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mRNA levels of several Crithidia fasciculata genes involved in DNA metabolism have previously been found
to cycle as cells progress through the cell cycle. Octamer consensus sequences in the 5� untranslated regions
(5� UTRs) of these transcripts were shown to be required for cycling of these mRNAs. The KAP3 gene encodes
a kinetoplast histone H1-like DNA binding protein, and its mRNA levels cycle in parallel with those of the
kinetoplast DNA topoisomerase (TOP2), dihydrofolate reductase-thymidylate synthase (DHFR-TS), and the
large subunit of the nuclear single-stranded DNA binding protein (RPA1). KAP3 mRNA contains two octamer
consensus sequences in its 3� UTR but none in its 5� UTR. Mutation of these octamer sequences was not
sufficient to prevent cycling of a sequence-tagged KAP3 mRNA expressed from a plasmid. Mutation of an
octamer sequence contained on the precursor transcript but not on the mRNA, in addition to mutation of the
two octamer sequences in the 3� UTR, was necessary to abolish cycling of the mRNA. The requirement for a
sequence not present on the mature mRNA indicates that regulation of the mRNA levels by the octamer
sequences occurs at or prior to splicing of the transcript. Incompletely processed RNAs containing octamer
sequences were also found to accumulate during the cell cycle when the mRNA levels were lowest. These RNA
species hybridize to both the KAP3 coding sequence and that of the downstream drug resistance gene,
indicating a lack of processing within the intergenic region separating these genes. We propose a cell cycle-
dependent interference in transcript processing mediated by octamer consensus sequences as a mechanism
contributing to the cycling of such transcripts.

Gene expression in trypanosomes and other kinetoplastid
protozoa differs significantly from that in most other eu-
karyotes. These unicellular parasites are among the earliest
diverging organisms containing a mitochondrion, and many of
their biological features are unique (21). One unusual feature
of these organisms is the arrangement of genes along their
chromosomes. The sequence of the Leishmania major chromo-
some I has revealed a 1.6-kb region lacking open reading
frames (16). Predicted open reading frames to the left of this
region are all oriented toward the left telomere, and those to
the right are all oriented toward the right telomere. Also, in
contrast to genes in most other eukaryotes, genes in kineto-
plastids lack introns, with only a single exception (14). Tran-
scription of genes on the Leishmania chromosome I appears to
be bidirectional from within the 1.6-kb region. Similar studies
of other chromosomes indicate that both promoters and ter-
minators are present in the regions in which the direction of
transcription changes (P. Myler, cited in reference 3).

Constitutive transcription of protein-coding genes generates
polycistronic transcripts, which are processed to produce ma-
ture monocistronic mRNAs (reviewed in reference 3). Matu-
ration of the polycistronic transcripts involves cleavage within
intergenic spaces, trans-splicing of a 39-nucleotide (nt) spliced

leader sequence to the 5� end of all mRNAs, and polyadenyl-
ation of 3� ends. trans-splicing of precursor RNAs occurs by
mechanisms similar to those for cis-splicing in higher eu-
karyotes and involves U2, U4, and U6 small nuclear RNAs
(24). Processing of the precursor transcripts occurs rapidly,
and polycistronic intermediates are generally not observed.
Consequently, regulation of genes expressed by RNA polymer-
ase II occurs predominantly at the posttranscriptional level.

Gene regulation in trypanosomes has been studied most
extensively for species that undergo morphological and physi-
ological transformations during their life cycles. In the case of
Trypanosoma brucei, the causative agent of African sleeping
sickness, variant surface glycoprotein gene mRNA shows a
high degree of stage-specific expression. Sequence elements
within the 3� untranslated regions (3� UTRs) of these genes
have been shown to influence the mRNA levels (19, 25). A
U-rich 26-mer in the 3� UTRs of the surface protein genes EP
and GPEET in the insect form of T. brucei has been found to
be important for the developmental regulation of these genes
(9, 20). These U-rich elements appear to be similar to the
destabilizing AU-rich elements present in the 3� UTRs of
mammalian mRNAs involved in growth and differentiation
(15). Similar sequence elements present in the mRNAs of
Trypanosoma cruzi genes encoding mucin-like proteins have
also been shown to regulate mRNA levels (5).

