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Summary

We have cloned and analyzed the full-length coding epithelium of the euryhaline teleosF. heteroclitussuggests
sequence and 3untranslated region (UTR) of a unique that it is crucial for signal transduction in gill epithelial
14-3-3 gene of the euryhaline teleofundulus heteroclitus  cells. We provide evidence that 14-3-3.a is involved in
which we named 14-3-3.a. Phylogenetic analysis of the osmosensory signal transduction by showing that its
deduced amino acid sequence revealed that the 14-3-3.amRNA and protein levels in gill epithelium, but not in any
gene product is most similar to vertebrate 14-3@3and 3,  other tissue analyzed, increase two- to fourfold within 24 h
yet it displays considerable divergence to known classes of of salinity transfer of fish from sea water to fresh water.
vertebrate 14-3-3 isoforms. The N and C termini of These data are clear evidence for an important role of
14-3-3.a are the most unique regions, whereas the amino 14-3-3.a in the remodeling of gill epithelium during
acid residues forming the amphipathic ligand-binding transition of euryhaline fish between plasma-hyperosmotic
groove are highly conserved.F. heteroclitus 14-3-3.a  and plasma-hyposmotic environments.

MRNA expression is high in gill epithelium, moderate in

intestine and brain, and low in gonads, white muscle and Key words: osmoregulation, signal transduction, 14-3-3, gene
heart. Because 14-3-3 proteins are important molecular expression, gene regulation, protein phosphorylation, euryhaline fish,
scaffolds and cofactors for phosphoproteins and signaling gill epithelium, salinity adaptation, chloride cell, killifisRundulus
complexes, the high level of 14-3-3.a expression in gill heteroclitus

Introduction

Euryhaline teleosts maintain their plasma osmotidFu et al., 2000). Interestingly, many molecular phenomena
homeostasis by extrarenal transport of salt. In a plasméavolved in salinity adaptation of euryhaline fish are features
hyperosmotic environment (e.g. sea water, SW) they activelthat are regulated by 14-3-3. Examples are the activation of
secrete NaCl, while in a plasma-hyposmotic environment (e.¢d*-ATPase, the regulation of cell proliferation and turnover,
fresh water, FW) NaCl is actively absorbed across the gilhe regulation of apoptosis, protein kinase C (PKC) regulation
epithelium. Accordingly, the cellular organization of the gill that is important for the modulation of NME*-ATPase
epithelium of euryhaline fishes differs largely between FW andctivity, the regulation of ion channels and transporters, and
SW (Laurent and Dunel, 1980). During acclimation ofthe regulation of the cytoskeleton. 14-3-3 proteins have in
euryhaline fish from SW to FW andice versathe gill common that they are essential for the adaptation of virtually
epithelium is extensively remodeled to account for the alteredll eukaryotic cells to a changing environment, which is
requirements of ion transport. Such remodeling includeseflected by a remarkably high degree of structural
changes in the turnover of gill epithelial cells (Conte and Linconservation of 14-3-3 proteins in all eukaryotes (Finnie et al.,
1967; Chretien and Pisam, 1986; Uchida and Kaneko, 1996)999). A striking general property of 14-3-3 proteins concerns
altered differentiation patterns of gill epithelial cells (Contetheir binding and regulation of a very large number of protein
and Morita, 1968; Kiltz et al., 1995), and the modulation okinases, phosphatases and other phosphoproteins (Fu et al.,
the activity of ATPases and ion transporters (Evans, 1992000). The wide variety of 14-3-3 partners resembles the large
Kiltz and Somero, 1995). 14-3-3 proteins are excellenbumber of calmodulin targets and suggests that 14-3-3 proteins
candidates for molecules that control the reorganization of giire ubiquitous regulators of cellular physiology and
epithelium during salinity adaptation of euryhaline teleostdiochemistry. It is now recognized that 14-3-3 proteins are
because they are ubiquitous phosphoprotein partners and vémyportant convergence points of many, if not all, important
potent master regulators that control the activity of many signalignal transduction pathways (Fu et al., 2000). In addition, one
transduction pathways in response to a changing environmesypecific 14-3-3 isoform, 14-3%3 has been identified as an
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arachidonate-selective acyltransferase and phospholipase Agtraction method (Chomczynski and Sacchi, 1987). Poty(A)
(PLA2) (Luo et al., 1995; Du et al., 1994) and 14-3-3 protein®kRNA was obtained from total RNA by affinity purification
are important for vesicle trafficking and €alependent with Oligotex magnetic beads (Qiagen). A SMART cDNA
exocytosis (Roth et al., 1999; Chamberlain et al., 1995). Thedidrary was constructed from gill epithelial poly(ARNA
properties of 14-3-3 suggest that they are important fousing reagents from Clontech, and Superscript Il reverse
osmosensory signal transduction during hyposmotic stresgnscriptase (Life Technologies). This cDNA was used for
(SW to FW transition) because PLA2 is a potential primaryeverse transcriptase-polymerase chain reaction (RT-PCR)
osmosensor and &adependent exocytosis is a hallmark for amplification of the central region &. heteroclitus14-3-3
cellular adaptation during hyposmotic stress (Lehtonen andsing a pair of degenerate primers. These primers (sense:
Kinnunen, 1995; Hoffmann and Pederson, 1998; Kinne, 1998 TNGCNTAYAARAAYGT, antisense: CCAVARNGTVA-
In this study we have cloned the first 14-3-3 gene from &RTTRTC) were designed by sequence alignment of 25
euryhaline fish, analyzed its molecular structure, measured tiertebrate 14-3-3 cDNAs (Clustal X; Jeanmougin et al., 1998)
expression in gill epithelial cells compared to other tissues, arahd identification of the two most highly conserved regions.
investigated the osmotic regulation of this geneivoduring  RT-PCR was performed using Advantage 2 high fidelity PCR
osmotic challenge of fish. reagents (Clontech) and the PCR product was cloned into
pTAdv vector. This construct was propagated in JM109 cells
) (Clontech), and a single subclone was expanded and sequenced
Materials and methods using ABI Prism BigDye 2.0 cycle sequencing reagents and an
Animals and acclimation procedures ABI Prism 310 automated DNA sequencer (PE Biosystems).
The euryhaline killifishFundulus heteroclitysvas used for  After the sequence was evaluated and confirmed to correspond
all experiments and as the source for cloning procedures. RN a 14-3-3 gene, the' &and 3 ends of the corresponding
used for cloning was isolated from gill epithelium (scrapednRNA were cloned by rapid amplification of cDNA ends
from the cartilage) of fish collected in seawater habitat nedRACE) PCR using one gene-specific primer and one adapter
Mount Desert Island, ME, USA in the summer of 1999. Beforgrimer corresponding to theé br 3 SMART adapter of the
collection of gill tissue, blood was removed from gill cDNA library. RACE PCR products were cloned into pGEMT
vasculature by brief (1-2 min) perfusion with Hank’s bufferedvector and sequenced as described above. A continuous full-
saline solution (HBSSyia the bulbus arteriosus Salinity  length cDNA clone was obtained by PCR with gene-specific
acclimation experiments were performed in the summer gfrimers corresponding to thé &nd 3 ends of the 14-3-3.a
2000 with fish collected again in seawater habitat near MoumiRNA fragments identified previously.
Desert Island, ME, USA. These fish were kept in running-
seawater tanks (950 mosmolkgi>0) and fecad libitumwith Phylogenetic and structural analysis
commercially available trout pellets for 15 days. Following this The primary structure of the 14-3-3.a coding sequence and
pre-acclimation, the animals were divided into three groupsdeduced amino acid sequence was analyzed with the computer
one group was left in SW (950 mosmotkdi20). A second programs Vector NTI and AlignX (Informax, Inc.). Multiple
group was transferred abruptly to FW (approx. 50 mosntdl kg sequence alignments and phylogenetic tree construction were
H20), and a third group was abruptly transferred to doubleearried out using Clustal X (Jeanmougin et al., 1998) and
strength SW (1900 mosmolkly H20). All tanks were TreeView (Page, 1996) software. The primary structure of the
vigorously aerated, the water was cycled across externd! UTR was analyzed for the occurrence of protein-binding
charcoal filters, and animals were not fed during themotifs using UTRScan and UTRdb programs (Pesole and
acclimation period. There was no mortality and no visibleLiuni, 1999). Modeling of the three-dimensional structure of
discomfort of the animals following the salinity transfer. After 14-3-3.a was done with the program SwissModel (Peitsch,
24 h acclimation to these three different salinities fish of all996) using the crystal structures lébmo sapiendl4-3-3
groups were sacrificed by spinal cord transection in the badPDB codes 1QJA, 1QJB; Rittinger et al., 1999) Bod taurus
of the neck. Blood was removed from gill vasculature byl4-3-F (PDB codes 1A37, 1A38, 1A40; Liu et al., 1995) as
perfusion with HBSS via theulbus arteriosugnd total RNA  templates. The structural coordinates of 14-3-3.a that were
of gill epithelium (scraped from the cartilage), brain, intestinecalculated during the modeling process were then visualized
white muscle, liver and gonads was immediately isolated assing SwissPDB Viewer (Guex, 1996) and WebLab Viewer
described below. The salinity of the acclimation water wagMolecular Simulations, Inc.) software.
measured using a vapor pressure osmometer (Wescor)
calibrated with HO standards (100, 1000 and Northern blot analysis
2000 mosmol kgt) prior to measurement of samples. Double- Total RNA (7ug) from each sample was denatured, loaded
strength SW was prepared by addition of an appropriatento 1% agarose/formaldehyde gels and electrophoresed using

