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A Plastid of Probable Green Algal Origin in 
Apicomplexan Parasites 

Sabine Kohler,"? Charles F. Delwiche,*+ Paul W. Denny, 
Lewis G. Tilney, Paul Webster, R. J. M. Wilson, 

Jeffrey D. Palmer, David S. Rooss 

Protozoan parasites of the phylum Apicomplexa contain three genetic elements: the 
nuclear and mitochondria1 genomes characteristic of virtually all eukaryotic cells and a 
35-kilobase circular extrachromosomal DNA. In situ hybridization techniques were used 
to localize the 35-kilobase DNA of Toxoplasma gondii to a discrete organelle surrounded 
by four membranes. Phylogenetic analysis of the tufA gene encoded by the 35-kilobase 
genomes of coccidians T. gondii and Eimeria tenella and the malaria parasite Plasmo- 
dium falciparum grouped this organellar genome with cyanobacteria and plastids, show- 
ing consistent clustering with green algal plastids. Taken together, these observations 
indicate that the Apicomplexa acquired a plastid by secondary endosymbiosis, probably 
from a green alga. 

Apicornplexan parasites contain two ma- 
ternally inherited extrachro~noso~nal DNA 
elements ( 1  ). The ~nitochondrial genome is 
a ~ n u l t i c o p ~  element of -6 to 7 kh encod- 

S. Koher, L. G. Tney,  D. S Roos, Department of B o o -  
gy, Un\iersty of Pennsyvana, Phadepha,  PA 19104, 
USA 
C F Dewche and J. D. Palmer, Department of Booyy ,  
ndana Unversty, Boomiigton, IN 47405, USA. 
P W Denny and R J M. W s o n  Nat~onal lnst~tute for 
Medical Research. M I  H I ,  London NW7 1AA UK 
P. Webster, Departrnent of Cell Boogy,  Yale Unversty 
School of Medcne, New Ha\ien, CT 06520, USA. 

'These authors contrbuted equally to t hs  work 
?Present address, School of Pharmacv. Un~vers~tvof Cal- 

ing three proteins of the respiratory cham 
and extensively fraglnented ribosomal 
RNAs (2 ) .  In addition, these parasites con- 
tain a 35-kb circular DNA molecule with 
no significant si~nilarity to known mito- 
chondrial genomes. The 35-kh element is 
sl~nilar to chloroplast genomes, containing 
an inverted repeat of rlhosolnal RNA genes 
and genes typically found in chloroplasts 
hut not lnltochondria (,poB/C, tl~jA, and 
clpC) (3) .  The 35-kh DNA 1s also predicted 
to encode a complete set of tRNAs, numer- 
ous ribosomal proteins, and several uniden- 
tifled open reailing frames (3) .  
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molecule localizes to a previously unidentified 
DNA-containing organelle. We chose T.  gon- 
dii for this project (rather than Plasmodium, in 
which the 35-kb element has been better 
characterized) for two reasons. First, there are 
approximately eight copies of the 35-kb circle 
per haploid genome in T.  g o d i  tachyzoites, as 
opposed to approximately one copy in Plas- 
d u m .  Second, Toxoplasma offers much bet- 
ter ultrastructural resolution, because of its 
regular organization of intracellular organelles 
and well-defined apical region. To localize the 
35-kb DNA, we hybridized extracellular 
tachyzoites with digoxigenin-labeled DNA 
probes that covered 10.5 kb of the 35-kb 
genomic sequence but excluded the ribosom- 
al genes, to avoid cross-hybridization with the 
mitochondria1 genome (4). We also targeted 
RNA transcripts derived from the 35-kb ge- 
nome, using digoxigenin-labeled antisense 
RNA generated from putative rps4 sequences 
(5). The DNA:DNA or RNA:RNA hybrids 
were visualized by fluorescence in situ hybrid- 
ization (FISH), and nuclear DNA was coun- 
terstained with the fluorescent dye YOYO-1. 

Examination by laser-scanning confocal 
microscopy revealed that the 35-kb DNA 
of T .  gondii is localized to a specific region 
in the cell. adiacent to (but distinct from) , , 
the apical end of the parasite nucleus (Fig. 
1A). Transcrivts of rbs4 were also concen- 
trated in this region (Fig. lB), suggesting 
that diffusion of 35-kb DNA-related tran- 
scripts is restricted by a physical ( ~ o s s i b l ~  
membranous) barrier. 

