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Abstract

The RNA-dependent RNA polymerase of the Sendai virus (SeV) consists of the large protein (L) and the phosphoprotein (P). P plays a
crucial role in the enzyme by positioning L (which carries the polymerase activity) onto the matrix for transcription and replication formed
by the RNA and the nucleoprotein, the N-RNA. P has a modular structure with distinct functional domains: an N-terminal domain
involved in binding to N° (N that is not yet bound to RNA) and a C-terminal domain that carries the oligomerisation domain, the N-RNA
binding domain and the L binding domain and that, combined with L, is active in transcription. Structural data have previously been
obtained on the N-terminal domain and on the oligomerisation domain of P, but not yet on its N-RNA binding domain (also-called the X
protein). Here we present an NMR and a small angle neutron scattering study of the SeV X protein. We show that this molecule presents
two subdomains linked by an 11-residue linker, with the N-subdomain lacking a well-defined conformation. The 3D structure of the C-
subdomain consists of three a-helices revealing an asymmetric charge distribution that may be important for binding to RNA-bound
nucleoprotein. The structure of the entire C-terminal domain of P is modelled from its constituent parts in combination with small angle

scattering data on this domain.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Sendai virus (SeV) is the prototype virus of the Para-
myxoviridae. 1t infects the respiratory track of mice and
causes pneumonia. This family contains not only human
respiratory viruses, such as parainfluenza viruses, that
cause croup, bronchiolitis and pneumonia, but also mea-
sles and mumps viruses. The negative-strand RNA ge-
nome of SeV is encapsidated by the nucleoprotein (N)
with a stoichiometry of one N monomer for six nucleo-
tides (Calain and Roux, 1993; Egelman et al., 1989;
Kolakofsky et al.,, 1998). N binds to the sugar-phosphate
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backbone of the RNA, exposes the nucleotide bases and
modulates the signals for transcription regulation that are
encoded in the RNA (Iseni et al., 2002). This N-RNA
complex serves as the template for the RNA-dependent
RNA polymerase of the virus, which is constituted by two
proteins, the large (L) protein and the phosphoprotein (P).
The L protein contains the polymerase activity as well as
the capping and polyadenylation activities (Abraham et
al.,, 1975; Hunt et al., 1984; Testa and Banerjee, 1977).
The P protein binds to the C-terminal domain of N and
positions the polymerase (L) onto the template (Horikami
and Moyer, 1995). Like other paramyxovirus phosphopro-
teins, the SeV P protein (568 amino acid residues) has a
modular structure with two distinct functional domains
(Fig. 1). The phosphoprotein N-terminal domain (PNT)
(1-319), which is poorly conserved in sequence, acts as a
chaperone for newly synthesised N, so-called N°, and
prevents it from binding to nonviral RNA in the infected
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Fig. 1. Summary of the SeV phosphoprotein domains. The schematic
representation of P shows its N- and C-terminal domains (PNT and PCT),
the oligomerisation domain (residues 320—446) (also-called PMD) and the
X protein (PX) (474—-568). The location of discrete regions mapped for
different protein—protein interactions is also indicated. These regions, from
the N-terminus to the C-terminus are the N°-binding domain (residues 33—
41), the L-binding domain (residues 411-445) and the N-RNA-binding
domain (residues 479—568) (after Curran et al., 1995a).

cell (Curran et al., 1995b). Structural investigations on the
measles virus PNT have shown that it is not structured in
solution. This result was extended to several Morbillivirus
PNTs and to SeV PNT (Karlin et al.,, 2002). The phos-
phoprotein C-terminal domain (PCT) is only functional as
an oligomer and is sufficient for in vitro transcription
(Curran et al., 1995a). Discrete regions in PCT have been
mapped for various protein—protein interactions required
for viral transcription. These regions are the L-binding
domain (residues 411-445), which is part of the oligo-
merisation domain (also-called PMD) (residues 320—446),
and the N-RNA-binding domain (residues 479—-568) (Cur-
ran et al.,, 1995a). The high-resolution X-ray structure of a
slightly shortened oligomerisation domain (residues 320—
433) has been solved revealing a homotetrameric coiled
coil structure (Tarbouriech et al., 2000b). So far, the N-
RNA-binding part of the SeV phosphoprotein (also-called
the X protein or PX) is the less characterised part from a
structural point of view. Using site-directed mutagenesis,
several residues of the SeV X protein were shown to be
involved in RNA synthesis and responsible for the bind-
ing to the nucleoprotein (Tuckis et al, 2002). The X
protein is produced in large amounts in infected cells from
P mRNA by an internal ribosomal entry mechanism
(Curran and Kolakofsky, 1988) and seems to constitute
a domain on its own.

