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The expression of functional T cell receptor-n (TCR-13) transcripts requires the activation of programmed
DNA rearrangement events. It is not clear whether other mechanisms dictate TCR-1 mRNA levels during
thymic ontogeny. We examined the potential role of RNA splicing as a regulatory mechanism. As a model
system, we used an immature T cell clone, SL12.4, that transcribes a fully rearranged TCR-13 gene but
essentially lacks mature 1.3-kb TCR-1 transcripts in the cytoplasm. Abundant TCR-13 splicing intermediates
accumulate in the nucleus of this cell clone. These splicing intermediates result from inefficient or inhibited
excision of four of the five TCR-13 introns; the only intron that is efficiently spliced is the most 5' intron, IVSL.
The focal point for the regulation appears to be IVSlc31 and IVS2cp1, since unusual splicing intermediates that
have cleaved the 5' splice site but not the 3' splice site of these two introns accumulate in vivo. The block in 3'
splice site cleavage is of interest since sequence analysis reveals that these two introns possess canonical splice
sites. A repressional mechanism involving a labile repressor protein may be responsible for the inhibition of
RNA splicing since treatment of SL12.4 cells with the protein synthesis inhibitor cycloheximide reversibly
induces a rapid and dramatic accumulation of fully spliced TCR-13 transcripts in the cytoplasm, concomitant
with a decline in TCR-13 pre-mRNAs in the nucleus. This inducible system may be useful for future studies
analyzing the underlying molecular mechanisms that regulate RNA splicing.

The T cell receptor (TCR) for antigen is a multisubunit
receptor composed of two variable chains that recognize
antigen (either the TCR-ot and -I or TCR-y and -8 subunits)
and several CD3 invariant chains that are involved in signal
transduction (2). TCR-13 chains are of particular interest for
several reasons, including the fact that they recognize so-

called superantigens found in the natural environment (18).
TCR-13 proteins are encoded by gene segments that have
undergone DNA rearrangement events. TCR-,B genes that
have juxtaposed Di, and Ja, elements (partial rearrangement)
or have remained unrearranged can transcribe a truncated
(1.0-kb) mRNA molecule of unknown function (24). Fully
rearranged TCR-P genes that have joined a Vi gene segment
to either D.J. or Jg, give rise to full-length (1.3-kb) mature
TCR-0 transcripts that can encode a functional TCR-P
protein (24).
The expression of TCR-P transcripts during T cell matu-

ration has been well studied. Truncated (1.0-kb) TCR-0
transcripts are expressed very early in murine ontogeny (at
least as early as day 14 of mouse gestation) along with
CD3--y, -8, -£, and -t transcripts (11, 16, 42). Full-length
(1.3-kb) TCR-P transcripts are not evident until days 15 to 16
of mouse gestation. Since this is approximately the same

point of gestation when fully rearranged TCR-P genes are

detectable (16, 42), it is widely assumed that the first
expression of functional TCR-1 transcripts is limited by gene
rearrangement events. As ontogeny proceeds, the level of
1.3-kb TCR-0 mRNA increases in the thymus. This increase
is, at least in part, due to the fact that increasing numbers of
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thymocytes undergo rearrangement events in the thymus,
but it also may be due to alterations in transcriptional or

posttranscriptional regulatory events. On day 17, TCR-ot
transcripts become apparent in the fetal thymus (11, 42).
This event roughly coincides with the appearance of cell
surface TCR-ot3 protein on a small proportion of fetal
thymocytes (42). Thus, the TCR-ao chain appears to be the
limiting subunit that controls the surface expression of
TCR-aIt protein early in ontogeny. TCR-P protein has also
been detected on the surface of immature thymocytes or cell
lines in the absence of the TCR-oL chain (21, 33), but its
function in this context is not yet known.
The transcriptional regulation of the TCR-13 gene has been

studied in cell culture. A tissue-specific enhancer element
has been defined 3' of the C.2 gene segment (23, 29).
cis-acting elements important for TCR-1 expression have
also been characterized in Vpromoters and the J-C,32 intron
region. DNA-binding proteins that possess strong affinity for
these regulatory elements have been identified, some of
which may be involved in programmed DNA rearrangement
events rather than transcriptional regulation per se (17, 20,
25, 37, 44). Negative trans-acting factors that serve to inhibit
the transcription of TCR-P and other T cell genes that are

normally activated during intermediate stages of thymic
development have been identified in immature T cell clones
(26, 50).
The importance of posttranscriptional mechanisms in reg-

ulating TCR-1 expression or function is not clear. TCR-P
transcripts appear to be capable of undergoing alternative
splicing events, but the functional significance of the known
examples of alternative splicing is not known. An alternative
C exon (C30) present in the J-C,31 intron is utilized in only a

minority of mouse TCR-13 mature transcripts and is not
present in either rat or human TCR-13 genes (4, 9). Alterna-
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TABLE 1. Oligonucleotides

Name Orientation Positiona Sequence Reference

El Antisense Exon 1, 27-49b GAGAGCTCAAACAAGGAGACCTT 14
E2 Antisense Exon 2, 1-17 TGAGGTAATCCCACAGT 14
E2' Sense Exon 2, 1-18 ACTGTGGGATTACCTCAG 14
E3 Antisense Exon 3, 1-16C CCTTGTTGATAGGATGC 14
E3B Antisense Exon 3, 87-107 CATAGCCATCACCACCAGTGT 14
Ii Antisense IVS1, 1-19 CTCCCCAGGTCCCACTTAC 14
IiB Antisense IVS1, 475-491 GGAAAATGGATGAGACC 14
Il' Sense IVS1, 17-33 GAGCTGGCAAGAAGAAT 14
V Antisense V351, 1-14d CAGAATTTGCTGAACCTGGG 8
VI Sense L-V1351, 63-79e CTTTCTCCTGGGAACAAGT 8

a Position number is determined from start of exon or intron, unless otherwise noted.
b Two-nucleotide mismatch to generate a SacI restriction site.
c Includes one nucleotide of IVS2.
d Includes five nucleotides of IVS-L.
e Includes two nucleotides of IVS-L (position number is determined from the translation start site).

