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The oncoprotein large tumour antigen (LTag) is encoded by the DNA tumour virus simian virus 40. LTag transforms cells and
induces tumours in animals by altering the functions of tumour suppressors (including pRB and p53) and other key cellular
proteins. LTag is also a molecular machine that distorts/melts the replication origin of the viral genome and unwinds duplex DNA.
LTag therefore seems to be a functional homologue of the eukaryotic minichromosome maintenance (MCM) complex. Here we
present the X-ray structure of a hexameric LTag with DNA helicase activity. The structure identifies the p53-binding surface and
reveals the structural basis of hexamerization. The hexamer contains a long, positively charged channel with an unusually large
central chamber that binds both single-stranded and double-stranded DNA. The hexamer organizes into two tiers that can
potentially rotate relative to each other through connecting a-helices to expand/constrict the channel, producing an ‘iris’ effect
that could be used for distorting or melting the origin and unwinding DNA at the replication fork.

LTag, an oncoprotein encoded by polyomaviruses (reviewed in ref. 1),
has diverse biological functions and also performs essential func-
tions in replicating the viral DNA (reviewed in refs 2–4). During
viral replication, LTag assembles at the origin of replication as a
double hexamer that distorts and melts the origin DNA5–7. The LTag
double hexamer is also the replicative helicase that unwinds duplex
DNA at the replication forks8–12. The simian virus 40 (SV40) LTag is
a 708-residue protein with multiple domains. Its helicase domain
has been mapped to residues 131–627 (refs 13, 14), which contain a
core-origin-binding domain (LTag-obd, residues 131–250)15,16 and
three conserved motifs of the helicase superfamily III (SF3; ref. 17),
which are also members of the AAAþ superfamily18.

Here we report the 2.8-Å crystal structure of a LTag fragment that
assembles into a hexamer with helicase activity. This is the first
structure for a hexameric helicase that belongs to the helicase SF3
and AAAþ superfamilies. The structure defines LTag hexamer
assembly interactions and provides insight into LTag’s role in cell
transformation. Furthermore, multiple hexameric structures of
LTag reveal conformational changes leading to the expansion and
constriction of the central channel, suggesting a potential mechanism
for origin melting and the unwinding of DNA at the replication fork.

Overall structure of LTag hexamer
The SV40 LTag structure contains residues 251–627 (LTag251–627).
This LTag251–627 fragment has helicase activity (Fig. 1a), which is
unexpected given that the minimal helicase domain was previously
assigned to residues 131–627 (refs 13, 14). Hereafter we shall refer to
LTag251–627 as the helicase domain, even though the fragment is
also capable of transforming cells19,20 and actually contains three
distinct structural domains.

The LTag helicase domain assembles into a hexameric structure
with a central channel (Fig. 1b, c). Viewed from the side, the
hexamer ring appears as two layers (or tiers) of different diameters,
the smaller tier at the top and the larger tier at the bottom (Figs 1b

and 4a). Viewed from the top, the hexameric ring has six points
radiating from the centre of the larger bottom tier (Fig. 1c). The
amino-terminal domain located in the top tier reaches over clock-
wise to its neighbour, stacking on top of the larger carboxy-terminal
domains of the neighbouring molecule. A cleft exists between each
pair of monomers in the larger bottom tier (Fig. 1c), which might
provide space for the hexamer to undergo an ATP-dependent
conformational change, driving DNA remodelling.

A gap separates the top from the bottom tier (Fig. 1b); a-helical
structure connects the smaller and the larger tiers. The thickness of
the two-tiered hexamer is ,80 Å. Previous electron-microscope
studies21 have shown that the thickness of a LTag hexamer is ,120 Å,
indicating that the missing N terminus (residues 1–250) would
extend ,40 Å (ref. 22) on top of the smaller tier. This dimension of
LTag (,120 Å per hexamer, or ,240 Å per double hexamer) is
similar to that of an archaeal MCM double hexamer23 and suggests
that a LTag double hexamer at the replication origin should cover
,70-base-pair (bp) double-stranded DNA (dsDNA), which is
consistent with the observation that LTag protects 74-bp (or
about seven turns) dsDNA16. Similarly, Xenopus MCM protects
,80-bp DNA24.

