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The imported preprotein of the proteolipid subunit of the mitochondrial ATP synthase
from Neurospora crassa. Molecular cloning and sequencing of the mRNA
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The proteolipid subunit of the mitochondrial ATP synthase
from Neurospora crassa is an extremely hydrophobic protein
of 81 amino acid residues, which is imported into mitochondria as a precursor of mol. wt. 15 000. The primary structure
of the imported fonn has now been determined by isolating
and analyzing cDNA clones of the preproteolipid mRNA. An
initial cDNA clone was identified by hybridizing total polyadenylated RNA to pooled cDNA recombinant plasmids
from an ordered clone bank and subsequent ceU-free translation of hybridization-selected mRNA. Further preproteolipid
clones were identified at a frequency of 0.20Jo by colony fdter
hybridization. One isolated cDNA represented the major part
of the preproteolipid mRNA. The nucleotide sequence showed 243 bases corresponding to the mature proteolipid and, in
addition, 178 bases coding for an amino-tenninal presequence. Non-coding sequences of 48 bases at the 5' end and
of 358 bases at the 3' end plus a poly(A) tail were determined.
The long presequence of 66 amino acids is very polar, in contrast to the lipophilic mature proteolipid, and includes 12
basic and no seidie side chains. It is suggested that the presequence is specifically designed to solubilize the proteolipid
for post-translational import into the mitochondria.
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lntroduction
The biogenesis of mitochondria depends on the import of
proteins, which are encoded in the nucleus and synthesized on
cytosolic ribosomes (for review, see Schatz and Mason, 1974;
Tzagoloff et al., 1979). These imported proteins are initially
synthesized as preproteins that are often much !arger than the
corresponding mature proteins ·of the organeile (for review,
see Neupert and Schatz, 1981). Up to now, no information on
the primary structure of such imported mitochondrial preproteins has existed. Cloning and sequencing of the corresponding mRNAs is one possible way to characterize imported mitochondrial proteins in more detail. Working with
the eukaryotic microorganism Neurospora crassa, we have
therefore constructed, from total polyadenylated RNA, an
ordered cDNA bank cloned in &cherichia coli. These cDNA
clones are presently screened for sequences encoding mitochondrial proteins by procedures based on the translation of
hybridization-selected mRNA (Parnes et al., 1981; Kvist et
al., 1981).
This paper describes the isolation of cDNA encoding the
major part of the mRNA of the proteolipid subunit of the
mitochondrial ATP synthase. The proteolipid subunit is an
*To whom reprinl requesls should be senl.
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extremely hydrophobic polypeptide of 81 amino acid residues
whose sequence is known (Sebald et al., 1980). It occurs as an
oligomer - most likely as a hexamer in the protonconducting F 0 portion of the ATP synthase (Sebald et al.,
1979a). In N. crassa the proteolipid is synthesized as a !arger
preprotein with an apparent mol. wt. of 12 000-15 000
(Michel et al., 1979). In vitro the preprotein could be
transported into mitochondria post-translationally (Zimmermannet al., 1981).
The nucleotide sequence of isolated proteolipid cDNA indicates the amino acid sequence of the whole preproteolipid,
i.e., the 81 residues of the mature protein as weil as a
66-residue extension at the amino-terminal end. This provides, for the first time, information on the structure of apreprotein that is imported into mitochondria. Furthermore, the
highly polar and unusually long presequence gives a clue as to
how the extremely hydrophobic proteolipid can be solubilized
under cellular conditions and thus can be transported into the
organeHe after translation is completed. The purified cDNA
will be a valuable tool for future studies of the import pathway as weil as of the organization of the nuclear gene of the
N. crassa proteolipid.
Results

