A Novel Epitope on the C-Terminus of SmD1 Is Recognized by the Majority of Sera
from Patients with Systemic Lupus Erythematosus
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Abstract

The SmD1 protein is a specific target for the autoantibody
response in SLE. To further analyze this reactivity epitope,
mapping was performed with cellulose-bound 13-mer pep-
tides overlapping 10 amino acids (aa). In this initial ap-
proach, 4 out of 15 SLE sera recognized more than five
overlapping peptides of the SmD1 C-terminus. Therefore,
longer oligopeptides of up to 37 aa of this region were gener-
ated and probed for as antigens by ELISA. For the SmD1 aa
83-119 polypeptide, there was a striking increase of reactiv-
ity with 70.0% positive reactions out of 167 SLE sera. In
contrast, 105 healthy control sera were negative, and only
8.3% of sera from patients with other inflammatory diseases
(n = 267) exhibited a response, which was of low level only.
The anti-SmD1g; ;9 reactivity was significantly higher in
anti-dsDNA antibody positive vs. negative sera (P < 0.001)
and correlated with disease activity. Four of five human mono-
clonal anti-dsDNA antibodies also reacted with SmD1g; ;0.
The specificity for SmD1 was demonstrated by inhibition
experiments and immunization of rabbits with SmD1g;_;;9
inducing SmD1-specific antibodies. In conclusion, the
SmD1g; ;19 peptide was demonstrated to be an important
and highly specific target of the autoimmune response in
SLE. The high sensitivity of this ELISA probably depends
on a conformational epitope, which appears not to be acces-
sible in the full-size SmD1 protein. (J. Clin. Invest. 1998.
102:754-763.) Key words: SmD1 peptides « epitope map-
ping . autoantibodies « systemic lupus erythematosus « im-
munization

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease that is characterized by the production of autoantibodies
directed against a wide spectrum of nuclear, cytoplasmic, and
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cell membrane autoantigens, including DNA, Sm, PCNA, Ku,
U1RNP, nucleosomes, histones, Ro/SS-A, La/SS-B, ribosomal
RNP, phospholipids, Hsp 90, and proteasomes (1). Beside the
anti-dsDNA antibodies, the anti-Sm antibodies, first described
by Tan and Kunkel (2), are specific for SLE and thus have
been included as one of the American College of Rheumatol-
ogy classification criteria for this disease (3). They are not only
a diagnostic marker but also a reliable measure of disease ac-
tivity in SLE (4). Furthermore, anti-Sm antibodies are associ-
ated with renal involvement, serositis, and lung fibrosis (4, 5).
However, their frequency in SLE patients is rather low and
varies between 5 and 30% depending on the serologic tests
used and the ethnic origin of the patient population (6, 7).

The Sm antigen was discovered to be part of the spliceoso-
mal complex that plays essential roles in RNA processing (8-
10). It comprises at least nine different polypeptides termed
according to their electrophoretic mobility on SDS-PAGE B
(B1,28 kDa), B’ (B2,29 kDa), N (B3, 29.5 kDa), D1 (16 kDa),
D2 (16.5 kDa), D3 (18 kDa), E (12 kDa), F (11 kDa), and G (9
kDa) representing the core proteins of the Ul, U2, U4, US,
U6, U7, Ull, and Ul2 small nuclear ribonucleoproteins
(RNPs)! (11, 12). All of these core proteins can serve as targets
of the anti-Sm antibodies, especially the B polypeptides and
the D1 polypeptide, which are considered to be the major tar-
get of anti-Sm reactivity (13, 14). Since anti-U1RNP sera can
also react, to a variable extent, with B and B’ proteins (15), the
D1 protein appears to be the most important Sm antigen.
Therefore, SmD1 is a crucial subject to investigate regarding
its molecular structure and immunodominant epitopes. On the
basis of the published sequence of SmD1 (16), we performed a
linear epitope mapping using cellulose-bound peptides result-
ing in a C-terminal immunoreactive domain of SmD1. As a re-
sult, peptides of different lengths of this immunodominant re-
gion were synthesized and used in ELISA. Surprisingly, the
longest SmD1 peptide synthesized that consisted of the amino
acid sequence from amino acid (aa) 83 to aa 119 was specifi-
cally recognized by the majority of sera from patients with
SLE in ELISA. The frequency of reactivity directed against
this SmD1 peptide was markedly higher than in other tests, in-
cluding immunoblotting with cell extract and ELISA, using af-
finity purified SmD antigen. These results show that a critical
autoantigenic epitope of SmD1 is C-terminal, probably de-
pends on conformation, and only forms in peptides of critical
length. The high sensitivity of the ELISA targeting the
SmD1g; 419 peptide in contrast to the usual anti-SmD assays
suggests the detection of a hidden epitope.

1. Abbreviations used in this paper: aa, amino acid; AU, arbitrary
units; CIE, counterimmunoelectrophoresis; MCTD, mixed connec-
tive tissue disease; PBC, primary biliary cirrhosis; PBS-T, PBS 0.1%
Tween 20; RNP, ribonucleoproteins; SB, sample buffer; SS, Sjogren’s
syndrome; SSc, systemic sclerosis.



