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The relationships among gene regulatory mechanisms in the malaria parasite Plasmodium falciparum
throughout its asexual intraerythrocytic developmental cycle (IDC) remain poorly understood. To investigate
the level and nature of transcriptional activity and its role in controlling gene expression during the IDC, we
performed nuclear run-on on whole-transcriptome samples from time points throughout the IDC and found a
peak in RNA polymerase II-dependent transcriptional activity related to both the number of nuclei per parasite
and variable transcriptional activity per nucleus over time. These differential total transcriptional activity
levels allowed the calculation of the absolute transcriptional activities of individual genes from gene-specific
nuclear run-on hybridization data. For half of the genes analyzed, sense-strand transcriptional activity peaked
at the same time point as total activity. The antisense strands of several genes were substantially transcribed.
Comparison of the transcriptional activity of the sense strand of each gene to its steady-state RNA abundance
across the time points assayed revealed both correlations and discrepancies, implying transcriptional and
posttranscriptional regulation, respectively. Our results demonstrate that such comparisons can effectively
indicate gene regulatory mechanisms in P. falciparum and suggest that genes with diverse transcriptional
activity levels and patterns combine to produce total transcriptional activity levels tied to parasite development

during the IDC.

Plasmodium falciparum, the most deadly human malaria
parasite, undergoes many developmental changes and thrives
in both human and mosquito hosts. Since the genome se-
quence of P. falciparum became available (17), microarray
studies of its intraerythrocytic developmental cycle (IDC) (3,
37) and other asexual and bloodborne stages (34) have dem-
onstrated that differential gene expression is integral to the
parasite’s development. The stage specificity of steady-state
RNA expression supports previous observations that the mor-
phological changes of the IDC correspond to many less-appar-
ent changes in physiology, such as protein and nucleic acid
metabolism (10, 19) and sensitivity to small molecules (14, 22,
61). The Plasmodium repertoire of gene regulatory mecha-
nisms is comparable to those of other eukaryotes (7, 23), im-
plying that stage-specific gene expression may be regulated at
many levels, including chromatin structure, transcriptional ac-
tivation, and posttranscriptional modulation of translation and
stability (11, 39, 41, 59). However, the relationship between
such mechanisms during the IDC, specifically whether regula-
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tion of primary transcriptional activity determines the steady-
state RNA level, remains uncertain for the vast majority of
genes.

P. falciparum’s steady-state expression patterns during the
IDC have been hypothesized to result from cis-acting regula-
tory DNA sequences (e.g., promoters and enhancers), given its
canonical basal transcriptional machinery (4, 5, 55). Numerous
studies of individual putative transcription factors or of indi-
vidual target genes have found relationships between cis-acting
DNA sequences and the expression of individual loci or small
groups of related genes (23, 38, 44, 47, 53), in some cases
demonstrating the activity of putative regulatory proteins on
the motifs (18, 20, 50, 62). Recently, de Silva et al. (12) estab-
lished the functionality of two members of the ApiAP2 family
of putative transcription factors and their binding motifs (2).
Bioinformatic approaches have predicted many conserved mo-
tifs associated with coregulation (65, 72, 75), but in few result-
ing cases have physiological relevance to regulation, sufficiency
of the motif alone, and biochemical function all been demon-
strated jointly.

With limited direct evidence that the observed steady-state
patterns of most Plasmodium genes are driven by promoter-
based transcriptional regulation during the IDC, complemen-
tary mechanisms of widespread posttranscriptional regulation
have received increasing attention. RNA-binding proteins
were predicted to be abundant in P. falciparum (8), a temporal
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offset in the accumulation of protein and RNA of some genes
suggested differential translational regulation during the IDC
(24, 33), regulatory RNA binding was observed in both Plas-
modium berghei (41) and P. falciparum (40), and RNA half-
lives were found to be regulated in a functionally specific man-
ner during the P. falciparum IDC (59). Although plasmodia do
not encode the components of the canonical RNA interference
pathway, despite their conservation in some other protozoan
parasites (64), abundant steady-state antisense RNA (21, 51)
and individual examples of cRNA (29) have triggered specu-
lation that antisense RNA could be involved in regulation at
the transcriptional or posttranscriptional levels (46). Together,
such studies highlight the enigmatic relationships between
gene regulatory mechanisms in P. falciparum.

In this study, we investigate the role that transcriptional
activity plays in the expression of genes during the IDC in P.
falciparum, independent of downstream modulation. Total
transcriptional activity changes during developmental transi-
tions in systems as disparate as tubers and nematodes (68, 70)
due to the activation state of the RNA polymerase (RNAP)
enzymes themselves, the availability of the DNA template, or
both. The physiological changes of the P. falciparum IDC in-
corporate many aspects of cellular development, and differen-
tial overall transcriptional activity has been suggested by early
observations (19, 26). Several previous studies have employed
nuclear run-on to directly assay transcriptional activity—
nascent RNA production—at individual loci (26, 27, 29, 31, 32,
58) and compared changes in relative transcriptional activity to
changes in steady-state RNA levels. Yet, cases of posttran-
scriptional regulation implied by previous comparisons remain
unverified by matched RNA half-life studies, and the possibil-
ity of stage-specific patterning of overall transcriptional activity
could fundamentally affect the interpretation of the changes
observed at specific loci across morphological stages by nuclear
run-on.

