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incubated with 20ml Sepharose-immobilized monoclonal anti-HA antibodies (Covance).
Beads were washed with buffer Twithout BSA before elution. DSP-induced crosslinks in
eluted proteins were thiol-cleaved before separation by 8–16% SDS–PAGE and detection
by Sypro Ruby (Bio-Rad).

Quinone analyses

Lipid extractions and quinone detection were performed as described19. Hydrogenosomes
(5.5mg protein) were extracted and resuspended in 150 ml 9:1 methanol/ethanol, of which
50 ml was injected onto an HPLC system linked to an ECD.

Sequence analyses

Accession numbers for sequences used to reconstruct NuoF and NuoE phylogenies are
listed in Supplementary Tables 2 and 3. NuoF sequences were aligned with CLUSTALX.
NuoE sequences were aligned with Wisconsin Package Version 10.2 programs (Genetics
Computer Group). A profile hidden Markov model (HMM) was built from Escherichia

coli, Neurospora crassa, Bos taurus, Paracoccus denitrificans and Thermus thermophilus

sequences with HMMBUILD. Additional sequences were aligned to the profile with
HMMALIGN. Both alignments were edited to remove C- and N-terminal extensions.
Analyses of NuoF and NuoE evolution were performed with MRBAYES30 with the JTT
amino-acid substitution model and with two Markov chains Monte Carlo. Chains were
run for 100,000 generations, with sampling every 50 generations. The first 5,000 generations
were discarded as burn-in. Consensus trees satisfying the more than 50 majority rule were
drawn with Treeview, and probabilities of branch partitions were calculated.
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Cryptosporidium species cause acute gastroenteritis and diar-
rhoea worldwide. They are members of the Apicomplexa—pro-
tozoan pathogens that invade host cells by using a specialized
apical complex and are usually transmitted by an invertebrate
vector or intermediate host. In contrast to other Apicomplexans,
Cryptosporidium is transmitted by ingestion of oocysts and
completes its life cycle in a single host. No therapy is available,
and control focuses on eliminating oocysts in water supplies1.
Two species, C. hominis and C. parvum, which differ in host
range, genotype and pathogenicity, are most relevant to
humans1–3. C. hominis is restricted to humans, whereas
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C. parvum also infects other mammals2. Here we describe the
eight-chromosome ,9.2-million-base genome of C. hominis2.
The complement of C. hominis protein-coding genes shows a
striking concordance with the requirements imposed by the
environmental niches the parasite inhabits. Energy metabolism
is largely from glycolysis. Both aerobic and anaerobic metab-
olisms are available, the former requiring an alternative electron
transport system in a simplified mitochondrion. Biosynthesis
capabilities are limited, explaining an extensive array of trans-
porters. Evidence of an apicoplast is absent, but genes associated
with apical complex organelles are present. C. hominis and C.
parvum exhibit very similar gene complements, and phenotypic
differences between these parasites must be due to subtle
sequence divergence.
We generated a ,12-fold sequence and ,8-fold bacterial artifi-

cial chromosome (BAC) clone coverage of the genome ofC. hominis
isolate TU502 (ref. 3, Fig. 1, Supplementary Figs 1–8, Supplemen-
tary Tables 1 and 2). Alignment of the,9.2-million-base (Mb) final
sequencewith theHAPPYmap4 and chromosomes of theC. parvum
genome5 covered ,9.1Mb. The eight chromosomes range from
,0.9 to ,1.4Mb and exhibit 31.7% GC content (compare with
30.3% and 19.4% for C. parvum and P. falciparum6, respectively).
The density of 2–50-base-pair (bp) repeats was about 1 per 2,800 bp.
The distribution of repeats is biased towards chromosome ends
because over 85% are in the telomere-proximal thirds of five of the
chromosomes (Supplementary Fig. 9). Two octamers, TGGCGCCA
and TGCATGCA, over-represented in other apicomplexans4, are

,40-fold and 15-fold over-represented in C. hominis (Supplemen-
tary Table 3). More than 80% of these are in non-coding sequences,
indicating possible regulatory or other conserved function. Forty-
five tRNAs, four or five rRNA operons—at least one of each of the
two known types (Supplementary Table 4)—and two clusters of
three tandem 5S rRNA genes are present. As in P. falciparum6, two
tRNAMet genes are present, suggesting discrete roles in initiation
and extension. We estimate that there are ,3,994 genes in C.
hominis, in comparison with 3,952 genes in C. parvum and 5,268
in P. falciparum6 (Table 1). About 60% exhibit similarity to known
genes. The distribution of GO annotations for Cryptosporidium,
Plasmodium and Saccharomyces, is remarkably similar (Supplemen-
tary Fig. 10), indicating that their phenotypic differences are a
reflection of non-conserved or previously unreported gene families
of unknown function rather than to the functional specialization of
conserved gene families. We estimate that 5–20% of C. hominis
genes have introns.

