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Abstract. The catfish nonspecific cytotoxic cell recep- the catfish and zebrafish NCCRP-1 peptides. This new
tor protein (NCCRP-1) provides an important function in gene family includes several F-box domain-containing
target cell recognition and activation of cytotoxicity. proteins and a predicted. elegangrotein.

This report identifies and characterizes a zebrafish or-

thologue of the catfish NCCRP-1. The zebrafishKey words: Zebrafish — Nonspecific cytotoxic cells
NCCRP-1 cDNA contains an open reading frame that— Antigen-binding domain — Catfish — expressed se-
encodes a predicted protein of 237 amino acids withquence tags — F-box — F-box-associated domain

a MW of 27 kDa and a ppof 5.5. Sequence similarities
comparisons show that the NCCRP-1 receptors from

these two phylogenetically distant species share a )

high degree of identity. These results suggested thafftroduction

NCCRP-1 performs a crucial function in innate immu-

nity in teleosts. Further, a zebrafish 17-mer peptide corNonspecific cytotoxic cells (NCC) are the “lower” ver-
responding to the catfish NCCRP-1 antigen-binding do+ebrate counterparts of mammalian natural killer (NK)
main inhibited (catfish) cytotoxicity toward conventional cells. NCC |yse a wide Variety of tumor targets, proto-
tumor target cells (HL-60). These data appeared to indizoan parasites, and virus-infected cells and probably par-
cate that the zebrafish NCCRP-1 protein may function asicipate in antibacterial immunity by elicitation and se-
an antigen recognition molecule and, as such, may parretion of cytokines (Evans et al. 1984; Graves et al.
ticipate in innate immunity in teleosts. A homology 1985a, b; Evans and Friedmann 1992). NCC collaborate
search of the zebrafish NCCRP-1 protein revealed that i{yith other nonspecific effectors (phagocytes, etc.) to pro-
shares a significant level of identity with another groupvide innate resistance during acute stress responses in-
of proteins belonging to an F-box subfamily. These pro-duced by opportunistic organisms, pathogens, and pro-
teins share an F-box domain in the N terminus (not pretozoan parasites (Zuznetsov 1996; Ross and Vetvicka
sent in NCCRP-1) and an extremely conserved C-1993). Several anuran species (Watson and Horton 1996;
terminal region that has been termed the F-boX-Ghoneum and Cooper 1990) as well as many teleosts,
associated domain (FBA). The FBA is currently of e g., tilapia (Faisal et al. 1989), damselfish (McKinney
unknown function. A new gene family is proposed in this and Schmale 1994), rainbow trout (Greenlee et al. 1991),
work, based on similarities in the FBA sequences withand carp (Suzumura et al. 1994), have been shown to
have NCC or similar cytotoxic cells. In these species,
NCC may also participate as cellular effectors of innate
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phokine activated/adherent Iymphokine activated; LAK/Biochemicals. Plasmid purification columns were purchased from Qia-
ALAK) either have a promiscuous antigen recognition gen (Valencia,_CA). All other chemicals were molecular biology grade
capability or recognize the same antigen on most targef® "ere obtained from standard suppliers.
cells. All NCC-sensitive target cells are also targets of ) ) ) )
human ALAKs (Evans and Friedmann 1992). LAK and ,, N 20 il o0 e e R iation reaction
ALAK cells from mice, rats, and humans “acqu"e” an (Sanger et al. 1977). ESTs were cloned into plasmids and both strands
ability to lyse numerous histological types of target cells, of at least two clones were sequenced. Sequences were analyzed using
whereas NCC innately have this ability. a 373A DNA Sequencer (Applied Biosystems) at the Molecular Ge-
While mammalian NK cells undergo negative regu|a_ netics Instrumentation Fac?lity, University of Georgia, fqllowing the
tion following recognition and binding of class | histo- standard protocol as described by th_e manufacturer. Primers for P_CR
i . and DNA sequencing were synthesized by the Molecular Genetics
compatlblllty aIIoantlgen (Moretta et al. 1990a, b)’ NO |nstrumentation Facility (University of Georgia, Athens).
such inhibitory receptors have yet been described for
teleost NCC. Unlike the consequence of alloantigen rec- Expressed Sequence Tag Identification and Computer Analyses.
ognition, NK/ALAK/NCC binding to a conventional an- The zebrafish NCCRP-1 sequence was identified by a BLAST
tigen on a target cell may be required to initiate the lytic (Altschul et al. 1990) search of the zebrafish EST database at the
cycle. Not a single hypothesis has been brought forwardNational Center for Biotechnology Information (NCBI). ESTs were
to explain the mechanism of mammalian NK recognition purchased from Genome Systems, Inc. (St. Louis, MO). The conﬁrmed
of protozoan parasie antgens, and s ot clear how e o0 TN LCCRE o e e e
certain bacteria activate NK cells to secrete cytokinesnents were performed using ClustalW (Thompson et al. 1994). The
such asy-interferon. In teleosts, the antigen recognition alignment was manually edited to minimize insertions and deletions
receptor for NCC, NCCRP-1, has been sequenced (Jasard includes just the homologous regions, which comprised the C-
Friedmann et al. 1997a: Evans et al. 1998, 1999)_ Bindgerminal F-box-associated domain for each sequence. Phylogenetic