An octamer consensus sequence [(C/A)AUAGAA(G/A)]
that is present in several mRNAs of the trypanosomatid
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Crithidia fasciculata and is required for the cell cycle-depen-
dent regulation of the mRNAs containing it has been described
previously (2, 11, 13, 18). The mRNAs of genes encoding the
large subunit of the nuclear single-stranded DNA-binding pro-
tein (RPA1), dihydrofolate reductase-thymidylate synthetase
(DHFR-TS), the kinetoplast type II DNA topoisomerase
(TOP2), and a histone H1-like kinetoplast DNA-binding pro-
tein (KAP3) all cycle in parallel as cells progress through the
cell cycle. Levels of all these mRNAs are maximal just prior to
S phase and then decline as DNA synthesis is completed.
Episomal constructs bearing truncated RPA1 or TOP2 genes
and their 5� UTRs allowed the identification of sequences in
the 5� UTRs of these genes that are required for periodic
accumulation of the mRNAs. Mutation of octamer consensus
sequences present in the 5� UTRs of these genes abolished the
periodic accumulation of the mRNAs and resulted in mRNA
levels close to the maximum levels attained by the cycling
transcripts and showing little variation throughout the cell cy-
cle (2, 11). The central hexamer (AUAGAA) in the consensus
sequence is absolutely conserved in the mRNAs that have been
observed to cycle so far, and single-base changes in the hex-
amer have been shown to abolish cycling of the mRNA levels.

In the present work we have examined the sequence require-
ments for cycling of the C. fasciculata KAP3 gene, a gene
encoding a histone H1-like protein associated with kinetoplast
DNA (8, 26). A plasmid construct containing the KAP3 gene
with 5� and 3� flanking sequences was used to insert the green
fluorescent protein (GFP) gene in frame within KAP3 for use
as a sequence tag to permit easy discrimination of the ex-
pressed transcript from that of the chromosomal KAP3 mRNA
during the cell cycle. We show here that cycling of the KAP3-
GFP transcript requires octamer sequence elements both in
the KAP3 3� UTR and in the sequence 5� of the KAP3 splice
acceptor site.

MATERIALS AND METHODS
Isolation and cloning of the KAP3 gene with 5� and 3� flanking sequences. A

� GEM11 genomic library of C. fasciculata was screened by using a labeled
fragment of the KAP3 coding region (8). Positive clones were picked and di-
gested with XhoI. To construct plasmid pJCH1, a 2.1-kb gel-purified XhoI frag-
ment of a � GEM11 clone containing the KAP3 gene, 1.0 kb of 5� flanking

FIG. 1. Physical map of the KAP3-GFP expression plasmid pMA1.
Full-length EGFP was fused in frame near the 3� end of the KAP3
coding sequence as a tag to distinguish the chimeric transcript from
that of the KAP3 gene. The vector contains the HYG selectable
marker flanked by the L. major 5� and 3� flanking regions of the
DHFR-TS gene for expression of the HYG drug resistance marker.
The 5� and 3� intergenic sequences flanking the C. fasciculata KAP3
gene are indicated. The locations of the KAP3 splice acceptor site and
octameric sequences are also indicated. Mutated sequences are given in
parentheses.

FIG. 2. Expression and mitochondrial targeting of the KAP3-GFP
fusion protein in C. fasciculata cells transformed with plasmid pMA1.
(A) DAPI staining; (B) phase-contrast image with DAPI staining;
(C) phase-contrast image with GFP fluorescence; (D) GFP fluores-
cence.

