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I. INTRODUCTION 

It has been well established that mitochondria and 
chloroplasts are not autonomous organeUes. 
These organelles are capable of nucleic acid and 
protein synthesis, but many soluble and mem- 
brane proteins that become localized in them are 
initially synthesized on cytoplasmic ribosomes (cf. 
references 47 and 122). A fundamental question 
of considerable current interest is: How is the 
transport of such proteins through the delimiting 
membranes of the organelle envelope accom- 
plished? A related concern is whether there are 
discriminatory mechanisms to ensure the specific 
incorporation of a product of cytoplasmic protein 
synthesis into its destined organellar location. 

Although the problem of transport of proteins 
into mitochondria and chloroplast has been inves- 
tigated for more than a decade, most of the early 
studies employed indirect approaches and yielded 
results that were equivocal. Only with the recent 
advances in techniques for rnRNA purification (8, 
88), in vitro protein synthesis (92, 110), and 
isolation of purified mitochondria (89, 121) and 
chloroplasts (98, 100) with intact outer mem- 
branes has it been possible to analyze in vitro 
transport of proteins into these organelles in a 

systematic and direct manner. Interest in this area 
has also been stimulated and encouraged by ad- 
vances made in the understanding of how secre- 
tory proteins are transferred across microsomal 
membranes (cf. reference 22) and how certain 
plant and microbial toxins are transported into 

cells (cf. references 104 and 108). This review will 
focus on recent papers dealing with the subcellular 
locations of the sites of synthesis of mitochondrial 
and chloroplast proteins and with the transport of 
these proteins into the respective organelles. 

II. STRUCTURES OF M I T O C H O N D R I A  

AND CHLOROPLASTS 

Chloroplasts and mitochondria are alike in that 
both are enclosed by two layers of delimiting 
membranes (Fig. 1). However, there is one strik- 

ing difference between the two organelles: The 
inner mitochondrial membrane invaginates to 
form cristae; in chloroplasts, although the inner 
envelope membrane frequently invaginates during 
ontogeny, such images are rare in the fully devel- 
oped organelle (cf. reference 55). Electron micro- 
scope (55) and biochemical (cf. reference 63) 
analyses have firmly established that there is no 
continuity between the inner envelope membrane 
and the thylakoid membranes. Thus, while there 
are only two compartments (intermembrane and 
matrix space) in mitochondria, there are in fact 
three compartments (intermembrane, stroma, and 
thylakoid space) in chloroplasts (Fig. 1). 

Although the basic structural plan of mitochon- 
dria described above remains roughly the same 
among organisms from widely different taxonomic 
groups, the structures of chloroplasts vary consid- 
erably especially among the lower photosynthetic 
eukaryotic organisms. The structures presented 

schematically in Fig. 1 apply only to chloroplasts 
of higher plants and greeen algae (cf. reference 
32). In Cryptomonads, Chrysomonads, and Hap- 
tophytes, the chloroplasts apparently are enclosed 
by the so-called chloroplast endoplasmic reticulum 
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FIGURE 1 Schematic diagrams of a mitochondrion and 
a chloroplast. 

(ER),I which is a cisterna of rough ER continuous 

with the nuclear envelope (cf. references 13, 32, 

and 44). In Euglenoids and Dinoflagellates, the 

chloroplast envelope is made up of three mem- 

branes, and it has been suggested that the addi- 

tional membrane layer is derived from the chloro- 

plast ER (cf. references 13, 32, and 44). 

III. PERMEABILITY PROPERTIES OF 

ORGANELLES 

The permeability properties of chloroplasts and 

mitochondria have been studied mainly with re- 

spect to low molecular weight substances. The 

permeability barrier to metabolites is located in 

the inner membrane of mitochondria (cf. refer- 

ence 40) or the inner envelope membrane of 

chloroplasts (cf. reference 63). The outer mem- 

branes of both organelles, on the other hand, are 

freely permeable to charged and uncharged small 

molecules. 

The permeability of the organelle outer mem- 

brane toward larger molecules has also been ex- 

amined. Thus, the outer membranes of both ani- 

mal (133) and plant mitochondria (91) are im- 

permeable to cytochrome c (mol wt, 12,000) and, 

presumably, to proteins of higher molecular 

weights. In spinach chloroplasts, Heldt and Sauer 

(64) reported that the outer envelope membrane 

is impermeable to dextran. However, because the 

dextran fraction used was not specified, the molec- 

1 Abbreviations used in this paper: C, cytoplasmic; CAT, 
carboxyatractyloside; CF 1, chloroplast coupling factor; 
CP II, chlorophyll-protein complex II; ER, endoplasmic 
reticulum; GDH, glutamate dehydrogenase; L, large 
subunit of RuPBCase; M, matrix; MDH, malate dehy- 
drogenase; Met, methionine; pS, precursor to S; RSER, 
rapidly sedimenting endoplasmic reticulum; RuPBCase, 
ribulose-1,5-bisphosphate carboxylase; S, small subunit 
of RuPBCase. 

ular weight cut-off of this membrane is still un- 

known. 

IV. S U B O R G A N E L L A R  LOCALIZATIONS 

OF PROTEINS 

Because mitochondria have two compartments 

and chloroplasts have three, organelle proteins 

that are synthesized in the cytosol have to tran- 

verse one, two, or even three membrane barriers 

to reach their final destinations. Therefore, in 

considering the mechanisms of protein transport 

into an organelle, it is necessary to define the 

compartment in which the protein is localized. 

Furthermore, in the case of membrane proteins, 

the detailed mechanisms by which they reach their 

final destinations may depend on their topography 

in the plane of the membrane and on whether 

they are integral or peripheral components. For 

these reasons, we will briefly summarize the distri- 

bution of proteins in the different compartment of 

mitochondria and chloroplasts and the localiza- 

tions of major membrane proteins. More detailed 

reviews of the suborganellar localization of pro- 

teins and membrane protein topography have 

appeared recently (2--4, 35, 58, 60,131) .  Finally, 

we describe in greater detail the properties of 

mitochondrial and chloroplast outer membranes 

because of their presumptive roles in protein 

transport. 

1.  M i t o c h o n d r i a  

A. OUTER MEMBRANE" The purified outer 

membrane, which accounts for ~ 4 %  of the total 

mitochondrial proteins, contains ~50% (wt/wt) 

lipids and 50% (wt/wt) proteins (cf. references 35 

and 40). A number of enzymatic activities are 

associated with the outer membranes (cf. refer- 

ences 35 and 40). One of these enzymes, NADH- 

cytochrome bs, is immunologically identical to 

that found in the ER (84). However, other en- 

zymes, such as monoamine oxidase and kynuren- 

ine hydroxylase, are localized exclusively in the 

outer membranes (cf. references 35 and 40). 

So far, outer membranes have been isolated 

from rat liver (94, 124), beef heart (62), N e u r o -  

spora  crassa (103), potato (91), and mung bean 

(91). The polypeptide patterns of these prepara- 

tions are distinct from those of the inner mem- 

brane derived from the same source. One striking 

feature is the presence of a 30,000-dalton compo- 

nent in all outer membrane preparations. Unfor- 

tunately, the function and topological disposition 
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of this and other outer membrane polypeptides is 

unknown. Pulse-labeling experiments in the pres- 

ence of specific inhibitors indicate that probably 

all of the outer membrane proteins are synthesized 

on cytoplasmic ribosomes (cf. reference 122). 

B. INTERMEMBRANE SPACE" A list of en- 

zymatic activities that have been localized to the 

space between the outer and the inner mitochon- 
drial membranes can be found in references 2 and 

40. The sites of synthesis of these enzymes have 

not been defined but, presumably, these enzymes 

are made on cytoplasmic ribosomes. 

C. I N N E R  M E M B R A N E S :  The inner mito- 

chondrial membrane accounts for about one-fifth 

of the total protein in the organelle (124). It is 

composed of 25% (wt/wt) lipids and 75% (wt/wt) 

proteins (60). Approx. 30-40% of the membrane 

proteins are peripheral because they can be ex- 

tracted by procedures that do not disrupt the lipid 

bilayer (cf. reference 58). 

In addition to respiratory electron transport and 

oxidative phosphorylation, many other enzymatic 

activities are localized to the inner mitochondrial 

membranes (2). Only 30-40% of the inner mem- 

brane proteins are involved in the respiratory 

chain and ATP-synthesizing system (35). Integral 

components of the inner membrane include the 

four multienzyme complexes of the respiratory 

chain: NADH-coenzyme Q reductase (complex 

I), succinate-coenzyme Q reductase (complex II), 

QH2-cytochrome c reductase (complex III), and 

cytochrome c oxidase (complex IV) (cf. references 

35 and 58). Cytochrome c oxidase is perhaps the 

best characterized complex with regard to orienta- 
tion of individual subunits in the plane of the 

membrane. In beef heart mitochondria, the en- 

zyme complex is a transmembrane protein consist- 

ing of six polypeptide subunits (41). Eytan et al. 

(41) have shown that subunits II, V, and VI are 

exposed to the cytoplasmic (C) side, subunit III is 

situated on the matrix (M) side, and the remaining 

two subunits, I and IV, are presumably located in 

the middle of the membrane because they are 

inaccessible to p-diazonium benzene sulfonate 

which does not penetrate the inner membrane. 
The most abundant integral enzyme of the inner 

membrane, comprising 6% of the protein of beef 

heart mitochondria, is the carboxyatractyloside 
(CAT)-binding protein (mol wt, 29,000) which 

catalyzes ATP-ADP exchange across the mem- 

brane (83). Because of its ability to translocate 

adenine nucleotides, it must be a transmembrane 

protein exposed at both the C and M sides. 

Among the peripheral membrane proteins, cy- 

tochrome c and Fi-ATPase have been investigated 

extensively with respect to their structures and 

locations in the inner membrane. Cytochrome c is 

a basic protein of mol wt -12 ,000  and is located 
on the C side (35, 60). The FrATPase,  on the 

other hand, consists of five nonidentical subunits 

which are  attached as a complex to the M side of 

the inner membrane (cf. reference 35). 

A great majority of the inner mitochondrial 

membrane polypeptides are synthesized outside 
the organeUe (cf. reference 122). This includes 

integral membrane proteins of all possible orienta- 

tions, e.g., the CAT-binding protein and subunits 

IV-VII of yeast cytochrome c oxidase, and also 

peripheral membrane proteins which are located 

on either the C side (e.g. cytochrome c) or the M 

side (e.g. F~-ATPase subunits). 
D .  M A T R I X  S P A C E "  Matrix proteins make 

up --60-70% of the total mitochondrial protein 

(124). A complete list of the enzymes located in 

this mitochondrial compartment has been re- 

ported by Altman and Katz (2). In rat liver 

mitochondria, the urea cycle enzyme, carbamyl- 

phosphate synthetase I (tool wt, 165,000), ac- 

counts for ~ 15-20 % of all mitochondrial protein 

(30). Most of the matrix enzymes (122) and 

ribosomal protein (54, 85) are synthesized in the 

cytosol. 

2. Chloroplasts 

A .  O U T E R  A N D  I N N E R  E N V E L O P E  

MEMBRANE: The chloroplast envelope is com- 

posed of two distinct membranes separated by an 

intermembrane space. Centrifugation of osmoti- 

cally shocked chloroplasts on discontinuous su- 

crose gradients yields an envelope fraction sub- 

stantially free of contamination by other chloro- 

plast components (38, 112, 113), but it does not 

allow the separation of the inner and outer enve- 

lope membranes. Thus, all the biochemical exper- 

iments reported so far have been performed with 

the mixture. 

Early permeability studies with intact chloro- 

plasts identified the inner envelope membrane as 
the osmotic barrier (64). Transport of ions and 

metabolites through this membrane is mediated 

by several distinguishable translocators, but none 

has yet been isolated and purified (cf. reference 

63). However, by analogy with other transport 

systems, such as the CAT-binding protein (83), 
these translocators are presumably integral pro- 

teins of the inner envelope membrane. The cnve- 

CHUA AND SCHMIDT Transport of Proteins into Mitochondria and Chloroplasts 463 



lopes are devoid of cytochrome b~ and NADPH- 

cytochrome c oxidoreductase activities (38) but 

contain acyl-CoA synthetase, bound acylase, 

phosphatidic acid phosphatase, and galactosyl 

transferase (38, 70). These enzymes probably 

function at the inner membrane. No enzymatic 

activity has yet been attributed to the outer enve- 

lope membrane, and it is not known whether any 

enzymes reside in the intermembrane space. 

SDS-polyacrylamide gel electrophoresis of the 

spinach envelope fraction resolves >30 poly- 

peptide bands, 7 of which are predominant (95). 

In contrast to the polypeptides of the thylakoid 

membranes and stromal fraction, most of the 

envelope polypeptides are distributed in the high 

molecular weight region (30,000-100,000). The 

function of none of these polypeptides has been 

identified. Because only three envelope polypep- 

tides are synthesized by intact chloroplasts (69, 
99), the remainder are probably made in the 

cytosol. 
B. T H Y L A K O I D  M E M B R A N E S :  The thyla- 

koid membrane is the site of photosynthetic elec- 

tron transport and phosphorylation. The mem- 

brane is composed of 50% (wt/wt) lipids and 50% 

(wt/wt) proteins. The protein complement is a 
heterogeneous mixture of polypeptides which can 

be resolved by SDS-gradient gel electrophoresis 

into >30 bands (3, 4, 24, 27). The molecular 

organization of the thylakoid membrane and the 

structure and function of some of the membrane 

polypeptides have been summarized by Trebst 

(131) and Anderson (3, 4). 
As with the outer chloroplast membrane com- 

ponents, the biogenesis of the thylakoid mem- 

brane requires both cytoplasmic and chloroplast 

protein syntheses (cf. references 19, 39, 47, and 

123). In Chlamydomonas reinhardtii, in vivo 

pulse-labeling studies have shown that 24 out of a 

total of 33 major thylakoid membrane polypep- 

tides resolved by SDS-gradient gel electrophoresis 

are made outside the organelle (25). These poly- 
peptides include both integral and peripheral com- 

ponents of the membrane (Matlin and Chua, 
unpublished material) and, together, they consti- 

tute 70% of the total membrane protein mass 

(25). Only a few of the cytoplasmically synthe- 

sized membrane polypeptides have been assigned 

functions. Prominent among these is the apopro- 

tein of chlorophyll-protein complex II (CP II) 

which functions in harvesting light energy (cf. 

references 3 and 4). The protein moiety of CP II 

accounts for ~25-30% of the total thylakoid 

membrane proteins, and it consists of at least two 

integral polypeptides (90) of similar molecular 

weights (cf. reference 4). Several peripheral mem- 

brane proteins including ferredoxin, ferredoxin- 

NADP reductase (cf. reference 19), plastocyanin 

(53, 61), and probably two subunits of the chlo- 

roplast coupling factor (CF 1) (96, 39) are prod- 

ucts of cytoplasmic protein synthesis. There is 

solid evidence that ferredoxin-NADP reductase 

(cf. references 17 and 131), CF 1 (cf. reference 

131), and plastocyanin (17) are all located on the 

outer surface (stroma side) of the thylakoids. 

Whether there are any cytoplasmically synthesized 

peripheral proteins which finally become localized 

on the inner surface (thylakoid space) of the 

thylakoids is not known. 