. . . analyses were performed using MEGA version 2.0 (Kumar et al. 2001).
ing of the target cell ligand NKTag (natural killer target The aligned data set was analyzed by the criteria of maximum parsi-

antigen/NKTag) (Evans et al. 1996; Jaso-Friedmann efony using the branch-and-bound algorithm. The reliability of the trees
al. 1996, 1997b) to the receptor NCCRP-1 leads to targewas tested using 500 bootstrap replicates. The alignment was also
cell k||||ng NKTag is found on many histo|ogica| types analyzed by the neighbor-joining (NJ) method (Saitou and Nei 1987),
of tumor cells (Evans et al. 1996) and on protozoan parai"s implemented by Mega. For NJ, Poisson correction was used with the

. . complete deletion option, and again, 500 bootstrap replicates were
sites (Lea.ry et al. .1994)'_ We have obtained a Complet%nalyzed. Finally, the data were analyzed with PAUP version 4.0b8
cDNA-derived amino acid sequence of NKTag (Jaso-ysing an exhaustive search with the maximum parsimony algorithm
Friedmann et al. 1997a) and propose that NKTag may bend theC. eleganssequence as an outgroup.
the only conventional antigen recognized by NCC.

In the present study we have cloned and characterized Inhibition of Catfish NCC Activity with NCCRP-1 Peptides from

the zebrafish orthologue of the catfish NCCRP-1 fromZebrafish.The University of Georgia Molecular Genetics Facility syn-
expressed sequence tags (ESTs). A homology Seardpiesized the 17-mer peptide corresponding to the antigen-binding site

. ] on catfish NCCRP-1. The zebrafish orthologue peptide corresponding
comparison shows that NCCRP-1 from at least thre%o amino acids (aa) 105-120 (Fig. 2), as well as a negative control

phyl_OQenetica"y di.Stam species (gatfis_h, tilapia, and zepeptide (same aa composition in a “scrambled” sequence), also was
brafish) share a high degree of identity. These resultgested. Lyophilized peptides were resuspended in distilled water until
suggested that NCCRP-1 performs a crucial function irdissolved. An equal volume of (2x) PBS/0.5% BSA/20/nglucose
innate immunity in teleosts. Further homology ana|ysiswas then added to obtain the indicated protein concentrations. Peptides

. L . . . were incubated with labeled target cells for 0.5-1 h at room tempera-
ylelded a S|gn|f|cant level of |dent|ty with another group ture. The synthetic peptides were tested on target cells and were shown

of proteins belonging to an F-box subfamily (Winston ety to produce nonspecific toxic effects on any target cell (data not
al. 1999; Kipreos and Pagano 2000). These proteinshown). Cytotoxicity assays were conducted as described previously
share an F-box domain in the N terminus (not present irfJaso-Friedmann et al. 1997a).

NCCRP-1) and an extremely conserved C-terminal re-

gion that has been termed the F-box-associated domain

(FBA). The FBA, currently of unknown function, is pre- Results

sent in the NCCRP-1 DNA in all the teleost species.