tive splicing of V15 leader exons has been observed (8), but
this does not appear to be a general phenomenon.
As a model system with which to study the parameters

that regulate TCR-P mRNA levels, we have used a set of
related murine AKR T-lymphoma cell clones that have been
carefully phenotyped and shown to represent distinct stages
of thymic development. The SL12.4 cell clone has been the
subject of many of our studies on T cell gene regulation (26,
50, 51). SL12.4 cells have a surface phenotype (CD3- CD4-
CD8- IL2Rao+ HSA+ CD44- Thyl+) that is characteristic of
intermediate-maturity thymocytes within the double-nega-
tive subset that have a high potential to differentiate into
mature T cells in organ culture or after adoptive intrathymic
transfer (40). SL12.4 cells accumulate CD3-y, -8, -s, and -;
mRNAs and possess fully rearranged TCR-a and -1B genes,
but they do not express the TCR/CD3 complex on their
surface (26, 50, 51). In this report, we show that SL12.4 cells
transcribe a fully rearranged TCR-P gene but fail to accumu-
late mature TCR-1 transcripts in the cytoplasm. Instead,
conventional and unusual intron-containing TCR-,B tran-
scripts accumulate in the nucleus of these cells. The splicing
of these transcripts may be inhibited by a labile protein(s)
since the protein synthesis inhibitor cycloheximide (CHX)
induces a dramatic accumulation of fully spliced TCR-P
transcripts in the cytoplasm of these cells.

MATERIALS AND METHODS

RNA preparation and Northern (RNA) blots. Total cellular
RNA was prepared by lysis in guanidinium isothiocyanate,
followed by ultracentrifugation over a 5.7 M CsCl cushion,
as described previously (reference 48, protocol 1). Cytoplas-
mic and nuclear RNA were prepared as described previously
(reference 48, protocols 6 and 7). Briefly, the cells were
lysed in a Tris-saline buffer containing 0.5% Nonidet P-40,
0.25% sodium deoxycholate, and 50 ,ug of dextran sulfate per
ml and then immediately centrifuged to generate a nuclear
pellet and a cytoplasmic supernatant; these two fractions
were completely denatured in guanidinium isothiocyanate
buffer, and the RNA was prepared as described for the total
cellular RNA. Poly(A)+ RNA was prepared directly from
cell lysates as described previously (reference 48, protocol
9). RNase H mapping was performed as follows. RNA was
first incubated with 5 ,uM oligonucleotide in 10 mM Tris (pH
7.6)-i mM EDTA in a total volume of 10 ,ul for 30 min at
45°C, and then 15 ,ul of an RNase H cocktail that consisted
of 2.5 p.l of 10x RNase H buffer (0.2 M N-2-hydroxyeth-

ylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 8.0], 0.5
M KCI, 0.1 M MgCl2), 2.5 ,ul of 10 mM dithiothreitol, 1 U of
RNase H, and H20 was added. After incubation in this
cocktail for 20 min at 37°C, the RNA was extracted and
ethanol precipitated.
RNAwas electrophoresed in agarose gels in the presence of

formaldehyde and morpholinepropanesulfonic acid (MOPS)
and then capillary blotted onto Nytran membranes (38).
RNA was also electrophoresed in denaturing polyacrylamide
gels containing 7 M urea and 1x Tris-borate-EDTA (38). The
RNA from polyacrylamide gels was electroblotted onto
Nytran membranes in 10 mM Tris (pH 7.8)-5 mM sodium
acetate-0.5 mM EDTA overnight at 50 mA and then for 1 h
at 200 mA. All blots were stained with methylene blue (49) to
demonstrate equivalent loading of RNA and to mark the
migration of rRNA transcripts and RNA molecular weight
ladders (Bethesda Research Laboratories). The blots were
hybridized with random oligomer-primed 32P-labeled cDNA
inserts in the presence of 10% dextran sulfate and 50%
formamide for 12 to 18 h at 42°C (38). Hybridization with
single-stranded riboprobes was performed by overnight in-
cubation at 60°C in a buffer containing Sx SSPE (lx SSPE
is 0.18 M NaCl, 10 mM NaPO4, and 1 mM EDTA [pH 7.7]),
5x Denhardt's solution, 5 mM EDTA, 0.1% sodium pyro-
phosphate, 0.5% sodium dodecyl sulfate (SDS), 50 pg of
sheared salmon sperm DNA per ml, and 50% formamide (see
reference 38 for recipes). All blots were briefly washed at
room temperature with lx SSPE-0.1% SDS and then sub-
jected to several longer washes with 0.1 x SSPE-0.1%
SDS-5 mM EDTA at 50 to 60°C. Blots were stripped for
sequential hybridization by placing them in boiling 0.1x
SSPE-0.1% SDS and then gently agitating them while they
cooled to room temperature.
Densitometry was performed on XAR-5 film, using a

Helana Laboratories model Quick Scan R & D. The densi-
tometer was shown to provide linear values from autoradio-
graphs exposed to a 30-fold range of known amounts of 32p.

Oligonucleotides, DNA probes, PCR, and DNA sequencing.
The oligonucleotides used are described in Table 1. IVSlcl31
(0.5-kb) and IVS2col (0.13-kb) DNA fragments were pre-
pared by the polymerase chain reaction (PCR) with a murine
C131 genomic template (14) and the oligonucleotide pairs
Il/Il' and E2'/E3, respectively. The IVSvJ35s1L (0.15-kb)
fragment was amplified from V1351 genomic DNA (8) by
using the oligonucleotide pair V/V'. The following probes
were generated by restriction endonuclease cleavage and gel
purification (35): IVS3c131 (0.15-kb NcoI-Hinfl fragment);
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IVSJC31 (0.75-kb EcoRI-KpnI fragment just 5' of C131); C131
exon 4 (0.3-kb EcoRI-HindIII fragment from the 3' untrans-
lated region); C132 exon 4 (0.2-kb NsiI-HpaI fragment from
the 3' untranslated region) (27); C,3 (exons 1 to 4; 0.6-kb
EcoRI insert from the 86T5 cDNA clone); J,31 (1.6-kb
BamHI-SacI fragment encompassing J31.3 to J131.7); J,32
(1.2-kb EcoRI-ClaI fragment encompassing J132.1 to J32.7);
V13,1 coding exon (0.2-kb EcoRI-RsaI fragment); and V1351
leader and upstream region (0.8-kb SacI-XbaI fragment).
Riboprobes were generated as instructed by the manufac-
turer (Promega Corp.) from the Bluescript vector (Strata-
gene) containing a 0.9-kbXbaI-EcoRI C131 genomic fragment
that includes most of IVS1, all of exon 2, IVS2, exon 3,
IVS3, and a small portion of exon 4.
PCR was performed on 1 ng of template DNA in a tube

