
pathogens that are traditionally regarded as being restricted to the
aerial plant tissues have recently been reported to infect the roots of
their hosts23,24 (Leptosphaeria maculans, which causes stem canker
of brassicas and Cercospora beticola, which causes leaf spot disease of
sugar beet). Taken together these observations suggest that soil-
borne inoculum and root infection may be significant components
of the life cycles of diseases that are traditionally regarded as only
affecting above-ground parts of plants. This has important impli-
cations for the development of new strategies for plant breeding and
disease control. A

Methods
DNA manipulations, fungal growth conditions and plant infection experiments
Standard molecular biology procedures were followed for cloning and enzymatic
manipulations with DNA25. Amino acid sequence comparisons and alignments were
carried out using vector NTI Suite8 (InforMax, Invitrogen). Fungal strains were cultured
and maintained as described14. The plant material used was rice (Oryza sativa L.) cultivars
Nipponbare (ssp. japonica) and CO39 (ssp. indica), barley (Hordeum vulgare) cultivar
Golden Promise and wheat (Triticum aestivum) cultivar Riband. Leaf and root infection
assays were carried out as described10,14.

Construction of SGFP binary vectors and Agrobacterium-mediated
transformation
A modified pCAMBIA1300 (CAMBIA, Canberra, Australia) binary vector containing a
hygromycin resistance gene and the SGFP gene (encoding a GFP variant that contains a
serine-to-threonine substitution at amino acid 65) from pCT74 (ref. 26) was constructed.
The resulting vector (pCAMBgfp) was introduced into Agrobacterium tumefaciens strain
AGL-1 and transformed into M. grisea as described27. Transformants expressing SGFP were
selected under ultraviolet light. A second binary vector expressing SGFP and containing the
ILV1 gene (which confers resistance to sulfonylurea) (pSULF) was also constructed by
ligating XhoI/EcoRI-digested pCB1532 (ref. 28) into pCAMBIA1300. The SGFP gene from
pCT74 was then ligated into SalI/BamHI-digested pSULF to give pSULFgfp.

Microscopy
Infected root samples were stained with chlorazole black E as described29. Confocal optical
section stacks of infected plant material were collected using a Leica TCS-NT confocal
microscope. SGFP fluorescence was detected with a 515 nm bandpass emission filter and
autofluorescence of the plant cell walls with a 595 nm bandpass emission filter.

Construction of MgFOW1 gene replacement vector
The candidate FOW1 homologue MgFOW1 (annotated at locus n. MG07201.4,
chromosome I, contig 2.1337 in the M. grisea genome database, http://
www.broad.mit.edu/annotation/fungi/magnaporthe/) was amplified with primers
5Mg-FOW (5 0 -CGGTGTTCTCCTGCAGTACTACG-3 0 ) and 3Mg-FOW (5 0 -CTATGCC
TCTGGTTCTATACCG-3

0
) from M. grisea Guy11 strain. The sequence of the 3.7 kilobase

(kb) amplification product was identical to that in the genome database (from M. grisea
70-15 strain). The polymerase chain reaction (PCR) product was digested with PstI and
KpnI and the resulting 3.4 kb restriction fragment cloned into pBluescriptSK2

(Stratagene). A 170 bp XhoI–HpaI fragment within the predicted ORF was replaced by the
,2.6 kb XhoI–SmaI fragment from pCAMBgfp containing the hygromycin resistance
cassette and the SGFP gene. An ,5.2 kb PstI–KpnI fragment encompassing the 2.6 kb
XhoI–SmaI fragment and flanking DNA sequences was digested with AgeI and subcloned
into pCAMBIA1300. This gene replacement construct was then introduced into the M.
grisea strain Guy11 by Agrobacterium-mediated transformation. The transferred DNA
insertion sites were confirmed by sequencing the PCR fragments amplified using the
primer pairs: 5Mg-FOW and MgFOW2 (5

0
- CTTCTTGCCGGTGACATCGCG-3

0
),

5Mg-FOW and 5-HYGR (5 0 -GCCGATAGTGGAAACCGACGC-3 0 ), 5-NOS (5 0 - CTAGA
TCCGATGATAAGCTGTC-3

0
) and 3Mg-FOW (see above).

