
worth mentioning is that, in the absence 
of osmotic stress, R. meliloti but not E. 
coli actively catabolizes glycine betaine, 
salvaging carbon and nitrogen. Interest- 
ingly, this catabolic degradation system 
is "repressed" by increasing the osmotic 
strength of the medium, preventing a 
futile cycle of uptake and degradation 
and ensuring that glycine betaine is pre- 
served to function as an osmoprotectant. 

The bacterial experiment served as a 
bridge to the whole-plant study in which 
glycine betaine as well as proline betaine 
supplied to the roots of nodulated alfalfa 
seedlings enhanced symbiotic nitrogen 
fixation. For example, symbiotic N2 fix- 
ation by control plants exposed to 0.2M 
NaCl was almost completely blocked for 
N2 fixation activity. On the other hand, 
stressed plants treated with 10 mM beta- 
ines recovered up to 30 percent of maxi- 
mum levels observed with the untreated 
controls. It is interesting to speculate 
that betaines are behaving as osmopro- 
tectants at the whole-plant level, perhaps 
protecting the NTfixing apparatus in the 
nodule tissue against stress. 

Conclusion 

Cellular adaptation to osmotic stress is 
a fertile area for basic research, with 
possible future applications in agricul- 
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ture, medicine, and industry (33, 34). 
The concept of osmosensory proteins 
linking environmental changes in osmot- 
ic strength to dynamic changes in mem- 
brane, biochemical, and genetic activi- 
ties of the cell should generate further 
investigations by molecular biologists 
and biochemists. The discovery of osmo- 
protective molecules and new classes of 
osm genes may lead to genetic enhance- 
ment of drought and salinity tolerance in 
crop plants. To achieve this challenging 
goal the emerging technology must be 
closely integrated with established pro- 
cedures of plant improvement. 
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mentation of nuclear-coded mitochondri- 
al proteins appears to be fundamentally 
different; these polypeptides are synthe- 
sized on free polyribosomes and are sub- 
sequently released into the cytoplasm for 
posttranslational import by the mito- 
chondria (2). 

This import process is a major deter- 
minant of mitochondrial biocrenesis. 
Fewer than 20 mitochondrial polypep- 
tides are encoded by mitochondrial DNA 

Ornithine Transcarbamylase and synthesized on mitochondrial ribo- 
somes (3). The remainder (more than 
200) are encoded in the nucleus and 

Arthur L. Horwich, Wayne A.  Fenton, Kenneth R. Williams synthesized in the cytoplasm. Most nu- 

Frantisek Kalousek, Jan P. Kraus, Russell F. Doolittle clear-coded polypeptides destined for 
mitochondria are synthesized in the cy- 

William Konigsberg, Leon E. Rosenberg toplasm as larger precursors, containing 
amino-terminal leader sequences not 
present in their mature mitochondrial 
counterparts. Import of these precursors 

Systems of compartmentation in eu- 
karyotic cells direct specific polypep- 
tides synthesized in the cytoplasm to 
destinations that include the extracellu- 
lar space, cellular membranes, lyso- 
somes, and the mitochondria. The first 
three of these systems share a common 
feature; polypeptides are synthesized on 

membrane-bound polyribosomes and are involves specific binding by receptor 
cotranslationally inserted into the cister- molecules present in the outer mitochon- 
nae of the endoplasmic reticulum (1). drial membrane, translocation through 
The system responsible for the compart- one or both mitochondrial membranes 
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by a process requiring energy at the step 
of inner membrane passage, and proteo- 
lytic cleavage of the NH2-terminal leader 
from the mature portion (2). 

The mammalian hepatic enzyme orni- 
thine transcarbamylase (OTC) is a useful 
model for study of the biogenesis of 
nuclear-coded mitochondrial proteins. 
This enzyme, a trimer of identical sub- 
units located in the mitochondrial ma- 
trix, catalyzes the second step of the 
urea cycle, the condensation of carbamyl 
phosphate with ornithine to form citrul- 
line. The structural gene for OTC is 
encoded on the X chromosome in both 
man and mouse (4). Studies of OTC 
biogenesis in rat and mouse liver indicate 
that its subunit is synthesized in the 
cytoplasm as a precursor (40 kilodal- 
tons), which is processed posttransla- 
tionally to its mature form (36 kD) during 
mitochondrial import (5). The import of 
OTC is energy-dependent (5). and cleav- 
age of the leader sequence is catalyzed 
by a zn2+-dependent matrix protease 
(5). 

As a further step in defining more 
precisely the events controlling the bio- 
genesis of OTC, we have deduced from 
cloned complementary DNA (cDNA) se- 
quences the complete primary structure 
of the human OTC precursor. Further, 
we have used the cloned cDNA to dem- 
onstrate expression of the OTC precur- 
sor and its mature mitochondrial coun- 
terpart in cultured human cells that do 
not ordinarily express this enzymatic 
function. 

p O T C -  - 
OTC - 

1 2 Fig. I .  Cell-free synthe- 
sis of human OTC 
precursor and its proc- 
essing by intact rat 
liver mitochondria. To- 
tal cellular RNA was 
prepared (33) from 
human liver from 
autopsy within 3 hours 
of death and the po- 
ly(A) (polyadeny1ate)- 
containing fraction was 
selected by oligo(dT)- 
cellulose chromatogra- 
phy (dT, deoxythymi- 
dylate). Conditions for 
cell-free protein synthe- 
sis, posttranslational 
incubation with mito- 
chondria, immunopre- 
cipitation with rabbit 
antiserum to rat OTC, 
SDS - polyacrylamide 
gel electrophoresis, and 
fluorography have been 
described (5). (Lane 1) 

Immunoprecipitation of in vitro synthesized 
[35S]methionine-labeled pOTC; (lane 2) immu- 
noprecipitation of OTC from a mitochondrial 
pellet after incubation of translation mixture 
with intact mitochondria. 
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Synthesis of Human OTC Precursor 

The events responsible for recogni- 
tion, translocation, and cleavage of a 
nuclear-coded mitochondrial precursor 
can be reconstituted in vitro by program- 
ming its synthesis in a cell-free transla- 
tion system, and then adding isolated 
intact mitochondria (6). The data in Fig. 
1 show such a reconstitution experiment 
for the subunit of human OTC. When 
total messenger RNA (mRNA) isolated 

(lane 2), corresponding to the mature 
form of OTC in the active mitochondrial 
trimer. 