LTag monomer structure
The LTag monomer contains 16 a-helices and 5 b-strands (Fig. 2c).
These structural elements fold into three domains: D1 (domain 1),
D2 and D3 (Fig. 2a, b). D1 is the Zn domain at the N terminus and
contains five a-helices (a1–a5). The Zn atom coordinated by a Zn
motif is important in holding a3 (a-helix 3) and a4 together
(Fig. 2a), which in turn provide an anchor for a1 and a2. The
beginning of a5 packs with a1 and a2 of D1, but its C terminus
extends to a6 of D3.

The D2 domain contains three conserved helicase motifs related
to SF3 helicases, namely the modified version of Walker A and B
motifs and a motif C (ref. 17). D2 folds into a core b-sheet
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consisting of five parallel b-strands sandwiched by a-helices
(Fig. 2b). The five-b-stranded fold is similar to the AAAþ module
of other AAAþ family members, such as NSF-D2 (membrane
fusion25), HslU (polypeptide unfolding and translocation26,27) and
RuvB (branch migration28), all of which form hexamers. In addition
to the five-b-stranded sheet, the LTag D2 AAAþ module has two
antiparallel b-strands (b3

0
and b3

00
; Fig. 2a, b) unique to LTag

among the known structures of the AAAþ family. D2 also contains
four helices, a9–a12. Helices a10–a12 are located on one side of the
parallel b-sheet, and a9 is on the other (Fig. 2b). The loop between
b1 and a9 is the P-loop (Walker A motif), which functions to bind
and orient the triphosphate of NTP for hydrolysis.

The third domain, D3, is all a-helical. Its seven a-helices
originate from both the N-terminal region (a6–a8) and the C
terminus (a13–a16), with D2 inserted between. One unique feature
of the structure of D3 is that the three helices from the N-terminal
region (a6–a8) circle to form a nearly closed ring that is ‘cross-
linked’ with another ‘ring’ composed of four a-helices at the C
terminus (a13–a16; Fig. 2a). The two ‘crosslinked’ a-helical rings
of D3 pack tightly against D2–a9, the ‘P-loop’ helix important for
ATP binding, forming a large globular bulge on one side of the D2
b-sheet (Fig. 2a). In contrast, D1 and D2 or D3 are well separated,
connected by long helices (a5 and a6) that could allow motions
between domains.

Hexamerization
The structure of the LTag hexamer was determined from the P321
crystal form obtained in the absence of ATP, in which one asymmetric
unit contains two LTag molecules (Fig. 3a). The two molecules in one
asymmetric unit are nearly identical, and the backbone can be
superimposed with a root-mean-square deviation of 0.49 Å. Three
dimers come together around the crystallographic 3-fold axis to form
a hexamer (Fig. 1c), which should reflect the hexamer formed in
solution in the absence of ATP (see next section). The monomer–
monomer interactions within a hexamer come from two interfaces,
the D1–D1 interface in the smaller tier (Fig. 3a, top) and the D2–D2

interface in the larger tier (Fig. 3a, bottom). D3 does not participate
directly in the interactions at the interface. Rather, it constitutes the
outer layer of the larger tier, giving the appearance of triangular points
radiating from the centre (Fig. 1c).

The D1–D1 and D2–D2 interfaces, which bury a total surface area
of 2,529 Å2 between two monomers, involve two distinct types of
interaction. The D1–D1 interface is uniformly hydrophobic, involv-
ing a leucine-zipper-like interaction between a2 of one molecule
and a5 of its neighbour (Fig. 3b). Flanking the leucine-rich interface
of a2 and a5, charged residues use their hydrophobic carbon side
chains to pack against the hydrophobic residues on the neighbour-
ing molecule. In contrast, the D2–D2 interactions are uniformly
hydrophilic, involving hydrogen bonds and salt bridges through
polar and charged residues (Fig. 3c). A total of 19 charged residues
are present at this interface, plus several additional polar residues,
including serine, asparagine and glutamine.