Methods

Sera. Sera were collected from 167 patients with SLE, 15 with pri-
mary Sjogren’s syndrome (SS), 23 with mixed connective tissue dis-
ease (MCTD), 20 with systemic sclerosis (SSc), 28 with primary bil-
iary cirrhosis (PBC), 28 with RA, 88 with HIV infection, 15 with
ulcerative colitis, 20 with hepatitis B infection, 30 with Lyme disease,
and 105 healthy subjects and stored at —20°C. Diagnosis of SLE (3),
RA (17), and SSc (18) was established according to the respective cri-
teria of the American College of Rheumatology, whereas the other
diseases were identified upon typical clinical and laboratory findings.
15 SLE sera were analyzed in all available tests including dot assay
for linear SmD1 epitopes, immunoblotting, counterimmunoelectro-
phoresis (CIE), a commercial anti-Sm-ELISA (Sm-Elias; Elias,
Freiburg, Germany), and the SmD1g; 1,9 ELISA, as described later.
For longitudinal studies, sera of six SLE patients with acute onset of
SLE or exacerbation of a known SLE were investigated during a pe-
riod of 6 to 12 mo.

Monoclonal antibodies and polyclonal sera. The mouse anti-
SmD1 monoclonal IgA antibody derived from culture supernants of
clone ANA 127 (Quartett, Berlin, Germany) was included in these
experiments. Polyclonal sera from rabbits immunized with SmD1,
D2, and D3 were kindly provided by H. Brahms and R. Lithrmann
(Marburg, Germany).

Five well-characterized human hybridomas secreting anti-dsDNA
IgG antibodies derived from three SLE patients (32.B9, 33.F12,
33.C9, 33H11, and 35.21) were kindly provided by Winkler et al. (19).
Antibody preparations were diluted 1:10 in sample buffer (SB, 1%
dry non-fat milk in PBS, 0.1% Tween 20) and tested for their reactiv-
ity against the SmD1g; ;9 peptide by ELISA, as described later.

Epitope mapping. As shown in Table I, 37 overlapping peptides
were simultaneously synthesized covalently bound to a continuous
cellulose membrane (Whatmann 540 paper; Whatman, Maidstone,
UK), as described in detail below (20) (Table I).

Similarly to a dot blot assay, 15 SLE and 2 human control sera
were diluted 1:100 and incubated with the cellulose-bound peptides
for 2 h at room temperature. After washing with PBS 0.1% Tween 20
(PBS-T), the reaction was visualized with 1:1,000 diluted alkaline
phosphatase-conjugated anti-human IgG (Sigma Chemical Co., St.
Louis, MO) followed by incubation with BCIP-NBT (5-bromo-
4-chloro-3-indolyl phosphate nitroblue tetrazolium; Sigma).

Analysis of the reactivity against C-terminal synthetic peptides of
different length. To characterize the reactivity against the two SmD1
sequence regions recognized by SLE sera, five peptides of different
length were synthesized as free peptides according to the protocol de-
scribed by Atherton (21) and used as antigens in the ELISA: (1.) 83-99
aa, VEPKVKSKKREAVAGRG; (2.) 105-119 aa, GRGRGRGR-

GRGGPRR; (3.) 95-119 aa, VAGRGRGRGRGRGRGRGRGRG-
GPRR; (4.) 83-119 aa, VEPKVKSKKREAVAGRGRGRGRGR-
GRGRGRGRGGPRR; (5.) 3446 aa, NTHLKAVKMTLKN.

Reactivity against these peptides was tested in 30 SLE sera and 10
sera from healthy donors. Purity of SmD1g; ;9 peptide was confirmed
by HPLC, showing a single peak.

SmDI peptide ELISA. Polystyrene well plates (Nunc, Roskilde,
Denmark) were coated with 0.5 pg of the individual peptides dis-
solved in 50 pl of coating buffer (0.05 M carbonate buffer, pH 9.5).
After incubation for 6 h at room temperature, three washes in PBS-T
were performed, and nonspecific binding sites were blocked for 1 h at
room temperature by using SB. Patient sera were diluted 1:100 in SB
and added to the wells for 2 h at room temperature. After repeated
washings, horseradish peroxidase conjugated rabbit anti-human IgG
(1 pg/ml; IMTEC, Zepernick, Germany) were added for 2 h at room
temperature. The final reaction was visualized by 5 mmol/l o-phenyl-
enediamine (OPD; Merck, Darmstadt, Germany) in the presence of
5 mmol/l H,0, in 0.1 mol/l citrate buffer (pH 5.5) by incubation for
5-10 min at room temperature. The reaction was terminated with
1 mol/l H,SO, and 0.05 mol/l Na,SO;. OD values were measured at
492 nm by multiscan (Anthos Reader 2001; Anthos Labtech Instru-
ments, Salzburg, Austria).

A standard curve was established for each assay by using a highly
reactive serum from one specific SLE patient. Reactivity of this se-
rum at a dilution of 1:100 was defined as 10,000 arbitrary units (AU).
The upper limit of the normal range was defined as mean value +2 SD
of the reactivities in 105 normal human sera (dilution 1:100). Thus,
for the SmD1g; 19 peptide, the cutoff was 223 units. Each serum was
assayed in duplicates. Sera with anti-SmD1g; ;9 response above
10,000 AU were diluted up to 1:400 to determine exact anti-SmD1g;3 ;19
reactivity levels.