Isolation of a cDNA clone encoding proteolipid mRNA
The proteolipid subunit comprises 1OOJo of the total A TP
synthase protein, and 0.2- 0.40Jo of total cellular protein of
N. crassa (Sebald et al., 1979a). After cell-free translation of
total mRNA, 0.40Jo of the total incorporated [3H]leucine
(Michel et al., 1979) and 1OJo of incorporated [3SS]methionine
(Figure 1) is recovered as preproteolipid. These data suggest
that the preproteolipid mRNA is of middle abundance (Wong
and Marzluf, 1980), and that a cDNA encoding proteolipid
mRNA could be found when some hundreds of clones had
been analyzed.
Two cDNA plasmids that hybridized specifically with
proteolipid mRNA were identified among 288 screened
cDNA clones that had been prepared from total polyadenylated RNA and bad been ordered and conserved on microtitre
plates. Each of the clones bad been grown separately in a
50-ml culture. To shorten the screening, the cultures were
combined together in groups of twelve for plasmid isolation
and subsequent hybridization-selection of mRNA. Finally,
single clones from a positive plasmid pool were analyzed. As
demonstrated in Figure 1 (lanes B, C, D), total cell-free
translation products synthesized in response to total mRNA,
as weil as to the mRNA selected by a positive plasmid poo1
(Pl/E) and by the single purified proteolipid cDNA plasmid
(P l/E2), clearly indicate the progress of purification. The
mRNA selected by the cDNA plasmid P1/E2 yields a translation product that can be immunoadsorbed to 60- 800Jo with
proteolipid antibodies.
The cDNA of clone Pl/E2 was sequenced. The smal1 insert
in this plasmid corresponds to 160 bases of the 3 ' end plus
- 20 bases of A of the proteolipid mRNA (Figure 2). Further
proteolipid cDNA clones were obtained at a frequency of
0.20Jo by filter hybridization of -20 000 colonies using an
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Fig. 1. Puritication of a cDNA-pBR322 recombinant plasmid (PIIE2) hybridizing specitically to proteolipid mRNA. Recombinant plasmid DNA was
covalently bound to paper and hybridized with total polyadenylated RNA as described in Materials and methods. The selected mRNAs were translated in
parallel with total mRNA in 15 ~tl of a ceU-free wheat germ system with 15 pCi [35S]methionine for 60 min. An aliquot (800Jo) of each assay was incubated
with antiproteolipid immunoglobulins. Totaltranslation products Oanes A, 8, C, D) and the immunoadsorbed proteins (lanes a, b, t, d) were separated by
SDS.gel electrophoresis and visualized by fluorography. Radioactive marker proteins were Iysozyme (mol. wt. 14 300), carbonic anhydrase (mol. wt. 30 000),
ovalbumin (mol. wt. 46 000), bovine serum albumin (mol. wt. 69 000), phosphorylase b (mol. wt. 92 500), and myosin heavy chain (mol. wt. 200 000). The
four translation assays contained no added RNA (lanes A/a), total polyadenylated RNA (lanes 8, b), mRNA selected by 12 pooled plasmids PI/EI to
PI/EI2 (lanes C, c), and mRNA selected by purified plasmid PIIE2 (lanes D, d).
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Flg. 2. Schematic representation of the proteolipid mRNA. The structure was deduced from the sequenced cDNA inserts of plasmids PIIE2 AV31 and
AV48. Compared with PI/E2 the cDNA of plasmid AV48 has a deletion of at least two bases before the poly(A) tail (arrow). The restrictio~ sites ~sed for
DNA sequence determinationarealso indicated.

end-labelled Sau3A-Taql fragment as a probe. The cDNA inserts of two cloned plasmids consisting of 670 bp (A V31) and
865 bp (AV48) were then analyzed.
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Nucleotide sequence of the cloned proteolipid mRNA
Five regions are evident in the proteolipid mRNA sequence
which should correspond to the nucleotide sequences of the

