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Summary

The larval mosquito midgut exhibits one of the highest
pH values known in a biological system. While the pH
inside the posterior midgut and gastric caeca ranges
between 7.0 and 8.0, the pH inside the anterior midgut is
close to 11.0. Alkalization is likely to involve bicarbonate/
carbonate ions. These ions are produceth vivo by the
enzymatic action of carbonic anhydrase. The purpose of
this study was to investigate the role of this enzyme in the
alkalization mechanism, to establish its presence and
localization in the midgut of larval Aedes aegyptiand
to clone and characterize its cDNA. Here, we report
the physiological demonstration of the involvement
of carbonic anhydrase in midgut alkalization.
Histochemistry and in situ hybridization showed that the
enzyme appears to be localized throughout the midgut,

although preferentially in the gastric caeca and posterior
regions with specific cellular heterogeneity. Furthermore,
we report the cloning and localization of the first carbonic
anhydrase from mosquito larval midgut. A cDNA clone
from Aedes aegyptilarval midgut revealed sequence
homology to a-carbonic anhydrases from vertebrates.
Bioinformatics indicates the presence of at least six
carbonic anhydrases or closely related genes in the
genome of another dipteran, the fruit fly Drosophila
melanogaster Molecular analyses suggest that the larval
mosquito may also possess multiple forms.
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Introduction

Mosquitoes belong to the order Diptera, family Culicidae Each of these regions consists of an epithelium one cell thick
According to the American Mosquito Control Association,composed of at least two types of cell that vary in character
there are more than 2500 different species throughout tremmewhat from region to region.
world, with 150 species in the United States (Darsie and An interesting and perplexing feature of the mosquito larva
Morris, 2000; Spielman and D’Antonio, 2001). Mosquitoes actidgut is that the luminal compartment exhibits one of the
as vectors for a wide variety of diseases such as malaria, yelldvwghest pH values known to be generated by a biological
fever and dengue fever. Recent reports estimate that fifty &ystem. The pH inside the lumen varies from around 8.0 in the
one hundred million cases of dengue fever occur annuallgastric caeca to 11.0 in the anterior midgut to approximately
along with several hundred thousand cases of the life£.0 in the posterior midgut. The role of the alkaline pH in the
threatening form of the disease dengue hemorrhagic fevanterior midgut is a point of some controversy. It has been
(Halstead, 1997). The geographic range of dengue fever hagggested that the high pH contributes to the digestion of plant
expanded over the last two decades, primarily because of tdetritus and, in particular, to the dissociation of tannin—protein

spread of its principal vectoAedes aegypt{Gubler, 1997).

complexes that ultimately result in enhanced assimilation of

Aedes aegyptjoes through four larval stages termed instarsproteins (Martin et al., 1980). A detailed model that describes

In each instar, the larvae possess a series of morphologidthe mechanisms that drive alkalization of the midgut has not

characteristics, some particular to that stage. However, thebeen elucidated, but several enzymes have been hypothetically
are only slight changes in internal organs such as the midgumplicated in the process. Among the functions that must be

The midgut is involved in ionic and osmotic regulation asregulated by components of the gut system are the transfer of
well as excretion (Clements, 1992). It is subdivided into fouH* and the maintenance of the pH gradient generated by this
structurally distinguishable regions: cardia, gastric caecdransfer.

anterior stomach (midgut) and posterior stomach (midgut). There is strong immunohistochemical (Zhuang et al., 1999)
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and physiological (Clark et al., 1999; Boudko et al., 2001bgnclosed in the peritrophic membrane slid out, leaving behind
evidence that an electrogenic, basdl\HATPase energizes the empty midgut. In other cases, it was necessary to remove
luminal alkalization in the anterior midgut by producing a nethe peritrophic membrane and its contents manually. For
extrusion of protons out of the lumen and a hyperpolarizatioenzyme histochemistry, fixation was in 3% glutaraldehyde
of the basal membrane. In contrast, V-ATPase appears to e 0.1 mol! phosphate buffer, pH7.3, overnight at 4°C
localized in the apical membrane of the posterior midgut an(Ridgway and Moffet, 1986). Foin situ hybridization,
gastric caeca, providing a reversed-pimping capacity dissected tissues were fixed overnight in 4%
relative to the anterior midgut (Zhuang et al., 1999). A systerparaformaldehyde in 0.1 maoficacodylate buffer (pH7.2).
capable of generating a high luminal pH is likely to be buffered In some cases, the dissected larval midguts were
by CQs2-, which has a pKa of approximately 10.3. Bicarbonatgphotographed using a Nikon FX-35DX camera mounted on a
(and ultimately carbonate) ions are producedivoprimarily ~ Nikon SMZ-10 dissecting microscope. In other cases, digital
by the enzymatic action of carbonic anhydrase. This enzynmieages were acquired using a Leica DMR microscope
catalyzes the reversible hydration/dehydration of carboequipped with a Hammamatsu CCD camera. All images were
dioxide and bicarbonate in most complex organisms. Itassembled using CorelDraw-9 software.

activity contributes to the transfer and accumulation df H

or HCOs~ in bacteria, plants, vertebrates and invertebrates. Bromothymol Blue qualitative assay

Although there are innumerable reports related to the isolation A qualitative test to detect carbonic anhydrase activity in
of carbonic anhydrase from vertebrates, studies involvinghosquito larval midgut homogenates was adapted from the test
carbonic anhydrase from invertebrates are very rare, and thatescribed by Tashian (1969). The procedure included
are no reports of the isolation of carbonic anhydrase from adulhmersing a piece of Whatman no.1 paper in a solution made
mosquitoes or their larvae. with 0.15 % Bromothymol Blue (BTB) in ice-cold 25 mmudl |