Here we test the hypothesis that differential total transcrip-
tional activity of the composite transcriptome is an intrinsic
component of P. falciparum stage-specific physiology during
the IDC, using nuclear run-on. We report that the activity of
RNAP II varies significantly and reproducibly with the mor-
phological stage, due both to increases in the number of nuclei
during schizogony and to temporal variability in transcriptional
activity per nucleus. We use this differential trend in total
transcriptional activity during the IDC to compare the absolute
transcriptional activities of both sense and antisense strands of
a set of individual genes across four time points and to com-
pare changes in their transcriptional activities to changes in
their steady-state RNA expression levels through the IDC. We
demonstrate that this analysis offers unique insights into the
mechanisms controlling the RNA levels of genes during the P.
falciparum IDC and can consistently identify known targets of
posttranscriptional regulation.

MATERIALS AND METHODS

Parasite culture and nuclear harvest. Plasmodium falciparum strain 3D7 was
cultured by standard methods (63) in RPMI-HEPES medium supplemented with
5% human serum (O+) and 5% Albumax II (Gibco). Parasites were synchro-
nized using 5% sorbitol solution (30) during three generations and assayed at 4%
hematocrit and <2% parasitemia. These highly synchronized populations were
then harvested for transcriptionally active nuclei as previously described (45).

EUKARYOT. CELL

Upon harvest, thin-smear slides of the infected red blood cell (iRBC) culture
were made, and parasitemia, number of nuclei, and morphological stage were
evaluated by modified Wright stain (Diff-Quik) (see Fig. S1 in the supplemental
material), utilizing the guidelines in Silamut and White (60). Briefly, iRBCs were
centrifuged at ~1,800 rpm in a Sorvall RT6000B, washed once in phosphate-
buffered saline, pH 7.4, and then lysed in 0.2% saponin-phosphate-buffered
saline. The liberated parasites were washed once in solution A {20 mM PIPES
[piperazine-N, N'-bis(2-ethanesulfonic acid)], pH 7.5, 15 mM NaCl, 60 mM KClI,
0.5 mM EGTA, 4 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine, 0.125 mM
phenylmethylsulfonyl chloride, 14 mM B-mercaptoethanol} and then lysed in a
final concentration of 0.64% Nonidet P-40 substitute with ~10 strokes with a
Dounce homogenizer (B pestle). Nuclei were pelleted at 1,000 X g in a micro-
centrifuge, a force which yields incorporation identical to that of pelleting at the
range of forces (see Fig. SAS5 in the supplemental material) utilized in the
literature (26, 45). Nuclei were then washed once with solution A, suspended in
glycerol storage buffer (50 mM Tris-HCI, pH 8.0, 5 mM MgCl,, 0.1 mM EDTA,
40% glycerol), and then flash frozen and stored at —80°C. For total-incorpora-
tion nuclear run-on, 25 ml culture (1 ml packed RBCs) was harvested; for
nuclear run-on for gene-specific hybridization blots, 100 ml culture (4 ml packed
RBCs) was harvested. Samples prepared by these methods yield membrane-
bound nuclei containing DNA, stainable by DAPI (4',6-diamidino-2-phenyl-
indole) or Sybr green (data not shown).

Total incorporation nuclear run-on. Frozen nuclei prepared from 1 ml packed
RBCs were thawed on ice and incubated for 15 min at 4°C with either 100 pg/ml
a-amanitin or an equivalent volume of water. A concentration of 100 pg/ml
a-amanitin fully abolishes RNAP II activity (35), inhibits RNAP III to <10%
activity (71), and is effective on nuclei isolated from P. falciparum (31, 45). Nuclei
were heated to 37°C for 30 min in the following reaction buffer: 50 mM HEPES,
pH 7.9, 50 mM NaCl, 10 mM MgCl,, 1.2 mM dithiothreitol, 15% glycerol, 10 mM
creatine phosphate, 0.2 mg/ml creatine kinase, 0.1 U/unl RNasin (Promega), 4
mM ATP, 1 mM CTP, 1 mM GTP, and 1.5 mCi/ml [«-**PJUTP (~0.5 pM;
Perkin Elmer). Reactions were stopped by the addition of an ice-cold solution of
5% trichloroacetic acid, 100 mM sodium pyrophosphate (NaPP), and 20 pg/ml
sheared salmon sperm DNA (Ambion). Stopped reaction mixtures were allowed
to incubate on ice for ~1 h before macromolecules were collected on fiberglass
filter disks (Whatman GF/C) by vacuum manifold, washed with cold 5% trichlo-
roacetic acid-100 mM NaPP, and precipitated with cold 95% ethanol. Filter disks
were dried at room temperature, and then scintillation was counted in a Beck-
man LS 1801 liquid scintillation system.

