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Abstract: 

Introduction: Plasmodium falciparum apical membrane antigen 1 (AMA1) is a blood 

stage protein involved with erythrocyte invasion. Because anti-AMA1 antibodies inhibit 

parasite growth and are associated with clinical immunity, AMA1 is a leading malaria 

vaccine candidate in clinical testing. However, AMA1 is highly polymorphic and 

antibodies elicited by one variant of AMA1 may not confer protection against others; 

therefore, an effective vaccine might need to include multiple variants. Studies of 

antibody cross-reactivity to AMA1 variants would aid in the rational design of an AMA1 

vaccine. The current study used an autotransporter expression system to express several 

variant AMA1 fragments. We expected that antibodies raised against one P. falciparum 

AMA1 variant would recognize homologous AMA1 fragments but not highly dissimilar 

variants.  



Methods: Fragments of the AMA1 protein corresponding to AMA1 sequences from six 

P. falciparum strains (3D7, FVO, DD2, 7G8, Fab9, and M5) were genetically engineered 

and incorporated into an EspP autotransporter. Proteins were expressed, purified and used 

in western blotting assays to assess reactivity of polyclonal rabbit antibodies that were 

raised against recombinant 3D7-AMA1 and FVO-AMA1.  

 

Results: Anti-3D7 AMA1 polyclonal rabbit antibodies preferentially recognized the 3D7 

AMA1 fragments, and cross-reacted with the heterologous Fab9 AMA1 fragments via 

western blotting. Polyclonal rabbit antibodies raised against FVO AMA1 preferentially 

recognized FVO AMA1 fragments but also had a higher level of cross-reactivity, 

strongly recognizing heterologous M5, and 7G8 AMA1 fragments.  

 

Conclusions: The autotransporter expression system allowed for characterization of 

polypeptide fragments from different AMA1 strains based on antibody recognition. It 

was evident that antibody recognition became more specific when larger fragments were 

studied. The identification of residues that form the basis of cross-reactivity between 

strains could yield useful information to guide the design of future AMA1 vaccines. 
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I. Introduction 
 

Over 250 million people living in tropical and subtropical areas are at risk of 

contracting malaria, with up to1.24 million dying of the disease annually (Murray et al., 

2012). Among the five species of malaria that can infect humans; P. falciparum is the 

most virulent and is responsible for the most severe disease and death worldwide. 

Children in the tropics are at the greatest risk for severe forms of malaria due to low 

levels of acquired immunity. Frequent exposure to infection enables people who live in 

highly endemic areas to acquire partial natural immunity. These individuals are more 

likely to remain asymptomatic during infection and/or to clear parasites more rapidly than 

non-immune people (Marsh & Snow, 1997). To reduce disease and death, the World 

Health Organization (WHO) recommends the use of long-lasting insecticide-impregnated 

bed nets, insecticides, and artemisinin-based combination therapy to treat malaria. With 

increasing evidence for resistance to artemisinins, other malaria control tools, such as an 

effective vaccine, are needed (Newman, 2012).  

A successful vaccine would induce immunity more quickly and effectively than 

natural infection, which only results in clinical protection after years of repeated 

exposure. Genetic recombination events and mutation increase the genetic diversity of P. 

falciparum variants, making a broadly efficacious vaccine a difficult challenge (Plowe, 

Alonso, & Hoffman, 2009). One approach that could overcome this hurdle involves the 

development of recombinant subunit malaria vaccines, which target specific stages of the 

parasite life cycle, and which could potentially include multiple versions of the vaccine 

antigens (Heppner Jr et al., 2005).  
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Apical membrane antigen 1 (AMA1), a promising malaria vaccine candidate, is 

expressed during the asexual and liver stages of the parasite life cycle as an 83kDa 

precursor, which then undergoes proteolytic cleavage to become a 66kDa product. 

AMA1 is involved in merozoite invasion of red blood cells (RBC), and at the time of 

invasion the protein is then cleaved again to form a 43kDa product. The 43kDa protein 

contains 16 conserved cysteine residues, defining three domains (Domains I, II, III) due 

to the arrangement of the eight disulfide bonds (Hodder et al., 1996). Within Domain I, 

the focus of this study, three regions have been previously defined that include Cluster 1, 

2, and 3. Within Cluster 1 (C1), a loop of highly polymorphic residues is referred to as 

the Cluster 1 Loop (C1L).  

AMA1 expression is essential for P. falciparum growth. In vitro experiments have 

shown that antibodies directed against AMA1 inhibit the parasite’s ability to invade RBC 

(Hodder, Crewther, & Anders, 2001). Immunization regimens in different animal models 

have shown efficacy against malaria challenge (Anders et al., 1998; Stowers et al., 2002), 

and passive transfer of these antibodies can be protective (Hodder et al., 2001). Sero-

epidemiological studies also confirm a relationship between high serological responses 

against AMA1 and protection against malaria (Polley et al., 2004). An effective vaccine 

targeting AMA1 would be expected to induce an immune response that inhibits the 

parasite’s ability to invade RBC and propagate. However, AMA1 is highly variable and 

unless antibodies that are cross-reactive to different AMA1 variants are generated, 

AMA1 vaccine-induced immunity may be variant-specific, compromising efficacy. In a 

recent molecular-epidemiologic study, AMA1 sequences of paired consecutive malaria 

infections were compared, and the proportions of amino acid changes between the 
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infection pairs were tabulated. Greater proportions of amino acid changes were associated 

with increased risk of symptomatic illness, presumably because AMA1 in the second 

infection was immunologically distinct from AMA1 in the first infection.  It was reported 

that over 60 polymorphic sites reside within the three domains of the protein resulting in 

over 200 haplotypes within the single village in Mali that was studied. Changes in the C1 

and C1L regions were the most strongly associated with subsequent symptomatic illness, 

implicating these regions as the most immunologically important (Takala et al., 2009). 

