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S. Klages, S. Hennig, L. Riesselmann, E. Dagand, T. Haaf, S. Wehrmeyer,
K. Borzym, K. Gardiner, D. Nizetic, F. Francis, H. Lehrach, R. Reinhardt
& M.-L. Yaspo

Nature 405, 311–319 (2000).
..................................................................................................................................
The name of one author, Y. Groner, was inadvertantly omitted from
the author list but is included above. He is affiliated with the
Department of Molecular Genetics and Human Genome Center,
The Weizmann Institute of Science, Rehovot, Israel. Also, in the
second paragraph of the section headed ‘Comparison of chromo-
some 21 with other autosomes’, the second sequence should read
‘For example, a 100-kb region of a contig (AP001656) on 21p is
shared with chromosomes 4, 7, 20 and 22.’ M

© 2000 Macmillan Magazines Ltd



.................................................................
Atomically defined mechanism
for proton transfer to a
buried redox centre in a protein
Kaisheng Chen*†, Judy Hirst†‡§, Raul Camba†‡,
Christopher A. Bonagura*, C. David Stoutk, Barbara. K. Burgess*
& Fraser A. Armstrong‡

* Department of Molecular Biology and Biochemistry, University of California,
Irvine, California 92612, USA
‡ Department of Chemistry, Oxford University, Oxford OX1 3QR, UK
kDepartment of Molecular Biology, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, California 92037-1083, USA
† These authors contributed equally to this work
§ Present address: Medical Research Council Dunn Human Nutrition Unit, Hills
Road, Cambridge CB2 2XY, UK

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

The basis of the chemiosmotic theory is that energy from light or
respiration is used to generate a trans-membrane proton
gradient1. This is largely achieved by membrane-spanning
enzymes known as ‘proton pumps’2–5. There is intense interest
in experiments which reveal, at the molecular level, how protons
are drawn through proteins6–13.Here we report the mechanism, at
atomic resolution, for a single long-range electron-coupled
proton transfer. In Azotobacter vinelandii ferredoxin I, reduction
of a buried iron–sulphur cluster draws in a solvent proton,
whereas re-oxidation is ‘gated’ by proton release to the solvent.
Studies of this ‘proton-transferring module’ by fast-scan protein
film voltammetry, high-resolution crystallography, site-directed
mutagenesis and molecular dynamics, reveal that proton transfer
is exquisitely sensitive to the position and pK of a single amino
acid. The proton is delivered through the protein matrix by rapid
penetrative excursions of the side-chain carboxylate of a surface

residue (Asp 15), whose pK shifts in response to the electrostatic
charge on the iron–sulphur cluster. Our analysis defines the
structural, dynamic and energetic requirements for proton courier
groups in redox-driven proton-pumping enzymes.

Current studies of proton-pumping enzymes such as bacterio-
rhodopsin and cytochrome c oxidase are revealing the existence of
‘proton wires’ comprising chains of water molecules and proto-
natable amino-acid side-chains2–12. Apart from water channels,
which provide natural proton conductors14, transfer of protons is
heavily restricted by their short tunnelling distance; thus, whereas
electrons may easily tunnel 10 Å, a proton with comparable energy is
limited to hops of less than 0.25 Å15–17. This restriction can be used,
along with barriers imposed by pK differences between proton
donors and acceptors18, to control proton flow in response to
electron-transfer events at nearby redox sites2–12. However, proton
pumps are complex membrane-bound enzymes and mechanistic
details are difficult to analyse coherently. We now report conclusive
studies of the mechanism of redox-driven proton transfer between
solvent and a buried iron–sulphur cluster ([3Fe–4S]) in ferredoxin
I (FdI) from A. vinelandii. This small protein provides an electron/
proton-transfer ‘module’ with which to understand the redox-
linked proton-transferring components of the larger enzymes13,19.
A major advantage of the FdI system is that native and mutant
structures are known to high structural resolution in all
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Box 1
Sequential electron and proton transfers at the [3fe–45]
cluster in ferredoxin I

SchemeI, Sequence of electron and proton transfers defining the redox
chemistry of the [3Fe–4S] cluster in Ferredoxin I. Electron transfers
(standard first-order electrochemical rate constant, k0) are fast, and Ealk is
the reduction potential if pHq pKcluster.

Scheme II, Sequence by which proton transfer to the cluster is
catalysed by Asp 15 (B). Fast proton transfer (species highlighted in blue)
is pH dependent, and protonation constants of Asp 15 are sensitive to
cluster charge. At low pH, Asp 15 re-protonates (K2), thus inhibiting
proton transfer off the cluster. For native A. vinelandii FdI, pKOX = 5.4. See
Table I for rate expressions.

fast, k0 kon

koff

Kcluster = koff /kon

e– H+

Ealk

[3Fe–4S]+ [3Fe–4S]0 [3Fe–4S]0–H+

KOX

K2

K1
khop

on

khop
off

H+ + [3Fe–4S]+ B H+ + [3Fe–4S]0 B

[3Fe–4S]+ BH+ [3Fe–4S]0 BH+ [3Fe–4S]0–H+ B

[3Fe–4S]0–H+ BH+

Electron transfer

Slow 'background' rate of
proton transfer

Figure 1 The residues in the vicinity of the [3Fe–4S] cluster in oxidized native Azotobacter
vinelandii Ferredoxin I, taken from coordinates 7FD1. The upper frame shows the side
chains of residues that were varied in this study, and indicates the separation (in Å)
between D15 Od1 and S1, the least buried m2 sulphide of [3Fe–4S]. Only the major
conformation of the K84 side chain is shown (68% occupancy). The lower frame shows
the same view, onto which is superimposed the solvent-accessible surface (calculated
with a 1.4 Å probe). The carboxylate Od atoms of D15 and E18, and Nz of K84 are solvent
exposed. The Lys 84 side chain adopts two conformations in the oxidized native protein,
as shown by the pH 8.5 structure (Protein data bank (PDB) code 7FD1, ref. 22) where
these have 68% and 32% relative occupancies and (K84)Nz–(D15)Od1 distances of 3.6 Å
and 3.1 Å respectively. The Glu 18 side chain is disordered (anomalously high B values).
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relevant oxidation and protonation states20–22. Importantly, FdI can
be studied by fast-scan protein film voltammetry, a technique able
to reveal, in detail, the bi-directional kinetics of coupled proton–
electron-transfer reactions and their relation to thermodynamics13,23

(See Supplementary Information).
Scheme I (Box 1) shows the bi-directional proton transfer that

accompanies fast electron transfer to the [3Fe–45]1+/0 cluster of FdI.
Reduction drives a proton onto the cluster (kon), while its reoxi-
dation is ‘gated’ by proton release (koff). Scheme I stems from
numerous lines of evidence. The [3Fe–4S]1+/0 reduction potential
is pH-dependent, and one proton is taken up in the reduced state
(pKcluster = 7.8)13,23. This uptake can be observed spectroscopically:
thus, circular dichroism and magnetic circular dichroism spectra of
oxidized FdI (spin-state (S) = 1/2) are independent of pH, whereas
the one-electron reduced FdI ([3Fe–4S]0, S = 2) shows an acid–base
transition24. The X-ray structures of oxidized and reduced FdI at
high and low pH eliminate the possibility that the pH-dependent
spectral changes are due to ligand exchange and/or structural
rearrangements20. Site-directed mutagenesis has established that
the spectral changes are not due to protonation of the nearest
ionizable residue (Asp 15)19, while Mössbauer spectroscopy has
revealed that protonation perturbs the electronic structure of the

cluster25. The obvious protonation site is a m2 sulphide (one of the
three cluster sulphur atoms with a free coordination site).

Figure 1 shows the region above the buried [3Fe–4S] cluster, both
within the protein and looking down on the surface. Even at highest
resolution (1.4 Å), the crystal structures, and NMR on a related
protein26, reveal no internal water molecules (or accommodating
spaces) to act as proton-transfer agents14,20–22. The starting point for
this study is the mutant (D15N) in which Asp 15, the closest
ionizable residue, which moves upon cluster reduction20, is changed
to Asn19. Protein film voltammetry showed that proton coupling is
severely retarded in D15N FdI, indicating that the carboxylate acts
as a proton relay group13,19. However, in the native protein, Asp 15 is
salt-bridged to Lys 84, raising the possibility of proton migration
across the bridge. In addition, the highly mobile side chain of a
second surface carboxylate residue, Glu 18, lies close by.

With the ability to make extensive kinetic, thermodynamic and
structural measurements, we designed several new mutants. Figure 2
shows the arrangements of cluster-region amino acids for all
variants, with distances between relevant atoms and the m2 sulphide
(S1) situated closest to the protein surface. Circular dichroism
spectroscopy confirmed that protonation of [3Fe—4S]0 occurs
in all cases. Table 1 displays the corresponding kinetic and
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Figure 2 Structures of the various mutant forms of FdI in the region of interest, compared
with the structure of oxidized native FdI. Side chains for the native protein are shown in
blue and those altered by mutagenesis in yellow. Where X-ray structures are available, the
positions of the other residues in the mutant proteins are shown in red. All distances are
given in ångstroms and where lines are not shown the number refers to the distance
between the indicated residue and S1. Structures have been solved for D15N (PDB code

1FDD, ref. 19), D15K/K84D (PDB code 1B0T), D15E (PDB code 1D3W) and T14C (PDB
code 1A6L, ref. 27). Crystals have not been obtained for K84Q or E18Q: these structures
were modelled using the Insight II/Biopolymer program from Molecular Simulations for
which the native oxidized structure (1.35 Å, PDB code 7FD1) was substituted with the
desired mutant residue at the program-assigned minimum energy orientation.

Table 1 Kinetic and thermodynamic parameters for ‘on’ and ‘off’ proton transfers

Fast Ealk (V) pKcluster

(high pH)
pKcluster

(low pH)
kon(M

−1s−1)*
(pH 7.0)

koff(s
−1)*

(pH 7.0)
pK1 pK2 khop

on (s−1) khop
off (s−1)

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

Native −0.443 7.8 6 0.1 6.5 6 0.1 7.9 x109 308 7.2 6 0.1 5.9 6 0.1 1,294 6 100 332 6 25
E18Q −0.453 7.7 6 0.1 6.7 6 0.1 4.8 x109 207 7.1 6 0.1 6.1 6 0.1 930 6 90 230 6 25
T14C −0.464 8.4 6 0.1 7.1 6 0.1 6.6 x109 207 8.0 6 0.1 6.7 6 0.1 720 6 70 310 6 25
K84Q −0.476 8.1 6 0.1 6.6 6 0.1 9.0 x109 232 7.4 6 0.1 5.9 6 0.1 1,252 6 100 250 6 25
Native (D2O) −0.443 7.8 6 0.1 6.5 6 0.1 6.0 x109 222 7.2 6 0.1 5.9 6 0.1 970 6 100 240 6 25
...................................................................................................................................................................................................................................................................................................................................................................

