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Epitope Regions on UI Small Nuclear RNA
Recognized by Anti-U1RNA-specific Autoantibodies
R. M. Hoet, P. De Weerd, J. Klein Gunnewiek, 1. Koomneef, and W. J. Van Venrooij
Department of Biochemistry, University of Nijmegen, 6500 HBNijmegen, The Netherlands

Abstract

Autoantibodies specifically directed to U1RNAwere found in
patients suffering from systemic lupus erythematosus (SLE)
overlap syndromes. To obtain more insight in the mechanism
responsible for this UlRNA-specific antibody formation and to
use the antibodies eventually as a tool to study UlRNA-protein
(UlRNP) interactions, the B cell epitopes on U1RNAwere
mapped. Using in vitro synthesized domains of U1RNA, the
main epitope regions were found in stemloops II and IV. Fur-
thermore, 3'-end or 5'-end truncation of both stemloop II and
stemloop IV showed that the conformation of the stemloops is
critical for antibody recognition. Mutant studies on both stem-
loops indicated that in the case of stemloop II the stem is the
main antigenic region, whereas in stemloop IV, the loop (E-
loop) is a main target. The results of this study support the idea
that the anti-U1RNA autoantibody could be the result of a
process driven by the human U1RNPcomplex itself (antigen-
driven process). (J. Clin. Invest. 1992. 90:1753-1762.) Key
words: U1RNA* autoantibodies * autoantigens - autoimmunity
* B cell epitopes

Introduction

Autoantibodies directed to components of RNA-protein parti-
cles (RNPs)' are often found in sera from patients with a con-
nective tissue disease ( 1 ). For instance, antibodies directed to
(U)RNPs are found in systemic lupus erythematosus (SLE)
and SLE overlap syndromes such as mixed connective tissue
disease (MCTD) (2), antibodies directed to Ro and La RNPs
are present in SLE and Sjogren's syndrome patients (3), anti-
bodies directed to ribosomal proteins (PO, P1, and P2) can be
detected in patients with SLE (4) and the presence of antibody
to transfer RNA(tRNA) synthetases are characteristic for the
disease polymyositis (PM) (5). All of these RNPsplay a major
role in important cellular processes (for review see reference
1 ). Initially only antibodies directed to the protein part of these
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1. Abbreviations used in this paper: IV-AS, antisense stemloop IV;
MCTD, mixed connective tissue disease; PCR, polymerase chain reac-
tion; PM, polymyositis; RNPs, RNA-protein particles.

particles were found ( 1, 2) but recently antibodies directed to
the RNAmoiety have been described as well. For example,
antibodies directed to the GTPase activity center of 28S rRNA
have been found to coexist with anti-ribosomal P protein anti-
bodies (6) and, in PM patients, antibodies directed to an
alanyl-tRNA synthetase as well as its cognate tRNA' have
been shown to occur (5). Also in patients who contain anti-
body directed to Ul RNP, the presence of both anti-U 1 RNP
protein and anti-U 1 RNAantibody has been demonstrated (7,
8). Surprisingly, antibodies directed to other (U)RNAs were
not detected (8).

For several reasons it is important to know the precise re-
gions on the UI RNAthat are targeted by these antibodies. First
it has been found that the antibody level to certain epitopes of
U1 RNA appear to correlate with disease activity and thus
might play a role in the pathogenesis of the disease (9). A clear
definition of such epitopes might be of diagnostic value. Sec-
ond, knowledge of the epitope regions recognized by the anti-
bodies might be useful in the study of RNA-protein interac-
tions in these RNPsand might teach us more about the func-
tion of the U1 RNAitself in the processing of pre-mRNA.

In this paper a detailed B cell epitope mapping of human
anti-U1RNA antibody is described. For this purpose a large
number of patient sera as well as several mutants of U1 RNA
were used. It is shown that the main epitopes are located in the
second and fourth stemloop structure and that the conforma-
tion of both stemloops is critical for antibody recognition.

Methods

Patients sera. Most of the patient sera were obtained from the Rheuma-
tology Department of the University Hospital Nijmegen, the Nether-
lands. All patients used in this study obtained the diagnosis SLE over-
lap syndrome or MCTDaccording to criteria described previously
( 10). Sera from these patients all contain anti-(U)RNP antibody as
detected by both immunoblotting and counterimmunoelectrophoresis.
As a human control serum, a pool of 10 healthy blood donors was used.