Based on these results, a new gene family is proposed ldentification of Zebrafish NCCRP-MWe expected
containing the C-terminal FBA domain but carrying dis- that the zebrafish NCCRP-1 protein would share a high
tinct functional domains at the N terminus. degree of similarity with its catfish orthologue. In an
attempt to identify zebrafish ESTs encoding NCCRP-1,
BLAST searches were conducted of the zebrafish EST
data bank using the catfish NCCRP-1 protein as a query.
This search identified only four ESTs, all of which were

EnzymesRestriction enzymes were purchased from Roche Molecularfound in a fin regeneration I|brary. EST AI331491 was

Biochemicals (Indianapolis, IN) and from Promega (Madison, wi). Characterized further by sequencing (Fig. 1). Comparison
The Expand Long PCR reagent kit was obtained from Roche Moleculaof the EST AI331491 translation product with the se-

Materials and Methods
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Fig. 1. Schematic representation of the zebrafish NCCRP-1 EST.to +30 bp; Fig. 2) and ZF-2 (+685 to +715 bp; Fig. 2) was used to
A BLAST search of the zebrafish EST database using the catfishamplify the complete NCCRP-1 ORF from liver cDNA. llhe with a
NCCRP-1 amino acid sequence as a query identified four highly simi-filled circle indicates the initiation codon (position +1) of the ORF. A
lar EST sequences (AI331491, Al384659, Al384151, and Al332141).line with a filled squareandicates the position of the stop codon of the
Sequencing of EST AlI331491 allowed characterization of the entireORF. Theopen boxndicates the ORF (nucleotide sequence and trans-
zebrafish NCCRP-1 ORF. In addition, RT-PCR with primers ZF-N (+1 lation shown in Fig. 2). A scale (bp) is shown at the bottom.

quence of the catfish NCCRP-1 protein indicated thatcodon of the zebrafish is in agreement with the location
this clone contained the complete ORF of the zebrafistof the initiation codon of the gene of the catfish and
NCCRP-1 orthologue. To confirm the sequence of thistilapia orthologues. The catfish NCCRP-1 gene has been
ORF, an RT-PCR reaction was performed using ze<loned and sequenced, and it has an upstream stop codon
brafish liver RNA as a template and primers at positionsin-frame with the initiation codon (accession number
+1 to +30 (ZF-N) and +685 to +715 (ZF-2) (Fig. 1). A AF159718). The zebrafish cDNA is predicted to encode
product of the expected size was obtained. This produca 237-aa protein with a MW of 27 kDa, a pf 5.5, and
was sequenced and the translation of that sequendwo putative Asn-linked glycosylation sites in aa posi-
showed 100% identity to the translated sequence frontions 52-55 and 80-83. The polyadenylation signal
the Al331491 clone. (AATAAA) used by the zebrafisimccrp-1gene is iden-
tical to the catfish and tilapia NCCRP-1 transcript poly-

Characteristics of the Zebrafish EST Seque@em-  adenylation signals.

puter analysis of the sequence of clone AI331491 pre-

dicted a 46-bp 5untranslated region, an 837-bp coding  Functional Domain Conservation in the Two Pre-
region, and 129 bp of a’3duntranslated region followed dicted NCCRP-1 Proteing.he zebrafish NCCRP-1 pro-
by a poly(A) tail (Fig. 2). Although the putative’s tein is 66.2% identical to the catfish and tilapia homo-
untranslated region does not contain an upstream intogues. As no information is available about the
frame stop codon, several lines of evidence suggesterebrafish innate immune system, it was of interest to
that the indicated ATG is the correct initiation site. First, study the possibility that the proteins serve a similar
the sequence surrounding this ATG codon conforms tdunction in all three species. We have reported previ-
the consensus sequence for eukaryatic translation initiasusly that activation of catfish NCC leads to the physical
tion sequences with a purine at position -3 (Kozakassociation of the receptor NCCRP-1 with Janus-family
1989), which is the most critical residue for translation kinases (JAK), before phosphorylation of the transcrip-
initiation (Fig. 2). Second, the position of the initiation tional activator STAT, a step that is required for its
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CGGCACGAGAGTGAGCGGACCACGGGGGAAACAGTCTGACTCTGCA -46
ATGGCGACTGACTGGAAGCAGAAGTGTGACTCGGAATGGCAGCTCGGGGCTCACGGTGTC 60
M A T D W K Q K ¢ D S E W Q L G A H G V 20

