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Biosynthetic Pathways of Two Poly°peptide SuBttif^ft^'5f °/*'T 
the Light-harvesting Chlorophyll a/b  Protein Ccjrjnplex'

G R EG O R Y  W. SC H M ID T , SUE G. BARTLETT. A R T H U R  R. G R O SSM A N ,
A N T H O N Y  R. C A SH M O R E , and N A M -H A I C H U A  
Department o f Cell Biology. The Rockefeller Uryiversity, New  York 10021. Dr. Schmidt's^ present sddreit 
is the Department of Botany. University of Georgia. Athens. Georgia 30602

A b s t r a c t  W e have used an in vitro reconstitution system, consisting of cel -free transldlion 
products and intact chloroplasts. to investigate the pathway from synthesis to assembly of ty.o 
polypeptide subunits of the light-harvesting chlorophyll-protein coniplex. Theise polypeptiUes 
designated 15 and 16, are integral com ponents of the thylakoid membranes, but they aixe 
products of cytoplasmic protein synthesfs. Doub le  im m unodiffusion experinnients reveal thii 
the tvi/o polypeptides share com m on antigenic determinants and thejrefore are structurally 
related. Nevertheless, they are synthesized in vitro from dIjStinct 'm RN A s to yield separate 
precursors, p15 and p16, each of which is 4,000 to 5,000 daltons larger th in  its mature form. In 
contrast to the hydrophobic mature polypeptides, the precursors are soluble in af|ueoiis 
solutions. A long with other cytoplasmically synthesized precursors, p15 and pl)6 are imporleiJ 
into purified intact chloroplasts by a post-translational mechanism. The imported precursors 
are processed to the mature membrane polypeptides which are Recovered exclusively inltht 
thylakoids. The newly imported polypeptides are assembled correctly in jhe thylakoid !ip»<J 
bilayer and they bind chlorophylls. Thus, these soluble membrane polypeptide precursors mj>’ 
move from the cytoplasm through the two chloroplast envelope membranes, the stroma, imi 
finally insert into the thylakoid membranes, where they assemble withfchlorophyl to form tU  
lighl-harvesting chlorophyll protein complete. |

Many cellular membrane.s contain specific mcchanisms by 
which newly synthesized protein.s arc (ranspi^rted into their 
destined subcellular companments. The two modes of protein 
(ranspon across membranes that have been recognized, co- 
translational and post-translaiional, reflect the intracellular 
sites o f protein synthesis by membrane-bound and free ribo­
somes. respectively. '

Details o f (he co'translational transport mechanism have 
been resolved largely by in vitro studies of the segregation of 
secretory proteins into microsomal vesicles during mRNA 
translation on membrane-bound ribosomei> (cf reference 19). 
In contrasit. many, if not all, cytoplasmically sy^the&i^ed pro­
teins that are destined for mitochondria or chloroplasts are 
products of free ribosomes (cf references 15, 19. 50). Post-; 
translational transport o f organelle proteins was first demon­
strated using (he small subunit (S) o f ribulose-1.5-bisphosphate 
carboxylase (RuBPCa&e), which is synthesized by free cyto­
plasmic ribosomes as a higher molecular weight precursor (10. 
U . 2 \. 26. 40, 49). \n  Chfomydomonas. the small subunit

precursor (pS) possesses an exteosioa o f 41 mostly ipoUr. 
amino acids at its amino terminus (42). The 3 iptide exieniihw 
has been termed the "transit sequence' becau ̂  o f its presu^p

S through tbr 
itution studio 

intact 
!6. 44). DuriBf 

membrancn <

tive role in the post-translation^l transport c 
chloroplast envelope (15, 42). In vitro reco 
have shown that pS can be taken up by pu^ 
roplasts after it is com plexly syn(hestzed (1 
or immediately after transport across the envc|l^ 
the transit sequence is removed by a specific pk^tease yieUiQ|( 
the mature small subunit that assembles wit!) ihe chlorupU%> 
synthesized large subunit (14,44). Cytoplasmicjdly synihe»ufC 
soluble and membrane proteins of mitochoat^rut also folio* « 
post-translaiional mode o f transport from!the.cytoplawn inu> 
the organelles (17. 29, 33. 37. 38, 51). j

The demonstration that pS enters chloroplifts after pruUHs 
synthesis raises the question whether a s in ^ v  post*iransl« 
tional mechanism also applies to the import of^herchioropU-v 
proteins that are made on cytdsolic|ribosomei. The thyUknd 
membrane polypeptides are particularly Interesting becauie. ta
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wrasi (o S. (hey are localized in a difTercnt subchloropla.stic 
Wipartmeni and many of them are hydrophobic. After syn- 
Icse in the cytosol and passage through the two envelope 
•Ruhranes the polypeptides must be integrated into yet an- 

membrane syiiem. theithylakoids,
The most predotOinant cdmponeni o f the thylakoids is the 

^ 'h a rv e s tin g  chlbropbyll p p te in  comple:i (LHC). This com- 
«nhances the c istribution o f light energy to photosystem

I ipon binding O tions (cf. references 4. 6. 47) and it also 
iMdiates thylakoid pairing and the formation o f grana stacks 
(M. 45). In this siudy we have reconstructed in vitro the 
f^thesis, transport, processing and assembly o f thylakoid 
urmbrane polypeptidis. Specifically, we have examined in 
IfUil the biosyn^etic pathway of two polypeptide subunits 
;^}pepiides 15 and 16) o f  the LHC. Although these two 
Btegral membrane polypeptides are extremely hydrophobic, 
tey are synthesized in vitro as soluble precursors, pIS and 

which are < >bp0-3.000 daltons larger than the mature 
farms. After synt itsis, the precursors ^ e  imported into intact 
iloropiasts, proc ^ d  to tbeir mature sizes, and inserted cor* 
nctly into the thyl. il^oids to  form.the light-harvesting complex.
A prel^inary acc) 
•eeiing (43).

MATtRIALS A N

int o f this work has been presented in a

f\)iulf«ie sn<) ( ^ ] m a r i  anine «e re  pb ttined  rrom Amersham/Scarle Corp. 
,Min|lon tie tghu . lU.). Ard/>Av/ororrwj aureux. Mrain V-8 proieaw. from Miles 
lihofalories. Inc. (ElkHart, Ind.), p ro in n u e  K from M<'B M anufaciurin |('hem - 
m  Iak. (Cincinniti.1 Ohio). T rasylol from FBA Phdrmaceudcals. Inc. (New 
¥ift, N. Y.). Micriitceeal nticle&M and pTp Tram P-L Biochemicals. Inc. 
Ililotukee. Wis.). u je t  and sucrose from Schw anz/M ann Div.. Becion. Dick- 
« «  A Co. (Orange&ur|. N. Y.). lilhium dodccyl sultaie (LDS) from Gallard- 
fa iln in^r Chemical Mfg, Ctitp. (Carle Place. N. Y.X and poly(U )'Sepharo». 
ftnxHL ajnd FicoU fro fi Pharmacia (Upptala^ Sweden). O ther proieaset. HEPES. 
M  reagent* for in  vilip protein synfhe5i5 were purchased from Sigma 
'V nical Co. (St. IxHiia. Mo.).