Some of the polymorphic sites of AMA1 surround a conserved “hydrophobic 

pocket” within Domains I and II, which has been shown to be important for RBC 

invasion (Bai et al., 2005). One study, using growth inhibition assays (GIA), assessed the 

importance of different regions of AMA1 for immune protection. Chimeras of FVO and 

3D7 were created, and rabbit antibodies generated against the chimeras were used in GIA 

assays. Chimeras involving C1, and more significantly C1L, were strong determinants of 

antigenic escape, the ability to avoid immunodetection (Dutta, Lee, Batchelor, & Lanar, 

2007). 

AMA1 strain-specific efficacy was seen in a clinical trial in which a recombinant 

AMA1 vaccine based on one strain, 3D7, was administered to Malian children, while a 

control group received a rabies vaccine. When comparing the two groups there was no 

statistically significant difference in the overall risk of clinical malaria over a 

transmission season. However, when AMA1 sequences from infections were evaluated, 

the AMA1 vaccine recipients had a lower cumulative incidence of first clinical episode 

that was 3D7-like with respect to C1L. (Thera et al., 2011). This was the first 

demonstration of allele-specific efficacy in a human blood-stage malaria vaccine trial as 



	   4	  

well as a confirmation that a small polymorphic region of AMA1 could be driving the 

development of protective immunity. These observations suggest that a multi-allelic 

subunit vaccine based on a given malaria antigen, such as AMA1, could induce immune 

responses against multiple variants of immunologically important regions of the antigen 

and provide broad protection against clinical malaria. 

 Currently there are several methods for producing vaccine grade recombinant 

proteins within E. coli such as protein production within cytosolic inclusion bodies. 

Though these methods are effective, they require further purification and refolding steps. 

Previously it has been shown that recombinant proteins can be efficiently expressed by 

exploiting a natural method of protein production by E. coli, referred to as the 

Autotransporter (AT) system (Henderson, Navarro-Garcia, & Nataro, 1998; Ruiz-Perez et 

al., 2002). AT are virulence factors expressed by gram-negative bacteria that self-

translocate across the bacterial cell membranes and then are either secreted or remain 

anchored to the outer membrane. Serine Protease AT of Enterobacteriaceae (SPATE), 

are a subgroup of AT that are secreted into the extracellular space (Dautin, 2010). EspP, 

or extracellular serine protease, plasmid encoded, is a SPATE carried by E. coli 0157:H7 

that has been implicated in diseases such as hemorrhagic colitis and hemolytic uremic 

syndrome (Khan, Mian, Sandercock, Chirgadze, & Pai, 2011). 

Like other autotransporters, EspP is composed of a signal sequence, a passenger 

domain, a linker, and a beta barrel translocator (Figure 1). The N-terminal signal 

sequence directs the precursor AT through the sec apparatus within the inner membrane. 

The sec pathway allows the movement of proteins from the cytoplasm into the 

periplasmic space of the bacteria. Then via reaction coupling, ATP is hydrolyzed 
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resulting in the cleavage of the signal sequence. Within the periplasmic space the 

truncated precursor containing the N-terminal virulence factor in the passenger domain 

remains unfolded. A 12-stranded beta barrel forms at the C-terminus and is stabilized by 

the linker domain (Velarde & Nataro, 2004), resulting in a pore in the outer membrane 

that allows the passenger domain to shuttle out of the cell. The release of the passenger 

domain to the extracellular space is mediated by amino acids within the beta barrel. 

 

Figure 1. Secretion Mechanisms of Autotransporters 

 

Secretion mechanisms of autotransporters adapted from (Jose, 2006). Unfolded proteins 
are directed to the sec apparatus in the inner membrane (IM) by signal sequence (SP), 
moved into the periplasmic space (PP), and then shuttled out of the cell through the beta 
barrel translocator in the outer membrane (OM). Once outside of the cell, the passenger 
domain is cleaved. 
 

 

By manipulating the passenger domain to contain a protein of interest (Velarde & 

Nataro, 2004), the E. coli will produce and secrete the recombinant protein into the 

supernatant, allowing for easy capture and subsequent studies. Previously, a group 
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removed the complete passenger domain of five AT, including EspP, and replaced the 

region with a 20kDa protein. The proteins expressed were fully translocated and 

functional (Binder, Matschiner, Theobald, & Skerra, 2010). For the current study, a 

13kDa portion of the EspP passenger domain has been removed to allow for 

incorporation of our AMA1 constructs of interest (Figure 2). 

 

Figure 2. Autotransporter Plasmid Map 

 

An Autotransporter plasmid map adapted from (Velarde & Nataro, 2004). The 55 amino 
acid N-terminal signal sequence (SS) is upstream of the passenger domain displayed in 
red. A portion of the passenger domain has been removed, positions 60-291, and replaced 
with the myc epitope tag (EQKLISEEDL) shown in black. The linker region, which is 
necessary for folding, is downstream of the passenger domain at position 821, and the C-
terminal beta domain is responsible for translocation. 
 
 
Table 1. AMA1 Variants Used in This Thesis 

Laboratory 
strain 

C1L Haplotype Frequency C1L Polymorphic Amino Acid 

3D7 68/506 (13.4%) DEMRHFYKDNKY 
FVO 29/506 (5.7%) NGMRDFYKNNEY 
DD2 63/506 (12.5%) DDMRLLYKDNED 
7G8 22/506 (4.3%) DHMRDFYKNNEY 
Fab9 76/506 (15.0%) DQMRHFYKDNKY 
M5 30/506 (5.9%) NGMRDLYKNNEY 

Adapted from Takala et al. Trans Med Sci 2009. 506 AMA1 sequences, which were all 
from predominantly single clone infections, were derived from dried blood spots 
collected during an incidence study in Bandiagara Mali. Column 1, Laboratory strain 
name. Column 2, C1L haplotype frequency. Column 3,  C1L polymorphic residues 
contained within amino acids 196 to 207 of AMA1 are bolded.  
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  Six C1 AMA1 variants based on six well-characterized laboratory strains (3D7, 

FVO, DD2, 7G8, Fab9, and M5) were targeted in this pilot study due to their high 

frequency within the Bandiagara, Mali population. (Table 1). Different constructs were 

synthesized for integration into the EspP passenger domain. The first construct is C1L, a 

21 amino acid region (~3kDa), which is also the most polymorphic region of AMA1. The 

second construct is C1, a 44 amino acid region (5kDa), which includes C1L. The third 

construct, a larger 130 amino acid region (~15kDa) we termed "C1-Big", surrounds the 

C1 region and also contains two conserved disulfide bonds (Figure 3).  

