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Abstract

This work presents the first invertebrate cDNA sequence encoding subunit E of a V-ATPase. It was cloned by immuno-shot-
gun screening of a Manduca sexta (Insecta, Lepidoptera, Sphingidae) posterior larval midgut cDNA library. The amino acid
sequence was 64% identical to that of the mammalian E-subunit and 34% to that of yeast. Southern and Northern blots
suggested the existence of only one gene encoding the insect subunit E.
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V-ATPases are multimeric proton pumps energizing
membranes of acidic organelles and plasma mem-
branes [1]. At least three subunits are homologous in
all V-ATPases sequenced so far: two peripheral sub-
units, the 70 kDa-catalytic subunit A and the 60 kDa-
regulatory subunit B, plus one 17 kDa-membrane inte-
gral proton channel [2]. Further polypeptides have
been proposed to be subunits of V-ATPases, but so far
it is not clear whether they are constitutive parts of all
members of the V-ATPases family. For the 30 kDa-
subunit E, only three amino acid sequences derived
from c¢cDNA’s have been reported so far, two from
mammals and one from yeast [3-5]. Despite this lack
of quantitative evidence, subunit E is widely accepted
as a general and constituent part of V-ATPases. Here
we report the cloning, sequencing and expression of
the first invertebrate subunit E and further support
this prevailing view. Our source of subunit E was the
V-ATPase of the model insect, Manduca sexta (Lepi-
doptera, Sphingidae). This V-ATPase occurs in the
apical plasma membrane of larval midgut cells where it
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works in parallel with a K*/nH™* antiporter to consti-
tute an electrogenic K* pump [6)]. Several subunits of
this V-ATPase have already been cloned and se-
quenced: subunit A [7], subunit B [8], the proteolipid
subunit [9] and a novel 14 kDa subunit [10).

Shotgun screening of a lambda ZAP cDNA library
from larval Manduca sexta posterior midgut [7] was
performed with a rabbit polyclonal antiserum raised
against the purified M. sexta plasma membrane V-
ATPase holoenzyme [11). Among 17 positive phage
clones, 2 identical clones encoded a truncated polypep-
tide homologous to the bovine, human and yeast V-
ATPase subunit E sequence [3-5] as revealed by DNA
sequencing (Fig. 1; Sequenase Kit, USB) of pBluescript
SK(-) clones obtained after in vivo excision [12]. We
amplified missing cDNA 5’ ends by PCR as described
previously [7] (see Fig. 1 for details). The 280 bp
fragment obtained after EcoR1/Sacl digestion of the
PCR product was subcloned into pBluescript II KS(-)
(Stratagene) and gave rise to 64 bp of additional se-
quence information. Totally, the cloned cDNA se-
quence made up 1609 bp (Fig. 1c). The open reading
frame encoded a hydrophilic protein (hydropathy plot
not shown) with a calculated molecular mass of 26 089
Da.

To confirm that the cloned subunit E corresponded
to the electrophoretically characterized 28 kDa
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polypeptide of the purified V-ATPase [13,14], we ex-
pressed it in Escherichia coli TB-1. For this purpose,
we cloned the complete subunit E coding sequence
obtained by ligation of the 5’ cDNA sequence and the
truncated cDNA sequence at the Sacl site (Fig. 1) into
the pMAL c2 vector [10] (Protein Fusion and Purifica-
tion System from NEB). Subunit E was expressed as a
fusion protein together with malE encoded maltose
binding protein (26-MBP) and cleaved with factor Xa
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at the fusion site. Since the recombinant subunit E
protein and the native 28 kDa polypetide were strongly
labeled by the monoclonal antibody 90-7 in im-
munoblots (Fig. 2) and since both appeared at exactly
the same position in the gel, the native 28 kDa
polypeptide is proven to be the V-ATPase subunit E.
Although the function of subunit E in V-ATPases
has not been ascertained so far, results from yeast
mutants [5,15] and immunological evidence from mam-
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GGOTCTTTATCGGTTGTTTTTCGTGTTAGTGGTGCTAAATAATAACCTACAGCCATGGCGCTCAGCGATGCCGATGTTCAAAAGCAGATC 90
x W M ALSDATDVGQZE KTG QT 12

