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ABSTRACT: In cattle, 7 of the 30 or more subunits of the respiratory enzyme NADH:ubiquinone reductase 
(complex I )  are encoded in mitochondrial DNA, and potential genes (open reading frames, orfs) for related 
proteins are found in the chloroplast genomes of Murchantia polymorphu and Nicotiana tabacum. Ho- 
mologues of the nuclear-coded 49- and 23-kDa subunits are also coded in chloroplast DNA,  and these orfs 
are clustered with four of the homologues of the mammalian mitochondrial genes. These findings have 
been taken to indicate that chloroplasts contain a relative of complex I. The present work provides further 
support. The 30-kDa subunit of the bovine enzyme is a component of the ironsulfur protein fraction. Partial 
protein sequences have been determined, and synthetic oligonucleotide mixtures based on them have been 
employed as hybridization probes to identify cognate cDNA clones from a bovine library. Their sequences 
encode the mitochondrial import precursor of the 30-kDa subunit. The mature protein of 228 amino acids 
contains a segment of 57 amino acids which is closely related to parts of proteins encoded in orfs 169 and 
158 in the chloroplast genomes of M .  polymorpha and N .  tabacum. Moreover, the chloroplast orfs are 
found near homologues of the mammalian mitochondrial genes for subunit ND3. Therefore, the plant 
chloroplast genomes have at  least two separate clusters of potential genes encoding homologues of subunits 
of mitochondrial complex I. The bovine 30-kDa subunit has no extensive sequences of hydrophobic amino 
acids that could be folded into membrane-spanning a-helices, and although it contains two cysteine residues, 
there is no clear evidence in the sequence that it is an iron-sulfur protein. 

T h e  chloroplast genomes of the liverwort, Marchantia 
polymorpha, and the tobacco plant, Nicotiana tabacum, are 
12 1 024 and I55 844 bp long, and they are thought to contain 
119 and I22 different genes, respectively (Ohyama et al., 1986, 
1988; Shinozaki et al., 1986). Both genomes have a duplicated 
region, and the large difference between the sizes of the two 
genomes is accounted for primarily by the lengths of these 
inverted DNA repeats. About 90 genes have been identified 
in each genome, often by homology of predicted protein se- 
quences encoded in the chloroplast DNAs with those of known 
proteins (Ohyama et al., 1988). They fall broadly into two 
categories: those involved in transcription and translation in 
the chloroplast and those required for bioenergetic functions, 
such as photosynthetic electron transport and ATP synthesis. 
About 60 genes are in the former group and about 20 in the 
latter. I n  addition, seven open reading frames (orfs) in the 
liverwort code for protein sequences that are homologous to 
seven components of mitochondrial NADH:ubiquinone re- 
ductase (complex I )  in mammals and other species [see 
Fearnley et al. (1989) for a summary]. These proteins are 

'The nuclcic acid sequence in this paper has been submitted to Gen- 
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encoded in mitochondrial DNA and are known as subunits 
ND1-ND6 and ND4L (Chomyn et al., 1985, 1986). The 
liverwort chloroplast orfs are named ndhl-ndh6 and ndh4L; 
six homologues (ndhA, ndhB, ndhC, ndhD, ndhE, and ndhF) 
are also present in tobacco chloroplasts, and two tobacco open 
reading frames (orfs 138 and 99B) correspond to liverwort 
ndh6 if a frame shift is introduced in the tobacco DNA se- 
quence (Ohyama et al., 1988). These unexpected findings have 
led to suggestions that the putative chloroplast proteins encoded 
in the orfs are subunits of an NADH or NADPH:plasto- 
quinone reductase component of a chloroplast respiratory 
electron transport activity and that this enzyme complex will 
be rather closely related to the mitochondrial NADH:ubi- 
quinone reductase complex. This view is strengthened by the 
recent finding that the 49- and 23-kDa subunits, both nucle- 
ar-encoded components of the mitochondrial enzyme, also have 
homologues encoded in orfs in both chloroplast genomes 
(Fearnley et al., 1989; Dupuis et al., 1991), and the orfs are 
both in a gene cluster that also contains four of the homologues 
of the mitochondrial gene products of complex I. 

