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Binding of an import protein to intact chloroplasts and to isolated
chloroplast envelopes of Chlamydomonas reinhardii
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The binding affinity of the precursor of the small subunit of ribulosg-1.5-bisphosphate catborylase (pSS) to isvlated, intact chloroplasts and to
isolated chloroplast ¢envelopes from the green alga Chlamydomonas reinkardii was studied under conditions where no impornt into chloroplasts
occurred. pSS bound to both chloroplasts and envelopes with equally high affinity. The dissociation constants were 5.9 £ 2.IxI6™° M and 2.9 +
1.4x 107° M. respectively. The number of binding sites per chloroplast was determined to be 8.1 + 4.1x10% Binding of pSS to isolated envelopes
or intact chloroplasts was specific with respeet to the type of the membrane and the presence of the transit sequence.

Chioroplast envelope: Thlamydormeonas reinhurdii; Precursor proiein; Dissociation constant

1. INTRODUCTION

Owing to their DNA and genetic «+=*em, chloroplasts
and mitochondria synthesize a number of their own
proteins within the organelle [1-4]. However, many ~f
their organelle proteins are nuclear encoded, translated
in the cytoplasm as precursors and imported posttrans-
lationally into the chloroplasts or mitochondria [5-8].
The first step of this import is believed to consisi of the
binding of a precursor protein to a receptor on the
organelle envelope. Evidence for the existence of a
pertinacious receptor on the chloroplast envelope
emerged from the inhibition of precursor binding after
treatment of isolated pea chloroplasts with protease [9]
and from the determination of a limited number of
binding sites of about 3000 per isolated chloroplast of
pea. [10,11].

Not much is known about the affinity and the binding
mechanism of precursors for impo.  proteins to the
chloroplast envelopes. Only for the binding of p8S to
pea chloroplasts a dissociation constant of 8x107° M
has been published [10]. The specificity of the binding
has been studied only qualitatively by competition of
the import of radioactive pS8 by other precursors (pPC,
pFD) [12], and by inhibition of the import by chemically
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synthesized peptides representing a region of precursor
sequences {pPC, pFD) [13]. In contrast to mito-
chondria, where import is dependent on ATP hy-
drolysis and the membrane potential, in chloroplasts
protein import is only ATP driven. Binding of the pre-
cursor, however, occurs gven at very low concentrations
of ATP (less than 1 mM) [15). At the present time the
attempts to identify an envelope protein as a receptor
protein are stifl controversial f15-19].

With respect to the unicellular green alga Chlamy-
domonas reinhardii, which is a well suited organism to
study the molecular biology of chicroplasts, only the
import of proteins in isolated chloroplasts had been
demonstrated [20.21]. In view of further studies of the
molecular events at the receptors during protein import,
here we present measurements of some binding pa-
rameters to intact chloroplasts and also to isolated en-
velopes.

2. MATERIAL AND METHODS

2.1, Preparation of chioroplasts amd chloroplust eavelopes

Chloroplasts were isolated from synchronized culteres of Chlaniy-
damonas reinhardii ew=15 (Stock CC-277 from the Chlamydomonas
Genetics Center, Duke University, Dusham, NC, USA) as described
previously [22]. Chloroplast envelopes were prepared from isolated
chloroplasts aceording to our published procedure {231,

2.2, Preparation of pSS

The plasmid pSP64 cootuning the sDN A of the gene rbieS2, which
codes for one of the two forms of pSS present in Chlwmydomonas
reinhardii, was i generous v of L. ML, Mishkind. The two pS§
in Cliltustydomenas differ only in 4 few amino acids in the mature
protein but oot in the transit sequenve {24]. The in vitro transcription
of this genc'wis performed according to Kriceg ot al. [25] with some
mudificutions: 500 gl reaction mivture containing 40 mM Tris-HCL
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p# 7éc 6 pah MpCls 2 mM spermidine: | mM cach of (TP, UTP
and ATP: .1 @ GIP: 03 mM m Gpgp0 (P-5 4 T-racthyl) g~
rsize- P35 -prvosase triphospboie k(.2 U/ SP6 RNA-polymerase:
02 wppd DNA vosplazr woe pwshated at S°C. Aller 30
ez 10 ol of 2.5 oM GYP was addod and b incslation continusd
For sty 30 win, The veaction was wermiazed by digestion of the
tevaplate with 10 TU DXase for 10 min a1 37°C. Afier phenolicido-
rofonm extraction the elthano! precipitared RNA aas resespendad in
250 s wetzr aud swored @t ~TPC.

