ELSEVIER

Available online at www.sciencedirect.com

sc.ence@o.“n@

Protein Expression and Purification 38 (2004) 116-122

Protein .
&glxpr¢ss1o_n
Purification

www.elsevier.com/locate/yprep

Construct design, biophysical, and biochemical characterization of the
fusion core from mouse hepatitis virus (a coronavirus) spike protein

Yanhui Xu?, David K. Cole®, Zhiyong Lou?, Yiwei Liu®, Lan Qin?, Xu Li?®, Zhihong Bai?,
Fang Yuan®, Zihe Rao®*, George F. Gao®*

& Laboratory of Structural Biology, Department of Biological Sciences and Biotechnology, Tsinghua University, Beijing 100084, China
b Nuffield Department of Clinical Medicine, John Radcliffe Hospital, Oxford University, Headington, Oxford, 0X3 9DU, UK
¢ Institute of Microbiology, Chinese Academy of Sciences, Beijing, 100080, China

Received 25 June 2004, and in revised form 3 August 2004

Abstract

Membrane fusion between virus and host cells is the key step for enveloped virus entry and is mediated by the viral envelope
fusion protein. In murine coronavirus, mouse hepatitis virus (MHYV), the spike (S) protein mediates this process. Recently, the forma-
tion of anti-parallel 6-helix bundle of the MHV S protein heptad repeat (HR) regions (HR1 and HR2) has been confirmed, implying
coronavirus has a class I fusion protein. This bundle is also called fusion core. To facilitate the solution of the crystal structure of this
fusion core, we deployed an Escherichia coli in vitro expression system to express the HR1 and HR2 regions linked together by a flex-
ible linker as a single chain (named 2-helix). This 2-helix polypeptide subsequently assembled into a typical 6-helix bundle. This bun-
dle has been analyzed by a series of biophysical and biochemical techniques and confirmed that the design technique can be used for
coronavirus as we successfully used for members of paramyxoviruses.

© 2004 Elsevier Inc. All rights reserved.
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Mouse hepatitis virus (MHV) is a member of genus
Coronavirus in the family Coronaviridae [1]. The family
comprises a large and diverse group of enveloped viruses
with a positive-stranded RNA genome of approximately
31kb [2,3]. The members of the family Coronaviridae
exhibit broad host range, infecting many mammalian
and avian species and causing upper respiratory, gastro-
intestinal, hepatic, and central nervous system diseases.
In humans and fowl, coronaviruses primarily cause
upper respiratory tract infections, while porcine and
bovine coronaviruses establish enteric infections that
result in severe economic loss [4]. The emergence of atyp-

* Corresponding authors. Fax: +86 10 62773145 (Z. Rao), +44 1865
222901 (G.F. Gao).

E-mail  addresses:  raozh@xtaltsinghua.educn (Z. Rao),
george.gao@ndm.ox.ac.uk (G.F. Gao).

1046-5928/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.pep.2004.08.005

ical pneumonia with severe acute respiratory syndrome
(SARS) in 2003 and identification of the etiologic agent
as a new coronavirus (SARS-CoV) have attracted the
attention of the scientists and ordinary people for the
importance of the family Coronaviridae [5,6].

The coronavirus infection starts with fusion of the
viral and cellular membranes [7]. This process is medi-
ated by viral envelope spike (S) protein, which is thought
to be a trimer on the virion. The MHV S protein is
cleaved in the Golgi apparatus, by a host cell protease,
into two similarly sized subunits: amino terminal S1 and
carboxyl terminal S2. It is believed that the S1 subunit
forms the globular head of the spike, whereas the S2 sub-
unit forms the transmembrane stalk portion [8].
Sequence analysis suggests that the coronavirus spike
protein has the structural features of a type I membrane
protein, including a transmembrane domain near the
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carboxyl terminus of S2 and a hydrophobic signal pep-
tide at the N-terminus of S1.

The S2 domain has an internal fusion peptide and
two heptad repeat (HR) regions designated HR1 and
HR2 [8,9]. HR2 is located close to the transmembrane
region, and HR1 is some 170 amino acids of its
upstream. The HR regions are found in fusion proteins
of many different viruses and form an important charac-
teristic of class I viral fusion proteins (there are two clas-
ses of the viral fusion proteins under the current
classification) [10-13].