amount of NaCl to regular SW. a Tris-buffer system as described previously (Farrell, 1998).
_ _ Subsequently, gels were briefly stained with ethidium bromide
Cloning, PCR and sequencing procedures and the two ribosomal RNA bands of each sample were

Total RNA was isolated using the phenol/chloroformquantified with a Fluor-S Multiimager (Biorad). RNA was
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transferred from gels to nylon membrane (Biodyne B, Results
LifeTechnologies) by electroblotting and UV-crosslinked to Primary structure of 14-3-3.a

the membrane in a Stratalinker (Stratagene). Riboprobes were\y;a have cloned and sequenced a novel cDNA from the

syn?hesized bin vitro trans'cription of.the fuII-Igngth 14-3-.3.a euryhaline fishF. heteroclitus(GB AF302039) This cDNA
coding sequence (CDS) in the antisense direction using T3q 5 total of 1659 base pairs. 34 of these nucleotide base pairs
polymerase  (Ambion) and Y‘sz]dCTP (NEN). Pre- 5re 8 UTR, while the CDS, including stop codon, is 744
hybridization and  hybridization procedures were dong, cjeotides long, and the BTR is 881 nucleotide pairs long
according to the method of Farrell (Farrell, 1998) and therig 1) The CDS encodes a novel 14-3-3 protein that consists
intensity of the 14-3-3.a mRNA bands from each samplgs 547 amino acid residues, has a theoretical molecular mass
quantified with a Phosphorimager SI (Molecular Dynamics). ¢ 28,015kDa and a calculated isoelectric point of 4.73
Western blot analysis (Fig. 1). The BUTR of F. heteroclitusl4-3-3.a is similar to
) ) ) that of 14-3-3 but does not have a high degree of similarity

Thg propem abqnda}nce .Ef heterocllt.us14-3'_3-a protein 4 known 3 UTRs of other 14-3-3 isoforms. The similarity of
was investigated in gill epithelium of fish acclimated to SWipa 3 TR 1o that of 14-3-Bis seen in both the length and the
or transferred for 24 or 48h from SW to FW. We havejgentity of the nucleotide sequenée.heteroclitusi4-3-3.a 3
optimized a western detection procedure for 14-3-3.a USiNg 3TR, excluding the poly(&) tail, is 855 nucleotides long

monoclonal antibody. Proteins were extracted from gill.ompared to 905 nucleotides in frog (Miura et al., 1997) and
epithelial tissue into lysis buffer (Kiltz et al., 1997),

homogenized on ice using a glass—teflon homogenize

: . ioE GEEE
(Wheaton), and centrifuged for 10 min at 20,00énd 4 °C. 1 TACGCTTACA TCTGCTAGAC CTCAGTGAGA AGCCATGAGC GRATCATCCC

fo ; g KR T g, K RS KL KRG UK E R ¥
Supernatants containing [§ protein per sample as 51 AAARGGAGCT GGTCCARAAG GCCARGCTGG CCGAGCAGGC TGAGCGCTAC

determined with the bicinchoninic acid assay (Pierce) wer noM A &AM X E Y T BEG RRT
. . 101 GATGACATGG CTGCAGCGAT GARATCGGTG ACGGAGGAGG GUGAGGAACT

loaded on 10 % sodium dodecylsulphate-polyacrylamide gel p N B E R ML, L 8§ V K ¥ K ¥V N
151 GACCAACGAG GAGUCGCAACC TGCTGTCGGT GGCCTACAAG ARTGTTGTGG

and electrophoresed in a Protean MiniCell (Biorad) using
Tris-glycine buffer system. Gels were electroblotted as
previously described (Kultz et al., 1997) and blots were
blocked with 5% bovine serum albumin for 1 h. Even loading
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of samples was verified by staining gels with Coomassie Blu | ¥ * & & & K & & A & o o i
after blotting and quantifying several high molecular mas: ® M G B.Y ¥ B Y L K B VR WD
bands that remained after electroblotting with a FluorS — 0% SR5ATEasNs CREACTATER Teafmainn® clanfeonds opomoeae

1 i - 1 Tall 451 TGRGAAGACT GGCATTATTC GTGATTCGCA GGAAGCATAC ARRCAGGCGT
Multilmager (Biorad). Post-blotting staining of gels also R AR e g MR A

allowed us to verify that all protein in the molecular mass 501 TTGARATCAG CARAGCAGAR ATGCAACCAA CGCACCCAAT ACGCCTCGGC
LR B N F o8 ¥ P ¥ ¥ E L LK 8P E
range from 10 to 50kDa was transferred from gels to blots s, cracccorra arrrercrer erretactar acarcerea arrcrceran

H H H H H L 2 K he: A K Q A F D O A L &% R =
BIO.CkIng Of bIOtS was fOIIOWed by InCUbatlon Wlth 'p”mary' 601 GCAGECTTGC AAGCTAGCCA AACAGGECCTT TGACGATECC ATCGCAGRAC
antibody that was made against a synthetic polypeptide, whic L.p L s ®E B 5 ¥ E B OBTR.L 3 OM@
. . . . . 651 TCGACACACT GAGTGARGAA TCGTACAAAG ACAGTACACT ARTCATGCAG
is 100% identical to the N-terminal region of 14-3-3.a Lo R T W LT LW T 8B NR VOB G