Plasmids and DNA constructs. Full length human U1RNA(see
Fig. 1 A) was prepared by T7 transcription of the UI DNAtemplate (a
kind gift of Dr. R. Spritz, Department of Medical Genetics, University
of Wisconsin, Madison, WI [11]) linearized with MstII or Hindil.
Template DNAscoding for the domains of UI RNAdepicted in Fig. 1
B were prepared as follows: stemloop I was prepared by T7 transcrip-
tion of wild-type (wt) Ul DNAlinearized with MnlI (UI RNAposition
47, 3' to stem I). Templates encoding stemloop II (U 1 RNAposition
49-92), stemloop III (U1RNA position 93-118), and stemloop IV
(U1RNA position 139-165) (see Fig. 5 A) were all made by using
oligonucleotides and polymerase chain reaction technology (all con-
taining 5'EcoRI and 3TBamHI restriction sites) and ligated in the
EcoRI and BamHI restriction sites of pGEM-3Zf(+) (Promega Corp.,
Madison, WI). Domain IV-DE was prepared by digestion of Xenopus
laevis wt U1 DNA( 12) with TaqI and BamHI (U I position 1 7-165),
mutant IV-ADE by the same digestions of X. laevis ADU1 DNA( 12)
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(UIRNA position 130-165), and mutant IV-DAE by the same diges-
tions of X. laevis AE U1DNA( 12) (UIRNA position 1 7-165, re-
placement of nucleotides 146-158 by AGAA). DNAfragments IV-
DE, IV-ADE, and IV-DAE were ligated in the Clal and BamHI sites of
pGEM-7Zf(+) (Promega Corp.). DNAtemplates for stemloops II, III,
and IV (E, DE, ADE, and DAE) of UIRNA were all linearized using
BamHI digestion. Template DNAfor preparing antisense stemloop IV
(IV-AS) was made by EcoRI digestion of pGEM-3Zf(+) containing
stemloop IV. DNAscoding for U1 RNAfrom commonbean (U lbean
[ 13 ]), and for the mutants U1.4 (14) and U2.4 (14) were kind gifts of
Dr. I. Mattaj (EMBL, Heidelberg, Germany). For transcription,
Ulbean DNA (13) was linearized with SnaBI. Mutant U2.4, an
U2RNAin which the B loop of UI RNAreplaced the loop of stemloop
IV of U2RNA('14) was digested with DraL. U1.4, a Ul mutant in
which loop IV of U2RNAreplaced the B loop of U1RNA( 14) was
digested with TaqI (cuts at position 1 7 of template U I DNA). Tem-
plates for the point mutants of the B loop of U1 (position 69 [ A, C, U]
and position 72 [A, G]) (kind gifts of R. Spritz [ 11 ]) were digested with
TaqI before transcription. The B loop mutant B I (for structure see Fig.
4 A) and the E loop mutants (El, E4, E8, E20, EJ) (see Fig. 5 A) were
all made by oligonucleotide-directed mutagenesis (Amersham, Amer-
sham, UK) using the wt stemloop II and wt stemloop IV DNAs. For
transcription they were linearized with BamHI. The correct identity of
all point mutants and all individual stemloops was confirmed by DNA
sequence analysis.

In vitro transcription and immunoprecipitation. For in vitro tran-
scription, the T7 RNApolymerase system was used as previously de-
scribed (8). The SP6 RNApolymerase system (Promega Corp) was
used only for the production of antisense stemloop IV. The most stable
secondary structures of RNAs made by in vitro transcription (point
mutants and individual domains), were all predicted by the computer
program Mfold (version 2) (15) using the U1 RNAstructure published
by Krol et al. ( 16) as a reference. Additionally transcribed vector and
linker sequences, present in some of the RNAs, had no influence on the
predicted secondary structures.

All immunoprecipitations were performed at 500 mMNaCl, 0.05%
NP-40, and 0.1% Tween-20 as previously described (8).

Alkali-digested RNAladders. DNAtemplates for stemloop II and
stemloop IV (see Fig. 3 A) were transcribed using T7 RNApolymerase
as described above. For the 5'-end labeling, RNAwas first dephosphor-
ylated with calf intestinal alkaline phosphatase (Boehringer Mann-
heim, Germany) and then 5'-end-labeled with T4 polynucleotide ki-
nase (Boehringer Mannheim GmBH, Mannheim, Germany) and
[y32P]ATP (Amersham) ( 17). The RNAwas 3'-end labeled by the
terminal addition of [32P]pCp (Amersham) using T4 RNA ligase
(Pharmacia LKB, Piscataway, NJ) ( 17). The end-labeled RNAswere
purified by gel electrophoresis before hydrolysis. Partial alkaline treat-
ment using a solution of 33 mMsodium bicarbonate at 90°C for 4 min
was performed as described by Query et al. ( 18 ). Alkali digests were
incubated with anti-U lRNA antibody coupled to protein A agarose
under the conditions of the standard immunoprecipitation assay (8).
The immunoprecipitated RNAs were separated on a urea-polyacryl-
amide gel. As a marker, end-labeled stemloop II and IV RNAswere
partially digested with RNase Tl in 7 Murea, 25 mMsodium acetate
(pH = 5.2), 1 mMEDTAat 50°C and electrophoresed in parallel with
the immunoprecipitated samples.

Competition assays. Competition assays were performed using the
previously developed nitrocellulose binding assay ( 18a). I pmol 32P-la-
beled mutant RNAwas mixed on ice with increasing amounts of unla-
beled wt RNA(stemloop II or IV), 10 gg yeast RNAin PBScontaining
0.5 mM1,4-dithioerythritol (DTE). Subsequently serum (0.1 ,ul) was
added to all samples. After a 2-h incubation on ice, the immune com-
plexes were collected on nitrocellulose and the radioactivity was deter-
mined. As a reference, 1 pmol of radiolabeled wt stemloop II or wt
stemloop IV was incubated with increasing amounts of their unlabeled
equivalent in the same assay to calculate the relative binding affinity of
the mutants.

Results

Selection of patient sera specifically precipitating UIRNA.
About 100 anti-U1RNP-positive patient sera were screened
for the presence of anti-UIRNA antibody using a previously
described immunoprecipitation assay in which 32P-labeled to-
tal HeLa cell RNAwas the antigen source. The precipitations
were carried out under stringent conditions (500 mMsalt [ 8 ]).
As a result of this screening, 45 patients' sera were selected for
their ability to precipitate U1 RNA.

To ascertain that we were dealing with antibodies specifi-
cally directed to U1 RNA, a number of filter-binding competi-
tion assays were performed. In vitro transcribed radiolabeled
U1 RNAwas mixed with an increasing amount of competitor
nucleic acid (dsDNA [PGEM-7Zf(+)], yeast RNA, Esche-
richia coli tRNA, poly A, poly G, poly C, poly[G-U], poly
G-poly C, U2RNA, and U1 RNA) and subsequently incubated
with a patient serum containing anti-U 1RNAantibody. After a

2-h incubation on ice, immune complexes containing radiola-
beled U1 RNAwere collected on nitrocellulose filters using a

dot-blot manifold and the radioactivity on the filters was deter-
mined.

