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Abstract

Investigations into the genetic basis underlying antigenic variation in malaria parasites have
primarily described transcriptional regulation of the large, multi-copy gene families that encode
red cell surface antigens. In particular, extensive alterations to chromatin structure and subnuclear
localization have been shown to play key roles in mutually exclusive expression, gene silencing
and activation, and epigenetic memory. However the mechanisms responsible for the generation
of sequence diversity within these gene families, a characteristic that is equally important for a
parasite’s ability to avoid the host’s immune response, remains poorly understood in malaria.
Recent work in model organisms suggests that the mechanisms controlling gene activation and
silencing might also contribute to preferential recombination between antigen encoding genes,
thus linking these two key processes.

Introduction

Antigenic variation refers to the ability of infectious organisms to systematically alter the
immunogenic epitopes exposed to the immune system of their host, thus avoiding the
antibody response and establishing a persistent infection. Many pathogens, including
bacteria, fungi and protozoan parasites utilize antigenic variation to sustain an infection and
thus increase the likelihood of successful transmission [1]. For the human malaria parasite
Plasmodium falciparum, the primary antigen expressed on the surface of infected red blood
cells (RBCs) is a highly variable protein called Plasmodium falciparum erythrocyte
membrane protein one (PfEMP1). Different forms of PFEMP1 are encoded by different
members of the vargene family [2-4]. The genome of £. falciparum contains approximately
60 vargenes, thus parasites can vary their antigenic signature by changing which vargene is
expressed, thereby cycling through their repertoire of surface proteins. Antigenic variation in
P. falciparum is manifest clinically as a continuous series of waves of parasitemia, with each
wave representing antigenically distinct populations that are not recognized by antibodies
produced against previously expressed antigens [5]. PFEMP1 is key to parasite virulence; the
protein is composed of a variable number of functional domains that interact with the
surface of the host endothelium and thus acts as adhesins allowing the parasite to avoid

© 2012 Elsevier Ltd. All rights reserved.

"To whom correspondence should be addressed: 1300 York Avenue, Box 62, New York, NY 10065. Tele: (212) 746-4976. FAX:
(212) 746-4028. kwd2001@med.cornell.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kirkman and Deitsch

Page 2

systemic circulation and clearance by the spleen. Expression of different forms of PFEMP1
results in adhesion within different organs and consequently different disease manifestations

[6].

Successful antigenic variation depends on the parasite’s ability to efficiently utilize its
catalog of variant antigens over the course of an infection. For this purpose parasites have
evolved a system of strict mutually exclusive expression, whereby one, but only one, var
gene is expressed at any given time [7]. By limiting exposure to a single form of PFEMP1 at
a time, and by switching to a new variant when the host has mounted an effective antibody
response, parasites can maximize the utility of their repertoire of variant antigens. A
persistent infection therefore requires both a highly diverse repertoire of antigen encoding
genes and a sophisticated system of coordinated gene activation and silencing to ensure
mutually exclusive expression. Recent work in higher eukaryotic systems suggests that these
two key aspects of antigenic variation may be closely linked and share several mechanistic
attributes.

Diversity of var genes

Within the genome of any given parasite, the vargene family displays extreme sequence
diversity. Moreover, unlike the rest of the genome which is largely conserved, when var
gene repertoires are compared from independent parasite isolates, the overall degree of
diversity is virtually limitless [8°;9]. This extreme diversity is required so that each form of
PfEMPL1 is sufficiently unique to avoid cross-reactive antibodies generated earlier in an
infection or during previous infections. The extraordinary diversity of vargene sequences
within the background of a conserved genome suggests that a specific, systematic process is
driving the rapid diversification of this gene family without risking disruption of open
reading frames or the domain structure of the encoded proteins so as to maintain the proteins
adhesive and virulence properties. Studies of large databases of vargene sequences have
detected evidence for frequent gene conversion events [10;11], suggesting that this is the
primary mechanism underlying the generation of the extensive variability found within this
gene family.