FIG. 3. Expression of endogenous KAP3 and chimeric KAP3-GFP
transcripts varies during the cell cycle. (A) Schematic structure (not to
scale) of the KAP3-GFP gene and flanking sequences in pMA1. SA,
the KAP3 splice acceptor site. Unlabeled open rectangles indicate the
locations of the CATAGAAA octamer sequences. (B) Northern blot
analysis of total RNA isolated from synchronized C. fasciculata cells
carrying the pMA1 plasmid. Total RNA was isolated at the time of
release from hydroxyurea arrest (0 min) and at 30-min intervals there-
after. Total RNA (8 �g per lane) was subjected to Northern blot
analysis by hybridization to the KAP3 gene coding sequences to detect
both chimeric KAP3-GFP transcripts and endogenous KAP3 tran-
scripts. The same Northern blot was stripped and rehybridized to a
260-bp probe derived from a partial cDNA encoding the C. fasciculata
homolog to the T. cruzi flagellar calcium binding protein (CaBP).
(C) PhosphorImager quantitation of transcript levels in the Northern
blot. Endogenous KAP3 (solid bars) and chimeric KAP3-GFP (dark
shaded bars) RNA transcript levels have been normalized at each time
point relative to the level of the CaBP transcript, which is expressed at
a constant level during the cell cycle and serves as a loading control.
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sequence, and 0.7 kb of 3� flanking sequence was cloned into the SalI site of
pX63HYG (4). The pX63HYG plasmid contains the hygromycin selectable
marker flanked by the L. major 5� and 3� flanking regions of the DHFR-TS gene
for expression of the drug resistance marker (hygromycin B phosphotransferase
[HYG]). An additional �1.2-kb XbaI-Sau3AI fragment containing the 3� flank-
ing sequence of the KAP3 gene was cloned into the XbaI-BamHI sites of
pGEM7Z(�) (Promega) to create the pJL1 plasmid. The pJL1 plasmid was
subsequently digested with XbaI and SpeI, and the resulting �0.69-kb fragment
was cloned into the XbaI site of pJCH1 to yield plasmid pJCH2.

Construction of a KAP3-GFP expression plasmid. To generate plasmid pMA1,
expressing KAP3-GFP transcripts, the full coding region of the enhanced GFP
(EGFP) gene was PCR amplified from plasmid pEGFP-1 (BD Clontech, Palo
Alto, Calif.) with oligonucleotides G10 (5�-GCAGCCAAGACGGCCATGGTG
AGCAAGGGCGAG-3�) and G11 (5�-GAAGGCCGTCTTGGCGATATCCTT
GTACAGCTCGTCCATG-3�) (underlining indicates added BglI and EcoRV
sites), digested with BglI, and ligated into BglI-digested pJCH2.

Immunolocalization of the KAP3-GFP protein. C. fasciculata cells expressing
the pMA1 plasmid at approximately 2 � 107 cells per ml were harvested by
centrifugation (at 1,000 � g for 5 min), washed twice in an equal volume of
phosphate-buffered saline (PBS), and resuspended to 4 � 107 cells per ml. The
cell suspension (50 �l) was applied to a microscope slide which had been coated
previously with 0.1% poly-L-lysine solution (Sigma-Aldrich). Slides were placed
in a humid chamber for 30 min to allow cells to adhere. The slides were washed
in PBS, immersed in 4% paraformaldehyde in PBS for 10 min, and then
quenched by addition of glycine to a final concentration of 0.1 M. Slides were
washed three times in PBS for 5 min, drained, and incubated with 100 �l of a
solution containing 0.2 �g of 4�,6�-diamidino-2-phenylindole (DAPI) per ml of
PBS for 3 min. Finally, slides were rinsed with PBS, drained, and mounted in
Vectashield (Vector Laboratories, Inc., Burlingame, Calif.). Cell images were
captured on an Axioscope 2 microscope (Carl Zeiss, Jena, Germany), and images
were processed with Adobe PhotoShop (version 6; Adobe Systems, Mountain
View, Calif.).