AAGCATATGATGGCCTTCATCGAACAAGAGGCCAATGAAAAGGCCGAACAAATCGATGCTAAGGCGGAGGAGGAGTTCAACATCGAAAAG 180
K HMMAFTIET G QTEA ANTET KA ATETETITDAT KA MAETETETFNTIEK 42
GGCCGTCTGGTTCAGCAGCAACGCCTCAAGATCATGGAATACTATGAAAAGAAAGAAAAACAAGTAGAGCTCCAGARAAAGATTCAATCA 270
G RLVOOORTELTZEKTIMETYTYTETZ KTE KTETZKSO QVETLTG QE KT KTIS® QS 72
TCGAACATGCTGAACCAGGCTCGTCTGAAGGTA CGTACGTAACGTACTGGACGAGGCCOGCAAGCGCCTG 360
S NMLNOARTELTZEKV YVTLTEKVRETDEHVYVRNVLDTEA ATRTEKTERTL 102
GCTGAGGTACCCAAGGACATCAAGCTGTACTCAGATCTCCTGGTCACTCTCATTGTGCAGGCTCTCTTCCAGCTTGTGGAGCCCACAGTG 450
AEVPKDTIZ KTLYS SDILLVTLTIVOQALTFI QLVETPTYV 132
ACCCTCCGCGTGCGACAAGCCGACAAAGCTCTGGTTGAATCTCTGCTTGGCAGAGCCCAACAGGATTACAAGGCCAAGATCAAGAAGGAT 540
T LRVROADTEKA ATLVETSTELTLGTRAQA QDTYTZ KA aAEKTITEKTEKTD 162
GTCGTGCTCAAGATCGACAATGAGAACTTCCTTCCCCCTGACACCTCTGGAGGAATTGAGCTGATTGCTGCCAAGGGACGCATCAAGATC 630
VVLKTIDNETNTPFTLPPDTC CGG GTIETLTIAHA ATE KTGT RTITEKTI 192
AGCAACACGCTGGAGTCGCCCCTGGAGCTGATCGCGCAGCAGCTGCTGCCGAAGATCCGTAACGCGCTGTTCGGACGCAACCCTAACCGE 720
S NTLEST& RTLETLTIA A QOQLTLTPETIRNATLTFGTRNTPN R 222
AAATTCACCGACTAAGCCCCAACGGTGACCCACATTCACTCGTTATACTAACAACATATTTAAATTTCATAATATGTAGAAGTAAAATAA 810
K F T D * 226
TATTATAAGTGTPTTCTTTTGCCTAATTAATTATATCGTATAATGCGTACAATTATATCTGTATTAGTATGTATTGATGAATGGTCCCGT 900
TAAAGACACTCGTACAAATGCGATCATCTGGATTTCTCATTCTCGGCATATCATTGTTCACTCGACTGTACATTAGTTTCGCCAATTAAC 990
CAACATGCAAATGTTAAATGTTTTATTATAACAATTCATTCGTATAGCATCATGTCTATGTATTTAGGGAACGTAGTTTATAGGATTTGA 1080
GAACAGTTAAGACGTTACCACATTTAGGCGAAATAATATATGTCGCTAAGTATTTCATAGAAATTGAGGCACCTATCTGATACAGTATTA 1170
TAGCACAATGACAGTTTGAGCAGTAGATGGTTAACGTATCTAAAACTATTGCGTTTCAAATCTTCCATATTTAATGTTACTGAATGTTTT 1260
GAATATTTATCGTGTTTACCTGTTTATTGGCTGATGTAGGACGCATTGAGCTCTCTAGGTTTCAGACTTGATGGCAGCATCCCATGCTGT 1350
PTCTACTTAAATCGAAGCAAAGATTTGGCTGGTGGCAGTGTGGTGTCAAGTGCCAACTCTACAGCTGCATAACATTCCTACCTCGTGTTC 1440
CAACTGGCAATATGATATTTTGGCTTGCTTAGCAGATCCAAAGAGCACCTTAGCTCTTATAAAATAAGATACAAGTGTAATTTCCGTTAT 1530
GGCAATGTTAAAAATTCTTATGTAAATATATAGATGTCTTGGAAABAAAAAAAARAAAAAAAAAAAAAAAAAAARAAAA 1609