The purpose of this study was to determine the presence amds-HCI, 0.1 molt1 NapSQy, pH8.0. The paper was allowed
location of carbonic anhydrase in the midgut of the larva ofo soak completely in this blue solution and was placed on ice
Aedes aegyptand to clone and characterize the enzyme. Tdor 30 min. The colored filter was then transferred to a Petri
investigate the role of carbonic anhydrase in the alkalization afish with a hole in the lid. Samples of mosquito larval midgut
the larval midgut, the effects of carbonic anhydrase inhibitoreomogenate were prepared by sonicating midguts of early
were tested. Here, we report the cloning and localization of thfeurth-instar larvae in ice-cold 25mmotl Tris-HCI,
first carbonic anhydrase from mosquito larvae and, i®.1molt! NaSQs, pHB8.0 containing protease inhibitor
particular, from the midgut epithelium of larvaédes aegypti  cocktail (Sigma-Aldrich; diluted 1:1000). An autopipette was
A cDNA clone isolated from fourth-instaAedes aegypti used to spot exactlyd samples on the paper. Controls were
midgut (termed A-CA) revealed sequence homology taxthe also spotted. The controls included a buffer with protease
carbonic anhydrases (Hewett-Emmett, 2000). Histochemistriyhibitor and controls for the liver/yeast food added to the
andin situhybridization showed that the enzyme appears to bmedium in which the mosquito larvae were reared. These
localized throughout the midgut, although preferentially in thdood controls included a range of concentration from 1 to
gastric caeca and posterior regions. In addition, classitOOugmi-2 liver powder and yeast. Carbonic anhydrase from
carbonic anhydrase inhibitors such as acetazolamide atvine erythrocytes (Sigma-Aldrich) dissolved in the buffer
methazolamide inhibit the mosquito enzyme in the midgut. described above was used as an additional control.

A steady stream of COat 34.5kPa was blown for 3s
through the opening on the lid of the Petri dish, and the dish
was sealed and kept on ice. The formation of yellow spots in

Experimental insects a few seconds was indicative of carbonic anhydrase activity.

Eggs of Aedes aegyptiwere obtained from a colony
maintained by the United States Department of Agriculture Effect of methazolamide on the alkalization of the midgut of
laboratory (USDA) in Gainesville, FL, USA. The eggs were live larvae
allowed to hatch in 20 ml of 2% artificial sea water and reared The effect of a carbonic anhydrase inhibitor (methazolamide)
as described previously (Zhuang et al., 1999; Boudko et alon gut alkalization and the capacity of whole larvae to alkalize
2001b). their culture medium was examined. Flat-bottomed 24-well

tissue culture plates (Sarstedt, Inc.) were filled with 1 ml of
Preparation and fixation of tissue 25 mmol I Tris-HCI, 0.1 molt! NapSQy buffer, pH8.5. BTB

To dissect out the midgut, the cold-immobilized larvae weresolution was added to each well to a final concentration of
pinned down by the head (using fine stainless-steel pins) to0a003%. Five live early fourth-instar larvae that had been
Sylgard layer at the bottom of a Petri dish. The anal segmeptaced in BTB indicator solution for 2 h were added to each of
and the saddle papillae were removed using ultra-fine scissdie wells, and the larvae were allowed to adjust to their new
and forceps, and an incision was made longitudinally along thenvironment for 30 min. Methazolamide dissolved in dimethyl
thorax. The cuticle was gently pulled apart, and the midgut amglilfoxide (DMSOQ) at concentrations ranging from=%16o
gastric caeca were removed. In some cases, the gut conte@xd0-3moll-1 was added to the wells. Controls included

