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Abstract

A full-length clone of the aldolase B gene has been isolated from a cDNA library constructed from liver of Atlantic salmon
(Salmo salar). Sequencing showed that the clone encodes a typical aldolase B, possessing a number of amino acid residues
which are seen in aldolase B, but not in other aldolase isoforms. RT-PCR analysis showed that the gene is expressed in liver,
kidney and intestine as expected. However, in contrast to mammalian and avian aldolase B, expression was also found in a
number of other tissues. Levels of aldolase B mRNA in liver and kidney were not significantly altered during smoltification,

the transformation of freshwater-dwelling salmon (parr) into saltwater-adapted salmon (smolts). © 1998 Elsevier Science

B.V. All rights reserved.
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Aldolase (EC 4.1.2.13) catalyses the reversible
cleavage of fructose 1,6-bisphosphate into glyceralde-
hyde 3-phosphate and dihydroxyacetone phosphate
[1]. Hence the enzyme participates in both glycolysis
and gluconeogenesis. Mammals possess three related
isoforms of aldolase [2], each representing the prod-
uct of a separate gene and showing a distinct tissue
distribution. The three isoforms are: aldolase A,
found predominantly in muscle and associated with
glycolysis; aldolase B, found in liver, kidney and in-
testine; and aldolase C, found in the brain. Aldolase
B is associated with gluconeogenesis, and also with

* Corresponding author. Fax: +44 (1222) 874116;
E-mail: smbges@cardiff.ac.uk

1 The sequence data reported in this paper have been submit-
ted to the EMBL/Genbank data libraries under the accession
number AF067796.

fructose metabolism since it is able to use fructose
1-phosphate, in addition to fructose 1,6-bisphosphate,
as a substrate. Hence, hereditary fructose intolerance
in humans results from mutations within the aldolase
B gene [3]. In rats, the aldolase B gene undergoes
changes in expression during development [4]. The
liver of a 14-day-old foetus produces considerably
more aldolase A than aldolase B, but as development
proceeds aldolase B expression increases dramatically
with a concomitant decrease in the expression of the
aldolase A gene, such that the livers of newborn rats
predominantly express aldolase B. Transcription of
the rat aldolase B gene is also influenced by hor-
mones — it is stimulated by insulin and dexametha-
sone, but repressed by thyroxine and glucagon [5].
Much less is known about aldolase genes in lower
vertebrates, though the same three aldolase genes
appear to be present since aldolases A and C have
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Fig. 1. Nucleotide sequence of the salmon aldolase B cDNA clone and the putative amino acid sequence of the encoded protein. The
bases underlined are those recognised by the primers used in RT-PCR analysis of aldolase B expression.
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been cloned from Xenopus laevis [6,7], and aldolases
B and C have been cloned from two different teleost
fish, the gilthead sea bream [8] and the goldfish [9],
respectively. The latter are the only fish aldolases to
be described to date. It is particularly notable that no
data have been published on aldolase genes from
salmon because electrophoretic analysis of salmonid
aldolases [2] suggested the possible existence of a
fourth isoform, aldolase D. Furthermore, salmon
undergo an unusual life-cycle event, known as smol-
tification, which transforms freshwater-dwelling sal-
mon (known as parr) into saltwater-adapted fish
(known as smolts) in preparation for their migration
from river to sea [10]. Although it is difficult to com-
pare developmental processes of fish and mammals,
there are some parallels between smoltification and
late foetal development, such as the activation of
adult globin genes [11] and the induction of the se-
rum albumin gene [12,13]. We therefore hypothesised
that expression of the salmon aldolase B gene may
change during smoltification. Consistent with this
possibility is the fact that smoltification is influenced
by hormones, with peaks of cortisol and thyroxine
seen during the process [10,14]. Additionally, there
are changes in metabolism during smoltification in-
cluding decreases in glycogen synthesis and gluco-
neogenesis [15,16]. Consequently we have cloned
the Atlantic salmon (Salmo salar) aldolase B gene,
determined the tissue distribution of its transcript
and compared its expression in parrs with that in
smolts.

