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Recombinant «-chains of type IV collagen demonstrate that the amino terminal of
the Goodpasture autoantigen is crucial for antibody recognition
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SUMMARY

Goodpasture’s disease, an autoimmune disorder causing severe glomerulonephritis and pulmonary
haemorrhage, is characterized by antibodies to the glomerular basement membrane (GBM). The
principal target antigen has been identified as the carboxyl terminal non-collagenous (NC1) domain
of thea3-chain of type IV collagen. Anti-GBM antibodies appear to recognize one major epitope that is
common to all patients, and is largely conformational. We have analysed antibody binding to
recombinantx(IV)NC1 domains using a construct and expression system shown to produce correctly
folded antigen that is strongly recognized by autoantibodies. In this system, as with the native antigen,
a3(IV)NC1 was bound strongly by antibodies from all patients, whereas the closely re/atif and
o5(IV)NC1 domains, similarly expressed, showed no such binding. A series of chimeric NC1 domains,
between humaa3(1V) andal(1V), and between human and 3 (IV), were expressed as recombinant
molecules, and were recognized by autoantibodies to varying degrees. Strong binding required the
presence of human3(IV) sequence in the amino terminal region of both sets of chimeric molecules.
This work strongly suggests that the amino terminak®€IV)NCL1 is critical for antibody recognition,
whereas the carboxyl terminal end @8(IV)NC1 has a less important role.
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INTRODUCTION by Gly-Xaa-Yaa repeats with short non-collagenous interruptions,

Goodpasture’s disease is a rare autoimmune disorder, (:helracte"’}'rJQI a non-cqllagenous (NC1) domain of 230 rgsndues a_t the
arboxyl terminus. Type IV collagen NC1 domains contain a

ized by autoantibodies to the glomerular basement membrang. . : . :
y 9 ighly conserved pattern of 12 cysteine residues, which is

GBM), and often causing rapidly progressive glomerulonephritis . )
;nd Iu)ng haemorrhage [g_s? T)klmep pagthogenic?ty of the au?oanti9ommon to all known type IV collagen chains. These are believed

bodies has been shown by transfer experiments in primates, andti% form six intramolecular disulphide bonds essential to the overall
supported by clinical observations [4]. The aetiology of Good-

tertiary structure of the molecule [10]. Binding of Goodpasture
pasture’s disease is understood better than most forms of nephritigm'bOd'es to the autoantigen is conformationally dependent, as
making it a particularly good model in which to study mechanisms

réduction of the disulphide bridges and denaturation results in
of autoimmunity abrogation of antibody binding [11,12].

The specific target of the autoantibodies, the Goodpastur Thle ﬁ'(x'?‘(lv)NC.l dokr]rja[:nzcl?/ang(lJI|V|d§d5|r}t\c/) thvglsuﬁgroups;
antigen, has been localized to the non-collagenous (NC1) domai’el:l\-‘e al ! ef%T(;p mdvgzléj a3(IV) i Ian &(txﬁl (IV)NC1' s gvtvha
of the «3-chain of type IV collagen chain [5—8]. This is one of six | o0/0dy of /4% an 6, respectively, witfh(IV)NC1; and the
relateda(1V) chains, the ubiquitous1(IV) anda2(1V) chains and

‘a2-like’ group in which a4(IV)NC1 and «6(IV)NC1 show a
the tissue-specifiee3(1V)-a6(IV) chains [9]. A typical type IV homology of 73% and 79%, respectively, wii2(IV)NC1 [13-
collagen chain is= 1700 residues in length, with a relatively short

16]. There is considerably less homology between the two sub-
0, 0, i
7S domain at the amino end, a long collagenous region characteriz&OUPS: of between 549 and 64%. Thi(1V) and«2(IV) chains

are expressed ubiquitously in basement membranes and their genes
Correspondence: James Ryan, Renal Section, Division of Medicine@'€ arranged head-to-head on chromosome 13 with a common

Imperial College School of Medicine, Hammersmith Hospital, Du Cane Rd,Promoter [17]. Thex3(1V) and o4(1V) chain genes share a similar
London W12 ONN, UK. arrangement on chromosome 2 [18-20], but are expressed only in
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certain specialized basement membranes, including those of the PATIENTS AND METHODS
glomerular and the alveolar basement membranes [21,22]. Despi}gatients

the high degree of homology between t{#/)NC1 domains, only
a3(IV)NC1 binds Goodpasture autoantibodies consistently,
although some sera appear to bind otlgV)NC1 domains
weakly [23,24].

Sera were taken from six patients diagnosed as having Good-
pasture’s disease, with linear antibody deposition on direct
immunofluorescence of renal biopsies. The patients were generally

- . . . . representative of the Hammersmith Hospital series; three had
In this study, we investigated the epitope specificity of Good- b b

¢ toantibodies in_ th toi B Irt_)ulmonary haemorrhage and nephritis and three had isolated
pasiure autoantivodies In the autolmmune response. e anti-GBM nephritis. Circulating anti-GBM antibodies, from each

rFsg]atient, were detected by ELISA [33] and Western blotting against

for both initiating [25] and perpetuating autoimmunity. Antigen gollagenase-solubilized human GBM [34].

uptake mediated by the specific immunoglobulin receptors on th

surface of B cells allows them to be two orders of magnitude more

efficient at stimulating T cells than other antigen-presenting cellgi\ntibodies _ _

(APC) exposed to the same concentration of antigen internalize@€ra from the Goodpasture patients, stored2dC, were diluted

non-specifically [26]. Furthermore, the specificity of the autoanti-1:30 to detect'natlve and recombinant antlgen on anroceIIquse

body may favour the presentation of particular peptides by ApcPlots. The murine MoAb P1 has been described previously [35].