CCAATGCCTGACACCGTGGACTGGAAATCGGTGTTCGAGACGAAGCCGTTCGAGCGCAAT 120
P M P D T V D W K S V F E T K P F E R N 40

CTACTGCAAAACCCCTCGCCTTACGGTGTGAACCACACTGTTCCGCCACCTGAACCCCAT 180
L L Q N P S P Y G V N H T V P P P E P H 60

CGGTCAGGAATACCACCTCCTTCAGACCGACCACCTCAGTTGGAGCCTGAAGGTAATTTC 240
R s G 1 p P P S D R P P Q L E P E G N F 80

TCTGGCTGGAAAACTAATACAGAAGTTTTGCCCTATGACACTAGTGGAATTCCTCCCGGT 300
s G W K T N T E V I~ P Y D T S G I P P G 100

GTTGTGATCTGCCAGCTTCCTCAGCACAGGTGGTTCACTCTAGAGCAGTGTGTGGACCTG 360
v v il C Q L P Q H R W F T L E Q C V D L 120

AAGGCAGCAGGTCTGTGGGACCAACTGCTGGACGACTTTCAGCCAGAGATTGTCATTGAA 420
K A A G L WD Q L L DD F Q P E I V I E 140
GACTGGTATGAGGAAAGCCAGCTTCATAAATGCATCTATCAGCTTGATGTGAAGCTCCTG 480 Flg. 2'. Nucleotide sequence of the
zebrafish NCCRP-1 cDNAtop)
D WY EE S QL H K C I Y Q L DV K L L 160 L )
and amino acid translation
(bottom). Both nucleotide and
amino acid sequences are numbered
from the beginning of the ORF.
Nucleotides upstream of the first
in-frame ATG are assigned negative
numbers. The peptide sequence
used in the cytotoxicity assay is in

GGTGCTGATGGTGAGACTGTTATCAAGCAGCACACCTATAACCCTGAAGAGGACCTGGAG 540
G A D G E T VvV I K Q H T Y N P E E D L E 180

TGCTACTCACACAACTGGAAAAAGGTCTCCCATGTGTTCTCCAAGTATGGGCCGGGGGTG 600
c Y S H N W K K V S HV F s K Y G P G V 200

CGGTACATTCACTTCCTCCACAGACTGAAGAACCAGTTCATGGTTGAATTCTTTAATACC 660

R Y I H F L H R L K N.Q F M VvV E F F N T 220 boldface.The putative
polyadenylation signal is indicated
AAAGTCACAGACAGCTCAGTTATTGTCAAGACCAGCAAACCCAGTGTGAAATAATAATCC 720 by the underlined14 bp upstream
K v T b S s v I v K T S K P S V K *x «* 237 of the poly(A) tail. The sequence
ATCAGTCAAATTAATTTGATAAAGTCAGCAATAATATTACAAGTATTCAACTTGCATAGT 780 data are available from GenBank
TCTTAAAGTAACTGCATTGACAGTAATATAATAAAACATTCCTTTCTCAAAAAAAAAAAA 840 (accession number AF207707) for
AAAAAAAAAAAADAA 954 zebrafish NCCRP-1.

nuclear translocation (Evans et al. 1999; Evans and Jastions 105 to 120 (Evans et al. 1998). Peptides corre-
Friedmann 2000). Analysis of the predicted amino acidsponding to the antigen recognition sequence of ze-
sequence of the zebrafish NCCRP-1 protein revealed thddrafish and catfish NCCRP-1 (aa 105-120) (Fig. 2) were
it shares these proposed physiologically relevant prolinesynthesized, as well as a negative control peptide (same
rich motif domains (Box-1 motifs) characteristic of the aa composition in a “scrambled” sequence). The peptides
N-terminus region of the catfish and tilapia orthologues.were tested in a catfish NCC cytotoxicity assay, and their
Box-1 motifs were first described in gp130 heavy chainsability to compete for target cell binding with the native
associated with the IL-6 receptor (Marakami et al. 1991).receptor on catfish NCC was assessed. Results show that
The truncated form of this motif (PXP) is considered to the zebrafish NCCRP-1 peptide corresponding to the aa
be the high-affinity docking site for JAK, and it is pres- 105-120 competes for binding to an antigen on target
ent in the zebrafish orthologue at least three times: aa&ells recognized by catfish NCCRP-1 (Table 1). A com-
21-23, 45-47, and 57-59. Interestingly, the full-lengthparison between these two peptides defined a consensus
Box-1 motif that is defined by a proline-rich region is sequence that may indicate the amino acids involved in
also present in the zebrafish NCCRP-1 orthologue in thearget—ligand interactions and that may act as “anchors”
inverted direction (Fig. 3). Furthermore, at least one ad+to bind to NKTag on the target cell (Fig. 4).
ditional PPP motif (aa 55-57) is also shared by the three
NCCRP-1 orthologues. Homology Analysis and Definition of a New Gene
Family. To identify sequences related to the zebrafish
Inhibition of Catfish NCC Target Cell Lysis with Syn- NCCRP-1 we performed a PSI-BLAST search of Gen-
thetic Peptides of the Zebrafish NCCRP-1 Orthologuebank (Altschul et al. 1997). Two iterations of PSI-
Further evidence of functional similarity between the BLAST identified all sequences related to NCCRP-1.
two NCCRP-1 proteins was obtained in the next experi-The search yielded 10 mammalian sequences and one
ments. The catfish NCCRP-1 target recognition sequencom the nematod€. eleganswith significant levels of
has been mapped to amino acids corresponding to possimilarity to NCCRP-1 (Fig. 5). All of the identified