Gene-specific nuclear run-on. Single-stranded DNA probes for the slot blots
were obtained by the M13 helper-phage method (56). Briefly, sequence frag-
ments from genes of interest (see Table S2 in the supplemental material) were
PCR cloned into the TOPO TA pCR2.1 vector (Invitrogen), XL2-blue Esche-
richia coli were transformed with these constructs, and cultures were infected
with M13K07 helper phage (New England Biolabs) according to the manufac-
turer’s instructions. Phage was suspended in Tris-EDTA buffer and lysed by
extraction with phenol and chloroform. DNA was precipitated with sodium
acetate and ethanol and then dissolved in nuclease-free water. A 3-ug amount of
each probe was applied to NytranN nylon membranes (Schleicher & Schuell) in
6X SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate) by using a 48-well
Bio-Dot slot-blotting apparatus (Bio-Rad), cross-linked in a Bio-Rad GS
GeneLinker with 120 mJ of 254-nm light, and allowed to dry. Just prior to
hybridization with the [**P]RNA generated in the nuclear run-on reaction (see
below), filters were prehybridized [S0 mM HEPES, pH 7.4, 0.3 M NaCl, 10 mM
EDTA, 0.2% sodium dodecyl sulfate, 1 mg/ml poly(A) (GE Lifesciences), 1
mg/ml yeast RNA (Ambion), 1% NaPP (Sigma), 5X Denhardt’s solution without
BSA] at 65°C for 6 h.

Gene-specific nuclear run-on was performed on samples of nuclei harvested
from 4 ml packed RBCs, stored identically to those for total incorporation, and
heated in the same composition reaction mixture to 37°C for 30 min. Following
transcription, these samples were treated with 0.1 U/ul RQ1 DNase (Promega)
for 5 min at room temperature and then digested by the addition of SET buffer
(0.5% SDS, 5 mM EDTA, 1 mM Tris, pH 7.4), proteinase K (Qiagen), and 0.25
mg/ml yeast RNA (Ambion) at 37°C for an additional 30 min. The resultant
RNA was extracted with TriReagent LS and alcohol precipitated according to
the manufacturer’s protocol. The radiolabeled RNA samples were resuspended
in 100 pl nuclease-free H,O and then added to 4 ml hybridization solution [50
mM HEPES, pH 7.4, 0.3 M NaCl, 10 mM EDTA, 0.2% SDS, 0.1 mg/ml poly(A),
0.1 mg/ml yeast RNA, 0.1% NaPP, 1X Denhardt’s solution without bovine serum
albumin] and incubated with the prepared slot-blotted membranes for 48 h at
60°C. Membranes were given 20-min washes twice in 6X SSC-0.1% SDS at 25°C
and then in 2X SSC-0.1% SDS at 50°C. A 10-min wash in 2X SSC and 10 pg/ml
RNaseA at 37°C was used to degrade RNA not bound to the single-stranded
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DNA probes. These membranes were then exposed to a phosphorimager screen
for 14 days. Images were detected by using a Storm 820 phosphorimager and
analyzed with ImageQuant software (Molecular Dynamics).

Quantification of morphological stages and nuclear copy number. Thin-smear
slides of the blood cultures were methanol fixed at each time point and stained
with Diff-Quik (Wright-Giemsa). Twelve or fewer fields per slide were imaged by
using an Olympus BX 41 microscope with a Qcolor 5 camera and a 100X oil
immersion objective, and parasitemias of six morphological stages (early rings,
late rings, early trophozoites, mid-trophozoites, late trophozoites, and schizonts)
were calculated based on these images, according to the criteria outlined by
Silamut and White (60). These images were also used to approximate the num-
ber of nuclear bodies per parasite.

DNA synthesis. In a single-culture, short-exposure adaptation of the [*H]hy-
poxanthine incorporation assay (13), complete RPMI-HEPES medium was re-
moved from 25 ml of P. falciparum culture (described above) 3 h prior to time
points outlined in Results. This was replaced with medium supplemented with
only *H-labeled hypoxanthine to a final concentration of 33 to 100 uM. At each
time point, iRBCs were harvested by centrifugation at 1,800 rpm, the medium
removed, and the pellet frozen at —80°C. These cells were thawed, and DNA
isolated with a Qiagen blood mini DNA kit according to the manufacturer’s
protocol. A portion of the [P’H]DNA was quantified by measuring the absorption
at 260 nm in a Beckman DUS540 spectrophotometer, and the remainder was
scintillation counted to generate the H cpm/(png/ml) ratios (see Fig. S2A in the
supplemental material).

Stage specificity analysis. We hypothesized that each morphological stage has
a characteristic level of transcriptional activity and that the observed peak in the
total transcriptional activity of the population could be attributed to the presence
of stages possessing higher levels of activity. Using the observed values for total
transcriptional activity (from the total-incorporation nuclear run-on) and the
morphological stages (from slides made of each time point) to describe the
hypothesis in terms of the normal equations in the form Ax = b, we used an
inequality-constrained linear least squares algorithm (home-written in Python)
to solve for the best-fit vector (x) of characteristic values representing the total
transcriptional activity of each morphological stage, given the parasitemias of
those stages (the matrix 4) and the total transcriptional activity at each time
point (the vector b), with the constraint that all values be nonnegative.