IfNA Extraction and Purification of Poly(A) RNA

N y(A ) RNA ipl^fied trdm 7- (o lOnj-old pea {Pisum saiivum Progress 
Mo 9) iieedlings in •  |re en h  hu«. |The te«dling leaves were removed and 
%»en in li<|uU N | • M  ground 10 f  fine powder with a m ortar and pestle. The 
■MtfitI w u  lhawed tn  an  extractioh bufTerof SO mM Tris-H CI(pH  8.4). 10 mM 
EOTî . 2V- SDS. too mM NaCI, and theQ proteinase K was added to  0.5 m g/ml. 
^  ickcubating wit^i cootinuous mixing for 30.m in at 37‘‘C. residual proteins 
Kft removed with 2 vo l'o f chlorofonn| and phenol ( l : t) .  The aqueous phase 
iNnncd upon centrifugation was r«-eslric(ed with 2 vol o f chloroform (o remove 
^tenol and some o f (1m blanl phenolids. The Anal aqueous extract was then 
Quitted to pH 5.0 by droW ise addition o f acetic acid and to 0.2 M NaCI. RNA 
n t  ptecipitated wiih O.fi to l o f isopropanol at -20*C  overnight. This pn^cedure 
finlitKes minimal conianinaiion  o f the RNA with phenolics and avoids copre* 
flpiuiioo o f (be matsas.pT polysaccbahdes tbat are endemic .lo plant extracts. 
Sooe polysaccharides occasionally precip iu te  in isopropanol, but these tend to 
Aisi in a mass that can be easily removed with a  siehle spatula. The prrcipiiaied 

acid was redioolved in sterile diniUcd and the high molecular 
te |h i RNA precipiiatMl pvem ight a t 4*C in I mM KtgCU and 2 M LiCi. Afler  
4iiiotving the LiCl pellei sterile H^O. (he toKttion wa.s adjusted to 0.2 M NaCI 
MdtheRNA p r e c ip iu t^  with 2 vo) o f  ethanot. Finally, (he r N a  wai subjected 
K chromatography on poly(U)-Sepharose to obtain poly(A) RNA (U ).

Cell-free Protein Synthesis and 
Im fnunopr^dpitation of Translation Products

The cohdiUons for ia  vitro protein synthesis in the wheat germ cell-free system 
Kfrde*cribc<l recently (24. 2S). Reticulocyte lysates were prepared according to 
Mham and Jackson (3S), exceft that 0.4 mM pTp (2'-deoxythymidine 3'.^'- 
ttplKKphate) was employed to arrest micrococcal nuclease (IK) after digestion of 
M<li>genous mRNAs. Reltculocy.e translation mixtures contained 10 mM 
VEPES-KOH (pH  7.$), 0.65 mM Mg acetate. VO mM K acetate. 10 m.S< 
'hoiphocreatine. 24 pM  o f amino acids minus methionine. 0.5 mM ATP. 12

fiM  OTP. 0.3 jnM neutraii/ed spermine, 1 mM dithiolhreitol (DTT). 3()0jiCi/ml 
[ ‘•'Slmethionine (>600 C i/m m ol). 40 fig/ml creatine phospbokma.se. 50 )»g/n»l 
poly(Aj RNA. and  0.4 vo! o f  reticulocyte lysaie. W heat gtrm  iRNAs were 
purified by the method o f Rogg et al. (39) and used at a concentration 100 fig,' 
ml. Translation o f  mRNA in this system was a( 3?®C fo t I h.

Immunoprecipitation of the in vitro translation products was performed with 
purified fgG from rabbits immurtized with C'fi/amy^omonas thylakoid polypep-

'  tide 11 which is a constituent o f the chlorophyll-protein complex U (CP II). This 
antibbdy has been characterized previously and shown to cross-react with the 
homologous polypeptides o f higher plants (12). Immunoprecipitation o f transla­
tion products directed by pea poly(A) in (he whea( germ sys(em was performed 
following TCA precipitation o f postrittosomal supernates (42). The preponder­
ance o f giobin in the reticulocyte lysates required modification of this technique. 
Posti'ibosomal supernates o f the reticulocyte-lysate translation mixtures were 
adjusted to O.i M Tris-HCl (pH 8.6) and 0.5^ SDS. A ^er incubation al 37**C for 
15 min to denature the translation products, the mixture was diluted to  0.2% SDS 
by addition o f Triton X -100 to 1% and NaCI to  0.15 M while Tris-HCl (pK 8.6) 
was fflamlained ai 0.1 M. Tra.<yiol to 100 U /m l and an ti- ll  IgG to I m g/m l were 
then added for im m unoabwrption a t 26*C overnight. Adsorption o f the tgC> 
antigen com plexo  (o lormalin-rixed 5. aureus (Cowan'*' strain), washing the 
ba«.1eria. and elution o f the igO-antigen conjugates were performed as described 
before (42). 

i

Post-translational Transport of Cell-free 
Translational Products into Purified Intact 
Chloroplasts

p Chloroplasts from pea seedlings or market Romaine lettuce for in viuo 
transpon were purified by centrifugation through Percoll (silica sol) gradients 
(32). Pos(-translaiional uptake experim enu were performed basically as described 
in reference 24. Briefly, postribosomal supernates o^ traitslation mixtures were 
in<a>baied for 1 b at room temperature under an illumination o f *4.0(X) lux. 
M anipulation during tranxpon experiments m datkncM was performed under a 
dim green safelighi. The innibaiton mixtures contained 0.5 vol o f transUtion 
mixture. 750 Mg chlorophyll/m l of pea chlorupla.sts or 375 ;ig chlorophyll/m l 
Romaine lettuce pla.«(ds in a  dilutiofl buffer o f  50 mM HEPES-XOH (pH 7.5>- 
0.33 M sorbitol. However, the experiment in Fig. 11 employed HEPES-KOH 
(pH  8.0] to enhance transpon o f  proteins during darkness. From hemocytometer 
counts we determined that pea and Romaine lettuce preparations contained 
foughiy 7 X 10 ' and 2 x  1 0 '' ^g chlorophyll/chloroplasi. respectively. The 
chlorophyll a  lo A ratio o f acetone extracts (3) o f pea chloroplasts was *>2.8 while 
that o f  Romaine lettuce plastids H uctuateA t ^4 . After transpon. the chloroplasts 
were harvested by brief centrifugation at 4.000 g and resuspended in dilution 
buffer containing 40 fig/ml each o f  trypsin and a*chymotryptin. l ^ e  chloroplasts 
were incubated on ice for 30 min to  digest adsorbed, but not transponed. ^ -  
labeled translation products. PMSF was added to 2 mM and the chloroplasts 
were layered over 10-80^ Percoll gradients, and the surviving intact chloroplasts 
were reisolated (32).

Afler uptake, the intact chloroplasu were lysed in a hypotonic buffer o f 25 
mM HEPES-NaOH (pH 7.5). I mM PMSF, 5 mM <*amino-N*caproic acid and 
1 mM benzamidine. The chloroplast lysate was centrifuged at 15 .000 ; for IS 
min. Stromal proteins in the supem ate were concentrated by precipitation with 
10^ TCA and thylakoid membrane* were purified from the 15.000 f  pellet by 
flotation through discontinuous sucrose gradients (II). Both fractions were proc­
essed for PAGE as de.scrihed in a larer sectiiMi.

Syn fh e s is  of Ttiylakoid Membrane Polypeptides 
in the Presence and Absence of Inhibitors 1

The sites o f synlhesis o f  thylakoid mem brane polypeptides were analyzed wttb 
7Hl-old pea wedling that were excised at the epicotyl. These were insened in 
vials o f  sterile water, and protein synthesis inhib iton  were given for a 30-mtR 
preincubation period with cyclobeximide or chloramphenicol at 20 f>g/ml and 
200 /tg/m l. respe<jtit'e!y (9). Carrier-free “ SO ,* ' was then added to 10 fiC i/ 
seedling and the seedlings were incubated under a bank o f fluorescent lamps for 
3 h. (ntact chloroplasu were prepared from each sample by centrifugation 
through Percoll gradients (32). Chloroplas( subfractiorudon was earned out as 
described m the previous section.

