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Antigenic variation in Plasmodium falciparum is
associated with movement of var loci between

subnuclear locations
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Much of the success of Plasmodium falciparum in establishing
persistent infections is attributed to immune evasion through
antigenic variation. This process involves periodically exchanging
variants of the major surface antigen PfEMP1, a protein also
responsible for parasite cytoadherence. PfEMP1 is encoded by
genes of the 60-member var family, located at subtelomeric and
internal chromosome loci. The active or silenced state of var genes
is heritable, and its control by nonsequence information remains
puzzling. Using FISH analysis, we demonstrate that both internal
and subtelomeric var genes are positioned at the nuclear periphery
in their repressed state. Upon activation, the same var genes are
still found in the periphery, indicating that this zone can be
transcriptionally competent, rather than uniformly silenced. How-
ever, activation of a var gene is linked with altered positioning at
the nuclear periphery, with subtelomeric var loci exiting chromo-
some end clusters and being relocated to distinct nuclear sites.
Serial sectioning of parasite nuclei reveals areas of both condensed
and noncondensed chromatin at the nuclear periphery. Our results
demonstrate that regulation of antigenic variation is associated
with subnuclear position effects and point to the existence of
transcriptionally permissive perinuclear zones for var genes.

malaria | epigenetic | telomere | nucleus

he subtelomeric positioning of genes involved in host-pathogen

interactions is a feature common to many parasitic eukaryotes.
The phenomenon is found in organisms as evolutionarily diverse as
diplomonads (Giardia), pathogenic fungi (Pneumocystis, Candida,
and others), trypanosomatids (7rypanosoma brucei), and through-
out the phylum Apicomplexa (Plasmodium spp., Toxoplasma, and
Theileria). The subtelomeric grouping of virulence factors in such
widely divergent groups suggests a convergent evolution of a feature
whose significance is still puzzling. Suggested functions include
control of antigen expression through telomeric silencing effects
(1), expansion of virulence factor repertoire through duplication,
and gene conversion after recombination between heterogeneously
paired telomeres (2). In some of these organisms, subtelomerically
encoded antigens are expressed in a mutually exclusive manner,
with only a single representative expressed in any given individual.
This phenomenon often is interpreted as a means of limiting
unnecessary exposure of antigens to the immune system to prolong
the course of an infection, thereby maximizing transmission.

In Plasmodium falciparum, at least three distinct gene families
are encoded at subtelomeric loci: the vars, rifins, and stevors
(although very little is known about the role or behavior of rifins
and stevors). The var gene family, consisting of ~60 represen-
tatives per haploid genome, is normally found immediately
adjacent to the subtelomeric repeats and in groups at internal
chromosome positions. Expression of var genes is monoallelic:
individuals within populations generally transcribe one domi-
nant var gene with other alleles excluded from expression (3, 4).
Very low expression of other var genes, often detectable only by
RT-PCR, has been reported. However, in Northern blots, only
a single dominant transcript is observed, and only one resultant
protein is detectable (4, 5). Genetic rearrangements are not
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necessary for silencing (3), and var promoters artificially re-
moved from chromosomal context are activated by default (6),
both indicative of epigenetic var control mechanisms.

The subtelomeric positioning of many var genes is suggestive of
a system of epigenetic silencing reminiscent of the telomere position
effect (TPE) originally characterized for the genes inserted at the
subtelomeres of the budding yeast Saccharomyces cerevisiae (7, 8)
and since described in other eukaryotes. In yeast, a large multipro-
tein complex (consisting of Raplp, the Ku complex, Sir proteins,
and Rif proteins) anchors telomere ends to nuclear pores and, in an
independent activity, initiates condensation of local chromatin
through the enzymatic modification of exposed histone tails. The
proximity of the subtelomeres to the nuclear periphery is thought
to assist their silencing; nontelomeric regions with heterologous
silencing elements artificially tethered to the nuclear periphery are
silenced in S. cerevisiae (9), whereas active subtelomeric genes are
more likely to leave the periphery (10). We previously identified
homologues of several yeast telomere silencing factors in the P.
falciparum genome (11) and have recently shown that one of these
silencing factors, PfSir2, interacts with inactive subtelomeric var
genes but not with active var genes (12). Other published experi-
ments demonstrate relaxed transcription from subtelomeric loci
after deletions of the subtelomeric repeat structures, indicating a
role for these elements in the silencing process (13, 14). However,
almost nothing is known about how internal var genes are silenced.