The work presented provides further evidence for a complex 
I like assembly in chloroplasts. We have determined from 
among the 30 or more subunits of complex I isolated from 
bovine heart mitochondria the primary structure of the 30-kDa 
subunit, a component of the simpler iron-sulfur (IP) fraction 
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of linker sequence and 25 bases complementary to the cDNA. 
Forward and reverse primers were made with EcoRI or PstI 
linkers, respectively. Template single- or double-stranded 
cDNA was made from poly(A+) mRNA (see below) using 
a cDNA synthesis kit (Amersham International, Amersham, 
U.K.). Single-stranded cDNA derived from mRNA (1.5 pg) 
was tailed at its 3' end with a run of dA residues using terminal 
deoxynucleotide transferase (36 units; Pharmacia, Milton 
Keynes, U.K.) in a buffer (15 pL) containing 100 mM po- 
tassium cacodylate, pH 6.9, 0.1 mM dithiothreitol, l mM 
cobalt chloride, 1 mM dATP, and 0.5 pg of bovine serum 
albumin. The reaction was performed at 37 "C for 30 min. 
End-repaired double-stranded cDNA ( 100 ng) was circularized 
by incubation at 15 "C for 12 h in a buffer (30 p L )  containing 
33 mM Tris-acetate, pH 7.5, 66 mM potassium acetate, I O  
mM magnesium acetate, 3 mM spermidine, 0.1 mg/mL bovine 
serum albumin, 0.75 mM ATP, 240 units of T4 DNA ligase, 
and 160 units of T4 RNA ligase. Part of this solution (5 yL) 
was used in each reaction with the following schedule: de- 
naturation (94 "C) for l min, annealing (55 "C) for 2 min, 
synthesis (72 "C) for 2 min, repeated for 35 cycles. This was 
followed by a single incubation at 72 OC for 7 min. For other 
details, see Runswick et al. (1 990). The Thermus aquaticus 
DNA polymerase was added after preincubation at 94 OC for 
2.5 min followed by 5 min at 60 "C. Sequences from circu- 
larized cDNA templates were amplified for 30 cycles at a low 
primer concentration (20 nM). A fresh aliquot of enzyme and 
more of the same primers (final concentration 1 pM) were 
added, and a further 30 cycles of synthesis were performed. 
The products were analyzed on 1% or 1.4% high melting point 
agarose gels. Fragments were recovered and digested with 
EcoRI and HindIII or PstI and cloned into M 1 3 mpl8 or M 13 
mpl9 vectors. 

Computer Methods. The protein sequence of the 30-kDa 
subunit of complex I was compared with sequences in the PIR 
database with FASTP (Lipman & Pearson, 1985). The se- 
quences of chloroplast DNA from M .  polymorpha (Ohyama 
et al., 1986, 1988; Kohchi et al., 1988) and N .  tabacum 
(Shinozaki et al., 1986) were translated in all phases and in 
both senses of the DNA. Predicted protein sequences greater 
than 14 amino acids in length were compiled into a database 
in the PIR format, and screened with the protein sequence of 
the 30-kDa subunit of complex I, using FASTA (Lipman & 
Pearson, 1985). Pairwise comparisons between the 30-kDa 
subunit and others were made with DIAGON (Staden, 1985). 
Secondary structure predictions were made by the method of 
Garnier et al. (1 978). Hydrophobic profiles were calculated 
with SOAP (Kyte & Doolittle, 1982). 

Hybridization with Human Genomic DNA. Human DNA 
was prepared from blood (Pilkington & Walker, 1989), and 
samples (20 pglslot) were digested at 37 "C in 400 pL of 
buffer with each of the restriction endonucleases EcoRI, PstI, 
HindIII, and XbaI. Hybridization was carried out with the 
radiolabeled "prime cut" probes (Farrell et al., 1983) for 18 
h at 65 OC. The filters were washed twice at room temperature 
in a mixture of 2 X SSC and 0.5% and N-laurylsarcosine, twice 
again in the same solution at 65 "C, and then twice more at 
65 "C in a solution that contained 0.2 X SSC and 0.5% N- 
laurylsarcosine. For other details including prehybridization 
and hybridization conditions and radioautography, see Walker 
et al. (1 987a). 

RESULTS AND DISCUSSION 
Protein Sequence Analysis of the 30-kDa Subunit. The 

sequence of amino acids 1-26 (Table I) was determined on 
a sample obtained from complex I (Figure l) ,  and was iden- 

that can be prepared from the complex with chaotropic agents 
[reviewed by Ragan (1987)l. Part of the sequence of the 
30-kDa protein is homologous to proteins encoded in orfs in 
the plant chloroplast DNAs. Moreover, these orfs are found 
in close proximity to reading frames that encode a homologue 
of the complex I mitochondrial gene product, ND3. Also, the 
sequence shows that the 30-kDa subunit is probably not an 
iron-sulfur protein. 

MATERIALS AND METHODS 
Purification of Complex I .  Complex I was purified from 

bovine heart mitochondria (Hatefi et al., 1962) and assayed 
as described previously (Fearnley et al., 1989). Its activity 
was about 50 units/mg of protein where 1 unit reduces 1 pmol 
of ferricyanide in I min at 30 "C. 

Protein Chemical Methods. Complex I (100 pg) was 
fractionated on gradient gels ( 10-25% acrylamide; Laemmli, 
1970). Thc 30-kDa subunit was recovered by electroelution 
(Runswick et al., 1989) and concentrated by precipitation with 
90% ethanol at -20 "C overnight. A sample of it (1-10 yg) 
was cleaved for 18 h with cyanogen bromide, and another 
(5-10 pg) was digested with Staphylococcus aureus V8 pro- 
tease (0.05 mg/mL) for 45 niin at  18 "C. The products of 
both reactions and a sample of complex I were fractionated 
on a minigcl and a 10-25% gradient gel, respectively, trans- 
ferred to poly(viny1idene difluoride) membranes (Matsudaira, 
1987), and sequenced as described elsewhere (Fearnley et a]., 
1989). 