The localization of CP II has been investigated 

in at least two different plant systems. The Aceta- 

bularia complex contains two polypeptide subunits 

of 21,500 and 23,000 daltons, but only the larger 

one is accessible to enzymatic iodination and 

pronase digestion (6). In contrast, both poly- 

peptide components of the broad bean CP II are 

reduced by 2,000 daltons after trypsinization of 

membrane vesicles (129). Because the apoprotein 

of CP II is integral to the membrane, both poly- 

peptide subunits must be embedded in the lipid 

bilayer and, from their limited susceptibility to 

protease, exposed to the outer surface of the 

thylakoids. Recent techniques for preparing in- 

verted thylakoid membrane vesicles (5) should 

facilitate the determination of the orientations of 

both polypeptides. 
C. STROMAL SPACE: Approx. 50% of the 

total chloroplast proteins are soluble and compart- 

mentalized in the stromal space. These proteins 

include enzymes of the photosynthetic CO2 fixa- 

tion pathway as well as those involved in the 

synthesis of amino acids, fatty acids, and photo- 

synthetic pigments (cf. references 48 and 86). 

Ribulose-1,5-bisphosphate carboxylase (Ru- 

BPCase) is one of the few stromal proteins which 

have been isolated and purified to homogeneity. 

This enzyme, which accounts for - 7 0 %  of the 

total stromal protein, is made up of eight copies 

each of large (mol wt, 55,000) and small (mol wt, 
12,000) subunits (77). The large subunit is synthe- 

sized inside the chloroplast whereas the small 

subunit is made on cytoplasmic ribosomes (cf. 

references 39 and 47). In addition to the small 
subunit of RuPBCase, most of the other stromal 
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proteins, as well as chloroplast ribosomal proteins, 

are also synthesized on cytoplasmic ribosomes (cf. 

references 19, 26, 47, and 123). 

V. HYPOTHETICAL MODES OF PROTEIN 

TRANSPORT ACROSS ORGANELLE 

ENVELOPE 

1. Transfer o f  Proteins Across Membranes 

in Other Biological Systems 

In formulating hypothetical models for the 

transport of proteins into mitochondria and chlo- 

roplasts, it is instructive to examine mechanisms 

of protein transport across membranes in other 

biological systems. The passage of nucleic acid- 

protein complexes across biological membranes 

will not be considered here because there is no 

evidence that cytosolic proteins are imported into 

organelles in this form. On the basis of the 

available data, there are two general cases in 

which proteins have been clearly shown to tra- 

verse delimiting membranes. The first is the seg- 

regation of secretory proteins into the cisternae of 

the rough ER (cf. reference 107), and the second 

is the entry of certain proteinaceous plant and 

microbial toxins into cells (cf. reference 108). The 

possible mechanisms of protein transport in these 

two cases are briefly reviewed here. 

A.  S E G R E G A T I O N  OF S E C R E T O R Y  P R O -  

T E I N S  I N T O  ER C I S T E R N A E  ( " T H E  S I G N A L  

H Y P O T H E S I S " ) :  The synthesis and segrega- 

tion of secretory proteins is a classic example of 

selective protein transport into a membrane- 

bounded compartment. The mechanism of trans- 

port of secretory proteins across the ER mem- 

brane has been outlined by the Signal Hypothesis, 

the details of which can be found elsewhere (14- 

16, 22, 97). Briefly, the hypothesis proposes that 

all secretory proteins are initially synthesized as 

precursors which contain, at their N-termini, a 

short chain extension (16-30 amino acid residues) 

designated as the signal peptide. The signal pep- 

tide is envisioned to have a very special function. 

Upon its emergence from ribosomes it binds spe- 

cifically to receptors on the ER membrane leading 

to the attachment of the translating polysomes to 

the latter. The resulting ribosome-membrane 

junction allows the exclusive synthesis of secretory 

proteins on rough ER and the co-translational 
transport of these proteins into the ER cisternae. 

The signal peptide is metabolically short-lived and 

is removed by an ER-bound protease even while 
translation of the message is in progress. 

It is important to emphasize that, according to 

the Signal Hypothesis, secretory proteins are 

transported into the ER cisternae only during but 

not after translation (14, 15). Thus, translation of 

mRNA for a number of secretory proteins in a 

cell-free system results in the synthesis of precur- 
sor molecules ~2,000 daltons larger than the 

corresponding mature secretory proteins (14, 15, 

22). In contrast, the mature secretory proteins are 

recovered when stripped microsomes are included 

in the in vitro system during translation. In the 

latter experiments, the secretory proteins are re- 

sistant to proteolysis, indicating that they have 

been sequestered into the microsomal lumen. 

Presecretory proteins synthesized in vitro, on the 

other hand, are not segregated upon subsequent 

incubation with the same preparation of micro- 

somal vesicles. These results demonstrate conclu- 

sively that the transport of secretory proteins into 

microsomes is obligatorily coupled to translation 

and cannot occur after completed synthesis of the 

precursor. There is morphological evidence that 

certain plant storage proteins are synthesized by 

ribosomes bound to the membranes of protein 

bodies (20). The segregation of these proteins is 

probably mechanistically like that for secretory 

proteins. 
Because of the postulated function of the signal 

peptide, knowledge of its amino acid sequence 

may provide clues as to how it fulfills its role. The 

partial and complete signal sequences of a large 

number of presecretory proteins are available and 
they are all characterized by a preponderance of 

hydrophobic amino acid residues (el. reference 

22). These results suggest that hydrophobicity 

may play an important role in the interaction 

between the signal peptide and the ER mem- 

brane. 

B. E N T R Y  OF P L A N T  A N D  M I C R O B I A L  

T O X I N S  I N T O  C E L L S :  Certain proteinaceous 
toxins of plant and microbial origin are known to 

traverse plasma membranes of sensitive eukar- 

yotic (31, 104, 108) and prokaryotic cells (104, 

105,130) before exerting their lethal effects. One 

of the most studied toxins is the diphtheria toxin 

which is produced by a lysogenized strain of 

Corynebacterium diphtheriae carrying the coryne- 

phage fl (31,108,109).  The toxin inhibits protein 

synthesis in animal cells by catalyzing the transfer 

of ADP-ribose from NAD to the elongation fac- 
tor, EF-2. It is known that the toxin structural 

gene is encoded by the phage genome (cf. refer- 

ences 31 and 109). The toxin is synthesized as a 

CHUA AND SCI"IbllDT Transport of Proteins into Mitochondria and Chloroplasts 465 



single polypeptide chain of mol wt 63,000 contain- 
ing two disulfide bridges and can be cleaved by 

mild proteolytic treatment to yield a "nicked" 

product containing two chains, A and B, derived 

from the N- and C-terminal portions, respectively, 

of the parent molecule. After limited proteolysis, 

the A and B chains are still held together by a 

single disulfide bridge. Although the isolated A 

chain possesses the toxic ADP-ribosylating activ- 

ity, it is not toxic when administered to animals or 

incubated with HeLa cells. The B chain is required 

for binding of the entire toxin molecule to specific 

receptors on plasma membranes. A nonsense 

phage mutation has been characterized which 

causes the synthesis of a nontoxic, abbreviated 

protein (tool wt, 45,000) lacking a 17,000-dalton 

segment at the C-terminus. Because the mutant 

protein (CRM 45) is unable to bind to toxin- 

specific receptors, it is likely that the C-terminal 

region of the B chain is important for this func- 

tion. 

In an attempt to elucidate the mechanism of 

transfer of diphtheria toxin across plasma mem- 

brane, Boquet et al. (18) compared the detergent- 

binding properties of A and B chains and of native 

toxins, either intact or "nicked." It was found that 

the B chain contains a binding site for Triton X- 

100 but that this hydrophobic domain is not 

exposed in the native toxin unless the latter is first 

denatured with 0.1% SDS. In contrast, the unde- 

natured CRM 45 mutant protein and its truncated 

B fragment are able to insert into detergent mi- 

celles, indicating that the hydrophobic domain in 

the mutant protein is exposed. Thus, the B chain 

of diphtheria toxin appears to consist of two 

domains: an N-terminal region which is hydropho- 
bic and a C-terminal hydrophilic region which is 

involved in receptor binding. Boquet et al. (18) 

have proposed the following hypothetical se- 

quence of events surrounding the attachment of 

diphtheria toxin to plasma membrane and the 
subsequent entry of the A chain into the cyto- 

plasm. The intact toxin is first bound to specific 

receptors on the plasma membrane via the C- 

terminal region of the B chain. This binding 

induces a conformational change such that the 

hydrophobic domain of the B chain becomes 
inserted into the plasma membrane. Alterna- 

tively, it is conceivable that, before insertion, a 
limited proteolytic step is needed to cleave off the 

hydrophilic C-terminal segment, thereby generat- 

ing a molecule similar to the CRM 45 mutant 
protein. In either case, Boquet et al. (18) postu- 

lated that the hydrophobic domain of the B chain 
may form a channel in the plane of the membrane 

either by itself or in association with putative 

receptor proteins in the plasma membrane. The A 

portion of the toxin is drawn into the channel as 

the latter is being formed. The toxin is cleaved 

into A and B chains when the junction between 

the two chains reaches the cytoplasmic face of the 

plasma membrane. Reduction of the disulfide 

bridges by intracellular glutathione allows the A 

chain to enter the cytoplasm while the B chain is 

left in the plasma membrane. 

Other toxins known to penetrate the plasma 

membranes of animal cells possess structural fea- 

tures very similar to those of diphtheria toxin in 

that these proteins also contain domains required 

for membrane receptor interaction and transport. 

Thus, two plant toxins, abrin and ricin, which 

inhibit protein synthesis in animal cells are also 

made of two nonidentical subunits, A and B, held 

together by a single disulfide bond (104, 108). 

The B chain binds to a glycoprotein receptor in 

the membrane thereby facilitating the transfer of 

the A chain into the cytoplasm where it inactivates 

60S ribosomal subunits (106). Other examples are 

cholera toxin and Pseudornonas toxin, both of 

which traverse animal cell membranes in much 

the same way as diphtheria toxin. For instance, 

the A and B subunits of cholera toxin are not 

linked by disulfide bonds but, instead, are held 

together by noncovalent forces (46). The B sub- 

units bind specifically to a membrane receptor 

which has been identified as ganglioside GM1 

(120). In the case of Pseudomonas aeruginosa, 
the toxin has a mol wt of 66,000 and, under 

appropriate conditions, it also catalyzes ADP-ri- 

bosylation of the elongation factor (31, 68). This 

toxin could be activated in vitro simply by dena- 
turation of the protein and simultaneous reduction 

of its disulfide bonds; no proteolytic cleavage 

seems to be required (87). However, whether 
limited proteolysis is an obligatory step preceding 

entry of this toxin into sensitive cells has not yet 

been established. 

The passage of proteinaceous toxins across the 
plasma membrane is not a phenomenon restricted 

to eukaryotes. Many proteinaceous bacteriocins 

are effective only when they reach the cytoplasm 

of sensitive bacterial strains (cf. references 104 

and 105). One of the best characterized bacterio- 
cins is colicin E3 which is a 62,000-dalton poly- 

peptide containing a specific RNase activity (105). 
The toxin cleaves the 16S RNA of the 30S 
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ribosomal subunit, thereby inactivating protein 

synthesis. Colicin E3 is secreted as a complex with 

a 9,500-dalton peptide by strains of Escherichia 

coli which carry the colicinogenic factor. The small 

peptide inhibits the enzymatic activity of colicin 

E3 and thereby confers immunity within the coli- 
cin-producing strains. Sensitive bacteria are as 

susceptible to purified colicin E3 as to the colicin 

E3-immunity protein complex; therefore, it fol- 

lows that the immunity protein is not required for 

uptake of colicin E3 into the cells in its active 
form. Unlike diphtheria toxin, the colicin E3 

protein is transported into the cytoplasm without 
any proteolytic cleavage. 

It should be emphasized that the transfer of 

proteinaceous toxins across plasma membrane dif- 

fers significantly from the transfer of secretory 

proteins across ER membrane in one important 

respect. In the former, the entry of toxins into 

sensitive ceils does not depend on concomitant 

translation of the toxin molecules. Hence, the 

transport process is a post-translational event in- 

volving proteins whose synthesis has already been 

completed. 

There is strong evidence that the entry into cells 

of diphtheria toxin as well as other plant and 

microbial toxins mentioned above (cf. references 

31,104,  105, and 108) does not occur by pinocy- 

tosis of the plasma membrane. In contrast, pro- 

teins such as transferrin, asialoglycoproteins, se- 

rum lipoproteins, and lysosomal hydrolases are 

internalized by cells through pinocytosis (cf. ref- 

erence 104). Because there is no morphological 

evidence that proteins are imported into mito- 

chondria and chloroplasts by pinocytosis of the 

organellar envelopes, the transport mechanisms of 

these proteins will not be elaborated here. De- 

tailed discussions concerning the uptake of these 

proteins by cells can be found in reference 104. 

2. Transport o f  Proteins into Organelles 

The subcellular localization of cytoplasmic ri- 

bosomes that are engaged in the synthesis of 

organellar proteins determines the mechanism by 

which these proteins are transported into the 

organelle. The cytoplasmic ribosomes could be 

bound to the ER membranes, bound to the outer 

membranes of organelles, or free in the cytosol. 

These three possible modes of synthesis of organ- 
elle proteins are further elaborated in the follow- 

ing discussion 

A.  S Y N T H E S I S  ON R O U G H  E R :  By analogy 

with secretory proteins, synthesis of organellar 

proteins by ribosomes bound to the ER would 

also represent obligatory translocation of the poly- 

peptide chain across a membrane during transla- 

tion (cf. reference 128). This mechanism requires 

the ER to be a vector for integration of proteins 

into organelles. Occasional observations of appar- 

ent continuity between the ER membranes and 

the outer membrane of mitochondria (43) or 

outer envelope membrane of chloroplasts (33) 

might implicate the ER as a passive corridor which 

restricts diffusion of newly synthesized proteins 

destined for organelles. Alternatively, the ER 

may be regarded as an active vector if the organel- 

lar proteins are packaged in vesicles which fuse 

specifically with outer membranes and then re- 

lease their contents into the organdies. 
B. S , Y N T H E S I S  ON R I B O S O M E S  B O U N D  TO 

O R G A N E L L E  O U T E R  M E M B R A N E S :  Synthe- 

sis of proteins on ribosomes bound to organelle 

outer membrane would ensure direct insertion of 
newly synthesized proteins into the organelle with- 

out intervening transport steps (21,78-81).  

C. S Y N T H E S I S  ON F R E E  R I B O S O M E S :  

Proteins destined for transport into organelles 

could be synthesized in the cytosol on free ribo- 

somes (23, 36, 118). After synthesis, the proteins 

would then recognize specific receptors on orga- 

nellar outer membranes. Interaction with the lat- 

ter would somehow facilitate their transport into 

the organelle. 
Modes A and t3 are homologous mechanisms of 

protein transport across the membrane because 

both require the synthesis of organellar proteins 

on membrane-bound ribosomes. The two modes 

differ only in how the proteins are handled after 

membrane traversal. Similar to secretory proteins 

(cf. reference 22), the synthesis and transport of 

organellar proteins in modes A and B are tightly 

coupled; the transfer of proteins across mem- 

branes is strictly dependent on concomitant trans- 

lation. As predicted by the Signal Hypothesis (14, 

16), organellar proteins would be synthesized as 

precursors containing, at their N-termini, a tran- 

sient signal sequence specific for either the ER 

membrane or the outer membrane of the organ- 

elle. It is obvious that to ensure specificity with 

respect to the target organeUe, the signal se- 

quences of these proteins would have to be differ- 

ent from those of secretory proteins. 