Extranuclear DNA was not detected by 
YOYO-1 (or propidium iodide), presumably 
because of the low DNA concentrations 
typically found in non-nuclear organelles 
and the membrane-impermeable nature of 
these dyes. However, the extranuclear sig- 
nal obtained by FISH resembled the pat- 
tern observed after staining with sensitive 
membrane-permeable DNA dyes such as 
Hoechst 33258 or 4',6'-diamidino-2-phe- 
nylindole (DAPI) (Fig. 1, D and E). To 
compare the subcellular distribution of ex- 
tranuclear DNA with the 35-kb DNA-de- 
rived FISH signal (Fig. 1, F though H), we 
used a monoclonal antibody to DNA be- 

Fig. 1. The 35-kb episomal genome and 35-kb 
derived RNA transcripts localize to a specific re- 
gion adjacent to the nucleus in % gondii 
tachyzoites. (A) Pseudocolor image of % gondii 
tachyzoites hybridized with digoxigenin-labeled 
35-kb genome-specific DNA (26). The DNA:DNA 
hybrids were visualized with rhodamine-conju- 
gated anti-digoxigenin (red),. and nuclear DNA 
was counterstained with YOYO-1 (green). Sig- 
nals derived from the two fluorophores were col- 
lected independently by laser scanning confocal 
microscopy and merged with phase-contrast im- 
ages simultaneously collected from the transmit- 
ted-light flow-through from the confocal micro- 
scope. (9 and C) Localization of 35-kb DNA- 
encoded rps4 transcripts (27). Tachyzoites were 
hybridized with digoxigenin-labeled (B) antisense 
or (C) sense RNA generated in vitro from a cloned 
DNA fragment spanning the putative rps4 gene 
and visualized with rhodamine as above (red); 
nuclei were counterstained with YOYO-1 (grienj. 
(D and E) Extrachromosomal DNA in T. gondii 
tachyzoites. Fixed parasites were stained for 20 
min at 25°C with -2 pg/ml of Hoechst 33258 in 
1 x SSC and examined by conventional epifluo- 
rescence microscopy with a Zeiss Axiovert 35 
equipped with an ultraviolet filter set. A distinct 
extranuclear signal is seen in extracellular 
tachyzoites (D). lntracellular tachyzoites (E) orient 
in "rosettes," with their apical ends pointed out- 
ward (28), permitting localization of the extranu- 
clear DNA to the apical juxtanuclear region. (F 
through H) Co-localization of extranuclear DNA 
and 35-kb genome-specific sequences. Nuclei 
were labeled with YOYO-1 and extranuclear DNA 
with an antibodv directed aaainst DNA, followed 
by afluorescein~conjugatedsecondary antibody (green). (Nuclear DNA was not labeled by the antibody to 
DNA except under extraction conditions, that destroyed parasite morphology, presumably because 
binding is blocked by chromatin-associated proteins.) The extranuclear DNA co-localizes with in situ 
hybridization probes derived from the 35-kb element (red). (F and G) Green and green + red images of the 
same field (containing two parasites); (H) green and red fluorescence signals from a different parasite, 
merged with the corresponding phase-contrast image. Scale bars, 5 pm. 

cause neither Hoechst nor DAPI stains are 
excited bv the Kr-Ar laser that was avail- 
able for confocal imaging and because in 
situ signals were difficult to detect on a " 
conventional fluorescence microscope. 

To examine the subcellular location of 
the 35-kb DNA more precisely, we hybrid- 
ized frozen ultrathin sections with digoxige- 
nin-labeled DNA probes (Fig. 2, A and B). 
Staining with antidigoxigenin followed by a 
secondary antibody and gold-conjugated 
protein A localized the 35-kb element to a 
membranous region adjacent to the nucleus 
but distinct from either the mitochondrion 
or the Golgi apparatus (large gold particles). 
Antibody to DNA also stained this area 
(small gold particles). In control experi- 
ments, probes prepared from plasmid vector 
DNA showed no hybridization, although 
the antibody to DNA still detected the 
membranous region just apical to the nu- 
cleus. The morphology of the membranous 
structure labeled by 35-kb DNA probes is 
difficult to resolve under the harsh condi- 
tions used for in situ hybridization, but con- 
ditions suitable for labeling with antibody 
against DNA alone revealed an organelle - - 
associated with multiple membranes (Fig. 
2C). Thin sections through Epon-embed- 
ded parasites (which provide superior mem- 
brane preservation but do not permit anti- 
bodv or in situ labeling) show that this -, 

organelle is invariably enclosed by four bi- 
layer membranes (Fig. 2, D and E). 

Previous phylogenetic studies on the 35- 
kb genome suggested a plastid ancestry, but 
confidence in this assessment has been low 
because of the limited number of taxa and 
phylogenetic methods used (6). Genes 
identified on the 35-kb element include 
tufA, encoding the protein synthesis elon- 
gation factor Tu, a gene previously found 
useful for constructing molecular phylog- 
enies (7). Phylogenetic analysis of tufA se- 
quences from T .  go&, P. fakiparum, and 
E. tenella (8) places the apicomplexan 35- 
kb element solidly within the plastids (Fig. 
3). This placement is robust when either 
amino acid alignments or nucleotide align- 
ments first and second codon positions are 
analyzed under a variety of phylogenetic 
methods, including maximum likelihood, 
parsimony, and distance methods (using ei- 
ther Kimura three-parameter or LogDet 
transformation) (9). The association of api- 
complexan tufA genes with those of plastids 
does not appear to be caused by either the 
AT-rich or the divergent nature of the se- " 
quences (10). The similarity of apicom- 
plexan and plastid tufA genes is also sup- 
ported by the presence of two insertions 
characteristic of plastids and cyanobacteria, 
although the length of these insertions is 
variable among the Apicomplexa. 