CIE. Conventional CIE using rabbit thymus extract was per-
formed as described (22). Standard sera were kindly provided by the
Centers for Disease Control (Atlanta, GA).

Anti-dsDNA-ELISA. Anti-dsDNA antibodies were measured
by ELISA as described previously (23). In brief, methylated BSA-
precoated and dsDNA-coated microtiter plates were incubated with
patient sera for the detection of IgG and IgM anti-dsDNA autoanti-
bodies.

Western blot assay. Immunoblotting was performed as reference
method, using MOLT four-cell extracts and 7.5 pg/well of recombi-
nant SmD1 protein as described later according to standard protocols
with minor modifications (24). For electrophoretic separation of
SmD1, 2, and 3 in individual bands, a high TEMED polyacrylamide
gel was used, as described by Lehmeier et al. (11). After blocking
with SB for 1 h at room temperature, nitrocellulose strips were incu-
bated with patient sera diluted 1:100 in SB for 2 h followed by wash-

Table L.
Overlapping peptides

MKLVRFLMKLSHE 1) LKAVKMTLKNREP (14) LDTIRVDVEPKVK (26)
VRFLMKLSHETVT ?2) VKMTLKNREPVQL 15) IRVDVEPKVKSKK 27)
LMKLSHETVTIEL 3) TLKNREPVQLETL (16) VDVEPKVKSKKRE (28)
LSHETVTIELKNG 4) NREPVQLETLSIR a7) VEPKVKSKKREAV (29)
ETVTIELKNGTQV %) PVQLETLSIRGNR (18) KVKSKKREAVAGR (30)
TIELKNGTQVHGT 6) LETLSIRGNRIRY (19) SKKREAVAGRGRG (31)
LKNGTQVHGTITG 7 LSIRGNRIRYFIL (20) REAVAGRGRGRGR (32)
GTQVHGTITGVDV ®8) RGNRIRYFILPDS 21) VAGRGRGRGRGRG (33)
VHGTITGVDVSMN 9) RIRYFILPDSLPL (22) RGRGRGRGRGRGR (34)
TITGVDVSMNTHL (10) YFILPDSLPLDTI (23) GRGRGRGRGRGRG (35)
GVDVSMNTHLKAV 11 LPDSLPLDTIRVD (24) RGRGRGRGRGRGG (36)
VSMNTHLKAVKMT (12) SLPLDTIRVDVEP (25) GRGRGRGRGGPRR (37)
NTHLKAVKMTLKN (13)
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ing in PBS-T for 45 min with three changes. Bound IgG was detected
with horseradish peroxidase conjugated rabbit anti-human IgG fol-
lowed by chemiluminescence by using ECL reagents (Amersham
Life Sciences, Arlington Heights, IL) as described (25).

Recombinant SmD1 protein. For expression of human SmDI1
full-length protein, the corresponding cDNA was amplified by PCR
(26) using the synthetic oligonucleotides hSmD1-P1 (5'-CGCC-
GGATCCATGAAGCTGTGAG-3’) and hSmD1-P2 (5'CTTGA-
AGATCTTTATCGCCTAGGAC-3'). BamHI and BglII sites (un-
derlined) were introduced, flanking the coding sequence of human
SmDI1. A cDNA preparation from human monocytes was used as
template, and the amplification reaction was performed in a thermal
cycler (PTC200; MJ Research, Watertown, MA, Biozym). The ampli-
fication product (380 bp) was cloned into the pGEM-T vector
(Promega, Madison, WI) and was analyzed by automated sequencing
(ALF; Pharmacia, Uppsala, Sweden). The expression plasmid
pQSmD1 was constructed with a fragment obtained by restriction di-
gestion of the pGEM-SmD1 at the BamHI site and within the
polylinker sequences of the vector at the Pstl site. The fragment was
cloned into the expression vector pQE-31W (Qiagen) linearized with
BamHI and PstI.

Expression and purification of recombinant human SmD1. Over-
night cultures of Escherichia coli M15 (pREP4) transformed with the
expression plasmid pQSmD1 were grown at 37°C in LB medium sup-
plemented with 150 pg/ml ampicillin and 30 pg/ml kanamycin (27).
After 1:100 dilution and incubation to an optical density of 0.8 at
37°C, the cultures were induced with 2 mM isopropyl-B-thiogalactosi-
dase and allowed to grow for another 3 h. E. coli was collected by
centrifugation and lysis was perfomed in 5 ml of 6 M guanidine hy-
drochloride and 10 mM TRIS-HCI at pH 8.0. Recombinant proteins
were purified in a single step by using 6 X His/Ni-NTA columns (28)
and denaturing conditions as outlined in the manufacturer’s descrip-
tion (Pharmacia). The SmD1 containing elution fraction was dialyzed
in PBS (pH 7.4) and used as antigen for immunoblotting.

Immunization of rabbits with SmD1g; ;0 peptide. The SmD1g; ;9
peptide was coupled to keyhole limpet hemocyanin by disulfide link-
age with the use of cystamine as described (29). Three rabbits were
immunized with 500 pg/ml of keyhole limpet hemocyanin—coupled
SmD1g; 1,9 peptide in complete Freund’s adjuvant and boostered with
250 pg/ml of this haptene-protein conjugate in incomplete Freund’s
adjuvant every 14 d up to 3 mo. Development of an antibody re-
sponse was measured by the anti-SmD1g; ;9 peptide ELISA and by
immunoblotting using MOLT4 and recombinant SmD1 protein. Each
serum was diluted up to 1:20,000 in sample buffer and tested before
and after immunization. The reactivity was measured as OD.

