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The NMR structure of the severe acute respiratory syndrome coronavirus
nonstructural protein (nsp) 7 in aqueous solution at pH 6.5 was determined
and compared with the results of previous structure determinations of nsp7
in solution at pH 7.5 and in the crystals of a hexadecameric nsp7/nsp8
complex obtained from a solution at pH 7.5. All three structures contain four
helices as the only regular secondary structures, but there are differences in
the lengths and sequence locations of the four helices, as well as between the
tertiary folds. The present study includes data on conformational equilibria
and intramolecular rate processes in nsp7 in solution at pH 6.5, which
provide further insights into the polymorphisms implicated by a
comparison of the three presently available nsp7 structures.

© 2010 Elsevier Ltd. All rights reserved.
Introduction

The severe acute respiratory syndrome corona-
virus (SARS-CoV) nonstructural protein (nsp) 7 is of
interest for its potential roles in the transcription and
replication of the positive-stranded viral RNA
genome. The proteins nsp7–nsp10, which are con-
served among all coronaviruses (CoVs) but have no
ess:

tural protein;
syndrome
V, murine hepatitis
, nuclear Overhauser
GS, ethylene glycol
-dimensional;
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functional homologs outside of Coronaviridae, are
translated as part of the viral polyproteins pp1a and
pp1ab, and mature proteins are released by the
action of the SARS-CoV protease nsp5.1–3 An
important role of nsp7 is indicated by the observation
that deletion of nsp7 or mutation of the nsp7/nsp8
proteolytic cleavage site is lethal to murine hepatitis
virus (MHV).4 The expression of nsp7 in infected
cells has been demonstrated for viruses belonging to
three of themajor CoV phylogenetic groups, namely,
human CoV 229E (group I),5 MHV (group II),6 and
avian infectious bronchitis virus (group III)7. During
infection, nsp7 localizes to membrane-related sites of
viral replication in the cytoplasm;5,6,8 and in MHV, it
has been shown to interact specificallywith nsp1 and
nsp10 at sites of viral RNA synthesis.8

To provide a structural basis for functional studies,
an NMR structure of nsp7 was determined in
aqueous solution at pH 7.5,9 and crystal structure
d.
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Fig. 1. Plots versus the nsp7
amino acid sequence of NMR data
measured in aqueous solution at
pH 6.5 and T=25 °C. (a) 13Cα

chemical shift deviations from
random-coil values, Δδ(13Cα). The
sequence locations of the four α-
helices are indicated at the top. (b)
15N{1H} NOE values (Irel) measured
on a Bruker Avance 600-MHz
spectrometer with a TCI z-gradient
cryoprobeusing sensitivity-enhanced
experiments14,15 at a saturation
period of 3.0 s and at a total
interscan delay of 5.0 s. (c) Amide
1H/2H exchange protection factors.
Asterisks indicate positions where
no measurements could be made
due to spectral overlap. Pf values
were determined using a 2 mM
15N-labeled protein sample that
was lyophilized from 1H2O solu-
tion and then redissolved in 99.9%
2H2O. The decay of the signal
intensity of 15N–1H correlation
peaks was monitored by acquiring
a series of two-dimensional 13N,1H
heteronuclear single quantum co-
herence spectra at different times
after the preparation of the 2H2O
solution. Each spectrum was ac-
quired for 4–15 min, and the study
was continued for 11 days. Peak
intensities were fitted to an expo-
nential equation of the form I=
I0exp(−kext), where we accounted
for residual peak intensities. Pf
values were calculated by taking
into account amino acid sequence
effects on random-coil exchange
rates (see the text).
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determination was reported10 for a complex with
nsp8, which has been shown to have hexadecamer
RNA primase activity.11 The complex in the crystal
contains eight molecules each of nsp7 and nsp8,
forming a channel with appropriate width and
charge to accommodate double-stranded RNA, and
it was proposed to function as a potential processiv-
ity factor for RNA replication.10 In both of these
structures, the polypeptide fold of nsp7 includes four
helices as the only regular secondary structures,
which cover approximately 60% of the 85-residue
polypeptide chain. A comparison of the nsp7 folds in
the two structures revealed extensive differences in
the sequence positions and lengths of the four helices,
as well as in the spatial arrangement of the helices in
the tertiary structure. Interestingly, both structure
determinations led to the conclusion, based on Dali
searches,12,13 that nsp7 represented a novel fold.9,10