Much work has been invested in defining and categorizing var genes and their diversity. The
classification of vargenes into three major types, A, B and C, has been proposed and is
based on domain architecture, chromosomal location and upstream non-coding sequence
characteristics (Figure 1) [12;13]. These classifications have been borne out as relevant
clinically; severe disease has been associated with the subtelomeric A type varsand chronic
infection associated with the internally located C type vars[14-17]. Different rates of on and
off switching of gene expression appear to correlate with vartype as well [18-21°]. These
var gene types are also relevant regarding the development of genetic diversity. There
appears to be preferential recombination between members of each var gene type, resulting
in three different co-evolving groups [10;12;13]. In addition, each parasite has a similar
complement of vargenes with roughly equal numbers of each type [8]. However, there are
notable exceptions, termed strain transcendent vargenes that are significantly less
recombinogenic and appear to only be expressed in unique situations. For example, the gene
varZcsa appears to seldom recombine with other vargenes and to be virtually exclusively
expressed by parasites infecting pregnant women [22].

The chromatin environment surrounding var genes

Early investigations into vargene regulation indicated that it is an epigenetic process that
depends on specific histone modifications. In particular, modifications at histone 3 lysine 9
(H3K9) have been shown to be directly associated with transcriptional activity. Specifically,
the promoter of the single active vargene is associated with acetylated H3K9, while in silent
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genes this region is occupied by tri-methylated H3K9 [23;24]. While these are common
histone marks for silent and active chromatin in most higher eukaryotes, in P. falciparum the
trimethylated H3K9 mark appears to be devoted solely to genes involved in antigenic
variation [25;26]. In addition to the H3K9 marks, the active varlocus is enriched in
hyperacetylated H4 as well as di- and tri-methylated H3K4 while the histone binding protein
HP1 is found specifically at silent loci [25-27]. Active vargenes also incorporate the variant
histone H2A.Z at the promoter [28°;29°]. The various histone marks are perpetuated through
the multiple rounds of DNA replication and chromatin assembly that are a part of
schizogeny, thereby contributing to what is referred to as “epigenetic memory”. This term
describes the tendency of a gene to remain transcriptionally active for numerous cycles of
schizogeny once it has switched to the active state, a property that enables the parasites to
expand to a large wave of parasitemia in which all parasites express the same form of
PfEMP1.

The observation that there is a particular histone modification (H3K9me3) associated
specifically with antigenically variant gene families suggests that the overall chromatin
structure within these regions of the genome is unique. It is interesting to speculate that the
unique chromatin structure found at the large hyper-variable gene families involved in
antigenic variation might also contribute to accelerated recombination, thus acting as a
driver of diversification as well as an important component of transcriptional regulation. No
studies have investigated this possibility in A. falciparum, however studies in yeast and
higher eukaryotes have demonstrated that chromatin structure is a key aspect of the
regulation of double strand break (DSB) repair, including homology-directed repair (HR),
the molecular mechanism underlying gene conversions like those frequently observed in var
genes. For example, in C. elegans H3K9me3 is associated with chromosomal regions that
undergo elevated levels of HR during meiosis [30;31]. Similarly, alterations in the normal
chromatin structure of immunoglobulin genes significantly changes how these genes
undergo regulated sequence diversification via gene conversion during chicken B cell
development [32;33]. It has been proposed that parallels can be drawn between the role of
the “histone code” in regulating transcription and what is being learned about the
relationship between chromatin modifications and DNA repair. Chromatin state directly
influences which repair factors are recruited to a site of DNA damage and thus chromatin
markers direct the ensuing type of repair [34]. Given how conserved many aspects of DNA
repair and chromatin modifications are between even distantly related eukaryotic organisms,
it is tempting to think that in addition to regulating expression of variant antigen encoding
genes, the unique histone modifications found within these regions of the parasite’s genome
might also be contributing to their accelerated diversification.