To test the fit of the stage-specific model to the observed data, the vector
resulting from our algorithm was multiplied by the experimentally measured
matrix of morphological-stage parasitemias. The resulting R? values were calcu-
lated in Microsoft Excel.

Reverse transcription and quantitative real-time PCR. RNA was harvested
directly from iRBCs at each time point by using TriReagent (MRC) according to
the manufacturer’s instructions. RNA from each time point was quantified by
measuring the absorption at 260 nm, treated with Turbo DNase (Ambion), and
reverse transcribed at a final concentration of 30 ng/pl by using a SuperScript
first-strand synthesis kit for reverse transcriptase PCR (Invitrogen), primed with
a mixture of (oligo)dT and random hexamers. The resulting cDNA was amplified
in triplicate (0.1 pl per reaction) by quantitative real-time PCR (Applied Bio-
systems 7300 and ABI Sybr green PCR master mix), using the same primer pairs
as were used to generate the DNA probes for the nuclear run-on blots (see Table
S2 in the supplemental material), except in the cases of PF07_0029, PFI0755c,
PFB0100c, PF10_0345, PF14_0323, and 18S rRNA. Primers amplifying
PF08_0085 were used to compare the time point RNA samples to a mixed-stage
c¢DNA sample; subsequently, the absolute quantity of each gene-specific tran-
script in each time point sample (and in the control sample) was compared to
that of PFO8_0085 by using standard methods and accounting for primer effi-
ciency by the Pfaffl method (52). The absolute steady-state RNA levels of the
genes assayed were obtained through an operation analogous to that used to
calculate their absolute transcriptional activity: all values were normalized by the
total RNA yield of the sample and then multiplied by coefficients reflecting the
difference in ideal RNA yield (43) for time points closely matched for morpho-
logical-stage composition.

RESULTS

Total transcriptional activity peaks late in the IDC. In order
to assess the total activity of the RNAPs throughout the IDC,
independent of posttranscriptional regulators, P. falciparum
3D7 was synchronized with sorbitol and nuclei were harvested
at regular time points for one full developmental cycle (48 h).
We performed nuclear run-on with [a-**P]JUTP and quantified

TRANSCRIPTIONAL ACTIVITY DURING THE P. FALCIPARUM IDC 329

the total transcriptional activity, proportional to polymerase
occupancy at a locus (25), at each time point by measuring the
incorporation of the radiolabeled nucleotide into these sam-
ples by precipitation and scintillation counting.

Over several independent time course experiments, we ob-
served a robust peak in total transcriptional activity late in the
IDC (Fig. 1), although the exact peak time point varied from
time point (in hours) 36 (T36) to T42 between time courses
due to minor differences in the synchronized populations (see
Fig. S1 in the supplemental material). Activity during the first
part of the IDC was significantly lower (see Table S1 in the
supplemental material), although a detectable level of tran-
scriptional activity was observed at early time points. Nuclear
run-on labeling in the presence of a-amanitin, which inhibits
RNAP II with high specificity (35, 71), resulted in significantly
lower levels of incorporation (see Table S1 in the supplemental
material), implying that the major component of the peak in
total transcriptional activity is RNAP II dependent. Total in-
corporation by a-amanitin-treated samples did increase during
approximately the second half of the IDC but did not correlate
well with the RNAP II incorporation (R* = 0.425, averaged for
time courses A to D), indicating differential regulation of these
two transcriptional activities.

Increased transcriptional activity occurs in multinucleate
morphological stages. Given the specific, singular occurrence
of elevated total transcriptional activity during the IDC, we
hypothesized that elevated transcriptional activity was associ-
ated with a particular morphological stage or stages. Thus, we
sought to test the association of characteristic levels of tran-
scriptional activity with the morphological stages observable by
thin smear (see Fig. S1 in the supplemental material). The
hypothesis that each of the six morphological stages (see Ma-
terials and Methods) has a characteristic level of transcrip-
tional activity gives rise to the following description of the total
transcriptional activity, as measured in the total-incorporation
nuclear run-on assay:

N
2 A=T
i=1

where, for any time point, the transcriptional activity of the
population (7) can be described as the characteristic level of
transcriptional activity for a stage i (4;), multiplied by the
number of parasites in that morphological stage (p,), summed
over all morphological stages (1 — N). We solved for a best-fit
vector for this overdetermined system (see Materials and
Methods), which assigned transcriptional activity levels to each
of the morphological stages (Fig. 2; see the supplemental ma-
terial). To assess the degree to which a stage-specific model
described the data, the output vector for each time course was
multiplied with the morphological-stage data to render the
transcriptional activity at each time point predicted by the
model. These values fit the observed nuclear run-on data well
(for time course A, R* = 0.920, and for time course B, R? =
0.914), validating that the assignment of characteristic levels of
transcriptional activity to the six morphological stages of the
IDC describes the observed trend. Furthermore, the output
vectors implicated late trophozoites and schizonts, the
multinucleate stages, in the observed elevated activity.
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FIG. 1. Total transcriptional activity across the 48-h IDC. Transcriptional activity was measured in counts per minute (cpm) of total **P
incorporation by nuclei harvested during four independent time courses. Nuclei were treated with RNAP II inhibitor a-amanitin (+) or an equal
volume of water (—) prior to incubation at 37°C for 30 min in the presence of [a-**P]JUTP. x axes represent hours postreinvasion. Time points

during time course C occur at 2 h resolution during the final 10 h.