We previously reported the isolation 
of a plasmid containing cDNA sequences 
encoding the carboxyl-terminal portion 
of rat OTC (7). A 389-base-pair (bp) Hind 
I11 restriction fragment was derived from 
the plasmid, and it contained a segment 
of 221 bp of COOH-terminal coding se- 
quence. This fragment was nick-translat- 
ed and used to screen a cDNA library 

Abstract. Most mitochondrial proteins are encoded in the nucleus and are 
translated on free cytoplasmic ribosomes as larger precursors containing amino- 
terminal "leader" sequences, which are removed after the precursors are taken up 
by mitochondria. We have deduced the complete primary structure of the precursor 
of a human mitochondrial matrix enzyme, ornithine transcarbamylase (OTC), from 
the nucleotide sequence of cloned complementary DNA. The amino-terminal leader 
peptide of OTC is 32 amino acids in length and contains four arginines but no acidic 
residues. Cleavage of the leader peptide from the "mature" protein occurs between 
glutamine and asparagine residues. The sequence of mature human OTC resembles 
that of the subunits of both OTC and aspartate transcarbamylase from Escherichia 
coli. The biological activity of the cloned OTC complementary DNA was tested by 
joining it with SV40 (an animal virus) regulatory elements and transfecting cultured 
HeLa cells, which do not normally express OTC. Both the precursor and mature 
forms of the OTC subunit were identified; in stable transformants, enzymatic activity 
was also detected. 

from human liver is translated in a cell- prepared from mRNA of adult human 
free system and the products are precip- liver (8). Because one of the three tryptic 
itated with antiserum to OTC, a 40-kD peptides cleaved from the COOH-termi- 
OTC precursor (pOTC) is observed (lane nal portion of human mature OTC sub- 
1). After the addition of fresh intact rat units migrated differently from that of 
liver mitochondria. most of the pOTC the rat subunit (9),  we used reduced 
was converted to a 36-kD polypeptide stringency of washing after the hybrid- 

t I PHO-7 

Fig. 2. Restriction endonuclease cleavage map of plasmids containing human OTC cDNA 
sequences. The upper line and boxed region represent the entire region of human OTC cDNA 
contained in the plasmids pHO-I, pHO-31, and pHO-7. The base pair scale begins arbitrarily at 
zero, which designates the beginning of the nucleotide sequence. The boxed region encloses the 
open reading frame. The probable site of translation initiation (AT@ is indicated, as is the 
termination codon (TGA). Those restriction sites used to generate fragments for DNA sequence 
analysis are shown. Plasmid pHO-l was isolated from 40,000 cDNA clones synthesized from 
human hepatic mRNA, which were hybridized on nitrocellulose filters with a 389-bp nick- 
translated rat cDNA segment in a solution containing 5x Denhardt's, 5X SSC (standard saline 
citrate), O.OO5M TES, pH 6.8,0.5 percent SDS, and denatured salmon sperm DNA (10 CLg/ml), 
and washed in 6x  SSC at 68°C. The plasmid giving a positive hybridization signal was digested 
with Pst I or with Hpa 11, and the products were separated on a 1 percent agarose gel, followed 
by transfer to a nitrocellulose filter. Hybridization with the 38Pbp labeled rat OTC segment was 
performed exactly as in colony screening. The plasmid insert released by Pst I and a 490-bp 
fragment cleaved by Hpa I1 gave positive signals. The Hpa I1 fragment was completely 
sequenced by the Maxam-Gilbert method (34). Plasmids pHO-31 and pHO-7 were isolated from 
40,000 additional clones from the human hepatic cDNA library, screened with the use of the 
nick-translated insert of pHO-l and stringent washing conditions. 
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ization reaction. Screening of 40,000 col- 
onies yielded two clones whose plasmid 
inserts appeared identical on restriction 
analysis. These plasmids were digested 
and subjected to Southern blot analysis 
(10) with the same rat OTC probe used 
for colony screening. A portion of the 
plasmid insert hybridized with the probe; 

this portion was isolated and subjected 
to DNA sequence analysis. Its nucleo- 
tide sequence was nearly identical to the 
rat OTC coding sequence present in the 
probe. The plasmid was designated 
pHO-1; its insert (Fig. 2), purified after 
digestion with Pst I, was used to screen 
additional colonies under stringent con- 

ditions of washing. From 40,000 colonies 
screened, eight additional positive 
clones were identified. After restriction 
analysis of small amounts of their plas- 
mid DNA's, two plasmids, pHO-7 and 
pHO-31, were selected for further analy- 
sis. The three inserts, whose restriction 
maps are shown in Fig. 2, were predicted 

met leu phe asn leu a rg  i l e  l eu  leu asn asn a l a  a l a  phe a rg  asn gly h i s  asn phe met val a r g  asn phe 
T T T A C A C A A T T A A A A W G  ATG CTG T T T  AAT CTG AGG ATC CTG T T A  AAC AAT GCA GCT T T T  AGA AAT GGT CAC AAC TTC ATG GTT CGA AAT T T T  

a r g  Cys g l y  g ln  pro leu g in  asn l y s  val g ln  leu l y s  g l y  a rg  asp  1;; leu t h r  leu lys  asn phe t h r  g ly  glu glu i l e  l y s  t y r  
CFG TGT GGA CAA CCA CTA CAA AAT  AAA GTG CAG CTG AAG GGC CGT GAC CTT CTC ACT CTA AAA AAC T T T  ACC GGA GAA GAA A T T  AAA TAT  
- i o  - i  i i o  4'0 6'0 