containing 2.5 ,ul of lOx PCR buffer (500 mM KCl, 100 mM
Tris [pH 9], 1% Triton X-100), 5 ,ul of 1 mM deoxynucleoside
triphosphates, 2.5 RI of 15 mM MgCl2, 1 RI of oligonucle-
otide 1 (10 ,uM), 1 ,ul of oligonucleotide 2 (10 ,uM), 11.8 ,ul of
H20, and 0.2 RI (1 U) of Taq DNA polymerase. The DNA
was amplified for 30 cycles under the following conditions
for each segment: denaturation, 94°C for 0.8 min; annealing,
54°C for 0.8 min; and extension, 72°C for 1.2 min.
The nucleotide sequences of murine IVS2 and IVS3C31

were obtained from a 5C.C7 genomic clone (B10.A mouse
strain) by dideoxy sequencing methods with Sequenase
reagents (U.S. Biochemical Corp.) and have been deposited
in GenBank under accession number M97158.

RESULTS

Accumulation of intron-containing TCR-13 transcripts in the
SL12.4 cell clone. Our previous studies showed that SL12.4
cells possess a fully rearranged TCR-13 gene at the 131 locus
(Fig. 1A), but mature ,13 transcripts are not detectably
expressed in the cytoplasm (51). The basis for the lack of
mature 31 transcripts was explored in the present investiga-
tion. Northern blots containing SL12.4 poly(A)+ RNA were
hybridized with a C,31-specific probe. Figure 1B shows that
there was no evidence for mature 1.3-kb V13C131 transcripts;
instead there was an abundant accumulation of several other
C131 transcripts. Our subsequent analysis showed that all of
these C131 transcripts contained introns. For example, an
IVSJC,1 probe hybridized with the two largest TCR-,B tran-
scripts of 4.8 and 5.1 kb (Fig. 1B), as expected since IVSJC31
is the largest TCR-13 intron (Fig. 1A). A detailed analysis of
the intron content of each individual C,31 pre-mRNA is
presented below. It should be noted that the terms "pre-
mRNA" and "precursor" are used only to designate tran-
scripts that contain introns; these terms are not intended to
imply that such transcripts are necessarily capable of being
spliced to generate mature transcripts. For example, some
intron-containing TCR-13 transcripts may be irreversibly
modified or sequestered in an environment in which they are
incapable of undergoing splicing.
To determine whether all of the C,31 transcripts that we

detected with double-stranded DNA probes are transcribed in
the sense orientation, we used sense and antisense single-
stranded riboprobes that contained IVS1, IVS2, IVS3, and the
intervening exons. The antisense riboprobe hybridized with all
major TCR-1 transcripts, while a sense riboprobe failed to
hybridize with any of the transcripts (data not shown).
The pattern of partially spliced transcripts derived from

the 31 locus differed dramatically from transcripts derived
from the 132 locus. Our previous studies showed that the
SL12.4 cell clone accumulates mature 1.0-kb transcripts that
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FIG. 1. TCR-,B gene rearrangements and expression in the
SL12.4 cell clone. (A) The upper portion shows the TCR-1 genomic
structure (24), and the lower portion provides information on the
rearranged 131 gene expressed in SL12.4 cells. Lengths of the exons
were derived either from published work (1, 8, 14) or from our
sequence analysis of the expressed V35.1 element in SL12.4 cells.
The lengths of IVS1, IVS2, and IVS3 were also derived from our
sequence analysis (Fig. 8 and reference 34). (B) Northern blot
analysis of SL12.4 poly(A)+ RNA (1 p.g) electrophoresed in a 1%
agarose gel. The blot was sequentially hybridized with the probes
shown. Sizes are indicated in kilobases.

hybridize with a J132 probe derived from an unrearranged or
partially rearranged 132 gene (51). Here, we used a C32-
specific probe to confirm that mature 1.0-kb C12 transcripts
accumulate in SL12.4 cells and also to demonstrate that no
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FIG. 2. Schematic diagram of C31 transcripts expressed in SL12.4 cells. Complementary oligonucleotides that bind to SL12.4 TCR-1
pre-mRNA at the locations shown were designed (see Table 1 for more information on the oligonucleotides). The splicing pattern and
approximate lengths of mapped transcripts were determined by the analysis shown in Fig. 3 and 4. IVS2 was variably present in some
transcripts, as indicated by the dotted lines.

C32 pre-mRNAs are evident, even when poly(A)+ RNA was
analyzed on Northern blots (Fig. 1B). Thus, SL12.4 cells are
capable of efficiently splicing 132 pre-mRNAs but not 11
pre-mRNAs.

Splicing status of individual TCR-13 introns. By a combina-
tion of Northern blot analysis and RNase H mapping, we
were able to characterize the 11 RNA splicing products that
accumulate in the SL12.4 cell clone. The RNase H mapping
protocol involves incubation of RNA with specific oligonu-
cleotides, followed by RNase H cleavage of the RNA at the
site where the oligonucleotides bind (RNase H specifically
cleaves RNA-DNA hybrids). We chose to use the method of
RNase H mapping for several reasons. First, this approach
complemented Northern blot analysis, since it allowed more
detailed analysis of specific transcripts originally detected by
Northern blotting. Second, RNase H mapping permitted us
to determine the proportion of transcripts that have spliced
out each particular TCR-,B intron. Third, RNase H mapping
provided information not easily discerned by other methods.
It permitted characterization of lariat intermediates. It also
allowed characterization of individual transcripts within
distinct size classes, while RNase protection analysis is
more limited in this regard, particularly if the transcripts are
large.