Materials and methods
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DMSO with indicator and no inhibitor and controls with buffer, reactions were performed in a total volume ofuRGand the
indicator and no DMSO. The plates were scanned, using reaction mixture contained Quf of cDNA as template,
Hewlett Packard ScanJet 6100C scanner, before addition of tde2umol -2 of each primer, 20@moll-l each of
inhibitor and 5h later. In addition, the midguts were dissectedeoxynucleotidyl triphosphatesx PCR buffer and 1 unit of
and photographed to record the pH within the gut lumen aBaqg polymerase (Clontech). The PCR cycling profile was:
revealed by the color of ingested BTB. 94 °C for 5min, 55°C for 2min and 72 °C for 3 min, followed
by six cycles of 94 °C for 0.5min, 53 °C (in increments of 2°C
180-exchange method to measure carbonic anhydrase activifyer cycle) for 1 min and 72 °C for 1 min and 35 cycles of 94°C
Tissue homogenate carbonic anhydrase activity wafor 0.5min, 45°C for 1 min and 72 °C for 2 min followed by a
measured using th&®0-exchange method (Silverman and final extension at 72°C for 15min. The PCR products were
Tu, 1986). Midguts were dissected, and the peritrophizisualized on 1% agarose gels, and specific products were gel-
membrane was removed together with its contents. Individu@xtracted (Qiagen, Inc, Valencia, CA, USA), diluted 1:100 in
measurements of carbonic anhydrase activity were performedater and used as template for a second, identical PCR. The
with pooled samples of gastric caeca, anterior midgut, posterioesulting 297-base-pair (bp) product was gel-purified, ligated
midgut and Malpighian tubules. The method involved addingnto pGem-T and transformed into JIM1BScherichia colfor
180-labeled NaHC®@to 0.1 molt! Hepes buffer, pH7.6, at subcloning.
9.5°C. The disappearance O from CQ and/or HCQ-
upon addition of the enzyme preparations was monitored. 3"and 5 rapid amplification of cDNA ends
Measurements dO in CQ were accomplished with a mass The cDNA was extended into thé-&nhd 3-untranslated
spectrometer, using a GPermeable inlet that allowed very regions (UTRS) by rapid amplification of cDNA ends (RACE),
rapid, continuous measurement of the isotopic content of COnodified from the method of Zhang and Frohman (1997).
in solution. All samples were centrifuged at 14000 revstin Exact primers were then defined on the basis of UTRs.
at room temperature (24-25°C) prior to the assay to remowReverse-transcriptase/polymerase chain reaction (RT-PCR)
food and insoluble material. Inhibition was accomplished byvas then used to produce a single product whose consensus
adding methazolamide to a final concentration of trl -1, start and stop codons bracket 894 nucleotides encoding a 298-
residue polypeptide.
Isolation of RNA and synthesis of cDNA
Total RNA was isolated from freshly dissected mosquito Sequencing
larval midguts using TRI Reagent (Molecular Research Center, Plasmid DNA from individual colonies was purified using a
Inc., Cincinnati, OH, USA) according to the manufacturer’'sQiaprep Plasmid Mini kit (Qiagen Inc., Valencia, CA, USA).
instructions. Briefly, 100A. aegyptigut epithelial organs, The plasmid DNA was then sequenced using the ABI Prism
including fore-, mid- and hindgut (approximately 20mg),Big Dye Terminator Cycle Sequencing Kit (PE Biosystems,
were dissected into 2Q0 of ice-cold TRl Reagent and Foster City, CA, USA) and the reaction products were
homogenized in a sterile microcentrifuge tube. TRI Reagerdnalyzed on an ABI Prism 310 Genetic Analyzer.
(600ul) was added to the homogenate and incubated for 5min
at room temperature. The homogenate was then extracted with In situ hybridization
chloroform and precipitated with isopropanol. The RNA pellet Sense and antisense digoxygenin (DIG)-labeled carbonic
was washed with 75 % ethanol, dried in air and resuspendedamhydrase cRNA probes were generated iby vitro
diethylpyrocarbonate-treated water. RNA concentrations werganscription of the original 297 bp A-CA cDNA according to
calculated from the absorbance at 260 nm. the manufacturer’s protocols (Roche Molecular Biochemicals,
Total RNA (10ug) was reverse-transcribed in a |20 Indianapolis, IN, USA).
reaction mixture using 5 pmol of oligo(dT)12-18 and 200 units For in situ hybridization, methods were adapted from
of Superscript Il RNase H-reverse transcriptase (LifeNesterfield (1994). Briefly, the midguts of fourth-instar
Technologies, Inc., Grand Island, NY, USA), according to theegyptilarvae were dissected free from surrounding tissue in
manufacturer’s instructions. hemolymph substitute solution (HSS) (Clark et al., 1999)
consisting of 42.5mmott NaCl, 3.0mmolt? KClI,
Cloning of carbonic anhydrase from mosquito larval midgut 0.6 mmolt? MgSQi, 5.0mmolt! CaCh, 5.0mmolt!
Degenerate oligonucleotides were designed for the regiomMéaHCQs;, 5.0 mmolt! L-succinic acid, 5.0 mmot} L-malic
of conserved amino acids among carbonic anhydrase proteiasid, 5.0mmoHh! L-proline, 9.1 mmoH! L-glutamine,
as determined by BLAST analysis of several vertebrate anl7 mmolt?®L-histidine, 3.3 mmoH! L-arginine, 10.0 mmott
two putative, but annotated, carbonic anhydrases from th#extrose, 25 mmott Hepes, pH 7.0 adjusted with NaOH. The
Drosophila melanogastesequence data base. guts were immediately fixed with 4% paraformaldehyde in
The primer sequences used initially were: CAS5SF, 5 0.1moli! sodium cacodylate buffer overnight at 4°C. The
GARCARTTYCAYTKY CAYTGGGG-3; and CA3R, 5 midguts were washed with PBS at room temperature and then
GTIARISWNCCYTCRTA-3, whereN=G, A, T or C, K=G or incubated in 100% methanol at —20°C for 30 min to ensure
T, S=G or C, W=A or T, Y=C or T and R=A or G. PCR permeabilization of the gut tissue. The tissue was washed
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(5min each wash) in 50% methanol in PBST [Dulbecco’greviously, BTB changes color from yellow at pH<7.6 to blue
phosphate-buffered saline (Sigma) plus 0.1% Tween-20jvhen the pH increases above this value. This assay is based on
followed by 30 % methanol in PBST and then PBST alone. Ththe principle that carbonic anhydrase catalyzes the conversion
tissue was fixed in 4 % paraformaldehyde in 0.1 Maddium  of CO;, into bicarbonate with the concomitant release of
cacodylate buffer for 20 min at room temperature and washgutotons (Donaldson and Quinn, 1974). The presence of protons
with PBST. The larval midguts were digested with proteinaséowers the pH in those regions of the paper where the spotted
K (10pgmt?® in PBST) at room temperature for 10min, samples contain the enzyme. As the pH falls below 7.6, these
washed briefly with PBST and fixed again, as described abovspots rapidly change color from blue to yellow. This assay is

Prehybridization of the tissue was accomplished byot effective for samples in acidic solution, and the tissue
incubation in HYB solution [50% formamidex55SC (kX  homogenization must be accomplished in alkaline buffer. The
SSC is 0.15mott NaCl, 0.015 moti! sodium citrate buffer, enzymatic reaction takes only a few seconds, and it can be
pH 7.0), 0.1% Tween-20] for 24 h at 55 °C. The larval midgutgdelayed if the solutions, the paper and the samples are kept cold
were transferred to HYB+ solution (HYB plus 5mgtl on ice. However, a few seconds is usually sufficient to
tRNA, 50ug mi-! heparin) containing 5ngmi DIG-labeled  discriminate the samples that contain carbonic anhydrase from
probe and incubated overnight at 55°C. Excess probe wasose lacking enzymatic activity. The assay must be performed
removed by washing at 55°C with 50% formamide & 2 quickly since, after approximately 1 min, the entire filter paper
SSCT for 30 min (twice), 2 SSCT for 15min and 0:2SSCT  turns yellow, probably as a result of the uncatalyzed hydration
for 30 min (twice). For detection, the tissue was incubated inf carbon dioxide absorbed by the solution at this basic pH.
PBST containing 1% blocking solution (Roche Molecular The test has proved useful in determining the presence of
Biochemicals) for 1 h at room temperature. The tissue wasmall amounts of carbonic anhydrase in homogenates of
incubated with anti-DIG alkaline phosphatase (Rochemosquito larvae. The assay was also useful for detecting
Molecular Biochemicals) diluted 1:5000 in blocking solution carbonic anhydrase activity qualitatively in fractions obtained
for 4h at room temperature. The tissue was washed with PBSfiom affinity chromatography (Osborne and Tashian, 1975) of
and incubated in alkaline phosphatase substrate solution (Blarval homogenates. The affinity chromatographic procedure,
Rad Laboratories, Hercules, CA, USA) until the desiredvhich employs a bound carbonic anhydrase inhibiter,

intensity of staining was achieved. aminomethyl benzyl sulfonamidp-AMBS; Sigma), produced
_ _ two peaks of carbonic anhydrase activity upon exposure to the
Histochemistry standard elution buffers. The amount of protein that we were