An equally puzzling question in epigenetic var control is how
one var gene can be highly expressed, whereas the others are
silenced. Recent work on African trypanosomes (7. brucei) has
put forward a model that might explain how activity could be
restricted to one gene at a time. In this hypothesis, active genes
transcribing variable surface antigen enjoy a privileged sub-
nuclear location from which silenced variable surface glycopro-
tein genes are excluded, precluding their transcription (15). In
this work, we investigated the nuclear position of var genes
located in subtelomeric and chromosome internal positions.
Both subtelomeric and internal var genes appear to be under a
default epigenetic repression because of their position in the
nuclear periphery, which is the preferential location of hetero-
chromatin and silencing factors such as Sir2 (12). Upon activa-
tion, we observed that a subtelomere-associated var gene, al-
though remaining in a perinuclear position, moves out of the
telomeric cluster. Reconstruction of serially sectioned parasite
nuclei revealed that the Plasmodium nuclear periphery consists
of condensed chromatin material with one or more gaps of
noncondensed chromatin. Such heterogeneity may be associated
with zones with differential competency for transcription.

Materials and Methods

Parasites. Parasites were cultured by using the method estab-
lished by Trager and Jensen (16) and gassed with a mixture of
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5% CO,/1% 0,/94% N,. Parasite strains used were the
FCR3-C1 clone, a parasite from the FCR3 background with a
disruption in the varlcsa gene (17). This clone was panned on
CHO cells expressing chondroitin sulfate A (CSA) by using the
method described in ref. 3. Parasites were assayed (by FISH
analysis or Northern blotting) within four to eight generations of
panning. Dd2 parasites were a gift from Tom Wellems (National
Institutes of Health, Bethesda).

Northern Blotting. Total RNA was prepared from synchronized
parasites 12-16 h after invasion (ring) and 22-30 h after invasion
(trophozoites). RNA was extracted with TRIzol (Invitrogen),
and Northern blots were prepared as described in ref. 18. The
var2csa probe consisted of the first 2 kb of the var2csa ORF from
the FCR3 strain. The primers used to amplify the probe were
5'-AGCTGATCCTAGTGAAGTGG-3" and 5'-TGAAG-
TATCTTGTTCAGCGG-3'. The exon 2 probe corresponds to
bases 7930-9147 of varT11-1 (GenBank accession no. U67959).
The var7 probe consisted of the first 2 kb of the var7 ORF from
the parental Dd2 strain. The primers used to amplify the probe
were 5'-TGTAAAAGAATATTATGAGCGTG-3" and 5'-
AGGTCAAGAACTCCATAGGGAC-3'".

FISH. FISH was conducted on air-dried infected red blood cells
fixed with 4% paraformaldehyde. Red blood cells were washed
in PBS, air-dried on a slide for >30 min, and then fixed in 4%
paraformaldehyde solution for 15 min. Preparations were
washed again in PBS and then hybridized with heat-denatured
probe under a sealed rubber frame at 92°C for 3 min and at 37°C
for 12 h. The probes for the var2csa and var7 genes were derived
from genomic DNA by using the same primers detailed above.
The probe adjacent (3 kb upstream) to the central var cluster
(referred to as var-pfl0935¢) was produced by using the primers
5'-TCCATGAATTTTCATCACATG-3" and 5'-TGAAAT-
TATTTTGTGGAGGC-3'. The internal non-var probe pfl0330c
was produced by using the primers 5'-TGGTAATAAAAGAT-
TAGAATTAGCTG-3" and 5-TTTTCCTACTGTCATAC-
GAG-3'. The hybridization solution contained 50% formamide,
10% dextran sulfate, 1X SSC, 250 pg/ml herring sperm DNA,
and ~100 ng of dsDNA probe labeled by using fluorescein
high-prime(Roche Applied Sciences). After hybridization, par-
asites were washed twice in 50% formamide/2X SSC at 50°C,
once in 2X SSC at 37°C, and once in 4X SSC at room temper-
ature. Parasites were finally washed in a solution of 100 mM
TrissHCI/150 mM NaCl/0.5% (vol/vol) Tween 20, mounted in
Vectashield (Vector Laboratories), and imaged. Images were an-
alyzed for intranuclear position of signals as described in ref. 13.

