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In Drosophila, two nuclear proteins of approximately 26,000 and 14,000
molecular weight are recognized by a human autoimmune antibody for mammali-
an ribonucleoprotein (RNP) particles that contain U1 small nuclear RNA. The
antibody-selected Drosophila RNP contains, in addition to these two proteins, a
single RNA species that has been identified as U1 by hybridization with a cloned
Drosophila U1 DNA probe. Small nuclear RNP isolated from human cells under
the same conditions as used for Drosophila and selected by the anti-U1 RNP-
specific antibody contains eight proteins, two of which are similar in molecular
weight to the two Drosophila U1 RNP proteins. Thus, even though the nucleotide
sequences of Drosophila and human U1 RNA are about 72% homologous, and the
corresponding RNPs are both recognized by the same human autoantibody,
Drosophila Ul RNP appears to have a simpler protein complement than its
mammalian counterpart. The two Drosophila U1 RNA-associated proteins are
synthesized at normal or slightly increased rates during the heat shock response
and are incorporated into antibody-recognizable RNP complexes. This raises the
possibility that U1 RNP is an indispensable nuclear element for cell survival
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during heat shock.

Ul RNA is one of several small, abundant
nuclear RNA species found in eucaryotic cells
(13). U1 RNA exhibits a high degree of evolu-
tionary conservation: the sequences of rat,
chicken, and Drosophila U1 RNAs show 99, 94,
and 72% homology, respectively, with human
U1 RNA (2, 11). The 5’ end of U1 RNA contains
a conserved region which is potentially comple-
mentary to consensus sequences at splice junc-
tions of mRNA precursors (8, 11, 12, 14), sug-
gesting that U1 RNA may be involved in mRNA
splicing. This possibility is supported by the
observations that adenovirus mRNA splicing in
isolated nuclei is inhibited by a polyclonal anti-
body specific for Ul RNA-protein complexes
(18), and that U1 RNA is base paired with
heterogeneous nuclear RNA in vivo (3).

U1 RNA is associated with small ribonucleo-
protein (RNP) particles in the nucleus, termed
snRNP. In mouse ascites cells, U1 snRNP con-
tains seven polypeptides having molecular
weights between 12,000 and 30,000 (9). These
proteins may be important structurally, but it is
also possible that the U1 RNA-associated pro-

+ This is paper no. 20 in a series entitled ‘‘Ribonucleopro-
tein Organization of Eucaryotic RNA.” The preceding paper
in the series is J. P. Calvet, L. M. Meyer, and T. Pederson,
Science, in press.

teins actively participate in the splicing reaction.
A paradigm for this is Escherichia coli RNase P,
which is complexed with an RNA cofactor es-
sential for the enzyme’s activity in tRNA proc-
essing (15). It is therefore of interest to know
whether Ul RNPs display the same degree of
evolutionary conservation as the RNA itself. In
this paper we report that Drosophila U1 RNA is
complexed with only two proteins. In addition,
we find that the synthesis of these proteins and
their assembly into U1 snRNP is sustained dur-
ing the heat shock response.

MATERIALS AND METHODS

Sera. Anti-RNP serum was obtained from an adult,
female patient with mixed connective tissue disease.
Anti-Sm serum was from an adult, female patient with
systemic lupus erythematosus. Control serum was
obtained from healthy laboratory personnel. Immuno-
globulin G (IgG) was purified as described previously
(4) and stored at —20°C.

Cells and labeling. The serum-indepen-
dent Drosophila cell line KcO was used for these
experiments. Cells were cultured at 25°C in Echalier
and Ohanessian’s D-20 medium (5). For short-term
labeling with [>*S)methionine (90 min or less), cells
were collected by centrifugation, suspended at ap-
proximately 2 X 107 cells per ml in minimal medium
(D-20 lacking lactalbumin hydrolysate and yeastolate),
and incubated for the desired period with [**S]methi-
onine at 160 pCi/ml. In other cases, proteins were
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labeled by incubating cells for 22 h in standard D-20
medium containinsg [>*SImethionine at 10unCi/ml.
Incorporation of [>*S]methionine into total trichloro-
acetic acid-insoluble material was monitored as de-
scribed previously (10). For experiments with labeled
RNA, cells were incubated for 22 h in standard D-20
medium containing [*H]uridine at 100 uCi/ml.

