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Abstract

The plasma membrane V-ATPase from Manduca sexta (Lepidoptera, Sphingidae) larval midgut is composed of at least 12
subunits, eight of which have already been identified molecularly [Wieczorek et al., J. Bioenerg. Biomembr. 31 (1999) 67-74].
Here we report primary sequences of subunits C, D, H and a, which previously had not been identified in insects. Expression
of recombinant proteins, immunostaining and protein sequencing demonstrated that the corresponding proteins are subunits
of the Manduca V-ATPase. Genomic Southern blot analysis indicated the existence of multiple genes encoding subunits G, a,
¢, d and e. Moreover, multiple transcripts were detected in Northern blots from midgut poly(A) RNA for subunits B, G, ¢
and d. Thus, these polypeptides appear to exist as multiple isoforms that could be expressed either in different tissues or at
distinct locations within a cell. By contrast subunits A, C, D, E, F and H appear to be encoded by single transcripts and
therefore should be present in any Manduca V-ATPase, independent of its subcellular or cell specific origin. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Vacuolar H" ATPases (V-ATPases) constitute a
highly conserved and ubiquitous family of proton
pumps whose primary function is the establishment
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of a proton motive force across membranes by uti-
lization of the free energy from ATP hydrolysis. Ac-
cording to their localization in the endomembrane
system, where they are found in all eukaryotic cells,
or in plasma membranes of specialized cells, many
biological functions are accomplished, ranging from
the energization of epithelial transport processes to
receptor mediated endocytosis (for review see [1]).
V-ATPases are highly complex, heteromultimeric
proteins consisting of a peripheral V; complex that
catalyzes the hydrolysis of ATP and a membrane
bound V, complex that forms the proton conducting
pore. During the last decade 12 subunits have been
identified and it is still not clear whether the discov-
ery of novel constituents has neared completion (for
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review see [2]). The isolated V; complex, which ex-
hibits Ca®>* but not Mg>* dependent ATPase activity
[3], appears to consist of the eight different subunits
A-H. The head subunits, A and B, are arranged in
an A3B; hexamer and presumably form the ATP
binding pocket [4]. The remaining subunits form a
stalk that connects the hexamer to the V, portion.
The V, complex, which in higher eukaryotes is com-
posed of subunits acgde, is capable of transporting
protons only in association with the V| complex [5].
Since dissociation of the holoenzyme into V| and V,
complexes is an in vivo regulatory mechanism for the
control of V-ATPase activity [6], both the disappear-
ance of Mg?t dependent ATPase activity of the de-
tached V| complex and the loss of proton conduc-
tance of the remaining V, complex are intriguing
properties of these subcomplexes. Dissociation of
the holoenzyme and the existence of an intact cyto-
solic V|-ATPase were first reported for the V-ATP-
ase from Manduca sexta [3,7]. This finding, together
with the first demonstration of animal plasma mem-
brane energization by the proton motive force [8]
and the detection of novel subunits as constituents
of V-ATPases [9-11], has made the insect enzyme a
model ATPase. The Manduca V-ATPase is expressed
in large amounts in the apical plasma membrane of
larval midgut goblet cells, where it is the sole ener-
gizer of all secondary active transport processes
across the midgut epithelium, such as the extrusion
of potassium or the uptake of amino acids [12]. The
high level of proton pumps present in goblet cell
apical membranes and their dissociation into cyto-
plasmic V| and membrane bound V, subcomplexes
during starvation make the larval midgut an excel-
lent source for purification of the V;V, holoenzyme
as well as of its subcomplexes ([3,13], Huss et al., in
preparation). The large amount and high purity of
the isolated V; complex made possible the first struc-
tural analysis of the insect V{-ATPase by X-ray scat-
tering and electron microscopy [4,14]. To crystallize
the V-ATPase and to determine its atomic structure,
it is necessary to know not only the precise subunit
composition but also the amino acid sequence of
each single subunit. During the past decade we
have isolated cDNAs encoding subunits A, B, E, F,
G, ¢, d and e and identified the corresponding pro-
teins in the purified V-ATPase [9-11,15-19]. Here we
report the first cloning of cDNAs encoding subunits

C, D, H and a from insects and demonstrate that
they are constituent parts of the Manduca V-ATPase.
Some subunits of V-ATPases from other organisms
appear to have many isoforms whereas other sub-
units appear to have none [6]. Since the character
of isoforms may affect the structure and localization
of the Manduca V-ATPase, we performed the first
systematic screening for potential V-ATPase iso-
forms by Southern and Northern blot analysis.

2. Materials and methods
2.1. Insects

Larvae of M. sexta (Lepidoptera, Sphingidae)
were reared under long-day conditions (16 h of light)
at 27°C using a modified synthetic diet [20].