3  0  40 5 0  
met l eu  t r p  l eu  s e r  a l a  asp  leu l y s  phe a rg  i l e  l y s  gln l y s  g ly  glu t y r  leu pro leu  leu gln g ly  l y s  s e r  leu g ly  met i l e  
ATG CTA TGG CTA TCA GCA GAT CTG AAA T T T  AGG ATA AAA CAG AAA GGA GAG TAT TTG CCT TTA TTG CAG GGG AAG TCC TTA  GGC ATG A T T  

8.0 100  120  1 4 0  

6  0 7 0 8 0  
phe glu l y s  a rg  s e r  t h r  a rg  t h r  a r g  leu s e r  t h r  glu t h r  g ly  phe a l a  leu leu g ly  g ly  h i s  pro cys phe pro t h r  t h r  g ln  a s p  
T T T  GAG AAA AGA AGT ACT CGA ACA AGA TTG TCT ACA GAA ACA GGC T T T  GCA CTT  CTG GGA GGA CAT CCT TGT T T T  CCT ACC ACA CAA GAT 

1 6 0  1 8 0  2 6 0  220  2 4 0  

90 1 0 0  1 1 0  
i l e  h i s  l eu  g ly  val asn glu s e r  leu t h r  asp  t h r  a l a  a r g  val leu s e r  s e r  met a l a  asp a l a  val leu a l a  a rg  val t y r  l y s  gln 
A T T  CAT TTG GGT GTG AAT GAA AGT CTC ACG GAC ACG GCC CGT GTA TTG TCT AGC ATG GCA GAT GCA GTA TTG GCT CGA GTG TAT  AAA CAA 

1 2 0  1 3 0  A40 
s e r  asp  leu asp  t h r  l eu  a l a  l y s  glu a l a  s e r  i l e  pro i l e  i l e  asn g ly  leu s e r  asp leu  t y r  h i s  pro i l e  gln 11e leu a l a  asp 
TCA GAT TTG GAC ACC CTT GCT AAA GAA GCA TCC ATC CCA A T T  ATC AAT GGG CTG TCA GAT TTG TAC CAT CCT ATC CAG ATC CTG GCT GAT 

3 4 0  360  380  4 0 0  4 1 0  

1 5 0  1 6 0  1  ? O  
t y r  l eu  t h r  l eu  gln glu h i s  t y r  s e r  s e r  leu l y s  g ly  leu t h r  leu s e r  cys phe g ly  asp g ly  asn azn i l e  leu h l s  s e r  i l e  met 
TAC CTC ACG CTC CAG GAA CAC TAT  AGC TCT CTG AAA GGT CTT ACC CTC AGC TGT T I C  GGG GAT GGG AAC AAT ATC CTG CAC TCC ATC ATG 

440  4 6 0  4 8 0  500  
1 8 0  1 9  0 200  

met s e r  a l a  a l a  l y s  phe g ly  met h i s  leu gln a l a  a l a  t h r  pro l y s  g ly  t y r  glu pro asp  a l a  s e r  val t h r  l y s  l eu  a l a  glu gln 
ATG AGC GCA GCG AAA TTC G@ ATG CAC CTT  CAG GCA GCT ACT CCA AAG GGT TAT GAG CCG GAT GCT AGT GTA ACC AAG TTG GCA GAG CAG 

5 2 0  5 4 0  560  5 8 0  6 0 0  

2  1 0  2 2 0  2  3  0  
t y r  a l a  l y s  glu asn gly t h r  l y s  leu leu leu t h r  asn asp pro leu glu a l a  a l a  h i s  gly gly asn val leu i l e  t h r  asp t h r  t r p  
T A T  GCC AAA G4G AAT GGT ACC AAG CTG TTG CTG ACA AAT GAT CCA TTG GAA GCA GCG CAT GGA GGC AAT GTA TTA  A T T  ACA GAC ACT TGG 

6 2 0  6 4 0  6 6 0  6 8 0  

2 4 0  2  FO 2 6 0  
i l e  s e r  met gly a rg  glu glu glu l y s  l y s  l y s  a rg  leu gln a l a  phe gln gly t y r  gln val t h r  met l y s  t h r   la l y s  val a l a  a l a  
ATA AGC ATG GGA CGA GAA GAG GAG AAG AAA AAG CGG CTC CAA GCT TTC CAA GGT TAC CAA GTT ACA ATG AAG ACT GCT AAA GTT GCT GCC 

7 b 0  7 1 0  7 4 0  7 b o  7 8 0  

2 7 0  2 8 0  2 9 0  
s e r  asp  t r p  t h r  phe leu  h i s  cys l eu  pro a rg  l y s  pro g lu  glu val asp  asp glu val phe t y r  s e r  pro a rg  s e r  leu val phe Pro 
TCT GAC TGG ACA T T T  TTA CAC TGC TTG CCC AGA AAG CCA GAA GAA GTG GAT GAT GAA GTC T T T  T A T  TCT C&i CGA TCA CTA GTG TTC CCA 

