the absence of resolved peaks in spectrum
and the overlap of the strong, dark-stable, 2 mT-wide
signal from Tyr-D* (Signal 11,). also centered at this g
value, makes this value somewhat uncertain. The dif-
ference in shape between the signals obtained in the
absence and presence of NH ; is also evident in Fig, 2.
The NH ,-modified signal decayed with a half-time of |
min at 273 K and was replaced by the spectrum of the
dark-adapted starting material (Fig. 2A). Also the S;
state EPR signal, induced at this pH (7.5) in the
absence of ammonia, was converted to the dark spec-
trum but with a somewhat shorter half-time. about 30
s, on warming at 273 K (Fig. 2B). This represents a
significant difference to what was observed at pH 6.5
where the decay of the S state in the absence of
ammonia resulted in the conversion to the dark-stable
S, state, characterized by a multiline EPR signal (not
shown), in accordance with observations made earlier
{6,71.

Power saturation studies of Ca®*-depleted PS I
membranes treated with ammonia revealed a P, of 2
mW at 11 K, close to the value obtained earlier for the
modified S; state in the absence of ammonia [6.9].
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Fig. 3. Flash-induced EPR spectra from Cu’ -depleted. NH (CI-
treated PS H membranes. Spectra obtained after ane (A) and two
(B) light flashes given to dark-adapted PS 11 membranes at 293 Ko
For comparison the EPR spectrum obtained after continuous illumi-
nation at 270 K is shown (C). The nectra are presented as difference
lluminated minus dark-adapted. onditions for EPR as n Fig. t.

Hlumination at 200 K of dark-adapted Ca™"-de-
pleted. NH ;-treated PS II membranes at pH 7.5 did
not result in the formation of significant amounts of a
multiline-type EPR signal usually associated with the
S, state. A multiline signal could be observed in the
absence of NH . although it was weaker than at pH 6.5
(not shown).

To identify the S-state responsible for the g=2
EPR signal in Ca’“-depleted, NH -treated PS I mem-
branes. dark-adapted material was exposed to a se-
quence of saturating laser flashes. Hardlv any change
compared to the dark spectrum was seen on the first
flash (Fig. 3A). apait from an increase in the amplitude
of Signa! I at g = 2, but after a sccond flash a broad
g =2 signal appecared (Fig. 3B) which was indistin-
guishable from that seen after continuous illumination
{Fig. 3C). Similar results were obtained. irrespective of
whether the samples were frozen (250 K) or Liguid (293
K) when illuminated.

NH -treated Ca” ~-sufficient PS Ul membranes
IHumination at 250 K of PS 11 membranes treated
with 100 mM NH Cl resulted in the formation of a
modified multiline signal with the same properties as
after illumination at temperatures around 200 K (Fig.
4). i.e.. with a width of about 200 mT and multiple lines
spaced about 6-7 mT apart [13]. In addition. an EPR
signal. centered around g =2 not previously reported
appeared. which is seen as a broadening at the base of
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Signal I, similar to the cffect observed with NH ;-
treated PS I membranes depleted of bound Ca®™ (Fig.
1A). Hlumination of oxygen-¢volving PS 11 membranes
in the absence of NH ,CI under otherwise similar con-
ditions resulted in the formation of a normal unmodi-
fied multiline EPR signal and an increase in the ampli-
tude of Signal Il with no indications of the broad
signal around g = 2 (not shown). The width of the new
g =2 signal is similar to that in Ca’"-depleted PS I
membranes or about 10 mT but the shape is more
symmetric lacking the pronounced tail on the high-ficld
side seen after removal of Ca*~ (see Figs. 1A and 4B).
The spectrum does not show any resolved peaks (but
see below) and a lowered modulation amplitude of (.5
mT did not result in a significant improvement in
resolution of the spectral region around g = 2.

At an illumination temperature of 240 K the 10
mT-wide g =2 signal decreased in amplitude to less
than half of that at 250 K, whereas the NH ;-modified
multiline signal ascribed to the S, state doubled in
intensity (not shown). When the illumination tempera-
ture was raised to 260 K the reverse was observed: a
slight increase of the broad g =2 signal accompanied
by a decrease-in the NH ;-modified multiline signal.