EM. Red blood cells containing nonsynchronized parasites were
fixed in 1% glutaraldehyde in RPMI medium 1640/Hepes for 1 h
at 4°C. Parasites were embedded in LR Gold resin (Electron
Microscopy Sciences, Fort Washington, PA) and series of ultra-
thin sections were cut. Sections were poststained with uranyl
acetate and lead citrate and observed by using a transmission
electron microscope (CM120 BioTWIN, Philips) at 80 kV.

Mapping. To confirm that no large-scale rearrangements oc-
curred that effected the analyzed var clusters, we mapped the
probe for the var2csa and the probe adjacent to the central var
cluster (var-pfl0935c) by hybridizing to pulsed-field gel electro-
phoresis-separated chromosomes. This hybridization confirmed
that the target sequences remain on chromosome 12 (data not
shown). The var2csa gene is highly conserved between isolates
and is assumed to retain its subtelomeric position (19). var7 has
been previously mapped in Dd2 (20). The control housekeeping
gene pfl0330c (for RNA polymerase III subunit) is assumed to
retain the same position as in 3D7. Map positions are given as
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Fig. 1. Northern blots of var gene transcription. (A) Parasites were probed
with a 2-kb fragment specific to the 5’ end of the var2csa gene. In the Dd2
strain and in unpanned FCR3 C1 parasites, no signal was detected even after
overexposure. In the CSA-panned FCR3 C1%A line, a strong 9.5-to 10-kb signal
was detected, consistent with the predicted size of the mature var2csa tran-
script. (B) Parasites were probed with a 2-kb fragment specific to the 5’ end of
the var7 gene. In both the CSA-panned and nonpanned C1 parasites, no signal
was detected even after overexposure, whereas in the Dd2 strain, a strong 7.5-
to 8-kb signal was detected, consistent with the predicted size of the var7
gene.

in 3D7 but may be slightly modified in FCR3 subtelomeric
positions.

Results

var Gene Transcription from Subtelomeric and Chromosome-Internal
Loci. To examine var genes in “on” and “off” states, we used P.
falciparum parasite lines in which the var2csa gene was differ-
entially active. To avoid potential interference from the varicsa
(previously called var®SA) gene, which appears to be constitu-
tively transcribed among different populations (18), we worked
with FCR3 parasites with a disrupted varlcsa, called FCR3 C1
(17). These parasites do not initially adhere to CSA, but after
repeated panning, they are able to adhere specifically to CSA.
This clone is known as FCR3 C1¢5A, In FCR3 C1¢5A parasites,
Northern blots of total RNA using a universal var gene probe
detected transcriptional activation of one dominant var gene,
and a single PfEMP1 is detected by surface iodination (17).
Wild-type parasites have been reported to up-regulate the
subtelomeric var2csa gene in CSA-binding parasites in a mutu-
ally exclusive fashion (21). We hypothesized that this same var
gene (designated PFL0O030c in the fully sequenced 3D7 strain)
was up-regulated in FCR3 C1°54. To test this hypothesis, we
made a probe specific to the start of the var2csa gene. This probe
recognized a strongly transcribed band at 9.2 kb in the FCR3
C1%4 clone, corresponding to the expected size of the var2csa
transcript but no product in the FCR3 CI1 clone (Fig. 1).
Consistent with the typical profile of expressed var genes, this
gene was up-regulated in ring-stage parasites, then almost
disappeared in trophozoite-stage parasites (data not shown).
The same membrane also was hybridized with a probe made
against the exon 2 of varT11-1, which contains sequence semi-
conserved between var genes. This probe detected additional var
bands in the unpanned parasites but no additional var genes to
the var2csa-specific probe in the FCR3 C1°54 parasites (data not
shown). These data demonstrate that var2csa is actively tran-
scribed in FCR3 C1¢54 parasites but silenced in the genetically
identical FCR3 C1 parasites. It is possible that additional genes
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Fig. 2.