Analysis of the C. hominis genome shows that the parasite
possesses a highly tailored glycolysis-based metabolism, is depen-
dent on the host for nutrients, and is exquisitely adapted for its life
cycle (Fig. 2, Supplementary Tables 5 and 6). Glycolysis seems
functional, unlike the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation. Both an anaerobic pathway using
pyruvate:NADPþ oxidoreductase (PNO) and an aerobic pathway
using an alternative oxidase (AOX) are available for recycling NADþ

to NADH. In the former, pyruvate is fermented to acetyl coenzyme
A (acetyl-CoA) producing NADPH, which is then reduced to
NADPþ, releasing hydrogen, by a Narf-like [Fe]-hydrogenase, as
in Trichomonas7. Acetyl-CoA is processed by acetate CoA synthase
to produce acetate and ATP, as in Giardia8, yielding four ATP per
glucose. Acetyl-CoA can also be processed to ethanol yielding no
additional ATP. Under glucose-limited conditions, conversion of
acetyl-CoA to acetate, generating two extra ATP per glucose, might
be favoured.When glucose is in excess, pyruvate can be converted to
lactate or ethanol to regenerate NADþ but no additional ATP. C.
hominis can also generate ATP by metabolism of glycerol using
glycerol-3-phosphate dehydrogenase and triose phosphate
isomerase.

C. hominis can convert pyruvate to malate and subsequently to
oxaloacetate (OAA), regenerating NADþ. However, malate shuttle
enzymes—for example, aspartate amino transferase—which process
OAA to aspartic acid for export from the mitochondrion, are
absent. Cytoplasmic malate could be converted to OAA by a
mitochondrial membrane-bound malate dehydrogenase, like the
lactate shuttle of Euglena gracilis9, passing electrons from malate to
an electron transport system composed of elements of Complexes I
and III and an alternative oxidase system with O2 as electron
acceptor and producing no additional ATP.

Enzymes for metabolism of glycogen, starch and amylopectin are
present, which is consistent with suggestions that amylopectin
represents an energy reserve for sporozoites10. Lack of glucose-6-
phosphate 1-dehydrogenase and other enzymes of the pentose
phosphate pathway suggests that, unlike P. falciparum and other
apicomplexans6, C. hominis cannot metabolize five-carbon sugars
or nucleotides. Components of b-oxidation, for example enoyl-
CoA hydratase and acetyl-CoA C-acyltransferase, are also absent,
precluding ATP generation from fatty acids. Enzymes for the
catabolism of proteins are also absent.

Major TCA-cycle enzymes—isocitrate dehydrogenase, succinyl-
CoA synthase and succinate dehydrogenase—are absent in
C. hominis. Despite the presence of ubiquinol-cytochrome c
reductase, NADH dehydrogenase (ubiquinone), Hþ-transporting
ATPase and iron–sulphur cluster-like proteins, among others, key
components of Complexes II and IV are absent, precluding ATP
generation by oxidative phosphorylation. Components of oxidative
phosphorylation that are present (parts of Complexes I and III)
probably reoxidize NADH in a simplified electron-transport chain,

Table 1 Cryptosporidium hominis genome summary

(a) The genome C. hominis C. parvum P. falciparum
.............................................................................................................................................................................

Size (Mb) 9.16 9.11 22.85

No. of physical gaps 246 5 93

No. of contigs 1413* n.a. n.a.

(GþC) content (%) 31.7 30.3 19.4

Coding regions†

Coding size (Mb) 6.29 6.80 12.03

Percentage coding 69 74 53

(G þ C) content (%) 32.3 31.9 23.7

No. of genes 3,994 3,952 5,268

Mean gene length (bp) 1,576 1,720 2,283

Gene density (bp per gene) 2,293 2,305 4,338

Genes with introns (%)‡ 5–20% 5% 54%

Hits nr§ 2,331 2,483 n.d.

Percentage hits nr§ 58 63 n.d.

