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We report the genomic structure of the human g
dducin gene (ADD3). Adducin is a protein involved in
ytoskeletal assembly and composed of a–b or a–g sub-
nits which share a high degree of homology between
uman and rat. Mutations in a subunit have been
hown associated to both human and rat hyperten-
ion. The human ADD3 gene spans over 20 kb and is
omposed of at least 13 introns and 14 exons covering
he entire coding region. The exon size ranges from 81
p to greater than 293 bp and the intron size from 111
p to longer than 3.2 kb. We also demonstrate the
resence of an alternative splicing event around exon
3, whose sequence, position, and expression is analo-
ous in rat Add3 gene. Moreover, human ADD3 amino
cid sequence presents 91.9% of identity compared to
at sequence. Characterization of human ADD3 gene
rovides an important tool for mutation analysis.
1999 Academic Press

Adducin is an heterodimeric cytoskeleton protein in-
olved in the formation of actin-spectrin lactice, actin
olimerization and signal transduction (1, 2). The pro-
ein is composed of related but not identical subunits
a, b and g); moreover a and b subunits show a very
igh homology between humans and rats (91.3% and
1.7% respectively).
It has been postulated that adducin may partecipate

n the regulation of blood pressure. In hypertensive
ats of the Milan strain (MHS) a primary increase of
enal tubular Na1 reabsorption (3) is involved in the
evelopment of hypertension. In particular, the MHS
train shows an increased activity and expression of
a,K-pump units per cell compared to the normoten-

ive MNS control (4). A missense mutation in a subunit
F316Y) is genetically associated to hypertension and
his effect is modulated by mutations in b subunit
Q529R) (5) and in g subunit (Q572K) (L. Zagato per-

The nucleotide sequence data reported in this paper have been
ubmitted to GenBank and have been assigned the Accession Num-
ers Y14372 through Y14384.
110006-291X/99 $30.00
opyright © 1999 by Academic Press
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onal communication). Transfection studies have dem-
nstrated that the a–b hypertensive variant of the
rotein modulates actin assembly and increases the
urface expression and the activity of the Na,K-pump
6).

In humans the a-adducin locus is associated with
nd linked to essential hypertension (7–9). A missense
utation in this subunit (G460W) is associated with

ypertension and affects the relationship between re-
al Na1 excretion and blood pressure (10). Recent re-
ults indicate a direct and specific interaction between
dducin and Na,K-ATPase in vitro; both rat and hu-
an adducin polymorphisms differently modulate re-

al Na,K-ATPase in vitro (11).
a, b and g-adducin genes (ADD1, ADD2, ADD3) are

ocalized on different chromosomes in both humans
nd rats (12–14) and are differently expressed in a
ariety of tissues. a-adducin is expressed in all tissues
xamined and may coexist as a–b and/or a–g het-
rodimers depending on the expression levels of b and
genes in the different tissues (15). A transcript of 4 kb
as been detected in human kidney mRNA using an
dducin-like human cDNA clone as probe (16), confirm-
ng the expression signal of a subunit and the absence
f b signal in renal tissue (12).
The expression of human ADD3 in the kidney sug-

ests that ADD3 could have a role also in human
ypertension. Therefore we set out to establish the
xon-intron organization of the human ADD3 ORF for
enomic DNA based mutation detection.

ATERIALS AND METHODS

Identification of human ADD3 and chromosomal mapping using
atabase analysis. Human gamma adducin cDNA (complete coding
equence Accession Number U37122), obtained by database searches
sing locally maintained Genbank/EMBL database, was used to
erform a BLASTN search against the STSs in the nonredundant
atabase of Genbank STS Division. Only one STS (Accession Num-
er G03246) showed a strong similarity to ADD3 cDNA. Further
nformation were also reported: the linked markers and distance
xpressed in centiRadios from the top of chromosome linkage group,
AC clones issued by CEPH library.



Genomic organization and DNA sequencing. (1) The YAC clones
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41E1, 803A2 and 801G4 were found to contain the STS G03246 and
onsequently the genomic sequence of ADD3.
Almost all of the genomic region corresponding to ADD3, except

art of 59 and 39 untraslated region, exon 1 and intron 1, was
mplified using polymerase chain reaction (PCR), human genomic
NA or the YAC DNAs as templates and 10 PCR primer sets. The
CR primers were designed on the basis of the cDNA sequence and
he high similarity of location of the introns between human alpha
nd beta adducin predicted amino acid sequences (17). The size of the
ntrons was defined by PCR using adjacent exonic primers.