(possibly peptides that would never reach ‘significant’ levels in The murine MoAb W17 was kindly supplied by Dr J. Wieslander

normal circumstances), presumably by altering the proteolytic fatd3€] (University Hospital, Lund, Sweden).

of parts, or the whole molecule [27]. These mechanisms are i .

therefore of great potential importance in autoimmune disease§reparation of collagenase-solubilized GBM

that are associated with autoantibodies. Glomeruli were isolated from fresh human kidney cortex by
Previous studies have investigated the Goodpasture epitope tjffferential sieving. GBM (the native antigen) was extracted by

studying synthetic peptides based on short linear sequences withiipnication and subjected to digestion with collagenase as pre-

the protein. Peptide inhibition studies suggested that the Good¢iously described [19]. Rat GBM was prepared by similar methods

pasture epitope was localized in the carboxyl region of the@S Previously described [37].

a3(IV)NC1 domain [28]. However, other authors were unable to . . . o

demonstrate antibody binding to peptides derived from this regiorfonstruction of type IV mini-collagen chain gene and cloning into

[29], but found consistent binding to several other peptidesmMammalian expression vector _

throughout the molecule. Research involving the expression of\ll DNA manipulations were carried out using standard proce-

splicing variants ofx3(IV)NC1 showed that the carboxyl region dures [38]. A cDNA of the leader peptide, Nkerminus and 7S

was not essential for antibody binding [30]. Our own studiesdomain of the humar1(lV) chain (a 530-bp fragment), was

comparing the sequence of the antigen in different species hav@ined in-frame to the NC1 domain of the huma8(IV) chain,

suggested that the amino region was important for antibodyeffectively creating a mini-collagen chain gene [32]. This compo-

recognition [31]. This work allowed us to identify regions of site cDNA contained &all site at the 5end, aBanH1 site at the

potential importance and eliminate others, but at best can onljunction ofe1(IV)/a3(1V), andXhal, Kpnl sites at the 3nd. The
be a broad guideline. Sall-Xhal fragment, encoding IL-2, of the plasmid pBC12/CMV/
Conclusions about conformational epitopes that are based oft-2 [39] was removed by restriction enzyme digestion and gel
studies with synthetic peptides and malfolded polypeptides muspurification. TheSall-Xhal fragment of p53@3(IV)NC1, encod-
necessarily be tentative, therefore we sought an alternativé’d the a1(IV)/a3(IV) hybrid mini-collagen chain, was gel-
approach. In this study we adapted a mammalian expressioRUrified and cloned into thesall/Xhol-cut pBC12/CMVIIL-2.
system to produce a recombinant mini-collagen chain form of! he resultant plasmid was designated as pCMV &3(0V)NC1.
humana3(IV)NC1, previously shown to be expressed in insect
cells [32], which has strong reactivity with patients’ sera. We alsoCloning of human o1(IV)NC1, humana5(IV)NC1 and rat
expressed the closely related humanml(lV)NC1, human  «3(IV)NC1 cDNA fragments as mini-collagen chain genes
o5(IV)NC1, and ratx3(IV)NC1. We went on to generate chimeric The humana3(IV)NC1 domain of the mini-collagen chain gene
molecules, involving the substitution of corresponding segmentsvas sequentially replaced by the NC1 domains of humah(tV),
between homologous NC1 domains. These molecules are likeliiuman o5(1V) and rat «3(IV). The BanH1/Hindlll fragment
to retain their three-dimensional structure because of higlof the plasmid pHT-21 [40], encoding the humad(IV)NC1,
sequence homologies between the differesitV)NC1 chains  was subcloned into pGEM, and amplified with the oligo-
and a highly conserved pattern of 12 cysteine residues whicimucleotide primers 5TTGCCAGGATCATGGGGCCT 3 and
form disulphide bonds crucial to the tertiary structure of all 5 TTGGTACCTCGAGSCTTCATTA 3 to introduceXhd and
type IV collagen chains. That the molecules do fold correctlyKpnl sites in the 3 non-coding region. TheBanHI/Xhd
has been confirmed by the success of this study. Humam1(IV)NC1l cDNA fragment was then used to replace the
al(IV)NC1 and rata3(IV)NC1 have 74% and 91% amino acid «3(IV)NC1 cDNA fragment in the expression vector described
homology with human o3(IV)NC1, respectively, and are above. Theao5(IV)NC1 cDNA was amplified from reverse-
therefore ideal molecules for homologous substitution. In thistranscribed RNA from human renal cortex using the primers
study we have expressed six chimeras of recombinant huma CCATGGATGGTCCCCCT 3 and 5 CTCGAGACACTG-
a3(IV)/a1(IV)NC1 and of human/ra&3(IV)NC1, and used them CATCCTAG 3, and cloned into pUC12 cut wittBmd. The
to map the binding of autoantibodies to the Goodpasture antigerNcd/Xhd fragment was subcloned into the same sites of an
This work defines the B cell epitope(s) of the intact molecule morea3(IV)NC1 cDNA into which BanrHI and Ncd sites had been
clearly. introduced in the collagenous region, axido and Kpnl sites into
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Autoantibody binding to the Goodpasture antigen 19