For complementation experiments the 3.4 kb PstI–KpnI fragment containing the intact
MgFOW1 gene was blunt-ended, cloned into SmaI-digested pSULF and introduced into the
DMgFOW1 mutants by Agrobacterium-mediated transformation. Transformants were
selected with sulfonylurea (Greyhound, UK) and analysed by PCR with the primers
MgFOW9 5

0
-GCAGTACTGTGATGACTAGG-3

0
and MgFOW6 (5

0
-GGTTTCGAGTG

CCGCTGTCG-3 0 ), which yielded a ,2.8 kb amplification product fragment derived from
the MgFOW1 locus.
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All retroviruses specifically package two copies of their genomes
during virus assembly, a requirement for strand-transfer-
mediated recombination during reverse transcription1,2. Geno-
mic RNA exists in virions as dimers, and the overlap of RNA
elements that promote dimerization and encapsidation suggests
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that these processes may be coupled3–5. Both processes are
mediated by the nucleocapsid domain (NC) of the retroviral
Gag polyprotein3. Here we show that dimerization-induced
register shifts in base pairing within theW-RNA packaging signal
of Moloney murine leukaemia virus (MoMuLV) expose con-
served UCUG elements that bind NC with high affinity (dis-
sociation constant 5 75 6 12 nM). These elements are base-
paired and do not bind NC in themonomeric RNA. The structure
of the NC complex with a 101-nucleotide ‘core encapsidation’
segment of the MoMuLVW site6 reveals a network of interactions
that promote sequence- and structure-specific binding by NC’s
single CCHC zinc knuckle. Our findings support a structural
RNA switch mechanism for genome encapsidation, in which

protein binding sites are sequestered by base pairing in the
monomeric RNA and become exposed upon dimerization to
promote packaging of a diploid genome.

The MoMuLV is a prototypical retrovirus widely used in human
gene therapy trials and extensively studied as a model for retrovirus
assembly and genome encapsidation7. The 350-nucleotide
MoMuLV packaging signal (W, Fig. 1a) forms a structurally organ-
ized domain that independently directs dimerization and packaging
of the viral RNA8. The secondary structure of the W site changes on
dimerization9, and it has been suggested that RNA conformational
changes may help regulate genome packaging and other genome-
related replication events9,10. Dimerization is promoted by two stem
loops that form intermolecular duplexes (DIS-1, A204–G229; and

Figure 1MoMuLVW site and structure of the NC–mWCES complex. a, Unspliced MoMuLV

genome showing the location of the W packaging signal. b, Secondary structure of the

core encapsidation signal (WCES). DIS-2 exists in two alternate monomeric conformations

(shaded red and green), and undergoes a frame shift upon dimerization (shaded blue) that

exposes a UAUCUG element (red). c, Secondary structure of mWCES with non-native

nucleotides shown in bold. DIS-2 base pairings match those of the dimeric form of native

WCES. d, Representative NC–mWCES structure DIS-2 (blue), SL-C (orange) and SL-D

(yellow), the UCUG segment (red) and NC (grey). e, Stereo image showing the best-fit

backbone superposition of the CCHC zinc knuckle for the 20 calculated NC–mWCES

structures. f, Interactions between the zinc knuckle (coloured according to electrostatic

surface potential) and the U306CUG element: U (orange), C (cyan) and G (green).

g, Surface representations of the zinc knuckle and U306CUG segment showing

complementarity of shape and electrostatic potential at the protein–RNA interface.
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DIS-2, C278–G309)9,11,12 and two additional stem loops that can
form ‘kissing complexes’ through intermolecular base pairing
of their tetraloop nucleotides (SL-C, G310–C352; and SL-D,
C355–G374)13. Although all four stem loops are required for
efficient encapsidation, fragments of W containing SL-C, SL-D
and portions of DIS-2 are capable of independently directing the
packaging of heterologous RNAs into virus-like particles6. These
residues comprise a ‘core encapsidation signal’ (WCES; Fig. 1b; ref. 6)
that can bind NC stoichiometrically and with high affinity14. The
DIS-2 stem loop of WCES undergoes a register-shift in base pairing
upon dimerization9, in which residues U304–G309 are base paired
in the monomer but not in the dimer (Fig. 1b). To gain insights into
the molecular determinants of genome packaging, we determined
the structure of the complex between NC and a 101 nucleotide WCES

mutant, engineered to remain monomeric in solution but retain
internal base pairing of the dimer14,15 (mWCES; Fig. 1c).