(catalogue number sc-1657, Santa Cruz Biotechnolog) e C T e R e

1:1000 dilution). Then the blot was washed three times fo 751 AGAGGRGCCA GAGGAGCCTA AAGAATGAGC CTCACCCCCA CAGCCATCCC
. . . . 801 GTCTGCCCGEA CATCGTCCAA AGTCCTCTTT GTTTTGATCA GCACTTTGAC
5min each using Tris-buffered saline (TBS), exposed t 851 CACCTCATTC ATAARCATCCA GCTTGATCCT TTGTTCTTCT ATCTAGGTCT

i i H 501 CTGCTCCTCT GCCTCTTTCC ACCATGCCGT TTGTTCTTGC AGAAACTTGT
horseradlSh perOXIdase-Iabeled secondary anthOdy (rabl 951 AGATAARCAG GCAGGGGCTT TAAAGTGTGA TGACAGGGTG CATTTATGTT

anti-mouse |gG, NEB, 1:2000 dilution) for 1 h, washed agair 1001 TGGGGKKGGA TTGCCTECTE GCCTTETTCT GGGTTTAATG ATTTTTAGGS
. . . . 1051 GTTTTCTAGT CTTGAGATGT GCAGCAAACG GTTCTGAAAT CCCARRTTAS
three times with TBS, and developed with Super5|gnal reage 1101 ATGTGTATCC TACTTGTAAR AAGTGCTGTT AGCAGCCACA TCAARRRCAG

: : e : 1151 AAGCTGCCAC CTGACCCGGC AGGAGAGCAA TTACAGCAAR GGTAGACGCA
(Plerce). Imaglng and quantlflcaﬂon of 14-3-3 bands on th 1201 ATGATGACGC GACGGGGEGT GCTGGTGATG AAGGGCCAGA TTTTACACAG

blot was done with a FluorS Multllmager (B|orad)_ 1251 GTTACATTCC ATAARACTGCC GGTTAACAAC CTTCTACTGT CCTATCTCTC
1301 TTTTTTCCTT CECTGGAGEE GGGCTGCTTT TGCACGTCTA TGTATTCATT
1351 ACGAGOGTATA GRAAATAARR AGRACAAGAG CACAAGCTTG TACTGTTGCT

Statlstlcal anaIySIS 1401 GTTTTTGTAT GAGCACCTCAE GTNAGTATAG AGRATCCCAC TTTTTATATA
1451 ATTAAAGGTT TTTEAAATTT TCTTTGTTTT TCRATACTTGE CATAAGGTTG
All quantltanve data shown are means.gM. Of mu|t|p|e 1501 GTTARAAGGST AGTCTGGAGA ACCAAGAGGC TGTTGGCTGT TAGCTTIGTC

) 1551 TTTTCATACT ARRCACTTGA GCGTAACTGT TATTTGGGGA TAATGCATAA
samples =4, except for mRNA levels in gonads where 1601 TTCAGTTAAG GTGAAATARR CAATTTARAR GGTAARAARR ARAAARAARA

N=2). Statistics software (StatMost32, DataMost Corp.) wa: =+ a8
used to test whether dlffgrepges between means of dlﬂEerel':'i'g. 1. Nucleotide (black) and deduced amino acid (red) sequences
treatment groups were significant. TRaest was used for

: L of the 14-3-3.a gene from the euryhaline teleésindulus
assessing whether standard deviations of two treatmey, o teroclitus. The nucleotide sequence is numbered on the left side.

groups were significantly different. Depending on its resultthe partial 5 UTR (34 nucleotides), the complete CDS (741
the F-test was followed by either a pairgetest or the nucleotides plus 3 nucleotides for the stop codon corresponding to
Mann—Whitney test. The significance threshold was set 247 amino acid residues), and the complete LR (881
P<0.05 for all tests. nucleotides) are shown.
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918 nucleotides in human (Zupan et al., 1992). The differenceonstruction procedures (Kimura’'s correction, tree display
from frog and human sequences is mainly the lack of aethod). Therefore, we named this novel fish 14-3-3 protein
continuous stretch of 40 nucleotides immediately following thel4-3-3.a to indicate that it is unique in comparison to already
stop codon (Fig. 2). The significance of this region for mMRNAknown vertebrate 14-3-3 isoforms. The uniqueness of fish
processing/stability is not known. In addition to similar length,14-3-3 primary structure may not be too surprising considering
the F. heteroclitus 14-3-3.a 3 UTR has 47% identical that fish are lower vertebrates and that invertebrates also have
nucleotides compared to human and also to frog (Fig. 2). This4-3-3 isoforms that are different from those of mammals and
47 % degree of identity is substantially lower than that betweeother higher vertebrates. Of possible importance for the
the 3 UTRs of human and frog (68 %). The unusual length ofegulation of its activityF. heteroclitusl4-3-3.a has a unique
the F. heteroclitus14-3-3.a 3 UTR and its relatively high protein kinase C and casein kinase Il phosphorylation site in
degree of conservation over a long period of evolutionaryhe N terminus that is not present in other 14-3-3 proteins
divergence strongly suggest that it serves for postfFig. 4). In addition, several other sites that may be targets of
transcriptional regulation of this gene, possibly by modulatiompost-translational modification are presentFinheteroclitus

of mMRNA stability or through direct regulation of translational 14-3-3.a (Fig. 4). The overall nucleotide sequence identity

efficiency. (CDS and UTRs) of th&. heteroclituscDNA is higher when
_ _ compared with 14-343than with other 14-3-3 isoforms: 57 %
Phylogenetic analysis of the 14-3-3.a sequence identity toHomo sapien44-3-Z (Zupan et al., 1992nd 55 %

Multiple sequence alignment of 23 vertebrate 14-3-3dentity to Rana rugosal4-3-F (Miura et al.,, 1997).
proteins and the deduced amino acid sequence of our RovelNevertheless, the nucleotide sequence identity is substantially
heteroclitus 14-3-3 protein, followed by construction of a higher between two (human and frog) 1443-Boforms
radial phylogenetic tree, suggests tRatheteroclitus14-3-3  (72%). The degree of sequence identity between
protein may not belong to any of the already establisheteteroclitus14-3-3.a and other vertebrate 14-3-3 proteins is
isoforms of vertebrate 14-3-3 proteins (Fig. 3). This result wamuch higher in the CDS than in the UTRs. At the nucleotide
consistently obtained despite testing different alignmentevel, the degree of identity of tie heteroclitusl4-3-3.a CDS
parameters (scoring matrix, gap penalties) and trels 72/66/62/68/66/69/73% to 14-BF/e/n/o/t/C of Mus

b 100
Human (1) CCGGCCTTCCAACTTTTIGTC TGCCTCATTC TAAAATTTACACAGTAGACCATT TG TCATC CATGC TGTCC CACAAATAG- i
Frog (1) TTGGCCTTCCTT-TTCTGTCTGCCTCATTC TAAAATTTCCACAATAGACCATT-GTCATCCTTACTGT AWCACATAGGTTTATTITTITTTTATTTTATT
Fish (1) GCCTCACCCCCACAGCCATC CCGTC TGCCCGAC—~ATCGTCCARAGTCCTCT-~~~——~
101
Human (B0) TTTTITTGTTITACGATITATGACAGGTITATG-~TTACTTIC TATTTGAATTTCTATATTTCCCATETGGTTTITATGTT TAATATTAGGGGAGTAGAGCC
Frog (99) TTTTITTGTITACAATT-ATGAAAGGTTTATG-~TTACTTC TATTTGGATTICTATATTTCCCATGTGETTTTG-TGTTTAATA-—~——GGGAGTAGG!
Fish (52) TGTTTTGATCAGCACT-TTGACCACCTCATTCATAACATCCAGCTTGATCCTTTGTICTTCTATC TAGGTCTC-TGCTCCTCT——————————=-==GC
201