Oligonucleotide mutagenesis. To create pMA1.1, plasmid pMA1 was digested
with HindIII and XbaI, and a 2.75-kb HindIII-XbaI fragment containing the
KAP3-GFP gene (see Fig. 1) was cloned into HindIII- and XbaI-digested
pGEM11Z(�) (Promega) for mutagenesis. Mutation of the first conserved oc-
tameric sequence in the pMA1.1 plasmid was carried out by oligonucleotide
mutagenesis using oligonucleotide E45 (5�-GCAATCGGCTTGTCATgaAAAA
CATACAAATAC-3� [the octamer sequence is underlined and nucleotide sub-
stitutions within it are shown in lowercase]) and the Promega Gene Editor kit
according to the manufacturer’s instructions. Plasmid pMA1.1 was cut with
HindIII and XbaI, and the 2.75-kb fragment released was then subcloned into the
HindIII-XbaI sites of pGEM11Z (�) to generate the pMA1.2 plasmid. The
pMA1.2 plasmid was used as a template in mutating the second octameric
sequence with oligonucleotide F30 (5�-CAATGTGGAGTTCGTATTcaTATGT
GATGGGCAACA-3�) as described above. The base substitutions in pMA1.1
and pMA1.2 were confirmed by DNA sequence analysis. The pMA1.2 plasmid
was digested with HindIII and XbaI, and the 2.75-kb fragment was used to
replace the same HindIII-XbaI fragment of pMA1, creating pMA2.

To construct pMA5.4, we employed the cloning strategy described above. The
2.75-kb sequence was excised from plasmid pMA2 as a HindIII-XbaI fragment
and inserted into HindIII- and XbaI-digested pGEM11Z(�) to produce plasmid
pMA5.3. This plasmid was used to mutate the octameric (AATAGAAA) se-
quence upstream of the splice acceptor site of the KAP3 gene to GGTACCAA
by oligonucleotide mutagenesis using oligonucleotide H6 (5�-CATTCGGCGA
CAACAGCCACACAGCTTTGGTACCATCTCTCAAAGAAACACCCCT-
3�) as described above. The base substitutions were confirmed by DNA sequen
cing. A 2.75-kb HindIII-XbaI fragment was released from pMA5.3 and then
cloned into HindIII- and XbaI-digested pMA2 to yield pMA5.4.

Plasmid pMA5.1 was constructed as follows: plasmid pMA5.4 was digested
with EcoRV and XbaI, and the 0.54-kb fragment was replaced with the corre-
sponding EcoRV-XbaI sequence from plasmid pMA1. All plasmid constructs
were electroporated into wild-type C. fasciculata cells as described previously
(17).

Isolation and analysis of RNA. Hydroxyurea synchronization of C. fasciculata
cells and isolation of total RNA were performed as described previously (17).
Total RNA (8 to 10 �g) was fractionated on 1.2% agarose-formaldehyde gels
and transferred to nylon membranes (Hybond-XL; Amersham Biosciences, Pis-
cataway, N.J.) by vacuum blotting in 20� SSC, pH 7.0 (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate). RNA was cross-linked to the membrane by UV
irradiation by use of a Stratalinker (Stratagene) according to the manufacturer’s
instructions. The membrane was prehybridized at 42°C in a solution containing
50% formamide, 5% Denhardt’s reagent (EM Science), 1% sodium dodecyl