Intergenic regions

Non-coding size (Mb) 2.87 2.32 10.83

Percentage not coding 31 25 47

(GþC) content (%) 30.3 25.6 14.6

No. of intergenic regions 4,003 3,960 6,392

Mean length (bp) 716 585 1,694

RNAs

No. of tRNA genes 45 45 43

No. of 5S rRNA genes 6 6 3

No. of 5.8S,18S and 28S 5 5 7

.............................................................................................................................................................................

(b) The proteome

.............................................................................................................................................................................

Total predicted proteins 3,994 3,952 5,268

Hypothetical proteins 2,779 2,567 3,208

Gene ontology

Biological process 1,239 n.d. 1,613

Cellular component 1,265 n.d. 1,586

Molecular function 1,235 n.d. 1,625

Structural features

Transmembrane domain 786 n.d. 1,631

Signal peptide 421 n.d. 544

Signal anchor 221 n.d. 367
.............................................................................................................................................................................

*An additional 673 very short contigs are not assembled and probably include contaminant
sequences.
†Excluding introns.
‡Estimated intron content from expressed sequence tags.
§Hits, or putative homologous proteins in the non-redundant protein database.
Hypothetical proteins, proteins without sufficient similarity to any other gene to permit functional
assignment; n.a., not applicable; n.d., not determined; physical gaps, those that no existing clone
closes; transmembrane domains, TMHMM, Trans Membrane Hidden Markov Model (for prediction
of transmembrane helices in proteins); signal peptide and signal anchor, SignalP-2.0. C. parvum
and C. hominis genomes were annotated with identical strategies to permit comparison.
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as in some plants and protozoa.
Consistent with previous suggestions11 is the observation that

Cryptosporidium lacks enzymes for the synthesis of key biochemical
building blocks—simple sugars, amino acids and nucleotides.
However, starch, amylopectin and fatty acids can be generated
from precursors. Interestingly, these C. hominis enzymes have
minimal similarity to the known biosynthetic enzymes and are
potential therapeutic targets.

Enzymes of the TCA, urea and nitrogen cycles and of the

shikimate pathway are absent, indicating that Cryptosporidium is
an amino-acid auxotroph. The shikimate pathway has been pro-
posed as a potential target for glyphosate-based chemotherapy in
other parasites includingCryptosporidium.We found no evidence to
support this hypothesis. Enzymes that interconvert amino acids are
encoded in C. hominis, and, unlike P. falciparum6, C. hominis has a
large complement of amino acid transporters.
C. hominis lacks enzymes to synthesize bases or nucleosides, but

encodes enzymes that convert nucleosides into nucleotides and

Figure 1 Schematic representation of the C. hominis chromosomes. Tracks indicate

C. hominis contigs (blue), sequence gaps (white) and physical gaps (red) (a); HAPPY4

markers (b); positions of the octamers TGGCGCCA (c) and TGCATGCA (d); Gene Ontology

(GO) of molecular function for the predicted genes shown by strand (see key, left (e) and

right (f)); tRNAs (blue) and rRNAs (magenta) (g); percentage identity to C. parvum in 5-kb

windows (see key; average identities are shown at the foot of each chromosome) (h); BAC

clone coverage (overlapping clones collapsed to a single line) (i). The scale to the left of

each chromosome represents C. parvum sequences (red triangles show sequence gaps),

with the first base at the top.

letters to nature

NATURE |VOL 431 | 28 OCTOBER 2004 | www.nature.com/nature 1109



©  2004 Nature  Publishing Group

interconvert nucleotides. As in other parasites, thymidylate synthase
and dihydrofolate reductase of C. hominis are encoded as a bifunc-
tional polypeptide, and novel polymorphisms at crucial sites have
been proposed to explain Cryptosporidium’s resistance to anti-
folates12. As previously suggested11, several nucleotide conversion
enzymes seem to have a prokaryotic origin.
Fatty-acid biosynthesis in apicomplexans occurs in the apicoplast

by means of a type II system including fatty-acid synthase (FAS).
However, consistent with the absence of an apicoplast in Crypto-
sporidium13 is the observation thatC. hominis encodes large FAS and
polyketide synthase (PKS) enzymes, indicating a type I mechanism.
The type I FAS and PKS enzymes ofC. hominis also have prokaryotic
characteristics14,15.
Glycerolipid and phospholipid metabolic pathways for phospha-

tidylinositol biosynthesis are available in C. hominis. 1,2-Diacyl-
glycerol is a precursor for glycosylphosphatidylinositol anchor
synthesis. All enzymes required for synthesis of these anchors are
apparently present16.

