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  To Fredrik, Rebecka, and Alexander 



ABSTRACT 
As Plasmodium falciparum parasites matures within the infected erythrocyte (IE) it produces a 

number of various proteins, which are transported out to the cell surface where they are exposed to the 
host immune system. To avoid recognition and elimination by the liver and spleen these proteins can 
undergo antigenic variation, a phenomenon where the parasites switch from expressing one variant to 
another, both belonging to the same gene-family. The most well characterised protein family on the 
surface of P. falciparum IEs is PfEMP1, encoded by the var-gene family comprising approximately 60 
gene-copies per haploid genome. These are involved in the binding of IEs to uninfected erythrocytes 
and to the endothelial cell-lining in the vasculature, which blocks the blood flow in capillaries and 
cause severe outcome of malaria disease. The largest P. falciparum gene-family comprises the rif-
genes encoding small variable RIFIN polypeptides, the function of which is unknown. 

Here we show that PfEMP1 and RIFINs are co-transported through the IE cytosol to the surface in 
a complex trafficking machinery built up by the intracellular developing parasite. It involves the 
formation of single small vesicles (SSV), large multimeric vesicles (LMV) and large spindle-like 
vesicles (LSLV). All these structures are stainable with the Giemsa dye, and hence are all Maurer’s 
clefts according to the original definition by Dr. Georg Maurer. The LMVs, and the SSVs to some 
extent, are also identical to the structures in which Pf332, PfSbp1, PfSar1p, PfSec31, PfEMP3, 
MAHRP, PP1 and LANCL co-localise, and the LMV formation seems to be a default transport pattern 
in trophozoite IEs of in vitro grown parasites as well as in fresh patient isolates. However, we have 
observed that some long term in vitro grown parasite strains such as 3D7 have lost their ability to form 
LMVs and instead transport antigens to the surface in vesicles of a similar size of SSVs. PfEMP2, 
PfHRP2, Exp1, and Exp2 localise in the cytosol in structures distinct from the SSV/LMV/LSLV 
pathway, although the PfHRP2 protein-aggregates and the parasitophorous vacuole membrane (PVM)-
buds carrying Exp1/Exp2 are also stainable with Giemsa and thus are Maurer’s clefts by the original 
definition. 

Furthermore, we have detected a new small gene-family of surface exposed molecules called the 
SURFINs. These are also transported to the IE surface together with PfEMP1 and RIFINs, however 
the bulk of proteins accumulate within the parasitophorous vacuole (PV) during maturation into late 
schizont stages. Upon IE rupture SURFIN associates with the individual merozoites in an amorphous 
cap structure in the apical end, where they possible are involved in the invasion process into new 
erythrocytes. 

RIFINs were also detected in the apex of the merozoite, although using a panel of antisera raised 
against a number of different RIFIN polypeptides we found that the expression and localisation of 
various RIFIN variants differed. Detailed bioinformatic analysis of the 3D7 repertoire of RIFINs 
revealed two major subgroups (A- and B-type RIFINs). The A-type RIFINs are exported to the IE 
surface via the SSV/LMV/LSLV pathway, where they are exposed to the surrounding environment. 
They also accumulate in the PV- membrane and space, as well as in the apical end of the merozoite. In 
contrast, the B-type RIFINs stay within the PV during maturation and are detected in the cytosol of 
released merozoites. Furthermore, we found that there is an intra-clonal switch of RIFIN repertoire 
between schizonts and merozoites, suggesting an adjustment to these distinct stages by the usage of 
different variants. The insertion/deletion of a 25 amino acid stretch in the semi-conserved region and 
different numbers of conserved cysteine residues between the groups has led us to suspect distinct 
folding properties and possible subfunctionalisation within the RIFIN repertoire. However, further 
analyses of members of the two groups are needed to be done. 
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PREFACE 

 
When I read a sentence on the Internet saying:”Economic analysis indicate that the burden of 

malaria is great”, I laughed at first because it seemed silly to me. Then I realized that it might not be 
crystal clear to everyone that we have an enormous economic burden of this disease.  

Malaria has been a lethal disease for thousands of years all over the world and the major burden of 
the disease has been, and even today lies on the children of Africa. The regions most affected by 
malaria are also those of political unrest and most poverty, hence, the least able to combat the disease 
on their own.  Financial support and research efforts of the more wealthy part of the world are 
important factors for the generation of a future of better control of malaria. 

In the late 1980s major funding was raised through the initiative of “Roll Back Malaria”, 
providing a platform for the development of tools to fight Malaria such as protection programs 
through bed nets and drugs. Other efforts and initiatives yielded the full sequencing of the genomes of 
Homo sapiens and both the malaria vector Anopheles gambiae and the Plasmodium falciparum 
parasite, which causes the most severe forms of Malaria. This has provided grounds for a deeper 
understanding of the biology of the parasite, with new insights in the development and the survival of 
the same, and thus has opened up for the development of new strategies in the search for drugs and 
vaccines. 

Within the scope of this thesis, gene-families of antigenically variable nature that were discovered 
as a result of the genome project are further investigated and will be discussed. RIFINs, proteins of the 
largest P. falciparum gene-family found to be expressed on the infected erythrocyte surface, have been 
the main focus. Furthermore, the identification of a new family of surface molecules, the SURFINs, 
and a possible role for these as well as for RIFINs in antigenic variation at the level of merozoites is 
also findings covered herein. 

My hope and belief is that the work here presented will raise new ideas and questions, which in 
the future will lead to better interventions in the battle against malaria. 





BACKGROUND: MALARIA 
 
 

 
 
 
DISCOVERY AND DISTRIBUTION 

Hippocrates (4th Century B.C.) was the first to describe the manifestations of the disease malaria, 
with quotidian, benign tertian, and quartan fevers as well as enlargement of the spleen. Varro (1st 
Century B.C.) probably was the first to put it into words: “In marshes there are animals too small to 
be seen, but which enter the mouth and nose and cause troublesome disease”. The proposal that a 
bacterium in bad air (Italian mal´aria) of swamps and marshes was the agent causing malaria, as 
suggested by Tomasi-Crudeli in 1879, was generally accepted by the scientific society. It was only a 
year later in 1880 that Alphonse Laveran elicited that a protozoan was the cause of malaria, although it 
took until the end of the Century to get the general acceptance for his findings (Pinder 1973). In 1897 
Ronald Ross demonstrated the Anopheles mosquito to be the vector of a bird malaria parasite, studies 
that were continued by Bignami and Grassi whom were able to demonstrate the complete life cycle of 
a human malaria parasite (Garnham 1966).  

Malaria in humans is caused by one of four different Plasmodium parasite species, P. falciparum, 
P. ovale, P. malariae, or P. vivax. According to estimates reported in year 2000, malaria is distributed 
in over 90 countries, mainly in Africa and South Asia (Figure 1), with around 2.2 billion people at risk 
of infection worldwide and causing over 500 million malaria cases every year. The most severe 
disease outcome, with anaemia, respiratory distress, or cerebral malaria ending in approximately 2 
million deaths per year of mainly children, is almost exclusively due to P. falciparum infections. In 
other words at least one child dies from malaria every 30 second, or 3000 individuals each day (Snow 
et al. 2005; WHO 2003).  
  

Figure 1. Malaria distribution. Incidence of malaria cases worldwide is indicated in grey-scale, with darker 
colour indicating higher incidence. 



DISEASE, DIAGNOSIS AND TREATMENT 

Malaria infections can cause a variety of clinical manifestations in different individuals. This is 
due to the seemingly unlimited number of unique features of the infecting parasite as well as the 
infected host. In a milder infection the patient will have fever in a repeating pattern and often muscular 
pain and a palpable spleen and liver upon examination. Sometimes diarrhoea and abdominal pain are 
present. A malaria infection can easily be misdiagnosed and thus untreated, with the risk of rapid 
deterioration and development into complicated disease. Severe malaria may present with unrousable 
coma (cerebral malaria), convulsions, pulmonary oedema, renal failure, anaemia, hypoglycaemia, 
haemoglobulinurea or hyperparasitemia, features that can occur in combinations or alone. After 
infection with P. vivax or P. ovale, hypnozoite parasite forms can be persistent in the liver causing 
relapsing episodes of malaria (Molyneux 1995). 

Diagnosis of malaria is performed on thick or thin films of peripheral blood, which are stained 
with for example a combined acidic and basic dye called Giemsa and analysed in the microscope 
(WHO 1995). Even if the blood is taken when parasites are absent from the circulation (sequestered, 
see below), malaria may be suspected by the presence of malaria pigment in monocytes. Antigen 
detection is an alternative way to diagnose Plasmodium falciparum. By using a dipstick coated with 
antibodies to a P. falciparum specific antigen (PfHRP2), one can detect parasites as few as to 60 per ul 
blood. However, microscopy is still the golden standard. In nonendemic regions it is easy to 
misdiagnose malaria due to the number of other pathogens that might give similar symptoms, and 
therefore it is of great importance for physicians always to take travel history of patients, but also for 
patients to inform their physicians after visits to endemic regions (Molyneux 1995). 

Upon a positive malaria test it is important to start accurate treatment immediately. Depending on 
the malaria species and the infection site, the drugs of choice differ. Severe malaria is complex and 
should be treated paraenterally and monitored carefully for hypoglycaemia, with complementary 
infusion of intravenous fluids if necessary. Fever should be reduced by antipyretics or sponging and 
additional prophylactic anticonvulsant drugs might be used. The antimalarials used depend on the 
sensitivity of the parasite in the region. The old school drugs are quinine, a natural product derived 
from the bark of the Cinchona tree used since the 16th century, and chloroquine, the most widely used 
and cheapest drug since the 1940s. In the 1960s sulfadoxine/pyrimethamine (SP) was first developed 
and it is today first line treatment in many African countries. Unfortunately there is a widespread 
resistance to both chloroquine and SP compounds, making them more or less ineffective in many of 
the malaria endemic regions (White 1998). The most effective drug on the market today is artemisinin 
and its derivates, where no resistance has been documented so far (Ashley and White 2005). Although 
poor availability, especially in Africa due to limited production and high costs as well as dosing 
complexity, raises an additional problem in the treatment regimen (Bloland 2003). Furthermore, a first 
possible mechanism for artemisinin resistance has been observed in P. falciparum in vitro, why it is of 
great importance to continue to develop and to screen for new antimalarial compounds (Price et al. 
2004).  Combination therapies of two or more compounds with different modes of action is a widely 
recommended strategy for increased effectiveness and delayed resistance development (White et al. 
1999). Quinine together with tetracyclines or clindamycin can be used with sufficient outcome in 
some regions where chloroquine and SP resistance is high. Combinations of SP and artesunate 
(artemisinin) have also been shown effective, although a recent study show that SP together with the 
much cheaper alternative amodiaquine seems to work just as well (Bukirwa and Critchley 2006). In 
summary, malaria treatment of P. falciparum and P.vivax is anything but straightforward, especially in 
regions of Africa and Asia where there is widespread resistance. Regional therapy regimes are needed 
and will have to be reassessed regularly for effective treatment of malaria. 



 
PROBLEMS: RESISTANCE, VECTOR CONTROL AND NEW SPREADING 

As mentioned above there is an increasing spread of parasites especially in Plasmodium 
falciparum that are resistant to the majority of the drugs available on the market today, particularly in 
Africa. Even though there are still efficient drug-combinations available numerous problems are 
raising including;  

1) difficulties to get the correct treatment out to a majority of the African people, due to poor 
infrastructure and the high cost of some drugs.  

2) continuous spreading of already resistant parasites due to increased migration  

3) appearance of new mutant strains of Plasmodium resistant to the newer drug alternatives 
and combination therapies.  

4) decreased mosquito control since DDT spraying, until recently, has been banned in many 
of the endemic regions.  

5) increased risk of having lethal P. vivax infections due to the lack of effective drugs. 
 
 
A BRIGHTER FUTURE: COORDINATED INITIATIVES, NETWORKS AND FUNDING
      

Romans started drainage programs, probably as the very first malaria intervention, upon 
associating the disease to stagnant water. Similar efforts to control the transmission of the parasites are 
still in use today, although the need of intervention in more than one way is necessary. In the 1990s 
extended attention was paid to the malaria problematic and a number of new networks and 
intervention programs were initiated to halt the increased burden of this disease 
(http://www.malaria.org/initiatives.html 2005).  

The Multilateral Initiative on Malaria (MIM) started in 1995. This is an alliance of different 
organisations (Wellcome Trust, TDR, SIDA/SAREC, NIH) and individuals concerned with malaria, 
aiming to maximise the impact of scientific research against malaria in Africa by facilitating global 
collaborations and coordination. One important issue on the agenda is increased communication 
possibilities for collaborations within Africa.  

The African Malaria Vaccine Testing Network (AMVTN) was established in Arusha, Tanzania, 
in 1995, with the objective to provide a forum for scientists and policy makers involved in the 
planning, coordination, and execution of malaria vaccine trials in Africa.  

An Asian initiative (including Bangladesh, Cambodia, China, Indonesia, Lao PDR, Malaysia, 
Myanmar, Thailand, and Vietnam) called ACTMalaria-Asia started in 1996. The major objectives of 
this network are to provide collaborative training for the member countries to meet the needs of 
malaria control in the region, as well as to improve the communication between these countries.  

Roll Back Malaria (RBM) is an initiative taken by the WHO in 1998, consisting of a global 
strategy to improve the health systems with the goal to reduce malaria deaths to 50% by the year 2010. 
This will be achieved by 1) increased access to effective treatment and means of protection from 
mosquito bites, 2) the enabling of national authorities and nongovernmental organisations to combat 
malaria, and 3) the development of new products for the prevention and treatment of malaria.  



Another initiative is Medicines for Malaria Venture (MMV), a joint public-private partnership 
initiative from 1999, aiming for the development of new antimalarial drugs and drug combinations for 
distribution in poor countries.  

Malaria Vaccine Initiative (MVI) was also created in 1999 through a Bill and Melinda Gates 
foundation grant. The MVI objective is to accelerate the clinical development of promising vaccine 
candidates. Ongoing projects involve the development and evaluation of a number of P. falciparum, 
and one P. vivax, candidates in pre clinical and phase I and II trials.  

Other initiatives that have made the malaria research more efficient during the last 10 years are the 
P. falciparum Genome sequencing Consortium and the MR4, providing useful analytical and 
practical tools like PlasmoDB, a method manual, and reagents. Taken together these networks and the 
increased funding for malaria control efforts provide a brighter future in the aim of combating the 
disease. 
 



Plasmodium falciparum 
 
LIFE CYCLE 

Plasmodium falciparum is one out of four malaria species infective to humans. It is transmitted by 
the infected female Anopheles mosquito, which injects sporozoites with her saliva during a blood meal 
(Figure 2-1). The sporozoites are transported with the blood and migrate into hepatocytes in the liver, 
where they stay, replicate, and develop into invasive merozoites. This procedure takes from one up to 
several weeks and ends in the rupture of the infected hepatocytes and the release of the merozoites into 
the blood stream (Figure 2-2). The merozoites immediately attach to the circulating red blood cells and 
invade them, initiating the erythrocytic cycle. This is a repeated 48-hour cycle in which the parasite 
matures inside of the red blood cell, from ring stage trophozoite to mature trophozoite to rupturing 
schizont stages releasing new merozoites to the blood stream. Each infected erythrocyte (IE) generates 
8-32 new merozoites, and the cycle continuous until the host immunity can combat the disease or 
efficient treatment eliminates the parasites (Figure 2-3). 