The NC–mWCES structure demonstrated an unexpected binding
mode, in which the single CCHC zinc knuckle of NC interacts with
the UCUG linker that connects DIS-2 to SL-C (Fig. 1d–f). The
binding interface exhibits significant complementarity of shape and
charge (Fig. 1g). U306 and C307 pack against the side chain of
Tyr 28, and U308 packs against the side chains of Ala 27 and Leu 21.
The binding of these three nucleotides appears to be promoted by
the following direct or water mediated interactions: U306-5

0
-

phosphodiester to Tyr 28-OH, U306-O4 to Lys 42-NH3
þ, C307-N3

and/or -O2 atoms to Lys 42-NH3
þ, U308-O2

0
to Arg 18 guanidi-

nium group, U308-O4 to Lys 30-NH3
þ and U308-5 0 -phosphodiester

to Lys 37-NH3
þ. The G309 nucleotide base fits deeply into a pocket

defined by the side chains of Leu 21, Ala 27, Trp 35 and Ala 36, and
forms hydrogen bonds with backbone NH and O atoms located at
the bottom of the pocket (G309-O6–Ala 27-NH; G309-O6–Ala 36-
NH; G309-N1H–Gln 25-O; G309-NH21–Gln 25-O; Fig. 2a). Simi-
lar interactions with exposed guanosines have been observed in
human immunodeficiency virus Type-1 (HIV-1) NC–RNA16,17 and
zinc knuckle–DNA18 complexes (Fig. 2b), although for HIV-1 NC,
tight binding requires two adjacent CCHC zinc knuckles, each of
which interacts directly with only a single nucleotide base (G)16,17.
Also, the HIV-1 pockets are ‘pre-formed’, being derived from
residues on the surface of the folded zinc knuckle domain. In
contrast, the guanosine binding pocket of the MoMuLV zinc
knuckle is only partially formed in the absence of mWCES, with
residues Arg 18–Asp 24 being disordered in the free protein and
folding only on binding to the RNA. The remaining residues of the
amino-terminal tail (Ala 1–Arg 17), and the carboxy-terminal tail
(Arg 44–Leu 56), remain disordered on binding and do not interact
tightly or specifically with the RNA. These findings are consistent
with mutagenesis studies showing that basic residues between
Arg 16 and Pro 43 are required for efficient genome packaging,
whereas those in the flexible regions of NC (including the entire
flexible portion of the C-terminal tail) are disposable4,19.

NMR chemical shifts and nuclear Overhauser effect (NOE) cross
peak patterns of the DIS-2, SL-C and SL-D stem loops were not
perturbed by NC binding, and their structures are identical to those
observed for the free mWCES RNA15. To determine if transient
interactions with these elements might contribute to binding, NC
titration experiments were performed with truncated forms of
mWCES. Tight binding (dissociation constant (Kd) , 200 nM)
was observed for all fragments that included the linker residues,
including the shortest fragment tested, r-UAUCUG (Kd ¼
75^ 12 nM; Supplementary Fig. S1). For comparison, NC binds
native WCES with a dissociation constant of 132 ^ 55 nM (ref. 14).
Binding was not observed for any RNAs that lacked the linker14.

Figure 2 Comparison of the guanosine binding sites of the MoMuLV and HIV-1 zinc

knuckles. a, MoMuLV zinc knuckle in NC–mWCES. b, HIV-1 zinc knuckle in NC–SL3

(ref. 16). For comparison, the numbering scheme used for both zinc knuckles begins with

the first cysteine labelled Cys 1 (this figure only). The zinc atom (cyan) and cysteine

(yellow) and histidine (blue) side chains are shown.

