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EXECUTIVE SUMMARY
 

The purpose of this project was develop DNA probes for analyzing drug resistant 

malaria infections. Within this framework, it was also intended to acquaint the staff of the 

Papua New Guinea Institute of Medical Research with the DNA technologies involved in 

diagnosing resistant and nonresistant malaria cases, as well as the application of these 

techniques on Papua New-Guinea (PNG) field isoltes. 

were used to assess theThe work was initiated with two defined probes which 

and drug resistance. This approachrelationship between two biological phenomena 

the biology of the parasite (seeyielded some novel interesting results concerning 

appendix 2) but was found unsuitable for the purpose of drug resistance diagnosis. This 

and new findings concerning drug resistance, especially that of chloroquine, initiated the 

second stage of the project which was aimed at studying the involvement of a new 

protein molecule (metallothionein) in drug resistance. The rational of this approach lay in 

findings originating from other biological systems which indicated that this molecule 

may be involved in some forms of drug resistance. This approach yielded inLeresting 

novel findings including the proof that Phsmodiumfilciparmncontains gene(s) coding for 

this protein. The most exciting finding, however, is the fact that we have proved that this 

molecule is involved in protecting the parasite from the damage caused by oxidative 

stress, which is the basis of the therapeutic effects of some antimalarials (primaquine, 

arteminine and in part of that of chloroquine). These findings open new avenues in 

understanding the mode of action of some antimalarials, drug resistance, and designing 

new natimalarials. This study is still continuing and we hope that in the near future we 

will be able to use the gene coding for this protein as a probe for malaria and crug 

resistance diagnoses. 

Parallel to this study the'technology of diagnosing malaria and malaria drug 

resistance was introduced into the Papua New Guinea Institute of Medical Research. This 

was achieved by reciprocal visits of both collaborating groups in Papua New Guinea and 
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Israel. The basic techniques studied and applied are isolation of DNA, restriction enzymi 
analysis, Southern blotting, DNA hybridization, labeling of probes, and PCR (polymeras 

chain reaction). 
During the period of the project, samples of infected blood were collected froni 

different areas in PNG (see appendix 1). These samples were tested for L;ic species of the 
parasite as well as its sensitivity to chloroquine and, in a smaller number of cases, to 
pyrimethemaine. DNA was prepared from tile samples according to the procedure
practiced in the first stage of the project. These samples are now ready fot diagnosis, 
using hybridization and/or PCR. This will be done as soon as the appropriate probe will 
be Foun". As mentioned earlier, the gene coding for metallothionein may turn out to be a 
good candidate for that purpose. 

In conclusion, while the study of some issues raised in this project continues, the 
major objectives put forward were achieved. Thus, members of the Papua New Guinea 
Institute of Medicine are fully acquainted with the techniques needed for diagnosis of 
malaria and malaria drug resistance. The development of appropriate probe(s) for that 
purpose, although not yet finalized, is at a very advanced stage. 

RESEARCH OBJECTIVES 

Malaria is diagnosed today in the same manner in which the causing agent of the
disease-Plasiodii,,:fialciparum-ii,,.wasdiscovered over one hundred years ago, namely, by

examination of blood smears under the light microscope. This is a 
very simple and easy
to-operate assay which can be operated relatively easily under field conditions. However,

in spite of this, it turns out that in endemic areas where large numbers of samples have to
 
be processed, this assay turned out to be much !ess accurate than expected, as reflected by
the high percentage of false positive results. This initiated the search for a more reliable 
diagnostic assay. The need for a differen' diagnostic assay was augmented by the rapid
spread of drug resistant parasites which necessitated, in addition to the identification of
the parasite itself, also assessment of its sensitivity to antimalarial drugs. This, obviously,
could not be achieved by light microscopy. We, as weli as others (1-7), had shown in the 
mid-1980s that DNA probes can be used for diagnosing malaria. The objective of this 
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project was to develop DNA probes for diagnosing drug resistance. The project was 

planned as a collaborative effort in which the Israeli group would concentrate on the 

development of the probe, whereas the Papua New Guinea side would be involved in 

collecting P.falciparumn isolates, assessment of drug sensitivities of parasites, preparation 

of DNA from selected isolates, and analysis of these DNA samples. using DNA probes by 

techniques introduced to PNG by the Israeli group. 

