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Full�size mouse aquaporin 4 gene (AQP4) was cloned and a fragment (4964 base pairs,
AF219992) covering promoter 0 and exons 0 and 1 was sequenced. The mouse AQP4 gene
contains a new exon Х between exons 0 and 1. Three forms of mouse AQP4 mRNA were
identified. The new AQP4.M23X mRNA has a transcription start in the exon Х and encodes
the known М23 isoform of AQP4. Using AQP4.М1, AQP4.M23X, and AQP4.M23 cDNAs,
recombinant DNA expressing М1 and М23 AQP4 isoforms fused with the GFP fluorescent
protein were constructed. In the renal epithelial cell line LLC�PK1, all these fused proteins
were localized in the basolateral plasma membrane and demonstrated distinct water channel
properties. The obtained data on the structure�functional organization of the mouse AQP4
gene allow more detailed investigation of the mechanisms of the control of its expression at
the level of individual mRNAs, which appear to be controlled by different, probably indepen�
dently functioning, promoters of the AQP4 gene.
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Regulation of the water permeability of the cell mem�
branes is of utmost importance for water and salt ho�
meostasis of the body. Water permeability is extremely
high in epithelia where rapid secretion or reabsorption of

big volumes of fluid occur, and is restricted in cell types
that play barrier role for the fluid movement. The lipid
bilayer of the cellular membrane has very limited perme�
ability for water. To increase the permeability dramati�
cally, the cells produce specific protein water channels,
aquaporins (AQPs), and incorporate them into the cell
membrane.1,2 These proteins form pores in the lipid bi�
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layer, which allow fast migration of water molecules in
or out of the cell, depending on the osmotic gradient. To
date eleven different AQPs were cloned from mamma�
lian tissues.2 All of them have highly specific tissue and
subcellular distribution indicating that they have distinct
roles in different epithelial cell types. Disorders in
aquaporin distribution, properties, and expression regu�
lation may be responsible for many known diseases and
pathological states of an organism such as neonatal
lung dysfunction, hypertension, some types of cardiac
decompensation, cirrhosis, diabetes insipidus, brain
edema, etc.3,4 Understanding of the molecular mecha�
nisms of regulation, structure, and principles of func�
tioning of aquaporins both at the level of water channel
protein and at the level of gene expression may poten�
tially bring researchers to the development of new tools
for the therapy of various water homeostasis disorders in
children and adults.

Since aquaporin 4 (AQP4) is quite a unique repre�
sentative of its family, some consideration should be
given to the role of this water channel in organism tis�
sues. The АQP4 (which is also called mercurial insensi�
tive water channel, MIWC) is a water channel whose
gene is mainly expressed in kidneys, brain, lungs, and
skeletal muscles.5,6

In lungs, AQP4 is localized in the basolateral mem�
branes of airway epithelium.7 Presumably, it plays a key
role in the rapid clearance of water from the lung imme�
diately after birth.8 Later in life AQP4 is likely to partici�
pate in regulation of the airway hydration, which is nec�
essary for effective gas exchange in lungs.

In skeletal muscles, the AQP4 gene is expressed in
the cells of muscle fast fibers and is supposed to play an
important role in maintenance of the muscle cell ho�
meostasis during muscle contraction.9

In kidney, AQP4 is localized in the basolateral mem�
branes of collecting duct principal cells. There AQP4,
possessing the highest permeability for water molecules
among proteins of the aquaporin family,2,10  provides the
main pathway for water that has been reabsorbed from
collecting duct lumen by principal cells and is forwarded
to the interstitium of kidney and then back to blood
vessels.11

In brain, AQP4 is expressed in glial cells lining the
brain ventricular system and the pial surface, and in
cerebellum. Aquaporin 4 is assumed to play an impor�
tant role in the formation of water fluxes that allow buff�
ering of potassium, which is released from neurons dur�
ing neuronal activity.12,13 It was also shown that AQP4 is
abundant in the osmosensory regions including the
supraoptical nucleus and the subfornical organ. This spe�
cific distribution of aquaporin 4 may indicate that this
protein plays an important role for both the central regu�
lation of the water balance of an organism and the regu�
lation of the water homeostasis of brain. The AQP4 gene

expression is known to increase substantially during brain
edema that usually occurs after brain trauma or sur�
gery.14 It is also upregulated in brain in response to is�
chemic insult and systemic hyponatremia.15,16 In these
pathological states, the blockade of extensive movement
through this water channel or a decrease in the AQP4
gene expression would potentially help to prevent the
brain edema4 or, for example, would also play a positive
role in kidneys in patients having syndromes of inappro�
priate water retention, as it would potentially help to
decrease excessive water reabsorption. Conversely, it
would be helpful to stimulate AQP4 in lungs to resolve
lung edema that often occurs in newborn or premature
babies having a neonatal lung dysfunction or inflamma�
tory diseases such as pneumonia or bronchitis. Besides,
stimulated upregulation of the AQP4 gene expression
would potentially improve the maintenance of the water
balance in the skeletal muscles of dystrophic patients,
since it has been demonstrated that AQP4 expression is
decreased in fast twitch fibers during this pathological
state.9 It is therefore highly significant to study the struc�
ture�functional organization of the AQP4 gene, the struc�
ture and functioning of its promoter regions, and the
mechanisms and the pathways of both negative and posi�
tive gene expression regulation.

It has been considered so far that the mouse aqua�
porin 4 gene consists of five exons (0, 1, 2, 3, and 4)
separated by four introns. The results obtained in our
work allow one to claim that a new exon exists in the
5´�region of the mouse AQP4 gene between exons 0 and
1. Within the framework of this study, we cloned the
full�size mouse aquaporin 4 gene including ∼8500 base
pairs (bp) of the 5´�flanking region (ahead of exon 0)
and ∼7000 bp of the 3´�flanking region (after exon 4).
Gene mapping by restriction endonucleases was carried
out and positions of exons 0, 1, 2, 3, and 4 were deter�
mined. The nucleotide sequence of the fragment cover�
ing exons 0 and 1 of the mouse AQP4 gene and the
region between them, promoters 0 and 1 (4964 bp,
GenBank entry number AF219992) was determined. Us�
ing RT�PCR, sequencing, computer analysis, the primer
extension technique, and comparison of the mouse AQP4
gene and three cDNA sequences we determined with
mRNA nucleotide sequences (М1, MIWC1, MIWC2,
MIWC3) known for the mouse AQP4, we found a new
exon X, from which previously unknown AQP4.M23X
mRNA is transcribed and encodes the known isoform of
mouse aquaporin 4, namely, М23. New data on the size
and boundaries of exon 0 were obtained. By the use of
confocal microscopy and the recombinant DNA tech�
nique for preparation of aquaporin isoforms fused with the
green fluorescent protein (GFP), we demonstrated that
mouse aquaporin 4 isoforms expressed from AQP4.M23X,
AQP4.M23, or AQP4.M1 cDNA are located in the
basolateral plasma membrane of transfected pig renal
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epithelial cells of the LLC�PK1 line and function as
water channels.