All three phylogenetic methods used sup- 
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port monophyly of all plastids, including the 
apicomplexan 35-kb element. Resampling 
methods that test the internal consistency of 
phylogenetic patterns within the data gave 
bootstrap values (1 1) of 75, 39, and 88% for 
monophyly of plastids (for maximum likeli- 
hood, LogDet-neighbor-joining, and parsimo- 
ny analyses, respectively) and 81,69, and 94% 
for monophyly of plastids and cyanobacteria 
(Fig. 3).  Parsimony analysis of nucleotide data 
scored onlv for transversion events also Dro- 
vides strong support for the clade composed of 
cvanobacteria and  lasti ids (94%). and mod- . .. 
erate support (78%) for plastid monophyly. 
The a~icom~lexan   last ids were consistentlv 
placed among the green algae by all analytical 
methods used. Although support for green 
algal affinity was weak (bootstrap values of 41, 
21, and 63%), these values are comparable to 
the level of support for green plastid mono- 
phyly when apicomplexans are excluded, yet 
the green plastids are known to be monophy- 
letic on many other grounds (7). Trees con- 
strained to place the Apicomplexa with non- 
green plastids were consistently worse than 
those placing them with the green plastids, 
although the difference in likelihood was not 
significant by the Kishino-Hasegawa test (9). 

Many investigators have assumed that 
the apicbmplexan35-kb genome is related to 
dinoflagellate plastids, on the basis of struc- 
tural similarities between the Apicomplexa 
and dinoflagellates, and phylogenetic analy- 
ses of nuclear genes (1 2). Unfortunately, few 
dinoflagellate plastid genes have been exam- 
ined, but there is considerable diversity of 
plastid form among dinoflagellates, and their 
plastids may have arisen from multiple dis- 
tinct endosvmbioses (13). Thus. it seems . , 

likely that the last common ancestor of all 
dinoflagellates was not photosynthetic and 
that the Apicomplexa and dinoflagellates 
acquired their plastids independently. 

A structure consisting of multiple mem- 
branes has previously been described as the 
"Golgi adjunct" in Toxoplasma, and similar 
structures-variously termed the lamellarer 
korper, vacuoles plurimembranaires, spherical 
body, or Hohlzylinder-have been observed 
in other apicomplexan parasites (14). The 
cytological derivation of this structure has 
been unclear, but the demonstration that this 
organelle is associated with a plastid genome 
in Toxoblasma-combined with the mono- 
phyly of'~oxo~lasma, Plasmodium, and EimPlia 
tufAs in all analyses-argues for a single en- 
dosymbiotic organelle common to all apicom- 
plexans. The apicomplexan plastid (abbrevi- 
ated "apicoplast") is an authentic plastid in all 
respects, albeit one that is probably incapable 
of photosynthesis. 

Previous investigators have debated the 
number of membranes surrounding the apico- 
plast, suggesting that the appearance of mul- 
tiple membranes may result from proximity to 

Fig. 2. Ultrastructural localization of 
35-kb genome-specific DNA to a 
unique organelle enclosed by four 
membranes in T. gondii tachyzoites. 
(A) Longitudinal ultrathin cryosection 
of T. gondii tachyzoites hybridized 
with digoxigenin-labeled probes de- 
rived from the 35-kb DNA (29). 
Digoxigenin was visualized with an- 
tibodies and protein A coupled to 
10-nm gold particles. Samples were 
further incubated with monoclonal 
antibody directed against DNA 
(which does not stain intact chroma- 
tin in the parasite nucleus; see Fig. 1 
legend), followed by a secondary 
antibody with protein A coupled to 
5-nm gold (30). (6) Higher magnifi- 
cation of the region in (A) show- 
ing gold labeling. The 35-kb DNA 
probes hybridize specifically with a 
membranous region (*)just apical to 
the nucleus (Nu) but are distinct from 
the mitochondrion (m) and Golgi ap- 
paratus (g). (C) lmmunogold labeling 
of extranuclear DNA (10-nm gold 
particles) in a T. gondii tachyzoite 
not subjected to in situ hybridiza- 
tion conditions. Membranes appear 
white in this negatively stained im- 
age. (D and E) Ultrathin sections 
through the apicoplast (*) of an 
Epon-embedded parasite (31). The 
organelle is surrounded by four membranes (stained black by uranyl acetate). The parasite in (E) is 
beginning to divide, as indicated by division of the Golgi and development of the two daughter "buds." The 
apicoplast is flattened adjacent to the apical end of the nucleus and is divided between the two daughters 
earlyduringendodyogeny. 

