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expression of the parasite-specific genes and thereby to identification ol
 

those clones containing the wanted gene coding for the protective antigen.
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2. RATIONALE
 

2.1 PROBLEMS ENCOUNTERED USING RECOMBINANT DNA TECHNIQUES
 

Our understanding of the molecular biology of the human malaria parasite 

P. falciparum is still in its infancy, and most conclusions are drawn from the 

rodent and avian models (2-3).
 

Our initial studies in the group of Dr. J.G. Scaife in Edinburgh,
 

Scotland, using recombinant DNA techniques, revealed that one has to overcome
 

initially unexpected difficulties on the way to obtaining a malaria vaccine by
 

means of genetic engineering and that the early optimism was 
not wholly
 

justified. The results obtained 
-
which have to be taken into account when
 

planning an approach where recombinant DNA is used - can be summarized as
 

follows:
 

a) The genome of P. falciparum is 3 to 7 times the size of the genome
 

of E. coli, and, assuming an average insert size of 0.5-i6 kb, 
one needs
 

-10,000 clones in order to have the whole genome represented.
 

b) 
 The DNA of P. falciparum has the most unusual base composition yet
 

identified in any organism (81% AT). 
 The implications are two-fold: Such DNA
 

is notoriously difficult to cleave with restriction enzymes, and cloned
 

fragments of this DNA are fr 
more unstable compared with DNA composed of
 

equal amounts of AT and GC base pairs.
 

c) Complete genomic DNA libraries were constructed and the genes for
 

ribosomal RNA, repetitive sequences, and actin genes were identified using
 

heterologous and homologous probes. 
 No 2ene expression, however, could be
 

detected by techniques such as complementation and monoclonal antibodies.
 

These negative results strongly suggest that the genes of P. falciparum are
 

interrupted by non-coding sequences (introns), 
a structural feature that the
 

malaria parasites seem to share with the overwhelming majority of other
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eucaryotic organisms. This, 
in sum, means that genomic DNA will probably not
 
be expressed in procaryotic hosts such as 
E. coli, which lack the appropriate
 
splicing mechanisms. Consequently, the cloning of genomic Plasmodium DNA is
 
highly unlikely to be helpful 
as far as antigen expression and a malaria
 
vaccine are concerned. 
Therefore, one has to synthesize complementary DNA
 
(cDNA) and insert the genes in the right reading frame into suitable vectors
 

in order to overcome this problem.
 

d) The necessity to work with cDNA implies the isolation of RNA and the
 
purification of mRNA. 
Although we were able to isolate 0.01-0.02 pg
 
DNA/parasite (4) and comparable amounts of total RNA (0.04 pg RNA/parasite 5),
 
more than 90% of this RNA consists of rRNA, tRNA and degraded mRNA, and is by
 
definition not suitable for the synthesis of the cDNA wanted. 
Therefore, a
 
number of parasites at least 10 times higher is needed for cDNA libraries than
 
for genomic libraries. 
A frequent supply of 5 x 1010 parasftes or multiples
 
thereof is needed to extract 1-1.5 mg of total RNA, a fraction of which in
 
turn is used for cDNA synthesis. 
 Those amounts of parasite material are very
 
difficult to obtain by established tissue culture methods, and one has to
 
overcome these problems by establishing more productive continuous culture
 
systems. 
An even greater supply of parasites will be needed to purify
 
antigens used in 
an in vivo assay to test whether or not they are protective.
 

e) The main difficulty one 
is faced with, however, centers on the
 
problem of gene expression when using recombinant DNA techniques as a tool 
to
 

produce a malaria vaccine.
 

The obvious approach for-
 etection of an antigen expressed by a gene is
 
the use of protective Mabs. 
 In order to'get a positive signal, not only must
 
the epitope be expressed, but it is very likely that in the recognition of the
 
antigen-antibody complex the folding of the antigen protein chain is essential
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for the right epitope configuration. This correct folding demands the
 

synthesis of great parts of the protein and might be impaired by fusion of the
 

antigen to procaryotic genes, regulated under the direction of strong
 

promoters (e.g., B-galactose gene). These fusions are often used to get­

maximal gene expression. 
 Because nothing is known about the regulation of
 

Plasmodial genes, the promotor structure, or gene expression in general, any
 

approach to working with relatively unknown complex proteins such as 
surface
 

antigens in order to study gene expression will be risky.
 

We therefore propose the use of a multi-testable model system in order to
 

gain fundamental knowledge about the processes involved in plasmodial gene
 

expression. This model system will be described in detail below (2.2.), and
 

this system in respect to a malaria vaccine will be'discussed in 2.3.
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2.2. THE DHFR-MODEL SYSTEM
 

The enzyme dihydrofolate reductase (EC 1.5.1.3.) (DHFR) catalyzes the
 

reduction of dihydrofolate to tetrahydrofolate, an essential co-factor in'the
 

biosynthesis of various amino acids and nucleotides. The inhibition of the
 

DHFR invariably leads to a depletion of tetrahydrofolate and consequently to
 

an impaired synthesis of proteins, RNA and DNA, and therefore to cell death
 

(6 . Much attention has been given to this enzyme isolated from a variety of 

eucaryotic cells such as hamster, mouse, and human cells (7-8), procaryotic
 

cells (9), and plasmids (10). Extensive studies have revealed the detailed
 

molecular structure of the DHFR from these sources, including the expression
 

of the DHFR gene in E. coli (11), ar.d after insertion in viral vectors, murine
 

DHFR genes could be expressed even in eucaryotic cells. In addition, the DHFR
 

of Plasmodia is important in relation to antimalarial therapy,'being the
 

target enzyme for extensively used antifolates such as pyrimethamine, or
 

antibiotics such as methotrexate and trimethoprim (6). Antifolate resistance
 

of Plasmodia is currently a significant problem in malaria prophylaxis and has
 

been shown in the P. berghei model to be due to either an altered DHFR or to
 

overproduction of the sensitive enzyme (13), although the possibility of
 

altered transport was not taken into account. The overproduction of the DHFR
 

gene in resistant strains renders this gene a most promising one for cloning.
 