2.2. Cloning of V-ATPase subunits

To determine the primary structure of the V, sub-
unit a, we performed RT-PCR on larval midgut
mRNA, using a set of four degenerate primers cor-
responding to conserved regions of a cDNA clone
encoding the Drosophila vhal00 protein (provided
by Dr. JJA.T. Dow, University of Glasgow). The
forward primers were 5'-TTC(AC)GI(AT)(GC)I-
GA(AG)GA(AG)ATG-3" and 5'-TTCGA(AG)(AC)-
GIATG(CT)TITGG-3" and the reverse primers were
5'-GTGGTA(AG)ATIGC(CT)TTCAT-3" and 5'-1C-
CIA(AG)GTCICC(AG)AACAT-3'. This approach
led to the amplification of a specific 770 bp fragment
that encodes part of subunit a. The remaining parts
of the cDNA were obtained by anchored PCR using
the 3'-/5"-RACE Kit from Roche Diagnostics, Ger-
many. 5'-RACE was performed on a poly(A) tailed
cDNA using an oligo(dT) anchor as forward primer
and the reverse primer 5'-GAACTTGTTGTT-
GCGGTTGT-3' which was specific for the partial
subunit a cDNA sequence obtained by RT-PCR.
The resulting 666 bp fragment was cloned and se-
quenced. It contained the 5’ sequence of subunit a
and shared an overlapping region of 51 bp with the
PCR fragment described above. 3'-RACE was per-
formed with the oligonucleotide 5'-AGATCAAG-
GCGATCTACCAC-3" and an anchor primer pro-
vided by the manufacturer. PCR yielded a product
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of 2538 bp that included a match with 337 nucleo-
tides of the first PCR fragment obtained by nested
PCR.

To obtain sequence information for subunit H, we
performed direct PCR [21] on a Lambda ZAP II
cDNA library from the larval midgut of M. sexta
[15] using a set of degenerate primers complementary
to conserved regions of the corresponding yeast and
bovine subunits [22,23]. The forward primer was 5'-
CACAA(AG)(AT)(GO)IGA(AG)AAAG)TTCTG-
G-3', the reverse primer was 5'-(CT)TG(CT)TTIC-
CIA(AG)GTA(CT)TCCCA-3'. This reaction ampli-
fied a specific cDNA fragment of 300 bp. Reaction
cycles were repeated in the presence of digoxigenin-
11-dUTP leading to a labeled DNA probe which was
used for hybridization screening of the M. sexta
Lambda ZAP II library. With this approach a com-
plementary antisense cDNA for subunit H was
cloned. It was 1.6 kb in length and polyadenylated
at the 3’ end similar to the antisense transcript of
subunit d, which we had identified previously [19].
To obtain the corresponding sense cDNA, the library
was rescreened with a 500 bp RNA probe derived by
in vitro transcription from the antisense clone. This
procedure led to the isolation of two identical sense
cDNA clones that contained the open reading frame
for subunit H.

Subunit C was cloned by RT-PCR with degenerate
primers by an approach that was similar to one
previously described [19]. Four degenerate oligonu-
cleotides against conserved regions of known sequen-
ces of subunit C were employed: 5'-ATG(AT)(GC)-
IGA(AG)TACTGGAT-3', 5'-C(GTIAAG)IGC-
(CT)TTIACGTG-3", 5'-AC(CTYAC)GITT(CT)CA-
(AG)TGGGATATG-3" and 5-AAGTTIAC(CT)T-
TIA(AG)CCAGCG-3'. The resulting 550 bp PCR
product was cloned into pGEM-T easy (Promega)
and confirmed by nucleotide sequencing. To synthe-
size a digoxigenin labeled RNA probe, in vitro tran-
scription was performed with SP6 polymerase in the
presence of digoxigenin-11-UTP. Hybridization
screening followed by in vivo excision resulted in a
pBluescript SK(—) plasmid containing a ¢cDNA of
1826 bp that encoded subunit C of the V-ATPase.

Protein sequencing of the putative V; subunit D
resulted in the amino acid sequence KGRLA-
GAQKGHGLL which exhibited significant similar-
ity to the corresponding yeast and bovine proteins

[24]. Hence, this peptide sequence was used to design
a degenerate forward primer 5'-GG(ACT)GCI-
CA(AG)AA(AG)GG(ACT)CATGG-3'. Direct PCR
using the M. sexta Lambda ZAP II cDNA library
and a reverse primer corresponding to the T7 pro-
moter of the phasmid resulted in the amplification of
a specific 1.5 kb fragment which was cloned and
sequenced. The deduced amino acid sequence con-
firmed that it encoded subunit D. To clone the com-
plete cDNA, hybridization screening was performed
with a DNA probe that had been generated by PCR
in the presence of digoxigenin labeled 11-dUTP using
the primers 5'-TGGGTGAAGTGATGAAGGAG-
3’ and 5-AAGGTCTTCGTCTCCTTCGT-3’, and
the partial cDNA for subunit D as a template. In
vivo excision led to the isolation of a cDNA clone
which was homologous to corresponding cDNA se-
quences of subunit D from other organisms.