In view of the implicated conformational poly-
morphism and in consideration of the fact that the
NMR structure at pH 7.5 had to be calculated from
a scarce set of experimental conformational
constraints,9 we decided to further investigate the
behavior of nsp7 in different environments. The
present project was therefore initiated by the
screening of a wide range of solution conditions
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in search of protein samples that would enable the
recording of high-quality NMR data and the
collection of more extensive sets of conformational
constraints than had been possible at pH 7.5 and
high ionic strengths.9 Based on the results of this
screening, an aqueous solution at pH 6.5 and with
low ionic strength was selected for a new NMR
structure determination of nsp7. Additional NMR
studies of conformational equilibria and dynamic
processes further provided a foundation for ratio-
nalizing some aspects of variations among the three
presently available nsp7 structures.
Table 1. Input for the structure calculation and statistics of t
used to represent the NMR structure of nsp7 at pH 6.5 and T

Quantitya

NOE upper distance limitsb

Intraresidual
Short range
Medium range
Long range

Restraints/residue
Long-range restraints/residue
Dihedral angle constraints
Residual target function value (Å2)
Residual NOE violations

Number N0.1 Å
Maximum (Å)

Residual dihedral angle violations
Number N2.5°
Maximum (°)

Amber energies (kcal/mol)
Total
Van der Waals
Electrostatic

RMSD from ideal geometry
Bond lengths (Å)
Bond angles (°)

RMSD to the mean coordinates (Å)c

bb
ha

Ramachandran plot statistics (%)d

Most favored regions
Additionally allowed regions
Generously allowed regions
Disallowed regions
a The top eight entries describe the input from NMR experiments.

after energy minimization with OPALp. The ranges indicate standard
b Structure determination was based on a three-dimensional (3D) 1

100 ms mixing time and on two 3D 13C-resolved 1H,1H NOESY spectr
carbon regions and with mixing times of 150 ms and 60 ms, respectiv
gradient probe. Protein backbone resonances were assigned based on
Automated side-chain resonance assignments were based on the use of
followed by interactive verification based on a 3D HC(C)H total correl
to internal 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS).
using absolute frequency ratios.18 Structure calculation used the thre
program suite ATNOS/CANDID 2.219,20 and the torsion angle molecu
angle constraints derived from 13Cα chemical shifts were used as suppl
CYANA cycle, 40 conformers were generated and subjected to energy
force field,26 and the 20 best energy-minimized conformers were selec
was used for structure analysis and presentation. The stereochemica
validation server (http://deposit.pdb.org/validate).

c bb indicates backbone N, Cα, and C′ atoms; ha stands for “all hea
which the RMSD was calculated.

d As determined by PROCHECK.28
Preparation of an nsp7 solution at pH 6.5

Nsp7 was expressed in Escherichia coli BL21
(DE3)-RIL cells using the plasmid pET28a with an
N-terminal 6×His tag and a tobacco etch virus
protease cleavage site.9 Two residues derived from
the tag, Gly1 and His2, remained attached to the
protein after purification. Uniformly 15N-labeled or
13C,15N-labeled protein was produced by growth in
M9 minimal medium containing 1 g/L 15NH4Cl as
the sole nitrogen source and 4 g/L unlabeled glucose
or 13C6-D-glucose as the sole carbon source. Cell
he ensemble of 20 energy-minimized CYANA conformers
= 25 °C

Valuea

2035
448
614
599
374
28
5
382

1.95±0.24

36±5
0.15±0.01

1±1
2.25±1.45

−3264.44±65.37
−217.35±15.87
−3725.29±57.16

0.0078±0.0002
2.158±0.072

0.46±0.06 (11–82)
0.82±0.08 (11–82)

75.2
20.7
2.9
1.2

The other entries refer to the ensemble of 20 CYANA conformers
deviations.