Slow Ealk (V) pKcluster kon(M
−1s−1) koff (s−1)

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

D15N −0.408 6.9 6 0.1 2.0 × 107 2.5 6 0.1
D15K–K84D −0.397 6.6 6 0.1 1.2 x 107 3.0 6 0.1
D15E −0.388 6.7 6 0.1 2.0 x 107 4.5 6 0.2
...................................................................................................................................................................................................................................................................................................................................................................
All terms are as defined in Schemes I and II.
*For the fast reactions, interpreted in terms of Scheme II, kon ¼ khop

on =ð½Hþÿ þ K1Þ and koff ¼ khop
off K2=ð½H

þÿ þ K2Þ. Agreement with the simple bimolecular rate law of Scheme I requires consideration of the fact
that interaction with Asp 15 causes the pK of the cluster to differ at high and low pH. In all cases k0, the standard first-order electrochemical rate constant for electron exchange at the reduction potential, is
. 200 s−1; the exponential increase in rate that occurs as a driving force is applied means that electron transfer is never rate limiting.

© 2000 Macmillan Magazines Ltd



thermodynamic parameters for ‘on’ and ‘off ’ proton transfers,
defined according to Schemes I and II (Box 1), and measured by
protein film cyclic voltammetry. In all cases, reduction involves
electron transfer followed by proton transfer, whereas oxidation
requires that proton transfer precede electron transfer, that is, the
two processes do not occur in concert. Electron transfer is very fast
and is clearly separated from proton transfer.

The mutants fall sharply into two categories with respect to
proton-transfer kinetics—‘slow’ and ‘fast’—with rates differing by
three orders of magnitude. The kinetics of the ‘slow’ mutants are
simple and pH-independent (they are described adequately by
Scheme I) and rates are similar in each case. By contrast, the ‘fast’
mutants show a complex pH dependence (Scheme II) with second-
order ‘on’ rate constants approaching diffusion control at pH 7.

Referring to Fig. 2, the following facts are established. The D15N
mutation replaces the carboxylate by carbamide and the slow
proton-transfer rate is consistent with loss of a protonatable
group (base B) which acts as a proton relay (Scheme II)13,19.
However, the mutation also disrupts the salt bridge between the
Asp 15 carboxylate and a surface lysine (Lys 84)19. In addition, the
side chain of Glu 18 shifts, although the change is less-defined due to
disorder. In the mutant K84Q, Lys 84 is changed to a residue (Gln)
that cannot form a salt-bridge to Asp 15. The fast proton-transfer
kinetics demonstrate that it is the presence of the carboxylate and
not the salt-bridge that is important. The double mutant D15K/
K84D was designed to invert the salt-bridge orientation; however,
the salt-bridge does not form. Proton transfer is slow, as it is in
D15N, showing that the introduced Asp 84 side chain is incorrectly
placed to function as a proton-transfer group and that lysine cannot
substitute for aspartate at position 15. The possibility that Glu 18
facilitates proton transfer was eliminated by the mutant E18Q,
which has very similar rates to the native protein. Experiments with
D15E finally established the critical nature of the distance between
the cluster and the carboxylate at position 15. Insertion of a single
CH2 group in the side chain (which increases the distance by
approximately 2 Å) retards proton transfer as much as deletion of
the carboxylate altogether (Table I). The T14C mutant has a
polarizable S atom within the sphere of influence of the cluster
and raises the cluster pK while the position of the carboxylate is not
significantly changed27. The native proton-transfer kinetics are
retained, confirming that they are dependent solely on the position
of the carboxylate.

The exacting requirement for Asp 15 is thus demonstrated,
leading to a detailed model for the mechanism of proton transfer
between water at the protein surface and the buried redox centre.
The data in Table 1 show that the H2O/D2O isotope effect for the
native protein is small (approximately 1.3), and reveal (from the
interdependence of respective pK values) that there are significant
electrostatic interactions between the cluster and Asp 15. As shown
in Fig. 3a, electron transfer drives rotation of the Asp 15 carboxylate
about the Cb–Cg bond and increases the Od to S1 distance from
4.7 Å to 4.9 Å, in accordance with the less favourable electrostatics22.
More significantly, the pK of the carboxylate increases to 7.2
compared with 5.4 in the oxidized ([3Fe–4S]1+) state (pKOX in
Scheme II), thus promoting proton capture from solvent water18. It
is important to note that a sizeable, transient shift in pK value is
essential for fitting the data. After the proton has transferred to the
cluster, the pK drops back to 5.9, and the X-ray structure of the
reduced protein at pH 6.1 reveals that the Asp 15 carboxylate reverts
towards its position in the oxidized form20. This ‘relaxation’ is
expected because the [3Fe–4S]0-H+ cluster has the same electrical
charge as the oxidized [3Fe–4S]1+ cluster.

To explain how Asp 15 mediates such fast proton transfer, it is
necessary to ascertain whether a proton that has transferred from
solvent to a carboxylate O atom can then be carried easily to within
hydrogen-bonding distance of the cluster S1 atom28. We therefore
carried out molecular dynamics calculations to study the mobility

of the state in which the reduced cluster is unprotonated while
Asp 15 is protonated and thus no longer repelled by the increased
negative charge on the cluster. The results reveal that the Asp 15 side
chain is very mobile, executing a high frequency of short-range
encounters between Od and S1 atoms (Fig. 3b). Thus, within 80 ps,
an Od atom makes one excursion to 3.05 Å (Fig. 3c), well within the
sum of van der Waals radii, and five other excursions to distances
less than 4 Å. The motions of the side-chain carboxyl/carboxylate
group thus convey H+ between solvent and reduced cluster, accom-
plishing ‘atom-to-atom’ transfer across this hydrophobic barrier.
Cluster deprotonation occurs by reversal of these steps, noting
that at pH , 5.9, protonation of Asp 15 inhibits proton transfer off
the cluster.

In conclusion, fast proton transfer in FdI requires the presence of
Asp 15 and rapid penetrative excursions of its side-chain carboxyl/
carboxylate to within hydrogen-bonding distance of the cluster. Our
experiments, which combine detailed kinetic and thermodynamic
data for a series of mutants with molecular dynamics based on high-
resolution protein crystal structures, highlight the exacting specifi-
cations that must be met for proton-pumping motifs in enzymes2–5.
The pK values of the proton-relaying carboxylate and the buried
active site are tightly coupled and adjust to facilitate sequential
transfers of an electron and a proton. Re-oxidation is gated by
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Figure 3 Movement of the Asp15 side chain during redox-driven proton transfers.
a, Comparison of oxidized (red; PDB code 7FD1) and reduced (grey; PDB code 7FDR)
high-pH structures of native FdI in the region of the cluster and Asp 15. Upon reduction,
the Lys 84 side chain adopts a single conformation with a Nz–Od1 distance of 3.3 Å, and
the carboxylate side chain has rotated by 908. (In accordance with previous nomenclature,
the closest O atom to the cluster in the reduced form is denoted Od2, whereas it is Od1 in
the oxidized form22.) b, Distances of Od2 (from Asp 15) to S1 (from the cluster) during the
molecular dynamics simulation; asterisks indicate the points where the distance is below
4 Å. c, Superposition of the reduced native FdI (grey) structure (also shown in a) and one of
the molecular-dynamics-generated snapshot structures (blue) around the region of
Asp 15, showing one of the approaches of Od2 to the S1 atom of [3Fe–4S]0 within the
period of simulation. The distance between Od2 and S1 is 4.9 Å for the native structure
and 3.0 Å for the molecular-dynamics-generated structure. The H atom is positioned
collinear with Od2–S1 at a normal bond distance (1.0 Å) from Od2. Van der Waals
surfaces of Od2 (radius 1.4 Å) and S1 (1.85 Å) are shown. For this closest approach, Od

and S1 are well within the sum (1.4 + 1.85 = 3.25 Å) of their van der Waals radii and, in
the limit of a collinear O–H…S arrangement, the resulting H–S distance is approximately
2.25 Å.
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proton transfer, demonstrating how biology can control long-range
electron transfer by linking it to a far more discriminating process.
Mechanistic requirements for proton transfer are so stringent that
even minor structural changes produce decreases in rate over orders
of magnitude. M

Methods
Protein film voltammetry
Protein film voltammetry probes electron-transfer processes that are induced by
perturbing the electrochemical potential applied to a mono-/submono-layer of protein
molecules bound at an electrode surface (See Supplementary Information). Electron
transfers in and out of the active site are observed as electrical current signals, which are
altered in specific ways if there is coupling to processes such as proton transfer. Thus, by
analysing signals over a range of voltage scan rate and pH, a detailed and integrated picture
of the coupling kinetics and energetics is obtained. All measurements were carried out as
described previously13 and ‘trumpet plots’ of peak positions versus scan rate were analysed
in terms of the kinetics and thermodynamics described by Scheme II.

Site directed mutagenesis and protein crystallography
Site directed mutagenesis and protein purification were carried out as previously
reported19,27. Crystal structures were determined accordingly to procedures recently
described22.

Molecular dynamics
Molecular dynamics simulations were carried out using the DISCOVER program from
Molecular Simulations. The AMBER force field used for the protein and Fe–S cluster was
as described29 except that cluster atomic charges were derived from Xa density functional
calculations30. The structure of reduced FdI at pH 8.5 (1.35 Å resolution, protein data bank
code 7FDR, ref. 21) was used as the starting model except that the Od2 atom of Asp 15 was
protonated. Besides the crystallographic water molecules, a 9 Å layer of water molecules
was added around the protein and those occupying the outermost 5 Å were constrained to
prevent their evaporation. After initial minimization, the system was heated for 5 ps at 100,
200, 273 K, and then the dynamics were run at 273 K for 100 ps with a time step of 1.5 fs:
the first 20 ps were discarded. The mean structure over the 80 ps considered had r.m.s.
deviation values from the starting structure of 1.20 Å for the backbone atoms and 1.45 Å
for all heavy atoms. The individual structures generated had average r.m.s. deviation
values (from the mean structure) of 0.68 Å for the backbone atoms and 0.86 Å for all heavy
atoms, within the range expected26.

Received 26 November 1999; accepted 12 April 2000.

1. Nicholls, D. G. & Ferguson, S. J. Bioenergetics 2 (Academic, San Diego, 1992).

2. Wikström, M. Proton translocation by bacteriorhodopsin and heme-copper oxidases. Curr. Opin.

Struct. Biol. 8, 480–488 (1998).

3. Gennis, R. B. How does cytochrome oxidase pump protons? Proc. Natl Acad. Sci. USA 95, 12747–

12749 (1998).

4. Malmström, B. G. Cytochrome oxidase: pathways for electron tunneling and proton transfer. J. Biol.

Inorg. Chem. 3, 339–343 (1998).