Poly(A)+ RNA from SL12.4 cells was analyzed by RNase
H analysis. The expected sizes of the cleavage products
were calculated from the known sizes of the TCR-,B exons
and introns (Fig. 1A). From this analysis, we were able to
characterize the splicing status of all of the major C31
transcripts in SL12.4 cells. As discussed below, the cleavage
products generated were of sizes consistent with normal
splicing intermediates. However, because of space limita-
tions, we do not discuss the origin of all of the major
cleavage products generated after RNase H incubation.
Figure 2 shows a diagrammatic representation of the intron-
containing mRNAs mapped by RNase H analysis. The 1.8-,
2.0-, 2.3-, 4.8-, and 5.1-kb transcripts appear to be conven-
tional splicing intermediates, while the smaller transcripts

are unusual products of RNA splicing that will be described
below.
IVS2 and IVS3 splicing. To investigate the splicing status

of IVS3, we used oligonucleotide E3, which binds to a
sequence present in exon 3 (Fig. 2). Incubation with this
oligonucleotide generated two predominant RNA species of
approximately 0.6 and 0.9 kb that hybridized with the C31
exon probe (Fig. 3A, upper panel). The larger 0.9-kb RNA is
derived from TCR-,B transcripts that have retained IVS3
since this cleavage product also hybridized with the IVS3
probe (Fig. 3A, lower panel). The smear of transcripts below
the 0.6- and 0.9-kb species is presumably due to variable
lengths of poly(A) tails since RNA cleaved with E3 in the
presence of oligo(dT) generated discrete-sized RNA mole-
cules (Fig. 3A, lane 4). These poly(A)- cleavage products
were about 0.3 kb smaller than the predominant poly(A)+
transcripts, indicating that the polyadenylate tail on these
TCR-,B transcripts is typically 0.3 kb in length. The ratio of
the 0.35- and 0.65-kb cleavage products generated after E3
plus dT treatment (determined by densitometric analysis)
indicated that approximately 20% of polyadenylated 13
transcripts in SL12.4 cells have retained IVS3cpl.
IVS2 and IVS3 RNA splicing was analyzed simulta-

neously with oligonucleotide E2, which binds to exon 2 (Fig.
2). Cleavage with E2 and dT [oligo(dT) was added to remove
polyadenylate tail heterogeneity, as described above] gener-
ated three different RNA fragments that hybridized with the
C,31 exon probe: IVS2+ IVS3+ (0.75- to 0.8-kb), IVS2+
IVS3- (0.5-kb), and IVS2- IVS3- (0.4-kb) cleavage prod-
ucts (Fig. 3B, upper panel). The appropriate products hy-
bridized with IVS2 and IVS3 probes (data not shown). The
only potential cleavage product that was not present was an
IVS2- IVS3+ transcript. These results also revealed the
proportion of polyadenylated TCR-,B transcripts that have
spliced IVS2. Comparison of the abundance ratio of the
IVS2-containing transcripts (0.5 and 0.75 to 0.8 kb) to IVS2-
transcripts (0.4 kb) indicates that about 50% of the polyade-
nylated 13 transcripts have retained IVS2.
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The splicing status of IVS2 was confirmed by use of
oligonucleotide 12, which binds to the 3' end of IVS2 (Fig. 2).
Cleavage with 12 sharply reduced the levels of the 1.8-, 2.0-,
2.3-, 4.8-, and 5.1-kb ,1 transcripts (Fig. 3C, upper panel).
Therefore, a proportion of these transcripts must contain
this small intron (97 nucleotides), as indicated by the dia-
gram in Fig. 2. However, since some uncleaved transcripts
persist (even after incubation with a 10-fold-higher concen-
tration of I2; data not shown), some of these transcripts must
have spliced out IVS2.
IVS1 and IVSjc splicing. The splicing status of IVS1 and

IVSJC was analyzed by cleavage with oligonucleotide E2 and

hybridization with a V3 probe to assess the 5' cleavage
products that could potentially contain these introns (Fig. 2).
The particular V. element rearranged to the CR locus in
SL12.4 cells was determined by hybridization of P-labeled
SL12.4 total cDNA to cold V8 probes immobilized on

membranes. This analysis revealed that SL12.4 cells ex-

pressed a member of the V85 family. Sequence analysis (to
be described elsewhere) confirmed this result and in partic-
ular showed that the SL12.4 cell clone transcribed the V351
gene segment. Figure 3B (middle panel) shows that a V.5
probe hybridized with the 1.8-, 2.0-, 2.3-, 4.8-, and 5.1-kb
precursor transcripts, as expected. Incubation with E2 gen-
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scripts. SL12.4 poly(A)' RNA (0.2 jig of RNA from CHX-treated

cells [10 p.g/ml for 6 h] and 1 p.g of RNA from control cells [labeled
"'None"]) was subjected to the analysis described in the legend to

Fig. 3. The first two lanes show RNA incubated under the same

conditions as the others but without a specific oligonucleotide. Sizes

are indicated in kilobases.

erated three dominant V,3,+ cleavage products with the

expected sizes: 0.8 kb (IVSjc- IVSI1), 1.3 kb (IVS~jc
MVS1), and 4.1 kb (IVSjc' IVS1'). Hybridization with an

IVS1 probe confirmed these identities. The proportion of

polyadenylated transcripts that excised IVS1 was deter-

mined by calculating the ratio of IVS1' (1.3- and 4.1-kb) and

IVS1 (0.8-kb) transcripts generated after E2 treatment.

This analysis revealed that about 50% of polyadenylated

transcripts contained IVS1 sequences.

Further confirmation that many 1P1 transcripts possess

IVS1 was shown by cleavage with oligo(dT). This oligonu-
cleotide cleaves near the 5' end of IVS1 because of the

presence of several tracts of adenylate residues that span the

region between nucleotides 100 to 155 of IVSl1 1 including
a homogeneous poly(A) tract of 22 nucleotides 34). Incuba-

tion with dT cleaved IVS1' transcripts to the expected

sizes, as assessed with the IVS1, V.5, and C.1 exon probes

(Fig. 3B and C). Note that the IVS1 probe recognized only
the 3' products that result from dT cleavage.
The splicing status of IVSjc~ was further assessed with

oligonucleotide El, which binds to sequences in exon 1 (Fig.