To investigate the stability of the new EPR signal a
sample prepared by 250 K illumination was kept in the
dark at 273 K for 25 min. This resuited in the complete
disappearance of the broad g =2 signal while the
amplitude of the NH;-modificd multiline signal dc-
creased only slightly (Fig. 5). Even if the ncw species

g-value
2.5 2.3 2.1 1.9 1.7

L A

; 1
0.26 0.31 0.36 0.4

Magnetic flux density (T)
Fig. 4. Light-induced changes in the EPR spectrum of Ca™ *-suffi-
cient PS 1T membranes treated with NH,Cl at pH 7.5, (A) dashed
line, dark-adapted membranes: solid line. after illumination at 250 K
for 4 min. (B) Difference spectrum. illuminated minus dark-adapted.
Conditions for EPR as in Fig. 1.
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Fig. 5. Effect of warming on the light-induced EPR spectrum in

NH Cl-treated PS H membranes. (A) Solid line, illuminated as in

Fig. 4: dashed line. after relaxation in the dark at 273 K for 25 min.

(B) Difference spectrum, iluminated minus relaxed (gain twice that
in A). Conditions for EPR as in Fig. 1.

decayed via the S, state this behavior may be expected
because of the comparabiy low amount of the new
species (judged from the signal amplitude) and the
limited stability of the S, state. (The half-life of the
NH ;-modified S, state under similar conditions was
measured to about 25 min in a separate experiment.)
The change in amplitude of the narrow Tyr-D* EPR
signal at g =2 is insignificant during the decay of the
wide g =2 component. Therefore, the difference spec-
trum obtained from the decay reaction (Fig. 5B) is
better resolved than that recorded after illumination
(Fig. 4B) where the signal is partially masked by the
large increasc in Signal 11,. The peak-to-peak distance
of the signal in Fig. 5B is slightly less than 10 mT.

The power saturation of the new signal was meas-
ured at a field position on the high-field side of g =2
where interference from the Tyr-D* signal was negligi-
ble and gave a value for P, ,, at 11 K of 1 mW, similar
to the value earlier reported for the modified S, state
(see above).

If the new 10 mT-wide signal in NH y-treated, native
PS 11 membranes corresponds to a modified S, state
one would expect it to appear after illumination with
two light flashes. However, no such signal was observed
after the second flash at 293 K or on the follcwing
flashes (7 flashes in total), only a NH ;-modified multi-
line signal in agreement with earlier observations [20].
As the warming experiment described above indicated
that the state responsible for the signal was unstable,



the flash illumination was repeated at 273 and 250 K in
attempts to trap the signal. These experiments also
gave negative results.

To investigate the possibility that a low rate of
formation, e.g., due to slow binding of NH ;. was re-
sponsible for the failure to form the 10 mT-wide signal
after the second flash, two laser flashes were given at
273 K to NHj-treated PS II membranes to generate
the S state, followed by a dark interval between 2 and
40 s before freezing to allow for the formation of the
signal. The 10 mT wide signal was also not observed
with this method.

Discussion

The approximately 15 mT-wide EPR signal at g =2
seen after depletion of Ca** has been suggested to
arise from a modified S, state (S}) accumulated as a
consequence of the inhibition of oxygen evolution [6,7].
It is interesting to find that in the presence of ammo-
nia, which intcrferes specifically with the oxygen-evolv-
ing process, Ca’*-depleted PS II membranes show a
similar but not identical signal, the main difference
being a considerably decreased width. Although ammo-
nia has been suggested to bind to several of the possi-
ble intermediates, i.c., the S states, in the oxygen-evolv
ing process, the S, state has been the only intermedi-
ate in which ammonia binding has been observed di-
rectly by spectroscopic techniques so far [5.13,14-17].
Therefore, the modification by ammonia of the EPR
signal induced after depletion of Ca’* may represent
the first direct spectroscopic evidence of ammonia
binding to an S state other than S,. The similarity of
this signal with that observed after Ca’" depletion
suggests that it also arises from an S state, although
ammonia-modified. These observations are in line with
earlier studies where binding of ammonia to S, was
inferred indirectly from luminescence and EPR meas-
urements [16,20). Another piece of evidence which also
suggests that the broad g = 2 signal originates from an
S§; state is the formation of the signal on the second
flash given to dark-adapted, Ca®*-depleted and ammo-
nia-treated PS I membranes, assuming that dark-
adapted material resides preferentially in the S, state.
The modification of the S; signal by NH, is also a
strong indication that the inhibitor binds ncar or di-
rectly to the manganese cluster in the S state although
one cannot exclude that a change in conformation from
a remotely bound NH, molecule could weaken the
interaction between the radical and manganese with a
decrease in splitting and signal width as a result.

Our results may indicate that high pH renders the
S, state in Ca’"-depleted PS Il membranes tempera-
ture labile. Ca* depletion by itself has been shown to
make the S, state unusually dark stable so that relax-
ation of the S; state leads to an accumulation of the S,

181

state with a muliline EPR signal modificd by the
absence of Ca®" [6,7,24]. At pH 7.5 no multiline signal
appecared on the decay of the broad g =2 signal re-
gardless of whether ammonia was present or not; only
the xind of relatively featurcless spectrum which usu-
ally characterizes a dark-adapted PS I1 sample in the
S, state resulted (Fig. 2). If the S, state is more labile
than the S; state in these samples no accumulation of
the former state would be expected to occur.