5. Michel, H. The mechanism of proton pumping by cytochrome c oxidase. Proc. Natl Acad. Sci. USA 95,

12819–12824 (1998).
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Signals elicited by binding of the T-cell antigen receptor and the
CD4/CD8 co-receptor to major histocompatibility complex
(MHC) molecules control the generation of CD4+ (helper) or
CD8+ (cytotoxic) T cells from thymic precursors that initially
express both co-receptor proteins1. These precursors have unique,
clonally distributed T-cell receptors with unpredictable speci®city
for the self-MHC molecules involved in this differentiation
process2. However, the mature T cells that emerge express only
the CD4 (MHC class II-binding) or CD8 (MHC class I-binding)
co-receptor that complements the MHC class-speci®city of the
T-cell receptor. How this matching of co-receptor-de®ned lineage
and T-cell-receptor speci®city is achieved remains unknown1,3,4, as
does whether signalling by the T-cell receptors, co-receptors and/
or general cell-fate regulators such as Notch-1 (refs 5, 6) con-
tributes to initial lineage choice, to subsequent differentiation
processes or to both. Here we show that the CD4 versus CD8
lineage fate of immature thymocytes is controlled by the co-
receptor-in¯uenced duration of initial T-cell receptor-dependent
signalling. Notch-1 does not appear to be essential for this fate
determination, but it is selectively required for CD8+ T-cell
maturation after commitment directed by T-cell receptors.
This indicates that the signals constraining CD4 versus CD8
lineage decisions are distinct from those that support subsequent
differentiation events such as silencing of co-receptor loci.

The AND T-cell receptor (TCR) is speci®c for a pigeon cyto-
chrome c peptide bound to the MHC class II molecule I-Ek (ref. 7).
Transgenic thymocytes expressing this TCR are ef®ciently selected
into the CD4+ lineage in mice expressing wild-type I-Ab MHC class
II molecules. In contrast, AND TCR transgenic mice expressing
mutant I-Ab molecules that are defective in interaction with CD4
but not the TCR8 generate CD8+ but not CD4+ mature cells9. To
investigate how altering CD4 co-receptor binding controls the
lineage fate of AND thymocytes, we took advantage of a modi®ed
two-stage reaggregate culture system10 that allows controlled deliv-

ery of MHC-dependent and independent signals to thymocytes at
distinct stages of maturation (Yasutomo et al., manuscript in
preparation). Immature CD69loCD4+CD8+ TCR transgenic thymo-
cytes (double positive; DP) are incubated in dispersed culture with
cells expressing the desired MHC molecule ligands, to initiate
selection events (culture 1). This ®rst TCR stimulation does not
lead to silencing of the CD4 or CD8 locus in dispersed culture for up
to three days, but it does rapidly induce upregulation of the
activation marker CD69 that characterizes thymocytes undergoing
maturation in vivo1,11. When the CD69med/hi thymocytes arising in
culture 1 after 20 h are puri®ed and reaggregated with either MHC-
positive thymic stromal cells (TSC) or MHC-negative TSC in the
presence of dendritic cells of the appropriate MHC type (culture 2),
mature functional T cells expressing only a single co-receptor
develop over the next 60 h. Experiments using this model showed
that TCR±MHC molecule interactions are required not only in
culture 1 to generate the CD69hi thymocytes, but also in culture 2 to
generate mature T cells. Using this approach, we asked whether the
®rst, the second or both sets of TCR/co-receptor±MHC interaction
events determined the differentiation of AND TCR transgenic T
cells along the CD4 versus CD8 pathways.

Thymocytes from mice expressing only the AND TCR in the
absence of MHC class II molecules (AND TCR transgenic RAG-2-/-

MHC Ab-/-, referred to as AND throughout) were stimulated in
culture 1 using dendritic cells from wild-type mice (WT-DC) or
mutant (Mu-DC) I-Ab transgenic mice. When puri®ed cells of the
CD69+CD4+CD8+ phenotype (CD69+DP) generated by this stimu-
lation were reaggregated with TSC from MHC class II-/- mice, no
CD4+ or CD8+ mature T cells developed (Fig. 1a, b). Inclusion of
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Figure 1 Role of co-receptor in CD4/CD8 lineage choice. Sorted CD69+CD4+CD8+ cells

obtained after stimulation by wild-type dendritic cells (WT-DC; a, c, e) or mutant dentritic

cells (Mu-DC; b, d, f) were cultured with MHC class II-/- TSC (a, b) or MHC-/- TSC and

wild-type dendritic cells (WT; c, f ), or mutant dentritic cells (Mu; d, e) for 72 h in thymic

reaggregates. The recovered cells from all cultures were stained with anti-CD4 or CD8

monoclonal antibodies and examined by ¯ow cytometry. The percentage of cells with a

CD4+ or CD8+ phenotype is given in the upper left or lower right quadrant of each panel

and the absolute number of recovered viable thymocytes is given below each panel.
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Figure 2 Potent TCR ligands can promote thymocytes with an MHC class-I-restricted TCR

to become CD4+ T cells. DP thymocytes from female HY TCR transgenic H-2d RAG-2-/-

mice were stimulated for 20 h with splenic dendritic cells (DC) from female (a, b) or male

(c, e) C57BL/6 mice or splenic DC from male C57BL/6 crossed with MHC class II-/- mice

(d, f) (culture 1). The CD69hi cells generated in culture 1 were placed in reaggregate

culture for 72 h with TSC from female b2M-/- (a), female C57BL/6 WT (b±d) or female

MHC class II-/- (e, f) mice (culture 2). Cells were analysed as in Fig. 1.
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Figure 3 The duration, not the magnitude, of TCR signalling dictates lineage choice. a, DP

thymocytes from AND mice were stimulated for 20 h with Mu-DC or WT-DC in the

absence or presence of anti-I-Ab monoclonal antibodies (3JP). Puri®ed CD69hiCD4loCD8lo

cells after stimulation by Mu-DC (c), or WT-DC in the absence (b) or presence (d) of anti-I-

Ab monoclonal antibodies, were then cultured with TSC from MHC-/- mice and WT-DC (c)

or Mu-DC (b, d) for 60 h. DP thymocytes from female HY TCR transgenic H-2d RAG-2-/-

mice were stimulated with splenic dendritic cells from male C57BL/6 mice for 0 (e), 1.5 (f)

or 14 (g) hours. The CD69hi cells generated by culture were placed in reaggregate culture

with TSC from female C57BL/6 mice for 60 (e), 58 (f) or 46 (g) hours. Cells were analysed

as in Fig. 1.
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either WT-DC or Mu-DC in culture 2 yielded mature T cells
(Fig. 1c±f). However, the CD69+DP generated using WT-DC
differentiated exclusively into CD4+ cells, whereas CD69+DP
produced using Mu-DC developed only into CD8+ cells, irrespective
of which dendritic cells were used in culture 2.

These ®ndings are inconsistent with previously described stochastic/
selection models for CD4/8 lineage commitment and mature T-cell
development4,12. Such models propose that co-receptor and TCR
co-recognition of MHC molecules is required during late stages of
development to maintain cell viability, but our results show that
CD4 function is not required for CD4+ T-cell development in
culture 2 (Fig. 1e). We do, however, ®nd that MHC class I±CD8
interactions are required for generation of mature CD8+ cells in
culture 2 (data not shown). In addition, both wild-type and mutant
MHC class II molecules can support either CD4+ or CD8+ T-cell
development in culture 2 (Fig. 1d, f). If the initial TCR signal
produced a stochastic pattern of commitment, then, unless
stringent selection for survival takes place in culture 1, both CD4+

and CD8+ T-cell differentiation should have been seen in culture 2.
This was not the case (Fig. 1e, f). Finally, selection during culture 1
based on inadequate signalling resulting from mismatches between
co-receptor expression and TCR binding speci®cities for MHC
molecules cannot explain these ®ndings, because neither CD4 nor
CD8 expression is extinguished at this time11 (Yasutomo et al.,
manuscript in preparation).

DP cells have a higher fraction of CD4 as compared to CD8 linked
to the key src-family kinase Lck, which is involved in TCR-
dependent signalling13,14. This asymmetry could explain why most
cells with TCR that bind MHC class II ligands co-recognized by CD4
were restricted to the CD4 pathway, whereas those with TCR
engaging MHC class I ligands along with CD8 were constrained
to the CD8 lineage. To test this presumption, we investigated
whether exposure to a potent TCR agonist that ef®ciently recruits

CD8 (ref. 15) could overcome this biased Lck distribution and
generate CD69+DP expressing MHC class I-restricted TCR that
would develop along the CD4 pathway. The deletion that accom-
panies continuous exposure to such strong ligands in typical thymic
organ cultures16 can be avoided in our model by excluding agonist
ligands from culture 2 (Yasutomo et al., manuscript in preparation).

HY-TCR transgenic thymocytes are deleted in male mice, owing
to expression of the agonist HY male antigen presented by H-2Db,
whereas they are positively selected into the CD8 lineage in female
H-2b mice17. When CD69+DP generated in culture 1 by the
stimulation of HY-TCR transgenic thymocytes with female H-2b

dendritic cells were reaggregated in culture 2 with female H-2b TSC
(Fig. 2b), only CD8+ T cells were produced. Like AND thymocytes
stimulated with Mu-DC, CD8+ T cells did not develop from these
CD69+DP when TSC from female b2m-de®cient mice were used
(Fig. 2a). Remarkably, when we placed CD69hi HY-TCR transgenic
cells generated by stimulation with male H-2b dendritic cells in
culture 2 with TSC from female C57BL/6 mice, CD4+ and not CD8+

T cells developed (Fig. 2c). This development of CD4+ T cells from
HY-TCR transgenic thymocytes did not require recognition of
MHC class II molecules in either culture 1 or 2 (Fig. 2d±f).
Maturation into CD4+ T cells can be completed even though
CD8 expression is lost during this process, providing additional
evidence against selection schemes postulating that survival of
maturing thymocytes demands continuous signalling from ligand
co-recognition by TCR and co-receptor.

Published models postulating that DP lineage decisions are
controlled by a unique biochemical signal from Lck-associated
co-receptors did not predict this generation of CD4+ T cells from
MHC class I-restricted TCR transgenic thymocytes using a potent
agonist18, re-opening the question of how co-receptor function
in¯uences lineage fate. We ®rst investigated whether a change in
ligand density, and hence in peak signalling intensity, controls

Figure 4 Notch-1 is involved in post-commitment maturation of CD8 lineage T cells.

