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Abstract

The recently described anti-A2/RA33 autoantibodies occur
in 20-40% of patients with RA, SLE, and mixed connective
tissue disease (MCTD). They are directed to the A2 protein
of the heterogeneous nuclear ribonucleoprotein complex
(hnRNP-A2), an abundant nuclear protein associated with
the spliceosome. The NH,-terminal half of the antigen con-
tains two conserved RNA binding domains whereas its
COOH-terminal part is extremely glycine-rich. The aim of
this study was to characterize the autoepitopes of hnRNP-
A2 and to investigate the effects of anti-A2/RA33 autoanti-
bodies on possible functions of the antigen. Using bacteri-
ally expressed fragments, two major discontinuous epitopes
were identified. One containing the complete second RNA
binding domain was recognized by the majority of patients
with RA and SLE but not by patients with MCTD. The sec-
ond epitope contained sequences of both RNA binding do-
mains and was preferentially targeted by patients with
MCTD. When the RNA binding properties of the antigen
were investigated, oligoribonucleotides containing the se-
quence motif r(UUAG) were found to bind to a site closely
adjacent or overlapping with the epitope targeted by au-
toantibodies from patients with RA and SLE. Moreover,
anti-A2/RA33 autoantibodies from patients with RA or
SLE, but not from patients with MCTD, inhibited binding
of RNA. Thus, anti-A2/RA33 autoantibodies recognize con-
formation-dependent epitopes located in a functionally im-
portant region of the antigen. Furthermore, the specific rec-
ognition of an epitope by MCTD patients may be used as
another argument in favor of considering MCTD a distinct
connective tissue disease. (J. Clin. Invest. 1997. 100:127-
135.) Key words: anti-A2/RA33 autoantibody - epitope rec-
ognition « rheumatoid arthritis « SLE « mixed connective tis-
sue disease
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Introduction

A characteristic feature of rheumatic autoimmune diseases
such as SLE, progressive systemic sclerosis, polymyositis,
mixed connective tissue disease (MCTD),! or RA is the occur-
rence of autoantibodies to intracellular antigens (1, 2). For rea-
sons which are not yet fully understood these autoantibodies
are often directed to components of large ribonucleoprotein
(RNP) structures such as the ribosome or the spliceosome (3).
Some of these autoantibodies specifically occur in only one
disease which makes them very useful for diagnosis. Thus, au-
toantibodies to double-stranded DNA or to the Sm antigen
are highly specific for SLE, autoantibodies to topoisomerase
(anti-Scl70) are exclusively detected in patients with progres-
sive systemic sclerosis, and autoantibodies to tRNA syn-
thetases (e.g., anti-Jol) occur only in patients with poly- or
dermatomyositis.

In contrast to these disorders, pathognomonic autoantibod-
ies have not yet been defined in RA. So far, rheumatoid factor,
an autoantibody directed to the Fc region of human IgG, is still
the only well established serological disease marker (4). How-
ever, rheumatoid factor is not specific for RA and is often neg-
ative in the early stages of the disease when a definite diagno-
sis is not always possible. In the past few years several new
autoantibodies have been described which may be more spe-
cific for RA than rheumatoid factor. Among these are anti-A2/
RA33 antibodies (5, 6), antikeratin antibodies and the anti-
perinuclear factor (7, 8), and anti-Sa antibodies (9).

Anti-A2/RA33 autoantibodies have been shown to target
the A2 protein of the heterogeneous nuclear RNP (hnRNP)
complex (10). This complex is composed of pre-mRNA and
~ 30 different proteins and functionally forms part of the spli-
ceosome (11). Interestingly, spliceosome-associated antigens,
such as the Ul small nuclear ribonucleoprotein (U1-snRNP)
or the Sm proteins, are typically targeted by patients with SLE
and MCTD, but not by patients with RA (1, 2). Thus, the
hnRNP A2 protein (hnRNP-A2) (together with its alterna-
tively spliced variants hnRNP-B1 and -B2, and the closely re-
lated hnRNP-A1) is so far the only known spliceosome-associ-
ated autoantigen which is recognized by patients with RA,
emphasizing the immunological relationship between RA,
which primarily affects the joints, and the more systemic dis-
eases SLE and MCTD (12, 13). Anti-A2/RA33 autoantibodies
are not strictly specific for RA as they are found not only in

1. Abbreviations used in this paper: hnRNP, heterogeneous nuclear
ribonucleoprotein; hnRNP-A2, A2 protein of the heterogeneous nu-
clear ribonucleoprotein; MCTD, mixed connective tissue disease;
RBD, RNA binding domain; RNP, ribonucleoprotein; snRNP, small
nuclear ribonucleoprotein.
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~ 35% of patients with RA, but also in ~ 20% of patients with
SLE and in 40-60% of patients with MCTD (13, 14). However,
in SLE (and MCTD) they usually occur together with antibod-
ies to Ul-snRNP or Sm. Therefore, anti-A2/RA33 without
concomitant anti-Ul-snRNP autoantibodies were found to
have 96% specificity for RA (13).

hnRNP-A2 is one of the core proteins of the hnRNP com-
plex (15). Apart from its general functions in binding and
packaging of pre-mRNA, hnRNP-A2 seems to be involved in
mRNA transport and the regulation of alternative splicing (16,
17). Interaction with RNA is mediated by two adjacent con-
served RNA binding domains (RBD), each 86 amino acids
long, located in the NH,-terminal half of the protein (18).
RBDs of similar structure are contained in many RNA binding
proteins, among those important SLE autoantigens such as the
U1l RNA associated proteins U1-70K and U1-A, or the hY
RNA associated antigens Ro/SS-A and La/SS-B. The COOH-
terminal part of hnRNP-A2, the auxiliary domain, contains
~ 50% glycine residues and is presumably involved in interac-
tions with other proteins.