Transmission occurs when a new mosquito take a blood meal containing gametocytes, the sexual 
form of the parasites formed by a fraction of the IEs (Figure 2-4). Female macrogametocytes and male 
microgametocytes transform into gametes, which meet and fuse in the alimentary tract of the mosquito 

Figure 2. Asexual and sexual replication of P. falciparum. (1) Sporozoites are injected into the human blood by 
the bite of an infected Anopheles mosquito. These invade hepatocytes and mature during 1-2 weeks, into 
merozoites, which are released into the blood (2) and invade erythrocytes. The erythrocytic cycle (3) is 48 hour 
long and occasionally generates sexual gametocyte stages (4), which can be taken up by a new mosquito. 
Sexual replication occur in the mosquito gut when female and male gametes meet and form a zygote (5) which
penetrates the midgut epithelial cells forming an oocyst. Inside the oocyst new sporozoites are formed (6), 
which migrates to the mosquito salivary glands to be injected upon a new blood meal (1). 



forming a zygote (Figure 2-5). This form actively moves towards, and penetrates through, the 
epithelial cells in the midgut. On the inside of the epithelial cell lining the zygote stays and matures 
into an oocyst, which undergoes nuclear division forming approximately 10.000 infective sporozoites 
(Figure 2-6). These migrate to the salivary glands of the mosquito from where they can be injected 
into a new host upon the next blood meal (Figure 2-1). 
 
 
SURFACE MOLECULES, VIRULENCE AND IMMUNITY 

The sporozoite, merozoite and infected erythrocyte expose parasite specific antigens to the host 
immune system. For sporozoites and merozoites, several of these antigens mediate the binding to 
different receptors on the target cells for invasion, i.e. hepatocytes and erythrocytes respectively, 
whereas some are possible stabilising molecules for the adhesions or for the membrane as such. In 
blood taken from the peripheral circulation of malaria patients infected with P. falciparum there are 
only ring stage parasites, and sometimes gametocytes, present. The mature stages insert adhesive 
ligands into the IE surface membrane, which will function as glue and bind to a number of receptors. 
This mediates adhesion to the endothelial lining (sequestration) and to uninfected erythrocytes or other 
IEs (rosetting and autoagglutination, respectively), which is important for the pathology of the disease. 
Sequestration in postcapillary venules of the deep tissues, possible accompanied by rosetting, reduces 
the blood flow and causes organ dysfunction. This benefits the parasite by protecting them from 
circulation and thereby recognition and clearance by the spleen, and the generated oxygen depleted 
environment is thought to maximise the parasite growth  (Chen, Schlichtherle, and Wahlgren 2000). 
The first correlation between adhesion and severe outcome of disease was shown in the early 1990s, 
when IEs from children with cerebral malaria were found to rosette more than those with mild disease, 
and the sera from the children with mild malaria were able to disrupt rosettes to a higher extent than 
serum from severe cases. There is today accumulating data to support this, exemplified by a field 
study from Kenya where it was confirmed that IEs binding to multiple receptors were more likely to 
cause severe disease (Carlson et al. 1990; Heddini et al. 2001; Rowe et al. 1995; Treutiger et al. 1992). 
Furthermore, massive sequestration are seen in biopsies taken from the brain of malaria patient that 
died from cerebral malaria (Nakazawa et al. 1995).  

The balance between moderate and lethal adhesion, from the parasite perspective, is still a 
mystery. It is possible that the strong adhesive capacity is a mistake and that the lesser binding 
phenotype is what the parasite aims for. This would be reasonable to believe based on the fact that 
most parasites do not cause severe disease, and that parasites in low endemic regions must be able to 
persist in the human host for long periods of time before getting the chance of transmission. 
Something that would not be possible if the host died in an early stage of the infection. On the other 
hand, strong binding could be more beneficial in the sense that these parasites will avoid the 
circulation better and thereby survive longer.  

The exposure of surface molecules will trigger the host immune system in different ways, and 
after multiple infections within the same host a certain level of immunity will be established (Carlson 
et al. 1994; Marsh and Kinyanjui 2006). Protective antibodies will frequently recognize the most 
adhesive surface molecules seen in severe case malaria, whereas the lesser adhesive molecules are 
poorly recognized (Hviid 2005). Less effort has been focused on the basic understanding of the 
mechanisms behind the natural acquired immune response, and the studies of protection in malaria 
have been mainly of the antibody response in immune individuals to a variety of surface molecules in 
attempts to find possible vaccine candidates. To exemplify it is unclear whether immunity to 
sporozoite stages occur in natural infection, although it has been shown that, when experimentally 



raised, it protects against re-infection (Marsh and Kinyanjui 2006). This observation implies a 
complexity of the malaria-induced immunity. It could be due to the higher number of sporozoites 
injected in the vaccination, but it could also be other factors relating to the interaction with hepatocytes 
in the liver. Some specific surface molecules of the merozoite and the IE will be further discussed 
below. 

It has also been shown that the innate immune system is involved in the protection, via γδ-T-cells 
contributing to parasite clearance, and possibly natural killer cells. This influences the nature and the 
magnitude of the adaptive immunity (Stevenson and Riley 2004). In a recent report it was suggested 
that the dendritic cells have a role in the processing of malarial antigens and thereby  in the protection 
against disease (Stevenson and Urban 2006). In conclusion there appears to be several different 
mechanisms of protection, and of the regulation of the response, involving both innate and adaptive 
immunity. In the end the individual response to a malaria infection will therefore depend on the 
infection history of the individual and the current health status (Riley et al. 2006).  
 
VACCINES 

The fact that P. falciparum infections can generate a substantial level of protective immunity to 
clinical malaria and to the parasite has encouraged the research community in their search for effective 
vaccines. Although there are still a number of obstacles in the way, the future looks brighter in the 
sense that we are getting closer to something that could lower the burden and hopefully totally 
eliminate the lethal outcome of the disease. A short summary of different ongoing vaccine strategies 
follows: 

Vaccination with irradiated sporozoites has been shown to completely abolish the risk of infection, 
although this protection is short lived and would require vaccine boosting once or twice a year (Nardin 
et al. 1999). Another drawback with this vaccine is that it is hard to control, since the administration of 
sporozoites has to be through the bites of infected mosquitoes that have been irradiated. The lack of 
material and good administration procedures would make large-scale vaccination impossible why 
other strategies for a sporozoite vaccine are needed and under investigation. Ongoing phase II clinical 
trials using the circum sporozoite protein (CSP) of the sporozoite as vaccine, the RTS,S (Alonso et al. 
2005; Dunachie et al. 2006), as well as the highly experimental UIS3 transfectant parasites are in 
different ways promising candidates (Mueller et al. 2005).  

The use of merozoite antigens in experimental vaccines is also popular. There are several clinical 
phase I and II trials ongoing employing the merozoite surface protein 1 (MSP1) or apical merozoite 
antigen 1 (AMA1) as immunogens, although these studies have not yet generated convincing clinical 
protection or titres of protective antibodies (Burns et al. 2004; Pan et al. 2004) (C. Long and A. 
Thomas, unpublished data). Surface antigens of the infected erythrocyte provide other possible 
vaccine candidates mainly due to their prolonged exposure to the host immune system. The major 
problem here is that the IE surface undergoes antigenic variation, a mechanism by which the surface 
coat changes from one parasite generation to the next (see below). To go about this problem one has to 
find antigens with conserved epitopes, which are seen by the immune system but will sustain with the 
parasite drift. Important candidates are the Duffy Binding Like domain 1α (DBL1α) and cystein-rich 
inter domain region (CIDR) of the major surface antigen P. falciparum erythrocyte membrane protein 
1 (PfEMP1), which induce antibodies that hinders the sequestration of the IE (Ahuja et al. 2006; 
Baruch et al. 2002; Baruch, Gamain, and Miller 2003; Chen et al. 2004; Moll et al. 2006). 

To achieve a protective vaccine, a combination of sporozoite, merozoite and IE surface antigens 
would most probably be the best solution. Furthermore, activators of the innate response could be 



incorporated into a malaria vaccine, to function as an adjuvant for the adaptive immunity (Stevenson 
and Riley 2004). 
 



ANTIGENIC VARIATION 
 
OVERVIEW 
 

One of the most important factors for the survival of an organism is the ability to adapt to the 
surrounding environment. Infectious agents have developed a range of mechanisms allowing them to 
interact with their hosts through surface-expressed molecules while protecting themselves from the 
immune response. One specific mechanism is antigenic variation, when antigens undergo variations 
randomly or programmed, the first of which is through DNA alterations introduced by 1) errors in the 
DNA or RNA replication and repair, 2) recombination between genes, or 3) reassortment of gene 
segments. Programmed variation, also called the “true antigenic variation”, is characterised by a 
family of genes (paralogous genes) encoding proteins of similar structure and function, and the ability 
to express only one of these genes at the time. In this way the organism can alter the protein variant 
expressed from time to time(Borst 2003). 

Random variation was called “descent with modification” by Darwin, meaning that the genome 
transfer from parents to progeny is not perfect (Darwin 1859). The replication is often programmed to 
be imperfect in order to create the substrate for selection and evolution via antigen drift. This “sloppy 
genome replication” was taken with great surprise when first described to be advantageous for the T4 
bacteriophage (Drake et al. 1969). Most random variation occurs in viruses, which have short 
replication times and large populations, but different forces often drive this. HIV for example does not 
need the antigenic variation to cause disease but rather for avoiding chemotherapy in an infected 
individual. Influenza virus only needs to vary in a host community, to be able to infect new host that 
has developed neutralising antibodies to an ancestor virus (Borst 2003). In organisms of larger 
genomes random variation occur less frequent since sloppy replication cannot be afforded. However, it 
is suggested for Trypanosoma brucei that a mutagenic polymerase contributes to the antigenic 
variation of the VSG genes coding for the highly variable surface protein VSP (McKenzie and 
Rosenberg 2001). 

Programmed variation is controlled by DNA recombination or in situ (DNA alterations). The 
recombinational control of gene switching occurs via 1) inversion of genes or gene-promoters, 2) 
reciprocal recombination of telomeric genes, 3) gene conversion, or 4) gene deletions. All these 
mechanisms restrict expression to a single member of a gene family. In situ control can be done by 1) 
transcriptional or translational variations in repeat sequence length, 2) varying DNA modifications, or 
3) telomeric silencing (Borst 2003). 

In general, the antigenic variation as a survival strategy for the organisms is not that simple. It 
requires that a large repertoire of surface antigens survive for long time in environments of hostile 
immune systems, and that there are mechanisms functional for switching before antibodies hit them. It 
is also crucial that the switching is regulated in a sense that not all surface antigens are expressed at the 
same time, but mutually exclusive, to prolong the organisms persistence within the host. Often the 
biological advantages of antigenic variation, and the regulation mechanisms of the gene families, are 
more or less unknown. 
 
THE P. falciparum GENOME PROJECT 

To be able to understand antigenic variation in an organism it is necessary to look at its genome.  
Plasmodium falciparum have a haploid genome consisting of 14 chromosomes. The malaria initiative 
P. falciparum Genome Sequencing Consortium started up in the mid 1990s, and were a collaboration 



between The Wellcome Trust Sanger Institute (U.K.), The Institute for Genomic Research/Naval 
Medical Research Institute (U.S.A.), and Stanford University (U.S.A.). Before the year 2000 this had 
resulted in the release of the full sequence of both chromosome 2 and 3 of the P. falciparum in vitro 
adapted parasite strain 3D7 (Bowman et al. 1999; Gardner et al. 1998), and in 2002 the completed and 
annotated genomes of Anopheles Gambiae and Plasmodium falciparum was published (Gardner et al. 
2002; Holt et al. 2002; http://plasmodb.org). This opened up for a whole new world of possibilities in 
the research around gene expression, gene regulation, protein expression and more. The size of the 
three largest gene families known to date was identified; 1) 59 intact var genes, 2) 159 complete rif 
genes, and 3) 33 stevor genes, mainly located subtelomerically on the chromosomes.  

Many laboratories are interested in comparative analysis of genes between parasite strains, for the 
further understanding of the biology of the P. falciparum parasite, and much effort are focused on 
genome sequencing. At BROAD Institute, Harvard, in vitro adapted strains like HB3 originating from 
Honduras and Dd2 from Indochina are chosen for sequencing due to their different biological 
properties, for the potential understanding of drug resistance etc. (http://www.broad.mit.edu/cgi-
bin/news/display_news.cgi?id=142). Ongoing projects at the Wellcome Trust, Sanger Institute, are 
whole genome shotgun approach of the in vitro IT strain and a Ghanaian clinical isolate 
(http://www.sanger.ac.uk/Projects/Protozoa/). 
 
ANTIGENIC VARIATION IN P. FALCIPARUM 

As early as 1932 it was shown that diverse malaria isolates differed in their virulence patterns, by 
using malaria infections as treatment in syphilis patients (James, Nicol, and Shute 1932). Further 
experiments demonstrated that the immunity to malaria was parasite and strain specific, although it 
was not until 1983 that clonal antigenic variation was proven in Plasmodium falciparum (Hommel, 
David, and Oligino 1983). The mechanism behind it is however still not fully understood, but there are 
some hypotheses on the driving forces. One appealing idea, although less likely, is that the switching 
is induced by some undefined signalling when anti-variant antibodies recognise and bind to a variant 
surface antigen (VSA) expressed on the parasite infected cell (Brown 1973). This would be an 
economic way for the parasite to use its VSA repertoire, since no new variant has to be produced until 
there are antibodies recognizing the already present one. However, there is no evidence so far 
supporting such a signalling mechanism. A more probable hypothesis is that there is a frequent 
ongoing switching in a parasite population, expressing a dominant VSA repertoire on a majority of the 
infected cells and one or a few others on a small subpopulation of cells. The outgrowth of one of these 
subpopulations would occur when opsonising antibodies to the parasites expressing the dominant 
VSAs are eliminated by clearance in the spleen. This is supported by studies in vitro showing that 
switching of parasite populations occurs, at rates as high as 2,4%, even in the absence of recognising 
antibodies (Kaviratne et al. 2003; Roberts et al. 1992). 

When analysing serum from malaria patients living in endemic regions, there is a strong 
correlation between the immunity of the individuals and the recognition of a broader range of different 
VSAs. This immunity is also associated with protection from severe disease symptoms, even though 
the patient might carry parasites in their circulation. The first evidence of protection from disease by 
the surface recognising antibodies was done in rosette disrupting assays, using serum from children 
with mild and severe malaria (Carlson et al. 1990; Treutiger et al. 1992). A number of studies have 
suggested that this is the case, as association has been found both with agglutination assays and 
immunofluorescence, although the picture has become slightly more complex. Protective IgG in 
malaria have the VSAs as their main target, and the association between antibody titres to these and 



Figure 3. Antigenic 
variation in P. 
falciparum.  
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the level of protection is clear (Hviid 2005). However, there is also accumulating data suggesting that 
there are a number of VSAs that are more “common” and highly recognised independently of the 
disease outcome (Bull et al. 1998; Bull et al. 2000; Lindenthal, Kremsner, and Klinkert 2003; Nielsen 
et al. 2002; Ofori et al. 2002). Taken together, we know that there are a number of protective immune 
mechanisms induced by the VSAs, although we know very little of their relative protective importance 
in naturally developed immunity in human malaria (Marsh and Kinyanjui 2006). Figure 3 illustrates 
antigenic variation of the IE surface. 
 