This view isbased on the following observations and assumptions: If certain
 

P. falciparum isolates are up to 50,000 times more resistant to pyrimethamine
 

compared to sensitive strains J14) and this resistance is due to an
 

overproduction of the sensitive enzyme, the DHFR-specific-mRNA is probably
 

also increased accordingly. Because one has to use cDNA derived from mRNA
 

(see 2.1), the chances of synthesizing a full-length gene are consequently
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increased by a similar factor compared to a single gene represented by few
 

mRNA molecules such as the much-sought protective antigen.
 

The DHFR from P. falciparum is not yet characterized in detail. 
 A
 
previous report concerning the partial purification of this enzyme from
 

parasites derived from monkeys (15) presented data which could not be verified
 
by the Principal Investigator in spite of exhaustive attempts to repeat the
 
reported measurements of stability, kinetic properties, and activity of the
 
enzyme. 
The results of this study are therefore not taken into consideration
 

in the following outline.
 

The DHFR from all 
known sources has a unique feature: the enzyme binds
 
not only to its co-factor NADPH, forming a stable complex, but also to the
 
substrate analogue methotrexate (MTX). 
 MTX is available in radioactive form
 
and, because of its binding characteristics, 
is an ideal tag to identify the
 

enzyme. Preliminary titration of crude extracts with 3H-MTX suggests that the
 
resistance of P. falciparum isolates to pyrimethamine is due to an altered
 

DHFR or to gene amplification. 
 In addition, the MTX-enzyme complex can be
 
used to immunize mice in order to raise anti-DHFR-monoclonal antibodies, which
 
in turn can be used to purify the enzyme itself and thereby acquire a probe by
 
obtaining the amino acid sequence and the synthesis of the corresponding
 

polynucleotides. 
 These probes are invaluable in detecting cloned gene
 
fragments which are not expressed. These clones can then be used to screen
 
the libraries for more complete genes and, equally important, these clones can
 
also be used to look for sequences upstream of the coding region likely to
 
contain regulatory elements. 
Ihis strategy has been used successfully earlier
 
by the Principal Investigator in characterizing the DHFR gene and the promoter
 

region of a trimethoprim-resistant R-factor (10).
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Another distinct advantage of the DHFR model is based on the following
 

observations: When fragments of DNA carrying the DHFR gene derived from
 

resistant cells are inserted into plasmids which are then used to transform E.
 

coli, these bacteria become resistant to trimethoprim (12). One has reason to
 

believe that a DNA fragment derived from a pyrimethamine-resistant P.
 

falciparum strain carrying the DHFR gene, when inserted into a carrier, will
 

render the trimethoprim-sensitive E. coli host into trimethoprim-resistant
 

cells. 
Therefore the complex problem of detecting gene expression of
 

plasmodial genes in E. coli is reduced to the simplest of all 
possible
 

screening principles when a marker such 
as the DHFR model is used: the
 

detection of antibiotic-resistant transformants. 
 This extremely powerful
 

selection principle allows the screening of any number of hybrid clones in 
a
 

single-step procedure.
 

SUMMARY OF THE ADVANTAGES OF THE DHFR-MODEL SYSTEM
 

1. Some of the pyrimethamine-resistant P. falciparum strains
 

overproduce the enzyme dihydrofolate reductase.
 

2. This overproduction is due to a gene amplification, and these cells
 

contain an increased level of DHFR-mRNA.
 

3. The probability of synthesizing full-length complementary DNA,
 

necessary for gene expression, is increased by the same factor the mRNA is
 

enriched in the resistant cells.
 

4. The expression of the DHFR gene in E. coli 
can be detected in
 

several ways:
 

a) use of anti-DHFR mpnoclonal antibodies
 

b) binding of radioactive methotrexate to the plasmodial
 

enzyme having different size and binding characteristics
 

than the E. coli host enzyme.
 



c) E. co'i cells carrying the plasmodial DHFR gene become
 

resistant to trimethoprim once the gene is expressed.
 

These combined features make the DHFR an 
ideal marker gene to clone into
 
E. colt in order to study gene expression of malaria genes in procaryotic 

organisms.
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2.3 INTEGRAYION OF THE DHFR-MODEL GENE INTO THE SEARCH FOR MALARIAL
 

ANTIGENS
 

As seen in the flow chart at the end of this proposal, the genetic
 

engineering part of the proposal is placed in the center of the research
 

program, symbolizing that it is 
common to both the DHFR program (left side of
 

flow chart) and the search for an antigen (right side). All the steps aiming
 

towards a cDNA library, such as mass culturing of P. falciparum, extraction of
 

RNA, in vitro translation of RNA, synthesis of cDNA, and cloning of this cDNA
 

into vectors, are identical for both programs. That means that every cDNA
 

library will be tested in parallel for the presence of the DHFR and the
 

antigen genes and eventually for the expression of these genes. As outlined
 

in 2.2, the multi-testable DHFR gene system will be used to establish and
 

modify a great variety of techniques used in creating a cDNA library. Because
 

the target is identifiable (the DHFR enzyme), this system can be used as a
 

positive control for i) the in vitro translation system, ii) the use of
 

polynucleotides derived from the amino acid sequence of the purified enzyme in
 

hybridization screenings of the libraries, iii) 
the use of monoclonal
 

antibodies to detect minute quantities of expressed gene products, and iiii)
 

most important: to answer the question if P. falciparum promotors can be used
 

effectively to express P. falciparum genes in E. coli 
or if it is necessary to
 

fuse genes onto E. coli promotors.
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3. 	 SPECIFIC OBJECTIVES
 

A ten-step approach to the development of an effective merozoite-specific
 

malaria vaccine using recombinant-DNA techniques is proposed. The imperative
 

aim 	remains the expression of P. falciparum genes in procaryotic cells. In
 

order to gain fundamental knowledge about the structure, expression, and
 

regulation of malaria genes in E. coli, we propose the molecular cloning of
 

the 	malaria-specific dihydrofolate reductase gene (DHFR). 
The major advantage
 

of this model system (see 2.2) is its feasibility in tracing the expression of
 

the gene by two unique characteristics of the gene product: i) the malarial
 

DHFR enzyme from resistant strains, when expressed in procaryotic cells,
 

renders these cells resistant to trimethoprim, and (ii) the malarial DHFR
 

enzyme binds methotrexate with different kinetics than does the well-known E.
 

coli enzyme. Thus, the results obtained using this model gene can be directly
 

applied to other genes, such as 
genes coding for immunogenically relevant
 

merozoite-specific surface antigens. 
We propose to carry out investigations
 

which meet the following specific objectives:
 

1. 	Optimization of an automated mass-culture system based on
 

hemodialysis, capable of providing a constant supply of synchronized
 

erythrocytic forms of P. falciparum in sufficient quantities to meet
 

objectives 2, 3 and 4.
 