 

Figure 3. Construct Schematic 

 

Schematic displaying the AMA1 residues of interest for the three fragments. C1Big 
constructs are 130 amino acids, containing two disulfide bonds. C1 constructs are 44 
amino acids, with one conserved cysteine. C1L is 21 amino acids long. Disulfide bonds 
are indicated with red lines. 
 
  

 An attempt was made to express three differently sized fragments for the six 

AMA1 variants that were studied. Secondly, it was determined whether a disulfide bond 
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containing construct, C1Big, could be expressed without supplying reducing conditions. 

Disulfide bond formation within the AT system has been studied by many groups; some 

but not all AT can export a disulfide bond (Jose, Kramer, Klauser, Pohlner, & Meyer, 

1996; Ramesh, Sendra, Cirino, & Varadarajan, 2012). Finally, all the generated 

constructs were tested using hyper-immune rabbit sera directed against FVO and 3D7 

AMA1 to observe strain- and cross-specific antibody reactivity. The hypothesis was that 

constructs with greater similarity to 3D7 AMA1 would be recognized more strongly by 

anti-3D7 AMA1 sera than constructs with less similarity to 3D7 AMA1. Likewise, we 

hypothesized that constructs with greater similarity to FVO AMA1 would be recognized 

more strongly by anti-FVO AMA1 sera than constructs with less similarity to FVO 

AMA1. The C1L region contains most of the polymorphic sites, so with increasing 

fragment size, there is less variation between the strains being studied. It was predicted 

that as the size of the fragments increased, there would be higher likelihood of cross-

reactivity, while antibodies should recognize smaller fragments with higher specificity. 

Future studies will aim to incorporate these and other AT proteins on a protein 

microarray that can be used to screen human serum samples so that correlations can be 

made between antibody reactivity and clinical outcomes. The overall goal of this research 

is to identify AMA1 regions and variants that are associated with cross-reactive and 

cross-protective antibody responses in order to inform the development of a potent 

AMA1 vaccine with broad efficacy.   
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II.  Methods  
 

Overall Strategy.  
 
Molecular cloning techniques were used to generate AMA1-AT constructs. Then, protein 

expression and antibody recognition for each construct was evaluated. Sypro Ruby 

staining and anti-myc western blots were used to determine protein expression. Rabbit 

polyclonal antibodies directed against 3D7 and FVO were tested against the constructs to 

look for differential cross-reactivity among these variants. 

Bacterial Strains. 
 
E coli DH5α (fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 

endA1 thi-1 hsdR17) was used for efficient plasmid amplification, and HB101 (F- mcrB 

mrr hsdS20 (rB-, mB-) recA13 supE44 ara14 galK2 lacY1 proA2 rpsL20(Smr) xy15 λ- 

leu mtl1) was used for protein expression. 

Plasmid. 
 
pAB62, a 6.5 kb plasmid, is a derivative of the pK18 plasmid in which the EspP gene 

from plasmid pO157(E. coli O157:H7) has been incorporated between HindIII and SmaI 

restriction sites (Figure 2). The EspP passenger domain has previously been modified to 

contain a myc epitope, EQKLISEEDL, (Velarde & Nataro, 2004) and additional 

endonuclease restriction sites Xbal, PstI, Ndel, Xhol, and BamHI to allow for ligation of 

sticky ended constructs within the plasmid. EspP is expressed constitutively. pAB62 was 

sequentially digested with PstI-HF (NEB, Ipswich, MA) overnight followed by 

BamHI HF (NEB, Ipswich, MA) for two hours to create sticky ends and then purified 

from a 1.2% agarose gel with the Qiaquick Gel extraction kit (Qiagen Germantown, 
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MD). Double-digested gel purified pAB62 was used for the C1L constructs. Plasmids 

used for C1 and C1Big were also treated with Calf-intestinal alkaline phosphatase (CIP) 

(NEB, Ipswich, MA) to remove 5’ phosphates from the plasmid in order to prevent self-

annealing during subsequent ligation steps. 

Genetic Engineering. 

C1L Constructs  
 
25uM sense and anti-sense oligonucleotides based upon the strain-specific C1L 

haplotypes were designed with E. coli optimized codons so that annealed double-stranded 

(ds-) oligonucleotides would mimic the sticky ends created by digestion with BamHI and 

Pst1 (sense: G…G; antisense: ACGTC… CCTAG) (Table 2). Accession numbers for the 

AMA1 haplotypes used in this study are provided in Table 3. The oligonucleotides were 

slow annealed to form ds-oligonucleotides using a 1mM concentration of MgCl2 

(Promega, Fitchburg, WI). The ds-oligonucleotides were then ligated into the purified 

digested pAB62 using Quick Ligase (NEB, Ipswich, MA). 
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Table 2. Annealed C1L Oligonucleotides 

                        AMA1 C1L Oligonucleotides (191aa-211aa)  
Name Amino Acid Sequence E. Coli Optimized Nucleotide Sequence Orientation 
3D7 SPMTLDEMRHFYKD

NKYVKNL 
5’ G AGC CCG ATG ACC CTG GAT GAA ATG 
CGC CAT TTT TAT AAA GAT AAC AAA TAT 
GTG AAA AAC CTG G 3’ 

Anti- Sense 

  5’ GA TCC CAG GTT TTT CAC ATA TTT GTT 
ATC TTT ATA AAA ATG GCG CAT TTC ATC 
CAG GGT CAT CGG GCT CTG CA 3’ 

Sense 

FVO SPMTLNGMRDFYK
NNEYVKNL 

5’  G AGC CCG ATG ACC CTG AAC GGC 
ATG CGC GAT TTT TAT AAA AAC AAC GAA 
TAT GTG AAA AAC CTG G 3’ 