Human (178} GTTAACATTTAGGGAGIT-—ATCTGTTTTCA-———TCTTGAGG TGECCAATATGGGEA-TGTGGAATT TTTATAL GTT-—ATAAGTGTTIGGCATAGT
Frog (191) GTTAACATTTTGGGGGGTCAATTTTTTTTCCAACC TCATAATG TGACCAATATGGGGAATATGGAATT TTTATACAGGTT-——TTAAATGTTTGGCACAGT
Fish (137) CTTTCCACCATGCCGTTIT--GITC-~TTGCAGAAACTTGTAGATAAACAGGCAGGGGC-TTTAAAGTG TGATGAC AGGGTGCATTTATGTTTG G- ————=

301 400

Human (269) ACTTTTGGTACATTSTGGCT T-CAAAAGGGCCAG-TGTAAAA-CTGCTTCC-ATGTCTAAGCAAAGAAAACTGCCTACATACTGGTTTGTCCTGGCGGGG
Frog (289) ACTTCTSGTACATTGTAGGTTACCACAGGGCCCEATGTTTAATCAGAT TCCCATATITA- ~————-AAAGGTGACCAACTTGTGTATTACTGTAACTCCA
Fish (226) -————-GGKKGGATTGCCTEC TGGCC TTETTC TG G- —CTTTAATGATTTTTAGG GG TTTTC TAGTC TTGAGATG TGCAGCARAC GG TT-~CTGAAATCCCA
401 500

Human (365) AATAAAAGGGATCATTGGTTCCAGTCACAGGTGCTAGTAATTGTGGGTACTTTAAGGTT TG GAGCACTTAC AAGGC TGTGGTAGAATCATACCCCATGGAT
Frog (382) ARAAAAAGGGGGCATTTG—————( GTTAGCGCTGTAG GTA GAG ACAA~ ==TARACTCCTACCTY~~~~~T
Fish (317) AATTASATGTGTATCCTACT--TGTAAAAAGTGCTGT--~ =TA GCAGCCACATCAMAAACA---GAAGC TGCCACCTG- —=——=
501 600

Human (465) ACCACATATTAAACCATGTATATCTGTGGAATACTCAATGTGTACACCTTTGACTACAGC TGCAGAAGTGTTCCTTTAGACARAG TTGTGACCCATTTTA
Frog (438) AGCACAG-———-CCATACATAT-———-———=-TCATTGAGT— GA o TTCCT======——==GTGATAGCCAATCAAA
Fish (386) ACCCGGCAGGAGAGCAATTACAGCAAAGGTAGACGCAATGATGAL GC———~1 GACGG—— === ====GGGETGC TG~~~ ~~~~GTGATGAAGGGCCAGA
601 700

Human (565) CTCTGGATAAGGGCAGARACGGTTCACATTCCATTATTTGTAAAGTTACCTGCTGTTAGE TTTCATTATTTTTGC TACAC TC=ATTTTATTTGTATTTAA
Frog (487) ATCACGA---GTGCA-AAACGCTTCACATTCCATTCTCA--CAGTTTAGC TAAGGTITGC TTT TG TT-~TGTTGC TATTC TCCATTTTATTTG TATTTAA
Fish (463) TITTACA--———————=——= CAGGTTACATTCCATAAACTG-CCGETTAACAACCTTCTAC TGTCCTA--TCTCTC TTTTTTC-—=CTTCGCTEGA

701 800

Human (664) AT-GTTTTAGGCAACCTAAGAACAAATGTAA——-AAGTAAA-GATGCAGGAA-AA-ATGAAT-——TGC TTGGTATTCATTACTTCA——-TGTATATCAAG
Frog (579) ATTGTTTAAAACGACCTAAGATCAAAAAAAAGAGAAGTACTTGATACATTTA-AAGATGCATACATEE GTATCCATTAAGTCACTATATATATCAAG
Fish (545) GCTGCTTTTGCACGTCTATE TATTCATTACG-~-AGGTATAGAIAATAAAALGAACAAGAGCACAAGC TTG-TACTETTGCTG TT-—--TTIGTATGA-G

801 900

Human (751) CACAGCAGTAAAACAA——AAACCCATGTATTTAACTITTTTTTAGGATTTTTGCTTITGTGATTT TTTTTTTTTTTTTTTGATAC TTGCCTAACATGCAT
Frog (678) CACAGCAGAAAAAAGAGAAAACCCATATATTTAACTITT- ~AGTTTTATTTTIT TG TTT TTGATAC TTGCCTAACATGCAT
Fish (636) CACCTCAGTHNAGTATAGAGAATCCCACTTTTTATATAATTAA--— 5 ek -GG TTTTTGAARAT TTTCTTTGTT——TTTCAATACTTGCAT
901 1000

Human (849) GTG-CTGTAAAAATA-—————===—=n GTTAACAGGG-AAATAACTTGAGATGATGGC TAGCTTTGTTTAATG TC TTATGAAATTTTCATGAACAATCCA
Frog (756) GTGGCTGTAAAAATACAATACAATATAGTTAGCAGGGGAAATAACTTGAGATGATGGC TAGCTTTGTTTAATGTC TTATGAALTTTTCATGAACAATCCA
Fish (716} AAGGTTGETTAAAGG——————————-—GTAGTCTGGAGAACCAAGAGGC—-TGTTGGC T-—GTTAGCTT--TGTC TTTICATACTA-————AACACTTGA

1001 1079

Human  (935) AGCATAATTGTTAA--GAACACGTGTATTAAATTCATGTAAGTGGAATAAAAGTTTTATGAATGGACTTTTCAACTACT
Frog (856) AGCATAATTGTTARA-GAACATGTGTAATAAGTTGATGTAAGTGGAATARRAGTT TTATGAATGGACTTTTCAACTACT
Fish  (793) -GCGTAACTGTTATTTGGGGATAATGCATAATTCAGTTALGGTGARATARACAAT TTA-~ARAGGET = —m = mmmmm =