FISH localization of var genes. var genes positioned at subtelomeric and chromosome internal loci were localized both in parasites where they were

actively transcribed and in parasites where they were silenced. Fluorescent foci were scored for localization in three concentric zones of equal area. An internally
coded control israndomly distributed among all three zones, whereas var genes are preferentially positioned in the peripheral zone. Like subtelomeric var genes,
internal var genes also associate with the nuclear periphery. No differences are observed in this assay between active and inactive var genes. Map distances from

the start of the chromosome 12 are inferred from the 3D7 genome.

may be transcribed in the FCR3 C1¢5A parasites below levels
detectable by Northern blotting.

To characterize an expressed var gene encoded at a chromo-
somal internal position, we examined the var7 gene. This gene
has previously been described as the dominant var gene tran-
scribed in Dd2 parasites (6, 22). We used a probe specific to the
5" end of the var7 ORF to probe Dd2 parasites and found a
strong band of the expected size for var7, 7.3 kb (Fig. 1). Again,
the profile of expression was that typical of active var genes, with
strong expression in ring stages and almost no expression in
trophozoite stages (data not shown). No var2csa transcript was
detected in Dd2 parasites, nor was var7 detected in FCR3 C1 or
FCR3 C1©5A parasites.

Subnuclear Localization of Internal and Subtelomeric var Genes. FISH
using probes specific to var genes allowed their localization in
asexual intraerythrocytic parasites. Synchronized late-ring-stage
parasites were labeled with specific probes, and the location of
the probe was scored in relation to the parasite nuclear periphery
(Fig. 2) using the IMAGEJ POINTPICKER software (http://
rsb.info.nih.gov/ij) tool. Fluorescent foci were scored for at least
50 cells and at least three independent hybridizations for each
probe and were sorted as being localized into one of three
concentric nuclear zones of equal area. A control gene from a
chromosome internal position on chromosome 2 (which lacks
internal var genes) was randomly distributed among the three
zones (Fig. 2). However, the subtelomeric and chromosome
internal var genes were found to be mainly localized at the
nuclear periphery (zone A) in a distribution notably different
from that expected from a random distribution (Fig. 2). These
data indicate that subtelomeric var genes are specifically asso-
ciated with the periphery of the nucleus, an unsurprising finding
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given that Plasmodium telomere ends have previously been
shown to be nuclear peripheral (2). However, internal var genes
are >500 kb away from the closest telomere, a distance sufficient
to traverse the nucleus many times over in a noncompacted DNA
configuration. This fact suggests that internal var gene loci are
physically looped back to the nuclear periphery with intervening
stretches probably found in more central nuclear regions.

The distribution in zones A-C seen for active var genes was not
distinguishable from that seen for the inactive var genes, i.e.,
exclusion from the nuclear core (zones B and C) and association
with the nuclear periphery (zone A). These data indicate that
repositioning to a nuclear-internal environment is not required
for var gene transcription, and that sectors of the nuclear
periphery are transcriptionally competent.

Colocalization Between var Genes and Telomeric Clusters. To test
whether there was a relationship between the transcription state
of var genes and their localization with telomeric clusters (which
are silencing zones in yeast), we performed two-color FISH with
different var gene probes and telomeric probes. Parasites were
synchronized and processed at late ring stage, the stage with the
peak of var gene expression. Two different probes were used for
telomeric clusters, one to the telomeric repeat structure and the
other to the telomeric proximal rep20 repeat region. Both probes
gave the same localization results. Double labeling with the
specific var probes allowed scoring of colocalization, with colo-
calization defined as any overlap between the fluorescent foci. In
all cases, >50 nuclei were scored from experimental replicates.
In the case of the unpanned FCR3 Cl1 parasites, a strong
association was seen between the inactive var2csa and telomeric
clusters, with colocalization occurring in 84% of parasites (Fig.
3), However, in FCR3 C1©5A parasites, the actively transcribed
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Fig. 3. FISH colocalization between var genes and telomeric clusters. The
localization of telomeric clusters (red probe) was compared with that of a var
gene (green probe). (A) An actively transcribed var gene (var2csa) is compared
with telomeric clusters. (B) The same var gene is in a silenced state. In parasites
expressing var2csa, the gene is mostly physically separated from telomeric
clusters, with distinct fluorescent foci clearly discernible. However, in genet-
ically identical parasites with var2csa silenced, the var2csa gene colocalizes
with the telomeric clusters.

var2csa gene was dissociated from telomeric clusters, colocaliz-
ing in only 26% of parasites (Fig. 3). In many cases, the active
var2sa was located 100-300 nm from the nearest telomeric
cluster. Although the active var2csa dissociated from the telo-
meric clusters, var2csa probes still showed the gene to be
associated with the nuclear periphery (Fig. 2). Both active and
inactive central var genes also were scored for colocalization.
These genes showed an infrequent, random association with the
telomeric clusters. No difference was observed between the
active and inactive central var genes (data not shown).