In this study, we have analyzed epitope recognition by anti-
A2/RA33 autoantibodies. We demonstrate that the major an-
tibody binding sites are conformation dependent and located
in the NH,-terminal RNA binding region of hnRNP-A2 and
that patients with RA and SLE differ in epitope recognition
from patients with MCTD. Furthermore we show that the
epitope recognized preferentially by patients with RA and
SLE is also indispensable for binding of RNA and that anti-
A2/RA33 autoantibodies are able to inhibit binding of RNA in
vitro.

Methods

Patients. For epitope mapping studies, 32 sera showing pronounced
anti-A2/RA33 autoreactivities by immunoblotting were selected
from anti-A2/RA33 positive patients with RA (n = 14), SLE (n =
10), and MCTD (n = 8). For each disease category, five anti-A2/
RA33 negative patients were used as controls and five sera from
healthy individuals served as additional controls. Patients were se-
lected from a cohort of patients clinically and serologically well char-
acterized previously (13). Selection was made on the following
grounds. RA sera were randomly selected; SLE sera were selected to
include 50% of patients without autoreactivity to Ul-snRNP and/or
Sm taking into account the strong association of these reactivities
with anti-A2/RA33 antibodies (13); and the eight anti-A2/RA33 pos-
itive MCTD sera selected were those ones available in sufficient
amounts. All RA patients fulfilled the 1987 revised criteria of the
American College of Rheumatology (19), all SLE patients the 1982
criteria of the American College of Rheumatology (20), and all
MCTD patients the criteria of Alarcén-Segovia and Villareal (21).
Although MCTD patients fulfilled between two and four of the SLE
criteria none of them suffered from renal disease or showed anti-dsDNA
antibodies (13). All MCTD patients had long-standing disease and
have not progressed to SLE or RA in the past 6 yr.

In addition to anti-A2/RA33, the 10 SLE patients selected had
autoantibodies to Sm (n = 3), Ul-snRNP (n = 3), Ro/SSA (n = 5),
La/SSB (n = 2), and ribosomal RNP (n = 1). Eight patients had anti-
dsDNA antibodies. All MCTD patients had high-titer antibodies to
U1-snRNP and recognized the three Ul-snRNP associated antigens
70K, A, and C by immunoblotting; this serologic feature characteris-
tic of MCTD was also seen in one patient with SLE. However, this
patient fulfilled eight criteria for SLE of the ACR including nephritis,
hypocomplementemia, and anti-DNA antibodies and therefore could
not be classified as MCTD either on clinical or on serological grounds.
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In patients with RA no antibody other than anti-A2/RA33 was de-
tected, except for rheumatoid factor which was present in 10 of the 14
sera. Rheumatoid factor was also present in six SLE and five MCTD
patients.

Oligonucleotides. Oligoribonucleotides and PCR primers were
obtained from the DNA synthesis and sequencing unit of the Vienna
Biocenter.

Cloning and expression of inRNP-A2 deletion mutants. The cDNA
encoding the entire sequence of hnRNP-A2 (kind gift of C. Burd,
Howard Hughes Medical Institute, Philadelphia, PA) was cloned into
the expression vector pEx 34 (22) and expressed upon temperature
induction as fusion protein with MS-2 polymerase. A series of dele-
tion mutants were constructed by limited Bal-31 digestion of the
cDNA from the BamHI site located in the coding region (amino acid
41) and from the Nsil site located in the 3’ untranslated region.
Clones of interest were sequenced and transfected into the Escheri-
chia coli 537 strain. Production of fusion proteins was induced by in-
cubating the cells for 2 h at 42°C. For expression of A2 as a nonfusion
protein, a DNA fragment encoding the NH,-terminal region (amino
acids 1-41) was generated by PCR (using the oligonucleotides GTC-
CGCCATGGAGAGAGAAAAGGA and TGCAGGATCCCTCAT-
TACCACACAGTCTGT as primers) and ligated to the fragment
comprising the rest of the cDNA coding region (amino acids 42-341).
Subsequently, the DNA was cloned into the pET 3d vector (New En-
gland Biolabs Inc., Beverly, MA) and expressed in the E. coli BL21
(De3) pLysS strain by induction for 3 h with 0.4 mM IPTG.