Exon 1, exon/intron junctions of intron 1 and of intron upstream
xon 1 were instead defined by single-specific-primer polymerase
hain reaction (SSP-PCR) (18). SSP-PCR was performed using a
ector-specific generic primer common for all amplifications and a
rimer specific for the ADD3 cDNA sequence different for each
mplification. The template of these reactions was an aliquot of
igation mixes of human genomic DNA or YAC DNA and pBluescript
K(2) digested with different restriction enzymes.
(2) All PCR reactions were performed with Taq DNA Polymerase

Bioline UK) in buffer ATG* (67 mM Tris-HCl, pH 8.8, 16 mM
NH4)2SO4, 0.05% NP-40, 0.01% Tween 20, 5 mM b-mercapto-
thanol) for 30 cycles at 96°C (1 min), annealing temperature accord-
ng to the melting temperature of the appropriate set of primers, and
2°C (5 min). The PCR was carried out with a Gene Amp PCRsystem
600 (Perkin Elmer, Norwalk, CT).
(3) We defined the exon/intron junctions by direct sequencing of

CR products. Fragments amplified were sequenced from both ends.
equence reactions were performed either manually by use of Se-
uenase 2.0 DNA Sequencing Kit (USB) and (33P)dATP for labelling
r by use of DyeDeoxy terminator cycle sequencing and analyzed on
n ABI 373A automated sequencer (Applied Biosystem, Inc) accord-
ng to the procedure recommended by the manufacturer.

In order to confirm the gene structure each exon has been then
mplified individually using intronic primers and checked in size
nd sequence. Nucleotide sequence alignment was performed using
SC Sequence Alignment Server (http://www-hto.usc.edu/software/

eqaln/seqaln-query.html) while aminoacidic alignment was carried
ut using the program SIM (http://www.expasy.ch/tods/sim-
rot.html).

RT-PCR. Total RNA was prepared according to standard proto-
ols (19). cDNA was synthesized from 2 mg of total RNA isolated from
ifferent human tissues (kidney, heart, brain, lung and blood) using
he First Strand cDNA synthesis kit (Pharmacia Biotech). First-
trand cDNA was used as template in a 40 ml PCR containing 1 mM
gCl2, 100 ng each primer, 200 mM dNTPs, ATG* buffer and 1 unit

f Taq DNA polymerase (Bioline UK). PCR conditions were 28 cycles
f 30 s at 94°C, 20 s at 58°C, and 30 s at 72°C, after an initial
enaturation of 4 min at 94°C. The sense primer sequence was
AGCAGGTGCAGGTGGAGTA (gamma 3—nucleotides 1103–1122)
nd the antisense primer sequence was CCCCCAATCTGATCTAC-
AT (gamma 4—nucleotides 2262–2243). The following oligonucle-
tide primers were instead used to amplify the alternative spliced
egion (exon 12–14): gamma 15, CGAACGTAAACAACAAGGCCT
nucleotides 1842–1862) and gamma 10, TTGCCATTTACTACCAT-
AC (nucleotides 1934–1915).
The reaction products were analysed on a 2% agarose gel stained
ith ethidium and specific bands were cut and extracted with Qiaex

QIAGEN In. CA) and directly sequenced.

ESULTS AND DISCUSSION

By examining the GenBank and EMBL databases
e found that U37122 represents the complete coding

equence of human ADD3. The sequence lacks of com-
111
lete 59 and 39 UTR and shows a 2025-bp open reading
rame corresponding to a predicted protein product
hat spans 675 amino acids. BLASTN analysis of the
uman nonredundant Database of Genbank STS Divi-
ion have revealed that a 99-nt central position of
DD3 cDNA sequence (an hypothetical exon) was iden-

ical to G03246 STS.
The STS content mapping information allowed us to

dentify some YACs containing ADD3 region. 741E1,
01G4 and 803A2 YAC clones derived from CEPH li-
rary were assessed to contain ADD3 genomic region
y PCR. This method is a rapid way to identify the
ACs containing a given marker or region among all

he YACs and to obtain a good template for character-
zation at the genomic human level.