2.3. Expression of V-ATPase subunits

Cytoplasmic expression of the 20 kDa N-terminus
of subunit H as a fusion product with the maltose
binding protein was performed as reported previ-
ously [17], using the pMal-c2 system of New England
Biolabs. To obtain the expression vector, a PCR
fragment of 550 bp was amplified with the forward
primer 5'-TACTCAGGATCCATGGCTAACATC-
GGTGATGA-3’, which contained a 5'-nonsense se-
quence and a BamHI site (underlined), and the re-
verse primer 5'-TACTCAAAGCTTTTAGAGTT-
GATCCTTCAGCCAAGA-3’, which contained a
5'-nonsense sequence, a HindIIl site (underlined)
and a stop codon (italics). The PCR product was
ligated into the BamHI and HindlIII sites of the pre-
digested pMal-c2. Polyclonal antibodies against the
recombinant fusion protein were raised in guinea
pigs by Charles River, Germany. Subunit C and
the cytosolic N-terminus of subunit a were expressed
in Escherichia coli cells using the pET expression
system of Novagen. The complete coding region of
the cDNA for subunit C was amplified with the for-
ward primer 5'-GAAACATATGTCGGAGTACT-
GG-3' containing a Ndel site (underlined) and the
reverse primer 5'-TGGGGGATATCTAAGCCG-
CC-3' containing an EcoRV site (underlined). The
cleaved product was ligated into the Ndel and the
blunted BamHI sites of pET-16b. The recombinant
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plasmid was transformed into E. coli BL21 cells and
expression was induced with 0.4 mM IPTG. Purifi-
cation of the recombinant protein, which contained
an N-terminal His tag, was performed via Ni** col-
umns (Novagen) according to the manufacturer’s
protocol, except that the elution step was done
with a linear gradient from 0 M imidazole, 0 M
NaCl, 20 mM Tris—HCI (pH 7.9) to 1 M imidazole,
0.5 M NacCl, 20 mM Tris—HCI (pH 7.9). Recombi-
nant subunit C eluted at approximately 0.3 M imi-
dazole/0.1 M NaCl and was essentially free of con-
taminating proteins.

The N-terminal region of subunit a was expressed
using a similar approach. For the construction of the
expression vector, the corresponding cDNA was am-
plified with the primer pair 5'-TACTCACA-
TATGGGGTCTTTGTTCAGGAGT-3' and 5'-TA-
CTCACCCGGGTTACTCGCGATAGGTGGCGA-
CAC-3’, each of which contained a 5’-nonsense
sequence, as well as a Ndel and Smal site (under-
lined). The latter primer additionally carried a stop
codon (italics). The PCR product was cloned into the
Ndel and the blunted BamHI site of pET-16b. Ex-
pression of the recombinant N-terminus of subunit a
was performed as described above.

2.4. Other methods

Poly(A) RNA from the midgut of fifth instar lar-
vae was prepared as described previously [19]. First
strand ¢cDNA for RT-PCR was synthesized from
poly(A) RNA of larval midgut using the the First
Strand cDNA synthesis kit for RT-PCR (AMYV)
from Roche Diagnostics, Germany. For optimal de-
sign of degenerate primers the codon usage of M.
sexta was taken into consideration [25]. RNA probes

were synthesized according to the manufacturer’s
protocol by in vitro transcription using the DIG-
RNA labeling kit from Roche Diagnostics, Ger-
many. Before transcription the template plasmids
were linearized with appropriate restriction enzymes.
DNA probes were generated by PCR in the presence
of digoxigenin-11-dUTP [26]. PCR, hybridization
screening, in vivo excision, Southern and Northern
blotting were performed as described previously [19].
Purification of the V;-ATPase from midgut cytosolic
extracts and V;V,-ATPase from goblet cell apical
membranes was performed according to published
procedures [3,13]. Protein extraction from the gel,
cyanobromide cleavage and N-terminal sequencing
was done according to Schmidt et al. [27]. Protein
determination by amido black, SDS-PAGE, Western
blotting and immunostaining were performed as de-
scribed previously [3,8,28].

3. Results and discussion

3.1. Deduced primary structures of the V-ATPase
subunits C, D, H and a

cDNA clones encoding the V-ATPase subunits C,
D, H, and a of M. sexta were isolated using several
different approaches.