The part of the project which dealt with the development of DNA probes was 

supported by both the Israel Academy of Sciences and -Lumanities and the Israeli 

Ministry of Health. 

METHODS AND RESULTS 

Development of probes for drug resistance 

Two markers were initially studied as candidates for diagnosing drug resistance. 

These were, a) Methylation pattern, and b) RFLP sites. These markers were studied using 

two probes: BS11, a repetitive sequence (8)and pI IBE6.1, a clone containing 5' upstream 

sequences and part of the DI IFR gene. The results of this approach were summarized in a 

paper (see appendix 2). Briefly, in this approach we were able to discover that the genome 

of Plasinodiumflciparuincontains a vertebrate methylation pattern, namely, only cytosine 

residues were found to be methylated and only those preceding guanine residues. 

This approach failed however to show a correlation between the two markers and 

drug resistance. Thus another approach was undertaken. The rapid development in the 

field of chioroquine resistance had influenced the nature of this approach. Foote et al. (9) 

and Wilson et al. (10) reported the amplification of a plasmodial mdr gene (pfmdr) in 

some r'esistant isolates, implicating this gene in chloroquine resistance. However, 

Wellems et al. (11) could not find a linkage between this gene and the resistant phenotype 

in genetic crosses. To add to the complexity, Foote et al. (12) were able to identify 

correctly 34 out of 36 drug resistant isolates using point mutations in the pfmdr as 
markers, thus indicating that tt-s gene is involved somehow in drug resistance. It was 

accepted then (as it still is today) that an additional gene is involved in this resistance. 

The gene we thought might be involved is the one coding for metallothionein. The 

rationale for that relies on the one hand on some properties of metallothionein and on the 

other hand on some chemical properties of several antimalarial drugs. Metallothioneins 

3
 



are low molecular weight, cystein rich (33 mole %) proteins found abundantly in lower 

and higher eukaryotes (for a review see 13). One of tile cellular functions attributed to 

metallothionein is protecting the cell from the damage caused by reactive oxygen species 

(ROS) and especially from hydroxyl free radicals (14). It is this prc ,)erty which interested 

us regarding drug resistance, as it is suggested that some antimalarial drugs may confer 

their therapeutic effect by enhancing ROS production, e.g. artemisinin (15,16), primaquine 

(17,18), quinine and chlorocluine (Pro's. M. Chevion and J. Golenser, I lebrew University, 

to be induced orpersonal communication). The ability of the metallothionein gene 

amplified under various stress conditions is well documented (13) and in several cases it 

was shown to be the reason for the resistance against several drugs. We therefore decided 

to verify whether lasinodiuntfalciparuiucontains genes coding for metallothionein, and if 

found, the way they are inv :ived in the action/resistance of antimalarial drugs. Presented 

below are the results obtain from this approach. 

Studies at the DNA/RNA levels 

To verify whether the plasmodial genome contains MT gene(s), PCR was applied. 

Using two oligomers corresponding to conserved regions of the vertebrate MT genes 

(amino acids 1-7 and 43-53), two sequences were found to be amplified (Fig. 1, lane 1). 

No amplification was observed in the
 

absence of DNA (lane 3) or in the presence :r '
 

of human DNA (lane 2), which is the most
 

likely candidate to contaminate P. filIci

partm DNA preparations.
 

,. 

Two oligomers corresponding to amino acids I

7and 43-53 of MT which are conserved through 
evolution were used. 1-P.filciparnun DNA; 2
human DNA; 3-No DNA. 

Fig. 1. PCR analysis of P.falciparumn DNA. 
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Fig. 2. Mucleotide sequence of PCR fragments obtained by metallothioneon primers. 
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Cloning of the smaller (-500 bp) amplified fragment in pUC118 yielded after DNA 
sequencing, two different clones (500 bp and 530 bp), showing high homology at certain 

regions and a lower homology at other regions (Fig. 2). Using these two clones as probes 

in a restriction enzyme - Southern blot analysis of P. falciparum DNA yielded positive 

results (Fig. 3), confirming that these sequences reside in the plasmodial genome. 

f,L4. 11 -e, L Il 

Fig. 3. Restriction analysis of P. falciparun ir 
DNA using cloned NIT fragments.
 

lpg parasite DNA was digested with restriction
 
enzyme Hind IIl (Ilind); EcoRI (Eco); Bamill .
 