5N-resolved 1H,1H NOE spectroscopy (NOESY) spectrum with a
a with the carrier frequency centered in the aliphatic and aromatic
ely, recorded on a Bruker Avance 800 spectrometer with a TXI z-
3D HNCA, 3D HNCACB, and 3D CBCA(CO)NH experiments.16

the three 3DNOESY data sets as input for the programASCAN,17

ation spectroscopy experiment. 1H chemical shifts were referenced
The 13C and 15N chemical shifts were referenced indirectly to DSS
e aforementioned NOESY data sets as input for the stand-alone
lar dynamics program CYANA 3.0.21 Backbone φ and ψ dihedral
ementary data in the input.22,23 In the seventh ATNOS/CANDID/
minimization in a water shell with OPALp24,25 using the AMBER
ted to represent the solution structure. The program MOLMOL27

l quality of the molecular models was analyzed using the PDB

vy atoms.” The numbers in parentheses indicate the residues for
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cultures were grown at 37 °C, with shaking, to an
optical density at 600 nm of ∼0.6. The temperature
was then lowered to 18 °C, expression was induced
with 1 mM isopropyl-β-D-thiogalactopyranoside,
and the cultures were grown for a further 18 h.
Following collection of the cells and storage at

−80 °C, cell pellets were disrupted by sonication in
lysis buffer [50 mMTris (pH 8), 500 mMNaCl, 5 mM
imidazole, 0.1% Triton X-100, 3.5 mM DTT, and
ethylenediaminetetraacetic-acid-free Complete pro-
tease inhibitors (Roche)]. The solution was centri-
fuged to remove cell debris and filtered through a
0.22-μM syringe filter (Millipore), and the super-
natant was applied to a 5-ml HisTrap Crude column
(GE Life Sciences) equilibrated with buffer A (lysis
buffer without detergent and protease inhibitors).
The bound proteins were eluted with a gradient
from 5 mM to 500 mM imidazole, concentrated, and
exchanged by ultrafiltration (Millipore Ultrafree
centrifugal concentrators; molecular weight cutoff,
3 000) into buffer A′ [50 mM sodium phosphate
(pH 7.5) and 300 mMNaCl] containing 10 mMDTT.
The solution was treated with tobacco etch virus
protease for 18 h at room temperature, and the
cleaved protein was then eluted in the flow-through
of a 5-ml HisTrap Crude column equilibrated with
buffer A′ containing 4 mMDTT (since nsp7 oxidizes
readily, freshly prepared buffers and maximum
DTT concentrations compatible with column resins
were used throughout purification). The protein was
again concentrated, filtered, and further purified on
a Superdex 75 26/60 column (GE Life Sciences)
equilibrated with buffer A′ containing 5 mM DTT.
Finally, the protein was exchanged by ultrafiltration
into ‘NMR buffer’ [50 mM sodium phosphate
(pH 6.5) and 150 mM NaCl]. The NMR samples
contained 2mMnsp7, 10 mMDTT-d10, 7%D2O, and
0.02% NaN3 in a volume of 600 μl.

Structure and dynamics of nsp7 in solution at
pH 6.5

NMR samples containing 2 mM nsp7 in 50 mM
sodium phosphate buffer (pH 6.5) with 150 mM
NaClwere used for structure determination at 25 °C.
This choice was based on the results of a screen for
high-quality NMR spectra in a wide range of
buffers, pH values, and salt concentrations, using
Fig. 2. Solution structure of nsp7 at pH 6.5. (a) Stereo
superimposed for minimal RMSD of the backbone N, Cα, and
positions of each α-helix are labeled. (b) Stereo ribbon draw
coordinates of the ensemble in (a). The chain ends are identif
PAGE gel showing the results of an ethylene glycol bis[succin
margin shows molecular mass standards (in kDa). The remain
(7.6 kDa), nsp7 (9.5 kDa), and NB7890 (11.6 kDa). Lysozyme
dimer. For each protein, the left lane shows the control solution
the cross-linking reaction. The reactions were carried out with 5
room temperature, and stopped by addition of Tris buffer (pH
15N-labeled nsp7 and 1.7-mm microcoil NMR
equipment at 700 MHz, and on circular dichroism
measurements of the unfolding temperature.
Complete backbone and side-chain assignments