Anti-Sense 

  ) 5’ GA TCC CAG GTT TTT CAC ATA TTC GTT GTT 
TTT ATA AAA ATC GCG CAT GCC GTT CAG GGT 
CAT CGG GCT CTG CA 3’ 

Sense 

DD2 SPMTLDDMRLLYKD
NEDVKNL 

5’ G AGC CCG ATG ACC CTG GAT GAT ATG 
CGC CTG CTG TAT AAA GAT AAC GAA 
GAT GTG AAA AAC CTG G 3’ 

Anti-Sense 

  5’ GA TCC CAG GTT TTT CAC ATC TTC GTT 
ATC TTT ATA CAG CAG GCG CAT ATC ATC 
CAG GGT CAT CGG GCT CTG CA 3’ 

Sense 

7G8 SPMTLDHMRDFYK
NNEYVKNL 

5’ G AGC CCG ATG ACC CTG GAT CAT ATG 
CGC GAT TTT TAT AAA AAC AAC GAA TAT 
GTG AAA AAC CTG G 3’ 

Anti-Sense 

  5’ GA TCC CAG GTT TTT CAC ATA TTC GTT 
GTT TTT ATA AAA ATG GCG CAT ATG ATC 
CAG GGT CAT CGG GCT CTG CA 3’ 

Sense 

Fab9 SPMTLDQMRHFYK
DNKYVKL 

5’ G AGC CCG ATG ACC CTG GAT CAG ATG 
CGC CAT TTT TAT AAA GAT AAC AAA TAT 
GTG AAA AAC CTG G 3’ 

Anti-Sense 

  5’ GA TCC CAG GTT TTT CAC ATA TTT GTT 
ATC TTT ATA AAA AAG GCG CAT CTG ATC 
CAG GGT CAT CGG GCT CTG CA 3’ 

Sense 

M5 SPMTLNGMRDLYK
NNEYVKNL 

5’ G AGC CCG ATG ACC CTG AAC GGC ATG 
CGC GAT CTG TAT AAA AAC AAC GAA 
TAT GTG AAA AAC CTG G 3’ 

Anti-Sense 

  5’ GA TCC CAG GTT TTT CAC ATA TTC GTT 
GTT TTT ATA CAG ATC GCG CAT GCC GTT 
CAG GGT CAT CGG GCT CTG CA 3’ 

Sense 

E. coli optimized oligonucleotides synthesized for C1L constructs, amino acids 191 to 
211. Anti-Sense and Sense oligonucleotides were annealed for incorporation into the 
intended plasmid.  
 
 

Amplification of Genes Encoding the AMA1 Ectodomain from Field Isolates 
 
All amplicons used in this study were obtained from six field samples, from which ama1 

had been previously sequenced and shown to be a single dominant haplotype of the 3D7, 
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FVO DD2 7G8 Fab9, and M5 variants based on C1 region, residues 187-230 (Table 3). 

The genetic sequence encoding the AMA1 ectodomain of the field samples were 

amplified following a previously published protocol (Duan et al., 2008). In brief, the 

primers F2 (tcaaattaatgtacttgtta) and R8 (ttttagcataaaagagaagc) were used with the 

following cycling conditions: 94°C for 2 minutes, followed by 35 cycles of 94°C for 

20 seconds, 52°C for 10 seconds, 48°C for 10 seconds and 60°C for 3 minutes. The last 

extension was for 5 minutes at 60°C. These samples were then used as the primary PCR 

template for the C1 and C1Big nested PCRs. The final volume of the primary PCR 

reaction was 29.5µl composed of 22.5µl Platinum super mix, 1µl of each primer, and 5µl 

of malaria parasite DNA. The secondary PCR reaction had a final volume was 52µl, 

composed of 45µl Platinum super mix, 1µl of each primer, and 5µl of primary PCR 

product. Size was confirmed using gel electrophoresis.  

Table 3. Accession Numbers for AMA1 Construct Design 

 AMA1 Accession numbers 
3D7 XM_001347979 
FVO AF512507 
DD2 EU586381 
7G8 EU586371 
Fab9 EU586388 
M5 EU586446 

Accession numbers were located on NCBI. These were used as a reference for the 
development of primers used for construct design of C1 and C1Big. 

 

C1 Constructs  
 
Primers used to amplify C1 constructs (amino acids 187 to 230 of the AMA1 

ectodomain) shown on Table 4 were designed using the DNA sequences corresponding 

to the accession numbers shown on Table 3. The forward primers contained an upstream 

adapter sequence with BamHI and the reverse primers contained a downstream adapter 
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sequence with PstI (Forward: gcgcaattctgcag; Reverse: gcgcaattggatcc). The following 

cycling conditions were used: 94°C for 2 minutes; 30 cycles of 94°C for 20 seconds, 

55°C for 10 seconds, 51°C for 10 seconds and 60°C for 45 seconds; ending with a 5 

minute final extension at 60°C.  

Table 4. AMA1 Specific Regions of Primers for C1 Constructs 

Primers Sequence  Construct 
Forward-2 AAACCTCTTATGTCACCAAT Dd2, fab9 
Forward-3 GAACCTCTTATGTCACCAAT 3d7 
Forward-4 AATCCTCCTATGTCACCAA M5 
Reverse-1 ATCATTATCTGGATTCATATTTCCT Dd2, m5 
Reverse- 2 ATCATTATCTGGAATCATATTTCCT 3d7, fab9 

AMA1 specific regions of Primers used for C1 construction, not including the adapter 
sequence.   

