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Summary

V-ATPases are complex proteins consisting of a A short-term increase and a long-term decrease in
peripheral, ATP-hydrolysing Vi1 complex and a levels of mRNA were observed after 20-HE injection,
membrane-bound Hf-translocating Vo complex. The whereas JH injection had no significant effect.
plasma membrane V-ATPase from the tobacco hornworm Immunohistochemical studies of the midgut epithelium
(Manduca sexta midgut is made up of eight different MM revealed that 20-HE injection led to changes in goblet cell
and four different Vo subunits. During starvation and  morphology and in the subcellular distribution of the W
moulting, V-ATPase activity decreases as a result of the complex comparable with the situation during the moult
dissociation of the \{ complex from the Vo, complex. To  and during starvation. Reporter gene assays inSf21
determine whether subunit biosynthesis is reduced during cells using mvB, mvG and mvd promoters to initiate
periods of enzyme inactivity, we measured the transcript transcription of firefly luciferase led, after incubation of
levels and transcriptional activities of V-ATPase genes. the cells with 20-HE, to results comparable with those
Northern blots revealed the downregulation of almost all obtained in the injection experiments. These findings
V-ATPase transcripts during starvation. During moulting, suggest that putative ecdysone-responsive elements are
transcript levels of the three V-ATPase genes examined, present in all three promoters. Taken together, our results
mvB, mvG and mvd, also decreased, and this decrease was suggest that the expression of V-ATPase genes is
negatively correlated with the titre of 20-hydroxyecdysone controlled in a coordinated manner by ecdysteroids.
(20-HE) and positively correlated with the titre of juvenile
hormone (JH). To test the biological significance of these
correlations, we injected both hormones into feeding Key words: vacuolar Htranslocating ATPase, V-ATPaddanduca
larvae and measured transcript levels several hours later. sexta promoter, transcription, ecdysteroid.

Introduction

Vacuolar ATPases (V-ATPases) are multisubunit enzyme$he combined action of the V-ATPase and th&/2K*
that consist of a peripheral, ATP-hydrolysing &mplex and antiporter leads to net*secretion and thus to a transepithelial
a membrane-bound*Hranslocating \ complex (for a review, K*-motive force that drives the absorption of amino auids
see Forgac, 2000). These proton-pumping enzymes ak&'-coupled amino acid symporters (Castagna et al., 1998).
found ubiquitously in endomembranes of eukaryotic cellsBecause of the stoichiometry of the antiporter, the gut lumen
Furthermore, they are also found in the plasma membranesisfalkalized to a pH of more than 11, the most alkaline value
a variety of eukaryotic cells (Wieczorek et al., 1999). produced by any biological system (Azuma et al., 1995).