(Barn); Pst 1(Pst) and Haelll (Hlae). Hunan DNA
 
served as a control (I luman). Two clones (162, '
 
121) used as probes, originated from the 500 bp
 
amplified PCR fragment (see Fig. 1), X-size
marker.] 

Both sequences were also expressed at the RNA level. 

Fig. 4 shows the resulhs obtained in a Northern blot analysis using the 530 pb clone as 

a probe. A signal is observed in lane 1 which contained plasmodial RNA, but no signal 

was observed with human RNA (lane 2). 

1 2
 

Fig. 4. Northern blot analysis.
 
RNA was prepared from unsynchronized cultures.
 
1-Parasite RNA; 2-human RNA.
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Another approach for verifying the existence of MT sequences in the plasmodial 
genome was to use the reverse transcriptase-PCR (RT-PCR) system. The results of such an 
approach are shown in Fig. 5. Using either oligo dT( 5) or a 43bp oligomer (corresponding 
to amino acids 43 to 53 of the protein and identical to the one used in the PCR in Fig. 1) as 
the first primer for RT, resulted in the amplification of a sequence (lanes 1 and 2, 
respectively), identical in size to the one obtained when either DNA from a 2.gtl0 
genomic library of P.falciparuw (lane 4) or I'.falciparum genomic DNA (lane 5) were used. 
No amplification was observed in the absence of RT (lane 3). 

Fig. 5. RT-PCR of P.falcipanti RNA. 

P.fillcipariuni RNA was reverse transcribed
 
with oligod (T)15 (lane 1), NIT corresponding
 
oligoner (lane 2) followed by PCR with the
 
appropriate NT oligorners. Lanes 3-5 are PCR
 
controls of P.filciparmn RNA in the absence
 
of RT, XgtlO genomic P.fiIcipartui DNA and
 
P.falciparum genornic DNA, respectively. 

Studies at the protein level 
The ability of MT to bind cadmium (Cd) serves as a simple assay for determining its 

presence in biological samples. Table 1 summarizes an experiment aimed to verify 
whether or not P.ficiparum extracts contain Cd binding proteins. As can be seen, the P. 

falciparum extract exhibits a 4 to 5 fold increase in Cd binding capacity compared to 
background levels ( = no extract or extract prepared from non infected RBC). Moreover, if 
the extract was prepared from parasites cultivated for 24 hrs in the presence of 1]tM Cd, 
there was a 40% ii,:rease in this capacity (even without taking into consideration the fact 
that only one third of the parasites survived under these conditions). This result is in 
accordance with the known inductive effect Cd has on MT expression. 

7 
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Extract %Survival Cadmiumli 
bound (pmoles) 

6.00 
non-infected - 5.63 

RIBC 

ri-ce imrasiles 100 25.70 
free parasites 
grown in IftIM 3) 36.50 

cadmnitnill 

Tahlc. 1: C2dMniIIIII biodiig capacity of 1'. falcipartiimi extract.
ExIacts Were premired finom imillecled INC :I rid 1re arasies growii
in ie a bsence aod I pM c;rduiui. MT was deteriined by a modilied 
Cd -heie radioassa.v. 

A Western blot analysis of P.filcijaruntextracts, also confirmed the previous finding 
(Fig. 6). Thus, P. filcitparun extracts (lanes 1-5) contain Cd binding proteins migratng 
similarily to those of rabbit MT (MT). Only a very low level of Cd binding was observed 
in the region where haemoglobin, a probable contaminant of P. fiilciparun extracts, 

migrates (Fb). 

Fig. 6. Western blot analysis of P.falci- . ' S" 


parut extracts for the presence of 
MT. 

Lanes 1-5: increasing quantities of P. falci- ,
 
parum extracts. MT = rabbit nietallothionein; ' 

Hb = human Haemoglobin. 