Screening the cDNA Library. Approximately 5 X I O s  re- 
combinants in a bovine plasmid library in pUC8 (Vieira & 
Messing, 1982; Gay & Walker, 1985a) were screened with 
2 mixtures, each of 64 oligonucleotides 17 bases long, based 
on the overlapping protein sequences MFGVFF and 
FFANHP, determined by N-terminal sequence analysis of a 
cyanogen bromide fragment of the 30-kDa subunit. Recom- 
binants in the library were grown, transferred to filters, and 
prehybridized as described before (Fearnley et al., 1989). 
Hybridizations with probes were carried out on replica sets 
of filters at 37 and 39 "C (5 OC below minimum dissociation 
temperatures; Gay & Walker, 1985b; Fearnley et al., 1989). 
About 200 recombinants gave a strong signal with both probes. 
Eight wcrc grown up, and three classes were distinguishable 
from restriction fragment sizes. One from each group, isolates 
pBovCI-30.1, pBov CI-30.2, and pBovCI-30.3, was selected 
for further study. 

Subcloning and DNA Sequencing. Inserts were excised 
from plasmids with EcoRl and Pstl and gave fragments of 
about 850, 500, and 1000 bp, respectively, from pBovCI-30.1, 
-.2, and -.3. Their DNA sequences were determined by the 
modified dideoxy method (Sanger et al., 1977; Biggin et al., 
1983) aftcr cloning them into M13mp18 and -mp19 vectors. 
The complete sequences in both orientations of pBovCI-30.1 
and pBovCI-30.2 were determined with the aid of three in- 
ternal primers on the entire inserts and on subfragments ob- 
tained by digestion at internal and polylinker BamHI and 
Hindlll sites. The sequence of pBovC1-30.3 was determined 
from the EroR1-Pstl fragment cloned in M13mp19 only, from 
fragments arising from digestion at the internal and polylinker 
BamHI and Hind111 sites, and from fragments obtained by 
digestion with BamHI and Sac11 together and BamHI and 
Eagl together. Overlapping sequence was obtained across all 
restriction enzyme sites, and the sequence was determined in 
both sensees throughout. 

Polymerase Chain Reactions. Amplification of cDNA using 
the polymerase chain reaction was performed with unique 
34-base synthetic oligonucleotide primers consisting of 9 bases 
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Table I :  Protein Sequences Determined on the 30-kDa Subunit of Complex I and on Digestion Products 
s;implc‘ apparent molecular mass (kDa) determined sequence position in protein 

intact protein 30 ESSAADTRPTVRPRNDVAHKQLSAFG 1-26 
CNBr (band d) 15 FGVFFANHPDLXRILTXYGFEXXPF 138-1 62 
CNBr (band c) 14 ESSAADTR 1-8 

114-128 V8 protcasc (band b) 16 LTPIEXSVPVXKAAN 
For bands b, d, and c, scc Figure 1 .  Band c contained a mixture of sequences from the N terminus and from band b. 

tical with that obtained by analysis of the 30-kDa band in the 
iron-sulfur fraction of the enzyme. The identity of residue 
19 was tentative (although the histidine assignment proved 
to be correct). The sequence did not contain a segment of six 
consecutive amino acids suitable for design of an oligo- 
nucleotide mixture of low degeneracy for screening a cDNA 
library. Therefore, fragments of the protein produced by 
cleavage with cyanogen bromide and by enzymic digestion 
were purified by polyacrylamide gel electrophoresis and se- 
quenced. Although the bands in the protease digest in par- 
ticular were rather faint, N-terminal sequence was obtained 
without difficulty. The apparent molecular masses of the two 
fragments from the former were about 15 and 14 kDa (see 
Figure 1 B). Therefore, the 30-kDa subunit probably contains 
one methionine residue midway in its polypeptide chain. The 
partial protease digest contained two major bands with ap- 
parent molccular weights of about 14 and 16 kDa (Figure lB, 
Table 1). 

cDNA Sequence of the 30-kDa Subunit. Recombinants 
pBovCI-30.1 and pBovCI-30.2 overlap and gave the sequence 
of nucleotides 51-920 (see Figure 2). Isolate pBovCI-3 proved 
to be morc problematical. The insert released by digestion 
with EcoRI and Pstl was about 1 kb in length, but no clones 
were obtained in one orientation. Also, several M13 isolates 
in the reverse Orientation extended to different points in a 
region about 200 bp from the 5’ end of the insert in pBov 
CI-30.1, and there was no recognizable adjacent cloning site. 
Thereforc, deletions had occurred during cloning, but from 
its estimatcd size, it appeared likely that the fragment extended 
beyond the 5’ end of the insert in pBovCI-30.1. It was shown 
to extend 174 bp beyond the 5’ end of the insert in pBovC1- 
30.1, and the 123 bp at its 5’ end were found to be an inverted 
repeat of residues 155-278. No poly(A) sequence was found 
at the 3’ end (see Figure 2 for further details). 