Purification of hnRNP-A2 deletion mutants. Recombinant pro-
teins were prepared by resuspending the cell pellet obtained from 0.5
liter cultures in buffer A (25 mM Na-acetate, 2 M urea, 0.01% Triton
X-100, pH 5.5) followed by sonication and centrifugation at 18,000
rpm for 20 min in a Sorvall SS34 rotor. The pellets containing the in-
clusion bodies were resuspended in 8 ml of buffer B (25 mM Na-ace-
tate, 8 M urea, pH 5.5), sonicated again, and applied to a 5-ml car-
boxymethyl-Sepharose column (Pharmacia Biotech AB, Uppsala,
Sweden) equilibrated with buffer B. After washing the column with
5 vol of buffer B, proteins were eluted stepwise with buffer B contain-
ing either 50, 75, 100, 150, or 200 mM NaCl. Recombinant proteins
were recovered from the 150 mM NacCl fraction and dialyzed against
buffer C (20 mM Hepes-NaOH, pH 8.0, 100 mM KCl, 0.2 mM
EDTA, 5% (vol/vol) glycerol, 1 mM DTT). Purity was ~ 95% as ana-
lyzed by SDS-PAGE and Coomassie protein staining. Protein con-
centration was measured in a microplate reader at 620 nm using the
Coomassie protein assay reagent from Pierce Chemical Co. (Rock-
ford, IL).

Proteolytic digest of recombinant hnRNP-A2. Since the COOH-
terminal part of hnRNP-A2 could be only poorly expressed, purified
recombinant hnRNP-A2 was digested with V8 protease taking ad-
vantage of the fact that hnRNP-A2 contains several V8 specific cleav-
age sites in the NH,-terminal region but none in the COOH-terminal
part. Thus, by incubating 100 pg protein with 10 pg V8 protease
(Boehringer Mannheim, Mannheim, Germany) for 24 h at room tem-
perature in digestion buffer (50 mM ammonium bicarbonate, 0.025%
SDS, 1 mM CaCl,, pH 7.8) the NH,-terminal part was degraded
whereas the COOH-terminal part of the protein (amino acids 185-
341) remained intact. This fragment was purified by SDS-PAGE and
its reactivity with autoantibodies was tested by immunoblotting.

Gel electrophoresis and immunoblotting. Samples were separated
on 12% SDS minigels (8 X 5 cm X 0.75 mm). Electrophoretic transfer
to nitrocellulose (BAS53; Schleicher und Schiill, Dassel, Germany) was
performed for 60 min at 400 mA. After blocking the nitrocellulose
with blocking buffer (3% nonfat dried milk in PBS, pH 7.4) for 60 min,
the blots were incubated for 30 min with sera diluted between 1:25 and
1:100 in the same buffer. Although higher serum dilutions could be
used when the buffer contained detergents such as 0.1% Triton X-100
or Tween 20 these substances were avoided during the blocking
and incubation steps since they can cause false positive results by fa-
voring nonspecific binding of DNA-anti-DNA immune complexes
frequently present in sera of SLE patients (23). The blots were



washed 3 X 5 min with PBS containing 0.1% Triton X-100 (PBS-Tri-
ton) and subsequently incubated for 30 min with an alkaline phos-
phatase—coupled anti-human IgG (Fc) second antibody (Accurate
Chemical and Science Co., Westbury, NY) diluted 1:2,500 in PBS-Tri-
ton, 3% nonfat dried milk. The recombinant full-size protein was al-
ways run in parallel with the deletion mutants as a positive control
and reactivity of the mutants was estimated semiquantitatively
(+++, ++, +, —) by three independent observers (K. Skriner, 1.
Fisher, and G. Steiner).

Immunoaffinity purification of antibodies. For RNA competition
experiments (see below), anti-A2/RA33 autoantibodies from two RA
and one SLE patient (who was also anti-Sm positive) were affinity-
purified by the blot elution technique as described (13). Anti-Sm
(B/B’, D) autoantibodies purified by the same method were used as
controls. Briefly, nitrocellulose strips containing the blotted antigens
were incubated overnight at 4°C with sera diluted 1:10 in blocking
buffer, washed thoroughly, cut into small pieces, and finally incu-
bated for 2 min with 0.1 M Tris, pH 10.5. The eluate was immediately
neutralized with 1/10 vol of 1 M Tris-HCI, pH 6.8. Eluted antibodies
were concentrated in Centricon 30 tubes (Amicon Inc., Beverly, MA)
by centrifugation for 20 min at 5,000 g. To estimate the yield, affinity-
purified antibodies were separated on SDS gels and stained with
Coomassie blue using purified human IgG (Sigma Chemical Co., St.
Louis, MO) as standard. Finally, eluted antibodies were diluted to a
concentration of ~ 100 ng/ml in blocking buffer and analyzed by im-
munoblotting using either nuclear extracts or purified hnRNP-A2 as
antigen.

Northwestern analysis. Approximately 0.5 pg of the purified re-
combinant proteins was separated on a 12.5% SDS polyacrylamide
gel and transferred onto nitrocellulose by electroblotting. The pro-
teins were allowed to renature for 18-24 h with three changes of rena-
turation buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM
MgCl,, 10 mM ZnCl,, 10% glycerol, 5% BSA, 2.5% NP-40, 1 mM
DTT). After renaturation, the blots were probed with 100 ng of 32P-
end-labeled r(UUAGGG), oligonucleotide in 10 ml assay buffer
(10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT,
0.25% BSA) for 3 h. Blots were washed three times for 30 min with
washing buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM
MgCl,, 1 mM DTT), and exposed to x-ray film. For quantitative anal-
ysis an electronic autoradiography system (InstantImager; Packard,
Meriden, CT) was used.