If organellar proteins are synthesized on free 

instead on membrane-bound ribosomes, as in 

model c, the synthesis and transport of these 

proteins are not coupled; rather, the two processes 
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are separated not only in their subcellular loca- 

tions but also in time. In this case, the transfer of 

proteins into mitochondria and chloroplasts is a 
post-translational event, much like the transfer of 

toxins across plasma membranes (cf. section V 1 

B). To ensure specific transport into the target 

organelle, the proteins may be synthesized ~as 

larger precursors containing an additional se- 

quence. The extra peptide, which may be located 

at either the N- or the C-terminus, is distinct from 

the signal peptide in that it does not trigger the 
binding of translating polysomes to the organellar 

envelope (36). Rather, it is functionally equivalent 

to the toxin B subunit (cf. references 104 and 

108) in that it binds to specific receptors on the 

outer membrane of the organelle and somehow 

facilitates the post-translational transport of the 

precursor into the organelle. In the case of an N- 

terminal extension, the binding properties of this 

extra peptide may not be expressed until the 

entire precursor molecule has been synthesized 

and has attained a required conformation. Other- 

wise, the N-terminal chain extension on nascent 

polypeptides would interact directly with outer 

membrane receptors during translation. Alterna- 

tively, post-translational modifications (e.g., 

methylation, phosphorylation, limited proteolysis) 

of the extra sequence may be required to generate 

a conformation permitting'binding. Experimental 

evidence pertaining to these models is discussed in 

the next section. 

VI. CYTOPLASMIC SITES OF SYNTHESIS 

OF O R G A N E L L A R  PROTEINS AND 

THEIR TRANSPORT INTO 

ORGANELLES 

1. Synthesis on Rough ER 

The realization that mitochondria are not au- 

tonomous organelles led to attempts to identify 

the sites of synthesis of mitochondrial proteins in 

other cell fractions. One approach, introduced by 

Beattie et al. (10), was to pulse-label tissues, 

isolate subcellular fractions, purify mitochondrial 

proteins from each fraction, and determine the 

time-course of appearance of radioactive mito- 

chondrial proteins. Rat liver cytochrome c is one 

of the mitochondrial proteins whose sites of syn- 
thesis have been investigated extensively in this 

manner. Earlier work, which has been reviewed 

by Schatz and Mason (122), indicated that when 

either radioactive amino acids (50, 73, 74) or 8- 

aminolevulinic acid (34, 111 ) were used as precur- 

sors for in vivo labeling, cytochrome c with high 

specific radioactivity seemed to be concentrated in 

association with the ER. 
In contrast, the recent studies of Robbi et al. 

(116, 117) show that rat liver eytochrome c is not 

made on rough ER. These authors conducted an 

exceedingly careful in vivo pulse-labeling study on 

cytochrome c synthesis in rat liver (117). They 

first quantitated cross-contamination of the var- 

ious subcellular fractions by marker enzyme anal- 

ysis and estimated the extent of cytochrome c 

redistribution during the fractionation procedure 

by adding labeled cytochrome c to the liver ho- 

mogenate. From such studies, Robbi et al. (117) 

concluded that much of the "microsomal" cyto- 

chrome c results from the in vitro release of the 

protein from mitochondria and its subsequent avid 

association with ribosomes and/or microsomes. 

Robbi et al. (116) next examined cytochrome c 

synthesis during pulse-labeling in vivo and quanti- 

tated the distribution of newly synthesized cyto- 

chrome c in various cell fractions by a sensitive 

radioimmunoassay. At early time points, the spe- 

cific radioactivity of cytochrome c is higher in the 

microsomes compared to mitochondria; however, 
the bulk of the newly made cytochrome c is 

localized in the latter. Thus, Robbi et al. (116) 

concluded that cytochrome c is not made on rough 

ER and that the apparent high specific activity of 
"cytochrome c" which they and previous workers 

have recovered in microsomes is, in fact, a highly 

labeled contaminant which co-purified with cyto- 

chrome c. Robbi et al. (116) proposed that cyto- 

chrome c is synthesized either by 80S ribosomes 

bound to the mitochondria (21, 78-81) or at an 
extra-mitochondrial site (free ribosomes?) which 

has not yet been identified. In either case, the 

newly synthesized cytochrome c must be trans- 

ferred rapidly into the mitochondria to account 

for the kinetic observations. 

Another approach toward identification of the 

site of synthesis of organellar proteins is to pre- 

pare, from fractionated tissues, polyribosomes 

which are then employed to complete synthesis of 

their nascent polypeptide chains in vitro. This 
approach is valuable to the extent that pure poly- 

some preparations can be obtained and the result- 

ing translation products can be characterized bio- 

chemically. It has been reported that complete 

formation of cytochrome c can be achieved with 

in vitro protein-synthesizing systems comprised of 

rat liver microsomes and supernate factors (51, 

52, 72), and that microsomes can transfer proteins 
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directly to mitochondria in mixtures of the two 

preparations in vitro (71). Gonzalez-Cadavid and 

Cordova (51) recently found that cytochrome c is 

a translation product of both free and membrane- 

bound polyribosomes in vitro. Yet, because there 

are more than twice as many membrane-bound as 

free polysomes in liver cells, they reasoned that 

cytochrome c is mainly synthesized by ribosomes 

bound to the ER. This conclusion is at variance 

with that of Robbi et al. (116, 117); however, a 

more quantitative analysis of the protein-synthe- 

sizing capacity of polysomes from each cell frac- 

tion may help to resolve the discrepancy. 

Both in vivo and in vitro methods have been 

used to provide evidence that soluble enzymes of 

the mitochondrial matrix are products of protein 

synthesis by ribosomes bound to the ER of rat 

liver (12, 49, 75). Bingham and Campbell (12) 

used rat liver microsomes to direct protein synthe- 

sis in vitro. After 30 min, the incubation mixture 

was treated with nonionic detergent, and malate 

dehydrogenase (MDH) was purified from the 

resulting supernate by ion exchange chromatogra- 

phy in the presence of carder MDH. Radioactivity 

was incorporated into protein corresponding to 

peaks of MDH activity, but because antibody was 

not used to verify to purity of newly synthesized 

MDH in these studies, the possibility that the 

product labeled in vitro is a persistent contaminant 

of MDH cannot be ruled out. Whether flee 

polyribosomes synthesize MDH was not deter- 
mined in this study. 

Godinot and Lardy (49) examined the in vivo 

synthesis of rat liver glutamate dehydrogenase 

(GDH) during pulse-labeling. A well-character- 

ized antibody was employed to precipitate the 

enzyme from microsomal and mitochondrial cell 

fractions. The immunoprecipitate was then sub- 

jected to SDS-polyacrylamide gel electrophoresis 

which was found to be essential for removal of 

significant amounts of radioactivity not associated 

with GDH.  Moreover, Godinot and Lardy added 

radioactive GDH to rat liver cell homogenates 

and followed its fate during subsequent cell frac- 

tionation. The exogenous protein was used to 

indicate how GDH is redistributed when inadver- 

tently released from broken mitochondria. Fi- 

nally, the cross-contamination of microsomes and 

mitochondria was estimated from the activities of 

marker microsomal and mitochondrial enzymes in 

each cell subfraction. Thus, they could demon- 

strate with confidence that GDH in association 
with microsomes possesses 3-4 times greater spe- 

cific radioactivity than the mitochondrial enzyme 

as a result of an in vivo pulse-label. Kawajiri et al. 

(75) have also found that the ODH associated 

with microsomes possesses high specific radioac- 

tivity relative to that localized in mitochondria at 
the early time-points after an in vivo pulse-label. 

Both groups of workers have concluded from 

these studies that GDH is synthesized by ER- 

bound ribosomes. 

It is important to bear in mind that in rat liver 

there is a large unlabeled pool of GDH in mitt> 

chondria relative to that associated with micro- 

somes (75). Therefore, comparing the changes of 

specific radioactivity of GDH in mitochondria and 

microsomes with time following a pulse-label may 

not accurately reflect its biosynthetic origin. As 

Robbi et al. (116, 117) point out, it is equally 

important to determine the rate of appearance of 

absolute amounts of newly synthesized protein 

among the cell fractions during in vivo pulse- 

labeling experiments. The conclusion of Godinot 

and Lardy (49) and Kawajiri et al. (75) that 

microsomal GDH is the primary precursor for 

mitochondrial GDH would be strengthened con- 

siderably if they had demonstrated that the bulk 

of the newly synthesized enzyme is associated with 

microsomes at the early time points. 

Kawajiri et al. (75) also employed a more direct 

method to ascertain the cytosolic site of synthesis 
of GDH in rat liver. They showed that the nascent 

polypeptide chains released from rough micro- 

somes by EDTA and nonionic detergent could be 

immunoprecipitated by antibodies against GDH. 

Free polysomes, on the other hand, contained no 

GDH antigenic determinants. These results, 

which provide compelling evidence that GDH is a 

product of protein synthesis by ER-bound ribo- 

somes, were supported by the observation that 

l~I-labeled Fab fragments prepared from anti- 

GDH IgG bind preferentially to detergent-solubi- 

lized polysomes from microsomal pellets. How- 

ever, Kawajiri et al. (75) found that the GDH- 
synthesizing polysomes discharge their nascent 

polypeptide chains to the cytoplasmic surface of 

the microsomes. This extra-mitochondrial pool of 

GDH was shown to be localized on the cytoplas- 

mic side of the ER by three criteria: (a) suscepti- 

bility of microsomal GDH to exogenous pro- 

teases, (b) its accessibility to antibody, and (c) its 

release from microsomes by washing with moder- 

ately high ionic strength buffers. When Kawajiri 
et al. (75) subfractionated microsomes, they 

found that most of the GDH sediments in low 
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density regions of sucrose gradients. The GDH- 

enriched fraction also contained substantial 

amounts of MDH and marker enzymes for micro- 

somal membranes. Because the GDH-  and MDH- 

rich membranes are considerably less dense than 

the bulk of smooth microsomes, Kawajiri et al. 

(75) suggested that, after synthesis on rough ER, 

both GDH and MDH are concentrated in associ- 

ation with specialized smooth ER vesicles which 

they called "microparticles." They proposed that 

these microparticles somehow function as vehicles 

for transport of proteins into mitochondria. Puri- 

fied microsomal GDH and MDH were found to 

possess an affinity for isolated "microparticles," 

but such adsorption of the enzymes purified from 

mitochondria could not be detected (76). This was 

explained to be a consequence of post-transla- 

tional modifications which are exemplified by pI 

differences of the cytoplasmic and mitochondrial 

forms of GDH.  It was suggested that such modi- 

fications were involved in the transport of GDH 

from one cell fraction to another. 

There are at least two conceptual difficulties 

which render the mechanism of transport of GDH 

and MDH into mitochondria as proposed by 

Kawajiri et al. (75) hard to visualize. First, how 

might "microparticles" facilitate transport of pro- 

teins into mitochondria? Such vesicles could fuse 

with mitochondrial outer membranes, and this 

should result in the release of their contents into 

the intermembrane space; however, proteins ad- 

sorbed onto the cytoplasmic face of the vesicle 

would remain outside the mitochondria. Second, 

it has been previously shown that probably all ER- 

bound polysomes in rat liver discharge their nas- 

cent polypeptide chains vectorially into the ER 

lumen (cf. reference 119). Thus, the "membrane- 

bound" polysomes which apparently synthesize 

GDH are of an unusual sort. The ribosome-mem- 

brane junction in rough ER is stabilized by the 

nascent chains and the bound ribosomes are not 

released by high salt buffers (cf. reference 119). 

Dodd (37) reported that GDH is capable of 

binding to the negatively charged polar head 

groups of phospholipids. Such an interaction 

should be destabilized at high ionic strength, and, 

in fact, Kawajiri et ai. (76) found that microsomes 

could be freed of GDH and MDH with 0.2 M 

salt. In view of these findings (37, 76), it would 

be important to determine whether polysomes 

with nascent GDH might also be released from 

microsomes under these conditions. If this were 

the case, it might be supposed that the GDH- 

synthesizing polysomes interact nonspecifically 

with microsomal membranes. Yet, it would be 

difficult to explain how an artifactual adsorption 

of free polysomes could be so specific and com- 

plete that it resulted in the lack of any nascent 

polypeptides in the free polysome fraction reactive 

with anti-GDH IgG, For these reasons, the nature 

of the interaction of ER membranes and GDH- 

synthesizing polysomes should be studied further. 

Although no compelling evidence to support 

the concept of synthesis of organellar proteins on 

rough ER has yet appeared, electron micrographs 

occasionally reveal an apparent, but not proven, 

continuity of the ER with the outer envelope 

membrane of chloroplasts (33) and outer mito- 

chondrial membrane (43, 101). A candidate for 

association between the ER and mitochondria is 

the fraction of rat liver microsomes which has 

been observed to co-sediment with mitochondria 

during low-speed centrifugation (126). The "rap- 

idly sedimenting endoplasmic reticulum" (RSER) 

is separated from the mitochondria only after 

rigorous homogenization in the presence of 0.5 M 

KC1 and 20 mM EDTA.  Shore and Tata (126) 

have examined the in vivo rate at which proteins 

synthesized by cytoplasmic ribosomes are incor- 

porated into two classes of rat liver mitochondria: 

mitochondria associated with RSER and mito- 

chondria which sediment at relatively higher cen- 

trifugal forces. These studies indicated that the 

RSER-associated mitochondria incorporate newly 

synthesized proteins at half the efficiency of the 

"free" mitochondria. Accordingly, Shore and 

Tata (126) concluded that the association of 

RSER and mitochondria does not facilitate pro- 

tein transport. 

Shore and Tata (127) have also attempted to 

discern whether the RSER is specialized in regard 

to synthesis, as opposed to transport, of mitochon- 

drial proteins. Polyadenylated RNA was purified 

from various rat liver cell fractions and used to 

direct protein synthesis in cell-free translation 

systems. Antibodies against mitoplasts (mitochon- 

dria devoid of outer membranes and soluble pro- 

teins in the intermembrane space) were employed 

to precipitate the products synthesized in vitro. 

Shore and Tata (127) concluded that rough micro- 

somes, and not RSER or free ribosomes, are 

primarily responsible for cytoplasmic synthesis of 

mitochondrial proteins. Unfortunately, the im- 

munoprecipitate obtained with the polyspecific 

antibodies was contaminated by translation prod- 

ucts which were not mitochondrial proteins. Ef- 
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forts to surmount this problem failed. In view of 

the technical difficulties that Shore and Tate (127) 

encountered, their conclusions should be substan- 

tiated by further study. 

It remains possible that mitochondrial proteins 

are synthesized by ribosomes bound to the ER 

membranes, As a consequence, such newly syn- 

thesized mitochondrial proteins may be packaged 

in vesicles derived from either the smooth ER or 

the Golgi apparatus. Selective transport is then 

achieved through specific fusion of these vesicles 

with the outer mitochondrial membrane (128). 

However, as mentioned previously, there is nei- 

ther morphological nor biochemical evidence for 

this mechanism. 

So far, there is no biochemical evidence to 

implicate the synthesis of chloroplast proteins on 

the rough ER. On the basis of morphological 

observations, Gibbs (45) has suggested that, in 

Ochromonas, chloroplast proteins may be synthe- 

sized on bound ribosomes of chloroplast ER. This 

membrane occurs in association with chloroplasts 

of only certain algae and therefore its possible role 

in the transport of protein into chloroplasts does 

not extend to those of higher plants and green 

algae. 