2). Oligonucleotide El generated 0.5- and 3.4-kb cleavage

products that hybridized with the V,3 probe that correspond
to IVSJC- and IVSjC+ transcripts, respectively (Fig. 4, lane
5). The ratio of these two products shows that only about
10% of polyadenylated I1 transcripts have retained the JC
intron.
1VSL splicing. The splicing status of the most 5' intron,

IVSL, was also assessed with oligonucleotide El. The size of
the IVSJC- cleavage product (0.5 kb) generated after El
cleavage (Fig. 4) is consistent with an RNA that has already
spliced out IVSL. No cleavage product that contained the
135-nucleotide IVSL (this product would be 0.6 to 0.7 kb)
was detected. Further evidence that IVSL is spliced out of
virtually all ,B1 transcripts included the following. First,
RNase H cleavage in the presence of an oligonucleotide
complementary with the V,35 coding segment (oligonucleo-
tide V; Fig. 2) generated only a 0.1-kb (spliced) product
recognized by a V.5 leader probe (data not shown). Second,
an IVSL probe failed to hybridize detectably with any of the
major 131 transcripts (data not shown).
IVS2 5' cleavage intermediate. RNase H mapping showed

that the abundant 0.7-kb transcript detected with the C.1 and
IVS2 probes (Fig. 3C, lane 1) is a novel splicing intermediate
containing IVS2 at the 5' terminus (Fig. 2). The evidence for
this is as follows. Oligo(dT) treatment reduced the size of the
0.7-kb transcript to 0.45 to 0.5 kb (Fig. 3C, upper panel),
showing that it possessed a 0.45- to 0.5-kb deadenylated
body and a 0.2- to 0.25-kb poly(A) tail. This size is consistent
with a transcript that has spliced out IVS3 and possesses
IVS2 at its 5' terminus. This phenotype was confirmed by
the following results. First, the IVS2 probe hybridized with
the 0.45- to 0.5-kb cleavage product generated after dT
treatment (Fig. 3C, middle panel). Second, the IVS3 probe
did not hybridize with this 0.45- to 0.5-kb cleavage product
(Fig. 3C, lower panel). Third, 12 plus dT treatment generated
a product 0.1 kb smaller (approximately 0.4 kb) than the
product generated by treatment with dT alone; this cleavage
product did not hybridize with the IVS2 probe (Fig. 3C), as
expected since 12 incubation should remove IVS2 from the
5' end of this transcript. Fourth, when the 0.7-kb transcript
was gel purified prior to RNase H analysis, it displayed the
appropriate size and hybridization characteristics when
cleaved in the presence of the oligonucleotide I2, E3, or E4
(data not shown).
To determine more precisely the 5' terminus of the 0.7-kb

transcript, poly(A)+ RNA was cleaved with an oligonucle-
otide complementary to the 3' end of exon 3, E3b, and then
subjected to polyacrylamide gel electrophoresis, followed by
electroblotting and filter hybridization with an IVS2 probe.
The 0.18-kb E3b cleavage product derived from the 0.7-kb
transcript nearly comigrated with the cleavage product gen-
erated after incubation with E3b plus E2 (Fig. 5A), indicating
that the 0.7-kb transcript possesses IVS2 at its 5' terminus
(see Fig. 2 and Table 1 for positions of the oligonucleotides).
The 5' terminus of the 0.7-kb transcript did not include exon
2 since the E3b cleavage product (0.18 kb) was clearly
smaller than the 0.20-kb exon 2-containing cleavage product
generated from the conventional TCR-P splicing intermedi-
ates after E3b plus Ilb incubation (Fig. 5A). It is unlikely
that IVS2 at the terminus of the 0.7-kb transcript is in a lariat
conformation since the 0.18-kb E3b cleavage product de-
rived from this transcript did not displayreduced migration in
the polyacrylamide gel, as is typical for intron lariats (32,
52), including IVSlc31 (34). In fact, the 0.18-kb E3b cleavage
product derived from the 0.7-kb transcript migrated slightly
faster than the E3b plus E2 cleavage product (Fig. SA),
indicating that it is likely that IVS2 has been debranched and
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FIG. 5. Characterization of C,.1 transcripts that possess introns

at the 5' end. (A) SL12.4 poly(A)+ RNA (1 ,ug) was subjected to
RNase H analysis using the oligonucleotides shown, followed by
electrophoresis in a 7% denaturing polyacrylamide gel and Northern
blot hybridization with a IVS2c31 probe. Lane 1 represents RNA
subjected to the RNase H procedure in the absence of a specific
oligonucleotide. (B) The same conditions as for panel A except that
a 5% polyacrylamide gel was used and the hybridization probe was
IVS1lc1. Sizes are indicated in kilobases.

nibbled at the 5' end. We conclude that the abundant 0.7-kb
11 transcript is an IVS2+ IVS3- linear RNA molecule that
appears to have undergone the first step of IVS2 splicing in
vivo (5' cleavage) but has not been subjected to the second
step (3' cleavage) which would have lead to expulsion of
IVS2 and joining of exons 2 and 3.
IVS1 5' cleavage intermediates. The 1.2- and 1.5-kb IVS1+

transcripts appear to be splicing intermediates that contain
IVS1 at the 5' terminus (Fig. 2) and differ only in that the
former transcript has spliced out IVS3 (Fig. 3A). Evidence
for the existence of transcripts that possess IVS1 at the 5'
end is as follows. RNase H cleavage in the presence of E3
released a 0.6-kb cleavage product that hybridized with IVS1
and IVS2 probes (Fig. 3A, middle panel, and data not
shown). The size and hybridization characteristics of this
0.6-kb product indicated that it contains IVS2 and that its 5'
terminus is the 5' end of IVS1. Intron IVS1 at the 5' termini
of the 1.2- and 1.5-kb transcripts appears to be in a lariat
conformation. Electrophoresis of the RNA in a 5% poly-
acrylamide gel, followed by electroblotting and filter hybrid-
ization with an IVS1 probe, did not reveal any transcripts
that migrated at 1.2 or 1.5 kb, which would be expected if
they were linear molecules. Under these conditions, the only
major transcripts detected were two RNA species (Fig. SB,
lane 1) which we show elsewhere (34) are free (exonless)
0.5-kb IVS1 lariats with different-length tails (in contrast to
their slow migration in polyacrylamide gels, these free intron
lariat molecules migrate as a single 0.5-kb transcript in
agarose gels [34]).
To provide further evidence that transcripts with IVS1 at

the 5' terminus are lariats, SL12.4 poly(A)+ RNA was
incubated with oligonucleotide E3 and RNase H to release

A B C D

N. 04 (13'p1 1'S1 (132exon cp131eI;X

- 28

- I 8 s

N ( N N C N (

FIG. 6. Localization of SL12.4 C31 transcripts to the nuclear
compartment, determined by Northern blot analysis of nuclear (N)
and cytoplasmic (C) RNA (10 jig) from SL12.4 cells electrophoresed
in a 1% agarose gel. The blot was sequentially hybridized with the
probes shown. Sizes are indicated in kilobases.