RNA-protein cross-link assay. Equimolar amounts (0.3 pM) of
32P-labeled RNA oligonucleotide r(UUAGGG), and purified recom-
binant hnRNP-A2 or deletion mutants, respectively, were mixed and
incubated at room temperature for 20 min in 20 pl of binding buffer
(10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 4% glycerol, 0.1% Triton
X-100, 10 mM 2-mercaptoethanol). The reaction mixtures were then
transferred to a microtiter plate, put on ice, and irradiated with a UV
lamp (Stratalinker, Stratagene Inc., La Jolla, CA) at 254 nm at a dose
of 9.9 mJ/mm? After addition of Laemmli sample buffer (50 mM
Tris-HCI, pH 6.8, 2% wt/vol SDS, 10% vol/vol glycerol, 5% wt/vol
2-mercaptoethanol, 0.01% wt/vol bromophenol blue, final concentra-
tions) the samples were boiled for 10 min and analyzed on 10% SDS-
polyacrylamide gels. The gels were then dried and autoradiographed.
Competition experiments were performed by preincubating the
recombinant protein for 10 min at room temperature with a 50-fold
excess of unlabeled oligonucleotides before adding *?P-labeled
r(UUAGGG),. For antibody competition experiments, various
amounts of affinity-purified autoantibodies (30, 60, 90, 120, and 150
ng) were mixed with a constant amount (0.3 wM) of the labeled oligo-
nucleotide. Subsequently, these mixtures were incubated with 0.3 pM
purified hnRNP-A2 as described above.

Figure 1. Coomassie blue staining (A) and immunoblot analysis (B)
of purified recombinant hnRNP-A2 and deletion mutants. The re-
combinant proteins were expressed as MS-2 polymerase fusion pro-
teins, for control purposes full-length hnRNP-A2 was expressed both
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as a nonfusion protein (A2, lane 7) and as fusion protein (A2-FP, lane
2). The positions of the NH,- and COOH-terminal amino acids of the
A2 fragments are indicated on top of the lanes. In B, representative
immunoblots obtained with three patients’ sera (RA, SLE, MCTD)
are displayed. Note that the A2-FP (lane 2) usually migrated as dou-
ble band in SDS gels; this was presumably due to incomplete denatur-
ation of this poorly soluble protein causing aberrantly migrating con-
formation isomers (10, 13).
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Gel retardation assay. To control for artifacts which might be cre-
ated by UV irradiation, samples were also analyzed on gels run under
nondenaturing conditions. The binding and competition assays were
performed essentially as described above except that UV irradiation
was omitted. Instead, samples were immediately transferred to 5%
nondenaturing polyacrylamide gels run in electrophoresis buffer
(25 mM Tris, 192 mM glycine, pH 6.8) and separated for 60 min at 10
V/cm. Subsequently, gels were dried and analyzed by autoradio-

graphy.

Results

Reactivity of patient sera with deletion mutants of hnRNP-A2.
To identify the epitopes recognized by anti-A2/RA33 autoan-
tibodies, deletion mutants of recombinant hnRNP-A2 were
expressed as fusion proteins with MS-2 polymerase, purified
by cation exchange chromatography and separated by SDS-
PAGE. For control purposes, full-length hnRNP-A2 was ex-
pressed both as a nonfusion protein and as a fusion protein. In
Fig. 1 A Coomassie blue stainings of the full-size nonfusion
protein (A2, lane 1), the full-size fusion protein (A2-FP, lane
2), and the four most important deletion mutants are shown:
mutant 1-182 (lane 3) containing both RBDs (plus five adja-
cent amino acids); mutant 1-170 (lane 4) lacking the seven
COOH-terminal amino acids of the second RBD (RBD II);
mutant 91-182 (lane 5) corresponding to RBD II (plus one
NH,-terminal and five COOH-terminal amino acids); and mu-
tant 105-182 (lane 6) lacking the 13 NH,-terminal amino acids
of RBD II. Antigenicity of the protein fragments was tested by
immunoblotting using 32 sera from patients with RA, SLE,
and MCTD previously characterized as anti-A2/RA33 positive
(13). A characteristic result can be seen in Fig. 1 B where the
reactivity patterns of three individual patients (one RA, one
SLE, one MCTD) obtained with the above-mentioned pro-
teins are shown: all three sera were strongly reactive (+++)
both with the full-length nonfusion and the fusion protein
(lanes 7 and 2) as well as with fragment 1-182 (lane 3). The RA
and SLE autoantibodies bound also to fragment 91-182 (lane
5), but they recognized neither fragment 1-170 (lane 4) nor
fragment 105-182 (lane 6). In contrast, the serum of the
MCTD patient exhibited strong reactivity with fragment 1-170
(lane 4), but no reactivity with fragments 91-182 (lane 5) and
105-182 (lane 6).