Carbonic anhydrase activity was detected in isolated able to produce by this technique was, however, very small and
aegyptimidgut using Hansson’s method (Hansson, 1967) amesisted several efforts at direct microsequencing. This change
modified by Ridgway and Moffet (1986). Briefly, the in color was inhibited by acetazolamide and methazolamide
procedure involved incubation of isolated, glutaraldehydewhen these inhibitors (tBmolI-1) were added to the samples
fixed midguts in 1.78103moll-1 CoSQ, 5.3x102moll-1  prior to spotting on the dye-impregnated filter papers.
H2SQy, 11.%103moll-! KHoPQy and 1.5%102moll=1  Inhibition of the reaction resulted in blue spots that did not
NaHCG; (pH 6.8). The cobalt precipitate in the midguts waschange color upon addition of GOThe positive control
visualized using 0.5% (NhbS in distilled water. Removal of containing commercial carbonic anhydrase turned yellow
the substrate (NaHCG{Deliminated staining. when carbon dioxide was added, and this color change was also

inhibited by acetazolamide and methazolamide. This finding
confirmed that the yellow color of the spots was due to the

Results action of carbonic anhydrase and that the mosquito larva
Establishing the presence of carbonic anhydraskddes contains active carbonic anhydrase.
aegyptilarvae
The presence of carbonic anhydrase in the midgut of larval Carbonic anhydrase activity and alkalization

Aedes aegyptias been confirmed using direct methods, such The classic and specific carbonic anhydrase inhibitor
as Hansson’s histochemical stain, #®-exchange method methazolamide was tested in live fourth-instar larvae to
andin situ hybridization, as well as indirect methods, such agxamine the influence of carbonic anhydrase on the
the BTB assay and inhibition with carbonic-anhydrase-specifimaintenance of the pH extremes inside the midgut and the
inhibitors. The enzyme in the midgut is most stronglyeffect of the enzyme on the net alkalization of the growth
associated with the gastric caeca and the posterior portion mfedium by the intact animals. Previous investigations have
the midgut. shown that living mosquito larvae excrete bicarbonate, which
results in the net alkalization of their surrounding aqueous
Bromothymol Blue qualitative assay medium (Stobbart, 1971). Equal numbers of living larvae of
This assay allowed the identification of samples ofequivalent age and size were placed in culture plate wells
solubilized midgut tissue containing carbonic anhydraseontaining lightly buffered medium and the pH indicator BTB.
activity by spotting them onto a filter paper soaked in a basi€he tissue culture plates used in this assay were scanned
buffered solution containing a pH indicator (BTB). As statedbefore and after addition of various concentrations of
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Moreover, fourth-instar larvae cultured in BTB-containing
medium ingest the dye, which can then be used as a visible
indicator of the pH of the gut lumen. Treatment of the cultured
larvae with methazolamide showed a direct impact of carbonic
anhydrase activity on gut luminal pH. Fig. 2 compares the
luminal pH of dissected larval midguts with and without a 5h
exposure to methazolamide. The micrographs reveal that
alkalization of the midgut was inhibited by methazolamide as
Fig. 1. Effect of inhibition of carbonic anhydrase on the pH ofshown by the color change of the BTB indicator. Interestingly,
lcu't“re tme.dlu”m OflkfolL_”th'LEStar Ia(;yae deei.aﬁg%pnMosquuto the effect was most pronounced in the anterior midgut, where
arvae typically alkalize the medium in whic ey are reare " . .

(Stobbart, 1971). (A) Six culture wells each containing five fourth(-jthe PH indicator changed from blue in the midgut of larvae

instar larvae incubated for 5h in medium containing 0003%reared in the absence of inhibitor to yellow in as little as 30 min

i -1
Bromothymol Blue. The blue color is retained, indicating a pHWhen methazolamide (#moll™*) was added to the culture.

greater than 7.6. (B) The same as A, except that each well aldd'e indicator also changed color progressively from blue
contains a different concentration of the specific carbonic anhydragBrough green to yellow in the gastric caeca (Fig. 2). No apparent
inhibitor methazolamide ranging from o 10-3mol I-! from left ~ change was observed in the posterior midgut. The color of the
to right. A yellow color indicates a pH below 7.6. midgut in this region was yellow both in the untreated larvae
and in the larvae treated with methazolamide. Since the pH of
methazolamide. In the absence of methazolamide, the bldlee posterior midgut has been associated with values close to 7.6,
color of the medium, indicating a pH of at least 7.6, wag10 change in color was evident using this qualitative method.
maintained (Stobbart, 1971). Actual measurement of the pH
in each well showed a slow increase over time (data not 180 isotope-exchange experiments
shown). Upon addition of methazolamide, the culture medium The relative activity of carbonic anhydrase, normalized to
slowly became acidic, with a resulting change in color tdotal protein content, was calculated as described by Silverman
yellow as the pH dropped below 7.6 (Fig. 1). All the controlsand Tu (1986). The relative activity of carbonic anhydrase was
that did not contain methazolamide remained blue. Additiomighest in the gastric caeca, followed by the posterior midgut
of methazolamide, at the various concentrations used here,dod Malpighian tubules, as shown in Fig. 3. The relative
culture plate wells containing only medium with BTB (no activity of carbonic anhydrase in the anterior midgut was either
mosquito larva control) had no effect on their color; theyextremely low or non-existent, falling at or below that of the
remained blue. These data show that carbonic anhydrabeffer blank. The specificity of the reaction was confirmed by
activity is present in the living larvae and that it plays sométs complete inhibition by the addition of “fonoll-!
role in acid—base excretion. methazolamide (results not shown).