Experimental

Cloning of the mouse aquaporin 4 gene. From the mouse
genomic library based on lambda bacteriophage (Stratagene),
kindly provided by Professor Anita Aperia,** using hybridiza�
tion with the PCR fragment including 1600 bp and corre�
sponding to the intron between exons 1 and 2 of the mouse
AQP4 gene, we selected two clones covering a mouse genomic
DNA fragment including 26500 bp and containing all known
exons of the AQP4 gene. Using partial hydrolysis of the DNA
of these clones by the restriction endonucleases XbaI, SacI,
HindIII, and BamHI, specific probe hybridization, and PCR
analysis, the exon—intron and restriction gene maps were con�
structed (Fig. 1). The inserts of the selected λ�clones were
subcloned in pBlueScript II series vectors (Stratagene, USA) as
a set of fragments completely covering the exon—intron re�
gion, ∼8500 bp of the 5´�flanking region from exon 0, and
7000 bp of the 3´�flanking region from exon 4. The E.coli XL�1
Blue, XL�2 Blue, and SCS�110 strains were used as cloning
hosts, and standard procedures described in the literature were
employed.17 The plasmid double�stranded DNA was isolated
using the FlexiPrep Kit (Amersham Pharmacia Biotech) or
by boiling.18,19 Single�stranded DNA was obtained using phe�
nol extraction.20

Sequencing of the mouse aquaporin 4 gene. The set of clones
covering the mouse AQP4 gene was obtained by the strategy of
unidirected deletions with a predictable size (400—500 bp) us�
ing the pBluescript II Exo/Mung DNA Sequencing System
(Stratagene, USA).20 Sequencing of both DNA strands of the
mouse AQP4 gene (4964 bp, GenBank entry AF219992) was
done by the Sanger method, as in the classical radioactive
version, using the Sequenase Version 2.0 DNA Sequencing Kit
(Amersham, UK) and the Thermo Sequenase Cycle Sequenc�
ing Kit (Amersham, UK), and also using the ABI Prism Big Dye
Terminator Ready Reaction Sequencing Kit (Perkin—Elmer,
USA) on an automated DNA sequencer (ABI310, Applied
Biosystems), according to the manufacturer protocols. In addi�
tion to standard sequencing of the plasmid DNA recommended
by the manufacturer, we used 0.25 (2 µL) of the advised amount
of Big Dye Terminator Ready Reaction Mix, 0.5 pmol of the
DNA matrix, and 0.9 pmol of the primer for sequencing. The
sequencing was performed on a Perkin—Elmer 9700 instru�
ment using a temperature profile that included warming�up for
20 s at 96 °С, two cycles including 10 s at 96 °С and 4 min at
64 °С; four cycles including 10 s at 96 °С and 4 min at 60 °С;
and twelve cycles including 10 s at 96 °С, 7 s at 50 °С, and
4 min at 60 °С. The products of sequencing reactions were
purified from the remaining fluorescence�labeled ddNTP by
precipitating with 60% isopropyl alcohol.

Preparation and sequencing of the RT�PCR products. The
total RNA was isolated from the brain and lungs of adult mice
using phenolic extraction17 or the RNeasy Total RNA Kit
(QIAGEN, Germany). The PCR and reverse transcription were
carried out by a previously reported procedure with some modi�
fications.21 The PCR fragments were separated by electrophore�
sis in an agarose gel, extracted using the QIAquick Gel Extrac�
tion Kit (QIAGEN, Germany), and sequenced as described in

the previous section. The products of sequencing were purified
from the remaining fluorescence�labeled ddNTP either by gel
filtration through columns (Centricep, USA) or by precipita�
tion with 60% isopropyl alcohol with addition of 1—1.5 µg of
high�purity pBlueScript II plasmid DNA as the carrier. The
PCR products on the cDNA matrix were prepared using the
following combinations of sense primers:

AQ4.CF1 5´�TTATGGTTCACGGGTTTGGATG�3´;
AQP4.CFN 5´�GCTTGGTCCCCTTCTCTTTC�3´;
AQP4.001 5´�GGAAGGCTAGGTTGGTGACTTC�3´;
AQP4.1AGFN 5´�GCCACATGGTGCAGAATCTTTC�3´;
AQP4.2AGFN 5´�GTGCCCGTAATCTGACTCCCAG�3´;
AQP4.AGF1 5´�GCCAGGGAAGGCATGAGTGAC�3´;
AQP4.193 5´�GGTGGCTCAGAAAACCCCTTAC�3´

and antisense primers:

AQP4.460 5´�TGGTGACTCCCAATCCTCCAAC�3´;
AQP4.987
5´�CCTCTAGTCATACGGAAGACAATACCTCTC�3´.

Mapping of the mRNA transcription start sites by the primer
extension. The start sites for mRNA transcription were mapped
as described previously.22 The transcription initiation site for
AQP4.M1 mRNA in exon 0 was determined by using [γ�32P]ATP
endlabeled antisense oligonucleotide primer AQP4.AGBPE2
(5´�CTGGGAGTCAGATTACGGGCAC�3´). The labeled
primer (1 pmol) was hybridized with 3 µg of the total RNA
from the mouse brain and then subjected to reverse transcrip�
tion. The initiation site of transcription for AQP4.М23Х mRNA
in exon Х was identified in a similar way using the radioac�
tively labeled antisense oligonucleotide primer, AQP4.CBN
(5´�CCCTCTCCAGAGACCTAATC�3´). The reverse tran�
scription products were analyzed by electrophoresis in a 4—6%
denaturing polyacrylamide gel in the presence of 7 M urea. The
products of sequencing of the cloned gene fragment with the
corresponding primer were used as markers.

Computer analysis of nucleotide sequences. The nucleotide
sequences were analyzed using DNASIS program package for
DOS (Hitachi), DNASTAR program package (Lasergene), and
the software available through the Internet. The translational
properties of the mouse AQP4 mRNA were estimated using the
expert system at the server of the Institute of Cytology and
Genetics, Siberian Branch of the Russian Academy of Sciences
http://wwwmgs.bionet.nsc.ru/mgs/gnw/leader/.

Preparation of recombinant of DNA constructs expressing
the mouse AQP4 fused with the green fluorescent protein GFP.
The DNA copy covering the 5´�nontranslation and protein�
encoding regions of the corresponding mouse AQP4 mRNA
form was cloned into the reading frame for the green fluores�
cent protein in the pEGFP�N1 vector (Clontech) under the
control of the CMV promoter. The stop codon was removed by
site�directed mutagenesis using the USE Mutagenesis Kit
(Pharmacia) with simultaneous introduction of an additional
PstI restriction site, instead of the stop codon for the subse�
quent clone selection. The structures of all DNAs obtained at
successive stages were confirmed by sequencing. The obtained
recombinant DNA was used for transient transfection of pig
renal epithelial cell line LLC�PK1 using the CLONfectin re�
agent (Clontech), according to the manufacturer protocol.
Aquaporin 4 fused with the GFP protein at the C�end was
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Fig. 1. Structure organization of the mouse aquaporin 4 gene. a. Cloned section of the mouse genomic DNA. The positions of exons of the AQP4 gene are shown by rectangles.
Designations of the restriction endonuclease sites: S is SacI, X is XbaI, H is HindIII, B is BamHI. The distances are given in thousands of base pairs (tpb). b. Map of the
fragment of the mouse AQP4 gene sequenced in this study (GenBank AF219992). In exon 1, the alternative splicing site is marked by a boundary between white and gray
rectangles. The translation start sites of the AQP4 М1 and М23 isoforms are designated by ATG. c. Scheme of the formation of matrix RNA encoding the M1 and M23 isoforms
of mouse aquaporin 4. mRNA sections corresponding to exons 0, Х, and 1 are shown by rectangles. The general mRNA part transcribed from exons 2—3—4 is shown by a line.
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detected by a laser scanning confocal microscope. For the ex�
pression of AQP4 fused with the GFP protein at the N�end,
the protein�encoding part of the cDNA AQP4 was cloned in a
similar way in the GFP reading frame to the pEGFP�C2 vector
(Clontech).