FIG. 4. Sequence elements required for cycling of KAP3-GFP mRNA
levels. Shown is a PhosphorImager quantitation of Northern blots of total
RNA isolated from synchronized C. fasciculata cells carrying either pMA2
(A), pMA5.4 (B), or pMA5.1 (C). RNA samples were isolated at 30-min
intervals after release from hydroxyurea arrest and analyzed as for Fig. 3.
A schematic diagram of the relevant region of each plasmid, with open
rectangles representing wild-type consensus octamer sequence elements
(CATAGAAA) and filled rectangles representing mutated octamer se-
quences, is shown above the respective bar graph. Solid bars, KAP3
mRNA; dark shaded bars, KAP3-GFP mRNA.
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sulfate (SDS), 0.75 M NaCl, 50 mM NaH2PO4, 5 mM EDTA, 100 �g of soni-
cated salmon sperm DNA/ml, and 100 �g of yeast tRNA/ml for 3 h. A 405-bp
DNA fragment encoding the full KAP3 coding sequence was PCR amplified with
oligonucleotides A49 (5�-CAATGCTGCGCCGTAGC-3�) and A100 (5�-CGGG
AATTCCTACTTGCGCGCTGCCGTTGTC-3�) and gel purified. The PCR
product was labeled with the Random Primer Labeling beads (Amersham Bio-
science, Piscataway, N.J.) and purified on a Sephadex G-50 column (Amersham
Pharmacia Biotech). The membrane was hybridized at 42°C for 15 to 17 h and
then washed twice with 2� SSC–0.1% SDS at 60°C and twice with 0.1� SSC–
0.1% SDS at 60°C. To generate the HYG probe (a 1,026-bp DNA fragment
carrying the HYG coding sequence), oligonucleotides K96 (5�-ATGAAAAAG
CCTGAACTCAC-3�) and K97 (5�-CTATTCCTTTGCCCTCGGAC-3�) were
used in a PCR with 20 ng of plasmid pX63HYG (4). The membrane was
subsequently stripped and hybridized with the CaBP probe as a loading control.
The CaBP probe was a partial cDNA of the putative C. fasciculata homolog of
the T. cruzi 1F8 protein (17). Blots were quantitated by using a PhosphorImager
and ImageQuant software (Molecular Dynamics).

Mapping of the KAP3-GFP splice acceptor site by PCR. The splice acceptor
site of KAP3-GFP transcripts was determined by reverse transcription-PCR
(RT-PCR). Total RNA was isolated from C. fasciculata cells expressing plasmid
pMA1 by using RNeasy columns according to the manufacturer’s directions
(Qiagen). Total RNA (8 �g) was treated with 6 U of DNase I (Ambion) for 15
min at 37°C. DNase I was inactivated for 10 min at 65°C. cDNA was synthesized

by using 0.3 �g of DNase I-treated total RNA with the GFP-specific primer G11
(5�-GAAGGCCGTCTTGGCGATATCCTTGTACAGCTCGTCCATG-3�) and
Superscript II reverse transcriptase (Gibco BRL). The cDNA was used in PCRs
with the spliced leader oligonucleotide B88 (5�-CCGGTACCATGGATCCA
ACGC TATATAAGTATCAGTTTCTG-3�) and the KAP3 gene-specific oligo-
nucleotide B46 (5�-TCGTTTTGCAGCGTACCATTCTTGG-3�). Thirty cycles
of PCR consisting of 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C were
performed with Taq polymerase (Invitrogen), followed by 10 min at 72°C. PCR
products were cloned using a Topo TA cloning vector (Invitrogen), and several
clones were sequenced by dideoxynucleotide chain termination with modified T7
DNA polymerase (Sequenase 2.0) according to the manufacturer’s instructions
(U.S. Biochemicals).

Mapping of the KAP3-GFP splice acceptor site by RNase protection. An
RNase protection assay was performed by using an Ambion RPAIII kit accord-
ing to the manufacturer’s instructions. C. fasciculata DNA-free total RNA (15
mg) was isolated by using an RNeasy kit (Qiagen) and hybridized with an 819-bp
32P-labeled RNA probe (2.5 � 105 cpm; ca. 2 fmol) containing 55 nt of nonhy-
bridizing sequence followed by 90 nt complementary to the KAP3 coding se-
quence and 674 nt 5� of the KAP3 start codon. RNA hybrids were digested with
RNase A and RNase T1 and were electrophoresed on a 4% polyacrylamide gel
containing 8 M urea. 32P end-labeled DNA ladders (Invitrogen) were used as
approximate size markers. The gel was dried and exposed to X-ray film.