Competition assays. For removal of anti-SmD1 specific antibod-
ies in SmD positive SLE sera, adsorption was performed with poly-
styrene-bound SmDg; 19 peptide, free SmDlg; ;9 peptide, and
TALON-bound recombinant SmD1. In detail, 50 pl of 1:100 diluted
serum was sequentially incubated up to eight times in SmD1g;_j1o-
coated ELISA wells for 30 min per step. As control for unspecific anti-
body adsorption, diluted SLE serum was applied similarly to uncoated
polystyrene wells. Incubation with free peptide or oxypolygelatine
(Gelafusal; Serumwerke Bernburg, Germany) as a control was per-
formed in 500 pl for 1 h, using 1:100 diluted serum and 80 pg/ml of
the respective protein. For adsorption to recombinant SmD1, the
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protein was bound to a 50-pul TALON metal affinity resin (Clontech,
Palo Alto, CA), and patient sera diluted 1:50 were incubated with this
resin in 500 pl volume for 1 h. All adsorbed sera and individual con-
trols were analyzed by immunoblotting with MOLT4 cell extracts or
recombinant SmD1 protein as well as SmD1g; ;9 peptide ELISA.

Statistics. The Mann-Whitney U-test was applied for statistical
analysis of an association between anti-dsDNA and anti-SmD1g; ;9
antibodies.

Results

Epitope mapping with 13-mer peptides of SmDI by dot assay.
To determine important regions of the SmD1 protein detected
by SLE autoantibodies, 15 SLE sera and 2 human control sera
were tested for reactivity against 37 cellulose-bound consecu-
tive linear peptides of 13-aa length and 10-aa overlap. 4 of 15
SLE sera (27%) showed significant reactions predominantly
against the region 83-99 aa. Two of these four sera also inter-
acted with peptides spanning amino acids 34-46. One repre-
sentative dot assay result is shown in Fig. 1. In this patient,
high reactivity against two regions associated with weaker
staining of neighboring peptides suggests an epitope formed
by sequences including more than one single 13-aa peptide.
Sera of two normal donors did not react with any of the cellu-
lose-bound SmD1 peptides.

Characterization of the SmDI1-C-terminal epitope with 17-
mer to 37-mer peptides. 13-aa as well as 17-aa soluble peptides
of the two major sites recognized by linear epitope mapping
(amino acid region 3446 and 83-99) were synthesized as de-
scribed above according to Atherton et al. (21). An ELISA
system was established, using these peptides as antigens. 10
sera from normal donors were screened to determine the cut-
off. Analysis of 30 SLE sera including the 15 sera tested in the
linear epitope mapping revealed no significant difference to
normal donor values (Fig. 2). Therefore, three longer peptides
of the SmD1-C-terminus aa 105-119, 95-119, and 83-119 were
synthesized and rescreened with the same sera. This revealed
positive reactions in five patients (17%) for peptide SmD1,45_;10,
11 (37%) for SmD1ys_;;9, and 19 (63%) for SmD1g; 41 (Fig.
2). Double coating of wells with SmD1g; 9o/SmD1gs_y;9 OF
SmD1g;_9o/SmD1,45_9 did not increase reactivity above 25%,
demonstrating that only the uninterrupted SmD1g; ;9 peptide
is sufficiently recognized by SLE autoantibodies (data not
shown). Further characterization of the region around aa 34—
46 with similarly increased peptide sizes (28-61 aa sequence)
did not show increased reactivity in SLE sera.

Sensitivity and specificity of anti-SmD]Ig;_;;0 antibodies.
Sera from 167 SLE patients, 267 patients with diseases other
than SLE, and 105 healthy donors were comparatively studied
to verify the initial results with this new ELISA. The cutoff
was reevaluated using the results of 105 normal sera. 117 SLE