8 0 0  8 2 0  8 4 0  

300  3  13 320  
g lu  a l a  glu asn a r g  l y s  t r p  t h r  i l e  met a l a  val met val s e r  leu leu t h r  asp t y r  s e r  pro gln leu gln l y s  pro l y s  phe TER 
GAG GCA GAA AAC AGA AAG TGG ACA ATC ATG GCT GTC ATG GTG TCC CTG CTG ACA GAT TAC TCA CCT CAG CTC CAG AAG CCT AAA T T T  TGA 

8 8 0  900  920 940  9 6 0  

TGTTGTGTTA TTGTCAAGAAAGAAGCAATGTTGGTCAGTAACAGAATGAGTTGGTTTATGGGGAAAAGAGAAGAGAATCTAATAAACCAATCCCTAACACGTGGTATGGGCGAAT 4 0  1 0 0 0  1 0 2 0  1 0 4 0  1 0 6 0  1 0 8 0  

AGATATCATATTAACTATCATATA 3 '  
1 2 2 0  

Fig. 3. Nucleotide and amino acid sequences of the human OTC precursor. The cDNA sequence was derived from overlapping sequences (Fig. 2) 
by the procedure of Maxam and Gilbert (34); the following convention was used to number the amino acid (superscript) and nucleotide (subscript) 
residues in their respective sequences. The asparagine residue found at the NH2-terminus of the mature OTC subunit, and its first corresponding 
nucleotide base (adenine) were denoted + 1; all downstream amino acid residues (322) and nucleotides (1233) carry (+) signs; all upstream amino 
acid residues (the 32 from predicted residues of the leader sequence) and nucleotide sequences (231 bp) are denoted by the (-) sign. The predicted 
amino acid sequence is supported by direct amino acid sequences of mature OTC subunits purified from human and rat liver. The NH2-terminal 
sequence of the human subunit was obtained (see text). Reversed-phase HPLC [a Water's C-18 p-Bondapak column equilibrated at p H  2.5 and 
eluted with increasing concentrations of acetonitrile (331, was used to isolate several tryptic peptides from human and rat OTC. Three of these 
human tryptic peptides were subjected to solid phase sequencing (36), which directly confirmed the predicted amino acid sequence of residues 
190 to 206 and 246 to 257. In addition, several tryptic peptides from rat OTC were similarly analyzed, and their sequences exactly matched those 
predicted in the human subunit at residues 63 to 76, 80 to 97, 190 to 194, 199 to 206, and 275 to 299. Carboxypeptidase A digestion confirmed that 
phenylalanine is at the COOH-terminus of human OTC. 
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to share portions of their sequences. 
This was confirmed by DNA sequence 
analysis. From the three sequences, a 
single continuous sequence was derived. 
Because the coding sequence of the 
COOH-terminal portion of the human 
subunit, contained in pHO-1, had been 
determined, it was possible to identify 
the translational reading frame that en- 
coded the additional portions of the sub- 
unit. The DNA sequences and predicted 
amino acid sequence are shown together 
in Fig. 3. 

Amino Acid Sequence Analysis of 

Mature OTC Subunit 

The amino acid sequence of the OTC 
subunit predicted from the cloned cDNA 
was consistent with several, indepen- 
dently derived, direct amino acid se- 
quence determinations. The sequence of 
the NH2-terminal 56 residues of the ma- 
ture subunit (+ 1 to +56 as shown in Fig. 
3) was determined by sequential Edman 
degradation of the purified mature hu- 
man subunit and high-performance liquid 
chromatography (HPLC) of the phenyl- 
thiohydantoin derivatives. This se- 
quence agreed precisely with that pre- 
dicted by the DNA sequence except for 
lysine-14, which was identified as argi- 
nine. This discrepancy may represent an 
artifact of the molecular cloning proce- 
dure. Alternatively, it may identify a 
polymorphism at this position. 

Solid phase sequencing of three tryptic 
peptides from human OTC directly con- 
firmed the predicted sequence spanning 
residues 190 to 206 and 246 to 257. The 
amino acid sequences of six tryptic pep- 
tides derived from the mature rat subunit 
were similarly determined; each was 
nearly identical to that of corresponding 
tryptic peptides deduced from the pre- 
dicted human amino acid sequence (data 
not shown). Only seven amino acid dif- 
ferences out of 85 residues analyzed 
were identified. All occurred within the 
internal domain of the peptides; with a 
single exception, all could be accounted 
for by a single nucleotide change. The 
amino acid sequence of the COOH-ter- 
minal portion of rat OTC, predicted from 
the sequence of the rat cDNA, matched 
the corresponding predicted human se- 
quence at 102 out of 108 positions. Five 
of these six differences are the result of 
single base changes. Overall, when cod- 
ing and amino acid sequences of the 
human mature subunit were compared 
with the available rat sequences, there 
was 90 percent identity of amino acid 
sequences and 95 percent homology of 
the DNA sequences. 
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Predicted Amino Acid residues, and with an average for eu- 

Sequence of the Leader 

Immediately upstream from the AAT 
(A, adenine; T, thymine) codon for the 
asparagine residue, which demarcates 
the NH2-terminus of mature OTC, a se- 
quence of 31 in-frame codons was pre- 
ceded by an ATG (Met) (G, guanine) 
codon, at base -96. No additional ATG 
triplets were detected in 151 bp of addi- 
tional insert sequence further upstream 
(Fig. 3). The latter upstream sequence 
also contained multiple translational ter- 
mination codons in each of the three 
potential translational reading frames. A 
second ATG codon was identified at 
base -36, positioned in the same transla- 
tional reading frame as the mature sub- 
unit. It was excluded as the translational 
initiation codon because it would predict 
a leader of only 1.3 kD, far less than the 4 
kD predicted from comparison of the 
OTC precursor and mature subunits in 
Fig. 1. In contrast, the combined molec- 
ular mass of the 32 amino acid residues 
predicted by initiation with the ATG 
codon at base -96 totals 3.8 kD. 