It is also possidle that the S. state in thesc samples
has been modified in a way to make its EPR signal
difficult to detect. This may be one reason for the
absence of a strong EPR signal atter the first flash
(Fig. 3), also when the illumination was given at 250 K.
Again, if the S, state is labile at this temperature and
above. rapid decay of the S, state may prevent the
trapping of significant amounts. Sometimes a weak
multiline EPR signal was detected after the first flash
in the ammonia-treated samples (Fig. 3A). However,
because of its low amplitude it was not possible to
decide whether this came from an S, state modified by
ammonia or if it reprcsented a small population of
centers in the unmodified, Ca”"-depleted S, state.

The absence of an S, EPR signal after illumination
at 200 K of the Ca®’-depleted, NH ,-treated PS 11
membrancs may be interpreted as showing that this
state is extremely labile under these conditions, even at
this low temperature. A more likely explanation is that
the S. state does not even form under these conditions
since it has been observed that Ca"* depletion may
result in an inhibition of the §, to S, transition at low
temperatures [22,24].

Since NH, is an inhibitor of oxygen evolution one or
more reactions in the catalytic process should occur
with a lower rate than normally or not at all, leading to
the accumulation of an intermediate before the inhib-
ited step. The observation of a new EPR signal after
illumination of Ca“"-sufficient PS I membrancs in the
presence of NH , may indicate the presence of such an
intermerhiate. En addition, it 1s possible that the binding
of NH; has perturbed the structure of the oxygen-
evolving complex so that the intermediate is more
easily observable by EPR in analogy with the modified
S, state formed after inhibition of oxygen evolution by
depletion of Ca”~ [6-8) or replacement of Cl “with F~
[9].

It is not possible at this stage to give a definite
assignment of the intermediate responsible for the 10
mT EPR signal at g =2 in NH,-treated PS 1l mem-
branes in the presence of Ca”~. The observations that
the signal forms preferentially above 240 K. where
acceptor side limitations to electron transfer due to the
temperature are relaxed [25}, and at the expense of the
S. muttiline signal, argue for an S state later in the
catalytic cycle. One possible candidate is a modified S,
state in analogy with the earlier described S; states.
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with EPR signals ascribed to a histidine radical [o-H)]
in magnctic interaction with the mangancse centen.
several lines of evidence would support such an assign-
ment. In all these cases, the treatments which result in
inhibition of cxyger cvolution are beheved 1o mterfere
wita the oxidation of the S, state. Furthermore, in
addition to similarities with the other 8% states with
regard to the illumination and temperature require-
ments for the formation of the 10 mT-wide EPR signal.
the NH .-dependent signal shows a limited stability and
decays at elevated temperatures. Although more nar-
row than other §% signals observed so tar. the signal
has a width considerably Targer than that of a typical
radical. The difference in width compared to the cur-
lier observed S5 signals may be casily explained by a
change in the magnctic coupling between the radical
and the manganese cluster induced by NH ; binding in
analogy with the cffeet on the signal width of the
extrinsic 16 and 23 kDa proteins [22) Power saturation
studies also show a more cfficient relaxation than what
is likely e be the case for an isolated radical and more
typical of a magnetically interacting paramagnetic cen-
ter. The similarity with the signal observed in NH ;-
treated. Ca -depleted PS 1T membranes might be
taken to show that it actually arises from a population
of centers inadvertently depleted of Ca®'. However,
Cie absence of the »ienal in the tlash experiment (see
below) argues against thi. possibilitv and instead sug-
gests that the signals arise from distinet but closcly
refated intermediates. The small dissimilarities be-
tween the two most likely reflect the difference in the
availability of Ca®".

The absence of the [0 mT-wide signal in NH;-
treated. Ca” -sufficient PS 11 membranes afier two
[Tashes seems 1o argue for an origin other than a
moditicd S, stute. However, the signal was not de-
tected anywhere else in the flash sequenee but only
after continuous illumination. This behavior s ex-
pected for an inzctive inteimediate which is formed
slowly and in compctite n witn a rapidly formed normal
intermediate. In PS 1T membranes the formation of the
inhibited state (5,-NH ) in the presence of NH was
reported to occur with a half-time of 30 s at room
temperature [2(. probably because of stow binding of
an NH, molecule. At a flash frequency of 1 Hz there is
little time for NH, to bind and S-state cvcling can
proceed almost unimpeded for a few oveles [20] When
the interval betweern the second flash and the freezing
event is prolonged to give more time for NH | to bind.
formation of significant amounts of the of the modificd
S, state is counteracted by its limited stability. This is a
likely explanation why the 10 mT-wide EPR signal was
not observed in the flash experiments. In continuous
light. on the other hand. even if the average transit
time for the § states is short, the repeated passage
through the susceptible S, state should eventually lead

to photoaccumulation of the inactive form of §, through
NH . binding foilowed by the formation of the EPR
signal. The actual amount observed should depend on
factors such as the balance between the light intensity
[20} -ind the stability of the NH -madified S, tate at
cach particular temperature.