for nsp7—except for 15Nδ1, Hδ1, and 15Nɛ2 of the
histidines, 15Nɛ and Hɛ of the arginines, and all
backbone 13C′ atoms—were obtained. 13Cα chemical
shifts showed that nsp7 at pH 6.5 is anα-proteinwith
four helices (Fig. 1a). Structure calculation then
resulted in a high-quality NMR structure, as shown
by the statistics for the final cycle of calculation
(Table 1). The protein forms an antiparallel bundle of
four helices (Fig. 2a and b). The polypeptide segment
1–10, which includes the tag-derived residues Gly1
and His2, forms a disordered tail leading to a short
extended segment of residues 11–12, which packs
against the side chains of helices α2 and α4. Helix α1
(residues 13–20) is linked by a well-defined loop of
residues 21–28 with helix α2 (residues 29–42). A
short segment of nonregular secondary structure
leads to helix α3 (residues 47–65), and a short loop
connects to helix α4 (residues 70–82). Multiple
structural homologs of the structure of Fig. 2a and
b were identified by a Dali search of the Protein Data
Bank (PDB).12,13 These structural similarities pro-
bably result from the broad distribution of the four-
helix bundle as a folding motif among protein
families, and it is unlikely that these structural
homologs indicate previously undetected functional
homologs of nsp7 outside of Coronaviridae. The
protein was further characterized by chemical
cross-linking (Fig. 2c), which showed that nsp7 is
monomeric in solution, and by a steady-state 15N
{1H} nuclear Overhauser enhancement (NOE) ex-
periment, which is sensitive to the picosecond-to-
nanosecond timescale mobility of the polypeptide
backbone. Increased subnanosecond mobility was
evident for the N-terminal decapeptide segment and
the C-terminal hexapeptide, which includes the last
turn of helix α4 (Fig. 1b), whereas the data for
residues 13–79 show that this central polypeptide
segment forms a compact globular fold.

Conformational equilibria in nsp7 solutions at
pH 6.5

The amide 1H/2H exchange rates in 2H2O solu-
tions of proteins that have been lyophilized from
view of a bundle of 20 energy-minimized conformers
C′ atoms of residues 11–82. The chain ends and the start
ing of the conformer with minimal RMSD to the mean
ied, and α-helices are labeled at their N-termini. (c) SDS-
imidylsuccinate] (EGS) cross-linking experiment. The left
ing four pairs of lanes show lysozyme (14.1 kDa), SUD-C
and SUD-C are monomeric proteins, while NB7890 is a
with no EGS added, and the right lane shows the result of
0 μMprotein solutions at pH 7.3 and 5 mMEGS for 75 s at
8.0) to a concentration of 53 mM.



Fig. 3. Cross sections along ω2 (1H) from two-
dimensional 15N,1H heteronuclear single quantum corre-
lation spectra at 288 K, 298 K, and 308 K illustrating line
broadening due to conformational exchange for the
resonances of Ser63 (red), Gln65 (green), Val68 (blue),
Asn71 (orange), and Leu73 (cyan). The signals of Ala32
(black) and Val60 (magenta) are shown as references
without exchange line broadening. Those parts of the
cross sections that are due to overlap with nearby peaks
are drawn with broken lines. The digital resolution is
2.0 Hz/point.
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1H2O reflect the degree of protection of each proton
by protein secondary and tertiary structures. Pro-
tons that are involved in the hydrogen bonds of
regular secondary structures or that are otherwise
sequestered from the solvent experience lower rates
of chemical exchange. Amide proton protection
factor (Pf) is defined as log(kin/kex), where kex is
the measured hydrogen/deuterium exchange rate
constant, and kin is the intrinsic 1H/2H exchange
rate constant for the same residue type when
exposed to the solvent.29 In nsp7 at pH 6.5, helices
α2 and α3 have the highest protection factors,
followed by α1 and α4; for polypeptide segments
with nonregular secondary structure, the protection
was too small to be measured with the standard
approach used here (Fig. 1c). The lack of protection
for the amide protons of the N-terminal tetradeca-
peptide is in line with the presence of a short helix
α1 in the NMR structure (Figs. 1 and 2).
Of special interest is the behavior of helix α4. The