Su b fra c fion a t io n  of Thylakoid Membrane  
Polypeptides

^ Thylakoid membranes were subfractionated by extraction with a 2:1 (vol/voO 
mixture o f CHCL./CHiOH or dilute alkali. CH CU 'CH iO H  extractions o f thv-
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Ukcuds were carried ou( u  described (13). In ibis procedure, 'most o f ihe 
kydropbobic m em brtoe polypeptides are wlubiliM d by the organic solyeni 
ffluture. To separate peripheral from integral membrane polypeptides, we sus­
pended •  ttayl«ioid membrane pcUet in 0 .1 N NaOH (46) to  a  Anal chlorophyll 
concentm ioo o f O.S m g/ml. AArr incubation on ice for 30 mio (he membrane 
ns iduc  was pcUeted by centrifugation i40.000 g for \ h. The pellet which 
coouuoed the integral polypeptides was solubilized at a  chlorophyll conceniralion 
o f 1 in 60 mM T ru  base. sucraae. 2 ^  SDS. and  60 mM DTT. with
heating a t IOO*C for 1 mm before PACE. The 140.000 g  supem aie which 
c o n i a i ^  the peripheral polypeptides was neutralized with I vol o f 0 .1 N HCI 
and then precipitated with 104 TCA before solubilization in the same gel sample 
buffer.

Protease Digestion of Thylakoid Membranes

Thylakoid membraoe vesicles (300 fig chlorophyll/m t) were treated with 
protease.(50 fig/ml) in SO mM HCPES-KOH <pH 7.S) and I(jO mM NaCI at 
2 6 * t for 30 mm. After incubatioa. PM SF was added to 1 mM and the membranes 
were pelleted at 140.00U g  for 1 h. The membrane pellet was immediately 
solubilized in gel sample bu(Ter. with heating at tOO'C for 1 mm.

Peptide M apping

Tbylakoid membrane polypeptides labeled in vivo with **50/ and { ^ ) -  
methionine-labeled traoslation products o f pea mRNA were resolved by SDS 
PA C E to l-dun slab gels containing 9 ^  acrylamide, 4 M urea in the Ttnt 
dimension. Adjaceoi lanes o f unlabeled thylakoid membrane polypeptides were 
also eleclrophoresed. excised, and stained to locate the CP li polypeptides. These 
regions were then cut out o f each appropriate lane and transferred a t right angles 
to the to p o f  1.2-mm second-dimension gels. The acrylamide stacking gels. SO 
nun in length, contained, for the second dimension. S. aureus, strain V-S protease 
(16), which was introduced by b n e f pre-electrophoresis to a  concentration o f 0.8 
)tg/cm width. This s;ep w u  devised to  minimize intcuvation o f ihc proiea&es in 
SDS and urea which might occur if  the first-dimension samples were overlayed 
with solutions o f the proieases as described by Bordier and Crettol-Jarvinen (7). 
The secood-dimension resi>lving gel was IlK) mm in length and was composed of 
a 12/0.08^ to IH/0.12^ gradient o f acr^lamide/bisacrylamide wiih M urea 
throughout to achieve maximal resolution o f low molecular weight peptides. 
Elcctrophoresis was performed at a constant current o f 17.5 mA, during which 
panial proteolysis of the first-dimension samples occuned in the stacking phase. 
Tbe resulting peptides were visualized by fluorognphy (2f<).

PAGE

All polyacrylamide gels in th u  paper contained the discontinuous buffer 
system o f Laemmh (27). with 0 .1^ LDS o r SDS in the upper reservoir. Gels 
supplemented with urea contained tliis reagent only in the resolving gel. Samples 
were applied in 60 mM Na^COj. 2 ^  LDS or SDS 60 mM DTT, and 12^ sucrose, 
exccpt where otherwise noted. Stained gels were processed for fhiorography as 
described by Laskey and Mills'<28)

Other Analytical Techniques

PurincAlion. electrophoretic elution, and immunological characterization ^ f 
the CP II polypeptides were performed as described by Chua and Blomberg(12). 
Chlorophyll concentrations were measured in 80% acetone extracts (3).

RESULTS

Characterization of the Constituent 
Polypeptides of Purified C P  H from Peas

PAGE o f thylakoid membranes solubilized in SDS give two 
chlorophyll proieifl (CP) complexes, designated CP I and CP 
II (cf. references 4, 6). CP II, which contains both chlorophylls 
a and b, is devoid o f any photochemical activity and is believed 
to function in the capture and transfer o f light energy (4). A 
chlorophyll a/^*-protein complex, designated the light-harvest­
ing chlorophytl-protein complex (LHC), has been purified as 
a subfraction of chloropla.st membranes solubilized with Triton 
X-lOO (8, 45). Because CP II and LHC are prepared by 
different methods, their exact relationship is still unclear. Nev- 
enheless, u  is likely that (he two complexes are equivalent or

a t least that CP II accounts for the bulk of LHC. For tha 
article, we regard CP II and LHC as synonymous.

There is, as yet, no consensus as to  the aumber of pdypc|>- 
tides comprising CP II, (he identity o f the polypeptides whid 
actually bind chlorophyll, ox w he^er distiact 11 
tides bind exclusively chlorophyll a and b (8,22, 31,41). A n
first step in the analysis 9 f the synthesis ao 4  assembly of the
CP II polypeptides, we uodertck)^ to determine the minmtua 
number o f polypeptides which comprise CP 11 in peas. 11iit 
was accomplished by solubilizing pupfijed thylakoid meiO' 
branes with LDS followed by PAGE o f sample at 4^C As 
reported previously (20), CP complexes rejl^ted to PS II rtactiofi 
center, which dissociate if  exposed to room temperatures, re­
main stable during low temperature electrophoresis. Additu»- 
ally, there is a- marked increase in the amount o f chloropbyib 
a and b associated with CP II. When solu »Uized thylakoids 
heated at lOO'^C for 45 s before electrop lioresis, all CP com 
plexes are dissociated. As seen in Fig. 1 |(first two lanes frota 
the left). CP II comigrates wiiA a tnajor u d  a minor band in 
the heated sample. Because o f  ̂ his comigration, it is difftcuU to 
determine the true constituent polypeptides o f CP II purified 
by PACE in SDS. |

To determine unambiguously the constituent polypeptides 
of CP II, we exploited the observation of Aro and Valanoe (.̂ i 
that inclusion of magnesium in SDS gels and anodal bulTer 
results in an altered mobility o f CP il. When this was adopted 
to the LDS gel system (Fig. 1), we found that the electrophoreiit 
mobility o f CP II is progressively retarded relative to oiher 
thylakoid membrane polypeptides as the concentration of Mĝ * 
is increased. Thus, vtre were 4ble to select a Mg’- concen^atioo 
which will cause <^P II to migrate to a region o f the get where

mM M g ^
0.5 0.6 0.7 0 6  09

CPI -

f ic u R t  1 Effect o f  M g*’  o n  th e  e le c t r o p h o r e t i c  In o b ilily  o i  CP II 
fro m  p e a  th y la k o id s . A c o m p o s i te  is p r e s ^ i e d  o f  six LDS 
c o m p o s e d  o f  9%  p o ly a c ry la m id e . Thje g e k  d if fe r  in  t h e  conccn tn iK ^ . 
o f  M gCI?. th a t  w a s  in c lu d e d  in  th e  s ta c k in g  g e l, re so lv in g  ^el, 4r><} 
a n o d j i  re se rv o ir  b u ffe rs . Pea th y la k o id  m e m b ra n t  (  w e re  solubiliitet 
a t  4 °C  w ith  LDS in  th e  s a m p le  b u f f e r  d escr)be<  |in  M aterials «Ad 
M e th o d s . A n  a l iq u o t  o f  th e  m e m b ra n e s  (H )  w a s 'h e a le d  ai 
fo r  45 s to  d is s o c ia te  c h lo ro p h y ll  fro rn  th e  CP I p o lv p c p l> d «  {m 
b ra c k e ts )  b e fo re  lo a d in g  in  w e lls  a d ja c e n t  to  n o n h e a t e d  (N )  m«m 
b ra n e s . E le c tro p h o re s is  w a s  c a r r ie d  o u t  )ai 4®C, T h e  p o s itio n s  ol < f  
I ( < > ) ,  th e  c h lo ro p h y ll  a-P 7 (X )-p ro ie in  c o m p le x , a n d  CP II (■ •) 
in d ic a te d .  CP 1 a p p e a rs  t o  d e te r io r a te  a n d  m ig ra te  as « 
fu n c t io n  o f  in c re a s in g  M g** c o n c e n tr a t io n s ,  w h e re a s  C P  II is statu 
l iz e d  a r« l e x h ib its  d e c r e a s e d  e le c t r o p h o re t ic  m o b ililv  te U tu c  u. 
p ro te in s  th a t  d o  n o t  b in d  c h lo ro p h y lls  in  b o th  n o n h e a ie d  ind  
h e a t e d  sa m p le s .
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u'w polypeptides ia samples that are healed before eleciropho- 
tnis are located. Coi^sequently, CP II can be obtained in a 
Mle of high purit)| isimply by subjecting LDS-solubilized 
Aylakoid membranes to gel electrophoresis in which 0.7 mM 
Mg** is included in the lower reservoir and resolving gel 
bufTers. [