Maximum Likelihood LogDel I NaighborJoining Panimony 

Fig. 3. Molecular phylogenetic analyses of tufA genes from three apicomplexan 35-kb genomes and 
representative eubacteria, plastids, and mitochondria (32). Maximum likelihood finds the phylogeny that 
is statistically most likely to have given rise to the observed sequences. Neighbor joining is a cluster 
method, in this case using "LogDet" distances (-In determinant). Parsimony finds the tree that requires 
the fewest inferred mutations to represent the data (9). Branch lengths are proportional to the number 
of inferred substitutions (or LogDet value); bootstrap values 240% are given above the corresponding 
branch (1 1).  The column at the far right indicates the number of membranes surrounding the plastid for 
taxa in the parsimony tree. All three phylogenetic methods consistently group the apicomplexan 35-kb 
encoded tuM genes with green algal plastids. 
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the endoplasmic ret~culum or Golgi apparatus 
(14, 15). Although this organelle is closely 
associated with the Golgi, the f ~ x a t ~ o l l  and 
stain~no cond~t io~ls  used for Fle. 2. D and E. 
colnmonly show four membranes. It 1s dlffl- 
cult to visualize dist~nct lne~nbralles all the 
way around the organelle (and serial sections 
necessarily lose definition at the top and bot- 
tom of the stack), but all of our micropranhs 
are consistent with the four-membrane hy- 
pothes~s, and man!; sections are clearly incom- 
patible with 5 3  or 2 5  membranes. The pres- 
ence of four lnetnbra~les enclosi~lg the apico- 
plast suggests that it originated as a seco~ldary 
endosymbiont (derived b!; ingestion of a eu- 
karyote that melt  harbored a plastid), analo- 
gous to the plastlds of chlorarachniophytes 
and cryptomo~lads (16). This hypothesis IS 

bolstered b!; the phylogenetic grouping of api- 
coplasts \ v ~ h  green algal plastids, which pre- 
sents a clear conflict with nuclear gene phy- 
logenies (12, 17) and therefore provides pri- 
ma facie support for a secondary endosymb~- 
otic origin. The  putatlve green algal origin o t  
apicomplexan plastids should be testable 
through further phylogenetic analyses of plas- 
t ~ d  sequences and analysis of apicotnplexan 
nuclear genes of potential green algal origin, 
such as phosphoglucose Isomerase and enolase 
(18). 

The  f ~ ~ n c t l o n  of the ap~coplast remains 
unkno\vn, but the parasite faithfully repl~cates 
this organelle, which div~des by binary tisslon 
and 1s introduced into d e v e l o ~ ~ n e  dauehter 

&, &, 

parasites very early during replication (Fig. 
2E). The apicoplast genome is certainly tran- 
scribed: Several transcripts have been identi- 
t ~ e d  by Northern (RNA) blot analysis (3.  19), 
rps4 transcripts localize to the same region as 
the 35-kb DNA (Fig. I ) ,  and ribosomal RNA 
derived from the 35-kb circle has been local- 
ized to thls organelle (15). Like other endo- 
sylnbiotic genomes (20), the 35-kb element 1s 
presumed to be the remnant of a much larger 
precursor, most of whose original functions 
have been lost or transferred to the nuclear 
genome. Photosy~lthes~s is the most htniliar 
function ot  plastids, and evidence for a chlo- 
rophyll binding protein in Apicomplexa has 
been reported (21), although we have not 
been able to confirm these results in Toxoblns- 
ma. Plastids also man!; other key meta- 
bolic roles-including bios!;nthesis of anlino 
acids and fattv acids, assimilation of nitrate 
and sultate, and starch storage (22)-and 
have been ~naintailled in man!; nonphotos!;n- 
thetic taxa over millions of years (23).  T h e  
apicoplast has been suggested as a target for 
macrolide antibiotics in Toxoblasma 324) , , 

and may also be the target for rifampicin in 
Plnsrnodi~irn (25).  Further studies are likely 
to elucidate inlportallt aspects of plastid 
function and evolutionary history, in addi- 
tion to identifying other parasite-specitic 
targets for chemotherapy. 

REFERENCES AND NOTES 

1. R. J. M. h l s o n .  D. H. hl~ll~amson P Pre~ser, Infect. 
Agents Dis. 3 29 (1 994); J E. Feagn. Anrlu. Rev. 
ivlicrobiol. 48. 81 (1 994). 

2 A B Va~dya, R Akela. K. Supck.  Mol, Eiocnem. 
Parasitol. 35, 361 4 (1 989); J. T. Joseph. S. M Aldr~tt, 
T. Unnasch, 0 Pujaon D. F. Wrth, i~Ao1. Cell 6101. 9, 
3621 (1989). 

3. R. J. M. Wilson eta/.. J. Mol. Eiol. 261 155 (1 996). 
4. J E Feagn E. Werner, M. J Gardner, D H. W a r n -  

son. R. J. M. Wson ,  Nucleic Acids Res. 20, 879 
(1 992). 

5. The co~npete  sequence of the T gond~i 35-kb DNA 
has been depos~ted In GenBank w~ th  accession 

number U87145. The map of t hs  genorne IS v~rtually 
den tca  to that of Plasmodium (3). 

6. C. J. Howe, J. Theor. Eiol. 158, 199 (1 992); M. J. 
Gardner et a/. ivlol. Eiochem. Parasitol. 66. 221 
(1 994). 

7 B. Cousneau, C. Cerpa, J Lefebvre. J. Cedergren. 
Gene 120 33 (1 992); W. Ludwg et a/. Arltonie van 
Leeuwenhoek 64. 285 (1993); C F. Delwiche M 
Kuhsel, J. D Parner i~Ao1. Pliylogenet. Evol. 4, 110 
(1995); S. L. Baldauf, J. D. Palmer. hl. F. D o o t t e  
Proc. Natl. Acad. Sci. U.S.A. 93, 7749 (1996) 

8. Predcted proten sequences for Apcompexan tufA 
aenes are avaabe from GenBank: accesson num- 
b e r s : ~ ~ ,  gondii X88775; P falcipan,m, X87630: and 
E, tenella X89446. 