Day 14 fetal thymocytes from C57BL/6 mice (a±c) or AND mice (d, e) were infected

with retrovirus encoding GFP (a, c, d) or GFP and anti-sense mouse Notch-1 (64±1164)

(b, c, e) and cultured as described in the Methods. Cells infected by vector alone or vector

encoding antisense mouse Notch-1 were stained with a combination of anti-Notch-1,

anti-CD4 and anti-CD8 monoclonal antibodies (c) or by anti-CD4 and anti-CD8

monoclonal antibodies (a, b, d, e). Notch-1 expression in (c) is gated on CD4+CD8- cells

(sparse dot, vector; dense dot, antisense Notch-1; solid, control). The cells in a, b, d, e are

gated on GFP+ cells. DP thymocytes from AND mice were also stimulated for 20 h with

Mu-DC in the presence of mouse IgG2b (f) or anti Notch-1 mAb (g), Mu-DC (h, i), or

WT-DC ( j, k). The sorted CD69+CD4+CD8+ cells obtained after stimulation were cultured

for 60 h with MHC-/- TSC and WT-DC (f, g), WT-DC in the presence of mouse IgG2b (h) or

anti-Notch-1 antibodies (i), or Mu-DC in the presence of mouse IgG2b ( j) or anti-Notch-1

antibodies (k).
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lineage ®xation. The interaction between the AND TCR and I-Ab

was blocked with an anti-MHC class II monoclonal antibody, using
a concentration of antibody that limits CD69 expression induced by
WT-DC to the same level as that induced by Mu-DC without
antibody (Fig. 3a). The thymocytes thus serve as their own control
that this is an appropriate level of blocking, because the level of
CD69 upregulation on DP has been shown to track the density of
offered ligand and hence to re¯ect TCR occupancy19 (K. Yasutomo,
unpublished observations). Cells exposed to less wild-type signal
with CD4 function intact still entered the CD4 lineage (Fig. 3d).
These data indicate that the CD4 co-receptor does more than simply
increase the absolute level of MHC-dependent signalling.

A previous study using pharmacologic agents indicated that the
duration of active signal generation in¯uenced the CD4/CD8
decision process20. We therefore examined the effects of varying
the length of time for which the TCR could engage ligand. When
CD69+ cells generated by the stimulation of HY TCR transgenic
thymocytes using male H-2b dendritic cells for 1.5 h were placed
in culture 2 with female H-2b TSC, only CD8+ T cells developed
(Fig. 3f). Under the same culture conditions, CD8+ T cells do not
mature from naive DP thymocytes (Fig. 3e). In contrast, after 14 h
of initial stimulation, only CD4+ T cells appeared (Fig. 3g). This
indicates that effective co-receptor activity may constrain DP
development to the CD4 lineage by helping to ensure signalling
over an adequate time interval, consistent with recent observations
on the role of co-receptor activity in forming an `immunological
synapse' with an antigen-presenting cell that is necessary for
sustained TCR signalling21.

Signals from receptors other than those recognizing MHC mole-
cules have been proposed to in¯uence CD4/CD8 commitment.
Notch is central in cell-fate determination in many tissues and some
data indicate that activated Notch-1 may promote CD8 lineage
choice5. Others have suggested that Notch-1 signalling simply
prolongs survival of all TCR-signalled DP thymocytes6. Gene
targeting of Notch-1 interferes with T-cell development before the
DP stage, so such mutant animals or their cells cannot be used to
resolve this issue22. The preceding evidence showing a distinction
between lineage commitment and lineage progression allowed us to
re-examine this issue. First, we used a retrovirus encoding Notch-1
in the antisense orientation to infect fetal thymocytes. The infected
cells produced normal numbers of CD4+ T cells in organ culture but
CD8+ T cell development was severely impaired (Fig. 4a, b). The
antisense vector was highly effective, reducing Notch-1 expression
on the emerging CD4+ cells by more than 90% (Fig. 4c). Likewise,
when the same retrovirus was used to infect AND thymocytes and
these cells were stimulated by Mu-DC, very few DP became CD8+ T
cells, with no compensatory appearance of CD4+ cells (Fig. 4d, e).

The second set of experiments employed an anti-Notch-1 mono-
clonal antibody. When AND CD69+DP generated by culture 1
stimulation with Mu-DC were reaggregated in culture 2 with
MHC class II-/- TSC and WT-DC, CD8+ T cells developed
(Fig. 4f). If anti-Notch-1 monoclonal antibodies were added to
culture 1, thymocytes still became CD8+ in similar numbers
(Fig. 4g). However, when anti-Notch-1 monoclonal antibodies
were added to culture 2, differentiation to CD8+ SP (single positive)
cells was very limited (Fig. 4h, i). Anti-Notch monoclonal anti-
bodies did not interfere with the development of CD4+ T cells when
present at either culture step (Fig. 4j, k). Together, the antisense and
antibody blocking data show that Notch-1 activity is selectively
involved in CD8 but not CD4 lineage progression after lineage fate is
®xed by TCR/co-receptor signalling.

These results indicate that the duration of initial TCR signalling
determined by co-receptor-in¯uenced self-MHC recognition
rapidly ®xes thymocyte lineage fate; lineage choice does not
appear to be stochastic or cell autonomous. The simplest model
that ®ts our data is an instructive one, with signal duration
controlling which set of genes is activated or silenced so that a DP

thymocyte adopts either of two possible fates. Such a model is
consistent with data showing that signal duration can in¯uence
gene expression and cellular differentiation in non-lymphoid
systems23. Alternatively, DP could consist of two subpopulations,
each committed to either the CD4 or CD8 lineage. Long-lasting
signals would be necessary to induce the CD4 program and, to ®t
our data, would also need to kill pre-CD8 cells. Short signals would
activate only the pre-CD8 cells, without affecting pre-CD4 thymo-
cytes. Without direct evidence for bipotency of immature thymo-
cytes, this alternative cannot be dismissed.

In either case, these observations provide a speci®c mechanism
for previous results showing that a `strength of signal' parameter
affects CD4/CD8 choice24 and that antibody crosslinking of CD3e
with either CD4 or CD8 drives CD4 lineage development, whereas
CD3e crosslinking alone produces CD8+ T cells18. The data also
connect our demonstration that mitogen-activated protein kinase
(MAPK)-mediated positive feedback enhances the duration of TCR
signalling (Stefanova et al., manuscript in preparation) to evidence
that interference with the MAPK pathway promotes CD8 lineage
choice25,26. The lack of a unique fate-determining biochemical signal
arising from CD4 versus CD8 engagement implies that errors will be
made in matching TCR class-speci®city with lineage choice. Errors
in the direction of CD4 commitment will probably involve very
potent MHC class I ligands for the TCR that will induce late-stage
deletion. Errors in the converse direction should be less frequent
and cells with MHC class II-speci®c TCR that traverse the CD8-
dependent progression steps are in any case unlikely to be dangerous
to the host.

A ®nal ®nding of our study is the clear distinction between
lineage commitment itself and subsequent lineage-speci®c dif-
ferentiation events such as selective silencing of co-receptor expres-
sion. This new insight allowed us to show that Notch-1 is critical
only for supporting CD8 lineage progression after lineage fate is
®xed. Because several Notch family members are expressed by T-cell
precursors and both they and their putative ligands show complex
patterns of regulation27 and functional interactions28, other
Notch receptors may have a complementary function in the CD4
pathway to that shown here for Notch-1 in CD8 differentiation. The
methods we have described provide tools for direct analysis of this
possibility. M

Methods
Mice

Mice with targeted inactivation of both the b2 microglobulin gene and/or Abb gene loci
and HY TCR transgenic RAG-2-/- mice were obtained from Taconic. B10.BR and
C57BL/10 mice were obtained from the Jackson Laboratories. The AND TCR transgenic7

RAG-2-/- Ab-/- mice were provided by B. J. Fowlkes and are referred to as AND
throughout. Transgenic mice expressing a mutant I-Abb chain with the E137A and V142A
mutations that interfere with CD4 binding (mutant MHC class II) or expressing the
corresponding WT I-Abb chain, each bred to Ab-/- mice, have been described9. All mice
were bred and maintained in accordance with established guidelines.

Flow cytometry

Thymocytes were stained with PE-conjugated anti-CD4 and FITC-conjugated anti-CD8
monoclonal antibodies. All antibodies were purchased from Pharmingen. Flow cytometry
was performed on a FACScan or a FACStarPlus (Becton Dickinson). List-mode data ®les
were analysed using Cell Quest software (Becton Dickinson).

Thymocyte stimulation and preparation of CD69hi cells

CD4+CD8+ thymocytes (1 ´ 106) from 1±2 week old AND mice or HY TCR transgenic
RAG-2-/- nonselecting B10.D2 mice were mixed with dendritic cells (2 ´ 105) in the
absence of added antigen, then cultured for 1.5 or 20 h at 37 8C. Viable CD69hi cells for
transfer into reaggregate cultures were obtained by ¯uorescence-activated cell sorting after
stimulation of CD4+CD8+ thymocytes using the described culture conditions. In some
experiments puri®ed mouse IgG2b (20 mg ml-1) (Pharmingen), 3JP monoclonal anti-
bodies against I-Ab (0.12 mg ml-1), or anti-Notch-1 monoclonal antibodies (20 mg ml-1)
(L.M., manuscript in preparation) were added during stimulation.

Thymic reaggregate culture

Thymic stromal cells (TSC) were prepared by disaggregating fetal thymic lobes previously
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cultured for 5 days in 1.35 mM deoxyguanosine (Sigma) using 0.05% trypsin (GIBCO)
and 0.02% EDTA. Reaggregates were formed by mixing together the desired TSC and
thymocytes at a 1:1 cell ratio (absolute number, 5 ´ 105 of each cell type) or TSC,
thymocytes and dendritic cells at a cell ratio of 10:10:1 (absolute number of dendritic cells,
5 ´ 104). After pelleting the cells by centrifugation, the cell mixture was placed as a standing
drop on the upper membrane surface of a Transwell culture well containing RPMI-1640
supplemented by 10% FCS and cultured for 72 h at 37 8C. In some experiments puri®ed
mouse IgG2b (20 mg ml-1) (Pharmingen) or anti-Notch-1 monoclonal antibodies (20 mg
ml-1) was incubated with CD69hi thymocytes, TSC and dendritic cells for 30 min at 4 8C
before reaggregate culture, then cell mixtures were cultured in the presence of the same
antibody. All results shown were repeated 2±8 times with similar ®ndings.

Preparation of dendritic cells

Dendritic cells were puri®ed from spleen cells from C57BL/6 or B10.BR mice as
described29. Brie¯y, low-density spleen cells recovered from a BSA gradient were incubated
for 30 min with anti-CD4, anti-CD8 and anti-B220 monoclonal antibodies (Pharmingen).
After incubation with this antibody cocktail, the cells were washed and antibody-coated
cells were removed by sheep-anti-rat IgG-coupled magnetic beads (Dynabeads, Dynal).
The resultant population contained 80±85% CD11c+ cells and is referred to as dendritic
cells (DC) in this study.