EM of Nuclear Ultrastructure. Because both active and inactive var
genes are found in the nuclear periphery, we sought to charac-
terize the ultrastructure of this subnuclear region by using EM.
Mixed-stage preparations of P. falciparum were fixed, serially
sectioned, and poststained. EM revealed that the periphery of P.
falciparum nuclei consists of electron-dense, heterochromatin-
like material. In ring-stage parasites, this zone is variegated in
appearance, becoming more distinct and forming well defined
boundaries in schizonts and merozoites. This material extended
~50 nm from the nuclear membrane and was of approximately
the same electron density throughout. Although the condensed
region sometimes extended inwards toward the center of the
nucleus (Fig. 4 A and B), it was generally of a uniform diameter
(Fig. 4 C and D). The density also was consistent within each
nucleus, although the region was denser in postsegmented
schizonts than in other stages. It is unclear whether differences
between early- and late-stage parasites reflect a biological
difference or are attributable to differential fixation. Recon-
struction after serial sectioning showed that some surface of the
inner nuclear membrane was always bordered by an electron-
sparse region, consistent with less condensed genetic material or
euchromatin. The patches varied in size from ~100 to 300 nm in
length, but at least one was present in of all of the >20 parasite
nuclei examined by serial sectioning.

Discussion

The var family, responsible for antigenic variation in P. falcipa-
rum, is concentrated in groups at chromosomally central and
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Fig. 4. Nuclear ultrastructure. Regions of condensed and relaxed genetic
material at the nuclear periphery. Parasite nuclei from mixed intraerythrocytic
cultures were serial-sectioned to examine patterns of nuclear condensation.
Nuclei shown here are from segmented schizonts. Nuclei contained a region
of electron-dense material at the periphery, consistent with heterochromatic
material. Although this region spread over most of the internal surface of the
nuclear membrane, in each nucleus examined, there was at least one clear
region, free of heterochromatin somewhere at the nuclear periphery. This
observation is consistent with the presence of transcriptionally active and
inactive zones at the nuclear periphery.

subtelomeric positions. Only one var gene in an individual is
strongly transcribed, whereas most var genes are silenced, evoc-
ative of TPE silencing. TPE is best characterized in S. cerevisiae,
but variants have been described in Drosophila (23), humans
(24), and Giardia (25), implying a very ancient eukaryotic origin.
In S. cerevisiae, TPE is associated with localization to the nuclear
periphery and also with telomeric clustering. Whereas individual
telomeres can bind some of the silencing factors, clusters appear
to create a threshold concentration of the silent information
regulator (SIR) complex that allows effective silencing (26, 27).
Although it has been best described in modified chromosome
systems, TPE is likely involved the silencing of several multigene
families at yeast subtelomeres. Plasmodium telomeres have
previously been shown to form clusters (2), and probably all 28
P. falciparum subtelomeres in natural isolates encode var genes.
However, coordinated regulation of mutually exclusive expres-
sion of var genes by using only TPE is inconceivable. In this study,
we have examined whether silencing of var genes is determined
by their relationship with telomeric clusters. For subtelomeric
var genes, we have shown that a silenced locus is physically
associated with the telomeric cluster, whereas the same locus in
an active state dissociates from the cluster (Fig. 3). TPE has
previously been proposed as a means of repressing transcription
of subtelomeric virulence factors (1, 28); we show that dere-
pression is linked to exit from telomere clusters (Fig. 3).
Movement of active var gene loci away from telomere clusters
could serve a twofold purpose. First, dissociation from the
cluster physically separates the locus from the local concentra-
tion of silencing proteins found at telomeric clusters. Consistent
with this interpretation, we have recently shown that telomeres
and inactive subtelomeric var gene promoters associate with the
important PfSir2 silencing protein, whereas the promoters of
active var genes are devoid of PfSir2 (12). This absence would
very likely have implications for the local chromatin structure,
and indeed we have shown that the histones of inactive and active
var genes are differentially acetylated (12). Experiments in yeast
(29, 30), Drosophila (31), and mammalian systems (32) demon-
strate that genes can be recruited from one area of the nucleus
to another to be repressed. These recruitments are sometimes
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linked to chromatin modification, and this also may be the case
with var genes. The second purpose of var locus movement may
be to bring the promoter into closer association with factories of
transcriptional machinery (33) that could be immobilized to
nucleoskeletal fibers (34, 35).

