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ABSTRACT Patients with systemic lupus erythematosus
often possess antibodies against two nuclear antigens called Sm
and RNP (ribonucleoprotein). We have established the molec-
ular identity of these antigens by analyzing immune precipitates
of nuclear extracts from mouse Ehrlich ascites cells labeled with
32P and 35S. Anti-Sm serum selectively precipitates six small
nuclear RNA molecules (snRNAs); anti-RNP serum reacts with
only two of these; and a third serum, characterized as mostly
anti-RNP, precipitates a subset of three snRNA bands. Three of
the six RNAs are identified by fingerprint analysis as the pre-
viously characterized and highly abundant nucleoplasmic
snRNA species Ula (171 nucleotides), Ulb, and U2 (196 nucle-
otides). The other three RNAs (U4, U5, and U6) likewise are
uridine rich and contain modified nucleotides, but they are
smaller, with lengths of about 145, 120, and 95 residues, re-
spectively. Each of the six snRNAs is complexed with and ap-
parently antigenic by virtue of association with specific pro-
teins. All three sera precipitate an identical complement of
seven different polypeptides ranging in molecular weight from
12,000 to 35,000; these proteins are abundant in nuclear extracts,
but are neither histones nor the major polypeptides comprising
the 30S heterogeneous nuclear RNP particles of mammalian
nuclei. Our data argue that each of the six snRNAs exists in a
separate small nuclear ribonucleoprotein (snRNP) complex with
a total molecular weight of about 175,000. We find that human
antisera also precipitate snRNAs from a wide range of verte-
brate species and from arthropods. We discuss the antigenic
snRNPs in relation to the published literature on snRNAs and
nuclear RNPs and consider possible functions of snRNPs in
nuclear processes.

Systemic lupus erythematosus (SLE) is an autoimmune disease
of unknown etiology (see refs. 1 and 2 for reviews). Antibodies
to nuclear components, many of which have been identified
as known macromolecules or macromolecular assemblies, are
a hallmark of the disease. Antibodies directed against DNA,
RNA, and nucleohistones are common. However, the molecular
nature of two other antigens commonly precipitated by sera
from patients with SLE, called ribonucleoprotein (RNP) and
Sm, has remained obscure.

Previous work on the RNP and Sm antigens has established
that they are highly conserved nuclear components (3, 4). Im-
munodiffusion experiments using anti-RNP and anti-Sm sera
have detected crossreacting material in a wide variety of
mammalian tissues (3). Immunofluorescence studies (3, 4) have
localized RNP entirely within the interphase nucleus, whereas
Sm is reported to be largely, but not exclusively, nuclear. Most
striking is the observation that the activity of RNP, as measured
by immunodiffusion assays, can be destroyed by either RNase
or trypsin (3-5). Sm is sensitive only to trypsin and is less heat
labile, but appears antigenically related to RNP (3, 4, 6). Finally,
velocity centrifugation and gel filtration studies (3, 4) have
assigned a sedimentation constant of 7-10 S and a molecular

weight of about 200,000 to RNP; Sm appears smaller and more
heterogeneous.
Here we show that anti-RNP and anti-Sm antibodies are

directed against a distinct class of nuclear particles, each ap-
parently consisting of a single small RNA and several small
proteins. The RNA components of these complexes are unam-
biguously identified as the small nuclear RNAs (snRNAs) of
eukaryotic cells.

MATERIALS AND METHODS
Sera were obtained from three patients with SLE as defined by
the American Rheumatism Association (7). The IgG fraction
was prepared by ammonium sulfate precipitation followed by
DEAE-cellulose chromatography (8) and stored frozen at a
concentration of 10-20 mg/mi.

Ehrlich ascites cells (2 X 105/ml) in minimal essential me-
dium (GIBCO) containing 2% the usual concentration of
phosphate were labeled with [32P]orthophosphate at 10 mCi/
liter (1 Ci = 3.7 X 1010 becquerels) for 24 hr. Alternatively, 200
ml of cells in minimal essential medium were labeled with 5
mCi of [s5S]methionine (1000 Ci/mmol, Amersham).