 
 
ANTIGENICALLY VARIABLE ANTIGENS IN P. FALCIPARUM 

PfEMP1 Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1), a large protein 
>200 kDa, was first identified on the IE surface after radioiodination of intact cells followed by 
electrophoretic analysis of soluble and insoluble polypeptides. The size of this protein was found to 
vary between different parasite strains investigated and to be removable from the IE surface by mild 
trypsin digestion. Furthermore, it was immunoprecipitated in a strain specific manner and thereby 
defined as a VSA (Leech et al. 1984). 

PfEMP1 is encoded by the var gene family, with approximately 60 gene copies per haploid 
genome distributed over all 14 chromosomes (Baruch et al. 1995; Su et al. 1995). The majority of the 
var genes are subtelomerically located and a few copies are distributed in the centre of the 
chromosomes. All consist of a highly variable exon 1 of 4-10 kb, a conserved 0.8-1.2 kb intron, and a 
conserved exon 2 of about 1.5 kb (Kaviratne et al. 2003; Rubio, Thompson, and Cowman 1996; 
Thompson et al. 1997). Exon 1 comprise a N-terminal segment (NTS), 2-7 motifs of 300-400 amino 
acids with sequence similarity to the P. vivax Duffy binding ligand (DBL), 1-3 cystein rich 
interdomain regions  (CIDR), and in most variants a C2 domain. It ends with a transmembrane 
spanning region of 25-30 amino acids (Peterson, Miller, and Wellems 1995; Smith et al. 2000). The C-
terminal exon 2 is 450-500 amino acid long and >75% conserved. This domain is rich in acidic 
residues and is thereby called the acidic terminal segment (ATS) (Su et al. 1995).  

In early trypsin digestion experiments it was established that cytoadhesion was lost upon shaving 
off PfEMP1 from the IE surface (David et al. 1983; Leech et al. 1984). This correlation between 
binding phenotypes and surface expression of PfEMP1 has been thoroughly investigated, and the 
binding to a number of receptors has been mapped to various domains of the protein.  ATS is the 
intracellular part of PfEMP1 when inserted in the IE surface membrane and it has been shown to bind 
to both spectrin and actin as well as to the knob associated histidine rich protein (KAHRP), it is hence 
believed to act as a protein anchor (Oh et al. 2000; Waller et al. 1999). The protein head structure 



DBL1α has been identified as the ligand for binding to complement receptor 1 (CR1), blood group A 
antigen, heparin, and heparan sulphate, all of which are receptors implicated to have a role in rosetting 
(i.e. binding of IE to uninfected erythrocytes) (Barragan et al. 2000a; Barragan et al. 2000b; Buffet et 
al. 1999; Chen et al. 1998a; Chen et al. 2000; Rowe et al. 1997). CIDRα mediates binding to 
endothelium via CD36 and PECAM1, although the latter has also been shown to be a receptor for 
DBLδ. DBL2β binds to ICAM1 and DBL3 binds CSA (Baruch et al. 1997; Buffet et al. 1999; Chen et 
al. 2000; Chen, Schlichtherle, and Wahlgren 2000; Smith et al. 1998). Other receptors that are known 
to be involved in adhesion, via PfEMP1 or other yet unidentified IE ligands, are thrombospondin, 
VCAM, p-selectin, e-selectin and immunoglobulins (IgG, IgM) (Chen et al. 2000; Chen, Schlichtherle, 
and Wahlgren 2000; Flick et al. 2001; Newbold et al. 1997; Reeder et al. 1999; Scholander et al. 1998; 
Senczuk et al. 2001; Smith et al. 2000). A schematic view of the PfEMP1 structure and its receptors is 
illustrated in Figure 4. 
 

 
 

The repertoire of var-genes in clinical isolates varies extensively, although some functional 
conservation among placental binding PfEMP1 has been demonstrated (Su et al. 1995; Vazquez-
Macias et al. 2002). Polymorphism in the DBLα domain has been observed both between and within 
populations in endemic regions, and high diversity on genetic level has been established (Fowler et al. 
2002; Kirchgatter, Mosbach, and del Portillo 2000; Tami et al. 2003). The regulation and selection of 

Figure 4. PfEMP1 may bind to multiple receptors. Schematic view of PfEMP1 domains and the receptors to 
which they bind. Some of this binding may cause a severe outcome due to rosetting and cytoadhesion. 



var variants expressed on the surface of a single IE and on IE populations has been in focus for 
escalating research in the last 10 years. In early ring stage trophozoites 1-15 var transcripts can be 
detected in a single IE, but only one seems dominant. The dominant is later selected to be the only 
transcript in trophozoite stage IE, and is further expressed into PfEMP1 protein (Chen et al. 1998b; 
Fernandez et al. 2002). The mechanism behind this mutual selection of one gene to be expressed is 
still unknown, but the location and transcription direction in the genome seems to be important 
(Kraemer and Smith 2003). Most var genes are located in the telomeres, which cluster together and 
promote silencing of these genes. However, upon relocation into transcriptionally competent 
perinuclear regions the genes can be activated. Recent work has identified Sir2-dependent alterations 
in chromatin structure and subnuclear localisation, which has a role in the regulation of var gene 
expression (Duraisingh et al. 2005; Freitas-Junior et al. 2005; Ralph, Scheidig-Benatar, and Scherf 
2005). Sir2 is a histone deacetylase that binds to repressed regions of chromosomes such as the 
telomeres. Disruption of this protein only derepresses a subset of subtelomeric var genes, indicating 
that there are other regulatory mechanisms for the rest of the gene family. This is consistent with 
another observation of var subgroups, one expressed early in infection and one later (Jensen et al. 
2004). In addition, a silencing element within the introns of the genes has been described to associate 
with the var promoter in a S-dependent manner, a finding consistent with the identification of a 
constitutively expressed var gene which lacks parts of the intron (Calderwood et al. 2003; Deitsch, 
Calderwood, and Wellems 2001; Deitsch and Hviid 2004; Winter et al. 2003). Although, another 
recent study demonstrates that a transcriptionally active var promoter is sufficient by itself to promote 
allelic exclusion of the parasites endogenous var gene (Voss et al. 2006). Taken together, there is still 
a lot to learn about the mutually exclusive expression of the var genes. The only thing that is definite 
is that it is exclusively regulated at the level of transcription, hence the idea of constitutively expressed 
proteins to be of regulatory importance can be discarded. 

RIFINs Members of a second highly polymorphic multigene family known as rif (repetitive 
interspearsed family) were first identified from a P. falciparum genomic library, with a complex 
banding pattern in Southern blot analysis. They were confirmed at transcriptional level by Northern 
blots in late stage parasites, although no translation initiation codon or protein products were detected 
(Weber 1988). Upon early release of data from the chromosome 2 and 3 sequencing projects, further 
analysis of these genes was performed suggesting that they coded for membrane proteins of a size of 
27-45 kDa (Bowman et al. 1999; Gardner et al. 1998). This was in the same molecular weight range as 
reported for the previously described rosettins, why RIFINs were first believed to be responsible for 
rosetting (Helmby et al. 1993). Today it is known that PfEMP1 is the major ligand mediating rosette 
formation. However, detailed analysis of the surface of infected erythrocytes with radiolabelling, 
immunoprecipitation and trypsin cleavage revealed evidence for the rif gene product to be translated 
into highly variable molecules, i.e. RIFINs, which are inserted into the IE membrane and exposed on 
the IE surface (Fernandez et al. 1999; Kyes et al. 1999). They are rather trypsin insensitive 
(>100μg/ml), hence might be responsible for the remaining adhesive capacity of IEs to 
PECAM1/CD31 and possible other receptors after complete shaving of PfEMP1 (<10μg/ml) 
(Fernandez et al. 1999). RIFINs are immunogenic and widely recognised by sera from semi-immune 
individuals living in malaria endemic areas (Abdel-Latif et al. 2002). Furthermore, high titres of anti-
RIFIN antibodies in patients correlate with rapid clearance of parasites upon treatment, and this 
reactivity is suggested to be the major anti-VSA response in natural malaria infection (Abdel-Latif et 
al. 2004; Abdel-Latif et al. 2003). 

Transcription of the rif genes peaks at 18h early trophozoite stages, although transcripts of some 
variants have been detected in later stages as well (Bozdech et al. 2003; Kyes, Pinches, and Newbold 



2000; Le Roch et al. 2003). Most of the rif genes are located near the var genes, within 50 kb of the 
telomeres, and they all share a two-exon structure. Exon 1 is coding for a short signal peptide of 
around 20-25 amino acids. A 140-270 bp intron separates exon 1 from exon 2, which consists of a 
semi-conserved 3´end followed by a hyper-variable stretch ending with a potential transmembrane 
domain before a short conserved intracellular 5´end. Some of the genes have a second hydrophobic 
putative transmembrane stretch right after the 3´ semi-conserved domain (Figure 5) (Cheng et al. 
1998; Gardner et al. 2002). All rif genes have the export element (PEXEL) around 60 bp downstream 
exon 2 (Marti et al. 2004). 
 

 

STEVORs Another gene family, similar to the rif gene family, were identified from the genomic 
library and found in the subtelomeric regions of most chromosomes (Limpaiboon et al. 1991; 
Limpaiboon et al. 1990). These were named stevor, for subtelomeric variable open reading frame 
(Cheng et al. 1997). There are 33 stevor copies identified in the 3D7 parasite strain, 30 in W2 and 34 
in Dd2, making this family much smaller than the one of rif-genes (Blythe, Surentheran, and Preiser 
2004). However in gene-structure the rif and the stevor families are very similar, with the two-exon 
structure, a semi-variable-, a hyper-variable-, a transmembrane-, and a conserved domain (Cheng et al. 
1998; Gardner et al. 1999). Stevor transcripts have been detected in both asexual trophozoites and 
schizonts as well as in sexual gametocyte stages of the parasite, although those found in the latter are 
truncated and seem highly specific for this stage (Sutherland 2001). Transcripts have also been 
detected in sporozoites (Florens et al. 2002). The peak of transcription of most stevor genes is in the 
asexual trophozoite stage at 28h post invasion, and it has been shown that single infected erythrocytes 
contain multiple transcripts. However, it is not yet clear whether this correlates with the expression of 
multiple STEVOR products (Kaviratne et al. 2002). The stevor genes encode for STEVOR proteins of 
30-40 kDa, which have been shown not to localise at the IE surface but just underneath, in structures 
referred to as Maurer’s clefts. Although, in sexual gametocyte stages STEVOR proteins have been 
observed at the erythrocyte plasma membrane, and in sporozoites they localise in vesicular structures 
in the cytosol (McRobert et al. 2004). In a recent study it is also shown that peptides corresponding to 
certain domains of a STEVOR variant binds to erythrocytes and can inhibit parasite invasion in a 
concentration-dependent way (Garcia et al. 2005). This would implicate a role for STEVORs in the 
adhesion of late IE stages, and possibly to support the invasion of newly released parasites. 

CLAGs There are 5 related genes in the P. falciparum 3D7 parasite strain referred to as clags 
(clag 2, 3.1, 3.2, 7 and 9). When comparing these, clag 9 is the most divergent in both nucleotide and 

Figure 5. General structure of RIFINs. 



amino acid sequence (Holt et al. 2001). However, clag 9 is highly conserved among different P. 
falciparum isolates from dispersed geographical locations showing >98% identity (Manski-Nankervis 
et al. 2000).  All clags peak in transcription level at 42-46 hour post invasion, although the 
transcription seems to start earlier for clag 9 than for the other members (>35h) (Kaneko et al. 2001). 
The 160 kDa CLAG 9 protein was first suggested to play a role in the adhesion of IEs to CD36, using 
targeted gene disruption and by RNA interference (Gardiner et al. 2000; Trenholme et al. 2000). 
However, a recent investigation has revealed evidence that at least some of the CLAG proteins are 
involved in the merozoite RhopH complex. RhopH1 is encoded by either clag 3.1 or clag 3.2, and 
CLAG 9 has been detected in the rhoptries of the merozoite, from where it is believed to be transferred 
to the surface of the newly invaded erythrocyte (Gardiner et al. 2004; Ling et al. 2004). Thus, 
renaming the clags to rhoph1/clag seems reasonable, as suggested by Kaneko et al (Kaneko et al. 
2005). 

SURFINs A new family of surface antigens, the SURFINs, was identified within the scope of this 
thesis. This will be further described below (Paper III). 
 

Variable antigens in Plasmodium falciparum IEs are illustrated in Figure 6. 
 

 

Figure 6. Antigenically variable antigens of the P. falciparum infected erythrocyte. 



ULTRASTRUCTURE OF THE INFECTED ERYTHROCYTE 
 

The new information generated from the P. falciparum genome-sequencing project provides a 
good platform for the further understanding and exploring of the biology of the parasite. However 
better knowledge of the parasite morphology is also required for the correct interpretation of this data. 
The ultrastructural studies performed to date are mainly based on electronmicroscopy (EM) and 
reconstructed 3D images based on serial EM sections. When looking in detail on the asexual P. 
falciparum parasites in the human host, one has to consider the enormous complexity of the many 
intermediate stages it goes through.  
 
INTRAPARASITIC CHANGES 

The major changes during the 48-hour development inside the erythrocyte occurs as follows 
(review in Aikawa 1971; Bannister et al. 2000): 

Ring stage trophozoite Upon merozoite invasion the parasite flattens into a discoidal cup shaped 
ring form, which is surrounded by the parasitophorous vacuole membrane (PVM), consisting of lipids 
originating both from the parasite- and the host cell membrane (Ward, Miller, and Dvorak 1993). This 
form has a thick rim of cytosol consisting of nuclei, endoplasmatic reticulum (ER), ribosomes, 
mitochondrion and a plastid, while the centre of the disc is thin and close to empty (Figure 7). The 
shape of the nuclei varies between a sausage-like form and a disc, which together with the thickened 
periphery of the parasite is viewed as a ring when analysed with Giemsa stain in light microscopy, 
hence the name “ring stage”. The mitochondrion and plastid are attached to each other at their edges. 
Small exocytic vesicles that originates from the Golgi like body (built up by the rough and smooth 
ER) are inserted in the parasite surface (Stenzel and Kara 1989). As the parasite starts to feed on the 
surrounding host cell, it takes up small portions of the erythrocyte cytosol via the cystosome and 
pinches off vacuoles to the interior of the parasite. The content is then digested and haem derivates, 
resulting from the break down of haemoglobin, is converted to inert brown haemozoin crystals that 
accumulate in the pigment vacuole. As the parasite grows the area of the PVM increases and extends 
as finger-like protrusions and buds into the IE cytosol.  

Mature trophozoite stage Eventually the ring shape changes to a more rounded or sometimes 
irregular trophozoite stage parasite. The distinction of this stage from a ring stage trophozoite depends 
less on fundamental internal differences but rather on cell size and shape. The parasite continues to 
feed on the exterior host cell cytosol and to produce membranes which are inserted into the PVM and 
built up beyond the circumference of the parasite. Parasite derived proteins are exported to- and 
inserted in the IE surface membrane, which alter the host cell extensively. This will be further 
discussed in a separate section below. The number of ribosomes multiplies and the ER enlarges as a 
reflection of the increased protein synthesis. The Golgi complex also increases in size and complexity, 
probably as a consequence of the machinery that the parasite builds up for the export of membranes 
and proteins to the IE cytosol and surface. The mitochondrion and plastid are still attached to each 
other and they lengthen considerably. Furthermore, the plastid develops with more complex membrane 
whorls and comes in contact with the pigment vacuole and other organelles, indicating possible 
metabolic interactions (Hopkins et al. 1999) (Figure 7). 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

  
Figure 7. The morphology of Plasmodium falciparum. Modified illustration from original 
drawing by L.H Bannister. Reproduced with the kind permission from L.H. Bannister. 