Retroviral constructs and retroviral transfection

The retroviral vector encoding GFP (GFP±RV)30 was provided by K. Murphy (Washington
Univ., St. Louis). Mouse Notch-1 (+64±+1164) was ampli®ed using Pfu DNA polymerase
(Stratagene) and cloned into XhoI digested GFP±RV vector. The nucleotide sequence and
orientation of the insert were con®rmed by dideoxy sequencing. The Phoenix-Eco
packaging cell line (gift from G. Nolan, Stanford) was transfected according to Nolan's
protocol. Day 14 fetal thymocytes (5 ´ 106 ml-1) from C57BL/6 or AND mice were infected
using 1:1 volume of viral supernatant, polybrene (Sigma) at 8 mg ml-1 and mouse IL-7
(20 ng ml-1) (Pharmingen), centrifuged at 1,800g for 45 min at room temperature, and
incubated at 37 8C for 48 h. The GFP+ cells puri®ed by ¯uorescence-activated cell sorting
were transferred into deoxyguanosine (1.35 mM; Sigma)-treated (5 days) day 14 fetal
thymi from MHC-/- mice in the wells of a Terasaki plate (Applied Scienti®c). After 1 day,
the repopulated thymus lobes were then cultured at 37 8C on the upper membrane surface
of a Transwell culture well containing RPMI-1640 supplemented with 10% FCS. After 7
days culture, total cells were stained with Cychrome-conjugated anti-CD4 and PE-
conjugated anti-CD8 monoclonal antibodies, then CD4+CD8+ cells were puri®ed by
electronic sorting. These CD4+CD8+ cells were reaggregated with TSC from C57BL/6 mice
and cultured for 72 h. In the case of thymocytes from AND mice, total cells recovered after
7 days culture in repopulated thymic lobes were stimulated with Mu-DC and
CD4+CD8+CD69+ cells were puri®ed by electronic sorting, which were reaggregated with
TSC from C57BL/6 mice and cultured for 60 h.
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Cancer susceptibility genes have been classi®ed into two groups:
gatekeepers and caretakers1. Gatekeepers are genes that control
cell proliferation and death, whereas caretakers are DNA repair
genes whose inactivation leads to genetic instability. Abrogation
of both caretaker and gatekeeper function markedly increases
cancer susceptibility. Although the importance of Ku80 in DNA
double-strand break repair is well established, neither Ku80 nor
other components of the non-homologous end-joining pathway
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Chromosome 21 is the smallest human autosome. An extra copy of chromosome 21 causes Down syndrome, the most frequent
genetic cause of signi®cant mental retardation, which affects up to 1 in 700 live births. Several anonymous loci for monogenic
disorders and predispositions for common complex disorders have also been mapped to this chromosome, and loss of
heterozygosity has been observed in regions associated with solid tumours. Here we report the sequence and gene catalogue of the
long arm of chromosome 21. We have sequenced 33,546,361 base pairs (bp) of DNA with very high accuracy, the largest contig
being 25,491,867 bp. Only three small clone gaps and seven sequencing gaps remain, comprising about 100 kilobases. Thus, we
achieved 99.7% coverage of 21q. We also sequenced 281,116 bp from the short arm. The structural features identi®ed include
duplications that are probably involved in chromosomal abnormalities and repeat structures in the telomeric and pericentromeric
regions. Analysis of the chromosome revealed 127 known genes, 98 predicted genes and 59 pseudogenes.

Chromosome 21 represents around 1±1.5% of the human genome.
Since the discovery in 1959 that Down syndrome occurs when there
are three copies of chromosome 21 (ref. 1), about twenty disease loci
have been mapped to its long arm, and the chromosome's structure
and gene content have been intensively studied. Consequently,
chromosome 21 was the ®rst autosome for which a dense linkage
map2, yeast arti®cial chromosome (YAC) physical maps3±6 and a
NotI restriction map7 were developed. The size of the long arm of the
chromosome (21q) was estimated to be around 38 megabases (Mb),
based on pulsed-®eld gel electrophoresis (PFGE) studies using NotI
restriction fragments7. By 1995, when the sequencing effort was
initiated, around 60 messenger RNAs speci®c to chromosome 21
had been characterized. Here we report and discuss the sequence
and gene catalogue of the long arm of chromosome 21.

Chromosome geography
Mapping. We converted the euchromatic part of chromosome 21
into a minimum tiling path of 518 large-insert bacterial clones. This
collection comprises 192 bacterial arti®cial chromosomes (BACs),
111 P1 arti®cial chromosomes (PACs), 101 P1, 81 cosmids, 33
fosmids and 5 polymerase chain reaction (PCR) products (Fig. 1).
We used clones originating from four whole-genome libraries and
nine chromosome-21-speci®c libraries. The latter were particularly
useful for mapping the centromeric and telomeric repeat-contain-

ing regions and sequences showing homology with other human
chromosomes.

We used two strategies to construct the sequence-ready map of
chromosome 21. In the ®rst, we isolated clones from arrayed
genomic libraries by large-scale non-isotopic hybridization8. We
built primary contigs from hybridization data assembled by simu-
lated annealing, and re®ned clone overlaps by restriction digest
®ngerprinting. Contigs were anchored onto PFGE maps of NotI
restriction fragments and ordered using known sequence tag site
(STS) framework markers. We used metaphase ¯uorescent in situ
hybridization (FISH) to check the locations of more than 250
clones. The integrity of the contigs was con®rmed by FISH, and
gaps were sized by a combination of ®bre FISH and interphase
nuclei mapping. Gaps were ®lled by multipoint clone walking. In
the second strategy, we isolated seed clones using selected STS
markers and then either end-sequenced or partially sequenced them
at ®vefold redundancy. Seed clones were extended in both directions
with new genomic clones, which were identi®ed either by PCR using
amplimers derived from parental clone ends or by sequence
searches of the BAC end sequence database (http://www.tigr.org).
Nascent contigs were con®rmed by sequence comparison.

The ®nal map is shown in Fig. 1. It comprises 518 bacterial
clones forming four large contigs. Three small clone gaps remain
despite screening of all available libraries. The estimated sizes of
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these gaps are 40, 30 and 30 kilobases (kb), respectively, as
indicated by ®bre FISH (see supporting data set, last section
(http://chr21.r2-berlin.mpg.de).
Sequencing. We used two sequencing strategies. In the ®rst, large-
insert clones were shotgun cloned into M13 or plasmid vectors.
DNA of subclones was prepared or ampli®ed, and then sequenced
using dye terminator and dye primer chemistry. On average, clones
were sequenced at 8±10-fold redundancy. In the second approach,
we sequenced large-insert clones using a nested deletion method9.
The redundancy of the nested deletion method was about fourfold.
Gaps were closed by a combination of nested deletions, long reads,
reverse reads, sequence walks on shotgun clones and large insert
clones using custom primers. Some gaps were also closed by
sequencing PCR products.

The total length of the sequenced parts of the long arm of
chromosome 21 is 33,546,361 bp. The sequence extends from a
25-kb stretch of a-satellite repeats near the centromere to the
telomeric repeat array. Seven sequencing gaps remain, totalling
less than 3 kb. The largest contig spans 25.5 Mb on 21q. The total
length of 21q, including the three clone gaps, is about 33.65 Mb.
Thus, we achieved 99.7% coverage of the chromosome. We also
sequenced a small contig of 281,116 bp on the p arm of chromo-
some 21.

We estimated the accuracy of the ®nal sequence by comparing
18 overlapping sequence portions spanning 1.2 Mb. We estimate
from this external checking exercise that the accuracy of the entire
sequence exceeds 99.995%.
Sequence variations. Twenty-two overlapping sequence portions
comprising 1.36 Mb and spread over the entire chromosome were
compared for sequence variations and small deletions or insertions.
We detected 1,415 nucleotide variations and 310 small deletions or
insertions and con®rmed them by inspecting trace ®les. There was
an average of one sequence difference for each 787 bp, but the
observed sequence variations were not evenly distributed along 21q.
In the telomeric portion (21q22.3±qter) the average was one
difference for each 500 bp. The highest sequence variation (one
difference in 400 bp) was found in a 98-kb segment from this region.
In the proximal portion (21q11±q22.3) we found on average one

difference per 1,000 bp; the lowest level was 1 in 3,600 bp in a 61-kb
segment of 21q22.1.
Interspersed repeats. Table 1 summarizes the repeat content of
chromosome 21. Chromosome 21 contains 9.48% Alu sequences
and 12.93% LINE1 elements, in contrast with chromosome 22
which contains 16.8% Alu and 9.73% LINE1 sequences10.

Gene catalogue
The gene catalogue of chromosome 21 contains known genes, novel
putative genes predicted in silico from genomic sequence analysis
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Table 1 The content of interspersed repeats in human chromosome 21

Repeat type Total number of
elements

Coverage (bp) Coverage (%)

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

SINEs 15,748 3,667,752 10.84%
ALUs 12,341 3,208,437 9.48%
MIRs 3,407 459,315 1.36%

LINEs 12,723 5,245,516 15.51%
LINE1 8,982 4,372,851 12.93%
LINE2 3,741 872,665 2.58%

LTR elements 9,598 3,116,881 9.21%
MaLRs 5,379 1,646,297 4.87%
Retroviral 2,115 760,119 2.25%
MER4 group 1,396 479,451 1.42%
Other LTR 708 231,014 0.68%

DNA elements 3,950 812,031 2.40%
MER1 type 2,553 460,769 1.36%
MER2 type 851 257,653 0.76%
Mariners 168 26,235 0.08%
Other DNA elements 378 67,374 0.20%

Unclassi®ed 64 15,234 0.05%

Total interspersed
repeats

42,083 12,857,414 38.01%

Simple repeats 5,987 427,755 1.26%
Low complexity 5,868 249,449 0.74%
Total 54,045 13,551,271 40.06%

Total sequence length 33,827,477
G+C% 40.89%
.............................................................................................................................................................................

Figure 1 The sequence map of human chromosome 21. Sequence positions are

indicated in Mb. Annotated features are shown by coloured boxes and lines. The

chromosome is oriented with the short p-arm to the left and the long q-arm to the right.

Vertical grey box, centromere. The three small clone gaps are indicated by narrow grey

vertical boxes (in proportion to estimated size) on the right of the q-arm. The cytogenetic

map was drawn by simple linear stretching of the ISCN 850-band, Giemsa-stained

ideogram to match the length of the sequence: the boundaries are only indicative and are

not supported by experimental evidence. In the mapping phase, information on STS

markers was collected from publicly available resources. The progress of mapping and

sequencing was monitored using a sequence data repository in which sequences of each

clone were aligned according to their map positions. A uni®ed map of these markers was

automatically generated (http://hgp.gsc.riken.go.jp/marker/) and enabled us to carry out

simultaneous sequencing and library screening among centres. Vertical lines: markers,

according to sequence position, from GDB (black; http://www.gdb.org/), the GB4 radiation

hybrid map (blue; Whitehead Institute, Massachusetts Institute of Technology)43, the G3

radiation hybrid map (dark green; Stanford Human Genome Centre, California)44 and two

linkage maps (red; Genethon; CHLC)45,46. Only marker distribution is presented here:

additional details, such as marker names and positions, can be found on our web sites.