390

Fig. 3. Sequence alignment of the Box-1 motif
from zebrafish and catfish NCCRP-1. The two top
sequences correspond to the NCCRP-1 amino

1 2 3 4 5 6 7 8 acids that are part of the Box-1 motif. Published
sequences from mammalian receptors are
Consensus Sequence Al Ar p X Al p X P compared. The amino acids at positions 1 and 5
are often aliphatic, while the one at position 2 can
have an aromatic side chain. The X at positions 4
(Zjli'r\\jjggil;j 8 z g E g g :: and 7 ind_icates_a h_igh_ly variable re_s_idue. The
HUMAN gp130 (IL6R) I w P N v D p boxedamino acids indicate the positions where
Human GCSFR L w P G I D P proline residues must be placed to constitute a

Box-1 motif.

Table 1. Competitive inhibition of NCC cytotoxicity with the NCCRP-1 synthetic peptide designed based on the zebrafish receptor ofthologue

Peptides: YLPTFRWFSLEQRVDL Gitfish

QLPQHRWFTLEQCVDL Zbrafish

LQLFDWVRCHQQPELT Cotrol (scrambled Zf sequence)

Percentage specific release

Treatment Concentration (mg/ml) HL-60 IM-9
Media (no protein) — 20 31
Control peptide 1.0 23 41

0.5 19 32

0.25 16 29
Zebrafish peptide 1.0 3 18

0.5 2 20

0.25 10 20
Catfish peptide 1.0 3 13

0.5 5 17

0.25 6 19

aTarget cells were incubated with the indicated synthetic peptide for 30 min, purified NCC from catfish anterior kidney were added, and the mixture
was cultivated for a 3-h killing assay (E:T ratio, 160:1). Supernatants were harvestéfCandlease was determined.

Fig. 4. Consensus sequence of the
NCCRP-1 antigen-binding site. A
comparison of the synthetic peptides
that showed cytotoxicity inhibition

CATFISH YL PTFRWFSLEQRWVDIL generates a consensus sequence
ZEBRAFISH QLPQHRWETILTEA QCVDL (residues irblacK that may indicate

critical residues in target antigen
CONSENSUS L P R W F L E Q V D L recognition.

sequences belong to the F-box family of proteins, andsequence (Fig. 6). The phylogram presented in Fig. 6
specifically to a subgroup of this family that encodes anshows that the teleost proteins cluster in a single clade,
F-box-associated (FBA) domain at the C terminus. Thewhile the mammalian F-box proteins are grouped in an-
similarity of the zebrafish NCCRP-1 to these proteinsother. For these analyses teelegangrotein was cho-
does not include the N-terminal F-box domain, but issen as the outgroup. A new protein family is therefore
restricted to the carboxy terminus consisting of approxi-proposed which includes the NCCRP-1 proteins and
mately 150 aa of the proteins, which comprises the FFBA domain-containing F-box proteins (Fig. 6) (Wins-
box-associated domain (FBA) (Winston et al. 1999) (Fig.ton et al. 1999; Erhardt et al. 1998). The difference in the
5). The first 90 aa of the F-box proteins contains theN terminus of the proteins defines at least two subfami-
F-box domain (Winston et al. 1999; Erhardt et al. 1998)lies in this new family of proteins. The NCCRP-1 sub-
and PEST domains (Rogers et al. 1986) that are notamily, which does not contain the F-box motif, and the
found in either of the teleost NCCRP-1. This argues thasubfamily made of F-box-containing peptides (Fig. 5).
although NCCRP-1 and the F-box proteins share som8oth share the common FBA domain.