The role of the Zn motif and Zn domain
The Zn motif of LTag was proposed to form a canonical zinc-finger
structure for DNA binding2,29. However, the LTag251–627 structure
reveals that the Zn domain (D1) has a globular fold (Fig. 2a)
stabilized by the coordination of a Zn atom through the Zn motif
(C302·C305·H313·H317) that deviates from the previously pre-
dicted motif (C302·C305·H317·H320; ref. 29), and no classical
zinc-finger structure specialized for DNA binding is present. Fur-
thermore, the helices coordinated by the Zn motif are located away
from the central channel of the hexamer (Fig. 1c), which probably
accommodates DNA. We therefore conclude that the Zn motif is not
directly involved in binding DNA but is instead important for
stabilizing the Zn-domain structure.

The structure of the LTag251–627 hexamer suggests that the Zn
domain might be important for LTag hexamerization. To test this
prediction, a deletion mutant containing residues 303–627
(LTag303–627) was constructed. LT303–627 lacks a1 and a2
(important for D1–D1 interactions; Figs 2a and 3b) and C302 of
the Zn motif, therefore lacking an intact Zn domain. The oligomeric

Figure 1 The helicase activity and hexamer structure of LTag251–627. a, The helicase assay was performed with a fork DNA substrate containing 20-bp dsDNA, a 16-nucleotide 3
0

overhang, and a three-nucleotide 5
0
overhang labelled with 32P. All lanes contained 0.1 pmol DNA. Lanes 1 and 2, native and boiled DNA; lanes 3 and 4, 0.5 and 0.7 pmol LTag251–

627 hexamer, respectively, showing helicase activity comparable to that of the full-length LTag (data not shown); lanes 5 and 6, 0.35 and 1.0 pmol LTag303–627, respectively, showing

no helicase activity. b, c, Side (b) and top (c) views of the LTag251–627 hexameric structure. The pink balls represent Zn atoms. Each monomer is depicted with a distinct colour.

Structures were generated with MOLSCRIPT49.
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states of LTag303–627 and LTag251–627 were examined by gel-
filtration chromatography. In the absence of ATP, LTag251–627 eluted
in two peaks with an apparent molecular mass corresponding to
hexamers and monomers in a 2:1 ratio (Fig. 3d). When the protein
isolated from either the hexamer or the monomer peak was subjected
to another round of chromatography, both the hexamer and mono-
mer peaks reappeared in the same 2:1 ratio, indicating that LTag251–
627 equilibrates between hexamers and monomer. However, if ATP
was present, all protein was eluted in the hexamer peak (Fig. 3d). The
full-length LTag behaved similarly to LTag251–627 (data not shown).
This demonstrates that LTag251–627 contains all the elements needed
for hexamerization and hexamerizes in the absence of ATP, even
though such hexamers readily dissociate into monomers. ATP stimu-
lates hexamerization and stabilizes the hexamers.

In contrast, LTag303–627, which contains D2 but lacks D1 (Zn
domain), was eluted as one peak with an apparent molecular mass
close to a monomer in gel-filtration chromatography, even in the
presence of ATP (Fig. 3d). The monomeric state is consistent with
its lack of ATPase activity (data not shown). Because ATP hydrolysis
by LTag probably requires residues supplied in trans by a neighbour-
ing molecule (see next section), only dimers or higher oligomers of
LT303–630 should possess ATPase activity. LTag303–627 therefore
seems to be monomeric, indicating that the D2–D2 interactions in
LTag303–627 are insufficient for dimer or hexamer formation with
or without ATP, despite the large D2–D2 interface seen in the
structure.