Schizont stage The parasites mature into schizont stages at around 32 hours post invasion, which 
technically speaking means that the repetitive nuclei division has started and the parasite carries at 
least two nuclei. However, the synthesis of some DNA and other molecules needed for this process 
has already started in the trophozoite stage parasite (Arnot and Gull 1998). Ingestion of host cell 
cytosol as well as export of parasite-derived proteins to the exterior continues throughout 
development, distorting the erythrocyte cytoskeleton and surface even further. Increased number of 
ribosomes, mitochondria and plastids as well as accumulation of lipid vacuoles is seen. The 
endomitotic division starts inside the nuclei, with segregation of chromosomes and spindle apparatus 
that remains throughout the process. The individual 14 chromosomes do not condense into tight 
visible structures, like in classical mitosis, although all of them have been observed to attach to the 
spindle. In the phase of eight nuclei (penultimate phase), each individual nucleus moves towards the 
periphery of the parasite (Figure 7). However, each parasite nucleus normally divides into 16-20 new 
nuclei. A series of merozoite forming loci appear during the last division, located around the 
circumference of the parasite. Coated vesicles bud from the nucleic envelope, from the spindle pole 
body into the Golgi, which in turn gives off a new set of coated vesicles to form the merozoite 
rhoptries, micronemes or dense granules. To shape the individual nascent merozoites, the cytoskeletal 
components are assembled beneath the merozoite surface, and a nucleus, mitochondrion, and plastid 
moves from the schizont centre. Completion of the merozoite occurs when a constriction ring 
separates them from the residual schizont body. The morphology of the invasive form, the merozoite, 
has many similarities with other apicomplexan parasites and will be discussed below. 
 
EXTRAPARASITIC CHANGES 

As the intracellular parasite develops from ring to trophozoite stage, the infected erythrocyte 
undergoes extensive modifications. The cytosol is filling up with membranous structures and 
numerous proteins are exported to different locations outside the PVM. A number of proteins are 
inserted in the IE surface membrane or in structures just underneath.  

Knobs Early observations of electron dense protrusions on the cell surface, visualised in 
transmission electron microscopy, were neglected due to the possibility of fixation artefacts. Although, 
upon demonstration of these structures (called knobs) on sequestrating trophozoite- but not on non-
sequestrating ring stage IEs, Miller et al suggested that they might be the attachment points between 
the parasitized cell and the endothelium (Luse and Miller 1971; Miller 1972). The main component of 
a knob is the knob-associated histidine-rich protein (KAHRP) and there are no knobs observed in 
KAHRP negative strains (Crabb et al. 1997; Culvenor et al. 1987; Pologe et al. 1987). Each knob has 
been suggested to consist of two distinct subunits with a positive charge of about 20mV, in contrast to 
the rest of the surface membrane which is negatively charged (Aikawa et al. 1996). The knobs are 
formed as the parasite develops into trophozoite stages and a number of studies have suggested them 
to be essential but not required for cytoadhesion in natural infection. In vitro studies have shown that 
both K+ and K- strain can adhere to melanoma cells, although the binding of K+ IEs is probably 
stronger, and disruption of knobs almost abolish the cytoadhesion under flow conditions (Crabb et al. 
1997; Ruangjirachuporn et al. 1991; Udomsangpetch et al. 1989a). However, from a fatal falciparum 
malaria case of a splenectomised patient in Thailand it was reported that knobless parasites were found 
sequestrated in the brain, kidney and lungs (Pongponratn et al. 2000). 

Maurer’s clefts The first observation of P. falciparum cytosolic structures was in the late 19th 
century, probably by the Italian malariologists Marchiafava and Celli who saw faint cytosol staining 
when using a methylene blue dye (Lanzer et al. 2006; Marchiafava and Celli 1883; Marchiafava and 



Celli 1885). However, it was not until 1902 that these structures were fully described, in words as well 
as in drawings, by the German deputy doctor Georg Maurer. He analysed blood smears from malaria 
patients using a new staining protocol with a mix of acidic and basic stains (eosin and methylene blue 
respectively), developed by the Russian pathologist Dimitri Leonidovic Romanowsky in 1891 and 
later refined by Gustav Giemsa (Lillie 1978; Wilson 1907). Precise conditions were given; 1) the 
smears had to be thin and freshly prepared 2) the dye had to be diluted in pH 7.2-7.4 and 3) staining 
had to be done for longer time than usual. The observations by Georg Maurer was published in Die 
Malaria Perniciosa in a German journal, and has since been referred to as “Maurer´s clefts” (Garnham 
1966; Maurer 1902). In 1966 his descriptions were translated into English; “These clefts are… few in 
number; at first there are about six and in the fully formed state, about ten to twelve, approximately 1 
μm in diameter, but the number, size and position are quite inconstant. The clefts have a blurred 
outline, are often hollow, and in loop form; they may be described as spots or blotches.” (Garnham 
1966). 

In the mid 1960s ultrastructural EM studies were performed, not only on the developing parasite 
but also on the morphological changes that occur in the erythrocyte cytosol and on the membrane. 
Trager et al were the first to draw a parallel between the long and slender clefts observed in the 
periphery of trophozoite stage IEs in EM studies, and the structures that Georg Maurer saw in light 
microscopy of Giemsa stained smears (Trager, Rudzinska, and Bradbury 1966b). Unfortunately there 
was no way available to further explore whether these structures were the same. Nonetheless, just a 
few years later these EM clefts were in general referred to as Maurer´s clefts as well, which has caused 
confusion between those working in the field of malaria diagnosis and those involved in 
morphological research, since there were now two different definitions of Maurer´s clefts (Langreth et 
al. 1978; Lanzer et al. 2006; Paper II). The Giemsa protocol used by Maurer in 1902, and the 
identification of cytosolic Maurer´s clefts, is still used as the golden standard to discriminate P. 
falciparum infections from other Plasmodium spp. in the diagnosis of malaria. However, another 
branch has evolved from the EM studies where research interest has been focused on the EM-clefts 
and their possible role in protein transport through the IE cytosol to the surface. Here, the relation 
between Maurer´s clefts, based on the narrowed definition as seen in immunoelectron microscopy 
(IEM) studies and structures detected in immunofluorescence assays (IFA), has been explored. The 
conclusions drawn is that Maurer´s clefts are 1) anchored to the IE membrane and function as a 
secretory compartment for protein transport, 2) that they might house metabolic pathways and 3) work 
as a signalling platform (Lanzer et al. 2006).  



PROTEIN TRANSPORT 
 

The study of protein transport all started with the identification of strain specific malarial antigens 
on the infected cell surface, which of course was followed by the question how? Were these antigens 
inserted upon invasion? Did they appear later? How did they get there? 

In the last decade, after identification and characterisation of the antigenically variable surface 
antigens (PfEMP1, RIFIN, SURFIn, see below), the research around protein transport in the cytosol of 
the infected cell has exploded. Today there are multiple theories on the mechanism behind the 
different routes through the IE cytosol, but we are still likely to have a long way to go before this is 
fully understood. 

The observation of cytosolic structures in the IEs was reported many years before the surface 
antigens were described (see above), and one of the earlier more developed theories of protein 
transport is the “vesicle-theory” (Taraschi et al. 2001). The association of proteins with membranous 
structures beyond the confines of the parasitophorous vacuole was seen in several malaria species in 
ultrastructural studies from the mid 1980s. Some years later these membranes were generally 
described to be of vesicle character and involved in protein transport, possibly destined for the IE 
surface (Aikawa et al. 1986; Atkinson et al. 1988; Barnwell 1990; Gormley, Howard, and Taraschi 
1992; Hibbs and Saul 1994).  
 
PROTEINS IN THE ERYTHROCYTE CYTOSOL 

Already in the early ring stage parasite new proteins are synthesised, which are targeted to- and 
exported out into the cytosol of the IE. It is not until later, around 16 hour post invasion, that there are 
any of these detectable at the outer surface of the cell. Based on this, it is generally believed that many 
proteins assembly in complex transport routes and accumulates underneath the surface membrane 
before processed further into the erythrocyte membrane. A presentation of some of the different 
proteins that are exported out from the parasitophorous vacuole into the IE cytosol and possible further 
will follow (summarised in Table 1): 

Exp1 & Exp2 The monoclonal antibodies mAb5.1 and mAb7.7 were raised against erythrocytic 
stage parasites and tested positive for antigens in the PVM but not on the IE surface. Furthermore, the 
mAb5.1 was shown to be cross-reactive with the surface protein of sporozoites (CSP). The major 
antigens for mAb 5.1 and mAb7.7 were later identified as the 23 kDa exported protein 1 (Exp1) and 
the 35 kDa exported protein 2 (Exp2) respectively (Hall et al. 1983; Hope et al. 1984; McBride, 
Walliker, and Morgan 1982). Exp1 is an integral protein spanning through the PVM and exposing 
epitopes on the erythrocyte cytoplasmic side, probably distributed non-randomly (Spielmann et al. 
2006). It co-localise with Exp2 in the PVM throughout development from ring to late schizont stages, 
and in dense cytosolic structures previously suggested to be Maurer’s cleft but later identified as 
PVM-buds. However, in contrast to Exp1 the Exp2 protein lacks a typical transmembrane domain and 
might be associated with the PVM via an amphipatic helix structure in the N-terminal instead (Behari 
and Haldar 1994; Fischer et al. 1998; Johnson et al. 1994; Simmons et al. 1987; Paper I & II). The 
functions of Exp1 and Exp2 are unknown. 

KAHRP There are at least three histidine-rich proteins (HRP) in P. falciparum, named 1-3 after 
their order of discovery. The first identified, HRP1, is commonly referred to as the knob-associated 
histidine-rich protein (KAHRP) since it is the major component of the surface knob structure (see 
above) (Kilejian 1979). KAHRP is around 90 kDa and transported by lateral diffusion through the 
cytosol, transiently located in the Maurer’s clefts, and further out to the knobs. However there are no 



KAHRP epitopes exposed at the IE surface (Pasloske et al. 1994; Taylor et al. 1987; Wickham et al. 
2001; Paper I). At its final destination KAHRP binds to spectrin and actin in the membrane skeleton to 
increase the rigidity of the cell, as well as to the cytoplasmic tail of PfEMP1. This is believed to 
stabilise the membrane and the surface exposure of PfEMP1, so that efficient adhesion phenomenon of 
the IE can occur. Cytoadhesion events have been observed in KAHRP negative parasite isolates, 
although upon deletion of the KAHRP gene in highly binding parasites a decrease in adhesion 
capacity has been reported (Crabb et al. 1997; Ruangjirachuporn et al. 1991; Udomsangpetch et al. 
1989a). Many long term in vitro grown parasite strains loose their knobs due to deletions in the 
subtelomeric regions of chromosome 2, where KAHRP and related genes are located (Biggs, Kemp, 
and Brown 1989). 
 
 
 
 
Table 1. Plasmodium falciparum proteins in the IE cytosol, Maurer’s clefts, and at the surface 
 
 
PROTEIN 

  
LOCATION 

 
REF. 

RIFIN 
 
rif-gene product 

 
Via Maurer’s clefts to the surface 

(Abdel-Latif et 
al. 2002; 
Fernandez et al. 
1999) Paper I 

 
PfEMP1 

 
P. falciparum erythrocyte membrane protein 1 

 
Via Maurer’s clefts to the surface 

(Chen et al. 
1998a) 

 
SURFIN 

 
Surf-gene product 

 
Via Maurer’s clefts to the surface 

Paper III 

 
Pf332 

 
P. falciparum 332 antigen 

 
Maurer’s clefts and possible surface 

(Udomsangpetc
h et al. 1986) 

 
PfEMP3 

 
P. falciparum erythrocyte membrane protein 3 

 
Knobs and Maurer’s clefts 

(Waterkeyn et 
al. 2000) 

 
PfSBP1 

 
P. falciparum skeleton binding protein 1 

 
Maurer’s clefts 

(Blisnick et al. 
2000) 

 
PP1 

 
Protein phosphatase 1 

 
Maurer’s clefts 

(Blisnick et al. 
2006) 

 
PfSar1p 

 
P. falciparum Sar1p homologue 

 
Maurer’s clefts 

(Albano et al. 
1999) 

 
PfSec31 

 
P. falciparum Sec31 homologue 

 
Maurer’s clefts 

(Adisa et al. 
2001) 

 
PfNSF 

 
P. falciparum N-Ethylmaleimide sensitive 
factor  homologue 

 
Maurer’s clefts 

(Hayashi et al. 
2001) 

 
MAHRP-1 

 
Maurer’s cleft associated histidine-rich protein 

 
Maurer’s clefts 

(Spycher et al. 
2003) 

 
Exp1 

 
Exported protein 1 

 
PVM-buds 

(Hope et al. 
1984; Simmons 
et al. 1987) 

 
Exp2 

 
Exported protein 2 

 
PVM-buds 

(Hall et al. 1983) 

 
KAHRP 

 
Knob-associated histidine-rich protein 

 
Knobs 

(Taylor et al. 
1987) 

 
PfHRP2 

 
Histidine-rich protein 2 

 
Secreted? 

(Rock et al. 
1987) 

 
PfEMP2 

 
P. falciparum erythrocyte membrane protein 2 

 
Underneath surface membrane 

(Howard et al. 
1987) 

 



PfHRP2 P. falciparum histidine rich protein 2 (PfHRP2) was the second HRP identified, which is 
a 72 kDa soluble protein. It can be detected in the cytosol as a faint diffuse staining in the early ring 
stage parasitized cells, and in larger concentrated packets or protein aggregates in late stage 
trophozoites (Howard et al. 1986; Paper I & II). When it reaches the surface membrane it accumulates, 
and some may be further secreted out from the IE. Approximately 50% of all PfHRP2 produced by the 
parasite can be detected in the culture supernatant between 2 and 24 hours post invasion (Howard et al. 
1986). PfHRP2 binds to ferriprotoporphyrin (FP), which is toxic and generated from haemoglobin 
degradation, and is hence suggested to play a role in the detoxification of haemoglobin by-products. 
Furthermore, it has been shown that PfHRP2 modulates the redox activity of FP and that the formed 
HRP2-FP complex may have antioxidant properties. This implies a role in the protection against 
oxidative stress, possible at the erythrocyte membrane to prevent premature lysis of the cell 
(Akompong et al. 2002; Mashima et al. 2002; Spycher et al. 2003). Analysis of PfHRP2 with a 
dipstick complements the Giemsa smears in the diagnosis of P. falciparum malaria (Zakai 2003). 

PfEMP2 The P. falciparum erythrocyte membrane protein 2 (PfEMP2), also called mature-
parasite-infected erythrocyte surface antigen (MESA), was identified by immunoprecipitation with 
monoclonal antibodies, produced by immunisation of mice with schizont antigens. It is a large antigen 
of approximately 300 kDa, which is exported from the PV to the IE surface, where it localises in dense 
structures under the knobs. PfEMP2 does not have any surface exposed domains and is not relevant 
for knob formation or cytoadhesion, although it binds to the human erythrocyte protein 4.1 (Coppel 
1992; Howard et al. 1987; Magowan et al. 1995; Petersen et al. 1989). Transcription of PfEMP2 starts 
in late rings and early trophozoite, and the protein is directly transported out into the cytosol (Howard 
et al. 1987; Le Roch et al. 2003). Both patterns of dispersed small grains as well as lager patches has 
been observed in immunofluorescence- and immunoelectron studies of the trophozoite IE cytosol 
(Howard et al. 1987; Paper I). 
 