Transcriptional activity of the population results from both
the number of nuclei per parasite and variable transcriptional
activity per nucleus. The morphological criteria by which these
parasites were counted specify that late trophozoites contain
one or two nuclei, while parasites with more than two nuclei
are considered schizonts (60). The assignment of heightened
transcriptional activity to late trophozoites and even greater
activity to schizonts implicated additional genomic templates
in the elevation of transcriptional activity. In order to pinpoint
the timing of the transcriptional upregulation relative to DNA
synthesis, radiolabeled [*H]hypoxanthine was added to cul-
tures 3 h prior to each harvest to allow incorporation into
freshly synthesized DNA. The proportion of *H-labeled DNA
was predicted to peak when the radiolabeling interval had
included the first round of DNA replication. This peak in
the proportion of *H radioactivity occurred at the T30 time
point in time course B (see Fig. S2A in the supplemental
material), which coincided approximately with the begin-
ning of upregulation of RNAP II transcriptional activity
leading up to the peak.

The observation that the peak in transcriptional activity oc-
curred after the onset of DNA replication led us to character-
ize the relationship between the multiple genome copies

and transcriptional activity quantitatively. The same Wright-
stained slides that provided morphological data for each trial
(see Fig. S1 in the supplemental material) were used to count
the number of nuclei per parasite. Although the correlation
between the number of nuclei per parasite and RNAP II-
dependent transcriptional activity was strong (see Fig. S2B in
the supplemental material), the transcriptional activity as-
signed to a given stage increased monotonically, but not lin-
early, with the average number of nuclei in parasites of that
stage (Fig. 2B). For all the time course experiments, the total
transcriptional activity at each time point (Fig. 1), divided by
the number of nuclei in the culture, was not constant (see Fig.
S3A in the supplemental material), though the variable activity
per nucleus could not be modeled by the six morphological
stages (see Fig. S3B in the supplemental material). Together,
the assignment of the highest level of transcriptional activity to
the most-nucleated stage (schizonts) and the variable tran-
scriptional activity per nucleus suggest that increased transcrip-
tional activity of the synchronized population results from both
the availability of template DNA and variable transcriptional
activity per nucleus.

Transcriptional activity of specific genes. The observed trend
in total transcriptional activity during the IDC motivated in-
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FIG. 2. Fit of stage-specific model to observed transcriptional activity. (A) Total transcriptional activity per parasite for each stage as calculated
by fitting algorithm. The vectors representing the best-fit characteristic transcriptional activity levels of the six morphological stages as output by
the algorithm for time courses A and B are graphed. ER, early rings; LR, late rings; ET, early trophozoites; MT, mid-trophozoites; LT, late
trophozoites; S, schizonts. (B) Relationship between model’s output for transcriptional activity per parasite and number of nuclei per parasite. The
number of nuclei per parasite was counted for parasites of each of the six stages (x axis) and compared to the characteristic transcriptional activity

level for that stage (from panel A, y axis).

vestigation of whether the same pattern was recapitulated at
the level of individual genes. The stage-specific peak of RNAP
II-dependent total transcriptional activity during the late
stages of the IDC could reflect a coinciding peak activity of the
majority of genes or only that of a minority of high-activity
genes. To address whether the coincident transcriptional ac-
tivity peak was shared by genes with different steady-state
RNA expression levels, a set was chosen for their variety with
regard to (i) steady-state RNA profiles (3, 9, 34), (ii) gene
ontology group, and (iii) adjacent genes in a chromosomal
region of interest with respect to both genomic diversity and
steady-state RNA expression in clinical isolates (9, 67) (Ta-
ble 1).

Four time points from time course D were chosen (Fig. 3A),
representing ring stage (T12), late trophozoites (T33), schiz-
onts (T39), and schizonts/rings (T45) (see Fig. S1 in the sup-
plemental material). Nuclei from these time points, harvested
from the same culture as those in the corresponding total-
incorporation experiment, were labeled by [a->*P]JUTP nuclear
run-on. The resulting [**P]RNA (see Table S5 in the supple-
mental material) was hybridized to nylon filters (Fig. 3B) with
immobilized single-stranded DNA probes for the sense and
antisense strands of the genes. Consistent with the total incor-
poration data, very little transcriptional activity was detected
among the genes assayed at T12. At later time points, both
sense and antisense RNA were detected for all genes assayed,

in agreement with previous results (45). Although a-amanitin-
resistant activity was not the major component of total incor-
poration, unlike that of RNAP II, it is concentrated on a single
locus during the IDC (69); accordingly, transcriptional activity
of rRNA was detected more strongly than the RNAP II-tran-
scribed genes on all blots.