CP II was excised from p r e |i^ t iv e  gels containing 0.7 mM 
heat'diasociated, and re-electrophoresed on polyacryl* 

laide gels contaiiUDg no Mg^* .̂ Only one stained gel band 
(ttild be resolved on a  variety o f gels that differed in polyacryl- 
inide concentration or buffer composition (data not shown). 
However. Siiss et a t  (4fi) refx>rted (hac two polypeptides which 
cnnigrate with CP 11 could be resolved in polyacrylamide gels 
OMlaining urea. The electrophoretic mobility o f many thyla- 
koid membrane polypeptides is profoundly altered by urea, 
jvltich probably affects the am ount o f detergent that binds to 
cenain polypeptides. This effect is illustrated in Fig. 2 a, in 
vluch a 10% polyacrylamide gel was cast so that a 0-8 M 
indient o f urea was formed in the transverse direction. A 
iHDple o f  SOS-solubilized, beat-treated ihylakoid membranes 

then layered across the top o f the gel. The electrophoretic 
aoUlity o f many thylakoid membrane polypeptides from pea 
wdlings is dram ati|»ily re ta iled  as the concentration o f urea 
•  increased. The o ^ e r  o f migration of several polypeptides, 

I ipeciaUy those o f Ipw molecular weight, is altered. Moreover. 
hit major thylakdjd membrane polypeptides that normally 
(migrate with CP II are resolved into at least two major

- 8 m

15
16

15
16

‘ 1 ! ;  '- 'll' '

fiCt'RE 2 Effect of urea on theetectrophorclic mobility o( (hyiakoid 
•mbrane proteins and reiolution of the CP II polypeptides. A  
^ ie n t  of 0-8. M  urea was established in (he transverse direction 

10% polyacrylamide gels by}castlng at right angles (o the direction 
4(4ectrophoresis. After polymerization, a 5%  polyacryfamide stack* 

without sample slots was formed in the normal position. In 
lit upper gel, Heated thylakoid membranes were applied in a 
(Minuouf layer across the (op of (he gel. In the lower gel. (he CP 
l)*gion of a preparative 9 %  polyacrylamide, 0 7  m M  M gC Ii, ID S  

nonheated thvjiakoids'electrophoresed at 4‘C was excised. 
*fler heating the gel Jtrip in SO m M  OTT, 2%  SDS, it was transferred 
lithe top of the second*dimension urea gradient gel. The positions 
tfCPlI polypeptidefspS and 16 are indicated.

Chlofolorm  /  M ethanol

Total Soluble Insoluble

l 3 5

1 M

,

f" ■ r%> t['I V - ^

MW
«10-3

-66
-5 4

- 4 i

32
28

-2 0

FiCUKi 3 In vivo sites of synthesis and solubility properties of pea 
thylakoid membrane proteins. Thylakoid membranes were purified 
from intac( chloroplasts of pea seedlings that were pulse-labeled 
for 3 h with ” 5 0 4 * " in the absence of protein synthesis inhibitors 
(Control) or presence of 200 /ig/ml chloramphenicol (C A P ) 9r 20 
fig/ml cyctoheximide (C H I). Aliquots of the membranes were ex­
tracted with 2:1 (vol/vol) mix(ures of CHCI3 and CH3OH to obtain 
soluble and insoluble subfractions. Unextracted membranes (Total) 
and (he organic solvent subfractions were solubilized with SDS. 
heated at lOO^C for 45 &, and Ihen electrophoresed in a 9%  poly- 
acryiamide, 4 M  urea gel. The geJ was stained and photographed 
(S ) t>efore processing for fluorography (F ) to visualize the labeled 
polypeptides. The posidons of CP II poiypepddes 15,16. and 15 ' are 
indicated.

species. Subsequently, the CP II region from a prepcratfve 
polyacrylamide gel containing 0.7 mM Mg‘* was excised, 
su b jec t^  to heat-dissociation, and then analyzed on a 10% gel 
containing a transverse 0-8 M urea gradient. As seen at the far 
leA o f the gel (Fig. 2b), only one stained gel band o f highly 
purified CP 11 is obtained in the absence of urea. However, 
when (he urea concentration of the resolving gel is increased to 
4 M, this band is resolved into two polypeptide species. We 
designate these as polypeptides 15 and )6 on the basis o f  their 
electrophoretic migration with respect to the other major com­
ponents o f pea thylakoid membranes. As yet, we do not know 
whether both polypeptides 15 and 16 bind both chlorophyli a 
and b. However, polypeptides IS and 16 are. certainly, the 
minimal components required for formation of CP II.*

The polypeptides associated with CP 11 are the major 
CHCU/CHnOH-soluble components o f photosynthetic mem­
branes. and a substantial portion of polypeptide 15 and ail o f 
polypeptide 16 are soluble in the organic solvent (Fig. 3). A 
band which comigrates with polypeptide 15 is recovered in the

' We have found recently that when CP II is obtained from geU widiout 
MgCU i( contains two to three additional minor polypeptides in the 
23.000- (o 25.000-dalton range <P. Delepetaire and N.-H. Chua. un­
published data). Thus, MgCU may cause release o f chlorophylls from 
these minor constituents o f CP II.
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CHCIa/CHjOH-insoluble phase. As will be shown laier. ihis 
^polypeptide, designated 15'. is structurally and immunologi- 
caUy idenvical lo polypepvide 15 and is vhe resuU of an incom­
plete extraction o f the latter by the organic solvent.

Intracellular Site of CP II Polypeptide Synthesis

The thylakoid membrane component which comigrates with 
CP II was shown by Machold and Aurich (30) and Cashmere
(9) to be a product o f cytoplasmic protein synthesis. Since two 
polypeptides in this region of polyacrylamide gels could be 
resolved, we re-examined the sites o f synthesis o f pea thylakoid 
synthesized on cytoplasmic ribosomes.

More than 30 thylakoid membrane polypeptides were in­
tensely labeled with in vivo (Fig. 3, lane J). These
include all but two of the major stained constituents o f the 
membranes. In addition, some radioactive bands are poorly 
visualized in the stained gel profiles, particularly in the high 
molecular weight (>66.000) region and in the region of 32.0(X) 
daltons above polypeptides 15 and 16, Cycloheximide blocks 
synthesis o f most o f the low molecular weight polypeptides 
(Fig. 3. lane 4). However, labeling o f eight polypeptides per* 
sists, indicating tha; these are products o f chloroplasl protein 
synthesis. The major chloroplast synthesized thylakoid poly- 
peptide is a diffuse band (32.0CX) mol wi), corresponding to the 
D protein which is a product of protein synthesis in isolated 
chloroplasis (23). The diff use nature o f the 32.0(X)-dalton pro­
tein partially c^scures polypeptides 15 and 16 in the control 
sampte. However, the results with the inhibitors show clearly 
that both polyf>eptides 15 and 16 are products o f cytoplasmic 
protein synthesis. They are labeled in the presence of chlor­
amphenicol at concentrations that completely inhibit synthesi^s 
o f the 32,(X)0-dalton polypeptides but are not synthesized in 
the presence o f low concentrations o f cycloheximide.