Figure 3 NC binds to dimeric forms of DIS-1 and DIS-2. a, Native PAGE data obtained for an

RNA construct corresponding to residues G276–C352 of native WCES (DIS2–C) in

the absence (left) and presence (right) of NC (0.5 equivalents). The titration was performed

under equilibrium conditions of monomeric (M) and dimeric (D) species, and a band shift was

observed only for the dimeric species. b, c, ITC NC titration results obtained for DIS2–C

constructs containing GNRA-type mutations (bold) that stabilize base pairings of the

monomeric (M-1 and M-2) and dimeric (M-3) W site. All three constructs are monomeric

under experimental conditions, based on native gel electrophoresis. Base pairings were

confirmed by 2D 1H NMR. Colour shadings and secondary structures correspond to those

shown in Fig. 1b for the native W site. NC binds M-3 with significant affinity (K d ¼

173^ 32nM), but does not interact tightly with M-1 or M-2. d, Secondary structures

determined by 2D 1H NMR for a 28 nucleotide DIS-1 RNA in its monomeric (M) and dimeric

(D) forms. e, Native PAGE data showing that only the dimeric form of DIS-1 binds NC.
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In addition, NMR chemical shifts and NOE cross peak patterns in
two-dimensional (2D) NOESY data obtained for the NC–r(UAU-
CUG) complex matched the data obtained for NC–mWCES complex
(Supplementary Figs S2 and S3). These data indicate that the UCUG
linker element, which is conserved among the murine C-type
retroviruses15, is both necessary and sufficient for high affinity NC
binding. DIS-2 contains a second UCUG sequence that is also
conserved (U300CUG), but this element is sequestered by intra-
molecular base pairing and stacking interactions and does not
interact with NC.

UCUG sequences are unusually abundant in the region between
the primer binding site (PBS) and Gag initiation codon of the
mammalian C-type retroviruses, occurring at a frequency of
approximately 1 in 50 nucleotides. By comparison, these sequences
occur at a frequency of 1 in 225 nucleotides in the coding and LTR
(long terminal repeat) regions of the MoMuLV and other retroviral
genomes reported in the NIH NCBI Gene Bank. Thirteen UCUG
sequences are present in the 418-nucleotide segment between the
PBS and Gag start sites of the MoMuLV genome, accounting for
more than 12% of the nucleotides in this region. Five of these
sequences are located within the 55 nucleotides between W and the
Gag initiation codon, and this may explain why ‘Wþ’ RNAs (that is,
RNAs with a 3 0-extended W site) package heterologous RNAs
with greater efficiency than W-only RNAs20. Not all of the
UCUG segments are likely to bind NC owing to their participation
in intramolecular interactions (as observed for U300CUG). How-
ever, the high abundance of these sequences is consistent with
proposals that the NC domains of assembling Gag molecules bind
cooperatively to multiple sites within the W-RNA packaging signal.
No UCUG sequences were found between the PBS and Gag
initiation codons of representative lentivirus (HIV-1) and D-type
retrovirus (Mason-Pfizer monkey virus) genomes, and fewer than
three UCUG sequences were observed in representative B-type
(mouse mammary tumour virus), avian C-type (Rous sarcoma
virus) and HTLV/BLV (human T-lymphotrophic virus-I) retrovirus
genomes. The NC proteins of these retroviruses contain two CCHC
zinc knuckle domains with amino acid compositions that
differ significantly from those of the mammalian C-type retro-
viruses. These differences may explain why chimaeric HIV-1 virions
containing the MoMuLV NC domain are able to efficiently package
the MoMuLV genome but unable to package the HIV-1 genome21,
and are consistent with the observation that retroviruses of a given
genus are often capable of packaging each other’s genomes22.

Previous chemical accessibility mapping and free energy calcu-
lations suggested that base pairing within the DIS-2 stem loop of the
intact MoMuLV W site changes upon dimerization9. NMR data

obtained for RNAs containing the native DIS-2 sequence confirmed
the predicted structures shown in Fig. 1b (Supplementary Fig. S4).
The fact that residues U306–G309 are internally base-paired in
the monomeric hairpin and exposed in the duplex9 raised the
possibility that NC might bind preferentially to the duplex. To
test this hypothesis, a 77 nucleotide RNA corresponding to stem
loops DIS-2 and SL-C (DIS2–C) of the native WCES RNA was
prepared for NC-binding studies. Titration of DIS2–C with NC
resulted in a small but distinguishable electrophoretic band shift for
the dimeric species, but did not affect the mobility of the monomer
(Fig. 3a; ref. 15). To quantitatively test for structure-dependent NC
binding, isothermal titration calorimetry (ITC) data were obtained
for mutants of DIS2–C containing GNRA sequences that specifically
stabilize base pairings observed in the monomeric and dimeric W site
(see Figs 1b and 3b, c). As shown in Fig. 3b, RNAs with base pairings
of the monomer (M1 and M2 in Fig. 3c) did not bind NC, whereas
the construct with base pairings of the dimer (M3) bound NC with
high affinity. These findings confirm that NC binds only to the
dimeric form of DIS–2, in which the U306CUG element is exposed.