To better understand the mechanisms and contacts among
the different proteins involved in viral transcription, a
structural investigation of the SeV X protein was initiated.
This protein was found to be extremely soluble and mono-
meric and to fold as an independent domain (Tarbouriech et
al., 2000a). Because no crystals were obtained after exten-
sive crystallisation trials, we chose NMR for solving its
structure. Here we present an NMR and a small angle
neutron scattering study of the SeV X protein. We show
that this small protein presents two subdomains linked by an
11-residue linker, with the N-subdomain lacking a well-
defined conformation. The solution structure of the C-
subdomain of the X protein consists of three a-helices
showing an asymmetric charge distribution that may be
important for binding to RNA-bound nucleoprotein. The

entire PCT could be modelled by combining the X-ray
structure of the oligomerisation domain, the NMR structure
of the PX C-subdomain and small angle scattering data on
PX and intact PCT.

Results

Resonance assignment and characterisation of secondary
structure elements of PX

The 'H, "°N and "°C resonances of the X protein were
assigned and reported elsewhere (Marion et al., 2001;
http://www.bmrb.wisc.edu/ accession number 4999). After
completion of these assignments, several weaker peaks
were identified, corresponding to two short segments of
amino acids surrounding two proline residues: P502 (res-
idues E497 to A504) and P512 (residues P512 to K514)
(Table 1). The identity of these peaks as a minor confor-
mation caused by proline cis—trans isomerisation was
confirmed by the characteristic Cp and Cvy shifts of the
proline side chains (Richarz and Wiithrich, 1978). Notably,
the major conformation of all prolines was found to be
trans.

Chemical shift and short-range nOe measurements indi-
cate that PX consists of three a-helices (M519-E527, R533-
K545, D549-S565) located at the C-terminal part of the
molecule (Fig. 2). An additional a-helix (M519-E527) is
identified compared to the predicted secondary structure
(Tarbouriech et al., 2000a). Nearly half of the molecule
(residue 474—518 as well as the N-terminal His tag) appears
to have no persistent canonical secondary structure elements
from chemical shift dispersion.

To supplement the structural characterisation of PX, we
measured heteronuclear relaxation at 600 MHz. Of the 95

Table 1
Resonance assignments of PX minor conformation
Residue N Ca Ccp Other
E497 554 (4.25) 30.1 Cy 33.8 (2.31)
R498 123.0 (8.44) 557 31.2 Co6 43.51 (3.17)
D499 119.6 (8.10) 54.4 41.2
(2.77, 2.67)
T500 113.4 (8.04) 61.6 (4.22) 703 (427) Cy,21.8
ES01 124.3 (8.29)
P502 62.4 (4.85) 343 Cy 25.0
(2.40, 2.14)  (1.98, 1.91);
Cd 50.2

R503 123.1 (8.57)  56.6 (4.32)  30.8 Cy 27.5 (1.69);

(1.89, 1.82)  Cb 43.5 (3.23)
A504 125.2 (8.51)
P512 62.7 (4.60) 347 Cy 24.9 (1.96);
(2.44,2.14) €5 50.4
513 1164 (8.62) 583 64.1
(3.98, 3.89)

K514 123.5 (8.50)

Proton chemical shifts are given in parentheses.
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Fig. 2. Characterisation of secondary structure elements of the X protein. From top to bottom: PX sequence (including the N-terminal tag: MRGSHGIEGR),
underlined residues with resonance splitting, sequential (Ho; — Hn;11) and (Hn; — Hn;+) nOe correlations (reflecting the intensity of the corresponding cross-
peak in the 3D '"N-edited NOESY spectrum, missing assignments or peak overlaps are denoted with a star), (Ho; — Hny.3) and (Haz — Hn,iy) nOe
correlations. Consensus chemical shift index (CSI). Secondary structure elements.

amino acid residues (474—568), 68 {'H}-'°N nOes (Fig. 3),
68 R; and 68 R, (data not shown) could be measured. The
resulting data confirm that residues 474—515 indeed present
differential dynamic behaviour compared to residues 516—
568. In particular, the {'"H}-"°N nOe reveals a rigid domain
(516—568) linked to a flexible domain (474—-504) by an

even more flexible linker (505—515). Assuming that the
internal motion is rapid compared to the overall rotational
diffusion, the ratio of transverse and longitudinal '*N spin
relaxation rates R,/R; provides an estimate of characteristic
rotational correlation time 7¢ of molecular domains. On this
basis, the region 474—504 exhibits a 7¢ of 4.55 £ 0.03 ns,