No competition was observed in case of poly A, poly G,
poly C, poly(G-U), yeast RNA, dsDNA, E. coli tRNA, and
U2RNAin concentrations exceeding a 1,000-fold molar excess

of the competitor. In some sera a slightly diminished binding
(up to 15%) could be observed using poly G-poly C as competi-
tor. However, increasing the poly G-poly C concentration to a

10,000-fold molar excess did not decrease the binding of
U1 RNAto the filter any further, indicating that the anti-(poly
G-poly C) antibodies do have another specificity than the anti-
U1 RNAantibody. From these competition experiments it was

concluded that the anti-RNA antibodies in the patient sera are

predominantly U1 RNA-specific.
To determine whether the anti-U RNA antibodies de-

tected in the patient sera were from the IgG or IgM class, bio-
tinylated anti-human IgM (mu-chain) and biotinylated anti-
human IgG (Fc-fragment) were used. Radiolabeled U1 RNA
and a patient serum were incubated for 2 h at 4°C followed by
an incubation with biotinylated anti-IgG or biotinylated anti-
IgM bound to streptavidin-agarose. The labeled UIRNA indi-
rectly bound to the streptavidin-agarose was then analyzed on

a urea-polyacrylamide gel and the radioactivity was measured.
In all 10 patient sera analyzed in this way, the ratio of anti-
U1 RNAIgG versus IgM antibody was > 20 (data not shown).

Epitope regions on UIRNA recognized by the autoantibod-
ies. To characterize the main epitopes on U1 RNArecognized
by the patient antibodies, DNAtemplates coding for the indi-
vidual domains of U1 RNAwere cloned behind the T7 RNA

polymerase promoter (see Methods). These domains, depicted
in Fig. 1 B, constitute the stemloops I, II, III, and IV, the latter

in three variants namely IV-DE, containing stemloop IV plus

the single-stranded Smbinding site, IV-DAE in which the top

of stemloop IV was mutated, and IV-ADE in which the single-
stranded Smbinding site was deleted.

In vitro transcribed radiolabeled RNAs I, II, III, and IV-DE

were mixed in equimolar amounts together with wt U1 RNAas

an internal control and used in immunoprecipitation assays at

500 mMNaCl with the 45 anti-U lRNA positive sera (see
Methods). Some of the results of this type of experiment are

shown in Fig. 2.
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Figure 1. Secondary structures of
U1RNAand U1RNAdomains. (A)
Secondary structure of human
UI RNA. The structure shown is as
described by Krol et al. ( 16). Ro-
man numerals I-IV indicate the
various stemloops. Letters A-E in-
dicate single-stranded domains. (B)
Domains of U1RNAtested for anti-
body reactivity. Arabic numerals
indicate the position of the nucleo-
tides in U1RNAand correspond to
arabic numerals in A. DNAtem-
plates used to synthesize these RNA
domains were prepared as described
in Methods. In most RNAsaddi-
tional polylinker nucleotides were
present, i.e., stemloop II; 5-end 10
nucleotides, 3'-end 5 nucleotides,
Stemloop III; 5'-end 10 nucleotides,
3'-end 5 nucleotides, stemloop IV-
DE, IV-ADE, and IV-DAE; 5'-end
71 nucleotides, 3'-end 5 nucleotides.
For details see Methods.

It is evident that most sera recognize stemloop II and do-
main IV-DE of UIRNA (see Fig. 2 A). To distinguish between
antibodies directed to the single-stranded Sm-binding domain
(D) or to stemloop IV, additional immunoprecipitations were

performed with mutants IV-DAE and IV-ADE (for structures
see Fig. 1 B). The results clearly demonstrate that the autoanti-
bodies recognize the stemloop IV structure (IV-ADE) and not
the Sm-binding domain contained in mutant IV-DAE (com-
pare Figure 2 Band C). The overall results of this B cell epitope
mapping, summarized in Table I, show that 29 out of the 45
patient sera recognize both stemloop II and IV, while 8 sera
recognized stemloop IV only and 2 sera reacted only with stem-
loop II. In six sera some weak reactivity directed to stemloop I
and/or III could be detected as well (not shown in Fig. 2).

To investigate whether there was any cross-reactivity be-
tween activities recognizing stemloop II and IV, antibodies
were affinity purified. First, protein A-selected immunoglobu-
lins of anti-U1RNA positive sera were absorbed to biotin-la-
beled stemloop II or stemloop IV-ADE RNA. Then stemloop
II or IV specific antibodies were selected using streptavidin-
agarose and subsequently eluted with 0.1 M glycine (pH
= 2.5). In an immunoprecipitation assay using the radiola-
beled second and fourth stemloop as antigen (similar to experi-
ments shown in Fig. 2 A), it then could be demonstrated in 10

patients' sera containing both reactivities that there was no
cross-reactivity between antistemloop II and antistemloop IV
antibodies. It is concluded that there are at least two anti-
U1 RNA-specific antibody populations, one recognizing stem-
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Figure 2. Immunoprecipitation of radiolabeled domains of U1 RNAby patient antibodies. Immunoprecipitations were performed as described
previously (8) and the immunoprecipitated RNAs (for structures see Fig. 1) were analyzed on 10% polyacrylamide-8.3 Murea gels. In A, B,
and C, NS represents immunoprecipitation with a control normal serumpool. (A) I, 10% of the input of the RNAdomains (I, II, III, and IV-DE)
and U1RNA. Lanes 1-21 represent immunoprecipitations with 21 anti-U IRNA positive patient sera. *, degradation product of U1RNA. (B)
I, 10% of the input of IV-ADE RNAand U1RNA. Lanes 1-12 correspond to immunoprecipitations with 12 patient sera containing antibody
to domain IV-DE. (C) I, 10% of the input of IV-DAE RNAand U1RNA. Lanes 1-12 correspond to immunoprecipitations of the same 12
patient sera as used in B.

loop II and another one recognizing stemloop IV. Also compe-
tition experiments using stemloop II (radiolabeled) competed
with wt stemloop IV (unlabeled) and vice versa (data not
shown), indicated that there is virtually no cross-reaction be-
tween the two antibody populations.