Nuclear supernatants were typically prepared from 8 X 108
cells by the following procedure, with all steps carried out at
0C. Cells were harvested at 160 X g for 5 min and washed in
50 ml of phosphate-buffered saline (130mM NaCl/20mM Na
phosphate, pH 7.3). Cells were then broken by 10 strokes of a
tight Dounce pestle in 30 ml of 140mM NaCl/10mM Tris-HCI,
pH 7.5/1.5 mM MgCI2/0.5% Nonidet P-40, incubated for 10
min, and given 10 more strokes. The mixture was underlayered
with an equal volume of 10 mM Tris-HCI, pH 7.5/5 mM
MgCl2/1% Nonidet P-40/0.8M sucrose and centrifuged at 2700
X g for 15 min in a Sorvall HB4 rotor. The pelleted nuclei were
washed with 10 ml of 0.3 M sucrose/8 mM KCI/1.5 mM
MgCl2/15 mM Tris-HCI, pH 7.5, centrifuged at 430 X g for 5
min, and washed with 10 ml of 100mM NaCl/1 mM MgCl2/10
mM Tris-HCI, pH 7.5. The purified nuclei were resuspended
in 5 ml of 100 mM NaCl/1 mM MgCl2/10 mM Tris-HCI, pH
8.5, and either extracted by shaking at 200C for 1 hr or broken
by sonication for 15 see at setting 2 of a Branson Sonifier; the
two methods gave comparable results. After clarification by
centrifugation at 5300 X g for 5 min, the nuclear supernatant
was used immediately as a source of antigen.

Antibody was precipitated with Pansorbin (Calbiochem) as
described by Kessler (9). In a typical experiment, 15 Mil of IgG
was incubated with the nuclear supernatant from 5 X 107 cells
at 0C for 15 min; 200,ul of Pansorbin was then added and the
mixture was left on ice for 5 min. The complexes were pelleted
by centrifugation and washed five times with NET2 (9). Al-

Abbreviations: RNP, ribonucleoprotein; snRNP, small nuclear RNP;
hnRNP, heterogeneous nuclear RNP; snRNA, small nuclear RNA;
hnRNA, heterogeneous nuclear RNA; SLE, systemic lupus erythem-
atosus.
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ternatively, antigen-antibody complexes were;
columns of protein A-Sepharose (CL-4B, Pharmacia
with 0.1 M glycine (pH 3).

Proteins were concentrated by precipitation with
in acetone and fractionated on 15% polyacry]
(10).
RNAs prepared by phenol extraction were fray

room temperature on 10% polyacrylamide (27:1 a
bisacrylamide) gels in 7 M urea/45 mM Tris bore
1.25 mM EDTA; bands were eluted electrophoretic
pancreatic RNase digests were fingerprinted by elk
on Cellogel at pH 3.5 followed by homochromatogr
layers of polyethyleneimine (Cel 300, Brinkman
momix c (11); all resulting oligonucleotides were s

eluted and analyzed by digestion of T1 spots witl
RNase and of pancreatic spots with T1 (11). Modi
tides were examined by two-dimensional chromate
after digestion to completion with RNase P1.

RESULTS
Anti-RNP and Anti-Sm Antibodies Precipita

Because the RNP and Sm antigens are located in:
cell nuclei, supernatants were prepared from pui
of 32P-labeled Ehrlich ascites (mouse) cells by eithi
or extraction at high pH, a procedure previously c

isolate 30S heterogeneous nuclear ribonucleoprote
the ribonucleoprotein particles that bind nascent t
the nuclei of higher eukaryotic cells (13). In eitl
chromatin, nucleoli, and other debris were remo

trifugation. Note in the gel of Fig. 1 that most of th
species of total nuclei (lane 1) are present in such I
(lanes 2 and 7); absent are U3 and 5.8S RNAs, bot
identified as nucleolar molecules (14, 15).
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FIG. 1. Gel fractionation of snRNAs from nuclear
and immune precipitates. 32P-Labeled RNAs were e

phenol from: lane 1, whole nuclei; lane 2, nuclear so]
Pansorbin precipitate with anti-Sm serum; lane 4, ren
natant from lane 3; lane 5, Pansorbin precipitate w
serum; lane 6, supernatant from lane 5; lane 7, nuclear
8, anti-Sm-Pansorbin precipitate; lane 9, Pansorbin pi
normal serum; lane 10, Pansorbin precipitate with ser

ized as mostly RNP; lane 11, anti-RNP-Pansorbin pre(
1-6 and 7-11 represent two different experiments.