The Atlantic salmon aldolase B gene was isolated
from a cDNA library constructed in the vector Azap-
IT (Stratagene) using poly(A)" RNA isolated from
liver of adult salmon caught whilst returning to
spawn. Thirty thousand recombinants from this li-
brary were probed at low stringency (final wash at
42°C in 1XSSC, 0.1% SDS) with a ¥P-labelled re-
striction fragment containing the complete coding
sequence of the sea bream aldolase B gene [§]. One
positive clone was plaque purified and converted to
plasmid form using the Azap automatic excision sys-
tem. The insert from this plasmid was sequenced on
a LiCor automated sequencer following the genera-
tion of appropriate subclones. Sequencing of this
clone revealed it to contain a full-length insert encod-
ing a putative protein of 362 amino acids with a
predicted molecular weight of 39.2 kDa (Fig. 1). Da-

tabase searches showed that the protein encoded by
the cloned gene was strongly related to aldolase B,
showing about 83% amino acid identity with sea
bream aldolase B and approximately 70% amino
acid identity with goldfish aldolase C. An alignment
of the amino acid sequence of salmon aldolase B and
five other vertebrate aldolase sequences is shown in
Fig. 2. The protein encoded by this gene appears to
be typical of an aldolase B except for the deletion of
two amino acids, between residues 65 and 66 of the
salmon sequence.

The availability of fish aldolase B and C sequen-
ces, including the one described in this paper, allows
more precise identification of residues which are
characteristic of the various aldolase isoforms. An
alignment of 16 vertebrate aldolase genes (not
shown) revealed 12 amino acids which are conserved
in all aldolase B proteins, and altered in all aldolase
A and C proteins, so far described. These are, with
respect to the salmon sequence, Phe-5, Thr-39, Gly-
41, Phe-59, Ala-112, Leu-181, Ala-261, Lys-295, Ala-
310, Lys-319, Thr-357 and Tyr-360. The presence of
most or all of these 12 amino acids can hence be seen
as defining a sequence as aldolase B. The location of
these residues is indicated on Fig. 2. Studies of chi-
maeric aldolases, made by fusions between human
aldolase A and B, have implicated the regions corre-
sponding to residues 37-49 and 310-362 of the sal-
mon sequence as being particularly important for
aldolase B-specific functions, such as utilisation of
fructose 1-phosphate [17]. Of the 12 aldolase B-spe-
cific amino acids identified above, six occur within
these regions. These six residues would be good tar-
gets for future experiments, using site-directed muta-
genesis, to further define the molecular basis for the
differences in activity between aldolase B and the
other aldolase isoforms.

We next analysed the expression of the salmon
aldolase B gene using RT-PCR. RNA was prepared
from tissues of salmon parr, early smolts and late
smolts. Aliquots of 0.5 pug of total RNA were used
in cDNA synthesis reactions which also included
0.5 ug random hexamers and 200 U MMLYV reverse
transcriptase in a total volume of 100 ul. Aliquots of
5 ul of the resulting cDNAs were used in PCR reac-
tions with primers which would specifically amplify
either aldolase B or, as a control, B-actin. The aldo-
lase B primers used were TGACTACCCAGTTCC-
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o o o L
salalb MTTQFPSLSPEQRKKELSDIAQRIVAPGKGILAADESTGTMGKRLOQKINVENNEENRRTFR 60

sbalb HREQR Rk khhhkhkkkkhkkkkhhhhhhhkhhhhhhkkkkkkkXPANK Ak kX kkk*k*kCk* G0
hualb *AHR* *A*TQ* %tk ok ko G ke kN ok ek ok ok ek k7o ke ANk k KRIR* Kk PhkkkkQk* 650
goalc FREKY RAKTTH K dkdkkQekdkokddhkkkdhhkkdkkhhkkkGAAXKKNDAGHH*TA*k*k**LY* 60
hualc *PHSY*A*X KAk kkkkkkkk kL kkkhkkkkkkkkkk kA V*SHAX KK GOXGAAXTA*k*k**LY* 60
huala KDY RYRAKRP Rk kk ke kkk kA Hh A ARk kA AR KR KR KAARGTAR R K AGAGTH ATk kX *FY* 60

L d
salalb DLLFS--AVDPNCIGGIIFFHETLYQMSDKGVLFPQVIKDKGIVVGIRVDKGTAGLNGTD 118

sbalb KT HRKTDRGTAX KR KAk kkk kA kA AKRAGNARA A * Ak Uk kkkkkkkkkkkkkkkDhrkkk*x 120
hualb EI***VDSSINQS***V*********KDSQ*K**RNIL*E********L*Q*G*P*A**N 120
goalc Q***TADERMDK * * * *Vx k k k k k k k kRA*D* TP ¥ ARKM* ¥ *R*x *kkkkkk k% *JYP*A*X*N 120
hualc QU***ADDRVKEK* * %k k% %k kk % kKD *N* *DXYRT QD * * * kk k¥ * ¥ * X *YYP*A**D 120
huala Q**LTADDRVNP* * * ¥V X[,k k k k k k kRAXD¥RPX * k k k k Sk kGhkkkk* %k *VYP*A*X*N 120
salalb GETTTQGLDGLSERCAQYKKDGCDFAKWRCVLKISDACPSDLAIAENANVLARYASICQQ 178
sbalb TR KA KKK I RIRIRAII AR KR KNI NI NI RARGRAFAR Rk kkkhkkkkkkkk*M 180
hualb Rr*kThkkkdhhhkdkdkhhhhk ok kGrr kA kkRAAXQ kA GhkkQhkkk kA Kk kkkkkkk* 180
goalc Ghhhkh kIR IR AR AR IR IR KAK KKK A RGR AR A KETSHAER*kMhkkkkkkkkkkkkk* 180
hualc HhK KKK IRKIKI KA AR RKARKA NI R KA KA R KERTAAAR Kk kkkkkkhkkkkkhkk 180
huala KRR KKIIKI KA KKK KRR ARKARK IR A R KA KK AGEHTH¥A*X K AM*kkhkkkkkkkkkkkk 180