the 3 non-coding region [32]. Th8anH1/Xhd fragment of this  of chloroquine, was added to each flask and incubation continued
plasmid was then used to replace #8IV)NC1 cDNA fragmentin  for 2.5 h, after which supernatants were aspirated and cells were
the expression vector described above. The complete3(&Y)NC1 treated with 7-5ml of culture media containing 10% DMSO for
sequence was obtained from a rat kidney cDNA library (Clontech2-5min. This was replaced by DMEM plus 5% FCS. Transfected
Labs, Basingstoke, UK) and was used to replacectB@V)NC1 cells were incubated for 72 h and supernatants were collected and
cDNA fragment in the expression vector described above [41]stored at—20°C. The human and ra&3(IV)NC1 mini-collagen
Polymerase chain reaction (PCR) amplification was performeahains, along with the relatedl(IV)NC1 anda5(IV)NCL1 chains,
using Taq (Perkin Elmer, Branchburg, USA) or Vent (New Englandwere expressed in the same manner.

Biolabs, Hitchin, UK) polymerases and 30 cycles of the following )

pattern in a Biometra Trio-thermoblock: @ for 1 min, 55C for ~ SDS—PAGE and Western blotting

1 min, 72C for 2 min; followed by a final 10-min step at <. COS supernatants were analysed by electrophoresis on 10% or
12-5% polyacrylamide gels containing SDS [43]. Gels were electro-
Construction of humaa3(IV)/a1(IV)NC1 chimeras blotted onto nitrocellulose and membranes blocked with PBS/0-5%

The a3(IV)NC1 cDNA was divided into three regions based on the TWeen for 1-2h. Recombinant protein was detected using a 1:30
restriction enzyme site®vul and EcoR1. These regions were dilution of patients’ serum (primary antibody) or MoAb in conjunc-
designated as amino, central and carboxyl. The hugigiV)NC1 tion with alkaline phosphatase-conjugated anti-human or anti-mouse
cDNA sequence has Bvul site at the position precisely corre- 9G (Sigma-Aldrich, Poole, UK). Colour was developed with
sponding to that of humam3(IV)NC1l. An EcdR1 restriction nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
site, corresponding to that in te(IV)NC1 cDNA, was introduced ~ (Sigma).

'm%th;o‘l(lr\./%'\l(r:é_rcg gé#é’ég\g:%ﬁ&%ﬁ??gﬂggIomeCh)’ Cation exchange purification of recombinant protein
using the prime . Cation exchange purification of recombinant protein was

A modified vector was constructed by removing tReul . . . . . X

fragment of pUC19 and dephosphorylating its blunt-ended armsfacmeved using a bifunctional cation exchange resin, Bakerbond
This process removed the polylinker from the pUC19 vector without

affecting its ability to be used as a cloning vector. BasrH1/Kpnl Bam H1 Pvu ll Eco R1 Xho 1
fragments ofa3(IV)NC1 anda1(IV)NC1 were gel-purified, made Human a1(IV)NC1
blunt-ended using T4 DNA polymerase and nucleotide tri-phos- : :
phates (NTP), phosphorylated and cloned into the specially modified

pUC19 vector, recreating tiganH1 site. The common regions of I I I
a3(IV)NC1 anda1(IV)NC1 were exchanged to create six chimeric
molecules (Fig. 1). The chimaere3(IV)/a1(IV)NC1 BarrH1/Xhal Human a3(IV)NC1

fragments were then subcloned BamH1/Xhal-cut pCMV 530-
a3(IV)NC1 (pCMV 530), and expressed in COS-7 cells. All con-
structs were verified by unigque restriction enzyme digestion

Construction of human/rax3(IV)NC1 chimeras

An identical cloning strategy was adopted to construct chimeras of

human «3(IV)NC1 and rat «3(IV)NC1 domains using their a al a3
BanH1/Xhal fragments. The rat3(IV)NC1 cDNA hasPvul
andEcoR1 sites at the corresponding positions to those of human
a3(IV)NC1. The BanrH1/Kpnl fragments of human and rat al a3 al

a3(IV)NC1 were gel-purified, made blunt-ended using T4 DNA ‘:—:‘ 131

polymerase and NTP, phosphorylated and cloned into the specially

-
N
w

modified pUC19 vector, recreating tiBanH1 site. The common a3 al | al |
regions of human and ra3(IV)NC1 were exchanged to create six — | | 311
chimeric molecules. The chimeric human/s&t(IV)NC1 BarrH1/