2. 	 Isolation of total RNA, enrichment of messenger RNA and selection of
 

mRNA coding for the DHFR using in vitro translation systems
 

3. 	 Synthesis of full-length complementary, double stranded DNA (cDNA)
 

4. 	Cloning of the cDNAinto different suitable vectors
 

5. 	 Identification of P. falciparum strains which overproduce DHFR
 

6. 	 Raising anti-DHFR monoclonal antibodies used for steps 7 and 8
 

7. 	Purification of the DHFR in order to synthesize polynucleotides
 



corresponding to the amino acid sequence of the enzyme as a
 

probe for screening libraries in step 4 for non-expressed
 

genes.
 

8. Screening libraries for expressed DHFR genes using the Mabs
 

(step 6) as a probe
 

9. Characterization of the DNA regions upstream of the coding
 

regions and comparison of these regions from overproducing
 

ind non-overproducing strains (study of promoter structure)
 

10. 	In addition to the characterization of the DHFR model gene,
 

the same cDNA libraries (step 4) will be screened, once pro­

tective monclonal antibodies are identified and
 

made available to us. The purified protective antigen(s) will
 

be sequenced and the corresponding synthesized polynucleotides
 

will be used for identifying non-expressed antigen-gene frag­

ments (analog step 7). The Mabs from NMRI and Bogota will be
 

ftrther used for the detection of translation products in an
 

in vitro system (analog step 2) and to screen the libraries
 

for expression (analog step 8).
 

The order in which the specific objectives will be met within the
 

3-year period will be 1-5-2-3-4; step 6 will be carried out simultan­

eously with stpps 2,3, and 4. Once the Mabs are available, steps 7-9
 

will be undertaken. Step 10 depends entirely on the progress of the
 

research groups in Bogata and Bethesda. Step 10 is planned to be
 

carried out in parallel -to steps 7-9 (see flow chart, right-hand
 

side).
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4. EXPERIMENTAL DESIGN
 

4.1 MASS-CULTURE SYSTEM FOR THE IN VITRO GROWTH OF P. FALCIPARUM
 

Based upon data we obtained within the l?.st two years from the group in
 

Edinburgh, a supply of 5 x 1010 parasites is necessary per RNA isolation. For
 

the purification of the DHFR, multiples of these numbers are required (Zolg,
 

unpublished results). Such numbers are difficult to obtain by simply scaling
 

up the established in vitro culture conditions established by Jensen and
 

Trager (16). 
 Studies concerning the media composition, serum requirements,
 

storage of red blood cells, and the use of suspension cultures (a precondition
 

to develop a mass-culture system) have resulted in 
a 2-4 fold increase in the
 

parasitic yield (17). 
 A major problem in growing adequate numbers of P.
 

falciparum in vitro has been solved recently by using synchronized cultures
 

and monitoring the accumulation of the metabolic product, lactic acid in the
 

supernatants. 
 It could be shown that this metabolic product inhibits
 

parasitic growth when the threshold of 12 mM is exceeded. 
 By knowing the
 

amount of lactic acid produced per time unit by uninfected rbc and the amount
 

produced by parasitized cells, and taking the developmental stage of the
 

parasites into account, the rate of lactic acid production can now be
 

predicted for any hematocrit value and any parasitemia. These calculations
 

are essential for tailoring a dialysis schedule for the system described
 

below. The mass-culture system developed within the last 2 1/2 years by the
 

Principal Investigator is based on 3 separate circuits: 
i) A special blood
 

pump is used to pump the blood-medium-serum mixture through a single flow
 

parallel dialyzer (used for renal dialysis), through a Kolobow-membrane lung
 

(used in extracorporal circuits), and back into a venous 
reservoir. The lung
 

is gassed with 5% CO2 , 3% 02, 
in N2, so that the blood leaving the lung has
 

the pCO 2 critical for parasite development. ii) The dialysis fluid is pumped
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by a second pump through the outside of the dialyzer in the opposite direction
 

to the blood flow, ensuring maximal solute transfer from the blood to the
 

dialysis fluid according to the cut-off characteristics of the dialysis
 

membrane chosen. 
 iii) Because of the hemofiltration effect of the system, a
 

third circuit replenishes the medium which ends up on the dialysis side after
 

prolonged dialysis.
 

A blood-gas monitor is used to adjust the pCO 2 according to the pH value
 
reached, thus stabilizing the system. 
Knowing the stage-specific lactic acid
 

production outlined above, the pump in the dialysis circuit can be
 

automatically activated so that the transfer of lactic acid from the blood to
 

the dialysis compartment is complete during one dialysis period. 
The main
 

advantage of the system is that it is an o 
 system, i.e., there are no
 

size-limiting surfaces which have to be considered in regard to gas diffusion
 

as is the case in thin-layer systems. Because the kidney and the lung are
 

designed to cope with the blood volume of a human body (ca. 6 L, which under
 

tissue culture conditions equals 60 L of blood-medium suspension) the system
 

could theoretically be scaled up to such volumes without alteration. The
 

standard system planned contains 200 ml of whole parasitized blood (0.5-1%
 

starting parasitemia) and 1800 ml medium-serum mixture, and is dialyzed
 

against 10 L of dialysis fluid, changed according to the lactic acid content
 

present after a series of dialysis periods. In previous trials (without
 

automation), 1 ml of blood could be harvested (4 x 109 rbc/ml) with usually
 

20% parasitemia (segmented schizonts). 
Thus, in84-90 hours after
 

synchronization, 150 x 4 x 109= 600 x 109 rbc were present containing 120 x
 

1O9 ( 20%) or 1.2 x lOll schizonts. From this number of parasites > 4 mg 

total. RNA can be isolated which is an amount sufficient to purify enough 

poly A mRNA to fulfill objective 2, to synthesize cDNA (objective 3), and to
 



clone the cDNA in different vectors (objective 4). For the isolation of the
 
DHFR (objective 7) several of these preparations will be frozen in stabilizing
 

agents and the proteins will be extracted after pooling at least 2 x loll
 

parasites.
 