Polyamines like putrescine, spermine and spermidine are critical
for cellular viability, and enzymes required for their synthesis
are attractive therapeutic targets. Cryptosporidium can synthesize
polyamines using arginine decarboxylase rather than ornithine
decarboxylase17. The putative arginine decarboxylase, spermidine
synthase and other relevant enzymes encoded by C. hominis have
diverged significantly from their homologues and are potential
therapeutic targets.

C. hominis encodes adenylate cyclase, cyclic-AMP phosphodi-
esterase and protein kinase A, indicating the presence of the cAMP-
mediated signalling pathway (Supplementary Table 7). Trimeric
G protein, often involved in the activation of cAMP-mediated
signalling, was not found in C. hominis, indicating that, as in
Kinetoplastida18 and reminiscent of plants, this pathway is inde-
pendent of this complex in C. hominis. The presence of phospha-
tidylinositol 3-kinase and phospholipase C indicates thatC. hominis
utilizes phosphatidylinositol phosphate and Ca2þ-mediated regu-
latory mechanisms. The presence of putative Ca2þ transporters,

Figure 2 Schematic representation of selective C. hominis proteins, enzymes and

pathways. The green strip represents the cellular membrane with putative transporters;

numbers indicate the number of genes for a given class of transporter. Solid arrows

indicate pathways that are present; multistep pathways are indicated with dashed arrows.

Components or pathways that are absent are crossed out. Steps or components whose

exact nature is questionable are shown with question marks. Blue arrows and names

indicate proposed aerobic parts of the metabolism. Abbreviations: ABC, ATP-binding

cassette; AC, adenylyl cyclase; Ado, adenosine; AOX, alternative oxidase; Cpn60,

chaperone 60; Cyd, cytidine; DHF, dihydrofolate; dThd, deoxythymidine; GPI,

glycosylphosphatidylinositol; Hsp70, heat-shock protein 70; InsP3, inositol phosphate;

MRP, multiple-drug-resistance protein; NADH DH, NADH dehydrogenase; Narf-like,

nuclear prelamin A recognition factor-like protein; PEP, phosphoenolpyruvate; PI(3)K,

phosphatidylinositol 3-kinase; PKA, protein kinase A; PLC, phospholipase C; PKC, protein

kinase C; PNO–CPR, pyruvate:NADPþ oxidoreductase fused to cytochrome P450

reductase domain; THF, tetrahydrofolate; TIM17, translocase of the inner mitochondrial

membrane 17; TOM40, translocase of the outer mitochondrial membrane 40; UQ,

ubiquinone; Urd, uridine.
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enzymes associated with acidocalcisomes, and calmodulin imply
that Ca2þ transport and sequestering are functional. Protein kinase
C receptors indicate that C. hominis has the ability to signal by
activation of soluble cytoplasmic receptor-associated kinases.

No mitochondrial DNA sequences were found in C. hominis,
and the TCA cycle and oxidative phosphorylation are absent
(Supplementary Tables 5, 6 and 8). However, a double-mem-
brane-bound organelle generates a proton gradient using cardio-
lipin and performs some related mitochondrial functions, and
mitochondrial marker chaperonin 60 was localized to this struc-
ture19. Core enzymes of [Fe–S] cluster biosynthesis, namely CpFd1,
IscU, IscS, mt-HSP70, mtFNR and frataxin, have been reported in
Cryptosporidium20, and we were not surprised to observe proteins
involved in electron transport. We used CDART21 to identify [Fe–S]
domains in HscB (JAC) and ATM1, which are possibly involved in
chaperonin activity of Hsp40/DnaJ type and ABC transport. Thus,
C. hominis, like the microsporidian Encephalitozoon cuniculi22,
another obligate intracellular parasite, contains a minimal set of
these proteins. These results imply significant mitochondrial func-
tion in C. hominis and indicate that the previously reported
organelle19 is an atypical mitochondrion.

Cryptosporidium apparently lacks an apicoplast13,23, and searches
of the C. hominis genome identified no apicoplast-encoded genes
(Supplementary Table 9). Some putative nuclear-encoded apico-
plast genes, for example acetyl-CoA carboxylase 1 precursor24 and
adenylyl cyclase25, are present. Others, such as the apicoplast 50S
ribosomal protein L33 and the ribosomal L28 and S9 precursor
proteins, were not found. The data indicate that Cryptosporidium
lost an ancestral apicoplast. The presence of D-glucose-6-phosphate
ketol-isomerase and 2-phospho-D-glycerate hydrolase, which are
similar to plant genes and may be derived from ancient algal
endosymbionts, is also indicative that engulfment of the alga
that gave rise to the apicoplast preceded the divergence of Crypto-
sporidium from other apicomplexans. One hypothesis is that the
acquisition of the type 1 FAS by a progenitor organism obviated the
fatty-acid synthesis capabilities of the apicoplast14,15.