Physiological experiments 

As mentioned previously, cells which over produce MT exhibit Cd resistance and in 
several cases, also show an increase in resistance to oxidative stress. To study whether 
such phenomena also occur in the parasite, we selected for a Cd resistant P.filciparum 
strain by culturing the parasites in the presence of increasing concentrations of Cd. 
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Starting at a concentration of 5nM, we now have a strain which grows successfully at
 

500 nM. Fig. 7 shows the growth curves (as judged by H3 hypoxanthine incorporation) of
 

both resistant and sensitive lines in the presence of 500nM Cd. As can be seen, the growth
 

of the sensitive line is strongly inhibited, while the growth of the resistant line was not
 

affected.
 
ISO-

Fig. 7. Effect of Cd on the growth 
0 Sensitieof Cd sensitive anid Cd re-

sistance P.falciparu n. _ ._
 

The Cd resistant line originates
 
from the sensitive line which was
 
cultured in the presence of increas
ing concentrations of Cd. 500 nM .
 

Cd was used in this experiment. 50-


Results are expressed as 7Yof con- e"
 
trol in the absence of Cd.
 

0 

0 I 2 345 
1Days 

When the capacity of the resistant line to cope with oxidative stress was measured by 

culturing in the presence of primaquine, it was found (Fig. 8) that the growth of the 

resistant line was not affected at 10.5 and 10-6M drug concentration, whereas the growth 

of the sensitive line was dramatically inhibited. Thus, Cd resistance also confers oxidative 

stress resistance in P.fitciparuim. 

In conclusion, the results presented above strongly support the notion that MT exists 

in P.falciparwnand participates in its protection from oxidative stress. 

Fig. 8.Effect of primaquine on the 150
growth of Cd sensitive and 
 f 
Cd resistant P. falciparum. (10"S 1 C-0 

The same two lines described in - (106MO I 
Fig. 7 were used in this experinent. 100sisianl 
1O5M and 10M primaquine were .. .... • 

used. No cadmium was added. Re- > 
stilts are expressed as %,of control .. 

in the absence of primaquine. - (I(I) . .. 

Sensiivit 

I',
 

VI 1 2 3 4 

D)a IvS 
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Analysis of PNG isolates 

The introduction of the techniques required for this objective was achieved by mutual 

visits in PNG and Israel of members of both collaborating groups. Detailed protocols of 

all 	 the techniques needed for this objective were written and practiced. These include 

DNA isolation, Southern blot analysis, DNA hybridization, dot blot hybridization, 

labeling of probes, and PCR analysis. 

In parallel, infected blood samples from different regions of PNG (see appendi., 1 for a 

map) were collected and assessed for chloroquine and pyrimethamine sensitivity. DNA 

was prepared from selected samples. These DNA samples await the final diagnosis with 

the appropriatp probe, which we believe will be the gene coding for metallothionein. 

IMPACT, RELEVANCE AND TECHNOLOGY TRANSFER 

Although malaria and drug resistant malaria are still diagnosed worldwide by light 

microscopy and by i vitro culturing, respectively, we have no doubt that in the near 

future they will be replaced, in endemic areas, by DNA-based techniques. The reason for 

this is that these techniques are faster and more accurate, can handle larger numbers of 

samples, and more than one parameter can be analyzed in a single assay (19,20). It is 

therefore of great importance that the health authorities and institutions in malaria

endemic areas, who are responsible for malaria health and control programs, will acquire 

the knowhow of these technologies. This was one of the objectives of this project, and it 

was fulfilled. The PNG Institute of Medical Research now has the capability of 

conducting malaria diagnosis using DNA based techniques. 

Our approach yielded interesting results also regarding the development of suitable 

probe(s). However, these are still to be finalized, but it seems to us that an additional, 

new route in the understanding and diagnosing of drug resistance has been opened. 

PROJECT ACTIVITIES/OUTPUTS 

Publications 

1. 	 Pollack, Y., Kogan, N., Golenser, J. (1991) Expt. Parasitol. 72:334. 

Special Seminars 
1. 	 Molecular and Cellular Parasitology Research Group, Dept. of Biology, Imperial 

College, U.K., Sept. 1992. 
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2. 	 Division of Biological Science, Institute of Cell, Animal and Population Biology, 

Univ. of Edinburgh, Sept. 1992. 