Preparation of nuclear extracts. Cells were harvested
by centrifugation at 600 X g for 5 min and then
suspended in cell lysis buffer (10 mM NaCl, 3 mM
MgCl,, 10 mM Tris-hydrochloride [pH 7.5], 0.25 M
sucrose, 0.25% Nonidet P-40). The nuclei were col-
lected by centrifugation in an Eppendorf microfuge (5
s), washed once with cell lysis buffer, and suspended
in 0.1 M NaCl-1 mM MgCl-10 mM Tris-hydrochlo-
ride (pH 8.5). After brief sonication to disrupt nuclei
(10 s at setting 7; Heat Systems Ultrasonics model W-
375), unbroken nuclei, nucleoli, and chromatin were
pelleted by centrifugation for 3 min in an Eppendorf
microfuge. The cleared supernatant was used for all
further analyses.

Isolation of antibody-reactive RNA and protein. IgG
(100 pg) was added to nuclear extract samples from up
to 2 x 107 cells. After 20 min at 2°C, approximately 200
ul of protein A-Sepharose (Pharmacia Fine Chemicals)
was added, and the incubation was continued for
another 20 min. The protein A-Sepharose was pelleted
by centrifugation and washed extensively with NET2
(0.15 M NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 50
mM Tris-hydrochloride, pH 7.5). IgG and antibody-
selected material was then eluted with 0.1 M glycine-
hydrochloride, pH 3.0. Proteins were concentrated by
precipitation with 9 volumes of acetone containing 50
mM HCI. RNA was recovered by phenol-chloroform
extraction in the presence of 0.5% sodium dodecyl
sulfate.

Electrophoresis. Proteins collected by acetone pre-
cipitation were dissolved in sample buffer and electro-
phoresed in 11% polyacrylamide gels containing 0.1%
sodium dodecyl sulfate as previously described (7).
RNA was electrophoresed in 10% polyacrylamide gels
(27:1 acrylamide-bisacrylamide) containing either 7 M
urea and 50 mM Tris-borate (pH 8.3) or 98% forma-
mide and 40 mM sodium phosphate (pH 7.0) (3). Gels
were fluorographed using En*Hance (New England
Nuclear Corp.). The preparation of diazobenzloxy-
methyl paper, electrophoretic transfer of RNA, and
hybridization to cloned DNA were all as described
previously (3).

RESULTS

Patients with rheumatic diseases such as sys-
temic lupus erythematosus or mixed connective
tissue disease produce circulating antibodies
against nuclear antigens, often including RNPs
(4, 9). Some individuals, such as the mixed
connective tissue disease patient whose serum
was used in this study, produce high-titer anti-
bodies which are essentially monospecific for
U1 snRNP. As shown in Fig. 1, lanes 2 and 3,
U1 RNA was the sole species of HeLa cell small
nuclear RNA (snRNA) recognized by this pa-
tient’s IgG. Control IgG from a healthy individ-
ual did not precipitate any snRNAs (lane 1). The
anti-U1l RNP antibody did not precipitate pro-
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tein-free U1 RNA prepared by phenol extraction
(data not shown). Therefore, as with previously
described anti-U1 RNP sera (4, 9), the antigen
recognized by this antibody is a site(s) on the Ul
RNA-protein complex. Figure 2 demonstrates
that this antigenic site was preserved in the Ul
snRNP of Drosophila. Three Drosophila
snRNAs were selected by the human anti-Ul
RNP antibody (Fig. 2, lane 2). The larger species
was coelectrophoretic with HeLa U1 RNA and
was conclusively identified as Drosophila U1 by
hybridization with a cloned Drosophila U1 DNA
probe after transfer to diazobenzyloxymethyl
paper (Fig. 2, lane 3). The two bands smaller
than U1 (Fig. 2, lane 2) were observed in vari-
able amounts in antibody-selected Drosophila
snRNP. They also hybridized to Drosophila U1l
DNA (Fig. 2, lane 3) and probably correspond to
the Drosophila U1 RNA fragments reported by
Mount and Steitz (11). No Drosophila snRNAs
were selected by control, nonimmune human
IgG (see Fig. 5, lane 6). That a human antibody
specific for Ul snRNP cross-reacts with the
insect nuclear antigen indicates not only that the
U1 RNA sequences are similar (11), but also that
the evolutionary conservation extends to the
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FIG. 1. [*H]uridine-labeled RNA selected from
HeLa cell nuclear extracts by anti-Ul RNP serum.
HeLa cells were labeled with [*H]uridine, and nuclear
extracts were reacted with anti-Ul RNP IgG. The
antibody-selected material was deproteinized by phe-
nol extraction and electrophoresed in a 10% polyacryl-
amide gel containing 98% formamide. Lanes: 1, con-
trol (nonimmune) human IgG reacted with nuclear
extract from 5 x 10° HeLa cells; 2, anti-U1 RNP IgG
reacted with nuclear extract from 1.5 x 10° cells; 3,
same as lane 2, but nuclear extract from 5 x 10° cells;
4, total snRNAs from HeLa cells.
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FIG. 2. Identification of snRNAs selected from
Drosophila cells by human antibodies. Drosophila
KcO cells were labeled with [*H]uridine, nuclear ex-
tracts were prepared, and equal samples of antibody-
selected RNA were electrophoresed in adjacent lanes
of a 7 M urea-10% polyacrylamide gel. Lanes: 1 and 2,
fluorograph of antibody-selected, [*H]uridine-labeled
RNA; 3 and 4, antibody-selected RNA was electro-
phoretically transferred from the gel to diazobenzyl-
oxymethyl paper and hybridized with a 32P-labeled
cloned Drosophila Ul DNA sequence (11); 1 and 4,
RNA selected by Sm IgG; 2 and 3, RNA selected by
anti-U1l RNP IgG.