the 5'-terminal portion of these IVS1+ transcripts. The E3
cleavage product migrated as 0.6 kb in agarose gels, as
expected (Fig. 3A, middle panel), but clearly no product that
migrated at 0.6 kb was detectable in a polyacrylamide gel
(Fig. SB). The migration of a linear form of this 0.6-kb RNA
was determined by cleavage with E3 and an oligonucleotide
to the 5' end of IVS1, I1 (Fig. SB, lane 4). The 0.5-kb
transcript that was also generated after E3 plus I1 treatment
(or incubation with I1 alone) resulted from linearization of
the free IVS1 lariat (34). It was not feasible to independently
analyze whether these splicing intermediates are in a lariat
conformation by using debranching extracts (HeLa S100 or
nuclear extracts) because such extracts only very ineffi-
ciently debranch IVS1, perhaps for the same reason that this
intron is not efficiently debranched in vivo (34).
Accumulation of TCR-13 pre-mRNAs in the nucleus of the

SL12.4 cell clone. One possible mechanism to prevent the
splicing of ,13 transcripts would be to export partially spliced
transcripts to the cytoplasm where RNA splicing does not
occur. Retroviruses employ this export mechanism to gen-
erate an array of unspliced, partially spliced, and fully
spliced transcripts in the cytoplasm that give rise to different
translation products. We found that such an export mecha-
nism is unlikely to be operating on 11 pre-mRNAs since
these transcripts were clearly confined to the nuclear com-
partment (Fig. 6A to C). By comparison, the fully spliced
1.0-kb 132 transcript was present in both the nuclear and
cytoplasmic compartments (Fig. 6D). Most of the 13 tran-
scripts present in nuclear RNA, including the abundant
0.7-kb transcripts possessing IVS2 at the 5' terminus (Fig.
6), were also present in poly(A)+ RNA (Fig. 1B and 3). This
result shows that the polyadenylation of many 11 transcripts
precedes initial RNA splicing events.
A unique nuclear transcript not present in poly(A)+ RNA

was an abundant 0.8-kb V,3,+ transcript (Fig. 6A). The size
and hybridization characteristics of this transcript suggest
that it is the 5' portion of precursor transcripts that have
undergone 5' cleavage of IVS1 or IVS2 but have failed to
undergo 3' cleavage and exon ligation (see above). Such a 5'
cleavage product would not contain a polyadenylated tail
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FIG. 7. Reversible effects of CHX on TCR-3 mRNA accumula-
tion. (A) Northern blot analysis of SL12.4 poly(A)+ RNA (1 ,ug)
from control cells (none), cells incubated for 12 h with 10 ,ug of CHX
per ml (CHX), or cells treated with CHX and then washed and
recultured for 3 or 6 h (chase). The RNA was electrophoresed in a

1% agarose gel, blotted, and sequentially hybridized with the probes
shown. Equivalent amounts of RNA were loaded in each lane as

assessed by methylene blue staining (49) except the last lane, which
had approximately one-half as much RNA as did the other lanes. (B)
SL12.4 poly(A)' RNA (0.5 ,ug of RNA from CHX-treated cells [10
,ug/ml for 6 h] and 1 ,ug of RNA from control cells [labeled "none"])
was subjected to RNase H analysis in the absence of oligonucle-
otides (first two lanes) or the presence of the oligonucleotides E2
and oligo(dT) (last two lanes). The RNA was electrophoresed in 1%
agarose gels, blotted, and hybridized with the probe shown. (C)
Northern blot analysis of cytoplasmic RNA (10 ,ug) from SL12.4
cells, performed as described for panel A. Sizes are indicated in
kilobases.

and thus would not be expected to be in the poly(A)+
fraction.
The protein synthesis inhibitor CHX allows mature TCR-13

transcripts to accumulate in the cytoplasm. The accumulation
of partially spliced 1 transcripts in SL12.4 cells shows that
the splicing of 1 transcripts is impaired in this cell clone.
We previously showed that CHX induces the appearance of

a fully spliced 1.3-kb TCR-,B transcript that hybridizes with a
J 31 probe. We concluded that this induction of mature
TCR-1 mRNA was a posttranscriptional event since it
occurred without a significant concomitant increase in the
rate of transcription, as judged by nuclear runoff assays (51).
It was hypothesized that an unstable inhibitor protein blocks
the expression of mature TCR-B transcripts by a posttran-
scriptional mechanism. If the putative inhibitor acts by
inhibiting RNA splicing, it would be anticipated that if the
inhibitor was depleted (by addition of CHX), precursor
transcripts would be depressed in levels. Figure 7A shows
that, indeed, CHX treatment led to the down-regulation of
V35C,1 pre-mRNAs and the dramatic appearance of a 1.3-kb
fully spliced V,35C.1 mRNA. A novel 1.7-kb V35C31 tran-
script was also induced by CHX; this transcript is a mature
cytoplasmic mRNA that is derived from a promoter up-
stream of the transcription initiation site for 1.3-kb tran-
scripts (unpublished observations). Confirmation that CHX
induced a fully spliced 11 transcript came from RNase H
analysis. IVS2 and IVS3 were fully spliced following CHX
treatment, as evidenced by a single 0.3-kb cleavage product
recognized by the C.1 exon probe after oligonucleotide E2
plus dT cleavage (Fig. 7B, right panel).
The mature TCR-13 transcripts induced by CHX were

exported to the cytoplasm (Fig. 7C, right lane). Virtually no
13 transcripts were in the cytoplasm before treatment (Fig.
7C, left lane). In contrast, 1.0-kb 12 transcripts were present
in the cytoplasm before and after CHX treatment (Fig. 7C).
Removal of CHX led to the rapid reappearance of intron-
containing V.5C.1 transcripts and the disappearance of the
major mature 1.3-kb V5C3s1 transcript (Fig. 7A). The recip-
rocal expression pattern of intron-containing and mature 1
transcripts in response to CHX suggests that there is a
precursor-product relationship between these two classes of
transcripts. This notion is substantiated by our observation
that treatment of SL12.4 cells with the transcriptional inhib-
itor actinomycin D does not prevent the induction of mature
131 mRNA in response to CHX (unpublished observations).
Taken together, the data indicate that CHX is likely to act, at
least in part, by increasing the rate of TCR-1 RNA splicing.