Results and Discussion

Although the tissues and organs in which aquaporin 4
is expressed are known quite well, the problem of struc�
ture�functional organization of the AQP4 gene has not
yet been completely clarified. At least, two aquaporin 4
isoforms exist, called М1 and М23 in accordance with
the methionine position at the N�end of the protein.23

In cell membrane, AQP4 forms heterotetramers of water
channels from the М1 and М23 monomers.6 Presum�
ably, the 22 amino acid sequence at the N�terminus,
which consistutes the difference between them, has no
influence on the water permeability of the channel but
may contribute to membrane trafficking or assembly of
heterotetramers. Previously, it was shown that the М1
and М23 isoforms of mouse AQP4 are encoded by, at
least, two different mRNAs.4,23 The М23 isoform is en�
coded by the mRNA transcribed from exons 1, 2, 3,
and 4. The transcription of the mouse М1 AQP4 mRNA
starts from an alternative site remote by more than 3500 bp
upstream and thus contains an additional nucleotide se�
quence corresponding to exon 0, partially spliced exon 1,
and exons 2—4. However, data on the nucleotide se�
quences of the AQP4 mRNA and the number of isoforms
of the AQP4 protein are rather contradictory.5,23 The
nucleotide sequence of the mouse AQP4 4 gene is known
only partially, mainly in the regions of exons 1, 2, 3,
and 4.5 Yang and Verkman5 have shown the presence of
three mouse aquaporin 4 mRNAs called MIWC1 (corre�
sponds to М23), MIWC2 (corresponds to М1), and
MIWC3 and suggested that the MIWC3 mRNA encodes
a third form of mouse AQP4. Like us, Turdzo et al.23

were also unable to detect the MIWC3 mRNA. They
cloned the mRNA containing open reading frames
starting from mouse aquaporin 4 Мet�1 and Мet�23.
In the present study, we did find the third mRNA
(AQP4.М23Х), which, however, differed significantly
from the MIWC3 mRNA. For an average size of the
mouse AQP4 mRNA cloned by different researchers of
not more than 1700 bp, northern�blot analysis revealed
also transcripts with sizes of about 3000 and 5500 bp.5,23

Regarding other mammals, it is interesting to notice a
recent study24 reporting cloning of two AQP4 cDNAs
from the bovine brain gene library, namely, bAQP4�A
mRNA (5700 bp long, homologous to the human M1
mRNA22 and mouse MIWC2 mRNA5) and bAQP4�B
mRNA (5641 bp long, homologous to the mouse MIWC3
mRNA5). However, Sobue et al.24 were unable to obtain
a single clone homologous to the mouse MIWC1 mRNA5

or the human M23 mRNA,22 which is encountered most
often among the known AQP4 mRNA forms. Recently,
we studied expression of the new mRNA form of mouse
aquaporin 4, AQP4.M23X, found in this work, in brain,
kidney, and lungs. It was found that AQP4.М23Х mRNA,
which encodes a known protein isoform, М23, is ex�
pressed mainly in brain, whereas the known AQP4.М23
mRNA, encoding the same М23 isoform of mouse
aquaporin 4 is expressed predominantly in kidney and
lungs. It was also found that the expression level of
AQP4.M23X mRNA is developmentally regulated.25

The map of the mouse AQP4 gene we cloned with
the relative positions of exons and some restriction en�
donuclease sites is shown in Fig. 1. The nucleotide se�
quence of the mouse AQP4 gene fragment covering ex�
ons 0 and 1 and the region between them, promoters 0
and 1 (4964 bp, GenBank entry AF219992) is sketched
in Fig. 1, b and shown in more detail in Fig. 2. Com�
parative analysis of the determined nucleotide sequence
of the mouse aquaporin 4 gene with all known nucle�
otide sequences of the mouse AQP4 mRNA (M1,23

MIWC2,5 MIWC3,5 MIWC1 5) revealed several highly
homologous regions. Two of them corresponded to ex�
ons 0 and 1. The third one was a homologous cluster
with a deletion at the center located at a distance of
∼1000 bp downstream from exon 0. We suggested that a
new exon that we called Х may be located in this gene
region between exons 0 and 1. To verify this, we isolated
the total RNA from the mouse brain and performed
PCR analysis with combinations of sense and antisense
primers from various gene exons using the total cDNA as
the template and the total RNA as the control. We were
able to identify three different forms of the mouse
aquaporin 4 mRNA (Fig. 3) and to determine their nucle�
otide sequences. According to the accepted nomencla�
ture, we designated two of them by AQP4.M1 (encodes
the M1 isoform) and AQP4.M23 (encodes the М23
isoform). The new mRNA form was called AQP4.M23X,
in accordance with the name of exon Х, in which tran�
scription starts, and the protein isoform encoded by the
given mRNA. According to our results, AQP4.M23X is
not a case of alternative splicing of AQP4.M1 mRNA
(see Fig. 1, c), because none of the RT�PCR reactions
using pairs of primers from exon 0 and exon Х regions,
respectively, gave amplification products. In addition,
none of the AQP4.M1 cDNA fragments obtained by
RT�PCR using combinations of pairs of primers from
exon 0 and exon 1—4 regions contained sections ho�
mologous to exon Х in the nucleotide sequence. The
scheme of formation of mRNA encoding the M1 and
M23 isoforms of mouse aquaporin 4 that we identified is
shown in Fig. 1, c.

Using the primer extension method, we determined
the initiation sites of transcription for the mouse
AQP4.M1 and AQP4.M23X mRNAs (Fig. 4). The re�
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5´ GCATGCACTCATGCATTTGGAGGAGTCCTACGCTCTGCTCAACTCCCTGTGGTGACAATC 60

   TTACAGTCCTGAGTAACTTATGAGGACTGTGTCCTACACTCATTCTTAACAGAGAACAGC 120

   AAAGTATATATACAGTCCTGGCCCCAGCTTTCCAAACGGTACATTTTTTCTGTCTCTGTC 180

   TAACCTTCGTGTTTTTAAAAATTGCTGCTTCATAGTAAAAAAATTATAGTCATCATCATC 240

Region of promoter 0 of the mouse aquaporin 4 gene

   ATTATTATTGTTGAACTCAAAGAGTAGATAATGTAAGTGGAGTTACAGCTATATATTATA 300

   ATTAATTTCTAAGCTCACATATTTCAAATATTGAAAGTCAATGACTAGCTCACAACCATT 360

   TTCTAATGGTTGGTCAGTTTCAATAAGGAGCCAACGAGGCAATTTCTCTTCAATCCTTGG 420

   TGATTGGAATAATCCAAATAAACACTTAGGGAAGTCTGCCCTTGCAAAGATGAGCACCTA 480

   AAGAAATACATTCTCAAGTGCTTTGCATTTCTGAAATGCCCTGTGTCTATAATGATCAGG 540

Start of the AQP4.M1 mRNA transcription ↓

   TACAGGGACAATTTCTAGTTCAAATATAACTTACTGATTGCCACATGGTGCAGAATCTTT 600
                            AQP4.1AGFN 5´-GCCACATGGTGCAGAATCTTTC-3´