Immunological Characterization of CP II 
Polypeptides

In Chlamydomonas reinhardiii, three thylakoid membrane 
polypeptides, IK 16, and 17, have been shown lo be subunits 
o f the CP n  complex (12). Antibodies raised against polypep­
tide II were found to react with polypeptides 16 and 17, 
forming partial immunological identity (12). These results in­
dicate that the three constituent polypeptides o f the CP II share 
common antigenic determinants and are probably structurally 
related. Crossed immunoelectrophoresis revealed that anti- 
CMamydomonas polypeptide 11 IgG reacts with two homolo­
gous thylakoid polypeptides in spinach that migrate near one 
another in the CP II region during SDS PAGE (12). Similar 
analysis with pea thylakoid polypeptides resulted in the for­
mation o f a broad immunoprecipitin arc that spanned poly­
peptides 15 and 16 (data not shown). We interpret these results 
to mean that pea polypeptides 15 and 16, which are constituents , 
o f CP U, both cross react with the antibodies showing complete 
immunological identity with respect to the antigenic domains 
recognized by the heterologous antibodies. Because the two 
polypeptides migrate closely together in SDS gels, only a broad 
precipitin arc resulted. To obtain additional evidence on this 
point, we purified polypeptides 15 and 16 and polypeptide 15' 
by preparative electrophoresis (12) o f the CHCl i/CH iOH ex- 
iracis and residues. T h c «  polypeplides were analyzed by im­
munodiffusion using antibodies raised against i  hlamydomonas 
polypeptide II. Fig. 4 shows that a single precipitin line is
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C /M  Residue 16

C /M  E x t r a c t
FicuKi A Immunological resemblance of the CP It polypopli<ttf' 
Polyp<?pt»dcs and t6 were purified by preparative electropfcosfsK 
in 9% acryldmide, A, M urea guls of CHCta/CHjOH extracts of pe< 
thylakoid mombrancs, whereas polyp«ep(ide IS' wa$ similarly ub-
tatned from gels of the CHCU/CHjOH-msoluble
each polypeptide, 25 of the total (Mb) thylaloid memhiaopi. 
and the equivalent portions of the CHCia/CHaOH-^derived suWfj. • 
lions were applied tô  the peripheral wells of ;i% agarose 
containing 50 mM Tris-HCI (pH 8.6), 0.1 M  and 1% Triton k 
1()0. The antigens were solubilized irl 1% SOS aijidthen were dilulctt 
with a tenfold excess weight of Triton X-100 to uester SDS twio'»* 
they were applied lo the agarose wells (12). T i ‘ center well ion- 
tained 0.75 mg of IgG purified from antiserum i g linst the mj|nr i 
II polypeptide (polypeptide 11) of ChiJfnydom r tas.reinh4nhii

formed against each of these polypeptides as well as the total 
complement of SDS-solubilized thylakoid A^mbranes or the 
CHCI{/CH;iOH subfractions. Since the p r^ p i t in  lines 
completely with each membrane component, conclude tlur 
the antigenic determinants recognized, by the heicroU<g<<b; 
antibodies are identical in the three polypeptides 15, 15'. ind 
16. We wish to emphasize that immfnological diMeren>c 
between polypeptides 15 and 16 may be revtftded if antiboJic> 
raised against one of these polypeptides w«re used.

Immunological cross-reacting o f polypeptides 15,15', an«J tfr 
could be interpreted as evidence for a comi ion biusynthftiv 
pathway. Thus, polypeptides 15 could be a Relatively staNc 
precursor to polypeptide 16. Alternatively, polypeptide lb 
might originate by spurious piioteoiysis o f p o li^p iide  15 dui 
ing purification and analysis o f the naembranes. However iHu 
possibility appears unlikely since thel inclusioh of several pii - 
tease inhibitors during all steps did not alter the ratio of tix 
two polypeptides. A third possibility, which is supported bekm 
is that polypeptides 15 and 16 are distinct ptoteiu synihcsu 
products. Their immunological relatedness could resuli 
an evolutionary duplication and divergence o f a  strucluiil ftftr 
or allernative pathways by which a single primary Uiniivrtpt ’i 
subsequently processed to form somewhat di/Terent mKN-ii 
encoding the separate polypeptides.

Identification of Higher Molecular Weight 
P r e c u r s o r s  t o  t h e  M a y o r  C P  II P o l y p e p t j d (|4

The primary translation product |>f m R N A enc6d t^ tb t< ^
11 polypeptides was identified by imU^noprecipitalion of u«i» 
lation mixtures primed with pea leaf poly(A) RNA (Fig 
Two polypeptides were reproducibly immunoprecipuakdwcft 
antibodies against Chlamydomonas polypep|tlde 11 ft*'*# jW



15,16

Fkurf S Immunoli^gicdl identincation of higher molecular weight 
precursors of the CPjil polypeptides. Poly(A) RN A  from pea seed­
lings was translated ih the wheat germ system (25). A  portion uf the 
posinbosomal superiate obtained from 'the translation mixture was 
pfKlpitated with 10% TC A  (lane 1), and the remainder was sub- 
(Kted to immunoprccipitatcd with antibodies to Chlim ydom om s  
Mvpeplide 11 (lane 2). The fluorograph of a 7..S*15% grddioni 
polyacrylamide gel.js presented with thylakoiil
membrane polypeM i jes for reference in lane In Jhis gel system, 
polypeptides 15 an<i are not resolved from one another. .

products formed in the wheat germ system (lane 2).^ These 
kive molecular weights o r *433,000 and 32,000 and are desig- 
Bited p l5  and  p l6 , respectively, on the basis, o f the pepiide- 
flUpping studies presented below. A single higher molecular 
night precursor to  a CP 11 polypeptide was identified previ­
ously among the translation products of1>arley poly(A) RNA 
[|. 2). However, our resul'is clearly show that pea ihylakoids

In addition to plS and pl6, a faint bind at 31,000 Jaltons is .seen in 
ibt immunoprecipltate upon over exposure of the nuorographs.' With 
ume batches of wheat germ extracts, polypeptide bands that comigrate 
nth polypeptides IS and 16 are also recovered. It is likely that some 
ntracts contain processing enzymes, probably derived from propla.stids 
ia the wheal embryo, which convert a limited amount of the precursors 
IB the mature forma.

contain al least two CP II polypeptides, so the presence of two 
precursors in the cell>free translation mixture is not unexpected. 
We consider it unlikely that pl5 is converted to p l6  by pro­
leases or other modifying enzymes present in the wheal germ 
system since both precursors are also synthesized in the rabbit 
reticulocyte lysate system (reference 43, data not shown). More­
over. p l6  probably does not result from prem ature chain 
termination during translation o f plS  mRNA, since supple­
menting the reticulocyte lysate with wheat germ tRNAs lias no 
effect on the relative abundance of these two products (refer­
ence 43, data not shown).