9. D. M. H i s ,  C. Mor~tz, B K Mabe. Eds.. Molecular 
S)/stemat~cs (Snauer Sunderand MA, 1996). 

10. The apcornpexan tufA genes are 70 to 80°0 A-T 
(-959/ at third-codon postons),  versus 48O/o (439.6) 
for bacter~a tufA genes and 6696 (849.6) for pas td  
tufAs. Bases n base composition can nfluence phy- 
ogenetc analyss [P. J. Lockhari M A. Steel M D. 
Hendy, D. Penny, Mol. Eiol. Evol. 11, 605 (1 994)l. 
but bias-tolerant methods such as transverson and 
LogDet analyses consistently place the 35-kb ee-  
ment w e  within the plast~ds Although aplcom- 
plexan tufAs are highly d~vergent (Plasmodium in 
pariicuar) and therefore rnay be vulnerable to 'long 
branch" effects [J. Fesensten, Syst 2001. 27. 401 
(1978). D. M. H I S ,  J. P. Huesenbeck, C. W. Cun- 
nngham, Science 264. 671 (1994): J H. K I ~  Syst. 
Biol 45 363 (1 996)], the Apcornpexa rernan ~Nthin 
the pastds  even in the presence of the rapidly evov- 
n g  mtochondra and Mycoplasma genes. Only the 
assocation with Coleochaete n parsimony analyses 
IS a probable exarnpe of long-branch effects. 

11. J. Fesensten. Annu. Rev. Genet. 22. 521 (1988) 
12 N. D. Levine. J. Protozool. 35, 518 (1988); A A. 

Ga~adhar et a/. . Mol. Eiochem. Paras~tol. 45, 147 
(1991): T. Cavaer-Sm~th, ivlicrobiol Rev. 57, 953 
(1993): Y. Van de Peer, S. A. Rensng, U -G. Maer. 
R. De LA!achter, Proc, !\lati. Acad. Sci. U.S.A. 93, 
7732 (1 996) 

13. J. D. Dodge, n The Chromophyfe Algae: Problems 
andPerspectives. J C. Green B.  S. C. Leadbeater. 
hl. L. Dlver, Eds (Clarendon. Oxford, 1989). pp. 
207-227. 

14. M. E Sddal.  Parasitol, Today 8, 90 (1 992). 
15. G. I .  McFadden, M. E. Relth, J. Muhoand  N. Lang- 

Unnasch, iflature 381 482 (1 996). 
16. G I. McFadden and P. R. Gson ,  Trends Ecol Evol. 

12, 12 (1995). 
17. S. L. Baldauf and J. D Palmer, Proc, !\lati Acad. Sci. 

U.S.A. 90. 1 1558 (1 993). 
18. D. Van Der Straeten. R. A. Rodrigues-Pousada. H. 

M. Goodman. M. Van Monagu, Plant Cell 3. 71 9 
(1991): M. Read. K. E. Hicks P. F. G. Slms J. E. 
Hyde,  ELI^. J. Biochem. 220, 51 3 (1 994): L. A. J. 
Katz. J. i~Ao1. Evol. 43. 453 (1996). 

19. J. E. Feagn and M. E. Drew. Exp Paras~tol. 80. 430 
(1 995). 

20. J. D. Palmer, Annu. Re!/. Genet 19. 325 (1 985). M 
LA!. Gray, Annu Re!/. CellB~ol. 5. 25 (1989) 

21. J. H. P. Hackste~n et a/.. Parasitol. Res. 81 207 
(1 995). 

22. G. Hrazdna and R. R. Jensen. Annu Re!/. Plant 
Physiol. Plant Mol, Eiol. 43. 241 (1 992). 

23. C. W. de Pamphis and J. D. Palmer. iflature 348, 
337 (1 990): K. H. hlolfe, C. W. Morden, J. D. Palmer, 
Proc iflati. Acad Sci. U.S.A. 89 10648 (1 992). 

24. C. J. M. Beckers et a/. , J. Clin. Invest. 95,367 (1 995): 
M. M. F~chera. M. K. Bhopale, D. S Roos, Ant~mi- 
crob. Agents Chemother. 39, 1530 (1 995). 

25. S Pukr~ttaya~nee. C. V~ravarn P. Charoenlarp, Y. 
Yeamput. R J M. Wson ,  Antimicroo. Agents Che- 
motlie!: 38 51 1 (1 994). 