Fig. 2. Alignment of the '3UTR nucleotide sequences Btindulus heteroclitud4-3-3.a (Fish)Rana rugosal4-3-F (Frog), andHomo
sapiensl4-3-F (Human) mRNAs. Nucleotides in red are identical in all three sequences. Nucleotides in blue are identical only in two of the
sequences. The polyadenylation signal is underlined in all three sequences. Nucleotide sequences are numbered on the left.
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musculus,71% to 14-3-8 of Rana rugosaand 63/73% to 14-3-3.a mRNA expression in gill epithelium of fish
14-3-ZF/C of Xenopus laevigespectively. Despite the fact that acclimated to SW, FW, orx2SW shows that this gene is
F. heteroclitusl4-3-3.a is most identical to 14-&-Broteins, osmoregulated at the level of mMRNA abundance (Fig. 6A).
the degree of identity between two 143-TDSs is Even though the abundance of 14-3-3.a mRNA in qill
substantially higher M. musculus/R. rugosa81%, M. epithelium was unchanged at 24 h after transfer of fish from
musculus/X. laevis83 %, R. rugosa/X. laevis79%). This is SW to Z SW, it increased fourfold at 24 h after transfer of fish
also true at the level of amino acid sequence identitfrom SW to FW (Fig. 6A,C). This increase was highly
(F. heteroclitus 14-3-3.aM. musculus14-3-3: 79%, F.  statistically significantf<0.001), and may result from either
heteroclitus14-3-3.aR. rugosal4-3-3: 78 %,F. heteroclitus increased transcription or enhanced mRNA stability. Currently
14-3-3.aX. laevis 78 %, M. musculus/R. rugosé2%, M. it is not known which mechanism underlies the osmotic
musculus/X. laevis90 %, R. rugosa/X. laevis87 %). Thus, regulation of 14-3-3.a mRNA abundance. Whatever the
even though all mouse 14-3-3 isoforms have regions of higimolecular basis for the increase of 14-3-3.a mRNA abundance
identity with F. heteroclitus14-3-3.a (Fig. 4) and the amino after transfer of fish from SW to FW, it is not linearly
acid sequence of the heteroclitusprotein is most similar to  correlated with external salinity (Fig. 6C). The transcriptional
14-3-F proteins, this novel fish 14-3-3 protein divergesinduction of 14-3-3.a is followed by induction at the protein
considerably from the known classes of vertebrate 14-3-fevel (Fig. 7). Western blot analysis revealed two 14-3-3
isoforms. variants that are recognized by an antibody made against a
synthetic peptide representing an epitope that is 100%
Three-dimensional structure of 14-3-3.a conserved in fish 14-3-3.a (Fig. 7A). Thus, the two bands may
The three-dimensional structure of the 14-3-3.a gene produpresent different post-translational variants of 14-3-3.a.
was modeled using a protein structure algorithm (PeitsctAlternatively, they may represent the teleost homologs of
1996) and experimentally determir
structural coordinates of human and bo

14-3-F (Liu et al., 1998; Petosa et al., 19 i Homo . 1433
Rittinger et al., 1999) as templates. This 14-3-% musclus sapiens

done to reveal whether the inside oriente Homa

and arrangement of the helices that forrr sapiens Ovis

amphipathic substrate binding groove gihies

conserved in 14-3-3.a. Outside of the |

Rattus 14-3-%

conserved helices forming this import norvegicus Mus
groove (H3, H5, H7 and H9) the lini Hits musculus
regions connecting these helices s mieHlys Rattus
considerable variation from those g;:fm norvegicus
mammalian  14-3-3  proteins  (Fig. Nesioiis
Nevertheless, the overall folding of laevis
polypeptide chain and three-dimensic Fundulus 14.3.3 3
structure ofF. heteroclitusl4-3-3.a is highl - heterociiz
conserved compared to mammalian 14¢ 433 | norvegicus ;\’enqpm

aevis

(Fig. 5; Liu et al., 1995; Rittinger et ¢
1999). Moreover, the three-dimensic
arrangement of the four helices forming
amphipathic substrate-binding groove is \ Homo
similar to those in 14-3&3(Fig. 5; Petosa | i

Homao
sapiens

Mus
miusciilus
Mus
muscilus
Ratrus

norvegicus
al., 1998). These four helices form the ir Rottus Bos Laos
face of 14-3-3.a and are in a perfect pos ﬁj:f;; - norvegicus ¥ "9HTHS
to bind substrates in the same way as « i ﬁf:mm
14-3-3 proteins. Based on these results Bas 14-3-3

2. musculus ]
nearly certain thaf. heteroclitus14-3-3.¢ 14-3-3 g

interacts with the same substrates as 14 _ . i - . ) .
Fig. 3. Radial phylogenetic tree depicting the evolutionary relationshipuatiulus

ar_1d other 14_3_3. protelns., |..e. preferent'l heteroclitus14-3-3.a to the seven known mammalian and s¥ewopus laevid4-3-3
with phosphoserine-containing polypepti isoforms. 14-3-3 proteins from different vertebrates (labeled with species name) that are
(vaffe et al., 1997). of the same isoform-type (either 3, v, €, n, o,0r 1) cluster together (gray background).
. . ) . Such clusters are labeled with the isoform-type of the corresponding 14-3-3 proteins in
Osmotic reg“'at'on and tissue-specific each clusterF. heteroclitusl4-3-3.a (boxed in red) may be evolutionarily distinct from
expression of the 14-3-3.a gene the 14-3-3 isoforms that are known from higher vertebrates or be a homolog o14-3-3
Northern blot analysis oF. heteroclitu: or 14-3-3.
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mammalian 14-3{3and 14-3-3. In this case, only one of the Therefore, the cloning oF. heteroclitus14-3-3.a and our
two bands would represent 14-3-3.a. Nevertheless, botliscovery of its osmotic regulation should facilitate the
14-3-3 bands are significantly induced after transfer of fisidentification of kinases, phosphatases and other proteins
from SW to FW, in accordance with the induction of 14-3-3.gparticipating in osmosensory signal transduction, based on
at the level of mMRNA abundance (Fig. 7B). Even though théheir association with 14-3-3.a. Such efforts could be crucial

mMRNA levels of 14-3-3.a quadruple witt
24h of hyposmotic stress in the form
transfer of fish from a plasma-hyperosm
(SW) to a plasma-hyposmotic (F\
environment, the baseline level in ¢
epithelium of SW fish is already much higl
than in any other tissue examir
(Fig. 6B,D). The baseline level of 14-3-.
mMmRNA abundance in gill epithelium of S
fish is approx. threefold higher than in br:
where 14-3-3 proteins are thought to
generally most abundant (Fig. 6D). 1
abundance of 14-3-3.a mRNA in testes
liver is similar to that in brain while it is ve
low in ovary and almost not detectable
white muscle (Fig. 6B,D). The seco
highest levels of mRNA abundance
present in intestine, which, in addition to
gill, is another important osmoregulatc
tissue for teleosts. The intestine is also
only other tissue where 14-3-3.a mRI
abundance significantly changes after sali
transfer of fish. However, in contrast to
epithelium, transfer of fish from SW to F
had no effect while transfer of fish from ¢
to 2x SW leads to a significantP€0.05)
decrease of 14-3-3.a mRNA abundanct
intestine (Fig. 6D). The high abundance
preferential osmotic regulation of 14-3-3.¢
osmoregulatory tissues clearly indicates
this novel 14-3-3 gene plays an import
osmoregulatory role for the euryhaline {
F. heteroclitus in particular in the gil
epithelium.