Congresses and Meetings 
1. 	 Israel Society of Parasitology & ProL',zoology Annual Meeting, May, 1994. 
2. 	 Sixth G.I.F. Meeting on I-lost-Pathogen Interaction-A multisystem approach. May 

29-June 2, 1994. Greifswald, Republic of Germany. 
3. 	 VIII International Congress of Parasitology, October 10-14, 1994, Izmir, Turkey. 
4. 	 Israel Society of Microbiology, Annual Meeting, Feb. 6-7, 1995. 

PROJECT PRODUCTIVITY 

While some of the objectives are still not finalized, we believe that the basic goals were 
achieved. Thus, transfer of technology regarding DNA based diagnostic techniques was 
made. Collection of infected blood sample from differenit regions of PNG and assessment 
of drug se'-sitivity was achieved as well. The development of a suitable probe for 
diagnosing drug resistance is in an advanced stage. It is worthwhile noting that as of now 
the exact nature of chioroquine resistance is still not clea, in spite of the great efforts 
made in many laboratories around the world. 

FUTURE WORK 

The characterization of the plasmodial metallothionein gene(s) continues and includes 
physical characterization of the gene, its protein product and its physiological role. The 
data obtained will be used to construct a probe which will be used for diagnosing the 
PNG isolates. 
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POLLACK, Y., KoGAN, N., AND GOi.r.NSErt, J. 1991.1'hsc,,odiua filcipasun: Evidence
 

for a DNA methylatiot patteln. E.iperinental IPaasiiology 72, 339-344. 0 1991Academic
 

PIess.Inc. 
Iime helthylation status or ftie adeninte and cytosine residues in the genonie of i'ltatos

diton ficiparon was studied ising cstriction enzymes exhibiting differential activity dc
pendent on the ncthylation state of these residues in their recognilon site. The genc coding 

for the enzyme dihiydiolfolate eductase-thymidylaic synlhase was stislied for that purpose. 

No methylatcd adenin icesitucs see observed in this gene in four straiis tLsteL. I,lcvecr, 

partial metliylation of cytosine residUes ses obsCrvCd in all strains. This nicthylation ocw 
curred at a specific site of the genc and was of lie enkaryotic type, nasmely at a CpG 
SC(tleiicCC. C l'l A iade tl*', Inc. 

INDEX IESCRItl' IOtS AN) ArinsEVIAI (}iONS: Dlss.scsssitluil'ilcit;I)NA nilhylation; 
6-hiethyladeninc; 5-itethylc,maie; IlIIFR-TS gene; l)ihytofolate rcduclase-lhyilidylate 
synthase (DI IFR-IS). 

INI RoDucrIoN 

Modified bases occur, with very few ex-

ceptions, in the I)NA of all prokaryotes 
and cukaryotes (Razin and Firiedtnan 1981). 
In Esctheichin col I)NA, both 6-
methyladenine and 5-nicthylcytosine are 
found (Doskocil and Sornlova 1965) 11 
GATC and CCA['GG sequences, respec-
tively (Razin el (il. 1980). Methylated ade-

nine residues were also observed itt several 

lower etkaryotic protozoans (Ray and 

Steele 1978). It higher eukaryotes, 5-
n ethylcytosine is the otly uctlhylated base 

(Wyatt 1951) and is present ottly in Ilie dli 
nucleotide CpG (Sihshitsner 1955). There is 
amttple evidentce suggesting Iltat filellylat ion 

plays a significant role ill gene expression 

(Razin et al. 1984; Ceder 1988). Very little 
is known about nicthylation of tlte plasulo-
dial genorne. Previously, we reported lite 
lack of bothI 6-melIyladenite and 5-
niethylcytosine (Pollack et al. 1982). Tltis 
conclusion was based oil 11l1,C (high per-

foria nce liquid chronIitograrhy) analysis,
as at that lime, specilic DNA probes vere 

not available. Taking intt, consideration tie 
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extremely low level of tle G + C content of 

the parasite's DNA (18%), (Pollack el 	al. 
un1982), and the fact that there is a 50% 

dcrrcptesentation of tie dinuclcotide CpG 
int ie genotne (Ilyde and Sims 1987; Weber 
1987), 1IPLC may not be sensitive enough 
to detect low levels of tuethylation. Here 
we describe tlhe results of a restriction en-
Zyme analysis of tihe methylation status of 

cytosine and adenine in the DIIFIR-TS gene 

of 1'. Jalcisart t. 