In Fig. 2 the combined results of the immunoblot analyses
obtained with 12 different fragments of hnRNP-A2 are sum-
marized. For all sera, reactivity of the two recombinant full-
length proteins was comparable to that of the natural antigen
(and none of the sera were reactive with the MS-2 polymerase
fusion part alone [not shown]). Comparable reactivity was
seen with fragment 1-192 (lacking the glycine-rich auxiliary do-
main). With the exception of two SLE sera, all sera recognized
fragment 1-182 although the reactivities of some sera (four RA
and four SLE) appeared somewhat weaker (++) than with
fragment 1-192 (+++). Further COOH-terminal truncations
gradually reduced or abolished all reactivities: thus, fragment
1-178 (not shown in Fig. 2) terminating one amino acid down-
stream of RBD II was considerably less reactive with most
sera (+ or ++) than fragment 1-182, and fragment 1-170 was
recognized by only three RA and four SLE sera, whereas six of
the eight MCTD sera were still fully reactive. Eight of these
sera (two RA, two SLE, four MCTD) recognized also a frag-
ment of 147 amino acids but only a single SLE serum was

130  Skriner et al.

1 86 92 177 192 341
o | o e

. w1 RA  SLE MCTD
14 10 8

14 10 8

1 182

14 8 8

1 170

3 4 6
1 147

2 2 4
1 122

0 1 0

0 1 o

0 o 0

14 7 0

12 7 0

10 6 0

106 182

185 341

87 182
[ ]

1 1

Figure 2. Summary of the immunoblotting results obtained with re-
combinant fragments of hnRNP-A2. The two RNA binding domains
(RBD I, RBD 1I) and the glycine-rich auxiliary domain are schemati-
cally drawn; numbers above the hnRNP-A2 model designate the
amino acid positions at the border of each domain. The amino acids
bordering the deletion mutants are indicated. Numbers of reactive
sera are shown in the table at the right. The major epitope recognized
by most RA and SLE sera was located between amino acids 87 and
182, the major epitope targeted by MCTD sera comprised presum-
ably the complete RBD I plus most of RBD II. Minor epitopes recog-
nized by some RA and SLE patients were identified between amino
acids 87-147 (two RA, one SLE), 42-182 (two RA), 87-170 (one SLE),
87-98 (one SLE), 1-170 (one SLE), and 185-341 (one RA, one SLE).

Major epitope RA, SLE

70

Major epitope MCTD

weakly reactive (+) with a 122-amino acid fragment. Taken
together, removal of the glycine-rich auxiliary domain had
no significant effect on binding of autoantibodies whereas
COOH-terminal deletions into the RBD II region led to sub-



stantial losses of reactivity with the majority of sera, particu-
larly with those from RA and SLE patients. No serum was re-
active with the first RBD (RBD I) alone, and only one RA and
one SLE serum showed weak reactivity (+) with the COOH-
terminal part of hnRNP-A2 (185-341), suggesting that this do-
main contained only a minor epitope recognized by a very
small proportion of sera.

Although these data clearly demonstrated the importance
of COOH-terminal amino acids of RBD II for binding of au-
toantibodies the actual size of the epitopes could not be de-
duced from them. Therefore a series of NH,-terminal deletion
mutants of fragment 1-182 was constructed. Removal of 41
amino acids from the NH, terminus of RBD I did not, except
for one SLE serum, affect binding of RA and SLE sera; in
sharp contrast, all sera from MCTD patients became nonreac-
tive. Fragment 87-182 containing RBD I plus five flanking
amino acids at the COOH and NH, termini, respectively, was
still recognized by the majority of RA and SLE sera, most of
which were also reactive with fragment 91-182. However, fur-
ther NH,-terminal truncations of RBD II (fragment 105-182)
completely abolished the reactivity of all sera. These results al-
lowed to conclude (a) that NH,-terminal sequences of RBD I
were involved in binding of autoantibodies from patients with
MCTD (but not from patients with RA or SLE), and (b) that
NH,-terminal sequences of RBD II were essential for recogni-
tion by autoantibodies from patients with RA or SLE (but not
from patients with MCTD).

In summary, these experiments characterized two major
antigenic regions which were discontinuous and therefore pre-
sumably conformational: the first one contained the complete
RBD II region and was recognized by most RA and SLE sera
but not by MCTD sera; the other one comprised presumably
the complete RBD I plus large parts of RBD II and was tar-
geted predominantly by MCTD sera.

Binding of oligoribonucleotides to hnRNP-A2. As both
major autoepitopes were located in a region of hnRNP-A2 as-
sumed to be involved in binding of RNA, we were interested
to investigate whether the autoantibodies would be able to af-
fect interaction of hnRNP-A2 with RNA, and thus to interfere
with the function of the antigen. In these experiments the oli-
goribonucleotide r(UUAGGG), was primarily used as RNA
substrate since high-affinity binding of this sequence [or the
corresponding DNA sequence (TTAGGG),, respectively] to
natural hnRNP-A2 had been demonstrated previously (24).
The specificity of this interaction was shown to depend on the
first four nucleotides (UUAG) since mutations of any of these
bases led to considerable decreases in affinity (25).