   CCACCCCTACTCTCCAAAAACCCAATCAGACAAGTGCCCGTAATCTGACTCCCAGTGTAC 660

                     AQP4.2AGFN 5´-GTGCCCGTAATCTGACTCCCAG-3´

                    AQP4.AGBPE2 3´-CACGGGCATTAGACTGAGGGTC-5´

EXON 0

Met�1
   TGGAGCCCGGGGGCAGGCACTGAGCTGCACTCTGGCCAGGGAAGGCATGAGTGACAGAGC 720
                                              AQP4.AGF1 5´-GC

                                              AQP4.AGB1 3´-CG

   TGCGGCAAGGCGGTGGGGGTAAGTCCTTCTTTGCCTTCAGGAAACAATGCTCAGCACTTT 780

   CAGGGAAGGCATGAGTGAC-3´
   ACTCCGTTCCGCCACCC-5´

   CAAAAGATGAAAAACTCTTTCATTGCGGGTATCCATGTTTTTGCAGGCAGAATCTAGAAG 840

   GTAGCAACAGCGCAGGTGCCGGCTTCTTTTAAACCTGGAGACTAAGCTTATGCAGAGGAG 900

   AAGCAGAGGAAGGAACAAGAGAGGGGATGCTTTATAGCATGGGAAATTATTCTGTAATAT 960

   TTTTCATTAGAAAAATTGCTCACCCAGGCACTTATCTGTCCAGGAGTGGATGGAGCAGTG 1020

   CATTCACTGGGAAGCAATGTGCCCAGATTACTGGAGCCCGGTCGGTCAGGTCAGCAAATC 1080

   CTGCTTTGTTCTAGGGAAGAAAAACAGCAAAACAAAGTGTGTCAGTCTATTTCCTATGAG 1140

   TGTGAACACATCAGGGCACATTGATGGTGATCATGGGGCTTGGAGCAATGCCGGGGAGAC 1200

   CATCACAGAGGCGGCGAGGAACATACATGCTAGAAGTTTTGGGGGATCCACAGCTAGCTG 1260

   AGGCTGCTTGGGAGATCTGATTTTTGTGGCTTTTTTTTTTAAGAAAAGGGGGGGGGAGCT 1320

↓ Start of the AQP4.M23X mRNA transcription

   AAAGTCATTTTAAAGTTTCTATTTATGGTTCACGGGTTTGGATGCTTTGTTTTTTTCTTT 1380
            AQP4.CF1 5´-TTATGGTTCACGGGTTTGGATG-3´

                AQP4.CB1 3´-CCAAGTGCCCAAACCTACGA-5´

   TTAATTTCTCTGATGAAAAAATGAGGTTCAAAGAGCAACTGAGTTTCTTGATTAGGTCTC 1440

                                       AQP4.CBN 3´-CTAATCCAGAG

   TGGAGAGGGGGACAGGTGTGTGAATGAGCAGGTGACAAAGGGTGCTGGAGGGAGGCTGGC 1500

   ACCTCTCCC-5´

EXON X

   CTTTTCCAGGACCGCCTCCCCTGGGTGCTCTGCTATTGAGCAGGGACTGTTTCCTACCCA 1560

   CCCTGCTCCCTGCACTTCCTGCTTGGTCCCCTTCTCTTTCCTCTCTCTGGGCCTCAGAAG 1620

           AQP4.CFN 5´-GCTTGGTCCCCTTCTCTTTC-3´

   ACAGCACCTGTAATAGCACTTTGCCCCTCTGCCACCTGGCTACAACCCTGGACTGCTGGT 1680

   GAGTTCCCAAGTGCCTCTTCTCCCTCCCTCTTCAATGTTCTCACAGTCTCTCTCAGAGAC 1740

   TTTTCTAACTCCTCCCCAGAGTGCCCTCTGTGTCCCGTTCCAATTGCTGTTTGGTTTTTG 1800

   TTGTTGTTGTTTTTATTATTGTTATTCTTTGGGTTTTTTTGTTTTGGGGGGGTTGATTTG 1860

   TTTTGTTTTGTTTTTTTAAATGTATATTATGTTCTTCTAAGGAATACATCAACACTGTCC 1920

   CAGCTGAGGTCTCTCATAATTAAGTGATTAGCACAGAGAACCTCTCAGACAGGGCATATT 1980

   TTGTGTATAGGTGGCAGTCCCCTGGGTGGCTGAGTATGCATATAGAGTGATTTCCCTTTT 2040

   CAAGTCAGAAGGAAAGCCCCTTCGTCAAACTAACAGCAAAGCAGAATTCTTTTTTTTTTT 2100

   TCTTTCTTTTTTTGGTTTTTTGAGACAGGGTTTCTCTGTGTAGCCCTGGCTGTCCTGGAA 2160

   CTCACTCTGTAGACCAGGCTGGCCTCGAACTCAGAAAGCTGCCTGCCTCTGCCTCCCAAG 2220

   TGCTGGGATTAAAGGTGTGTGCCACCACGCCCGGCCAGAATTCTTAAAGGTGAAGAAAAC 2280

   CTTCCCCAACCCAGTCTTACAGGATTTCCTCGCTGCCCACACTGAAGCTGGGCTCCCTAG 2340

   GCCAGTGGCTGATGTTCAAAAGATAAGAACCTCACAGTATATTGAGGAGGTTACCCTCCT 2400

   TGAGCCTCTGGTTTTCTAGGCCAGCCCCTACGTAGTCTTCTATGCTAAACACTGCCTTTC 2460

   TGTCTCATTACAAAACTAATGTCTTAGGTAAGGGGATAAGTGGGGATGACTGCCATTCTA 2520

Fig. 2 (to be continued)
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   AAGGGGAATTTAACAATTTCTGGTCTGAGTAAGCAATTGCATTAGTGTCTCCAAATCTTA 2580