 

C1Big Constructs 
 
C1Big, which encompassed a larger region of the field samples Domain I, are "like" the 

published lab strains; however they contain additional base pair substitutions flanking the 

C1 region (amino acid homology of C1Big constructs: 3D7 100%, FVO 95%, DD2 98%, 

7G8 96%, Fab9 99%, M5 95%). Primers used to amplify C1Big were based on conserved 

motifs found in aligned samples at amino acid positions 147 to153 and amino acid 

270 to 276 of the AMA1 ectodomain (F_AT: gggaaatgtccagtatttg; R_AT: 

acaaaacatgctgtttct). Adapter sequences flanked the AMA1 consensus primers and 

contained the BamHI and PstI sequences for the forward and reverse primers respectively 

(Forward: gcgcaattctgcag; Reverse: gcgcaattggatcc). PCR conditions were as follows: 

samples were denatured for 2 minutes at 94°C; followed by 35 cycles of 94°C for 20 

seconds, 48°C for 10 seconds, 44°C for 10 seconds and 60°C for 40 seconds; ending with 

a 60°C extension for 5 minutes.  
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C1 and C1Big Constructs, Post-PCR Reaction 
 
After amplification, PCR products were purified with the Qiagen PCR kit (Qiagen 

Germantown, MD), digested sequentially with BamHI and PstI to create sticky ends, and 

then gel-purified from a 1.2% agarose gel using the Qiagen gel extraction kit (Qiagen 

Germantown, MD). Purified digested amplicons were ligated into double-digested, CIP 

treated pAB62 plasmids and placed on ice for transformation. 

Transformation and Cloning Confirmation. 
 
DH5α competent cells were sensitized using 100mM CaCl2, and were stored in 100µl 

aliquots at -80°C until used. Ligated plasmids were transformed into competent DH5α 

cells by heat shock at 42°C, and were grown overnight at 37°C on 100µg/ml kanamycin 

plates. At least 2 colonies per transformation were grown in 3 ml of 50µg/ml Kanamycin 

Luria broth overnight, and then the plasmid was purified using the Qiagen Qiaquick kit 

(Qiagen Germantown, MD). After a sequential double digest, construct size was 

confirmed by gel electrophoresis. Sequencing PCR was performed on purified plasmids 

using the DNA Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster 

City, CA) and the following primers: F_seq: tcatattcttttgcgtcacagatg and R_seq: 

cattttcaatggttgcaacctg. In brief, purified plasmids were denatured for 1 minute at 94°C, 

with 25 cycles of 96°C for 30 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. 

Plasmids were then transformed into HB101 competent cells (Invitrogen, Grand Island, 

NY) and grown at 37°C overnight on 100µg/ml kanamycin plates.  

Protein Expression. 
 
Fresh lawn growth of HB101 transformations was used to inoculate 30mL 50µg/ml 

Kanamycin Luria broth (initial OD600nm <0.2) and grown until mid-late log phase 
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(OD 600nm ~0.8). Constructs containing disulfide bonds (C1Big) were grown with and 

without 10mM 2-Mercaptoethanol (BME) reducing conditions. After achieving mid-late 

log phase (OD600nm ~0.8) bacteria was pelleted by centrifugation at 3200g for 

15 minutes and supernatants were passed through a 0.45µm syringe filter and stored at      

-80°C.  

Protein Staining. 

Sypro Ruby Staining  
 
Filtered supernatants were diluted in 2x Laemmli buffer (Biorad, Hercules, CA) and 

1mM BME and boiled for 10 minutes. Samples were separated by 4-20% (w/v) 

acrylamide SDS-PAGE (Biorad, Hercules, CA) at 200V, for 25 minutes. Gels were 

incubated with Sypro Ruby stain 1:5000 v/v in 7.5% acetic acid protected from light for 

50 minutes. Pictures of the stained gels were taken using Biorad Gel Doc XR+ Molecular 

Imager (Biorad, Hercules, CA), after a 15 second exposure. 

Anti-Myc Western Blot  
 
Protein samples were transferred from SDS-PAGE gels to 0.45µm nitrocellulose 

membranes (Thermo Scientific Rockford, IL) using Tobin’s buffer and the Trans-Blot SD 

semi-dry Electrophoretic Transfer Cell apparatus (Biorad, Hercules, CA). Membranes 

were blocked in Fluorescent western blotting buffer (Rockland Immunochemicals Inc., 

Gilbertsville, PA) for one hour. Anti myc mouse antibody (Invitrogen, Grand Island, NY) 

was applied in a 1:5000 v/v suspension in Rockland buffer and allowed to incubate while 

shaking at room temperature for one hour. The membrane was then washed three times 

with 1x PBS containing 0.5% Tween20 (PBST). Affinity purified DylightTM 680 labeled 

Goat anti-mouse IgG (H+L)HSA (KPL, Gaithersburg, MD) at 1:5000 v/v in Rockland 
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buffer was applied to the membrane, and incubated while shaking and protected from 

light at room temperature for one hour. Following 5 washes with PBST the membrane 

was washed with deionized water and scanned using the Licor Odyssey at 700nm. 

Anti-FVO and Anti-3D7 AMA1 Western Blot  
 
Dr. Sheetij Dutta kindly supplied polyclonal rabbit antibodies directed against 3D7 and 

FVO AMA1 recombinant proteins. In brief, samples were suspended in 4x NuPAGE 

LDS sample buffer (Invitrogen, Carlsbad, CA) with BME, and boiled for 10 minutes. 

Samples were separated on 4-12% NuPAGE gels were run using MES SDS buffer, and 

transferred to 0.45µm membranes using the Trans-Blot SD semi-dry Electrophoretic 

Transfer Cell apparatus. Membranes were blocked with 1% Casein in PBS. 1:5000 v/v of 

the 3D7 or FVO rabbit primary antibody in 0.01% casein was incubated with the 

membrane on a tilt table for one hour. Membranes were washed three times with PBST, 

and incubated again on a tilt table with 1:5000 v/v AP goat anti rabbit antibody (Abcam 

Foster City, CA) in 1x PBS for 30 minutes. Following three washes with PBST and two 

rinses with deionized water, membranes were incubated with 1 tablet of NBT/BCIP 

(Roche, Indianapolis, IN) dissolved in 10ml of deionized water for band development. 

Analysis. 
 