The stemloop structure is necessary for antibody recogni-
tion. To obtain more insight in which part of the stemloops is
important for binding of the antibodies, RNAsof stemloops II
and IV were either 3'-end labeled using [32P]pCp and RNA
ligase or 5 '-end labeled using y 32PATP and T4 polynucleotide
kinase and then hydrolyzed partially with sodium bicarbonate
at 90°C (see Methods). Products still able to bind antibody
were subsequently recovered by immunoprecipitation at 500
mMsalt using protein A-agarose and analyzed on a polyacryl-
amide sequence gel (Fig. 3 B and C). As shown in Fig. 3 A, the
RNAof stemloop II is, at the 3' end, extended by 36 nucleo-
tides of the transcribed polylinker sequence. The immunopre-
cipitation experiments showed that the 36 extra nucleotides
and 2 nucleotides of stem II could be removed without effect
on antibody recognition (see Figure 3 B, bottom; lanes 1-6).
However, when additional "3' nucleotides" were removed the
RNAwas not precipitable anymore. At the 5' end of stemloop
II only 10 extra polylinker nucleotides were present. Also in
this case few or zero nucleotides could be removed from stem-
loop II without effect on antibody recognition (Fig. 3 B,
lanes 1-6).

Similar results were obtained with stemloop IV. As shown
in Fig. 3 A, the RNAof stemloop IV-ADE is, at the 5' end,
extended by 81 nucleotides (71 transcribed polylinker nucleo-
tides plus a AD sequence of 10 nucleotides). These 81 extra

nucleotides appear not to be necessary for antibody recognition
(see Fig. 3 C, top; lanes 1-6). Only in some cases (lanes 2 and
3) it was possible to remove up to 3 nucleotides from the 5' end
of stem IV without complete loss of antibody recognition. At
the 3' end of stemloop IV only five polylinker nucleotides are
present and they could be removed without loss of antibody
reactivity (Fig. 3 C, bottom). Also in this case, 3'-end trimming
of the hairpin abolished precipitation by the antibody
(lanes 1-4).

These results thus indicate that in both the second and
fourth stemloop the conformation of the stemloop structure
appears to be necessary for recognition by the antibodies. This

Table I. Epitope Mapping of 45 Anti-UIRNA Positive Sera

Stemloop regions recognized* Number of sera

n

II 2
IV 8

II IV 29
I II IV 2
I II III IV 1

II III IV 2
I IV 1

* Sera were considered monospecific for a particular stemloop if after
long exposure of the autoradiogram only one signal, representing one
stemloop region, could be detected.
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Figure 3. Boundaries of stemloop II and stemloop IV
RNArequired for interaction with their specific anti-
body. Stemloop II and IV RNAs(A) were 3'- and 5'-
end labeled, purified, partially hydrolyzed with alkali,
and immunoprecipitated by patient antibodies under
high salt conditions as described in Methods. Im-
munoprecipitated RNAswere analyzed on denaturat-
ing 15% polyacrylamide-8.3 Murea gels (B and C).
As a marker, 3'- and 5'-end-labeled stemloop II and
IV RNAs, partially digested with RNase T 1, were used
(not shown). The arrows indicate the starting point
of stemloop II (SI1) and stemloop IV (SIV). (A)
RNAconstructs used for the alkaline hydrolysis. (B
and C) Analysis of fragmented RNAsprecipitated by
patient antibodies. I, 10% of the input of the alkali-
hydrolyzed end-labeled RNAs. Lanes I and 2, precip-
itations with two patient sera monospecific for stem-
loop 11 (B) or stemloop IV (C). Lanes 3-6, precipita-
tions with four patient sera recognizing both
stemloops II and IV. NS, precipitations with a control
normal serum pool. Note: (C, bottom, lanes 5 and
6) In a longer exposure of the autoradiogram (not
shown) weak but specific bands could be seen at the
same height as in lanes 1-4.

was the case for patient sera recognizing stemloop II only (Fig.
3 B, lanes I and 2), stemloop IV only (Fig. 3 C, lanes I and 2),
or recognizing both stemloops (Fig. 3 B and C, lanes 3-6).

The same type of experiment as shown in Fig. 3 for stem-
loops II and IV was also performed for stemloop I with serum
B 156. Also in this case it was found that only a few nucleotides
could be removed from the stem of stemloop I without loss of
antibody reactivity (data not shown).

