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the experimentaiiy derived distribut~on of W onset 
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of counts equais the experimental sum). Because 
the experimentai distr~but~on was markediy skewed 
toward very short time deiays after the onset of 
osciiiation, a very hlgh ,y2 was obtained (658; df = 
32 bins), ailow~ng rejection of the null hypothes~s (P 
< 1 o-6). 
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Stable Transfection of Malaria Parasite 
Blood Stages 

M. R. van Dijk, A. P. Waters, C. J. Janse* 

Genetic manipulation of malaria parasites would revolutionize the study of this group of 
pathogens and have implications for vaccine and drug development. This report describes 
the stable, drug-selectable genetic transformation of the clinically relevant intracellular 
blood stages of a malaria parasite. A plasmid transfection vector carrying the gene locus 
that encodes a drug-resistant form of the bifunctional enzyme dihydrofolate reductase- 
thymidylate synthase from the rodent malaria parasite Plasmodium berghei was con- 
structed. Derivatives of this vector were introduced into merozoites of P. berghei by 
electroporation, and parasites were selected for successful transformation in the rodent 
host on the basis of resistance to pyrimethamine. The plasmids were present in a circular, 
unrearranged form that replicated episomally to an observed maximum of 15 copies per 
cell in drug-resistant populations. 

Malaria is caused by parasitic protozoa of 
the genus Plasmodium and is annually re- 
sponsible for millions of deaths, predomi- 
nantlv as a result of infection with Plasmo- 
dium jalciparum. Medical research has re- 
cently concentrated on attetnpts to gener- 
ate synthetic vaccines with the application 
of recombinant DNA technology or 
polypeptide synthesis (1) .  It is anticipated 
that basic research on the cellular and mo- 
lecular biology of Plasmodium will reveal 
characteristics that mav be exnloited in dis- 
ease interdiction. ~ecdntly,  Loth transient 
and stable transfection protocols for genetic 
transformation have been described for sev- 
eral unicellular parasites (2,  3). Although 
transient transfection, which has been 
achieved in Plasmodium (4),  is useful for the 
investigation of the control of gene expres- 
slon, it does not pertnit elucidation of pro- 
tein function nor can it be used at present 
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for the study of the clinically relevant blood 
stages. 

We now describe the plastnid-mediated 
eenetic transformation of asexual blood - 
stages of the rodent tnalaria parasite Plas- 
modium berghei, based on a hotnologous se- 
lectable marker, the dihydrofolate reduc- 
tase-thymidylate synthase (DHFR-TS) bi- 
functional enzvme in a drue-resistant con- - 
figuration. Plasmid transfection vectors 
containing the gene encoding this enzyme 
were introduced into the parasite by elec- 
troporation. Merozoites were chosen as the 
initial targets because they represent the 
only form in the blood that exists transient- 
ly outside the erythrocyte. The use of mero- 
zoites circutnvents the uotential uroblem of 
electroporation-induced damage to the host 
erythrocyte, on which other blood stages 
are completely dependent for survival. An- 
other advantage of merozoites of P. berghei 
is that they are readily collectable in large 
nutnbers and appear to be tnore stable than 
merozoltes of other malaria species. Condi- 
tions of electroporation (800 V, 25 yF) 
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similar to those used for free-living fortns of 
unicellular parasites, including Plasmodium 
(4),  proved effective for the introduction of 
DNA into P.  berghei. 

Genomic DNA (6.1 kb) from P .  berghei 
containing the coding region of the DHFR- 
TS gene as well as 3.5 kb of upstream DNA 
and 1 .O kb of downstream DNA was cloned 
into PUC18, thereby creating the parental 
plasmid pMD200 (5). In this construct, a 
portion of the protein-coding region of the 
DHFR-TS gene was isolated from a py- 
rimethamine-resistant clone of P. berghei 
(6)  that contains a point mutation that 
results in an atnino acid replacement 
(Ser'1° + Asn) associated with a high level 
of resistance to this folic acid antagonist in 
both human and rodent species of malaria 
(7). A second vector, pMD204, containing 
only 2.5 kb of upstream DNA but identical 
in all other aspects of the DHFR-TS locus 
was also constructed in pBSKS (5). We 
assumed that the additional DNA flanking 
the DHFR-TS gene would provide the nec- 
essary informatlon for the correct temporal 
and quantitative expression of the gene. 