adsorbed to The sera from patients with SLE had previously been
i) and eluted screened for anti-RNP and anti-Sm antibodies by immuno-

diffusion against standards at Scripps Clinic. Antigen-antibody
50mM HC1 complexes were obtained by mixing the IgG fraction from SLE
lamide gels serum with the ascites cell nuclear supernatant, followed by

precipitation with Pansorbin [a commercial preparation of
ctionated at protein A-bearing Staphylococcus aureus (9)].
Lcrylamide/ The polyacrylamide gel of Fig. 1 reveals that certain snRNA
ate, pH 8.3/ molecules selectively appear in the immunoprecipitates. The
ally. T1 and pattern is different for antiserum from different SLE patients.
,ctrophoresis Anti-Sm serum (lane 8) precipitated six snRNAs, anti-RNP
aphy on thin serum showed two of these RNAs (lane 11), and a serum char-
in) with ho- acterized as mostly anti-RNP (lane 10) precipitated three bands.
aubsequently Many other SLE sera tested gave patterns similar to the three
h pancreatic above, whereas normal sera (lane 9) and sera from a significant
fied nucleo- fraction of patients with clinically diagnosed SLE precipitated
)graphy (12) no snRNAs. In addition, all sera showed variable amounts

(compare lanes 3 and 5 with 8-11) of a higher molecular weight
band X, whose composition we do not yet know.

te snRNAs. The three largest of the precipitated RNAs were labeled Ula,
mammalian Ulb, and U2 by comparison with published gel patterns of
rified nuclei snRNAs from rat hepatoma (14) and HeLa (15) cells; these as-
er sonication signments are confirmed by fingerprint analysis below. We
leveloped to designate the three smaller bands U4, U5, and U6. Although
in (hnRNP), U5 appears to be a doublet (see lanes 7 and 8), its fingerprint
ranscripts in (Fig. 2) suggests that the multiple bands represent either con-

her case, the formers or two very closely related molecules.
ved by cen- Most importantly, Fig. 1 demonstrates that snRNA species
ie small RNA U1-U6 are involved in specific RNA-protein complexes. First,
preparations all six RNAs are precipitated by anti-Sm serum (lane 8), pre-
:h previously viously deduced to be directed against a protein antigen (3, 4,

6). Second, antibodies against RNP, likewise characterized as
having a protein component essential for antigenicity (3-5),

10 precipitate a subset of these RNA molecules (lanes 10 and 11).
Third, all three antibody preparations are unable to precipitate
significant amounts of snRNAs after deproteinization by phenol
extraction (S. Mount, personal communication).
The data of Fig. 1 further reveal that all molecules of Ul-U5

"X are always complexed with protein, at least in the nuclear su-
pernatant. Specifically, lane 3 shows that five RNAs can be
quantitatively precipitated by anti-Sm serum (compare with
lane 4, the remaining supernatant), whereas a comparison of
lane 5 with lane 6 demonstrates nearly complete precipitation

U 2 of Ula and Ulb by anti-RNP serum. Because snRNA U6 usu-
U b ally comigrates with several nonantigenic RNA molecules (ref.
U a 16, and see below), we can only speculate that it too is quanti-

tatively precipitated.
U 4 Identification of Precipitated snRNAs. Fingerprint analysis

confirmed that the mouse RNAs labeled Ula and U2 in Fig. 1
U 5 are identical to the previously studied molecules from Novikoff

do U 6 hepatoma (rat) cells (17, 18). All oligonucleotides in the T1
RNase (Fig. 2) and the pancreatic RNase (not shown) maps can
be exactly aligned with the complete 171-nucleotide sequence
of Ula (16) and the 196-residue sequence of U2 (18); the two
3' end spots (numbers 28 and 29) of U2 run too slowly in the first
dimension (18) to be included on this particular fingerprint.
Analyses of total P1 RNase digests (ref. 12; not shown) con-
firmed the existence of all expected modified nucleotides inpreparations these two RNAs.