Verification of the sequence of the cDNA for the 30-kDa 
subunit was obtained by sequencing appropriate cDNAs 
produced by the polymerase chain reaction. First, unique 
oligonucleotide primers were used to amplify nucleotides 
36-822 of the sequence determined from plasmid isolates. 
Secondly, the 5’ and 3’ ends of the cDNA sequence were 
confirmed by using unique oligonucleotide primers either on 
cDNA that had been homopolymer-tailed using terminal 
deoxynucleotide transferase or on circularized cDNA. By this 
means, nucleotides -2 to 127 (see legend to Figure 2) and 
746-89 3 were amp1 i fied. 

The final sequence presented in Figure 3 is 920 bp long. The 
sequences of the plasmid isolates differ from each other and 
from polymerase chain reaction products in three places, and 
these are boxed in Figure 3. At positions 53-54, 165, and 
324-325, isolate pBovCI-30.1 has the sequences AA, A, and 
GT, whereas GT, C, and AC are found in these positions in 
pBovC1-30.3. At these sites of disagreement, the polymerase 
chain reaction products had the sequences GT, A, and AC, 
respectively, and these are the sequences that appear in Figure 
3. At the 3’ end, the polyadenylation signal AATAAA 
(Proud foot & Brownlee, 1976) is found 14 bp before the start 
of the poly(A) region. Near the 5’ end, a preponderance of 
G and C residues suggests that a CpG-rich island (Bird, 1986) 

A 

V8 
B CNBr 

a 

-20.1, 
b d 
C -1 4.4- e 

FIGURE 1 : Separation by polyacrylamide gel electrophoresis of the 
subunits of complex I from bovine heart mitochondria and of fragments 
of its 30-kDa subunit. (A) Complex I; the positions of several subunits 
are indicated, and also contaminating transhydrogenase, TH. (B) 
Staph. aureus V8 protease partial cleavage products and the cyanogen 
bromide cleavage products of the 30-kDa subunit. Band a is the 
uncleaved protein, and bands b-d are cleavage products. The positions 
of molecular mass markers are shown. 

may be associated with the 5’ end of the gene. 
Sequence of the 30-kDa Protein. The cDNA sequences 

provide the primary structure for the mitochondrial import 
precursor of the 30-kDa protein (Figure 3). At residue 16, 
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periments could also represent different alleles in the bovine 
population. At amino acid 69 (outside the regions of directly 
determined protein sequence), pBovCI-30.1 encodes a serine 
residue, whereas pBovCI-30.3 and the polymerase chain re- 
action product encode an asparagine. There are no other 
differences within the mature protein sequence, but a further 
ambiguity occurs at amino acid -22 of the presequence (nu- 
cleotides 53-54). A lysine is predicted from the DNA se- 
quence of pBovCI-30.1 and a valine from pBovCI-30.3 and 
the pcr product. However, this sequence lies 2 bp from the 
end of the insert in pBovCI-30.1, where errors in cDNA 
synthesis are more likely, and so the valine is more plausible. 

The molecular weight of the mature protein calculated from 
the sequence is 26432 rather than the estimated value of 30K. 
This difference may be due to the persistence of strong sec- 
ondary structure in the protein under these conditions, and 
secondary structure prediction (Gamier et al., 1978) revealed 
a region with a strong potential to form an cy-helix between 
residues 173 and 197 which might be responsible. It is also 
noteworthy that estimates of molecular weight depend on the 
gel system, and in urea/SDS gels (Schagger & von Jagow, 
1987), the apparent molecular weight of the 30-kDa subunit 
is about 27K. 

The molecular mass of the mature protein has been de- 
termined by electrospray mass spectrometry to be 26 433 (I. 
M. Fearnley and J.  E. Walker, unpublished results). This 
agrees with the value of 26 432 calculated from the sequence 
in Figure 3 and appears to eliminate the alternate assignments 
at residues 16 and 69 of alanine and serine, respectively. 

Many mitochondrial import sequences share no obvious 
sequence homology but are characterized by a net positive 
charge, and acidic amino acids are usually, but not invariably, 
absent (Nicholson & Neupert, 1988). The presequence of the 
30-kDa subunit is 38 amino acids in length. It contains no 
acidic residues and has a positive charge of 7 (if residue -22 
is valine) or 8 (if residue -22 is lysine), assuming that each 
arginine or lysine residue and the N-terminal methionine each 
contribute a charge of +1. The ability to form an amphiphatic 
a-helix has been suggested as a feature of presequences (Roise 
et al., 1986; von Heijne, 1986), but prediction of secondary 
structure did not reveal any regions in the 30-kDa presequence 
with a high probability to form cy-helical structure nor was 
any amphiphatic feature detected by plotting the sequence on 
a helical wheel. 