Fig. 2. Effect of methazolamide on the alkalization of the midgut using the Bromothymol Blue (BTB) assay of pH within livisgjated,

gut tissue. Gut tubes were dissected after pre-loading with BTB and then incubated for 5h in hemolymph substitute (Cl&8Ogtraithe
absence (A) or presence (B) of-&tol I-2 methazolamide. The loss of blue coloration in B shows that the internal pH of the gut lumen has
dropped below 7.6. Scale bar, §00.
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12- To examine the possibility of regionalized expression of the
A-CA, PCR using exact primers was performed on RNA
samples harvested from the various sections of the gut. Fig. 6
shows an ethidium-bromide-stained agarose gel. PCR products
of the expected 894-nucleotide length are readily seen in the
RNA isolated from the gastric caeca and the posterior midgut.
The anal papillae (not shown), anterior midgut, Malpighian
tubules and rectal gland showed little or no PCR product. This
result is consistent with the relative enzyme activities described
above. When the material was subjected to a second round of
0- T PCR using the same primers, an appropriately sized product was
GC AM PM MT discernible in the Malpighian tubules and the anterior midgut.
These results suggest that A-CA may be expressed throughout

Fig. 3. Relative activity of carbonic anhydrase in different pooled . . -
segments of the midgut of larvaledes aegyptiMidguts were the gut, but at much higher levels in the caeca and the posterior

dissected from early fourth-instar larvae and separated into gastfgidgut than in other regions. In addition, this PCR analysis
caeca (GC), anterior midgut (AM), posterior midgut (PM) andrevealed higher-molecular-mass products in the anterior midgut
Malpighian tubules (MT). The relative activity of carbonic anhydraseand Malpighian tubules that may represent additional carbonic
was measured using thé®mass spectrometry method (Silverman anhydrases specific to larval mosquito (Fig. 6).
and Tu, 1986) normalized to total protein content. The activity of the
anterior midgut was lower than that of the water blank and, thus, ikocalization of the enzyme in the midgut epithelium: carbonic
set as ‘zero’ activity. Values are meansem., N=3. anhydrase enzyme histochemistry
To analyze further the regional and cellular expression of
carbonic anhydrase in the midgut epithelium of larval
Cloning of carbonic anhydrase froAedes aegyplarvae mosquitoes, a modified Hansson’s histochemical reaction was
Attempts to isolate and purify carbonic anhydrase usingerformed on whole-mount preparations of the gut (Hansson,
p-AMBS linked to agarose proved successful. However]l967). Fig. 7 summarizes the results of this analysis. Carbonic
sequencing the resulting proteins was not. Therefore, wanhydrase activity was detected in a non-uniform pattern
utilized other molecular biological techniques to clone along the length of the gut. The most intense staining was
specific carbonic anhydrase cDNA from the epithelial cells oevident in the gastric caeca and the posterior midgut. Staining
the midgut of larval mosquitoes. A comparison of 12 carbonigvas less intense in the anterior midgut. At higher
anhydrase sequences, including two putative sequences timaagnification, it was obvious that cellular heterogeneity with
had been so annotated but not characterized iDrigophila  regard to carbonic anhydrase activity also exists. This is
melanogastedata bases, was made. particularly evident in the posterior midgut, where very large
We produced degenerate PCR primers from consensa®d regularly spaced cells appear nearly white on a
regions of the carbonic anhydrase gene family. The generatid@ckground of dark carbonic anhydrase reaction product. The
of an initial 297 bp partial sequence from which we derived exadarger cells have been characterized as ‘columnar’ or ion-
PCR primers for 3 and 5-RACE (Zhang and Frohman, 1997), transporting cells (Volkmann and Peters, 1989b). Surrounding
facilitated the eventual cloning of a single contiguous cDNAthese large cells are more numerous smaller cells termed
The final contiguous region spanned both the start and stépuboidal’ or resorbing/secreting cells (Zhuang et al., 1999).
codons and encoded a polypeptide of 298 residues (sequeridee carbonic anhydrase histochemical stain clearly
submitted to GenBank, accession number AF395662). Fig. 4distinguishes these cell types from one another and indicates
shows an alignment of th&. aegypticarbonic anhydrase (A- that the large columnar cells contain very little carbonic
CA) amino acid sequence with several other previoushanhydrase in comparison with the smaller cuboidal cells. In
characterized members of this extensive gene family. Fig. 4Bddition, the posterior-most cells of each lobe of the gastric
shows the homology tree generated using DNAman softwareaeca show little or no histochemical staining, suggesting
Fig. 5A shows the alignment between A-CA and six putativdurther cellular heterogeneity with respect to carbonic
carbonic anhydrase gene sequences from Dhesophila  anhydrase distribution in the midgut (Fig. 7).
melanogastergenome that our homology search (BLAST)
revealed. Four of theDrosophila melanogastergenes In situ hybridization
(AAF54494, AAF56666, AAF57140 and AAF57141) had not To characterize further the localization of A-CA expression,
previously been annotated. Fig. 5B shows the homology trée situ hybridization was performed using a portion
generated with these sequences. A-CA has a putative molecu(approximately 300bp) of the central coding region of the
mass of 32.7kDa. Hydrophobicity analysis suggests that theDNA. Fig. 8 shows results typical of this type of analysis. A
protein is a typical soluble enzyme and possesses a characteristiong hybridization signal was evident in the gastric caeca and
eukaryotic-type carbonic anhydrase signature sequence withihe posterior midgut. Lower levels of hybridization were
the polypeptide (amino acid residues 99-115) (Fernley, 1988gvident in other gut regions. As with the histochemical stain,

Relative activity
> 9 @ 5

N
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A Aadas aagyvpti -+ - -MIALFVATLLPSTIRADEWHY PTPAPNGVINEFERWGGQCE J 46
HorsaCAl-PO0S917 = 28
Zabrafish-Q52051 28
HumanCA3-PO7451 28
MouseCAl4d-NPD3IS5S27 45
C.elegans-T16575 24
RatCAIV-NPOG62047 50
Aodes aegypti L rE. .V 54
HorseCAl-PO0S17 > KESE NRS 77
Zabrafish-Q92051 : 7
HumanCA3I-P0T7451 77
MouseCAl4-NPO35927 92
C.alegana—-T16575 74
RatCAIV-NPD&2047 98
Asades asgypti 137
HorseCAl-PO0OS17 126
Zebrafish-Q92051 125
HumanCA3-P0O7451 125
MouseCAl4-NPO35927 142
C.alagana-T16575 121
RatCAIV-NPOE2047 146
Aades asgypti i86
HorsaCAl-P00S17 1786
Zebrafish-Q92051 174
HumanCA3-PO7451 174
MouseCAl4-NP0O35927 182
C.alagana—T16575 162
RatCATIV-NPO62047 195
Asdes aegypti 236
HorseCAl-P00S17 222
Zebrafish-QS2051 221
HumanCA3-P07451 221
MouseCAl4-NP0O35927 240
C.elegans-T16575 210
RatCAIV-NP0O62047 245
Asdes asgypti 282
HorseCAl-P00S17 260
Zabrafiah-QS%2051 260
HumanCA3-POT7451 260
MousaCAl4-NP035927 290
C.aelagans—T16575 246
RatCAIV-NPO62047 294
Aeades aagypti 298
HorsaCA1-PO0OS17 260
Zebrafiah-Q92051 260
HumanCR3I-P07451 260
MouseCAl4d-NPO35927 337
C.alegans-T16575 246
RatCAIV-NP0O62047 309