The C. hominis genome encodes multiple proteins specific for
components of the apical complex including micronemes and
rhoptries (Supplementary Table 9). No specific dense granule-
associated proteins were observed, probably because these proteins
diverge rapidly26. However, proteins implicated in the regulation of
transport and enhancement of the release of dense granule pro-
teins27 are present. As for Plasmodium, a typical Golgi structure is
not apparent in C. hominis23. However, the presence of secretory
organelles implies the existence of a functional endoplasmic reti-
culum and Golgi, and C. hominis encodes proteins similar to many
related components, including the NSF/SNAP/SNARE/Rab
machinery, which participates in dense granule release28, and the
rhoptry biogenesis mediator activator protein 1, involved in endo-
plasmic-reticulum–Golgi-organelle protein traffic29. The endoplas-
mic-reticulum–Golgi-organelle machinery of C. hominis therefore
seems similar to that of other apicomplexans.

As described above, C. hominis exhibits limited biosynthetic
capabilities and is apparently dependent on its ability to import
essential nutrients such as amino acids, nucleotides and simple
sugars. The genome encodes more than 80 genes with strong
similarity to known transporters and several hundred genes with
transporter-like properties. At least 12 sugar or nucleotide-sugar
transporters, five putative amino-acid transporters, three fatty-
acid transporters, 23 ABC family transporters including possible
multiple-drug-resistance proteins, and several putative mito-
chondrial transporters are present. Other putative transporters
for choline uptake, aminophospholipid transport, ATP/ADP,
and others with unclear function, were also identified. These
transporters are ideal therapeutic targets (Supplementary Table 10).

Comparison of the genomes of C. hominis and C. parvum (Fig. 1,
Supplementary Table 11) showed that the two genomes are very

similar, exhibiting only 3–5% sequence divergence with no large
insertions, deletions (Supplementary Fig. 11) or rearrangements
evident. In fact, the gene complements of the two species are
essentially identical because the few C. parvum genes not found in
C. hominis are proximal to known sequence gaps (Supplementary
Table 1). We therefore conclude that the significant phenotypic
differences between these parasites are due to functionally signifi-
cant polymorphisms in relevant protein-coding genes and to subtle
gene regulatory differences.
A striking feature of the C. hominis genome is the concordance

between its gene complement and themetabolic requirements in the
environmental niches of its two primary life-cycle stages—the
quiescent oocyst in the nutrient-poor aerobic environment of
contaminated water, and the vegetative parasites in the nutrient-
rich anaerobic or microaerophilic environment of the host. Oocysts
probably persist by aerobically metabolizing stores of complex
carbohydrates by means of glycolysis and the alternative electron
transport system in the unconventional mitochondrion. Consistent
with the lack of the energy-generating TCA cycle, oxidative phos-
phorylation, b-oxidation and the pentose phosphate pathways is the
observation that oocysts are relatively inactive, and the two ATP per
glucose from glycolysis can provide sufficient energy. In the host,
the parasite can import sugars to fuel glycolysis directly, netting two
ATP per hexose. In limiting glucose, an additional two ATP per
hexose can be generated either by converting acetyl-CoA to acetate
or by means of glycerol metabolism. The residual mitochondrion
lacks the TCA cycle and oxidative phosphorylation as expected in an
organism that replicates in anaerobic or microaerophilic environ-
ments, and a simplified electron transport system for regenerating
reducing power is available. Thus, a glycolysis-based metabolism is
sufficient to support Cryptosporidium in all life-cycle stages.
As previously noted, our analysis shows that Cryptosporidium is a

mosaic of sequences from diverse progenitors, including the
hypothetical endosymbiont alga that formed the apicoplast, the
mitochondrion and numerous genes acquired from prokaryotes by
lateral transfer.Cryptosporidium also exhibits modular gene loss.We
assume, on the basis of inference from other apicomplexans and
earlier diverging groups such as the Euglenozoa, the Heterolobosea
and the jakobids30, that Cryptosporidium progenitors exhibited the
TCA cycle, b-oxidation, oxidative phosphorylation, amino acid,
nucleotide and sugar biosynthesis, fully competent mitochondria,
and a functional apicoplast. Genes associated with these functions
are dispersed throughout the genome in Plasmodium and, we
assume, in the progenitor. However, these systems seem to have
been deleted cleanly in Cryptosporidium, leaving few identifiable
residual genes or pseudogenes. Thus, the Cryptosporidium genome
is a mosaic resulting from multiple lateral gene transfers and
selective gene deletion.
The tailored physiology of C. hominis indicates attractive thera-