Fully spliced TCR-I transcripts accumulate in the nuclei of
SL12.4 cells. If inhibited RNA splicing were the only mech-
anism that prevented TCR-1 mRNA accumulation in the
cytoplasm of SL12.4 cells, then fully spliced TCR-,B tran-
scripts should also be absent in the nucleus. Since we
showed that none of the TCR-13 introns are completely
blocked in splicing, it would not be surprising if some fully
spliced TCR-1 transcripts were generated in SL12.4 cells.
Northern blot analysis indicated that fully spliced 1.4- to
1.5-kb TCR-1 transcripts with long poly(A) tails that varied
somewhat in size were detectable with both V.5 and C.1
exon probes (Fig. 7A). Cleavage with oligo(dT) and RNase
H showed that the deadenylated body of these 1.4- to 1.5-kb
transcripts from untreated SL12.4 cells migrated identically
(1.2 kb) to the deadenylated body of the CHX-induced
1.3-kb transcript (Fig. 4; note that five times more RNA from
untreated cells than from CHX-treated cells was loaded).
Thus, at least a proportion of the 1.4- to 1.5-kb transcripts in
untreated SL12.4 cells are fully spliced TCR-,B mRNAs
present in the nucleus that have longer poly(A) tails than do
the 1.3-kb mature transcripts induced by CHX to appear in
the cytoplasm. This observation is consistent with other
studies demonstrating that nuclear mRNAs possess longer
poly(A) tails than do cytoplasmic mRNAs (6). It should be
noted that this analysis provides an overestimate of the
relative abundance of fully spliced messages since the anal-
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IVS2CPi
1 CAG/GTAAGT GAGTTGACTC TCTCTTCCCC TCTCATGATT ATGACTGTAG

CAG/GTAAGT
51 AGCTAGCTAG CTGTCCAAAG GTCCTTACCT GCTCTCCTTT TCTGTCAACAG/C

YNYURAY NYAG/G

IVS3Cpl

1 TAT/GGTAAG GAACAGGCAG ATGGAGCTTA TGGGGAGGTG ACACATGCAA
CAG/GTAAGT

51 CCCAGGCATT TACAACCAGT GGCTTAGGCC TCTTCCAGAA GTAGAGGGGA

101 GCAGTAGAGA GAGGTCTGCT TCCATGGTGT AAAAGACAAG AAGAAACTTC

151 AAAGAACTGT AGTGGATAGC TATAGAGGAT AAGCTGTGAT AACTCAAAAG

201 CCCAAGGATG TTTTAGTAGC TCTATCGTTT GTCTGAACAA ATGGGCCTTT

251 GTATATTCTC TCAAGCCACA CTATGCAAGG CCATTGGTAA ACCTAAAATG
YNYUR AY

YNYURAY
301 ATTCTCATCT GCAG/G

NYAG/G
FIG. 8. Nucleotide sequences of IVS2c,1 and IVS3c,1. The

sequences shown in bold below the C,31 intron sequence represent
the consensus sequences for mammalian branchpoint regions (53)
and 5'/3' splice junctions (30). The sequence shown is in agreement
with a partial sequence of murine IVS2c31 and IVS3c31 reported
previously (14).

ysis was conducted on the poly(A)+ fraction of RNA which
lacks many TCR-3 pre-mRNAs, particularly those contain-
ing IVSJC31 (see above). We conclude that although C.1
transcripts display inhibited splicing in SL12.4 cells, the
presence of some fully spliced C,1 transcripts in the nucleus
implies that some other posttranscriptional mechanism(s)
must also contribute to the lack of mature transcripts in the
cytoplasm.

Sequence of C31 introns. The sequences of the C31 introns
were determined since they displayed unusual splicing be-
havior. The sequence of IVSlc31 is presented elsewhere
(34); our analysis revealed that it possesses canonical splic-
ing signals. The complete sequences of IVS2c 31 and IVS3c 1
are shown in Fig. 8. Both introns possess the invariant GU
and AG (30) at their 5' and 3' ends, respectively. IVS2c,31
has many other features expected of a typical intron. First, it
has a 5' splice junction region that displays perfect comple-
mentarity with the portion of Ul known to interact with this
region (30). Second, it has a stretch of 17 of 19 polypyrim-
idines (YJ) followed by the sequence AACAG/C which has
some similarity with the known consensus 3' splice junction,
YnNYAG/G (30). Third, just upstream of the polypyrimidine
tract, it possesses a sequence displaying a six-of-seven
match with the mammalian branchpoint consensus sequence,
YNYURAY (53). Thus, the inhibited splicing of IVS2cJ1
cannot be easily ascribed to inefficient splicing signals.
IVS3cv1, which was more efficiently spliced than IVS2 in
SL12.4 cells, has features less consistent with a typical
intron. Most strikingly, it has a stretch of only 9 of 12
polypyrimidine residues upstream of its splice acceptor (Fig.
8). Studies of other introns have indicated that short poly-
pyrimidine tracts typically do not permit efficient splicing
(41). However, IVS3cgl does have a consensus 3' splice
junction (YnGCAG/G) and two potential branchpoint se-
quences upstream of the short polypyrimidine tract, each of
which displays a five-of-seven match with the known con-
sensus sequence. The 5' splice site of IVS3 possesses six of
nine nucleotides in common with the known consensus
sequence (30).

DISCUSSION

Inhibitors of RNA splicing have been postulated to play a
regulatory role in the expression of several eukaryotic
transcripts (5). Most cases of negative splicing regulation
involve choices between alternative splice sites (10, 12, 15,
19, 28, 36, 43). Only a few examples of repressional mech-
anisms that inhibit the rate of RNA splicing from a single set
of splice acceptors and donors (e.g., splice-versus-no-splice
decision making) are known. The third intron in the trans-
posase transcript derived from the Drosophila P element is
prevented from being spliced in somatic tissues. This block
in RNA splicing may be controlled by one or more specific
RNA-binding proteins that have been identified in somatic
tissues (46). Autoregulatory control of RNA splicing is
exerted by the product of the suppressor of white apricot
locus of Drosophila [su(WT)]. This locus encodes an RNA-
binding protein that blocks the splicing of the first intron of
its own precursor mRNA (5). Similarly, the yeast ribosomal
protein L32 blocks the splicing of a single intron in its own
pre-mRNA (13). Our own observations suggest that negative
splicing regulation also serves to regulate splice-versus-no-
splice decisions in cells of the immune system.
An attractive aspect of the regulation of TCR-P RNA