The stem of stemloop II and the loop of stemloop IV are
important antigenic determinants. To study the site of antibody
recognition in more detail, several mutants of both stemloop II
and stemloop IV as well as U1 RNAsfrom other species (Figs. 4
A and 5 A) were made in vitro and tested in two types of assays.
First, all mutants were tested in an immunoprecipitation assay
under high salt conditions, using UT RNAor wt stemloop II or
IV as an internal positive control. Results of these experiments
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Figure 4. Binding of anti-U 1 RNAantibodies to stemloop II mutants of UI RNA. (A) Predicted secondary structures for mutant and wt stemloop
II RNAas calculated by the computer program Mfold ( 15), using a previously described model for U1 RNA( 16). Encircled nucleotides repre-
sent mutations in the loop sequence compared with wt stemloop II. Some RNAscontained additional polylinker (p) or (U)RNA nucleotides.
wtUl (stemloop II) and Bi; 5'-end 10 (p)nucleotides, 3'-end 5 (p)nucleotides, U1.4 and point mutants B loop; 5'-end nucleotides 1-48 of
U1RNA, 3'-end nucleotides 93-117 of U1RNA, U2.4; 5'-end nucleotides 1-147 of U2RNA, 3'-end 5 (p)nucleotides, Ulbean; full-length
U1RNA(common bean) (nucleotide 1-163). For details see Methods. (B) Immunoprecipitation of in vitro-transcribed radiolabeled mutants
of stemloop II RNAanalyzed on denaturing 10% polyacrylamide-8.3M urea gels. In each precipitation the amount of mutant RNA(M) was
at least five times the amount of internal control RNA(wt stemloop II or wt UlRNA). Lane I, 10% of the input. Lane 1, precipitations with a
stemloop II-specific serum (KI). Lanes 2 and 3, precipitations with two sera which recognize both stemloop II and IV (G23 and Z 5, respec-
tively). The asterisks indicate that in the case of Ulbean, precipitations with patients sera monospecific for stemloop II are shown. (sera K1, S26,
and P28 [not mentioned in Table I], respectively). NS, precipitation with a control normal serum pool.

are shown in Figs. 4 and 5. In the second assay all mutant
RNAswere tested in a filter-binding competition assay, using

radiolabeled mutant RNAand increasing concentrations of wt
stemloop RNAas competitor. This second assay allows an esti-
mation of the relative binding affinity of the various RNAs
tested (Table II).

Using the immunoprecipitation assay each mutant was
tested with six patient sera (two stemloop specific sera and four
sera which recognize both stemloops) and a normal human
control serum. In Fig. 4 B typical results are shown for stem-
loop II. Lane I shows the precipitations with a stemloop II-spe-

cific serum and lanes 2 and 3 show precipitations with two sera
that recognize both stemloop II and stemloop IV.

First it was tested whether the stem, the loop, or both struc-
tures are involved in antibody recognition. Mutant U2.4,
which contains the stem IV of U2RNAand the second (B)
loop of U1 RNA (Fig. 4 A) is not recognized by any of the
patient antibodies (Fig. 4 B), although this same mutant has
been shown to effectively bind the UlRNA-associated A pro-
tein (U 1-A) ( 14). This result indicates that the nucleotide se-
quence of stem II is important for antibody binding. This could
be further substantiated by the inability of stemloop II-specific
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Figure 5. Binding of anti-UIRNA antibodies to stemloop IV mutants of UIRNA. (A) Secondary structures of wt stemloop IV U1RNAas well as

of several mutants of stemloop IV, predicted by the computer program Mfold ( 15) and the proposed model for U1 RNA( 16). Encircled nu-

cleotides represent mutations in the loop sequences of the RNA. Most RNAscontained additional polylinker (p) or U1RNAnucleotides, i.e.,
wt Ul (stemloop IV) EJ and point mutants E loop; 5'-end 10 (p)nucleotides, 3'-end 5 (p)nucleotides, IV-AS; 5'-end 48 (p)nucleotides, 3'-end
5 (p)nucleotides, Ulbean; full-length U1RNA(common bean: nucleotide 1-163). For details see Methods. (B) Immunoprecipitations of pa-
tients sera with in vitro-transcribed radiolabeled mutants of stemloop IV RNAanalyzed on denaturing 10% polyacrylamide-8.3 Murea gels.
In each precipitation the amount of a mutant RNA(M) was at least five times the amount of internal control (wt stemloop IV or wt UlRNA).
Lane I, 10% of the input. Lane 1, precipitations with a stemloop IV-specific serum (H 13). Lanes 2 and 3, precipitations with two sera that
recognize both stemloop II and stemloop IV (G23 and Z5, respectively). NS, precipitation with a control normal serum pool.

sera to precipitate Ulbean RNA(Fig. 4 B, lanes 1-3) in which
the stem II sequence is considerably different from that of hu-
man U1RNAwhereas the loop sequence is almost identical (9
out of 10 nucleotides are identical, see Fig. 4 A). It should be
noted that in this case only sera containing stemloop II-specific
antibody are shown because human antibodies that recognize
stemloop IV do precipitate Ulbean RNA(Fig. 5 B).

The reverse experiment, in which RNAs with an un-

changed stem II and an altered loop B were used, showed that
in contrast to the stem nucleotides, loop nucleotides are not
essential for antibody recognition. For example, mutant U1.4
in which the second (B) loop of U1 RNA is replaced by the
fourth loop of U2RNA(see Fig. 4 A) is well recognized by the

antibodies (Fig. 4 B). This U1.4 RNA, however, has been
shown not to bind the human UI -A protein ( 14). Also mutant
B1, in which four nucleotides of the sequence of the second (B)
loop of U1 RNAare changed (see Fig. 4 A) is still able to bind
the antibodies. In addition, point mutants in the B loop on

position 69 and 72 do not abolish the binding of patient anti-
bodies. From these experiments it is concluded that the stem II

of U1 RNAis an important site for antibody recognition.
Fig. 5 B shows the results obtained with antibodies directed

to stemloop IV. In lane I a stemloop IV-specific serum was

used and in lanes 2 and 3 two sera that recognize both stem-
loops were used.