peutic targets (Supplementary Table 10), for example: essential
transport systems; components of glycolysis; the unique prokaryo-
tic FAS1 and PKS1; starch and amylopectin metabolism; nucleic-
acid or amino-acid metabolism; the AOXelectron transport system;
the bifunctional thymidylate synthase–dihydrofolate reductase; and
the diverged polyamine synthesis enzymes. Finally, many potential
vaccine targets were identified in the C. hominis genome (not
shown), and, in contrast with other protozoan parasites, no exten-
sive arrays of potentially variant surface proteins were observed,
indicating a possible role for immunoprophylaxis for
cryptosporidiosis.
The availability of the genome sequence of the human pathogen

C. hominis is a crucial step forward in our understanding of the
biology of this parasite. The gene complement provides very
significant insight into its physiology and metabolism, validating
previous hypotheses and indicating the possibility of others. New
obvious targets for chemotherapy and immunotherapy are already
apparent. In short, we expect that the availability of the sequence of
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C. hominis will stimulate progress in research on this organism and
its pathogenicity, and strategies for intervention in the diseases it
causes. A

Methods
Amodified whole-genome shotgun strategy was used to sequence the,9.2-Mb genome of
C. hominis isolate TU502, which was derived from an infected child from Uganda. DNA
was purified from surface-sterilized oocysts, shotgun and BAC clones were constructed,
and end sequences were generated. About 220,000 sequence reads from small insert clones,
and end sequences from ,2,000 BAC clones averaging ,35 kbp in size, were generated.
The data represents a,12-fold shotgun clone coverage of the genome with a quality score
of Phred 20, and a 7–8-fold coverage with BAC clones. The sequences were assembled with
Phrap, yielding a ,9.16-Mb assembly, which was structurally and functionally analysed
with a variety of available software programs and in-house scripts (see Supplementary Text
1 and 2 for further details and references).
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Hepatocellular carcinoma is generally refractory to clinical
treatment1. Here, we report that inactivation of the MYC onco-
gene is sufficient to induce sustained regression of invasive liver
cancers. MYC inactivation resulted en masse in tumour cells
differentiating into hepatocytes and biliary cells forming bile
duct structures, and this was associated with rapid loss of
expression of the tumour marker a-fetoprotein, the increase in
expression of liver cell markers cytokeratin 8 and carcino-
embryonic antigen, and in some cells the liver stem cell marker
cytokeratin 19. Using in vivo bioluminescence imaging we found
that many of these tumour cells remained dormant as long as
MYC remain inactivated; however, MYC reactivation immedi-
ately restored their neoplastic features. Using array comparative
genomic hybridization we confirmed that these dormant liver
cells and the restored tumour retained the identical molecular
signature and hence were clonally derived from the tumour cells.
Our results show how oncogene inactivation may reverse tumor-
igenesis in the most clinically difficult cancers. Oncogene inac-
tivation uncovers the pluripotent capacity of tumours to
differentiate into normal cellular lineages and tissue structures,
while retaining their latent potential to become cancerous, and
hence existing in a state of tumour dormancy.

Cancer is largely caused by genomic catastrophes that result in
the activation of proto-oncogenes and/or inactivation of tumour-
suppressor genes2. Even brief inactivation of a single oncogene can
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Data collection and processing

A single wavelength anomalous diffraction experiment was carried out at the CuKa
wavelength on crystals cryoprotected in mother liquor plus 25% 2-methyl-2,4-
pentanediol; clear diffraction was observed to at least 1.8 Å resolution. We indexed,
integrated and scaled the data using D*TREK25, identified heavy atom sites with SOLVE26,
and carried out refinement with CNS27 to obtain amodel with finalRxtal and R free values of
17.8% and 22.8%, respectively. The model contains all RNA atoms except A82, for which
electron density was not observed, along with the hypoxanthine ligand. For additional
experimental details and references, see Supplementary Information.
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The GenBank accession number was supplied incorrectly as
AAEL000000. The sentence should have read: ‘The sequences
reported in this paper have been deposited in GenBank under the
project accession number AAEL00000000.’. In addition, the received
date should have been 14 March 2004. A
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