V, subunit a was obtained by RT-PCR using de-
generate primers and rapid amplification of cDNA
ends. The cDNA was 3586 bp in length and con-
tained an open reading frame of 841 amino acids
(nucleotide positions 148-2673) encoding a polypep-
tide with a deduced molecular mass of 95868 Da and
a calculated isoelectric point at pH 6.39. The de-
duced amino acid sequence was 65.7% identical and

-

Fig. 1. Alignment of predicted M. sexta (ms) amino acid sequences with homologous yeast (sc) and bovine (bt) proteins. Using the
computer program Clustal, the amino acid sequences of the Manduca V-ATPase subunits a (GenBank accession number AJ249390),
C (GenBank accession number AJ249388), D (GenBank accession number AJ251992), and H (GenBank accession number AJ249389)
were aligned with corresponding yeast and bovine proteins [22-24,29,30,32,33]. Amino acids that are identical in all three sequences
are marked with small asterisks; those that are similar are indicated with dots. Hyphens represent gaps introduced for optimal align-
ment. Potential N-glycosylation sites of Manduca subunit a are marked with bold asterisks. The predicted leucine zipper of Manduca
subunit D is underlined. The amino acids obtained from N-terminal sequencing of a 30 kDa protein strictly copurifying with the
Manduca V- and V{V,-ATPase are written in italics and are framed together with the corresponding yeast and bovine sequences.
Identical amino acids of Manduca subunit a sequences obtained from midgut (ms) and from Malpighian tubule (mt) cDNA are high-

lighted with gray shading.
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73.9% similar to the bovine al isoform [29]; it was
also 40.3% identical and 50.6% similar to the yeast
vphl protein [30] (Fig. 1). Prosite search revealed
two putative N-glycosylation sites at amino acid po-
sitions 486 and 694. The first one is at a position
similar to that in the bovine al isoform. This site is
presumably localized in an extracellular loop be-
tween transmembrane helices 3 and 4 that has been
predicted for the yeast vphlp by cysteine scanning
mutagenesis [31]. Since lectin staining had also
revealed that the putative Manduca homolog may
be a glycoprotein [11], this site could serve for gly-
cosylation. By contrast, the second site is located in a
region between transmembrane helices 6 and 7,
which is presumed to be on the cytoplasmic face,
and therefore it is unlikely to be glycosylated.

Subunit C was obtained by screening the Manduca
cDNA library with a corresponding probe derived
from nested PCR with degenerate primers. A plas-
mid clone was obtained which contained 1826 bp of
a cDNA in an open reading frame encoding
385 amino acids (nucleotide positions 66—-1223). Cal-
culation of the protein’s molecular mass and its iso-
electric point revealed values of 44124 Da and pH
8.31, respectively. The deduced Manduca protein was
65.1% identical and 75.6% similar to the bovine sub-
unit C [32]; it was also 37.3% identical and 50%
similar to the yeast subunit C ([33], Fig. 1).

Subunit D was cloned by reverse genetics yielding a
cDNA that was 1648 bp in length with an open read-
ing frame of 246 amino acids at nucleotide positions
50-791. The deduced protein exhibited a molecular
mass of 27504 Da and an isoelectric point at pH
10.04. Its deduced amino acid sequence was 52.7
and 75.1% identical, as well as 64.1% and 82.9%
similar to the yeast and bovine subunits [24], respec-
tively (Fig. 1). Prosite search indicated a potential
leucine zipper at amino acid positions 223-244 which
is not present in any of the corresponding polypep-
tides described so far, but may mediate specific pro-
tein interaction in insects.

Subunit H was obtained by hybridization screening
using the Manduca cDNA library. The isolated
cDNA contained 1922 bp with an open reading
frame at nucleotide positions 33-1460. The deduced
protein consisted of 475 amino acids with a molec-
ular mass of 55022 Da and an isoelectric point at pH
6.30. The amino acid identity of the Manduca protein

to the yeast and bovine proteins [22,23] was 27.3%
and 40.9% whereas the similarity was 55.9% and
68.1%, respectively (Fig. 1).

3.2. Identification of individual subunits in
preparations of the V;V, complex

Cloning of a ¢cDNA provides evidence that the
corresponding mRNA is expressed in the tissue
from which the cDNA library was generated. How-
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Fig. 2. Immunological identification of Manduca V-ATPase sub-
units. Lane S: standard proteins and their molecular masses in-
dicated in kDa. Lane A: The first 390 amino acids of the
cDNA encoding Manduca subunit a were expressed in E. coli
BL21 cells. Subsequently, 10 pl of the crude bacterial extract
was subjected to SDS-PAGE and blotted onto nitrocellulose.
In contrast to material from cells not induced with IPTG (left
lane), immunoblotting with polyclonal antibodies staining the
bovine subunit a [36] labeled an additional protein band of ap-
proximately 45 kDa (right lane). Unspecific labeling observed
for some bacterial proteins was due to the polyclonal character
of the bovine antiserum. Lane B: The putative subunit C of
the Manduca V-ATPase was expressed as a His-tagged version
in E. coli BL21 cells, purified by affinity chromatography on a
Ni?* column, separated by SDS-PAGE and transferred to ni-
trocellulose. The purified 40 kDa protein was immunoreactive
to the anti-V; complex antiserum directed to the purified Man-
duca V| complex. Lane C: V;-ATPase was prepared as re-
ported previously [3], separated by SDS-PAGE and blotted on
nitrocellulose. One lane was cut in half and subjected to immu-
nostaining. The first lane was stained with the antiserum to the
Vi complex that shows only weak reactivity with subunit H
(left lane). The second lane was stained with monospecific anti-
bodies raised against the 20 kDa N-terminus of subunit H.
Only a single protein of 55 kDa migrating closely below sub-
unit B was immunodetected in the same preparation by this
procedure (middle lane). V;-ATPase was prepared as reported
previously [3], separated by SDS-PAGE and stained with Coo-
massie (right lane).