The plasma membrane V-ATPase from the midgut of the Regulation of V-ATPases may encompass many diverse
tobacco hornwornManduca sextgLepidoptera, Sphingidae) mechanisms such as oxidation of -SH groups or costeol
is made up of eight different;\and four different \ subunits  activator or inhibitor proteins (Merzendorfer et al., 1997a).
with presumed stoichiometries 0BBsCDEFGH and agde,  During the larval/larval moult and periods of starvation, the
respectively (Merzendorfer et al., 2000). In the larval midgutinsect plasma membrane V-ATPase is downregulated by the
the V-ATPase is present at high levels in the apical membrameversible dissociation of the enzyme into its &d Vo
of goblet cells, where it exclusively energizes all secondargomplexes (Sumner et al., 1995; Gréf et al., 1996). As a result
active transport processes across the epithelium. As a resultaif this disassembly, cytoplasmic levels of the &omplex
the absence of functional anion channels, a transmembramerease, a fact that incidentally allowed its efficient
voltage in excess of 250mV is generated, and this drives thmurification and the first structural studies of thecémplex
electrogenic exchange offHor K* (Wieczorek et al., 1991). (Svergun et al., 1998; Griber et al., 2000). For economical
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reasons, it appears plausible that, during periods when \dentified. This DNA fragment was cloned into pBluescript
ATPase activity is shut down, biosynthesis of V-ATPaseKS(-), which had been modified before by blunt-end ligation
subunits is downregulated concomitantly. We have thereforef anNcd-linker (Stratagene) into thema site of the multiple
measured the levels of transcripts and the transcriptionaloning site. Cloning of the upstream regionsmsiGandmvd
activities of several V-ATPase genes. Here, we show thatas performed using a similar approach.
transcript levels of V-ATPase subunits decrease gradually The primer sets employed for probe synthesis were
during starvation and the larval/larval moult. Moreover, we5'-CTAAGATCGATGCTGAGACC-3/5-TGTCATGTGAC-
provide evidence that the control of transcript levels for VAAAAGTGGCGCT-3 (cDNA positions 256—-275/523-502 of
ATPase genes is mediated by ecdysteroids, a class of stersigbunit G) (Lepier et al.,, 1996) and-BIACTTGAA-
hormone known to control larval development. CTTGGTGCAAT-3/5-TTCAATGTACCTACATACAG-3
(cDNA positions 168-188/1644-1624 of subunit d)
) (Merzendorfer et al.,, 1997b), respectively. Hybridization
Materials and methods screening at 68°C led to the isolation of several independent
Construction of a genomic library phage clones for both gen@srivG/d). Following restriction
To isolate upstream regions of V-ATPase genes, a genomattern analysis, Southern blotting and hybridization with
library was constructed fronManduca sexta(L.) larval  appropriate probes, &mvG-derived Clal-fragment of 4kb
midgut. Genomic DNA (10Qg) was purified according to and a A-mvd-derived Psti/Sad-fragment of 1.7kb were
Sambrook et al. (1989), partially cleaved witkbol identified as regions carrying corresponding upstream gene
(0.025unitsug™?, 1h at 37°C) and extracted with sequences. Both fragments were subcloned in pBluescript
phenol/chloroform. The'%®ends were filled in with dATP and KS(-) and sequenced.
dGTP in the presence of Klenow polymerase. The DNA
fragments were separated on a continuous sucrose gradient Reporter gene assays
(10% to 40% sucrose, 10 mmotlTris-HCI, 10 mmoli?! The promoter activities of thenvB mvG and mvd 5'
NaCl, 1 mmolt1Na-EDTA, pH 8.0) by centrifugation at 20 °C upstream regions were determined with the Dual Luciferase
for 22h at 2200Q. Fractions containing DNA fragments of Reporter Assay (Promega) using the pRL-CMV vector as an
15-23kb were dialyzed against a buffer consisting ofnternal standard for transfection efficiency. To construct the
10 mmol 1 Tris-HCI (pH 8.0) and 1 mmot} Na-EDTA. After  reporter gene plasmids, PCR fragments comprising a region of
volume reduction to 500l by 2-butanol extraction, DNA was 973 bp upstream of the start codonswB mvGandmvdwere
precipitated with 2 mot ammonium acetate and ethanol. Theligated into theSad and Hindlll cloning sites of pGL2-basic
pellet was resuspended indl0of water. The DNA fragments vector. Amplification was performed in the presence of the
were ligated, according to the manufacturer’s protocol, Anto pBluescript KS(-) plasmids containing genomic fragments of
Fix 1l vector arms (Stratagene) which had been predigesteadvB mvG and mvd Primer pairs containing 6 bp nonsense
with Xhd and filled with dCTP and dTTP. Packaging of|@g7  nucleotides at their' ®nds followed by either $ad site in the
of A-DNA was performed with the Gigapack Il packagingcase of the forward primers otandlll site in the case of the
extracts from Stratagene following the recommended protocoleverse primers were as follows!-PACTCAGAGCTC-
The titre of the primary library was<0° plaque forming units AAATTTGGCATAGGCATGGC-3/5-TACTCAAAGCTA-
(pfu), and the phasmids contained genomic inserts of 12—20 KBAGGGTTTTTGCATT-3 for mvB 5-TACTCAGAGCTCT-
After amplification of the library according to Sambrook et a.GCGAATCTTCCGTCAC-35-TACTCAAAGCTTCATGT-

(1989), the titre was determined to bel 8 pfupl-1. GTCTGACTCGCCATT-3 for mvG; and 5TACTCAA-
) _ GCTCAGCATATCTCGTTTTTTCGA-35-TACTCAAGA-
Cloning of the 5regions ofmvB, mvG andmvd TCTAAATATGCAGCCCTTT-3 for mvd After ligation of