2. Synthesis on Ribosomes Bound to Organ- 

elle Outer Membranes 

Vectorial discharge of proteins synthesized by 

ribosomes bound to the outer membranes of 

organelles would provide a reasonably straight- 

forward mechanism for transport of proteins into 

mitochondria and chloroplasts. Substantial evi- 

dence for the existence of such bound cytoplasmic 

ribosomes exists only for yeast mitochondria. Ar- 

rays of ribosomes proximate to the mitochondrial 

outer membranes are apparent in electron micro- 

graphs of Saccharomyces (78, 79) and Rhodoto- 

rula (82) spheroplasts. In Rhodotorula, however, 

spatial considerations, as noted by Keyhani (82), 

probably preclude coupled synthesis and transport 

of proteins into mitochondria of this organism 

even though the ribosomes appear to be highly 

ordered with respect to the outer membrane. 

Cytoplasmic ribosomes are more intimately asso- 

ciated with mitochondrial outer membrane in Sac- 

charomyces (78) and, in fact, can be seen even 

when the mitochondria are purified (79). 

A series of elegant experiments from Butow's 

laboratory have demonstrated that 80S ribosomes 

bound to mitochondrial outer membranes are not 

artifacts caused by polysome relocation during cell 

fractionation. Bound 80S monosomes, released 

from mitochondria by nonionic detergent, are 

more resistant to dissociation into subunits by 0.4 

M KCl than are 80S ribosomes isolated from post- 

mitochondrial supernates (80). These results im- 

plicate the occurrence of mRNA fragments and 

nascent chains which stabilize the bound mono- 

somes. Also, the nature of the ribosome-mem- 

brane interaction in mitochondria is quite similar 

to that in rough microsomes (78). About  30% of 

the mitochondrial-bound 80S ribosomes are re- 

leased by high-salt treatment alone whereas the 

remaining 70% are released only in the presence 

of high-salt and puromycin. The recovery of 

bound 80S ribosomes is enhanced by pre-incuba- 

tion of cells with cycloheximide which prevents 

ribosome run-off. Thus, the 80S ribosomes are 

attached to the mitochondrial outer membrane 

not only by ionic interactions but also via their 

nascent chains. Butow and co-workers observed 

that starved cells possess mitochondria depleted of 

bound 80S ribosomes and that bound 80S ribo- 

somes disappear in a mutant temperature-sensi- 

tive for initiation of protein synthesis when the 

mutant is incubated at restrictive temperatures 

(81). Together, these results indicate that binding 

to the mitochondrial outer membrane is specific 

for ribosomes engaged in protein synthesis. 

The biochemical evidence discussed above is 

substantiated by morphological observations ob- 

tained with isolated mitochondria. Kellems et al. 

(79) prepared mitochondria from growing spher- 

optasts and found that the 80S ribosomes are 

attached specifically to regions in which the outer 

and inner mitochondrial membranes are in contact 

or apparent fusion. Such contact sites are particu- 

larly evident in de-energized mitochondria which 

have inner membranes in the condensed configu- 

ration (56). The restricted localization of bound 

ribosomes at the contact sites suggests a mecha- 

nism in which the growing polypeptide chains are 

transferred directly across two membrane barriers 

(21,79) .  

If the bound 80S ribosomes are indeed engaged 

in the synthesis and vectorial discharge of mito- 

chondrial proteins, it should be possible to dem- 

onstrate the association of nascent chains with 

intact mitochondria after puromycin treatment. 

Kellems et al. (78) labeled nascent chains of 

bound 80S ribosomes by incubating mitochondria 

in an amino acid-incorporating system containing 

pH 5 enzymes, [3H]leucine, and chloramphenicol 
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to inhibit mitochondrial protein synthesis. They 

estimated that 50% of the nascent chains released 

from bound ribosomes by puromycin are vectori- 

ally discharged. 

More recently, direct evidence for the unidirec- 

tional discharge of nascent chains of bound 80S 

polysomes has been presented by Ades and Butow 

(1). Nascent polypeptide chains on 80S polysomes 

bound to mitochondria were labeled with 

[aSS]Methionine (Met) in an in vitro system which 

allows chain extension, and then subjected to 

papain digestion in the presence or absence of 

deoxycholate. In the absence of deoxycholate, 

80% of the nascent chains are resistant to prote- 

olysis whereas in the presence of the detergent 

almost all of the labeled proteins are degraded. In 

contrast, labeled nascent chains on free polysomes 

are digested to an equal extent (85%) with or 

without deoxycholate. These experiments provide 

strong evidence that the nascent chains of bound 

80S polysomes are preferentially segregated into 

the mitochondria during translation. 

Although the occurrence of 80S polysomes 

bound to the outer membrane of yeast mitochon- 

dria has been well documented (21, 78-81), the 

functional significance of these findings is not fully 

known. If these ribosomes are engaged in the 

synthesis and segregation of mitochondrial pro- 

teins, their products should be quite different from 

those of free cytoplasmic polysomes. Bennett et 

al. (11) detected some differences between the 

polypeptide products synthesized by free and mi- 

tochondria-bound polysomes in an in vivo system 

which allows completion of nascent chains. Com- 

pared to the free polysomes, the bound polysomes 

synthesize polypeptides of higher molecular 

weights. Identification of some of these products 

with known mitochondrial proteins would provide 

supporting evidence for the suggested role of the 

mitochondria-bound polysomes. 

According to the model of Butow and co-work- 

ers (21, 78-81), proteins are inserted into the 

mitochondria as they are synthesized. Thus, inhi- 

bition of cytoplasmic protein synthesis should re- 

sult in an immediate cessation of transport. Also, 

there should be no pool of newly synthesized 

mitochondrial proteins outside the organelle. 

Neupert and co-workers have carried out a series 

of experiments using double-labeling and immu- 

noprecipitation techniques in an attempt to ascer- 
tain whether the direct insertion model applies in 

N.  crassa. To this end, whole cells of N.  crassa 

were pulse-labeled with [ZH]leucine, and the ki- 

netics of its incorporation into proteins of different 

subcellular fractions (free ribosomes, microsomes, 

mitochondria, and soluble proteins) were deter- 

mined (57). It was found that the rate of labeling 

of total mitochondrial proteins lags behind that of 

the other subcellular fractions. Delayed labeling 

kinetics were also observed for individual mito- 

chondrial protein fractions (mitochondrial matrix 

proteins, the CAT-binding protein, cytochrome c,  

and mitochondrial ribosomal proteins) which were 

immunoprecipitated from a detergent extract of 

mitochondria with specific antibodies. Signifi- 

cantly, Hallermayer et al. (57) found in pulse- 

chase experiments that the appearance of labeled 

proteins in mitochondria continues even when 

protein synthesis is blocked by cycloheximide. The 

synthesis and transport of mitochondrial proteins 

in N.  crassa therefore appear to be separated in 

time. Hallermayer et al. (57) have cautioned that 

the occurrence of protein relocation during cell 

fractionation and cross-contamination of subcellu- 

lar fractions might affect the interpretation of their 

results. With this reservation in mind, their results 

indicate the existence of an extramitochondrial 

pool of proteins that are transported into the 

mitochondria by a post-translational mechanism. 

Harmey et al. (59) developed an interesting in 

vitro system to investigate transport of proteins 

from the cytosol into the mitochondria of N. 

crassa. [aH]leucine was added to a cell-free ho- 

mogenate in the presence of chloramphenicol. At 

subsequent intervals, the homogenate was frac- 

tionated to determine the distribution of labeled 

proteins in the various subcellular fractions. Be- 

cause only 80S ribosomes are active in this system, 

it is assumed that any labeled proteins recovered 

in the mitochondrial fraction must have been first 

synthesized by cytoplasmic ribosomes and then 

transported into the mitochondria. In control ex- 

periments, prelabeled mitochondrial matrix pro- 

teins were not taken up by mitochondria, indicat- 

ing that transport of the newly synthesized pro- 

teins into mitochondria in the in vitro system is 

not an adsorption artifact. Although protein syn- 

thesis in the in vitro system ceases after 10-15 
min, labeled proteins continue to accumulate in 

the mitochondrial fraction for as long as 80 min. 

Similar labeling kinetics are obtained for the newly 

synthesized mitochondrial matrix proteins, the 

CAT-binding protein, and cytochrome c. Thus, 

cytoplasmically synthesized proteins appear to be 

transported into mitochondria in the absence of 
protein synthesis, as indicated previously by the in 
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vivo results of HaUermayer et al. (57). 

In the cell-free homogenate system of Harmey 

et al. (59), >90% of the incorporation of 

[aH]leucine into proteins occurs in the first 10 

min. However~ addition of cycloheximide at 10 

min inhibits transport of matrix proteins and the 

CAT-binding protein by ~50% during the subse- 

quent 70 min of incubation. Because in control 

experiments, transport of these proteins continues 

after cessation of protein synthesis, the results 

suggest that cycloheximide may interfere with the 

transport process itself in vitro. 

Recently, Zimmermann et al. (134) showed 

that newly synthesized apocytochrome c is present 

in the cytosolic fraction of the in vitro system of 

Harmey et al. (59). After cessation of protein 

synthesis, there is a decrease in the amount of 

apocytochrome c in the cytosol and an increase in 

the amount of cytochrome c in the mitochondria. 

Because the outer mitochondrial membrane is 
impermeable to cytochrome c (91, 133), it is 

possible that apocytochrome c is the transport 

form of the enzyme. However, whether the apo- 

cytochrome c synthesized in vitro is the primary 

translation product is not known. 

Marra et al. (93) have claimed that rat liver 

mitochondria are capable of taking up mitochon- 

drial aspartate aminotransferase but not the cyto- 

plasmic isoenzyme. These results are in direct 

contradiction with those of Harmey et al. (59) 

who showed that proteins of the mitochondrial 

matrix are not transported into mitochondria in 

vitro. Because aspartate aminotransferase is a 

matrix enzyme, its transport into the mitochondria 

would be most convincingly demonstrated if it 

could be shown that presumably sequestered en- 

zyme is insensitive to proteolytic digestion. Unfor- 

tunately, this stringent test was not applied in the 

experiments of Marra et al. (93). 

Although the kinetic data of Hallermayer et al. 

(57) obtained in vivo, and of Harmey et al. (59) 

obtained in vitro, suggest the existence of extra- 

mitochondrial pools of newly synthesized mito- 

chondrial proteins, the authors have prudently 

pointed out that the site of synthesis of these 

proteins and the precise subcellular location of the 

pools cannot be defined unequivocally because of 

possible artifacts that may have occurred during 

cell fractionation. For example, Harmey et al. 

(59) have suggested that the pools are located in 

the cytosolic compartment, but this could have 

been a consequence of protein leakage from mi- 

crosomes or from vesicles derived from the ER. 

In fact, the kinetic data do not rule out a model in 

which mitochondrial proteins are first synthesized 

on the rough ER, segregated into the ER cister- 

nae, and then packaged into vesicles which fuse 
selectively with the mitochondria. 

Ades and Butow (personal communication) an- 

alyzed the rate of pulse incorporation of labeled 

amino acids into yeast mitochondrial and cytosolic 

proteins in vivo. During the first 1-2 min of the 

pulse, the mitochondrial and cytosolic fractions 

show identical labeling kinetics but, at later time- 

points, the rate of incorporation into the former is 

almost twice that of the latter. Incorporation into 

both fractions stops within 90 s after the addition 

of cycloheximide. Thus, there is no apparent lag 

in the kinetics of labeling of the mitochondrial 

fraction as compared to the cytosol in either the 

presence or absence of cycloheximide. These re- 

sults, indicating tight coupling of cytoplasmic pro- 

tein synthesis and transport of proteins into the 

mitochondria, are in sharp contrast to those ob- 

tained with N. crassa (57) discussed earlier. 

In pulse-chase experiments, Ades and Butow 

(personal communication) noted that the incor- 

poration of label into the cytosolic fraction stops 

within 1 min while radioactivity continues to ac- 

cumulate in the yeast mitochondrial fraction for as 

long as 5-6 min. According to the Signal Hypoth- 

esis (14-16), translation of mRNA specific for 

mitochondrial proteins begins first in the cytosol, 

and the translating polysomes become attached to 

the outer mitochondrial membrane only when the 

signal sequence is available for binding. Ades and 

Butow (personal communication) proposed that 

the continued incorporation of label into mito- 

chondrial proteins in the pulse-chase experiments 

reflects the time required for transport of the 

polysomes to the outer membrane plus the time 

required to complete one round of translation. 

Kellems et al. (79) reported that the 80S ribo- 

somes are attached specifically to the contact sites 

of yeast mitochondria. It is difficult to see how this 

type of topological arrangement would be suitable 
for the synthesis of proteins in the intermembrane 

space and of peripheral proteins (e.g., cytochrome 

c) located on the C-side of the inner membrane. 

Perhaps, the bound 80S ribosomes are used exclu- 

sively for the synthesis of matrix proteins, integral 

proteins of the inner membrane, and peripheral 

proteins on the M-side of the inner membrane. 
Also, the occurrence of this subpopulation of 

bound 80S ribosomes appears to be restricted to 

yeast mitochondria; it has not been found in 
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mitochondria of N. crassa (57) or rat liver (126). 

Finally, there are no cytoplasmic ribosomes di- 

rectly attached to the chloroplast outer envelope 

membrane either in higher plants (55) or in C. 

reinhardtii which has been treated with anisomycin 

to prevent possible polysomal run-off (Chua, un- 

published results). Whether the bound 80S ribo- 

somes represent a special formula for transport of 

proteins into yeast mitochondria remains to be 

established. 

3. Synthesis on Free Polysomes 

Although there is no direct evidence as yet to 

implicate the synthesis of mitochondrial proteins 

on free cytoplasmic ribosomes, some recent re- 

suits with yeast cytochrome c and subunits IV-VII 

of cytochrome oxidase are consistent with the 

notion that these proteins may be synthesized on 

free polysomes. 

Zitomer and Hall (135) translated wild-type 

yeast poly(A) RNA in a wheat germ cell-free 

system and detected, by immunoprecipitation, a 

product identical in electrophoretic mobility to the 

authentic cytochrome c. Furthermore, poly(A) 

RNA extracted from a chain-terminating ochre 

mutant, cycl-72, directed the synthesis in vitro of 

a shorter polypeptide which has the expected size 

of the ochre fragment of cytochrome c. Because 

the wheat germ extract may contain the requisite 

processing enzymes, these results do not rule out 

the possibility of the synthesis of a larger precursor 

which is converted to apocytochrome c in the in 

vitro system. The N-terminal amino acid of yeast 

iso-l-cytochrome c has been identified as threo- 

nine (102). Through genetic analysis of yeast 

mutants affected in the cytochrome, Sherman and 

co-workers (cf. reference 125) have deduced that 

the codon for the threonine residue is preceded 

only by the A U G  codon, specific for the initiating 

amino acid, Met, which is removed during or after 

completed synthesis of the apoprotein. Therefore, 

iso-l-cytochrome c is not synthesized with an N- 

terminal chain extension. 

If yeast iso-l-cytochrome c were synthesized 

initially on membrane-bound ribosomes, it would 

be expected to contain an N-terminal signal se- 

quence specific for the ER or outer mitochondrial 

membrane. Because the possibility of an N-termi- 

nal precursor sequence has been ruled out by the 

genetic considerations noted above (cf. reference 

125), it may be argued that the function of the 

signal sequence is served by the N-terminal por- 

tion of cytochrome c itself. If this were true, there 

would be a stringent sequence requirement for 

this portion of the molecule. However, in intra- 

genic revertants of yeast, amino acid substitution 

of several positions near the N-terminus of iso-1- 

cytochrome c does not lead to a disappearance of 

this enzyme in the mutant mitochondria (cf. ref- 

erence 125). Furthermore, mutant forms of iso-1- 

cytochrome have been isolated which are either 

two residues longer or four residues shorter at the 

N-terminus compared to the wild type enzyme (cf. 

reference 125). These results demonstrate that 

drastic alterations in amino acid sequence near the 

N-terminus of cytochrome c do not appear to 

impair the transport of this enzyme into mitochon- 

dria. Thus, it is unlikely that the enzyme is synthe- 

sized on membrane-bound ribosomes. By the 

process of elimination it appears, therefore, that 

cytochrome c is synthesized on free polysomes. 