Further evidence that polypeptides IS and 16 are synthesized 
independently as higher molecular weight precursors is shown 
by pepiide mapping (Fig. 6). The peptide profiles generated by 
V8 prolease from plS and p l6  are difTerent, although some 
fragments do comigrate. Further, many o f the fragments ob> 
served in the digestion products o f pIS and p l6  comigrate with 
some products o f polypeptides IS and 16, respectively. There 
are prominent peptides produced from the in vivo-labeled 
polypeptides which are not apparent in the precursors; these 
differences could arise from the use o f  “ S04*" for in vivo 
labeling and I^S]methionine for in vitro protein synthesis. 
Several fragments o f polypeptides 15 and 16 comigrate, sug*
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FicuRt b Confirmation of higher molecular weight precursors to 
the CP U polypeptides by peptide mapping. [^^]melhiontne-labeled 
translation products of pea m RNA  (A) arid thylakoid membrane 
proteins that were pulse-labeled with (in the presence of
200 /ig/ml chloramphenicol) (ff) were electrophoresed in first-di­
mension gefs of 9%  pofyacryfamide, 4 M  urea. Thyiakoid membranes 
subfractionated intoCHCU /CH aO H-so lub le  ( C) and -insoluble ( D )  
constituents were also electrophoresed in parallel lanes of the first- 
dimension gel. Regions o( the respective lanes containing the C P  H 
polypeptide*! or presumptive precursors were excised and subjected 
jo proteolysis with 5. iureus V-8 protease during stacking in the 
Second-dimension 8 M  urea. 12-18% polyacrylamide gradient gel. 
The (irst-dimension positions of p15 and p l6  and mature CHCla/ 
CHaOH-so luble  CP II polypeptides 15 and 16 and C H C Ia/C H jO H - 
insoluble polypeptide 15' are indicated at the top of the fluoro- 
graphs. Peptides which are common to p15 and polvpeptides 15 and 
15' (—•) and peptides common to p l6  and polypeptide 16 (•-) are 
indicated.
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rig . o aiso snows inai oigesuon proaucis oi poiypepuae D  are 
indistinguishabie from those of polypeptide 15. indicating that 
the two polypeptides are identical.

We have recently isolated a cDNA clone which is comple­
mentary to the mRNA encoding only the 33,000-daIton poly­
peptide, p is  (R. Broglie et al.. unpublished data). Translation 
o f this mRNA in a wheat germ system followed by uptake of 
the translation product shows that p 15 is processed to p o lyp^- 
tide 15 by imact pea chloroplasts. These results reinforce bur 
conclusion that the 33.000'dalton polypeptide is the precursor 
to polypeptide 15.

Precursors to the CP U Polypeptides Are Soluble

The occurrence o f plS and p l6  in the postribosomal super- 
nates o f in vitro translation mixtures does not eliminate the 
possibility that these-polypeptides are sequestered in lipid or 
Iow>density membrane vesicles that could be present in wheat 
genn extracts or reticolocyte lysates. In either case, the precur* 
sors should be completely or partially protected against prote­
olysis by virtue o f the hydrophobic domains of such structures. 
HoWever treating postribosomal supemaies o f the pea poly(A) 
RNA translation products with trypsin results in complete 
digestion o f p l5  and p l6  as well as pS (data not shown). These

1 5 ,1 6

^ p S

- S

FiCUtE 7 Distribution of post-lranstationally imported polypep­
tides in chioroplasi subfraclions. Post-translational transport of fn 
vitro translation products of pea m RNA  into isolated intact pea 
chloroplasts was performed as described in Materials and Methods. 
Adsorbed, but not transported translation products wore removed 
by proteolysis, and intact chloroplasts were re^urified. A  composite 
is presented of the stained 7,5-t5% polyacTYlamidp gtadient gel 
profiles (S ) and their respective fluorographs (T) to visualize im­
ported polypeptides recovered with the total thylakoid (T), soluble 
stroma (5) and envelope membrane ( f ) fractions that were subse­
quently purified as described in Materials and Methods The posi­
tions of pS, pis, and p16 were determined by coclectrophoresis of 
an aliquot of the postribosomal supcrnate of the transUiion mixture 
used for transport.
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mature terms ol the CP II polypeptides that are embedded i 
thylakoid membranes (Fig. 10). Therefore, the data indicai 
that p l5  and p l6  do not reside In membrane or membranelil 
structures in translation mixtures, even though their matui 
forms display marked hydrophobicity. The physiological sij 
nificance o f this Finding was established by diowing that tran 
port o f water-soluble p i5 and pI6  into isolated intact chlon 
plasts occurs in a post-translational manner.

Post-translational Transport of C P  // 
Polypeptides ihto Isolated Intact Chloroplast<^

To assess the physiological role o f p l5  and pll6, we invtM 
gated whether they can be impbrted into intact chloroplasts i 
vitro. Thus, tl^e postriboMinal ^uj>emate o f a translation mu 
which contained labeled pea polypeptides including pIS an 
pl6, was incubated with intact pea chloroplasts under cond 
tions shown, to be optimal for post-traMlational uptake c 
chloroplast polypeptides (25). After tnouibation, the chlor«. 
plasts were fractionated into envelope, stipma and thylakoi 
membranes by sucrose density gradient centrifugation 
Fig. 7 shows that the major translation product that is importe 
into chloroplasts is S, which is found mo it abundantly in th 
stroma fraction and to a minor extent in 
envelope fraction. Several other in vitro i 
tides are also prominent in the siromal 
polypeptide precursors, pIS aiid p l6 , are 'not found io any c 
the chloroplast fractions as determined by n^obilities in gel 
(Fig. 7) or immunological methods (data not;shown). In •son 
trast, thylakoid membranes co n tap  labeled polypeptide^ I 
and 16 and as well as several othdr as yet umdentifted mem 
brane polypeptides. From theie rosults we condude that pi 
and p l6  and precursors o f the othe^ membrane polypeptide 
are transported into chloroplasts by a post>translatioaal mech 
anism. During or immediately aAer pesMge through the ee 
velope membranes or upon association !with the thy l^o id i thi 
precursors must be co n v e rt^  rapidly *to their mature ^nn» 
Significantly, neither the stromal nor the envelope frRcuoi 
contains labeled polyf>eptide5 15 and 16 (Fig. 7), demonstrating 
that in our in vitro reconstitution system the pbst-translatioBai 
import o f these polypeptides culminates in the ir specific Wical 
ization in the thylakoid membranes. The absence of newti 
imported CP II polypeptides and their precursors in the ttforui 
and envelope fractions su g g e ^  that the it  i vsit time tht^n*^

association with th 
ynthesized polyprp 
fraction. T ^  CP 1

these chloroplast compartments must be vd  ̂ rapid.

Transport, Processing, and Assem  
Polypeptides into Chloroplasts frd[f\} 
Hom ologous and Heteri)logous S

Y of CP n

I fx e s

cts to ratuusuN 
all pliMt^

In many experiments we employed he^ei^togout sysinm 
consisting o f chloroplast|S from the inner lie i^ s  of RoroatM 
lettuce and pea poly(A) RNA translation prM 
uptake and assembly o f p l5  and pl6. Thf 
Romaine lettuce are relatively undifferentiate and their ^  
lakoids contain proportionally lower amounti o f native CF U 
polypeptides. Also, the Romaine lettuce CP 11 polypepti^ 
exhibit electrophoretic mobilities different from ihoite of pm 
This has facilitated analysis o f heterologous pfocCMtngof^l^ 
and p l6  to  their mature forms and their subsequent cap»bt> w 
integrate into the lipid bilayer o f photosynthetic membriMi 

The pea mRNA translation products that m  impuiied Mv 
Romaine lettuce chloroplasts and are recoveiitd spectfiul)^ m

T



} TI  Aylakoids show electrophoretic mobilities different from those I .if Romaine lettuce but identical to those observed in pea I JivUkoidj (Fiw 8). Hence, heterologous transport of these
I piDteins is accompanied by correct processing of precursors

I Mh rexpect to the source o f the mRNA and noi the origin of 
4 t chloroplasts; Therefore, the processing enzym es and the 
« «  on precursors th a t they  atiack must be ev o lu tio n arily  
ion*erved. ,

To determine that the imported CP II polypeptides are 
tttened into the thylakoid lipid bilayer, we suspended the 
membranes in 0.1 N NaOH, a treatment which extracts periph­
eral membrane componen s (46). Polypeptides 15 and 16 that 
were transported in vitro, like those synthesized in vivo, are 
ool! removed by this treatment (Fig. 8). Thus, our in vitroj 
ifansport systefn faithfully mimics the in vivo events which 
result in the complete integration of CP II polypeptides into 
ihylakoids as integral membrane components. Several other 
peripheral and integral raiembrane polypeptides also undergo 
post-translational transport into both pea and Romaine lettuce 
chioroplasls. In eich  instance, processing and assembly is 
correct with regard! to the mature, native pea membrane com­
ponents and not those of Romaine lettuce.