The concept of var gene activation through association with
factories of transcription is congruent with our current under-
standing of antigenic variation in 7. brucei. In T. brucei, expres-
sion of the variable surface glycoproteins are monoallelic. Vari-
able surface glycoprotein is transcribed by RNA polymerase I
rather than the expected RNA polymerase II that normally
produces messenger RNA (36). Molecular and cell biology
experiments have now shown that the active locus is associated
with an extranucleolar focus of RNA polymerase I, whereas
nonactive loci are excluded from this area, which the authors call
an “expression-site body” (15). Whether the Trypanosoma ex-
pression-site body is a discrete structure or merely a localized
concentration of polymerase, it may be a useful analogy for var
gene transcription, with actively transcribed genes dynamically
associating with this transcription-competent area.

Our EM of serial sections demonstrates that, like other
eukaryotes, P. falciparum has defined areas of euchromatin and
heterochromatin-like material (Fig. 4). Although the nuclear
periphery is largely bounded by electron-dense zones, most
prominently in schizonts and merozoites, the condensed material
does not insulate the entire perinuclear area. At least one small
gap is present at the periphery of the nucleus that is free of
heterochromatin (Fig. 4). It is striking that such an area is found
in all nuclei that were serially sectioned. This area of perinuclear
euchromatin may correspond to a transcriptionally competent
zone. We have no evidence for the localization of genes in this
zone, but we hypothesize that active var genes may preferentially
enter such euchromatic regions at the nuclear periphery (Fig. 5).
In such a model, localization could provide the context for the
decondensed chromatin state of the locus during S phase,
allowing epigenetic inheritance of var activity, and may be a
region of stronger transcription in ring stages. The existence of
transcriptional foci at the nuclear periphery is supported by an
elegant study by Duraisingh and colleagues (37), who show
preferential colocalization at the nuclear periphery of two
actively transcribed reporter genes located at Plasmodium sub-
telomeres. The authors also show that a similar reporter gene can
colocalize with active var genes. This colocalization suggests that
any privileged perinuclear position enjoyed by active var genes
does not necessarily exclude other active non-var genes.

It is unclear whether the delocalization of active var genes
from telomere clusters seen by FISH corresponds to a looping of
the specific locus or movement of the whole subtelomere to
another region. The latter explanation is difficult to exclude, as
the weak FISH signal of a single telomere end might be
undetectable, although this option would not explain how mul-
tiple var genes at the same subtelomere are differentially con-
trolled. Either way, it would be interesting to relate localization
of telomeres and var loci to areas of nascent RNA production in
P. falciparum, although the necessary incorporation methods are
yet to be established.

The lack of colocalization between central var genes and
telomeric clusters (data not shown) indicates that additional
factors are responsible for silencing these loci. The close asso-
ciation between internal var loci and the nuclear periphery
implies that protein factors attach these areas to the inside of the
nuclear envelope. Sequence elements common to the 5" UTRs
of internal var genes but absent in subtelomeric var genes (38)
may mediate such regulation, and indeed, proteins that bind
differentially to subtelomeric and internal var promoters have
been described (39). Peripheral silencing mechanisms for inter-
nal chromosome genes also have been induced (albeit artifi-
cially) in yeast (9). The activation of internal var genes, like
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Fig. 5. A model for var gene silencing and activation. Inactive subtelomeric
var gene loci colocalize with telomeric clusters, reminiscent of cluster-
associated silencing in yeast. Several possibilities exist for the mechanism of
activation. (a) No positional movement takes place, and other molecular
factors determine activation. (b) A var gene is activated after moving away
from thessilencing effects of the nuclear periphery. (c) The active var gene stays
in the nuclear periphery but moves away from telomeric clusters. Our data are
inconsistent with possibilities a and b and support option c. The dissociation
of the active var gene suggests either a relaxation of the intervening DNA/
chromatin structure or exclusion of a single chromosome end from the silenc-
ing cluster. This dissociation may allow the movement of the gene from a zone
of restricted transcription to a transcriptionally permissive territory. Like
subtelomeric var genes, those encoded on internal chromosome positions
appear to be silenced by factors positioned at the nuclear periphery. (d-f)
Actively transcribed internal var genes could remain in the same position (d),
loop out of the periphery to the nuclear core (e), or move to a distinct location
within the nuclear periphery (). Our data are not consistent with e but do not
allow us to discern whether internally encoded var genes move within the
nuclear periphery. This model does not explain how adjacent var genes on the
same chromosome are differentially activated, but an attractive possibility is
that chromatin barrier elements (located either between var genes or in var
introns) interact with nuclear pores to maintain distinct chromatin states for
neighboring genes.