For (e in sitro tramsdation a wheat goom edract was prepared
axsxrrding  Mishikind o al. [25). To svoubesize eadiolabeled pSS cach
S0 ad of var transimion mixrure comtaiond 10 gt ahen goim extrsk
1 M ATE; 0.4 M GTP; 25 pM sonradioatxive amino acids (all tan
rrcttioniney; 7.5 g [ Simethioning (6.4 panoly, B mM crearing phos-
plhazte: 2 mM dithinthreiiok 40 uM speroane: 1.3 Uiml croatine phos-
plokinase; 24 mM HEPES-baffer. pH 7.5 83.3 mM K-aoctate: 28
mM Mg-aoctate: 3 ot mRNA (ca. 2 ). The traastation was carried
o doring 40 min ;1 3°C. For the binding assays the translation
mixture was oontrifuged in an airfupe (Beckanan) at 30 pai and 4°C
for 60 min to sadizeent the ribosomes.

The amount of the sytlrsizsd PSS was determinad by isotope
dituien. A¥iquots of parsis! ivaslatimn avens with deoreasing spe-
cific activity of {“Shunitoning were suparzated by dlectrophoresis on
SDS-polvacryiamide s, From the radioactivity incorporated in the
1SS bands. from the specific activity of snetbionine and from (he
number of mzthionine nesidoes prosent io pSS the amount and specifiv
tiedtactivity of the synthesizod pSS was graphically calculaied.

23 lwpors asson

50 z4d of chloroplasts (10%mih amd 50 g translavion mixture contain-
ing the radiotatvled pSS were incubared in a final volume of 300 u1
inpon bufler (250 M sorbitol: 50 mM HEPES-bulfes. pH 7.8: 10
mA ATP) for 30 min. a1 259C in white tigh (Osrsn RIS, 300 W,
divtance %) omi. The reaction was eeminawed by centrifugation
through $0% Pereodl in import bulTer.

24, Bindoog asan

50 A of chlosoplasts 110 ml) or of isvlated envelopes (350 pgam
proteing and 10- XD wrandation mixture containing the mdiolabeled
PS5 were incubared in a finud volume of 300 gl binding buffer (250 mM
sorbitol: 40 mN HEPES-bulTer. pH 7.8 for 15 min a1 0°C i dim
green light or darkness, The biading reaction was wrminated by cen-
trifugation of the chloroplasts through #6% Percoll resnlting in a 1600
recavery of the chioroplasts in the peilit, or by washing tar emiclopes
twige with tanding bulfer. Eventually of was folfowed by a proteolytic
treatment with 100 gg/m) thenmadysis in | m™M CaCls for 30 min on
i Pootesdvens was wopped by widven of 10 mM EDTA s coie
trifugation through Pereoll, Sranting fromm Percol! washed chloroplasts
with baund pSS. impon was indiced by suspending the chloroplast
ke i bapest buefTer and incobating fo5 15 min a8 desmibed for the
IMpOT awiay.

LS, Drrevmination of binding paruoterers

The: isvibation mixtures sere aralysed by electrophioreids on ST¥S-
polyacrylamide pels Tollowed by fuorography. The radioactive bards
were excised from ihe g and the radicactnay ensured by Eguid
wintiftation couning. The specific colivactivity of 35S, the inital
radivnaetivity in the away, sod the rediactivity reoovered from the g
were uned do calvidee the conoenttations of Tree sod bound pl% in the
g equifibrim. The valess were photted fs forn of 2 Scatchard-
gragh in ordes 10 deicrming (he divocution conlan and the namber
of bunding sites per ebloroplast. Radivactive foater: S% wias tulatod
by conventional geocedunes frivn i vise S ot Sobokod ¢ Bl -
ety ety

LORESULTS AND IHACUSSION
Fig. 1 characterizes the expetimental pre ~dure we
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used to study the binding affinity of the precursor pro-
tein pSS to chloroplasts of Chianmydomonas reinhordii.
The in vitro synthesized pSS was radicactively pure
(Fig. L. lane A). Electrophoresis of the centrifuged
translation mixture on SDS-polyacrylamide gels re-
sulted on the fluorogram in one single radioactive band
with a molecular weight of 21 kDa corresponding to
PSS of Chlamydonionas.