The unique environment of the nuclear periphery

Changes in subnuclear localization have also been implicated in contributing to
transcriptional activation and silencing of individual genes. Multiple var genes are found
located within the subtelomeric domains of most chromosomes in addition to tandem arrays
of vargenes found within the internal regions of the chromosomes (Figure 1). Analyses
using fluorescent in situ hybridization (FISH) have shown that these chromosomal domains
are tethered in some way to the nuclear periphery [35], thus forming subnuclear regions
containing the silent varloci. Upon activation, the single expressed vargene moves away
from the clusters of silent varloci, yet remains associated with the nuclear periphery [36].
These observations have led to the hypothesis that there exists a specific subnuclear
“expression site” where vargenes become positioned when activated, and there is some
evidence that members of other hyper-variable gene families, including r/finsand stevors,
might also localize to this site when actively transcribed [37]. There is recent evidence that
an element within varintrons, a sequence previously implicated in vargene transcriptional
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regulation, contributes to the subnuclear positioning of vargenes [38°]. The exact nature of
the putative “expression site” or the role that the nuclear periphery plays in vargene
silencing or activation remain unclear. In higher eukaryotes, transcriptionally silent
heterochromatin tends to be found in the nuclear periphery [39], and telomeres have been
shown to cluster into “bouquets” located at the nuclear membrane [40], providing possible
parallels. In addition, actively transcribed genes can be found juxtaposed to nuclear pores, in
theory to provide ready access for mRNA export, however the pores themselves have also
been reported to influence chromatin structure [41]. All of these observations strongly
suggest that subnuclear structure and organization play a significant role in vargene
regulation, although the details are yet to be resolved.

Subnuclear structure and gene localization can also strongly influence DNA recombination
and repair. For example, repair of DNA DSBs in the telomeric regions in S. cerevisiae is
dependent both on components of nuclear pores and the act of anchoring telomeres to the
nuclear membrane [42]. Broken ends are “shunted” to the pore complex [43;44] where
homologous DNA sequences that serve as donors for HR are tethered, thus placing them in
close proximity to aid in efficient repair. This model draws obvious parallels to the proposed
clustering of parasite telomeres at the nuclear periphery within bouquets in which the var
genes are aligned according to type (Figure 1). The propensity of vargenes to undergo gene
conversions [10;11], a process that requires the physical alignment of DNA sequences,
suggests that subnuclear localization could play a similarly important role for the generation
of diversity as has been proposed for regulating expression.

Pathways for DNA DSB repair in P. falciparum: HR versus NHEJ

For pathogens, the ability to repair DNA damage can be considered an integral part of
immune avoidance. Malaria parasites face all of the same sources of DSBs as other
eukaryotic organisms, with additional sources of oxidative damage resulting from heme
metabolism and from products of the host’s immune system [45]. Therefore, efficient DSB
repair is expected to be an important aspect of parasite biology. Plasmodium falciparum’s
response to DNA damage has not been characterized in detail, with the exception of work
describing particular aspects of mismatch repair and base excision repair [45-47]. In
particular, the parasite’s response to DSBs has not been extensively studied; however it is
notable that many of the key components required for classical non homologous end joining
(NHEJ)-the predominant DSB repair pathway utilized by higher eukaryotes, are not present
in the parasite genome [48;49]. Several of these proteins, for example Ku 70 and 80, are
present and active within closely related parasites like Toxoplasma, suggesting they have
been recently lost by malaria parasites, a somewhat surprising finding considering that this
repair pathway is conserved evolutionarily. In the absence of a classical NHEJ pathway,
parasites must rely on alternative means of DSB repair and by assessment of repair proteins
known to be present in the genome (Table 1), it is likely that HR plays a dominant role. This
could result in a distinct skew toward the products of HR, specifically gene conversions,
when DSBs are encountered (Figure 2).

Evidence for frequent gene conversion events have been reported for several gene families
in addition to the varfamily, including those encoding the merozoite surface proteins 1 and
2 [50;51], the RBL family of reticulocyte binding proteins [52], proteins involved in red
blood cell invasion [53], and the falcipain gene family [54], providing further support for the
hypothesis that HR is a common pathway for repair. While gene conversions have been
shown to occur during meiosis [35], HR could also function when the parasites are haploid
if regions of significant sequence homology are present within the genome, for example
within multi-copy gene families. Since the choice of template for HR depends both on the
degree of sequence identity as well as genome location [55;56], reliance on this mechanism
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for DSB repair should result in the generation over time of vargene types that more
frequently recombine with one another, consistent with the previously described A, B and C
types of vargenes (Figure 1). In addition, the use of HR rather than NHEJ ensures that
repaired genes maintain open reading frames and encode functional proteins. These
observations highlight the potential selective advantages for the use of HR as the primary
method of DSB repair within large antigen encoding gene families, and could provide one
possible explanation for the apparent loss of classical NHEJ.