All patient antibodies that recognize stemloop IV were
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Table II. Relative Binding Affinity of Patient Antibody
for Stemloop II and Stemloop IV Mutants

Relative binding affinity

RNA* Serum Z5t Serum G23t

Wt stemloop II 100 100
BI 50 70
Ul.4 40 30
U2.4 <1 <1
Ulbean <10 <1i
69A 80 70
69C 10 20
69U 80 70
72A <1 10
72G <1 5

Wt stemloop IV 100 100
IV-ADE 80 80
Ulbean 50 10
IV-DAE <5 <5
IV-A.S. <1 <5
E1, E4, E8, E20, EJ <5 <5

* Note: In all cases radiolabeled stemloop II or IV were used for the
competition assays, except for Ulbean and U2.4 where total radiola-
beled (U)RNA was used (see Methods). $ Sera Z5 and G23 contain
antibodies directed to both stemloop II and IV. I No competition
with wt stemloop II was observed.

found not to react with mutant DAE(structure see Fig. 5 A) in
which only the lower part of stem IV is present. Antisense
stemloop IV RNA, in which, according to energy calculations,
probably all G-C and A-U basepairs of the stem are present, is
also not precipitated by any serum (Fig. 5 B, IV-AS). Further-
more, Ulbean RNA, in which the central part of stem IV has
an altered sequence but the upper part of the stem and the E
loop are identical to the human sequence (Fig. 5 A), is recog-
nized very well by all antistemloop IV-positive sera (Fig. 5 B).
Taken together, these results indicate that sequences in the up-
per part of stem IV and in the E loop are important for anti-
body binding.

To test this in more detail, several E loop mutants (E 1, E4,
E8, E20, EJ) were prepared and tested in the immunoprecipita-
tion assay and in affinity-binding studies. The results indicated
that among the serum antibodies at least two specificities could
be discerned. One of them did not recognize any altered E loop
(Fig. 5 B; El, E4, E8, E20, EJ, lanes 2 and 3) while the second
did precipitate mutants El, E4, and E8 but in lower amounts
compared with the precipitation of wt stemloop IV (Fig. 5 B,
lane 1). Coincidently, the patients sera containing the former
specificity also contained antibody to stemloop II whereas two
of the three patients sera containing the second idiotype were
monospecific for stemloop IV.

The antibody-binding affinity of all these mutants was
measured also quantitatively using two patient sera (Z5 and
G23) that were tested earlier in the immunoprecipitation ex-
periments (Figs. 4 Band 5 B, lanes 2 and 3). In the quantitative
filter-binding assay, equal amounts (1 pmol) of radiolabeled

mutant RNAand increasing concentrations of wt stemloop
RNAas a competitor were used (see Methods). The relative
binding affinity of a mutant RNA, as compared with wt stem-
loop RNA, was calculated as the concentration unlabeled wt
RNAneeded to obtain a 50% reduction of the radioactive sig-
nal divided by the concentration unlabeled wt RNAneeded to
obtain 50% reduction of the labeled wt RNAsignal itself. The
results tabulated in Table II support the conclusions drawn
from the precipitation experiments, although it can be seen
that all mutations affect the antibody binding affinity of the
RNA. It is also clear that all point mutants of the E loop de-
crease the binding of antistemloop IV antibody considerably.

Discussion

Autoantibodies directed to U1RNAhave been shown to be
frequently present in serum from patients with SLE or SLE
overlap syndromes (8). The finding that changes in the anti-
body levels directed to certain epitopes of U1RNAseem to
correlate with changes in disease activity (9) suggest an involve-
ment of these autoantibodies in the disease and underscores the
importance of more detailed knowledge of the RNAstructures
targeted by these antibodies. Therefore the B cell epitope re-
gions of U1 RNAwere mapped using a large number of patient
sera and several structural domains and mutants of U1RNA
(see Figs. 1 B, 4 A, and 5 A). The results showed that the main
epitope regions are located in stemloops II and IV (Table I), a
finding that is in agreement with the results of a previous study
in which deletion mutants of U1 RNAwere used (8). Further-
more, immunoprecipitation experiments using 3'- or 5'-end-
labeled RNAof stemloop II or IV, randomly hydrolyzed by
alkali, strongly suggested that the conformation of both stem-
loop structures is critical for antibody recognition.

Further experiments were then performed to reveal
whether, apart from the stemloop structure, a certain nucleo-
tide sequence in the stem or the loop was important. The stud-
ies on stemloop II indicate that the main antigenic determinant
is located in the stem structure. First, when the sequence and
size of the loop were changed, as in mutants U1.4 or B1, the
antibodies still were able to bind. Second, when the stem of
stemloop II was changed in sequence and length, leaving the B
loop unchanged, as in mutants U2.4 or Ulbean, the anti-RNA
antibody did not recognize these RNAsanymore. It is known
that the U1 RNA-associated A protein (U 1-A), which recog-
nizes the B loop sequence AUUGCACXXX(X = random
nucleotide) in the wt U1 RNA ( 14, 19), binds efficiently to
UI bean and U2.4 RNA, indicating that the tertiary structure of
the B loop in these RNAsis similar to that of wt U1 RNA. On
the other hand, U1-A does not associate with the B loop mu-
tants U1.4 and Bi (U1.4 [14]; B1,.Dr. W. Boelens, unpub-
lished results). Our conclusion therefore is that the binding
sites of the U1-A protein and the antistemloop II antibody are
different, implying an antiidiotype mechanism to explain the
presence of antistemloop II antibody in these patients (7, 20) is
unlikely. Furthermore, immunizations of mice with affinity-
purified human anti-U 1-A autoantibodies, recognizing the
U1 RNA-binding domain of U1-A ( 14, 19), did result in the
production of antiidiotypic U1-A antibody, which, however,
showed no detectable anti-U 1 RNAactivity (our unpublished
results).
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Although the main binding site of the antistemloop II anti-
body thus is located in the stem structure, it remains possible
that some nucleotides in the loop sequence are important as
well. For example, a point mutation at position 72 (in particu-
lar the mutation into a G) was reproducibly found to result in a
much lower binding efficiency of the antibody, both in immu-
noprecipitation and in competition studies. Since replacement
of the entire loop by another loop structure has only little effect
on antibody binding, the mutation of position 72 probably
affects the tertiary structure of the (stem)loop. Our conclusion
that the stem of stemloop II is the major determinant for anti-
body recognition complements a previous study of Deutscher
and Keene (7) who found, using two stemloop II specific anti-
U1 RNAsera, that the loop sequence itself is not sufficient for
antibody recognition.