ATP binding by LTag hexamer
The hexamer structure in the p321 crystal form does not contain
ATP. At the D2–D2 interface within a hexamer, three charged
residues, Lys 418, Arg 498 and Asp 499, reside on one side of the
interface with their side chains pointing towards the P-loop of the
neighbouring monomer without making bonding contacts with any
residues. The binding of ATP/ADP and Mg2þ at the P-loop of the
neighbouring monomer should allow the three residues to make
contact with either the ATP/ADP or the associated Mg2þ ion, which
should strengthen the interactions between monomers to form the
hexamer. These additional interactions augmented by ATP binding
could enhance the cooperative process in LTag hexamerization and
might explain why LTag251–627 equilibrates between hexamers and
monomers in the absence of ATP but exists as stable hexamers in the
presence of ATP (Fig. 3d).

Besides interacting with the ATP bound by the neighbouring
molecule, the three residues (Lys 418, Arg 498 and Asp 499) might
also have a role in ATP hydrolysis. The importance of in trans
contribution of residues from adjacent monomers for hydrolysing
NTPs has also been observed for other NTPases, such as T7 gp4
hexameric helicases and GTPase30–32. In T7 gp4, an arginine residue
(termed Arg ‘finger’) from a neighbouring molecule interacts with
the g-phosphate of ATP, permitting the efficient hydrolysis of ATP.
Arg 498 of LTag occupies a position that might allow it to have an
equivalent role to the Arg ‘finger’ for ATP hydrolysis.

Figure 2 Detailed structure of LTag251–627 monomer. a, b, Two views of the LTag251–627 monomer that are related by a 608 rotation along the horizontal axis. The three domains

D1, D2 and D3 are indicated. a-Helices and b-strands are numbered sequentially. c, The secondary structure elements of LTag. Open bars represent b-strands, arrows a-helices, solid

lines coiled structure, and the dotted line represents a flexible region.
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Mutational inactivation in p53 binding and replication
The LTag structure provides a basis for understanding how particu-
lar mutations affect certain LTag functions. Mutations can be
divided into three classes depending on whether they are defective
in replication, in transformation or in both. The first class has
mutations of residues in either D1 (including the Zn motif),
affecting hexamerization, or in D2 and D3, disrupting ATPase
activity and DNA replication29,33. Most temperature-sensitive
mutants belong to this class34,35. The second class includes
mutations of residues on the D3 surface that are important for
the binding of p53 (including the four mutations P399L, D402E/N/
H, C411R and P584L; Fig. 4a), disrupting cell transformation but
not DNA replication19,36–38. The four residues form a patch on the
outer surface of a hexamer, suggesting that they either contact p53
directly or are positioned at the LTag–p53 interface. On the p53 side,
mapping the residues important for binding LTag to the known p53
structure39 shows an overlap within the DNA-binding surface of p53
(Fig. 4b, c), which is consistent with the observation that p53
binding by LTag prevents p53 from binding to its promoter, thus
inhibiting p53 transactivation activity. The third class of mutations
disrupts the D3 fold. D3 not only interacts with p53 and polymer-

ase-a on its surface but also borders a9 and the P-loop (ATP-
binding) of D2. Examples of this class of mutations are those with
small deletions or insertions on a14 of D3 (Fig. 2a), which failed to
replicate the viral DNA and lost their transformation activity40.

Features and functions of LTag channel
Positively charged channels and the large ‘chamber’. Two essential
functions of LTag in DNA replication are melting the origin and
unwinding the duplex DNA at the fork. Hexameric LTag has a
central channel whose inner surface is strongly positively charged
(Fig. 5a), indicating a possible function in binding DNA, which is
reminiscent of the DNA-binding channel of the archaeal MCM
double hexamer23. A new feature is the presence of a large ‘chamber’
in the middle of the channel (Fig. 5b), which is sufficiently wide
(,67 Å) to accommodate strand separation during origin melting
and fork DNA unwinding (see model in Fig. 6). Additionally, there
are six positively charged holes formed between monomers on the
side wall of the large ‘chamber’ (Fig. 5b). These holes (side channels)
could potentially be used as outlets for the unwound single-
stranded DNA (ssDNA) (see Fig. 6e).
DNA binding. The central-channel openings of the LTag251–627
hexamer differ for the two tiers (Fig. 5a). The smaller top tier has an
opening of ,23 Å between side chains at the narrowest point, a
dimension sufficient to allow the passage of dsDNA. The larger