26. We prepared nck-translated DNA probes coverng 
10.5 kb of the T gondi~ 35-kb c r c e  by ncubatng 1 
to 2 lpg of te~npate  DNA for 2 hours at 14'C In a 
5 0 - p  reacton mxture contanng 50 mM trls (pH 
7.8), 0.1 n M  d~gox~gen~n-1 1-deoxyurldilie 5 ' -  
tr~phosphate (dUTP) (Boehr~nger-Mannhe~m) 0.4 
mM dATP. 0.4 mM dCTP, 0.4 mM dGTP, 5 mM 
MgCl,, 10 mM dthothre to ,  2.5 pg  of nucease-free 
bovne serurn aburnn. 10 U of DNA Polymerase I, 
and DNase I at concentratlons t~trated to produce 
labeled fragments w~ th  an average length of -150 
bp. RH-stran T gondii tachyzotes were cultured In 
vitro n prmary human fbrobasts [D. S. Roos R.  G. 
K. Donald, N. S Morrssette, A. L C. Mouton, iiAeth- 
ods Cell Biol. 45, 27 (1994)l. resuspended In phos- 
phate-buffered sane  (PBS) at -5 X 10- paraslies1 
n attached to sane-coated glass sdes,  and fxed 
for 10 m n  at 25'C in a s o u t o ~ i  of 4% formaldehyde, 
6596 methanol and 25'0 g a c a  acetc acd,  followed 
by two 5 -mn  f~xations In methanol a ~ i d  glacial acetc 
acd  (3 :  1). S d e s  were rnsed twce for 5 m n  In 1 OOOo 
ethanol rehydrated, and per~neabzed for 10 min at 
25°C In Protenase K at concentratons from 0.1 to 
1.0 lpgiml (optma concentratons vared frorn batch 
to batch) In 10 mM tris (pH 8.0) contaming 5 mM 
EDTA. Specmens were then f~xed for 5 m n  on ice In 
PBS-buffered 4% formaldehyde. r~nsed twice In 
PBS and Incubated for 5 m n  n 2 x  standard sane  
cltrate (SSC), lntracellular RNA was removed by d -  
geston for l to 2 hours In a 200-pg/1nl souton of 
DNase-free RNase A (In 2 x SSC) followed by dehy- 
dration through an e tha io  series. Paraste DNA was 
denatured for 5 I nn  at 70'C In 70'' forrnarnide (In 
2 x  SSC), chilled in ce-cold 70°h ethanol, and dehy- 
drated. Hybrdzaton was carred out for 12 hours at 
37'C in a 15-111 volume [ l o  ng of heat-denatured 
probe 1 pg  of yeast tRNA, and 1 to 2 p g  of heat- 
denatured calf thymus DNA per mcroiter of 50'0 
formamde, 10 mM tris (pH 7.4), 300 mM NaC 1 
mM EDTA (pH 8), I 096 dextran sulfate and 1 X Den- 
hardt's solut~o~i] .  Atier hybr~dzato~ i ,  the s d e s  were 
rnsed n 4 x  SSC and tbvce washed for 10 m n  at 
25°C In 4 x  SSC, twlce for 3 min at 37°C In 5096 
formarnide ( ~ n  2 x  SSC), tiNce for 5 m n  at 37°C in 2X 
SSC, once for 2 m n  at 25'C i 2 x  SSC, and twlce 
for 5 mln at 25'C in 4 x  SSC. \iVe v~suazed the 
tiybr~ds by incubating the specmens for 40 m n  at 
25°C n 4 x  SSC containng rhodamne-conugated 
polyclonal sheep ant-dgoxigenn (Boehrnger) and 
0.50h nucease-free block~ng reagent. Control hy- 
br~d~zat~ons 1 ~ 1 t h  labeled pGEM-3 vector DNA 
showed no sigial. Nuclear DNA was stained for 20 
mln at 25'C w ~ t h  2.5 nM YOYO-1 (Molecular 
Probes) in I X SSC, In F I ~  1 F through H. extranu- 
clear DNAIN~S staned ~ ~ t i i  a monoclonal antbody 
rased aganst double-stranded DNA (Boehrnger), 
followed by a secondary fuorescen isothocyanate 
(FlTC)-con~ugated rabb~t-antirnouse ant~body 
(Perce). Both YOYO and FITC were vsuazed  w ~ t h  
a fuorescen f t e r  set. Specmens were rnounted In 
Aq~la-PolyiMount (Polysc~ences) atid analyzed 
w ~ t h  a Le~tz scannlng co~ifocal rnlcroscope 
eauipped w ~ t h  a Kr-Ar laser. FITC and tetramethyl 
rhodamne sothocyanate f t e r  sets and a trans- 
mit ted-ght detector. 

27. Ant~sense- and sense-RNA probes were prepared 
by standard procedures, w~ th  the use of the T 7  and 
Sp6 protnoters In pGEM-3 flankng a 0.7-kb cloned 
fragment from the T gondii35-kb genome predcted 
to encode r,ns4 (5) Freshly hawsted parastes were 
f~xed for 5 m n  at 25°C n 496 PBS-buffered formal- 
dehyde, washed In PBS, attached to siane-coated 
sdes.  f~xed for 5 m n  on ice n 4O0 forrnaldehyde 
brefly washed n PBS, and treated w th  Protenase 
K. Atier another 5 m n  of flxaton on ice In 4'0 fortn- 
aldehyde the s d e s  were washed In PBS, dehydrat- 
ed and Incubated w~ th  15 111 of hybr~dzaton souton 
(PG), at probe concentratons of 1 to 2 ng/ l~ l .  Nuclear 
DNA was counterstaned 1 ~ 1 t h  YOYO-1 