   CCCTCTTCTGCTCCAAAGATCTTAAATACAGTAAGAAGGAAGATCCCAACAGCAAAGTGA 2640

   CTCCCTTCGCAAAAGCTGCCTTGGAATCCCTTATTGACCACATTCCAATCCTCTCCTTCT 2700

   TCCCCTGCTCCCTTCCCCACTTCCACAGCGCCTCAAAAGGGGACGCACAGTGCTCCAGGC 2760

   CAAGCCCAAGGGAGAGCAGCCCCCCCCCCATGAGAAACTCTAAACTCATCCCCGCAGAGG 2820

   CTCCCCAGTGCTTCCTGCTACACCCCCTCTTTCTCTTAATCTTCCTAGCTCTGTACCTGC 2880

   GGATAGGAAGACTGCTTGCAGCTGGCTTACACACTCCAGACTCCAGGATTTGGGAGGGGA 2940

   TGTTGGAGATTAATCCCGTTACTGCTTGAGGGACAATGGGGCCTGTGGAGGCATTATCCT 3000

   GACTCCCAAACACTGAAAAGCAACCCTCACCCTAGTCTCTTCTCTCTGGTGCCTACCACT 3060

   TATGATACCTACTTCTCCGTGATTACCTGCCACGGCCTGAAAGCCTGGCACCAGCGTGGA 3120

   GTGCCCGTGGCCCCGCCCTTCCAGAGCCTCTCAGGCTCCCCCTGGGGATTGAGATTGTCA 3180

   CGTCCCAGCGCTACAAGCCCAGATCTGCCCAGAGGCTGGGCACAGATTTCCCTCTGGCTC 3240

   CCAAGCTACTCCTGCTTGCAGCTTGCCTCCGCTAGAGCAACAGCAGAAGTGTCCCTGTCC 3300

   CAGCTGAGTCCCTGCCTGGCCCTAGGGTCCACACCAAGAAGGAGAGGCAATTCTGCCCTC 3360

   CACCAATTTACCTTCCCTAAAGACAGTTTCACAGTCCCAGCTTCCTAACAAATCTCCAAA 3420

   TCCATATGCCCTTGCTATGTAGAATGGGTCCTTTTTCAAAATGCCGTTTTGAAGCTACAA 3480

   AATACAAAACTGAAAATGATCTGCCTTCTTAAGATACGTTTTTCTTTATTCTTTGGAAAT 3540

   TAATATATGTGTGTGCTTACATAATGAAATACGATCATATCCACTGGAATTGTCCCCCTG 3600

   TCCAACTCTCTCCATGTCCCCCCACCCCACTCCCTGGGCTACCTGCAACCTTGGTCAGAG 3660

   AAGTTTCTTCCTGAAGTGGGGAGCAGACAGTGCAGAAAAGTATAACAGGTGCTGGAATCA 3720

   GTCGGACACTTTTTAAATTGACCTATTTTATCTTACTTTATGAGCATGATGAGAGTTTTG 3780

   CCAGCATGTGCGGCTGTATGCCACCTGAGCACAGTGCCCATAGATGGCAGAAAAGAGCTT 3840

   TGAGTCCTCTGGAACCAGAGACACAGCGGGTAGACCATGTATGCGCTGGGAACCAAACTC 3900

   AGGTCCTCTGGAAGAATAGCCACTACAGTTAACTGCTGAGCCATCCCTCCAGCACTCCTT 3960

Region of promoter 1 of the mouse aquaporin 4 gene

   CCCCTTAAACTGGTTTCTGTCCAAAACTACACATGAAAAGTGTACATTTTAAAGCTTGCC 4020

   CAAGGGAACTAACGCCCAGCTAAATACATATTCGTCTTAATCTCTTAAAGAACTTAGCCG 4080

   GGACAGTTTCCTTTCTAGGGATGGTTGGATTGCCTGTCCAGTGAATAAGAAATCACAGGC 4140

   CTCTCGTCTACTAATTAAGGAGACTTTAGAAGCAGTCTTTCTTGGATTGCAAAGAGTGTT 4200

                                             AQP4.045 3´-CACAA

   CAGCAAACCATCGCCAAACTGCAAGACTGCAGCCTGACCCCCTCCCCCCAGATTTCAATG 4260

   GTCGTTTGGTAGCGG-5´

EXON 1

   TGCCTTCCAGCTGGAAGGCTAGGTTGGTGACTTCTGATCTTCACTATGTTCTTCTTTCCA 4320

   AQP4.001 5´-GGAAGGCTAGGTTGGTGACTTC-3´

/TAA… Splicing site of exons 0/1 and X/1 Met�23

   GTAAGTGTGGACATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGA 4380
                  AQP4.078 3´-CTCGTAGTACCACCGAAA-5´

   CTCAGGCTTTCTGGAAGGCAGTCTCAGCAGAATTTCTGGCCACACTTATCTTTGTTTTGC 4440

   TCGGTGTGGGATCCACCATAAACTGGGGTGGCTCAGAAAACCCCTTACCTGTGGACATGG 4500

                 AQP4.193 5´-GGTGGCTCAGAAAACCCCTTAC-3´

   TCCTCATCTCCCTTTGCTTTGGACTCAGCATTGCTACCATGGTGCAGTGCTTTGGCCACA 4560

   TCAGTGGTGGCCACATCAATCCCGCTGTGACTGTAGCCATGGTGTGCACACGAAAGATCA 4620

EXON 1

   GCATCGCTAAGTCCGTCTTCTACATCATTGCACAGTGCCTGGGGGCCATCATTGGAGCCG 4680

   GCATCCTCTACCTGGTCACACCTCCCAGTGTGGTTGGAGGATTGGGAGTCACCACGGTGA 4740

                       AQP4.460 3´-CAACCTCCTAACCCTCAGTGGT-5´

   GAACTCTTCAGTTCTTATTTCTGTACTAGAACTTCATGTGCTTGCAAACTCTGGTGAAAG 4800

   GTGGCCAATGGCCTGAGAGGCATTCATAATACAGCTAGATTATGGAGCTAGTGATATAGA 4860

   TCAGTTGGTAGACTGCTTGCCTGCATGCATGGGGTCCTGGGTTATATTCCCACCACTACA 4920

   TATATGACGTTTGGTGGCACATATCTACACTTCTAACTTGGGAA 3´              4960

Fig. 2. Nucleotide sequence of the mouse AQP4 gene fragment (GenBank AF219992) and positions of specific oligonucleotide
primers. Exons 0, Х, and 1 are framed; the exon Х 5´�boundary is indicated according to the data of comparison with the MIWC3
mRNA.5 The transcription start sites for the AQP4.M1 and AQP4.M23X mRNA were determined by the primer extension
technique. The ATG codons, which are the start sites of translation for the AQP4 M1 and M23 isoforms are typed in bold and
marked as Met�1 and Met�23.

sults of mapping of the transcription start sites are marked
on the nucleotide sequence of the gene (see Fig. 2).
According to the results obtained, the transcription of
AQP4.M1 mRNA starts in exon 0 from nucleotide G,

127 bp upstream from the translation initiation site of
the M1 isoform (see Fig. 2 and 4, b). The AQP4.M23X
mRNA transcription starts in exon Х from nucleotide T
separated by 3018 bp from the site of translation initia�
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Fig. 3. Electrophoresis pattern for the mouse AQP4 cDNA
fragments obtained using the RT�PCR method. The fragments
were obtained using the common AQP4.460 antisense primer
in combination with the sense primers from different exons of
the mouse AQP4 gene. The structure and positions of primers
on the gene sequence are presented in Fig. 2 and in Experimen�
tal. a. Track 1: М1 cDNA from the mouse brain, AQP4.AGF1
sense primer, corresponds to exon 0 and a part of exon 1. Track
2: М23X cDNA from the mouse brain, AQP4.CF1 sense primer,
corresponds to exon X and a part of exon 1. Track 3: М23X
cDNA from the mouse brain, AQP4.CFN sense primer, corre�
sponds to exon X and a part of exon 1. Track 4: М23 cDNA
from the mouse brain, AQP4.001 sense primer, corresponds to
a part of exon 1. Track 5: М23 cDNA from the mouse brain,
AQP4.193 sense primer, corresponds to a part of exon 1.
b. Track 6: М23Х cDNA from the mouse brain obtained using
the AQP4.CF1 sense primer, corresponds to exon X and a part
of exon 1. Track 7: М1 cDNA from the mouse brain obtained
using the AQP4.1AGFN sense primer, corresponds to exon 0
and a part of exon 1. Track 8: М23 cDNA from the mouse
lungs obtained using the AQP4.001 sense primer, corresponds
to exon 1. Track DM: a DNA length marker, GeneRuler 100bp
DNA Ladder Plus (MBI Fermentas, Lithuania).