Figure 1. Reactivity of a representative anti-

SmD1 positive serum with peptides spanning the

whole SmD1 protein (119 amino acids) by linear
2() epitope mapping. Each spot represents a linear
synthetic peptide of 13-aa length bound to a con-
tinuous cellulose membrane. Marked positive re-
actions were detected in the region of 34-52 aa
(peptide 12-14) and 83-119 aa (peptide 29-37).
The numbers indicate the individual peptides
7 listed in Methods.
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sera (70.0%) were positive for anti-SmD1g; ;9 antibodies (Fig.
3) showing a significantly elevated reactivity of up to 16,200
AU and a median level of 482 AU. Comparing these results
with the response in patients with related disorders or infec-
tious diseases with known connective tissue involvement and
rheumatic complaints, there was only a low frequency and a
significantly reduced reactivity in 4 of 15 SS sera (26.7%), 5 of
23 MCTD sera (21.8%), 4 of 20 SSc sera (20%), 4 of 28 RA
sera (14.3%), 7 of 28 PBC sera (25%), 2 of 20 hepatitis B sera
(10%, one serum was positive for antinuclear antibodies), and
5 of 30 Lyme sera (16.7%). No healthy donor and no patient
with HIV (n = 88) or ulcerative colitis (» = 15) reacted with
the SmD1g; 119 peptide. In summary, 31 of 372 control sera
(8.3%) were positive thus revealing a specificity of 91.7% for
SLE in the SmD1g; 139 ELISA.
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Anti-Sm reactivity measured by different methods. 15 SLE
sera were selected according to their anti-SmD1g; ;9 ELISA
reactivities, 14 sera ranging from low to high positive and one
negative serum. Comparison of the anti-SmD response re-
vealed positive results for five sera in immunoblot with
MOLTH4 cell antigens, three in CIE, four in dot assay of linear
epitopes, and five in a commercially available anti-Sm-ELISA
with purified Sm antigens including SmD (Table II). The one
negative serum in anti-SmD1g; ;9 ELISA was also negative in
all other assays. In contrast, only 1 of the 14 positive sera was
positive in all other applied tests, and only approximately one
third of initially positive sera in the SmD1g; ;0 ELISA were re-
active in immunoblot or CIE. Besides the high sensitivity of
SmD1g; 4,9 ELISA due to the selection of these sera, the signif-
icantly lower detection frequency of an anti-SmD response in

Figure 3. Anti-SmD1g; ;9 ELISA
reactivity of sera from patients with
SLE (n = 167), primary SS (n = 15),
MCTD (n = 23), SSc (PSS) (n =
20), PBC (n = 28), RA (n = 28), ul-
cerative colitis (Colitis; n = 15),
HIV infection (n = 88), hepatitis B
infection (HBV; n = 20), Lyme dis-
ease (n = 30), and normal donors
(Healthy; n = 105). All sera were di-
luted 1:100 or 1:400 if the absor-

: bance was above the standard curve.
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Table II. Detection of Anti-Sm Antibodies Using
Different Methods*

SmD1g; 459
ELISA cSm-ELISA
reactivity (AU) (U/ml)
Dot
Patients  Quant. Qual. Quant. Qual. CIE  Immunoblot assay
1 630  pos. 6,6 —  pos. pos. —
2 5971  pos. 5 — — — pos.}
3 311 pos. 11,1 pos. — — —
4 10000 pos. 50 pos.  pos. pos. —
5 192 — 2,8 — — — —
6 1819  pos. 43 — — — —
7 10000  pos. 2,9 — — — —
8 678  pos. 1,5 — — — —
9 1200  pos. 1,8 — — — pos.
10 10000 pos. 50 pos.  pos. pos. pos.*
11 2014  pos. 415 — — — —
12 643 pos. 0,8 — — — —
13 3888 pos. 34,6 pos — — pos
14 7523  pos. 50 pos. — pos. —
15 6500  pos. 3,9 — — pos. —

*Methods used included the SmD1g; ;0 ELISA (cutoff 223 AU), a com-
mercially available anti-Sm-ELISA (cSm-ELISA, cutoff 7), CIE, immu-
noblotting using MOLT4 cells (IB), and the dot assay for linear epitope
mapping. *Sera directed against the epitope in the C-terminus and in po-
sition aa 34—46. Dashes indicate negative test results. There was no sig-
nificant correlation between cSm-ELISA and SmD1g; ;9 ELISA using
the Spearman’s nonparametric correlation test.

the other test system showed only partial agreement for posi-
tive or negative results in individual patients.

Anti-SmD]1g; ;9 antibodies and correlation with disease ac-
tivity. Fig. 4 displays a longitudinal follow-up of anti-SmD1 ti-
ters in one SLE patient representative for five others. This
patient with acute onset of SLE had arthritis, butterfly rash,
somnolence, serositis, and nephritis. The anti-SmD1g;_;;9 reac-
tivity was extremely high. After a short course of high-dose
methylprednisolone treatment, temporary clinical improve-
ment was accompanied by a decrease in anti-SmD1 titers. SLE
symptoms relapsed with increase of proteinuria, butterfly rash,
and arthritis and anti-SmD/1g; 9 titers passed through another
peak until remission was induced by monthly intravenous cy-
clophosphamide bolus. The same findings were obtained in
five additional individuals (data not shown), indicating that re-
activity levels correlated with disease activity.

Association of anti-SmDlIg;_ ;9 and anti-dsDNA reactivi-
ties. 164 SLE sera studied in the SmD1g; ;¢ ELISA were also
analyzed for anti-dsDNA antibodies by Crithidia luciliaeim-
munofluorescence. 86 sera (52.5%) were anti-dsDNA anti-
body positive including 65 of the 115 sera reactive against
SmD1g; 4,9 peptide, thus indicating a higher prevalence of anti-
SmD1g; 419 than anti-dsDNA antibodies. Fig. 5 shows signifi-
cantly higher reactivity against the SmD1g; ;9 peptide in anti-
dsDNA antibody positive compared with negative sera (P <
0.0001). On the other hand, these data also demonstrate the
existence of anti-SmD1g; ;1 antibodies in the anti—-dsDNA-
negative subset of SLE patients. Four of the five human mono-
clonal anti-dsDNA antibody preparations also reacted with
the SmDg; ;9 peptide in a range from 250 to 2,000 AU.