In the case of stemloop IV the results are somewhat differ-
ent. Again, correct folding of the stemloop structure is neces-
sary for antibody recognition, but now the upper part of the
stem and the E loop are the main regions targeted by the anti-
bodies. This region of stemloop IV is very conserved in evolu-
tion, since it can be found unchanged in, for example, bean
U1 RNA. The E loop sequence as such can be found in several
unrelated RNAs, for example, E. coli rRNAs (21 ). The tertiary
structure of the very stable hairpin of stemloop IV, recently
solved by NMR(22), may have a function in organizing the
proper folding of complex RNAstructures (21 ). The sequence
of the E loop itself seems to be critical for antibody binding,
because mutations resulted in a decreased binding of the RNA
to the antibodies (see Fig. 5 and Table II). Because a number of
mutants of the E loop (mutant El, E4, E8) are still, though
inefficiently, recognized by the antibodies in some, but not all
sera, one may assume that there are at least two antibody speci-
ficities directed to stemloop IV.

It was discussed earlier that an antiidiotype mechanism is
unlikely to be responsible for the production of antistemloop II
antibody. In the case of antistemloop IV antibody, an antiidio-
type mechanism seems unlikely as well because no antigenic
protein is known to be associated with this part of the U1RNA.
A more probable mechanism could be that the autoantibodies
arise as a result of a primary immune response to a foreign
antigen that shares epitopes with host macromolecules (molec-
ular mimicry).

An alternative view is that the target autoantigen itself initi-
ates and sustains autoantibody synthesis (antigen-driven mech-
anism). In the case of anti-U 1 RNAautoantibodies a cross-
reaction with a foreign antigen cannot be excluded. Although
in the case of stemloop II we were unable to find such a "stem
11-like" structure in the EMBLnucleic acid database (release
29.0), our results have shown that it is probably not only the
nucleotide sequence but also the tertiary structure that is im-
portant for antibody recognition. Furthermore, the sequence of
the E loop of stemloop IV has been found in several other
RNAs as, for example, in E. coli rRNAs (21 ). On the other
hand, the finding that in most sera more than one epitope on
U1RNAis recognized, speaks in favor of an antigen-driven
mechanism. The fact that anti-U1RNA antibodies always
seem to coexist with autoantibodies directed to several
U1RNP-proteins also supports this view. Moreover, affinity-
purified anti-U 1 RNAantibody against stemloop II or IV does
react exclusively with native UI RNPs, even when a total HeLa
cell extract is used in the immunoprecipitation assay (Hoet et

al., manuscript in preparation). This implies that at least in
some native U 1 RNPcomplexes stem II and stemloop IV are
free to interact with the antibody. These findings are compati-
ble with the view that anti-U 1RNAantibodies directed to these
parts of the RNAmight be the result of a process driven by the
human Ul RNPcomplex as the antigen.

Recent results obtained with another RNAantigen-anti-
body system also support the antigen-driven mechanism. Anti-
28S rRNA antibodies, present in sera from patients that also
contain anti-P ribosomal protein antibody appear to recognize
an epitope region in the 60S ribosomal subunit, which lies close
to but is probably not identical to the binding site of the P
proteins (23). The production of anti-28S rRNA antibody and
anti-P protein antibody in the same patient thus seems to be
related to the close proximity of these two antigens in the 60S
subunit rather than the result of an idiotype / antiidiotype mech-
anism (6). In conclusion, our results support the hypothesis
that anti-U 1 RNAautoantibodies are produced via an antigen-
driven process. However, a primary event involving the cross-
reaction of antibodies with host epitopes, which may lead to
tissue damage with the release of host antigens that fuel the
autoimmune response further, still remains possible.

Acknowledgments

The authors are grateful to Dr. lain Mattaj and Dr. Richard Spritz for
supplying DNAtemplates of several U1 RNAmutants. Wethank Dr.
Celia van Gelder (Department of Biochemistry, University of Nijme-
gen, The Netherlands) for assistence in secondary RNAstructure pre-
dictions and Dr. Wilbert Boelens and Dr. Ger Pruijn (Department of
Biochemistry, University ofNijmegen) for helpful discussions and criti-
cal reading of the manuscript. Patients sera were kindly obtained from
Dr. D. J. de Rooij and Dr. L. B. van de Putte via the Rheumatology
Department of the University Hospital Nijmegen and St. Maartensk-
liniek, Nijmegen, The Netherlands.

These investigations were supported by the Netherlands Founda-
tion for Chemical Research (SON) with financial aid from the Nether-
lands Organization for Scientific Research (NWO)and from the Tech-
nology Foundation (STW).

References

1. Tan, E. M. 1989. Antinuclear antibodies: diagnostic markers for autoim-
mune diseases. Adv. Immunol. 44:93-152.

2. van Venrooij, W. J., and P. T. G. Sillekens. 1989. Small nuclear RNA
associated proteins, autoantigens in connective tissue diseases. Clin. Exp. Rheu-
matol. 7:635-645.

3. Slobbe, R. L., G. J. M. Pruijn, and W. J. van Venrooij. 1992. Ro(SS-A) and
La (SS-B) ribonucleoprotein complexes: structure, function and antigenicity.
Ann. Med. Interne. 142:592-600.