In a first series of experiments the interaction between
hnRNP-A2 and RNA was investigated by competition assays
in which recombinant hnRNP-A2 was incubated with a mix-
ture of ¥P-labeled rf(UUAGGG), and a 50-fold excess of one
of four unlabeled oligoribonucleotides: (a) ((UUAGGG), as a
positive control; (b) a sequence containing two r(UUAG) mo-
tives known to bind with high affinity to hnRNP-A1 (“Al win-
ner sequence”) (26); (c) a sequence containing one r(UUAG)
motif corresponding to the 3’ splice site of the first intron of
the human B globin gene; and (d) a sequence derived from
within this intron lacking such a motif. Binding of labeled
r(UUAGGG), was determined in two ways: (a) by UV cross-
linking assays in which, upon UV irradiation, bound oligonu-
cleotides were covalently linked to the protein followed by
SDS-PAGE analysis; and (b) by gel retardation assays in

Table I. Competition of Oligoribonucleotides for Binding
to hnRNP-A2

Name Sequence % Inhibition
A2 winner* (UUAGGG), 97
Al winner* UAUGUUAGGGACUUAGGGUG 87
3’ splice site CCACCCUUA!GGCUGCUGGUG 25
Intron! GAUCACUUGUGUCAACACAG 0

The binding of oligoribonucleotides to hnRNP-A2 was investigated in a
competition binding assay using unlabeled oligoribonucleotides in a 50-
fold molar excess over ¥P-labeled r(UUAGGG),. Data are given as
percent inhibition of *?P-r(UUAGGG), binding in a UV cross-linking
assay. *Unlabeled r(UUAGGG), (A2 winner); *sequence binding with
high affinity to hnRNP-A1 (A1 winner) (26); Ssequence corresponding
to the 3’ splice site of the first intron of the B globin gene, the arrow in-
dicates the intron-exon boundary; lsequence derived from within the
first intron of the B globin gene. The UUAG motives are underlined.

which RNA-protein complexes were resolved on nondenatur-
ing gels. Both assays yielded comparable data. As shown in
Table I, unlabeled r(UUAGGG), and also the A1 winner se-
quence were the most efficient competitors (i.e., binders). The
3’ splice site sequence of the 3 globin intron showed moderate
competition (i.e., binding capacity) whereas the intron se-
quence did not bind. These results allowed us to conclude that
the presence of r(UUAG) motives was indeed required for se-
quence specific interactions between hnRNP-A2 and RNA as
suggested previously by other investigators (24, 25).

Localization of the binding site for the oligoribonucleo-
tide (UUAGGG), To characterize the binding site of
r(UUAGGG), two different experimental approaches were
used: (a) UV cross-linking (Fig. 3 A), and (b) Northwestern
blot analysis where the binding assay was performed with frag-
ments blotted to nitrocellulose (Fig. 3 B). The latter assay re-
quired long renaturation times (18-24 h) to allow efficient
binding of RNA to the immobilized proteins. (It should be
noted that such long renaturation times were not required for
binding of antibodies; nevertheless, their reactivity was consid-
erably enhanced under these conditions.) Similar results were
obtained in both experiments; no difference in binding was
seen between the two full-size (nonfusion and fusion) proteins
(Fig. 3, A and B, lanes / and 2). Compared to these two pro-
teins, the binding capacity of fragment 1-182 (lane 3) was ~ 80%
and that of fragment 91-182 (lane 5) was ~ 60%. No binding
was seen with fragments 1-170 (lane 4) and 105-182 (lane 6)
nor with the COOH-terminal fragment 185-341 (not shown).
Similar to RA and SLE autoantibodies, the oligoribonucle-
otide showed rather weak affinity for mutant 1-178 (only ~ 10%
binding capacity) although this fragment still contained both
RBDs (not shown). Thus, the RNA binding pattern was very
similar to the pattern observed with autoantibodies from pa-
tients with RA or SLE indicating that the binding sites for
RNA and autoantibodies were similar.

Inhibition of RNA binding by anti-A2/RA33 antibodies.
The data from the epitope mapping and RNA binding studies
provided clear evidence that the complete RBD II of hnRNP-
A2 was essential and also sufficient for binding of both autoan-
tibodies (from RA and SLE patients) and RNA. To further
analyze the relationship between the two binding regions, the
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Figure 3. Binding of hnRNP-A2 and deletion mutants (same as in Fig. 1) to the ¥*P-labeled oligoribonucleotide r(UUAGGG),. (A) UV cross-
linking assay: cross-linked products were resolved by SDS-PAGE and autoradiographed. Lane 7 contained only the oligoribonucleotide. (B)
Northwestern assay: proteins were separated by SDS-PAGE, blotted onto nitrocellulose, incubated with the oligonucleotide, and finally autora-

diographed.

potency of anti-A2/RA33 antibodies to inhibit RNA binding
was investigated. Using antibodies affinity-purified from pa-
tients’ sera in a UV cross-linking assay, a dose-dependent de-
crease in oligoribonucleotide binding to hnRNP-A2 was ob-
served with half-maximal inhibition at an anti-A2/RA33
antibody concentration of ~ 5 pg/ml, whereas (affinity-puri-
fied) anti-Sm antibodies were ineffective (Fig. 4). Very similar
results were obtained with antibodies from patients with RA
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and SLE, respectively. In contrast, anti-A2/RA33 antibodies
from patients with MCTD did not inhibit binding of RNA (not
shown). Comparable data were obtained in a gel retardation
assay and in a Northwestern blotting experiment (not shown).
These results strongly suggested that the binding sites for
RNA and autoantibodies from patients with RA and SLE
were overlapping or even identical. Furthermore, these data
allowed us to estimate that the affinity of the autoantibody was

Figure 4. Competition between anti-A2/
RA33 autoantibodies and r((UUAGGG),
for binding to hnRNP-A2. Increasing
amounts of anti-A2/RA33 autoantibodies
affinity-purified from sera of patients with
RA or SLE were added to constant
amounts of labeled r((UUAGGG), and re-
combinant nonfusion hnRNP-A2. An af-
finity-purified anti-Sm antibody from an
anti-A2/RA33 positive SLE patient was
used as control. After UV cross-linking the
complex was separated by SDS-PAGE and
RNA binding was quantitated by elec-
tronic autoradiography. A typical result
obtained with affinity-purified anti-A2/

Competitor Antibody (ul)
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RA33 antibodies from a patient with RA is
shown; antibodies derived from a patient
with SLE gave a very similar result; no in-
hibition was seen by anti-Sm antibodies.



at least one order of magnitude higher than the affinity deter-
mined for the interaction of hnRNP-A2 with r((UUAGGG),
(Kg=2X10"M).