Figure 3 Hexamerization of LTag. a, An overview of the interface between two monomers

(in red and green) in a hexamer, showing two separate interfaces (boxed regions): D1–D1

and D2–D2. b, The D1–D1 interface. a5 and a2 from two monomers pack against each

other through their leucine-rich hydrophobic surfaces. c, The D2–D2 hydrophobic

interface consisting of charged or polar side chains. d, The oligomeric states of LTag251–

627 (upper) and LTag303–627 (lower) in solution. Both polypeptides were incubated in

buffers without ATP (blue line) or with 1 mM ATP (red line) at 25 8C for 30 min before being

loaded on a Superdex-200 column. The apparent molecular masses (kDa) of the peaks

are indicated. The calculated molecular mass for LTag251–627 is 43.2 kDa per monomer

(259.4 kDa per hexamer) and for LTag303–627 it is 37.2 kDa per monomer. The

molecular masses and positions of standards (green arrows) are indicated.

Figure 4 The p53-binding surface. a, Side view of LTag hexamer surface, showing a

patch formed by the four residues (in cyan) important for binding p53. b, c, The surface of

the p53 DNA-binding domain (p53–DBD)39, showing the locations of residues important

for binding LTag (magenta, in b), as well as for binding DNA (blue, in c). This shows that

the two surfaces on p53–DBD overlap, indicating that LTag might inhibit p53 function by

preventing its DNA-binding activity.

Figure 5 The channel features and DNA-binding activity of LTag hexamer. a, Surface

representation of LTag hexamer with the smaller tier in front, showing the positively

charged (blue) central channel. Red, negatively charged surface; white, uncharged

surface (GRASP50). b, The interior of the central channel, showing the large ‘chamber’ and

the side channel. Two monomers have been taken away from the front to show the vertical

path of the central channel, which widens inside the larger tier, forming a ‘chamber’.

c, d, Autoradiographs of gels showing LTag (LT) hexamer binding to ssDNA (c) or dsDNA

(d). Lanes 1–5 and lanes 6–10 contained 0, 0.1, 0.4, 1.6 and 6.4 pmol, respectively,

LTag251–627 hexamer.
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bottom tier has an opening of ,15.0 Å (Fig. 5a), which is wide
enough for ssDNA, but not dsDNA despite the large ‘chamber’ in
the middle of this tier, which could accommodate two separated
ssDNA strands simultaneously (Fig. 5b). DNA-binding assays show
that LTag251–627 binds ssDNA (Fig. 5c), which is consistent with
previous reports14,41. The LTag251–627 hexamer also binds dsDNA
(Fig. 5d), indicating that the LTag hexamer might undergo a
structural rearrangement so that the narrowest openings of the
central channel expand to accommodate dsDNA.
Observed changes of channel size. To examine whether the LTag
hexamer can change channel openings, we determined the struc-
tures of two other LTag crystal forms obtained under different
conditions. The channel openings of the two crystal forms as well as
of the first crystal form (P321) differ significantly at the narrowest
point. One structure has a narrower opening in the larger tier, 12.5 Å
(compared with 15.0 Å in P321), but no change in the smaller tier,
whereas the other structure has smaller channel openings for both
tiers, with 10.1 Å (compared with 15.0 Å) for the larger tier and
20.1 Å (compared with 23 Å in P321) for the smaller tier at the
narrowest point (Supplementary Figure). Significantly, the struc-
tures determined from individual crystals of the same crystal form
grown under identical conditions, but soaked in different buffers,
vary in channel openings by as much as 3.6 Å (data not shown).
These observations suggest that the LTag hexamer is intrinsically
dynamic, which is consistent with its role as a molecular machine.
Examination of these structures reveals that the changes in channel
dimensions are achieved partly through a slight untwist or twist
between the smaller top tier and the larger bottom tier (Supplemen-
tary Figure). The untwist or twist motion between layers is also
observed in the electron-microscope images of p97 hexamer42.
Although binding to dsDNA can conceivably cause LTag to expand
its central channel for dsDNA, these results show that the channel
openings can expand or constrict even in the absence of dsDNA.
Channel expansion/constriction: the ‘iris’motion. Three struc-
tural features of LTag hexamer might provide a basis for the
expansion and constriction of the central channel in a similar