RNP level as well. This is apparently also the
case for other U-series RNAs (Fig. 2, lane 1).
Another antibody, Sm, that is known to precipi-
tate mammalian snRNPs containing U1, U2, U4,
US and U6 RN As, also specifically reacted with
Drosophila RNP complexes containing RNAs of
comparable size. Note also that, of the several
small RN As precipitated by Sm antibody (Fig. 2,
lane 1), only the band corresponding to U1 RNA
hybridized to the Drosophila U1l DNA probe
(Fig. 2, lane 4).

To investigate the proteins complexed with
human and Drosophila U1 snRNP, [**S]methi-
onine-labeled nuclear extracts were reacted with
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antibody, and the selected proteins were dis-
played by gel electrophoresis. Figure 3 (lane
HeLa) shows that the HeLa cell nuclear proteins
selected by Sm antibody consisted of eight pro-
teins (B and C are doublets in lighter exposures)
ranging in molecular weight from 32,000 (‘‘A’’)
to approximately 10,000 (‘‘F’’). In contrast,
Drosophila RNP selected by the Ul RNA-spe-
cific antibody contained only two proteins (Fig.

Hela C Sm RNP

FIG. 3. 3S-labeled proteins selected from Dro-
sophila cells by human autoimmune sera. Kc0 cells
were labeled for 45 min with 160 Ci of [**S}methionine
per ml. Nuclear extracts were prepared, and antibody-
selected material was isolated. After elution from
protein A-Sepharose, proteins were concentrated by
precipitation with acetone containing 50 mM HCI.
Samples were dissolved in sample buffer, electropho-
resed in 11% polyacrylamide gels, and fluorographed.
Lanes: HeLa, proteins selected from HeLa cell nucle-
ar extracts by Sm IgG; C, control IgG; Sm, Sm IgG;
RNP, Anti-U1 RNP IgG. The HeLa snRNP proteins A
through D appear to correspond to the four largest
snRNP proteins identified by Lerner and Steitz (9) in
mouse cells. Although proteins E and F have molecu-
lar weights similar to those of the three smallest
proteins identified in mouse cells, they are labeled
according to alphabetical sequence and could be the
human analog of any two of the murine E, F, and G
proteins.
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3, lane RNP). These migrated with the human B
and D proteins and had estimated molecular
weights of 26,000 and 14,000, respectively.
These Drosophila proteins were not selected by
control IgG (Fig. 3, lane C). Lane Sm of Fig. 3
shows the Drosophila nuclear proteins selected
by the Sm antibody. In addition to the 26,000-
and 14,000-molecular-weight species, four other
proteins were present: one just below the 26,000
molecular weight band, one between the human
D and E proteins, and two others comigrating
with E and F. Thus, Drosophila U1 snRNP (Fig.
3, lane RNP) apparently contains a subset of the
proteins bound to U1, U2, U4, US, and U6
RNAs (Fig. 3, lane Sm).

The foregoing results indicate that, in Dro-
sophila, U1 RNA exists as an RNP complex
with two proteins of 26,000 and 14,000 molecular
weight. To examine this further, [**S]methio-
nine-labeled nuclear extracts were fractionated
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in sucrose gradients, followed by anti-U1 RNP
antibody selection of proteins across the gradi-
ent. Both the 26,000- and 14,000-molecular-
weight proteins selected by the anti-U1 RNP
antibody resided in structures sedimenting at 9
to 18S (Fig. 4). This is the sedimentation behav-
ior expected if these proteins were associated
with Ul RNA in a multiprotein complex and
suggests sizes similar to those previously report-
ed for mouse ascites U1 snRNP (8).