B
Aedes aegypti
HorseCA1-P00917
61% —
Zebrafish-Q92051 31%|—
56%
HumanCA3-P0751 35%

21%

MouseCAU-NPO35927

33%[

Caenorhabditis degans-T16575

RatCAIV-NP062047

Fig. 4. Carbonic anhydrase from the midgut of latvatles aegypti(A) Alignment (BLAST) of the predicted amino acid sequencé@exdes
aegypticDNA (A-CA) (GenBank accession number AF395662) with several kreowarbonic anhydrases. Regions of exact homology across
all species are highlighted in blue (100 %); regions with less homology are highlighted in red (>75%) and green (>50 Ygm8imianid
residues have been included in the shading. (B) A homology tree comparing A-CA and several verednateic anhydrases (DNAman
software).
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A Aedes aegypti  ....... MIALFVATLLPSTIRADEWHY PTPAPNGVINE PERWGGQCETE a3
D ARIPRTERCE & L L i D n r A e alE R AR MR S B MR e GHE BV e e e o]
DEaR - AAFESTLIAL L. sies et s sioiess st siaeibs s s oee e s e sin ke ses see e sesess s Q
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Dros AAF495948 . MRRCRNTPFAIVIAPILICASLVLAQDFGYEGRHGPEHWEBSEDYARC 48
Dros AAF44817 MEHHWGYTEENGPAHWAKEY 25
Asdes aagypti -8IQIDST [0
Dros AAFS57140 « s HTETAN 37
Dros AAFS57141 - IPVTSN 43
Dros AMAFS6666 94
Dros AAF54454 S0
Dros AAF495948 o8
Dros AAF44817 73
Aadas aegypti 130
Dros AAF57140 B3
Dros AAF57141 B9
Droase AAFS56666 i40
Dros AAF54494 130
Dros AAF49948B ias
Dros AAF44817 120
Aadas aagypti LFHVENQ. . DNTHMDVVLE TSQD 177
Dros AAFS57140 KINP. .NRIF SKvMSAEP 130
Dros AAFS57141 SRLMEAVV 138
Dros ARFS56666 — INR 186
Dros AAFS54494 ILYHV3SN. . TPNEAISSIIKS i77
Dros AAF4959548 2 L3 194
Dros AAF44817 1686
Aades asgypti 226
Dros ARAFS57140 180
Dros AAFS57141 i88
Dros AAFS6666 236
Dros AMNFS54494 227
Dros AAF49948 243
Dros AAF44817 214
Aasdas aagypti 275
Droa AAF57140 229
Dros AAFS57141 235
Dros ARAFS56666 285
Dros ARFS54494 276
Droa ARFA9948 291
Dros ARF44817 264
Aedes aegypti 298
Dros AAFS57140 23S
Dros ARAF57141 235
Dros ARFS56666 304
Dros AAFS54494 302
Dros AAF49948 335
Dros AAF44817 270

B Homology ¢6)
100 80 60 40 20
1 | | | |
Aedes aegypti
38%
Dros AAF54494
Dros AAF57140 28%
4%
Dros AAF57141 34%
o 27%
Dros AAF56666
Dros AAF49948
32%—
Dros AAF44817

Fig. 5. Comparison of the extrapolated amino acid sequences of A-CA with six putative dipteran carbonic anhydrase gemkesitientifie
Drosophila melanogastegene data bases. (A) An alignment of A-CA with the amino acid sequences of Eresiphila melanogastagenes
(with accession numbers listed) identified through bioinformatics searching. Regions of exact homology across all spetikghted m
blue (100 %); regions with less homology are highlighted in red (>75%) and green (>50%). Similar amino acid residues vegrinitickid
shading. (B) A homology tree comparison of these dipteran carbonic anhydrases.
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higher magnification revealed that the relatively small cuboidal

bp cells exhibited more intense labeling than did the large
columnar cells (Fig. 8).
Discussion
Carbonic anhydrase was first characterized in erythrocytes
as the result of a search for a catalytic factor that would
1500>

enhance the transfer of bicarbonate from the erythrocyte to the
pulmonary capillaries (Meldrum and Roughton, 1933). Since
then, the enzyme has been shown to play an important role in
most acid/base-transporting epithelia. The search for the
enzyme in the midgut of the larval mosquito was triggered by
the observations of a pH value around 11 in the anterior midgut
lumen and a high bicarbonate concentration (e.g. Zhuang et al.,
1999; Boudko et al., 2001b).

Fig. 6. Polymerase chain reaction (PCR) analysi®edes aegypti The presence of carbonic anhydrase in the midgut of the
CDNA (A-CA)-like sequences in cDNA-amplified RNA samples |grya| mosquito has been suggested before by investigations of
taken from regions of the midgut of larvaédes aegyptiPCR was o gpjithelium of larval lepidopteran midgut. Carbonic

performed using exact primers for the cloned A-CA. Equal quantitie . .
of total RNA were amplified and analyzed from anterior midgut%'rmydr{jlse has been studied Manduca sextawhere the

(lane 2), gastric caeca (lane 3), posterior midgut (lane 4), whole glﬁ\tnzyme has been a;souated W'j[h the fat body, midgut and
(lane 5), Malpighian tubules (lane 6) and a water template contrditegumentary epithelium (Jungreis et al., 1981). The enzyme
(lane 7). Note the primary product in caeca and posterior midgdias also been localized in the goblet cells of the epithelium of
samples at the expected size of approximately 894 nucleotides. Altyalophora cecropiausing Hansson'’s histochemical stain.
note the absence of this band from other gut regions but thehe same procedure showed that the columnar cells were
appearance of bands of higher molecular masses. Lane 1 isdavoid of activity (Turbeck and Foder, 1970).
100 base pair (bp) molecular mass ladder. Even though a number of genes and their products have been
isolated from the midgut diedes aegyptand a
role for carbonic anhydrase in the alkalization of
the midgut has been suggested (Turbeck and
Foder, 1970; Haskell et al., 1965; Ridgway and
Moffett, 1986; Boudko et al., 2001b), there have
been no reports of the isolation or cloning of
carbonic anhydrase or of the localization of the
enzyme within the midgut of larval mosquitoes.
Our results show that at least one (and perhaps
more) carbonic anhydrase is present in the
midgut of larval Aedes aegyptiThe carbonic
anhydrase of larvaRedes aegypt{A-CA) is
inhibited by classical carbonic anhydrase
inhibitors  such as methazolamide and
acetazolamide. Methazolamide has the most
potent effect on A-CA. Direct physiological