RESULTS

The expression plasmid pMA1 (Fig. 1) was constructed in
order to examine the sequence requirements for cycling of
KAP3 mRNA levels during the cell cycle. The plasmid contains
the KAP3 gene with 5� and 3� flanking sequences. The EGFP
coding sequence was inserted in frame within the KAP3 coding
sequence to distinguish the plasmid-encoded KAP3 mRNA
from that of the endogenous gene. Sequence analysis of the
chimeric gene and kinetoplast localization of the green fluo-
rescence (Fig. 2) confirmed that the gene sequences were fused
as expected and that a correctly localized protein product re-
sulted.

C. fasciculata cells carrying plasmid pMA1 were synchro-
nized by release from a hydroxyurea block in order to compare
the expression of the chimeric transcript with that of the en-
dogenous KAP3 gene (8). Northern blot analysis of whole-cell
RNAs isolated at 30-min intervals showed that the KAP3-GFP
mRNA cycled in parallel with the endogenous KAP3 mRNA as
cells progressed through the cell cycle (Fig. 3). It should be
noted that while these transcripts only vary about twofold dur-
ing the cell cycle, the actual variation is likely much greater
because the cells are not perfectly synchronous. A minor band
migrating between those of KAP3 and KAP3-GFP mRNAs is
not observed in cells lacking the plasmid and may reflect a
minor splicing event within the GFP sequence. The cycling of
the KAP3 and KAP3-GFP mRNAs is similar to that of the C.
fasciculata TOP2 and RPA1 genes, which have been studied
previously (2, 17, 18). Interestingly, both TOP2 and RPA1
mRNAs contain multiple copies of the consensus octamer se-
quence in their 5� UTRs. Cycling of the mRNAs of reporter
constructs containing these 5� UTRs was shown to require the
octamer sequences. In the KAP3 gene, consensus octamer se-
quences are present only in the 3� UTR, which has two such
sequences (Fig. 1). However, mutation of both of these se-
quences in the KAP3-GFP chimeric gene had no effect on the
cycling of the mRNA (Fig. 4A).

Examination of the nucleotide sequence 5� of the identified
KAP3 splice acceptor revealed the sequence AATAGAAA 108
nt 5� of the splice acceptor site. Although this sequence con-
forms to the octamer consensus sequence in the mRNAs that

FIG. 5. RNase protection mapping of the KAP3 splice acceptor
site. C. fasciculata total-cell RNA (15 �g) was hybridized to a 32P-
labeled RNA probe and digested with RNase A and RNase T1. The
protected hybridized probe fragment was resolved on a 4% polyacryl-
amide gel containing 8 M urea. Lane 1, RNase A- and RNase T1-
digested RNA; lanes 2 and 3, 32P-labeled 1-kb Plus and 1-kb DNA
markers (Invitrogen); lane 4, RNA probe. The probe and protected
fragment are diagramed underneath the autoradiogram.
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have been found to cycle (18), sequences required for cycling
have so far been found only in UTRs. This additional octamer
sequence was therefore mutagenized to determine whether it
might have a role in the cycling of mRNA. In plasmid pMA5.4
all three octamer sequences were mutated (Fig. 4B). In this
case, cycling of the chimeric transcript was abolished. Analysis
of chimeric transcripts in cells containing plasmid pMA5.1, in
which only the octamer sequence 5� of the splice acceptor site
had been mutated, showed that disruption of this octamer
sequence alone is not sufficient to abolish cycling of the tran-
script (Fig. 4C). Cycling of the mRNA was inhibited only when
all three octamer sequences were mutated (Fig. 4B).