Examination of the 32 residues com- 
prising the leader revealed that (i) the 
leader contains a uniform distribution of 
charged residues. Specifically, it does 
not contain a long, "membrane span- 
ning" hydrophobic region; therefore, it 
bears no obvious resemblance to the 
"signal" sequences of secreted proteins 
(11). Second, the leader contains no 
acidic residues. This contrasts sharply 
with the composition of the mature sub- 
unit, which contains 13 percent acidic 

karyotic proteins, which contain 20 per- 
cent acidic residues (12). Third, in con- 
trast with the absence of acidic residues, 
the leader contains 12 percent basic resi- 
dues (4 of 32), compared with 14 percent 
in the mature subunit, and approximate- 
ly 12 percent as an average for eukaryot- 
ic proteins (12). 

We next compared the composition 
and sequence of the OTC leader with 
three previously reported leader se- 
quences from chloroplast and mitochon- 
drial precursors-one each from pea, 
Neurospora, and yeast. The proteins in- 
volved and their origin, cellular localiza- 
tion, and leader sequences are shown in 
Table 1. Of these three proteins, the 
subunit of ribulose-l,5-bisphosphate car- 
boxylase (RBPCase) from pea chloro- 
plast resembles OTC most closely, be- 
cause its destination, the thylakoid 
space, is the homolog in plant chloro- 
plasts of the mitochrondrial matrix. The 
leader of this protein contains 57 resi- 
dues (13), nearly twice as many as that 
predicted for the OTC leader. Its compo- 
sition is striking-seven basic residues 
and only a single acidic residue. The 
same is true for the leader sequences of 
the proteolipid subunit of adenosinetri- 
phosphatase from Neurospora (I#), an 
inner membrane protein, and of cyto- 
chrome c peroxidase of yeast (15), an 
intermembrane space component. These 
leader sequences are composed of 19 and 
10 percent basic residues, respectively, 
while neither contains a single acidic 
residue. A tally of the compositions of 
the four leader sequences (Table 1) indi- 

Table 1. Leader sequences of mitochondria1 and chloroplast precursors. Precursors whose 
leader sequences have been analyzed are indicated with their species of origin, cellular 
localization, and NH2-terminal amino acid sequence. Sites of cleavage between leader 
sequences and mature subunits are indicated by a vertical arrow. Basic residues are underlined; 
acidic residues are overlined. A hydrophobic domain identified in the cytochrome c peroxidase 
leader is continuously underlined. The leader of the small subunit of ribulose-1,S-bisphosphate 
carboxylase (13) (RBPCase) contains a single acidic residue while those of the proteolipid 
subunit of adenosine triphosphate (ATP) synthase (14), cytochrome c peroxidase (15), and OTC 
are devoid of acidic residues. See text for discussion. Single letter amino acid designations were 
used: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K,  Lys; L ,  Leu; M, Met; 
N ,  Asn; P,  Pro; Q, Gln; R ,  Arg; S ,  Ser; T ,  Thr; V ,  Val; W, Trp; Y, Tyr. 

Polypeptlde Organism ~ o c a t l o n  Amino acid sequence 

--- ----- ----- 
Small subunlt ol  Pea Thylakold space M A S M I S S S A V T T V S ~ A S ~ G Q S A A V A P F G G L ~ S M T G F P V ~ ~ V N T ~ I T  

RBPCase SITSNGG~V~C'MQVWPPI.. . 

Proteoli Id subunit Neurospora Inner membrane MASTRVLASRLASQMAASAKVARPAVRVAQVSK~TIQTGSPLqTL~ 
of  AT^ synthase crassa t 

RTQMTSIVNATTRQAFQ~~A Y S S ~ I A Q A M . .  . 

Cytochrome c Yeast lntermembrane MTTAVRLLPSLGRTAHKR_SLYLFSAAAAAAAAAATFAYSQSHKR_SS 
peroxidase space 

S ~ P G G G ~ N H G W N N W G ~ L A S + T T P .  . . 

Ornithine Human 
4 

Matrix space MLFNLRILLNNAAFRNGHNFMVRNFRCGQPLQ NKvQLKG!~.. . 
transcarbamylase ------ 
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cates that there is only a single acidic 
residue out of 223, less than 0.5 percent, 
compared with 30 basic residues, or 13.5 
percent. 

Three general possibilities for the role 
of the leader bear consideration. First, 
its sequence could function as a biologi- 
cal "zip code" or "address," directing 
delivery of the precursor to mitochon- 
dria via binding of the leader to outer 
membrane receptors. If this general 
model pertains, other leader sequences 
might be expected to resemble that of 
OTC. The sequences analyzed up to now 
do not bear such a resemblance, but they 
are derived from different species, where 
quite conceivably, the address used may 
be entirely different. Evidence for such 
an address system has been provided by 
the recent analysis of a nuclear-coded 
elongation factor, designated Ef TU, 
which localizes to the matrix of yeast 
mitochondria (16). The amino acid se- 
quence of the NH2-terminal portion of Ef 
TU is nearly identical to that of the NH2- 

P S I  I P s i  1 

terminal portion of the leader of yeast 
cytochrome c peroxidase (see Table 1). 

A second general possibility is that the 
charge of the leader plays a role in the 
interaction of the precursor with the out- 
er membrane receptor. The striking lack 
of acidic residues in the leader suggests 
that absence of negative charge is impor- 
tant. Equally important, however, may 
be the relative excess of basic residues, 
which contribute an overall positive 
charge. The significance of this imbal- 
ance of charged residues is supported by 
the comparison of leader sequences of 
the small subunit of RBPCase derived 
from soybean (17), pea (13), and wheat 
(18). Four basic residues appear at near- 
ly identical positions in these sequences, 
and only a single acidic residue appears 
in two of the sequences. Other residues, 
with the interesting exceptions of pro- 
line, and the sequence at -4 to -8 
residues from the site of leader cleavage, 
are not highly conserved among these 
sequences (18). 