Fig. 1. cDNA sequencing and predicted amino acid sequence for the Manduca sexta V-ATPase subunit E. (a) cDNA sequencing strategy. The
lower bar symbolizes the cDNA derived from immunoscreening, the upper one the PCR derived fragment. The Sacl site used for subcloning is
marked. Each arrow indicates the direction of plasmid sequencing and the sequence length determined from one priming site using T3, T7 or
custom synthesized primers. (b) Strategy for amplifying 5-cDNA ends by PCR. Arrows indicate the priming directions of M13 (—48) primer
(left) and sequence specific primer (right). The scales in (2) and (b) indicate the distance in bp, bars symbolize DNA, vector sequences are
shaded and used restriction sites are marked. (¢) cDNA sequence and predicted amino acid sequence. The 5’ end of the truncated cDNA clone
derived from immunoscreening is indicated by an arrow. Stop codons are marked by asterisks, the PCR-priming site for amplification of the
¢DNA 5’ end is double underlined and the Sacl site representing the end of the PCR derived cDNA 5’ end clone is underlined.
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Fig. 2. Identity of subunit E expressed in E. coli with the 28 kDa
polypeptide of the purified V-ATPase. Standard proteins, 26-MBP
fusion protein cleaved with factor Xa proteinase at the fusion site
(26-MBP-Xa) and purified V-ATPase were electrophoresed on
SDS-polyacrylamide gels [11]. Protein amounts were determined as
described [14]. 26-MBP (0.67 mg/ml) purified by affinity chromatog-
raphy on amylose resin was cleaved by factor Xa proteinase (3
pg/ml in 50 plvolumes containing 0.2 M NaCl, 1 mM Na,EDTA,
10 mM Tris-HCl (pH 7.4). Samples containing 2% SDS and 2%
mercaptoethanol were heated at 98°C for 3 min. Lane 1, 5 ug of
standard proteins stained with Coomassie brilliant blue (molecular
masses are indicated in kDa). Lanes 2 and 3, immuno-blots stained
with the monoclonal antibody 90-7. Lane 2, 5 ug 26-MBP-Xa (the
band at 67 kDa represents uncleaved 26-MBP); lane 3, 3 ug of
purified M. sexta V-ATPase [13].

malian kidney regarding differential expression of sub-
unit E isoforms [3,4] argue in favour of a role in
biogenesis and/ or targeting of the holoenzyme. In M.
sexta midgut tissue, the plasma membrane V-ATPase
is certainly not the only V-ATPase since endosomal
V-ATPases must also be present. If targeting is a
function of the E-subunit then more than one gene
should exist and/or more than one mRNA should
occur. Southern blot hybridizations of genomic DNA
[10,16] at 60°C as well as at 52°C (i.e., 21°C below T,
according to the equation of Meinkoth and Wahl [17];
data not shown) revealed only one restriction fragment
for each of the eight digests (Fig. 3). Thus, only one
gene encoding subunit E from all V-ATPase sources in
M. sexta seems to exist. Northern blot hybridizations
showed only one mRNA of approximately 1850 bases
(data not shown). However, we cannot exclude the
occurrence of a differential splicing mechanism leading
to different mRNAs with the same length.

Although the sequence of the cloned M. sexta cDNA
is without doubt that of an E-subunit, comparison of its
amino acid sequence to the published subunit E se-
quences from bovine kidney [3], human kidney [4] and
yveast [5] revealed significant differences (Fig. 4).
Whereas the yeast /M. sexta sequence identity was only
34% and evenly distributed, the bovine /M. sexta se-
quence identity was 64% and clustered in two regions.
The N-terminal region (amino acids 1 to 84) had 93%
sequence identity and the C-terminal region (amino
acids 190 to 226) had 76% identity but the middle
region (amino acids 85 to 189) had only 38% identity.