reduced Δδ(13Cα) values of residues 78–82, com-
pared to other helical regions (Fig. 1a), and the
comparatively low protection factors for the entire
helix (Fig. 1c) indicate that there is a reduced
population of α4 in the NMR structure because of
a dynamic equilibrium with unstructured solvent-
accessible conformations. The latter are apparently
not manifested in the NOE-based NMR structure
due to the absence of short 1H–1H distances
corresponding to dNN, dαN(i, i+3), and dαβ(i, i+3)
in the helix.30 Since subnanosecond timescale
motion of the protein backbone was observed only
for the C-terminal hexapeptide segment of the
protein (Fig. 1b), there was an indication that the
conformational equilibria involving helix α4 are
governed by slower motions. This indication was
confirmed by a line shape analysis. The residues
Ser63 and Gln65 near the C-terminal end of α3,
Val68 in the loop joining α3 and α4, and Asn71 and
Leu73 at the start of α4 all exhibit a pronounced line
broadening when compared with residues in
molecular regions that are not directly affected by
rate processes involving α4 (Fig. 3). This line
broadening was more pronounced when the tem-
perature was decreased from 308 K to 288 K,
indicating that the exchange between α4 and
conformations with solvent-exposed amide groups
approaches the fast rate limit on the chemical shift
timescale at 308 K (millisecond-to-submillisecond
timescale) such that a single averaged signal is seen
at all temperatures in Fig. 3.

Functional implications from the polymorphism
of nsp7 structures in different environments

Overall, the present study confirms indications
from earlier work that helices α2 and α3 form a
conserved core of the nsp7 structure, with their
lengths, positions, and relative orientations being
largely preserved in different environments, and
with helices α1 and α4 adopting quite different
lengths, positions in the sequence, and relative
orientations (Fig. 4). In addition, we obtained new
information on the timescale of conformational
equilibria in the solution structure at pH 6.5. A

image of Fig. 3


Fig. 4. Stereo ribbon drawings of the superpositions of the solution structure of nsp7 at pH 6.5 (red/yellow) with the
two previously reported nsp7 structures, and sequence locations of α-helices in the three structures. (a) Superposition
with the crystal structure of nsp7 in a complex with nsp8 (blue). (b) Superposition with the solution structure of nsp7 at
pH 7.5 (purple). The structures were superimposed for minimal RMSD of the backbone N, Cα, and C′ atoms of helices α2
and α3 (residues 29–42 and 47–65), which yielded RMSD values of 1.63 Å (a) and 2.70 Å (b) [the corresponding values for
the superposition of the Cα atoms of helices α2 and α3 are 1.77 Å (a) and 2.91 Å (b)]. The chain ends and the starting
positions of the helices are labeled with the respective colors. (c) Locations of α-helices in the NMR structures determined
at pH 6.5 and pH 7.5,9 and in the crystal structure of the complex with nsp8.10 The numbering of helices is indicated for the
NMR structure at pH 6.5, and the color scheme is the same as in (a) and (b). The locations of helices in the pH 7.5 solution
structure were taken from Peti et al.9 In the pH 6.5 solution structure, the locations of helices were determined by an
automatic analysis of the ensemble of 20 energy-minimized conformers (Fig. 2a) with the program MOLMOL,27 which
employs the algorithm of Kabsch and Sander31 for secondary structure identification. Helix locations were assigned by
determining the most common start points and end points of each helix in the ensemble of conformers. The locations of
helices in the crystal structure were determined by an analysis of the coordinates (PDB accession code 2AHM10) with
MOLMOL, using the second molecule in the asymmetric unit as the representative conformer.
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closer look at the three presently available nsp7
structures reveals that the crystal structure of the
complex with nsp8 differs from the pH 6.5 solution
structure primarily by a rotation of helix α4 away
from the α2/α3 core and by helical folding of the
polypeptide segment of residues 3–12 (Fig. 4a). The
long helix α1 in the crystal structure (Fig. 4c), which
would not be compatible with the amide proton
protection factors measured in solution at pH 6.5
(Fig. 1c), then occupies the position taken byα4 in the
pH 6.5 solution structure (Fig. 4a). In the pH 7.5
solution structure, α4 is packed against α3 and has
no contactswithα2, so that helicesα2,α3, andα4 line
up to form a flat three-helix sheet (Fig. 4b), with α1
packed at an angle of about 45° against α2 and α3.
The nsp7 constructs used for NMR and X-ray