+ T 4  l ~ g a s e  

PHO-731 
Hlnf I 
P S I  I 

Hind I l l  

Fig. 4. Construction of 
plasmid joining human 
OTC sequence with 
SV40 regulatory ele- 
ments. Plasmids pHO-7 
and pHO-3 1 (Fig. 2), con- 
taining 5 '  and 3' OTC 
cDNA sequences, re- 
spectively, were digested 
and the DNA fragments 
were joined to create a 
plasmid with the entire 
OTC coding sequence, 
pHO-731. A Hinf frag- 
ment of pHO-731 was 
joined with a portion of 
the plasmid pSV2Neo as 
shown. In the derived 
plasmid, pSV20TC, OTC 
sequences are joined at 
their 5' terminus with 
SV40 sequences contain- 
ing the early promoter 
and enhancer; and at the 
3' terminus with Tn 5 se- 

Hinf I, ge l  pu r i f y  quences (see text) and 4 cDNA fragment 
4 ~ i n d  ~ l l - * v a  1 

Ge l  pu r i t y  la rge  
SV40 sequences contain- 

1 Klenow 4 ing the small-t intron 
1 I BAP,  K lenow and polyadenylation sig- 
I t nal. Restriction endonu- 

clease fragments were 

T 4  i i gase  I fractionated in 5 percent 
acrylamide gels, electro- 
eluted, extracted with 
phenol, and precipitated 
with ethanol; creation of 

p B R 3 2 2  blunt-ended termini with 
the use of the Klenow 

p S V 2 0 T C  o0 fragment of polymerase 
I ,  and joining reactions 
using T4 DNA ligase, 
were performed accord- 

s ' :  O T C  cDNA ing to the commercial 
supplier of the enzymes 

(New England Biolabs); bacterial transformations were performed according to Wensink et al. 
(37), with HBlOl as the recipient; desired recombinants were identified by colony filter 
hybridization with nick-translated DNA fragments. 
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The third general possibility is that the 
basic composition of the leader alters the 
conformation of the mature portion of 
the precursor in such a way that recogni- 
tion elements in the mature portion be- 
come "exposed. " This formulation 
would predict that the leader sequence 
alone does not supply sufficient informa- 
tion for import of an adjoined polypep- 
tide by the mitochondria, a hypothesis 
now testable by ligating nucleotide se- 
quences for mitochondrial leader pep- 
tides to coding sequences for nonmito- 
chondrial proteins. 

The COOH-terminal amino acid resi- 
due of the leader is glutamine, and the 
NH2-terminal residue of the mature sub- 
unit is asparagine. This sequence, acted 
on by the mitochondrial protease respon- 
sible for posttranslational cleavage, dif- 
fers from those at the sites of proteolysis 
of the three other precursors shown in 
Table 1. Their cleavage sites resemble 
those of signal peptides, in which a resi- 
due with a short side chain, such as 
alanine, glycine, serine, or cysteine, is 
situated on the NH2-terminal side (11). 
The cleavage site for OTC also differs 
from prohormone cleavage sequences, in 
which one or sometimes two basic resi- 
dues are situated on the NH2-terminal 
side (11). In fact. we have been unable to . , 

identify any previously reported cleav- 
age site that contains glutamine on the 
NH2-terminal side. 

To test the biological activity of the 
cloned OTC sequences, a cDNA seg- 
ment encoding the entire precursor was 
joined in a plasmid with SV40 regulatory 
elements, and introduced into HeLa 
cells. The steps performed to construct 
the plasmid are shown in Fig. 4. Because 
the OTC coding sequence was not pres- 
ent in a single cloned segment, it was 
necessary to join 5' sequences contained 
in plasmid pHO-7 with 3' sequences con- 
tained in pHO-31 (Fig. 2) through the 
single Xho I restriction site identified in 
the sequence shared by the two plasmids 
(Fig. 2). In this manner, a recombinant 
designated pHO-731, containing the en- 
tire OTC coding sequence was prepared 
(Fig. 4). To isolate a segment containing 
the complete OTC coding sequence and 
a minimum amount of flanking sequence, 
we digested plasmid pHO-731 with 
Hinf I, which cleaves at a site 16 bp 
upstream from the translational initiation 
codon (base - 124, Fig. 3) and at a site 98 
bp downstream from the translational 
terminator (base 1045, Fig. 3). This seg- 
ment was then inserted into the plasmid 
pSV2Neo (19) which had been digested 
with Hind I11 and Ava I to remove all 
but 167 bp of the neomycin resistance 
(Tn 5) segment, a sequence containing an 
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unassigned open reading frame, with no 
potential polyadenylation signal (20). 
The construct pSV2OTC joins the SV40 
origin, including the enhancer and early 
promoter sequences, with the 5' end of 
the OTC coding sequence; at the 3' :nd, 
Tn 5 sequences are joined with SV40 
sequences encoding the small-t intron 
and a polyadenylation signal (Fig. 4). 

The plasmid pSV2OTC was intro- 
duced into HeLa cells by calcium phos- 
phate precipitation (21). Forty-eight 
hours later the cells were incubated with 
labeled methionine for 1 hour, then har- 
vested by lysis. The lysates were sub- 
jected to immune precipitation with anti- 
serum to OTC. The OTC-specific prod- 
ucts (Fig. 5, lanes 2 and 3), which were 
not present when pBR322 was used (lane 
l), were clearly visible. When rhodamine 
6G, an inhibitor of oxidative phosphoryl- 
ation and mitochondrial processing, was 
added to pSV20TC-transfected cells 
during the period of labeling, the immu- 
noprecipitable OTC product (lane 2) co- 
migrated with the human OTC precur- 
sor. In the absence of rhodamine 6G, the 
product (lane 3) comigrated precisely 
with the mature form of OTC. 