H. Merzendorfer et al. | Biochimica et Biophysica Acta 1467 (2000) 369-379 375

ever, no information is provided as to whether or not
the mRNA is translated. To determine whether or
not the isolated cDNA sequences encode polypep-
tides that are V-ATPase constituents, recombinant
expression was carried out on all of the cloned sub-
units, except for subunit D, which was identified by
reverse genetics.

Subunit a is a major part of the V, complex and is
presumed to have nine transmembrane helices [31].
The N-terminal part of the protein, which covers
approximately 400 amino acids, is believed to be ex-
posed to the cytoplasm where it may be involved in
stabilizing the V;V, complex, probably by the for-
mation of a peripheral stator as deduced from elec-
tron microscopic data [34,35]. To determine whether
or not the cloned cDNA encodes the 100 kDa pro-
tein that is observed in SDS-PAGE of the V, com-
plex and the V;V,-ATPase (Huss et al., in prepara-
tion), the N-terminal part from amino acid positions
1-390 was expressed in E. coli BL21 cells. As shown
in Fig. 2A, SDS-PAGE and immunoblotting re-
vealed immunoreactivity of the recombinant protein
to polyclonal antibodies against bovine subunit a [36]
which also stain the 100 kDa protein present in the
Manduca V-ATPase (Huss et al., in preparation).

Thus, we conclude that the cDNA encodes the Man-
duca subunit a.

Subunit C is believed to be a peripheral stalk com-
ponent which may not be essential for enzyme activ-
ity in a reconstituted system [37], but is important for
V1 complex assembly [33,38]. In yeast the cytoplas-
mic V| complex appears to lack subunit C, whereas
the holoenzyme contains this polypeptide [39]. The
native V| complex of M. sexta also possesses only
substoichiometric amounts of subunit C, indicating
rather weak interactions of C with other stalk sub-
units, suggesting that it has a peripheral localization
in the V| complex [3,7,12]. Expression and purifica-
tion of the recombinant putative subunit C led to a
protein that cross-reacted in immunoblots with poly-
clonal antibodies to the V| complex (Fig. 2), indicat-
ing that this cDNA encodes V-ATPase subunit C.

Subunit H seems to have characteristics similar to
those reported for subunit C. The polypeptide is es-
sential for activity of the yeast V-ATPase and is be-
lieved to have a peripheral localization in the V;
stalk, since its absence does not lead to an inhibition
of V-ATPase assembly, but rather to a destabiliza-
tion of the holoenzyme [22]. To confirm that the
isolated cDNA for subunit H corresponds to a

Table 1

Characteristics of subunits in the multigene family of the tobacco hornworm V-ATPase

V-ATPase subunit Yeast GenBank accession Transcript size  Gene copy Reference

(deduced/observed mol. mass in kDa) homolog number (kb) number

A (68.1/66) vmal X64233 3.2 1 [15], this
work

B (54.9/56) vma2 X64354 2.4/2.8 1 [16], this
work

C (44.1/43) vma5 AJ249388 2.0 1 this work

D (27.5/30) vmag8 AJ251992 1.9 1 this work

E (26.1/27) vma4 X67131 1.8 1 [17], this
work

F (13.8/14) vma7 X67130 0.9 1 [9], this
work

G (13.7/16) vmalO X92805 0.8/0.9 2 or more [10], this
work

H (55.0/55) vmal3 AJ249389 2.0 1 this work

a (95.9/100) vphl/stvl AJ249390 3.6 2 or more this work

¢ (16.0/17) vma3/vmall/ X65051 1.4/1.8 2 or more [18]

vmal6

d (39.6/40) vmabt X98825 2.2/1.8%/1.5 1 [19]

e (9.7/20) vma2l AJ006029 0.9 2 or more [11], this
work

4This band was obtained only if a full length ssRNA probe was used for hybridization.
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Fig. 3. Genomic Southern blot analysis for different V-ATPase genes. For each lane 5 pug of genomic DNA was digested with 50 units
of the indicated restriction enzyme. The purified DNA fragments were separated on an 1% agarose gel, blotted onto a nylon mem-
brane and hybridized with a digoxigenin labeled DNA probe directed to the indicated subunit. For the genes encoding subunits A, B,
C, D and H only single bands were labeled with the corresponding hybridization probe, whereas multiple bands were detected for the

genes encoding subunits G, a and e.