The human ADD3 gene spans over than 20 kb of
NA and is composed of at least 13 introns and 14
xons covering the entire coding region. We used PCR
roducts amplified from human genomic or YAC DNA
o reveal the exon-intron boundaries. The sequence of
ll spliced sites shown in Table 1, conforms to the
T/AG rule (20). The exon size ranges from 81 bp (exon
) to greater than 293 bp (exon 14). The G03246 STS
reviously described contains ADD3 exon 7 and partial
anking intron sequences.
The introns range from 111 bp in size to larger than

.2 Kb. Their length, except for intron 1, was deter-
ined by PCR amplification using primer sets specific

o consecutive exons. Intron 6 is the smallest and was
ompletely sequenced, whereas the central parts of
ther introns were not sequenced. The introns closer to
he 59 end of the gene tend to be larger.

The nucleotide sequences we have produced have
een deposited in GenBank (Accession Nos. Y14372
hrough Y14384).

Comparison between U37122 coding sequence and
ur DNA sequences revealed a few differences. We
ave found three nucleotide substitutions (nucleotide
osition 1217, 1390 and 1585) and three nucleotide
eletions (nucleotide position 1408, 1423 and 1433)
ith lost of one amino acid. However the resulting ORF

pans 2022 bp corresponding to 674 amino acids. By
T-PCR from peripheral blood leukocyte RNA we dem-
nstrated the presence of a further 96 bp sequence
ompared to both U37122 and D67031 coding se-
uences. This in-frame insertion corresponds to exon
3 and encodes 32 amino acids between codons 578 and
79. The resulting ORF becomes 2118 bp correspond-
ng to 706 amino acids.

Since this alternative splicing event around exon 13
reates two different transcripts, primers correspond-
ng to sequences of exons 12 and 14 were used in an
T-PCR in order to generate two distinct bands: the
pper band (ADD3a) contained exons 12, 13 and 14,
hile the lower band (ADD3b) contained only exons 12
nd 14. The same reaction performed on human kid-
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ey, brain, lung and heart tissues showed both the
nprocessed and the processed product (data not
hown). These results are consistent with those re-
orted by Tripodi (14), which detected an analogue
n-frame insertion of 96 nt in rat Add3b transcript
xpressed in several tissues. However the presence of
ifferential RNA processing system for ADD3 as for
DD1 and ADD2 (21, 17) requires an elucidation about

unctional differences of the various molecular forms of
his protein in different tissues.

Figure 1 shows that amino acid identity between
uman and rat ADD3 is 91.9% and the insertion of 32
mino acids observed both in rats and in humans
boxed) is located in the same position (85% homology).

very high homology between human and rat adducin
as already seen for a and b subunits (12, 13). This

orrespondence suggests that both genes could present
he same exon-intron organization. It is also clear that
orces have tended more toward conservation of glob-
lar domain than the tail domain.
The comparison among exon sizes of human ADD1,
DD2 and ADD3 suggests the presence also in ADD3
f at least one exon upstream the translation start in 59
TR region (Table 2). The highest homology in exon

izes is among 59 coding regions corresponding to
-terminal globular domain (protease resistant) and
eck domains of adducin molecule. The most variable
egion is the C-terminal tail domain (protease sensi-
ive), that exhibits localized similarities to the
ARCKS proteins and contains most of the phosphor-

lation sites and the binding site for calmodulin re-
uired for association with spectrin and actin (22).
oreover, the conservation of most exon sizes among

he three subunits is a further demonstration that

Splice Junction Sequences, Exon Size

Exon 39 splice site
Exon length

(bp)

1 CTTTGTGTTTATTAATGCAG ATAACAAG 224
2 TTTATTTTTGTGTATTACAG GCCTTTCG 139
3 CACATTTTTTGCTCTTTTAG GTCTTGGC 152
4 CCTGTTGTTTTTTTTTCCAG GTAAGAAT 81
5 GTCCTTCTGATTTTTTCCAG GTGAAAGT 150
6 GTATGGGCCAAACCAAATAG GTATCCTC 144
7 CTGTGGGCATTCTATTTTAG GTGCTGGT 99
8 TATTTTACCATTGATTACAG GTGCAGGC 183
9 GTGGCTTTTCCCTCCCTTAG GGGTATAG 258

10 GAAAATTTTTGATTCTTTAG TGGATGAA 120
11 TGAACCGTTTTTCAATTCAG ATTCGGGA 87
12 TTTTATTTTTTCTTTGTAAG ACTATGCA 124
13* ACTAAACTCTTATCCAACAG ATGCTGAG 96
14 AAAACCCTCCCCTTTCGTAG AAAACCAT (293)°

* Alternative spliced exon.
° Coding sequence length.
s, and Estimated Intron Sizes of ADD 3