However, it remains to be established whether the 

primary translation product of cytochrome c 

mRNA contains an extra sequence at the C-ter- 

minus. This may be difficult to ascertain especially 

if the in vitro translation systems contain the 

requisite processing activities. 

Poyton et al. (114, 115) have presented inter- 

esting results which indicate the existence of a 

polyprotein precursor of the cytochrome c oxidase 

subunits made in yeast cytoplasm. Their novel 

approach explored effects of cytoplasmic products 

on protein synthesis in isolated mitochondria. In 

vitro yeast mitochondrial protein synthesis nor- 

mally ceases after 30 min whereas mitochondria 

isolated from cycloheximide-treated cells do not 

engage in protein synthesis at all. However, Poy- 

ton and Kavanagh (114) discovered that yeast cell 

supernates contain heat- and trypsin-sensitive, 

nondialyzable components which, upon addition 

to incubation mixtures, stimulate mitochondrial 

protein synthesis in a stoichiometric manner. Cy- 

tochrome c oxidase subunits I - I I I  are among the 

mitochondrial products subject to regulation by 

the cytoplasmic factors. Poyton and Kavanagh 

(114) found that in vitro synthesis of subunits I -  

III,  unlike the bulk of mitochondrial products, 

was not stimulated if cell supernates were pre- 

treated with antibodies against either cytochrome 

c oxidase or subunits IV or VI. The immunoreac- 

tive material has a mol wt of 55,000 and contains 

many tryptic peptides in common with those de- 

rived from a mixture of subunits IV-VII  (114). 

Thus, the 55,000-dalton protein appears to be a 

polyprotein precursor to subunits IV-VII .  Al- 

though it is not known whether the precursor is a 
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primary translation product, these results indicate 

that it occurs in a soluble pool in vivo and, 

therefore, is likely to be synthesized on free 

polysomes. 

The nature of the stimulatory effect on mito- 

chondrial protein synthesis is unclear but it would 

appear to require translocation of the precursor 

into apparently intact mitochondria in a post- 

translational fashion. Immunoprecipitates of solu- 

bilized mitochondrial membranes can be resolved 

in SDS gels into the fuU complement of cyto- 

chrome c oxidase subunits and also a substantial 

amount of the precursor. This indication that the 

newly transported 55,000-dalton component re- 

sides at a membrane site until it is processed is 

supported by in vivo pulse-labeling experiments. 

Appearance of newly synthesized precursor in 

mitochondrial membranes was found to precede 

that of mature subunits. Because a free pool of 

subunits is not detected, Poyton and McKemmie 

(115) suggested that processing into subunits and 

their assembly occur at the membrane site. It 

remains to be verified whether the soluble form of 

the precursor is identical to the membrane-associ- 

ated counterpart, whether the soluble form can 

translocate through the outer membrane of intact 

mitochondria, and whether the protein is re- 

stricted to an inner membrane site and, if so, what 

orientation it assumes. The concept of a polypro- 

tein precursor is attractive in that it provides a 

vehicle which most efficiently assures stoichiomet- 

ric transport of the components of enzyme com- 

plexes into organelles. 

Some progress has been made recently on the 

in vitro synthesis of chloroplast proteins and their 

transport into intact chloroplasts. Most of the 

work has concentrated on the small subtmit of 

RuBPCase which was chosen as a model system 

because of its great abundance in photosynthetic 

tissues. 

Dobberstein et al. (36) found that addition of 

polyadenylated RNA from C. reinhardtii to a 

wheat germ cell-free system resulted in the synthe- 

sis of numerous discrete polypeptides. Prominent 

among these was a polypeptide of 20,000 daltons 

which was specifically immunoprecipitated by an- 
tibodies to the RuBPCase small subunit (S) of the 

alga. Because the 20,000-dalton protein is immu- 

nochemically related to S but is larger than the 

latter by ~4,000 daltons, it was identified as a 

precursor. After its synthesis, the precursor (pS) 

could be converted, by an endoproteolytic activity 

present in postribosomal supernates of C. rein- 

hardtii, to S and a small peptide fragment, which 

presumably represents the extra sequence in pS. 

When free polysomes of C. reinhardtii were em- 

ployed to complete synthesis of nascent poly- 

peptide chains in vitro, S instead of pS was 

immunoprecipitated. Subsequent experiments 

showed that the free polysome preparation con- 

tained the enzymatic activity for processing of pS 

to S and that this activity could be removed from 

the polysomes by high-salt wash. No physiological 

significance was ascribed to the association of the 

endoprotease with polysomes because the enzyme 

might have been relocated from either the cytosol 

or the chloroplast stroma during cell fractionation. 

Because the small subunit is synthesized on free 

ribosomes, it follows that the transport of pS into 

chloroplasts and its processing to S occur after 

translation. Moreover, it was suggested that the 

additional sequence in pS contains the necessary 

information for binding to a putative chloroplast 

envelope receptor and somehow facilitates the 

transport of pS into chloroplasts. However, the 

inability to prepare intact chloroplasts from C. 

reinhardtii has precluded the in vitro reconstitu- 

tion of transport of the algal pS as well as the 

subcellular localization of the processing enzyme. 

The finding of pS in C. reinhardtii (36) has 

stimulated the search for a similar precursor in 

higher plants. It has been reported recently that in 

vitro protein synthesis in the wheat germ cell-free 

system primed with polyadenylated RNA from 

pea (23, 28, 29, 65) and spinach (28, 29) results 

in the formation of putative precursors to the 

RuBPCase small subunits. The precursors are 

immunoprecipitated with antibodies against either 

the RuBPCase holoenzyme (65) or the purified 

small subunits (28, 29), contain tryptic peptides 

common to those of S (23), and exhibit mol wt 

4,000-5,000 greater than S. As in C. reinhardtii, 

the higher plant precursors are synthesized in vivo 

by free polysomes (23, 118). The pea pS is 

converted to the size of S when postribosomal 

supernates of in vitro translation mixtures are 

incubated with crude preparations of pea chloro- 

plasts obtained by differential centrifugation (65). 

The occurrence of higher-plant small subunit 

precursors has afforded the opportunity to test the 

hypothesis that transport of pS into chloroplasts 
occurs in a post-translational manner (36). Thus, 

Higldield and Ellis (65) demonstrated that con- 

version of pS to S in the presence of crude 
chloroplast preparations apparently coincides with 

transport because the processed form is protected 
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from digestion with trypsin. Because processing 

could be carried out in the presence of cyclohexi- 

mide, chloramphenicol, or with postribosomal su- 

pernates of translation mixtures, it is clear that the 

phenomenon occurs independent of translation. 

Because in the chloroplast the small subunits 

are in association with the large subunits as Ru- 

BPCase holoenzyme, the transport of pS into 

isolated chloroplasts can be most convincingly 

demonstrated if the following two criteria are met. 

First, the isolated chloroplasts must contain a high 

proportion of intact plastids and be flee from 

contamination by soluble proteins and other mem- 

brane-bounded organelles. Such contaminants 

may contain spurious proteolytic activities which 

complicate the interpretation of the results. Sec- 

ond, in vitro transport of pS into the chloroplast 
stroma is assured only if assembly of newly trans- 

ported S with large subunits to form the Ru- 

BPCase holoenzyme can be demonstrated. Oth- 

erwise, it can be argued that the small subunit is 

lodged in the chloroplast envelope or trapped in 

the intermembrane space; in both cases, the ap- 
parent transport in vitro would have no physiolog- 

ical significance. The above two criteria were 
satisfied in the in vitro reconstitution experiments 

of Chua and Schmidt (28, 29). Highly purified, 

intact chloroplasts of pea and spinach were ob- 

tained by centrifugation on silica sol gradients by 

the procedure of Morgenthaler et al. (98, 99). 

Electron microscope studies established that these 

chloroplasts retain both inner and outer envelope 

membranes and are free of contamination by 

other cell membrane components. It was found 

that pS in postribosomal supernates from both 

spinach and pea mRNA in vitro translation prod- 

ucts is transported interchangeably into intact 

chloroplasts of higher plants. Not only are the 

small subunits protected against protease diges- 

tion, but 80% of the newly transported S is 

assembled in the form of the holoenzyme. The 

precursor form is undetected in chloroplasts, sug- 

gesting that processing occurs during or soon after 

transport. The significance of heterologous and 

homologous transport, processing, and assembly 

of pea and spinach small subunits synthesized in 

vitro is enhanced by the demonstration that nei- 

ther pS nor S from C. reinhardtii was taken up by 

chloroplasts from either higher plant. Because 

uptake of pea and spinach pS is unaffected by 
incubation of the chloroplasts in the light, dark, or 

light plus chloramphenicol, the transport process 

is not dependent on active chloroplast protein 

synthesis or active photophosphorylation. This 
conclusion can be drawn also from the recent 

observations of Feierabend and Wildner (42). In 

their experiments, the mature small subunit is 

recovered from intact plastids of rye plants which 

are grown at 32~ and consequently do not con- 

tain either 70S chloroplast ribosomes or immuno- 

logically detectable RuBPCase large subunlts. 

The data of Feierabend and Wildner (42) may 

be taken as evidence that the protease which 

converts pS to S and presumptive envelope recep- 

tors from pS are not synthesized within the chlo- 

roplast. Furthermore, because the intact plastids 

from heat-bleached rye leaves contain the mature 

RuBPCase small subunit but not the large subunit 

(42), it follows that the latter is not required for 

the transport and processing of pS. 

Although it is certain that the proteases specific 

for pS are associated with highly purified spinach 

and pea chloroplasts (28, 29), their precise loca- 

tion is still unclear. Highfield and Ellis (65) found 

that only 40% of the processing activity remained 

when pea chloroplasts were lysed in a hypotonic 

buffer. There was an additional 15% loss of 

activity when thylakoid membranes in the chloro- 

plast lysate were removed by centrifugation 

(4,000 g, 5 min). Further centrifugation of the 

4,000 g supernate at 30,000 g for 40 min to 

sediment chloroplast envelopes resulted in nearly 

complete loss of the processing activity in the 

supernate. From these results, they proposed that 

the processing enzyme resides in the chloroplast 

envelope. Unfortunately, the 30,000 g pellet, 
which presumably contained chloroplast enve- 

lopes, was not tested for pS processing. Therefore, 

the possibility remains that the pea protease, like 

that of C. reinhardtii, is soluble but deteriorates 

very quickly after chloroplast lysis. 

By the use of microsequencing techniques, the 

peptide extension of the C. reinhardtii small sub- 

unit precursor has been shown to be located at the 

N-terminus and contains 44 mostly nonpolar 

amino acid residues (Schmidt, Devilliers-Thiery, 

Blobel, and Chua, unpublished results). After in 

vitro processing of pS, the resulting product pos- 
sesses an N-terminal amino acid sequence identi- 

cal to that of the mature small subunit. This is 

conclusive evidence that the translation product is 

not an in vitro artifact and that the processing of 
pS to S occurs with fidelity. Because the precursor 

extension is likely to be involved in the post- 

translational transport mechanism, we have des- 

ignated it as the "transit peptide" to distinguish it 
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from the "signal peptide" of precursors of secre- 

tory proteins. Transit peptides are defined as 
extensions found on precursors of organelle pro- 
teins synthesized by free cytoplasmic ribosomes. 
The transit peptide can occur at either the N- or 
C-terminus of the protein destined for post-trans- 
lational transport across intracellular membranes. 

It is also of interest whether other chloroplast 
proteins which are synthesized by cytoplasmic 
ribosomes are made as soluble precursors. The 
most abundant thylakoid membrane polypeptides 
synthesized by cytoplasmic ribosomes are those 
associated with the light-harvesting CP II (cf. 
reference 47). In both spinach and pea, at least 
two of these polypeptides share antigenic deter- 
minants, whereas in Chlamydornonas there are at 
least three immunologically related species (Chua 
and Blomberg, unpublished results). We have 
purified free polysomes from spinach and Chlam- 

ydomonas and employed them to complete poly- 
peptide chains in vitro. The CP II antibody is 
immunoreactive with two and three products of 
the spinach and Chlamydornonas polysomes, re- 

spectively. These possess tool wt -4 ,000 greater 
than the mature membrane polypeptides. More- 
over, these putative precursors are also detected 
as major in vitro products of spinach, Chlamy- 

domonas, and also pea polyadenylated RNA 
translation in the wheat germ cell-free system 

(Schmidt and Chua, unpublished results). Apel 
and Kloppstech (7) have employed antibody 
against CP II of Acetabularia to analyze the in 
vitro products of barley polyadenylated RNA. 
They identified a 29,000-dalton product as a 
precursor to the CP II apoprotein (mol wt, 

25,000) on the basis of peptide mapping, Re- 
cently, Huisman et al. (67) showed that ferre- 
doxin, a peripheral thylakoid membrane protein, 
is synthesized as a precursor ~4,000 daltons 
larger than the mature protein when polyadenyla- 
ted RNA from Chlamydomonas, beans, and to- 
bacco is translated in the wheat germ cell-flee 
system. Thus, from these preliminary characteri- 
zations, we expect that transport of these thyla- 
koid membrane proteins into chloroplasts is quite 
like that of the RuBPCase small subunit. Even in 
the case of the CP II polypeptides, which in their 
mature forms display an intense hydrophobicity 
commensurate with their roles as integral mem- 
brane proteins, we predict that all precursors of 
chloroplast proteins are soluble and are trans- 
ported into chloroplasts in a post-translational 
fashion. 

VII. CONCLUSIONS AND CONJECTURES 

We have emphasized that the mechanism of 
transport of organelle proteins across membranes 
is determined primarily by whether the cytoplas- 
mic ribosomes synthesizing these proteins are free 
or membrane-bound (cf. section V). The cytoplas- 

mic ribosomes could be bound to either the ER 
membrane or the organelle outer membrane. In 
either case, the synthesis of organelle proteins and 
their transfer across membranes occur in the same 

time and space. Thus, the transport process is a 
co-translational event (cf. reference 22). On the 
other hand, if organelle proteins are synthesized 
by free cytoplasmic ribosomes, the site of synthesis 
is necessarily removed from the site of transport 
into the organeUe. In this case, the transport 
process is a post-translational event, temporally 

separated from the synthesis of these proteins in 
the cytosol. Therefore, while there are three sites 
where cytoplasmic ribosomes may be localized, 
there are in fact only two basic mechanisms by 
which organelle proteins are transported across 
membranes. 

Critical evaluation of the experimental evidence 
reveals no compelling reason to support the view 
that mitochondrial proteins are synthesized on the 
rough ER. Most of the experiments that were 
purported to have shown this site of synthesis 
have not ruled out rigorously possible cell fraction- 
ation artifacts. There is also no biochemical evi- 
dence so far to implicate the rough ER in the 
synthesis of chloroplast proteins. The paucity of 

rough ER in mesophyll cells of higher plants (55) 
is consistent with this notion. However, in certain 
groups of algae, the chloroplast appears to be 
completely surrounded by a cisterna of the rough 
ER, referred to as the chloroplast ER (cf. section 
II). If it can be established by serial sections that 
the chloroplast ER is uninterrupted, then it would 
be reasonable to assume that it is involved in 
synthesis and/or transport of proteins into the 
chloroplast. 