Competition assays. The specificity of the anti-SmD1g; ;9
response for the SmD protein was tested by competition as-
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says using soluble SmDyg; ;9 peptide, polystyrene-coupled
SmD1g; 419 peptide, and TALON-bound recombinant SmD1
protein. The SmD1 positive serum used for these assays was
shown to react predominantly with SmD1 but also with SmD?3
at a lower level. Preadsorbtion with SmD1g; 4,9 peptide cou-
pled on polystyrene significantly reduced the anti-SmD1g; 49
reactivity in the SmDg; ;¢ ELISA and in the Western blot
analysis. In contrast, anti-SmD?3 reactivity was not significantly
changed. Furthermore, there was a significant reduction of the
ANA-immunofuorescence intensity using Hep2 cells by this
procedure. Although soluble SmD1g; ;9 peptide reduced the
anti-SmD reactivity in immunoblotting (Fig. 6), high peptide
concentrations (80 pg/ml) of soluble SmD1g; 419 peptide were
needed to specifically suppress anti-SmD reactivity (data not
shown). Nevertheless, in comparison with other proteins (oxy-
polygelatine) under same conditions, the soluble SmD1g; ;9
peptide specifically reduced the anti-SmD response in immu-
noblotting with MOLT4 cell extracts (Fig. 7). After adsorption
of SLE sera to TALON-bound recombinant SmD1 protein,
the anti-SmD1g; ;9 reactivity showed a 90% reduction in the
anti-SmD1g; 19 peptide ELISA and a reduction of SmD stain-
ing in immunoblotting using MOLT4 cell extracts and recom-
binant SmD1 protein (Fig. 8).

Anti-SmD]1g; ;9 response in rabbits. Immunization of rab-
bits with the SmD1g;_;9 peptide successfully induced antibody
responses in all animals detectable by SmDlg; 19 peptide
ELISA and by immunoblot analysis with recombinant SmD1.
The reactivity of the SmD1g; 1,9 peptide ELISA corresponds
to reactivity in immunoblotting with recombinant SmD1 pro-
tein, but only one rabbit serum reacted with the SmD1 protein
in MOLT4 extracts by immunoblotting (Fig. 9). The reactivity
of rabbit 1 was not directed against SmD1. However, there was
a low reactivity against the band identical to the size of SmD?3
as detected by high TEMED gelelectrophoresis and staining
with polyclonal SmD3-specific rabbit sera. In immunofluores-
cence, sera of immunized rabbits did not show any typical
ANA patterns.

Discussion

The SmD1 protein is a primary target of the autoantibodies
specific for SLE (14). To study pathophysiological mechanisms
of anti-Sm reactivity and to recognize important epitopes for a
specific and sensitive diagnostic assay, it is necessary to know
the structure and the immunodominant B cell epitopes of
SmD1. After the first report of a cDNA clone encoding the
SmD1 protein (16), several groups have mapped the autoanti-
body response against this protein by different methods, how-
ever, with inconsistent results. Using multiple fusion proteins
between trpE and fragments of SmD for epitope mapping by
immunoblotting, two general patterns of anti-SmD1 reactivity
were described: antibodies that recognize only the full-length
antigen and are presumably directed against discontinuous
epitopes and antibodies that recognize the carboxy terminus of
the antigen, which embodies an extended/charged structure
(30). Hirakata et al. (31) tested the ability of the monoclonal
anti-Sm antibody Y12 and anti-Sm sera to immunoprecipitate
truncated forms of SmD1 demonstrating a major autoanti-
genic domain on the carboxy terminus (amino acids 85-119).
Using synthetic peptides Sabbatini et al. (32) confirmed these
data demonstrating seroreactivity against the C-terminal SmD
sequence 95-119 in 25% of the lupus sera. This reactivity was
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also present by synthesizing the sequence as a multiple antigen
peptide. These results were supported by others, detecting ma-
jor antigenic epitopes also in the C-terminal region from 82 to
97 and 92 to 119 aa by analysis with overlapping octapeptides
of the entire SmD1 protein (33). Contrasting results were
found by Barakat et al. (13) who described especially a strong
amino-terminal reactivity by ELISA with seven overlapping
synthetic peptides.

Because of these contrasting results, we used a new method
comprising simultaneous synthesis of 37 overlapping peptides
covalently bound to and continuously aligned on a cellulose

0 4 8 1216 24 32 40 48 56 64 72 80

nofluorescence and ELISA are
given.

membrane for linear SmD1 epitope mapping. In this dot assay,
two main epitopes of the anti-SmD1 response, around position
40 and at the C-terminus, were detected. Amino-terminal re-
activity as described by only one group (13) could not be con-
firmed. This may be due to the differences in individual pep-
tide sequences used by these authors. Our data do not exclude
that further epitopes may exist, even N-terminally, if the ap-
propriate sequence is used. However, the fact that most groups
demonstrated a C-terminal reactivity suggests this region as
the major autoantigenic epitope of SmD1.

Therefore, in this study C-terminal peptides of different
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Figure 5. Demonstration of anti-SmD1g; ;9 reactivity using ELISA

in correlation to anti-dsDNA antibodies measured by Crithidia lucil-
iae immunofluorescence. Anti-SmD1g; ;¢ reactivity was significantly
increased in anti-dsDNA positive sera (P < 0.0001, Mann-Whitney U

test). The horizontal solid lines represent the median level of reactivity.