structural similarity, their functions are likely to be dis-  An interesting observation was the discovery of a dis-
tinct. Phylogenetic analysis of the aligned proteins sugtinct motif (RNLLXNP, aa 39-44 in the zebrafish pro-
gests that the NCCRP-1 proteins are more closely relatetkin) in all the aligned proteins of the proposed family
to the mammalian proteins than is the sin@leelegans members (Table 2). This motif was scanned against the
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XP 001852 Human Fig. 6. Phylogram showing

86, 100 relationships of the F-box-associated
100. 100 AAF04515 Human domains of the NCCRP-1 and F-box
- b NP_036300 Human proteins. The tree was derived by
parsimony analysis, with both PAUP
68, 69 AAC97505 Rat version 4.0b8 and Mega version 2.

Numbers shown above the branches are
bootstrap values based upon 500
74 97, 100 NP 060908 Human _re_pllicates for parsim_ony and neighbor
99, 100 |: AAF04470 Human  10ining (NJ), respectively. A separate
analysis using maximum likelihood

BAB01584 Macaque (ML) produced a tree with similar
topology. The only difference between

AAF19642 Zebrafish 6 analyses was the placement of the
100. 100 AAF19645 Catfish macaque F-box protein (accession .
’ { number BAB01584). While ML has it
100, 100 AAKO01923 Tilapia in its own group with a mammalian
clade, NJ does not indicate its order of
divergence.

NP 056612 Mouse

T19265 C. elegans

Table 2. Comparison of the conserved motif found in the different (mab) 5C6 was derived against the catfish equivalent of
proteins in the F-box family NK cells (i.e., NCC) that inhibits the interaction of cat-
fish and tilapia NCC with their targets (Jaso-Friedmann

NP_060908 Human RNLLRNPCAE X

NP_056612 Mouse RNLLRNPCAE et al. 1997a; Jaso-Friedmann and Evans 1999). A re-

XP_001852 Human RNLLRNPCGE ceptor on NCC responsible for ligand recognition,

AAF04515 Human RNLLRNPCGE NCCRP-1 was identified with the mab 5C6. Catfish and

BABO1584 Macaque RPIGRNPCGQ tilapia NCCRP-1 have an apparent MW of 32 kDa and

AAG09623 Human RNLLHNPCAE i

AAF04470 Human RNLLRNPCAE have been sequenced _at both cDNA (Jz_iso-Frledmann et

NP_056611 Mouse RNLIHNSCGE al. 1997a) and genomic levels (accession numbers AF

AAC97505 Rat RNLLRNPCGE 159718 for catfish and AF 318073 for tilapia).

E/F;Egggigo g"i?‘i” RRNNLLL?RNNPF;CP%E In an attempt to identify the zebrafish equivalent of
atrsi . . . .

AAKO1923 Tilapia RNLLKNPSPH catflsh and tilapia NCCRP-1, zebraﬁsh EST, an.d the.

AAF19642 Zebrafish RNLLQNPSPY Swissprot databases were searched using the amino acid

sequence of catfish NCCRP-1 as a query. These searches
identified four zebrafish ESTs encoding approximately
) ) 400 bp of the 3region of the NCCRP-1 zebrafish or-
Swiss-Prot and TrEMBL databases using ScanProsn@mlogue One of the zebrafish ESTs (No. Al331491)
(H_ofmann_ et a|,.1999), howeyer, no o_ther proteins CON1vas chosen for further characterization and was found to
taining this motif were identified. Curiously, the motif have the entire zebrafish NCCRP-1 ORF. Al331491 en-
was found to be present on the C-terminal side of thecoded a 237-aa ORF with a MW of 27 kba and laop
FBA domain m_the tgleost NCCRP-1 proteln_s, \.Nh”e itis 5.5. This putative ORF has 66.2% sequence identity with
on the N-terminal side of the same domain in all the ) . . .
mammalian members. This motif is absent from e the catfish NCCRP-1 protein. The sequence identity of
. the zebrafish NCCRP-1 with the protein from catfish and

elegansprotein. The significance of this motif is pres- .~ - :
. tilapia appears to be sufficient for this molecule to have
ently not known. It appears to have first evolved after the "%~ © . .
maintained the same function in these species.