Exposure of Drosophila embryos or tissue
culture cells to elevated temperatures (36°C)
elicits a profound inhibition of total protein
synthesis and the concomitant activation of a set
of genes which encode a small group of polypep-
tides known as the heat shock proteins (1).
Because some of these proteins are nuclear (16,
17), and because the heat shock response in-
cludes a change in gene transcription patterns (1,
6), it was of interest to probe the structure of U1l
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FIG. 4. Sucrose gradient sedimentation of proteins complexed with Drosophila U1 RNA. Cells were labeled

for 22 h with [**S]methionine (10 p.Ci/ml), and nuclei were incubated (without sonication) in 0.1 M NaCl-1 mM
MgCl-10 mM Tris-hydrochloride (pH 8.5) for 90 min at 0°C. After centrifugation for 3 min in an Eppendorf
microfuge, the supernatant was centrifuged on a 15 to 30% sucrose gradient in the same buffer (Beckman SW41
rotor; 23,000 rpm, 17 h, 4°C). Samples (25 pl) of each gradient fraction were assayed for [>*S]methionine
incorporation into trichloroacetic acid-insoluble material. The remainders of every two adjacent fractions were
pooled and reacted with anti-U1 RNP IgG. In panel B lanes 1 through 10 are anti-U1 RNP IgG-selected proteins
across the gradient from every two consecutive fractions (lane 1 contains fractions 1 and 2, lane 10 contains
fractions 19 and 20). Lanes 11 and 12 contain proteins not selected by control IgG (lane 11) and anti-U1-RNP IgG
(lane 12). Arrows in panel B indicate positions of 26,000- and 14,000-molecular-weight proteins.
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snRNP in heat-shocked cells. The antigenic in-
tegrity of Drosophila U1 snRNP persisted dur-
ing heat shock, implying that U1 snRNP remains
unaltered (Fig. 5, lanes 4 and 5). This was
confirmed by the effects of heat shock on the U1
snRNP proteins (Fig. 6). Cells were heat
shocked at 36°C for 15 min and then labeled with
[>*SImethionine for an additional 45 min at 36°C.
The characteristic set of heat shock proteins
appeared in the nuclear proteins not selected by
normal IgG (Fig. 6, lane 3) or by the anti-U1
RNP antibody (Fig. 6, lane 4). The nonselected
material represents essentially the total protein
in these nuclear extracts. The major heat shock
proteins in Fig. 6, lanes 3 and 4, are indicated by
arrows, with their estimated molecular weights
(x1073). (We note in passing that the results

e
*

FIG. 5. [*H]uridine-labeled RNA selected by anti-
Ul RNP from control or heat-shocked Drosophila
cells. Cells were labeled for 22 h with [*H]uridine (100
pCi/ml), suspended in minimal medium containing
[*H]uridine (100 pCi/ml), and incubated for an addi-
tional hour at either 25 or 36°C. Nuclear extracts were
then prepared and reacted with antibody as designat-
ed. Electrophoresis of RNA was in a 7 M urea-10%
polyacrylamide gel. Lanes: 1, total Drosophila
snRNAs; 2, total HeLa snRNAs; 3, blank; 4, 25°C,
anti-U1 RNP IgG:; 5, 36°C, anti-U1 RNP IgG; 6, 25°C,
control (nonimmune) IgG.
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shown in Fig. 6, lanes 3 and 4, corroborate
previous reports [16, 17] that the heat shock
proteins have, at least in part, a nuclear localiza-
tion.) After heat shock, the human anti-U1 RNP
antibody selected the same two proteins as at
25°C (Fig. 6, lane 6). In addition, it was
consistently observed that the amount of labeled
14,000-molecular-weight U1 snRNP protein was
increased slightly after heat shock. Therefore,
neither the synthesis of this protein nor its
assembly into antibody-recognizable U1 snRNP
is impaired after heat shock. The behavior of the
26,000-molecular-weight U1 snRNP protein af-
ter heat shock is more difficult to assess because
all the major heat shock proteins, one of which is
also 26,000 molecular weight, have a slight affin-
ity for protein A-Sepharose and are therefore
recovered in small amounts in both control IgG-
selected and anti-Ul RNP-selected material
(Fig. 6, lanes 7 and 8). However, the results
indicate that the synthesis of the 26,000-molecu-
lar-weight Ul snRNP protein is probably not
decreased after heat shock (compare Fig. 6,
lanes 6, 7, and 8) and may be slightly increased.