Fig. 4. Mapping of the transcription initiation sites for the
M23X and M1 mRNAs of mouse AQP4 by the primer exten�
sion technique. Start of transcription for the M23X mRNA (a)
or M1 mRNA (b). 32P labeled AQP4.CBN primer (a) or
AQP4.AGBPE2 primer (b) was hybridized with the total RNA
from the mouse brain and reverse transcription was carried out.
The product (PE track) was analyzed using electrophoresis in a
6% PAAG—7 M urea (a) or in a 4% PAAG—7 M urea (b). The
products of sequencing of the cloned gene fragment with the
same primer were used as markers (GATC tracks, the antisense
sequence is shown) .

tion of the M23 isoform located in exon 1 (see Figs. 2
and 4, a). It is noteworthy that our data on mapping of
the transcription start site for the AQP4.M23X mRNA
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did not coincide with the 5´�end of exon Х (3035 bp
upstream from the ATG codon Met�23) identified by
comparison with the known MIWC3 mRNA 5 (see Fig. 2).
Apparently, to clarify this point, additional analysis by
other methods is required. We did not carry out mapping
of the transcription initiation sites for the AQP4.М23
mRNA, as these data had already been published for
MIWC1,5 and the sequence of the 5´�region of the
MIWC1 mRNA was in good agreement with our data on
the gene structure.

Using the results obtained (see Figs. 2 and 4) and
resorting to published data, we selected appropriate prim�
ers, carried out PCR, and applied direct sequencing of
the RT�PCR products to determine the nucleotide se�
quences of the AQP4.M23X (GenBank entry AF469169)
and AQP4.M1 (GenBank entry AF469168) mRNAs, cov�
ering completely the 5´�nontranslatable and protein�en�
coding regions. For the AQP4.M23 mRNA, the nucle�
otide sequence for the fragment from the AQP4.001
primer (see Fig. 2, exon 1) to the end of the protein�
encoding mRNA region in exon 4 (primer AQP4.987)
was determined.

Analysis of the resulting AQP4.М1, AQP4.М23Х,
and AQP4.М23 cDNA structures showed that they were
fully identical to the nucleotide sequences of exons 0, Х,
and 1 of the mouse AQP4 gene we determined (Fig. 5).
In the region of exons 2—4, the nucleotide sequence of
the protein�encoding part of all the AQP4 mRNA forms
we determined was identical and coincided with the pre�
vious data23 for the mouse М1 mRNA. Conversely, the
first 32 bp of the 5´�end region of the mouse М1 mRNA23

have no homology with the sequence of our AQP4.M1
mRNA and, correspondingly, of AQP4 exon 0 and rep�
resent, very likely, the remains of the vector. As a conse�
quence, the 5´�nontranslation region of the AQP4.M1
mRNA proved to be longer by 117 nucleotides than it is
known for MIWC2 mRNA,5 or longer by 105 bp (if the
nonhomologous 32 nucleotides are rejected) than it is
known for the М1 23 mRNA (Fig. 5, a). In the region of
exon 0 in the М1 23 and MIWC2 5 mRNAs, we found
two silent nucleotide substitutions and one causing re�
placement of Gly�4 by Arg�4, which is a known case of
polymorphism.23

The nucleotide sequence of the AQP4.M23X mRNA
in the region of exon Х generally coincides with the
MIWC3 5 mRNA, except for the large deletion (see
Fig. 5, b). Numerous attempts to obtain the RT�PCR
fragment fully identical to the corresponding region of
MIWC3 and, hence, to confirm the possible presence of
an alternative splicing for this mRNA form failed. Ac�
cording to our data, the AQP4.M23X mRNA contains
an inset of 206 bp corresponding to the central region of
exon X, compared to the MIWC3 5 mRNA (see Fig. 5, b).
The splicing sites for the AQP4.M23X and MIWC3 5

mRNAs between exons Х/1 and the splicing sites for the

AQP4.M1, М1,23 and MIWC2 5 mRNAs between exons
0/1 proved to be identical and located within exon 1 (see
Fig. 5). Since MIWC3 was assumed5 to encode the third
isoform of mouse AQP4 4, we analyzed the open reading
frames (ORF) and discovered numerous stop codons in
all three ORFs in the region corresponding to a deletion
of 206 bp in the MIWC3 5 mRNA.

Analysis of the nucleotide sequence of the
AQP4.M23X mRNA showed that the first ATG codon
located in the optimal context for translation initiation
encodes Met�23 of the mouse AQP4. This means that
the third isoform of mouse AQP4, other than М1 and
М23 and similar to MIWC3 cannot be translated from
the AQP4.M23X mRNA.5 Recently, we obtained inter�
esting results in a study of tissue� and age�specific ex�
pression of the AQP4.M23X and AQP4.М23 mRNAs,
which encode, according to the above�described data,
the same M23 isoform of mouse AQP4.25 Using semi�
quantitative RT�PCR analysis with β�actin as the inter�
nal standard, we investigated brain, kidney, and lung
tissues of two�days�old and adult mice.25 Expression of
the new AQP4.М23Х mRNA took place mainly in brain
rather than in kidneys and lungs and was developmen�
tally regulated. The level of AQP4.М23Х mRNA expres�
sion in the adult mouse brain was almost twice higher
than that for the two�days�old one. Conversely, the М23Х
mRNA expression levels in the kidney and lungs were
low in both adult and two�days�old mice. The AQP4.М23
mRNA described previously was mainly expressed in kid�
neys and lungs. In lungs, expression of this form was
higher in infancy than in adulthood.25

Using the cDNA obtained from the mouse AQP4.М1,
AQP4.M23X, and AQP4.M23 mRNAs identified in the
present study, we constructed the recombinant DNA for
the expression of the М1 and М23 isoforms of mouse
AQP4 fused with the GFP fluorescent protein. The DNA
constructs obtained were used for short�term expression
in the LLC�PK1 line cells. By use of confocal micros�
copy and the technique described in our previous study,26

we showed that all the GFP—AQP4 fused proteins are
characterized by AQP4�specific basolateral distribution
in the plasma membranes of the LLC�PK1 line cells and
possess properties of a water channel.27 Thus, we dem�
onstrated that all the mRNA forms of the mouse AQP4
we identified having transcription start sites in different
gene exons (0, Х, and 1) encode functionally active
isoforms of mouse aquaporin 4.