The NotI physical map of chromosome 21 was also used7 (NotI sites, light green). Genes

are indicated as boxes or lines according to strand along the upper scale in three

categories: known genes (category 1, red), predicted genes (categories 2 and 3, light

green; category 4, light blue) and pseudogenes (category 5, violet). For genes of

categories 1, 2, 3 and 5, the approved symbols from the HUGO nomenclature committee

are used. CpG islands are olive (they were identi®ed when they exceeded 400 bp in

length, contained more than 55% GC, showed an observed over expected CpG frequency

of .0.6 and had no match to repetitive sequences).The G+C content is shown as a graph

in the middle of the Figure. It was calculated on the basis of the number of G and C

nucleotides in a 100-kb sliding window in 1-kb steps across the sequence. The clone

contig consists of all clones that were sequenced to `®nished' quality from all ®ve centres

in the consortium. Clones are indicated as coloured boxes by centre: red, RIKEN; dark

blue, IMB; light blue, Keio; yellow, GBF; and green, MPIMG. Clones that were only partially

sequenced have grey boxes on either end to show the actual or estimated clone end

position. Four whole-genome libraries (RPCI-11 BAC, Keio BAC, Caltech BAC and RPCI1,

3-5 PAC) and nine chromosome-speci®c libraries (CMB21-BAC, Roizes-BAC, CMP21-P1,

CMC21-cosmid, LLNCO21, KU21D, ICRFc102 and ICRFc103 cosmid, and

CMF21-fosmid) were used to isolate clones (see http://hgp.gsc.riken.go.jp or

http://chr21.rz-berlin.mpg.de for library information). Breakpoints from chromosomal

rearrangements are shown as coloured boxes according to their classi®cation: natural

(green), spontaneously occurring in cell lines (yellow), radiation induced (purple) and

combinations of the above (black). Blue boxes, intra-chromosomal duplications; green

boxes, inter-chromosomal duplications (see text). Alu (red) and LINE1 (blue) interspersed

repeat element densities are shown in the bottom graph as the percentage of the

sequence using the same method of calculation as for G+C content. The ®nal non-

redundant sequence was divided into 340-kb segments (grey boxes), with 1-kb overlaps

(to avoid splitting of most exons in both segments), and has been registered, along with

biological annotations, in the DDBJ/EMBL/GenBank databases under accession numbers

AP001656±AP001761 (DDBJ) and AL163201±AL163306 (EMBL). Segments for the

three clone gaps (accession numbers AP001742/AL163287, AP001744/AL163289

and AP001750/AL163295) have also been deposited in the databases with a

number of Ns corresponding to the estimated gap lengths. The sequences and additional

information can be found from the home pages of the participating centres of the

chromosome 21 sequencing consortium (RIKEN, http://hgp.gsc.riken.go.jp/;

IMB, http://genome.imb-jena.de/; Keio, http://dmb.med.keio.ac.jp/; GBF,

http://www.genome.gbf.de/; MPI, http://chr21.rz-berlin.mpg.de/).
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and pseudogenes. The catalogue was arbitrarily divided into ®ve
main hierarchical categories (see below) to distinguish known genes
from pure gene predictions, and also anonymous complementary
DNA sequences from those exhibiting similarities to known pro-
teins or modular domains.

The criteria governing the gene classi®cation were based on the
results of the integrated results of computational analysis using exon
prediction programs and sequence similarity searches. We applied
the following parameters: (1) Putative coding exons were predicted
using GRAIL, GENSCAN and MZEF programs. Consistent exons
were de®ned as those that were predicted by at least two programs.
(2) Nucleotide sequence identities to expressed sequence tags
(ESTs) (as identi®ed by using BlastN with default parameters)
were considered as a hallmark for gene prediction only if these
ESTs were spliced into two or more exons in genomic DNA, and
showed greater than 95% identity over the matched region. These
criteria are conservative and were chosen to discard spurious
matches arising from either cDNAs primed from intronic sites or
repetitive elements frequently found in 59 or 39 untranslated
regions. (3) Amino-acid similarities to known proteins or modular
functional domains were considered to be signi®cant when an
overall identity of greater than 25% over more than 50 amino-
acid residues was observed (as detected using BlastX with Blossum
62 matrix against the non-redundant database).
Gene categories. The results of sequence analysis were visually
inspected to locate known genes, to identify new genes and to
unravel novel putative transcription units after assembling consis-
tent predicted exons into so-called in silico gene models. These gene
predictions were also evaluated by incorporating information
provided by EST and protein matches. Each gene was assigned to
one of the following sub-categories:
Category 1: Known human genes (from the literature or public
databases). Subcategory 1.1: Genes with 100% identity over a
complete cDNA with de®ned functional association (for example,
transcription factor, kinase). Subcategory 1.2: Genes with 100%
identity over a complete cDNA corresponding to a gene of unknown
function (for example, some of the KIAA series of large cDNAs).
Category 2: Novel genes with similarities over essentially their total
length to a cDNA or open reading frame (ORF) of any organism.
Subcategory 2.1: Genes showing similarity or homology to a char-
acterized cDNA from any organism (25±100% amino-acid iden-
tity). This class de®nes new members of human gene families, as
well as new human homologues or orthologues of genes from yeast,
Caenorhabditis elegans, Drosophila, mouse and so on. Subcategory
2.2: Genes with similarity to a putative ORF predicted in silico from
the genomic sequence of any organism but which currently lacks
experimental veri®cation.
Category 3: Novel genes with regional similarities to con®ned
protein regions. Subcategory 3.1: Genes with amino-acid similarity
con®ned to a protein region specifying a functional domain (for
example, zinc ®ngers, immunoglobulin domains). Subcategory 3.2:
Genes with amino-acid similarity con®ned to regions of a known
protein without known functional association.
Category 4: Novel anonymous genes de®ned solely by gene predic-
tion. These are putative genes lacking any detectable similarity to
known proteins or protein motifs. These models are based solely on
spliced EST matches, consistent exon prediction or both.

Subcategory 4.1: Predicted genes composed of a pattern of two or
more consistent exons (located within ,20 kb) and supported by
spliced ESTmatch(es). Subcategory 4.2: Predicted genes correspond-
ing to spliced EST(s) but which failed to be recognized by exon
prediction programs. Subcategory 4.3: Predicted genes composed
only of a pattern of consistent exons without any matches to ETS(s)
or cDNA. Intuitively, predicted genes from subcategory 4.1 are
considered to have stronger coding potential than those of sub-
category 4.3.
Category 5: Pseudogenes may be regarded as gene-derived DNA
sequences that are no longer capable of being expressed as protein
products. They were de®ned as predicted polypeptides with strong
similarity to a known gene, but showing at least one of the following
features: lack of introns when the source gene is known to have an
intron/exon structure, occurence of in-frame stop codons, inser-
tions and/or deletions that disrupt the ORF or truncated matches.
Generally, this was an unambiguous classi®cation.

When a gene could ful®l more than one of these criteria, it was
placed into the higher possible category (for example, gene predic-
tion with spliced EST exhibiting a signi®cant match to a known
protein was placed in subcategory 2.2 rather than 4.2).
The gene content of chromosome 21. For the gene catalogue of
chromosome 21, see Table 2. The chromosome contains 225 genes
and 59 pseudogenes. Of these, 127 correspond to known genes
(subcategories 1.1 and 1.2) and 98 represent putative novel genes
predicted in silico (categories 2, 3 and 4). Of the novel genes, 13 are
similar to known proteins (subcategories 2.1 and 2.2), 17 are
anonymous ORFs featuring modular domains (subcategories 3.1
and 3.2), and most (68 genes) are anonymous transcription units
with no similarity to known proteins (subcategories 4.1, 4.2 and
4.3). Our data show that about 41% of the genes that were identi®ed
on chromosome 21 have no functional attributes.

In a rough generic description, the gene catalogue of chromo-
some 21 contains at least 10 kinases (PRED1, PRSS7, C21orf7,
PRED33, PRKCBP2, DYRKA1, ANKDR3, SNF1LK, PDXK and
PFKL), ®ve genes involved in ubiquitination pathways (USP25,
USP16, UBASH, UBE2G2 and SMT3H1), ®ve cell adhesion mole-
cules (NCAM2, IGSF5, C21orf43, DSCAM and ITGB2), a number
of transcription factors and seven ion channels (C21orf34, KCNE2,
KCNE1, CILC1L, KCNJ6, KCNJ15 and TRPC7). Several clusters of
functionally related genes are arranged in tandem arrays on 21q,
indicating the likelihood of ancient sequential rounds of gene
duplication. These clusters include the ®ve members of the inter-
feron receptor family that spans 250 kb on 21q (positions
20,179,027±20,428,899), the trefoil peptide cluster (TFF1, TFF2
and TFF3) spanning 54 kb on 21q22.3 (positions 29,279,519±
29,333,970) and the keratin-associated protein (KAP) cluster span-
ning 164 kb on 21q22.3 (positions 31,468,577±31,632,094)
(Table 2). The last contains 18 units of this highly repetitive gene
family featuring genes and different pseudogene fragments and
revealing inverted duplications within the gene cluster (described
below). Finally, the p arm of chromosome 21 contains at least one
gene (TPTE) encoding a putative tyrosine phosphatase. This is the
®rst description of a protein-coding gene mapping to the p arm of
an acrocentric chromosome. However, the functional activity of this
gene remains to be demonstrated.

Chromosome 21 contains a very low number of identi®ed genes
(225) compared with the 545 genes reported for chromosome 22
(ref. 10). Figure 1 shows the overall distribution of the 225 genes and
59 pseudogenes on chromosome 21 in relation to compositional
features such as G+C content, CpG islands, Alu and L1 repeats and
the positions of selected STSs, polymorphic markers and chromo-
somal breakpoints. Earlier reports indicated that gene-rich regions
are Alu rich and LINE1 poor, whereas gene-poor regions contain
more LINE1 elements at the expense of Alu sequences11. Our data,
and the comparison with chromosome 22, support these ®ndings
(see Tables 1 and 2, Fig. 1 and ref. 10). There is a large 7-Mb region
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Table 2 Gene catalogue of chromosome 21. The table displays the gene symbol,

accession number, gene description, gene category, orientation, gene start position, gene

end position, genomic size and corresponding genomic clone name. The gene categories

are colour coded as follows: known genes (category 1) in red, novel genes with similarities

to characterized cDNAs from any organism and novel genes with similarities to protein

domains (categories 2 and 3) in green, novel gene prediction (category 4) in blue, and

pseudogenes (category 5) in purple. Coordinates are given in base pairs.
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(between 5 and 12 Mb on Fig. 1) with low G+C content (35%
compared with 43% for the rest of the chromosome) that correlates
with a paucity of both Alu sequences and genes. Only two known
genes (PRSS7 and NCAM2) and ®ve predicted genes can be found
in this region. Further reinforcing the concept that compositional
features correlate with gene density, Fig. 2 compares the genomic
organization and gene density in a 831-kb G+C-rich DNA region
(53%; Fig. 2a) with that of a 915-kb DNA stretch representative of a
G+C-poor region (39.5%; Fig. 2b). Figure 2a shows eleven known
genes, seven predicted genes, one pseudogene and the KAP cluster.
Figure 2b shows four known genes, ®ve predicted genes and one
pseudogene. Figure 2 also displays examples of exon/intron struc-
tures as de®ned by the exon prediction programs in parallel with the
real gene structure that was obtained by sequence alignment using
the cognate mRNA. Most exons were predicted by the combination
of the three programs. However, MZEF tends to overpredict exons
compared with GRAIL and GENSCAN, in particular for the large
APP gene. In addition, CpG islands correlate well as indicators of
the 59 end of genes in both of these regions.
Structural features of known and predicted genes. Among the 127
known genes, 22 genes are larger than 100 kb, the largest being
DSCAM (840 kb). Seven of the largest known genes cover 1.95 Mb
and lie within a region of 4.5 Mb (positions 23.7 Mb±28.2 Mb) that
contains only four predicted genes and two pseudogenes. The
average size of the genes is 39 kb, but there is a bias in favour of
the category 1 genes. Known genes have a mean size of 57 kb,
whereas predicted genes (categories 2, 3 and 4) have a mean size of
27 kb. This is not unexpected, because of the inherent dif®culties in
extending exon prediction to full-length gene identi®cation. For
instance, exon prediction and EST ®ndings are usually not exhaus-
tive. This would also explain the fact that 69% of the predicted genes
have no similarity to known proteins.