splicing in T cells is that it can be analyzed and manipulated
in a cell line. The protein synthesis inhibitor CHX has
dramatic effects on the accumulation of TCR-13 precursor
and mature transcripts in the SL12.4 cell clone. CHX
treatment triggers a diminution of precursor transcripts in
the nucleus and a dramatic appearance of spliced transcripts
in the cytoplasm. Removal of CHX permits reappearance of
precursor transcripts in the nucleus and leads to eventual
loss of mature transcripts in the cytoplasm. Taken together,
these results suggest that the splicing of TCR-,B transcripts is
reversibly inducible in SL12.4 cells. The inducibility by
CHX suggests that TCR-,B RNA splicing is negatively regu-
lated by an unstable protein(s). Other eukaryotic transcripts
are also up-regulated in response to protein synthesis inhib-
itors. Protein synthesis inhibitors potentiate the expression
of many cytokine and oncogene transcripts by increasing
cytoplasmic RNA half-life. The effect is mediated, at least in
part, by an AU-rich sequence present in the 3' untranslated
region (39) which binds to a specific protein that may play a
role in the stability of these messages (7). Protein synthesis
inhibitors also induce immunoglobulin K chain gene tran-
scription (47), perhaps as a result of depleting cells of I-KB,
an inhibitor of the positive transcription factor NF-KB (3).
Thus, protein synthesis inhibitors have been useful tools

to provide evidence for negative regulatory mechanisms that
act at the level of gene transcription or cytoplasmic RNA
stability. The effect of protein synthesis inhibitors on TCR-P
expression is unusual since it does not appreciably affect
TCR-, gene transcription (51) but instead appears to have a
profound effect on TCR-3 RNA splicing. This characteristic
provides a unique system with which to study the mecha-
nism of RNA splicing. It should be stressed, however, that it
is not clear that CHX is acting by depleting T cells of a
specific inhibitor of RNA splicing. Since the synthesis of
most cellular proteins is blocked by CHX, other, less spe-
cific events may be responsible for its effects on RNA
splicing. Nevertheless, the dramatic effects of CHX on
TCR-4 transcripts suggest that it will be a useful tool with
which to investigate the regulation of TCR-, RNA splicing.

Several factors must be taken into account when one is
considering the mechanism that controls TCR-, RNA splic-
ing in SL12.4 cells. First, the splicing of several introns is
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impaired. Second, only the most 5' intron within a V-
containing transcript, IVSL, is efficiently spliced. Third, the
individual introns display different apparent rates of splicing.
We assessed the percentage of polyadenylated transcripts
that contained each intron as an indirect measure of the
splicing rate in vivo. IVSlc31 and IVS2c31 are retained in
about one-half of 131 transcripts, while IVS3c,31 is present in
only about 1/10 of 13 transcripts. IVSJcQ31 is present in only
about 1/10 of polyadenylated 11 transcripts, although it is
clearly present in a larger proportion of total nuclear 1
transcripts, as detected by Northern blot analysis (Fig. 6).
One model to explain the pattern of TCR-1 RNA splicing

that we observe is to hypothesize that unstable regulatory
proteins independently regulate each of the four introns that
display inhibited splicing. Another model is that, instead,
only one or a few introns are directly inhibited from under-
going splicing by regulatory proteins. The other introns
would display inefficient splicing as a consequence of the
regulatory introns. This transfer of inhibitory activity could
be mediated by interactions between the introns, as has been
noted for other transcripts (31, 45). Our data are consistent
with a model in which negative regulation is focused on
IVSlc31 and IVS2cp1. There are three lines of evidence that
support this specific model. First, IVS1 and IVS2 are present
in a greater proportion of pre-mRNAs than is IVS3 or IVSJc.
Second, the particular combination of introns that are
present in TCR-13 pre-mRNAs suggests that the splicing of
IVS1 and IVS2 is less efficient than the splicing of IVSJC and
IVS3, respectively. Third, 3' splice site cleavage is ineffi-
cient or repressed for IVS1 and IVS2 but not the other
introns. The evidence for this notion is the accumulation of
splicing intermediates that have cleaved the 5' splice site but
not the 3' splice site of these two introns.
The accumulation of splicing intermediates in vivo that

have undergone 5' splice cleavage but not cleavage of the 3'
splice site is a novel observation. Other eukaryotic pre-
mRNAs have been commonly shown to generate splicing
intermediates of this type during in vitro splicing reactions
(22, 32), but such intermediates are rarely observed at
detectable levels in vivo (52). Presumably, such 5' splicing
intermediates accumulate during in vitro splicing reactions
because splicing is inefficient in vitro, while in vivo splicing
reactions typically display such a rapid kinetic linkage of the
first and second steps of splicing that intermediates are not
normally detectable. The 5' splice site cleavage intermedi-
ates that have been observed in vitro and in vivo by other
workers accumulate as lariat structures (22, 32, 52). Simi-
larly, TCR-1 splicing intermediates which contain IVSlc1l
at the 5' termini are in a lariat conformation (Fig. SB), just as
we previously showed for free IVS1c31 (34). In contrast, the
extremely abundant 0.7-kb splicing intermediate which con-
tains IVS2cpl at the 5' terminus is likely to be linear, as
judged from migration in polyacrylamide gels. This observa-
tion suggests that the IVS2 lariat structure has been de-
branched in vivo. This debranched transcript may have lost
its ability to undergo 3' cleavage and exon ligation. Thus,
this unusual transcript may be on a dead-end pathway.
However, we cannot rule out an alternative possibility that
this linear transcript was generated not by the classical
splicing reaction but instead by specific endonucleolytic
cleavage.
What is the function of this negative posttranscriptional

regulation that acts, in part, at the level of RNA splicing?
(D)JC,3, CD3-y, -8, -£, and -t, CD4, and CD8-a transcripts do
not display impaired splicing (50; this study), so the regula-
tion appears to be a selective mechanism that acts on

V(D)JC,3 transcripts. One possibility is that a specific RNA
splicing mechanism controls the stage specific accumulation
of mature cytoplasmic V(D)JCR, transcripts during thymic
maturation. Consistent with this hypothesis is our observa-
tion that TCR-13 splicing intermediates accumulate in normal
thymocytes (34). These thymic splicing intermediates corre-
spond in intron content to those which accumulate in the
SL12.4 cell clone described in this report (unpublished
observations). The rate of RNA splicing may serve to
control the expression of TCR-,B protein in a developmen-
tally regulated fashion, in combination with other regulated
events such as gene rearrangements.
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