Cloning, Structure, and Function of Two Rainbow Trout Bf
Molecules 2

J. Oriol Sunyer,* loannis Zarkadis,* " Maria Rosa Sarrias,* John D. Hansen*
John D. Lambris>*

The factor B (Bf) and C2 complement genes are closely linked within the MHC class Il region and are thought to have arisen by
gene duplication from a single gene encoding an ancestral molecule; the animal phyla in which this duplication event took place
is unknown. Two teleost fish, (zebrafish and medaka fish) have each been shown to possess only a single molecule that shows an
equivalent degree of similarity to mammalian Bf and C2. In contrast, here we present the characterization of two factor B
molecules (Bf-1 and Bf-2) in another teleost fish (the rainbow trout) that are about 9% more similar to mammalian factor B than

C2, yet play a role in both alternative and classical pathways of complement activation. The full lengths of Bf-1 and Bf-2 cDNAs
are 2509 and 2560 bp, respectively, and their deduced amino acid sequences are 75% identical. Both trout Bf genes are mainly
expressed in liver and appear to be single-copy genes. The isolated Bf-1 and Bf-2 proteins are able to form the alternative pathway
C3 convertase and are cleaved (in the presence of purified trout C3, trout factor D, and Mg'EGTA) into Ba- and Bb-like
fragments in a manner similar to that seen for mammalian factor B. The most remarkable feature of trout Bf-2 is its ability to
restore the hemolytic activity of trout Bf-depleted serum through both the alternative and classical pathways; whether Bf-1 possess
similar activity is unclear at present. The Journal of Immunology,1998, 161: 4106—-4114.
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proteins and cell receptors that play a crucial role in non-have the same exon and intron organization and are located

specific and specific immune response pathways. Theandem on the same chromosome (13, 14) within the mammalia;
complement system can be activated through three different patiMHC class Il region. For these reasons, the two proteins ar
ways: the cla§5|cal, alternative, and_lectln pathways. Invertebratqq;,ought to have originated by gene duplication from an ancestr
such as equinoderms (1) and tunicates (2) have recently beqfolecule (15). It is at present unclear in which animal phyla th
shown to contain complement molecules. Lamprey, the most angyplication event took place.
cient vertebrate, hgs a primitive complement systgm represented The factor B protein has been purified only from mammals and;
only by the alternative pathway (3, 4). However, with the appeary,;.qs (chicken). A partial amino acid sequence of chicken factor BS
ance of Igs in cartilaginous fish (5, 6), all the rest of animal groups,, - roughly equal in similarity to human and mouse factor B an

from teleost fish to mammals, appear to have in addition to th 2 (16). In addition, the protein seemed to participate in both

alternative pathway, the classical pathway. Thus, the classica . . S
P Y, P y ' Classical and alternative pathways of complement activation; nevig

athway seems to be phylogenetically the most modern of the . . - )
b y phylog y ertheless, the studies on the classical pathway in chicken were npj

three pathways (7); however, it is not clear whether the lectin or ) N
the alternative pathway was the first to emerge. clgarly d_eflnecli. It was suggested that the factor B protein iny
Complement activation through any of the three pathways rechicken is derived from a presumed common ancestral form o
sults in the proteolytic cleavage of C3 to C3b and C3a, a reactiofammalian factor B and C2. In contrast to this situation, two
that is mediated by the C3 convertase. In the alternative pathway@€nes encoding factor B-like molecules have been cloned from the

factor B serves as the catalytic subunit of C3 convertase (8—10); igmphibian (Xenopus). The twéenopusmolecules, designated Bf
the classical pathway, this role is played by C2 (11, 12). In mam-A (17) and Bf B (18), showed more sequence similarity to factor
B than to C2 (40 and 30% identities to mouse factor B and C2,
respectively) and consequently were considered to be factor B
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this case, the Bf/C2 gene duplication would have predated thguence of the RT-L72 clone that aligned with the C-terminal part of Bf and
appearance of these fish. C2 molecules from other species was synthesized using an Applied Bio-

Teleost fish have been shown to contain multiple forms of theSYStems 430A peptide synthesizer (Foster City, CA) as described previ-

. . ously (32). A 14-amino acid peptide (TBf*9 derived from the deduced
third component of complement (C3(23-25), which have been amino acid sequence of Bf-1 corresponding to the N-terminal part of the

suggested to play an important role in generating immune diversitynolecule (RREWAWEGGSYTLT) was also synthesized.
in fish (26). In the present study we demonstrate that trout, in
addition to having multiple C3 genes, also possess two facto'ra\
Bf/C2 genes. We have characterized their protein products and

demonstrated that teleost fish contain a unique molecule that i;Ehhe Sl'y:‘thﬁzizﬁddpepﬁ?ﬁsd"\gg COLCJjP'Ed éot key_holzlgmpet h;ﬂocyrér‘]”i’kgy
: . - . : e glutaraldehyde metho and used to raise Abs in rabbits. The Abs
involved in the activation of both alternat_lve and clas_s!cal path-Were purified by affinity chromatography, using synthetic peptides coupled
ways. Furthermore, we have succeeded in characterizing and rgs cyanogen bromide-activated Sepharose (Pharmacia, Piscataway, NJ).
constituting the trout alternative pathway with purified trout com- Polyclonal antisera against trout Bf-2 and against two trout protein con-
plement components (Bf, Df, and C3). taminants from a post Mono-P Bf-2 preparation (65 and 23 kDa) were
generated in rabbits by immunization with the SDS-PAGE-purified mole-
cules (described below).

b production

Materials and Methods
Fish and serum

Rainbow trout Onchorhynchus mykissvere obtained from Landenberg Purification of trout C3 isoforms, Bf-1, Bf-2, and Df
trout farm (Philadelphia, PA) and Limestone Trout Farm (Reading, PA).The trout C3 isoforms were purified as described previously (23). To purify
Blood was collected with a syringe from the caudal artery, and serum wasrout Bf-2, trout serum (40 ml) was precipitated with 16% polyethylene
obtained by incubating the blood at 4°C for 4 h. The serum was separateglycol (PEG) at 4°C for 30 min in the presence of 20 mM EDTA, 10 mM
by centrifugation at 200 g for 10 min. Serum was stored at70°C. benzamidine, and 1 mM PMSF and then centrifuged (150@0) 20 min).
L The resulting supernatant was brought to 25% {NBO,, and the liquid
Determ'nat!on of troyt Bf-1 and Bf-2 cDNA sequences and phase containing PEG was removed. The rema‘%ngltliquid phase contail@
phylogenetic analysis ing the trout proteins was precipitated sequentially with 45, 60, and 75%€
NH,),SO, at 4°C for 30 min; all incubations were followed by centrifu- =
ation at 15,000< g for 20 min. The pellet from the final precipitation was 8
suspended in 10 mM sodium phosphate buffer, pH 7.5, loaded onto
EAE 40 HR (6.5X 5.0 cm) anion exchange column (Millipore, Bedford, =
MA) equilibrated in the same buffer, and eluted with a linear salt gradieng
(0-500 mM NaCl). Bf-2 was identified by immunoblotting with the im-
munoafinity-purified anti-TBf2>~73 Ab and with the polyclonal anti-
trout Bf-2 obtained after the Bf-2 purification. The immunoreactive frac-
tions were pooled and concentrated with Amicon filters (30-kDa cut-off;=:
micon, Beverley, MA), then exchanged into 25 mM imidazole buffer, pH
6.2, by passage over a PD10 column (Pharmacia). The sample was appli%d
to a Mono P 10/10 isoelectric focusing column (Pharmacia) equilibrated irg.
imidazole buffer, and eluted with a pH gradient (4.2—6.2) with polyam-g
holites. The Bf-2 preparation contained some contaminants that were r&
oved by preparing polyclonal Abs against two contaminating proteins (6
nd 23 kDa). This reagent was used in affinity chromatography to obtain &
omogeneous preparation of Bf-2. &
Trout Bf-1 was partially purified from trout serum by a single precip- ;%
tion with 45% PEG and anion (Mono Q HR 5/5) and cation (Mono S HR N
) chromatography. Bf-1 was identified with the anti-T8B#° Ab. o
Trout Df was purified by gel filtration chromatography on a Superose 128
umn. Fractions were concentrated 10-fold in Centricon filters (10-kDao
-off) and tested for their ability to mediate the cleavage of purified trout