0.5 —
gt | :
=]
2o il A
= _
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i 480 500 520 540 560 7
1 . | . | . | . | . |
His-tag| N-subdomain |Linker C-subdomain
474 504 516 568

Fig. 3. Backbone {'H}-'*N heteronuclear nOe values for PX and its domains. Residues without data correspond either to prolines or to amino-acids for which

the HSQC peak overlaps with other signals.
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while for the region 516—565, a value of 7.74 £ 0.04 ns is
determined. The average {'H}-'>N nOe values for these two
subdomains are 0.24 + 0.06 and 0.76 + 0.05, respectively,
indicating that residues 474—504 are also dynamic on the
100 ps to 1 ns time scale while residues 516—568 present
motional restriction of the backbone as expected for a well-
folded protein.

Taken together, these data suggest that PX presents two
subdomains linked by a flexible 11-residue region where the
N-subdomain (474-504) is more dynamic than the C-
subdomain (516—568). In view of the absence of medium
and long range nOes in the N-subdomain and its apparent
dynamic behaviour, it is impossible, and inappropriate, to
determine a single structure for this domain using the
available NMR data. We have therefore determined the
structure of the C-subdomain alone.

NMR structure of PX C-subdomain

A careful assignment of the inter-side chain nOes among
the a-helices is a prerequisite to confidently identify intra-
domain contacts. As the resonances from the PX N-sub-
domain (and from the 11-residue linker) overlap with those
from the C-subdomain, assigning unambiguously long-
range nOes was a difficult task. The structure of the PX
C-subdomain is nevertheless unambiguously defined by
these distances (Table 2) and is formed by three «-helices
folded around a hydrophobic core (Figs. 4A, B and C).
This core is formed by L.522, and 1526 on a-helix 1, L531
in a turn, Y539, V540 and L543 on «a-helix 2 and V552,
V555 and V559 on oa-helix 3. Conservation of these
hydrophobic residues among the paramyxovirus phospho-
proteins (Tarbouriech et al., 2000a, Fig. 5) indicates that
there is a similarity in the 3D structures of their N-RNA
binding C-subdomains.

The C-subdomain of PX contains nine positive (R, K, H)
and nine negative (D, E) residues and has a calculated iso-
electric point of 5.74. These residues create an asymmetric
charge distribution in the molecule with negative residues
close to each other on one side and positive residues on the
other side of the protein (Figs. 4D and F). Only three of the
charged residues are highly conserved (Fig. 5), whereas
most of the other conserved residues concern the hydro-
phobic core.

Structural characterisation of PX N-subdomain

The N-subdomain is not completely without any struc-
ture because the spin relaxation characteristics do not

Table 2
Structural statistics for the 20 lowest energy structures

Experimental nOe and dihedral angle 124 £ 0.3

violation energy (kcal mol~")*?
Experimental RDC violation energy (kcal mol ™ ')° 85.1 + 2.4
Total physical energy (kcal mol™")* —323.7 %55
Average RMSD to the mean structure
Backbone (residues 516—568) (10\) 1.44 + 0.30
Heavy atoms (residues 516—568) (A) 1.95 + 0.25
Backbone (519-565) (A) 0.90 + 0.22
Heavy atoms (519-565) (A) 1.22 £ 0.26
Ramachandran plot®

Residues in most favoured regions (%) 81.2

Residues in additionally allowed regions (%) 15.2

Residues in generously allowed regions (%) 2.7

Residues in disallowed regions (%) 0.9

2 Using a force constant of 50 kcal mol ™! A2 and 100 keal mol ! deg 2,
respectively.

® No violation of the nOe-derived constraints larger than 0.8 A is observed
in any of the 20 structures.

¢ Force constants given in the text.

4 Calculated using the AMBER force field.

¢ Calculated for the 20 structures using PROCHECK.

correspond to the expected behaviour of a 40-residue tail
sampling random coil conformations (Lopez Garcia et al.,
2000; Nagadoi et al., 1999; Sayers et al., 2000). In fact, this
subdomain exhibits some of the NMR spectral properties
characteristic of previously observed, partially folded states
(Brutscher et al., 1997), suggesting rapidly fluctuating local
structure sampling a range of local conformations, and the
presence of a persistent overall fold. While the overall fold
of this subdomain is difficult to determine from the current
NMR data, small angle neutron scattering can provide
complementary information about the average shape of the
overall molecular envelope.