PROTEINS IN “MAURER´S CLEFTS” 

Extensive searches for P. falciparum homologues to proteins of known functions in other 
organisms started as soon as the genome-sequencing project was completed. This has been especially 
applicable in the protein transport research. Homologues to proteins involved in vesicle formation, 
fusion, budding, coating etc has been detected on genome level and investigated further, and the 
accumulating data suggest that a complex transport machinery is built up from scratch by the 
intracellular parasite. The structures referred to as Maurer´s clefts based on EM studies (see above) 
have been implicated to have an important role in transport as well as sorting of proteins. The reasons 
are as follows: 

PfEMP3 The gene encoding for P. falciparum erythrocyte membrane protein 3 (PfEMP3) is 
closely linked to the KAHRP gene on chromosome 2, however this protein is not essential for knob 
formation. These two genes reach maximal transcription levels at the same time, in ring stage 
parasites, and their respective protein products contributes to the rigidity of the infected host cell 
(Gardner et al. 2002; Glenister et al. 2002; Pasloske et al. 1994; Pasloske et al. 1993). PfEMP3 is >300 
kDa and although it can be detected in the knob structures, it is in general more broadly distributed 
under the IE surface membrane where it has been shown important for the PfEMP1 surface exposure. 
Failure of PfEMP3 to translocate from the Maurer´s clefts to the IE membrane blocks PfEMP1 
transport (Gardner et al. 2002; Knuepfer et al. 2005; Pasloske et al. 1994; Pasloske et al. 1993; 
Waterkeyn et al. 2000). Furthermore, PfEMP3 has been detected on the surface of sporozoites and in 
the cytosol of hepatic stage parasites. It is speculated that the observed immunological cross-reactivity 



on sporozoites from P. y.yoelii, and P. berghei, with antibodies from immune P. falciparum 
individuals, is due to PfEMP3 hence making this protein a potential vaccine candidate (Gruner et al. 
2001). 

PfSBP1, LANCL1, and PP1 P. falciparum skeleton binding protein 1 (PfSBP1) is a 48 kDa 
protein spanning the Maurer´s cleft membrane, with the N-terminal domain inside the cleft and C-
terminal exposed to the IE cytosol. It is conserved in other Plasmodium species such as P. berghei and 
P. chabaudi (Blisnick et al. 2000). PfSBP1 has been suggested to anchor the Maurer´s cleft to the 
erythrocyte cytoskeleton, however its only ligand identified so far is the erythrocyte cytosolic protein 
Lantibiotic synthetase component C-like protein 1 (LANCL1) (Blisnick et al. 2005). The N-terminal 
domain of PfSBP1 in the lumen of Maurer´s clefts is phosphorylated differently depending on a 
parasite protein phosphatase 1 (PP1), which is suggested to play a role in the release of merozoites 
(Blisnick et al. 2006). Furthermore, in a recent report PfSBP1 was shown important for the 
translocation of PfEMP1 from Maurer´s clefts to the IE surface. The PfEMP1 and other proteins 
remained associated with the clefts, but did not reach the surface, in PfSBP1 knock-out strains, and the 
morphology of the cleft-structures were slightly changed (Cooke et al. 2006). 

COPII (PfSar1p and PfSec31) In eukaryotic cells, protein destined for the plasma membrane, 
lysosomes and other post-Golgi compartments exit the ER in coat protein 2 (COPII)-coated vesicles. 
The COPII complex might drive the vesicle formation and it consists of a GTPase, Sar1p, a Sar1p-
activating complex, Sec23/24p, and Sec13/31p (Barlowe 2003; Gorelick and Shugrue 2001). Two 
COPII homologues have been identified in Plasmodium falciparum parasites, the P. falciparum Sar1p 
(PfSar1p) and the P. falciparum Sec31 (PfSec31p). Both have been shown to be localised partially 
within the parasite as well as being exported out to the IE cytosol in Maurer´s clefts (Adisa et al. 2001; 
Albano et al. 1999). 

PfNSF N-Ethylmaleimide-sensitive factor (NSF) plays an important role in vesicular transport in 
eukaryotic cells. It forms a complex with SNAP and SNARE, mediating the docking and fusion 
between vesicles and their target membranes. A P. falciparum NSF homologue was identified 
(PfNSF), both on transcriptional level and as a protein. It localises inside the parasite, as well as in 
vesicular structures in the IE cytosol suggested to be Maurer´s clefts (Hayashi et al. 2001). However, 
attempts to co-localise PfNSF with other proteins within Maurer´s clefts has failed, possibly due to the 
fact that the majority of PfNSF seems to stay within the PV (Haeggström, unpublished data). 

MAHRP-1 From a stage-specific P. falciparum cDNA library the gene coding for the Maurer´s 
cleft associated histidine rich protein 1 (MAHRP-1) was identified. This gene is exclusively 
transcribed in early ring stages, although the corresponding 30-35 kDa transmembrane protein can be 
detected throughout parasite development. MAHRP-1 is conserved between parasite strains except for 
a varying length of a histidine-rich repeat (DHGH) in the C-terminal domain. It is transported out in 
vesicle-like structures in the IE cytosol at around 10h post-invasion. These structures, in which 
MAHRP-1, PfEMP1 and PfEMP3 co-localise (i.e. SSVs, Paper I), increase in number as the parasite 
matures. However, as PfEMP1 continues out to the IE surface membrane and PfEMP3 distributes just 
underneath in late schizont stages, MAHRP-1 stays within the Maurer´s clefts. It binds FP in vitro, 
promoting its peroxidase-like activity and enhances the degradation of FP by H2O2. The dissociation 
constant between MAHRP-1 and FP is determined by the number of DHGH repeats (Spycher et al. 
2003).  

Pf332 The P. falciparum antigen 332 (Pf332) was first identified using a human monoclonal 
antibody mAb33G2, which was shown to inhibit the binding of IEs to melanoma cells and to block 



merozoite invasion. Whether this was an effect of Pf332 blocking could not be determined with 
certainty, since this antibody also recognise a number of other parasite specific antigens (Mattei et al. 
1989; Udomsangpetch et al. 1989a; Udomsangpetch et al. 1989b). Attempts to produce a more 
specific reagent against Pf332 were made, but proven hard since this antigen has a long stretch of 
glutamic acid-rich repeats (VTEEI and VTEEV) present also in other antigens such as the Pf155 kDa 
ring-infected surface antigen (Pf155/RESA). However, the generated EB200 antiserum was shown to 
give minimal cross-reactivity with other antigens than Pf332 and was used to characterise this protein 
further. The gene was found located in the subtelomeric region of chromosome 11 and encoding for a 
large protein of an estimated size of 700 kDa. There have been studies in which immunoblots show an 
apparent size closer to 2.5 MDa, although the actual size of this antigen has not yet been determined. 
Pf332 was detected in the cytosol of trophozoite stage IEs (>18h post-invasion) in large vesicle-like 
structures around 1 μm in size identified as Maurer´s clefts by immunoelectronmicroscopy studies. 
Furthermore, in late segmenting schizonts, Pf332 epitopes were detected as exposed on the infected 
cell surface (Ahlborg, Berzins, and Perlmann 1991; Hinterberg et al. 1994; Mattei, Hinterberg, and 
Scherf 1992; Mattei and Scherf 1992; Paper I). Further studies on the invasion inhibition seen with the 
mAb33G2 reagent, using specific reagents against Pf332 compared to Pf155/RESA, showed that 
blocking of the Pf155/RESA inhibited the merozoite invasion process whereas blocking of Pf332 
generated schizonts displaying abnormal morphology. This implicates that anti-Pf332 antibodies 
interferes with the surface of late stage IE and thereby hamper the development of the schizont rather 
than interfere with the merozoites (Ahlborg et al. 1993; Ahlborg et al. 1996; Ahlborg et al. 1995). 
Additional, Pf332 has been suggested as a potential vaccine target due to its exposure on late stage 
parasites, and antibodies to the repeat segment EB200 have been shown protective in monkeys. A 
correlation between antibody titres against EB200 and exposure to infection was seen in a study in 
Senegal, indicating that this antigen might be important in the acquisition of natural immunity to P. 
falciparum (Ahlborg et al. 2002) 



THE MEROZOITE 
 

After completing the 48-hour life cycle within the erythrocyte, 8-32 new individual parasites 
(merozoites) are formed and released into the blood stream (see Figure 2 and 7). These are briefly 
exposed to the host immune system before entering a new host cell, and are thus important from an 
immunological point of view (Bannister et al. 2000). However, it is not clear how merozoites are able 
to avoid being recognized and neutralized, considering that P. falciparum can survive within the 
human host for several years.  
 
STRUCTURE 

The first ultrastructural description of Plasmodium merozoites were done for P. lophurare in 
1959, followed by similar observations for other spp such as P. cathemerium and P. fallax (Aikawa 
1971; Rudzinska and Trager 1959). In general, the merozoite is ovoid to elongated in shape, around 1 
μm wide and 1.5 μm long, with a nucleus and various cytoplasmic organelles. The nucleus is centrally 
located in the posterior and contains clumped chromatin (heterochromatin) material at the periphery, 
which has been suggested to be inactive since described as metabolically inert (Fawcett 1966). The 
anterior of the merozoite is shaped like a truncated cone with polar rings and paired vesicular 
organelles (rhoptries and micronemes), mitochondrion, cytosomes, ribosomes and dense granules. 
There are two pear-shaped rhoptries per merozoite, around 650x300 nm in size with narrowing ends 
towards the apex (rhoptry ducts). The micronemes are much smaller and elongated, arranged as 
clusters around the rhoptries (Figure 7). The micronemes as well as rhoptries contain numerous 
proteins that can be secreted and are vital for the attachment and invasion of erythrocytes (described 
below). A third class of vesicular bodies is the dense granules, which are small organelles laying 
separately in the cytoplasm in the parasite anterior. The merozoite surface consists of a thick bristly 
coat, with fine filaments (2-3 nm) involved in the initial attachment to erythrocytes. These are 
anchored in the merozoite plasma membrane, but shed off from the surface upon host cell invasion. 2-
3 microtubules, which are anchored in the apical border and run longitudinally along the merozoite, 
make up the cytoskeleton. However, while actin and myosin are detectable in merozoites, they are not 
organised as filaments (Aikawa 1971; Bannister et al. 2000; Bannister and Mitchell 1989). 
 
INVASION STRATEGIES 

The penetration of new host cells occur by the merozoite pressing its apical end through the IE 
membrane until the parasite is completely surrounded by membranes originating from both the 
parasite and the erythrocyte. Most function and deployment of the merozoite apical organelles in this 
process have been deduced by electronmicroscopy studies of P. knowlesi (Aikawa et al. 1978; 
Bannister et al. 1975; Bannister and Dluzewski 1990; Bannister and Mitchell 1989; Ladda 1969; 
Langreth et al. 1978; Torii et al. 1989). The knowledge of the molecular interactions involved is 
limited, however, there is a sialic acid-dependent and a independent invasion pathway. Studies of fresh 
parasite isolates have shown that in Asia (India) the independent pathway is more frequent than in 
Africa (Gambia), suggesting that genetically different hosts might select for one pathway before the 
other (Baum, Pinder, and Conway 2003). In this paragraph I will give you a brief summary on the 
accumulated information available. 

 



 
 
Rupture and initial attachment A sudden increase in intracellular pressure as well as 

biochemical changes that destabilise the cytoskeleton of the late schizont-infected cell promotes an 
explosive event, which disperse the merozoites very efficiently (Glushakova et al. 2005), see also link 
to videos). It is believed that proteases such as the serine repeat antigen (SERA) might be an 
underlying cause of the increased pressure and cell destruction (Hodder et al. 2003; Miller et al. 2002; 
Salmon, Oksman, and Goldberg 2001). The following event of finding an erythrocyte suitable for 
invasion is crucial and has to be rapid. It appears that the merozoite initially recognises and adheres 
reversibly and with low affinity, at any point of the erythrocyte surface (Figure 8.1), and then re-
orientates (Figure 8.2) to form a tight interaction (junction) between its apex and the target cell 
(Bannister and Dluzewski 1990; Cowman and Crabb 2006; Voss et al. 2006). The junction is 
characterised by an increased electron-dense thickening under the erythrocyte membrane (Figure 8.3), 
which moves from the anterior to the posterior end of the merozoite while the surface coat is shed off 
by the activity of the serine protease PfSUB2 (Figure 8.4) (Aikawa et al. 1978; Harris et al. 2005; 
Keeley and Soldati 2004; Miller et al. 1979). As the parasite pushes its way into the host erythrocyte it 
creates the parasitophorous vacuole (Figure 8.5). Some merozoite specific proteins involved in the 
invasion are listed below: 

MSP1 There are several GPI-anchored surface proteins on the merozoite, which have one or two 
epidermal growth factor (EGF) domains in their C-terminus possible involved in protein-protein 
interactions. They constitute potential erythrocyte ligands, although poorly investigated (Gaur, Mayer, 
and Miller 2004). The merozoite surface protein 1 (MSP1) was the first described GPI-anchored 
protein, and it is the most abundant surface protein on the merozoite and a vaccine candidate. There is 
some evidence suggesting MSP1 to initiate the first contact with the host erythrocyte, possibly 
functioning in a complex with MSP9 as a band-3 ligand, although there are also contradictive reports 

Figure 8. The invasion of a merozoite into an erythrocyte. Initial recognition and adhesion of the merozoite 
anywhere on the erythrocyte surface (1), followed by reorientation (2) to form a tight junction between the 
merozoite apex and the erythrocyte membrane (3). Surface molecules are shed from the merozoite as it 
penetrates the cell (4) and the parasitophorous vacuole are formed as it pushes its way through the membrane (5). 



on this matter (Cowman and Crabb 2006; Drew et al. 2004; Goel et al. 2003). Upon schizont rupture, 
several proteolytic cleavage steps of MSP1 to MSP119 occur (Holder et al. 1987; McBride and 
Heidrich 1987). In the final step, when MSP142 in cleaved to MSP119, the MSP133 fragment is shed 
from the merozoite surface as a soluble fragment. The MSP119 fragment, which structure containing 
the two EGF domains is known, stays in the membrane even after invasion (Blackman et al. 1996; 
Blackman et al. 1990; Blackman, Whittle, and Holder 1991; Chitarra et al. 1999). The definitive 
function of this molecule remains elusive, although antibodies specific for both MSP119 and MSP142 
have been shown to inhibit invasion, possibly by blocking the sheddase activity, as well as elicit 
protection against parasite challenge (Daly and Long 1993; Kumar et al. 1995; Ling, Ogun, and 
Holder 1994; Singh et al. 2003). 