4.2 IDENTIFICATION OF P. FALCIPARUM STRAINS OVERPRODUCING DIHYDROFOLATE
 

REDUCTASE
 

P. falciparum strains, especially those recently isolated in Thailand by
 
G.H. Beale, Edinburgh, are up to 50,000 times more resistant to pyrimethamine
 

than sensitive control strains from Africa. 
 The molecular reasons have been
 

described in 2.2. 
 To select a strain overproducing the enzyme and hopefully
 

having amplified DHFR genes, the methotrexate-titration of Flinthoff and-


Essani (18) will be applied. The procedure devised to measure 3H-MTX binding
 
is based upon the observation that DHFR in the presence of NADPH2 forms a
 

stable complex with MTX. 
 Crude extracts of P. falciparum (300 ug protein)
 

will be reacted with the labeled drug and the 3H-MTX-DHFR complex will be
 

separated from the unbound 3H-MTX by column chromatography. Any drug bound to
 
the enzyme is excluded from the column, whereas the unbound drug will 
enter
 

the resin and will be eluted from the column at a later time. 
The free drug
 
is determined by subtracting the bound material from the total. 
 The specific
 

amount of bound material (3H cpm/ug protein) together with the Kd for the
 
MTX-DHFR-NADPH2 complex will identify those P. falciparum strains which have
 
an amplified wild-type DHFR. 
Such a strain will be used for the isolation of
 

RNA (4.3), for absorbing the enzyme to MTX-Sepharose to raise anti-DHFR-Mab's
 

(4.5), and for purifying the enzyme (4.6).
 

4.3 
 ISOLATION OF RNA, IN-VITRO TRANSLATION
 

Parasites will be freed by saponin lysis and the total 
RNA will be
 

extracted in the presence of a mixture of RNase inhibitors by a method worked
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out by Dr. J.E. Hyd, Edinburgh (unpublished results). The best results are
 

obtained by repeated extractions with hot phenol, taking great care 
to use
 

ultrapure glassware treated with diethylpyrocarbonate, followed by repeated
 

autoclaving and rinsing withultrapure reverse osmosis water. 
Maintaining
 

sterility of all buffers and avoiding all 
sources of RNase contaminations
 

allows isolation of 0.04 pg undegraded RNA/parasite. The RNA will be further
 

purified using the common oligo dT-columns (19) in order to select for poly A
 

containing RNA. This fraction and the non-binding RNA fraction (containing
 

nRNA, tRNA and non-poly A mRNA) will be used in the rabbit-reticulocyte in
 

vitro translation system. The 35S-methionine labeled proteins synthesized
 

will be separated on SDS-PAGE gels. The dihydrofolate reductase will be
 

identified by one of the following methods. 
 i) Use of anti-DHFR Mabs (4.5)
 

to absorb the DHFR before loading on gels. One protein band should be missing
 

compared to the untreated control sample in a parallel track. 
 ii) The
 

proteins synthesized in the in vitro system are titrated with unlabelled
 

methotrexate bound to Sepharose and run as described in i). iii) The
 
35S-labeled proteins are titrated with 3H-methotrexate, separated on gels, the
 

gels are cut into I mm pieces and the ratio of 35S/3H is determined. The
 

slice containing the DHFR binding 3H-MTX should be easily identifiable. iiii)
 

The proteins are run on nondenaturing gels and stained for enzyme activity
 

using a color reaction specific for NADPH-reduction. Once a positive signal
 

is obtained with one of the detection methods, one knows if the message for
 

the DHFR is polyadenylated or not, thereby identifying the desired fraction
 

from the oligo dT-column. 
 Based on the size of the protein and whether or not
 

it is made up of subunits identifiable on SDS gels, an appropriate size range
 

of mRNA will be selected from the RNA gels, thereby allowing significant
 

enrichment for those particular mRNA classes to be used in the synthesizing of
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the cDNA. The same selection principle will be applied to antigens once
 

protective monoclonals from the Bogota group become available (objective 10).
 

4.4 cDNA-SYNTHESIS, CLONING
 

Potent RNaseinhibitors such as RNasin and vanadyl-ribonucleoside
 

complexes will be used to protect the mRNA from degradation. An excellent
 

summary of the techniques used in the-synthesis of double-stranded cDNA cen be
 

found in chapter 7 of reference 20. 
 In brief, the first and second strand of
 

the cDNA will be synthesized using AMV-reverse transcriptase. The protruding
 

3' single-stranded termini will be removed with the 3'+5' exonuclease activity
 

of E. coli DNA polymerase I, resulting in blunt-ended, double-stranded cDNA.
 

T4-ligase is used to add a synthetic linker to one end of the cDNA before the
 

hairpin loop deriving from the synthesis of the second strand of the cDNA is
 

cleaved with Sl nuclease. A second different synthetic linker is then
 

attached to the second end of the cDNA, the linker-flanked molecule is cut
 

with appropriate restriction enzymes and the resulting DNA fragments are
 

cloned into vectors.
 

A second novel method for high-efficiency cloning of full-length cDNA
 

will be followed with high priority. Published first by Okayama and Berg
 

earlier this year (21), the method is very complex but brilliantly conceived.
 

The basics are as follows: A hybrid pBR322-SV40 vector is cleaved and tailed
 

with poly(dT) tails. Another hybrid vector is tailed with poly (dG), the
 

tailed part serving as a linker. 
The first poly(dT) vector is linked with the
 

poly A m-RNA (!) and used as 
a primer to synthesize the first cDNA strand.
 