Discussion

The nuclear protein hnRNP-A2 (the RA33 antigen) belongs
to the group of spliceosome-associated autoantigens (23).
However, in contrast to the spliceosomal snRNPs; it is targeted
not only by patients with SLE and MCTD, who characteristi-
cally generate an autoimmune response to the spliceosome,
but also by patients with RA (13, 14, 27). The detailed epitope
mapping study performed with sera from patients with RA,
SLE, and MCTD reveals that the major autoepitopes of
hnRNP-A2 are discontinuous. Thus, a sequence of ~ 95 amino
acids containing the complete RBD II was required for bind-
ing of the majority of anti-A2/RA33 autoantibodies from pa-
tients with RA and SLE. This indicates that the epitope(s) tar-
geted by these antibodies is conformation dependent but it
does not necessarily mean that antibodies from RA and SLE
patients bind to the same site within RBD II. Interestingly, this
epitopic region was not recognized by autoantibodies from pa-
tients with MCTD which bound to a much larger epitope com-
prising RBD I and at least two-thirds of RBD II. This finding
was somewhat surprising since, given that MCTD and SLE are
clinically and serologically more closely related to each other
than to RA, one would rather have expected SLE and MCTD
patients to recognize similar epitopes.

Serologically, MCTD is characterized by high-titer anti-
bodies to Ul-snRNP (without concomitant anti-Sm), particu-
larly to the U1-70K protein. This serologic picture is not spe-
cific for MCTD but can also be seen in some patients with SLE
(1, 2). However, the one SLE patient in this study showing
MCTD-like anti-U1-snRNP reactivity did not recognize the
major MCTD epitope. Thus, the specific epitope recognition
by anti-A2/RA33 autoantibodies seems to be a novel serologi-
cal feature of MCTD which distinguishes it from SLE. This
would be in line with the reported preferential epitope recog-
nition of the Ul-snRNP associated U1-A antigen by MCTD
sera (28). In light of the still ongoing debate of whether MCTD
represents a disease entity or rather an overlap of several con-
nective tissue diseases (21, 29-32), these findings support the
notion that MCTD may be considered a distinct connective tis-
sue disease.

Remarkably, apart from two exceptions, binding of autoan-
tibodies to the COOH-terminal half of hnRNP-A2 (i.., the
auxiliary domain) was not observed. This part of the antigen
contains almost 50% glycine residues and has some significant
homologies with other glycine-rich proteins, such as collagen,
keratin, or EBV nuclear antigen—1 (33). Since sera from RA
patients frequently contain autoantibodies to these proteins,
cross-reactivity with epitopes in the auxiliary domain as de-
scribed for autoantibodies to hnRNP-A1 could have been pos-
sible (34). However, in our initial study we found no evidence
for an association of anti-A2/RA33 with antibodies to EBV
nuclear antigen—1 (5). Thus, cross-reactivity with other gly-
cine-rich antigens is unlikely to play a role in the development
of the anti-A2/RA33 autoimmune response. To explain the
lack of reactivity of the auxiliary domain, one should take into
account that this region has been shown to closely interact with
other proteins (35) and therefore may be largely inaccessible
(hidden) for (auto)immune recognition.

To investigate the relationship between the recognition site
of autoantibodies and the biological function of the antigen,
RNA binding studies were performed which confirmed that
RNA sequences containing the motif r(UUAG) were prefer-
entially bound by hnRNP-A2 (24, 25). The highest affinity was
observed with an oligonucleotide containing four repeats of
this motif. A sequence corresponding to the 3’ splice site of the
first intron of the B globin pre-mRNA which contained only
one r(UUAG) motif, still showed significant binding affinity
[although approximately one order of magnitude less than
r(UUAGGG),], whereas a sequence derived from within the 8
globin intron lacking this motif did not bind. Similar results
have been reported for the closely related hnRNP-A1 indicat-
ing that the intron-exon acceptor sites may be biologically rele-
vant binding structures for both proteins (26). This may be im-
portant for their suggested role in regulating alternative
splicing of (certain) pre-mRNAs (17).

Mapping the binding region for these oligonucleotides
clearly showed that RBD II alone was essential and sufficient
for binding and that NH,- or COOH-terminal deletions of
RBD II completely abolished RNA binding activity. Thus, the
binding behavior of RNA was remarkably similar to that of
autoantibodies from patients with RA or SLE. As with au-
toantibodies, neither RBD 1 alone nor the COOH-terminal
part of the protein showed affinity for the oligonucleotides
tested. However, binding efficiency was lower when these
parts of the protein were deleted, suggesting an indirect partic-
ipation in RNA binding.