HODSNIA-T'RIA.S AND MNIFI 
t' filcipalun csltsrc's l'.fi'ipsrso strains FCR-3 

t;-2GI, and 1,6 wese cultured acoidisg to Trager 

and icssen (1976) in tissue cultutre flasks in tMII 164(0 

medisum (GIIICO), supiplemented with I,1%hssisa se

rlin (blood group All), 25 roll Ilepes bffer, pIt 7.3, 

0.2% NaICO, and 50 1cggs||lgeasusycin. Normal 
blood gsoup 0 htman erythrocytes were added to a 
final concentration of 3%. Growths was initiated by in

oculalion of parasitized erythrocytes to afinal 1%par

asitaemia. The medium was changed daily for 4-5 
days. at which time parasiles were harvested. 

DNA preparation. t)NA swas prepared front free 

parailes as described by its pievistusly (Pollack et al. 
1982). I)NA frnt the 3A-114 strain was kindly pro
ises by Or. r. 1. Welless;. 

Probes, il1It116.1. kindly provided by Dr. T. 1. 

S3319114-,4894/91 $3.00 
Cs'pyyist 0 1991 bcy Afctlic I'tcs. Inc. 
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340 POLLACK, KOGAN. AND GOLENSER 

1421 nucleotides of theWellems. contains the first these enzymes hardly cut the DNA. yield-
plasmodial
DtIFR-TS geneand anapproximately 2.3- ing high molecular weight fragments which 
kbp fragmentupstream to the5' end of thegene (see 


Fig. I). poorly
tybridi:ation.
Restriction conditions. Southern venting us from reaching a definite conclu

blotting. P"-itabeting ofprobes.and hybridization con- sion. To overcome this problem, other rc-dutionsee b r t a tc eresult 
0984d). stit y exibiting if ere 


sensitivity so cytosine methylation. were 

RESULTS used. Albol. Saui3Al and DpnIlall recognize


the sequence GATC. Their activity is. how-

The most commonly used restriction en- ever, affected differently by the state of 

zymes for the detection of methylated cy- methylation of the cytosine: and the adenine 
tosines in eukaryotic DNA are MAspl and residues in their recognition site (Roberts
Hpall. Both recognize the sequence 1988). The presence of a methylated cy-

CCGG;~ ~~nifrn~ ~ tosineoin in the~GATC sequence results in the ~~CCGG: however, while Afspl is indifferent ~ nteGT ~ eunerslsi ~ hoee.wieisli~~ ~ h 
to the state of methylation of the internal inability ofSau3Al to cleave this site, while 
cytosine residue. Hpall will not cleave a not affecting the activity of Abol and 
methyated site. Thus, a comparative anal- Dpnl. The state of methylation of the ade-
ysis of DNA digested with these enzymes nine residue in the GATC sequence affects 
can reveal the existance of methylated cy- the activity of these enzymes in a different 
tosine residues within the region of DNA manner. While Mbol does not cleave this 
tested. In the case of P. falciparun. this seqaenze when the adenine residue is meth
approach may be less informative due to its ylted. Dpil cleaves it only if it is methyl-
very low (18%) G + C content (Pollack ei ated; whereas the activity of Suu3AI is unal.1982) and to the underrepresentation of affected by the state of methylation of the j
the dinucleotide CpG (Ahich is part of the adenine. A comparative DNA restriction 
recognition sequence of these enzymes) in analysis using Suu3Al.hlhol. and Dptl can
its genome (Hyde and Sims 1987; Weber thzrefore be informative regarding the
1987). This assumption was confirmed methylation status of both cytosine and ad-
when identical restriction patterns were ob- enine residues in the GATC sequence. Fur-
tained in a MspIll/lall analysis of the thermore, if the sequence of the DNA un-
DHFR-TS gene and its neighboring regions der study is known. the position of the 
(data not shown). It was also evident that methylated bases can alo be determined. 

Ml)latt i*(a)(IS)uti (A)iI T Ai IS -I1IT 't'W-i'h 

23kbo1114b111 
n b 

FIG. I. Restriction map of DHFR-TS gerei: Heavy toe indicates the coding region of the gene and
 
the numbers hlow denote the first
(I)and last(1827, nucleoiides or the gene. Restriction sites in this
region we. seduced fron the known sequence of the gene(Bziketal.1987;Cowman et al.1988).