A) Molt4 cell extract

B) Recombinant SmD1

Figure 6. Inhibition of the anti-SmD1 reactivity by polystyrene
bound (lanes 2-4) and soluble SmD1g;_;,9 peptide (lane 6) detected
by immunoblotting with MOLT4 cell extracts (A) and recombinant
SmD1 protein (B): anti-SmD1 positive serum without inhibition (lane
1), sequentially incubated in three SmD1g; ;9-coated microtiter wells
(lane 2), five (lane 3) and eight SmD1g;_;o-coated microtiter wells
(lane 4). The anti-SmD1 reactivity decreased with repeated incuba-
tion of an anti-SmD-positive serum. As a control, serum was incu-
bated eight times with uncoated polystyrene ELISA wells (lane 5),
revealing no marked reduction of anti-SmD1g; 4, reactivity.
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Figure 7. Inhibition of the anti-SmD1
antibody reactivity by high amounts
of soluble SmD1g; ;¢ peptide (80 g/
ml, lane /) in comparison to 80 pg/ml
oxypolygelatine (lane 2) as control.
Anti-SmD1 reactivity is significantly
reduced after SmD1 peptide incuba-
tion, whereas staining of BB’ is un-
changed.

D- =

length were synthesized to investigate their reactivity with
SLE sera by ELISA. In contrast to linear epitope mapping
with 13-mer peptides, no reactivity against the peptide 83-99
was detectable by ELISA. In ELISA techniques, the peptides
are adsorbed to polystyrene plates, whereas in linear epitope
mapping the peptides were covalently bound to cellulose
membranes. The diversity of results may be explained by dif-
ferent effectivity of epitope formation or different density of
antigen on cellulose compared with polystyrene. With increas-
ing length, there was a striking gain of sensitivity in detecting
autoantibody reactivity in SLE. Best results were obtained us-
ing the SmD1 peptide from amino acid 83 to amino acid 119
(SmD1g;3_19). The sensitivity of anti-SmD1g; ;9 reactivity was
nearly 70% in SLE sera. This was an unexpected result, since
the reported frequency of anti-Sm antibodies is lower than
10% in Caucasian SLE patients. In addition to this high sensi-
tivity, there was no indication for loss of specificity for SLE
tested in a large number of sera with different rheumatic and
infectious diseases as well as healthy donors.

Reflecting the complexity of these data, the following ques-
tions arise: what is the impact of source and preparation of
SmD1 on detection of anti-Sm reactivity, does this depend on
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Figure 8. Demonstration of an inhibitory effect of recombinant
SmD1 on anti-SmD1g; 41 reactivity. An anti-SmD1 positive serum
was incubated with TALON-bound recombinant SmD1 for 1 h at
room temperature and subsequently tested by immunoblotting using
MOLTH4 cell extract and recombinant SmD1 protein as well as anti-
SmD1g; 119 peptide ELISA (lane 2). As control, the same serum was
incubated with TALON without bound recombinant SmD1 (lane 7).

folding of critical conformations, and do interactions with
other nuclear molecules interfere with epitope formation?

Up to now, characterization of anti-Sm reactivity was per-
formed on the basis of affinity-purified protein, recombinant
protein from bacterial and eucaryotic sources as well as syn-
thetic peptides. Using an affinity-purified preparation of BB’
and D proteins in a commercial anti-Sm-ELISA, there was no
increase of anti-Sm detection sensitivity compared with CIE or
immunoblotting. Recombinant SmD1 from a bacterial source,
on the other hand, resulted in complete loss of anti-SmD1
binding (34, 35). However, recombinant SmD1 from a eucary-
otic source was equally efficient as affinity-purified Sm proteins
(14). Thus, this phenomenon may be explained by different
posttranslational modifications in procaryotic and eucaryotic
cells of a nuclear and therefore eucaryotic antigen. Neverthe-
less, the recombinant full-length SmD1 did not improve detec-
tion of anti-SmD1 (13). This seems contradictory to results
presented by Rokeach et al. (16) because the conditions in
their study are very different. These authors used fusion pro-
teins between fragments of SmD1 and trpE, and the bacterial
protein sequences influenced the reactivity against SmD1. Fur-
thermore, using preselected anti-SmD positive sera as defined
by immunoblotting, it can be expected that only a proportion
of these sera will react to a certain fragment of the full-length
SmD1. In our analysis, however, the anti-SmD1 peptide
ELISA detected a larger group of Sm reactive sera in an unse-
lected SLE population with only a small subgroup of immuno-
blot positive anti-SmD1 reactive sera. Therefore, the data pre-
sented in this article strongly suggest that synthetic peptides of
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Figure 9. Polyclonal sera from three immunized rabbits were investi-
gated by immunoblotting using MOLT4 extracts, recombinant SmD1
protein, and by anti-SmD1g;_;;,—~ELISA. Sera were tested before and
after immunization and the reactivity was measured by OD. Because
of high reactivities after immunization, sera were diluted up to
1:20,000, serum of rabbit #2 only reacted in a dilution of 1:2,500 as
marked by an asterisk. As control, the monoclonal antibody anti-
SmD1 (ICN Biomedicals GmbH, Miinchen, Germany) was tested
with MOLT4-extracts. Reactivity against recombinant SmD1 was
found in all three animals at week 21. Using MOLT4 extracts, only
the serum from rabbit #3 showed a weak reactivity. The reactivity in
rabbit #1 was directed against a band identical to electrophoretical
size of SmD3. The monoclonal anti-SmD1 did not react with the re-
combinant SmD1 protein in the immunoblot but reacted strongly in
the ELISA.

appropriate length and sequence can improve detection sensi-
tivity significantly without loss of specificity. The superiority of
synthetic peptides compared with the whole molecule for de-
tection of anti-SmD1 reactivity is supported by other groups
(13, 32), however, not in this magnitude.