The isolated chloroplasts of Chlamydomonas
reinhardii which were abie to perform light-driven pro-
tein synthesis and photosynthetic €O, fixation [27,28]
were also able to process pSS to mature S8 (Fig. 1, lane
B). Although the chloroplasts had been reisolated by
centrifugation through Percoll some unprocessed pSS
remained bound to the chloroplast surface. After treat-
ment of the incubation mixture (Fig. 1, lane B) with the
protease thermolysin, which cannot penetrate en-
velopes, and after reisolation of the intact chloroplasts.
all of the pSS, but not the processed labeled S8, had
been degraded and lost (Fig. 1, lane €). Obviously the
newly formed SS had been internalised into the chio-
roplasts and protected from degradation. When c¢hlo-
roplasts were treated with thermolysin before the addi-
tion of pSS. much less radioactive pSS was bound or
imported pointing to the pertinacious nature of the
presumptive receptor (data not shown).

This processing and import of precursor protein
could be uncoupled from the event of binding of the
precursor to chloroplasts. In the dark and at 0°C the
radioactively labeled pSS was bound, but not processed.
After reisolation by centrifugation through a Percoll
gradient, the chloroplasts from such an incubation mix-
ture still retained their bound pSS (Fig. 1, lane D),
which however wuas removed from the chloroplast
surface by thermolysin treatment {Fig. 1, lane E). When
washed chloroplasts containing bound pSS were sub-
jected to a second incubation of 15 min at 25°C in the
light. some of the pSS was cgain proceseed (Tig. 1, lane
F). By longer incubation still more S8 was produced
and the amount of bound pSS wa- redr~2d further fnot
shown). Thescfore and for reasons dise <.»d telow, the
uncompleted processing seemed essentially not to be
due to unspeeific adsorption of pSS 1o sites on the ea-
velope other than the receptor. Slow import as com-
pared to the binding kinetics. or receptors with
damaged import activity but stifl intact binding affinity
may account for the failure 10 process all bound pSS.

When isolated chloraphyll-free chloroplast envelopes
nstead of intagt active chloroplasts were incubated with
radiolabeicd pSS. these membrunes also bound pSS
(Fig. ! loae G The pSS was firmly bound and not
removed by reisoiation of cnvelopes.

The experimental procedure described for the binding
experimients (Fig. 1. Laines I3 and G) were modified 10
determing the binding affinity of pSS 1o the presumed
receptor on the chloroplast surface. In o serial assay a
fised number of chioroplasts were incubated with in.
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Fig. 1. Characterization of the binding and import experiments. Fluorogram of SDS-polyacrylamide pels with electrophoretically separated

incubation mixtures. Lane A: wheat germ travslation mixture containing in vitro synthesized. radiolabeled pSS. Lane B: import assay: afier

incubation the chioroplasts were centrifuged through Percoll, Lane C: as B. then treated with thermolysin. Lane D binding assay with intact

chloroptasis: after incubation the chloroplasts were washed by cenirifugation through Percoll. Lanc E: as D, then treated with thermolysin. Lane
F: as D. then incubated under import conditions for 13 min. Lane G: binding of pSS {o isoluted chloroplast envelopes.

creasing amounts of centrifuged translation mixture
containing [**Slnethionine-labeled pSS. The concentra-
tion of [“S|pSS in this translation mixture had been
determined by isotopic dilution. So the absolute amount
of pSS added to each assay could be calculated. After
rezching the binding equilibrium the chloroplasts were
reisolated and washed. The amount of bound pSS was
desermined by electrophoresis on $DS-polyucrylamide
gels and liquid scintiliation counting of the excised pro-
tein bands. Fig. 2a shows that this direct measurcment
of bound pSS resulted in a rather smooth adsorption
isotherm. By calculating the relatively small amount of
bound pSS from the difference of the high initial
amount and the stifl high amount of free pSS remaining
in the supernatant after binding, wh 1 is experimentally
much easier to do, the values were lgss consistent due
to the much higher statistical error. From the
Scarchard-plots (Fig, 2b) of 4 independent experiments
a dissociation constant of K, = 5.9 £ 2.1x10™ M ¢ould
be cateulited, indicating a high affinity binding of p58
to the receptor with a rather negative standard free
enthalpy of 4G* = ~43.0 k¥/mol for binding. The K,
determined here for Chlamydemonas chloroplasts and
p&S is comparable to that for the binding of pSS from
pei to peu chloroplasts (10}