Cotransfection of HeLa cells with 
pSV2OTC and the plasmid pSV2Neo, 
and subsequent selection by means of 
the drug (3418 (19), permitted the estab- 
lishment of a number of stable cell lines 
from which the mature form of OTC was 
precipitable with specific antiserum (not 
shown). Assay of extracts of these cell 
lines for OTC enzymatic activity re- 
vealed a range of specific activities from 
0.49 to 1.5 p.mole/hour per milligram of 
cell protein. This corresponds to 3 to 10 
percent of OTC activity in human liver, 
and is particularly noteworthy because 
nontransfected HeLa cells contain no 
measurable OTC activity. 

These expression studies establish be- 
yond doubt both the identity and integri- 
ty of the cloned cDNA sequences. They 
show not only an OTC precursor con- 
forming to its natural counterpart, but 
also its correctly localized and active 
mature subunit. Parenthetically, these 
results support previous findings both 
from our laboratory and from that of 
Mori et al. (5) indicating that liver-specif- 
ic expression of OTC reflects transcrip- 
tional control, not mitochondrial diversi- 
ty. Indeed, it seems likely that the mito- 
chondrial portion of the pathway of bio- 
genesis is ubiquitous in mammalian 
tissues. With our expression system, it 
should be possible to test various molec- 
ular constructs directed to provide un- 
derstanding of the role of leader se- 
quences and other, still obscure facets of 
the import process. 
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1 Fig. 5. Expression of OTC in HeLa cells 2 1  transfected with pSV2OTC. HeLa cells were 
transfected with olasmid DNA. 1 us? Der 10- 

- DOTC cm dish, by the calcium phosphate'c&ecipi- 
tation method (21). Forty hours following 

- OTC transfection, cells were incubated with [3SS]- 
methionine (25 pCiIml) in 4 ml of Puck's 
saline F, plus 10 percent dialyzed fetal calf 
serum and 50 mM glucose, for 1 hour, har- 

vested by lysis with 0.25 percent SDS, and incubated with antiserum overnight. Immunocom- 
plexes were recovered with Staphylococcus aureus cells, washed, and boiled in sample buffer; 
the solubilized labeled products were subjected to SDS-polyacrylamide gel electrophoresis, 
and the gels were subjected to fluorography. (Lane 1) Immunoprecipitate of cells transfected 
with pBR322; (lane 2) immunoprecipitate of cells transfected with pSV2OTC and labeled in the 
presence of rhodamine 6G (38) (1 ~glml); (lane 3) immunoprecipitate of cells transfected with 
pSV20TC. The heavy band present in all lanes corresponds in mobility with the 42-kD subunit 
of actin. 

Because arginine is the penultimate 
product of the urea cycle, transcarbamy- 
lation of ornithine in mammals is a step 
in the pathway of arginine biosynthesis. 
This function appears to  be highly con- 
served in evolution because Escherichia 
coli and yeast have analogous enzymatic 
activity, and become auxotrophic for ar- 
ginine as a consequence of mutation at 
the OTC locus (22). Interestingly, the 
enzyme isolated from these organisms, 
like that of mammals, is composed of 

three identical subunits of approxir lately 
36 kD (23). Therefore, we compared the 
predicted structure of the mature human 
OTC subunit with that of the two nearly 
identical and interchangeable OTC sub- 
units, Arg F and Arg I (23), from E. coli. 
When Arg I (24) was aligned with the 
human sequence as shown in the top two 
lines of Fig. 6, 25 percent identity of the 
amino acid sequences was observed. A 
region of near identity (1 1 of 14 consecu- 
tive residues) was detected, correspond- 

1 20 4? 60 80 
I KKSG I 

E. coli OTc sGFyHKHFLKL:oFTPnELNsL LQLAAKLWXEQAKLTGKNIALIFEKDST KTRcsFEvAAYDoG 
I I I I I 1  I l l  I I I I I I  1 1 1 1  I I 

Human OTC NKVQLKGRDLLTLKNFTGEEIKYMLKSAD LKFRIKQKGEYLP LLQGKSLOIIFEKRST RTRLSTETGFALLG GHPCFPTTQDIHLG 
I I I I I I I I 1  I I 1 1  1 1 1 1 1  1  I 1  I I I 

E. coli ATC ANPLYQMIISINDLSRDDLNLV LATAAKLKANPQPELLMKVIASCFFEAST RTRLSFQTSWRLGASVVGFSDSANTSLGK 

100 120 140 
H2 

160 
I I 

Human OTC VNESLTDTARVLSSMDAVLARVYKQSDLD TLAKEAS IPIINGLSDLYHPIOILADY LTLQEHYSSLKGLTLSCFGDGNNILHSIW 
1 1 1 1  I 1  I 1  I I 1 1 1 1  I I I I I I  I l l  I 1 1  I 

E. coll ATC KGETLADTISVISTYVDAIVMR HPQEGAA RLATEFSGNVPVLNAGDGSNQHPTQTLLDL FTIQETQGRL DNLHVAW 

H3 H5 
180 200 220 240 
I I I I 

Human OTC SMKFGPPlLQAATPKGYEPDASVTKLAEQY AKENGTKLLLTNDPLEAA HGGNVLITD TUISWREEEKKKRLQAFQGYW T 
1 1  I I I I 1  1 1  I I 1  I 