This first strand is then supplied with poly(dC) tails and the oligo
 

(dG)-tailed cDNA-mRNA plasmid is ligated'to the oligo (dG) linker derived from
 

the second plasmid. 
RNase H is used to degrade the RNA in the RNA-:DNA hybrid,
 

E. coli polymerase carries out a nick-translation repair of the second cDNA
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strand, and DNA ligase is used to 
covalently link the double-stranded
 

cDNA to the vector WI A. 100,000 transformants per microgram of starting
 

mRNA can be obtained with up to 6500 bp inserts capable of coding for
 

2100 amino-acids and therefore proteins with a molecular weight > 200,000
 

daltons. 	 This size range of course 
is interesting in view of schizont­

specific surface antigens reported recently by various investigators.
 

E. coli recipients (HB 101, DHI and K802) will be transformed
 

either by the common calcium chloride procedure (22) or by the calcium
 

chloride/rubidium chloride procedure (D. Hanahan, personal communica­

tion).
 

4.5 PRODUCTION OF MONOCLONAL ANTIBODY SPECIFIC FOR DIHYDROFOLATE
 

REDUCTASE ENZYME ISOLATED FROM CULTURED PLASMODIUM FALCIPARUM
 

(in collaboration with Dr.YupinCha onet (NMRRI).
 

(a) 	Myeloma cell lines:
 

P3-X63-Ag8l 
 A mouse myeloma cell line secreting IgGlk,
 

derived from MOPC-21, developed by E. Milstein.
 

X63-Ag8-653: A non-secreting mouse myeloma cell line, derived
 

from P3-X63-Ag8, developed by John F. Kearney, Andreas and
 

Klaus Rajewski.
 

(b) 	Antigen:
 

Dihydrofolate reductase coupled to MTX-Sepharose (DHFR-MTX-


SE). Methotrexate will be coupled to aminohexyl-spacers
 

linked to CNBr-activated Sepharose as described (23). 
 After
 

the first Sephadex G50 column (to eliminate the human DHFR,
 

see 4.6 for details) will be absorbed onto the MTX-Sepharose
 

beads, centrifuged, and after extensive washing the DHFR-MTX-


Sepharose complex will be used to 
immunize mice.
 

(c) Immunization protocal:
 



Balb/c Jackson mice will be immunized intravenously at 7- or 14­

day intervals with optimal doses of the DHFR-MTX-SE complex. rhree
 

days after the third immunization spleen cells will be taken from
 

each of these mice for fusion with one of the myeloma cell lines
 

specified in (a).
 

(d) P3-X63-Ag8 or X63-Ag8-653 cell line will be maintained in log phase
 

growth in Dulbecco's modified Eagle's medium containing 20% heat-inactivated
 

fetal calf serum (DMEM-FCS). 
These cells will be used for fusion with cells
 

from a single spleen (-108 cells) obtained from each of the immunized mice
 

using a procedure slightly modified from a method described by Gefter et al
 

(24). Briefly, 107 myeloma cells will be mixed with 108 immune spleen cells
 

and the cell mixtures will be pelleted by centrifugation. The pellet of
 

mixed cells will be fused using 30% polyethylene glycol (mw. 950-1050) in
 

D-MEM. 
The cell pellets will be resuspended in 30 ml of D-MEM-20 containing
 

hypoxanthine and thymidine 
 (HT medium), distributed into wells of microtiter
 

plates (50 ul/well), and incubated at 370C in 10% CO2.
 Fifty microliters of
 

HT medium to which 8.6 x 107 m aminopterin has been added will be pipetted
 

'into each well 24 hours later. The resulting medium consists of 4.3 x l0-7 
m
 

aminopterin in HT, the so-called HAT medium. 
An additional fifty microliters
 

of HAT medium will then be added on day 6 after fusion. When growth appears
 

(usually within 7-14 days) supernate will be removed and replaced wi*th HT
 

medium; the medium will be changed twice the first day. 
 Supernates will
 

be tested for the presence of antibody specific against DHFR three
 

days later.
 

The cells from wells containing DHFR-specific antibody will be divided
 

into 2 portions. 
 One portion will be expanded, frozen in 10% dimethysulfoxide
 

(10% DMSO), and stored in liquid nitrogen. The other portion will be cloned
 

99
 



by limiting diluti6n with and 
without feeder cells (irradiated Balb/c mouse
 

spleen cells). The positive clones will be expanded, frozen in 10% DMSO, and
 

stored in liquid nitrogen for future use.
 

(e) Detection of the anti-DHFR-Mab's
 

Parent lines will be tested for the presence of anti-DHFR-Mab's as
 

follows:
 

) Crude extracts of P. falciparum (see 4.5b) will be loaded onto
 

Sepharose columns where the antibodies present in the parent lines will be
 

coupled to protein A. The bound proteins will be too numerous and complex to
 

analyze so that the flow-through of the protein A-column will be assayed for
 

the presence of DHFR by the 3H-MTX titration procedure (see 2.2). 
 The
 

presence of anti-DHFR-Mab's in the parent lines will therefore be detected by
 

the absence of proteins binding to MTX in the flow through compared to the
 

untreated control extracts.
 

ii)Alternatively, the crude extracts can be titrated first with 3H-MTX
 

and then passed over a protein A-antibody column. Among the proteins bound
 

when using the parent lines will be the 3H-labeled-DHFR, which can be later
 

detected by autoradiography after elution of the columns and
 

PAGE-electrophoresis.
 

iii) Among the materials used to immunize the mice (see b) will be
 

MTX-Sepharose without DHFR bound to it. 
 These molecules might have
 

immunogenic properties and therefore there is 
a slight chance that
 

anti-MTX-Mab's will be among the antibodies produced by the parent lines.
 