speciation of nematodes but before that of teleosts from The signature motifs that have been implicated in the

mammals. It has been conserved through evolution all . X . . . .
9 signaling properties of this protein are the Box-1 motifs.

the way to the human proteins, Both forms of these motifs (truncated and full-length) at
the N-terminus end of the NCCRP-1 proteins were first
) ) reported to be essential in the function of the catfish
Discussion protein and are also present in the tilapia and zebrafish
orthologues. As reported, these motifs serve as docking
Natural killer (NK) cells recognize and lyse a wide va- sites for JAK kinases, which then become activated by
riety of targets including transformed cells, parasites, angphosphorylation of their tyrosine residues and initiate
virus-infected cells (Zunino and Huding 1998; PetkusSTAT translocation into the nucleus. We have shown
and Baum 1987; Jimenez and Murphy 1984). Receptothese events to take place in activated NCC (Evans et
proteins that are localized in the cell membrane mediatal. 1999). Furthermore, the promoter region of the
recognition of these targets. A monoclonal antibodyNCCRP-1 gene in catfish and zebrafish contains several




393

putative STAT-binding sites. It is unknown at this time Kipreos and Pagano 2000). The high degree of identity
whether these sites function in the transcriptional activathat the NCCRP-1 proteins share at the C-terminal region
tion of NCCRP-1. In addition to the Box-1 motifs, there with the F-box proteins suggests that this subfamily may
is at least one PPP motif that is present in all the orthointeract with similar cytoplasm proteins and therefore
logues. These polyproline repeats have previously beemay have comparable metabolic roles. The NFB42 pro-
shown to provide docking sites for proteins containingtein is expressed at a very high level in neurons (Erhardt
SH3 domains. Their function in NCCRP-1 is presentlyet al. 1998). NCCRP-1 is expressed in fish NCC cells
not known. playing a pivotal role in the fish innate immune response
The other functionally essential region of the catfish (Jaso-Friedmann et al. 1997a; Jaso-Friedmann and Evans
and tilapia NCCRP-1 is the antigen recognition domain,1999). The interaction of the immune system with the
which is composed of approximately 16 aa. This regionnervous system has been documented previously (Hira-
has been implicated in the formation of conjugates withmoto et al. 1999). Stress and even the perception of stress
target cells, a necessary step in killing (Jaso-Friedmangan alter NK cell activity (Hiramoto et al. 1999). Also,
et al. 1997a; Evans et al. 1998, 1999; Evans and Jas@tress-inducible major compatibility complex class |
Friedmann 2000). In the present study, cytotoxicity in-chain-related genes (MICA) can activate NK cells
hibition experiments showed that zebrafish-specific pep{Bauer et al. 1999; Wu et al. 1999). Although F-box
tides compete for the binding of catfish NCC to tumor proteins and NCCRP-1 could provide a link between
target cells (Table 1). These results are in agreement witthese two well-connected systems, a most likely expla-
the conservation of a similar function for the zebrafishnation for the shared domain (FBA) would be that they
orthologue. perform a similar function in both systems. It is impor-
Homology searches identified a subset of the protant to note that the antigen recognition domain of
posed F-box superfamily of proteins (Winston et al. NCCRP-1, proven crucial to the role of the NCCRP-1
1999; Kipreos and Pagano 2000) as having significanproteins (Evans et al. 1999), is, as expected, poorly rep-
similarity to NCCRP-1. The zebrafish and catfish resented in the F-box proteins.
NCCRP-1 proteins share approximately 30% identity The inclusion of the F-box proteins with the
with the members of the F-box superfamily of proteins. NCCRP-1 proteins allows the definition of a new gene
The homology between the F-box proteins and thefamily, based on the similarities in the FBA domain. The
NCCRP-1 is restricted to what was termed as the F-boxmembers of the F-box family were previously grouped in
associated domain (FBA) (Winston et al. 1999) localizeda phylogenetically heterologous family which share the
in the C terminus of the proteins. The N terminus of F-box domain and encompassed approximately 40 to 50
NCCRP-1 has a deletion of 40 aa compared with the Fbxa at the N-terminal region of the F-box proteins (Win-
proteins. That deletion encompassed all of the functionston et al. 1999; Cenciarelli et al. 1999; Regan-Reimann
associated F-box domain that is characteristic of the Fet al. 1999; Kipreos and Pagano 2000). The F-box su-
box superfamily of proteins (Winston et al. 1999; Erhardtperfamily is not as phylogenetically robust as the new
et al. 1998). family that we propose in this study. We have defined the
The best-studied function for F-box proteins has beemew family by the F-box-associated domain or FBA.
reported to be the binding of substrates for ubiquitin-This domain includes approximately 150 aa of the C-
mediated proteolysis (Kipreos and Pagano 2000). In thiserminal region.
pathway, ubiquinated proteins are targeted for proteoly- We propose the inclusion of two subfamilies within
sis by the proteosome. The ubiquitine ligase complexthe FBA superfamily. One subfamily is the NCCRP-1
which is also termed SCE® catalyzes the ubiqui- subfamily of proteins that includes the catfish, tilapia,
nation of the proteins and it is made by assembly of theand zebrafish NCCRP-1 proteins. The other subfamily is
peptides Skplp, Cdcdp, and Cdc53p (Bai et al. 1996the F-box subfamily of proteins that includes the mam-
Kipreos and Pagano 2000). Skplp mediates the degramalian proteins. The difference between these two fami-
dation of cell cycle regulators through a 40-aa moatiflies is that they carry distinct functional domains at the N
present in the N-terminal region of several proteins,terminus. While NCCRP-1 proteins do not have the F-
which is termed the F-box motif. There is evidence thatbox motif, they have the FBA motif. On the other hand,
NFB42, a rat neural F-box protein, is regulated by beingthe members of the F-box subfamily have both motifs
targeted to the proteosome through its interaction withbut do not share the NCCRP-1 functional domains. This
Skplp (Ng et al. 1998). Deletion of the NFB42 F-box indicates that it is possible to have an FBA domain with-
domain inhibits this interaction (Erhardt et al. 1998). out the F-box motif. Therefore, the F-box-associated do-
The motifs associated with most F-box proteins at themain or FBA is a misnomer. There are antecedents to this
carboxyl-terminal end of the proteins have not been astype of partial homology due to exon shuffling (Morgan-
signed a defined function, although they are believed tetern and Atchley 1999). The gene that codes for the
be important in protein—protein interactions, as well as tatissue plasminogen activator in mammals is made up of
have many phosphokinase sites (Erhardt et al. 1998everal exons from different genes (Lewine 1997).