aoned mRNA of imported preproteoUpid of mitochondrial ATP synthase

cloned cDNAs (Figure 2). (I) The presence of a poly(A) tail in
A V48 and P 1/E2 indicates that these plasmids included the
whole 3 1 end of the mRNA. The polyadenylation site differs
in the two analysed inserts. At least the nucleotides dC 846
and dC 847 are absent in AV48 (see also Sasavage et al.,
1982). This Ieads to a loss of a Saß restriction site. (2) A long
non-translated segment of 355 bases occurs between the T AA
stop codon and the polyadenylation site. The almost universal polyadenylation signal AAUAAA (Proudfoot and
Brownlee, 1974; Fitzgerald and Shenk, 1981) is absent. The
segment AAAAAGAAA (nucleotides 822- 830) or a part of
it could be an equivalent signal in N. crassa. (3) The mature
proteolipid is coded for by nucleotides 247-489. This
nucleotide sequence matches completely the known amino
acid sequence of the wild-type proteolipid (Sebald et al.,
1980) with the exception of one nucleotide: the cloned cDNA
has been derived from the mRNA of the oligomycin-resistant
mutant AP-12 (Sebald and Hoppe, 1981). The mutant
proteolipid has a phenylalanine (wild-type)-serine (mutant)
substitution at amino acid position 61. Apparently, the mutational event was a T /C transition at nucleotide position 428
(Figure 3). (4) There exists a reading framein phase with the
proteolipid sequence which starts with an ATG at nucleotide
49. These 178 nucleotides encode the presequence of the preproteolipid, as confirmed by partial amino acid sequences of
preprotein fragments (see below). (5) A non-translated segment of 48 nucleotides is found at the 5 1 end. Analysis of the
corresponding genomic DNA must be awaited to establish the
true start(s) of the mRNA.
Aminoacid sequence studies
Attempts to sequenate whole immunoadsorbed preproteo-

Iipid failed, since the amino-terminal end is blocked. When
an acetyl-coenzyme A trap was added during cell-free translation (Palmiter, 1977), no methionine radioactivity was
recovered during step 1 of the Edman degradation. Apparently, the preproteolipid is proteolytically processed under
this condition. After cyanogen bromide cleavage of
[ 3H]leucine-labelled or [lH]alanine-labelled preproteolipid, a
fragment of - 15 amino acid residues could be isolated by gel
chromatography. Sequence analysis of this fragment revealed
(Figure 4) a partial sequence Ala xxxx Leu Ala xx Leu
Ala xxx. Such a sequence of alanine and leueine residues is
found at positions 2-15 of the presequence (Figure 3).
Properlies of the presequence and the preproteolipid
The amino acid sequence deduced from the nucleotide sequence yields a preproteolipid with a mol. wt. of 15 348. During SDS-gel electrophoresis the preproteolipid migrates slightly slower than Iysozyme (Figure 1) with an apparent mol. wt.
of - 15 000. The amino acid composition of the presequence
is remarkably polar (Table 1). The polarity calculated from
the content of hydrophilic side chains (Capaldi and
Vanderkooi, 1972) is 530Jo. In contrast, the mature proteolipid, which is one of the most hydrophobic proteins known,
has a polarity of only 25.9%. Because the presequence is
unusually long, in the whole preproteolipid the contents of
hydrophilic and lipophilic residues are approximately balanced. The polarity of 38.2% approaches that of a water-soluble
protein. The presequence contains 12 basic residues, whereas
no acidic residues are present. Because the mature proteolipid
contains equal numbers of only four basic and four acidic
residues, the preproteolipid exhibits an unusually high concentration of positive charges (see Figure 5). The few lipo-N.t;-
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TACGCCGTAMTAGGTGTGGCIGTATAGGTAMCACTCTACCCICACTCCCTCMCGTAAGCTAM
CGGCATAGAMTTGCAGCATMGACGGAGGAMGGGGCATATMGACCTTAAAGIACCGTGGAGTI
GCCGTATCTTIAACGTCGTATICTGCCTCCTTICCCCGTATATICTGGAATTTCITGGCACCTCM
GACGAGCTTTIGGCGATCTCTICCGTCTCGTCIGGTACTGCCGGCGAACCTGTIAAAATAGCCCI
CTGCTCGAAMCCGCTAGAGMGGCAGAGCAGICCATGACGGCICGCTTGGACMTTTTATCGGG
GGAGCACTCTICACATCGCTCITCCAGGGACMGTTCCATCCMCAAAAAGAAMCTCTTCCATTI
CCTCGTGAGMGTGTAGCGA~AGGTCCCTGTICAAGGTAGGTIGTTTTTCTTTIGAGAAGGTAM