Despite the shortcomings of current gene prediction methods, all
known genes previously shown to map on chromosome 21 (ref. 12)
were identi®ed independently by in silico methods. Patterns of
consistent exon prediction alone were suf®cient to locate at least
partial gene structures for more than 95% of these. This was true
even for large A+T-rich genes, such as NCAM2, APP (Fig. 2b) and
GRIK1. These three genes are several hundred kilobases long with a
G+C content of 38±40%, but most exons were well predicted and
enough introns were suf®ciently small that a clear pattern of
consistent exons was seen. In addition, more than 95% of the
known genes were independently identi®ed from spliced ESTs.
Characteristics of genes that could be missed using our detection
methods include those with poor exon prediction and long 39
untranslated regions (.2 kb); those with poor exon prediction
and very restricted expression pattern; and those with very large
introns (.30 kb).

We designed our gene identi®cation criteria to extract most of the
coding potential of the chromosome and to minimize false positive
predictions. Errors to be expected in the predictions include false
positive exons, incorrect splice sites, false negative exons, fusion of
multiple genes into one transcription unit and separation of a single
gene into two or more transcription units. We believe that our
method is suf®ciently robust to pinpoint real genes, but our models
still require experimental validation. In a pilot experiment on 14
predicted category 4 genes we performed RT-PCR (PCR with
reverse transcription) in 12 tissues. We could con®rm 11 genes
and connect two gene predictions into a single transcription unit.

Pseudogenes are often overlooked in a gene catalogue aimed at
specifying functional proteins, but they may be important in
in¯uencing recombination events. The 59 pseudogenes described
here are not randomly located in the chromosome (Fig. 1). Twenty-
four pseudogenes are distributed in the ®rst 12 Mb of 21q, which is a
gene-poor region. In contrast, a cluster of 11 pseudogenes was
found within a 1-Mb stretch of DNA that is gene rich and
corresponds precisely to the highest density of Alu sequences on
the chromosome (positions 22,421,026±23,434,597).
Base composition and gene density. It is tempting to speculate on
possible correlations between the base composition, gene density
and molecular architecture of the chromosome bands. Giemsa-dark
chromosomal bands are comprised of L isochores (,43% G+C),
whereas Giemsa-light bands have variable composition. The latter
include L, H1/H2 (43±48% G+C) and H3 isochores (.48%
G+C)13. In humans, the average gene density is around one gene
per 150 kb in L, one per 54 kb in H1/H2 and one per 9 kb in H3
isochores14. The proximal half of 21q (from 0.2 to 17.7 Mb of Fig. 1),
which corresponds mainly to the large Giemsa dark band, 21q21,
comprises a long continuous L isochore, harbouring extensive
stretches of 34±37% G+C, and rare segments of more than 40%
G+C. Twenty-®ve category 1 genes and 33 category 2±4 genes were
found in this region, giving an average density of one gene per
301 kb.

The distal half of 21q (17.7±33.5 Mb) largely comprises stretches
of H1/H2 isochores alternating with L isochores, and H3 isochores
localized within the region spanning positions 29±33.5 Mb. The
overall gene density in the telomeric half is much higher than that in
the proximal half: 101 genes of category 1 and 66 genes of categories
2±4 were found in this region, giving an average of about one gene
per 95 kb. The DSCAM gene, found within an L isochore in this
region, spans 834 kb. In contrast, the region spanning the H3
isochores contains 46 category 1 genes and 31 category 2±4 genes,
averaging one gene per 58 kb.

The L isochores have lower gene density than that predicted from
whole-genome analysis: one gene per 301 kb compared with one per
150 kb. The H3 isochores are also lower in gene content, averaging
one gene per 58 kb compared with one gene per 9 kb estimated for
the genome as a whole. This discrepancy may be due to an
overestimation of the total number of human genes based on EST
data (see below). Alternatively, we may have missed half of the genes
on this chromosome. This second possibility is unlikely as more
than 95% of the known genes have been predicted using our criteria.

Chromosomal structural features
Duplications within chromosome 21. The unmasked sequence of
the whole chromosome was compared with itself to detect intra-
chromosomal duplications. We identi®ed a 10-kb duplication in the
pericentromeric regions of the p- and q-arms (Fig. 3a). The p-arm
copy extends from 190 to 199 kb of the p-arm contig, and the q-arm
copy extends from 405 to 413 kb of the 21q sequence. We identi®ed
a CpG island on the centromeric side of the duplication in the p-
arm, indicating that there may be an active gene in the vicinity of the
duplicated regions. A similar structure was reported for chromo-
some 10 (ref. 15), so such repeats close to the centromere may have a
functional role. The pericentromeric region in the q-arm also
contains several duplications, including several clusters of a-satel-
lite sequences and even telomeric satellites

Another duplication corresponding to a large 200-kb region has
been identi®ed in proximal and distal locations on 21q (Fig. 3b).
This duplication was previously reported16 but was not analysed in
detail at the sequence level. The proximal copy is located from 188 to
377 kb in 21q11.2, whereas the distal copy lies in 21q22 and extends
from 14,795 to 15,002 kb. The two copies are highly conserved and
show 96% identity. We detected two large inversions, several other
rearrangements and several translocations or duplications within
the duplicated units (Fig. 3b), which caused segmentation of the
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Figure 2 Gene organization on chromosome 21. a, A G+C-rich region of the telomeric

part; b, an AT-rich region of the centromeric part. Genes are represented by coloured

boxes. Category 1, red; categories 2 and 3, green; category 4, blue; category 5, violet.

Predicted exons shown in the enlarged gene areas are represented as: MZEF, blue;

Genscan, red; Grail, green. Arrowheads, orphan CpG islands that may indicate the

presence of a cryptic gene.
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Figure 3 Schematic view of the duplicated regions in chromosome 21 as described in the

text. a±d, Duplicated regions. The positions of each repeat structure are shown in kb

starting at the centromere. The arrowheads represent the orientation and approximate

size of each repetitive unit.

HSA21 MMU16

MMU17

MMU10

Figure 4 Schematic view of the syntenic regions between human chromosome 21

(HSA21) and mouse chromosomes 16 (MMU16), 17 (MMU17) and 10 (MMU10). Left:

sequence map of human chromosome 21. Right: corresponding mouse chromosomes.

Each pair of syntenic markers is joined with a line.
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units into at least 11 pieces. The distal copy is 207 kb long and the
proximal copy is 189 kb; the 18-kb size difference between the two
duplicated segments is due to insertions in the distal copy, deletions
in the proximal copy or both.

In the region on 21q between 887 and 940 kb a block of sequence
is repeated 17 times (Fig. 3c). The similarity of these repetitive units
indicates that they were formed by a recent triplication event of a
region of six repeat unit blocks, which had in turn been generated by
duplication of a three-block unit.

Another repeat sequence lies between the TRPC7 and UBE2G2
genes on 21q22.3 (31,467±31,633 kb). This feature corresponds to
the 166-kb KAP gene and pseudogene cluster described above
(Fig. 2a). A 0.5±1-kb segment is repeated at least 13 times, with
5±10-kb spacer intervals (Fig. 3d). The repeat units share more than
91% identity with each other.
Comparison of chromosome 21 with chromosome 22. The two
chromosomes are similar in size, and both are acrocentric. The gene
density, however, is much higher on chromosome 22 (ref. 10). We
detected sequence similarity in the pericentromeric and sub-telo-
meric regions of both chromosomes. For example, two different
regions in the 21p contig (42±84 kb; 239±263 kb) are duplicated in
22q (1043±1067 kb; 1539±1564 kb). These duplications are located
within the pericentromeric regions of both chromosomes17. Half of
the ®rst region is further duplicated at the position 22,223±
22,248 kb in chromosome 22. In addition, two inverted duplications
in 21q at 88±156 kb and 646±751 kb have also been observed on 22q
at positions 572±637 kb and 45±230 kb. Large clusters of a-satellite
sequences (10 kb for chromosome 21 and 119 kb for chromosome
22) are located on 21q (88±156 kb) and 22q (572±637 kb).

The most telomeric clone, F50F5, isolated from the chromosome-
speci®c CMF21 fosmid library, contains a telomeric repeat array
that represents the hallmark of the telomeric end of a chromosome.
This array was missing in the chromosome 22q sequence10. How-
ever, the 22q sequence ends very near to the telomere, considering
that it shows strong homology with a 2.5±10-kb stretch of telomeric
sequence present in F50F5.
Comparison of chromosome 21 with other autosomes. In the
most telomeric region of chromosome 21 we also identi®ed a novel
repeat structure featuring a non-identical 93-bp unit that is
repeated 10 times. This block of 93-bp repeats is located 7.5 kb
from the start point of the telomeric array. Similar 93-bp repeat
sequences were also detected by BLASTanalysis in chromosomes 22,
10 and 19. FISH analysis data suggest that this 93-bp repeat unit is
also located on 5qter, 7pter, 17qter, 19pter, 19qter, 20pter, 21qter
and 22qter, as well as on other chromosomal ends. Thus, this 93-bp
repeat may be a common structural feature shared by many human
telomeres.