Tentative localization of restriction sites in the region upstream 
 to hi, 5'end of the gene were

determined in this study and are indicated in parentheses. The pitBE 6.i probe usedin this study is

presentei below the restriction map. indicated are two fragments of the probe produced by Nrul 

ceavage producing a 2. -kbpBclt-Ncl fragment ta)and a t279-bpNrot-E ,Rt ftagmen ibi. Sym-

bolsof restriction enzymes Isite of cleavage: A. Acl (-3450. 
 - 171 . 811i.19051:11.Bel (- 2300);
E. EcoR t1418):H. Ilhlt(-3300. 1621);N. N-at 1139);S. S..3At (-2150.442. 1010.1360.139. 

1441.1529): T. aql (26. 1032.1496). An additional Sau3At site not shown in the figure is localized 

verycloseto theD llsite.probablyon its5' side. 

P.falcipurum: A DNA METHYLATIDN PATrERN 

As the number of fragments, as well as their abscnce of 6-methvladenine. This cot 

sizes, obtained upon complete digestion of sion was futoher suppord by the la
 

this DNA is known, any deviations from any detectable digestion of the gen 

t e ted etrition pattern y e and lae 3ab ondie the t'
of methylation. By determining the hand, the Sau3Al digest of DNA trot,size of the unexpected fragments, the posi- strains tested was found to contain a 

tion of the methylated sequence can be es- bp-long fragment (Fig. 2A. lane 1.a.b.c 
tablished. d)which could not be accounted for I

Figure 2 describes a Sau3AI. Afbol, and the known sequence of the gene. To Cr 
Dpnl restriction analysts of the DHFR-TS out the possibility that this fragmen 
gene using two DNA fragments corre- suited from a lower affinit. of thcen,
sponding to this region as probes. Upon toward acertain GATC site, the coutcomplete digestion of this gene. whose se- studied in the pte,qec its appearance wasknown (Bzik et al. 1987; Cowman of excess enzyme concentration. As c;, = 
qunceis . enzyme As 91 z1987),Cowmaneofnexcess coentrtion 
el al. 1988). by either one of the enzymes, seen in Fig. 3. the intensity of the 91three fragments 588-hp. and 3-kbp fragment, as well as that of alt the t >330-hp
in size) should e observed when using expected fragments (330-p. 588-bp. t 

bhoundw ob fragments31ad (1p x a I8hrbofdati- .probeprobe b, and two fragments (190-bp and 3- kbp), is already maximal after I hr ofd u,

kbp in size) should be observed when probe tion and is not changed upon further w; u 
a is used (see Fig. I for restriction map and tion (lane I vs lanes 2. 3. and 4. re, 

probes). It can been seen in Figs. 2A and 2B lively). This result argues strongly ag.that Abol digestion of DNA of the four the above mentioned possibility as. if 
ton teeted rae nts, indicating the esh e inns he in
only the expected fragments, indicating
the fragment should have diminished inI 

A d
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FIG. 2. Si3Atidhot/pnt aatysis if DHFR-TS gen DNA (1.2 i:e from iai- (at FCR-. It. 
F IG. . a n3Al t3 irasetaalesit T une ti O1b2 tunero and it an -tan,h SauR-


ItG-2GI. c)D6.and (d)3A-B4 was cleavedwithSau3AI (lane1.A bl (lan 21and Dpsi (Lene31on,
 

analyzed by Southern blotting using (At probe b.and (13) probe a. 
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-. torganisms 
thecase.The 918-bp fragment (lane Is was 
f2rthercea ehe 9d pfamet(lane wg 

=akb . further cleaved by Taq (lane 4), yelding 
"the' expected fragments (the 416-bp: !rag 
ment.n. lae4rtd fr thomen ceavagof 

• :::. the 3-kbp fragment by Taql at position 26).• 
It should be noted, however, that this site is 

":; only partially methylated as the expectedr' 

fragments produced by Sau3Al cleavage of 

9' 1% site do also appear (330 and 588:: thisthis stdoasaper30ad58-bp. 
9 18' . lane 1,Figs. 2A and 4). 