Primers based on a partial trout cDNA sequence (clone RT-L72, accessio
no. T23101, NID: g505992) with similarity to factor B and C2 from other
species were designed, and a clone with an identical sequence to the R
L72 sequence was obtained by RT-PCR from trout liver RNA. This PCR
product was subcloned into the PCRTMII vector using the TA cloning kit
(Invitrogen, San Diego, CA) and was used to screergtdll trout liver
cDNA library. The full-length cDNA clone obtained was designated Bf-1.
To obtain a full-length cDNA clone encoding Bf-2, we first produced a
partial cDNA clone by RT-PCR using degenerate primers based on th
internal protein sequence of the Bf-2 protein. We used primers P5F (5
(C,T)T(A,G,C,T)GA(C, T)AA(C, T)TT(C,T)AA(C,T)-3') and P3R (5
AT(A,T,C,G)CC(A,G)TA(A,G)TT(A,T,C,G)GG(A,G)TG-3") and the
PCR conditions described previously (23). The product obtained had th
expected molecular size of 0.6 kb, and its deduced amino acid sequen
showed high similarity to the corresponding region of trout Bf-1 and of
factor B and C2 molecules from other species (data not shown). The PC%
product was used to screen\gtll trout liver cDNA library, and a full
cDNA clone encoding Bf-2 was obtained. Nucleotide sequences were dqf
termined by the Sanger method (27). The deduced amino acid sequencesy
Bf-1 and Bf-2 as well as all available factor B and C2 were aligned using
the Clustal W program (28), and the resulting alignments were manuallyCol
corrected. The obtained alignment (Fig. 1) was used to calculate Poissor&-ut

corrected distance matrexes to construct trees by the neighbor—joiningf_2 into Bb and Ba fragments in the presence of purified trout C3-1 and

methed (29). a buffer containing M§"EGTA. The fractions mediating cleavage were

Northern and Southern blot analyses reapplied to the Superose 12 column. Purification of each of these trout
proteins was monitored by SDS-PAGE and by immunoblotting using Abs

A portion of 300 bp was amplified from both Bf-1 and Bf-2 cDNAs via specifically recognizing the individual proteins. The concentrations of trout

PCR using Bf-1- and Bf-2-specific primers (Bf-1 sense prim&TAGC Bf-1, Bf-2, and Df in serum were determined as described previously (23).

CCTGAAAACACAATGG-3' (nucleotides 1086-1106); Bf-1 antisense

primer, 5'-TCCGTGCCATCCAGGGGTAT-3(nucleotides 1377-1397); ) )

Bf-2 sense primer, SCATCCCTTGCACCAAGGTAA-3' (nucleotides  Protein sequencing

1759-1779); Bf-2 antisense primer,-BAGTAGGTTGACGACCAC

CCG-3' (nucleotides 2040-2051). Numbers in parentheses refer to trou?l-telrmltnal ﬁequt_anc;as“ werz %btallnecti bgl stLt{bJeCt'rlg tge g'l"rg'ed m%lecules
Bf-1 and trout Bf-2 with GenBank accession numbers AF089861 and.C €'€Ctrophoresis, ollowed by €iectroblotiing onto Froblott membranes

: hy o : - (Applied Biosystems). A modified version of the method of Matsudaira
AF08960, respectively. The amplified products were purified using Qla-( ) ; ;
quick spin columns (Qiagen, Basel, Switzerland) and randomly prime 34) was used for sequencing, as described previously (35). The electro-

(BRL, Gaithersburg, MD) withj?P]dCTP (Amersham, Arlington Heights, I_otted proteins were Sl.ijeCted to Edman Qegradation, u;ing an Applied
IL). Nonincorporated nucleotides were removed using G-50 spin column iosystem 473A Protein Sequencer. The internal protein sequence of
(BMB, Rotkrevz, Switzerland), and the labeled fragments were then use out Bf was obtained by digesting the protein with the_endop_rotelnase
as homologous probes for Northern and Southern blot analyses as d ys-C fromLysobacter enzymogengoehringer Mannheim, Indianap-

scribed previously (30, 31). olis, IN) (35).

Peptide synthesis . .
P y Trout antiserum against sheep E

An 18-amino acid peptide (TBf?>-"4j corresponding to the C-terminal ) ) . )
portion (KYLGNDTEDYQPLEFLEN) of the deduced amino acid se- APS against sheep E were generated by immunizing rainbow trout (200~
300 g) i.p. with a suspension (0.5 ml) of washed sheep B &%) mixed

(/1) in CFA. Thereafter, trout were injected weekly for 4 wk with a sus-
4 Abbreviations used in this paper: C3, third component of complement; PEG, poly-pension (0.5 ml) of washed sheep EX510°%) mixed (1:1) in IFA. Fish
ethylene glycol; RaRBC, rabbit E; VBS, veronal-buffered saline. were bled 1 wk after the last injection.
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SCRY, 'BE, von Willebrand domain

Trout Bf-1 r)mnnzwnwzcssyw Trout Bf-1  RESLQMAAPVDDTD.QEQKKITIDK. .GGKLNIYIAMDISDSTAEEDFNS
Trout Bf-2 . VLC.............EVFCKEENVGVEGGHYT Trout Bf-2  RESLOLAAPIDDTD.QEGKKITVDK. .AGKLNIYIAMDISDSIEEDQFNK
Medaka Bf ... MKTSVIWSLLVFLLLCTGEV..... .. .ECOCTADGLEIQGGTYT Medaka Bf KDSLTTLQPTNDT. . QAGRKIRISK. . NGTLNIYIALDISESVEEERFKR
Zebrafish BE.MTSMECGLRLKWLILALICPLTAGAP. ...SREGSCPEENLDIAGGSFT Zebrafish Bf TTTLTVQOGFEDD OHGKKISLDR GGKLDIYIAVDASDSIDPKDFDK
Xenopus BE-A VSLAVQCDLTKVATIGGSYT Xenopus Bf-A EDRS...... DRSVRILKDGLMNIFIVLDTSKSVGONRFDE
Xenopus BE-B ...... .. VSLAVECDLTKVPTIGGNYT Xenopus Bf-B DRSVQOILKDGLMNIFIVLDTSKSVGEEKFEE
Lamprey BE ... MPRARLTVVVLSIVVWASHQULCD. .. .. ARLQCTKQGVSILGGNTS Lamprey Bf . MARSINLTSLYDTHIYLVIDASYSVGKEDFDT
Mouse Bf ... MESPQLCLVLLVLGFSSGGVSATPVLEARPQVSCSLEGVEIKGGSFQ Mouse Bf TETTEGADAEDGHS PGEQQKRKTVLDPSGSMNI YLVLDGSDSIGSSNFTG
Human Bf MGSNLSPOLCLMPF I LGLLSGGVTTTPWSLARPQGSCSLEGVEIKGGSFR Human Bf TETIEGVDAEDGHGPGEQQKRK IVLDPSGSMNI YLVLDGSDSIGASNFTG
Mouse €2 .... .MAPLLALFYLLQLGPGLA.......... ALFCN. QNVNITGGNFT Mouse C2 TNLLGATNPTONLL . TKSLGRKIT IQRSGHLNLYLLLDASQSVTEKDFDI
Human €2 .. ...MGPLMVLFCLLFLYPGLAD......... SAPCP . QNVNISGGTFT Human €2 SHMLGATNPTQ . KT . KESLGRKIQIQRSGHLNLYLLLDCSQSVSENDFLT
Consensus c aG Consensus DS S F

Trout Bf-1 ARNAVKKLITK YEITFFASDVLEVVNIIDFSGDKRK. PLVD
Trout Bf-2  ARNAVKKLITK YEILFLASDVFEVVNILDFLGEKRK . TLED
Medaka Bf AKLAIITLIKKIAAFTVSPNYEILFFSADVYEVVSIVEFYEG. KI.TLES
Zebrafish B AKKIIKTLIEKISYYEVSPNYEILMFATDVDQIVKMRDFKTNEKARKILK

Trout Bf-1 LTKKLEYGSIMIYHCPEGYYPHPALTRSCLKSGTWKPPPKR
Trout Bf-2  LTKKLEYGSMLIYHCPEGYYPYPALTRLCQI WSPTPHK

Medaka Bf LTKGLETNSLLVYQCPDNFYPYPDTIRVCHPNKQWKPRPKK
Zebrafish Bf LSNGYSDGSYLQYICPDNHYPSISSRRCQF . GVWTPKASSRK .