E. coli ATC GDLKTGRTVHSLTQALAKFDGNRFYFIAPD ALAMPQYILDFllDEKGIAUSLHSSIEEVMV EVDILYMTRVQKERLDPSEYANVKAQFVLR 

260 280 300 320 
1  I I I 

Human OTC M~AKVMSDWTFLHCLPRWEEVDDEVFY SPRSLVFPEAENRKUTIMAVENSLLTDYSP QLQKPKF 
I I I I I I I  I 1  I I l l  I I 

E. coli ATC ASDLHNAWNMKVLHPLPRVDEIATD VDK TPHAUYFWAGNGIFARQALLALVLNRDLV L + 
S10 

Fig. 6. Comparison of amino acid sequence of human mature OTC subunit with the sequence of 
E. coli OTC subunit Arg I, and with E. coli aspartate transcarbamylase ( A T 0  catalytic subunit. 
The sequence of the mature subunit of human OTC is designated human OTC; that of the NH2- 
terminal portion of the Arg 1 subunit (24) by E. coli OTC; and that of the catalytic subunit of 
ATC (29) by E. coli ATC. Sequences (single-letter abbreviations) are displayed in horizontal 
blocks. Each block contains three sets of 30 consecutive positions of comparison, and each set 
is separated from its neighbor (or neighbors) by a single space. The numbers shown above the 
blocks of compared sequences designate positions of amino acids in the human mature OTC 
sequence, numbered beginning with + 1 at the NH2-terminal asparagine residue. The sequence 
of the Arg 1 subunit was aligned with the human OTC sequence by visual inspection, with 
placement in the human sequence of a single gap of four residues. This gap is denoted in the 
Arg 1 sequence by placement of the corresponding residues, represented as KKSG, above the 
line of the Arg 1 sequence. The sequence of the catalytic subunit of E. coli ATC was aligned 
with the human sequence with the use of the computer program of Doolittle (28). Gaps 
introduced in this procedure of alignment are represented as such at positions of comparison. 
Vertical lines extending between the compared sequences indicate positions of amino acid 
identity. P here primary structural similarity involves a defined secondary structural domain in 
the ATC catalytic subunit (30, the region of similarity is underlined, and the domain is 
designated. Where such a region of similarity includes the border of a domain, the border is 
indicated by a perpendicular vertical mark. 
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ing in the human subunit to residues 50 
to 63. Not only are NH2-terminal se- 
quences shared but additional regions of 
near identity, extending the length of the 
polypeptides, have been found using the 
DNA sequence of the Arg I subunit (25). 
These structural similarities could be the 
result of either convergent or, more like- 
ly, divergent evolution. Interestingly, 
OTC is cytoplasmic in Saccharomyces 
cerevisiae (26) and mitochondrial in 
Neurospora crassa (27). It should be 
revealing to determine if OTC from these 
lower eukaryotes contains a leader se- 
quence, and to compare the mature sub- 
unit from them with those from E. coli 
and man. 

A comparison of the human OTC se- 
quence with other amino acid sequences 
by computer analysis (28) revealed an 
additional surprising similarity; a 25 per- 
cent match was detected when the se- 
quence of the mature human OTC sub- 
unit was compared with that of the cata- 
lytic subunit of aspartate transcarbamy- 
lase of E. coli (29). A number of 
sequence "gaps" were introduced in this 
analysis (28), as shown in Fig. 6. Once 
again, both transcarbamylases have been 
noted to be composed of trimers of cata- 
lytic subunits of 36 kD; OTC contains 
one set of catalytic trimers, aspartate 
transcarbamylase has two sets (30), as 
well as three dimers of regulatory sub- 
units. Both enzymes catalyze condensa- 
tions that use carbamyl phosphate as 
substrate. Comparison of the primary 
amino acid sequences of the two proteins 
revealed regions containing nearly iden- 
tical amino acid sequences (Fig. 6). As in 
the comparison with the Arg I subunit, a 
nearly identical sequence was identified 
in the region corresponding to residues 
50 to 65 (Fig. 6) in the human protein. 
Other regions containing extensive 
"matching" included residues 96 to 103, 
141 to 154, and 283 to 297 (Fig. 6). 

Many of the secondary and tertiary 
structural features of aspartate transcar- 
bamylase from E. coli have been defined 
(31), and many of the secondary struc- 
tural features revealed by x-ray diffrac- 
tion studies were predicted from the pri- 
mary amino acid sequence by the com- 
puter programs of Chou and Fasman and 
of Garnier (32). The programs, for exam- 

ple, identified six of the nine helical 
domains (data not shown). These pro- 
grams were also used to analyze the 
sequence of the mature human OTC sub- 
unit, and they predicted a secondary 
structure very similar to that of the cata- 
lytic subunit of aspartate transcarbamyl- 
ase, including the same number of turns 
and similar regions of a-helix (data not 
shown). 

Because of the possibility that the sec- 
ondary structures of the two enzymes 
may be similar, it seems conceivable that 
functional elements of the tertiary struc- 
tures may also be similar. The highly 
conserved region corresponding to resi- 
dues 50 to 65 in the OTC subunit has 
been shown, in aspartate transcarbamyl- 
ase, to lie in a helical domain that both 
comprises part of the catalytic site and 
provides a point of contact with a neigh- 
boring catalytic subunit (Fig. 6) (31). The 
conserved region corresponding to resi- 
dues 141 to 154 of the human subunit 
appears in aspartate transcarbamylase to 
be involved in contact between catalytic 
subunits (Fig. 6) (31). These similarities 
leave little doubt that the two polypep- 
tides are evolutionarily linked, and bring 
forth questions such as whether they 
evolved from a primal bifunctional an- 
cestor or one from another, and how and 
why OTC acquired a leader sequence 
and mitochondrial localization. 
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