The question of organization of promoters 0 and 1 of
the AQP4 gene regulating the expression of mRNA of
various isoforms of this water channel, like the question
of the presence and location in the 5´�flanking exon Х
region of functionally active regulatory elements acti�
vated by particular transcription factors still remains open.
New exons might also be discovered in the 3´�region of
the mouse AQP4 gene. Usually, investigators clone the
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M1 ------------------------------------------------------------

MIWC2 ------------------------------------------------------------

AQP4.M1 5´GCCACATGGTGCAGAATCTTTCCACCCCTACTCTCCAAAAACCCAATCAGACAAGTGCCC 60

Gene AQP4 tgattGCCACATGGTGCAGAATCTTTCCACCCCTACTCTCCAAAAACCCAATCAGACAAGTGCCC

************************************************************

M1 -----------5´GACCCAAGCTTAGATCTGGCTTTCAAAGGCGTCTGGACTCAAGCCAG 47
MIWC2 -------------------------------------------------------5´GAG 3
AQP4.M1 GTAATCTGACTCCCAGTGTACTGGAGCCCGGGGGCAGGCACTGAGCTGCACTCTGGCCAG 120

Gene AQP4 GTAATCTGACTCCCAGTGTACTGGAGCCCGGGGGCAGGCACTGAGCTGCACTCTGGCCAG

*************                               *** ****  ** **

EXON 0

Met�1 Splicing site of exon 0 ←GG/TAA→ and exon 1

M1 GGAAGGCATGAGTGACGGAGCTGCAGCGAGGCGGTGGGGTAAGTGTGGACATTCCTGCAG 107
MIWC2 GGAAGG-ATGAGTGACGGAGCTGCAGCGAGGCGGTGGGGTAAGTGTGGACATTCCTGCAG 62
AQP4.M1 GGAAGGCATGAGTGACAGAGCTGCGGCAAGGCGGTGGGGTAAGTGTGGACATTCCTGCAG 180
Gene AQP4 GGAAGGCATGAGTGACAGAGCTGCGGCAAGGCGGTGGGGTAAGTGTGGACATTCCTGCAG

****** ********* ******* ** ********************************

Arg�4->Gly�4

Met�23

M1 TAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTCTGGAAGGCAGT… 167

MIWC2 TAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTCTGGAAGGCAGT… 122

AQP4.M1 TAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTCTGGAAGGCAGT… 240

Gene AQP4 TAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTCTGGAAGGCAGT…

************************************************************

EXON 1

MIWC3 5´AAAGTCATTTTAAAGTTTCTATTTATGGTTCACGGGTTTGGATGCTTTGTTTTTTTCTTT 60

AQP4.M23X --------------------5´TTATGGTTCACGGGTTTGGATGCTTTGTTTTTTTCTTT 38

Gene AQP4 gagctAAAGTCATTTTAAAGTTTCTATTTATGGTTCACGGGTTTGGATGCTTTGTTTTTTTCTTT

************************************************************

EXON X

MIWC3 TTAATTTCTCT------------------------------------------------- 71

AQP4.M23X TTAATTTCTCTGATGAAAAAATGAGGTTCAAAGAGCAACTGAGTTTCTTGATTAGGTCTC 98

Gene AQP4 TTAATTTCTCTGATGAAAAAATGAGGTTCAAAGAGCAACTGAGTTTCTTGATTAGGTCTC

************************************************************

MIWC3 ------------------------------------------------------------

AQP4.M23X TGGAGAGGGGGACAGGTGTGTGAATGAGCAGGTGACAAAGGGTGCTGGAGGGAGGCTGGC 158

Gene AQP4 TGGAGAGGGGGACAGGTGTGTGAATGAGCAGGTGACAAAGGGTGCTGGAGGGAGGCTGGC

************************************************************

MIWC3 ------------------------------------------------------------

AQP4.M23X CTTTTCCAGGACCGCCTCCCCTGGGTGCTCTGCTATTGAGCAGGGACTGTTTCCTACCCA 218

Gene AQP4 CTTTTCCAGGACCGCCTCCCCTGGGTGCTCTGCTATTGAGCAGGGACTGTTTCCTACCCA

************************************************************

MIWC3 -------------------------------------TTCCTCTCTCTGGGCCTCAGAAG 94

AQP4.M23X CCCTGCTCCCTGCACTTCCTGCTTGGTCCCCTTCTCTTTCCTCTCTCTGGGCCTCAGAAG 278

Gene AQP4 CCCTGCTCCCTGCACTTCCTGCTTGGTCCCCTTCTCTTTCCTCTCTCTGGGCCTCAGAAG

************************************************************

Splicing site of exons X ←TG/TA→ and 1

MIWC3 ACAGCACCTGTAATAGCACTTTGCCCCTCTGCCACCTGGCTACAACCCTGGACTGCTGTA 154

AQP4.M23X ACAGCACCTGTAATAGCACTTTGCCCCTCTGCCACCTGGCTACAACCCTGGACTGCTGTA 338

Gene AQP4 ACAGCACCTGTAATAGCACTTTGCCCCTCTGCCACCTGGCTACAACCCTGGACTGCTGTA

************************************************************

EXON X

a

b

Fig. 5 (to be continued)
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Met�23

MIWC3 AGTGTGGACATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTC…214

AQP4.M23X AGTGTGGACATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTC…398

Gene AQP4 AGTGTGGACATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTC…

************************************************************

EXON 1

MIWC1 5´TAATTAAGGAGACTTTAGAAGCAGTCTTTCTTGGATTGCAAAGAGTGTTCAGCAAACCAT 60

AQP4.M23 ------------------------------------------------------------

Gene AQP4 tctacTAATTAAGGAGACTTTAGAAGCAGTCTTTCTTGGATTGCAAAGAGTGTTCAGCAAACCAT

************************************************************

MIWC1 CGCCAAACTGCAAGACTGCAGCCTGACCCCCTCCCCCCAGATTTCAATGTCCGTTCCAGC 120

AQP4.M23 ------------------------------------------------------------

Gene AQP4 CGCCAAACTGCAAGACTGCAGCCTGACCCCCTCCCCCCAGATTTCAATGTGCCTTCCAGC

************************************************** * *******

EXON 1 Splicing site of exons 0/1 and X/1 ←/TAA→

MIWC1 TGGAAGGCTAGGTTGGTGACTTCTGATCTTCACTATGTTCTTCTTTCCAGTAAGTGTGGA 180

AQP4.M23 5´ GGAAGGCTAGGTTGGTGACTTCTGATCTTCACTATGTTCTTCTTTCCAGTAAGTGTGGA 59

Gene AQP4 TGGAAGGCTAGGTTGGTGACTTCTGATCTTCACTATGTTCTTCTTTCCAGTAAGTGTGGA

************************************************************

Met 23 EXON 1
MIWC1 CATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTC 240

AQP4.M23 CATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTC 119

Gene AQP4 CATTCCTGCAGTAGAGAGAGCATCATGGTGGCTTTCAAAGGAGTCTGGACTCAGGCTTTC

************************************************************

MIWC1 TGGAAGGCAGTCTCAGCAGAATTTCTGGCCACGCTTATCTTTGTTTTG---GGTGTGGGA 297
AQP4.M23 TGGAAGGCAGTCTCAGCAGAATTTCTGGCCACACTTATCTTTGTTTTGCTCGGTGTGGGA 179