Typical class I viral fusion protein contains several
notable features. It has a fusion peptide at the amino ter-
minus that is thought to insert directly into the target
membrane during the viral fusion process [12]. Car-
boxyl-terminal to the fusion peptide are two regions
containing 4,3 hydrophobic (heptad) repeats, sequence
motifs, which form a coiled-coil structure in the post-
fusion state after series of the conformational changes of
the fusion protein [12]. This coiled-coil structure is a sta-
ble, protease resistant core in the ectodomain of envel-
oped glycoprotein (or fusion protein), named as viral
fusion core [12]. The fusion core complex consists of tri-
mer of HR1/HR2 heterodimers, therefore, it is also
called 6-helix bundle. The MHYV fusion core complex has
been confirmed biophysically and biochemically [14] but
its crystal structure is yet to be elucidated. We previously
developed a method to prepare this core complex for
other viruses [15-17] by linking the HR1 and HR2 as a
single chain. It was shown to be an effective method to
prepare diffractable crystals for such a core complex.
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Here we deployed this method to MHV HR1/HR2 com-
plex and indeed it shows that the single chain HR1/HR2
(detonated as 2-helix) could be prepared as a trimer of
HR1/HR2 heterodimer suitable for good-quality crystal
preparation.

Materials and methods

Prediction of the heptad repeat regions and construction
of the expression vectors

The a-helix structure of the two HR regions of the S
protein of MHV was predicted by LearnCoil-VMF pro-
gram (http://nightingale.lcs.mit.edu/cgi-bin/vmf), which
was specifically developed for identification of potential
coiled-coil HR regions in viral fusion proteins by Kim
and colleagues at Massachusetts Institute of Technology
[18]. The proteinase K resistent regions of HR1 and HR2
have been identified by Bosch and colleagues [14]. The
HR regions were chosen based on the prediction of
LearnCoil-VMF and the previous published data [14].
The HR1 region used was derived from amino acids 968
1027 and HR2 from 1216 to 1253 as shown in Fig. 1.

The genes encoding the HR1 and HR2 regions of
MHYV were synthesized by PCR using eight synthesized
primers according to the published sequences of murine
coronavirus MHYV strain A59 (Gene Bank No. M18379).
The codon usage was optimized according to Escherichia
coli expression preferences. HR1 and HR2 were
connected by an eight amino acid linker (GGSGGSGG,

)

st s2
HR1 HR2 TM
C
| ] iy

N

968-ENQKMIASAFNNALGAIQDGFDATNSALGKI
QSVVNANAEALNNLLNQLSNRFGAISASL-1027
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Fig. 1. Schematic representations of MHV S protein and the construct used in this study. SS, signal sequence; TM, transmembrane domain; HR 1
and HR2, heptad repeats 1 and 2. Cleavage site of S1 and S2 domains is shown. Amino acid sequences of the HR1 and HR2 regions are shown and

the 2-helix construct is schematically represented.
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single letter abbreviation of amino acids) and a 6-His tag
was introduced by PCR primers at the C-terminus to
facilitate the protein purification. The choice of the eight
amino acids as linker was based on our previous success-
ful work on other viral fusion core [15-17]. The con-
structs were cloned into the Ndel and Xhol sites
(introduced by synthetic PCR primers) of pET22b
expression vector (Novagen). Under this construction
strategy, two extra amino acids were created between the
C-terminal end of the HR2 and 6-His tag. They are
“Leu—Glu” for Xhol restriction cloning site (CTCGAG
for nucleotides). This construct was named as MHV 2-
helix (Fig. 1). The construction was verified by direct
DNA sequencing.

The primers overlapped with each other for 12-18
nucleotide bases. The Ndel and Xhol restriction sites
were introduced by primer F and P8 (as shown below in
capitalized/italic denominators). The gene of MHV 2-
helix was obtained by two-step PCR. Firstly, the eight
synthetic primers (0.2 0D/ul) were mixed and the PCR
reactions were run with the following conditions: dena-
tured at 94°C for 5min and then 15cycles of 94°C,
0.5min; 55°C, 1 min; and 72°C, 1 min, For the second
PCR, the first PCR product was used as template and
the new PCR product was amplified by using primers F
and P8 at the following conditions: denatured at 94 °C
for Smin and then 32cycles of 94°C, 0.5min; 55°C,
1 min; and 72 °C, 1 min.

Primers used for making the MHV 2-helix construct:

F: 5'-atgcgaattcCA TA TGgaaaaccagaaaatgatcge-3'

P1:5'-gaaaaccagaaaatgatcgcttctgctttcaacaacgetctgggtgct
atccaggacg-3’

P2:5'-gactggattttgcccagagcagagttagtagegtcgaagecgteetg
gatagcacccag-3’

P3:5'- ctctgggcaaaatccagtctgttgttaacgctaacgetgaagetctg
aacaacctgctg-3’

P4:5'- cagagaagcagagatagcaccgaaacggttagacagetggttcag
caggttgttcagagc-3'

P5:5'- gctatctctgettetetgggtggttetggtggttctggtggtgacctgte
tctggacttc-3’

P6:5'- catttcgtaagtcaggtccagcagagtaacgttcagtttttcgaagtc
cagagacaggtc-3’

P7:5'- gacctgacttacgaaatgaaccgtatccaggacgctatcaaaaaac
tgaacgaatc-3’