The amino acid sequence of variant fragments were compared to one another in order to 

determine Grantham variation (GV) and P distance (p) scores The scoring provided a 

quantitative measurement of how distinct variants were from one another on the basis of 

biochemical differences of amino acid side groups (GV) and relative number of 

substitutions (p).  
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Grantham Variation 
 
The equation GVxi = [α(cx-ci)2 + β(px-pi)2 + γ(vx-vi)2 ]1/2 was used to score differences 

between polymorphic sites. Subscripts x and I represent different amino acids being 

compared while c p and v reflect the composition polarity and volume of the amino acids 

being compared, weighted by α β and γ. The values were then summated and divided by 

the total number of amino acids. Increases within the GV score may correlate with 

increased diversity within compared groups. GV were tabulated for AMA1 amino acids 

191 to 211 (C1L, Figure 4A), 187 to 230 (C1, Figure 4B) and 147 to 276 (C1Big, Figure 

4C) (Grantham, 1974). Increases within the GV may correlate with increased diversity 

within compared groups.  

P Distances 
 
p is the proportion of the amino acids that differ within an alignment. The sum of the 

amino acids that differ (nd) and divided by the total amino acids being compared (L) were 

calculated in order to generate a p corresponding to amino acids 191 to 211 (C1L, Figure 

4D), 187 to 230 (C1, Figure 4E) and 147 to 276 (C1Big, Figure 4F). 
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III. Results 
Grantham Variation (GV) scores and P distances (p) for each sized construct were 

tabulated for each haplotype against 3D7 or FVO AMA1 specifically. The GV allows for 

a biochemical comparison of different amino acid substitutions (Grantham, 1974), while 

p, a ratio of the number of different amino acids divided by the total number of amino 

acids being examined, provides a measure of genetic distance between two sequences. 

Anti-3D7 AMA1 rabbit antibodies recognized 3D7 C1L and Fab9 C1L fragments, with 

more intense reactivity with 3D7 C1L (Figure 5). Anti-FVO AMA1 rabbit antibodies 

were able to recognize the FVO C1L fragment most strongly, followed by 7G8 C1L, M5 

C1L, with fainter recognition of Fab9 C1L. Fab9 C1L and M5 C1L exhibited the lowest 

GV and p scores against 3D7 and FVO AMA1 respectively (GV= 0.03, p= 0.05; GV= 

0.02, p = 0.05). Of note, 7G8 C1L also had a low GV and p against FVO AMA1.  

	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   20	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



	   21	  

Anti-3D7 AMA1 rabbit antibodies recognized 3D7 C1 and Fab9 C1, while all 

four variants were recognized by anti-FVO AMA1 rabbit antibodies (Figure 6). Fab9 C1 

had the lowest GV and p against 3D7 AMA1 (GV= 0.01, p= 0.05), however in the case 

of FVO AMA1 all four C1 haplotypes had similar variation scores. FVO and 7G8 C1 

constructs were not included in this analysis, in that they had not been successfully 

expressed. C1Big-EspP had variable expression in normal growing conditions (Figure 

8A). Proteins were then expressed in reduced conditions, with BME (Figures 8B and 

8C). 3D7 AMA1 rabbit antibodies recognized only 3D7 C1BigReduced (Figure 7). Fab9 

C1BigReduced had the lowest GV and p (GV= 0.07, p= 0.04). FVO AMA1 rabbit 

antibodies were able to recognize all variants except 3D7 C1BigReduced. FVO 

C1BigReduced and M5 C1BigReduced had the highest band intensity of the group, as well 

as the lowest variation scores when compared with FVO AMA1. 
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Figure 8. Variable Protein Expression of C1Big-EspP 

	  

 

 
 

A: The myc epitope is expressed within the passenger domain of the EspP. Collected 
protein supernatants were tested for reactivity with anti-myc mouse antibody. Based on 
anti-myc reactivity, controls and C1L-EspP proteins expressed in high quantities, while 
C1Big-EspP proteins 3D7, FVO and Fab9 were expressed at low quantities and DD2 and 
7G8 C1Big-EspP proteins were not expressed at all. B: Sypro Ruby staining of FVO 
C1Big-EspP with and without reducing conditions (10mM BME). The arrows show 
additional protein fragments suggesting that additional proteolytic cleavage was 
occurring during protein expression in the non-reduced environment. C: Increased 
protein expression achieved by use of reducing conditions shown via anti-Myc western 
blotting. 
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 For each construct size, when 3D7 AMA1 was compared with the other 

haplotypes, Fab9 exhibited the lowest GV and p, suggesting structural similarities. Anti-

3D7 AMA1western blot reactivity confirmed this finding, showing the single carboxyl 

amino acid substitution of C1L-EspP proteins at position 197 still allowed both to be 

recognized by anti-3D7 AMA1 antibodies (Figures 5 and 9). Fab9 C1-EspP and 3D7 

C1-EspP reactivity to anti-3D7 AMA1 antibodies were also similarly reactive. There was 

one additional carboxyl amino acid substitution at position 187, and Fab9 C1 had the 

lowest overall variation score when compared to 3D7 AMA1 (GV= 0.01, p= 0.05). When 

compared to Fab9 C1-EspP, Fab9 C1Big-EspP has three additional N terminal 

polymorphic sites. 3D7 AMA1 rabbit polyclonal antibodies reacted with lower intensity 

to Fab9 C1Big-EspP than Fab9 C1-EspP illustrating that increased amino acid differences 

appear to impact the ability for antibodies to react (Figures 7 and 9).  
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Figure 9. Polymorphic Residues Present Within Variants 

 

For each AMA1 haplotype, the polymorphic residues spanning the C1Big region are 
listed. The included polymorphic residues for C1 and C1L are also indicated to the left of 
the table.  

 

For each construct size, when FVO AMA1 was compared with the other 

haplotypes, M5 and 7G8 had the lowest GV and p. Anti-FVO AMA1 western blotting 

also suggested structural similarities, although there is a difference in the intensity of the 

bands for the different sized fragments. Anti-FVO AMA1 antibodies responded more 

intensely to 7G8 C1L-EspP (GV=0.12, p=0.10) than M5 C1L-EspP (GV=0.02, p=0.05). 