G TC GA C CA A MA A A A A A A A AAl A A A A A A A
C A G C T G G T T TI T T T T T T T T T Tl T T T T T T T

Fig. 3. Sequence of cloned preproteolipid cDNA compiled from the inserts of plasmids Pl/E2, AV3l, and AV48. The mature proteolipid starts with tyrosine
at base 247(t). The serine at bases 427-429 ( *) originated from an oligomycin resistance mutation. The wild-type proteolipid contains a phenylalanine at
this position.
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Fig. 4. Partial amino acid sequences of a cyanogen bromide fragment of
the preproteolipid. The preproteolipid was synthesized in the presence of
either ('H]alanine or ('H]leucine. The cyanogen bromide fragment was
purified by gel chromatography (see Materialsand methods) and submitted
to 17 cycles of automated Edman degradation. The sequence of the rel~
ed alanines and leueines is found only in a 14-residue fragment representmg
amino acids 2-15 of the presequence.

philic side chains of the presequence are randomly distributed. In contrast, the mature proteolipid clearly exhibits two
segments each of - 25 residues where the lipophilic residues
are dustered (Sebald and Hoppe, 1981). Consequently,
pararneters indicating the free energy gain for a side chain
during transition from a random coil in water to a
membrane-embedded a-helix (von Heijne, 1981) predict
membrane-solubility for two segments of the mature proteolipid only, but not for the presequence (Figure 5).
Various prediction methods (Chou and Fasman, 1978;
Nagano, 1977; Robson and Suzuki, 1976; Maxfield and
Scheraga, 1976) were applied to calculate secondary structure
elements of the preproteolipid from the amino acid sequence.
a-Helical regions and ß-turns predicted by all four programs
are included in the upper part of Figure 5. Turns are predicted
for residues 37-40 and 67-70. The latter turn would immediately follow the proteolytically cleaved peptide bond of
the preproteolipid. Consistently, a-helical conformation is
assigned to residues 1 - 33 and 56- 66 of the presequence.
The confirmation of the rest of the presequence is predicted
ambiguously.

Discussion
Increasing evidence has been accumulating that the
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Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleueine
Leueine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

12
8
I

14
2
3
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10
4
1
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3
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Total residues
Polarity
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530fo
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15
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7
6
3

13
10
2
12

147
38.211Jo

transport of proteins into organelies of possibly endosym~io
tic origin (Margulis, 1981), such as chloroplasts and mltochondria, differs in important aspects from the transmembrane transport of secretory proteins in eukaryotic and
prokaryotic cells (Chua and Schmidt, 1978; Blobel, 1980;
Neupert and Schatz, 1981). The most notable difference is
that the mitochondrial and chloroplast preproteins are released from the ribosome into the cytosol before import into the
organeile takes place. Moreover, most mitochondrial and
chloroplast preproteins possess much Ionger presequences
than the secretory proteins. The present work perrnits a more
precise definition of the differences between the presequence
of a protein that is transported into mitochondria and the
presequence of secretory proteins. It also allows us to consider aspects of a post-translational import process in relation
to the primary structure of the preproteolipid.
Formerly, it has been difficult to understand how an intrinsic membrane protein, and especially one as hydrophobic as
the proteolipid, can exist in solubilized form in the cytosol
(Neupert and Schatz, 1981). The finding of a long polar
presequence that balances the hydrophobic sequences of the
mature protein and could serve as a 'swimming belt' gives a
satisfactory answer to this question, so that it is no Ionger
necessary to postulate the existence of a cytosolic carrier
system.
In the case of secretory proteins it has been hypothesized
(von Heijne, 1981) that the presequence, containing a sequence of - 20 uncharged and predominantly lipophilic
residues, partitions directly into the membrane interior,
thereby making further translocation of the gro~ing nascent
chains possible. It is evident that the presequence of the proteolipid, which contains only a few separated lipophilic side
chains, is unable to fulfil this role. lt might be postulated
however, that membrane contacts and trans-membrane
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Flg. 5. Predicted distribution of lipophilic segments, secondary structure elements, and charges along the arnino acid sequences of the preproteolipid. Top:
The indicated a-helical segments ( ..LU.l) and ß-turns (T) are consistently predicted by four different methods (see Results). Middle: The gain of free energy
during transition of a 20-residue segment from a random coil in water to an a-helix in the membrane is calculated for aU sequence positions according to von
Heijne (1981). Bottom: The position of basic residues (positive charge) and acidic residues (negative charge) is indicated by arrows.