AMA1 The apical microneme antigen 1 (AMA1) is a type I integral membrane protein, important 
in the process of merozoite-invasion as well as in the sporozoite-invasion of hepatocytes.  The C-
terminal end and 16 cystein residues in the ectodomain of this protein are highly conserved among 
Plasmodium spp. (Hodder et al. 1996; Silvie et al. 2004; Triglia et al. 2000). AMA1 is expressed in 
late schizont stages as an 83 kDa precursor, from which the N-terminal is cleaved leaving a 66 kDa 
fragment located in the merozoite micronemes (Bannister et al. 2003; Healer et al. 2002; Narum and 
Thomas 1994). Just before invasion, it is further processed to a 44-48 kDa molecule that is 
translocated from the micronemes to the surface (Dutta et al. 2003; Howell et al. 2001). AMA1 is not 
involved in the initial attachment, although specific antibodies to AMA1 block the reorientation 
process, and thereby hinder the merozoite entry into the erythrocyte (Mitchell et al. 2004; Triglia et al. 
2000). Furthermore, an AMA1 homologue has been shown essential for the invasion of T. gondii 
tachyzoites (Mital et al. 2005). 

EBA-175 Several DBL proteins, which interact with erythrocyte receptors, exist in P. falciparum. 
In the IE stages of the parasite there is PfEMP1 and in merozoites the erythrocyte binding antigen-175 
(EBA-175), -181 (EBA-181, i.e. JSEBL), and -140 (EBA-140, i.e. BAEBL) are expressed (Baruch et 
al. 1995; Camus and Hadley 1985; Gilberger et al. 2003b; Mayer et al. 2001; Thompson et al. 2001). 
Not much is known about JSEBL and BAEBL, why these will not be discussed further here. However, 
it cannot be excluded that their polymorphisms in their EBA domains provide advantages in the 
invasion of genetically diverse human populations (Gaur, Mayer, and Miller 2004). The EBA-175 is 
localised in the micronemes and bind to erythrocytes in a sialic acid-dependent manner, more 
specifically via Glycophorin A, to establish the interaction between the merozoite and the erythrocyte 
(Gaur, Mayer, and Miller 2004; Sim et al. 1994). Antibodies specific for this protein can block 
invasion up to 90% (Pandey et al. 2002). However, after deletion of the EBA-175 expression, the 
parasite will switch to the Rh4 sialic acid-independent invasion pathway (see below) (Kaneko et al. 
2002). The cytoplasmic tail of EBA-175 is homologous to the one of TRAP, a protein involved in the 
invasion of sporozoites into hepatocytes, and it can be substituted with this without decreased invasion 
efficiency. This suggests that these different invasive forms of the parasite use similar protein-protein 
interactions for the molecular machinery of invasion (Gilberger et al. 2003a). 

PfRh These proteins, suggested to determine the specificity of host cell invasion, were identified 
as homologues of rhoptry proteins in P. yoelii and P. vivax (Galinski et al. 1992; Preiser et al. 1999; 
Preiser et al. 2002). Four members are expressed into proteins in P. falciparum (PfRh1, PfRh2a, 
PfRh2b, and PfRH4). The PfRh1 was identified located in the apical pole and implicated to play a role 
in invasion. It binds to erythrocytes in a trypsin resistant and sialic acid-dependent manner, and thus 
cannot bind to Glycophorin A, C or D. The unidentified receptor for PfRh1 is referred to as Receptor 
Y (Rayner et al. 2001). PfRh2a and PfRh2b are highly homologous suggesting that they are the result 
of a duplication event. They are large hydrophilic proteins around 350 kDa, with a N-terminal signal 



sequence and a transmembrane domain near the C-terminus (Rayner et al. 2000). Both PfRh2a and 
PfRh2b are located in the apex of the merozoite, more specifically in the neck of the rhoptries, and 
have been suggested to participate in the invasion by binding to the unidentified Receptor Z 
(Duraisingh et al. 2003; Taylor, Grainger, and Holder 2002). PfRh4 is also a transmembrane protein 
around 220 kDa in size probably located in the micronemes (Kaneko et al. 2002). It is related to sialic 
acid-independent invasion and is essential for the switching of invasion pathways (Stubbs et al. 2005). 

RESA The ring infected erythrocyte surface antigen (155/RESA) was first found to be localised at 
the membrane of the young ring infected erythrocyte, although today it is known to originate from the 
dense granules of the merozoite. Upon invasion it is released into the parasitophorous vacuole space 
before it is passed on to the cytosol and to the surface of the newly invaded cell, where it associates 
with spectrin (Aikawa et al. 1990; Berzins et al. 1986; Culvenor, Day, and Anders 1991; Foley et al. 
1991). 

PfRhopH See Clags under “variable antigens in P. falciparum” 
 

 
POSSIBLE ANTIGENIC VARIATION? 

One might speculate that antigenic variation would be beneficial for the merozoite stage parasites, 
as it is for the infected erythrocyte stages.  

Clonal phenotypic variation, a phenomenon genetically and functionally distinct from classical 
antigenic variation, has been reported for Py235 in rodent P. y.yoelii malaria. These proteins were 
observed to vary between individual merozoites originating from the same schizont, however there are 
no protein homologues existing in other Plasmodium spp. (Gruner et al. 2004; Preiser et al. 1999; 
Preiser et al. 2002; Snounou, Jarra, and Preiser 2000). P. falciparum homologues to Py235 are the red 
blood cell binding proteins (RBP), although these belong to a very small family that probably do not 
undergo clonal antigenic variation as reported for the Py235 (Gruner et al. 2004; Preiser et al. 2002; 
Snounou, Jarra, and Preiser 2000). Whether there are protein families, which are involved in antigenic 
variation of the merozoite of human Plasmodia spp., is yet unknown but remains to be elucidated. 



AIMS OF THE PRESENT STUDY 
 
 

When I started my PhD project in 2000, RIFIN proteins were recently discovered on the surface of 
infected erythrocytes (Fernandez et al. 1999; Gardner et al. 1998; Kyes et al. 1999). The aim of my 
work was to investigate this large protein family further, in relation to other surface exposed antigens 
such as PfEMP1. 
 
 
 
 
 

To do this we set up a number of more specific aims as follows: 
 
 
 

- Investigate how RIFINs and PfEMP1 are transported from the intracellular 
parasite, through the parasitophorous vacuole membrane and infected 
erythrocyte cytosol, to their final destination at the surface membrane 

 
 

- Investigate this trafficking route in relation to other antigens in the infected 
erythrocyte cytosol 

 
 

- Study the surface of the infected erythrocyte for the presence of novel yet 
unknown parasite derived surface antigens 

 
 

- Perform bioinformatic analysis of the RIFIN repertoire available from the 3D7 
genome project, to investigate possible subgrouping within this protein family 

 
 

- Investigate the RIFIN repertoire expressed in different clonal parasite 
populations, and their location throughout development 

 
 



EXPERIMENTAL PROCEDURES 
 

All materials and methods used for the experiments performed within this work are described, 
with original references, in Paper I-IV. Brief descriptions of most proceedings used are described 
below. 
 

PARASITES AND CULTURES In vitro adapted parasites used in these studies were the P. 
falciparum rosetting clones FCR3S1.2, TM284S2, 3D7S8, and 3D7S8.4, the non-rosetting clones 
FCR3S1.6, 3D7AH1, 3D7AH1S2, R29, 7G8, and Gb337, and fresh clinical isolates from the Mulago 
Hospital, Kampala, Uganda (U9, U12, U13, U15, U16, U26, U27, U31). The laboratory-adapted 
parasites were kept in continuous culture according to standard procedures with erythrocytes (O+) at 
5% hematocrit and 10% B+ or AB+ serum in buffered culture medium (Trager and Jensen 1976). When 
required, cultures were synchronized in 5% sorbitol for 10 minutes as previously described (Lambros 
and Vanderberg 1979; Ljungstöm et al. 2004).  
 

SERA AND SPECIFIC ANTIBODIES All sera and antibodies used for the detection of P. 
falciparum proteins are listed in Table 2. Anti-RIFIN sera were produced in rabbits, rats and mice 
immunized with synthetic peptides, or recombinantly expressed proteins (Abdel-Latif et al. 2002; 
Paper IV). Antibodies to PfEMP1 were obtained by immunizing rabbits and rats with GST-fusion 
proteins comprising fragments from the highly conserved ATS or the semiconserved DBL-1 domains 
(Chen et al. 1998a). SURFIN4.2-directed antibodies were raised in rabbits against synthetic peptides 
(S1.3 and S1.4) or recombinant GST-fusion protein (rSURF4.2). Sera and monoclonal antibodies 
against Pf332, PfSar1p, PfNSF, KAHRP, PfHRP2, PfEMP2, Exp1, Exp2, MSP1, AMA1, RAP1, 
EBA-175, EBA-181, and RhopH2. 
 

IMMUNOFLUORESCENCE ASSAY (IFA) P. falciparum clinical isolates and laboratory 
adapted parasites at stages of interest were washed three times with phosphate-buffered saline (PBS), 
or in the case of released merozoites harvested without washing. When needed, rosettes and auto-
agglutinates were disrupted by adding 100 IU ml-1 Heparin (Lovens) to the culture and by passing it 6 
times through a syringe (0.6 mm) (Barragan et al. 1999). For indirect IFA of intracellular proteins, air-
dried monolayers of IEs or merozoites were prepared and incubated 30 min with primary and 
secondary antibodies diluted in PBS. All incubations were performed at room temperature (RT) in a 
humid chamber, and cover slips were mounted with an anti-fading solution consisting of 20% 
DABCO (Sigma) in glycerol. For live IFA, parasites were harvested at mid-trophozoite stage, washed 
thrice in RPMI and incubated for 30 min at RT under rotation with 0.15 mg/ml of IgG purified from 
the antisera. Secondary FITC-conjugated anti-rabbit and tertiary Alexa-Fluor488 conjugated anti-FITC 
antibodies were incubated for 30 min respectively and non-immune rabbit IgG served as control.  
Nikon Optiphot 2 UV microscope with 100x oil immersion lens equipped with suitable barrier filters 
were used for the analysis. 
 

LABELLING OF MEMBRANOUS STRUCTURES The fluorescent lipid-analogue BODIPY-
TR-Ceramide (Molecular Probes) freely fuses into lipid structures and was used for the identification 
of membranous structures within P. falciparum infected erythrocytes. Live parasite cultures were 
washed in serum-free culture medium, incubated with 25 μM of BODIPY-TR-Ceramide in PBS at 
37°C for 30 min, and washed with PBS. The culture was subsequently examined under UV-



microscope for successful incorporation of the lipid marker, and dried cell monolayers were prepared 
in the dark as described above. 
 
 
Table 2. Antibodies for the studies of Plasmodium falciparum antigens 
 
 
PROTEIN 

  
ANTIBODY 

 
HOST/TYPE 

 
REF. 

 

RIFIN 

 
 
 
rif-gene product 

 
Anti-A565, 566 
Anti-ARIF5, RIF1 
Anti-ARIF29 
Anti-B562 
Anti-BRIFΔNC 

 
Rabbit sera 
Rabbit sera 
Rat serum 
Rabbit serum 
Mouse serum 

 
 
(Abdel-Latif et al. 
2002; Fernandez 
et al. 1999; 
Paper IV) 

 
PfEMP1 

 
P. falciparum erythrocyte membrane 
protein 1 

 
Anti-ATS-GST  
Anti-DBL1-GST 
Anti-DBL1-GST 

 
Rat serum 
Rat serum 
Rabbit serum 

(Chen et al. 
1998a) 

 
SURFIN 

 
Surf-gene product 

 
Anti-S1.3, S1.4 
Anti-Surf4.2 

 
Rabbit sera 
Rabbit serum 

Paper III 

 
Pf332 

 
P. falciparum 332 antigen 

 
mAb33G2 

 
Human IgM 

(Udomsangpetch 
et al. 1986) 

 
KAHRP 

 
Knob-associated histidine-rich protein 

 
mAb89 

 
Mouse IgG2a 

(Taylor et al. 
1987) 

 
PfHRP2 

 
Histidine-rich protein 2 

 
mAb2G12 

 
Mouse IgG1 

(Rock et al. 
1987) 

 
Exp1 

 
Exported protein 1 

 
mAb5.1 

 
Mouse IgG1 

(Hope et al. 
1984; Simmons 
et al. 1987) 

 
Exp2 

 
Exported protein 2 

 
mAb7.7 

 
Mouse IgG1 

(Hall et al. 1983) 

 
PfEMP2 

 
P. falciparum erythrocyte membrane 
protein 2 

 
mAb4H9.1 
1054 

 
Mouse IgM 
Rabbit serum 

(Howard et al. 
1987) 

 
PfSar1p 

 
P. falciparum Sar1p homologue 

 
Anti-Sar1p 

 
Rabbit serum 

(Albano et al. 
1999) 

 
PfNSF 

 
P. falciparum N-Ethylmaleimide sensitive 
factor  homologue 

 
Anti-NSF 

 
Rabbit serum 

(Hayashi et al. 
2001) 

 
PfSBP1 

 
P. falciparum skeleton binding protein 1 

 
Anti-SBP1 

 
Rabbit serum 

(Blisnick et al. 
2000) 

 
AMA-1 

 
Apical merozoite antigen 1 

 
mAb4G2 

 
Rat IgG 

(Kocken et al. 
1998) 

 
RAP1 

 
Rhoptry associated protein 1 

 
7H8/50 

 
Mouse IgG2a 

MR4 (Schofield 
et al. 1986) 

 
EBA-175 

 
Erythrocyte binding antigen 175 

 
Anti-EBA 175 

 
Rat serum 

MR4  

 
EBA-181 

 
Erythrocyte binding antigen 181 

 
Anti-EBA 181 

 
Rabbit serum 

(Gilberger et al. 
2003b) 

 
RhopH2 

 
Rhoptry protein H2 

 
Anti-RhopH2 

 
Rabbit serum 

(Holder et al. 
1985) 

 
MSP1 

 
Merozoite surface protein 1 

 
mAb1E1 
mAb 12.10 

 
Mouse IgG 
Mouse IgG 

(Uthaipibull et al. 
2001) 

 



ROMANOWSKY/GIEMSA STAINING Parasite cultures were harvested at the stage of 
interest, spun down, and thin smears were prepared on glass slides. These were left to air-dry at RT for 
up to 24 hours, fixed 5 sec in 100% MetOH, and incubated in 5% Giemsa stain (Merck) diluted in 
phosphate-buffer (Merck or PBS) at pH 7.2-7.4 for 30-90 minutes according to the original procedure 
(Maurer 1902).  
 

LABELLING OF PROTEINS AND LIPIDS, FOLLOWED BY GIEMSA Bodipy-Ceramide-
TR lipids were allowed to incorporate into membranes as described above and monolayers were 
prepared in the dark. After air-drying, the monolayers were fixed for 1 h with 4% PFA in PBS, and 
washed 3x in PBS before IFA of the proteins of interest were performed. The slides were analysed 
under the microscope without anti-fading reagent and images were captured from defined areas of the 
slides. The exact coordinates were noted, followed by the removal of the cover slip and drying of the 
monolayers. Giemsa staining was subsequently performed as described above and complementary 
images, of the identical areas to the IFA images, were captured. 
 