The 30-kDa subunit is a component of the iron-sulfur 
protein (IP) fraction of complex I, which has six major con- 
stituents, the 75-, 49-, 30-, 18-, 15-, and 13-kDa subunits, and 
contains at least three iron-sulfur clusters. A 4Fe-4S center 
and a 2Fe-2S center are present in a subfraction containing 
the 49-, 30-, and 13-kDa polypeptides, but further resolution 
leads to loss of characteristic EPR line spectra and hence more 
precise assignment of the clusters was not possible. The 
primary structure of the 49-kDa polypeptide contains five 
cysteine residues (Fearnley et al., 1989), but none of the 
structural motifs associated with 4Fe-4S or 2Fe-2S clusters 
in bacteria or chloroplasts were present, and so the sequence 
provided no convincing evidence for the association of an 
iron-sulfur center with this subunit. The primary structure 
of the 30-kDa subunit contains only two cysteines, separated 
by six residues. So it also appears unlikely that the 30-kDa 
subunit contains iron-sulfur clusters, although the possibility 
remains that it could contribute ligands to one or more clusters 
jointly with other subunits of complex I. 

Chemical labeling experiments show that the 30-kDa sub- 
unit and other components of the 1P fraction are accessible 

-200 0 200 POO 600 no0 920 
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H i n d I I I  
Bam H I  

(c)  pBovCI-30.3 

ECO a i l p s t  : 

Bam HI 
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Pca 2~ 
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r 
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36 772 

~ 

L - 
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79 127 746 893 - - 
+ 
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FIGURE 2: Sequence analysis of cDNA clones for the 30-kDa subunit 
of complcx 1 from bovine heart mitochondria. Sections a, b, c, and 
d refer to the three plasmid isolates pBovCI-30.1, pBovC1-30.2, and 
pBovCI-30.3 and products amplified by using the polymerase chain 
reaction (PCR I ,  2A, and 2B), respectively. The thick lines represent 
the inscrted DNAs in the plasmid isolates pBovCI-30.1, pBovCI-30.2, 
and pBovC1-30.3 or products amplified by using the polymerase chain 
reaction (PCRs I .  2A. and 2B). The plasmid inserts are flanked by 
EcoRl at  one end and by BamHI. PstI, and Hind111 sites in the 
polylinker of the vector a t  the other. The horizontal arrows indicate 
the cxtcnt and dircction of the determined DNA sequences. The 
positions of oligonucleotide primers used in sequencing reactions are 
indicated by black boxes. The grey shaded lines represent an inverted 
repeat of internal sequence (not shown in the final cDNA sequence 
in Figure 3). As shown in section d, PCR 2B extended two bases 
in the 5’ direction beyond the authentic cDNA sequence determined 
from pBovC1-30.3. These bases are not shown in the final sequence 
since they obtained from one product only, and hence they are 
numbered with relation to the cDNA sequence of pBovCI-30.3. The 
scale is in bases. Restriction enzyme sites are denoted as follows: (v) 
EcoRI; (1) BamHI; (I) HindIII; ( 7 )  Eagl; (0)  SacII; (+) polylinker. 

both alanine and aspartic acid were detected by protein se- 
quencing, while at this point (nucleotide 165), pBovCI-30.1 
and the polymerase chain reaction product encode aspartic 
acid, and pBovCI-30.3 encodes alanine. Thus, both protein 
sequencing and cDNA sequencing provide evidence for iso- 
forms, although the ambiguity in the protein sequencing ex- 
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-2 0 -1 0 II -30 
M A A A V A A A A R G C W Q R L V G S A A P A R V A G R P S V L L L P V R R E  

AAACATGGCGGCGGCGGTGGCGGCGGCGGCTCGG~GTTGT T ~ G C G G C G C C G G C C A G A G T C ~ G A C C C T C G G ~ T ~ ~ T G C C C G T G A ~ ~  
100 4- P r i m e r  2R sac I1 80 20 P r u n e r  IF + 

Mature. 
30 40 

Y V A E I L P K Y V Q Q V Q  
TATGTGGCn;AAATCCTGCCCAAGTATGTA~TCCA~GTT~ 

160 180 200 220 240 

50 60 70 80 
V S C F N E L E I C I H P D G V I P V L T F L R D H S N A Q F K S L A D L T A V  

2 60 280 300 320 340 360 
G G T G T C T T G C T T C A A T G A G T T A G A G A T C T G T A T C C A T C C T G A ~ T C A T C C C A G T G C ~ C T T T C C T C A ~ ~ C A ~ ~ T T ~ T C C T ~ ~ C T T G A C ~ G G T  

90 100 110 120 
D I P T R Q N R 4 F E I V Y N L L S L R F N S R I R V K T Y T D E  s v  

G G A C A T C C C C A C C C G C G T T ~ ~ ~ T C G T ~ A ~ C C T G C T C T C T C ~ G C T T C A A C T C G C G G A T C C G T G ~ G A C C T A T A C ~ C G A G C T A A C ~ C C A ~ A G T C ~ C T G T  
380 400 420 E a r n H I  440 460 480 

130 140 150 160 
W Y E R E I W D M  R E G H P  

G C C T G T G T A C A A G G C C G C C A A C T G G T A T G A ~ ~ G A T C ~ C A T G T T C ~ G T C T T C T T ~ T A A C C A C C C T G A ~ T A A G A A ~ T C C T A A C A G A C T A T ~ T T T G A ~ C A T C C  
500 520 P r o b e  1 P r o b e  2 560 580 600 