To isolate the gene encoding V-ATPase subunitmBB,  the Sad/Hindlll-digested PCR fragments, the resulting
the Manduca gDNA library was screened by a plaque- mvBG/d-pGL2-basic constructs were checked by sequencing.
hybridization procedure (Sambrook et al., 1989). AThe corresponding reporter gene plasmid and the pRL-CMV
digoxigenin-labelled DNA hybridization probe was generateccontrol plasmid (ig of each) were co-transfected irs®1
by polymerase chain reaction (PCR) using the cDNA primersells using .l of Cellfectin (Life Technologies) and an
5-ATGGCAAAAACCCTATCCGC-3 (positions 57—76) and incubation period of 12h at 27 °C. Further steps of the assay
5'-CATGATCATCCAGCACAGAC-3 (positions 678-659) were performed according to the manufacturer's manual.
and, as a template, the cDNA clone encoding V-ATPaskuminescence signals were measured in a Lumat LB 9507
subunit B (Novak et al., 1992). Hybridization and stringencyluminometer (EG&G Berthold, Germany) and specified as
wash steps were carried out at 68°C. Repeated isolation ddlative light units normalized to th&enilla luciferase
positives plaques led to two independent phage claresB  expression of pRL-CMV.
andA-mvB. After Southern blotting of the phage DNA, which
had been isolated fros-mvB; according to Sambrook et al. Determination of transcriptional start sites
(1989) and cleaved using different restriction enzymes, a 4.1 kb RNA hybridization probes complementary to thé 5
Ncd fragment containingmvB upstream sequences was upstream regions aivB mvGandmvdwere synthesized by
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in vitro transcription, as described previously (Merzendorfer e(16 h:8h L:D photoperiod) at 27 °C using a synthetic diet for
al., 2000). The 973bp upstream fragments of neB/G/ the larvae, modified according to Bell and Joachim (1974).
d-pGL2-basic constructs were excised and ligated intdotal RNA and mRNA were prepared from the larval midgut
pBluescript KS(+) using the restriction enzym®&ad and of different developmental stages using Qiagen RNA
Hindlll for the mvBand themvGconstructs, respectively, and purification kits according to the manufacturer's protocol.
Sad andBanH]I for themvdconstruct. The resulting plasmids Northern blots were performed as described previously
(1.5pg of each) were linearized withad at their 3 cloning  (Merzendorfer et al., 1997b), except for the use of CPD-Star
sites, purified on an agarose gel and used as template DNRoche Diagnostics) as a chemiluminescence substrate. RNA
for in vitro transcription, which was performed with T3 levels were quantified densitometrically using the Fluor-S
polymerase at 38°C for 40 min in the presence of 3MBq oMulti-imager and Quantity One software (Biorad).
[0-32P]CTP (Amersham Pharmacia Biotech; 30 TRgol i-1). Chemiluminescence signals on X-ray film (Kodak) were
Subsequently, the template DNA was degraded by DNasestanned, and the intensities were measured in units of optical
(Roche Diagnostics) treatment. Nucleotides that had not be@ensitykmm?. Sequencing was performed on both DNA
incorporated were separated from the labelled transcripts ksfrands using the Sequenase 2.0 Kit (Amersham Pharmacia
centrifugation through Sephadex G25 spin columns (Sambrod&iotech) and following published protocols. Several nucleotide
et al., 1989). RNA integrity was checked by agarose gedequences were obtained from the custom sequencing service
electrophoresis and Radient Red (BioRad) staining. of MWG-Biotech. Hormone treatment of caterpillars was
Radioactive transcripts ¥ cts mirrl) and Gug of the target  carried out by injection of 20-hydroxyecdysone [20-HEpK0
mRNA isolated from the midgut of fifth-instar larvae were5ugpul-t phosphate-buffered saline (PBS) containing 10%
coprecipitated with sodium acetate and ethanol and resuspendet/) 2-propanol] or juvenile hormone Il [JH; 40
in hybridization buffer consisting of 40 mmotPipes (pH6.4), 0.5ugul-1PBS containing 10 % (v/v) methanol] into the dorsal
400mmolt! NaCl, 1mmoltl EDTA and 80% formamide. vessel. Control animals were injected withudtof the solvent.
Hybridization was carried out overnight at 50 °C. Single-stranded
RNA was degraded by treatment with RNase A and T1 at 30°C

for 30min. After inactivation of the RNase by proteinase K _ Results _
treatment, double-stranded RNA hybrids were extracted witly-ATPase transcripts are downregulated upon starvation and
phenol/chloroform/isoamyl alcohol and coprecipitated witiy 5 during the larval/larval moult

of yeast tRNA. The denatured RNA probes were separated During moulting and  periods of starvation, midgut
on a 6% polyacrylamide gel containing 7mdllurea. transepithelial voltage, an indicator of activetkansport, falls
Autoradiography was performed by exposing the gel to X-rayo zero as a result of the inactivation of the V-ATPase by
film (Kodak X-omat AR) for 14 days at —70 °C using the BioMaxreversible disassembly into its soluble Yomplex and its

TranScreen HE intensifying screen system (Kodak). membrane-bound dcomplex (Sumner et al., 1995; Gréaf et al.,
_ _ 1996). For reasons of energetic economy, it would make sense
Immunohistochemistry also to stop the biosynthesis of V-ATPase subunits during