movement of the preproteolipid are facilitated and perhaps
guided by the two lipophilic 25-residue segments occurring in
that part of the preprotein which ultimately forms the mature
proteolipid. One reasonable hypothesis is that during posttranslational import the location of hydrophobic segments in
the polypeptide chain is of secondary importance.
The primary structure gives no information on the 'address
Iabel' which determines the recognition of the preproteolipid
by the mitochondria. The highly positive charge of the presequence is reminiscent of cytochrome c and may contribute
to the recognition process. Considering the only superficial
similarity of the presequences of secretory proteins (von
Heijne and Blomberg, 1979; von Heijne, 1981), as weil as the
specificity of the import into chloroplasts of the small subunit
of the ribulose-1 ,5-bisphosphate carboxylase in pea and
Chlamydomonas (Schmidt et al., 1979; Bedbrook et al.,
1980; Broglie et al., 1981), it is evident that information on
the conformation of preproteins is required for identification
of the address Iabel.
An electrochemical potential across the inner mitochondrial membrane is necessary for the import of the preproteolipid (Zimmermann et al., 1981) and of other mitochondrial
proteins (Gasser et al., 1982). It is tempting to speculate that
the potential (negative inside, positive outside) drives the
highly charged preproteolipid into and across the membrane.
It will be interesting to see whether or not a large positive

charge is a property of other imported mitochondrial proteins.
By virtue of the isolation of proteolipid cDNA, the corresponding mRNA can be purified, and thus a radiochemically pure preproteolipid can be synthesized in a cell-free system.
In the future this will allow a closer analysis of the proteolytic
processing during import, since the fate of the presequence
can be observed. In principle, the presequence might be
removed in the mitochondrial inter-membrane space, and
then the proteolipid could be inserted from the outside into
the inner membrane. However, this would not be expected on
the basis of the process of assembly of the A TP synthase
proteolipid in other systems. In bacteria (Kanazawa et al.,
1981), chloroplasts (Nelson etal., 1980; Sebald and Wachter,
1980), and remarkably also in yeast mitochondria (Macino
and Tzagoloff, 1979; Hensgen et al., 1979), the proteolipid is
inserted into the membrane from the F 1 side, which corresponds in mitochondria to the matrix space. No proteolytic
processing of the proteolipid is necessary in these systems,
because only the mature form is genetically determined and
synthesized. Thus, it is a reasonable hypothesis that in
Neurospora mitochondria the preproteolipid is processed in
the matrix space to the functional size, and that it then integrales spontaneously into the inner membrane. Such a processing pathway would be in accordance with the Observation
that in yeast mitochondria a processing protease is located in
569
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the matrix space. Cytochrome c .. which is located at the outer
surface of the inner membrane, and even cytochrome b 2,
which is located in the inter-membrane space, are both processed by this matrix protease (Gasser et al., 1982).
Materials and methods
Strains and materlots
N. crassa wild-type SL74A (FGSC stock nurober 987) and an oligomycinresistant mutant AP-12 (Sebald and Hoppe, 1981) were used for RNA and
protein isolations. cDNA recombinant plasmids were cloned in E. coli 5 K
(Hubacek and Glover, 1970). Avian myeloblastosis virus reverse transcriptase
was a gift from W. Beard. Calf intestinal alkaline phosphatase and E. coli
DNA polymerase I were from Boehringer (Mannheim, FRG). Terminal deoxynucleotidyl transferase, T4 polynucleotide kinase, and restriction endonucleases were from BRL (Rockville, MD) or a gift from H. Mayer
(Stöckheim). ('y-32P]ATP ( > 5000 Ci/mmol), [a- 32P]dGTP (400 Ci/mmol),
[!H]dCTP (19 Ci/mmol), [lH]Ieucine (40-60 Ci/mmol), [lH]alanine (53
Ci/mmol), and [l5S]methionine (1000 Ci/mmol) were from Amersham
Buchler (Braunschweig, FRG). Nitrocellulose filters of 8.5 cm diameter were
from Schleicher and SchOll (Dassel, FRG). They were washed with 0.1 M
EDTA and Hz(> at 100°C and sterilized between filter paper before use.
Formamide, reagent grade (Merck, Darmstadt, FRG), was used without further purification.
Preparation of total polyadenylated RNA
Hyphae of N. crassa were grown under aeration in Vogel's minimal
medium plus 2"/o sucrose at 30°C to a wet weight of 10-15 g/1 (Sebald et al.,
1979b). They were harvested by filtration, washed with water, immediately
frozen in liquid nitrogen, and pulverized under liquid nitrogen in a Waring
biender. From 100 g wet weight of cells, 750 mg total RNA was extracted
(Michel et al., 1979). After chromatography on poly(U)-cellulose (Sheldon et
al., 1972) - 3 mg of enriched polyadenylated RNA was obtained and stored
in 70% ethanol at - 20°C.