Xenopus Bf-A EYQCPKGKYPY PKYTRECQYNGFWTDOKAK Xenopus Bf-A AKSASILFIEKMSNYDIKPRYCIISYASKAISVVSLRDPDSN
Bf-B DYQCPKWKY PHPKYTRECLYNGLWTDQKIK Xenopus Bf-B AKEASKLFIEKMADYDIKPRYCIISYASVAIAVVSLRDPDSN
Lamprey Bf MPDEPAVGSVLKYRCPYAMRPF PVHTRVCQKNGDSPLYNAYN Lamprey Bf  GLNFVKDLINRIGMYVRNIRYSIVMYATNPSLKLSVRDSWSN
Mouse Bf LLOGG. . . QALEYLCPSGFYPYPVQTRTCRSTGSWSDLOTRD. - - Mouse BEf AKRCLINLIEKVASYGVRPRYGLLTYATVPKVLVRVSDERSS
Human Bf LLQEG. . . QALEYVCPSGFYPYPVOTRTCRSTGSWSTLKTOD. . . . . Human BEf AKKCLVNLIEKVASYGVKPRYGLVTYATYPKIWVKVSEADSS
Mouse C2 LSHGWAPGSLLIYSCPLGRYPSPAW. RECQSNGQWLTPRSSSHHTLRSSR Mouse C2 FKKSAELMVERIFSFEVNVTVAIITFASQPKTIMSILSERSQ. . .
Human C2 LSHGWAPGSLLTYSCPQGLYPSPAS . RLCKSSGQWQTPGAT . . . . . RS.. Human €2 FRESASLMVDRIFSFEINVSVAIITFASEPKVLMSVLNDNSR. . . . DMTE
Consensus ¥ Ccp  YP RC W Consensus
SCR2
Trout Bf-1 RPPQQCKMJ;;;NPLVLESGSVLPVQSQYFVNNKTTYECYSGYSLRGSAS Trout Bf-1  VLAELNNFKYDARD.NVGTNLNLAFKTILERMAIQKKRN.
Trout Bf-2  RPVQKCKMVECPNPLVLENGSVFPLQMQYSVNNETTYECYTGYTLRGSSS Trout Bf-2  VLADLDNFNYGDRQ.NVGTNLNLAFKTTLERMAIQKQRN.
Medaka Bf FSPORCKPVECPDPNVLENGNVF PPLERYLAGNTTTFECYSGYTMRGSSS Medaka Bf ATKNLEDFQIGDK . . STGTDVNAALKKFEEGMAWIEQKT .
Zebrafish Bf ..KAECKKITCPNPRVLENGEVAPYQERYYINDVTTYSCSSDYKFRGSKY Zebrafish Bf IFEDLDNFNYDKKGDRTGTNIAKLYLKILDSMSLEQVON.
Xenopus Bf-A ...TICKDVRCPRPVTFEDGDYEPRQPFYKVGDTLYFECYSGFTMKGPON Xenopus Bf-A VMEHLEEFQYDRHEDKQGTNTRAALHAIYEHLIEQELAYEREGKKEDFMK
Xenopus BE-B . ..AVCKDVRCPKPVEFEGGDYEPWQNFYTVGDTLNFECYTGFETKGSON Xenopus Bf-B VTKHLEDFQYNNHADKQGTNTRAALHSIYEHLIEQELAYEKEGKKADFMK
Lamprey Bf  VQKAECRATRCPRPODF DQISFQCYDGYVLRGSAN Lamprey Bf  VIKILDDLDYYEFDDTPGTNTAMALKMVLDTMALYKVAN.
Human Bf VRKAECRATHCPRPHDFENGEYWPRSPYYNVSDEISFHCYDGYTLRGSAN Mouse Bf VTEKLNQISYEDHKLKSGTNTKRALOAVY: DAPE.
Mouse C2 MVKAVCKPVRCLAPSSFENGIYFPRLVSYPVGSNVSFECDEDFTLRGSPV Human Bf VTKQLNEINYEDHKLKSGTNTKKALQAVY SMMSWPDDVEP. WNR
Human C2 LSKAVCKPVRCPAPVSFENGIYTPRLGSYPVGGNVSFECEDGFILRGSPY Mouse C2 VITSLDSASYKDHENATGANTYEVLIRVYSMMOTQMDRLGME . . TSAWKE
Consensus < c EG P ¥ c Gs Human C2 VISSLENANYKDHENGTGTNTYAALNSVYLMMNNQMRLLGME . . TMAWQE
Consensus v oL G
SCR3
Trout BE-1  RVCOA TPTCSRDSGSEDRCADPGI IDDILSY
Trout B-2  RVCY TPICRHDSGGGERCADPGI! EDKVTY Trout Bf-1 IHHVLIFFTDGAYNMGGSPENTMAKIRESVYMWNKTK . REKYLDVYVF
Medaka Bf RTCL TTICSRDSG. . DACPDPX TFDVGYDVTY Trout Bf-2  VHHVLIFFTDGAFNMGGRPDDTVAKVREMVYMNQKE] DKYLDIYVF
Zebrafish BE RVCS ICGRDSD. . . KCPDP IFNIDDEVTY Medaka Bf HRHVFLLFTDGAYNMGGSPLPTLARIKNRVYMSPTGDPGSRLDYLESYVF
Xenopus Bf-A RTCOENAKWIGETTICDDNNG. ..YCPNPGIPIGASKSGSSYKMENKVSY Zebrafish Bf TQHVITVETDG PKVDLIKNLVIKNNASR. . . . ENKLDLYVF lw)
Xenopus Bf-B RTCQENAKWSGETTICEDYNS...YCPNPGTPIGASKSGTSYKMEGKVSY Xenopus Bf-A IHNVILLMTDGKFNMGGDPREEMKLIKRFLDVGIRKD. NPREEYLDVYVF Q
Lamprey Bf  RTCQ. TVPACDDESS. . . FC DFDIEGVVSF Xenopus Bf-B IHNVILLMTDGKFNMGGDPREEMKLIIRFLDIGIRTE. NPRLEYLDVYVF :E
Mouse Bf RTCQENGRWDGQTAICDDGAG . . . YCPNPGIPIGTRKVGSQYRLEDIVTY Lamprey Bf  IRQAIILLTDGRSNVGPPPG...KFLMDNIDLDIPKE...... HMDVYV] 5
Human Bf RTCQUNGRWSGQTAICDNGAG. . . YCSNPGIPIGTRKVGSQYRLEDSVTY Mouse Bf TRHVIIIMTDGLHNMGGNPVTVIQDIRALLDIGRDPK NPREDYLDVYVF =
Mouse C2 RYCRPNGLWDGETAVCDNGAS . . . HCPNPGISVGTARTGLNFDLGDKVRY Human Bf TRHVIILMTDGLENMGGDPITVIDEIRDLLY IGKDRK , NPREDYLDVYVF o
Human C2 RQCRPNGMWDGETAVCDNGAG . . . HCPNPGISLGAVRTGFRFGHGDKVRY Mouse C2 IRHTIILLTDGKSNMGDSPKKAVTRIRELLSIEQNRD. . . . . DYLDIYAT Ei