This is of interest because the variation score of 7G8 C1L-EspP was 6-fold higher than 

that of M5 when compared to FVO AMA1. FVO and M5 C1Ls differ only at one amino 

acid, position 201, switching one aliphatic residue for another in a conservative 
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substitution (Figure 9). FVO and 7G8 C1Ls differed at two amino acid positions, 196 

where a carboxyl amino acid substitution took place, and position 197 which involved a 

small hydrophobic amino acid, glycine, being substituted for the basic histamine. FVO 

AMA1 antibody recognition of C1Big-EspP appeared to be more cross-reactive, however 

the FVO and M5 fragments were still preferentially recognized (Figure 7). Two 

substitutions in 7G8 C1Big C-terminus at positions 242 and 244 may be the cause of the 

reduced band intensity compared to 7G8 C1 and 7G8 C1L. Compared to all other 

variants, DD2 variants had the highest GV and p scores when paired with both FVO and 

3D7, which may explain the lack of recognition by the two antibodies, although anti-

FVO AMA1 antibodies exhibited some cross-reactivity for DD2 C1Big-EspP 

(Figures 7 and 9).  
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IV. Discussion 
 

AMA1 is a highly polymorphic blood-stage protein expressed by all Plasmodium 

species that is involved in RBC invasion. Because AMA1 is a leading vaccine candidate 

and the genetic diversity of the protein may hinder vaccine development, we ultimately 

wish to determine which regions of the protein are associated with cross-reactive and 

cross-protective immune responses. More than 60 polymorphic sites are distributed over 

the protein (Takala et al., 2009), but preliminary data support the premise that not all 

substitutions have the same effect on immunogenicity. If regions that are more important 

to protective immunity can be identified, vaccine development could focus on generating 

cross-protective immune responses to those regions. The overall goal is to create a 

vaccine that has broad efficacy against naturally diverse malaria parasites.  

GIA experiments and epidemiological analysis of field samples have shown the 

importance of AMA1 Domain I for the development of an effective immune response. In 

this study, we intended to examine whether different sized AMA1 Domain I fragments 

could be expressed within an EspP AT and recognized by antibodies directed against two 

laboratory strain AMA1 haplotypes. We also studied whether C1L-EspP (21 amino acid 

constructs), C1-EspP (44 amino acid constructs), and C1Big-EspP (130 amino acid 

constructs) could be expressed in non-reducing conditions.  

C1Big-EspP, which contains two conserved disulfide bonds, was expressed in 

variable quantities. For some of the C1Big constructs, expression was only attainable 

under reducing conditions. A potential explanation for this would be that the disulfide 

bond formation in the periplasmic space could have prevented export of the AT by steric 

hindrance. It has been reported in some instances that AT with disulfide bond containing 
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passenger domains tend to undergo unintentional proteolytic cleavages in the periplasmic 

space (Newman & Stathopoulos, 2004). The actual barrel that translocates the passenger 

domain is conserved among SPATEs. Typically native SPATEs do not translocate 

disulfide bonds (Weiss & Brockmeyer, 2013). Increased fragmentation has been reported 

in these cases, which was observed when expressing C1Big-EspP in non-reduced 

conditions (Figure 8). In reduced conditions or in cases where the E. coli lack DsbA, a 

protein responsible for oxidizing cysteines, the passenger domain remains unfolded and is 

shuttled out of the cell more efficiently (Henderson, Navarro-Garcia, & Nataro, 1998). 

GV measures biochemical differences (composition, volume, and polarity) 

between polymorphic amino acids (Grantham, 1974), while p measures the number of 

amino acid differences between the two variants being compared. Typically as GV and p 

scores increase there is a decrease in structural similarities. We expected that antibodies 

raised against one variant would react more strongly to variants with lower GV and p 

scores and more weakly if at all to variants with higher scores. Domain I protein 

fragments of the variants 3D7, FVO, DD2, 7G8, Fab9, and M5 were shown to be 

recognized differentially by the polyclonal antibodies directed against 3D7 and FVO, and 

there is a correlation between low variation score and higher reactivity. 

On the basis of anti-3D7 and anti-FVO AMA1 rabbit polyclonal antibodies 

recognition of proteins, we have been able to group the AMA1 variants. 3D7 and Fab9 

protein fragments form a “3D7-like” group because they were both recognized by 3D7 

specific antibodies, while FVO specific antibodies failed to recognize them. The “FVO-

like” group was composed of the FVO, 7G8, and M5 variants, which were recognized by 

FVO specific antibodies. DD2 formed the last group, not being recognized by either 
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antibody, excluding the high reactivity seen for anti-FVO AMA1 specific antibodies 

recognizing DD2 C1-EspP constructs. 

These groupings correlate with the sequence diversity of the variants, as well as 

the groupings seen in previous GIA experiments (Dutta et al., 2007). The multiple 

sequence alignments and variation scores followed the trends observed in the western 

blotting experiments. We infer that within a group, amino acid differences are generally 

conservative, allowing the proteins to retain their structure, leading to cross-reactivity. 

The globular protein folding and the functionality is not changed despite the high 

numbers of polymorphisms in the cluster loop due to the structural plasticity of AMA1 

(Dutta et al., 2007). 

3D7 Domain I of AMA1 has been crystalized interacting with the inhibitory 

monoclonal antibody (mAb) 1F9. The main residues in contact with the antibody are 

E197, H200, F201, and D204. Residue 197, which is hexamorphic, is the most 

polymorphic residue in AMA1 (Takala et al., 2009). The crystallization experiments 

showed that any substitutions at position 197 resulted in a loss of reactivity with the mAb 

(Coley et al., 2007). A recent study examining vaccine efficacy of a monovalent 3D7 

specific vaccine discerned that residue 197 represented the most accurate method to 

define haplotypes. Classification based on residue 197 alone was able to achieve the same 

sensitivities as C1L (Ouattara et al., 2013). Also, in an analysis of paired consecutive 

infections, investigators discerned that the changes in the polymorphic residues 201, 172, 

175 and 197 were most associated with clinical outcome (Takala et al., 2009). 