manner to the ‘iris’ (diaphragm) of a camera. First, each molecule
has the D1 and the D2/D3 domains spanning the smaller and larger
tiers in a twisted fashion, with D1 of one monomer extending into
its neighbour (Fig. 1c), an arrangement potentially permitting an
untwist or twist motion between domains embedded in the two
separate tiers. Second, the connector between D1 and D2/D3, or
between the smaller and large tiers, is a long a-helical structure (a5;
Figs 1c and 2a), which might act like a spring allowing the two tiers
to untwist and twist against each other. This untwist and twist
motion between the tiers might cause the channel to expand and
constrict like an ‘iris’. Third, the uniformly hydrophobic inter-
actions at the D1–D1 interface and hydrophilic interactions at the
D2–D2 interface (Fig. 3b, c) might allow the neighbouring mono-
mers to slide against each other during the ‘iris’ motion in changing
the hexameric channel openings.

Discussion
On the basis of the ‘iris’ hypothesis, we propose a model for the
untwisting or melting of the origin dsDNA (Fig. 6a, b). It is known
that a LTag double hexamer untwists or melts the AT-rich sequence
on one side of the core origin and the early palindrome sequence on
the other side, a process requiring ATP binding but not hydrolysis6.
The dimensions of the LTag double hexamer binding to the core
origin DNA15 imply that the two helicase domains at both ends must
capture both the AT-rich and early palindrome sequences (Fig. 6a).
We propose that the two tiers of the helicase domain untwist and
twist relative to each other through the ‘iris’ mechanism, distorting
the duplex DNA captured within the channel (Fig. 6b). Accompa-
nying the untwisting of the two tiers is the expansion of the channel
opening, which might facilitate the separation of the two strands of
the distorted dsDNA (Fig. 6b), leading to the eventual melting of the
origin for replication initiation. The wide ‘chamber’ (,67 Å in
width) inside the channel (Fig. 5b) can provide sufficient space for
strand separation of dsDNA.

Similarly, a repeated ‘iris’ motion, probably driven by ATP hydroly-
sis, could be employed for destabilizing dsDNA ahead of the fork for
unwinding. Here we propose a model for the bidirectional DNA
unwinding by a LTag double hexamer bound to the origin (Fig. 6c–e).
First, LTag assembles at the origin by means of sequence-specific
interactions mediated through LTag-obd (residues 131–250), forming
a double hexamer that covers about seven turns of dsDNA (Fig. 6a, c).
The helicase domain then uses the ‘iris’mechanism to distort and melt
the origin to initiate unwinding (Fig. 6d). Next, the LTag double
hexamer unwinds dsDNA by means of the ‘iris’ mechanism at the two
forks held together by the double hexamer (Fig. 6e), with dsDNA
being pulled into the LTag double hexamer and the unwound ssDNA
loop being extruded from the side wall of the double hexamer, a
process probably powered by ATP hydrolysis.