Since all previous octamer sequences required for cycling of
an mRNA were found on the mature mRNA, the finding of an
octamer sequence required for mRNA cycling that is present
only on the pre-mRNA has important implications for the
cycling mechanism. Because of the importance of this result,
we questioned whether there might be an undiscovered splice
acceptor site 5� of the octamer sequence located distal to the
single identified splice acceptor. The known splice acceptor
site was identified in several independent cDNA clones earlier
by RT-PCR (26). Similar experiments have shown that the
KAP3-GFP chimeric RNA is also spliced at this site in several
independent isolates (data not shown). To confirm the exis-

FIG. 6. Accumulation of pre-mRNA species of the KAP3-GFP chimeric transcript during progression through the cell cycle in C. fasciculata
cells carrying pMA5.1. (A) The number of cells (squares) and the percentage of cells with two nuclei (triangles) were measured every 30 min
following release from the hydroxyurea block to examine synchrony and cell cycle position. (B) Northern blot analysis of total RNA isolated at
30-min intervals. The blot was probed with KAP3 coding sequences and then stripped and hybridized with the CaBP probe. (C) PhosphorImager
quantitation of relative levels of chimeric KAP3-GFP and endogenous KAP3 transcripts. Transcript levels have been normalized at each time point
relative to the level of the CaBP transcript, which is expressed at a constant level throughout the cell cycle.
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tence of only a single splice acceptor site, we have also per-
formed RNase protection assays using an 819-nt labeled probe
containing 90 nt of KAP3 coding sequence and extending into
the intergenic region to within 22 nt of the polyadenylation site
of the upstream KAP2 gene (Fig. 5). Splicing at the known
splice acceptor site, at position �138 relative to the start
codon, should yield a protected fragment of 228 nt. The strong
band in Fig. 5, lane 1, is consistent with splicing at the single
known splice acceptor site. No larger protected fragments are
observed, in agreement with our earlier finding of only a single
splice acceptor site by RT-PCR.

The requirement for an octamer sequence contained on the
primary transcript beyond the splice acceptor site implies that
the regulatory role of the sequence in mRNA cycling is per-
formed prior to or in the process of the maturation of the
transcript. Examination of longer exposures of Northern blots
of cycling mRNAs showed that higher-molecular-weight pre-
mRNA species accumulated at a time in the cell cycle when the
mature-mRNA level was at its lowest. Figure 6 shows a North-
ern blot analysis of KAP3-GFP transcripts in cells carrying the
pMA5.1 plasmid. The mature-mRNA level was at a minimum
at 120 min after release from the hydroxyurea block, a time
corresponding approximately to G2/M. Higher-molecular-
weight species were observed around the same time but were
not detectable when the mRNA levels were highest, just prior
to S phase. These higher-molecular-weight species have also
been shown to hybridize to a GFP probe (data not shown).
Similar accumulation of higher-molecular-weight pre-mRNAs
has also been observed in cells carrying pMA1.

To further identify the higher-molecular-weight RNA spe-
cies, we repeated the experiment for which results are shown in
Fig. 6 except that the Northern blot was also separately probed
with the coding sequence of the HYG gene located down-
stream of the KAP3-GFP chimeric gene (Fig. 1). The higher-
molecular-weight RNAs detected by a KAP3 probe also hy-
bridized to a probe for the HYG gene (Fig. 7). This result

indicates that splicing and polyadenylation within the inter-
genic region separating these genes is inefficient at the time in
the cell cycle when the cycling mRNA levels are lowest. We
also note that the HYG mRNA levels cycle and that although
the HYG mRNA does not contain a perfect match to the
consensus octamer sequence, it does contain four closely re-
lated sequences in the DHFR-TS 5� and 3� UTR sequences
used for expression of the HYG mRNA. These octamer se-
quences have a base substitution in the last nucleotide of the
highly conserved central hexamer and may possibly be respon-
sible for cycling of this transcript.