Functionally it was shown by the crystal structure that glutamic acid (E) at 

position 197 was essential for hydrogen bonding with the 1F9 mAb (Coley et al., 2007). 
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A conservative substitution of E to glutamine (Q) would still allow for hydrogen bonding 

and potentially retention of antibody recognition (Coley et al., 2006). Fab9 C1L and 3D7 

C1L differ only at one position, having a conservative E197Q substitution. In the current 

study, 3D7 C1L protein was recognized by rabbit anti-3D7 AMA1, while the Fab9 C1L 

was recognized to a lesser degree. This could be due to reduced but preserved hydrogen 

bonding between the polyclonal antibodies and the Fab9 C1L. In vitro GIAs revealed that 

anti-3D7 AMA1 antibodies were not able to inhibit Fab9 (Duan et al., 2008), and the 

recent vaccine trial examining the efficacy of a 3D7 specific AMA1 vaccine candidate 

found that the vaccine was unable to offer broader protection to the Fab9 variants 

(Ouattara et al., 2013). So although recognition is measurable in our in vitro assay, it may 

not be sufficient to confer cross-protection in vivo. These findings suggest the importance 

of the additive effect of multiple polymorphisms on antibody recognition. 

Radical substitutions at residue 197 result in loss of reactivity to 1F9 mAb (Coley 

et al., 2006). In particular, when E197 is substituted with a histidine (H) residue, the 

positive charge may disrupt the surface topology of the protein required for protein 

recognition (Coley et al., 2006). 7G8 C1L has E197H, and also was not recognized by 

anti-3D7 rabbit antibodies by western blotting in the current study. FVO and M5 also 

have a radical substitution of glycine, a small aliphatic amino acid, at position 197, and 

anti-3D7 AMA1 antibodies did not react with these two constructs. Overall, it can be said 

that position 197 plays an integral role in antibody recognition. The E197D residue for 

DD2 is harder to interpret because it is a conservative substitution yet we do not see any 

reactivity against 3D7 specific antibodies. Perhaps, although the residue retains its ability 

to form a hydrogen bond, its smaller size results in steric hindrance at the antibody-
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AMA1 interface. Changes at other amino acid positions may also play a role: Coley et al. 

observed that mutations at positions 200, 204, and 225 disrupted 1F9 mAb binding. DD2 

C1L contains radical substitution H200L, potentially leading to a change in the topology 

of the protein and loss of protein recognition.  

The rabbit polyclonal antibodies directed against FVO AMA1, have been shown 

previously to be cross-reactive (Dutta et al., 2007). FVO C1L and M5 C1L differ only at 

one residue position (F201L). Takala et al. observed that changes at the single amino 

acid, 201, most strongly predicted clinical outcome. GIA experiments illustrated that the 

conservative substitution at position 201 resulted in a partial disruption of antibody 

recognition (Coley et al., 2006). In western blotting experiments FVO C1L had the most 

intense band intensity against FVO specific antibodies, while the M5 C1L epitopes were 

recognized to a lesser degree. In addition, antibody reactivity to 7G8 C1L, which only 

differs from FVO at H197G and has no difference at position 201, is higher than to M5 

C1L, suggesting that in some cases position 201 is more important to antibody 

recognition than 197.  

As the constructs got larger, antibody recognition became less cross-reactive. C1 

proteins contain 8 more polymorphic residues than C1L. The deletion of residues 183 to 

190 has previously been shown not to effect mAb reactivity (Coley et al., 2007), 

suggesting that this area may not be essential for antibody recognition. This would imply 

that the enhanced cross-reactivity observed C1-EspP proteins against FVO may be due to 

the polymorphic residues at the C terminus of the protein, residues 208 to 230. The 

importance of residues 208 to 230 to antibody recognition is supported by the similar 

reactivity of anti-3D7 AMA1 antibodies to Fab9 C1 and 3D7 C1, which have identical 
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sequences in this region. Although anti-FVO AMA1 antibodies were similarly cross-

reactive against all sized fragments (C1L, C1, and C1Big), anti-3D7 AMA1 antibodies 

were cross-reactive with C1L -and C1-Fab 9 constructs but were not cross-reactive with 

C1Big-Fab9. In the C1Big constructs, Fab9 and 3D7 differ at positions 175 and 172, and 

substitutions at these locations have been correlated with clinical outcome (Takala et al., 

2009). These two radical substitutions may be why anti-3D7 AMA1 antibodies did not 

recognize C1Big-Fab9, resulting in the loss of cross-reactivity that was seen with the 

smaller constructs that did not include these substitutions. It appears that as the protein 

size became larger, decreased cross-reactivity resulted, perhaps because radical 

substitutions peripheral to C1L caused steric hindrance that prevented antibody binding 

that was present in constructs containing only C1L. 
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V. Conclusion 
 

The autotransporter system proved to be a successful platform for the expression 

of multiple fragments from different AMA1 strains, allowing for characterization based 

on antibody recognition. The identification of residues that form the basis of cross-

reactivity between strains could yield useful information for the formulation of future 

AMA1 vaccines. It was shown that six P. falciparum strains could be grouped on the 

basis of their reactivity against polyclonal antibodies. By using different sized variants it 

was observed that specific cross-reactivity became more evident with smaller protein 

fragments. As constructs became larger cross-reactivity decreased.  

In the future, the AMA1 fragments used in this study will be tested for reactivity 

against hyper-immune sera obtained from a malaria endemic area by both western 

blotting and protein microarray. The microarray will enable us to determine if antibodies 

can recognize 3-dimensional epitopes presented by variant peptides designed based on 

haplotypes detected by sequencing the ama1 gene in field isolates. This will represent an 

improvement over western blotting, which denatures and reduces the expressed protein 

fragments. Different protein purification methods will also be optimized in efforts to 

improve sensitivity and reactivity. Lastly, the AT method could be compared with other 

expression models such as the cell free Rapid Translation system (RTS), used by our 

collaborators. Both E. coli based methods have been used to express these same 

fragments in the current study, and they both will be spotted onto the microarray. This 

will be an important comparison, allowing for the determination of differences between 

the two systems, since the AT offers in vivo folding while the RTS does not.
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