Two additional plastnids based on the 
parental plastnid pMD200 were constructed 
(5). The first, pMD221, contained a 1.8-kb 
fragtnent of the Pbs21 gene, which encodes 
a surface antigen of P. berghei ookinetes (8). 
The second plasmid, pMD223, contained 
2.2 kb of the nontranscribed 2.3-kb repeti- 
tive DNA sequence specific to P. berghe1 
(9); this repeat is present in 200 to 300 
copies in the genome and is exclusively 
located in subtelomeric regions. These plas- 
mids were constructed to allow for possible 
ate-directed integration by homologous re- 
combination into the parasite genotne. The 
2.3-kb repeat provldes a target with a high 
copy number, whereas the Pbs21 gene is 
single copy but not transcribed as part of 
the asexual blood stage cycle. 

In two experiments (R1 and R2), plas- 
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mids pMD221 and pMD223 were intro- 
duced by electroporation in circular and 
linear form into lo9 merozoites of P. berdei. <> , 

which were then transferred into rats by 
intravenous iniection (10). In R1. both . , 

plasmids were introduced together, and in 
R2 onlv ~lasmid ~MD221  was used. In each , . 
experiment, -20% of the merozoites invad- 
ed erythrocytes, resulting in -1% para- 
sitemia. These parasites were allowed to 
complete one cycle of asexual multiplica- 
tion before rats were administered a single 
intraperitoneal injection of pyrimethamine 
(10 mg per kilogram of body mass) on four 
consecutive days. This regimen effectively 
inhibits asexual multiplication of drug-sen- 
sitive parasites (6). As expected, para- 
sitemia decreased rapidly during the treat- 
ment period, but, within 5 days after drug 
treatment, it recovered to 0.3%. These par- 
asites constituted the ~arenta l  T1 and T2 
populations on which all subsequent exper- 
iments and manipulations were performed. 
Analysis of DNA synthesis by flow cytom- 
etry (1 1) revealed that the extent of drug 
resistance of the parental T1 and T2 popu- 

Table 1. Susceptibility of asexual multiplication of 
transformed lines of P. berghei to pyrimethamine 
in vitro. Susceptibility of parasite lines to different 
concentrations of pyrimethamine was determined 
in short-term in vitro cultures of the blood staaes 
of P. berghei as described (6). Inhibition of D ~ A  
synthesis as a measure of asexual multiplication 
was determined by flow cytometry (TI and T2 
experiments) or on the basis of schizont matura- 
tion (T3 and T4 experiments) (7  I), resulting in 
dose-response curves (Fig. 1). From these data, 
the drug concentrations that resulted in 50% inhi- 
bition (IC,, values) were calculated by nonlinear 
regression analysis. In each experiment, the sen- 
sitive clone 15cyl was used as a control. In ex- 
periments 1 and 4, the transformed parent popu- 
lations were tested. In experiment 2, parasites of 
the three TI clones obtained from infected mice 
after pyrimethamine challenge were tested. In ex- 
periment 3, two TI clones were tested after 6 
weeks of asexual multiplication in mice without 
pyrimethamine treatment. 

Relative 
Line Ic50 (~g/ml) resistance 

(fold) 

Experiment 1 
8.8 X 
8.0 x 1 0 - ~  
1.1 
Experiment 2 

7.1 x 10-4 
3.1 X 
4.2 x 
5.8 x 

Experiment 3 
1.6 x 1 0 - ~  
1.5 x 10-4 
1.8 x 10-4 
Experiment 4 

2.5 X '1 0-4 
2.3 x 
1.5 X 

lations was 10 and 1350 times, respectively, 
that of the original sensitive parasite clone 
(Table 1). 