These particular antibodies would be extremely important because they could
 

not only be used to purify P. falciparumDHFR, but would identify all DHFR
 

irrespective of its origin, since they would bind any DHFR by binding the
 

attached substrate MTX. Therefore, anti-MTX-antibodies would give easy access
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to the DHFR from rodent, avian, and monkey Plasmodium species and would allow
 

inclusion of these different enzymes in a comparative analytical study. 
The
 

following screening procedure will be used to detect anti-MTX-Mab's.
 

The protein A-columns with all the IgG's of the parent lines bound will
 

be loaded with crude extracts of P. falciparum as described above. Among the
 

antibodies produced will be antibodies which can be classified into 3 broad
 

specificities - antibodies directed against various parasite proteins other 

than DHFR; antibodies directed against different parts of the DHFR which may
 

or may not include the substrate binding site ; and hopefully Mabs against
 

MTX. 
 The first two types of antibody will bind their corresponding proteins
 

and can be recognized by a test for binding of DHFR: 
 no binding to 3H-MTX in
 

the flow through. 
 The same column is then loaded with a crude extract reacted
 

before with an excess of 3H-MTX (for separation of bound and unbound MTX, see
 

2.2). Because all the antibodies except the anti-MTX antibodies have already
 

reacted in the first step described above, the disappearance of 3H-MTX-protein
 

complexes in the flow-through of the second cycle indicates the presence of
 

anti-MTX antibodies in the parent lines tested. 
The parent lines showing
 

activities directed against the DHFR and/or MTX will be selected for cloning
 

and the individual clones will be tested as described above.
 

4.6 ISOLATION OF DIHYDROFOLATE REDUCTASE
 

One unit of DHFR of malaria origin is defined as the amount of enzyme
 

necessary to reduce 1 nanomole of substrate per minute under standard
 

conditions compared to one enzyme unit from E. coli, hamster or mouse cells,
 

which reduces one micromole substrate under the same conditions. This factor
 

of 1,000 indicates that the DHFR from malarial parasites is far less active or
 

less abundant than DHFR's obtained from other sources. Another feature of the
 

malarial DHFR is its extreme instability causing 50% loss of activity after
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holding the preparations for 12 hours in ice (25, and unpublished
 

observations). Earlier investigations of the Principal Investigator
 

revealed conditions under which the enzyme retains 80% of its activi­

ty by stabilizing the preparations with Ficoll-BSA-EDTA-DTT mixtures.
 

This improved stability together with the mass-culture system brings
 

the P. falciparum DHFR within reach of purification.
 

Earlier purification procedures were based on the molecular weight
 

difference between the P. falciparum DHFR ( 180,000 daltons) and the
 

human DHFR ( 60,000 daltons). Separation on a Sephadex G200 column
 

resulted in a near total inactivation of the enzyme due to the minimum
 

18-hour separation time necessary. In this approach enzyme activity
 

was the measure using the common photometric assay based upon the re­

duction of the cofactor NADPH 2 (26). For this reason an alternative
 

purfication scheme will be followed:
 

1) Crude extracts obtained by ultracentrifugation (100,000 g)
 

are passed over Sephadex G50 columns in order to remove the hemoglobin
 

and the human DHFR (running as shoulder of the Hb peak).
 

2) The flow-through is loaded in small quantities onto the FPLC
 

and by using the programable fraction collector, the dentical frac­

tions of each run will be collected in the same tube. This method
 

shortens the separation time from 18 hours to 10 min. The DHFR con­

taining fractions will be identified not by the time-consuming photo
 

metric assay but by their ability to bind 3H-labelled methotrexate
 

(see 4.2). The combined fractions will then be tested for activity 

using the assay above. 

3) The pooled fraction will be absorbed batchwise onto Red Sepha­

rose CL-6B, specific for NAPPH-requiring enzymes. 

4) Impurities detected on SDS-gels will be removed by folate 

affinity chromatography where the ligand is reduced to dihydrofolate 

wri e oI y -SCUrbiLaci (27, 



Alternatively, the anti-DHFR-Mab's (4.5) are bound to
 

Sepharose - protein A-columns and used to absorb the DHFR. Once we obtain a 

single band on heavily overloaded SDS gels after staining with sensitive 

silver stains and a reproducible pattern after peptide mapping, the protein 

will be given on a contract basis to companies for amino acid sequencing. A
 

polypeptide consisting of 5-7 amino acids, having little variations in their
 

codons (Meth, Trp, Tyr, Phe, Lys) will be selected to synthesize all possible
 

15-21 bp long polynucleotides to be used as a probe in 4'.7. In addition the
 

purified DHFR per se allows proper kinetic studies relevant to understanding
 

the antifolate resistance of P. falciparum strains (see 2.2 and 4.2).
 

4.7 SCREENING OF THE cDNA LIBRARIES FOR THE PRESENCE OF NON-EXPRESSED
 

P. FALCIPARUM GENES
 

The first cloning will be done using the hyb,'id pBR322-SV4O vector system
 

as described in 4.4. The labeled polynucleotides (4.6) will be used as a
 

probe to search for complementary sequences. Positive clones after
 

hybridization will be tested for the insert size using the rapid Birnboim
 

lysis method (28). Inserts having the size capable of coding for the entire
 

DHFR molecule (or the antigen, see objective 10) will be selected and tested
 

if they indeed code for the wanted products by a hybrid-select screening (29).
 

The inserts are denatured and immobilized on activated cellulose filters (30)
 

and hybridized to total P. falciparum mRNA. The RNA in the RNA-DNA hybrid
 

formed is eluted and used in the in vitro translation system. In principle
 

one protein should be found in each individual assay. The identification for
 

the DHFR in such tranlation assays has been described in detail (4.3). The
 

antigen can be detected by common immunoprecipitation, e.g., passing the
 

35S-labeled proteins over protein A-Mab-columns, followed by PAGE gels. From
 

theoretical considerations, up to 20 different plasmids can be used on one
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filter before the filter is cut and separately eluted. Since the efficiency
 

of the hybridization is only between 10-30%, only 0.1-0.3 ug of every
 

microgram of total mRNA can be functionally recovered. The conditions for the
 

hybridization have to be worked out because of the extremely high AT content
 

of the P. falciparum DNA (for discussion, see 2.1). One translation
 

experiment will be run with about 0.2 ug of eluted mRNA.
 