bxtracted with tnstwRN .
nicate; lane 3, Ulb is a sequence variant of Ula, differing in only a few
naining super- positions. Except for the absence of spots 6, 15, and 19 and the
rith anti-RNP presence of three new spots labeled a, b, and c, the oligonu-
sonicate; lane cleotides in the Ti RNase fingerprints of Ula and Ulb (Fig. 2)
recipite WInurn character- appear identical. Spot b in Ulb, a heptamer containing (A-
cipitate. Lanes C,C,3U)G, may well replace oligonucleotide 15 in Ula (C-

Ame-C-U-C-C-G) (17), and spot c (probably a 13-mer) may
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FIG. 2. T1 RNase fingerprints of snRNAs precipitated by SLE sera. The numbering system for Ula and Ulb corresponds to that in ref.
16; that for U2 is from ref. 17. The small arrow designates the 5'-triphosphate moiety of U6. Circled B and Y indicate the positions of the blue
and yellow dyes in the first (horizontal) and second (vertical) dimensions.

replace spot 19 (U-C-U-A-U-C-C-A-U-U-G) (17). Interestingly,
both these and all detectable changes in the pancreatic RNase
fingerprint of Ulb (not shown) are clustered between positions
53 and 89 of the Ula sequence (17), suggesting that Ula and
Ulb are identical at both termini and differ only in the middle
of the molecule.
The Ti RNase fingerprints of snRNAs U4, U5, and U6 (Fig.

2) and the corresponding pancreatic RNase patterns (not shown)
convince us that these molecules have not been previously
characterized by fingerprint analysis and that their nucleotide
sequences have not been determined. Whereas fingerprints
show that a 5S RNA of known sequence (19) and a 4.5S species
(16) are not precipitated by our antibodies (see Fig. 1), the
oligonucleotides of U4, U5, or U6 do not correlate with those
of either a 5S variant (20) or another 4.5S RNA studied by Jel-
inek and Leinwand (ref. 21 and W. Jelinek, personal commu-
nication). Using the RNA species of known sequence as gel
markers, we can assign lengths of about 145, 120, and 95 resi-
dues to U4, U5, and U6, respectively. All three molecules are

uridine rich and contain some modified nucleotides (not
shown). Only U6 possesses a 5'-triphosphate (indicated by arrow

in Fig. 2); U4 and U5 (like the two Ul species and U2) are

capped.
Precipitable snRNPs Contain Prominent Nuclear Proteins.

To examine the protein components of snRNPs, we labeled
Ehrlich ascites cells with [35S]methionine and treated the nu-

clear supernatant with antibodies from the same patients as used
in Fig. 1. Sodium dodecyl sulfate/polyacrylamide gel frac-
tionation (10) shows that all three antibody systems bind the
same seven bands in about the same amounts (Fig. 3, lanes 2-4).
These correspond to polypeptides with molecular weights be-
tween 12,000 and 35,000. When a mixture of 14C-labeled amino
acids was used to label cells, the same seven polypeptides ap-

peared in immunoprecipitates with anti-Sm serum (not shown).
Normal sera gave essentially blank lanes; the appearance of
variable amounts of higher molecular weight material (most
obvious in lane 4) can be ascribed to nonspecific adsorption to
the protein A-Sepharose column. Note that the seven immu-
noprecipitable bands are all prominent in lane 1, which displays
the total 35S-labeled proteins present in the nuclear supernatant.
None of the bands comigrate with histones (Fig. 3).

DISCUSSION
We have established the biochemical identity of the nuclear
antigens designated RNP and Sm in the rheumatic disease lit-
erature. When mixed with 32P-labeled nuclear extracts from
Erlich ascites cells, anti-RNP and anti-Sm antibodies selectively
precipitate certain snRNA molecules. These include the pre-
viously studied and highly abundant snRNA species Ula, Ulb,
and U2 (14, 15) and three smaller RNAs.
The six snRNAs are recognized by virtue of their involvement