L4
salalb NGLVPIVEPEILPDGDHDLLRTQYVTERVLAATYRALNDHHVYLEGTLLKPNMVTAGHSC 238

sbalb KkkhhhhhhhkkkkkkkkkQRCAKAKR KAk khhkkhGhhhhkkhkkkkkkkkkkDh*k* 240
hualb HAKKKKKKRKKY TR AR AR KEHC R *kkkkkkkThkhhkkkkkkhhkhkkkkkkkkkkkkk kA% 240
goalc g R e T ey T T L T T 10
hualc R R s el 2 e T T C - T ()
huala IhThh kR h IR h IR KRACh IR A AR AR AR A RGh A KT hhkkkkkk kA kX *DAXA* 240

L4 L]
salalb PRKFTPQEVGMATVTALRRTVPAAVPGITFLSGGQSEEEATQNLNAMNLTSLHRPWKLSF 298

sbalb Kkkkkkk kA kkhkkkdkhkkkkhGhhkkChhkkkhkkk kA STH* XX XQUP*******T* 300
hualb Thh Y+ kEQ A Kk kkkkkFhkkkkkkkkkChk kA AMA* kDA *k T,k *** T **CP*PRK*****x* 300
goalc KTARGN,RTA* KAk hkk Ak kAR KDARPHYR Rk kk Ak kk kXX ST k¥ % kT *NCP*TRK**A*T* 300
hualc KT RYRKERTA IR IRk A kAR KDR ARk kkkk kX kA XKGFHA XX T *RCPAPAX*AXT* 300
huala TQ**SHE*TA*kkkhkhkkkkkkkDh*kThhkkkkkkkkkkk k¥ ST ** ¥ *T¥XKCP*LE**A*T* 300

° L[]
salalb SYGRALQASALAAWKGKAANKQSAQDAFTSRAKSNGLASKGKYTAVSSDDQASMQSLH&A 358

sbalb Kk khk kKK h KKK K RQRKD* KR AATHQVAVTH* ¥ Tk *k*k kX EXKPSGAAX ¥k ¥Qk**kY** 360
hualb Kk kKKK RKYVHR* A RGH k% kX EATE* *MRK* *MA*CQAA*X *Q¥VHTG*SGA* *T***F** 360
goalc *kkkkkkkkkkGkAR¥VKE*EKA*TEE*LK* *EA** % *AQ* **VSSGM*GS*G-***YV* 359
hualc * Kk Kk Kk k kX KNAYR*QRD*AGA*TEE*IK* *EV* ¥ * *AQ* * *EGSGE*GG*AA***YI* 360
huala *hkkkkkkkk*KEK**G¥KE*LKA**EEYVK**LA*S**CQ****DSGQAGA**SE**FVS 360

salalb NYVY 362

sbalb S*** 364
hualb C*T* 364
goalc *HA* 363
hualc *HA* 364
huala *HA* 364

Fig. 2. Alignment of the amino acid sequence of salmon aldolase B (salalb) with sea bream aldolase B (sbalb), human aldolase B
(hualb), goldfish aldolase C (goalc), human aldolase C (hualc) and human aldolase A (huala). Residues identical to the salmon se-
quence are indicated by an asterisk (x). Where necessary, spaces, indicated by a hyphen (—), have been inserted to maximise homol-
ogy. Residues which are specific to aldolase B are indicated by a e.
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Fig. 3. RT-PCR analysis of the tissue distribution of aldolase B
mRNA. cDNA was synthesised from RNA prepared from liver
(L), kidney (K), muscle (M), skin (S), brain, (B) gill (G) and in-
testine (I) of salmon parr. Aldolase B and B-actin sequences
were then selectively amplified by PCR. PCR products were de-
tected by high stringency Southern blotting following electro-
phoresis through 2% agarose gels. The negative control (—RT)
shows PCR amplification of a cDNA synthesis reaction, con-
taining liver RNA, from which reverse transcriptase was omit-
ted.