The direct insertion hypothesis as proposed by 
Butow and co-workers (21, 78-81) is attractive 
because of its simplicity; it dispenses with the 
intervening steps required of the model implicat- 
ing synthesis on rough ER. The biochemical and 
morphological observations presented thus far 
have established conclusively that the bound cy- 
toplasmic ribosomes are not artifacts of cell frac- 
tionation. However, it remains to be shown that 
the bound cytoplasmic polysomes synthesize spe- 

CrlUA AND ScHr, nDr Transport of Proteins into Mitochondria and Chloroplasts 477 



cific mitochondrial proteins and that the transport 

of these proteins into mitochondria is a co-trans- 

lational process. Because the morphological 

equivalent of this subpopulation of bound ribo- 

somes has not been found either on mitochondria 

of other organisms or on chloroplasts, the general 

applicability of the direct insertion model is uncer- 

tain. 

The in vitro studies on the small subunit of 

RuBPCase have shown that the protein is synthe- 

sized on free ribosomes (23, 36, 118). Further- 

more, the precursor, pS, is imported into isolated, 

intact chloroplasts in a post-translational manner 

(28, 29, 65), processed into the mature small 

subunit (28, 29, 65), and the latter is assembled 

into the RuBPCase holoenzyme (28, 29). The 

successful reconstitution of transport of Ru- 

BPCase small subunit in vitro raises the question 

of whether other chloroplast proteins are also 

transferred into the organeUe by a similar post- 

translational mechanism. Because there are three 

compartments in the chloroplast, it is important to 

know whether proteins residing in different com- 

partments are handled differently in terms of their 

transport. Based on their final localizations, chlo- 

roplast proteins may be divided into three classes: 

Class 1: Outer envelope membrane proteins; 

proteins in the inter-membrane space; integral 

and peripheral membrane proteins facing the 

cytoplasmic side of the inner envelope mem- 

brane. 

Class 2: Transmembrane proteins of the inner 

envelope membrane; integral and peripheral 

proteins facing the stromal side of the inner 

envelope membrane;  matrix proteins; integral 

and peripheral thylakoid membrane proteins fac- 

ing the stromal side. 

Class 3: Transmembrane proteins of the thy- 

lakoids; peripheral and integral thylakoid mem- 

brane proteins facing the thylakoid space; pro- 

teins of the thylakoid space. 

Class 1 and 2 proteins have to pass through one 

and two membranes,  respectively, whereas Class 

3 proteins have to traverse three membranes 

before reaching their functional sites. 

On the basis of the morphological evidence 

discussed above, we would like to propose the 

working hypothesis that most, if not all, of these 

proteins, irrespective of their localizations, are 

synthesized on free rather than membrane-bound 

cytoplasmic ribosomes. Accordingly, their trans- 

port into the chloroplast is accomplished by a 

post-translational mechanism similar in principle 

to the transfer of certain toxins across plasma 

membrane (cf. references 104 and 108). By 

analogy to the RuBPCase small subunit, these 

proteins are synthesized as larger precursors con- 

taining "transit peptides" at the N- or C-terminus 

or at both ends. The transit peptide(s) contain 

the sequence information to ensure not only 

specific transport into the chloroplast but also 

subsequent localization of the newly transported 

proteins at specific sites within the organelle. 

Therefore, we expect the transit peptide(s) 

within each class of precursors to possess similar 

chemical properties. Interaction of the transit 

peptide(s) with a specific envelope receptor or 

class of receptors somehow facilitates post-trans- 

lational transport of the proteins into the chloro- 

plast. The Chlamydomonas small RUBCase sub- 

unit is synthesized by free ribosomes (36) even 

though the precursor possesses an extension of 

44 amino acids at the N-terminus (Schmidt et al., 

unpublished results). This seems paradoxical be- 

cause one would expect that the transit 

peptide(s) would interact with chloroplast enve- 

lope receptors immediately upon its emergence 

from polysomes. This would result in binding of 

the translating polysomes to the envelope. As 

this is not the case, it is possible that envelope 

interaction may require post-translational modi- 

fication(s) of the transit peptide(s) in the precur- 

sor. Alternatively, the binding activity of the 

precursor may be latent until the entire molecule 

is synthesized. 

It is quite possible that some organellar pro- 

teins are not synthesized with polypeptide chain 

extensions. The extra-organellar form of such 

proteins may possess specific conformations nec- 

essary for binding to envelope receptors. Post- 

transport protein modifications, e.g., attachment 

of a prosthetic group, may change newly trans- 

ported protein irreversibly, thereby "trapping" it 

within the organelle. 

We propose that transport of proteins into 

their respective chloroplast compartments is de- 

termined by the localization of the receptors. In 

the case of Class 1 proteins, the receptors are 

localized on the outer envelope membrane.  Class 

2 proteins pose an additional problem because 

they are apparently transferred across not one 

but two membranes.  If the transport process 

involves one membrane at a time, it would be 

necessary to invoke two sets of receptors, the 

additional set being located at the inner envelope 
membrane. To circumvent this difficulty, we 
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suggest that the receptors for Class 2 precursors 
are restricted to specific regions of the chloro- 
plast envelope in which the outer and inner 

membranes are fused. Thus, the proteins would 
have to traverse only one membrane during 
transport. Preliminary electron microscope ex- 
periments show that regions of apparent contact 

between the envelope membranes can be seen in 
spinach chloroplasts suspended in a hypertonic 
medium (Chua and Schmidt, unpublished mate- 
rial). Such putative contact zones in the chloro- 
plast envelope are morphologically similar to 
contact sites previously described in mitochon- 

dria (56). The envelope contact zones of mito- 
chondria are reminiscent of the adhesion zones 
found in the cell envelope of E. coil (9). The 
latter are distinct areas in which the outer and 
inner bacterial membranes are attached to one 
another. Interestingly, the adhesion zones are 
known to contain specific receptors for F-pill 
insertion and for attachment of phage particles 
(9). 

Because of the paucity of data on the topogra- 
phy of thylakoid membrane polypeptides, it is 
not known whether Class 3 proteins exist, and if 
they do, whether any of them are synthesized on 
cytoplasmic ribosomes. In the event that some 
Class 3 proteins are synthesized in the cytosol, 
we expect the precursors to enter the chloroplast 
at the putative contact regions also. However, in 
contrast to the Class 2 precursors, the Class 3 
precursors are expected to contain yet another 

sequence which directs their insertion into the 
thytakoid membrane or transfer across the latter 
into the thylakoid space. 

We suggest that most of the cytoplasmically 
synthesized mitochondrial proteins are also made 
as larger precursors and transported into the 

organelle by a post-translational mechanism sim- 
ilar to that used for the transport of chloroplast 
proteins. The recent results on the polyprotein 
precursor to subunits IV-VII  of yeast cyto- 
chrome oxidase (114, 115) and labeling kinetics 
of Neurospora cytochrome c and the CAT-bind- 
ing protein (57, 59) are consistent with this 
notion. The post-translational mechanism may 
also operate in the transfer of proteins from the 
cytosol into other cellular compartments, e.g., 
peroxisomes and glyoxysomes. A larger precur- 
sor to the glyoxysomal MDH has recently been 
reported (132). 

Because mitochondria contain only two com- 
partments, the proteins must traverse only one 

or two membranes to reach their final destina- 
tions. Thus, mitochondrial proteins are equiva- 
lent to the Class I and 2 chloroplast proteins. By 

analogy with model of Butow et al. (21), we 
propose that the receptors for Class 2 protein 
precursors are localized specifically in the contact 
sites so that these proteins pass through only one 

membrane during transport. It  is possible that 
some mitochondrial proteins of certain organisms 
may be synthesized by cytoplasmic ribosomes 
attached directly to the outer mitochondrial 
membranes (21,78-81). 

In our opinion, pulse-labeling and pulse-chase 
experiments provide only indirect evidence con- 
cerning the sites of synthesis of mitochondrial 
and chloroplast proteins and, consequently, the 
mechanisms of their transport. The most direct 
approach to distinguish between the two basic 
transport mechanisms (cf. section V, 2) is recon- 
stitution in vitro. 

However, we anticipate that some problems 
may be encountered when organelle proteins are 
synthesized in an in vitro system. For example, 

the apparent absence of a larger precursor might 
result from the presence of specific or nonspecific 
proteases in the cell-free translation system used. 
In this case, it is also necessary to verify that the 
immunoprecipitated protein is a primary transla- 
tion product. In addition, another cell-free trans- 
lation system should be tried to see whether the 
same product is synthesized. Possible N-terminal 
processing of precursors can be ruled out by 
specific labeling with [~S]Met tRNAr~,~t (66). 

To demonstrate unambiguously reconstitution 
of protein transport in vitro, it is important to 
use highly purified mitochondria (89) and chlo- 
roplasts (98-100) prepared by density gradient 
centrifugation. Organelles obtained by differen- 
tial centrifugation alone (39, 65, 121), although 
suitable for routine biochemical experiments, are 

usually contaminated by cytosolic proteins and 
other subcellular membrane-bounded compart- 
ments. Spurious proteolytic activities in such 
preparations may lead to confusing results and 
erroneous interpretations. If an organeUe protein 
is a subunit of an enzyme complex or a mem- 

brane component, it is essential to show that the 
newly transported protein is correctly assembled 
into the complex or assumes the right orientation 
in the membrane. Otherwise, the apparent re- 
constitution of transport in vitro would be of 
doubtful physiological significance. 

Although we have proposed that most of the 
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organellar proteins are transported in a post- 

translational manner,  we have refrained from 

postulating an explicit model to explain how 

these proteins are translocated across mem- 

branes. We feel that elucidation of the detailed 

mechanisms and identification of the driving 

force for transport  depends on knowledge of the 

complete amino acid sequences of the precursor 

chain extensions and characterization of the en- 

velope membrane receptors. It is fortunate that 

the transit peptide of the Chlamydomonas pS is 

located at the N-terminus and that therefore its 

amino acid sequence can be established by Ed- 

man degradation. If the transit peptides of other 

organeUe protein precursors are similarly dis- 

posed, the analysis of their sequences will be 

greatly facilitated. Such sequence data are essen- 

tial to establish whether the precursor chain 

extensions of proteins localized in the same or- 

ganellar compartment are homologous and 

whether the precursor sequence of Class 1 pro- 

teins is distinct from that of Class 2 proteins. 

Nothing is known about the envelope receptors 

which presumably mediate protein transport. 

The receptor for the pS is likely to be a protein 

or group of proteins because intact chloroplasts 

lose their ability to take up this precursor after 

pre-treatment with proteases (28, 29). 

The post-translational transport of organellar 

proteins may offer certain physiological advan- 

tages over the co-translational mode.  Depending 

on the rate of translation and the size of the 

mRNA,  a membrane-bound polysome may con- 

tain anywhere from 5 to 20 or more ribosomes. 

Therefore, not one but several membrane recep- 

tors must be engaged simultaneously for the 

transport of an organellar protein. If the number 

of receptors is limited, a problem might arise 

when rapid rates of protein synthesis are re- 

quired, such as during organelle development 

and replication. Continued synthesis by poly- 

somes, which are unable to attach to the mem- 

brane because of a limitation of the requisite 

receptors, would result in the release of organel- 

lar proteins into the cytosol. Proteins thus syn- 

thesized could no longer be sequestered into the 

organelle, as has been shown for secretory pro- 

teins in vitro (14, 15). In contrast, the post- 

translational mode does not commit a group of 

receptors at any given time for the exclusive 

transport of an organellar protein. Newly synthe- 

sized proteins may queue up in the form of 

cytosolic pools even if all receptors are engaged 

and, consequently, abortive synthesis of organel- 

lar proteins will not result regardless of their rate 

of translation. It could be argued that proteins 

which are not immediately transported after syn- 

thesis will be rapidly degraded. However, this is 

inconsistent with the evidence for cytosolic pools 

of organellar proteins (57, 114). Finally, post- 

translational regulation of organellar protein 

transport, whenever necessary, may be accom- 

plished by modulating the number and/or activity 

of the envelope receptors. 

The technological advances that have devel- 

oped in the last few years have made it possible 

now to analyze directly a hitherto vexing problem 

in cell biology, namely, the transport of proteins 

into mitochondria and chloroplasts. We believe 

that future analysis of this problem will generate 

results relevant not only to the regulatory aspects 

of organelle biogenesis but also mechanisms by 

which transfer of proteins into other membrane- 

bounded compartments in the cell is achieved. 
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Note Added in Proof." Recently, Korb and Neupert 
(Eur. J. Biochem. 1978.91:609-620) synthesized apo- 
cytochrome c in a cell-free homogenate from N. 
Crassa. They showed that in vitro synthesized apocy- 
tochrome c in the post-ribosomal supernate can be 
transferred to mitochondria where it is converted to 
the holoenzyme. Maccecchini, Rudin, Blobel, and 
Schatz (Proc. Natl. Acad. Sci. U.S.A. 1979.76:343- 
347) detected in vitro and in vivo forms of ~x,/3, and ~, 
subunits of yeast F1-ATPase. They showed that the 
precursors are imported into mitochondria by a post- 
translational mechanism. Thus, the transport of these 
proteins into mitochondria does not follow the co- 
translational mechanism. Finally, a higher molecular 
weight precursor of the cytoplasmicaUy synthesized 
subunit V of cytochrome bc~ complex in yeast mito- 
chondria has been reported (C. C6t6, M. Solioz, and 
G. Schatz. 1979.J. Biol. Chem. 254:1437-1439). 

REFERENCES 

1. Aws, I. Z., and R, A. BUTOW. 1978. Studies on the mechanism of 
insertion of cytoplasmically synthesized proteins into mitochondria. 

480 THE JOURNAL OF CELL BIOLOGY" VOLUME 81,  1979 



In Abstracts of the 9th International Meeting on Yeast Genetics 
and Molecular Biology. University of Rochester Prem, Rochester, 
N.Y. 38, 

2. ALTUU~N, P. L., and D. D. KArZ, editors, 1976. Biol. Handb. L 

Cell Biology. 143-230. 

3, ANonans, J. M. 1975. The molecular organisation of chloroplast 

thylakoids. Biochlm. Biophys. Acta. 416:191-235. 

4. A/~mtsou, J. M. 1977. The molecular organization of chloroplast 
thylakoids. In International Cell Biology 1976-1977. B. R. Brink- 
ley and K, R. Porter, editors. The Rockefeller University Press, 
New York. 183-192. 

5. ANDmtSSON, B., D.  1. StMFSON, and O. HOYEa-H~sEN. 1978. 
Freeze-fracture evidence for the isolation of inside-oat spinach 
thylakoid vesicles. Carlsberg Res. Commun. 43t77-89. 

6. ArEL, K. 1977. The light-harvesting chlorophyll a/b: protein com- 
plex of the green alga Acetabularia mediterranea. Isolation and 
characterization of two subunits. Biochim, Biophys. Acta. 462:390- 
402, 

7. APEL, K., and K. KLOp~S~rECtL 1978, The plastid membranes of 
barley (Hordeum vulgate). Light-induced appearance of mRNA 
coding for the apoprotr of the light-harvesting chlorophyll a/b 
protein, Eur. J. Biochem. 8S:581-588, 

8. Avi% H., and P. LEper. 1972. Purification of biologically active 
globin messenger RNA by chromatography on oligothymidylic acid- 
cellulose. Proc. Natl, Acad. Sci. U. S~A. 69:1408-1412. 

o. BAr,It, M. E. 1975. Role of adhesion zones in bacterial cell-surface 
function and hiogenesis. In Membrane Biogenesis. Mitochondrla, 
Chloroplasts, and Bacteria. A. Tzagoloff, editor. Plenum Publishing 
Corp., N.Y. 293--427. 