Larval midguts were dissected, and the gut contents wethese periods.
removed. After excision of the longitudinal muscles, the tissue To investigate whether levels of V-ATPase subunit
was stretched, cut into small pieces of approximately 8 mmtranscripts depend on food intake, we performed a series of
and fixed for 90min at room temperature in PLP fixativenorthern blots. Total RNA was isolated from 16 h starved and
[0.1mol ! sodium m-periodate, 75mmott L-lysine, 2% from feeding larvae, dotted onto nylon membranes and
(w/v) paraformaldehyde in 0.1 moll Sgrensen phosphate hybridized with ssRNA probes for V-ATPase transcripts.
buffer, pH7.4]. Tissue embedding, cryosectioning anddybridization signals were quantified densitometrically and
immunostaining were performed as described previouslpormalized to the amounts of ribosomal protein S7 mRNA
(Klein et al., 1991). To label thei1\tomplex, cryosections (Jiang et al., 1996). Starvation of fifth-instar larvae (days 2-3)
were treated with the monoclonal antibody 221-9 to subunit Aesulted in decreased transcript levels for all the V-ATPase
of Manduca sext&-ATPase (Klein et al., 1991). Visualization subunits except for subunit D (Fig. 1). Our findings suggest
of the primary antibody was performed with Cy3-conjugatedhat, upon starvation, both the activity of the V-ATPase
anti-mouse F(dl fragments (Sigma). To test for nonspecificand the biosynthesis of most V-ATPase subunits are
binding of the secondary antibody, control reactions werelownregulated.
carried out without primary antibodies. The sections were To address the question of whether levels of V-ATPase
covered with Mowiol (Aventis, Germany) and viewed with antranscripts are also downregulated during the moult, we
Olympus IX70 fluorescence microscope. To visualize Cy3letermined the time courses for transcript levels of subunits B,
emission, the SWG filter set (Olympus) and monochromati& and d, each encoding a subunit from a different part of the

excitation at 535nm were used. holoenzyme complex: B from theiViead, G from the Vstalk
and d from the membrane-bound portion (Wieczorek et al.,
Other methods 2000). Total RNA was isolated from the midguts of larvae

Manduca sextawas reared under long-day conditionsat different fourth- to fifth-instar moulting stages, classified
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6.9=

Fig. 1. Transcript levels for V-ATPase subunits frivianduca 477 %

sextaduring starvation. (A) Pooled total RNA from the midgut 2.7= e & - -
of three fifth-instar larvae @y each) was separated by gel %E:: e ) - oa
electrophoresis, transferred onto nylon membranes and 1.0 * - --

hybridized with digoxigenin-labelled ssRNA probes specific for gz= -
the indicated V-ATPase subunits. Labelled transcripts from 0.3~
starved (left) or feeding (right) larvae were visualized by A B C D E F G H a ¢ d e S7
chemiluminescence and autoradiography. The far left colum@& 140 B

shows molecular mass standards (in kb). (B) Pooled total RNAZ 120
was dotted onto nitrocellulose and hybridized, andé 1001 .
chemiluminescence signals were quantified densitometricallyg
Values (xsEM., N=3) are given as a percentage of signalé 80
intensities obtained from feeding larvae and are normalized t& g
the transcript levels of ribosomal protein S7 (Jiang et al., 1996)g
Representative dots have been inserted in the correspondin? 401
columns with RNA from feeding larvae in the upper row andE 204
RNA from starved larvae in the lower row. A-H, subunits of the2

>_.. i:|—1
Olee

sm@: el el

V1 complex; a—e, subunits of the Yomplex. 'D F c d e

F4 MA MD MF Py F5;3 according to Baldwin and Hakim (1991). Transcript levels
. 140 were detected and normalized as described above. The mRNA
S 120 levels of these subunits decreased during the moult until stage
g 1004 D was reached and_ increased to cpntrpl Ievels_when the larvae
S - VB started to feed again at the early flft_h |nste_1r (Fig. 2). _
: 80 G Development and metamorphosis of insects are strictly
z controlled by two major hormone classes; ecdysteroids and
X 60+ omw . . . .
o juvenile hormones. Increase_d titres of ecd_ystermd_s _sgc_h as 20-
B 404 = hydroxyecdysone (20-HE) induce moulting by initiating a
e 20 e regulatory cascade beginning with the activation of primary

3 response genes. In contrast, the function of juvenile hormones

= 0+ -0 o (JH) is to prevent metamorphosis and to regulate reproductive
g g maturation in the adult. Interestingly, the changes in transcript
S 054 05 S levels for V-ATPase subunits B, G and d turned out to be
o ) negatively correlated with previously published hormone titres
o § of 20-HE (Baker et al., 1987; Bollenbacher et al., 1981) and
Z 10 L10 = positively correlated with those of JH (Fain and Riddiford,
k5 3 1975; Hiruma et al., 1999). Transcript levels of V-ATPase
_g % subunits reached their minima at moulting stage D, when the
g é haemolymph titre of 20-HE exhibits its maximum level.
o

Conversely, V-ATPase transcript levels started to recover in
Fig. 2. Transcript levels of genes for V-ATPase subunitsnBg, ~ moulting stage F, when JH titres in the haemolymph are
G (mvQ and d tvd from Manduca sextaluring the moult. Pooled highest. Our results suggest that either 20-HE or JH may be
total RNA from the midgut of three larvae(@ each) at the stages responsible for the observed changes in transcript levels of V-
indicated was dotted onto nylon membranes and hybridized witATPase subunits during the moult.