Gene AQP4 TGGAAGGCAGTCTCAGCAGAATTTCTGGCCACACTTATCTTTGTTTTGCTCGGTGTGGGA

******************************** ***************   *********

MIWC1 TCCACCATAAACTGGGGTGGCTCAGAAAACCCCTTACCTGTGGACATGGTCCTCATCTCC 357

AQP4.M23 TCCACCATAAACTGGGGTGGCTCAGAAAACCCCTTACCTGTGGACATGGTCCTCATCTCC 239

Gene AQP4 TCCACCATAAACTGGGGTGGCTCAGAAAACCCCTTACCTGTGGACATGGTCCTCATCTCC

************************************************************

MIWC1 CTTTGCTTTGGACTCAGCATTGCAACCATGGTGCAGTGCCTTGGCCACATCAGCGGTGGC 417
AQP4.M23 CTTTGCTTTGGACTCAGCATTGCTACCATGGTGCAGTGCTTTGGCCACATCAGTGGTGGC 299

Gene AQP4 CTTTGCTTTGGACTCAGCATTGCTACCATGGTGCAGTGCTTTGGCCACATCAGTGGTGGC

*********************** *************** ************* ******

MIWC1 CACATCAATCCAGCTGTGACTGTAGCCATGGTGTGCACACGAAAGATCAGCATCGCTAAG 477
AQP4.M23 CACATCAATCCCGCTGTGACTGTAGCCATGGTGTGCACACGAAAGATCAGCATCGCTAAG 359

Gene AQP4 CACATCAATCCCGCTGTGACTGTAGCCATGGTGTGCACACGAAAGATCAGCATCGCTAAG

*********** ************************************************

MIWC1 TCCGTCTTCTACATCATTGCACAGTGCCTGGGGGCCATCATTGGAGCCGGCATCCTCTAC 537

AQP4.M23 TCCGTCTTCTACATCATTGCACAGTGCCTGGGGGCCATCATTGGAGCCGGCATCCTCTAC 419

Gene AQP4 TCCGTCTTCTACATCATTGCACAGTGCCTGGGGGCCATCATTGGAGCCGGCATCCTCTAC

************************************************************

EXON 1

Splicing site of exon 1 ←CG/GT→ and exon 2

MIWC1 CTGGTCACACCTCCCAGTGTGGTTGGAGGATTGGGAGTCACCACGGTTCATGGAAACCTC…597

AQP4.M23 CTGGTCACACCTCCCAGTGTGGTTGGAGGATTGGGAGTCACCACGGTTCATGGAAACCTC…464

Gene AQP4 CTGGTCACACCTCCCAGTGTGGTTGGAGGATTGGGAGTCACCACG…

*********************************************

c

Fig. 5. Comparison of the nucleotide sequences of the 5´�end region of sequenced mouse AQP4.M1 (a), AQP4.M23X (b), and
AQP4.M23 (c) mRNAs with previously published mouse M1 (a),23 MIWC1 (c),5 MIWC2 (a),5 and MIWC3 (b)5 mRNA sequences.
The cDNA sequences are given. The sequence of the corresponding exons of the mouse AQP4 gene is given. In the region of
exons 2—4 of the mouse AQP4 mRNA, our data completely coincided with the results published previously;23 therefore, the
comparison is not given. The missing nucleotides are designated by dashes. Nucleotides differing from the AQP4.M1, AQP4.M23X,
AQP4.M23 sequence are typed in bold. Identical nucleotides are marked by asterisks. The ATG codons, which are the start sites of
translation for the M1 and M23 isoforms of the mouse AQP4 are marked as Met�1 and Met�23.

b
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AQP4 mRNA with a size of ∼1700 bp and identify at the
same time the presence of ∼5000—6000 bp long AQP4
mRNA forms in northern hybridization experiments. The
data reported recently on the nucleotide sequence of the
bovine AQP4 mRNA24 with a size of 5648 bp also points
to the possible existence of new exons in the 3´�region of
the mouse aquaporin 4 gene.

It is known that parameters of the 5´�nontranslation
sequence of mRNA such as the ability to form secondary
structures, the length, the content of GC pairs, the pres�
ence of false AUG codons, and so on may influence the
mRNA translation efficiency. A computer expert system
for predicting the translational properties of mammal
mRNA based on detailed analysis of the structural char�
acteristics of the 5´�nontranslation region has been de�
signed by Kochetov et al.28,29 The main idea that under�
lies the expert system is that the leader 5´�nontranslation
mRNA sequences with low expression are more difficult
to scan by the 40S ribosomal subunit according to the
Kozak model.28—30 Using this system, we analyzed the
5´�nontranslation regions of AQP4.M1 and AQP4.M23Х
and the MIWC1 mRNA sequence. According to the pre�
diction made, the translational efficiency of AQP4.M1
mRNA is evaluated as low (the expert evaluation coeffi�
cient is –0.189765). The translational efficiency of the
MIWC1 (М23) mRNA, whose transcription is initiated
in exon 1, separated from exon 0 by more than 3500 bp,
is evaluated as high (the expert evaluation coefficient is
+0.191242). It should be noted that it is still obscure
what particular regulatory region of the gene controls the
expression of the new AQP4.М23Х mRNA. It is un�
known whether the region between exons 0 and Х, up�
stream from the transcription initiation site of the given
mRNA, contains binding sites for the transcription fac�
tors that independently determine the transcription of
AQP4.М23Х mRNA. In any case, in our opinion, it is
fairly probable that promoter 0 located at a distance of
somewhat more than 700 bp influences substantially the
expression of the AQP4.М23Х mRNA. Therefore, it is
even more interesting that the translational efficiency of
the AQP4.М23Х mRNA, whose transcription is initi�
ated in exon Х (see Figs. 1, 2, and 4), is evaluated by the
expert system as high (the expert evaluation coefficient
is +0.182715). Presumably, under certain conditions in
an organism or depending on the particular type of cells,
in which the AQP4 is expressed simultaneously with
AQP4.M1 (having a low translation efficiency), the
AQP4.M23Х mRNA translated with high efficiency is
synthesized.

Thus, we showed that the mouse AQP4 gene consists
of at least six exons (0, Х, 1, 2, 3, and 4) separated by
five introns and contains transcription initiation sites for
three mRNA forms of mouse aquaporin 4. Two of them,
the new AQP4.M23X mRNA and previously reported
AQP4.M23, encode the same water channel isoform,

М23. We were also able to demonstrate that all the mRNA
forms of mouse AQP4 we identified (М1, М23Х, and
М23) encode the functionally active isoforms of aqua�
porin 4. Exon 0 is substantially larger than it has been
considered formerly. The additional exon X is located
between exons 0 and 1. The new AQP4.M23X mRNA is
mainly expressed in brain, the expression being con�
trolled during the development. The data obtained pro�
vide the possibility of more detailed research into the the
AQP4 gene expression regulation at the level of indi�
vidual mRNAs, which are obviously controlled by dif�
ferent, probably independently functioning promoters of
the AQP4 gene.
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