170 180 190 200 
F R K D F P L S G Y V E L R Y D D E V K R V V A E P V E L A Q E F R K F D L N S  

T T T C C G G A A A G A C T T C C C C C T G T C ~ T A T G T T A  
620 640 660 680 700 720 

210 220 
P W E A F P A Y R Q P P E S L K L E A G D T K P E A K *  

TAGTTTCAGGGAAGGCATGT&A CCCATGGGAGGCTTTCCCTCTP~CGC TCCTAGAAAGCACCT 
740 Hind111 780 800 840 P r i m e r  1R BamHI 

T A C C T A T A A T T G A G T G T C C T G T A A A T A A A A T C C T A C T A G A C T C X  
860 880 900 920 

F I G U R E  3: cDNA sequence encoding the 30-kDa subunit of complex I from bovine heart mitochondria. The sequence shown is that obtained 
from the products of polymerase chain reactions. Nucleotides where the sequence differs in isolates pBovCI-30.1 or pBovCI-30.3 are boxed. 
Restriction enzyme sites used in the process of sequencing are indicated. A possible polyadenylation signal near the 3' end is underlined twice. 
The dcduccd protein scqucncc is shown above the DNA sequence, and directly determined protein sequences are shaded. The regions that 
were uscd to dcsign oligonucleotide probes 1 and 2 are indicated. Boxed nucleotide sequences are those of unique primers used in  polymerase 
chain rcactions. Horizontal arrows pointing to the right or left indicate that the primer was synthesized with the sequence shown or its complement, 
respcctivcl y. 

to hydrophilic probes in isolated complex I and that in intact 
mitochondria and inverted submitochondrial vesicles the 30- 
kDa subunit is exposed to similar extents on both sides of the 
membrane (Patel et al., 1988). This conclusion is supported 
by the different patterns of cross-linking to other subunits that 
are obtained, depending on which side of the membrane is 
exposed to the cross-linking agent (Patel et al., 1988; Patel 
& Ragan, 1988). In contrast, no labeling was observed with 
hydrophobic probes (Earley & Ragan, 1980, 198 I) ,  indicating 
that any transmembranous segments in the 30-kDa proteins 
must be shielded by other proteins. The hydrophobic profile 
of the protein (not shown) contains no convincing evidence of 
a hydrophobic region long enough to form a membrane- 
spanning helix, and the topography of the protein requires 
further experimental investigation. 

Homology of the Protein Sequence of the 30-kDa Subunit 
with Chloroplast Gene Products. I n  order to try and obtain 
clues to the function of the 30-kDa subunit, its protein sequence 
was compared with entries in the PIR database. This revealed 
a highly significant relationship with a protein encoded in a 
potential gene (orf 169) in the chloroplast genome of the 
liverwort, M .  polymorpha (Ohyama et al., 1986, 1988; Kohchi 
et al., 1988), and with its homologue (orf 158) encoded in the 
chloroplast genome of the tobacco plant, N .  tabacum (Shi- 
nozaki et al., 1986). These predicted proteins are 169 and 158 
amino acids, respectively, and hitherto no known function has 
been ascribed to them. The N-terminal amino acids (1-12) 
of the protein encoded in orf 169 are not represented in orf 
158 (with the exception of the N-terminal methionine), but 

120 130 140 150 
Bovine CI-30 (112-179) DELTPIESS VPVYKAANWY EREIWDMFGV FFANHPDLRR 
M. polymorpha orf 169 (103-169) RKNPKIPSI F W K S A D F Q  ERESYDMFGI FYENHPCLKR 
N. tabacwn orf 158 (92-158) RRNPRIPSV FWVWKSVDFQ ERESYDMLGI SYDNHPRLKR * * .** * *  + * *  * * 

160 170 
Bovine CI-30 ILTDYGFEGH PFRXDFPLSG YVELRYDDE 
M. polymorpha orf 169 ILME'DSWLGW PLRKDYIVPN FYELQDAY. 

1LMPESWI:W fL5:YIAPN FYFIQDAH. N. tabacum orf 158 
t +  

FIGURE 4: Comparison of the protein sequence of the 30-kDa subunit 
of complex 1 from bovine heart mitochondria with protein sequences 
encoded in orfs 169 and 158 found in the chloroplast genomes in M .  
polymorpha and N .  tabacum. The regions of homology were detected 
by DIAGON. Identical amino acids in all three sequences are indicated 
by an asterisk. 