10. B~Tt'tE, D. S., R. E. BASFOaO, and S. B. Koarrz. 1966. Studies 
on the biosynthesis of mitochondrial protein components, Biochem- 
istry. 5:926-930. 

11. BENNEtt, W. F., A. GtrnEUEZ-HA~:rUAN~, and R. A. Btrrow, 

1976. The role of mitochondria-bound 80S ribosomes in mitochon- 

drial biogenesis. In Genetics and Biogenesis of Chloroplasts and 

Mitochondria. Th. Bficher, W. Neupert, W. Sebald, and S. Werner, 
editors. Elsevier/North Holland Biomedical Press, Amsterdam. 
801-806. 

12. BI/~OI,IaM, R. N., and P. N. CAM[~IZLL, 1972. Studies on the 
biosynthesis of mitochondrial malate dehydrogenase and the loca- 
tion of its synthesis in the liver cell of the rat. Biochem. J. 126:2t 1- 
215, 

13. BIS~LrOTIm, T. 1974. Plastids. In Algal Physiology and Biochem- 
istry. W. D. P. Steward, editor. University of California Press, 
Berkeley. 124-160. 

14. BLoam. G., and B. DOaaEas~ir, r. 1975. Transfer of proteins 
across membranes. L Presence of proteolytically processed and 
unprocessed nascent immunoglobulin light chains on membrane- 
bound ribosomes of marine myeloma. J. Cell Biol. 6-/:835-851. 

15. BLOaI~L, G., and B, DonnEss'Im~N. 1975. Transfer of proteins 
across membranes. IL Reconstitution of functional rough micro- 
somes from heterologous components. J. Cell BIOL 6"/:852-862. 

16. BLOnEL, G., and D, D. S.~ml"Im, 1971, Ribosome-membrane 
interaction in eukaryotic cells, In Biomembmnes. L. A. Manson, 
editor. Plenum Publishing Corp. New York. 2:193-195. 

17. B6n~E, H, 1978. Reactions of antibodies against ferredoxin, 
ferredoxireNADP § rednctase and plastocyanin with spinach chlo- 
roplasts. Fur. J. Biochem. $4:87-93. 

18. BoQugr, P., M. S. SILWaMAN, A, M PAI*t'ENnSmza, Jt. ,  and W. 
B, V~r 1976. Binding of Triton X-lit0 to diphtheria toxin, 
cross reacting material 45, and their fragments. Proc. Natl. Acad. 
Sci. U.S.A. 73:4449-4453. 

19. BIt~tm~sa, J, W. 1973. The synthesis of chloroplast enzymes. In 
Biosynthesis and its Control in Plants, B. V, Milborrow, editor. 
Academic Press, Inc. (London) Ltd., London. 279-302. 

20. B u n ,  B., and F. A. BonE. 1976. Zein synthesis in maize endo- 
sperm by polyribosomes attached to protein bodies. Proc. Natl. 
Acad. Sci, U.S.A. 73:515-519. 

21. BUTOW, R. A., W. F. B~Num,  D. B. FINKEI~TEIN, and R. E. 
KELLEM$. 1975. Nuclear-cytoplasmic interactions in the biogenesis 
of mitochondria in yeast. In Memhrane Biogenesis. A. Tzagaloff, 
editor. Plenum Publishing Corp,, New York. 155-199. 

22. C^MI'aELL, P. N., and G. BLOaEL. 1976. The role of organelles in 
the chemical modification of the primary translation products of 
secretory proteins. FEBS (Fed. Eur. Biochem. Soc. ) Left. "/2:215- 
226, 

23. CASH~tOaI~, A. R., M. K. BaOADI-IUaST, and R. E. Ga.~. 1978. 
Cell-free synthesis of leaf protein: Identification of an apparent 
precursor of the small subenit of ribulose-1,5-bisphosphate carbox- 
ylase, Proc, Natl. Acad. ScL U.S.A. "/5:655-659. 

24. CHUA, N.-H., and P. Bv2*sous. 1975. Thylakoid membrane 
polypeptidos of Chlamydomonas reinhardtii: Wildtype and mutant 
strains deficient in photosystem II reaction center. Proc. Natl. 

Acad. Sci. U.S.A. 72:2175-2179. 
25. CtIUA, N.-H., and N. W. GILL~U~M. 1977. The sites of synthesis of 

the principal thylakoid membrane polypeptides in Chlamydomonas 
reinharda'i. J. Cell Biol. 74:441-452. 

26. CIIUA, N.-H. and D. J. L. Locr. 1974. Biosynthesis of urganelle 
ribosomes. In Ribosomes. M. Nomura, A. Tissieros, and P. Len- 
gyel, editors. Cold Sprin 8 Harbor Laboratory, Cold Spring Harbor, 
N.Y. 519-539. 

27. CIIUA, N.-H., K. Matlin, and P. BESNOUN. 1975. A chlorophyll- 
protein complex lacking in photosystem I mutants of Chlamydom- 
onus reinhardtii. J. Cell Biol. 67:361-377. 

28. CIIuA, N.-H., and G. W. SCttmDT. 1978. In vitro synthesis, 
transport, and assembly of ribnlose-l,5-bisphosphate carboxylase 
subunits. In Photosynthetic Carbon Assimilation. H. W. Siegelman 
and O. Hind, editors. Plenum Publishing Corp., New York, 325- 
347 

29, C'uu^, N.-H., and G. W. SctlUmT. 1978. Post-translational trans- 
port into intact chloroplasts of a precursor to the small subunit of 
ribulose-l,5-bisphosphate carboxylase. Proc. Nad. Acad. ScL 
U.S.A. 75:6110-6114. 

30. CLAagE, S. 1976. A major polypeptide component of rat liver 
mitochondria: Carbamyl phosphate synthetase. J. Biol. Chem. 251: 

950-961, 
31. COLLmL R. J. 1976. Inhibition of protein synthesis by exotoxins 

from Corynebacterium diphthieriae and Pseudomonas aeruginosa. 
In The Specificity and Action of Animal Bacterial and Plant Toxins 
(Receptor and Recognition, Series B ,  VoL L). Chapman & Hall 
Ltd., London. 69-98. 

32. COOMJS, J., and A. D. Gat~E~WOOD. 1976. Compartmentation of 
the photosynthetic apparatus. In The Intact Chloroplast. J. Barber, 
editor. Elsevier/North Holland Biomedical Press, Amsterdam. 1- 
51. 

33. CIola'v, W. J., and M. C. Ler~aETrsa. 1973. Membrane continui- 
ties involving chloroplasts and other nrganelles in plant cells. 
Science (Wash. D.C.). 182:839-841. 

34, D^vlDmI% N., R. PENmALL, and W, B. ELLIOTr. 1969. Origin of 
mitochondrial enzymes. III, Distribution and Synthesis of cyto- 
chrome c in rat liver tissue. Arch. Biochem. Biophys, 133:345-358, 

35. D,v.PIEuE, J, W., and L. EiU~ST'Zg. 1977. Enzyme topology of 
intracelhilar membranes. Ann. Rev. Biochem. 46:201-262. 

36~ DoneEnsrEm, B., G, BLOa~L, and N.-H. Cnu~,. I977. In vitro 
synthesis and processing of a putative precursor for the small 
subunit of ribulose-1,5-bisphosphate carboxylase of Chlamydomo- 
has reinhardtii. Proc. Natl. Acad. Sci. U.S.A. 74:1082-1085. 

37, Dooa, G. H. 1973. The interaction of glutamate dchydrogenasc and 
malate dehydrogenase with phospholipid membranes. Eur. J. Bin. 
chem. 33:418--427. 

38, Doue~, R ,  R. B. Hor~'z, and A. A. BSNSON. 1973, Isolation and 
properties of the envelope of spinach chloroplasts. J. BioL Chem. 248: 
7215-7222. 

39. ELUS, R. J, 1977. Protein synthesis by isolated chloroplasts. Biochim. 
Biophys, Acta. 463:185-215. 

40. Elues'~a, L., and B. KL'YL~SrmlNA. 1970. Outer membrane of 
mitocbondria. In Membranes of Mitochertdria and Chloroplasts. ACS 
(Am. Chem. Soc. ) Monogr. 172-212. 

41. E~rAN, G. D., R. C. CAanOLL, G, SeRA'CZ, and E. RACKet. 1975, 
Arrangement of the subunits in solubilized and membrane-hound 
cytochrome c oxidase from bovine heart. J. Biol. Chem. 250:8598- 
8603. 

42. FEm~Em~, J., and G. WILOt.~a, 1978. Formation of the small 
subanit in the absence of the large subunit of ribulose-l,5-bisphos- 
phate carboxylase in 70S ribosome-deficient rye leaves. Arch. BIO- 
chem, Biophys. 186:283-291. 

43. FlmNrCE, W. W., and J. tOatr~rBscx, t971. Outer mitochondrial 
membrane continuous with endopla.mlie reticulurm Protoplasma. 73: 
35-.41. 

44. Gins ,  S. P. 1970. The comparative ultrastructure of the algal 
chloroplast.Ann. N.Y. Acad, Sci. 175:454--473. 

45, Gmas, S. P. 1977. How cytoplasmically synthesized plastid proteins 
enter chloroplasts.J, Celt. Biol, 75(No, 2, PL 2):303a. (Abstr.). 

46. GILL, D. M. 1976. The arrangement of subunits in cholera toxin, 
Biochemistry 15:1242-1248. 

47. Gn..Ln,*2a, N. W., J. E. Bo~rros, and N.-H. CUUA. 1978, Genetic 
control of chloroplast proteins. Cure. Top. Bioenerg. 8:211-260. 

48. GlvAu, C. V., and J. L. HAItWOOD. 1976. Biosynthesis of small 
molecules in chloroplasts of higher plants. Biol. Rev. Camb, Philos. 
Soc. 51:365--406. 

49. GOD~O'r, C,, and H. A. LAItOy~ 1973. Biosynthesis of glutamate 
dehydrogermse in rat liver. Demonstration of its microsomal localiza- 
tion and hypothetical mechanimt of transfer to mitochondria. Bio- 
chemistry. 12:2051-2061. 

50, GONZALEZ-CADAVID, N. F., and P. N. C~t'nF.LL. 1967. The biosye~ 
thesis of cytochrome c, sequence of incorporation in vivo of [x'SC]lysine 

CHUA AND SCHMIDT T r a n s p o r t  o f  Pro t e in s  in to  M i t o c h o n d r i a  a n d  Ch lorop la s t s  481  



into cytochrome c and total proteins of rat liver subcellular fractions. 
Biochem. J. 105:443-450. 

51. GOIqZALEz-CAD^VlD, N. F., and C. SAEZ DE CAitDOVA. 1974. Role of 
membrane-bound and free polyribosomes in the synthesis of cyto- 
chrome c in rat liver. Biochem. J. 140:157-167. 

52. GONZm, Ez-CAD^VlD, N. F., J. P. Oa'mo^, and M. GOr~ZALEZ. 1971. 
The eelbfree synthesis of cytochrome c by a microsomal fraction from 
rat liver. Biochem. J. 124:685--694. 

53. GOODEr~OUt;H, U. W., and R. P. Lr.v~.  1970. Chloroplast structure 
and function in ac-20, a mutant strain of CIdamyclomonas reinhardtii. 
III. Chloroplast ribosomes and membrane organization. J. Cell. Biol. 
44:547-562. 

54. Gaoo'r, G. S. P. 1974. The biosynthesis of mitocliondrial ribosomes 
in Saccharomyces cerevisiae. In The Biogenesis of Mitochondria. A. 
M. Kroon and C. Saccone, editors. Academic Press, Inc., New York. 
443-452. 

55. GUrOaNG, B. E. S., and M. W. Sr~Ea. 1975. Ultrastructure and 
biology of plant cells. Edward Arnold (Publishers) Ltd., London. 

56. HXCKE~anC~, C. R., and K. J. M t ~ t .  1975. The distribution of 
anionic sites on the surfaces of mitochondrial membranes. Visual 
probing with polycationic ferritin. J. Cell Biol. 65:615-630. 

57. blALLEI~XVea, G., R. ZII~M~r,rN, and W. NEm'm~T. 1977. 
Kinetic studies of the transport of cytoplasmic,ally synthesized proteins 
into the miteehondria in intact cells of Neurospom crassa. Eur. J. 

Biochem. $1:523-532. 
58. H~aL J. F., and F. L. ~ E .  1974. Proteins of mitocbondrial 

cristae. Sub.Cell. Biochem. 3:1-25. 
59. 14xaMEY, M. A., G. I--Da.L~YEa, H. Kolm, and W. NEUI'Fat"r. 

1977. Transport of cytoplasmieally synthesized proteins into the 
miteehondria in a cell-free system from Neurospora crassa. Fur. J. 

Biochem. $1:533-544. 
60. HAP~ON, H. J., J. D. HALL, and F. L. CIt^NE. 1974. Structure of 

mitochondrial cristae membranes. Biochim. Biophys. Acta. 344:119- 

155. 
61. HAsLtrrr, B. G., and R. CASOO, CK. 1974. The development of 

plastocyahln in greening bean leaves. Biochem. J. 144:567-572. 
62. I-b,v^sm, H., and R. A. CmXLDI. 1972. The proteins of the ou~r 

membrane of beef heart mitochondria. Biochim. Biophys. Acta. 282: 

166-173. 
63. HEtayr, H. W. 1976. Metabolite transport in intact spinach chloro- 

plasts. In The Intact Chloroplast. J. Barber, editor. Elsevier/North 
Holland Biomedical Press, Amsterdam. 215-234. 

64. HELD'r, H. W., and F. SAuEa. 1971. The inner membrane of the 
chloroplast envelope as the site of specific metabolite transport. 
Biochim. Biophys. Acta. 234:83-91. 

65. HIGtlFIELD, P. E., and R. J. ELLIS. 1978. Synthesis and transport of 
the small subunit of chloroplast ribulose-bisphosphate carboxylase. 
Nature (Lurid.). 2"/1:420-424. 

66. Hous~N, D., M. J^coes-Lo~N^, U. L. RAmI'L~qD~Y, and H. F. 
Lomsn. 1970. Initiation of hemoglobin synthesis by methionyl-tRNA. 
Nature (Lurid.). 22"/:913-918. 

67. Hmsst~N, J. G., A. F. M. Muumuu, and F. N. VELgLEV. 1978. In 
vitro synthesis of chloroplast ferredoxin as a high molecular weight 
precursor in a cell-free protein synthesizing system from wheat germs. 
Biochem. Biophys. Res. Commun. 82:1121-1131. 

68. Iq3LEWSm, B. J., and D. KA~m. 1975. NAD-dependent inhibition of 
protein synthesis by Pseudomonas aeruginosa toxin. Proe. Natl. Acad. 

Sci. U.S.A. 72t2284-2288. 
69. JoY, K. W, and R. J. ELLIS. 1975. Protein synthesis in chloroplasts. 

IV. Polypeptides of the chloroplast envelope. Biochim. Biophys. Acta. 

3"/8:143-151. 
70. Joy,to, J., and R. DoucE. 1977. Site of synthesis of phosphatidic 

acid and dlacylglyeernl in spinach chloroplasts. Biochim. Biophys. 
Acta. 486:273-285. 

71. lO~Ese^cl~, B. 1966. Synthesis of mitochondrial proteins: demon- 
stration of a transfer of proteins from microsomes into mitochondtia. 
Biochim. Biophys. Acta. 134:430-442. 

72. IO~E~,mAC:4, B. 1967. Synthesis of mitochondrial proteins. The 
synthesis of cytochrome c in vitro. Biochim. Biophys. Acta. 135:651- 
654. 