Consensus RC N WG c [ < Human €2 IRHATILLTDGK KTAVDHIREILNINOKRN. . . . . DYLDIYAT
Consensus TG NG P ¥ 8_
—
Trout Bf-1  RCDD.NLHLLGSKTRVCQESGQWTGTEPKCYYKHTYDTALEVTEAFGSAT serine protease J_) =
Trout Bf-2  RCDD.GLHLLGSKERVCQENGOWTGTEPKCYYKHTYDTALEVTEAFGSAT Trout Bf-1  GVG.SDIFDEDIMPLVTKRNGERHYFKLKNVIDLERTFDDIUDESEVVG o
Medaka Bf SCNG . NLFLVGSRVRVCQENSQWTGREPACY SKFTYDTSQ FGSSI Trout Bf-2  GVG.REIFDEDIQPLVTKRDNEDHYFKLKDGTELEETFDKIIDESKVVG. 53
Zebrafish Bf HCDS.PLTLIGSKVRSVWMYGQWSGTEPQCYADFTYDPAMEAAEAFGNSL Medaka Bf GIG.ANIFDDDLLPLTAGTEGELHYFRLKKETNLAATFDDIIDENEVIG
Xenopus Bf-A NCQQ.GLUMFGSKRRRECLEDKSWSGTEPSCROWYTYDTPKEVAKTFSSSM Zebrafish Bf GVG.KDVKKEDMNGLVSEKKDERHFFKLPDLDEVONTFDLMLDDSTVVG. %
Xenopus BE-B TCQQ.GL CLEDKTWSGTEPSCROWYTYDNPKEVAKSFSSSM Xenopus Bf-A GLG.SDIDQPEINDLASKKEKEVHTFHLQNVEKMKEFFELMI TEDDVED
Lamprey Bf  TCSP.GLVMSGDTRRTCLSTGEWIGKESDCEDIYSYDNPEDVSFALS.KV Xenopus Bf-B GLG.SDIDQPEINELASKKDKEVHTFHLENVNKMKEFFELMLDESDVLD .
Mouse B HCSR . GLVLRGSOKRK TEPSCODSFMYDSPQEVAEAFLSSL Lamprey Bf  GMG..DVYKDEIETIASQKPNEQHSFILRDYDDLNEVFEKMLHADEKLFT -
Human Bf HCSR. GLTLRGSQRRT TEPSCODSFMYDTPQEVAEAFLSSL Mouse BE GVG . PLYDSVNINALASKKDNEHHVFKVKDMEDLENVFYQMIDETKSLS . =
Mouse C2 RCSSSNMVLTGSAEREC PJCRQPYSYDFPEDVASALDTSL Human Bf GVG . PLVNQVNINALASKKDNEQHVFKVKDMENLEDVFYQMIDESQSLS . 3
Human €2 RCSS . NLVLTGSSERECOGNGVWSGTEPTCROPYSYDF PEDVAPALGTSF Mouse C2 GVGKLDVDWKELNELGSKKDGERHAFTLQDAKALQQTFEHMLDVSKLTDT
Consensus c Gs c WGE C ¥D Human C2 GYGKLDVDWRELNELGSKKDGERHAFTLODTKALHQVFEHMLDVSKLTDT 3
Consensus G G %
Trout Bf-1  VCGLHKNYDDNT..PST....IRQRYPWMARLDNTHEDG. ...KASKCMG Trout Bf-1  DNVACKGDSGGAVFMDYDKHRTIQVGVISWGTKDLCPGGNSDIKQESSEK o
Trout Bf-2  LCGLHRNYDRDT. ADT. _RYGKCMG Trout Bf-2  DHVACKGDSGGALFKNYDDYRTIQVGLISWGTKNLCPDGDNDIQQESSDD :
Medaka Bf LCGLHRDYELTAD . KDG . PKKCLG Medaka BE DHIACTGDSGGAVFKNYES . RTIQTALVSWGTQEICTGG .G . . MRETTPE o
Zebrafish Bf LCGMQQNYDGSNK. . ... .QISDCMG Zebrafish Bf DDVSCKGESGGATHVDKYG.RLIQI: WGVKNLCSKKRN . LMOFSVSD S
Xenopus Bf-A TCGLSKYHSVELDPKKK . .GIQYCKG Xenopus Bf-A DPPVCKGDSGGPLLIQVKR.RYVOVGIISWGTVDHCDKGTR , . IKQTQKN
Xenopus Bf-B TCGLSKYHSVEVDEKLR. . .GVQYCKG Xenopus Bf-B DPPVCKGDSGGPLLVQVKR.RYVQVGIISWGTVDHCEKGKR . . VKQTKSN o
Lamprey Bf  OCGTSGTFRIPRARIAGGDPTKIELWPWOAQTSMRVHISNDHVKPAFCGG Lamprey Bf  TADTCRGDSCGGPLVLQKNR . RWIQVGIVAGGVAQHCGKNIK S
Mouse Bf LCGMVWEHKKGND. . . . . YHKQPWQAKISVIRPLK. . . . GHETCMG Mouse BE DPNTCKGDSGGPLIVHKRS . RFIQVGVISWGVVDVCRDQRE . . QQLVESY >
Human Bf YHKQPWQAKISVIRPSK. . . . GHESCMG Human BE DPNTCRGDSGGPLIVHKRS . RFIQVGVISWGVVDVCKNQKR . . QKQUPAH -
Mouse €2 .D.. QERTPWQVIFKPKSKE. . .. ....TCQG Mouse C2 DDNPCKGESGGAVFLGRRY . RFFQVGLYSWGLFDPCHGSSNKNLRKKPPR [te}
Human C2 ICGVGNMSANAS. . .D. . QERTPWHVTIKPKSQE. .. ..... TCRG Human C2 DESPCKGESGGAVFLERRF . RFFQUGLVSWGLYNPCLGSADKNSRKRAPR c
Consensus [ele] PW [ole] Consensus C G SGG R Q WG c gl
B N
Trout Bf-1  SLVTRRFILTAAHCFKFD..DMADNIRITMG..ENK. Trout Bf-1  S.....RDFHINLFKVVPFLKKYLG..NDTEDYQPLEFLE N o
Trout Bf-2  SLVTPRFILTAARCFRFT. . DTADKIKITIG. . KNE. Trout B£-2  $.....RDFHINLFKVVPFLKKHLG..DDTQDYAPLKFLD K N
Medaka BE SLVSSEFVLTAAHCFIFS. . DEPQDVKVEID. . DGK. Medaka Bf $.....RDFHINLFKMVPFLKSILGD.DDQDDYAPLTFIN o
Zebrafish Bf SLVTSRYILTAAHCFKEG..DTPDKITVYLEKN. Zebrafish Bf S..... RDYHINPF. =
Xenopus Bf-A TILSQYFILTAAHCFDLD..DKTQKIHVKIDG Xenopus BE-A A.....RDFYQDIFKVLEPWLQKVLEEKHEVLTFLEN o