digoxigenin-labelled ssRNA probes. Chemiluminescence signals

were quantified densitrometrically. In the upper part of the graph,Injection of 20-hydroxyecdysone leads to decreased levels of
values (+s.e.m., N=3) are given as a percentage of signal intensities \/-ATPase transcripts and influences midgut morphology

obtained from feeding larvae and normalized to the transcript levels Toi . : :
. . . o identify the hormone responsible for the change in RNA
of ribosomal protein S7 (Jiang et al,, 1996). In the lower part of th? vels, we injected either 20-HE or JHIII into the dorsal vessel of

graph, published ecdysteroid and juvenile hormone titres are shown ) . .
the corresponding moulting stages (Baker et al., 1987; Bollenbach h-instar larvae (days 2-3). Since haemolymph ftitres of both

et al., 1981; Fain and Riddiford, 1975). F4, fourth-instar day 2; mahormones are extremely low at this deve!opmente_ll s_tage (Baker
moulting stage A; MD, moulting stage D (approximately 20h after€t al., 1987; Bollenbacher et al., 1981; Fain and Riddiford, 1975;

MA); MF, moulting stage F (approximately 20 h after MD)pF&th-  Hiruma et al., 1999), injection should mimic the effects of
instar day 0; F fifth-instar day 3. endogenous 20-HE and JH, as has been shown previously (Edgar
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mJHIII (6h) m20-HE (6 h) evaluate the effects of 20-HE injection on midgut morphology
BJHIIN (24h)  ©20-HE (24 h) and the intracellular localization of 1Vcomplexes, we

performed an immunohistochemical study comparing
cryosections of posterior midguts from larvae treated with 20-

250

2001 HE for 24 h with those from moulting (fourth larval moult, stage
1501 D), starving (16 h, fifth-instar, days 2—3) and control (feeding,

fifth-instar, days 2-3) larvae (Fig. 4). In comparison with
100 midguts from feeding larvae, the midgut cells from 20-HE-

treated, moulting and starving larvae appeared to be elongated
and the goblet cavities appeared to be reduced in diameter.
To visualize the Y complex, we used the monoclonal
0 : antibody 221-9 to subunit A of the V-ATPase (Klein et al.,
mvB mé mvd 1991). In midguts of feeding animals, the signal for V-ATPase
Fig. 3. Effect of 20-hydroxyecdysone and juvenile hormone Ill onsubunit A was almost exclusively located in the region of the
transcript levels ofManduca sextaV-ATPase genesnvB mvG  goblet cell apical membrane. In contrast, 20-HE-treated,
and mvd 20-Hydroxyecdysone (20-HE) (20Q; approximately moulting and starved larvae exhibited significantly different
0.4mgmtthaemolymph) or juvenile hormone Il (JHII) (P@;  staining patterns. In all three cases, the antibody to subunit A
approximately 4qg mi-*haemolymph) was injected into the dorsal |gpelled the cytoplasm of the goblet cells intensively, indicating
vessel of fifth-instar larvae (days 2-3, 2g body mass). After theyeiacheq v complexes, as has been demonstrated previously
indicated period of rearing in the presence of food, total RNA Wag, - . 1ting and starved larvae using biochemical approaches
extracted from the midgut. Pooled total RNAu@ was dotted O(Sumner et al., 1995 Grif et al., 1996). These experiments

onto nylon membranes and hybridized with digoxigenin-labelle e
sSRNA probes. Chemiluminescence signals were quamiﬁeﬁlearly demonstrated that injection of 20-HE leads to changes

densitometrically. Values (8£m., N=3) are given as a percentage !N gen(_aral midgut morphology and in the Sche”U[ar
of signal intensities obtained from untreated animals and arélistribution of Vi complexes as they are also observed during
normalized to the transcript levels of ribosomal protein S7 (Jiang énoulting and starvation.

al., 1996).

Relative RNA content (%)
8

Upstream regions of V-ATPase genas83, mvG and mvd

et al., 2000; Hewes and Truman, 1994). Caterpillars werediffer in general structure but all contain ecdysone response
exposed for either 6 or 24h to 209 of 20-HE, 2Qug of elements

JHIIl or equal volumes of control solution containing the The injection experiments suggested that the control of
corresponding solvent. They were then

dissected, total RNA was isolated from
midgut and transcript levels of subunits E
and d were quantified as described at
JHIII had, at the most, only a slightly nega
effect on transcript levels. In contrast, 20-
led to a short-term increase and a long-
decrease in transcript levels for all tt
subunits (Fig. 3).

The results of 20-HE injection are in |
with the assumption that ecdysteroids
involved in the regulation of levels of
ATPase transcripts during the moult.