394

We have placed the NCCRP-1 within a novel family Graves SS, Evans DL, Dawe DL (1985a) Antiprotozoan activity of
of proteins that encompasses members that apparently nonspecific cytotoxic cells (NCC) from the channel catfistta-

. . - lurus punctatus J Immunol 134:78
have diverse functions. Currently’ the function of the Graves SS, Evans DL, Dawe DL (1985b) Mobilization and activation

FBA domain present in the mamma"an F'bO_X prOt_ein_S IS of nonspecific cytotoxic cells (NCC) in the channel catfisttd-
unknown. In the NCCRP-1 proteins the antigen-binding Iurus punctatu} infected with Ichthyophthirius multifilis Comp
site is within the FBA domain. Therefore the teleost  Immunol Microbiol Infect Dis 8:43

NCCRP-1 proteins are the first members of the EBAGCreenlee AR, Brown RA, Ristow SS (1991) Nonspecific cytotoxic

. . . . cells of rainbow trout©ncorhynchus mykis&ill Yac-1 targets by
superfamily for which a function has been defined for the both necrotic and apoptotic mechanisms. Dev Comp Immunol 15:

FBA domain. We are confident that when more charac- 153

terization work is done with the different protein mem- Hiramoto RN, Solvason HB, Hsueh CM, Rogers CF, Demissie S, Hi-

bers of this family, functional commonality will emerge.  ramoto NS, Gaut DK, Lorden JF, Ghanta VK (1999) Psychoneu-
roendocrine immunology: Perception of stress can alter body tem-
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