According to the UV circular dichroism (CD) spectrum
of PX (Tarbouriech et al., 2000a), which has been reinter-
preted using the CDnn program (Bohm et al., 1992), the
secondary structure content is 34% a-helix (in agreement
with the 34% helix observed in PX), 18% [B-sheet and 17%
p-turn. The B-sheet and P-turn contents do not correspond
to structures in the C-subdomain and must thus be present in
the N-subdomain. This suggests a structure containing -
bridges and tight turns which could be stabilised by four
proline residues present in the sequence.

The radius of gyration (R,) for the PX C-subdomain
can be calculated from the atomic coordinates determined
from its solution structure and was found to be 11.3 A.
The radius of gyration of intact PX (including the 14
amino-terminal residues corresponding to the His-tag) was
25 + 1 A, as determined by small angle neutron scattering,

Fig. 4. Solution structure of the C-subdomain of PX. (A) Stereodiagram showing the superposed backbone of the 20 NMR-derived structures with the lowest
overall energy (figures generated with Insightll, Accelrys). (B) Secondary structure of the C-subdomain and the residues mutated by Tuckis et al. (2002). (C) C-
subdomain turned by 90° compared to B with the side chains of the conserved and strictly conserved residues (see also Fig. 5) shown in light blue and blue.
Figures generated with PyMOL (DeLano, 2003). (D and F) Molecular surface of the C-subdomain coloured by its electrostatic potential calculated with
GRASP (Nicholls et al., 1991). Colours ranging from — 10 (red) to 10 kT (blue). D is of same orientation as B. (E and G) Molecular surface. Hydrophobic
residues (V, L, I, M, F, Y, W, C) are coloured in blue. E is of same orientation as B.
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which excludes that PX is a globular protein (see Materials that different geometrical approximations can be used.

and methods section). The amount of information on its When the N-subdomain of PX (comprising His-tag and

shape which can be extracted from R, is very limited so linker) is considered as a rod and the C-subdomain as a
A)

516 IT6 516
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Fig. 5. Sequence alignment of the nucleocapsid-binding domain of six paramyxovirus phosphoproteins. (1) SeV X protein (P04859), (2) human parainfluenza 1
virus (P32530), (3) bovine parainfluenza 3 virus (P06163), (4) human parainfluenza virus 3 (089234), (5) rinderpest virus (P35945), (6) measles virus
(P03422). Strictly conserved residues in dark blue, conserved residues in light blue, residues contributing to the hydrophobic core of PX C-subdomain are
marked with an asterisk (fully buried) or a dot (partly buried). The positions of the mutations studied by Tuckis et al. (2002) are shown in red. The bottom part
of the figure corresponds to the alignment with the C-subdomain of which the secondary structure is given.

sphere with a diameter of 29 A (Ry =113 10\), or when PX
is approximated by a thin rod, the length of PX (compris-
ing the His-tag) can be calculated as 85 A. The length of
PX without His-tag can be estimated to be around 70 A
(Fig. 6C), which leaves about 31 A for the length of the
N-subdomain. As the NMR data exclude a random coil
conformation for the N-subdomain, we assume that it
forms a slightly elongated but compact structure. However,
a main source of uncertainty is the structure of the 14
residues of the His tag, which is difficult to model, as well
as the structure of the flexible linker between the N- and
the C-subdomain.

Discussion

In this study, we have determined the solution state
structure and dynamics of SeV PX using NMR spectrosco-
py. PX clearly presents two identifiable subdomains with
differential dynamic characteristics linked by a flexible 11-
residue region. The C-subdomain (516—568) is a relatively
rigid, if comparatively open, three-helix bundle, stabilised
by several hydrophobic interactions. The N-subdomain
(474—-504) on the other hand is much more flexible,
undergoing large amplitude local motions on the 100 ps—
1 ns time scale, and presenting some of the characteristics of
a protein in a partially folded state. The flexibility of this
domain may have been responsible for the inability to
crystallise the full-length PX for X-ray studies. Using this
structural and dynamic characterisation of PX, we can now
go a step further in modelling the overall structure of the C-
terminal domain of SeV phosphoprotein (PCT).

While the N-terminal domain of P (PNT) is rather poorly
characterised, and possibly poorly structured (Karlin et al.,
2002), the C-terminal domain (PCT) has already been
studied in detail both on the atomic and the macromolecular

scale. All structural information on the known parts of PCT
is summarised in Fig. 6.