73. ~ E ~ ^ c n ,  B. 1969. A quantitative study of the biosynthesis of 
cytochrome c. Eur. J. Biochem. 10:.312-317. 

74. IC, AOENeACn, B. 1970. Biosynthesis of cytochrome c. The sites of 
synthesis of apoprotein and holoenzyme. Eur. J. Biochem. 12:392- 

398. 
75. KAWAJnU, K., T. HAa.~o, and T. OsrOtA. 1977. Biogenesis of the 

mitochondrial matrix enzyme, glutamate dehydrogenase, in rat liver 
cells. I. Subcellular localization, biosynthesis, and intracellular trans- 
location of glutamate deliydrogenase. J. Biochem. (Tokyo). 82:1403- 
1416. 

76. KAw~onu, K., T. H ~ n ,  and T. OsroaA. 1977. Biogenesis of the 
miteehondrial matrix enzyme, giutamate dehydrogenase, in rat liver 
cells. II. Significance of binding of glutamate dehydrogenase to 

microsomal membrane. J. Biochem. (Tokyo). 82:1417-1423. 
77. IOtwASm~h~, N., and S. G. WILD~Iq. 1970. Fraction I protein. 

Annu. Rev. Plant Physiol. 21:325-358. 
78. KELLEmS, R. E., V. F. ALLISON, and R. A.Btrrow. 1974. Cytoplas- 

mic type 80S ribosomes associated with yeast mitochondria. II. 

Evidence for the association of cytoplasmic ribosomes with the outer 
miteehondrini membrane in sits. J. Biol. Chem. 249:.3297-3303. 

79. KELLEY.S, R. E., V. F. ALIaSON, and R. A.Btrrow. 1975. Cytoplas- 
mic type 80S ribosomes associated with yeast mitochondria. IV. 
Attachment of ribosomes to the outer membrane of isolated mitochoo- 
dria. J. Cell Biol. 65:1-14. 

80. KELLm~S, R. E., and R. A. Bu~w. 1972. Cytoplasmic-type 80S 
ribosomes associated with yeast mitochondria. I. Evidence for ribo- 
somal binding sites on yeast mitochondria. J. Biol. Chem. 247:8043- 

8050. 
81. KELLEMS, R. E., and R. A.Btrrow. 1974. Cytoplasmic type 80S 

ribosomes associated with yeast miteehondria. III. Changes in the 
amount of bound ribosome in response to changes in metabolic state. 
J. Biol. Chem. 249:3304-3310. 

82. KEVHANI, E. 1973. Ribosomal granules associated with outer mito- 
chondrial membrane in aerobic yeast cells. J. Cell Biol, 58:480-484. 

83. KIaNGEr, mEan, M. 1976. The ADP-ATP carrier in mitochondrial 
membranes. In Enzymes of Biological Membranes, Vol. 3. A. Mar- 
tonosi, editor. Plenum Publishing Corp., New York. 383-438. 

84. KuwAnmO,, S., Y. Oro~oA, and T. OMUtm. 1978. Evidence for 
molecular identity of microsomal and mitochondrial NADH-cyto- 
chrome bs reductases of rat liver. J. Biochem. (Tokyo). g3:1049- 

1059. 
85. L^Mm~wrrz, A. M., N.-H. CHUA, and D. LUCK. 1976. Mitochondrial 

ribosome assembly in Neurospora. Preparation of mitochondrial ribo- 
somal precursor particles, sites of synthesis of mitochondrlal ribosomal 
proteins and studies on the poky mutant. J. Mol. Biol. 10"/:223-253. 

86. LEECh, R. M., and D. J. MuitvltY. 1976. The cooperative function of 
chloroplasts in the biosynthesis of small molecules. In The Intact 
Chloroplast. J. Barber, editor. Elsevier/North-Holland Biomedical 
Press, Amsterdam. 365-401. 

87. LEI'I'LA, S. H., O. C. MAIrm~, and L. A. MUFatL. 1978. The 
exotoxin of P. aeruginosa: A proenzyme having an unusual mode of 
activation, Biochem. Biophys. Res. Cnmmun. $1:532-538. 

88. L/~rDBEao, U., and T. PEltS, SOS. 1972. Isolation of mRNA from KB- 
cells by affinity chromatography on polynridylic acid covalently linked 
to Sepharose. Eur. J. Biochem. 31:246-254. 

89. Lazxlu>t, P. M., and D. J. L. LucK. 1972. The intracellular site of 
synthesis of mitochondrial ribosomal proteins in Neurospora crassa. J. 

Cell Biol. 54:56-74. 
90. MACItOLD, O. 1975. On the molecular nature of chloroplast thylakoid 

membranes. Biochim. Biophys. Acta. 3112:494-505. 
91. MANNELLA, C. A., and W. D. BONSEIt, Ja. 1975. Biochemical 

characteristics of the outer membranes of plant mitochondria. 
Biochim. Biophys. Acta. 413:213-225. 

92. MAaCOS, A., D. Enlolq, and D. P.WEEr, S. 1974. The wheat embryo 
cell-free system. Methods Enzymol. 301F:749-754. 

93. MAalA, E., S. DooN~aq, C. SACCOIqE, and E. QU^OLt~mELLO. 1978. 
Studies of the selective permeation of radioactively labeled aspartate 
aminotransferase isozymes into mitochondria in vitro. J. Biochem. 83: 

427-435. 
94. MELN:CK, R. L., H. M. "I~sEFam, J. MAOUraE, and L. P^CKEa. 

1973. Studies on mitochondrial proteins. I. Separation and character- 
ization by polyacrylamide gel electrophoresis. Biochim. Biophys. 

Acta. 311:230-241. 
95. MENDtOLA-MOIGEr,rmALEI, L. R., and J. J. MOaOENTe, XLEit. 1974. 

Proteins of the envelope and thylakoid membranes of spinach chloro- 
plasts. FEBS (Fed. Eur. Biochem. Soc.) Lett. 49:152-155. 

96. MEND:OL -̂MoaGENTHALEn, L. R. ,  J. J. MOnGENTHALEa, and C. A .  

PsscE. 1976. Synthesis of coupling factor CF1 protein by isolated 
spinach chloroplasts. FEBS (Fed. Eur. Biochem. Soc.) Lett. 62:96- 

99. 
97. MltSTE1N, C., G. G. BaOWSLEE, T. M. I-ImauSOl~, and M. B. 

MArt'IEWS. 1972. A possible precursor of imunoglobulin light chains. 
Nat. New Biol. 239:.117-120. 

98. MOaOEma-IALEa, J. J., P. F. MXP.DES, and C. A. PmCE. 1975. 
Factors affecting the separation of photosynthetically competent chlo- 
roplasts in silica sols, Arch. Biochem. Biophys. 165:289-301. 

99. MOImEwr~tLEII, J. J., and L. MEND:OLA-MOanE~"aXLFaL 1976. 
Synthesis of soluble, thylakoid, and envelope membrane proteins by 
spinach chloroplasts purified from gradients. Arch. Biochem. Biophys. 

172:51-58. 
MolmEm'rmL~a, J. J., C. A. PlUCE, J. M. RoBI~SOS, and M. GIBBS. 
1974. Photosynthetic activity of spinach chloroplasts after isopycnic 
centrifugation in gradients of silica. Plant Physiol. (Bethesda). 54:532- 
534. 
MUSE, D. J., W. O. MEP,~a', ASO C. LESmL 1971. Connections 
between mitochondria and endoplasmic reticulum in rat Liver and 

100. 

101. 

482  THE JOURNAL OF CELL BIOLOGY" VOLUME 81 ,  1 9 7 9  



onion stem. Protoplasma. 73:43-49. 
102. Nmlx^, K., and K. TrrAm. 1969. The complete amino acid sequence 

in baker's yeast cytochrome c.J. Biochem. (Tokyo). 65:259-267. 
103. N~rarmrr, W., and G. D. Ltrawm, 1971. Site of biosynthesis of outer 

and inner membrane proteins of Neurospom cm.raa mitochondria. 
Eur. J, Biochem. 19:,523-532. 

104. N~vmt~, Ja., D. M., and T.-M. ~ o .  1978. Receptor-mediated 
protein transport into cells, Entry mecbartimas for toxins, hormones, 
antibodies, viruses, lysosomal hydrolases, aslaloglycoproteins, and 
carrier proteins. Curt. Top, Membranes Tramp. 10=.65-150. 

105. NouuaA, M., J. Smm.oto, K. J-~,~, and N. ZI~DEIL 1974. Effects 
of colicin E3 on bacterial ribosomes. In Ribosomes. M, Nomura, A. 
Tissieres, and P. Lengyel, editors. Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, N.Y. 805-814. 

106. OLSNES, S., K. RErSUES, and A. PAIL, 1974. Mechanism of action of 
the toxic lectins abtin and ricin. Nature (Lond.). 24~627-631, 

107. PAL~E, G. t975. lutxacellular aspects of the process of protein 
secretion. Science (Wash. D.C.). 189:347-358. 

108. PAt'PEmtEIMm~, Ja., A. M. 1977. Diphtheria toxin. Annu. Rev. 
Biochem, 46:69-94. 

109, PAm, Er,rnEmEIt, Ji . ,  A. M., and D. M. GILL. 1973. Diphtheria: 
recent studies have clarified the molecular mechanisms involved in its 
Imthogenesis. Science (Wash. D.C. ). 11~:353-358. 

110. P ~ ,  H. R, B., and R. J. JACKSON. 1976, An efficient mRNA- 
dependent translation system from reticulocyte lysates. Eur. J, BId- 
chem. 67:247-256. 

111. Pr~NmLL, R,, and N. DAVmm.N. 1968. Origin of mitochondrial 
enzymes. I. Cytochrome c synthesis by endoplamlic reticulum. FEBS 
(Fed, Eur. Biochem. Soc.) Letl. 1:38-41. 

112. Porscmar, R. P, 1973. Isolation and lipid composition of spinach 
chloroplast envelope membranes. Arch, Biochem. Biophys. 159:134- 
141. 

113. POINCELOr, R. P., and R. P. DAY. 1974. An improved method for 
the isolation of spinach chloroplast envelope membranes. Plem Phys- 
iol, 54:780-783. 

114. Po~oN, R. O., and J. KAV~AO~. 1976. Regulation of mitochon- 
child protein synthesis by cytoplasmic proteins. Proc. Natl. Acad. Sci. 
U.S.A. 73:3947-3951, 

115. Porruu, R. O,, and E. McKEtotIE. 1976. The assembly of eyto- 
chrome c oxidnse from Saccharomyces cer~visiae. In Genetics and 
Biogenesis of Chloroplasts and Mitochondria. Th, Biicber, W. Neu- 
pert, W, Sebeld, and S. Wemer, editors. Elsevier/North-Holland, 
Amsterdam, 207-214. 

116. Roeal, M., J. B~mmr,  and H. Br~u~Av. 1978. The biosynthesis of 
rat-liver cytochrome c. II. Subceliular distribution of newly synthesized 
cytochrome c. Eur. J. Biochem. $4:341-346. 

117. Rol~,  M., L BE,arrt~, A, Tltou~, and H. BEAUFAY. 1978. The 
biosynthesis of rat-liver cytochrome c. I. Subcellniar distribution of 
cytochrome c. Eur. J. Biochem. 154:333-340. 

118. Roy, H., B. Tl~lh'qSA, and L. C. CHEONG. 1977. Syntbe~ of the 
mmll subunit of tibulose-l,5-bisphosphate cerboaylase by soluble 
fraction polyribosomes of pea leaves. P/ant Physiol. 60:532-537, 

119. S~Arlm, D. D., and G. Ka~mcrL 1976. Functional specialization 

of membrane-bound ribosomes in eukaryotic cells, In The Enzyme of 
Biological Membranes, Vol. 2. A. Mertonnsi, editor., Plenum Pub- 
lishing Corp., New York. 531-579. 

120. SIne/dON, N., and P. CUxrlU~CASAS. 1975. Mechanism of activation 
of adonylate cyclase by cholera toxin. Proc, Natl. Acad. Sci. U.S.A. 
72:3438-3442. 

I21. Somrz, G,, and L. KovK~:. 1974. Isolation of promitnehondria from 
anaerobically grown Saccharomyces cerevisiae. Methods Enzymol. 31: 

627-632. 
122. Sc~TZ, G., and T, L. MASON. 1974. The biosynthesis of mitochon- 

diial proteins. Annu, Rev. Biochem. 43:51-87. 
123. Scram:or, G. W,, and H, Lvto~. 1976. Inheritance and synthesis of 

chloroplasts and mitochondria of Euglena gracilis. In The Genetics of 
Algae. R. A. Lewin, editor. University of California Press, Berkeley. 
257-299. 

t24. ScnNmruu, r~, C,, and J. W. Gmm~AW,~t'r, 1968, Enzymatic prop- 
erties of the inner and outer membranes of rat liver mitochondria, J. 
Cell Biol. 35:158-175. 

125. SREtUAN, F., and J, W. SrEWAIT. 197l. Genetics and biosynthesis 
of cyteehrome c. Annu, Rev. Genet. 5:257-296. 

126, SnoalL G. C., and J. R. TATA. 1977. TWO fractions of rough 
endoplasmic reticuhan from rat liver. I. Recovery of rapidly sediment- 
ing endoplasmic reticulum in association with mitnehondria. J. Cell. 
Biol. 72:714-725. 

127. SxoaE, (3. C., and J. R. TARA. 1977, Two fractions of rough 
endopla~aic reticulum from rat liver. II. Cytoplamfic messenger 
RNA's which code for albumin and mitochondtial proteins are 
distributed differently between the two fractions. J. Cell Biol. 72:726- 
743. 

t28. Sno~m, G. C., and J. R. TATA. 1977. Functions for polyribosome- 
membrane interactions in protein synthesis. Biochim, Biophys. Acta. 
472:197-236. 

129. SOs*, K.-H., O. Scrlmox, and O. lCmo~OLa. 1976. The action of 
proteolytic enzymes on chloroplast thylakoid membranes, Biochim, 
Biophys. Acta. 441t'103-113. 

130. TAtm, J, R., A. S. D i d o ,  and L. W. W . ~ l s ~ g r ,  t .  1976. 
Bacterieeins of gram-positive bacteria. Bacteriol. Bey. 40.722-756. 

131, ~ ,  A. 1974. Energy conservation of photosynthetic electron 
transport of chloroplasts.Armu. Rev. Plant Physiol. 25:423--458. 

132. WALK, R. A., and B. Hoca. 1978. Cell-free synthesis of glyoxysomal 
malate dchydrogena~e. Biochem. Biophys, Res. Commun. 81:634- 
643. 

133. WorrczAK, L., and H, ZALVSrO,. 1969. On the permeability of the 
outer mitochondrial membrane to cytnehrome c. I. Studies on whole 
miteehondria. Biochim. Biophys. Acta. 193.'64-72. 

134. ZaO~EltUA~N, R., H. Koim, and W. NEVI,Ei'r. 1977. A cell-free 
system to study synthesis and transport of cytoplamaieally translated 
mitoehondrial proteins. In Mitochondria 1977. W. Bandlow, R. J, 
Schweyen, K. Wolf, and F, Kandewitz, editors. De Gruyter, New 
York, 489-501. 

135. Za'rol~e,l, R. S., and D. B, HALL. 1976. Yeast cytochrome c 
rrmssenger RNA, in vitro txnnslation and specific immnnopredpitation 
of the cyc I gene product. J. Biol. Chem. 251:6320-6326. 

CHUA AND SCHMIDT T r a n s p o r t  o f  Pro t e in s  in to  M i t o c h o n d r i a  a n d  Chlorop las t s  4 8 3  