Discussion
14-3-3.a is a novel vertebrate 14-3-3 get

14-3-3 proteins represent a novel type
adapter/scaffold protein that works as
molecular switch and modulates interacti
between components involved in many si¢
transduction pathways to induce a re
change from one type of metabolism
another in response to a change
environment (Baldin, 2000; Van der Hoe\
et al.,, 2000; Aitken, 1995). A striking a
well-documented feature of 14-3-3 protein
their ability to bind a multitude of functional
diverse signaling proteins, including me
kinases and phosphatases (Fu et al., 2

14-3-3.a (1) MSESSQKELVOKAKLAEQAERYDDMAAAMKSVIEEGEELTNEERNLLSVA
14-3-3.p (1) -MTMDKSELVHKAK LAEQRERYDDMAAAMKAVTEQGHE LSNEERNLLSVA
14-3-3.s (1) --MDDREDLVYQAKLAEDAERYDEMVESMEKVAGMDVELTVEERNLLSVA
14-3-3.7m (1) --MGDREQLLQORARLAEQAERYDDMASAMKAVTELNEPLSNEDRNLLSVA
14-3-3.7 (1) --MVDREQLVQKARLAEQAERYDDMARAMKNVTELNEPLSNEERNLLSVA
14-3-3.0 (1) ---MERASLIQKAKLAEQAERYEDMAAFMKSAVEKGEELSCEERNLLSVA
14-3-3.1 (1) ---MEKTELIQKAKLAEQAERYDDMATCMKAVTEQGAELSNEERNLLSVA
14-3-3.¢ (1) ---MDENELVQKAK LAEQAERYDDMAACMESVTEQGAELSNEERNLLSVA
Consensus L) MDR ELVOKAKLAEQAERYDDMAAAMKAVTE GEELSNEERNLLSVA
51 H3 | 100
14-3-3.a (51) YKNVVGARRSSWRVVSSIEQKA--EGVEGRQAKVKE YREKIEKELKDICN
14-3-3.p (50) YRNVVGARRSSWRVISSIEQKT--ERDEKKQOMGKEYREKIEAELODICN
14-3-3.8 (49) YKNVIGARRASWRIISSIEQKEENKGGEDKLKMIREYROMVETELKLICC
14-3-3.7m (49) YKNVVGARRSSWRVISSIEQKTMADGNEKKLEKVKAYREKIEKELETVCN
14-3-3.v (49) YKNVVGARRSSWRVISSIEQKTSADGNEKKIEMVRAYREKIEKELEAVCO
14-3-3.0 {48) YKNVVGGQRAAWRVLSSIEQKSNEEGSEEKGPEVKEYREKVETELRGVED
14-3-3.1 {48) YENVVGGRRSAWRVISSIEQKT--DTSDKKLOLIKDYREKVESELRSICT
14-3-3.¢ (48) YKNVVGARRSSWRVVSSIEQKT ——EGAEKKQOMAREYREKIETELRDICN
Consensus (51) YKNVVGARRSSWRVISSIEQKT EG EKKL MVKEYREKIETELR ICN
101 150
14-3-3.a (99) DVLVLLDKFLIPKAEAA--ESKVFYLKMKGDYY VGDEKTGIIG
14-3-3.p (98) DVLELLDKYLILNATQA--ESKVEYLKMKGDYFRYLSEVASGENKQTTVS
14-3-3.¢ (99) DILDVLDKHLIPAANTG--ESKVEYYKMKGDYHRYLAEFATGNDRKERAE
14-3-3.7 (99) DVLALLDKF LIKNCNDFQYESKVEY LKMKGDYVRYLAEVASGEKKNSVVE
14-3-3.y (99) DVLSLLONYLIKNCSETQYESKVEYLKMKGDY YRYLAEVATGEKRATVVE
14-3-3.0 (98) TVLGLLDSHLIKGAGDA--ESRVEYLKMKGDY YRYLAEVATGDDKKRIID
14-3-3.t (96) TVLELLDKYLIANATNP--ESKVEYLKMKGDYFRYLAEVACGDDRKQTIE
14-3-3.¢ (96) DVLSLLEKF LIPNASQP--ESKVEY LKMKGDYYRYLAEVAAGDDKKGIVD
Consensus (101) DVL LLDKFLI NAS A ESKVFYLEMKGDYYRYLAEVATGDDKK IVE
151 B 020
14-3-3.a (147) DSQEAYKQAFEISKAEMOPTHPIRLGLALNFSVEYYEILNSPEQACKLAK
14-3-3.p (146) NSQOAYQEAFEISKKEMOPTHPIRLGLALNFSVEYYEI LNSPEKACSLAK
14-3-3.¢ (147) NSLVAYKAASDIAMTE LPETHEIRLGLALNF SVEYYET LNSEDRACRLAK
14-3-3.7 {149) ASERAYKEAFEISKEHMQPTHPIRLGLALNFSVEYYEIQONAPEQACLLAK
14-3-3.y (149) SFEKAYSEAHEISKEHMQPTHEIRLGLALNYSVEYYEIONAPEQACHLAK
14-3-3.¢ (146) SARSAYQEAMDISKKEMPPTNEIRLGLALNFSVFHYEIANSPEEATSLAK
14-3-3.t (144) NSQGAYQEAFDISKKEMOPTHPIRLGLALNFSVEYYETI LNNPE LACTLAK
14-3-3.¢ (144) QSQOAYQEAFEISKKEMOPTHPIRLGLALNFSVEYYEI LNSPEKACSLAK
Consensus (151) NSQ AYQEAFEISKKEMQPTHPIRLGLALNFSVFYYEILNSPE ACSLAK
201 |59 (52) |
14-3-3.a (197) QAFDDATAELDTLSEE SYKDSTLIMOLLRDNLTLWISDNAVEGEE PEEPKE
14-3-3.B (196) TAFDEATAELDTLNEESYKDSTLIMDLLRONLT LWT SENQGDEGDAGEG-E
14-3-3.s (197) AAFDDAIAELDTLSEESYKDSTLIMOLLRDNLT LWTSDMOGDGEEQNKEAL
14-3-3.7 (199) QAFDDAIAELDTLNEDSYKDSTLIMOLLRDNLT LWTSDOODEEAGEGN-———
14-3-3.y (199) TAFDDAIAELDTINEDSYKDSTLIMDLLRONLT LWTSDQQDDDGGEGNN -~
14-3-3.0 (196) TTEDEAMADLHTLSEDSYKDSTLIMOLLRDNLT LWTADSAGEEGGEAPDDP
14-3-3.1 (194) TAFDEAIAELDTLNEDSYKDSTLIMOLLRDNLT LWTSDSAGEECDAAEGAE
14-3-3.¢ (194) TAFDEAIAELDTLSEESYKDSTLIMQLLRDNLTLWTSDTQGDEREAGEGGE
Consensus (201) TAFDDAIAELDTLSEDSYKDSTLIMOLLRDONLTLWTSDNQGDEGE GE E

Fig. 4. Multiple sequence alignment of the amino acid sequenceBuwndulus
heteroclitus14-3-3.a (in bold) and all seven isoforms of 14-3-3 from mamnhiss (
musculus Amino acid residues that are identical in all the 14-3-3 proteins are shown
on gray background. The locations of helices 3, 5, 7 and 9 are indicated by black bars
above the corresponding residues. These regions, which form the amphipathic substrate
binding groove, are highly conserved in their amino acid sequence. Important domains
are indicated by colored background: blue, protein kinase C phosphorylation site;
purple, casein kinase Il phosphorylation site; green, protein kinase A phosphorylation
site; orange, tyrosine kinase phosphorylation site; yellow, Asn glycosylation site. Please
note that the corresponding residues are colored in the B48¢Bience when two sites
utilize the same residues in the 14-3-3.a sequence.
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2000). Phylogenetic analysis indicates an early separation of
plant from animal 14-3-3 isoforms (Wang and Shakes, 1996)
and 14-3-3 gene duplication events may have occurred
multiple times during evolution. Based on the phylogenetic
analysis of fish 14-3-3.a it is possible that one 14-3-3 gene
duplication event occurred during the transition from fish to
amphibians, giving rise to paralogous 14{8-#&nd 14-3-3
genes. However, it is not unusual that teleost genes are quite
divergent from their mammalian homologs. Examples include
catfish estrogen receptors (Xia et al., 2000; Hawkins et al.,
2000) and the CFTR Clchannel that is important for salt
secretion across teleost gills (Singer et al., 1998). Thus, it is
also possible that fish 14-3-3.a represents a homolog of either
mammalian 14-3-3 or 14-3-P. Further studies are required

to be able to decide whetherheteroclitusl4-3-3.a represents

the precursor gene giving rise to 14-3&hd 14-3-8 or the

fish homolog of only one of these 14-3-3 isoforms.