Parasites from the T1 and T2 populations 
were cloned bv limiting dilution and then - 
grown in mice that were challenged with 
pyrimethamine [a single intraperitoneal (10 
mg per kilogram of body mass) injection on 
three consecutive days]. We obtained three 
clones from the T1 population and four from 
the T2 population. The pyrimethamine re- 
sistance in T1 population clones was shown 
to be 43 to 81 times that of the original 
sensitive clone (Table 1 ). In contrast to the 
distinct threshold of susceptibility to py- 
rimethamine shown bv the sensitive clone 
and the T2 population, the dose-response 
curves of both the cloned and parental T1 
parasites showed a gradual transition to drug 
susceptibility (Fig. 1A). This result suggest- 
ed that the T1 ~ o ~ u l a t i o n s  were nonhomo- 

L L 

geneous, consisting of parasites with differ- 
ent susce~tibilities to ~vrimethamine. 

. a  

The observed pyrimethamine resistance 
of the parasite populations and clones could 
have been attributable either to selection of 
parasites with spontaneous mutations asso- 
ciated with the normal genomic DHFR-TS 
gene (7) or to selection of successfully 

transformed parasites. To discriminate be- 
tween these possibilities, we first tested pa- 
rental resistant populations and progeny 
clones for the presence of plasmid DNA by 
the polymerase chain reaction (PCR) (5) 
(Fig. 1B). The T1 population was trans- 
fected with both pMD221 and pMD223, 
and both were detected in the parental T1 
DNA. Of the three clones derived from TI ,  
two (T1.l and T1.3) were positive for 
pMD221 and one (T1.2) for pMD223. No 
clone has yet been analyzed that possesses 
both plasmids. The parental T2 population 
was transfected with onlv ~MD221  and was , . 
positive for this plasmid and negative for 
pMD223 by PCR. Despite normal multipli- 
cation under drug selection, all isolated 
clones from the T2 population were nega- 
tive for pMD221 and are thought to have 
been cured of the plasmid. The T1 clones 
were grown for a further 6 weeks (represent- 
ing -40 generations, with an asexual cycle 
of 22 to 24 hours) under drug selection and 
remained positive by PCR for plasmid DNA 
at the end of this period (1 2). The results of 
the R1 and R2 experiments show that, on 
both occasions, plasmid DNA was success- 
fully introduced into the parasites. 

A second series of experiments (R3 to 

0 
10" 1v5 10-4 loP lo-' lo0 10' 

Pyrlmethamlne (pglml) 

Fig. 1. Characteristics of the drug-resistant parasites 
resulting from the transformation procedure. (A) M 1 2 3  
Drug-resistance profile of transfected P. berghei par- 
asites. lnh~oition of DNA synthesis was establ~shed by 
flow cytometry as described in the legend to Table 1.  
Curves were fitted bv four-~arameter curve-fittina. ( ) - .  . 
qnimethamine-sensitive clone 1 5cyl; (a) resistant 
clone T1 .3; (.) resistant lineT2. (6) Detect~on of plasmid DNA in electroporated drug-resistant P. berghei 
parasites. Plasmid and parasite DNA juxtaposed in the transfection vectors was amplified from total 
parasite DNA isolated from parasite lines and clones (5). (lop panel) Detection of pMD221 in TI parasites 
by means of the PUC plasmid forward sequencing primei and L80 as primers for PCR. (Second panel) 
Detection of pMD223 in T1 parasites with the PUC primer and L43 as primers. Lanes for first two panels: 
1, clone 15cy1; 2, T1 uncloned; 3, T1 .l; 4, T1 .2; 5, T1 .3; 6, TI . 2 ;  7. T1 . 3 ;  and 8, pMD221 (top panel) 
or pMD223 (second panel) positive controls. (Third panel) Detection of pMD221 in T2 parasites by PCR. 
Lanes: 1, clone 15cyl; 2, T2 uncloned; 3, T2.1; 4, T2.2; 5. T2.3; 6, T2.4; and 7. pMD221 positive control. 
(Bottom panel) Detection by PCR of pMD200 with the primers PUC and 530 in T3 parasites (lanes 1 to 3), 
of pMD204 with the S K  and 530 primers in T4 parasites (lanes 4 to 6), and of pMD223 in T5 parasites 
(lanes 7 to 9). Lanes: 1, 4, and 7, clone 15cyl; 2, T3 uncloned; 3, pMD200 positive control; 5, T4 
uncloned; 6, pMD204 positive control; 8. T5 uncloned; 9, pMD223 positive control. In each panel, M 
lanes contain molecular size ma&ers. 
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R6) was performed to test the reproducibil- 
ity of introducing plasmid DNA into the 
parasites. Plasmids pMD2OO (R3), pMD204 
(R4), pMD223 (R5), and pMD221 (R6) 
were introduced into merozoites, which 
were then selected for pyrimethamine resis- 
tance according to the same protocol as for 
R1 and R2. In three (R3 to R5) of the four 
experiments, parental populations (T3 to 
T5) were obtained that were resistant to 
pyrimethamine in vivo and which con- 
tained plasmid DNA as detected by either 
Southern (DNA) blot analysis of total 
genomic DNA or PCR (Figs. 1B and 2B). 
Experiment R6 exhibited aberrant electro- 
poration parameters and no resistant para- 
sites were obtained. The in vitro py- 
rimethamine susceptibilities of the T3 and 
T4 parent populations were comparable to 
those of the cloned T1 parasite lines, with 
median inhibitory concentration (IC50) 
values 90 and 60 times, respectively, that of 
the sensitive 15cyl clone (Table 1) (10). 