55 kDa protein that is part of the V-ATPase and
migrates in SDS gels just beneath subunit B (Fig.
2C, right lane), the 20 kDa N-terminus was ex-
pressed as a fusion protein with maltose binding pro-
tein. After purification of the recombinant protein by
affinity chromatography on an amylose resin, mono-
specific antibodies were generated in guinea pig. As
shown in the Western blot of Fig. 2C (middle lane),
the antibodies specifically stained the 55 kDa protein
of the highly purified V| complex, clearly demon-
strating the correct assignment of the cloned cDNA.

Subunit D appears to be essential for the function
and assembly of the V| complex and has been pro-
posed to be a structural homolog of the y subunit of

F-ATPases [24] which functions as a transducer be-
tween ATP hydrolysis/synthesis in the F; head and
proton movement in the membrane F, complex [40].
A 30 kDa protein strictly copurifying with the highly
purified V;-ATPase or V;V, holoenzyme was iso-
lated by SDS-PAGE, treated with cyanobromide
and subjected to N-terminal sequencing. Fourteen
amino acids of one of the resulting fragments were
identified. Since the obtained peptide sequence
matched the known amino acid sequences encoding
subunit D of the yeast and bovine V-ATPases (Fig.
1), the 30 kDa M. sexta protein is clearly subunit D.
As described above, this amino acid sequence was
used to design a degenerate primer that allowed us
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Fig. 4. Northern blot analysis for different V-ATPase tran-
scripts present in poly(A) RNA isolated from Manduca fifth in-
star larval midgut. For each lane 1 ug of this RNA preparation
was denatured and separated on an 1% agarose gel (2% for
subunit G) containing 2% formaldehyde. After transfer to a ny-
lon membrane the RNA was hybridized with a digoxigenin la-
beled RNA probe obtained by in vitro transcription of the anti-
sense strand of the indicated V-ATPase subunit. Labeled
fragments were aligned using 0.5 pg of digoxigenin labeled
standard RNA fragments with sizes indicated as numbers of
kbp (S). Multiple transcripts were detected only for subunit B
and G (arrows).

L]

to amplify the corresponding nucleotide sequence for
the isolation of a cDNA clone.

3.3. Southern and Northern blots suggest that
isoforms exist

In higher eukaryotic organisms V-ATPases may be
involved in multiple functions not only in different
tissues but also within a single cell. Thus, the ques-
tion arises whether the nature of subunits has an
impact on the location and/or function of the en-
zyme. Subunit composition could be influenced by
the expression of different isoforms of one or more
subunits which may derive from different genes, al-
ternatively spliced transcripts, or from posttransla-
tional processing. To investigate possible isoforms
in the Manduca V-ATPase, Southern and Northern
blot analysis was performed on all subunits identified
so far (Table 1). Using different sets of restriction
enzymes which do not cut the genomic DNA in the
region selected for probe hybridization, Southern
blot analysis was used to investigate gene copy num-
bers for the various V-ATPase subunits. Single gene
loci were identified for subunits A, B, C, D, E, F, H
and d whereas multiple genes are likely for subunits
G, a, c and e (Fig. 3 and Table 1). Northern blots of

mRNA isolated from larval midgut showed two or
more transcripts only for subunits B, G, ¢ and d
(Fig. 4 and Table 1).

These Southern and Northern blot analyses led to
four suggestions. First, subunits A, C, D, E, F and H
may have been unequivocally identified as members
of the midgut V| complex and the V-ATPase holoen-
zyme derived from goblet cell apical membrane, since
no isoforms could be detected for these polypeptides.
Second, at least some of the various transcripts en-
coding subunits ¢ and G may derive from different
genes, provided that pseudogenes do not exist. Third,
since only one gene locus is detectable for subunits B
and d, the multiple transcripts observed in Northern
blots may be generated via RNA processing, either
by alternative splicing or by differential polyadenyla-
tion. Fourth, although different gene loci are likely
for subunits a and e, for each subunit there is only
one transcript detectable in mRNA derived from
midgut tissue, indicating tissue specific isoforms.
This deduction was supported for subunit a by the
amplification of a PCR fragment from Malpighian
tubule mRNA, which is similar but not identical to
the coding region of the subunit a cDNA isolated
from midgut mRNA (Fig. 1). In comparison with
the midgut subunit a, the deduced partial amino
acid sequence of the Malpighi isoform is somewhat
more similar (~1%) to the bovine isoform a2,
which, in contrast to the ubiquitous al isoform, is
highly expressed only in lung, spleen and kidney [41].