H9 (S2)

Structure of 14-3-3.a and putative substrates
The primary structure df. heteroclitusl4-3-3.a cDNA is

Fig. 5. Three-dimensional structure modelFaindulus heteroclitus most similar to 'that of human 14-g &upan et al., 1992) and
14-3-3.a. The protein structure is shown from Ser 4 to Asn 234 asf(EOg 14-3-3 (Mlgra et[ al.,, 1997). A” three sequences h.ave a
ribbon model with gray loop regions and colored helices. The first §igh degree of identity, not only in the CDS but also in the
amino acids of the amino terminus and the last 13 amino acids of thang 3 UTR. The high degree of sequence identity in the 3
carboxy terminus are not shown because they are too different frodTR suggests that this region is important for post-
the 14-3-3 proteins that have been used as templates during ttfanscriptional regulation of 14-3-3.a and 14€3-But direct
modeling process. Helices are labeled (H1-H9). H9 corresponds &xperimental evidence for this is currently lacking. The very
the 14-3-3 signature motif 2 (S2). Red helices form the outer coat ¢figh degree of structural conservation of the substrate-binding
the protein while the four green helices (H3, H5, H7, H9) form thegroove in fish 14-3-3.a provides strong evidence that this novel
amphipathic substrate binding groove. The structural arrangement §§_5_o protein binds the same substrates as mammalian 14-3-3

the substrate binding groove is highly conserved in 14'3'3'qsoforms i.e. proteins phosphorylated on Ser and, less
suggesting that it binds the same set of phosphorylated proteins as . '

other 14-3-3 proteins despite its overall distinct primary structure. commonly, Thr in a sequence-specific manner (Fu etal., 2000).
14-3-3 proteins form homo- or heterodimers and are generally

most variable in the N and C termini (Finnie et al., 1999). This
is consistent with the very low evolutionary conservation of
for understanding the molecular basis of salinity adaptatiothe N- and C-terminal ends Bf heteroclitusl4-3-3.a, which
in teleost fish, and perhaps in salt-stressed cells of mosbntrasts with the high degree of sequence similarity in the four
organisms. helices that form the amphipathic substrate-binding groove.
Because 14-3-3 proteins are homo- or heterodimers with two
Evolutionary relationship of 14-3-3.a to other 14-3-3 prOteinSSubstrate_binding sites (one for each monomer) they can
In this study we have cloned and sequenced the first 14-3g8omote protein—protein interactions, e.g. the interaction
gene from a euryhaline fish. The deduced amino acid sequenoetween the mitogen-activated protein (MAP) kinase activator
of this gene contains both of the 14-3-3 signature motifsRaf-1 and Bcr (Braselmann and McCormick, 1995). In
4RNL[LI]ISVAYKN[VI] in helix 3 and 213SM]YK[DE] contrast, a single ligand may be bound to 14-3-3 if it contains
STLIMQLL[RH]DNLTLWITA][SA] in helix 9 (Fig. 4, Wang  a dual recognition motif, perhaps to stabilize the interaction
and Shakes, 1996). Our phylogenetic analysis of Fhe between 14-3-3 and ligand (Fu et al., 2000). In any case, the
heteroclitusl4-3-3.a cDNA and deduced amino acid sequenceloning of F. heteroclitus14-3-3.a now makes it possible to
indicates that it is related to 14-3-3 isoforms of mammals anilentify its binding partners at different times during salinity
amphibians, mostly to 14-33(Fig. 3). Although 14-3-3 acclimation of euryhaline fish and, therefore, obtain insight
proteins are present in all eukaryotes and represent a large antb osmosensory signal transduction of salt-tolerant gill
highly evolutionarily conserved protein family, the number ofepithelial cellsin vivo.
genes contained in a genome differs greatly depending on
species. For example, yeastaenorhabditis elegansind Osmotic regulation of 14-3-3.a
Drosophila melanogastehave only two 14-3-3 isoforms,  “14-3-3 proteins are found in association with key control
while mammals have seven, and the pkatbidopsis thaliana enzymes of primary metabolism, regulation of which could
has ten isoforms of 14-3-3 (Wang and Shakes, 1996; Fu et alapidly alter metabolic flux in response to signals such as
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Fig. 6. Tissue-specific and osmotic regulation of 14-3-3.a gene transcription. 14-3-3.a mRNA abundance in various Essulesusf
heteroclituswvas measured using northern blot analysis. (A) Northern blot of 14-3-3.a from gill epithelium FNAetéroclitusacclimated to

FW, SW and &SW for 24 h. Below the 14-3-3.a mRNA blot are the corresponding bands for the two rRNAs that were used for normalization.
(B) Northern blot of 14-3-3.a with samples from different tissuds. dfeteroclitusacclimated to SW. Below the 14-3-3.a mRNA blot are the
corresponding bands for the two rRNAs that were used for normalization. (C) Quantification of 14-3-3.a mMRNA expressignitle|giline

of F. heteroclitusacclimated to various salinities for 24 h. Values are normalized for 14-3-3.a mRNA abundance in SW fish (=1) that represent
the pre-acclimation conditions. Values are meas&#., N=4; an asterisk indicates a significant difference from SW data. (D) Quantification

of the effect of salinity acclimation on 14-3-3.a mRNA abundance in different tissifesheteroclitus Data are normalized for 14-3-3.a

mRNA abundance in SW fish (=1). Values are meass.i., N=4, except for testes and ovary whike2. An asterisk indicates a significant
difference from SW data.

water, osmotic, or salt stress(Finnie et al., 1999). Thus, differentiation in euryhaline teleosts subjected to salinity
14-3-3 proteins can be expected to play a significant role fathange (El Babili et al., 1996). The induction of 14-3-3.a in
cellular osmoregulation and it is reasonable to hypothesize thgill epithelium of fish acclimated to FW suggests that it is
they are osmotically regulated. The results of this study clearlynportant for establishing the molecular and cellular basis of
demonstrate that fish 14-3-3.a is osmoregulated. The osmosalt absorption across the gill epithelium.