the remainder of their sequences are identical at 122 positions 
(or 77%), and they have conservative replacements at a further 
25 positions (16%), without any necessity to introduce inser- 
tions. Pairwise comparison of the sequences of the two 
chloroplast orfs with the 30-kDa subunit using the computer 
program DIAGON (not shown) confirmed the significance of 
the relationship between the mitochondrial and chloroplast 
proteins. The region of homology extends over 57 amino acids, 
23 amino acids being identical in this region and a further 19 
being conservatively substituted (Figure 4). Thus, the chlo- 
roplast-coded proteins and the mitochondrial 30-kDa subunit 
appear to contain a very similar domain of unknown function. 
The possibility was considered that a separate exon or exons 
elsewhere in the chloroplast genome might encode the re- 
mainder of the 30-kDa protein. Therefore, the entire chlo- 
roplast genomes of both plant species were translated in all 
three phases and in both senses of the DNA, and the translated 
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FIGURE 5: Arrangement of genes and orfs in the vicinities of orfs 169 
and 158 in the chloroplast genomes of M .  polymorpha and N .  ta- 
bacum, respectively. The scale is in  kilobases, and the diagram is 
derived from the published sequences (Kohchi et al., 1988; Shinozaki 
et al., 1986). V shapes denote introns. The unassigned open reading 
franics (orfs) havc bccn renamed ndhJ; ndhH and ndhl are the 
chloroplast cquivalcnts of the 49- and 23-kDa subunits (Dupuis et 
al., 199 1 ). The genes labeled rps4 encode homologues of the ribosomal 
protein S4 from Escherichia coli, psaA encodes a subunit of photo- 
system I ;  pshG was thought formerly to encode a component of 
photosystcm 11, but it has been suggested that it encodes a homologue 
of a complex I component (Mayes et al., 1990). atpB and atpE code 
for the p- and esubunits of the ATP synthase complex. ndh3 encodes 
the homologue of the mitochondrial ndh 3 component of complex 1, 
and trn denotes tRNA genes. The orfs showing homology with the 
30-kDa subuni t  of bovine mitochondrial complex I are shaded. 

sequences were compared with that of the 30-kDa protein. 
However, no homologous sequence was detected. The 49- and 
23-kDa subunits of complex I also have homology with chlo- 
roplast proteins (Fearnley et al., 1989; Dupuis et a]., 1991), 
but in both cases, the homology extends over the full length 
of the chloroplast proteins, and there is also homology of the 
49-kDa protcin with orf products encoded in the maxicircle 
(mitochondrial) DNA of protozoa (Simpson et a]., 1987), 
which is not thc case for the 30-kDa subunit. 

Chloroplast genomes contain genes that encode homologues 
for the seven components of complex I encoded in vertebrate 
and invertcbratc mitochondria (Anderson et al., 198 1 ,  1982; 
Bibb et al., 1981; Gortz & Feldmann, 1982; Grosskopf & 
Feldmann, 198 1 ; Koike et al., 1982; Roe et al., 1985; Clary 
& Wolstcnholme, 1985; Canatatore et al., 1987; Wolstenholme 
et al., 1987; Himeno et al., 1987; Jacobs et al., 1988). In both 
liverwort and tobacco, four of these homologues are found in 
a gene cluster with the homologues of the 49- and 23-kDa 
subunits (Fearnley et al., 1989; Dupuis et al., 1991). The orfs 
related to the 30-kDa subunit are found in close proximity to, 
and are transcribed in the same direction as, the ndh3 genes 
in both livcrwort and tobacco. No other homologues of com- 
plex I components have been identified in the same region (see 

Pilkington et al. 

a b c d  

23.1 

9.4 
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FIGURE 6: Hybridization of restriction digests of human genomic DNA 
with the cDNA for the bovine 30-kDa protein. The “prime cut” probe 
was derived from the full length of PCR I (nucleotides 36-772; see 
Figure 2). The DNA was digested with the following restriction 
enzymes: (a) EcoRI; (b) HindIII; (c) PstI; (d) Xbal. After hy- 
bridization, the filter was washed in 0.2 X SSC at 65 OC. The positions 
of DNA size markers produced by digestion of DNA from bacter- 
iophage X with HindIII are shown at the left side of the filters. 

Figure 5 ) ,  but it has been suggested from indirect evidence 
that psb G is a component of a chloroplast assembly related 
to complex 1 (Mayes et al., 1990). 

The identification of chloroplast-encoded homologues of a 
second nuclear-encoded component of mitochondrial complex 
I provides further evidence for the presence of a closely related 
respiratory complex. The most likely candidate is an 
N ADH:plastoquinone oxidoreductase activity, which has been 
demonstrated in Chlamydomonas reinhardtii chloroplasts 
(Bennoun, 1982; Maione & Gibbs, 1986). 

Number of Bovine Genes for the 30-kDa Subunit. In order 
to estimate the number of sequences in the human genome 
related to the cDNA for the 30-kDa subunit, restriction digests 
of genomic DNA were transferred to membranes and hy- 
bridized with a probe that includes nucleotides 36-772 of the 
cDNA sequence. One, two, or three bands were observed in 
each lane both at  high and at low stringencies (see Figure 6). 
This does not indicate a large gene family, and the observed 
patterns could arise from a single gene. A similar result (not 
shown) was obtained with bovine genomic DNA. A number 
of nuclear-encoded mitochondrial proteins have been found 
to have more than one expressed gene, for example, the subunit 
c (Gay & Walker, 1985b; Dyer et al., 1989; Dyer & Walker, 
199 1) and the a-subunit (Walker et al., 1989) of ATP syn- 
thase, and the ADP/ATP translocase (Battini et al., 1987; 
Walker et al., 1987b; Neckleman et al., 1987; Houldsworth 
& Attardi, 1988; Powell et al., 1989). In contrast to the 
30-kDa subunit, in these cases extensive differences in sequence 
have been found in the 5’ and 3’ noncoding regions. 