Two additional CpG-containing sites 
were found to.beunmethv-atcd

(daHal)correlation 
58. (dtosoderrepresentation 

33O- . . DIscussioN 

Phylogenically. P. falciparurn is classi-

FIG.3. Kinetics ofappearance ofthe 91-bp rag- flied as a lower eukarvote. However. corn-


meat:DNA (4.8 from FCR-3 cleaved x- parison of theamino acid sequence of sev-lagl was by

cess concentration of Sau3At.Aliquots containing 1.2" 
pcgDNA were wilhdraan after t. 2. 3. and4 hr of eral plasmodial proteins with that of their 
in-.abation (lanes1-4. respectively) andanalyzed by functionally equivalent proteins from other 
Southern blotting using pHBE 6.1fragment b of the 
probe (Fig. I). 

This fragment could therefore be a result of 1 2 3 4 
the existance of a methylated cytosine in a 
GATC site. The most probable GATC sit-
is that a! position 1030. since methylation at = k b i o 
this site would result, in a Sau3A *gs-tion. inthe appearanceo a 918-p ,entu 


lnucleotidcs 442 to 1360). which is similar 
in size to the one observed in the experi-
ment. In addition, from all of the GATC 
sitespresent in the coding region o the 1 )06 
g n eHthissiteistheonly one to be suc- 9 1 8 "Uai 
ceeded by a G residue, thus producing the
CpG sequence v itch is the only sequence 

in eukaryotes where methylated cytosine is a88 
found. To prove it, advantage was taken of 464 

the fact that the GATC site at position 1030 41 6 -, 

comprises part of an adjacent TaqI site 330 '. ' ,a,

(-GATCGA-) which isinsensitive
to cy-


tosine m-"thylation. If the 918-bp is the re- FiG.4. Localization of methylaied GATC sile in 
suit of methylation at this it 2position, DHF11-TS gene: DNA ii.2 lAgfrom FCR-3 5(raa as

leased hy Sau3At ilane Ii. 41t,itane 21. Taqt (lanedigestion - T q1 (lane 
with TaqI yielding the 588- and 330-bp frag- scribed 

should be cleaved upon further 31a.dSau3Ai 4 and analyzed as de-
inthe egend ioFig. 3. using probe b. 
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revealed a higher degree of ho- Restriction enzymes arc the most Lom
mology with the vertebrate sequences monly used tool for the detection of r.eth
rather than with those from lower eukary- yla;ed bases. Some caution should be taken 
otes (Hyde and Sims 1987; Bzik etal.1987; however when interpreting the results, as ii 
Bianco el al. 1986; Yang et al. 1987; has been shown, in a small number oLt 
Ardeshir etal.1987). Another property of cases, that a restriction er.vme may x

a x 
the plasmodial genome, which is typical to hibit a lower affinity than ntrmal toward 
vertebrate genomes, is the underrepresen- certain recognition site in the DNA mole
tation of the dinucleotide CpG (Hyde and cule (Brown and Smith 1977: Forsblum am 
Sims 1987; Weber 1987). This fact may be Philipson 1976; Gingeras and Brooks 1983 
indicative of the presence of 5-methyl cy- Thomas and David 1975). This may lead ., 
tosine in the plasmodial genome as it was a slower rate of cleavage of this site. or. it 
shown that in eukaryotes, there is a direct extreme cases, to the lack of its cleavagebetween the degree of CpG un- However neither one is the case in thi- . 

and the extent of cy- study as (a) the 918-bp fragment behave, 

tosine methylation of this sequences: the kinetically in a manner similar to that of th, U; 
higher the degree of underrepresentation, other fragments; (b)the GATC site. ho,, M 
the higher the level of methylation (Bird methylation results in the appearance o 
1980). Previous attempts to detect 5-methyl this fragment, is cleaved by Sau3Al. 
cytosine using either a chemical procedure In conclusion, evidence is presented ft
(Pollack et al.1982) or a comparative the existance of 5-methvlcvtosine in 1'.fitl-

AlspllHpall restriction analysis of four ciparitm DNA. The methylation is of ihr 
plasmodial genes (Weber 1987) failed to eukaryotic type by virtue of its appearance
show it. Although these procedures arc re- in a CpG site and by the fact that it wa
liable, they cannot be conclusive when ap- partial. 
plied to genomes extremely low in their G 
+ C content and having very low CpG- ACKNOWLEDGMENT 
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