DISCUSSION

The work described here has identified sequence elements
required for cycling of plasmid-encoded KAP3-GFP mRNA
during the cell cycle. Consensus octamer sequences present in
the 5� UTRs of the C. fasciculata TOP2 and RPA1 genes have
previously been shown to be required for cycling of corre-
sponding plasmid-encoded gene constructs containing their re-
spective 5� flanking sequences and an N-terminal fragment of
coding sequence (2, 18). In both cases a fragment within the 5�
UTR of each gene was found to be capable of conferring
cycling on a reporter gene. The TOP2 fragment contained two
copies of the consensus octamer sequence (C/A)AUAGAA(G/
A). Mutation of both octamer sequences was necessary in
order to completely abolish cycling of the mRNA level (18).
Similarly, a fragment from the 5� UTR of RPA1 containing two
octamer sequences conferred cycling on a reporter transcript
and functioned equally well when inserted 3� of coding se-
quences as when inserted into the 5� UTR. Mutation of the two
octamer sequences substantially reduced cycling of the tran-
script (2).

The KAP3 mRNA cycles in parallel with the TOP2 and
RPA1 mRNAs and contains two copies of the consensus oc-
tamer sequence within the KAP3 3� UTR. The unexpected

FIG. 7. Northern blot analysis of total RNA isolated at 30-min intervals from hydroxyurea-synchronized C. fasciculata cells carrying pMA5.1.
(Right) The Northern blot was hybridized with HYG coding sequences. (Left) The same Northern blot was stripped and reprobed with KAP3
coding sequences as for Fig. 6. The endogenous KAP3, chimeric KAP3-GFP, and HYG mRNA bands are indicated on the sides of the
autoradiogram. Arrowheads indicate incompletely processed transcripts.
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finding that mutation of both octamer sequences in a KAP3-
GFP mRNA did not have a significant effect on cycling of the
KAP3-GFP mRNA led us to examine the possible contribution
of a consensus octamer sequence present 5� of the only iden-
tified KAP3 splice acceptor site. Mutation of this octamer se-
quence in addition to the two contained in the 3� UTR com-
pletely abolished cycling of the mRNA.

The requirement for a pre-mRNA sequence, not present on
the mature mRNA, for cycling of the mRNA would imply an
involvement of that sequence prior to or in the process of the
maturation of the mRNA, since the 5� cleavage of the precur-
sor RNA and addition of the spliced leader sequence result in
the loss of sequences 5� of the splice acceptor site. The detec-
tion of pre-mRNA transcripts of the KAP3-GFP gene only at
times in the cell cycle when the KAP3-GFP mRNA levels are
lowest suggests that the octamer sequence elements may me-
diate a cell cycle-dependent inhibition of transcript processing
leading to degradation of the transcript. The presence of
downstream gene sequences on higher-molecular-weight
KAP3-GFP transcripts when cells are dividing indicates a fail-
ure to trans-splice and polyadenylate within the intergenic
space between these genes at this time in the cell cycle. Inter-
ference with transcript processing may contribute to transcript
degradation and thus account for the decline in mRNA levels
during this time. A requirement for multiple copies of a short
sequence for modulating RNA splicing and mRNA levels has
been observed in other systems. In higher eukaryotes, cis-
splicing has been observed to be affected by adjacent intron
sequences (1, 6, 7), and a repeated hexamer motif in an intron
in the rat fibronectin gene has been shown to be important for
splice site recognition (10). The role of repeated sequences in
RNA splicing has also been documented in the regulation of
Drosophila doublesex pre-mRNA splicing (22, 23). Products of
the tra and tra-2 genes positively regulate female-specific dsx
splice acceptor usage.

The molecular mechanism by which the C. fasciculata oc-
tamer consensus sequences mediate the cell cycle regulation of
mRNAs containing these sequences remains to be revealed.
Since a single octamer sequence would have little informa-
tional capacity to recruit trans-acting factors, it is not surprising
that multiple copies of the octamer in the transcript might be
necessary to increase cycling. Identification of trans-acting fac-
tors will be essential for revealing the mechanism regulating
mRNA cycling. A protein complex (CSBP) that binds with high
sequence specificity to the consensus octamer sequence has
been described previously (11–13). This complex contains sub-
units encoded by the CSBPA and CSBPB genes. The CSBP
complex and a second complex (CSBP II) with similar binding
specificity (unpublished data) are currently being investigated
regarding their possible involvement in the cycling of mRNAs
containing octamer sequence elements.
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