From Scatchard graphs as exemplified in Fig. 2b the
number of binding sites per chloroplast can also be
vl sulited. By evaluating 4 experiments we found that
B £ 401 molecules p88 were bound per Clilumy-
domonus chicroplast, This value is more than 10 times
higher than that found on pea ehlovoplasts. The differ-

ence may be due on the one hand to the greater surface
and bigger size of the single, cup-shaped, branched chio-
roplast of Chiwrmydumonas and on the other hand to the
physiological state of the ¢ells from which the chio-
roplasts have been isolated. The synchronized cell cul-
tures were harvested at the stage when protein synthesis.
and consequently protein import into the chloroplasts.
was at the maximum [29].

In an analogous set of cxperiments the binding of
[“SIp8S to isolated envelope membranes of Chluniy-
domonas was studied (Fig. 3). A dissociation constant
K of 2.9 £ 1.4x 107 M was calculated from 5 indepen-
dent determinations. This valug is very close Lo the K|,
for intact ehloroplasts indicating that 1t - »inding ol pab
to the receptor is independent on any physiological
chloroplast activity. Binding occurred even whea ATP
and GTP have been eliminated from the pSS-solution
by gelchromatography.

Although from a physical point of view high affinity
does not necessarily imply a highly specific binding. in
biologicai systems a low dissociation constant may be
the result of the formation of & specialised receptor-
ligand pair during evoiution, Therefore, the very low Ky,
we measured may be an indication for a highly specific
binding of the precursor protein pS$ to chloroplast en-
velopes. Furthermore, the tendency of the adsorption
isotherms (Fig, 2u) 15 roach saturation at a himited
number of binding sites - chloreplast is also indicative
for a specific preenrsor binding. The fact that the
dsorption isotherms can be linearised by double
reciprocal plotting (not shown) and by the Scatchard
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Fig 2 Binimg of pSS to mnagt chioroplasts of Chlaydomonas
reinhardii. (K from a single expesithent oo of four. ) (2) Adsorption
sabenm fov binding of pSS 1w chloroplasts, Constanl amounis of
ehloroplasts were incubated with acreasing cowerntrations of [ *SipSs
in binding aways, The consenteation of Tree pSS ([pSS)) was teavured
in the supeypatsnt. The concenrration of bound pSS ([(pSSL) was
Aztermined vis the radinaoivity in the pSS-band after elestrophoresis
of e washed, solubilived citoroplasts on SDS-polyacrylamide pel.
ot same oxperiment but with mature [PSISS insvead of pSS. Mote
the difTerent weales of the praph. () The abose dava conld be linearised
in foerm of @ Seachard ploy for determination of Ky and the number
of binging sites.

formalismy (Figs. b and 3b) demonstrates that each
receptor contains only one binding site a2od that p8S is
not bourd in comparable amounis ungpecifically or to
ather receprors with somehow lower binding affinities.
For the binding of pSS to chloroplasts the transit
sequence s neeessary. The inset in Fig 24 shows that
the binding of radicactively labwled mature §8, ie. pSS
without the wansit sequence, was sepligible as com-
pared 1o the binding of pSS. The positively charped
transii sequeoce (6 basic and no acidic residucs) does
not bind unspecifesfly to lipids, Bven solaed eryth-
roeyle memboanes contzining a high percentage of
charged phowholinids did act bind 8% 10 2 denifican
degree (Fig. 3a). The question whether other precurser
proteus bind to the same wceptor has not been
angwered vt in Chlamydemonas. in Silene, Sowever,
dhigdagerment stodies indicawe that pPC and pFD are
smepreiing with pSS for the seme oeoepmor (127

1443

Adsorpgion isotherm for binding of pSS to envelopes and to eryth-

rocyte membrangs. The concentrations of free ([pSS)) and bound pS8

([p$5),) were determined as in Fig. 2 (b The data for the binding of

PSS to envelopes could be linearised in form of a Scatchard plot for
the determination of K.

Acknowledgements: This work was panly supported by the Swigs
National Foundation for Sciemific Rescarch (Grant 31-27747.89),

REFERENCES

{1] Grivell, L.A. (1983) Sci. Am. 248, /6-89.