Xenopus Bf-B TILSPYFILTAAHCFHLD..DKNQKIQVIVDG

. -RDFYQDIFKVMPWKKTLEDSNES LTFLPN
Lanprey Bf SIIAEQWILTAAHCFDEFAITDDEWWRGSIDVVIGSSNKLGGDKISPKQI Lamprey Bf  $§

FYTNVAKMMPWVKRQIE .
Mouse Bf AVVSEYFVLTAAHCFMVD . . DQKHSIKVSVGGQ. Mouse Bf a - RDFHINLFQVLPWLKDKLKD
Human Bf AVVSEYFVLTAAHCFTVD. . DKEHSIKVSVGGE. . . Human Bf A.....RDFHINLFQVLPWLKEKLQD
Mouse C2 SLSDQWVLTAAHCFHDIQMEDHHLWRVNVGDPTSQ Mouse C2 G. .VLPRDFHISLFRLQPWLRQHLD
Human €2 ALISDQWVLTAAHCFRDG. . NDHSLWRVNVGDPKSQ. . . . WGKEFLIEKA Human C2 SKVPPPRDFHINLFRMQPWLRQHLG
Consensus LTAAHCF Consensus F

Trout Bf-1  ILHPDYNINGKKNDGINEFYDYDVALIKLKN..DVDVSIHIRPICIPCTK
Trout Bf-2  ILHPNYDIKAKEKEGVKEFYDYDVALIELKN..DVDISINIRPICIPCTK
Medaka Bf KLHPQYNVTARVKQGV: AEFYDYDIALIQLER . PVOLSISARPICIPCTK
Zebrafish Bf FIHPNYSLTAKQSIGIKEFYDFDVALLQLK! RPICLPCTK
Xenopus Bf-A YRHPKYDPISKKDKGIKRAFDYDVALLELQRNDKIEFSENARPICIPCTQ
Xenopus Bf-B YRHPKYDPISKVDKGIKRAFDYDIALLELTK. .KIEFSATARPICLSCTM
Lamprey Bf  ITHEGYNRNPD.AHVQIENLDNDIALIKLSK..RLTFGYTYRPICLPCTK

Mouse Bf LFHPKYNINGKKAEGI PEFYDYDVALVKLKN. . KLKYGQTLRPICLPCTE
Human Bf LFHPNYNINGKKEAGIPEFYDYDVALIKLKN. . KLKYGQTIRPICLPCTE
Mouse C2 IIA RKQGISEFYADDIALLKLSR. . KVKMSTHARPICLPCTV
Human C2 VISPGFDVFAKKNQGILEFYGDDIALLKLAQ. . KVKMSTHARPICLPCTM
Consensus DAL L RPIC CT

Trout Bf-1 ETSGALRLVGE. . . . AITCKQQEQLLF ISYDKK. . EQMDQR

Trout Bf-2  ETSGALRLSGE.
Medaka Bf ETSDALRLPG. . .

EITCKQQEELLLKNPIEEVSFMSHDKDRVNNNDKR
SATCRDQEELLLKNQRERLSFLTRTEP. . . . LVGE
Zebrafish Bf ETNRALKLSDS....QGTCEKHEQILLSNELVDAAFTSKMDMEK . RSPRK
Xenopus Bf-A GTAQALKQPG......APCSSHEKTLLSEEEVKAVFIAEESNKP. .
Xenopus Bf-B GTAQVLKQPG...... APCSSHEKALLSEEEVKAVFIAEEKSDL. .
Lamprey Bf  ETNAILDLNSANKDWTTLCNIHGKNLIDVKKNTSLTVTGFGLLE.

Mouse Bf GTTRALRLPQ. . . . . TATCKQHKEQLLPVKDVKALFVSEQGKS . . . . LV
Human Bf GPPRALRLPP. . .. . TTTCQQOQKEELLPAQDIKALFVSEEEKK. . . . L/
Mouse C2 GANMALRRSP. . . . . GSTCKDHETELLSQQKVPAHFVALNGN .
Human C2 EANLALRRPQ. . . . . GSTCRI L VPAHFVALNGS .
Consensus L c L

RT-L72 Clone
Trout Bf-1  SDAKLKLODQLRDNCEEMAVTEVEGITPLN.LKDIVTDNFLCTGGKQ.PTR
Trout Bf-2  SDAKLKLLDQR.ANCIELAT.KVDGITSDN.LKDVVTENFLCSGGRQ.PTR
Medaka Bf KDVYAKLGDNR . DLCTKKAL . KAKGITTTD. PKVPVTDNFLCTGG. . . . DR
Zebrafish Bf IRRITVKLGKYLDACVEDAKKAKESKWOMR.RROLOKIS. CGSGGNOFQR
Xenopus Bf-A MHVLIKRGQKR.SACLEAAKKAPELKNVTN. IEDAVTDQFLCTGGIVE. VA
Xenopus Bf-B MNVLIKRGSKR.HACLDAAKKTPELKDVTN.IEDAVSDQFLCTGGLIP.VV
Lamprey Bf  DKKHAQQLQOATVQYAKKEVCLKDIMARFN.VTEEKAEKHITENMLCAWNA

Mouse Bf KEVYIKNGDKK . ASCERDATKAQGYEKVKD . ASEVVTPRFLCTGGVDP . YA
Human Bf KEVYIKNGDKK . GSCERDAQYAPGYDKVKD . ISEVVTPRFLCTGGVSP . YA
Mouse C2 LNINLRTGPEW. TRCIQAVSQNKNIFPSLTNVSEVVTDQFLCSGMEEER
Human C2 LNINLKMGVEW . TSCAEVVSQEKTMF PNLTDVREVVTDOFLCSGTQE

Consensus c c
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Complement assays 100 Trout Bf-1

Factor Bf-1/Bf-2 activities were measured by two different assays: 1) for- 00— Trout Bf-2

mation of fluid phase C3bBb convertase and 2) reconstitution of hemolytic ~ 9 Medaka fish Bf/C2

activity of Bf-1/Bf-2-depleted trout serum with purified Bf-2. Zebrafish Bf
To determine whether the Bf-1/Bf-2 and Df molecules mediate cleav- Human G2

ages homologous to those mediated by their mammalian counterparts, we, 100

reconstituted the trout alternative pathway of complement activation with WMouse C2

purified trout C3, Bf-2 (or partially purified Bf-1) and Df. For each exper- 10— Human Bf

iment 2 ug of C3, 1ug of Bf-2, and 0.02ug of Df were used. The three L Mousest

proteins or reaction mixtures containing only two of the proteins were |es Xenopus Bf-A

incubated at 20°C for 40 min in the presence ofVIigGTA or EDTA. 0]

Cleavage of the C3 and Bf-2 molecules was studied by resolving the re- Xenopus Bf-B

action mixtures on 9% SDS-PAGE under nonreducing and reducing con- Lamprey Bf

ditions and staining with Coomassie blue. In the case of Bf-1, its cleavag . .
to Bb and Ba was detected by Western blotting using the anti-Bf-1 Abs%IGURE 2. Phylogenetic tree of factor B and C2 protein sequences. The

The hemolytic activity of trout serum or Bf-depleted trout was measuredt’®® Was generated by the neighbor-joining method, based on the entire
using rabbit E (RaRBC) and sensitized SRBC; SRBC were sensitized wit$equences and the alignment of Figure 1. Numbers on the branches show
trout anti-SRBC as described previously (21). Bf-1- and Bf-2-depletedthe percent recovery in 1000 bootstrap replications.
trout serum was generated using a polyclonal anti-Bf-2 Ab; this Ab cross-
reacts with both Bf-1 and Bf-2. The Ig fraction of this antiserum was
purified and covalently coupled to cyanogen bromide-activated Sepharose.