One or more isoforms have been reported for V-
ATPase subunits A, B, G, H, a and ¢, some of which
are expressed in specific tissues and some of which
seem to have distinct intracellular locations [6,23,42].
In unicellular organisms, such as yeast, isoforms
have been reported only for the proteolipid (vma3,
vmall, vmal6) and for subunit a (vphl and stvl),
suggesting that the functional homologs of higher
eukaryotes could also be expressed within one cell.
However, at least for subunit a, tissue specific expres-
sion has also been observed in multicellular eukary-
otes, implying that there are more than two isoforms.
Indeed, in higher organisms at least three isoforms
appear to exist for this protein [29,41,43]. Most no-
ticeable are genetic studies performed in yeast which
demonstrated that the proteolipids vma3p, vmallp
and vmal6p together may form one proton conduct-
ing part within the V, complex [44]. Moreover, at
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least one of the proteolipids of the V-ATPase ap-
pears to have an additional function in metazoan
tissues, because it is likely to be a major component
of gap junctions [45]. Expression of multiple V-ATP-
ase subunits A, B, G, and H may be restricted to
multicellular eukaryotes, since in yeast or Neurospora
crassa no isoforms have been detected [46,47]. In
higher eukaryotes these proteins are either expressed
ubiquitously in the organism or restricted to special-
ized cell types, where they could be involved in tar-
geting and regulation processes. Southern and
Northern blot analysis for the M. sexta V-ATPase
gene family suggested that isoforms may be present
only for subunits B, G, a, c, d and e. Although all of
the ATPase cDNAs that we have isolated come from
a M. sexta midgut library, we cannot completely ex-
clude the possibility that some of them may represent
isoforms which are not expressed in goblet cell apical
membranes, but in endosomal membranes instead.
This prospect may be true especially for those sub-
units with multiple transcripts in Northern blots.
Consequently, we will try to isolate the correspond-
ing cDNAs of the presumed isoforms, and to gener-
ate isoform specific antibodies for their identification.

Acknowledgements

We thank Margret Diivel for technical assistance
in molecular cloning of subunit H, Dr. Roland
Schmid (Department of Biology, University of Os-
nabriick) for peptide sequencing and Dr. Wolfgang
Zeiske for critically reading the manuscript. This re-
search was supported by the Deutsche Forschungs-
gemeinschaft (Grants Wi 968 and SFB 431), by the
National Institutes of Health Grant Al 22444 and by
a DAAD fellowship for Dr. Xiao-Fan Zhao.

References

[1] H. Wieczorek, D. Brown, S. Grinstein, J. Ehrenfeld, W.R.
Harvey, BioEssays 21 (1999) 637-648.

[2] M. Forgac, J. Biol. Chem. 274 (1999) 12951-12954.

[3]1 R. Grif, W.R. Harvey, H. Wieczorek, J. Biol. Chem. 271
(1996) 20908-20913.

[4] M. Radermacher, T. Ruiz, W.R. Harvey, H. Wieczorek, G.
Griiber, FEBS Lett. 453 (1999) 383-386.

[5] J. Zhang, M. Myers, M. Forgac, J. Biol. Chem. 267 (1992)
9773-9778.

[6] H. Merzendorfer, R. Graf, M. Huss, W.R. Harvey, H. Wiec-
zorek, J. Exp. Biol. 200 (1997) 225-235.

[7] J.P. Sumner, J.A.T. Dow, F.G. Earley, U. Klein, D. Jager,
H. Wieczorek, J. Biol. Chem. 270 (1995) 5649-5653.

[8] H. Wieczorek, M. Putzenlechner, W. Zeiske, U. Klein,
J. Biol. Chem. 266 (1991) 15340-15347.

[9] R. Grif, A. Lepier, W.R. Harvey, H. Wieczorek, J. Biol.
Chem. 269 (1994) 3767-3774.

[10] A. Lepier, R. Grif, M. Azuma, H. Merzendorfer, W.R.
Harvey, H. Wieczorek, J. Biol. Chem. 271 (1996) 8502-8508.

[11] H. Merzendorfer, M. Huss, R. Schmid, W.R. Harvey, H.
Wieczorek, J. Biol. Chem. 274 (1999) 17372-17378.

[12] H. Wieczorek, G. Griiber, W.R. Harvey, M. Huss, H. Mer-
zendorfer, J. Bioenerg. Biomembr. 31 (1999) 67-74.

[13] H. Wieczorek, M. Cioffi, U. Klein, W.R. Harvey, H.
Schweikl, M.G. Wolfersberger, Methods Enzymol. 192
(1990) 608-616.

[14] D.I. Svergun, S. Konrad, M. Huss, M.H. Koch, H. Wiec-
zorek, K. Altendorf, V.V. Volkov, G. Griiber, Biochemistry
37 (1998) 17659-17663.

[15] R. Gréf, F.J. Novak, W.R. Harvey, H. Wieczorek, FEBS
Lett. 300 (1992) 119-122.

[16] F.J. Novak, R. Grif, R.B. Waring, M.G. Wolfersberger, H.
Wieczorek, W.R. Harvey, Biochim. Biophys. Acta 1132
(1992) 67-71.

[17] R. Grif, W.R. Harvey, H. Wieczorek, Biochim. Biophys.
Acta 1190 (1994) 193-196.