1488 SCIENCE \'OL 275 7 hlARCH 1997 http://~va\v.sc~encemag.o~g 



; '«f-: TECHNICAL COMMENTS 

28. N. S. Morrissette, V. Bedian, P. Webster, D. S. Roos, 
Exp. Parasitol. 79, 445 (1994). 

29. Extracellular tachyzoites were fixed for 1 hour on ice in 
4% PBS-buffered formaldehyde and then for 12 hours 
at 4°C in 8% PBS-buffered formaldehyde. The cell sus
pension was embedded in 10% gelatin, incubated for 2 
hours at 4°C in PBS containing 2.3 M sucrose, and 
frozen in liquid nitrogen. Ultrathin sections of the frozen 
samples were freshly prepared before each hybridiza
tion experiment. Cryosections were transferred to grids 
and digested for 40 min at 37°C in 2x SSC containing 
200 (xg/ml of DNase-free RNase A. Cellular DNAs were 
denatured for 5 min at 70°C in 70% formamide (in 2x 
SSC), chilled on ice, transferred to 50% formamide (in 
2x SSC), and incubated briefly at 25°C. Sections were 
hybridized for 12 hours at 37°C in a humidified chamber 
in 5 (xl of hybridization mix containing 10 to 20 ng/jxl of 
DNA probe {26), washed three times for 5 min at 25°C in 
4X SSC, twice for 3 min at 37°C in 50% formamide (in 
2X SSC), twice for 5 min at 25°C in 2x SSC, and kept 
in 4x SSC at 25°C before staining. Hybridized probe 
was detected with polyclonal sheep anti-digoxigenin, 
followed by a secondary rabbit antibody directed 
against sheep immunoglobulin G (Pierce), and Protein A 
conjugated to 10-nm particles of gold. Immunogold-
labeled sections were blocked for 20 min at 25°C in 4x 
SSC containing 0.5% blocking reagent and were incu
bated with a monoclonal antibody against DNA, fol
lowed by a rabbit anti-mouse secondary antibody and 
protein A conjugated to 5-nm gold particles. To improve 
the contrast of membranous structures, we counter-
stained hybridized cryosections on ice for 10 min in 
0.3%) aqueous uranyl acetate plus 2% methylcellulose. 
Grids were air-dried on loops and examined with a Phil
lips EM400 microscope. 

30. The antibody directed against DNA used in Fig. 2A 
probably recognizes both endogenous DNA and the 
digoxigenin-labeled probe. Similarly, the 5-nm gold-
protein A conjugate used to visualize this antibody 
(by means of a secondary rabbit antibody) is poten
tially able to recognize any anti-digoxigenin that re
mained unblocked. Comparable staining with anti
body against DNA was observed even in the ab
sence of a DNA probe, however (Fig. 2C), or when 
control plasmid was used as a probe. Cryosections 
labeled with antibody to DNA before the application 
of anti-digoxigenin also showed co-localization of 
large and small gold particles. The apparent cluster
ing of label in Fig. 2, A and B, may be an artifact of in 
situ hybridization conditions, because antibody di
rected against DNA labels the organelle uniformly 
(Fig. 2C). 

31. Infected cultures were fixed for 45 min in freshly 
prepared 50 mM phosphate buffer (pH 6.3) contain
ing 1% glutaraldehyde and 1% 0s04 , rinsed in dis
tilled water, stained in 0.5% uranyl acetate overnight, 
dehydrated, and embedded in Epon. Ultrathin sec
tions were picked up on uncoated grids, stained with 
uranyl acetate and lead citrate, and examined with a 
Phillips 200 electron microscope. 

32. A total of 65 sequences, including nearly all available 
bacterial sequences and representative plastid se
quences, were aligned using PILEUP [Genetics 
Computer Group, Madison, Wl (1991)], with manual 
refinement on the basis of secondary structural infor
mation. Maximum likelihood analysis was performed 
with fastDNAml v1.0.6 [G. J. Olsen, H. Matsuda, R. 
Hagstrom, R. Overbeek, CABIOS 10, 41 (1994)], 
compiled as parallel code running on an Intel Para
gon 64-node partition. Three random addition se
quences and global swapping were used, but it can
not be guaranteed that the tree found is the highest 
likelihood tree possible. Bootstrap data sets and 
consensus trees were generated using PHYLIP tools 
SEQBOOT and CONSENSE [J. Felsenstein, Univer
sity of Washington, Seattle, WA (1993)]. Bootstrap 
replicates were analyzed with fastDNAml using a sin
gle random addition sequence and local branch 
swapping only. LogDet, parsimony, and constraint 
analyses were performed with PAUP*4.0d48 [D. L. 
Swofford; Smithsonian Institution, Washington, DC 
(1996)] using nucleotide data from the first and sec
ond codon positions, and bootstrapping was carried 
out using 100 replicates with random addition se
quences (where appropriate). LogDet distances are 

not directly comparable to standard distances but 
yield additive distances under any Markov model 
when sites are evolving independently and at the 
same rate (9). 