The positively charged side channel (Fig. 5b) might provide an
avenue for the exit of the unwound ssDNA loop (Fig. 6e). The exit of
ssDNA through the side channel might have important impli-
cations. First, each LTag hexamer of a double hexamer would
cover both ssDNA and dsDNA at a fork (Fig. 6e), which is consistent
with previous DNase protection results10,43. Second, the contact
with dsDNA ahead of the fork, as well as the holding of a ssDNA
strand in one of the six side channels behind the fork, would allow
the relative rotation between the two tiers (‘iris’ mechanism) within
each LTag hexamer to operate in untwisting the dsDNA. This
configuration permits each hexamer in a functional double-hexamer
unit5–7 to unwind two growing forks bidirectionally and eliminates the
need for the two hexamers of a double-hexamer unit to track
separately along (or rotate around) the helical path of dsDNA in
opposite directions. Third, the exit of ssDNA from the side channel
suggests that a complete opening of the hexamer ring is not required
for the release of ssDNA, although a partial opening between two
N-terminal obd domains would be needed to allow the unwound
ssDNA to pass and reach to the side channel of the helicase domain.

Figure 6 Models for origin distortion and melting, and DNA unwinding, by LTag. a, LTag

double hexamer assembled at origin dsDNA. The helicase domain (LTag251–627) is

labelled, with the larger ring representing the larger tier. b, The model for origin distortion

and melting by the LTag helicase domain through the ‘iris’ mechanism. The distorted AT

sequence and melted early palindrome (EP) region are indicated by arrows (green). c–e, A

looping model for bidirectional DNA unwinding by LTag double hexamer. The colour

coding of LTag domains is the same as in a. After LTag double hexamer assembly (c), the

dsDNA is distorted and melted (d) by the ‘iris’ mechanism. One separated ssDNA strand is

extruded through a side channel of the helicase domain to unwind the two forks

bidirectionally (e).
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The ‘iris’ model presented here describes a molecular event for
origin distortion and melting. Furthermore, our model proposes
that the helicase domain of a LTag double hexamer distorts and
unwinds the duplex DNA bidirectionally using the ‘iris’ mechanism,
and that the unwound ssDNA loops are released from the side
channel of the helicase domains, a hypothesis consistent with the
‘rabbit ear’ observed by electron microscopy43. The evidence that
cellular MCM might also function as a double hexamer23 and that
the cellular DNA replication occurs at defined foci on the nuclear
matrix where replication proteins are assembled44 suggests that a
mechanism similar to that proposed in the LTag models might exist
for DNA replication in cellular chromosomes. A

Methods
Protein purification, characterization and crystallization
Crystallized LTag251–627 was produced in an Escherichia coli expression system as a
glutathione S-transferase (GST) fusion protein. The protein was first purified on a
glutathione affinity column. After cleavage of the GST fusion with thrombin, LTag was
further purified by Superdex-200 gel-filtration chromatography. The protein was
concentrated to 20 mg ml21 in a buffer containing 25 mM Tris-HCl, pH 8.0, 250 mM
NaCl, 1 mM EDTA, 10 mM dithiothreitol. Crystals were grown at 4 8C by the hanging-
drop vapour diffusion method. The P321 crystal grew from 20 mM dithiothreitol, 50 mM
HEPES, pH 7.6, 105 mM NaCl, 5% ethanol, 1 mM EDTA. The cell constants for the P321
crystal are a ¼ b ¼ 120.3 Å, c ¼ 133.2 Å, a ¼ b ¼ 908, g ¼ 1208. Two other crystal forms
were obtained at different pH values: pH 7.25 to give a C2 crystal form (a ¼ 194.3 Å,
b ¼ 85.9 Å, c ¼ 127.8 Å, a ¼ g ¼ 908, b ¼ 128.88) and pH 7.0 to give an R3 crystal form
(a ¼ b ¼ 168.3 Å, c ¼ 129.0 Å, a ¼ b ¼ 908, g ¼ 1208).