CATCC and CTGTGCCTTTGTCCACCTTA. The
upstream aldolase B primer corresponds to the first
six amino acids of the aldolase B protein (Fig. 1). As
this region is poorly conserved between different al-
dolase isoforms (Fig. 2) it was anticipated that it
would anneal to aldolase B c¢cDNA, but not to
cDNA derived from aldolase A or aldolase C. Prim-
ers for amplifying B-actin were designed from the
sequence of a salmon B-actin clone (Genbank acces-
sion number AF012125) obtained by screening the
salmon liver cDNA library with a fragment of the
sea bream B-actin gene [18]. The sequences of B-actin
primers were GTTGTTGACAACGGATCC and
AGCGTAACCCTCGTAGAT. PCR reactions, for
the detection of both aldolase and B-actin, contained
2.5 mM MgCl,, 10 pmol of each primer and 1.25 U
Taq DNA polymerase. Amplification was performed
by incubating for 17 (B-actin) or 20 (aldolase B) suc-
cessive cycles at 95°C for 1 min, 58°C for 1 min and
72°C for 30 s. These numbers of cycles are many
fewer than required to reach the plateau phase of
amplification. PCR products were then fractionated
on 2% agarose gels and detected by Southern blot-
ting, using the appropriate ?>P-labelled probe, under
high stringency conditions (final wash 0.1 XSSC,
0.1% SDS at 65°C for 1 h). No products were ob-
served in negative control reactions from which re-
verse transcriptase was omitted.

Initially, expression of aldolase B was examined in
a variety of parr tissues (Fig. 3). Aldolase B tran-
scripts were, as expected, most abundant in liver

with slightly lower levels present in kidney. Aldolase
B mRNA was also present in salmon intestine
although, relative to expression in liver and kidney,
expression of aldolase B in intestine of salmon ap-
pears much lower than that observed in the rat [19].
More surprisingly, we also detected low levels of al-
dolase B mRNA in each of the other tissues tested,
namely brain, muscle, gill and skin. To determine the
relative levels of aldolase transcripts in the tissues
analysed, the regions of the Southern blot membrane
which gave rise to the various bands shown on the
autoradiograph in Fig. 3 were excised and the
amount of probe bound to them determined by scin-
tillation counting. This showed that liver contained
approximately 1.4-fold more aldolase B mRNA than
kidney, 10-fold more aldolase B mRNA than intes-
tine and between 8- (gill) and 30- (skin) fold more
aldolase B mRNA than the other tissues tested.
Analysis of B-actin expression confirmed that the
RNA prepared from each tissue was of similar qual-
ity and quantity. Aldolase B RT-PCR products from
brain, muscle, gill, skin and intestine were subse-
quently subcloned and sequenced to confirm that
they were derived from aldolase B, rather than aris-
ing by mis-priming from aldolase A or aldolase C
transcripts. All sequences corresponded precisely to
the aldolase B sequence shown in Fig. 1. The expres-
sion profile of aldolase B in salmon is clearly distinct
from that of higher vertebrates [19,20]. It suggests a
biological role for aldolase B in salmon tissues, and
perhaps those of other fish, which is not seen in
mammals and birds. Alternatively repression of the

F—Liver—Kidney —

PEL P E L-RT
S Aldolase B

Fig. 4. Aldolase transcripts do not vary in abundance during
smoltification. ¢cDNA was synthesised from RNA prepared
from liver and kidney of parrs (P), early smolts (E) and late
smolts (L). Aldolase B and B-actin sequences were then selec-
tively amplified by PCR. PCR products were detected by high
stringency Southern blotting following electrophoresis through
2% agarose gels. The negative control (—RT) shows PCR am-
plification of a cDNA synthesis reaction, containing parr liver
RNA, from which reverse transcriptase was omitted.

Actin
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aldolase B promoter in tissues such as muscle and
brain may be less efficient in salmon than in mam-
mals and avians.

To determine whether expression of aldolase B in
liver and kidney alters during smoltification, RT-
PCR analysis of aldolase B expression was per-
formed on RNA isolated from these tissues taken
from parrs, early smolts and late smolts. We found
that expression of aldolase B was essentially unal-
tered in these tissues during the smoltification proc-
ess (Fig. 4). This suggests that the changes in carbo-
hydrate metabolism involved in smoltification do not
require modulation of aldolase B expression and that
aldolase B expression is not influenced by the in-
creased levels of plasma cortisol and thyroid hor-
mones which accompany (and probably regulate)
smoltification.

We thank Dr. A. Youngson and Mr. J. MacLean
(Scottish Office Agriculture, Environment and Fish-
eries Department) for their help in obtaining salmon
samples and Ms. Sharon Roberts for assistance in
the library screening. S.A.R. was funded by a
BBSRC studentship.
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