Fig. 4. Immunolabelling of the ¥complex in
midgut goblet cells fromManduca sexta
Cryosections from feeding (A, fifth-instar, days
2-3), starving (B; fifth-instar, day 2-3),
moulting (C; fourth- to fifth-instar, moulting
stage D) and 20-hydroxyecdysone-treated (D
fifth-instar, days 2-3, 24h after hormone
injection) larvae were stained with monoclonal
antibody 221-9 to V-ATPase subunit A (Klein et
al., 1991). Scale bar, 3in; a, apical; b, basal;
g, goblet cell cavity; asterisks indicate goblet
cell apical membranes; arrows point to goblet
cell nuclei.
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and CREs and exhibited a different GC distribution

mvB
v pattern, although the averaged GC content of
60 — v approximately 35% was only negligibly higher.
fﬂ u h p f Overall,mvdappeared to exhibit several characteristics
I' \! \ I/ Housekeeni described in off
ao0-¥ H{WI LI \( | common to housekeeping genes described in other
T ! v | ’1 organisms. However, all three promoters contained an
ecdysone-responsive element (ECRE) corresponding to
20 - \ the consensus sequence KNTCANTNNMM (Luo et
mvG al., 1991).
60 — v i Thus, the EcREs found in thé &gions ofmvB

mvG and mvd may act as common trancriptional
regulator elements that, upon the release of
40 ecdysteroids, simultaneously control the promoter

. h M ¥
L\ rl/l\«fn\ I \ u activities of different V-ATPase genes in a concerted
20— W v fashion. This interpretation is in line with the observed
mwd

GC content(%)

decline in levels of V-ATPase transcripts during the
moult and upon 20-HE injection. To characterize the
promoters further, we mapped the transcriptional start
sites of themvB mvGandmvd5' regions by RNase

60 —
\ *\
40 - ,ﬂ“ n FWW ll"l\v N n } ﬂ\ protection assays using?P-labelled RNA probes
UUV Mw covering the corresponding upstream sequences
20 — between nucleotide positions —973 and +1. As shown

in Fig. 6, analysis of the autoradiograms revealed four
transcriptional start sites fonvB one formvGand six
—900 800 —700 —600 -500 400 -300 -200 -100  +1 for mvd all of which were similar to the CAP
consensus sequence KCABHYBY (Bucher, 1990).
Thus, the upstream regions wivB and mvd exhibit
Fig. 5. Overall promoter structures of thManduca sexta/-ATPase genes multiple transcriptional start sites, whereas the

mvB mvG and mvd Hybridization screening of a genomieFix Il library upstream region ofnvG contains only a single start
from M. sextaled to the isolation of three genes encoding V-ATPase subunj

B G and d. Th dind Bostream redions were subcloned andgf’te, although there was a second protected fragment at
. G and d. The corresponding &p 9 W " ayery distal position but no corresponding CAP site in

sequenced. Fragments of 1kb are shown, with special emphasis on over -
promoter structures in the region close to the translational start site (shaﬁlﬁ?@e proximity.
blue). GC content Was_determined using a window size of 3(_) bp; GC contentiranscri tional activities ofmvB. mvG andmvd
of more than 50 % are in red, of between 20 % and 50 % are in grey and of les P e !
than 20% are in blue. Black arrows, canonical TATA boxes; red arrows, promoters are inhibited by ecdysterone
cAMP-responsive elements (CREs); blue arrows, ecdysterone responséo test the effect of 20-HE on the transcriptional
elements (EcREs). activities of V-ATPase genes, we performed reporter
gene assays iBR1 insect cells. We ligated 976 bp
transcript levels encoding V-ATPase subunits may bépositions —973 to +3) of thewvB mvG and mvd upstream
mediated by ecdysteroids. Since steroid hormones are knowequences into pGL2-basic, a vector using firefly luciferase as
to be potent regulators of transcriptional activity, we clonedhe genetic reporter. Normalization of transfection efficiency
and sequenced thé &pstream regions ohvB mvGandmvd  was achieved by co-transfection with pRL-CMV, which
the Manduca sexta@genes encoding V-ATPase subunits B, Gecontains a CMV promoter to provide constitutive expression
and d, respectivelyOur aim was to compare the promoter of Renilla luciferase. After co-transfection &R21 cells with
structures and to investigate the influence of ecdysteroids dhe corresponding reporter gene plasmid, we added 20-HE to
the promoter activities. The nucleotide sequences werthe culture medium and incubated the cells for different times.
compared over a region of approximately 1 kb upstream of th&fter cell harvest and lysis, we successively measured the
translational start codon (Fig. 5). luminescence signals derived from firefly arienilla
Although dissimiliar in sequence, the promotersn@Band  luciferase. All upstream sequences cloned in front of the
mvGshared features common with inducible or tissue-specifituciferase coding sequence led to significant transcriptional
promoters of vertebrates. They showed canonical TATA boxesctivites, suggesting that all these regions actually contain
and a low GC content of approximately 30 %, with a similiarpromoter sequences that allow binding of basic transcription
distribution pattern in the proximal region. In addition, bothfactors and of RNA polymerase Il.
promoters contained a motif similar to the consensus sequenceAfter addition of 2.51g mt-1 20-HE to the culture medium,
of the cAMP-responsive element (CRE) (Roesler et al., 1988 decrease in promoter activities favB mvG and mvdwas
In contrast, the promoter afvdlacked apparent TATA boxes observed after 3, 5 and 48h, suggesting that ecdysteroids