The high overall sequence identity and the parallel
clustering of identities in mammal and insect subunits

Fig. 3. Southern blot hybridization of genomic DNA with a subunit E
specific probe. Lane 1, 1 ug of standard DNA fragments stained
with ethidium bromide. The sizes of the standard fragments in bp
are 12216, 11198, 10180, 9162, 8144, 7126, 6108, 5090, 4072 and
3054. Lanes 2-9, in each case 5 ug of genomic DNA isolated from
fifth instar larval midguts was digested with restriction enzymes {10]
and visualized after Southern hybridization [16] by Lumigen PPD-
fluorography (Boehringer Mannheim protocol).The hybridization
probe was a double strand DNA spanning base pairs 132 to 627,
generated by PCR using digoxigenin (DIG) labeled dUTP (Boeh-
ringer Mannheim) [18). Hybridization and stringency washing [10]
was performed at 60°C. The following restriction enzymes were used:
lane 2, Apal; lane 3, BstX1; lane 4, EcoRl,; lane 5, EcoRV; lane 6,
Pst1; lane 7, Poull; lane 8, Smal; lane 9, Xhol.

Menduca MALSDADVOKOTKHMMAFTEQEANFKAFETDAKA 34

Bovine e e e de o e e Je e de e Je Je de v e e v e v ek e ek e e de ek e 34

Yeast  MSSATT**TENO*NDELNK*Q*¥ ¥RK* ¥Ex ¥ ¥k *(f 39

Manduca  EEEFNIEKGRIVOQORI KIMEYYEKKEKQVEL QKKIQSS 73

R’Virle *************T***************I*Q****mk 73

Yeast  DQ¥YE***TNI*RNEINN*DGNFKS*L*KAM*SQO*TK* 78

Manduca. NMLNQARLKVLKVREDHVRNVLDEARKRLAEVPKDIKLY 112
Bovine ¥[M¥kké it sRAXDYLITOLANFHKO**SKXVF*TTRY 112
Yeast  TIA*KM*****GA**S FRTFE*TKEK*SGIANNRDE* 117

Menduca SDLLVILIVQALFQI VEPTVTLRVRQADKALVESLIGRA 151
Bovine QV**DG*VL*G*Y**L**RMIV*C*KQ*FP**KAAVOK* 151
Yeast  KPI*QS***E**]K*L**KAIVKALER*VD*I**MKDDI 156

Mardduca QODYKAKIKKD-VVLKIDNENFLPPD-TOGGLELIAAKG 188
Bovine IPV**WAT*R*-*DVQ**Q*AY**EE-TA**V*IYNGDR 188
Yeast MRE*GE*AQRAPTEEIVISNDY*NK*LVS**VWWSN*SD 195

Marnduca R*KL LLPETRNALFGRNPMNRKFTD 226

R’Vim K**v********D****W*V*G****A*A****** 226

Yeast ~ K¥EXN****E**K*] SEEA**A**[ F¥Y*DSR™***F* 233
Fig. 4. Amino acid identity pattern of the M. sexta, bovine and yeast
V-ATPase subunit E. Multiple sequence alignment performed with
the Clustal program. Amino acid identities of the bovine and yeast
E-subunit sequence, respectively, compared to the M. sexta sequence
are indicated by asterisks. Hyphens indicate gaps introduced for
better sequence alignment. The human sequence differing only in six
amino acids from the bovine sequence was omitted in this alignment.
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could reflect a response to a specific selective pressure
during evolution. Since V-ATPases are prominent in
plasma membranes of both mammals and insects but
not in those of yeast whereas they are present in
vacuolar membranes of all three taxa, it is possible that
additional selective pressure for targeting the enzyme
to the plasma membrane in mammals and insects in
addition to its primitive targeting to vacuolar mem-
branes, as in yeast, led to the high, clustered identity of
mammal and insect E subunits.
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