We have found some paralogous regions between chromosome
21 and other human chromosomes, which were also pointed out by
metaphase FISH analysis of the corresponding genomic clones. For
example, a 100-kb region of clone B15L0C0 located on 21p is shared
with chromosomes 4, 7, 20 and 22. A second homologous region of
50 kb on 21q between 15,530 and 15,580 kb is shared with a segment
on chromosome 16 between the genes 44M2.1 and 44M2.2. More
details on these regions can be found at http://hgp.gsc.riken.go.jp/.
Synteny with mouse. Human chromosome 21 shows conserved
syntenies to mouse chromosomes 16, 17 and 10 (http://www.
informatics.jax.org/). Figure 4 shows a comparative map of
human chromosome-21-speci®c genes with their mouse ortholo-
gues. A number of inversions can be seen. These changes in gene
order may be due to rearrangements during genome evolution.
Alternatively, they may re¯ect the fact that the mouse gene map is
still inaccurate because it is based on linkage and physical mapping.
Breakpoints. Figure 1 shows the locations of 39 breakpoints on the
physical map. Here we describe several classes of breakpoint, all of
which either occurred naturally in the human population before
hybrid construction or were induced by irradiation. The natural

breakpoints arose mainly from reciprocal translocations of chro-
mosome 21 with other human chromosomes (6;21, 4;21, 3;21, 1;21,
8;21, 10;21, 11;21 and 21;22). A second class of naturally occurring
breakpoints derived from intrachromosomal rearrangements of
chromosome 21 (ACEM, 6918, MRC2, R210 and DEL21). A third
class of breakpoints, designated 3x1, 3x2, 1x4D, 1x4F and 1x18, were
generated experimentally by irradiation of hybrids containing intact
chromosome 21q arms18. Hybrids 2Fur, 750 and 511 represent
rearrangements of chromosome 21 that occurred spontaneously
in somatic cell hybrids. All of these chromosome derivatives were
isolated in Chinese hamster ovary (CHO) ´ human somatic cell
hybrids.

Fine mapping revealed an uneven distribution of breakpoints that
fell roughly in two clusters on chromosome 21. Nine breakpoints
occur within the pericentromeric region (0±2.2 Mb) and another
nine are located within a 2.4-Mb region in 21q22 (20.1±22.5 Mb)
(Fig. 1). In contrast, large regions are totally devoid of breakpoints.
For instance, only two translocation breakpoints are located in the
10-Mb region between 4.95 and 14.4 Mb of the q arm.

Several breakpoints occur within or near the duplicated regions
described above. For instance, three breakpoints (1x4D, 1x18 and
2Fur) occur between positions 100 and 400 kb on 21q. This region
corresponds to the proximal copy of the large duplicated region
described in Fig. 3b. Another breakpoint (ACEM) occurs between
positions 14,400 and 14,525 kb, close to the distal copy of this
duplicated region. We also found a naturally occurring 21;22
translocation breakpoint (position 31,350±31,380 kb) in the KAP
cluster.

Duplicated regions may mediate certain mechanisms involved in
chromosomal rearrangement. It is likely that similar sequence
features may be important for duplication, genetic recombination
and chromosomal rearrangement. Further sequence analysis will
help to unravel the underlying molecular mechanisms of chromo-
some breakage and recombination.
Recombination. The distribution of the recombination frequency
on chromosome 21 is different in males and females12. In Fig. 5
genetic distances of known polymorphic markers from male, female
and sex-average maps are compared with the distances in nucleo-
tides on 21q. The recombination frequency is relatively higher near
the centromere in females and near the telomere in males. This
con®rms earlier analysis based on physical maps11. Unlike chromo-
some 22, chromosome 21 does not appear to contain particular
regions with a steep increase in recombination frequency in the
middle of the chromosome.

Medical implications
Down syndrome. Besides the constant feature of mental retarda-
tion, individuals with Down syndrome also frequently exhibit
congenital heart disease, developmental abnormalities, dysmorphic
features, early-onset Alzheimer's disease, increased risk for speci®c
leukaemias, immunological de®ciencies and other health
problems19. Ultimately, all these phenotypes are the result of the
presence of three copies of genes on chromosome 21 instead of two.
Data from transgenic mice indicate that only a subset of the genes
on chromosome 21 may be involved in the phenotypes of Down
syndrome20. Although it is dif®cult to select candidate genes for
these phenotypes, some gene products may be more sensitive to
gene dosage imbalance than others. These may include morpho-
gens, cell adhesion molecules, components of multi-subunit pro-
teins, ligands and their receptors, transcription regulators and
transporters. The gene catalogue now allows the hypothesis-
driven selection of different sets of candidates, which can then be
used to study the molecular pathophysiology of the gene dosage
effects. The complete catalogue will also provide the opportunity to
search systematically for candidate genes without pre-existing
hypotheses.
Monogenic disorders. Mutations in 14 known genes on chromo-
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some 21 have been identi®ed as the causes of monogenic disorders
including one form of Alzheimer's disease (APP), amyotrophic
lateral sclerosis (SOD1), autoimmune polyglandular disease
(AIRE), homocystinuria (CBS) and progressive myoclonus epilepsy
(CSTB); in addition, a locus for predisposition to leukaemia
(AML1) has been mapped to 21q (for details of each of these
disorders, see http://www.ncbi.nlm.nih.gov/omim/). The cloning of
some of these genes, including the AIRE gene21,22, was facilitated by
the sequencing effort. Loci for the following monogenic disorders
have not yet been cloned: recessive nonsyndromic deafness
(DFNB10 (ref. 23) and DFNB8 (ref. 24)), Usher syndrome type
1E25, Knobloch syndrome26 and holoprocencephaly type 1 (HPE1
(ref. 27)). The gene catalogue and mapping coordinates will help in
their identi®cation. Mutation analysis of candidate genes in patients
will lead to the cloning of the responsible genes.
Complex phenotypes. Two loci conferring susceptibility to
complex diseases have been mapped to chromosome 21 (one for
bipolar affective disorder28 and one for familial combined
hyperlipidaemia29) but the genes involved remain elusive.
Neoplasias. Loss of heterozygosity has been observed for speci®c
regions of chromosome 21 in several solid tumours30±36 including
cancers of the head and neck, breast, pancreas, mouth, stomach,
oesophagus and lung. The observed loss of heterozygosity indicates
that there may be at least one tumour suppressor gene on this
chromosome. The decreased incidence of solid tumours in individ-
uals with Down syndrome indicates that increased dosage of some
chromosome 21 genes may protect such individuals from these
tumours37±39. On the other hand, Down syndrome patients have a
markedly increased risk of childhood leukaemia19, and trisomy of
chromosome 21 in blast cells is one of the most common chromo-
somal aneuploidies seen in childhood leukaemias40.
Chromosome abnormalities. Chromosome 21 is also involved in
chromosomal aberrations including monosomies, translocations
and other rearrangements. The availability of the mapped and
sequenced clones now provides the necessary reagents for the
accurate diagnosis and molecular characterization of constitutional
and somatic chromosomal abnormalities associated with various
phenotypes. This, in turn, will aid in identifying genes involved in
mechanisms of disease development.

The analysis of the genetic variation of many of the genes on
chromosome 21 is of particular importance in the search for
associations of polymorphisms with complex diseases and traits.
Single nucleotide polymorphism (SNP) genotyping may also aid in
the identi®cation of modi®er genes for numerous pathologies.
Similarly, SNPs are useful tools in the development of diagnostic
and predictive tests, which may eventually lead to individualized
treatments. Chromosome-21-speci®c nucleotide polymorphisms
will also facilitate evolutionary studies.

Discussion
Our sequencing effort provided evidence for 225 genes embedded
within the 33.8 Mb of genomic DNA of chromosome 21. Five
hundred and forty-®ve genes have been identi®ed in the 33.4 Mb
of chromosome 22 (ref. 10). These data support the conclusion that
chromosome 22 is gene-rich, whereas chromosome 21 is gene-poor.
This ®nding is in agreement with data from the mapping of 30,181
randomly selected Unigene ESTs41. These two chromosomes
together represent about 2% of the human genome and collectively
contain 770 genes. Assuming that both chromosomes combined
re¯ect an average gene content of the genome, we estimate that the
total number of human genes may be close to 40,000. This ®gure is
considerably lower than previous estimates, which range from
70,000 to 140,000 (ref. 42), and which were mainly based on EST
clustering. It is possible that not all of the genes on chromosomes 21
and 22 have been identi®ed. Alternatively, our assumption that the
two chromosomes represent good models may be incorrect.

Our analysis of the chromosomal architecture revealed repeat
units, duplications and breakpoints. A 93-bp repeat in the telomeric
region, which was also found in other chromosomes, should
provide a basis for studying the structural and functional organiza-
tion and evolution of the telomere. One striking feature of chromo-
some 21 is that there is a 7-Mb region (positions 5.5±12.5 Mb) that
contains only one gene. This region is much larger than the whole
genome of Escherichia coli, but the evolutionary process permitted
the existence of such a gene-poor DNA segment. Three other 1-Mb
regions on 21q are also devoid of genes. Together, these gene-poor
regions comprise almost 10 Mb, which is one-third of chromosome
21. Chromosome 22 also has a 2.5-Mb region near the telomeric
end, as well as two other regions, each of 1 Mb, which are devoid
of genes. We propose that similar large gene-less or gene-poor
regions exist in other mammalian chromosomes. These regions
may have a functional or architectural signi®cance that has yet to
be discovered.

Having the complete contiguous sequence of human chromo-
somes will change the methodology for ®nding disease-related
genes. Disease genes will be identi®ed by combining genetic map-
ping with mutation analysis in positional candidate genes. The
laborious intermediate steps of physical mapping and sequencing
are no longer necessary. Therefore, any individual investigator will
be able to participate in disease gene identi®cation.

The complete sequence analysis of human chromosome 21 will
have profound implications for understanding the pathogenesis of
diseases and the development of new therapeutic approaches. The
clone collection represents a useful resource for the development of
new diagnostic tests. The challenge now is to unravel the function of
all the genes on chromosome 21. RNA expression pro®ling with all
chromosome-21-speci®c genes may allow the identi®cation of up-
and downregulated genes in normal and disease samples. This
approach will be particularly important for studying expression
differences in trisomy and monosomy 21. Furthermore, chromo-
some-21-homologous genes can be systematically studied by
overexpression and deletion in model organisms and mammalian
cells.

The relatively low gene density on chromosome 21 is consistent
with the observation that trisomy 21 is one of the only viable human
autosomal trisomies. The chromosome 21 gene catalogue will open
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new avenues for deciphering the molecular bases of Down
syndrome and of aneuploidies in general. M

Methods
Details of the protocols used by the ®ve sequencing centres are available from our web sites
(see below), including methods for the construction of sequence-ready maps and for
sequencing large insert clones by shotgun cloning and nested deletion. Many software
programs were used by the ®ve groups for data processing, sequence analysis, gene
prediction, homology searches, protein annotation and searches for motifs using pfam
and SMART. Most of these programs are in the public domain. Software suites have been
developed by the consortium members to allow ef®cient analysis. All information is
available from the following web pages: RIKEN: http://hgp.gsc.riken.go.jp;
Institut fuÈr Molekulare Biotechnologie, Jena: http://genome.imb-jena.de;
Keio University: http://www.dmb.med.keio.ac.jp; GBF-Braunschweig:
http://genome.gbf.de; Max-Planck-Institut fuÈr Molekulare Genetik (MPIMG), Berlin:
http://chr21.rz-berlin.mpg.de.
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