Conclusions

To survive the antibody response of its human host, P. falciparum has evolved a complex
system of antigenic variation that relies on two key aspects: 1) tight transcriptional
regulation of large multi-copy families of antigen encoding genes and 2) the continuous
generation of sequence variation within these families. Recent work in both ~. falciparum
and model organisms suggest that these two aspects of antigenic variation are tightly linked
and may in fact share many mechanistic components.
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Figure 1.

Arrangement of vargenes within the P. falciparum genome. There are ~60 var genes found
in the parasite’s genome, divided into three basic types, A (yellow), B (orange) and C (red).
Type B genes are typically found immediately adjacent to the telomeric repeats (blue) and
transcribed away from the telomere. Type A genes are usually also found within the
subtelomeric domains, but transcribed toward the telomeres. Type C genes are located in
tandem arrays in the central regions of chromosomes 4,6,7,8 and 12. The telomeres are
tethered to the nuclear envelope and are gathered into clusters of 6-8 telomere within a
“bouquet” structure that results in physical alignment of the Type A and B genes. This
alignment is proposed to aid in preferential recombination between genes of the same type.
A similar structure may also contribute to recombination between Type C genes.
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Figure2.
Mechanisms of DNA Double Strand Break Repair. Double Strand Breaks (DSBs) are
repaired by two major pathways. Homologous Recombination (HR, right) or
Nonhomologous End Joining (NHEJ, left). HR can result in different end products, but is
defined by the use of a template to guide repair. Pictured is HR leading to a gene conversion.
A DNA lesion is recognized by the MRN (MRE11/RAD50/NBS1) complex which generates
single stranded DNA by resection. The newly generated single strand is bound by
replication protein A (RPA), followed by RAD 52 which acts as a mediator between RPA
and RAD51. RAD51 catalyzes the invasion of the single strand to form a displacement loop
(D- loop) which is resolved through alternative pathways to result in accurate repair. HR
frequently results in a gene conversion event. In contrast, NHEJ does not require a template
and instead simply ligates the two free DNA ends together to repair the break. In classical
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NHEJ, Ku 70/80 sense the DSB and recruit DNA dependent protein kinase complex
(DNAPKCc) which likely regulates the processing of DNA ends in addition to recruiting the
other components of repair including XRCC4, DNA ligase IV, XLF and Artemis. This type
of repair frequently results in deletions or insertions at the site of repair (shown as a red
insertion in the final product). Components of the repair pathways shown in blue have not
been found in the P. falciparum genome, those in red have orthologues identified in the
parasite genome. This is further detailed in Table 1.
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Table 1

Summary of DSB repair proteins. Listed are the basic DNA DSB repair proteins as defined in model
organisms. Those proteins listed in blue are notably absent from the P. falciparum genome and those in red
have identified orthologues. Those in black have not been identified as present or missing form the parasite’s
genome. Alternative Non Homologous End Joining (A- NHEJ), otherwise known as Microhomology
Mediated End Joining, is defined as a Ku independent pathway for end joining and is characterized by end
resection and ligation at areas of homology. Repair via this pathway occurs as a backup pathway in most
model organisms and is associated with deletions of intervening sequence. The HR pathway appears intact in
malaria parasites however there have been no investigations into other DSB repair pathways to date. HR is
notable for its accuracy and maintenance of open reading frames compared to the deletions and insertions
commonly associated with end joining pathways. Modified from Mladenov and colleagues [57].

Component of Double strand break repair pathways: the basics in the DSB repair toolkit.

Function C-NHEJ A-NHEJ HR

DSB sensor molecule Ku70/ Ku80 PARP-1(PFE0895¢) Mre11 (PFA0390w), Rad50 (PFF0285c¢),
Nbs1- (MRN)

DSB end processinging Artemis MRN, CtIP MRN, CtIP, Exo1

Recombinases Rad 51(PF11_0087)

DSB repair mediators DNA-PKcs Histone H1, WRN Rad52, BRCA2, Rad 51-3 (PFD0935¢)

Polymerases Pol y, Pol A Pol B Pol 6 (PF10_0165), Pol € (PFC0340w)

Ligases Ligase IV Ligase lll Ligase | (MAL13P1.22)

Ligase promoting factors ~ XRCC4 XRCC1 PCNA (PF13_0328)
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