91

182 N-terminus

C-terminus

3]

B34

33 B2

N

00000000 ¢

Figure 5. Structural model of the second RNA binding domain
(RBD II) of hnRNP-A2 (37-39). In this model, a four-stranded anti-
parallel B sheet (gray boxes) is packed against two perpendicularly
oriented « helices (white boxes). The two most highly conserved se-
quences, the octameric RNP1 and the hexameric RNP2, are juxta-
posed on the central 1 and B3 strands making direct contact with
RNA which is not dependent on the RNA sequence. RNA binding
specificity resides in the most variable regions, particularly in the
loops and the NH, and COOH termini. Black circles represent amino
acids, the presence of which was essential for binding of autoantibod-
ies from RA and SLE patients as well as for the interaction with the
oligoribonucleotide r((UUAGGG),. Thus, neither autoantibodies nor
RNA bound to a fragment lacking the NH,-terminal amino acids, and
only few sera bound to a fragment where the COOH-terminal amino
acids were truncated.
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Thus, deletions of the NH,- or COOH-terminal portions of
RBD II had comparable consequences both for antibody rec-
ognition and for RNA binding, demonstrating that these se-
quences were involved in both binding activities and that intact
conformation was required for binding. Remarkably, in a gen-
eralized structural model developed for RBDs of the type
present in hnRNP-A2, the NH,- and COOH-terminal regions
are in close proximity to each other (36, 37) (Fig. 5). This, to-
gether with the findings reported here, is suggestive of a direct
interaction of these sequences both with antibodies and RNA.
Regarding the interaction with RNA, it has been shown that
general RNA binding activity is dependent on the most con-
served sequences located in a compact structure composed of
four antiparallel B sheets whereas specificity is conferred by
the less conserved flanking regions as well as by loop se-
quences linking the B sheets (37-39). Of interest, the loop
structures of the NH,-terminal RBD of the U1-A antigen have
been shown recently to contain important autoantibody bind-
ing sites (40) underlining once more the importance of the
nonconserved sequences for binding specificity. Finally, the
competition between anti-A2/RA33 autoantibodies and RNA
for binding to hnRNP-A2 can be considered another strong in-
dication that the antibodies recognize the same or a very simi-
lar structure as the natural ligand RNA. Thus, at least in vitro
these antibodies could potentially interfere with the biological
activity of the target protein, a phenomenon commonly ob-
served with disease-related autoantibodies (41). Remarkably,
competition was only seen with antibodies recognizing the
complete RBD 11, i.e., those derived from patients with RA
and SLE, and not with those from patients with MCTD di-
rected to RBD I and the NH,-terminal portion of RBD II.

The differential epitope and antigen recognition patterns
observed for RA (A2-RBD II only), SLE (A2-RBD II, Sm,
and Ul-snRNP), and MCTD (A2-RBD I+II, Ul-snRNP) un-
derscores, once more, the view of a highly specific antigen-
driven autoimmune response. It is a remarkable and not yet
understood phenomenon that in RA this immune response is
directed only to the two hnRNP-A proteins (and their alterna-
tively spliced variants, the hnRNP-B proteins) but not to other
components of the spliceosome as in SLE and MCTD. The re-
sults of the epitope mapping study cannot provide an explana-
tion since similar structures were obviously targeted by pa-
tients with RA and SLE. However, the epitopes may not be
accessible when the antigen is associated with other proteins in
the spliceosome. This is indicated by the inability of patients’
antibodies to precipitate hnRNP-A2 from nuclear extracts, in
contrast to monoclonal antibodies (15, our unpublished ob-
servation). Thus, due to such inaccessibility, intermolecular
spreading of the autoimmune response to other components of
the spliceosome, as has been seen in animals immunized with
snRNP components or even small peptides, could be impaired
in RA, in contrast to SLE (42-44). In this context it may be im-
portant to note that hnRNP-A proteins can dissociate from the
spliceosome and shuttle between the nucleus and the cytosol
(16). Therefore, non-spliceosome-associated hnRNP-A2 might
be the actual target for autoantibodies in RA which, however,
would be unable to induce loss of tolerance to other spliceoso-
mal components by virtue of their inability to recognize the an-
tigen when complexed with the spliceosome. In contrast, in
SLE and MCTD, where the anti-hnRNP and anti-snRNP reac-
tivities appear to be closely linked (13), the anti-hnRNP re-
sponse might be secondary to the anti-snRNP response. This
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hypothesis can be tested by immunizing animals with either
hnRNP or snRNP proteins and preliminary data obtained with
lupus-prone MRL/Ipr mice indicate that in this model autoan-
tibodies to snRNP antigens may indeed precede antibodies to
hnRNP antigens (45, our unpublished observation).

In conclusion, the RNA binding domains of hnRNP-A2
have been identified as the main antigenic regions targeted by
anti-A2/RA33 autoantibodies. Structurally similar RN A bind-
ing regions have been shown to contain major epitopes also in
other well-defined autoantigens such as U1-70K, U1l-A, or La
(46). Tt is still poorly understood why so many autoantigens in
rheumatic diseases are components of RNP complexes (3, 47).
Assuming an antigen-driven autoimmune process, it is con-
ceivable that RNA binding structures are more exposed and
therefore more immunogenic than other parts of the protein.
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