subtelomeric var genes, could be associated with nuclear periph-
eral movements, but we currently lack markers to test this
hypothesis.

The only other studies to specifically address var gene silencing
have focused on the conserved introns of var genes, which are
similarly sized and contain an A+T-rich repeat structure, sug-
gesting that the intron may play some role of its own. Indeed, a
reporter gene driven by a var 5" UTR could be silenced when
flanked by a matching var intron (40). This silencing was
accomplished only when parasites bearing the plasmid had
passed through S phase (40). S-phase processes have been
proposed to play a role in some histone modifications and
transcriptional silencing, but these functions remain controver-
sial (41). A region within var introns also appears to possess
promoter activity, possible generating smaller RNA molecules
that may be involved in laying down the chromatin code (42). The
same var introns are predicted to bind AT-hook domain proteins
(42), which have been implicated in modulation of chromatin
structure and intranuclear attachments (43), including tethering
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to the nuclear periphery (44). Such an attachment may be
responsible for the common peripheral location that we find for
internal and subtelomeric var genes (Fig. 2). It is noteworthy that
one var gene (varl CSA) with an anomalous intron is apparently
unable to be silenced (18), supporting a role for the var intron
in silencing.

One of the major questions unanswered by our model (Fig. 5) for
var activation is how adjacent var genes only 10 kb apart in a
subtelomeric group can be differentially activated. An answer might
be found in the var introns, which are predicted to contain chro-
matin-spreading boundaries (42), elements that can buffer adjacent
genes, maintaining one region in a condensed conformation while
the neighboring area is decondensed. Insulators of heterochroma-
tin spread (also called barrier activity) are poorly understood, but
an important recent report indicates that some barrier activity
requires physical interactions with the nuclear pore complex at the
nuclear periphery (45). Perhaps adjacent var genes may be kept
differentially active by a similar mechanism. Interactions with
nuclear pores might explain the localization of active var genes,
which may remain at the nuclear periphery to maintain the chro-
matin boundary that keeps the adjacent var genes silenced.

Conclusion

Of the subtelomeric and internal var genes studied, all were
preferentially found at the nuclear periphery, irrespective of activ-
ity. This localization points to distinct silencing and activation
domains at the nuclear periphery. For subtelomeric var genes, a
mechanism akin to TPE likely creates a default transcriptional
suppression that can be modified by additional factors. We show
that subtelomeric genes move out of physical telomere clusters to
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be transcribed, whereas additional markers are needed to deter-
mine whether comparable movements are associated with activa-
tion of internal var genes. The nuclear periphery often is charac-
terized as a transcriptionally silent territory; our data indicate that
it also contains areas of active transcription. It is not possible to
determine whether the movements we observed are a consequence
of their derepression or are, in fact, the cause of activation. Either
way, such movements are likely to be accompanied by chromatin
modifications in the surrounding chromosomal areas. Future stud-
ies should address the protein complexes that tether subtelomeric
and internal var clusters to the nuclear periphery as well as the
enzymes and possible RNA species that control the modification of
chromatin. In addition, the genetic elements that are responsible for
peripheral tethering and silencing (probably var promoters and/or
var introns) deserve further attention. The regions flanking the
var2esa gene, for example, are distinct from those of other subte-
lomeric var genes and are different again from those of central var
genes. It remains to be shown which factors are common to all var
genes and which factors are specific to subclasses. The possible
existence of a physical transcription factory at the nuclear periphery
also needs closer investigation, possibly through localization of
elements of the transcription machinery in living cells.
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