Ce/1-free protein synthesis
A cell-free protein-synthesizing system was prepared from wheat embryos
(Roberts and Paterson, 1973) usin8 an acetatemedium (Davies et al., 1977).
Assay conditions were as described (Michel et al., 1979) employing I mCi
[lSS]methionine/ml. Using 15-~~1 assays the system corresponded linearly to
added polyadenylated RNA up to I00 pg/ml. lncorporation into hot
trichloroacetic acid-insoluble material was 2-3 x 10' c.p.m.lp8 added RNA
corresponding to a 20- to 30-fold stimulation over endogenaus incorporation.
/mmunoadsorption
Aßtibodies against the purified N. crassa ATP synthase proteolipid were
raised in rabbits (Sebald et al., 1979a). Proteolipid-specific immunoglobulins
were purified by affinity chromatography (Wemer and Sebald, 1981). The
preproteolipid was immunoadsorbed from 15 pl of solubilized wheat germ
assays (Goldman and Blobel, 1978) using 20 pg immunoglobulin and 2 mg
protein A-Sepharose CL-48 (Pharmacia, Uppsala, Sweden).

Preparation of cDNA recombinant plasmids
Single-stranded cDNA was synthesized from total polyadenylated RNA according to Friedman and Rosbash (1977) omitting actinomycin D and using
I Ureverse transcriptase/pg RNA. Yields of cDNA were between 3 and 5"/o.
Double-stranded cDNA was synthesized following two different protocols:
(I) After second strand synthesis for 4 hat 25°C in the presence of I mM of
each of the four dNTPs (Woods et al., 1980) the DNA was treated with SI
nuclease. (2) Single-stranded cDNA was tailed with dC (Landet al., 1981),
and the synthesis of the second strand was primed with annealed oligo(dG).
The double-stranded cDNA obtained by both procedures was tailed with dC
(Landet al., 1981). Plasmid pBR322 was cleaved with Pstl, and the linearized
form was purified by CsCI gradient centrifugation. After tailing with 15-20
bases of dG (Hoeijmakers et a/., 1980) the plasmid DNA was annealed with
dC-tailed double-stranded cDNA at a weight ratio of S to I. Transformation
of E. coli SK was performed according to Dagert and Ehrlich (1979). Employing 12 ng of the annealed DNAs/0.1 ml E. coli cells, 800-1600 tetracyclineresistant cells were obtained after plating directly on nitrocellulose filters
(Hanahan and Meselson, 1980). This corresponds to 400-800colonies/n8 of
input cDNA. The tailed plasmid annealed in parallel in the absence of cDNA
yielded 10-20 tetracycline-resistant cells, i.e., <2"/o. CeUs of singlecolanies
were inoculated in SO pl LB medium plus tetracycline in the 96 wells of a
microtitre plate. After ovemight 8rowth, 25 pl glycerol was added, and the
sealed plates were stored at - 20°C.
Isolation of plasmids
Plasmids were isolated from 2- 1000 ml cultures grown ovemight at 37°C
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in LB medium plus tetracycline (5 pg/ml) followin8 a modified protocol
(Grosveld et al., 1981) of Bimboim and Ooly (1979). For large-scale preparations, supercoiled plasmid ONA corresponding to a 1-1 culture was purified by
bandin8 once or twice in 11-ml CsCI gradients.