Nucleotide position
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mvB mvG mwd
Fig. 6. Determination of transcriptional - —_ B1-493 TGCAGTTCAATTAGATTATAACTACTAA-4 64
start sites of theManduca sextav- - 4Bl <« g% B2 -4 11 TGTAGCAGGAGAGTAATAATACAAAGC -3 82
ATPase genesnvB mvG and mvd 4 B3 - 273 TAAACATATTTTATACGAAAAATATAAA - 254
The start sites were determined by g o g, 8 — <3 BA4-203 AAGCAATTATTATTTGCATTAATTTCC- 174

RNase protection assays using 973bp

each of the Supstream regions as a

template forin vitro transcription of

32P-labelled ssSRNA probes. After

hybridization with poly(A) RNA, F
single-stranded RNA was digested

with RNase A and T1. The remaining Gl - 173 AATTACATTCATTTTACGCAAATATTCA- 144

double-stranded RNA was separated = 4-B3 d
on a denaturing polyacrylamide gel. - '

Visualization of radioactively labelled

bands was performed by exposing «d5

the gels to X-ray film. Nucleotide
positions of identified transcriptional dy.- 823 TTATTTAATGAACCATTTCAGOTGCAA- 794

initiation sites that are similar to FL Gl d3-443 AAATTTTGTATCACT TTGTGATCTGTCGCG4 14
the consensus sequence KCABHYBY | d4 - 223 GTACAGATACCGAACGPRACTACTGGCA - 194
(Bucher, 1990) are shown on the right d5 - 163 CAGCATGIT AAAAATGTCTATGATCGCA 134

: : % <B4 «d6
side of the figure. = & d6 - 123 AATGCAACC(GATTGATTTGOITCTATTT -94

inhibit the transcription of V-ATPase genes (Fig. 7). Indownregulate V-ATPase subunit synthesis during periods
contrast, short-term treatment for only 1.5h led to significanivhen no enzyme activity is needed because of the cessation of
activation of thenvBand slight activation of thevGpromoter  food intake. Since transcript levels correlated with the
(Fig. 7). Except that short-term activation was not detected fdraemolyph titres of 20-HE and JHIII, we injected both
the mvd promoter, these findings were similar to the resultdiormones into feeding fifth-instar larvae at times when
obtained for the 20-HE injection experiments, in which a shorthaemolymph titres of both hormones are known to be very low.
term increase and a long-term decrease in transcript levdis contrast to JHIII, which had no effect, injection of the
were observed.

180
S
Discussion > 1601 ;;ﬁh
In this study, we examined the transcript levels anc % 1401 E5h
transcriptional activities of several V-ATPase genesVof & 120 o48h
sextalarvae during the moult and during periods of starvation @ 1001
both states in which V-ATPase activity is shut down by & gg]
reversible disassembly of the holoenzyme (Sumner et al E 60
1995). The rapid and enormous growth of larvae from hatchin £
to pupation — they increase their body mass within 3 weekst & 401
a factor of approximately #0- requires that the uptake of T 20
nutrients such as amino acids is energized very effectively. F 04

this reason, it is not surprising that 10 % of total larval ATF mvB mG mwd

production is spent on active®Kransport in the midgut (Dow  Fig. 7. Influence of 20-hydroxyecdysone on transcriptional activities
and Peacock, 1989), and this is driven by the plasma membraof the mvB mvG and mvd 5' upstream regions. 976 bp of the 5
V-ATPase (Wieczorek et al., 2000). However, high rates oupstream regions was ligated in front of the firefly luciferase gene of
ATP consumption entail strict control of enzyme activity andthe pGL2-basic vector. Thus, expression of the luciferase gene was
since V-ATPase is present in high densities in the goblet ceProught under the control of the V-ATPase gene promo&d.
apical membranes (up to approximately 5000 mole¢utes), cells were co-transfecte_d Wlth these constru_cts ar_wd pRI-CMV, a
also strict control of its biosynthesis. We therefore eXaminecontrol vector that constitutionally expres$esnilla luciferase and

levels of subunit mMRNAs durina periods when no V-ATPasea”OWS internal standardization. Expression of both luciferases was
activity is observed gp monitored luminometrically. The effect of the steroid hormone on

. reporter gene expression was determined after incubation of the
Northe_rn blots showed decreaged transcript Ieyels for alm_otransfectedsal cells with 2.5ugmi- 20-hydroxyecdysone for the

all investigated V-ATPase subunits upon starvation and durinimes indicated. Values (#£m., N=3) are given as relative units
the moult. These findings suggest that the larvae are vecompared with untreated cells and are normalized to the luciferase
economical in dealing with their anabolic resources since theactivity of the control vector.