Xhal fragments were then subcloned into pCMV-530 vector and a3 a3 al
expressed in COS-7 cells. 331

Expression of recombinani(lV)NC1 domains a3

COS-7 cells were grown in Dulbecco’s modified Eagle’s medium — — 313
(DMEM; Gisco BRL, Paisley, UK) supplemented with 5% fetal

calf serum (FCS). Cells were seeded at a density of 2x2&/ al a3 a3

75-cnt flask overnight, after which a subconfluent layer of cells 133
was transfected with /g of DNA using a DEAE-Dextran-

. . . -+ Fig. 1. Schematic diagram illustrating the derivation of chimeric human
mediated procedure [42]. The plasmid DNA was mixed with a3(IV)/a1(IV)NC1 domains. Exchange of corresponding regions of

1-9ml of PBS and 100l of DEAE-Dextran (10 mg/ml). COS a3(IV)NC1 and o1(IV)NC1 domains to create six chimeriae3(IV)/

cell_s were rinsed with warm PBS'(CaI0|um- gnd magnes'um'free)ul(IV)NC1 domains. The constructs are described according to the origins
aspirated and the 2ml transfection cocktail added. Flasks Werg their amino, central and carboxyl regions, i831 was derived from the

incubated at 37C for 30 min, with occasional gentle shaking to amino and central regions af3(IV)NC1 and the carboxyl region of
prevent drying. Culture medium (8 ml), supplemented with 00  «1(IV)NC1.
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Fig. 2. Western blots showing binding of autoantibodies from six patients to recomhbirfA¥¥NC1 domains. COS supernatants from
transfected cells were separated on 12-5% SDS—PAGE gels and electroblotted to nitrocellulose. Recombinant protein was detected with
human autoantibodies from Goodpasture patients A—F. Lane 1 contained collagenase-solubilized (cs) human glomerular basement membrane
(GBM) (20u9) as a positive control. The recombinant protein in the other lanes was: lane 2, h@H@)NC1; lane 3, humaa1(IV)NC1;

lane 4, humam5(IV)NCL1.

carboxysulphon. A 108 5mm PEEK column was packed with and recombinant3(IV)NC1, using anti-GBM antibodies, was
carboxysulphon, and equilibrated in 0M5Tris—HCI buffer  developed for use in 96-well microtitre plates [44]. Collagenase-
pH7-3. Culture supernatant from transfected COS-7 cells wasolubilized human GBM was coated at a concentration qigitl
adjusted to pH 7-3 with ik acetic acid. Supernatant (20 ml) was in guanidine thiocynate as a positive control. Recombinant protein
then loaded onto the column at a rate of 1 ml/min and the colummwas diluted in 50 m sodium carbonate buffer pH9-8, and 100
was washed for 20 min with Tris buffer. Cationic material bound towere used to coat each well in duplicate. After overnight incuba-
the column was eluted using a linear gradient of 0—100% ofi0-5 tion at £C, the plate was washed three times in PBS—Tween (PBS/
NaCl in 0-054 Tris—HCI pH 7-3, over 30 min, and 1-ml fractions Tw) and then blocked for 1 h in 1Q0 of blocking buffer contain-
were collected. Loading of sample and eluting of fractions wereing PBS/Tw/1% bovine serum albumin (BSA). Primary antibody,
carried out using a Waters 626 high pressure liquid chromatograpm the form of sera from Goodpasture patients, was diluted in
(HPLC) system. Fractions containing antigenic material wereblocking buffer and 10@l were incubated in each well at 37 for
identified by SDS—PAGE and Western blot analysis. These weré h. The plate was again washed three times, ang:L601:1000
pooled, concentrated and desalinated on Centricon C30 (Amicorilution of secondary antibody, alkaline phosphatase-conjugated
Stonehouse, UK) columns and resuspended in 0-5 ml of TE buffegoat anti-IgG, in blocking buffer, were added to each well and

incubated for 1 h at 3T. The plate was washed three times, and
ELISA for detection of recombinaaB(IV)NC1 developed with phosphatase substrate tablets; one tablet was
An ELISA for the detection of human or other mammalian GBM, dissolved in 5ml carbonate buffer containing 5mM Mg@hd
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Autoantibody binding to the Goodpasture antigen 21

100ul of this were added to each well. Colour was allowed to 1 2 3 4 5
develop and the optical density (OD) was read at 405 nm using an
Anthos htll ELISA plate reader.

3%5-radiolabelling of recombinant protein

Radiolabelling of recombinant protein was carried out in order to
compare the protein expression levels of COS-7 cells that were
transfected with different chimeric NC1 domain constructs. At 60—
72 h after transfection, cell cultures were washed twice in cysteine-
and methionine-free DMEM media (-FCS). Cells were then
incubated in this medium for 20 min. This depleted the cells of
their intracellular pools of sulphur-containing amino acids. The

medium was removed by aspiration and 2ml of fresh warm ,, .
medium, containing 200Ci of Promix €°S-labelled methionine

and cysteine; Amersham Life Science, Aylesbury, UK) were added

to each 75-mrhflask. Cells were incubated at &7 for 6 h, after

which supernatants were collected and stored-a0°C. The
supernatants were run on a 12-5% SDS—PAGE gel. The gels was
then fixed in 10 volumes of glacial acetic acid:methanol:water in a 28
ratio of 10:20:70 for 5 min. After a brief wash in distilled water, the

gel was placed on saran wrap and a piece of 3MM blotting paper
was placed over it and inverted. The gel was dried &C5fr

90 min and then exposed to autoradiograph film for 48 h.