Restriction analysis of genomic DNA 
from the T1 and T2 parasites indicated that 
neither of the electroporated transfection 
vectors had integrated with a detectable fre- 
quency into the genome at their respective 

target sites of homologous recombination 
(Fig. 2A). Therefore, the vectors were either 
integrated into the DHFR-TS locus by 
means of a single crossover event or main- 
tained as a plasmid in circular form within 
the cell in an apparently unrearranged state. 
The plasmid copy number in the parasites 
varied from < 1 per cell, in transformed pop- 
ulations that had not been grown continu- 
ously under pyrimethamine selection, to 7 to 
15 per cell, in clones T1.l to T1.3 grown 
under drug selection (Fig. 2A). These data 
suggested that the vector was not integrated 
and presumably replicated episomally, and 
that copy number was related to drug expo- 
sure. Pulsed-field gel electrophoretic analysis 
of the chromosomes of T1 and T2 parental 
populations and clones T1.l to T1.3 re- 
vealed the presence of DNA molecules that 
migrated with a mobility identical to that of 
pure plasmid DNA isolated from Escherichia 
coli and distinct from that of any of the P. 
berghei chromosomes (1 2). The circular, ep- 
isomal nature of the transforming DNA el- - 
ement was confirmed by plasmid rescue, 
transformation of E. coli with total parasite 
DNA from the parental transformed popu- 
lations (T1 to T5) and from clones T1.l to 

Fig. 2. Status of transfection vector A 
DNA in transformed P. berghei. (A) 
Restriction analvsis of the aenomic Probe 1 2 3 4 5 6  
DNA of transformed P. 'berahei, 
Genomic DNA was isolated from 11.5vo 

7.0V- 
parental TI and T2 lines and from DHFR-TS 5.8 G- 

the clones TI .l to TI .3 and digest- 4.0 v - 
3.4 G' 

ed with Cla I ,  which cuts once in 
pMD221 within the DHFR-TS re- 
gion and twice in pMD223, with the 
additional site in the 2.3-kb region 
(nt 1447 with respect to the Hind I l l  
site). DNA was fractionated on aga- 11.5~- 
rose gels and blotted onto nylon PUC 7 . 0 ~ 0  
membranes (Hybond N+, Amer- 4.ov-r 
sham); identical blots were probed 
with either the DHFR-TS gene (top 
panel) or PUCl8 (middle panel). One 
blot was reprobed with a single- 
copy P. berghei gene that encodes 
Cdc-2-related kinase-2 (Crk-2) 11.5~ ,, 
(bottom panel) (1 6) to provide an in- Crk-2 7.0V -* 
temal standard for the measurement 4.ov o 