in specific RNA-protein complexes (snRNPs) that apparently
possess common antigenic determinants. Thus, anti-Sm (pre-
viously shown to be directed against a protein antigen) pre-
cipitates all six RNAs and approximately equal amounts of
seven different polypeptides with molecular weights between
12,000 and 35,000. We have not established yet whether the
Sm antigen is one or several of these proteins, although Powers
et al. (22) have reported that Sm can be isolated as a homoge-
neous gel band. By contrast to anti-Sm, the two other antisera
described here bind the same proteins in about the same

amounts but precipitate distinct subclasses of the six snRNAs;
anti-RNP precipitates exclusively the closely related Ula and
Ulb molecules (17), whereas a third distinctive serum precip-
itates Ula, Ulb, and seemingly large amounts of U6. Douvas
et al. (23) recently have found that affinity columns constructed
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FIG. 3. Gel fractionation of proteins from
immune complexes. A nuclear sonicate was prep
cells, immune complexes were recovered from a
column, and the protein was analyzed on a 15%
total nuclear extract; lane 2, immune complexes
lane 3, immune complexes with anti-RNP se;
complexes with the serum characterized as most]
of marker proteins run in an adjacent lane are i

from anti-RNP IgG adsorb two proteins of
13,000 and 30,000 (probably equivalent to
D in Fig. 3), which they report are not prec

However, our observations clearly demo]
antigenic determinant is present on parn
anti-RNP sera.

Our results further argue, but do not rig
each snRNA is contained in a separate snR
the observation that anti-RNP serum precil
Ulb (Fig. 1, lane 11), we can conclude that
not in the same physical particles as U2, U
over, in HeLa cells only one Ul species (U
alone precipitated by anti-RNP serum (J. B
unpublished observations). Thus, it seems
that each precipitable snRNA molecule r

snRNP complex. Also; it is somewhat unex

sera yield equivalent protein patterns (F
though they precipitate different subsets o
possible interpretation is that each individ
the same complement of seven proteins an

site is determined by both RNA and protein
assumptions, the combined molecular weigi

4 of an srRNP containing Ula or Ulb would be about 175,000
(about 125,000 for one each of the proteins, plus 50,000 for one
RNA), a value that agrees with prior estimates for the size of
the RNP antigen (3, 4). Analysis of single snRNP particles after
fractionation by gel electrophoretic techniques should soon
resolve these questions.
Our observations on the antigenic snRNPs from mouse cells

correlate well with previously reported properties of snRNA
molecules from various higher eukaryotes. First, gel patterns
indicate that snRNAs are highly conserved across species (14,
15, 24). Accordingly, we have demonstrated that anti-RNP and
anti-Sm sera selectively precipitate five HeLa cell snRNAs that
are comparable in mobility to Ula, U2, U4, U5, and U6, but

_mqt A appear in somewhat different relative amounts. The human
antibodies also precipitate discrete small RNAs from the nuclei
of chickens, frogs, and fall armyworms (M. Lerner, J. Boyle,
and S. Wolin, unpublished observations). Second, the snRNAs

41-.1 B are abundant nuclear molecules (14); Ul and U2 have been
estimated to be present in about 106 copies per cell or about
one-tenth the number of ribosomes. Hence, it is not surprising
that the polypeptide components of the snRNPs appear as

wp 41Mb C prominent bands in sodium dodecyl sulfate gel of total 35S-
labeled, nonchromatin, nuclear protein (Fig. 3). Third, Zieve
and Penman (15), who assigned HeLa cell snRNAs to various
cellular compartments but unfortunately did not identify their
gel bands by fingerprint analysis, localized the most abundant

D small RNA SnD (probably Ula) in the nucleoplasm. This cor-
responds to the immunofluorescence localization of RNP (refs.
3 and 4 and our observations). Zieve and Penman (15) also
found that SnD is released when isolated nuclei are warmed,

E consistent with our observation that the Ula and Ulb snRNPs
F are readily recovered by extracting nuclei at high pH. Finally,
G several groups have previously reported finding various snRNAs

in ribonucleoprotein complexes that sediment at 8-10 S (25,26).
Both Raj et al. (25) and Howard (26) determined a density of

a nuclear extract and about 1.45 g/cm3 for such complexes, consistent with our de-
iared from 35S-labeled ductions that the snRNPs most likely contain about 25% RNA
i protein A-Sepharose and 75% protein. For reasons we do not understand, the sizes
Laemmli gel. Lane 1, reported by Raj et al. (25) for polypeptides associated with Ul
with anti-Sm serum; and U2 are much larger than those we observe.