RESULTS

Characterization of recombinant humar8(IV)NC1 and related

chains Fig. 3. Western blot showing binding of human autoantibodies to recombi-

. . . nant human and rai(IV)NC1 domains. COS supernatants from transfected
COS-7 cells were transfected with 29 of plasmid DNA using lls were separated on 12-5% SDS—PAGE gels and electroblotted to

. c
standard DEAE_deXt_ran techniques. Supernatants were CO"?Ct‘?{ﬁrocellulose. Recombinant protein was detected with human autoanti-
after 72h and examined by SDS-PAGE and Western blottingpogies from Goodpasture patients. Lanes 1 and 5 contained collagenase-
Recombinanio3(IV)NC1 was detected in COS supernatants by solubilized (cs) human and rat glomerular basement membrane (GBM),
patients’ sera at the predicted molecular size of 41 kD. All six seraespectively, as positive controls. The recombinant protein in the other
studied bound strongly ta3(IV)NC1. Recombinant«1(IV)NC1 lanes was: lane 2, humaB(IV)NC1; lane 3, humam1(IV)NC1; and lane
was not recognized by patients’ sera, whi&(IV)NC1 was 4. rata3(IV)NCL.
weakly recognized by only one patient’s serum (Fig. 2). Recombi-

nanta3(IV)NC1 was also recognized by two MoAbs, P1 (data nOté)zl(IV) chimeras was remarkably consistent (Fig. 4). All six sera

shown) and W17 (Fig.5). These two MoAbs have been raised t ) - 2
human and bovine GBM, respectively, and shown to bind to na‘[ives'.hov.v.ed the highest aV|d|t_y far331 andx333. B'm.jmg was not
humana3(IV)NC1 [21,35,36,45]. RecombinantL(IV)NC1 and 5|gU|f|cant unless the chimera .had tad(IV) amino termlnal
o5(IV)NC1 were not recognized by P1 or W17. Recombinant rat' ©9'0N- The presence Of. an admge:rﬁ(lV)NCl central region
a3(IV)NC1 was detected, at the predicted molecular size of 42 kD:elppeared to_ augmem binding sll_ghtly. In °°”‘T‘.”‘St1 &{V) .
by human autoantibodies, but binding was considerably Weake(r:fa.rboxyI region contributed very litle to recognmo.n., the reacti-
than that to human3(IV)NC1 (Fig. 3). vities of «333 gndoz331 wgrg.smllar, whereas a striking contrast
was observed in the reactivities ®833 andx133. A small degree

of heterogeneity was observed in binding patterns between
Characterization of chimeric humaw3/a1(IV)NC1 domains patients; two sera showed a moderate degree of reactivity for
Chimeric humana3(1V)/a1(IV)NC1 domains were produced in «113. Interestingly, the binding pattern observed with the MoAb
order to locate the site of autoantibody binding within the P1 to the chimeric molecules was similar to that observed with
a3(IV)NC1 domain. Substituting regions of humari(IV)NC1 patients’ autoantibodies (not shown). Of the six chimerg31
for corresponding regions of huma3(IV)NCL1 provides a means was the only chimera bound by the MoAb W17 (Fig.5). It was
of determining the critical sequences for antibody binding, sinceshown subsequently (see radiolabelling experiment) that con-
a«1(IV)NC1 is not recognized by patients’ sera. The NC1 domainsstructs encodingr131 anda133 did not produce any detectable
of humana3(1V) and «1(1V) were divided into three regions, recombinant protein.
designated as amino, central and carboxyl regions, which were
shuffled using the common restriction sites to manufacture siXxCharacterization of recombinart331 chimera
chimeric NC1 domains ofx1(1V)/a3(IV). Each of these was As the o331 chimera appeared to have similar autoantibody
subcloned into the expression vector pCMV 530 as describedchinding properties to the recombinant Goodpasture antigen,
The chimeras were defined according to the origins of theira3(IV)NC1, it was decided to investigate its binding character-
regions, e.ga331 was derived from the amino and central regionsistics in greater detail. To this end, an equivalent volume of COS-7
of a3(IV)NC1 and the carboxyl region ef1(IV)NCL1 (Fig. 1). cell supernatant containing recombinar331 ora3(IV)NC1 was

The binding of autoantibodies to the recombina®(IV)/ purified by cation exchange chromatography and concentrated on

© 1998 Blackwell Science LtdClinical and Experimental Immunolog$1317-27
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Fig. 4. Western blots showing binding of human autoantibodies from six patients to chiw8gst(1V)NC1 domains. COS supernatants from
transfected cells were separated on 12-5% SDS—PAGE gels and electroblotted to nitrocellulose. Recombinant chimesit(hQman
a3(IV)NC1 domains were detected with sera from Goodpasture patients A—F. Lane 1 contained collagenase-solubilized (cs) human
glomerular basement membrane (GBM) as a positive control. The recombinant protein in the other lanes was: lane &3 ()heZiL

(«333); lane 3x113; lane 4131; lane 5x311; lane 6331; lane 7x313; lane 8133.