Fig. 7. Hansson'’s histochemistry of whole, dissected
midgut from early fourth- instar larvae diedes
aegypti viewed at low (A) and high (B,C)
magnification. Intense dark staining is observed in the
gastric caeca (GC) and the posterior midgut (PM),
indicating carbonic anhydrase activity. Large,
relatively unstained cells are also evident in the
posterior midgut (A,C). The posterior-most
extensions of the lobes of the gastric caeca exhibit
relatively low levels of reaction product, indicating
lower levels of the enzyme in these cells relative to
other cells of the caeaca. Scale bars: [BBO(A),
250um (B), 200um (C).
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measurements of ion fluxes from living larval mosquito midgutharacterized in the larval mosquito gut, parallels the
epithelial cells also show methazolamide to be a very potestructurally unique qualities of the lepidopteran goblet cell.
inhibitor of ion movements and balance (Boudko et al., 2001aNonetheless, our results indicate that, as in lepidopterans,

In spite of the fact that isolation of the enzyme usingcarbonic anhydrase activity is preferentially associated
conventional techniques for protein purification did not yieldwith one of two distinct cell types whose functional
a microsequenceable protein, a carbonic anhydrase cDNA wasmplementation must produce the alkalization and ionic
cloned from larval midgut. This is the first recorded cloning obalances regulated by the gut. These results are consistent with
a mosquito carbonic anhydrase and, indeed, it is the first to Iige observations of lepidopteran midgut by Turbeck and Foder
cloned from any arthropod. Two gene sequences wit(il970). In the larval lepidopteran midgut, two morphologically
significant homology to eukaryotia-carbonic anhydrases distinct cell types have long been recognized: goblet cells and
were previously annotated in thH2rosophila melanogaster columnar cells. Goblet cells possess both the proton-pumping
sequence data base. These sequences were used in our cloM#gTPase and carbonic anhydrase activity (Harvey, 1992;
strategy. Our subsequent analyses of the mosquito carborRidgway and Moffet, 1986; Wieczorek et al., 1999). One of
anhydrase revealed that four additional carbonic-anhydrastie enigmas of using the pioneering analyses of insect model
like gene sequences are readily detected inDiesophila  systems such ddanduca sextéo produce testable hypotheses
melanogastegenome data base. Thus, it appears that the fruibr gut alkalization in mosquito larvae has been the apparent
fly possesses multiple carbonic anhydrase genes, perhaps eafysence of goblet cells from mosquitoes. Previous
more than the six that we have addressed in this paper. Thevestigations have inferred different functional cell types in
mammalian genome possesses at least 11 carbonic anhydrse larval mosquito gut epithelium. We are currently
genes (Hewett-Emmett, 2000), so the existence of multipldeveloping antibody probes for A-CA. Immunocytochemical
forms in dipterans is perhaps not surprising. Our PCR analysaalyses of A-CA distribution in comparison with other key
(Fig. 6) suggests tha#edes aegyptilso possesses more than components of gut function, such as V-ATPase (Zhuang et al.,
one carbonic anhydrase, and we are now attempting to isolat899), should provide new insights into the cell biology of this
additional isoforms. intriguing epithelial system.

To investigate the distribution of carbonic anhydrase in the It is interesting to note that the lowest concentration of
midgut of the larval mosquito, we employed bathsitu  carbonic anhydrase in the midgut epithelium occurs in the
hybridization and enzyme histochemistry. Our resultgegion that surrounds and probably regulates the region of
indicated that enzymatic activity was greatest in the gastritighest luminal pH, the anterior midgut. The pKa of:£0s
caeca and the posterior midgut, as demonstrated by the intersggproximately 10.3 and, hence, this anion is likely to be the
staining obtained using Hansson's
method and byin situ hybridizatior
using cRNA probes. Measurement: A
activity using the @%-exchang
method in pools of dissected region
the gut corroborated these findings
addition, the enzyme seems to
preferentially associated with the sn
cuboidal cells in the midg
epithelium, as determined both
enzyme histochemistry and ly situ
hybridization.

As reviewed by Clements (199
two major cell types have been defi
in the gastric caeca by inferri
functional states from cytologic
findings. These two major cell tyf
have been called ion-transport
cells and resorbing/secreting c
(Volkmann and Peters, 1989a,b) .