The MoMuLV W site contains a second palindromic segment that
promotes genome dimerization in vitro11,12 and encapsidation
in vivo12, and this segment (DIS-1, A204–G229) has also been
predicted to undergo a register shift in base pairing on conversion
from a monomeric hairpin to a dimeric duplex11. DIS-1 also
contains a 3 0-UCUG sequence that could potentially bind NC. A
28-nucleotide RNA with sequence of DIS-1 (G202–G229, Fig. 3d)
forms monomers and dimers at RNA concentrations above 0.1 mM,
and titration of DIS-1 with NC resulted in a significant electrophor-
etic band shift for the dimeric (but not the monomeric) species (Fig.
3e). 2D NOESY experiments confirmed that the UCUG segment is
base-paired in the hairpin and exposed in the duplex, and that NC
binding is mediated by interactions between the CCHC zinc knuckle
and the exposed UCUG element of the duplex (data not shown).
Thus, DIS-1 exhibits dimerization-dependent structural and
NC-binding behaviour very similar to that observed for DIS-2.

Our findings support a structural RNA switch mechanism for
genome encapsidation, in which conserved UCUG elements associ-
ated with DIS-1 and DIS-2 are sequestered in the monomeric RNA
and become exposed to promote high affinity NC binding on
dimerization (Fig. 4). In both cases, asymmetry within the
pseudo-palindromic stem loops allows dimerization-induced reg-
ister shifts that re-optimize base pairing in the dimer and expose the
protein binding site. These findings are consistent with studies
suggesting that genome dimerization and encapsidation events are
intimately coupled5,7,23–27. Conserved UCUG elements downstream
of SL-D that exhibit dimerization-dependent chemical reactivity
(U510CUG and U559CUG)9 may also bind NC in a dimerization-
dependent manner. Further studies of these and the five UCUG
elements in the segment downstream of W that is required
for optimal packaging efficiency20 are warranted. Dimerization-
dependent conformational changes have recently been detected in
the HIV-1 W site10, and it seems that at least one high affinity NC
binding site that is present in the dimeric W site (stem loop SL2)17

exists in a significantly different conformation in the monomeric
RNA. Conformational RNA switch mechanisms may therefore be
commonly used by retroviruses to promote specific packaging of a
diploid genome. A

Methods
RNA design
The GACG tetraloops of SL-C and SL-D were mutated to GUGA and GAGG, respectively,
to eliminate intermolecular kissing interactions that can lead to aggregation at
concentrations required for NMR studies14. These mutations do not affect the structures
of the stem loops or the NC binding properties of the RNA14,15. In addition, the
palindromic AGCU segment of DIS-2 was replaced by GAGA, a GNRA-type tetraloop that
stabilizes hairpin structures28. This mutation stabilizes base pairings in the stem of DIS-2
that match those observed for the native, dimeric W site (see Fig. 1b, c). The resulting
mWCES RNA remains monomeric at concentrations well above 1.0 mM (based on native

Figure 4 Structural changes in theW-site that seem to serve as a switch for the selective

binding of NC to the dimer. Conserved UCUG bases (red) are base paired in the monomeric

state and become exposed for NC binding upon dimerization. Dimerization may

promote exposure of additional downstream UCUG elements to enhance the specific

packaging of a diploid genome.
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gel electrophoresis and NMR) and binds NC with the same affinity and stoichiometry
observed for the native WCES RNA14.

Sample preparation
MoMuLV NC protein and RNA constructs were prepared as described14,15. RNAs of 35
nucleotides or less were obtained from Dharmacon and purified by denaturing gel
electrophoresis. Samples for all NMR, ITC and polyacrylamide gel electrophoresis (PAGE)
measurements were prepared in Tris-HCl buffer (10 mM at pH 7.0, 10 mM NaCl, 0.1 mM
ZnCl2 and 0.1 mM b-mercaptoethanol).