Trout serum (0.2 ml) was made 10 mM in EDTA and passed three times The deduced amino acid sequences of Bf-1 and Bf-2 showed

over the anti-Bf column. Bound material was eluted with 0.2 M glycine S
buffer, pH 2.6; the column was then re-equilibrated in PBS-EDTA, and thernore similarity to human and mouse factor B than to C2 mole-

partially depleted Bf trout serum was again passed over the column. As §ules. Trout Bf-1/Bf-2 showed amino acid identities of 38/39% to
control, a second sample of trout serum was fractionated on a similahuman factor B, 30/31% to human C2, 37/38% to mouse factor By
Sepharose column coupled with an unrelated Ab. The eluted samples weeg/319% to mouse C2, 34/33% Menopudactor B-A, 33/32% to %

concentrated to one-half of their original volume, reconstituted with either _ o . o S
20 MM CZ* and M@ or 20 mM Mg EGTA, and tested for hemolytic Xenopudactor B-B, 50/51% to medaka fish factor Bf/C2, 42/43%

activity mediated through the classical and alternative pathways, resped® zebrafish factor B, and 16/22% to lamprey factor B. Trout Bf-18
tively. RaRBC and SRBC were washed four times in veronal-bufferedwas 75% identical with Bf-2. Thus, the trout Bf sequences ShOWG(i_B-h
saline (VZB+S) and resuspended in V+BS ggntaining %9 mM*MEGTA about 9% more similarity to mammalian factor B than to C2. Ing
VBS (Mg”"EGTA-VBS) or 5 mM C&"Mg*" (C& "Mg®"-VBS) to give  ¢onirast, the factor B/C2 sequences from the medaka fish and z%—

a concentration of 2.5¢ 10° cells/ml. For the classical pathway assays, - o .
ShRBC were sensitized with trout anti-ShRBC as described previousl)praﬂSh were equally similar to mammalian factor B and mamma

(21). Sensitized ShRBC (l) were then added to 28l of serially diluted ~ lian C2 (19, 20). The situation in the case of the trout factor B=.
trout serum in C&"Mg?*-VBS. For alternative pathway assaysu¥ of molecules was very similar to that Xenopus, which also contains 3
RaRBC were added to 38 of serially diluted trout serum in MyEGTA-  two factor B molecules that show about 10% more similarity to2
VBS. The reaction mixtures were incubated at room temperature for 4%ammalian factor B than to C2 (17, 18). The amino acid differ-g

min with shaking, and the reaction was stopped by adding/56f VBS ;
containing 40 mM EDTA. The extent of hemolysis was estimated by mea-£NC€S between trout Bf-1 and Bf-2 were scattered throughout th§

suring the OD of the supernatant at 414 nm. The reciprocal of the serur@ntire sequence, indicating that the two molecules are not geneg
dilution causing 50% lysis of RBC was designated the Agbr CHy,  ated by differential processing of transcripts from a single genex
titer; results were presented as Agtand CH,, units per ml for the al- 4t are the products of two distinct genes. c

QS
ternative and classical pathways, respectively, and were calculated as de- . .
scribed previously (21, 36). To determine whether trout Bf-2 could restore A phylogenetic tree generated from all available factor B and Cﬁ

the hemolytic activity of the Bf-depleted serum, various concentrations ofSéquences showed that despite the higher sequence similarity &
purified Bf-2 were mixed with the depleted serum and serially diluted; trout Bf-1 and Bf-2 to mammalian factor B than to C2, both trout 3

hemolytic activity was assessed as described previously. molecules clustered with the mammalian C2 sequences, as was the
case also for the medaka fish and zebrafish factor B molecules

Results _ (Fig. 2). TheXenopusfactor B sequences clustered instead with

Cloning and sequence analysis of trout Bf-1 and Bf-2 those of mammalian factor B. Lamprey factor B appeared as an

The full-length Bf-1 and Bf-2 cDNAs that we isolated were 2509 outgroup.

and 2560 bp in length, respectively, and encoded proteins of 743 )

and 749 amino acids. Both molecules had a domain structure sinfYorthern and Southemn blotting analyses

ilar to those of factor B and C2 molecules from other species. Th&he tissue-specific mMRNA expression of Bf-1 and Bf-2 in trout
Bf-1 and Bf-2 molecules consisted of three short consensus repeatgs investigated by Northern blot hybridization. Expression of
at the N-terminus, a von Willebrand domain, and a serine proteaseout Bf-1 (3 kb) and Bf-2 (2.7 kb) is limited to the liver (Fig. 3,
domain at the C-terminus (Fig. 1). The distribution of the cysteineA and B), although slight expression of Bf-1, but not Bf-2, was
residues was highly conserved, except for one cysteine in the vodetected in the intestine with prolonged exposure (data not shown).
Willebrand domain that is present in human and mouse factor Blnterestingly, both Bf-1 and Bf-2 express high levels of message,
but is not present in any other known factor B/C2 molecules. Resin contrast to the low levels of Bf-1 protein expression (2+@¢
idues His, Asp, and Ser, which are located at the active center ahl) compared with that for Bf-2 (300—40@g/ml). These results
the serine protease domain, were also conserved (Fig. 1). suggest a possible post-transcriptional or translational mechanism

FIGURE 1. Alignment of trout Bf-1 and trout Bf-2 with known factor B and C2 molecules. The amino acid sequence of trout Bf-2 (underlined residues)

was obtained by N-terminal sequencing of the molecule and of peptides generated using the endoproteinase Lys C. Bolded trout Bf-1 residues indicate
peptides synthesized (TBf**and TBf,2>~"4J for Ab production. Bolded residues H, D, and S show conserved residues at the active center of the serine

proteases. The short consensus repeat (SCR), von Willebrand, and serine protease domains are indicated. Dots indicate gaps introduced for maxi
sequence alignment.
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for the differential protein expression observed in the serum. Relanti-peptide Ab with Bf-2 reflected the high sequence similarity of
ative equivalency of loading was verified by reprobing the North-Bf-1 and Bf-2 in the region spanned by the peptide (Fig. 1).
ern blot with a trout housekeeping gene (EfTu-1; Fig).3 The resulting preparation obtained from the precipitation of
We next determined whether Bf-1 and Bf-2 are present as singléout serum with PEG and ammonium sulfate contained mainly
or multiple copies within the trout genome by Southern blot anal-fish albumin and hemoglobin along with the trout Bf-2 protein.
ysis using the same probes as those for the Northern blots. Onlialf of the fish albumin and hemoglobin could be separated from
one hybridizing band was observed for Bf-1 (Figh)4and Bf-2 ~ Bf-2 by anion exchange chromatography. Thereafter, isoelectric
(Fig. 4B) using three different restriction enzymeisndIll, EcoRl, focussing was very effective in removing most of the albumin and
and EcoRV), suggesting that both are single-copy genes in trouthemoglobin from the Bf-2-containing fractions (Fig. 5). The re-
However, two of the four siblings for the Bf-2 analysis showed maining contaminants were removed by affinity chromatography,
slight polymorphism forHindlll (Fig. 4B), which is most likely  and the Bf-2 protein was purified to homogeneityd5% pure as
due to allelic variants of this gene. In contrast, Bf-1 displayed nojudged by SDS-PAGE and Coomassie blue staining; Fidarte
polymorphism for the enzymes or siblings used in this analysis. 3). In addition, N-terminal sequencing of the purified Bf-2 mole-
cule gave a single sequence, suggesting that the Bf-2 preparation
was homogeneous. Moreover, the anti-FBt>peptide Ab, which
An immunoaffinity-purified Ab recognizing residues 725 to 743 of specifically recognized Bf-1 (see below), did not react to any ex-
Bf-1 (corresponding to the C-terminal part of the deduced amindent with the purified Bf-2 (data not shown). Bf-2 was present in
acid sequence of the RT-L72 clone) was used to identify Bf-2 introut serum at 300 to 40Qg/ml.
trout serum. This Ab cross-reacted to a low degree with an 81-kDa Internal protein sequence obtained for trout Bf-2 confirmed that the
protein in trout serum (data not shown) that we designated troupurified molecule was indeed distinct from Bf-1; this sequence then
Bf-2 because its N-terminal amino acid sequence differed from theserved as the basis for designing degenerate primers for use in cloning
deduced N-terminal sequence of trout Bf-1. The reactivity of thisthe Bf-2 gene. N-terminal and internal amino acid sequences obtained