P8:5'- ctagCTCGAGttctttcaggttgatgtaagattegttcagttttttg
atagcg-3’

Protein expression, purification, and gel-filtration analysis

The recombinant pET22b plasmids (MHV 2-helix)
were transformed into E. coli strain BL21 (DE3). A sin-
gle colony of the E. coli BL21 (DE3) transformed with
the positive plasmid was grown in 2x YT medium con-
taining 100-pg/mL of ampicillin in a 37°C incubator.
When the culture density (ODygy,) reached 0.6-0.8, the

culture was induced with 0.2mM IPTG and continu-
ously grown for an additional 10h at 16 °C before the
cells were harvested. Bacterial cells were homogenized by
sonication in phosphate-buffered saline (PBS, 10mM
sodium phosphate, pH 7.4; 150 mM NaCl). The lysates
were clarified by centrifugation at 18,000g for 20 min at
4°C. The supernatants were loaded on Ni-NTA column
(QIAGEN) that was equilibrated with PBS. The con-
taminated protein was washed with washing buffer
(1x PBS, 60mM imidazole) over 10 column volumes
and the target protein was eluted with elution buffer
(1x PBS, 500mM imidazole) for five column volumes.
The resultant protein 2-helix was concentrated to a
proper concentration by ultra-filtration (10 kDa cut-off).
Proteins were analyzed by 10% Tricine SDS-PAGE. For
further purification, the concentrated 2-helix protein was
loaded onto a Superdex 75 HR10/30 (Pharmacia Bio-
tech) column with an Akta Purifier System (Pharmacia
Biotech). The fractions of the peak were collected and
analyzed by a 10% Tricine SDS-PAGE. The peak
molecular mass was estimated by comparison with the
protein standards run on the same column (see Table 1).

Chemical cross-linking of the complex

The purified 2-helix protein after gel-filtration was
dialyzed against cross-linking buffer (50 mM Hepes, pH
8.3; 100mM NaCl) and concentrated to approximately
2mg/mL by ultra-filtration (10 kDa cut-off). Protein con-

Table 1
Purification process of the 2-helix protein

Bacterial cells

'

Pelleted by centrifugation

b

Lysed by sonication

b

Collection of the supernatant

!

Ni-NTA column

Washed by PBS

| Eluted by 500 mM imidazole |
y

Gel-filtration on Superdex 75

l

Collection of the peak
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centrations were determined by absorbance at 280 nm,
assuming an A280 of 0.22 for a 1.0 mg/mL. The proteins
were cross-linked with ethyleneglycol bis(succinimidyl-
succinate) (EGS) (Sigma). The reactions were incubated
for 1h on ice at different concentrations of EGS (0, 0.1,
0.5, and 1.5mM EGS) and quenched with 50mM gly-
cine. Cross-linked samples were analyzed by 10% Tricine
SDS-PAGE under reducing conditions.

Circular dichroism spectroscopic analysis

Circular dichroism (CD) spectra were performed on a
Jasco J-715 spectrophotometer. The working buffer was
PBS (10 mM sodium phosphate, pH 7.3; 150 mM NaCl).
Wavelength spectra were recorded at 25°C using a 0.1-
cm path-length cuvette. Thermodynamic stability was
measured at 222 nm by recording the CD signals in the
temperature range of 25-90 °C with a scan rate of 5°C/
min.

Expression and preparation of selenomethionine derivative
of the MHYV 2-helix

The selenomethionine derivative of the MHV 2-helix
was expressed using E. coli BL21 (DE3) cultured in min-
imal media M9 containing 60 mg/L L-SetMet. When the
culture optical density (ODy,,) reached 0.6, the further
six amino acids (lysine, threonine, phenylalanine, leu-
cine, isoleucine, and valine) were added to the culture.
The culture was then induced with 0.2mM IPTG and
grown for an additional 10 h at 16 °C. Purification of the
selenomethionene-incorporated MHV 2-helix was per-
formed as that used for the native MHV 2-helix.

Mass spectroscopy

The purified and desalted 2-helix proteins (both
native and SeMet-incorporated 2-helix) were exchanged
into the buffer of 20mM Tris—HCI, pH 8.0, and then
analyzed by using Bruker Daltonics Biflex IIl MALDI-
TOF mass spectrometer for the molecular mass of the

polypeptide.