regulation of 14-3-3.a, taken together with higher levels of

expression in osmoregulatory tissues such as gill epithelium  Role of 14-3-3 for the regulation of ion transport
compared to brain, suggests that fish 14-3-3.a is important Fish surrounded by FW need to actively absorb salt from the
for the regulation of phosphoprotein cascades involved ienvironment to account for passive losses that occur as a result
osmosensory signal transduction. In addition to theiof diffusion along a concentration gradient. According to the
abundance, 14-3-3 proteins are regulatiagphosphorylation. prevalent model of branchial Nabsorption in FW fish, Na
Sphingosine-dependent protein kinase 1 (SDK1) mediatemnters gill epithelial cellvia an apical Na channel that is
14-3-3 phosphorylation in response to changes in lipictlectrically coupled to a plasma membraneATPase (Avella
metabolism (Fu et al., 2000). Interestingly, lipid metabolismand Bornancin, 1989). This*HATPase has been localized to
and fatty acid synthesis patterns are regulated bthe apical membranes of both chloride cells and pavement cells
environmental salinity in gills of euryhaline eels (Hansen andLin and Randall, 1993; Lin and Randall, 1994). It is possible
Abraham, 1979; Hansen and Abraham, 1983). This includdbat chloride cells and pavement cells are electrically coupled
sphingomyelin metabolism, which is important for SDK1and that the Nachannel is only present in a single cell type
activity and linked to salt transport in gills of euryhaline basg{Goss et al., 1992). After apical entry into the cell; Na

and eels (El Babili et al., 1996). Specifically, a change in th&ansported across the basolateral membrane into the blood by
ceramide moiety of sphingomyelin occurs when euryhalinghe Na/K*-ATPase. This process is mainly energized by the
fish (bass, eels) are transferred from SW (37 p.p.t.) to diluted*-ATPase, while the N&K*-ATPase mainly energizes NaCl
SW (10 p.p.t.) and the resulting changes in levels of freabsorption across the gills of fish in SW. Accordingly!/Na-
sphingosine and ceramide have been proposed to play AAPase activity is downregulated and-ATPase activity is
significant role for tissue-remodeling and chloride cellupregulated in gill epithelium of fish transferred from SW to
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from SW to FW and, therefore,

S g ity B m 29kDa . * represent a molecular master regulator

5 70001 g 2gkDa . for osmotic adaptation and the

2 60004 L configuration of flexible ion transport

o mechanisms in the same tissue.

2 5000+

E 4000- 14-3-3 function for tissue remodeling

5 and cell proliferation

€ 30004 . . . . .

5 The gill epithelium covering primary
29kDa~. S 2000+ and secondary lamellae is extensively
28kDa— ~~ W BN ﬁ 1000- remodeled in response to transfer of

o euryhaline fish from hyposmotic to

S 03 SW " oAhEW  48hFW hyperosmotic environments ovice

versa(Laurent and Dunel, 1980; Kultz
Fig. 7. Abundance oF. heteroclitus14-3-3 protein in gill epithelium of fish acclimated to et al., 1995). Such remodeling concerns
either SW or for 24h or 48h to FW. (A) Example of a western blot developed with amoth cellular differentiation and the
antibody against a synthetic peptide that is 100% conserved in the N terminus of 14-3-3groperties of extracellular structures,
This antibody recognizes two bands with apparent molecular mass of 28kDa and 29kO@y instance tight junctions (Hwang,
The abundance of both 14-3-3 bands increases after transfer of fish from SW to F\ﬁ./987). As a consequence of increased
(B) Quantification of 14-3-3 in gill epithelium &. heteroclitusacclimated to SW and after proliferation and increased cell death
transfer to FW. DVU, densitometric volume units; values are meass.nt; N=4. An . ’
asterisk indicates a significant difference to the respective 14-3-3 band in the SW sam%?gi etmu(rar:t)vectellosf icshlorrlli(gj;ercelilr? ?gﬁ

(P<0.05). acclimated to SW than in fish kept in
FW (Chretien and Pisam, 1986;
FW (Kiltz and Somero, 1995). Activation offtATPase, Wendelaar Bonga, 1997; Uchida and Kaneko, 1996). Fish 14-
inhibition of Na'/K*-ATPase, and regulation of ion channels3-3.a could be crucial for the salinity-dependent modulation
are all important functions of 14-3-3 proteins. In plant cellsof chloride cell and/ or pavement cell differentiation as well
an increase in osmolality activates theAlT Pase fivefold and as for the observed cell cycle changes. 14-3-3 proteins
the 14-3-3 protein abundance in the plasma membrane twoderact with and regulate many mitogenic oncogene
to threefold, suggesting that 14-3-3 proteins are involved iproducts, cell cycle regulators, apoptosis regulators, cell
the osmotic regulation of HATPase (Babakov et al., 2000). cycle checkpoint factors and transcription factors that control
Indeed, virtually any 14-3-3 protein binds to phosphorylateaellular differentiation programs (reviewed in Datta et al.,
Thr in the last 98 C-terminal amino acid residues (motif YTV)1999; Fu et al., 2000; Schultz et al., 1998). 14-3-3 proteins
of plasma membrane*ATPase and stimulates its activity in also regulate the actin cytoskeleton, vesicle-trafficking, and
the presence of fusicoccin (Fuglsang et al., 1999; Baunsgaa@i#?*-dependent exocytosis (Chamberlain et al., 1995; Roth
et al., 1998). In addition, several 14-3-3 isoforms bind to andt al., 1999). This could be important for the shuttling of
activate PKC (Isobe et al., 1992; Van der Hoeven et al., 2000pumps and transporters to different membrane domains as
which in turn, inhibits N&K*-ATPase activity in gill well as for modulating the extent of basolateral membrane
epithelium of teleosts, e.g. Atlantic cod (Crombie et al., 1996)infoldings. Future investigations will reveal exactly which
But 14-3-3 proteins not only affect the activity of ATPaseshinding partners are modulated by fish 14-3-3.a and whether
but are also very potent modulators of many ion channels. Fd4-3-3.a binding leads to activation, inhibition or
instance, 14-38binds to calmodulin in a C&dependent translocation of these proteins during salinity acclimation of
manner and inhibits the €aactivated Cichannel (CaCl) that euryhaline fish.
is endogenously expressedXenopusoocytes (Chan et al., In summary, we have cloned and analyzed the novel
2000). These authors suggest that activation of the CaCH-3-3.a gene from the euryhaline teleoBundulus
channel by inhibition of 14-3€3 may have therapeutic heteroclitus Because of its high abundance, osmotic
potential for circumventing the defective regulation of cCAMP-regulation, and structural conservation compared to other
activated Ct channels in cystic fibrosis. It is therefore 14-3-3 proteins, 14-3-3.a appears to be a molecular master
possible that 14-3-3 proteins inhibit the activity of apical Cl regulator for osmosensory signal transduction in gill epithelial
channels in teleost chloride cells during acclimation of fistcells of euryhaline teleosts. Further investigation of its
from SW to FW. These observations, combined with ouregulation and identification of phosphorylated binding
results showing an increase of 14-3-3.a in gill epithelium opartners during osmotic adaptation of teleost fish should
fish transferred from SW to FW, suggest that 14-3-3.a couldreatly advance our understanding of the molecular basis for
be a major factor for the activation of *#ATPase, osmolality-dependent cell adaptation, not only in gill
downregulation of NEK*-ATPase, and inhibition of the Cl epithelium of euryhaline fish but in epithelia exposed to
channel in gill epithelial cells of euryhaline fish transferredsalinity changes in general.
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