4.8 SCREENING THE cDNA LIBRARIES FOR EXPRESSED P. FALCIPARUM GENES
 

The expression of complete functional P. falciparum genes remains the
 

ultimate aim of this proposal. Out of the whole variety of possible cloning
 

strategies, only those are considered suitable for gene size to be expressed
 

(4.7). Because new, better cloning vectors are developed constantly, a
 

definite choice of what vector will be used will be made when the program is
 

more advanced.
 

The following general considerations will influence the strategy:
 

1) A strong promotor should be present to initiate the mRNA at high
 

frequency with an intact Pribnow box in position - 10 upstream of the 

initiation triplet and a second conserved region at - 35 (for review, see ref.
 

31). Because eucaryotic promotors function extremely poorly, if at all in E.
 

coli, the choice of the right promotor carrying plasmid is very important.
 

2) In order to increase stability of the insert carrying plasmid, a
 

terminator of transcription has to be placed downstream of the promotor.
 

3) Hybrid promotors (tac) will be used to start the search for 

expressed P. falciparum genes. Such promotors use the tryptophan - 35 region 

fused to the lactose - 10 region and are regulated by the lac repressor (32).. 

4) To achieve high levels of gene expression in E. coli, it is
 

necessary to use not only strong promotors to generate large quantities of
 

mRNA, but also ribosome-binding sites to ensure that the mRNA is efficiently
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translated. A complete Shine-Dalgarno-sequence (33) is therefore essential.
 

Therefore the cloning into a hybrid-ribosome binding site will be anticipated
 

(34-35). Details are given in ref. 20.
 

The assays used to detect the expression of the cloned DHFR gene can be
 

summarized as follows (see also flow chart at the end of the proposal).
 

1) Plating the transformed E. coli recipients onto
 

trimethoprim-containing plates (rationale, see 2.2). Resistant colonies are
 

likely to have the P. falciparum DHFR gene expressed.
 

2) Replica-plating of transformed E. coli onto NC-filters, lysis of the
 

colonies and titration of the filters with increasing amounts of 3H-MTX. E.
 

coli expressing the P. falciparum DHFR gene will bind more 3H-VTX than cells
 

containing only the "standard" amount of E. coli DHFR.
 

3) The NC filters will be reacted with an anti-DHFR Mab, and a second
 

antibody will be used carrying a fluorescent label.
 

4) The procedure in 3 is identical to the screening procedure for the
 

expression of antigen-genes. The protective Mab, tested before in vivo (see
 

objective 10) will be used to screen the cDNA libraries.
 

4.9 SEQUENCING GEI',-S OF P. FALCIPARUM
 

Once gene(s) of P. falciparum libraries are identified either by hybrid
 

select procedures (4.7), by hybridization with contract-made polynucleotides
 

(4.6) or by expression (4.8), the DNA will be analyzed on the molecular level
 

as. follows:
 

1) Detailed restriction maps will be established by multiple digestion
 

with two or more enzymes simultaneously, sequencial digestion of isolated
 

fragments obtained after cleavage with one enzyme and subsequent cleavage with
 

a second enzyme, and/or partial digestion of fragments specifically labeled at
 

only one terminus (Smith and Birnstiel technique (36).
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2) Depending On the distribution of the restriction cleavage sites the
 

DNA will be subcloned for sequencing according to the Maxam-Gilbert technique
 

(37). 
 This technique has been used by the Principal Investigator to establish
 

the complete DNA sequence coding for the DHFR of the R-factor R388 (12.2).
 

3) Alternatively, the didetoxy-sequencing method of Sanger (38) will be
 

used after subc1ning of the P. falciparum DNA into the M13 system (39).
 

4) Special attention will be given to the sequences flanking the gene
 

(promotor, terminator regions).
 

5) cDNA clones will be ased to 
identify genomic DNA segments. 

Sequencing selected parts of this DNA will reveal the structure of the 

splicing points. The information obtained will be processed and analyzed
 

using computer programs as outlined in section 5.
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5. 	 COMPUTERIZED DATA ANALYSIS
 

The complexity of the expected results demands their evaluation with the
 

help 	of a suitable computer. Firstly, the data have to be stored in a way
 

that 	cross-checks can be routinely carried out, and secondly, the data have to
 

be processed as described below, which is virtually impossible without
 

computerization.
 

Once 	cloned genes (or fragments thereof) of P. falciparum are identified,
 

a vast amount of data will accumulate in a short period of time, such as the
 

length of restriction fragments, followed by sequencing data (see 4.9). To
 

establish a complicated restriction map or handle several thousand sequenced
 

nucleotides which are partially overlapping without computer help is not only
 

extremely time consuming, but has such a high margin of error that the data
 

cannot be trusted.; Simple compute programs were developed several years ago
 

by the Principal Investigator and his colleagues, but these programs are
 

wholly inadequate for the complexity of the data expected. Software dealing
 

with 	recombinant DNA research has been developed to answer a tremendous
 

variety of sophisticated specific questions that arise once several kb of DNA
 

sequence are available (see entire supplement 9, Nucleic Acid Research, 1981).
 

The following selection of programs may illustrate the development using a XY
 

scanner linked to a desk top computer using the appropriate software: Once
 

DNA is cleaved 0,ith restriction enzymes, the scanner simply measures the
 

distances from the origin after agarose gel electrophoresis.
 

1) The computer will calqulate the actual molecular weight of the
 

fragments.
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2) The program analyzes the size of partial fragments and can therefore
 

plot a provisional restriction map. 
These maps are the basis for subcloning
 

strategies (4.9).
 