59 splice site
Size of

intron (kb)
Accession
number

AAAGTCCTGTGAGTTGAATTAGAAGGCT ? Y14372
TCCTCTCAGTATGTCAGTTTTGGAGAGT 3.2 Y14373
ATATCTCAGTGAGTTCTTCAGCTTTCAA 0.95 Y14374
CCAATTTGGTATAATTTTCCATTCCTGT 1.2 Y14375
CAGCAGCTGTAAGTCAATGAAAGTCCAA 0.5 Y14376
GTTGTAAGGTATGTAGTAGAGTTTGTCT 0.111 Y14377
AGATTCAGGTAGGAAACATTATTCCCCT 2.5 Y14377
ACAACTTGGTAGGTTGCAAAATTGAAGT 1.75 Y14378
AAATCACGGTATGCCAGTATTTTATGTA 1.45 Y14379
GAAATAAGGTAAGACATGGTCTTCTATA 0.4 Y14380
CACCTTCTGTAAGTTTATGAAGTAGTAT 3.6 Y14381
CCTAGAAGGTTAGTTAATCTTTACATTC 1.7 Y14382
ATTAGAAGGTACTCAATGTAATTTCCA 1 Y14383
stop Y14384
112
FIG. 1. Amino acid sequence alignment of the human and rat
DD3 genes. Identical residues are shown with a vertical bar (|).
oxed sequences represent the translated alternative spliced exon
resents in both species.
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DD1, ADD2 and ADD3 belong to the same protein
amily.

A more precise localization of ADD3 gene was also
ndertaken by submitting the ADD3 sequence to the
TS database. The tagged sequence and consequently
uman ADD3 gene has been mapped by screening the
enbridge 4 radiation hybrid panel at 551.35 centiRa-
ios from top of chromosome 10 linkage group between
arkers D10S543 and WI-4132 (150 cM on the Géné-

hon map), correspondent to 10q24.1–10q24.2. The ho-
ologous rat gene has been localized on chromosome

q55 (14).
By the time a cDNA sequence called Adducin-like

ADDL) has been published by Katagiri (16), Genbank
ccession number D67031. It contains an ORF concor-
ant in nucleotide and deduced amino acid sequence to
ur sequence, even if lacking the insertion of 32 aa, and
longer 39 UTR region than U37122. ADDL cytoge-

etic localization is 10q24.2–10q24.3 in accordance to
ur Radiation Hybrid mapping. These data suggest
hat ADD3 and ADDL could represent the same gene.

In conclusion, our results indicate that: (1) the hu-
an ADD3 gene is composed at least of 14 exons and

3 introns spanning over 20 kb; (2) there is evidence of
n alternative splicing event at 39 end of the gene
orresponding to the tail domain of the protein, which

ADD1, ADD2, and ADD3 Exon Sizes

ADD1 ADD2 ADD3

— 312 (1) —
132 (1) 119 (2) —
215 (2) 217 (3) 224 (1)
163 (3) 139* (4) 139* (2)
152° (4) 152* (5) 152°* (3)
81° (5) 81* (6) 81°* (4)

150° (6) 6* (7a) 150°* (5)
— 144* (7b) —

144° (7) 144* (8) 144°* (6)
99° (8) 99* (9) 99°* (7)

177 (9) 177 (10) 183 (8)
252 (10a) 258* (11) 258* (9)
93 (10b) — —

102 (11) 95* (12a) 120* (10)
— 24* (12b) —

90 (12) 90 (13a) 87 (11)
— 717 (13b) —

157 (13) 148 (14) 124 (12)
— 86 (15) —

99 (14) 129 (16) 96 (13)
34 (15) — —

1892 (16) 1579 (17) .293 (14)

Note. ADD1 exon sizes are from Lin (21) and the ADD2 from
illigan (17). ADD1, ADD2, and ADD3 exon sizes are aligned ac-

ording to initiation of translation. The exons identical in sizes are
ndicated by ° for ADD1 and ADD3 and by asterisk for ADD2 and
DD3.
113
s the most variable region in all the three subunits; (3)
uman ADD3 amino acid sequence presents 91.9% of

dentity compared to rat sequence.
Characterization of the human ADD3 gene provides

n important tool for developing the reagents neces-
ary for mutation detection based on genomic DNA. A
pontaneous polymorphism in the a-adducin gene is
nvolved in genetic alterations of renal Na1 transport
nd in the pathogenesis of primary hypertension in rat
nd human. Polymorphisms in the g subunit could “per
e” contribute to the determination of hypertension or
ould epistatically interact with the known polymor-
hism in the a subunit or with polymorphisms in other
andidate genes (23).
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