Isolation and characterization of trout Bf-1, Bf-2, and factor D
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FIGURE 4. Bf-1 and Bf-2 gene copy numbeh, Trout genomic DNA was digested withindlll and EcoRl, transferred to nylon, and hybridized with

the trout Bf-1 probe. Théeft panelcontains three siblings of European origin, andrigat panelcontains eight siblings from North America. The single
bands found at about 2.8 kblidIll) and about 6.8 kbEcoRI) suggest that Bf-1 is a single-copy gene within rainbow t®uSouthern blot analysis of

trout genomic DNA from four siblings (European origin) hybridized with the trout Bf-2 probe. Single bands at approximateyc®Rib) ( approximately

1.8 kb EcoRV), and approximately 16 kbi{ndlll) suggest that Bf-2 is also present as a single-copy gene within rainbow trout. Positions of DNA standards
in kilobases are shown on both sidesfofind on theright of B.

for Bf-2 confirmed that the cDNA clone we had isolated encoded theferent from the corresponding Bf-2 sequence (Fig. 1). Conse-

Bf-2 protein (Fig. 1). quently, the Ab we raised against T,Bf*°was unable to recog-
The anti-TBf2*° peptide Ab was used to isolate Bf-1 from nize Bf-2, but did recognize a molecule of a similar size (data not

trout serum. The sequence spanned by the peptide was very dighown). This molecule was partially purified and was shown to
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1
| 0.11 7 5.2 FIGURE 7. N-terminal amino acid sequence comparison of trout, carp,
.‘5 /s T and mouse factor D. X indicates unidentified residues, and asterisks denote
0.0514 ’ | 47 a residues identical with those of carp factor D.
0 t = t 4.2 though it was roughly similar to the values in mice (50-10§

0 15 30 45 60

: ml) (39). The N-terminal amino acid sequence of trout factor D
fraction number

‘ ‘ was highly similar to that of factor D from other species (15/3 and
FIGURE 5. Elution profile of Bf-2 from a Mono P 10/10 column. Frac- 13/5  jdentical/different residues to the corresponding sequenced
tions containing Bf-2 from the DEAE 40 HR column were pooled and \qgiqes in carp and mouse, respectively; Fig. 7). The residues that

applied to a Mono P 10/10 isoelectric focusing column (Pharmacia) equil- - . .
ibrated in imidazole buffer and eluted with a pH gradient (4.2-6.2) with 2'¢ CONServed in these three species were also conserved in trout

polyampholites. Protein was monitored by absorbance at 280 nm. Thg)f' indicating that the purified protein was indeed factor D.

shaded peak represents the fractions containing Bf-2. Functional activities of trout Bf-1 and Bf-2 proteins

Reconstitution of the trout alternative pathway. The ability of Bf-1
react much more strongly with the anti-Tgf>743Ab than did  and Bf-2 to participate in the formation of fluid phase C3bBb con-
the Bf-2 protein, suggesting that the partially purified moleculevertase was assessed using purified trout C3 and Df. To date, ey
was indeed Bf-1. A polyclonal Ab raised against trout Bf-2 also constitution of the alternative pathway with purified components2
strongly reacted with Bf-1, probably because of the high sequencbas only been achieved in mammalian species. We were able Eon
similarity between Bf-1 and Bf-2 (data not shown). All of the reconstitute the trout alternative pathway with purified trout com-8
individual fish analyzed for the presence of Bf-1 using the anti-plement components (C3-1, Bf-2, and Df; Fig. 6). As previously&
TBf,% "5 and the anti-TBf">>7%3Abs were positive, suggesting observed in mammals, trout C3-1 and trout Bf-2 in the presence c§
that Bf-1 is present in all fish and that the putative Bf-1 that wetrout Df and EDTA remained uncleaved (Fig.l&ne 5); however, 3
have identified is not a polymorphic form of Bf-2. A rough cal- in the presence of Mg EGTA, C3-1 was cleaved to C3b, and Bf-2
culation indicated that the serum concentration of Bf-1 was verywas cleaved to yield fragments homologous to mammalian Bb ang.
low (~2—4 pg/ml). Ba (Fig. 6,lane 6) (40). These data are consistent with the requireS’

Trout factor D (Df) was purified t0>90% homogeneity as ment for M@ " that is seen when trout serum is used to lyse rabbi
judged by SDS-PAGE and Coomassie blue staining (Fidarée RBC through the alternative pathway (21, 41). Furthermore, com_é
4). The molecular size of trout Df was 24 kDa, consistent with thebinations of C3-1 and Df (Fig. 8ane 7), C3-1 and Bf-2 (Fig. 6, é
size of factor D molecules from all other species analyzed to datdane 8), and Bf-2 and Df (Fig. @ane 9) did not lead to cleavage o
Its concentration in serum was 25 to B@/ml; this value was of Bf-2 or C3-1 in the presence of MGEGTA, indicating that Df, i
significantly higher than that in the teleost fi€lyprinus carpio  Bf-2, and C3-1 preparations were not cross-contaminated. Troi
(common carp; Gug/ml) (37) or in humans (lug/ml) (38), al- C3-3 and C3-4 also formed the alternative pathway C3 convertasa

with trout Bf-2 in the presence of Df and MGEGTA (data not &3

shown), indicating that trout Bf-2 was capable of interacting with

Mw all trout C3s. In contrast to the situation in humans (42), trout Df5
(kDa) 1 2 3 4 5 6 7 8 9 was not the limiting factor in the fish system, since as little as the
198 — | = | pr— « C3 equivalent of 0.2ug/ml of _Df was capable o_f cleaving the same
- <«— C3b amount of Bf-2 as a physiologic concentration of Df (25-+od
13— ml) in trout serum (data not shown). In similar experiments a par-
- Sl - - S B2 tially purified preparation 0+f Bf-1 was cle_aved in the presence of
trout C3, factor D, and MG'EGTA, implying that Bf-1 can also
- <— Bb-2 act as a factor B molecule (data not shown).
48 — . o
Role of trout Bf-2 in complement activation
The involvement of the Bf-2 protein in the hemolytic activity of
= trout serum via both classical and alternative pathways was as-
24.4— <«— Ba-2 sessed using Bf-depleted serum. The polyclonal anti-Bf-2 Ab was
coupled to Sepharose and used to deplete Bf-2 as well as Bf-1 from

C3 + L5 s M 2 trout serum. To our surprise this immunodepletion abolished the

B”cg i A A hemolytic activity of the serum through both alternative and clas-
Mg®#EGTA - - - - + + + + sical pathways, suggesting that trout Bf-1 and Bf-2 were involved
EDTA ;= = & & & = & 3 in either the alternative or the classical pathway or both. Addition

FIGURE 6. Formation of fluid phase alternative pathway C3 convertaseOf purified Bf-2 to the depleted serum restored both classical and

with purified trout C3-1, Bf-2, and D proteins. Trout C3-148), Bf-2 (1 alternative pathway activities (Fig. 8), suggesting that trout Bf-2
1g), and trout factor D (0.02.g) were incubated together in the presence May represent an ancestral molecule that has both Bf and C2 func-

of EDTA or Mg? "EGTA. Reaction mixtures were incubated for 40 min at tions_- Trout.-r.nediated |y5i3_ Qf S_RBC through t_he a|tematiVe_ path-
room temperature (~20°C), electrophoresed on 7.5% SDS-PAGE undénay is negligible, and sensitization of SRBC with trout Abs did not
nonreducing conditions, and stained with Coomassie blue. contribute to any significant lysis through the alternative pathway
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A brafish, whose factor B/C2 molecules show equal similarity to