ELECTRON MICROSCOPY (EM) AND IMMUNO-ELECTRON MICROSCOPY (IEM) 
Parasites were fixed in 1% PFA / 1% GDA in Sodium Cacodylate 140mM at pH 7.4 for 20 min for 
morphological studies, or in 4% PFA in 0.1M phosphate buffer for 2h for the IEM. The cells were 
subsequently spun down and washed with phosphate buffer, embedded in 2% low melting point 
agarose, cut into pieces and step-wise (10 min, RT) dehydrated with increasing concentrations of 
ethanol (50%, 70%, 95%, 100%). Dehydrated cells were incubated in LR-White (London Resin 
Company Ltd) for 3h at RT, followed by o/n incubation in fresh LR-White. Polymerisation was done 
at 58-60°C for 24h. Embedded cell pellets were cut into thin sections, placed on nickel grids, then 
blocked in 0.5% milk/PBS and incubated with primary antibodies o/n at 4°C. The grids were rinsed in 
PBS and incubated with secondary antibodies conjugated with 10 nm gold particles (Sigma) for 2 h at 
RT. After immunolabelling, the sections were stained with 5% aqueous uranyl acetate for 40 min at 
RT, and examined in a Philips CM12 transmission electron microscope at 80 kV.  
 

TRYPSIN TREATMENT AND MASS SPECTROMETRY ANALYSIS OF THE IE 
SURFACE 3D7S8 IE were enriched by Percoll gradient centrifugation as described previously 
(Ljungstöm et al. 2004), gently washed with ice-cold PBS, and resuspended in ice-cold PBS to a final 
volume of 1 ml. Digestion for 30 min at 37°C with 1 µg/ml porcine modified trypsin (Promega) was 
terminated by the addition of 10 μg/ml soybean trypsin inhibitor (Sigma). Cells were spun down for 
30 sec at 725 g and the supernatant again centrifuged for 3 min at 16.000xg at 4°C and concentrated in 
a Speedvac to 100 μl, then desalted and further concentrated using reversed-phase C18 ZipTip 
microcolumns (Millipore). MALDI mass spectra were recorded using a Voyager DE-Pro (PE 
Biosystems, Framingham, MA, USA) instrument and a Bruker Reflex 3 (Bruker, Leibzig, Germany) 
with α-cyano-4-hydroxycinnamic acid as the matrix. The aquired peptide mass maps were searched 
against simulated tryptic digests of predicted proteins, either in the whole P. falciparum genome 
(PlasmoDB) or in GeneBank using the PeptideSearch software (EMBL Analytical Research Group), 
and the MS-FIT (Protein Prospector, UCSF) and Mascot (Matrix Science) peptide mass fingerprint 
tools.  
 

TRANSCRIPT ANALYSIS Total RNA samples were prepared from 3D7S8 and FCR3S1.2 
parasites, which were harvested at various stages of development, extracted for RNA using TRIZOL 
Reagent (Invitrogen) and reverse transcribed with the SuperScript First-Strand Synthesis System 



(Invitrogen) according to the instructions of the suppliers. RNA priming was conducted with random 
hexamer primers or with oligo dT primers with comparable results. Amplification of RIFIN transcripts 
was conducted using primer-pairs fP2: TTT TCI CTT CCA TTA AAT ATA TTG/ rP4: TTC IIC 
GAT AAC GTA AAA TTA AAT A and of SURFIN transcripts as described in Paper III. The 
amplification products were cloned and sequence analysed as described previously (Winter et al. 
2003). For Northern blot analysis of SURFIN transcripts, a PCR-amplicon of 594 bp was cloned into 
Topo TA dual promotor vector pCRII (Invitrogen). Digitonin-labelled surf4.2 antisense RNA was 
produced using the Dig RNA labelling Kit (Roche) according to manufacturer instructions. 3D7S8 
total RNA was prepared as described previously (Winter et al. 2003) and 1 µg transferred to nylon 
membranes (Roche) employing a PosiBlot pressure blotter (Stratagene).  Blots were pre-hybridised, 
probed with 100 ng/ml Digitonin-labelled surf4.2 antisense-RNA in Dig Easy Hyb buffer (Roche) at 62 
oC for 6 h, washed twice with 2x SSC, 0.1% SDS and twice with 0.5 x SSC, 0.1% SDS at 62 oC.  
Detection of hybridised RNA was performed with the Dig Luminescent detection kit (Roche).  
 

WESTERN BLOT ANALYSIS Cells were processed as a whole culture cell mix or after 
separating trophozoite (20-24 h) or schizont (44-48 hour) stage parasites from rings and uninfected 
cells on a MACS magnetic cell sorter (Uhlemann et al. 2000). Naturally released merozoites were 
collected from schizont-enriched cultures and purified as described previously (Le Roch et al. 2003). 
Reducing SDS-PAGE sample buffer was added and the suspension boiled for 5 min. Alternatively, to 
obtain protein sub-fractions the cells were extracted with 1% Triton X-100 followed by re-extraction 
with 2% SDS, boiled in reducing SDS-PAGE sample buffer, and separated in 5% and 12% SDS-
polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes and transiently stained 
with Ponceau S in acetic acid. Immunostaining was performed either with HRP conjugated secondary 
antibodies, visualized by the chemi-luminescent signals, or with ALP conjugates antibodies as 
previously described (Winter et al. 2003). 
 

SURFACE LABELLING OF IE Surface biotinylation of IE of highly synchronised parasite 
cultures was carried out as described previously, with the exception that a non-charged hydrophilic 
biotin derivative NHS-PEO4-biotin (Pierce) was used instead of Sulfo-NHS-LC-Biotin (Winter et al. 
2003). After the labelling of trophozoite-stage IE they were separated from uninfected cells in a three-
step Percoll gradient (40, 60, 70%) (Ljungstöm et al. 2004) and analysed in Western blots or used for 
immunoprecipitaton experiments. Labelling of IEs with 125Iodine was performed as described 
elsewhere (Fernandez et al. 1999). Labelled IEs were enriched over a Percoll gradient and then 
extracted first by 1% Triton X-100 and the Triton X-100 insoluble material analysed by 5% SDS-
PAGE and phosphoimaging. 
 

BIOINFORMATIC ANALYSIS Amino acid or nucleotide sequences were retrieved from 
PlasmoDB v4.4 (www.plasmodb.org). Alignments were performed using the ClustalW software 
(Chenna et al. 2003) and refined after eye examination with the help of the BioEdit software (Hall 
1999). Protein motifs were generated using Protein Sequence Logos and Relative Entropy software 
(http://www.cbs.dtu.dk/~gorodkin/appl/plogo.html). BLASTp searches with the peptide/ protein 
sequences used for antibody production were performed from the PlasmoDB website  
(http://www.plasmodb.org/plasmodb/servlet/sv?page=blast). 



RESULTS AND DISCUSSION 
 
PROTEIN TRANSPORT (Paper I & II) 

The extensive alterations of the erythrocyte upon P. falciparum infection are to a large extent 
consequences of different parasite survival strategies. It has developed means to avoid the host 
immune response requiring the insertion of antigenically variable antigens into the IE surface 
membrane for exposure to the external environment. PfEMP1 was the first ligand identified on the IE 
surface, thoroughly described as the adhesin causing sequestration but also as a protein that can 
undergo antigenic variation (Baruch et al. 1995; Leech et al. 1984; Su et al. 1995). The second family 
of antigenically variable proteins identified on the surface, i.e. the RIFINs, were described some years 
later but without any defined function assigned (Fernandez et al. 1999; Kyes et al. 1999).  

Exon1 of the rif-genes encodes for a typical signal-peptide used for the translocation of proteins 
from the parasitophorous vacuole (PV) to the parasitophorous vacuole membrane (PVM), as well as 
an additional export element called PEXEL in the 3´end of exon 2 directing the protein out to the IE 
cytosol. The var-genes encoding PfEMP1 on the other hand include no signal peptide for PV to PVM 
translocation, however it includes a PEXEL motif directing it to the IE cytosol (Cheng et al. 1998; 
Marti et al. 2004; Przyborski et al. 2005).  

Trelka et al presented the first evidence of PfEMP1 within cytosolic vesicles, which appeared to 
be coated and able to bud and fuse with other membranes, in 2000. Fusion inhibition using an 
activator of GTP-binding proteins (AlF4 treatment) caused accumulation of multiple-vesicle strings, 
resulting in PfEMP1 being carried to the IE periphery but not the surface membrane, implicating the 
individual vesicles to be responsible for the transport to- and insertion of PfEMP1 into the surface 
membrane (Trelka et al. 2000). 

Identification of the SSV/LMV/LSLV trafficking pathway. Interest in the relationship between 
RIFIN and PfEMP1 during transport and at the site of surface expression motivated the first study 
performed within the scope of this thesis. Using immunofluorescence techniques, detailed time-course 
studies of RIFIN and PfEMP1 expression inside the parasite, in the IE cytosol, and at the surface were 
performed, and a complex transport machinery was characterised. The surface exposure of RIFINs 
was confirmed on FCR3S1.2 trophozoite IEs in live-IFA experiments. By using an anti-serum (anti-
ARIF5, see table 2) raised against the variable part of the most dominant RIFIN transcript found in 
FCR3S1.2 trophozoites, we were able to read weak fluorescence on approximately 25% of the IEs 
(unpublished data). 

Intracellularly in early ring stage parasites, around 6-10h post-invasion, RIFIN and PfEMP1 were 
first detected in the IE cytosol in single-small-vesicles (SSV) apparently budding off from the PVM. 
Large multimeric vesicles (LMV), composed of subunits of a similar size to that of a SSV, appeared as 
the dominant vesicle type carrying the variant antigens in the cytosol as the parasites developed into 
early trophozoite stages (≥16h post-invasion)(Figure 9A). The LMVs were found to associate both 
with the Maurer's cleft antigen Pf332 and with lipids, as seen by fluorescent Bodipy-Ceramide 
staining. However, the co-transport of Pf332 with RIFINs and PfEMP1 occurred in sub-
compartmentalized LMVs, where the variant antigens co-localize at the outer rim while Pf332 
occupies the core of the vesicle complex (Figure 9B-C). Pf332 was not detected in SSVs in the earlier 
stages, but accumulated in the PVM until early trophozoite stages (>16 hours post invasion) when it 
entered the cytosol in LMVs. This indicates that the transport of Pf332 is dependent on the LMV 
formation, or possibly that this formation is depending on the export of Pf332.  



 

Figure 9. Dual staining of RIFIN/PfEMP1 with various 
proteins in the P. falciparum infected erythrocyte cytosol. 
Parasites used were FCR3S1.2 in all but (E). Green 
labelling of RIFIN/PfEMP1 is with FITC or Alexa-488 
fluorophore, and red labelling is TRITC.



The observation that Pf332 is localised in the core of the LVM complex suggests a possible role for 
this large protein in linking several SSVs into one LMV. The proposed COPII homologue PfSar1p 
was also found to co-localise with RIFINs and PfEMP1, both in early stageparasites in SSVs and in 
LMVs in later stages (unpublished data, Figure 9D). Furthermore, the timing of LMV detection in the 
IE cytosol coincided with the expression of both RIFINs and PfEMP1 at the cell surface, suggesting 
these transport complexes to be important for the final transition of these variable antigens into the 
surface membrane (unpublished data, see also (Waterkeyn et al. 2000) and Figure 10). 

A number of other exported proteins were analysed for their 
relationship to the RIFIN/PfEMP1 transport route during 
cytosolic trafficking. The KAHRP, PfHRP2 and PfEMP2 
proteins are translocated from the intracellular parasite to the 
periphery of the infected host cell. None of them are exposed on 
the IE surface, although KAHRP has been shown to associate 
with the intracellular ATS domain of PfEMP1 in knob-positive 
parasite strains (Howard et al. 1987; Howard et al. 1986; Taylor 
et al. 1987; Waller et al. 1999). In our studies we found those 
antigens to mainly traffic the IE cytosol, giving a general diffuse 
staining all over the cell not at all overlapping with the RIFIN 
and PfEMP1 staining (Paper I, Figure 9E-G). However, both 
KAHRP and PfHRP2 were occasionally found accumulated in 
dense packages in the cytosol of IEs >25 hours post invasion. 
Detailed co-localisation studies of RIFIN and PfHRP2 revealed 
partial overlap in fluorescence patterns, although in general these 
antigens seem to use different trafficking routes to reach their 
final destinations (Paper II). We did not find overlapping staining 
with RIFIN- and KAHRP-specific antibodies although there have 
been contradictive reports on this (Wickham et al. 2001).  

The PMV markers Exp1 and Exp2 were found in the cytosol 
in PMV-protrusions (PVM-buds, Paper I and Paper II), which are 
distinct structures not overlapping with the SSV-LMV complexes (Figure 9H). 

As the intracellular parasites developed into late trophozoite stages (>28h post-invasion), large 
spindle-like vesicles (LSLV) carrying RIFINs, PfEMP1 and Pf332 were built up at the periphery of 
the infected erythrocytes (Figure 9A). However, as the parasite fills up the IE cytosol with its 
increasing size and membrane whorls, their co-localisation gets harder to establish. No Pf332 was 
detectable within the PV but the fluorescence signal was still evident in the periphery of the IE of late 
schizont stages, whereas both RIFINs and PfEMP1 were to some extent detectable within the PV 
throughout parasite development. The RIFIN specific PV-staining increased with maturation while the 
PfEMP1 staining decreased (Paper I & IV).  

 

Characterisation of Maurer's clefts. In the year 2000 the P. falciparum skeleton binding protein 
1 (PfSBP1) was reported as a Maurer's cleft marker due to its location in immunoelectron microscopy 
(IEM)-cleft structures and in cytosolic dot structures detected with IFA (Blisnick et al. 2000). Several 
following reports has been using this protein as a Maurer's cleft reference marker, building up a theory 
of Maurer's clefts as a transport and protein sorting compartment (Blisnick et al. 2005; Blisnick et al. 

Figure 10. Kinetics of surface 
exposed antigens, which are iodine 
labelled and immunoprecipitated 
using a serum cross-reactive with 
both RIFIN and PfEMP1. 



2006; Lanzer et al. 2006; Przyborski et al. 2003; Wickert et al. 2003; Wickham et al. 2001). All this 
accumulated data of different parasite derived and erythrocyte recruited proteins, with possible 
functions in vesicle formation, budding, fusion, targeting etc., in structures localised just underneath 
the IE membrane is very thorough and solid. Still, the structures in these studies are referred to as 
Maurer's clefts based on a more recent definition from the 1960s, reducing a Maurer’s cleft to a 
structure seen as a “cleft” in electron microscopy studies (Langreth et al. 1978; Trager, Rudzinska, and 
Bradbury 1966a).  

To avoid further confusions around the concept of Maurer's clefts we developed a new staining 
method, in order to analyse these structures as they were originally described (Garnham 1966; Maurer 
1902) and to correlate them to those of the new definition. In experiments using IFA and labelling of 
membranes with Bodipy-Ceramide incorporation followed by Giemsa staining, we were able to 
identify at least three groups of antigens detected in locally distinct Giemsa stained structures in the IE 
cytosol: A) PfEMP1, RIFIN, Pf332 B) PfHRP2 and C) Exp1/Exp2 (Paper II, illustrated in Figure 11). 
RIFIN specific antibodies also stained “clefts” in IEM, as well as other dense material of vesicular 
character. We were able to show that all structures consisting of accumulated material such as proteins 
and lipids are visualised with the Giemsa dye, and hence can be referred to as Maurer's clefts. These 
also include the IEM-cleft structures in which PfSBP1, LANCL, and MAHRP co-localise, although 
using only PfSBP1 as a Maurer's cleft marker will exclude the PVM buds and some protein aggregates 
(i.e. PfHRP2) existing in the IE cytosol that are stainable with Giemsa (Paper II). 