NC binding experiments
ITC data (VP-ITC calorimeter, MicroCal Corp.) were measured at 30 8C. Exothermic heats
of reaction were measured for 25 injections of NC protein (80 mM) into 1.4 ml of RNA
(5.0 mM). Binding curves were analysed by nonlinear least squares fitting of the baseline
corrected data to a single binding site model as described14. RNAs for PAGE experiments
(0.5 mM) were heated for 2 min at 90 8C and cooled on ice before addition of NC. Samples
were loaded onto native polyacrylamide gels and electrophoresed at 4 8C in Tris-borate
buffer (45 mM Tris base, 45 mM boric acid, pH 8.3), and gels were stained with Stains-All
(Sigma).

NMR spectroscopy and signal assignments
NMR data (Bruker DRX spectrometer, 800 MHz 1H, T ¼ 15, 25 and 35 8C) were obtained
from a combination of two-, three- and four-dimensional NOESY data, for samples with
combinations of natural abundance and 15N-,13C-labelled NC and both 15N-,13C-labelled
and perdeuterated/selectively protonated RNA. RNA signals were assigned as described for
the free mWCES RNA15. Protein backbone signals were assigned using standard triple
resonance methods, and side chain signals were assigned from 3D and 4D 15N-, 13C-, and
15N/13C-edited NOESY data (see refs 16, 29, 30, and citations there-in). Titration of
mWCES with NC resulted in NMR chemical shift changes and intermolecular 1H–1H NOEs
for nucleotides U306–G309. All other mWCES NMR signals were unaffected by NC binding.
Intermolecular NOEs were readily assigned from 2D NOESY data obtained for samples
containing nucleotide-specifically protonated RNA (GH-mWCES, AH-mWCES, UH-mWCES,
CH-mWCES; containing protonated G, A, U and C, respectively, with the remaining
nucleotides perdeuterated), in combination with 3D 13C-edited NOESY data obtained for
RNA complexes with 15N-,13C-labelled NC. Some RNA NMR signals were significantly
broadened on titration with NC, and in these cases, intermolecular NOEs were identified or
confirmed on the basis of exchange-mediated intermolecular NOEs with the unbound RNA
in samples containing a ,30% excess of RNA (see Supplementary Fig. S2). Subsequent to
solving the structure of the NC–mWCES complex, 2D NOESYdata were obtained for the NC
complex with r-UAUCUG (Supplementary Fig. S3), which enabled confirmation of
assignments made for NC–mWCES but did not lead to the identification of additional
intermolecular NOEs. Backbone NH signals for residues of the N- and C-terminal tails (Ala
1–Arg 17 and Arg 44–Leu 56, respectively) were sensitive to exchange with H2O protons and
exhibited random coil chemical shifts (as also observed for the Ca carbons).

Structure calculations
Upper interproton distance bounds of 2.7, 3.3 and 5.0 Å were employed for NOE cross
peaks of strong, medium and weak intensity respectively, which were qualitatively assessed
following intensity normalization of the different NOE data sets. Structures were
calculated in torsion angle space with CYANA (http://www.las.jp/index_eg.html) starting
from random initial angles (involving both protein and RNA), and stem loops DIS-2,
SL-C and SL-D were refined independently using dipolar couplings obtained for the
isolated stem loops. This approach is valid because the NMR chemical shifts and NOE
cross peak patterns and intensities of the isolated stem loops and those in the NC–mWCES

complex were indistinguishable15. Statistical information and superposition images are
provided in Supplementary Table S1 and Fig. S5, respectively. Structure figures were
generated with PyMOL (http://pymol.sourceforge.net).
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Trigger factor in complex with
the ribosome forms a molecular
cradle for nascent proteins
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During protein biosynthesis, nascent polypeptide chains that
emerge from the ribosomal exit tunnel encounter ribosome-
associated chaperones, which assist their folding to the native
state1,2. Here we present a 2.7 Å crystal structure of Escherichia
coli trigger factor, the best-characterized chaperone of this
type, together with the structure of its ribosome-binding
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