Epitope mapping and reactivity against C-terminal pep-
tides of different length support that conformation is crucial
for anti-SmD1 reactivity. There is a striking increase of re-
activity depending on length according to reports on anti-
SmD1y;_;19 (13) and anti-SmD1ys_ ;1 (32) peptides. In our study,
the long peptide SmD1g; ;19 could further increase anti-SmD1
sensitivity, whereas the combination of overlapping shorter
peptides, covering the same sequence length, was ineffective.
On the other hand, reduced reactivity against full-length
SmD1 (commercial ELISA, CIE), compared with SmD1g; 119
peptide as shown in Table I, suggests that the epitope formed
by the peptide is cryptic. On the basis of a putative conforma-
tional epitope, circular dichroic spectroscopy was performed.
According to preliminary experiments, SmD1g; ;9 peptide was
found in random coil formation at least as soluble peptide
(data not shown). However, proteins associated with polysty-
rene reportedly may fold in specific secondary structures as
shown for fibronectin (36). Similar circumstances may account
for our observation that the polystyrene adsorbed SmD1g; 49
peptide was significantly more effective in blocking anti-SmD1
specific reactivity on immunoblots compared to the soluble
SmD1g; 119 peptide. Furthermore, antibodies may be able to
induce conformational changes during the binding procedure
as described for several proteins such as the acetycholine re-
ceptor (37) and viral proteins (38).

Protein folding, epitope formation, and the molecular spec-
ificity of anti-SmD1 autoantibodies may also be influenced by
the interaction of native SmD1 with other molecules including
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RNA, DNA, or other proteins of the snRNP complex in vivo.
As mentioned, SmE-F-G complexes or possibly other com-
plexes of RNA-free Sm proteins may be alternative and more
specific antigens in SLE (39).

Although direct interactions between DNA and Sm pro-
tein have not been demonstrated yet, overlapping reactivity
has been reported by several authors (40-42). While these re-
ports were on full-length SmD protein, in our experiments,
there was also an overlap of reactivity against dsDNA and the
anti-SmD1g; ;9 peptide. In addition, four out of five human
monoclonal anti-dsDNA antibodies were reactive with the
SmD1g; 4,9 peptide. However, removing the anti-dsDNA reac-
tivity by affinity chromatography onto highly purified dsSDNA
did not significantly reduce the anti-SmD1g; 4, reactivity (data
not shown). Only preadsorption with SmD1g; ;19 peptide abol-
ished this reactivity in MOLT4 immunoblots as well as ELISAs.
This strongly suggests that SLE sera contain autoantibodies
specific for SmD1g; ;19 peptide and independent from an inter-
action with dsDNA. ANA fluorescence was also diminished,
although the typical coarse speckled pattern was not com-
pletely abolished. This may be explained by an additional reac-
tivity against B/B’ proteins of Sm or UIRNPs, which share the
same staining pattern. Monoclonal antibodies would be the ap-
propriate tools to distinguish between these different reactivi-
ties. However, the monoclonal anti-SmD1 antibodies available
did neither react with SmD1g; 119 peptide nor with recombi-
nant SmD1. This lack of reactivity is not unusual. Thus, it was
shown that several monoclonal anti-SmD1 antibodies did not
react with recombinant SmD1 (14).

To further characterize the anti-SmD1g; 4,9 peptide specific
immune response, three rabbits were immunized. This re-
vealed a specific response detectable by the SmD1g; 419 peptide
ELISA and by immunoblot with recombinant SmD1 in all ani-
mals. In contrast, a typical anti-Sm immunofluorescence pat-
tern on Hep2 cells could not be demonstrated. An explanation
could be that the epitope(s) is not accessible for the antibodies
arising after immunization with SmD1g; ;9 peptide using im-
munofluorescence technique on Hep2 cells.

In summary, the SmD1g; 119 peptide has been identified as
an important autoantigenic epitope for SLE with extraordinar-
ily high sensitivity and disease specificity. Our data suggest
that the reactivity depends on folding into a conformational
epitope. This may be enhanced by interactions with polystyrene
surface, nucleic acids, other nuclear proteins, or autoantibodies
themselves, although a peptide specificity of the anti-SmD1g; ;9
response was demonstrated. This epitope may reflect a natural
but hidden epitope in the full-size protein. Further analysis of
this complex anti-SmD1 reactivity is necessary. Immunization
experiments are currently performed with regard to intermo-
lecular epitope spreading to reveal insight into the correlation
between disease activity and anti-SmD1g; ;9 reactivity as well
as into the pathogenesis of the autoimmune response in SLE.
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