1066 S. Reineke, H. Wieczorek and H. Merzendorfer

moulting hormone 20-HE resulted in a short-term increase ambssibility that treatment with other JH isoforms could
a long-term decrease in levels of V-ATPase transcriptinfluence mRNA levels of V-ATPase subunits because, in
implying that either transcription rates or transcript stabilitiedepidopterans, the haemolymph titres of JHI and JHII are
are regulated by the steroid hormone. Indeed,’alpStream  significantly higher than that of JHIII (Baker et al., 1987).
regions of the genes investigatechvB mvG and mvd Results similar to those of the injection experiments were
contained putative ecdysone response elements (Luo et alhtained in reporter gene assays with upstream regions of the
1991), and reporter gene assays also demonstrated tMeATPase genesmvB mvG and mvD, indicating that
influence of 20-HE. transcription rates are influenced by 20-HE in both directions,
Ecdysteroids are known to be key regulatory factors for gendepending on the duration of 20-HE treatment. In principle, the
transcription, activating a nuclear receptor heterodimedecrease in V-ATPase gene expression could be due to a
consisting of the ecdysone receptor EcCR andDttesophila  general repression of transcript levels, as has been observed in
retinoid X receptor homologue USP, the ultraspiracleV. sextaduring the fifth instar between days 2 and 3 and upon
protein (Yao et al., 1993). Ecdysteroid-mediated control o&cdysteroid treatment of day 1 epidermis by RNA labelling
transcriptional activities may be positive or negative dependingxperiments (Shaaya and Riddiford, 1988). However, we
on the hormone concentration (for a review, see Spindler et abelieve the decrease to be specific since we normalized all our
2001). Upregulation of transcriptional activities during insectassays either to ribosomal S7 mRNA or to the expression of a
development by ecdysteroids is well documented in theonstitutive promoter.
literature. For instancesips 28/29are Drosophilagenes that The observation that levels of V-ATPase transcripts also
are controlled tissue- and stage-specifically by ecdysonelecline during starvation independent of moulting processes
responsive elements present in the upstream and downstreaoggests that, during these periods, ecdysteroids may be
flanking regions (Andres and Cherbas, 1994). Other genes thatolved in the control of transcript levels. Unfortunately, to
are likely to be regulated by the activated ecdysterone receptour knowledge, ecdysteroid titres have not been measured in
are theDrosophilagenes encoding the yolk protein (Bownes etthe haemolymph of starving larvae. However, there might be
al., 1996), the heat-shock proteins hsp23 and hsp27 (Luo et &. further level of control that is dependent upon feeding and
1991) and the caspase DRONC (Dorstyn et al., 1999; Hawkinsdependent of edysteroids, as was suggested for the
et al., 2000) and thil. sextagenesEcR-AandEcR-B1 which  Drosophila melanogasteryolk protein gene transcription
encode two ecdysone receptor isoforms (Jindra et al., 1996).(Bownes et al., 1988). Thus, both the lack of nutrients and the
Downregulation of transcriptional activities by ecdysteroidsrising titre of ecdysteroids may contribute to the decrease in
was observed too, but there was no evidence for dire&t-ATPase mRNA levels upon starvation and during the moult.
transcriptional repression. For instance, it has been suggesfeldis resembles the expression pattern of arylphofih isexta
that the ecdysteroid-regulated gerse2Q which is expressed where both the lack of nutrients and the rising ecdysteroid titre
in the trachea ofM. sexta is downregulated at ecdysis, contribute to the decrease in arylphorin mRNA levels during
probably because of a decline in transcript stability that mighihoults and during the wandering stage (Webb and Riddiford,
be triggered indirectly by 20-HE (Meszaros and Morton,1988).
1997). Characterization of the dopamine decarboxylase gene
(DDC) of M. sextarevealed that it may be indirectly  This work was supported by Grant Wi 698 from the
suppressed by 20-H&a an ecdysteroid-induced transcription Deutsche Forschungsgemeinschaft. We thank Ulla Madler
factor that itself suppresses DDC transcription (Hiruma et aland Margret Divel for excellent technical assistance. The
1995). nucleotide sequences reported in this paper have been
From our experiments, we conclude that 20-HE influencesubmitted to the GenBanke4/EMBL Data Bank with
V-ATPase gene expression in more than one way. Injection @fccession numbers AJ315143, AJ315144 and AJ315145.
20-HE into fifth-instar larvae (days 2-3) resulted in both a
short-term increase and a long-term decrease in V-ATPase
transcript levels. At first sight, this seems to be contradictory References
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