The most N-terminal part of PCT consists of the oligo-
merisation domain, PMD of which the crystal structure is
known (Tarbouriech et al., 2000b; Fig. 6A). It has a length
of 102 A and from the structure we calculated its radius of
gyration R, (measure for its overall size) and its cross-
sectional radius of gyration R, (measure for the width of the
domain) to be 33 and 13 A, respectively. We also measured
these values directly by small angle X-ray scattering and
found the same value of 13 A for R, but 37 A for R,
(Tarbouriech et al., 2000a). The difference between the
calculated and the measured values for R, can be explained
by the fact that some residues of PMD were absent in the
crystal structure (434—445) but were present in the protein
we used for the scattering experiment (dotted lines on the
right of the tetrameric molecule in Fig. 6A).

The most C-terminal part of PCT is the PX C-subdomain
(Fig. 6B), of which the solution structure is presented here,
and which has an average diameter of 29 A and a calculated
R, of 11.3 A (see Results). The size of PX was calculated
from the NMR structure of its C-subdomain combined with
the small angle neutron scattering data on the entire PX (Fig.
6C). The length of this domain is about 70 A (excluding the
His-tag; see Materials and methods).

Finally, as mentioned above, there are several residues of
PMD that are not present in the crystal structure plus many
residues connecting PMD with PX (446—473). We have no
data concerning the local structure in this domain which
precludes any modelling. However, because the total num-
ber of residues is about the same as that of PX minus its C-
subdomain, we show it with the same shape and size as the
N-subdomain (Fig. 6D).

All components are joined together in the complete PCT
(Fig. 6E). The only data on the complete structure of PCT
come from small angle scattering that gave a value for R, of
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Fig. 6. Structure of the subdomains of PCT and model for the complete PCT. For each domain and for the complete PCT, the values for lengths and widths as
measured from the X-ray or NMR model are indicated, as are the values for R, and R, as measured (meas.) by SAXS or SANS (small angle X-ray (or neutron)
scattering) or as calculated (calc.) from the two actual structures. (A) X-ray structure of PMD, residues present in the structure (321-433) are shown and
residues that are present in the molecule used for SAXS but not present in the crystallised protein are stippled. The side chains are from residues that have been
shown to interact with L (Bowman et al., 1999). (B) NMR solution structure of the C-subdomain of PX. (C) Model for PX. For this model, the C-subdomain
was treated as a sphere with a diameter of 29 A, whereas N-subdomain and linkers were treated as a rod. Lengths of His-tag and linker were estimated. (D)
Domain consisting of residues that are part of PMD but not present in the crystal structure plus residues connecting PMD and PX. There is no structural
information on this domain. (E) Model for PCT taking into account the structural information from panels A, B and C plus the SAXS data on PCT.

48 A and for R, of 14 A (Tarbouriech et al., 2000a). In
particular, the value for R, that is only 1 A larger than the
R, for PMD, indicates that PCT can be modelled as a
cylinder with a width of 40 A. The value for R, implies
that this cylinder has a length of 160 A (Pilz, 1982).
Because of these constraints, the four PX domains must
be positioned close to the axis of the PMD rod and there

may be a slight overlap between the lengths of PMD (102
10\) and PX (70 A) to give a total length of 160 A. The
domain made up by the linker (Fig. 6D) must also be close
to the PMD axis and not stick out too much because
otherwise it would increase R, of PCT by more than 1 A
compared to PMD. It cannot contribute itself to the length of
PCT on top of the lengths of PMD and PX.



208 L. Blanchard et al. / Virology 319 (2004) 201-211

The side chains visible in Figs. 6A and E are residues
that are important for the binding of L as determined by site-
directed mutagenesis (Bowman et al., 1999). The L-binding
domain was also determined by using deletion mutants
(Curran et al., 1994; Smallwood et al., 1994). Thus defined,
this domain reaches from residue 411 to residue 445 and
includes the “stippled” part of PMD that was not in the
crystal structure (Fig. 6A) and which is included in the
domain shown in Fig. 6D. Therefore, the exact location of
this domain will be of importance for the binding of L to P
and the fact that it does not seem to be structurally ordered is
probably related to its biological role.

Although PX is monomeric in solution (Tarbouriech et
al., 2000a), the C-terminal part of PCT (consisting of the 4
PX domains) must have a compact structure with the four
monomers close to each other. In the current model that is
shown in Fig. 6E, the C-subdomains of PX are located close
to the 4-fold axis. The centres of the C-subdomains of PX
(that bind to N-RNA) are about 24 A apart whereas the
distance among symmetry-related surface residues can be up
to 45 A. This should be compared with the distance of 30—
40 A between two neighbouring N molecules of the
nucleocapsid of Sendai virus whereas the distance of two
N molecules among adjacent turns of the helical coil of the
N-RNA coil is 50-60 A (Egelman et al., 1989, values for
the tight coil).