of plasmid copy number; additional 
plasmid bands on this blot result 
from the previous PUC hybrid- 
ization. Quantitation was performed with a Phosphorlmager (Molecular Dynarn- 
ics) and the associated Image Quant software. Lanes: 1, clone 15cyl; 2, TI ; 3, 
T2; 4, TI . l ;  5, T1.2; 6, TI .3; 7, pMD223; 8, pMD221. (6) Analysis of the 
genomic DNA from uncloned populations from experiments T3 and T4. Total 
parasite DNA was digested with Cla I ,  which cuts once in both pMD200 (8.7-kb 
band) and pMD204 (7.7-kb band), and duplicate blots were performed as in (A). 
Lanes 1 to 5 were probed with PUCl9, and lanes 6 to 10 with the entire 
DHFR-TS locus so that the 5.8-kb genomic DNA band is clearly visible. The 
plasmid 8.7-kb band in T3 parasites is only visible with prolonged exposure. 
Phosphorlmager quantitation of the blot indicated that the relative abundance of 
plasmid in T3 and T4 was 1 : 20. Lanes: 1 and 6, clone 15cyl; 2 and 7, T3 
uncloned parasites; 3 and 8, T4 uncloned parasites; 4 and 9, pMD200; 5 and 
10, pMD204. (C) Plasmid rescue of the transfection vectors. Total parasite DNA 
was isolated from theT1 toT5 uncloned lines and used to transform Escherichia 

T1.3. Pre~arations of ~lasmid DNA from 
the transfbrmed E. col; ievealed that only 
the appropriate plasmid could be rescued 
from each parasite DNA preparation and 
that the plasmid DNA was totally unrear- 
ranged and replicating in single monomer 
form (Fig. 2C). 

Further analyses were performed on the 
clones of the T1 and T2 transfected para- 
sites. To  determine whether drue resistance - 
was exclusively due to the introduced 
DHFR-TS gene, we sequenced the rescued 
plasmids and confirmed the presence of the 
point mutation that results in the amino 
acid substitution (Ser1l0 + Asn) in the 
DHFR-TS enzyme. No additional alter- 
ations in the DHFR-TS gene sequence were 
observed (12). Plasmids are often only 
maintained in host cells under conditions 
in which the plasmid provides a selective 
advantage-in this instance, drug resis- 
tance. Therefore, we expected that, if the 
transformed parasites were grown for pro- 
longed periods in the absence of drug selec- 
tion, the plasmid would be lost and the 
parasite would revert to a drug-sensitive 
phenotype. Indeed, clones T1.2 and T1.3, 
which contain pMD223 and pMD221, re- 

coli. Plasmid DNA was isolated from 30 randomly picked colonies, digested 
with Pvu I I ,  and compared with that from the original pMD221, pMD223, 
pMD200, and pMD204 vectors. Both pMD221 and pMD223 could be rescued 
from the TI uncloned line but only the appropriate plasmid was rescued from 
the various cloned transformed TI parasites. Only pMD221 could be rescued 
from the uncloned T2 line and plasmid rescue was not possible from the T2 
cloned parasite DNA. Only appropriate plasmids could be rescued from T3, T4, 
and T5 parasite populations. Lanes: 1 to 3, plasmid DNA rescued from total 
DNA isolated from T2 uncloned parasites; 4 to 11, plasmid DNA rescued from 
total DNA from TI uncloned parasites; 12 and 25, pMD223; 13, pMD221; 14 to 
16, plasmid DNA rescued from T3 uncloned parasites; 17, pMD200; 18 to 20, 
plasmid DNA rescued from T4 uncloned parasites; 21, pMD204; 22 to 24, 
plasmid DNA rescued from T5 uncloned parasites. Molecular sizes (arrows) are 
show in kilobases. V, vector; G, genomic. 
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spectively, were cured of their plasmid 
when grown in mice for six mechanical 
passages (a period of 6 weeks) in the ab- 
sence of pyrimethamine. The resulting 
clones were designated T1.2- and T1.3-, 
respectively, and their in vitro sensitivities 
to the drug were comparable to the original 
sensitive parasite clone (Table 1). 