lrum; lane 4, immune Now that the identity of the RNP antigen has been discov-

indicated. h Histone. ered, it should be possible to use anti-RNP and anti-Sm anti-indiatedhHist bodies to elucidate the long-elusive function of snRNAs in nu-
clear processes. Potential roles include participation in DNA

molecular weights or RNA biosynthesis, for which in vitro assay systems (to which
polypeptides B and antibodies could be added) are rapidly becoming available (27,
Mipitable by anti-Sm. 28). Most intriguing is the possible involvement of snRNAs in
nstrate that the Sm the conversion of nuclear RNA precursors to mature cytoplas-
ticles reactive with mic molecules. Here RNase P of Escherichia coli, which consists

of a small (350-nucleotide) RNA molecule complexed with
gorously prove, that small protein(s) (29), sets a precedent. Further, it is tantalizing
tNP complex. From that sequences near the 5' terminus of the most abundant
pitates only Ula and snRNAs, Ula and Ulb (17), exhibit nearly total complemen-
:these two RNAs are tarity to the common sequence across splice junctions in het-
4, U5, or U6; more- erogeneous nuclear RNAs (hnRNAs) (30): T-T-C-A-G~-G-T.
la) is present and is Thus, the snRNPs we have identified could be a group of closely
loyle and M. Lerner, related RNA processing enzymes.
,reasonable to infer Our work disproves the hypothesis (26, 31-33) that snRNAs
represents a distinct are structural components of 30S hnRNP, the highly conserved
pected that all three protein particles that coat all rapidly labeled transcripts
ig. 3, lanes 2-4) al- (hnRNA) in the nuclei of higher eukaryotic cells (13). Upon
ifsnRNAs. Here one. quantitative immunoprecipitation of the six snRNAs from
Iual snRNP contains nuclear supernatants that also contain 30S particles, the seven
Id that the antigenic polypeptides observed in the immunoprecipitate are clearly
i.Based on theabove not identical to the core 30S proteins, which have molecular
ht of the components weights of 30,000-40,000 (13, 34,35). More likely, the snRNPs
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cosediment with larger structures containing hnRNA (refs. 15,
26, and 31-33, and our observations) because of a functional
association; the nature of this interaction remains to be eluci-
dated.
An important question concerning rheumatic disease is

whether a particular autoantibody spectrum can be correlated
with the symptoms and prognosis of a patient's disease. For
example, high titers of anti-RNP are associated with a form of
SLE (often called mixed connective tissue disease) in which
there is little renal involvement compared to patients with high
titers of antibodies against DNA (1, 2, 36-38). Also, patients
diagnosed as having either scleroderma or Sjorgens syndrome
frequently possess high titers of antinucleolar antibodies (39).
The techniques described here should be capable of precisely
identifying all macromolecular assemblies against which pa-

tients with rheumatic disease produce antibodies.
Antibodies from patients with rheumatic disease are of ob-

vious value in studying the structure and function of many
important and highly conserved cellular macromolecules that
otherwise may tend to be poor antigens. Other possible sources

of antibodies are animals such as the F1 hybrids of NZB and
NZW mice, which develop a disease sharing many character-
istics with SLE in humans, including the production of anti-
DNA, anti-Sm, and anti-RNP antibodies (40). Hybridomas
constructed from the lymphocytes of such animals could be
used to build a library of monoclonal antibodies for use in
studying many aspects of the molecular biology of eukaryotic
cells.

Note Added in Proof. We have recently learned that M. Medof, P.
Billings, A. Eddie-Quartey, and T. Martin have partially purified a lOS
RNP complex from mouse ascites cell nuclei by ion-exchange chro-
matography and density-gradient centrifugation. The preparations
appear to form immune complexes with sera from patients charac-
terized as having circulating "anti-RNP" antibodies; they contain three
major snRNA species and seven to nine major polypeptides in the
molecular weight range 15,000-45,000, which are not the major pro-

teins of 30S hnRNP subcomplexes. (T. E. Martin, personal communi-
cation).
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