Data collection, structure determination and refinement
All the data sets were collected at the SBC 19ID beamline at the Advanced Photon Source
(Chicago, Illinois). Crystals were flash-frozen in liquid nitrogen in crystallization buffer
supplemented with 25% glycerol. Data were processed with HKL2000 (Table 1; ref. 45).
The structure of LTag was determined by the multiple anomalous dispersion (MAD)
method with the program SOLVE46 using a Zn-MAD data set. A solvent flattening step
with SOLVE based on the Zn-MAD phases yielded an electron density map containing
regions of well-featured a-helices, which allowed the initial model building with the
program O. Cyclic refinement and model building led to a final model that, after an
individual B-factor refinement, has an R free of 27.9% for the 30.0–2.8-Å resolution data
(Table 1). For the determination of the structures of the other two crystal forms, initial
attempts of molecular replacement (AMoRe47, CCP4 program suite48) using the complete
LTag251–627 model did not give obvious solutions, probably owing to the different
domain orientations of LTag in these crystal forms. However, the correct solutions were
obtained by the molecular replacement method when the LTag model minus the Zn
domain (D1) was used as the search model.

DNA-binding assay
A 33-nucleotide oligomer labelled with 32P was used as a ssDNA substrate. To generate a
dsDNA substrate, this labelled ssDNAwas annealed to its complementary oligonucleotide.
LTag was preincubated with 1 mM ATP so that LTag was in its hexameric form (see Fig.
3d). To perform the binding assay, a fixed amount (0.1 pmol) of ssDNA or dsDNA
substrate was added to a solution containing 1 mM ATP, 50 mM Tris-HCl, pH 8.0, 200 mM
NaCl and LTag251–627 protein in varied quantities (0.0, 0.1, 0.4, 1.6 and 6.4 pmol
hexamer). After a 10-min incubation at 25 8C, the reaction mixture was loaded on a 6%
native polyacrylamide gel for electrophoresis analysis. The gel was dried for
autoradiography.

Helicase assay
The substrate for helicase assay was a short-fork DNA annealed from two oligonucleotides
that had been purified with MonoQ column chromatography. The substrate DNA was
incubated with LTag251–627 at 25 8C for 30 min in a buffer containing 50 mM HEPES,
pH 7.5, 1 mM ATP, 3 mM MgCl2, 1 mM dithiothreitol and 50 mM NaCl. The reaction was
terminated by adding a stop solution containing 100 mM EDTA, 0.5% SDS and 50%
glycerol. Samples were analysed on a 12% native polyacrylamide gel in 1 £ Tris/borate/
EDTA running buffer. The unwinding of the substrate DNA was detected by
autoradiography.
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The expression domain of
PHANTASTICA determines leaflet
placement in compound leaves

Minsung Kim, Sheila McCormick, Marja Timmermans & Neelima Sinha

Nature 424, 438–443 (2003).
.............................................................................................................................................................................

In the Methods section on page 443 of this Letter, a line was omitted.
The sentence should read: “We determined antibody purity and
specificity by western blot analysis on protein extracts prepared
from wild-type and rs2 mutant apices.” A
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corrigenda

Structure of the replicative helicase
of the oncoprotein SV40 large
tumour antigen

Dawei Li, Rui Zhao, Wayne Lilyestrom, Dahai Gai, Rongguang Zhang,
James A. DeCaprio, Ellen Fanning, Andrzej Joachimiak,
Gerda Szakonyi & Xiaojiang S. Chen

Nature 423, 512–518 (2003).
.............................................................................................................................................................................

The name of A. J. was misspelt in the author list and should be
Andrzej Joachimiak. Also, he is in the Biosciences Division of SBC
(and not at the Advanced Photon Source, as published). A

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

corrigendum

Impact of urbanization and
land-use change on climate

E. Kalnay & M. Cai

Nature 423, 528–531 (2003).
.............................................................................................................................................................................

When calculating areal averages, which involve weighting gridded
data with the cosine of the latitude of half-degree grid boxes, we
divided the sum by the total number of grids but omitted to divide
the sum also by the average cosine latitude of the domain, which is
0.786. This error affects only the area-averaged values, not the maps
or the station values, or the relative differences between station and
reanalysis values. As a result, the average numbers on the maps
should be divided by this factor. As the proportions quoted remain
the same, this error does not affect our conclusions, except that the
values of area-averaged trends have to be multiplied by 1.272. The
corrected estimate of the trend in daily mean temperature due to
land use changes is 0.35 8C per century. A
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