Results and discussion
2-Helix polypeptide is expressed as a soluble protein

Based on the prediction of the LearnCoil-VMF pro-
gram and the work by Bosch et al. [14], the HR1 and
HR2 regions of MHV-AS59 have been chosen in this
study (Fig. 1). The single-chain construct of the fusion
core HR1/HR2 was made as 2-helix as described under
Materials and methods. The schematic representation of
this construct is shown in Fig. 1. As expected from our
previous work on paramyxovirus fusion core 2-helix
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Fig. 2. SDS-PAGE gel profile showing the 2-helix expression and
purification. M, Molecular mass standards in kilo-dalton. Lane 1:
non-induced. Lane 2: induced by IPTG. Lane 3: purified by affinity
chromatography. Samples run on 10% Tricine SDS-PAGE.
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Fig. 3. Gel-filtration profile of the 2-helix protein. The inset picture
shows the existence of the pure 2-helix protein in the peak. The protein
standards run on the same column and are shown by dashed lines.

proteins [15-17], the MHYV 2-helix polypeptide prepara-
tion from the E. coli expression system in this study was
expressed in high level and soluble in the physiological
condition, i.e., in the buffers of either PBS or pH 8.0, Tris
(Fig. 2). This implies that the protein has most likely
been folded correctly. The protein has been shown to be
soluble in the concentration of up to 40 mg/mL.

2-Helix polypeptide forms a stable coiled-coil complex:
the 6-helix bundle

The purified proteins were concentrated to about
10mg/mL in PBS and analyzed by gel filtration and
chemical cross-linking for estimation of the molecular
mass. The MHV 2-helix protein was eluted between the
corresponding positions of 52 and 14kDa (Fig. 3). In
comparison, the computed molecular mass of 2-helix
(with 6 x Histidine) is about 13 kDa, which indicates that
the 2-helix might form oligomers (about 40kDa).
MALDI-TOFF results showed that the 2-helix
monomer is about 12.6kDa with two possible charges
(Fig. 4A). Subsequently, chemical cross-linking demon-
strated that the 2-helix protein oligomer was, in fact, a
trimer (Fig. 5) from the estimated molecular mass of the
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Fig. 4. MALDI-TOF mass spectra of native and SeMet-labeled 2-helix proteins. The molecular mass of native 2-helix protein was 12,572 Da (A). The
molecular mass of SeMet 2-helix protein was 12,709 Da (B). The molecular mass difference between (A) and (B) shows three Se molecules were incor-
porated. The two peaks in both cases indicate that the proteins carry two charges.

cross-linked products. In addition, the content of trimer
increased with the concentration increase of the chemi-
cal cross-linker. Clear trimer band with monomer could
also be seen if the samples (reduced by SDS loading
buffer) were not heated at 100 °C (Lane 2 in Fig. 5A). All
this indicates that the 2-helix protein forms a stable tri-
meric complex.

The secondary structure of the 2-helix protein was
examined by CD spectroscopy as described under Mate-
rials and methods. The absorption curve showed that the
2-helix protein had double minima at 208 and 222nm
(Fig. 6A), consistent with typical a-helix structure. The
thermal stability test by CD spectroscopy indicated that
trimer formation of the 2-helix was very stable in PBS
(Fig. 6B), indicating that the 2-helix trimer represents the

core structure of the post-fusion state of the coiled-coil
bundle, as thoroughly studied for other viral fusion pro-
teins [10-12,19-21].

To facilitate the phase-determination of the 2-helix
crystals, selenomethionine derivative preparations were
made and the incorporation of the selenomethionine
into the 2-helix preparation was confirmed by MALDI-
TOFF mass spectrometry (Fig. 4B). Moreover, it seems
that the start-codon ATG-encoded methionine remains
in the expressed 2-helix protein as the molecular increase
between the native and SeMet derivative indicates that
three methionines were replaced by SeMet (molecular
mass increases by 3 x (79 —32)=141Da). The crystal
structure has now been solved at 24 A and has been
reported elsewhere [22].
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Fig. 5. (A) Chemical cross-linking of the 2-helix protein. Cross-linking products were separated on 10% Tricine SDS-PAGE followed by Coomassie
brilliant blue staining. Protein markers are shown in Lane M. Lane 1: MHV 2-helix boiled in 100 °C. Lane 2: MHV 2-helix not boiled in 100 °C.
Lanes 3-5 indicate the increasing concentrations of the EGS used (0.1, 0.5, and 1.5 mM, respectively). (B) Schematic picture to show the possible

cross-linking 6-helix bundle.
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Fig. 6. The CD spectra and thermal stability measurement of the MHV 2-helix protein in PBS. (A) Typical a-helix structure was seen with double
minima at 208 and 222 nm. (B) The thermal stability was recorded at 222 nm with a 7, of 86 °C.

Conclusion

Our results do show that the strategy we used for
other enveloped viruses, such as paramyxoviruses [15-
17], to analyze the fusion core in the form of single chain
HR1 and HR2, can be used for coronavirus. Coronavi-
rus does most likely adapt to the similar fusion mecha-
nism to other viruses with a class I fusion protein. A
clear crystal structure of this fusion core from a member
of coronavirus is now known and has answered some
important questions [22].
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