4. Elkon, K., S. Skelly, A. P. Parnassa, W. Moller, W. Danho, H. Weissbach,
and N. Brot. 1986. Identification and chemical synthesis of a ribosomal P protein
antigenic determinant in systemic lupus erythematosus. Proc. Nati. Acad. Sci.
USA. 83:7419-7423.

5. Bunn, C. C., and M. B. Mathews. 1987. Autoreactive epitopes defined as
the anticodon region of alanine transfer RNA. Science (Wash. DC). 238:1116-
1119.

6. Chu, J.-L., N. Brot, H. Weissbach, and K. Elkon. 1991. Lupus antiriboso-
mal P antisera contain antibodies to a small fragment of 28S rRNA located in the
proposed ribosomal GTPase center. J. Exp. Med. 174:507-514.

7. Deutscher, S. L., and J. D. Keene. 1988. A sequence-specific conforma-
tional epitope on U I RNAis recognized by a unique autoantibody. Proc. Nati.
Acad. Sci. USA. 85:3299-3304.

8. van Venrooij, W. J., R. Hoet, J. Castrop, B. Hageman, I. W. Mattaj, and L.
B. van de Putte. 1990. Anti-(Ul) small nuclear RNAantibodies in anti-small
nuclear ribonucleoprotein sera from patients with connective tissue diseases. J.
Clin. Invest. 86:2154-2160.

9. Hoet, R. M., I. Koornneef, D. J. de Rooij, L. B. van de Putte, and W. J. van

B Cell Epitope Regions Present on UJ Small Nuclear RNA 1761



Venrooij. 1991. Correlation between anti-UIRNA antibodies and disease activ-
ity. Mol. Biol. Rep. 15:193. (Abstr.)

10. de Rooij, D. J., L. B. van de Putte, W. J. Habets, A. L. Verbeek, and W. J.
van Venrooij. 1988. The use of immunoblotting to detect antibodies to nuclear
and cytoplasmic antigens. Scand. J. Rheumatol. 17:353-364.

11. Surowy, C. S., V. L. van Santen, S. M. Scheib-Wixted, and R. A. Spritz.
1989. Direct, sequence-specific binding of the human U1-70K ribonucleoprotein
antigen protein to loop I of Ul small nuclear RNA. Mol. Cell. Biol. 9:4179-4186.

12. Hamm,J., M. Kazmaier, and I. W. Mattaj. 1987. In vitro assembly of UI
snRNPs. EMBO(Eur. Mol. Biol. Organ.) J. 6:3479-3485.

13. Hamm,J., V. L. van Santen, R. A. Spritz, and I. W. Mattaj. 1988. Loop I
of U1 small nuclear RNA is the only essential RNAsequence for binding of
specific U1 small nuclear ribonucleoprotein particle proteins. Mol. Cell Biol.
8:4787-4791.

14. Scherly, D., W. Boelens, N. A. Dathan, W. J. van Venrooij, and I. W.
Mattaj. 1990. Major determinants of the specificity of interaction between small
nuclear ribonucleoproteins UIA and U2B and their cognate RNAs. Nature
(Lond.). 345:502-506.

15. Jaeger, J. A., D. H. Turner, and M. Zuker. 1989. Predicting optimal and
suboptimal secondary structure for RNA. Methods Enzymol. 183:281-306.

16. Krol, A., E. Westhof, M. Bach, R. Luhrmann, J.-P. Ebel, and P. Carbon.
1990. Solution structure of human Ul snRNA. Derivation of a possible three-di-
mensional model. Nucleic Acids Res. 18:3803-381 1.

17. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A
Laboratory Manual. 2nd ed. Cold Spring Harbor Press, Cold Spring Harbor, NY.

18. Query, C. C., R. C. Bentley, and J. D. Keene. 1989. A specific 3 1-nucleo-
tide domain of U1 RNAdirectly interacts with the 70K small ribonucleoprotein
component. Mol. Cell. Biol. 9:4872-4881.

18a.Hoet, R. M., I. Kournneef, D. J. de Rooij, L. B. van de Putte, and W. J.
van Venrooij. 1992. Changes in anti-U I RNAantibody levels correlate with dis-
ease activity in patients with SLE overlap syndrome. Arthritis Rheum. In press.

19. Tsai, R. E., D. S. Harper, and J. D. Keene. 1991. Ul-snRNP-A protein
selects a ten nucleotide consensus sequence from a degenerate RNApool pre-
sented in various structural contexts. Nucleic Acids Res. 19:4931-4936.

21. Tuerk, C., P. Gauss, C. Thermes, D. R. Groebe, M. Gayle, N. Guild, G.
Stormo, Y. D'aubenton-Carafa, 0. C. Uhlenbeck, I. Tinoco, Jr., et al. 1988.
CUUCGGhairpins: extraordinarily stable RNAsecondary structures associated
with various biochemical processes. Proc. Natl. Acad. Sci. USA. 85:1364-1368.

22. Cheong, C., G. Varani, and I. Tinoco, Jr. 1990. Solution structure of an
unusually stable RNA hairpin 5'GGAC(UUCG)GUCC. Nature (Lond.).
346:680-682.

23. Uchiumi, T., R. R. Traut, K. Elkon, and R. Kominami. 1991. A human
autoantibody specific for a unique conserved region of 28S ribosomal RNAin-
hibits the interaction of elongation factors 1 a and 2 with ribosomes. J. Biol.
Chem. 266:2054-2062.

1762 R. M. Hoet, P. De Weerd, J. Klein Gunnewiek, I. KoornneefJ and W. J. Van Venrooij