33. This work was supported by NIH grants AI-31808 
(D.S.R.) and GM-52857 (L.G.T.), NSF grant DEB-93-
18594 (J.D.P.), and the University of Pennsylvania Pro
gram in Computational Biology. P.W.D. was supported 
by a Medical Research Council studentship, and 
R.J.M.W. by the United Nations Development Program-
-World Bank-World Health Organization Special Pro
gramme for Research in Tropical Diseases. D.S.R. is a 

Burroughs Wellcome New Investigator in Molecular 
Parasitology and a Presidential Young Investigator of 
the NSF, with support from Merck Research Laborato
ries and the MacArthur Foundation. We wish to thank 
R. G. K. Donald for molecular clones derived from the T. 
gondii 35-kb element, L. Chicoine for assistance with 
cryosectioning, J. F. Dubremetz for suggesting that the 
apicomplexan plastid described herein be designated 
the apicoplast, and P. Kuhlman, F. Lutzoni, K. Pryer, 
and D. Williamson for helpful discussions. 

16 September 1996; accepted 27 December 1996 

Site1! 
:s#:i 

Evidence for a Family of Archaeal ATPases 

1 he analysis by Carol ]. Bult et ol. of the 
Methanococcus jannaschii genome included 
families of paralogous proteins that did not 
seem to have counterparts in the current se
quence databases (I). The largest of such 
families consists of 13 chromosomal and three 
plasmid-encoded proteins, which were found 
to be highly similar to one another [figure 6 in 
(I)], but did not show statistically significant 
similarity to any proteins, thus escaping func
tional prediction. Our inspection of the align
ment, however, indicates that two of the con
served sequence blocks correspond to well-
characterized functional motifs: namely, the 
phosphate-binding P-loop and the Mg2+-
binding site that are conserved in a vast vari
ety of ATPases and GTPases (Fig. 1 and 2-4). 
Even though most commonly used methods 
for database search such as BLASTP (5) 
showed only marginally significant similarity 
to several ATPases, a new version of the 
BLASTP program that constructs local align
ments with gaps (6) indicated a probability of 
matching by chance between 10 - 4 and 10 - 6 

for some of the proteins in the new archaeal 
family and bacterial DnaA proteins; the con
servation was particularly notable in the two 
ATPase motifs (Fig. 1). Thus, even though 
these 16 proteins comprise a novel family that 
is so far represented only in archaea, they 
appear to belong to a known broad class of 
proteins, and we predict that they possess 
ATPase activity. 

Screening of the nonredundant protein se
quence database at the National Center for 
Biotechnology Information (National Insti
tutes of Health, Bethesda, MD), with a bi
partite pattern representing the specific forms 
of the two ATPase motifs conserved in the 
M. jannaschii family—namely, hhhhGx4-
GK[TS]xnhhhhD[DE] (h indicates a bulky 
hydrophobic residue), selected 271 pro
teins, all of which are either known to 
possess ATPase activity or are highly simi
lar to ATPases. In addition to DnaA, this 
list includes a number of members of the 
so-called AAA ATPase family (7); the sim
ilarity between these proteins and DnaA 

has been noted before (4). Many of the AAA 
family proteins possess chaperone-like activity 
and, in particular, are involved in ATP-de-
pendent proteolysis; examples include bacte
rial proteins ClpA, ClpB, ClpX, FtsH, and 
HslU; proteasome components; and yeast 
HSP78 (7). Members of the novel archaeal 
protein family could also perform chaperone-
like functions. This is particularly plausible, 
because M. jannaschii does not encode several 
molecular chaperones that are ubiquitous and 
highly conserved in bacteria and eukaryotes— 
namely, members of the HSP70, HSP90, and 
HSP40 families. It remains to be seen how 
typical is this situation in archaea. 

Finally, the family of putative ATPases 
contains a third strikingly conserved motif 
with two invariant histidines and one in
variant cysteine (Fig. 1). Even though this 
motif did not show statistically significant 
similarity to any proteins in the database, 
this may be a specific metal-binding site, 
and some resemblance of the divalent cat
ion-binding motif in bacterial Fur proteins 
that are metal-dependent transcription reg
ulators (8) could be detected (Fig. 1). Two 
observations seem relevant: (i) One of the 
chaperone ATPases, FtsH, contains a met
al-binding motif conserved in its bacterial 
and eukaryotic homologs and is a Zn-de-
pendent protease (9). (ii) Methanococcus 
jannaschii encodes at least two other puta
tive ATPases, namely, the predicted pro
teins MJ0578 and MJ0579 that also contain 
a metal-binding domain, in these cases a 
ferredoxin-like domain (10). 

Thus, analysis of conserved motifs and ap
plication of additional methods for sequence 
database search yields specific functional pre
dictions for archaeal proteins that initially 
appeared to comprise a unique family. There 
is little doubt that further exploration of the 
M. jannaschii genome sequence will bring 
more interesting findings. 
Eugene V. Koonin, National Center for Bio
technology Information, National Library of 
Medicine, National Institutes of Health, Beth
esda, MD 20894, USA 
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