During transcription, PX interacts with the RNA-bound
nucleoprotein. Like other paramyxovirus nucleoproteins,
Sendai virus N (517aa) is divided into two regions; a
well-conserved N-terminal region called N-core (1-400)
and a hyper variable C-terminal region called N-tail (401—
517). The C-terminal part of the N-tail (460-517) is
responsible for binding to PX (Bankamp et al., 1996;
Buchholz et al., 1993; Curran et al., 1993; Longhi et al.,
2003; Myers et al., 1999). This part of N-tail of SeV N is
strongly negatively charged with an extremely negatively
charged peptide from residues 468-EEETNDEDVSDIE-
480. It is possible that PX binds with its positively charged
side to the negatively charged residues in N-tail.

Site-directed mutagenesis was performed on the N-RNA-
binding domain of SeV P in which clustered charged or
hydrophobic residues were changed to alanine residues
(Tuckis et al., 2002, Fig. 5). The P mutants were assayed
for viral RNA synthesis and for various protein—protein
interactions. Four of the mutants fall into the C-subdomain
of PX. Of these mutants, one, JT6 (L524A, V525A, 1526A),
was completely inactive. The structure shows that two of the
mutated residues are involved in the formation of the
hydrophobic core of the protein, which suggests that this
mutant may be misfolded leading to a complete loss of
function. Another mutant, JT9 (E560A, E561A, D562A),
was completely inactive in vitro, even though it had some
activity in vivo in contrast to JT6. The mutation affects three
negatively charged residues at the surface (Figs. 4B and D)
of which two are conserved within the parainfluenza virus
family. A third mutant, JT7 (R533A, ES35A, K536A), is

inactive in the N°—P complex formation and in the recon-
stitution of replication. This lack of function may be due to
the mutation of the strictly conserved lysine 536 residue.
The fourth mutant JT8 (D549A, ES51A, KS553A), which
mutates the conserved negatively charged residue glutamic
acid 551, retains essentially wild-type activity. This mutant
is located on the N-terminus of the third a-helix, suggesting
that this part of the C-subdomain is probably not involved in
the contact with N, whereas mutations of JT9 located on the
C-terminal side of « helix 3 have dramatic effects (Fig. 4B).
The 3D structure of the PX C-subdomain that we present
here cannot explain all the phenotypes. In particular, JT9
that is mutated at its negatively charged side should not have
had an effect on activity if PX only interacts with N-tail
through its positively charged side. Obviously, the details of
the interaction between PX and N-tail are not simple. The
structure presented here could be used as a basis for a
mutational analysis in which the role of the distribution of
charges on the surface of the PX C-subdomain can be tested.

The structural data obtained on PX suggest that flexibility
may play an important role in the interactions among P and N
and L. The size and the hydrophobic core of the C-subdomain
of PX are so small that this domain is at the lowest limit of an
ordered domain. The high flexibility in the N-subdomain of
PX may also be of biological importance, possibly to allow
extra length when necessary, perhaps leading to the coming
apart of the PX C-subdomains to span more width. Added to
this comes the observations that even the stable four-helical
bundle of the oligomerisation domain (Tarbouriech et al.,
2000b) is a relatively flexible structure for a coiled coil and
that the N-terminal domain of P is also natively unfolded
(Karlin et al., 2002). This leads to a structure—function
relation of the replication process of nonsegmented nega-
tive-strand RNA viruses that is difficult to analyse by
traditional structural biology techniques. Of all these techni-
ques, NMR is probably best adapted because it takes move-
ments of proteins and protein domains into account and,
because the experiments are performed in solution, there are
no (de)stabilising interactions by protein—protein contacts
that may take place inside a protein crystal.

Materials and methods
Sample preparation

The SeV X protein spanning amino acids 474—568 of the
phosphoprotein (Swiss-prot accession number P04859) was
overproduced with six additional histidine residues and a
factor Xa cleavage site at its N-terminus and purified as
described previously (Tarbouriech et al., 2000a). Uniformly
SN/'3C-labelled X protein was obtained by growing bacteria
in M9 minimal medium. The NMR sample used for reso-
nance assignments, nOe collection, {'H}-'"’N nOe, R; and
R,,, measurements was prepared at a concentration of
=~1.2—-1.5 mM in 50 mM potassium phosphate buffer pH
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6.0 with 0.5 M NacCl, 10 mM DTT, protease inhibitor cocktail
(Complete, Boehringer Mannheim), 0.02% NaN3 and 10%
D,0. The NMR tube was then sealed under argon gas.