The normalized gene-specific nuclear run-on intensities
were multiplied by the total transcriptional activity level of the
population for each of the four time points assayed, allowing
quantitative analysis of the absolute transcriptional activity of
both sense and antisense strands of genes. The means and
ranges of values for the sense strand of each gene across the
four time points are plotted in Fig. 4. Sense-strand transcrip-
tional activity for most genes varied by more than 10-fold for
some genes and by 2- to 10-fold for others (e.g., PFI0735c,
PF13_0252, and PF13_0253). The high sensitivity of radioac-
tive nuclear run-on allows the detection of basal transcriptional
activity not resulting from activation of the polymerase com-
plex (1), and genes with a mean transcriptional activity level of
the 10th percentile or below (PF14_0134, PFD0695w, and
PF13_0254) were not included in further analysis.

Overall, the timing of peak transcriptional activity for indi-
vidual genes was distributed across the four time points as-
sayed (Fig. 5; see Table S5 in the supplemental material). High
mean transcriptional activity was not restricted to genes peak-
ing at the same time point as the total transcriptional activity
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TABLE 1. Genes probed by nuclear run-on slot blot

EUKARYOT. CELL

Description of gene group Gene Function Relevant gene ontology term(s)
Constitutively high steady- PF07_0029 Heat shock protein 86 (PfHsp90) Response to heat, response to unfolded
state RNA levels by protein
microarray PF13_0268 60S ribosomal protein L17 Translation, cytosolic large ribosomal
subunit
PFE0810c 40S ribosomal protein S14 Translation, cytosolic small ribosomal
subunit
Stage-specific steady-state PF14_0187 Glutathione S-transferase Glutathione transferase activity
RNA levels PFB0100c Knob-associated histidine-rich protein Host cell modification
PF14_0323 Calmodulin Calcium ion binding, cellular component,
enzyme binding
PF10_0345 Merozoite surface protein 3 Entry into host cell, cellular component
Large-amplitude changes PFI1755¢ Hypothetical, conserved None
in steady-state RNA PFI1740c Hypothetical None
levels or putative PFB0120w Early-transcribed membrane protein Membrane, apicoplast, molecular function
promoter PF14_0097 CDP diacylglycerol synthetase Phospholipid biosynthetic process,
phosphatidate cytidylyltransferase activity
Gene expression or PF11_0062 Histone H2B Nucleosome, DNA binding, chromosome
chromatin-related gene organization and biogenesis
products PF07_0054 Histone H2B variant Chromatin assembly or disassembly, DNA
binding, nucleus, nucleosome
PFC0915w RNA DEAD/H box helicase ATP-dependent RNA helicase activity,
nucleic acid binding
High steady-state RNA PFD0695w Hypothetical, conserved None
levels in vivo, low PF14_0134 Hypothetical None
expression in vitro PF10735¢ NADH dehydrogenase Electron transport, disulfide oxidoreductase
activity
Chromosome 13 region of MAL13P1.220 Lipoate synthase, putative Lipoic acid biosynthetic process, catalytic
interest activity, mitochondrion, Fe-ion binding
PF13_0251 DNA topoisomerase II1 DNA unwinding during replication, DNA
modification, DNA topoisomerase type 1
PF13_0252 Nucleotide transporter 1 Transport, membrane, nucleoside
transporter activity
PF13_0253 Ethanolamine-P cytidylyltransferase, putative Phospholipid biosynthetic process, catalytic
activity, nucleotidyltransferase activity
PF13_0254 Hypothetical, conserved None

(T39). Nine of the 18 genes peaked in sense-strand transcrip-
tional activity at T39 and represented a diversity of mean
transcriptional activity. The five genes whose activity peaked at
T33 encode proteins known to be expressed early in the IDC,
such as PF07_0029 (33), PFB0100c (66), and PFE0810c (15).
Of the three genes with peak transcriptional activities at T12,
two are hypothetical, while MAL13P1.220 encodes a putative
lipoate synthase, an important biosynthetic enzyme (73). The
only gene with peak transcriptional activity at T45 was
PFB0120w, a member of the early-transcribed membrane pro-
tein family, annotated for high steady-state RNA levels early in
the IDC. Although this small gene set and the limited number
of time points cannot prove the composition of the total tran-
scriptional activity peak, these data are consistent with a model
in which (i) many genes of diverse transcriptional activities
share the peak time point with the total activity curve and (ii)
the times of peak transcriptional activity for genes are distrib-
uted, though possibly not evenly, throughout the IDC.
Transcriptional activity of antisense strands. Consistent
with previous nuclear run-on data (45), antisense transcription
was detectable for most genes at most time points (Fig. 5; see
Table S4 in the supplemental material). Sense strands of all

genes across all time points constituted 83% of the RNAP 11
activity observed (a comparison of the sum of intensities from
sense- and antisense-strand slots on the four blots), which is in
approximate agreement with the results of steady-state RNA
studies of mixed-stage parasites (21, 51). Accordingly, sense
strands generally exhibited higher activity than their comple-
mentary strands by individual comparison of loci at time
points. However, in the cases of PFI1755¢c and PFB0120w,
inversion of this pattern occurs at T33. For both genes, T33 was
both the peak of antisense-strand transcriptional activity and
the time of minimum sense-strand transcriptional activity, sug-
gesting that regulation of the transcriptional activities of these
complementary strands may be related.