14 Weil, L. (1987) Plant S, 4b, 149157,

3] Groiveo, W, (1987 Coli 56, 161-170.

4] Boschetii, A.. Breidenbach, E. and Blanier, k.
68, 131149,

{S] Pfanmer, N, and Newpert, W, (1990) Annu, Bev, Biochem, 59,
331331,

(6] Schmidt, G.W. snd Mishkind, M.L. (1986) Annu. Rev. Biochem.
55, B1%-H12,

(71 Keepara, K., Oisen, L3 and Thep, S.M. (1989 Annu. Rev.
Flam, Physiol. Plag Mol, Biot, 30, 471502,

[8] Flogge, V-1 (G900 ), Cell Sei. 96, 351-354

91 Cling, K., Wemer-Washbume, 33, ¥ ubben, T.H. and Keegstra,
K. (1985 1, Bind, Chem, 200, 369130946,

{1 Friedman, A L. and Keegitra, K, (1959) Plant Physiol, 98, 993~

9%

YR Flam i

[13] Plisterer, B, Lachmann, P and Kloppstech, K. (1982 Eur. 1
Bt 126, 143148,

103 de Bogr, D Plon, 8., Broeders, L., Oudshourn, T, Lever, A
amd Wenbeek, P (1991 i Protewn topogenees i plastids i
witree gl Fr wivo apalyuts of protem inpon and routiog (0. de
By, Wl PHED thesds, Ukivenidty of Uiy, The Naharbands.

103 Schaell, (0.0 Blobel, G avd P, £ (19915 0 Bl Chomn, 264,
3338 3347



Yolume 300, number 2

{14] Olsen, k.. Theg, 5.M., Schman, B.R. and Keepstra, K, (1989) 3.
Biol. Chem. 264, 6724-6729,

151 ?Comwall, K.L. and Keegstra, K. (1987) Plant Fhysiol. 85, 780-

85.

{16] Minz, G. and Flilgge, U.-L (1988) Eur. 3. Biochem, 175, 649-659.

[17] Pain, .. Kanwar, Y.S. and Blobel, G. (1988) Naware 33t, 232
.

[18] Scheil, DX, Blobel, G., Pain, D. (1990 J. Cell Biol. 111, 1825-
1835,

{191 Fiogge, U.-1., Weher, A, Fischer. .. Lottspeict, F., Eckerskorn,
C., Waggemaon, K. and Soll, J. (1991) Nature 353, 364367,

20] Boschetti, A., Breidenbach, E., Clemetson-Nussbaum, J.. Low, S.
and Michel, H.P. (1987 in: Progress in Photosynth. Res. ().
Biggins, Bd.), vol. 4, pp 585-588, Martinus Nijiioff Publ,

21} Goldschmidt-Clermant, M., Malnod, P.and Rochaix. 1.1, (1988)
Plant Physiol, 89, 1518,

[22] Mendiola-Morgenthaler, L.. Leu, 8. and Boschetti. A. (1985)
Plant Sci. 28, 33-39,

FEBS LETTERS

March 1992

23] Mendiola-Mosgenthaler, L., Gichenharger, W. and Boschetti, A.
(198%) Plant S¢i, 41, 97104,

{24] GoldschmidtAClermont, M. and Rahite, M. (1988) 5. Mol, Biol.
197, 421-432,

[25] Krieg, P.A. and Melton, £2 A, (1987) in: Meth, in Enzymol (R.
Wu, Ed), vol 153, pp 397415, Academic Press. San Diego.

[26] Mishkind, M.L., Greer, 1.1, and Schoidy, G.W. (1987) in:
Metheuds in Enzymology (L. Packey and R, Douce. Eds.), vol 148.
pp. 274294, Academic Pross, Sav Diego.

127 Lew, 8., Mendinla-Morzenthaler, L. and Boschetti, A, (1984)
FEBS Lett, 166,23-27.

28] Mendiola-Morgenthater, L. anc Boschetii, A, (1981) in: Photo-
syntiesis; chloroplast developivent (G, Akoyunoglou. Ed.), pp.
A57-463, Balban Int. 51, Services, Pailadelphia,

[29) Breidenbach, E., Jenni. E. and Bascrsiti, A, (1988) Eur. ).
Biochem. 177, 225-232

161