crystallographic studies included the expression-
tag-derived N-terminal elongations GH andGPLGS,
respectively.9,10 These tag-derived residues do not
form part of helix α1 in any of the structures (Fig. 4c),
and the tag-derived residues did not all give rise to a
clearly observable electron density in the crystal
structure. These specific tag residues are nonetheless
of interest, since in the position preceding an α-helix,
bothHis and Ser have been observed to participate in
helix-stabilizing N-capping interactions.32,33 In two
of the four nsp7 protomers in the crystal structure,
hydrogen bonding between the side chain of the tag-
derived Ser and helix α1, which might contribute to
the stabilization of a long helix α1 in the crystals
(Fig. 4c), is indeed possible. However, since the
other two nsp7 protomers in the crystal do not
display this interaction, and since the tag-derived
residues are separated from α1 by regions of
nonregular secondary structure in solution, the tag-
derived residues do not appear to have a dominant
role with regard to the variable regular secondary
structures seen under different conditions (Fig. 4).
Viral proteins can be exposed to significant pH

changes as they move between different cellular
compartments during viral infection; therefore,
pH-dependent structure variations under near-
physiological conditions may be relevant to trig-
gering different protein–protein interactions during
viral replication. CoV replication is known to occur
in double-membrane vesicles derived from the
rough endoplasmic reticulum,34 which has a pH
of about 7.0,35 or from the endoplasmic reticulum/
Golgi intermediate compartment. In contrast, viral
budding takes place not only in the endoplasmic
reticulum/Golgi intermediate compartment but
also in the Golgi apparatus,36,37 which has a pH
of about 6.5.38 The regulation, transport, and
assembly processes involved in the transition from
genome replication to viral particle budding and
particle maturation are not well understood,34 and
a pH-dependent conformational transition in one or
more of the nsps (most of which have not been
found in mature viral particles39) could be an
essential step in viral genome packaging. That the
antimalarial drug chloroquine has activity against
SARS-CoV and other viruses, through mechanisms
that include a pH increase in the normally acidic
trans-Golgi network,40,41 provides further indica-
tions for a role of pH in controlling viral infection.
In the case of nsp7, where neither of the two

solution structures is compatible with the nsp8
binding mode observed in the crystal structure, it
is tempting to speculate that nsp8 binds to a
transient form of nsp7 in which helix α4 is unfolded,
as implied by the data of Figs. 1c and 3. Binding to
nsp8 would trigger the formation of the short helix
α4 immediately after α3, as well as the formation of
the long helix α1 (Fig. 4c), which then takes up the
position occupied by α4 in the pH 6.5 solution
structure (Fig. 4a). In the crystal structure, the
locations of α1 and α4 are stabilized by numerous
contacts with hydrophobic side chains of nsp8, in
addition to intramolecular contacts within nsp7, and
residues 79–85 are structurally disordered, as
evidenced by the lack of electron density. The
conformational variability of α4 was seen also in
the complex with nsp8, since the different molecules
in the asymmetric unit of the crystal structure have
different orientations of helix α4.10 There is thus an
indication that locking of helix α4 of nsp7 in a
conformation that prevents binding to nsp8 could
impair the replication machinery of the virus, which
might provide the lead for future drug designs.
Interestingly, while the nsp7 sequence in helices

α1–α3 is highly conserved among all CoVs, the
sequence of helix α4 is quite variable,9 indicating
that the nsp7 fold could be interpreted as a scaffold
consisting of a three-helix bundle, with a fourth helix
in equilibrium with transiently unfolded forms
affecting the species specificity of physiological
activity. Considering the transient unfolding of α4
at pH 6.5, the scarce interactions of α4 with the rest
of the protein in the pH 7.5 solution structure, and
the complete lack of such interactions in the crystal
structure, we truncated nsp7 at the end of helix α3.
Constructs consisting of residues 1–65, 1–66, 1–67,
1–69, 1–70, and 1–72 all yielded partly folded, poorly
soluble proteins that were not amenable to structure
determination by NMR (M. D. Geralt, P. Serrano,
M.A.J., and K.W., unpublished data). Conformations
of the type observed at pH 6.5 in which helix α4
associates intimatelywith the bulk of the protein thus
seem to be essential for protein stability and folding,
and hence for the functional integrity of nsp7.

Databank depositions

The chemical shifts of nsp7 at pH 6.5 were
deposited in BioMagResBank† under accession

http://www.bmrb.wisc.edu
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number 16981. The atomic coordinates of the
ensemble of 20 conformers representing the solution
structure of nsp7 at pH 6.5 were deposited in the
PDB‡ under accession code 2KYS.
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