C30 columns (Amicon). By ELISA, the purified fraction aB31
showed a comparable degree of reactivity, with sera from patients
with Goodpasture’s disease, to that of recombina8flV)NC1

and of native GBM (Fig. 6). Furthermore331 had the ability to
inhibit the binding of Goodpasture autoantibodies to native human
GBM, which was analogous to that of the recombinant antigen,
«3(IV)NC1 (Fig. 7).

Characterization of chimeric human/ra3(IV)NC1 domains

Since human autoantibodies recognize hura@(lV)NC1 con-
siderably more strongly than raB(IV)NC1, it was reasoned that
additional information may be obtained by studying chimeric

Fig. 5. Western blot showing binding of MoAb 17 to chimerig3/
«1(IV)NC1 domains. COS supernatants from transfected cells were sepa-
rated on 12:5% SDS-PAGE gels and electroblotted to nitrocellulose.
Recombinant chimeric human3/a1(IV)NC1 domains were detected
with 1:100 dilution of MoAb W17. Lane 1 contained collagenase-solubi-
lized (cs) human glomerular basement membrane (GBM) as a positive
control. The recombinant protein in the other lanes was: lane 2, human
a3(IV)NC1 («333); lane 3¢113; lane 4131; lane 5¢:311; lane 60331,

lane 7,a313; lane 8x133.
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Fig. 6. ELISAs comparing binding of sera from patients with Goodpasture’s disease to human collagenase-solubilized (cs) glomerular
basement membrane (GBM), recombina8{IVV)NC1 and recombinant331. Three patients’ sera are shown in assays performed in parallel

on ELISA plates coated with (a)p/ml of cs-human GBM, (b) 1:2 dilution of purified recombinant antigen, or (c) purified recombinant
«331. Antigen preparations were diluted in carbonate buffer pH7-5.

forms of human/rata3(IV)NC1. Rat «3(IV)NC1 has a 91% amino-terminal, middle and carboxyl-terminal regions, &ElHR
sequence homology with humaa3(IV)NC1, compared with  was derived from the amino-terminal and central regions of human
75% for humanal(lV)NC1. Therefore, chimeras of human/rat «3(IV)NC1 and the carboxyl-terminal region of raB8(IV)NC1.
a3(IV)NC1 domains were more likely to be conformationally All recombinant chimeras bound human autoantibodies to some
similar to the intact recombinant huma3(IV)NC1. Thus, using  extent, but binding was strongest to chimeras containing the human
an identical cloning strategy to that described above, the aminay3(IV)NC1 amino region (Fig. 8). In contrast, all three chimeras
central and carboxyl regions of huma8(IV)NC1 were sequen- with a rata3(IV)NC1 amino region were bound weakly, irrespec-
tially substituted by the similar regions of rat3(IV)NCL1. tive of their central and carboxyl region composition. These results
The constructs were described according to the origins of theifrom the chimeric human/ra&3(IV)NC1 domain were entirely
consistent with those from the chimeric huma8/a1(IV)NC1
domains. Both sets of data suggest that the amino terminal region
of human «3(IV)NC1 is most important for the binding of
autoantibodies. All the above experiments were repeated at least
three times and consistently gave similar results.

12

Quantification of chimerie((IV)NC1 domains by°S-radiolabelling
Since the observed differences in the reactivities of the
1-0 - chimeras with human autoantibodies could be due to quantitative
differences in levels of expression, rather than qualitative differ-
ences in the immunoreactivity, the protein expression levels for all
chimeras were compared. Seventy-two hours after transfection
with the various chimeric constructs, COS-7 cell supernatants
were replaced with cysteine- and methionine-free DMEMFCS)
0-8 - containing Promix (radiolabelled cysteine and methionine). The
COS-7 cells were incubated for 6 h and supernatants were collected
and run on SDS—PAGE gels. Immunoreactivities of chimeric
proteins were assessed by Western blotting, and radioactive protein
was detected by exposure of autoradiograph film to dried gels.
The assessment of expression levels for chimeric human
06 a3(IV)/a1(lV) NC1 domains is shown in Fig.9. The protein
levels for four of the chimeras, and for recombinarit(IV)NC1
anda3(IV)NC1, were comparable. However, there was no detect-
. . o o o able expression o131 and «133. The constructs for these
Fig. 7. ELISA showing the inhibition of human autoantibodies binding to chimeras were recloned and expressed, but a similar result was

human glomerular basement membrane (GBM) by human GBM or reCOM htained. The assessment of expression levels for human/rat
binant a3(IV)NC1 or recombinante331. Doubling amounts (arbitrary . P

units) of human or purified human recombinant antigen or recombinanf)‘3_(|V)NC1 chimeras is shown in Fig. 10. F(?r these, all S'X_
«331 were preincubated with patients’ autoantibodies. These were thefhimeras showed comparable levels of expression. The expression
allowed to bind to collagenase-solubilized (cs) human GBM on an ELISAlevels for rat «3(IV)NC1 and humana3(IV)NC1 were also
plate.l, Human cs-GBM®, recombinant antigenk, recombinant331. comparable.