Further e v id e n t that fMlypeptides IS and 16 are processed 
ind assembled cdn^ctly following in vitro transport into either 
pea or Romaine lie tuce chloroplasts was obcianed by CHCLi/ 
THuOH extraction of puriHed thylakoid membranes. Solvent

*i*-C

fiGURi 8 Posl-tilansUtiondl Iransport. processing, anti Ihyldkoid 
membrane assembly of pea tfiylakoM polypeptides with chloro- 
plaits from h o m o lo ^ u s  and heterologous sources. Postribosomal 

'supernates of trarislation products of pea m RNA were incubated 
with intact chlolroplasts iron) pea and Romaine lettuce as described 
in Materials and!M ethods. Subsequently, thylakoid membranes 
 ̂were isolated frpnrt protease-treated and repurifiod plastids. Portions 
'ol the thylakoidi Were solubilized directly with SD S  and huaied at 
inO*C for 45 $ >ptofe loading on  Ihp 9%  polyacrylamide. 4 \1 urea 

iqijot of each of the thylakoid preparations was 
jjl^N N a O H  to separate extrinsic proteins from the 

recovered in jthe N aO H  residue. Composites of
o visualize inlported proteins are displayed with 
stained gel profiles (S) of the thylakoid mem- 
derived subfractions from pea and Romaine 
The positions of pea CP II polypeptides 15 and 

are those of their precursors

gri. Another i 
ntracted with 
integral proteid 
fhitKographs { f  
thf correspondi 
brines and N aO  
lettuce chloropl.
16 are indicated

T o ta l

C h lo ro fo rm  / M e th a n o l 

In s o lu b le

0) 0)

S 18 — <8- - * 0>

- 1 5 '

fiGUKi 9 Imported thylikoid polypeptides acquire solubility prop­
erties identical to those native to pea upon post-translational trans-j 
port and processing with homologous and heterologous chloro­
plasts. Thylakoid membranes were purified from reisolated intact 
chloroplast employed for in vitro import of pea m RNA  translation 
products. A  portion of the thylakoids from pea and Romaine lettuce 
were subjected to extraction with a 2:1 (vol/vol) mixture of CHC Ij/  
CH3OH as described in the legend of Fig. 3 The stained profiles (S) 
and respective fluorugraphs ( f )  to visualize imported proteins in | 
the total and organic solvent subfractions of thylakoids resolved in 

ia 9%  polyacrylamide, 4 M  urea gel arc presented in composite form.

■ I
partitioning of the CP II polypeptides imported in vitro is 
identical to that from native pea thylakoids (Fig. 9). Despite 
the solubility o f pl5 and p l6  in aqueous solutions, after they 
arc tran.sported through both membranes of the chloroplast 
envelope, processed, and inserted into the thylakoids, they are 
recovered as mature forms that are hydrophic, integral mem­
brane components.

The extractability of newly imported polypeptides 15 and 16 
with alkali and organic solvents indicates that they are firmly 
Icxlged in the thylakoid membranes. However, these experi­
ments do not define the degree to which the respective poly­
peptide chains are embedded in the lipid bilayer. Transmem­
brane disposition was investigated by determining the extent 
to which imported polypeptides are protected against proteol­
ysis by the lipid bilayer o f (he thylakoid membrane. Several 
high molecular weight membrane polypeptides are extensively 
digested by either trypsin or acetylated trypsin, but there is 
only a small efTect on endogenous or imported polypeptides 15 
and 16 (Fig. 10). In both cases, the altered electrophoretic 
mobilities o f imported 15 and 16 are indistinguishable from 
those of the partially digested native pea CP II constituents. 
The CP II polypeptides imported into Romaine lettuce chlo­
roplasts appear lo attain dispositions in the lipid bilayer iden­
tical to those that are endogenous to pea thylakoids. These 
results are the strongest evidence that in vitro synthesis and 
transport o f the CP II polypeptide precursors results in correct 
processing and insertion into the thylakoid membranes.
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Ficum  10 ImporunJ poivpcplides actjuirc conlormations in Iho 
Ihylakoid*- membrane hpid bilayer irtdislingu<vhable (rum those 
native to pea upon post-translational transport and processing with 
hom oiogous and heterologous chioroplasis. Thylakoid membranes 
were purified from chloroplasts of pea (P ) and Romaine lettuce (L ) 
that were employed for import of pea m RNA  translation products. 
The membranes were incubated with the indicated proteases for 30 
min a( room  temperature as described in Materials and Methods. 
The membranes were solubilized with SD S  and heated at 100°C in 
gel sample buffer before those portions of the polypeptides that 
were protected from degradation by the lipid biUyer were resolved 
in a 9%  polyacrylamide, 4 M  urea gel. Stained gel profiles (S ) are 
presented for comparison with those of imported polypeptides 
visualized by fluorography (F).

In Vitro Assembly of the CP II Polypeptides 
Results in Chlorophyll Binding

The ultimate test o f our atlempts lo reconstruct with fidelity 
the in.vitro synthesis, transport, and assembly of the CP II 
polypeptides is to demonstrate that the imported proteins attain 
functional roles in the photosynthetic membranes. Although 
we cannot show conclusively that the newly imported CP II 
polypeptides harvest light energy for photosynthetic electron 
transport, we show that they bind chlorophylls to form CP II. 
Imported polypeptides 15 and 16 are recovered in CP II after 
efe^ropboresis in LDS containing Mg‘  ̂(Fig. ) 1). Like endog­
enous polypeptides IS and 16, the imported polypeptides are 
dissociated from the complex upon heating of thylakoids before 
electrophoresis. The polypeptide that migrates most slowly in 
the CP II samples is a thylakoid polypeptide not associated 
with CP II, since its mobility in Mg'*-LDS gels is not altered 
by heating the thylakoids before electrophoresis. These results 
provide evidence that assembly of the in vitro-synthesized 
proteins into thylakoid membranes is accompanied by chloro­
phyll binding. However, we cannot rule out the possibility that 
the altered mobility o f the imported polypeptides IS and 16 in 
Mg’**LDS gel may be due to iheir association with lipids 
rather than with chlorophyll.

Results o f numerous in vivo studies have indicated that
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m higher plants (cf. reference 6). w e  add 
thylakoid membrane biogenesis by examinin,
II polypeptides can integrate into thylakoid 
out concomitant chlorophyll formation du 
ments. Transf>ort and assembly o^polypeptid 
in darkness, although to a lesser extent than 
11). We have shown elsewhere (24) that the 
transport and assembly o f CP II poiypeptidesi 
be restored to the light level by the addiiioii 
partial dark inhibition is due to a requirement by the envelope 
protein transport mechanism for ATP (24), th^ nost accessi^ 
source of which is photosynthetic phosphor^ ^tion. Despite

this Aipect Of 
' 'hether the CT 
4fflbranet» witb- 

uptake expcp*
5 and 16 ocour 
he l i^ t  
uced level of 
the dark o u  
ATP. Thiu.