3) Once the DNA sequence is known the following tasks will be performed
 

using the computer:
 

a)The DNA is scanned for all known recognition sequences of all
 

restriction enzymes characterized (see ref. 46 for complete list). A
 

printout of all those cleavage sites will be given, starting with
 

base I from the ATG codon, coding for the start methionine.
 

b)The length of the restriction fragments obtained with every
 

individual restriction enzyme will be calculated.
 

c)The length of the restriction fragments obtained from every
 

double digest, e.g., the mixture of any of two restriction enzymes,
 

will be calculated.
 

d) The plotter will draw one linear map for any of the selected
 

enzymes.
 

e) The DNA will be scanned for any ATG start codon, in any of
 

the six possible reading frames.
 

f)All the proteins in each of the six reading frames will be
 

printed and knowing the approximate size of the wantcd gene products
 

only those proteins will selected, which fulfill the preconditions
 

regarding the size
 

g)A total amino acid composition will be given of every protein
 

encoded, which meets the size criteria.
 

h) Possible secondary structures in one DNA strand can be
 

revealed by a "homology" program, e.g., are inverted repeated sequences
 

or direct repeates present which are separated by non-complementary
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sequences? What type of theoretical possible loops (promotor terminator
 

sequences) are encoded in the DNA and do they obey thermodynamic laws?
 

i) Is the sequence found unique to P. falciparum DNA or are 

there extensive homologies between the malaria genes and the DNA 

sequenced from other organisms? 

It is evident from even this incomplete selection of questions, that DNA 

sequences can only be handled adequately with computer assistance. The same
 

is true for analyzing enzyme kinetics and comparing different enzyme
 

preparations, prepared at different times with one another. 
The computer
 

evaluation of this type of data is mandatory and therefore it is proposed to
 

purchase an Apple lie computer which interfaces with the ultraspec and for
 

which the critical software is available. The capacity of the Apple lie is
 

sufficient to handle the amount of data fn be expected of the proposed
 

program. The fact that the "Applegration" from Dynamic Solutions Corporation
 

is now available makes this computer very efficient (see justification).
 

To optimize use of the computer, a part time (75% effort) systems
 

analyst/programmer/operator will be hired. 
The qualified person should have
 

an insight into the problems outlined above and should screen the various
 

marketed research software packages to see if it can be used without
 

alterations for the questions arising such as listed under 1-3 in this
 

section. He should be able to modify the existing programs and tailor them to
 

the specific needs outlined. In addition, new programs will have to be
 

written based on continuous in-depth discussions between the Principal
 

Investigator and the analyst/programmer to facilitate the use of the computer
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and make it accessable to other group members. 
 Frequent searches for
 

homologies between the DNA found in
our lab and those stored in the
 

comprehensive data bank in Los Alamos and the EMBO data base in Heidelberg,
 

FRC should be performed routinely by the operator via the MODEM. 
Entry of
 

data and operation of the computer will be the responsibility of the computer
 

professional. 
 In view of the variety and extent of the tasks to be performed
 

and the problems to be solved, a computer professional should devote his time
 

to these essential aspects of the recombinant DNA research proposed, so that
 

the Principal Investigator can concentrate his efforts on other critical parts
 

of the program.
 

In addition, the "raw data" would be processed as follows:
 

1) All known restriction sites would be listed. 

2) Restriction maps would be drawn. 

3) The size of aTl restriction fragments obtained by single or 

double digestion with any one of the known restriction enzymes would
 

be given.
 

4) 
 The given DNA sequences would be tested for overlapping
 

sequences in order to establish the correct overall DNA sequence.
 

This is critically important after shotgun cloning in M13 (ref.
 

40) and sequencing random inserts.
 

5) The distribution of initiation and termination codons will
 

be indicated.
 

6) The length of all possible proteins and their amino acid
 

sequence would be determined in all six reading frames.
 

7) A search for possible promotor-like structures would
 

be conducted.
 

8) 
 Any possible inverted or parallel repeats exceeding 5 base
 



pairs would be localized.
 

9) Possible secondary base matches would be searched for
 

detecting possible loop structures.
 

10) Any given DNA fragment (> 50 bp) would be tested individually.
 

for extensive homologies with other known DNA sequences stored
 

in the central data banks.
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6. Collaborative A=Wngements 

It b planned to collaborate with various groups within and as well as outside the AID 

networL Up until now, an agreement with two research groups has been reached: Dr. 

Yupin Charenovit (Naval Medical Research Institute, Bethesda, has agreed to raise anti­

DHFR-Mab's (see 4.5) using purified DHFR. The AID group in Bogota is willing to supply 

relevmt hypelnmmune sera to test the expression of cloned antigens. Once the cDNA 

libraries a established it i planned to approach other AID groups for hyperimmune sea 

andlor M bs Protcttu Mabs serve as the basis for the program iustated on the right­

hand side of the flow chart at the end of this proposal (see also objective 10 in Chapter 3). 

The selected Mabs are not the only useful probe to detect the expression of relevant 

antigen-genes in the cDNA libraries (4.8) but are evidently a prerequisite to purifying the 

antigen itself. The identical approach used for both the anti-DHFR-Mab's and the 

protective Mabs derived from this collaboration is discussed in the sections 2.3, 4.7 and 4.8 

and emphasized in the mizor-image arrangement of the objectives in the flow chart. 

SUPPLY OF ISOLATED MEROZOITES 

Once the dialysis system (4.1) has produced a sufficient quantity of parasites to start 

the immunization program to raise anti-DHFR-Mab's (4.5), to isolate the RNA (4.3) and to 

purify the DHFR (4.6), the parasites wil) be harvested and separated (see 6.3 below), and 

purified, isolate-1 merozoites will be made available to other groups in exchange for Mabs. 

The system is expected to produce 1.2 x 1011 schizonts within 90 hours (for detailed 

calculations, see 4.1) and under the assumption that 8 merozoites per schizont are present 

at the time of harvest,9.6 x 1011 merozoites could be obtained. A 60%yield after purifica­

tion would still allow for harvesting 5-6 x 1011 separated, highly purified merozoites. 
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7. Facilities 

It i. planned to establish a new self-contained AID laboratory at BRI. About 2,500 sq. 

ft. of space will be available so that a tissue culture room, a walk-in 37"C incubator, a 

walk-in refrigeration room 41C, a small radioiotope lab, a darkroom, glass wa ing 

facilities general lab space and office amce can be establihed. It is planned to complete 

the structural alterations two months after the beginning of the project. This ensures the 

total independence of this AID project from the ongoing NMRI project at BILL 
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