The presence of the point mutation in 
the plasmids within the transformed para- 
sites was also confirmed by PCR amplifica- 
tion of the DHFR-TS locus from total 
genomic DNA. The PCR products were hy- 
bridized to oligonucleotides (L40 and L41) 
designed to hybridize across the region con- 
taining the point mutation and detect either 
the resistant (L40) or sensitive (L41) forms 
of the DHFR-TS gene (5) (Fig. 3). We test- 
ed the T1 parental population and progeny 
resistant clones (T1.l to T1.3) as well as the 
clones (T1.2- and T1.3-) that were cured of 
the plasmid. All parasites hybridized in a 
consistent fashion to the oligonucleotides 
L40 or L41. We conclude that the T1 line 
and resistant clones contain a chromosomal 
copy of the DHFR-TS gene in a sensitive 
configuration and a second copy on a plas- 
mid in a resistant configuration. The pres- 
ence of a plasmid in these parasite clones 
correlated with drug resistance. 

The T2 clones that were shown to lack 
pMD221 yet remain drug resistant were also 
hybridized to the oligonucleotides L40 and 
L41 (Fig. 3). Three of the clones hybridized 
exclusively to the oligonucleotide defining 
a pyrimethamine-resistant form of the 
DHFR-TS gene. One, T2.3, hybridized to 
both oligonucleotides and requires further 
analysis. Naturally resistant mutants of P. 
berghei arise infrequently (6). The resistant 
T2 clones that did not contain plasmid 
DNA might be natural mutants selected 
from the parental population. However, we 
cannot exclude the possibility that the pa- 
rental copy of the DHFR-TS gene was re- 
placed by a double crossover event with the 
plasmid. The frequency of gene replace- 

ment may be high in this system given the 
potentially large copy number of the plas- 
mid per parasite. 

Our results indicate that the transfection 
vector replicates episomally as a monomer 
and therefore must possess an origin of DNA 
replication that is effective in P l a s d u m .  
For other unicellular parasites, the presence 
of functional replication origins has been 
shown in transfecting plasmids, but they 
need not derive from the parasite and the 
same may hold true in our experimental 
system (1 3). Our calculations, based on the 
rate of DNA replication in P. berghei, suggest 
that an origin of DNA replication should 
occur every 18 kb in Plasmodium DNA (1 4). 
Given that our original vectors (pMD221 
and pMD223) contained >7.5 kb of parasite 
DNA, it is possible that they also included a 
P h d u m  origin of replication. Successful 
transfection with vector pMD204, which 
lacks 1 kb of :he parasite DNA at the 5' end 
of pMD200, indicated that, if the origin is 
derived from Plasmodium DNA, it lies within 
the 5.1 kb of the DHFR-TS locus. Our data 
do not support the maintenance of the plas- 
mid in the form of large oligomeric circles 
consisting of multiple copies of the mono- 
meric unit, as was observed in Leishmania, 
Trypanosoma, and Leptomonas ( 15). Both the 
plasmid copy number and drug resistance in 
cloned T1 parasites were variable, and plas- 
mids were lost during growth in the absence 
of drug. These observations suggest that the 
copy number can fluctuate rapidly in re- 
sponse to the presence of pyrimethamine. 

We have not yet observed proven inte- 
gration of €he transfection vectors into the 
P. berghei genome, despite the inclusion of 
potential target sequences and introduction 
of the vectors in both linear and supercoiled 
forms. Possible explanations for this failure 
to detect integration include the following: 
(i) Integration will not occur with these 
vectors. (ii) Episomal maintenance of the 
vectors is so much more efficient than any 
form of integration that integration is effec- 