C F f i r

rtipea chloropl4>i 
mates of in vtisj 
tatter, exposure to

FiGUK'f 11 Assembly of imported CP M polypeujdes culmina(c) tr. 
chlorophyll binding during post-translational tr« '^sport in lighi tnt'. 
darkness. Thylakoid membranes were purified fr< 
that were incubatcd with postribosomal supc 
translation mixtures in light or darknessj in the 
light did not occur until m embrare pellets w^re obtained Utm. 
lysed chloroplasts. Aliquots of the membranes w^re solubilized i>iir 
LOS at 4“C and subjected to LDS P^GE in a 9%  polyicrylamide, 0 
mM M gC I; gel as described in the legend to Fig. 2. A  CP II cuniro<| 
sample was prepared from pea thylakoids labeled in vivo wit  ̂
^ ^ 0 4 ^ ' in (he presence of chioramp^eni ;o(. A  sample of thylakofJ^ 
from chloroplasts incubated with transljljon products in the ii|h: 
was ht'diwl bi*for»‘ M g '*  lO S  gfl elt>cirophort'sis lo IdenlifyconU^ 
inants of the CP II preparation. The CP II regions were excis'd and 
the gel sliccs w rrc healed at 100®C for 1 min llo dissociate ihe 
chior(>|)hyll-pro(('in com pk'xr> lx*furL* they were transferred tw » 
sccund-dimensiun 4%  pulyac rylarhide, 4 M  urea gel. Samples of the 
total thylakoid memb(;ane polypeptides of the chloroplasts usedifor 
import were resolved in adjacent lanes in the second-dimension |fl 
O n ly  "S -labn led  polypeplidrs visualized by flu|irography 
shown.
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;«duced iransport o f p l5  and p l6  in darkness, delcclabic 
IKouQts of the in vitro synthjesized proteins are recovered in 

CP II from chloroplasts thaj were incubated with transla- 
•on products in darkness. These results suggest that a pool of 
Alofophyll is present in thylalcoid membranes and available 
Ik binding to newly imported CP 11 polypeptides or that 
•change of chlorophyll can occur between the newly imported 
iMi extant CP II proteins. Thtis, membrane assembly of poly­
peptides IS and 16 can be uncoupled at least to some extent 
ftm  chlorophyll biosynthesis.

q t s c u s s io N
j

to this study, we have reconstructed in vitro (he major events 
il the biosynthesis of the two constituent polypeptides of the 
U)C. The salient features o f our fmdings are: (a) the primary 
« vitro translation products o f mRNAs encoding the two CP 
U polypeptides (polypeptides IS and 16) are soluble, higher 
wlecular weight piMursors (plS and pl6); {h) the precursors 
a t  imported into intact chloroplasts post-transtationalty; (c) 
laring or shortly aAer passage through the envelope mem- 
hranes. the precursors are processed correctly to iheir mature 
ires by proteases (hat are present in (he chloroplasts; (d) the 
•ewiy imported precursors are recovered exclusively in thyla- 
koid membranes w herj they, like their native counterparts, 
reside as hydropho|)ic integral components: (e) the dispositions 
if the newly integrated polypeptides in the thylakoid mem* 
bnnes are indistin|uishable from those of the endogenous 
^rms. as probed limited proteolysis o f isolated thylakoid 
resides; ( / )  the CR tl polypeptides synthesized in vitro most 
ikely bind chloro|>t>;^U ajnd therefore ^ e  presumed to have 
utained a functios^' rot(| in the photosynthetic membranes; 
ifld ( g) transport aii( assembly o f the CP II polypeptides can 
le uncoupled from el lorophyll bi(^synthesis; however, we can- 
lot rule out an absp ute requirement for chlorophyll since a 
mall pool o f the figm ents may exist in our chloroplasts 
ncubated in the d a u .

Transport o f the C  f II polypeptide precursors. p l5  and pl6, 
ccurs by a post‘tra|islational‘mechanism identical to that 
lemonstrated previously for ihe soluble i small subunit of 
tuBPCase (15). T he  soluble pootein is synthesized initially as 
precursor with a 1,000- to 5,000-dalton chain extension at the 
mino terminus, ijhe chain extension in the membrane poly- 
^ i J e  precursors is o f  a simijar size. We assume (hat this 
lain extension fuifctions as a transit sequence'! 15. 42) in that 
plays a*role in the post-translationail uptake of the precursors 
tto chloroplasts. Furthermore, since polypeptides 15 and 16 
t  hydrophobic mexhbrane proteins, the precursor chain ex- 
Asion must also contain special properties that render the 
vcursors soluble. i
Our in vitro reconstitution ^ s te |n  for uptake and processing 
^plS and p l6  provides the opp(»iunity to clarify one aspect 
' the assembly pathway o f  the LHC.' The complex may be 
isembled by twoj possible routes: (a) the newly imported 
)lypeptides IS and 16 combine first with newly synthesized 
tlorophyll a and b  as a CP complex before insertion into the 
ylakoids. Thus, the formation of‘the complex is an obligatory 
termediale step befojre membrane insertion. (^) Thylakoid 
lenton o f  polypeplid^ 15 and 16 occun independent o f  new 
ibrophyll synthesis. (The inserted polypeptides may then 
cruit pre-existing chlorophyll in the thylakoid membranes to 
m  the LHC. Since uptake and processing o f  the precursors 
id assembly o f the imported polypeptides ISand I6can occur 
the dark, a conditibh which prevents chldrophyll synthesis

in higher plants, our results demonstrate that assembly o f CP
11 occurs in the thylakoid membrane after insertion of the 
apoprotein.

An important point that emerges from our work is that the 
newly transported polypeptides IS and 16 are localized exclu­
sively in the thylakoid membranes. Thus, mechanisms must 
exist to ensure iheir specific thylakoid insertion af\er passage 
through the chloroplast envelope. One could argue that since 
thes^ polypeptides are hydrophobic they associate sponta­
neously with the thylakoid membranes. However, this property 
alone is insufTicient to explain why polypeptides IS and 16 are 
not delected in the chloroplast envelope membranes. Among 
the many differences between the thylakoids and the envelope 
is the exclusive localization of chlorophylls a and b in the 
former membrane system (36). Since polypeptides IS and 16 
are chlorophyll-binding proteins, we consider î  reasonable to 
propose that both chlorophyll a and b serve as receptors for 
these membrane polypeptides. However, recent results showed 
that the chlorophyll A-less mutant o f barley is completely 
competent in the uptake, processing, and thylakoid assembly 
of polypeptides IS and 16 (G. Bellemare, S. G. Bartlett, and 
N.-H. Chua, unpublished observations). This observation rules 
out Unequivocally chlorophyll ^ as a receptor but still leaves 
open the possibility o f chlorophyll a for this role.

In addition to polypeptides IS and 16, many labeled proteins 
are recovered in the repurifled chloroplasts employed for up­
take of in vitro translation products. Nearly every one of these 
corre.sponds in mobility to a chloroplast polypeptide which is 
a product o f cytoplasmic protein synthesis in vivo. Signifi­
cantly, the imported polypeptides of thylakoid membranes 
become correctly localized in the extrinsic or intrinsic aspects 
o f the membranes with respect to their putative native coun­
terparts. Moreover, the mobilities o f the newly integrated poly­
peptides match those of pea thylakoid,membranes whether 
uptake is into pea or Romaine lettuce chloroplasts. Since few 
of the.se membrane polypeptides have been identified, we do 
not know whether they are all synthesized as larger precursors. 
Nevertheless, our results demonstrate unequivocally that the 
post-translational mode of polypeptide transport applies to 
most, if  not all. thylakoid membrane polypeptides. As shown 
elsewhere, this mode of transport requires ATP generated by 
cyclic photosynthetic phosphorylation (24).

Although the post-translational transport o f plS  and p l6  is 
firmly established, nothing is known regarding the molecular 
events that occur during precursor-reccptor interaction at the 
envelope or the fate o f the CP II polypeptides within the 
chloroplast before their complete assembly in membranes. 
Precursor processing presumably precedes thylakoid insertion: 
however, the possibility that the precursors are processed only 
aAer their assembly with chlorophylls in the membrane cannot 
be ruled out. Furthermore, the precursor chain extension of 
these integral membrane polypeptides may contain informa­
tion not only for transport across the chloroplast envelope but 
also specific localization in the thylakoids. If this were the case, 
p is  and p l6  may he processed in two steps. Future experiments 
are needed to clarify these aspects o f the biosynthetic pathway 
o f the LHC.
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