NMR spectroscopy

All NMR experiments used for 'H, 13C, N resonance
assignment were described previously (Marion et al., 2001).
Interproton distance restraints were derived from the 3D
>N-edited NOESY and '*C-edited NOESY spectra. These
NMR spectra were acquired at 298 K on an 800 MHz Varian
Inova spectrometer equipped with a triple resonance (‘H,
3¢, 5N) probe including shielded z-gradients. Data pro-
cessing and peak picking were performed using FELIX
program 2000 (Accelrys).

Identification of secondary structure elements

Secondary structure elements of the X protein were
characterised using nOe patterns (Ha,-Hn,,q, Hn; — Hn; 4,
Ha; — Hnjiz and He; — Hnyi4) and consensus chemical shift
index (CSI) for "Ha, *Ca, *CO and '*Cp resonances of
the X protein, calculated using the program CSI (Wishart
and Sykes, 1994). a-helices are characterised by short Hn;

— Hn;y distances and, thus, strong Hn; — Hn,; nOe
contacts. B-sheets on the contrary are characterised by short
Ho; — Hngyq distances thus strong Ho; — Hngy nOe

contacts. The chemical shift index (CSI) is an empirical
indicator that correlates chemical shift values with second-
ary structure elements.

15 .
N relaxation measurements

>N relaxation experiments Ry, R, and {"H}-">N nOe
were performed using standard 2D pulse sequences (Farrow
et al., 1994). For R, relaxation measurements, a spin lock
field of 2.5 kHz was applied. The relaxation decay was
sampled at the following time points: 20, 100, 250, 400,
550, 700 and 1000 ms for R, and 8, 16, 32, 48, 64, 80 104,
132 and 160 ms for R,,. For the {'"H}-"°N nOe measure-
ments, two spectra with on- and off-resonance 'H saturation
were recorded in an interleaved manner. The saturation time
was set to 3.5 s and the recycle delay to 7 s.

Residual dipolar couplings

Residual dipolar couplings (RDC) were collected on a
1 mM uniformly 'N/'3C-labelled sample suspended in a
liquid crystalline medium consisting of 5% C12E6/hexanol
in 50 mM potassium phosphate buffer pH 6.0 with 0.5 M
NaCl, 10 mM DTT and 10% D,0O. The magnitude of the
solvent *H quadrupolar splitting was 21 Hz. Three differ-
ent types of dipolar couplings were measured at 600 MHz
and 298 K: 'Dyy, 'Dece and *Despn couplings were
obtained using 3D HNCO-type experiments (Brutscher,
2001; Yang et al., 1999).

Structure calculations

Structure calculations were performed using a two-step
restrained molecular dynamics procedure. The first step,
using the program Discover 2.98, utilizes a classical simu-
lated annealing calculation from randomised initial Carte-
sian coordinates and has been described in detail elsewhere
(Blackledge et al., 1995). Structural restraints for this step
are composed 17¢ and 17y dihedral angle restraints derived
from TALOS (Cornilescu et al., 1999) and 27 hydrogen
bonding restraints derived from confidently identifiable
helical regions. Interproton distances (280) were introduced
as unambiguous distance restraints and calibrated from
known intraresidual short-range backbone or methyl—meth-
yl distances from Leu and Val side chains. Ambiguous
distance restraints (59) were introduced as previously de-
scribed (Favier et al.,, 2002). The 20 best structures, as
defined from the total experimental target function, were
selected for refinement against RDC restraints.