 

 

In vitro adapted parasites versus fresh clinical isolates. Long-term growth in vitro will affect 
the parasites in different ways. A common feature seen in in vitro adapted parasite strains is gene-
deletions in subtelomeric regions of the chromosomes, where most of the genes encoding antigenically 
variable proteins are located (Shirley et al. 1990). One example is the deletions of KAHRP and related 

Figure 11. Illustration of P. falciparum cytosolic structures, as stained in IFA of various proteins as well as with 
Giemsa dye. 



genes in chromosome 2, making many in vitro strains loose their knobs (Biggs, Kemp, and Brown 
1989). Since the characterisation of RIFIN and PfEMP1 transport in the SSV/LMV/LSLV (i.e. 
Maurer’s clefts) pathway was done using our laboratory knobless strain FCR3S1.2, we wanted to 
exclude the possibility of describing an in vitro phenomenon. By analysing the cytosolic transport 
patterns of RIFINs, PfEMP1, Pf332 and KAHRP in a panel of trophozoite stage parasites of freshly 
thawed Ugandan isolates, as well as in vitro propagated Knob+ and Knob- clones, we found LMV 
formation to be the prominent feature also in freshly isolated P. falciparum parasites. Furthermore, we 
found both RIFINs and PfEMP1 to be transported independently of KAHRP. However, the in vitro 
cultured 3D7 clones, as well as 7G8 (unpublished data), lacked LMV/LSLV formation and thus 
transport the variant antigens in vesicles of a similar size to that of the SSV throughout parasite 
development (Paper I). These results might implicate fundamental changes in the transport machinery 
of some of the long term in vitro grown parasite clones, possibly as a result of chromosome deletions 
in gene-locations important for protein export. 

 

IDENTIFICATION OF THE SURFINs (Paper III)  

Analysis of the repertoire of variable antigens that are translated into proteins and actually exposed 
on the surface of IEs of a clonal parasite population has been difficult. However, this is an important 
factor for the further understanding of the variability in adhesive capacity, and thereby the ability to 
cause severe disease outcome, of the different parasite clones and strains. By mild trypsin treatment of 
the IEs and mass spectrometry analysis of digested peptides, we aimed for amino acid sequences from 
the PfEMP1 and RIFINs exposed on a placenta binding parasite clone 3D7S8. Although we were not 
able to identify any of these antigens, we did discover a new protein family and showed that one 
member of this is exposed on the IE surface. 

 

Identification of SURFIN4.2. Instead of RIFINs and PfEMP1, we found a protein encoded by the 
gene PFD1160w to be cleaved of the surface of our 3D7S8 parasites. This gene consist of two exons 
of 2292 and 4891 bp separated by a 159 bp intron, and the predicted 286 kDa protein contains a 
putative transmembrane domain in the 3´end of exon 1. Using high stringency analysis of our 
MALDI-TOF mass peaks, we were able to identify 4 tryptic masses located in the smaller exon 1, in 
agreement with a surface-restricted proteolytic cleavage of this domain (Paper III).  

PFD1160w belong to a small family of 10 surf- (surface associated interspersed gene family) 
genes, including three predicted pseudogenes. The protein identified was named SURFIN4.2 due to its 
location as SURFIN number 2 on chromosome 4. In general, the SURFINs show some structural and 
sequence similarities with P. vivax proteins PvSTP1 and PvVIR, in moderately conserved cystein 
residues in the N-terminal domain, as well as with the P. knowlesi PkSICAvar, and the P. falciparum 
Pf332 and PfEMP1 in tryptophane-rich residues in the endo-domains (al-Khedery, Barnwell, and 
Galinski 1999; del Portillo et al. 2001; Hinterberg et al. 1994). 

 

SURFIN4.2 transcripts show sequence variability in exon 1. To verify the presence of 
SURFIN4.2 transcript in 3D7S8 parasites we performed RT-PCR experiments and Northern blots. Full-
length transcripts were found and the maximum RNA levels were detected in late schizont and early 
ring stage parasites (Figure 12A). When comparing surf4.2 RNA of FCR3S1.2 parasites with RNA of 
3D7S8, we found polymorphisms in the extra-cellular domain suggesting sequence variability between 



genotypes. The amino acid composition 
of exon 2 of the two parasite strains 
was completely identical, whereas only 
88% identity was observed in exon 1. 
This was consistent with the suggested 
surface exposure of this domain to the 
exterior of the IE, and thus implicates 
possible antigenic variation of this 
molecule (Paper III). 

 

Stage-specific protein expression 
analysis. The presence of a 280-300 
kDa SURFIN4.2 protein on the IE 
surface of trophozoite stage parasites 
were confirmed by surface iodination 
and surface biotinylation experiments 
followed by immunoprecipitation using 
different anti-SURFIN4.2 generated 
antibodies (S1.3, S1.4, and anti-
rSURF4.2, see Table 2, Figure 12A). 
Furthermore, we performed time-course 
analysis of the protein expression 
during parasite development from ring 
to rupturing schizont stages. 
Surprisingly the protein expression 
profile did not follow the pattern of the 
surf4.2 RNA transcripts, but rather 
showed increased levels of SURFINs 
inside and at the surface of late 
trophozoite- and schizont-stage IEs 
(Figure 12A). Whether this is a result of 
early transcription of highly stable 
RNA, which are translated into proteins 
later, or that the early transcripts are not 
translated into proteins at all, remains to 

be elucidated. Since some of our antisera were highly SURFIN4.2 specific it seems unlikely, but cannot 
be excluded, that we might be looking at several different members of the SURFIN protein family. 

With our panel of antisera we found SURFIN4.2 to be co-transported with PfEMP1 and RIFIN to 
the IE surface as well as accumulated in the PV. In the case of 3D7S8 parasites there were only 25% 
of the IEs that had SURFIN4.2 exported and transported in SSVs in the cytosol, whereas in FCR3S1.2 
all IEs with LMVs transporting PfEMP1 and RIFINs also carried SURFIN4.2 (Figure 12B). This again 
suggests that the export machinery of 3D7 parasites might be deficient.  

Figure 12. Identification and characterisation of SURFINs 
at the IE surface and in the cytosol. (A) The presence of 
SURFINs was confirmed on RNA level (column 1) and 
on the IE surface of trophozoite and schizont stages 
(column 2-3). SURFIN was shown easier to biotinylate 
than PfEMP1, whereas the opposite was seen for PfEMP1 
(column 4). (B) SURFIN is co-transported with RIFINs 
and PfEMP1 to the IE surface in 25% of 3D7S8 
trophozoites and in all FCR3S1.2 trophozoites. 



MEROZOITES (Paper III and IV) 

The accumulation of SURFINs and RIFINs inside the PV as the parasites developed into late 
schizont stages motivated a more thorough investigation of these stages. It has been suggested that 
there are factors released to the surroundings during rupture of the schizonts, important for the 
successful invasion of the free merozoites (Camus and Hadley 1985; Blackman 1994).Therefore we 
wanted to harvest these parasites as carefully as possible (see Materials & Methods). 

 

SURFINs and RIFINs in merozoites. By growing the parasites to the time point when the IEs 
start to burst and release merozoites, we were able to harvest rupturing schizonts, merozoite clusters 
and free individual merozoites without filtering or washing away membrane remnants and possible 
other loosely attached material. Anti-SURFIN and anti-RIFIN antisera were used in IFA and IEM 
experiments to analyse the localisation of these antigens in relationship to the individual merozoites. 
Known merozoite markers located at the surface, in the micronemes, or in rhoptries (MSP1, EBA-175, 
AMA1, RAP1, etc.) were used for co-staining experiments. 

All anti-SURFIN antisera tested reacted similarly with the apical end of merozoites, although not 
in micronemes nor in rhoptries. The structure in which we found SURFIN extended beyond these 
organelles and was interpreted as an amorphous cap at the parasite apex. In this attached amorphous 
layer, which could be partly washed off the merozoites, SURFIN may be involved in the invasion of 
erythrocytes as implicated by the invasion inhibition retrieved from assays using purified IgG from the 
anti-rSURF4.2 antiserum. These antibodies were able to reduce the invasion rate with approximately 
25%, when used at high concentration. However, we do not know whether this reagent recognise 
exposed epitopes of the native protein, and thus it is possible that this blocking effect would be of 
greater magnitude with another reagent (Paper III). It is tempting to speculate that the SURFIN-
containing merozoite associated material (MAM) is involved in the initial binding of merozoites to red 
blood cells, and then is shed off during invasion. Here it might have a possible role in shielding the 
highly conserved proteins crucial for invasion, i.e. EBA-175 and AMA1, from being recognised by the 
host immune system. 

Accumulating RIFINs in late stage IEs were detected using the peptide-generated antiserum 
towards the conserved intracellular domain of this protein family. However, this antiserum was also 
found to recognise RIFIN polypeptides in the apical end of merozoites, but in comparison to the 
SURFINs the pattern was more distinct and restricted to the interior of the parasite. The RIFIN 
fluorescence did overlap to some extent with microneme and rhoptry specific labelling, but from IEM 
studies and preliminary confocal microscopy experiments we could exclude rhoptry localisation. The 
possibility of microneme or microneme-associated localisation though is likely (Paper IV). Whether 
RIFINs are exposed on the outside of the merozoite before invasion, as reported for other microneme 
proteins such as AMA1, is not shown here (Healer et al. 2002; Narum and Thomas 1994). However, 
given the variability of this protein we speculate that they might be involved in merozoite antigenic 
variation.  

We conclude that the IE and the merozoite surface share molecular features previously not 
recognized. By exposing the same polymorphic antigen on these two attachments-surfaces the parasite 
may coordinate the antigenic composition during growth in the blood-stream. It would of course be of 
great interest to investigate the relative localisation of RIFINs and SURFINs in merozoites, which will 
be done in the near future. 



 

RIFIN SUBGROUPS (Paper IV) 

Interestingly, when using a panel of different anti-RIFIN reagents generated towards various 
epitopes of different peptides or recombinantly expressed proteins (Table 2), we were able to detect 
several diverse fluorescence patterns in trophozoite stage IEs as well as in later stages and in 
merozoites. This made us suspect that there might be subgroups within this large repertoire of rif-
genes, possible encoding for proteins with different features and functions. Bioinformatic analysis of 
the 3D7 rif-genes available on PlasmoDB, together with IFA, IEM and immunoblots, were performed. 

 

A- and B-type RIFINs are differentially expressed throughout parasite development 
Alignments of 134 RIFIN protein sequences resulted in two major groups. The larger group of A-type 
RIFINs represents 73% of all proteins analysed, while the second group with B-type RIFINs makes up 
27%. The major differences between these groups are; 1) the presence of a 25 amino acid stretch 
located approximately 66 amino acids downstream of the PEXEL motif in the semi-conserved region 
of A-type RIFINs, 2) 4 additional conserved cystein residues in A-type RIFINs, and 3) a small number 
of subtype-specific conserved residues in the C-terminal ends (KLQYIKLLE/KE and 
KA/LQYTKLLNQ/E, for A- and B-type respectively). The 25 amino acid stretch and the extra cystein 
residues might constitute putative targeting or regulatory signals as well as provide divergent folding 
properties between the RIFIN molecules (Paper IV).  

Furthermore, using different reagents specific for either A- or B-type RIFINs, we found that A-
RIFINs were transported via the SSV/LMV/LSLV pathway to the IE surface where they were 
exposed. B-RIFINs on the other hand accumulated within the PV throughout parasite development, 
with only a faint diffuse staining of the IE cytosol observed (Paper IV). These data are also supported 
by a recent study of B-RIFIN-GFP (green fluorescence protein) transfectants, in which it is shown that 
a full-length B-RIFIN-GFP construct stays within the PV (Khattab and Klinkert 2006). Interestingly, 
they also show that chimeras in which the GFP is inserted in the middle of the protein, or in which the 
TM- and the intracellular domain (see Figure 5) are deleted, are transported out to MCs (Khattab and 
Klinkert 2006). This suggests that translocation to MCs depends on the A-RIFIN stretch downstream 
of PEXEL together with additional factors, possibly related to the folding and the hydrophobicity of 
the protein. 

In late stage parasites some A-type RIFINs accumulated within the PVM and the PVS, some were 
detectable inside the merozoites in the apical end as described above, and some were restricted to the 
IE cytosol and surface. This suggests that there might be further subgroups within the A-group. The B-
RIFIN specific fluorescence was distributed in a diffuse fashion inside the merozoite cytosol (Paper 
IV). 

 

Clonal antigenic variation of merozoites? To confirm the presence of RIFIN polypeptides in 
merozoites, we performed immunoblot experiments on protein extracts of late schizonts and free 
naturally released merozoites. As expected, our different anti-RIFIN antisera reacted with different 
RIFINs, and there was no overlap between A- and B-type reactivity. The antiserum that exclusively 
recognized IE cytosolic and surface located A-RIFINs in IFA studies of late stages, did not detect any 
RIFINs in the merozoite extracts. Nevertheless, the anti-B antiserum was only reactive with a single 
protein band in all strains at both stages. Given the variability in amino acid composition and the 



similarity in size characteristic for B-type RIFINs, it is possible that this band accounts for several B-
type RIFINs of comparable size. However, the antiserum to the conserved intracellular domain of A-
RIFINs reacted with multiple bands in schizont as well as in merozoite extracts. A shift in the A-
RIFIN repertoire recognized was observed between schizonts and merozoites for two of the three 
parasite clones analysed, indicating an intricate intra-clonal switch (Paper IV). This is likely to reflect 
an on-switch of RIFIN variants to adjust to specific functions required by the merozoite, although, 
some changes may alternatively be due to posttranslational modifications related to regulatory 
functions distinct for this life cycle stage. Taken together, these data suggest functional complexity of 
the antigenically variable RIFIN family, beyond what was previously postulated.  



CONCLUSIONS 
 
 
 
- RIFINs and PfEMP1 are co-transported through the IE cytosol to the surface in 

single small vesicles (SSVs), large multimeric vesicles (LMVs) and large 
spindle-like vesicles (LSLVs) 

 
- These structures are stainable with Giemsa, and hence are all Maurer's cleft 

according to the original definition by Dr. Georg Maurer 
 
- LMVs are seen as the default transport pattern in trophozoite stages of in vitro 

grown parasite strains as well as in fresh isolates.  
 
- Some long term in vitro grown parasites (i.e. 3D7) do not form LMVs 
 
- LMVs, and SSVs to some extent, are the same structures as those referred to as 

Maurer’s clefts by the more recent EM-definition of the mid 1960s, in which 
Pf332, PfSBP1, PfSar1p, PfSec31p and MAHRP co-localise 

 
- KAHRP and PfHRP2 are only transiently located in LMVs within a limited 

time-window 
 
- Most PfHRP2 aggregates, as well as Exp1 and Exp2 in PVM-buds, are 

separated from the SSV/LMV/LSLV pathway but stainable with Giemsa, hence 
located in Maurer´s clefts 

 
- SURFINs belong to a small gene family that are co-transported with PfEMP1 

and RIFINs to the IE surface 
 

- SURFIN and RIFIN also localise at different sites in the apical end of 
merozoites 

 
- The RIFINs can be divided into two major subgroups, A- and B-type RIFINs, 

which are expressed clonally and developmentally different from each other 
 

- A-RIFINs are exported via the SSV/LMV/LSLV pathway to the IE surface, in 
the PVM surrounding the merozoites, and accumulate in the merozoite apical 
end, while B-RIFINs accumulate within the PV and in the merozoite cytosol 
throughout development 
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