In conclusion. these experiments provide spectro-
scopic evidence that binding of NH, to the oxygen-
evolving complex leads to the formation of a strue-
turally perturbed and inactive §; state. The spectral
changes induced by NH, suggests that the inhibitor
binds near or directly to the manganese cluster in this
state of the oxygen- volving center.

Acknowledgements

We would like to thank Protessor Tore Vinngard
and Dr. Roland Aasa for valuable discussions. Dr.
Orjan Hansson is thanked for helpful suggestions and
for assistance in the laser illumination experiments.
This work was supported by grants from the Trygger's
Foundation and from the Swedish Natural Science
Rescarch Council.

References

Hanswwon, O and Wadraanshi, T, (1990) Photosyath. Res. 23,

131 -162.

Gondin. DB Yachandra. VK. Brnti. R.D.. Sauee. K. and Klein.

M.P. (1985 Biochim. Biophys. Acta 767, 208216,

Renger. G (1987) Angew. Chemie 26. 643660,

Brudvig. G.W. (1988} in Mctal Tons in Proteins (Que. L. Jr. ed.).

pp. 221-237. ACS Symposium Series 372, American Chemical

Socicty. Washington D.C.

Kim. D.. Britt. RD.. Saucr. K. and Klcin, M.P. (1990) 3. Am.

Chem. Soc. 112, 9389- 9391,

Boussac. A.. Zimmermann, J-L. and Rutherford. AW, (1989)

Biochemistry 28, R984-898Y,

Sivaraja, M, Taoo 1oand Dismukes. G.C. 019893 Biochemistry 28,

G450.-9464.

Ono, T-A and Inoue Y. (1990 Biochim. Biophys, Acta 1024,

269-277

Baumgarten. M., Philo, 3.8, ard Dismukes, G.C (1990 Biochem-

iy 29, 10X14- 10822,

Boussac, AL Zimmermann, -1 Ruthertord. A Woand Lavergne,

16990 Nature 347, 303 306,

Padhye, S, Kambasa, 1. Hendrickson. DN and Govindjee (1986)

Photosynth Res 9, 103112,

12 Sandusks. + O, apd Yocum. C.F (1950 Biochim. Biophy<. Acta

849, 8593,

Beck, Wl dePaula, 1O and Brudvig, GOW. (1Y88) 1 Am.

Chem. Soc. HOX JG18-3022

14 Andréasson. L-E. and Hansson, O. (1987) in Progress in Photo-
syithesis Research (Biggins, 1. ed) Vol 1. pp. 363-509. Marti-
nus Nijhoff. Dordrecht.

3 Britt, R, Zimmermana, 3.-L. Saver, K. and Kicin, M.P. (19589)

JoAm, Chem. Soc, B 3822-3532,

Velthuys, B (19751 Biochim. Biophys, Acta 3956, 392-401,

i7 Andréasson, L-E.. Hansson, O and von Schenck. K. (1988)

Biochim. Biophys, Acta 936, 351-360.

Ono. T.-A. and tnoue. Y. (1988) Arch. Biochem. Biophys. 264

§2-92,

te

e

'

n

>

~1

x

R

s

7

=

=



19 Veithuys, B. and Amess. J. (1975) Biochim Biophvs, Acta 376,
162- 10K,

20 Boussac. A Ruotherford. AW, and Styring. S €199 Biochem-

istry 29, 24--32,

Franzén. LG, Hansson. O. and Andréasson. [ b (1YR%)

Biochim. Biophys. Acta 808, [71. 17y,

22 Boussac. AL Zimmermann, J-L and Rutherford, AW ()
FEBS Lett 277, 69- 74,

ks

23 Hoganson, CW. Casey. PA and Havsson O 0991 B by,
Biophv At 197 399 L,

24 Onos TN and Inoue. Y 9805 Cuiresd Roscanch o Phoao
snthests (RGtchetthy, ML cd 0 Nt 4 pe THE T Rigua
Acadamic Publichors The Nothorbands

I3 Aol AT Bochus Mophy s Ao 3500 4y