OD 405

Antigen concentration
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Fig. 8. Western blots showing binding of human autoantibodies from six patients to chimeric humaB{rg)NC1 domains. COS
supernatants from transfected cells were separated on 12-5% SDS—PAGE gels and electroblotted to nitrocellulose. Recombinant chimeric
human/ratx3(IV)NC1 domains were detected with sera from Goodpasture patients A—F. Lanes 1 and 8 contained, respectively, collagenase-
solubilized (cs) rat glomerular basement membrane (GBM) and human GBM as positive controls. The recombinant protein in the other lanes
was: lane 2aRRH; lane 3,«RHR; lane 4aHRR; lane 5aHHR; lane 6,aHRH; lane 7,«RHH.

DISCUSSION used to produce conformationally correct antigen in insect cells [32]
can be effective in other cell types. Most conformational epitopes are
In this study we have produced strong evidence that the amincomplex and are believed to contain five or six critical residues
region of the Goodpasture antigen has a critical role in the bindinglistributed across the molecule, or at least over a large region of it,
of autoantibodies. We have used molecules related to humawhich will only form the epitope ‘groove’ in the correctly folded
a3(IV)NC1 to create stable chimeric forms of the antigen. Recom-protein [46]. Thus it is important to use experimental approaches
binant humam1(IV)NC1, which has 74% amino acid sequence which preserve the tertiary structure of the subject protein.
homology with humame3(IV)NC1, does not bind autoantibodies. Other studies aimed at identifying the Goodpasture epitope
Recombinant ran3(IV)NC1, which has 91% homology, binds have used two approaches. First, those using short synthetic
autoantibodies poorly. Our hypothesis was that substitution opeptides have produced conflicting results. One study claimed to
regions of humam1(IV)NC1 and rata3(IV)NCL1 for correspond- have localized the major epitope by showing that synthetic pep-
ing regions in humam3(IV)NC1 would provide a means of tides corresponding to sequences in the carboxyl region of the
determining the dominant regions of antigenicity within the antigen were able to inhibit the binding of human autoantibodies
Goodpasture antigen and thus map the major B cell epitope.  to bovine «3(IV)NC1 monomer [28]. Our own studies, which
The COS cell transient expression system proved a verexamined the binding of Goodpasture antibodies to a panel of
reliable and robust method for producing recombinant antigermembrane-bound peptides spanning the entire antigen, failed to
for these studies. The system provided a means of rapidly expresdentify this region [29]. However, linear sequences identified by
sing recombinant proteins at levels that were readily detectable iautoantibodies may contribute towards binding in a conformational
the COS supernatant. The results show that the construct previouspitope. It is also possible that antibodies binding to peptides in
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(a) {a)

(b}

(b)

Fig. 9. Western blot and autoradiograph of radiolabelled chimeric huma
a3(IV)/a1(IV)NC1 domains. COS supernatants from transfected cells wel
separated on 12:5% SDS—PAGE gels, which were then electroblotted
nitrocellulose or dried for exposure to autoradiograph film. (a) Western blc .
showing binding of Goodpasture autoantibodies to radiolabelled chimeri(i:
a3/a1(IV)NC1 domains. (b) Autoradiograph showing the expression levels
of chimeric human3(IV)/a1(IV)NC1 domains. The radiolabelled recom-
binant protein in each lane was: lane 1, hurdlV)NC1 («111); lane 2,
a113; lane 32131, lane 4p311; lane 5x331; lane 6:313; lane 7p133;

lane 8, humam3(IV)NC1 («333).

ig. 10.Western blot and autoradiograph of radiolabelled chimeric human/
rat «3(IV)NC1 domains. COS supernatants from transfected cells were
separated on 12-5% SDS—-PAGE gels, which were then electroblotted to
nitrocellulose or dried for exposure to autoradiograph film. (a) Western blot
showing binding of Goodpasture autoantibodies to radiolabelled chimeric
human/rata3(IV)NC1 domains. (b) Autoradiograph showing the expres-
sion levels of chimeric human/ra3(IV)NC1 domains. The radiolabelled

. . - . recombinant protein in each lane was: lane 1 NC1 («333); lane
such studies were originally elicited by denatured protein, as & oo, IangsaRHR- lane 42HRR: lane Sme)ane GSHRIJ' lane

secondary response during the progress of the disease [46]. SecoRd,RHH; lane 8, human3(IV)NCL; lane 9, negative control.

a splicing variant ofa3(IV)NC1, expressed ifEscherichia coli

that retained the amino end of the molecule but lacked a large part

of the carboxyl region, still bound strongly to human auto- binding to each set of six chimeras was similar for all six patients’

antibodies [30]. These observations are supported by a recesera examined. The MoAbs P1 and W17 demonstrated a binding

publication which suggested that the amino collagenous/NCJpattern to the chimeras similar to that of patients’ antibodies. It is

region of «3(IV), together with the carboxyl region, played an interesting and important that both of these antibodies have

important role in a major conformational epitope [47]. previously been shown to be capable of blocking the binding of
The production of recombinant chimeric molecules has provedatients’ autoantibodies to the Goodpasture antigen [35,45,50,51].