Binding of DNA to paper
Plasmid DNA (50- 100 1'8) submilled once to CsCI-centrifugation was partially depurinated by an incubation for 10 min at 25°C in 200111 SO mM HCI.
The ONA was broken and dissociated by adding 0.2 ml 0.5 N NaOH for 30
min at 37°C. The DNA was precipitated with I ml ethanol plus 0.08 ml 3 M
potassium acetate, pH 4.6. After a 70"/u ethanol wash, the pellet was desiccated and dissolved in 10 pl water. The solution was heated for 2 min at
I00°C. Then 40 11 1 redistilled dimethyl sulfoxide plus 2.5 1tl 3M potassium
acetate, pH 4.6, was added. The mixture was incubated with two I-cm 2 circles
of diazobenzyloxymethyl paper (Aiwine el al., 1979) overnight at room
temperature. The circles were washed four times with 0.5 M NaOH, rinsed
with water until the pH was neutral, and stored at 4°C in hybridization buffer
(50"/u formamide, S x SSC = 750 mM NaCI plus 75 mM sodium citrate,
0.1 0'/o SOS, 100 1'8 poly(A) and 100 pg yeast tRNA/ml).

Hybridization selection of mRNA
Two circles of ONA paper were soaked with 80 pl of 1.25-fold concentrated
hybridization buffer, and 50 pg polyadenylated RNA dissolved in 20 1•l H 20
was added. Hybridization proceeded for 15 hat 37°C. The circles were washed twice with hybridization buffer (5 ml), twice with 50"/u formamide, 0.2 x
SSC, 30 mM sodium phosphate, pH 7.3, O.I"lo SOS at 37°C. The bound
RNA was eluted at 65°C with four times 0.1 ml 980'/u formamide containing
S ~t8 tRNA/ml, I mM EDTA, 0.1"/u SOS, and 10 mM Tris-HCI, pH 7.5.
Particles - mainly disintegrated paper - were removed by centrifugation for
5 min at 18 000 g. RNA was precipitated with 1 ml ethanol after addition of
40 pl 2 M sodium acetate, pH 6. RNA was reprecipitated from 100 J«l water
and dissolved in I0 pl water. 5-JAI aliquots were analysed in a 15-Jtl wheat 8erm
assay.
Filter colony hybridization
Transformed cells, at a density of 400-800/85-mm diameter nitrocellulose
filter, were grown to a colony size of -0.5 mm. ONA was amplified by a
chloramphenicol treatment and fJXed to the nitrocellulose filter as described
(Grunstein and Hogness, 1975). The filters were hybridized (Jeffreys and
FlaveU, 1977) with end-labelled cONA fra8ments prepared during ONA sequence analysis (see Figure 2). Single cells were isolated from positive colonies
and submitted to a second round of colony hybridization.

DNA sequence analysis
Suitable ONA fragments (see Figure 2) were sequenced accordin8 to Maxam and Gilbert (1980), performing chemical modification at G, C plus T, C
(Maxam and Gilbert, 1980), and at A + G (Burton, 1967).

Protein sequence analysis
lmmunoadsorbed preproteolipid Iabelied in the wheat germ system with
eilher [lH]leucine or [lH]alanine was cleaved with cyanogen bromide, and the
resulting fragments were separated by Bio-Gel P-30 chromatography in the
presence of 80"/o formic acid (Sebald el al., 1980). Automated Edman
degradation was performed after binding a fragment to aminated glass by the
homoserine Iactone coupling procedure (Laursen, 1977).

Analytical procedures
Proteins were separated electrophoretically on 12- 20"/o concave gradients
of SDS-polyacrylamide gels (Laemmli, 1970), and radioactivity was visualized
by fluorography (Donner and Laskey, 1974). 32 P, 35S, and 3H radioactivities
were measured in a Prias liquid scintillation spectrometer.
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