DISCUSSION

We have used a human autoantibody specific
for U1 RNA-containing RNP complexes to ex-
amine the structure of U1 snRNP in Drosophila.
In keeping with the specificity of this antibody
for RNP, as opposed to naked RNA, we find
that it selectively recognizes a Drosophila nucle-
ar RNP complex containing both U1 RNA and
two methionine-containing proteins of approxi-
mately 26,000 and 14,000 molecular weight. This
contrasts with the structure of human U1l
snRNP, which by the same immunological crite-
rion contains eight proteins (Fig. 6). (In our gel
system, the protein bands termed B and C in a
previous study [8] are doublets; hence we enu-
merate eight bands: A, B1, B2, C1, C2, D, E,
and F.) The relative simplicity of U1 snRNP
structure in Drosophila is somewhat surprising,
given the evolutionary conservation of both the
U1l RNA sequence (11) and the antigenicity of
the RNPs. The trivial possibility that several
Drosophila U1 snRNP proteins have been lost
during isolation is unlikely for two reasons.
First, we have found that both mouse and hu-
man Ul snRNP particles isolated in the Dro-
sophila lysis buffer have the complete set of
eight proteins. Second, it is clear that the label-
ing and RNP isolation procedures we have used
do permit the recovery of snRNP complexes
from Drosophila which contain additional pro-
teins. At least four proteins were selected by the
Sm antibody which were not recognized by the
anti-Ul RNP antibody (Fig. 3). This finding
emphasizes the distinct structure of U1 snRNP
in Drosophila and contrasts sharply with the



VoL. 2, 1982

< 83
<70/68

) < 27/26

SMALL NUCLEAR RNPs OF DROSOPHILA 919

6. 7 B _.9..10
— . :
%

2

- — B

-5

E

o

FIG. 6. Drosophila nuclear proteins selected by anti-U1 RNP antibody before and during heat shock.
Drosophila cells were incubated in minimal medium for 15 min at the indicated temperature and then for an
additional 45 minutes with [**S]methionine (160 wCi/ml). Nuclear extracts were prepared and reacted with
antibody as designated. Lanes 1 through 4, proteins not selected by antibody; 1, 25°C, control IgG; 2, 25°C, anti-
U1 RNP IgG; 3, 36°C, control IgG; 4, 36°C, anti-U1 RNP IgG; 5 through 8, antibody-selected proteins from
Drosophila nuclear extracts; S, 25°C, control IgG; 6, 25°C, anti-U1 RNP IgG; 7, 36°C, control IgG; 8, 36°C, anti-
U1 RNP IgG; 9 and 10, [**S]methionine-labeled HeLa cell nuclear proteins selected by control IgG (lane 9) and
anti-U1 RNP (lane 10). The HeLa extracts were prepared from nuclei isolated in hypotonic buffer (0.01 M NaCl,
1.5 mM MgCl,, 0.01 M Tris-hydrochloride, pH 7.2) and then processed exactly as described in the text for

Drosophila nuclear extracts.

situation in mammals where U1 snRNP contains
the same set of proteins found in association
with U1, U2, U4, US, and U6 RNAs as a whole.
We cannot exclude the possibility that Drosoph-
ila U1 snRNP contains additional proteins which
lack methionine. Attempts to label Drosophila
snRNP proteins with a mixture of tritiated amino
acids have been unsuccessful. However, it is
unlikely that each of several proteins in an
otherwise conserved structure would have had
amino acid replacements at all of their methio-
nine residues during the evolutionary divergence
of insects and mammals, and we therefore favor
the interpretation that U1 snRNP in Drosophila
consists of U1 RNA and the 26,000- and 14,000-
molecular-weight proteins. The 9 to 18S sedi-
mentation velocity of Drosophila Ul snRNP
(Fig. 4) suggests the presence of more than one
molecule each of the 26,000- and 14,000-molecu-
lar-weight proteins. These results indicate that
the structural or functional role of Drosophila
U1 snRNP (or both) can be fulfilled by only two
proteins as compared with the eight found in
mammalian systems, thereby implicating that
these two proteins are of central importance.
The fact that the synthesis of Drosophila U1l
snRNP proteins and their assembly into antigen-

ic RNP are both sustained during heat shock
suggests that Ul snRNP may be an essential
aspect of nuclear structure for the survival of
cells under this physiological stress. Perhaps
this represents a preparation for the resumption
of normal metabolism after heat shock. It is
worth noting that these results neither support
nor necessarily contradict a role of U1 snRNP in
RNA splicing (8, 18), because most of the heat
shock genes lack intervening sequences. The
results presented here permit the 26,000- and
14,000-molecular-weight U1l snRNP proteins to
be included among the relatively few Drosophila
proteins whose translation is not markedly sup-
pressed during heat shock.
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