to be a valuable tool in determining the regions of humanThese observations demonstrate that the amino region of the

a3(IV)NC1 critical for binding of human autoantibodies [48,49]. «3(IV)NC1 domain is crucial for antibody recognition. One of

Results in the present study, using two sets of chimeras, werthe above mentioned studies also suggested that lysine residues in

internally very consistent, in that the pattern of autoantibodythe carboxyl region were crucial for antibody recognition [28].
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However, it would appear from our study that the absence of these type IV collagen, by amino terminal sequence analysis of human GBM

‘critical lysines’ from the carboxyl region af1(IV)NC1 does not separated by 2-D electrophoresis. Exp Nephrol 19949-56.
significantly alter the binding of autoantibodies to ‘conformation- 9 Hudson BG, Kalluri R, Gunwar S, Noelken ME, Mariyama M, Reeders
ally correct’ recombinan&331 (Figs 6 and 7). ST. Molecular characteristics of the Goodpasture autoantigen. Kidney

Int 1993;43:135-9.

domains is interesti and o I orts our interpretation o 0 Siebold B, Deutzmann R, Kuhn K. The arrangement of intra- and
INS 1S Interesting, and overall Supports our interpretation intermolecular disulfide bonds in the carboxyterminal, non-collagenous

the Western blotting studies. Itis difficult to say why there was no  ,4qreqation and cross-linking domain of basement-membrane type IV
detectable expression efl31 and«133. It is interesting that the collagen. Eur J Biochem 198876617—24.

juxtaposition of the amino region @f1(IV)NC1 with the central 11 wieslander J, Bygren P, Heinegard D. Antiglomerular basement
region of «3(IV)NC1 is common to both chimeras. It could be membrane antibody: antibody specificity in different forms of glomer-
speculated that this arrangement may result in some failure at the ulonephritis. Kidney Int 198323:855-61.

transcriptional or translational level, or in failure of secreting. 12 Fish AJ, Lockwood MC, Wong M, Price RG. Detection of Goodpasture
Nevertheless, our results show that the central region of antigen in fractions prepared from collagenase digests of human
«3(IV)NC1 contributes very little to the immunoreactivity of the _ 9lomerular basement membrane. Clin Exp Immunol 19858-66.
whole molecule; e.ge313 andaHRH bind autoantibodies very 13 Hostikka SL, Tryggvason K. The complete primary structure obibe
well. It is also clear from these experiments that13 has chain of human type IV collagen and comparison with #te (IV)

. chain. J Biol Chem 19886319488-93.
comparable expression levels &833 or «331, but has a poor 14 gygimoto M, Oohashi T, Yoshioka H, Matsuo N, Ninomiya Y. cDNA

reactivity with autoantibodies. In addition, the counterparts of jsplation and partial gene structure of the hurar(1V) collagen chain.
131 anda133 in the experiment involving human/rat chimeras,  FEBS Letters 1993330:122—8.
namelyaRHR andaRHH, have relatively weak reactivities with 15 Oohashi T, Sugimoto M, Mattei MG, Ninomiya Y. Identification of a
human autoantibodies. The overall interpretation of these studies is new collagen IV chaing6 (IV), by cDNA isolation and assignment of
that thea3(1V)NC1 amino region is crucial for antibody reactivity, the gene to chromosome Xg22, which is the same locus for COL4A5. J
whereas the contribution of sequences in the carboxyl region is less  Biol Chem 19942697520-6.
important than had previously been thought. However, it i516 Hudson BG', Rgeders ST, Tryggvason K..Type \% colla_gen: structure,
possible that amino acid residues from several parts of the gg;e%%rggngatmn, and role in human diseases. J Biol Chem 1993;
molecule may antrlbutg to antlbody binding. . 17 Soininen R, Huotari M, Ganguly A, Prockop DJ, Tryggvason K.

The information derived from this study of the prOPe”'?s of Structural organization of the gene for thé chain of human type IV
human o3(1V)/a1(IV)NC1 and human/ra3(IV)NC1 chimeric collagen. J Biol Chem 198@6413565-71.
molecules is consistent and has increased our understanding of thg Morrison KE, Mariyama M, Yang-Feng TL, Reeders ST. Sequence and
immunological properties of the autoantigen. The results should localization of a partial cDNA encoding the huma8 chain of type IV
lay the foundations for further work on the relationship between B collagen. Am J Hum Genet 19949:545-54.
and T cell epitopes, and may be of value in the designing of newl9 Turner N, Mason PJ, Brown Rt al. Molecular cloning of the human
approaches to immunotherapy. Goodpasture antigen demonstrates it to be dBechain of type IV

collagen. J Clin Invest 19929:592—-601.
20 Reeders ST. Molecular genetics of heriditary nephritis. Kidney Int
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