ADDED IN PROOF 
The sequence of a 3 1-kDa protein from N .  crassa complex 

I (Videira et al., 1990) is homologous to the bovine 30-kDa 
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subunit. Neither of the cysteine residues in the bovine protein 
is conserved. 
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Oligomerization and Intracellular Protein Transport: Dimerization of Intestinal 
Dipeptidylpeptidase IV Occurs in the Golgi Apparatus? 
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ABSTRACT: It was postulated that newly synthesized membrane proteins need to be assembled into oligomers 
in the endoplasmic reticulum in order to be transported to the Golgi apparatus. By use of the differentiated 
human adenocarcinoma cell line Caco-2, the general validity of this proposal was studied for small intestinal 
brush border enzymes which are dimers in most mammalian species. Chemical cross-linking experiments 
and sucrose gradient rate-zonal centrifugation revealed that dipeptidylpeptidase IV is present as a dimer 
in the brush border membrane of Caco-2 cells whereas the disaccharidase sucrase-isomaltase appears to 
be a monomer. Dipeptidylpeptidase IV was found to dimerize immediately after complex glycosylation, 
an event associated with the Golgi apparatus. Dimerization of this enzyme was inhibited by CCCP but 
did not depend on complex glycosylation of N-linked carbohydrates as assessed by the use of the trimming 
inhibitor 1 -deoxymannojirimycin. It is concluded that dimerization of dipeptidylpeptidase IV occurs in a 
late Golgi compartment and therefore cannot be a prerequisite for its export from the endoplasmic reticulum. 

T h e  quaternary structure of integral plasma membrane 
proteins has become of central interest in the study of protein 
transport to the cell surface. From work with viral envelope 
proteins, the concept has emerged that assembly of these 
proteins into oligomers takes place in the endoplasmic reti- 
culum (ER) and may be a prerequisite for their export from 
the ER and subsequent transport to the Golgi apparatus 
(Copeland et al., 1986, 1988; Gething et al., 1986; Kreis & 
Lodish, 1986; Doms et al., 1987, 1988; Boulay et al., 1988). 
Similar results have been obtained for endogenous membrane 
proteins of complex heterooligomeric structure [for a review, 
see Hurtlcy and Helenius (1989)]. However, one study is at 
variance with these general conclusions (Yewdell et al., 1988). 

The biosynthesis of small intestinal brush border enzymes 
has been thc subject of numerous investigations over the past 
years (Kenny & Maroux, 1982; Semenza, 1986; Hauri, 1988). 
These proteins are major constituents of the intestinal mi- 
crovillus membrane and are involved in the terminal digestion 
of dietary carbohydrates and peptides. Some of them, in- 
cluding dipeptidylpeptidase IV (DPPIV)’ and sucrase-iso- 
maltase (SI M),  are expressed in the differentiated human 
intestinal cpithelial cell line Caco-2 (Pinto et al., 1983; Hauri 
et al., 1985). The enzymes are cotranslationally N- 
glycosylated to give the high-mannose precursors of 1 I O  and 
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114 kDa for DPPIV, and 210 kDa for SIM. In the Golgi 
apparatus, they are processed to the complex glycosylated 
forms of 124 and 217 kDa, respectively. The intracellular 
transport of newly synthesized DPPIV and SIM in Caco-2 cells 
has been extensively studied. DPPIV is transported to the 
brush border membrane considerably faster than SIM, two 
rate-limiting steps being export from the ER and transit 
through the Golgi (Stieger et al., 1988). 

Most brush border enzymes of rabbit, rat, and pig are known 
to exist as noncovalently linked homodimers in the microvillus 
membrane (Kenny & Maroux, 1982), but the intracellular site 
of their assembly into dimers is unknown. Therefore, the 
Caco-2 cell line expressing a number of human brush border 
hydrolases should provide a valuable system to assess the role 
of oligomerization for the intracellular transport of these en- 
dogenous plasma membrane proteins. 

In the present paper, we provide evidence that in Caco-2 
cells DPPIV is assembled into dimers in a late Golgi com- 
partment and that transport through the Golgi apparatus, but 
not complex glycosylation, is required for dimerization of 
DPPIV. SIM, however, was found to be a monomer 
throughout its transport from the ER to the brush border 

’ Abbreviations: ApN, aminopeptidase N; DPPIV, dipeptidyl- 
peptidase IV; SIM, sucrase-isomaltase; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; DMN, I-deoxymanno- 
jirimycin; CCCP, carbonyl cyanide m-chlorophenylhydrazone; DSS, su- 
beric acid bis(N-hydroxysuccinimide ester); DSP, 3,3’-dithiobis(propionic 
acid N-hydroxysuccinimide ester); EGS, ethylene glycol bis(succinimidy1 
succininate); MBS, m-maleimidobenzoic acid N-hydroxysuccinimide 
ester; DMS, dimethyl suberimidate. 

0006-2960/9 1 /0430- 1908$02.50/0 0 199 1 American Chemical Society 