CCP %97 mammalian factor B and C2 molecules. Seeger et al. have postu-
140 1 /1' lated that this equal similarity in medaka fish reflects the fact that
120 9

the substitutions in these molecules have reached a saturation point
(20). If this were the case, however, the trout Bf molecules would
CH50 ®°7 also be expected to show equal similarity to mammalian factor B
units/m| 32: and C2. As Seeger and co-workers have observed, these consid-
20 4 erations make it difficult to draw any significant conclusions from
o . . \ . . , , the phylogenetic tree (20). For example, it was unexpected to find
0 50 100 150 200 250 300 350 that trout Bf molecules clustered with mammalian C2 molecules
(Fig. 2) when they show about 9% more similarity to mammalian
factor B than C2, whereas th&nopudactor B molecules (which
are~10% more similar to mammalian factor B than C2) do clus-

100 A Trout serum

pg/mli of trout Bf-2

B 45 - ter, as expected, with mammalian factor B. Furthermore, trout Bf-1
ACP 40 /’ and Bf-2 appear to be more similar to mammalian factor B than
354 Trout serum C2, since they both have 11 charged residues in the area that aligns
Zg with the exon 15-encoded region from medaka fish. The number of
ACH50 201 charged residues differs greatly between mammalian factor B and
units/mi1 151 C2 in the exon 15-encoded region (human and mouse Bf contain
10 1 15 and 12, whereas C2 contains only 6); this difference may be
(5)' i . . . . . , related to the functional differences between Bf and C2 (43). Con-
0 50 100 150 200 250 300 350 sequently, from the phylogenetic analysis of the primary sequenceg
of trout Bf-1 and Bf-2, it was not possible to deduce whether theséé’
ug/mi of trout Bf-2 molecules were factor B or C2. Therefore, the only way to deter=

FIGURE 8. Lysis of sensitized SRBCA) and RaRBC B) with Bf- mine whether these molecules represented Bf or C2 molecules wgs
depleted trout serum reconstituted with purified Bf-2. Trout serum wasby analyzing their functions. oy
depleted of Bf-1 and Bf-2 by affinity chromatography, and its hemolytic ~ Our results suggest that the purified trout Bf-2 molecule carg
activity through the classical pathway (CCP) or the alternative pathwayfunction in both alternative and classical pathways of complemen

(ACP) was then restored by adding various amounts of purified @:2.  activation. Bf-2 was able to reconstitute the alternative pathway i

The amount of Bf-2 present in normal trout seruxvakis) plotted against  {he presence of purified trout C3-1 and factor D (Fig. 6). In this<.
the hemolytic agtivity of normal trout seruny-@xis) through the alterna- experiment, trout Bf-2 behaved like a mammalian factor B, in thats’
tive (B) or classical (B) pathway. it was able to form the alternative pathway C3 convertase and bé
cleaved to Bb and Ba fragments in the presence of a buffer cora_
taining Mg? "EGTA. Furthermore, Bf-2 fully reconstituted the he- S

(da_ta r_10t shown), |nd|c§1t|ng that Abs do not_ p"f"y a role in themolytic activity of the Bf-depleted trout serum through the alter- o
activation of the alternative pathway. Reconstitution of the hemo-___. . . . . =
ative and classical pathways (Fig. 8). It is interesting that thes

lytic activity was dose dependent (Fig. 8), and the concentration OP : . .
Bf-2 needed to fully restore the hemolytic activity (40 and 160 amount of Bf-2 required to restore the classical pathway was abo

Lug/mi for the alternative and classical pathways, respectively) Wafo_urfo_ld higher th.an that needed tg resto_re the alternative path\_/va%
less than that of Bf-2 in serum (300—4@@/mi) indicating that This difference might reflect th(_a higher titers of the trout classu_:alp
Bf-2 is in excess ' pathways (three- to fourfold higher) than those of the alternative
' pathway. The fact that both trout Bf-2 and Df are present in sig-5
. . nificantly higher serum concentrations than are human Bf and Df
Discussion and that both trout proteins appear to be functionally in excess
In the present study we have demonstrated that in contrast to twoould explain why the hemolytic titers of the fish alternative path-
other teleost fish (the zebrafish and the medaka fish) (19, 20), trowtay are 5 to 10 times higher than those in humans. Whether Bf-1
contain two genes encoding Bf-1 and Bf-2 and possess a moleculdso works through the classical pathway is unknown at present,
(trout Bf-2) that appears to be required for both classical and albecause the very low concentration of Bf-1 in serum did not allow
ternative pathway activities. Both Bf-1 and Bf-2 molecules areus to obtain a pure Bf-1 preparation. To confirm whether Bf-2
likely to be the product of a single gene, as shown by Southern blofunctions as both Bf and C2, trout C4 and C1 will have to be
analysis (Fig. 4A andB). The two molecules are expressed mainly purified to analyze the requirement of Bf-2 in the formation of the
in liver, as is the case in higher animal species, although Bf-Iclassical pathway convertase. This work is currently in progress in
appears to be expressed in intestine also (Fig. 3); the functionalur laboratory.
significance of expressing Bf-1 in the intestine is unknown at the Our data are in agreement with predictions of Kuroda et al. (19)
moment. Interestingly, both Bf-1 and Bf-2 show high levels of and Seeger et al. (20), who have suggested that teleost fish might
MRNA expression; this contrasts with the very low expression ofcontain a molecule functioning as both factor B and C2, since they
Bf-1 (2—4 wg/ml) compared with Bf-2 (300—40@.g/ml) at the  were unable to assign their fish (medaka fish and zebrafish) se-
protein level. The mRNA of both Bf-1 and Bf-2 are different in quences to either factor B or C2. Nevertheless, Kuroda et al. (20)
size and are within the size range found for factor B of othersuggested that if medaka fish had a molecule that played a dual
animal species. The higher similarity of trout Bf-2 to mammalian role, then the split between Bf and C2 would have had to happen
factor B molecules than to C2 might suggest that trout Bf-2 wouldafter the divergence of teleosts but before the divergence of am-
function only as a factor B molecule, in contrast to the dual rolephibians from a common vertebrate ancestor, since they had pre-
that it appears to play. This higher similarity may reflect the fasteiously found thatXenopuscontains two factor B molecules that
rate of evolution of C2 compared with that of factor B (20). How- are identified as Bf on the basis of their higher similarity10%
ever, this situation differs from that in the medaka fish and ze-more similar) to mammalian factor B than to C2 molecules (17,
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18). In contrast, our results closely resembled those obtained im2
Xenopus. As in the case ofenopus, trout appear to have two
molecules that show about 9% more similarity to mammalian fac-

tor B than to C2, yet one of the two molecules (Bf-2) appears tol4.

function in both classical and alternative pathways of complemen!‘l
activation. Therefore, it is possible that tikenopu$fs could also

assume the roles of both factor B and C2. This situation wouldL6.

imply that the split between factor B and C2 happened after the

divergence of the amphibians from a common vertebrate ancestory.

It is interesting that in addition to having multiple forms of C3
(23, 44), trout also contain (in contrast to medaka fish and ze
brafish) at least two factor B molecules. Our results cannot exclude
the possibility that additional Bf isoforms are present or that a
C2-like molecule exists in trout serum. However, trout Bf-2 alone
(the most abundant trout Bf) was sufficient to completely recon-

stitute the hemolytic activity of trout serum through the alternative20:
or classical pathway, even at lower concentrations than those;

present in serum. This finding suggests that a C2-like molecule

may not be required, and therefore it is probably not present in thé2-
trout. The significance of trout Bf-1 remains unknown, although we,5

have shown that it is present in serum at very low concentrations, and
it can be cleaved at least through the alternative pathway; its role i94
the classical pathway is currently under investigation.

Our findings suggest that before the divergence of C2 and factor

B from a common ancestor, a molecule existed that was able t&>

function in both alternative and classical pathways. The need for

higher evolved animals to have two separate molecules is uncees.

tain; however, one could speculate that the system could be bett
regulated if each pathway was dependent on a distinct molecule,

instead of both pathways relying upon a common Bf/C2 molecule28.
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