Fig. 3. Detection of the 
DHFR-TS gene in the drug- 
sensitive and drug-resistant 
confiaurations in the trans- 
formed parasites. The cod- / \ / \ 

ing region of the DHFR-TS 1 2 3 4 5 6 7 8  1 2 3 4 5 6 7  
gene was amplified by PCR 
from total DNA of various 
transformed parasites, frac- 
tionated on an agarose gel, Res 
and blotted onto nylon (Hy- 
bond N+), and separate 12 
panels were hybridized to Sen 
oligonucleotides L40 (resis- 

Sen ()C 
tant) and L41 (sensitive) (5). 
(A) The amplified DHFR-TS gene from T1 parasites. Lanes: 1, clone 15cyl; 2, uncloned T1 ; 3, clone T1 .l; 
4, T1 .2; 5, T1 .3; 6, T1 .2-; 7, T1 .3-; 8, pMD221. (6) The amplified DHFR-TS gene from T2 parasites. 
Lanes: 1, clone 15cyl ;  2, uncloned T2; 3, clone T2.1; 4, T2.2; 5, T2.3; 6, T2.4; 7, pMD221. Bands 
corresponding to resistant (Res) and sensitive (Sen) configurations are indicated. 

tively not seen. (iii) Integration has occurred 
in the T2 clones at the DHER-TS locus and 
has resulted in gene replacement. However, 
with the current transfection vector config- 
uration. we are unable to identifv such 
events. (iv) Integration has occurred but re- 
sults in a transcri~tionallv silenced DHFR- 
TS gene that cannot confer a selective ad- 
vantage. It is possible that successful gene 
disruption by homologous recombination 
may only be successful in our system when 
the size of the DHFR-TS locus is greatly 
reduced to the minimal functional unit. 

Note added in proof: Since submitting this 
report, we have learned that transient trans- 
fection of blood stage forms of P. fakIpamm 
has been achieved (17). 
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Role of the Protein Chaperone YDJI in 
Establishing Hsp9O-Mediated Signal 

Transduction Pathways 
Yoko Kimura, lchiro Yahara, Susan Lindquist* 

The substrate-specific protein chaperone Hsp9O (heat shock protein 90) from Saccha- 
romyces cerevisiae functions in diverse signal transduction pathways. A mutation in YDJI, 
a member of the DnaJ chaperone family, was recovered in a synthetic-lethal screen with 
Hsp9O mutants. In an otherwise wild-type background, the yd j l  mutation exerted strong 
and specific effects on three Hsp9O substrates, derepressing two (the estrogen and 
glucocorticoid receptors) and reducing the function of the third (the tyrosine kinase 
p60v-Src). Analysis of one of these substrates, the glucocorticoid receptor, indicated that 
Ydjl exerts its effects through physical interaction with Hsp9O substrates. 

I n  vitro, purified Hsp9O can function as a 
general protein chaperone ( 1 ) .  In  vivo, 
however, Hsp9O functions in a large hetero- 
ligomeric complex and exhibits a high de- 
gree of substrate specificity (2) .  T h e  chap- 
erone activities of Hsp9O participate in a 
wide range of signal transduction pathways, 
illcluding pathways controlled by steroid 
receptors, tyrosine kinases, and serine- 
threonine kinases (2-7). These structural 
and functional properties are highly con- 
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served: Mammalian and veast Hsn9Os are 
found in similar macromoiecular cdmplexes 
( 2 ,  a ) ,  mammalian Hsp9O complements the  
essential functions of yeast Hsp90 (3,  9 ) ,  
and yeast Hsp90 promotes the activation of 
steroid-receptor and tyrosine kinase target 
proteins from vertebrate cells (3, 6 ,  10). 

T o  identify proteins functionally related 
to Hsp90, we searched (Fig. 1)  for Saccha- 
romyces cerevisiae mutations that would be 
lethal in  combination with Hsp90 muta- 
tions that themselves have little effect o n  
growth a t  30°C (synthetic-lethal, or  SL, 
mutations) (1 1 ,  12).  T o  identify the  SL 
gene obtained In this search, we screened 
yeast libraries for plasmids that would com- 
plement the  SL phenotype. All plasmids 
recovered encoded either Hsp90 or one of 
two members of the DnaJ chaperone family, 
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