- Fig. 8. In situ hybridization localization of

. . " . (A) An isolated larval mosquito gut probed
the ion-transporting cells  bei ;i piG.jabeled cRNA for A-CA. Strong
equivalent to the columnar cells ¢ |5peling was observed in the posterior midgut
the resorbing/secreting cells being  (PM) and gastric caeca (GC). (B) Isolated
cuboidal cells (Zhuang et al., 19S midgut reacted with the sense (control) cRNA " e
Neither of these cell types, for A-CA. Scale bars, 200m.
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primary buffer of the pH10.5-11 gut contents in the anterioimhibitors altered the metabolism of the larvae to the point that
midgut. Our results therefore suggest that the major bufferinpe metabolic products secreted into the medium changed the
anion in this area of the midgut is probably not produced bpH of the environment, shifting it towards more acidic values
local carbonic anhydrase but instead either upstream, in tlilean those observed in the absence of inhibitors.
gastric caeca, or downstream, in the posterior midgut, where The lowering of the pH of the medium might be related to
carbonic anhydrase levels are very high. This result, and resulidecrease in the rate of secretion of HCO@he effect of the
presented elsewhere (Boudko et al., 2001a), are consistent witlgestion of carbonic anhydrase inhibitors on the secretion
a model in which a major function of the anterior midgut is toof bicarbonate into the medium remains to be explored.
pump protons out of this region of the gut lumen, promotindHowever, as indicated by measurements with ion-selective
the conversion of HC® to CQs2~. A comprehensive model microelectrodes, inhibition of carbonic anhydrase in the
of the regulation of ion homeostasis and gut alkalization in thenidgut has an extreme effect on the maintenance of an alkaline
larval mosquito awaits the characterization and localization gfH within the midgut lumen (Boudko et al., 2001a). It is
other major components of the system in addition to carboniglausible that a decrease in the rate of secretion of bicarbonate
anhydrase. It will also be very important to resolve the questiois elicited by inhibiting the enzyme.
of whether multiple carbonic anhydrases are expressed in theA simple model of bicarbonate transport fails to explain how
midgut and how each is distributed in this dynamic tissue. the high pH is achieved within the mosquito larval anterior
Quantitative evidence corroborating the distribution ofmidgut. At a pH of approximately 11, similar to that observed
carbonic anhydrase within the midgut and supporting thevithin the anterior midgut, the majority of bicarbonate is
histochemical anéh situ observations was obtained using thepresent as carbonate. In fact, measurements of lepidopteran
180-exchange mass spectrometric method. The resultsidgut fluid have shown that it contains 37 mmbbarbonate
obtained with this method indicate that the gastric caeca exhikind 17 mmoH?! bicarbonate (Turbeck and Foder, 1970). Since
the highest level of carbonic anhydrase, relative to total proteithe pH of a 0.1 mott solution of sodium bicarbonate is only
content, followed by the posterior midgut and the Malpighiarapproximately 8.3, secretion of bicarbonate alone cannot be
tubules. The anterior midgut showed levels of activity so lowesponsible for the high pH observed in the anterior midgut
that two possibilities could be considered: either the methofDow, 1984). It could, however, explain the pH values at the
could not detect the enzyme or it is absent from the anterigiastric caeca and posterior midgut. The mechanism for
midgut. The presence of faint staining using the histochemicahaintenance of an alkaline pH within the anterior midgut must
andin situ methods suggests that the levels of activity in thébe more complex than just a simple buffering of a physiological
anterior midgut might be too low to be detected usingde  solution with bicarbonate. Although this mechanism has been
exchange method, but that the enzyme is present throughdovestigated (Wieczorek et al., 1999; Boudko et al., 2001a;
the entire length of the midgut. Zhuang et al., 1999), its details remain unclear. However, the
In summary, our evidence demonstrates the existence efidence suggests that a basal, electrogericvViATPase
carbonic anhydrase iedes aegyplarvae and it also suggests energizes luminal alkalization in the midgut of larval
that the gastric caeca and posterior midgut exhibit the highestosquitoes (Boudko et al., 2001b; Zhuang et al., 1999)
levels of carbonic anhydrase activity. In addition, the enzymd@lthough the electrogenic transport of* Kdrives the pH
seems to be associated with the small cuboidal cells of thgradient, there must also be flux of one or more weak anions in
midgut epithelium. Our cDNA sequence evidence alsdhe opposite direction to maintain homeostasis. Several
suggests that carbonic anhydrase is a soluble, cytosolitansporters are thought to participate in this mechanism.
enzyme. However, enzyme activity has also been detected inAnother line of evidence suggests that the levels of carbon
membrane preparations isolated from whole midguts and couttioxide in the hemolymph of lepidopterans are lower than
be due to the presence of more than one isoenzyme (M. fose within the midgut lumen. The concentration obGés
Corena and P. J. Linser, unpublished observations). Carboriieen determined to be near 5mmbih the hemolymph and
anhydrase activity has previously been demonstrated in tf mmol F1in the midgut lumen in larvadyalophora cecropia
epithelium of the larval midgut of six species of lepidopteran(Turbeck and Foder, 1970). Recent measurements using
in which it has been associated with the particulate fractionsapillary zone electrophoresis of larvaédes aegyptiluids
of the homogenate (Turbeck and Foder, 1970). This ikave revealed a bicarbonate/carbonate level as high as
consistent with our hypothesis that there might be more tha0.8+4.21 mmoH! in the midgut lumen compared with
one carbonic anhydrase and that one of these enzymes may3:@6+2.89 mmott! in the hemolymph (means s£.m., N=4)
associated with the plasma membrane. (Boudko et al., 2001a). These values correlate with those
What is the role of carbonic anhydrase in the alkalizatiombserved by Turbeck and Foder (1970). This combined
mechanism? BTB proved useful in monitoring the impact okvidence suggests that the £iat reaches the midgut lumen
carbonic anhydrase inhibition on the maintenance of gun the larvae of lepidopterans is rapidly converted to a mixture
luminal pH and the excretion of acid—base equivalents. Aef bicarbonate and carbonate. The role of carbonic anhydrase
mentioned aboveAedes aegyplarvae typically alkalize the in the alkalization process would be of great significance.
medium in which they are reared by secreting bicarbonate Additional evidence involving the transport of £€omes
(Stobbart, 1971). The ingestion of carbonic anhydraséom studies performed on the rectal salt glandAefles
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dorsalis(Strange and Phillips, 1984; Strange et al., 1984). Thaansson, H. P. J(1967). Histochemical demonstration of carbonic anhydrase
pronounced inhibitory effect of serosal acetazolamide suggests2ctivity. Histochemiel 1, 112-128. .
h boni hvd | | itical le i Harvey, W. R. (1992). Physiology of V-ATPased. Exp. Biol.172 1-17.
t _at carponic an y rase may also play a critica ro.e Irﬂiaskell, J. A., Clemons, R. D. and Harvey, W. R1965). Active transport
bicarbonate secretion by the salt gland. The generation ofby theCecropiamidgut. I. Inhibitors, stimulants and potassium-transport.
antibodies against A-CA will facilitate a detailed analysis of J-Cell. Comp. PhysioB5, 45-56. N _
h llular and beellular distribution of this k nzvm inHewett-Emmett, D. (2000). Evolution and distribution of the carbonic
t .ece ular and subcellular aistrioution o S key enzyme anhydrase gene familieEXS90, 29-76.
this system. Jungreis, A. M., Barron, D. N. and Johnston, J. W(1981). Comparative
properties of tobacco hornworllanduca sextacarbonic anhydrase&m.
. J. Physiol.241, R92-R99.
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