Relationship between transcriptional activity and steady-
state RNA. To characterize the relationship between transcrip-
tional activity and steady-state RNA for these genes and
thereby address whether transcriptional activation could be
responsible for modulation of gene expression, steady-state
RNA was quantified. Real-time RT-PCR was performed on
whole-parasite RNA samples harvested concurrently with the
nuclei used in gene-specific nuclear run-on during time course
D (Fig. 3A). These quantities were corrected for recovery
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FIG. 3. Nuclear run-on gene-specific hybridization. (A) Total-incorporation nuclear run-on of time course D is depicted as in Fig. 1, with time
points which were assayed by gene-specific nuclear run-on (T12, T33, T39, and T45) shown in black. x axes represent hours postreinvasion.
(B) Single-stranded DNA probes were slot blotted onto membranes, which were hybridized with run-on-labeled [**P]RNA from time points T12,
T33, T39, and T45 and imaged by exposure of a phosphorimager screen. The legend describes which RNA strand was detected. rRNA slots were
cut from their filters and exposed separately to avoid interference between their signals and those of adjacent slots but are shown inset in their

original positions.

artifacts to reflect the absolute steady-state RNA level of each
gene (see the supplemental material) and are graphed along-
side the transcriptional activity of each strand according to
nuclear run-on, all with respect to their maximum values, in
Fig. 5.

Since four time points were included in the assay, we com-
pared the three transitional changes occurring between these
time points. For both transcriptional activity and steady-state
RNA level for each gene, each change was described as the
difference between a value and that of the previous time point.

The correlation coefficient between the changes in steady-state
RNA levels and those in transcriptional activities was then
calculated for each gene (see Fig. S4 in the supplemental
material). This comparison revealed a strong positive correla-
tion (R > 0.95) for 7 of the 18 genes analyzed and a continuum
of partial, poor, and negative correlation for the remainder.
Those with the highest correlations, and therefore the most
direct relationship between transcriptional activity and
steady-state RNA level, included RNA DEAD/H box heli-
case PFC0915w (R = 0.998), CDP diacylglycerol synthase
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FIG. 4. Ranges of transcriptional activity across time points for
sense strands of specific genes. The signal from the sense strand of
each gene (shown in the same order as in Table 1) as detected by
phosphorimager (see Table S4 in the supplemental material), cor-
rected for single-stranded DNA probe purity and [**P]U content of the
target RNA sequence, was normalized by the total radioactivity ap-
plied to its filter during hybridization and then multiplied by the total
incorporation for that time point (relative to that of T12), yielding the
absolute intensity value for that strand. The mean sense-strand signal
for each gene across all four time points (diamonds) is shown between
the maximum and minimum values (whiskers) among the four time
points.

PF14_0097 (R = 0.989), and calmodulin PF14 0323 (R =
0.988). Lower values reflected cases where some but not all
changes were correlated. To investigate whether discrepancies
between the changes in the transcriptional activities and
steady-state RNA levels of a gene could be used to predict
regulation at the level of RNA stability, we compared the
changes seen in our results to previously reported changes in
RNA half-life (59) for those genes during those transitions
(Table 2). For the genes and transitions for which both tran-
scriptional activity and RNA stability datasets were available,
we found that most discrepancies between changes in tran-
scriptional activity and steady-state RNA accumulation could
be accounted for by an opposing change in RNA stability. For
example, the decrease in the transcriptional activity of
PF10_0345 (msp3) between T39 and T45 and the contrasting
increase in steady-state RNA was, as predicted, concurrent
with an increase in its RNA half-life.

DISCUSSION

We have demonstrated that the reproducible peak in total
transcriptional activity during the P. falciparum IDC is stage
specific and dependent on RNAP II activity, which in turn
varies with both the number of nuclei per parasite and a chang-
ing level of transcriptional activity per nucleus. Applying the

EUKARYOT. CELL

total transcriptional activity level of the population, which is
differential among time points, to gene-specific nuclear run-on
data from those time points allowed the calculation of the
absolute transcriptional activities of both sense and antisense
strands of genes. Overall, the changes between time points in
the transcriptional activity of each gene correlated well with
the changes in its steady-state RNA level, and individual dis-
crepancies were strong indicators of changes in RNA stability
observed in previous studies. Comparison of transcriptional
activity and steady-state RNA level, a strategy used to infer
posttranscriptional mechanisms of gene regulation in other
organisms (16), offers insight into the competing influences of
transcriptional activity and RNA stability on the expression of
individual genes and the physiology underpinning the morpho-
logical stages of the IDC.