The second step refines the lowest energy structures
calculated from the first step, using all of the restraints
mentioned above, combined with 48 'Dyy, 48 'Decq and
48 *Depn RDC restraints. This calculation was performed
using the program SCULPTOR (Hus et al., 2000) and
composes three steps. The molecular coordinates are fixed
during the initial step, while the alignment tensor parameters
evolve under the influence of the RDCs measured from sites
present in secondary structure elements. This step is com-
posed of a sampling period of 4 ps (8000 0.25 fs time steps) at
300 K, followed by 3 ps cooling to 200 K and conjugate
gradient minimisation, and defines the most appropriate
starting point for the tensor corresponding to each structure.
The molecule is then released, and the tensor and molecule
evolve under the influence of the same RDC restraints and the
complete restraint set from step 1 during 9.3 ps at a temper-
ature of 1000 K. During this period, krpc is raised from the
initial (krpc.n-i = 0.005 keal mol ! Hz 2 and kppe i =
0.01 kcal mol™! Hz?) to the final values (krpcnen = 0.50
keal mol™!' Hz 2 and krpcnn-c = 1.0 keal mol~' Hz?).
This is followed by a 2.7-ps cooling period to 100 K and
energy minimisation. This step refines both the local structure
and the tensor simultaneously (Sibille et al., 2001). At this
point, the remaining RDC restraints are introduced and both
tensor and conformation evolve freely during 24 ps at 1000
K, during which time knoE h-bonds Kdine and krpc Were again
raised from their initial (0.5, 2.0, 0.005, 0.01) to their final
values (50.0 kcal mol ™' A2, 200.00 kcal mol™! deg 2,
krpenn = 0.50 keal mol~! Hz 2 and krpcnp.cr = 1.0 keal
mol ' Hz?). Following the sampling period, the system was
cooled to 100 K over 2.7 ps and the system again minimised
using a conjugate gradient algorithm. This calculation was
repeated five times for each initial structure using different
initial atomic velocity distributions, and the structure with the
lowest total target function comprising nOe, backbone tor-
sion, hydrogen bonding and RDC restraints from each initial
structure was selected as a member of the final ensemble.
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Small angle neutron scattering experiment (SANS)

SANS was performed on the D22 instrument at the
Institut Laue-Langevin (Grenoble, France) using a wave-
length of 6 A and a sample-detector distance of 3 m. The
protein concentration was 10 mg ml~' in 200 mM NaCl,
20 mM Tris—HCI pH 7.6 in H,O. The global radius of
gyration is derived from the Guinier approximation: /( Q) =
Ioexp(—RéQz/?s), where [, is the zero angle scattered
intensity, R, the overall radius of gyration and Q =
4nsind/A, with 20 being the scattering angle and A the
wavelength. The radius of gyration can be calculated from
the initial slope of the plot log(/) vs. 0’

Model calculations

Calculations of the radius of gyration of simple geomet-
ric bodies were done using formulae from Glatter (1982)
and Steiner’s law (Gerthsen et al., 1982) using EXCEL
(Microsoft). Molecular modelling was done using O (Jones
et al.,, 1991) and PDBSET from the CCP4 program suite
(CCP4, 1994).

(a) PX including the His-tag has 109 residues. Using an
average volume of 134 A per residue for proteins the
radius of a sphere with that volume V' = 5 nr® would be
r=152 A. Its corresponding radius of gyration is 11.7
A with R; = 3/5/% for a compact sphere. This value is
very different from the measured radius of gyration of
25 A, which means that PX is not globular.

(b) The radius of gyration for a thin rod with a length / is
given by Ré = % The radius of gyration of an object
composed of two objects with individual radii of
gyration Ry, and Ry and distances of their centres of
gravity of the common centre of gravity x; and x, and
respective scattering m; and m, is given by:

2 2 2 2
, (Xt 4+ mox; +miRg +maRy,)

Rg: (1)

my + my

according to Steiner’s law. Here, the C-terminal domain
(53 aa) has been approximated by a sphere with a radius
r (14.6 A) corresponding to the radius of gyration Ry
calculated from the NMR structure (11.3 A) The N-
terminal domain (56 aa) comprising the His-tag has
been modelled as a thin rod with a length /. For
simplicity, the mass of the two domains can be
approximated as equal. The distance between the centre
of the global centre of gravity and the individual centre
of gravity of the rod and the sphere becomes A—llJr %
Eq. (1) gives R} = (( —) +315 +3RY,

From this expressmn [ can be calculated” as 54 A.
Adding 2r gives the total length L of 84 A. However, if
we model PX more simply as a thin rod, then from
R2 L follows L = 87 A. The average value of these
two calculatlons 85 A, was used for the model in Fig. 6.

(c) Estimation of the contribution of the 14 residues of the
His-tag is difficult. For simplicity, we used the value of
the diameter of a sphere (15 A), which contains the same
volume as the 14 residues. This dimension has been
subtracted to obtain the length of PX without His-tag.

Protein data bank accession number

The coordinates are deposited at the RCSB Protein data
Bank under the accession number 1R4G.

Note added in proof

Since the submission of this paper, Johansson et al.
(2003) have published the crystal structure of the C-sub-
domain of the phosphoprotein of measles virus. The struc-
ture of the measles virus protein is similar to that of the
Sendai virus C-subdomain determined here by NMR (rms
deviation 1.6 A for equivalent C atoms).
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