[18] J.LA.T. Dow, S.F. Goodwin, K. Kaiser, Gene 122 (1992)
355-360.

[19] H. Merzendorfer, W.R. Harvey, H. Wieczorek, FEBS Lett.
411 (1997) 239-244.

[20] R.A. Bell, F.G. Joachim, Ann. Entomol. Soc. Am. 69 (1974)
365-373.

[21] D. Gussow, T. Clackson, Nucleic Acids Res. 17 (1989) 4000.

[22] M.N. Ho, R. Hirata, N. Umemoto, Y. Ohya, A. Takatsuki,
T.H. Stevens, Y. Anraku, J. Biol. Chem. 268 (1993) 18286—
18292.

[23] Z.M. Zhou, S.B. Peng, B.P. Crider, C. Slaughter, X.S. Xie,
D.K. Stone, J. Biol. Chem. 273 (1998) 5878-5884.

[24] H. Nelson, S. Mandiyan, N. Nelson, Proc. Natl. Acad. Sci.
USA 92 (1995) 497-501.

[25] D.R. Frohlich, M.A. Wells, J. Mol. Evol. 38 (1994) 476-
481.

[26] T. Lion, O.A. Haas, Anal. Biochem. 188 (1990) 335-337.

[27] R. Schmid, J. Bernhardt, H. Antelmann, A. Volker, H.
Mach, U. Voélker, M. Hecker, Microbiology 143 (1997)
991-998.

[28] H. Schweikl, U. Klein, M. Schindlbeck, H. Wieczorek,
J. Biol. Chem. 264 (1989) 11136-11142.

[29] S.B. Peng, B.P. Crider, X.S. Xie, D.K. Stone, J. Biol. Chem.
269 (1994) 17262-17266.

[30] M.F. Manolson, D. Proteau, R.A. Preston, A. Stenbit, B.T.
Roberts, M.A. Hoyt, D. Preuss, J. Mulholland, D. Botstein,
E.W. Jones, J. Biol. Chem. 267 (1992) 14294-14303.



H. Merzendorfer et al. | Biochimica et Biophysica Acta 1467 (2000) 369-379 379

[31] X.H. Leng, T. Nishi, M. Forgac, J. Biol. Chem. 274 (1999)
14655-14661.

[32] H. Nelson, S. Mandiyan, T. Noumi, Y. Moriyama, M.C.
Miedel, N. Nelson, J. Biol. Chem. 265 (1990) 20390-20393.

[33] C. Beltran, J. Kopecky, Y.C. Pan, H. Nelson, N. Nelson,
J. Biol. Chem. 267 (1992) 774-779.

[34] S. Wilkens, E. Vasilyeva, M. Forgac, J. Biol. Chem. 274
(1999) 31804-31810.

[35] E.J. Boekema, J.F. van Breemen, A. Brisson, T. Ubbink-
Kok, W.N. Konings, J.S. Lolkema, Nature 401 (1999) 37—
38.

[36] J. Gillespie, S. Ozanne, B. Tugal, J. Percy, M. Warren, J.
Haywood, D. Apps, FEBS Lett. 282 (1991) 69-72.

[37] K. Puopolo, M. Sczekan, R. Magner, M. Forgac, J. Biol.
Chem. 267 (1992) 5171-5176.

[38] M.N. Ho, K.J. Hill, M.A. Lindorfer, T.H. Stevens, J. Biol.
Chem. 268 (1993) 221-227.

[39] P.M. Kane, J. Bioenerg. Biomembr. 31 (1999) 49-56.

[40] W. Junge, H. Lill, S. Engelbrecht, Trends Biochem. Sci. 22
(1997) 420-423.

[41] S.B. Peng, X.J. Li, B.P. Crider, Z.M. Zhou, P. Andersen,
S.J. Tsai, X.S. Xie, D.K. Stone, J. Biol. Chem. 274 (1999)
2549-2555.

[42] B.P. Crider, P. Andersen, A.E. White, Z.M. Zhou, X.J. Li,
J.P. Mattsson, L. Lundberg, D.J. Keeling, X.S. Xie, D.K.
Stone, S.B. Peng, J. Biol. Chem. 272 (1997) 10721-10728.

[43] J.A.T. Dow, J. Bioenerg. Biomembr. 31 (1999) 75-83.

[44] R. Hirata, L.A. Graham, A. Takatsuki, T.H. Stevens, Y.
Anraku, J. Biol. Chem. 272 (1997) 4795-4803.

[45] ML.E. Finbow, J.D. Pitts, Biosci. Rep. 18 (1998) 287-297.

[46] L.A. Graham, T.H. Stevens, J. Bioenerg. Biomembr. 31
(1999) 39-47.

[47] E. Margolles-Clark, K. Tenney, E.J. Bowman, B.J. Bowman,
J. Bioenerg. Biomembr. 31 (1999) 29-37.