The absolute transcriptional activity levels obtained through
the combination of total-incorporation and gene-specific hy-
bridization run-on revealed three subsets of genes among our
set: (i) those with high correlation between changes in tran-
scriptional activity and steady-state RNA level, (ii) those with
major discrepancies suggestive of posttranscriptional regula-
tion, and (iii) those with very low transcriptional activity. For
the first subset, excellent correlation implied that steady-state
expression was regulated primarily at the level of transcrip-
tional activity throughout the IDC. We corroborated several
cases in which transcriptional activity has been proposed as the
main mechanism of regulation (PF14_0097 [50], PF14_0323
[54], PF07_0029 [44], and PFB0100c [31]). Among the second
group, the direction of previously observed changes in RNA
stability between these time points (59) was consistent with the
change in steady-state RNA levels (Table 2; see the supple-
mental material), validating the idea that discrepancies be-
tween sense-strand transcriptional activities and steady-state
RNA levels indicate the influence of changes in RNA stability
during the IDC. These findings support the model of regulated
RNA stability proposed by Shock et al. (5§9) and provide mo-
tivation for the use of other discrepancies in the flow of gene
expression (33) to diagnose targets of regulation during the P.
falciparum IDC. The third group, whose low signal may rep-
resent only basal transcriptional activity, was populated by
genes chosen for their low steady-state expression level in
cultured P. falciparum but high expression level in samples
taken directly from patients (9). Their low transcriptional ac-
tivities in this assay implies that their differential regulation in
some in vivo parasites may occur at the level of transcriptional
activity.

Antisense transcriptional activity was observed for all genes
during at least one time point, though in some cases (e.g., for
PFI0735¢) it was constitutively very low. In two cases, antisense
activity was not only substantial but exceeded that of sense-
strand transcription during one time point assayed (PFB0120w
and PFI1755c). The peak in antisense transcriptional activity of
both genes occurs at T33 and coincides with their lowest levels
of steady-state RNA. This finding highlights the importance of
investigating the physiological role of P. falciparum’s abundant
antisense transcripts (21), particularly whether they regulate
their complementary mRNAs at the transcriptional or post-
transcriptional level.

Total RNAP II activity during the cell cycle in metazoan
cells becomes repressed during S, G,, and M phases (74). Our
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FIG. 5. Relationship between transcriptional activity and steady-state RNA levels. The corrected, normalized transcriptional activity of each strand, detected
by gene-specific nuclear run-on in the slot blots depicted in Fig. 3 and multiplied by the total transcriptional activity for each time point, is displayed with respect
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all data were available; genes of low mean value were not included (see Table S3 in the supplemental material).
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TABLE 2. Comparison of increases and decreases in transcriptional
activity, steady-state RNA level, and RNA half-life”

Gene Time point Transcriptional —Steady-state ~RNA stability

transition® activity RNA (half-life)

PFE0810c 33 to 39 - + +
PF10_0345 12 t0 33 (=) (+) -

39 to 45 - + +/—
PFI0735¢ 12 to 33 - + +/+
MALI1P13.220 12 to 33 - + +
PF13 0253 12 t0 33 (=) (+) -)

39 to 45 - + +

“ 4+ and — indicate direction of change, and parentheses indicate changes that
were not large (<5% of the maximum value for the gene). RNA half-life data are
as reported by Shock et al. (59).

> Numbers represent hourly time points.

¢ Genes for which data from two probes were available in the data of Shock
et al. have both changes noted, separated by a slash.

observation of the opposite pattern during the P. falciparum
IDC suggests that the regulation of transcriptional activity
intrinsic to the morphological stages is not simply an overlay of
the canonical cell cycle onto this complex cell but instead
resembles developmental modulation of RNAP activity by
modification of the enzyme itself or by template accessibility
(36, 68, 70). The proteins responsible for phosphorylation/
activation of RNAP II are encoded in the P. falciparum ge-
nome and give rise to a functional enzyme complex (6), but
their expression and regulation during the IDC are yet unchar-
acterized in living parasites. The positive relationship between
total transcriptional activity and number of nuclei implies tran-
scription from multiple templates, the uniformity of which
varies greatly among multinucleate systems (48, 49), while the
variable transcriptional activity per nucleus implies regulation
of bulk RNAP activity.

Similarities between the P. falciparum IDC and cellular de-
velopment beyond mitotic cycling suggest that the parasite may
rely on a combination of mechanisms to regulate the expres-
sion of specific genes (28, 36, 57). Regarding transcriptional
activity, although the peak activities of genes were distributed
among the four time points assayed, several of the genes with
the closest correlation between transcriptional activity and
steady-state RNA level share a T39 peak with the total tran-
scriptional activity curve. Agreement with the composite tran-
scriptome coincided with transcriptional activity being the
dominant regulatory step in gene expression. This observation
hints that the primary role of cis-acting DNA sequences might
be to regulate only certain genes whose expression must devi-
ate from a driving trend of RNAP II activity: that is, to repress
activity at a locus during the increase in RNAP II activity or
induce it at an alternative time. Genes assayed by nuclear
run-on in this study and previously (26, 27, 29, 31, 32, 58) have
exhibited a diversity of patterns in transcriptional activity
across the IDC, supporting a model of stage-specific total tran-
scriptional activity arising from the collective patterns of many
individual genes which are nonidentical but cumulatively re-
flect both bulk RNAP II activity and template availability.
Thus, future studies which consider total transcriptional activ-
ity in concert with that of specific genes and their steady-state
RNA levels promise to provide insight into mechanisms of
regulation at the transcriptional and posttranscriptional levels.
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