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Abstract: The potential for infection by coronaviruses (CoVs) has become a serious concern with

the recent emergence of Middle East respiratory syndrome and severe acute respiratory syndrome

(SARS) in the human population. CoVs encode two large polyproteins, which are then processed
into 15–16 nonstructural proteins (nsps) that make significant contributions to viral replication and

transcription by assembling the RNA replicase complex. Among them, nsp9 plays an essential role

in viral replication by forming a homodimer that binds single-stranded RNA. Thus, disrupting nsp9
dimerization is a potential anti-CoV therapy. However, different nsp9 dimer forms have been

reported for alpha- and beta-CoVs, and no structural information is available for gamma-CoVs.

Here we determined the crystal structure of nsp9 from the avian infectious bronchitis virus (IBV), a
representative gamma-CoV that affects the economy of the poultry industry because it can infect

domestic fowl. IBV nsp9 forms a homodimer via interactions across a hydrophobic interface, which

consists of two parallel alpha helices near the carboxy terminus of the protein. The IBV nsp9 dimer
resembles that of SARS-CoV nsp9, indicating that this type of dimerization is conserved among all

CoVs. This makes disruption of the dimeric interface an excellent strategy for developing anti-CoV
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therapies. To facilitate this effort, we characterized the roles of six conserved residues on this

interface using site-directed mutagenesis and a multitude of biochemical and biophysical methods.
We found that three residues are critical for nsp9 dimerization and its abitlity to bind RNA.

Keywords: coronaviruses; nonstructural proteins; infectious bronchitis virus; Nsp9; dimerization

Importance and Impact Statement

In this study, the dimeric nsp9 crystal structure of

avian infectious bronchitis virus (IBV) was solved at

2.5 Å resolution. A hydrophobic region and two paral-

lel a-helices were found to be essential for nsp9

dimerization. The dimeric state was independently

evaluated using multiple biochemical methods, includ-

ing mutagenesis, circular dichroism, size exclusion

chromatography with in-line multi-angle light scatter-

ing analysis (SEC-MALs), electrospray ionization

mass spectrometry (ESI-MS), and analytical ultracen-

trifugation. This is the first time an nsp9 structure

for a gamma-coronavirus has been determined.

Introduction

Coronaviruses (CoVs) are enveloped, positive-strand

RNA viruses that cause a broad spectrum of diseases

in humans and animals.1,2 In the 1930s, the avian

infectious bronchitis virus (IBV) was the first CoV

identified,3 and since that time CoVs have been

shown to infect diverse hosts, including humans.1,2,4,5

Recent outbreaks of severe acute respiratory syn-

drome (SARS) and Middle East respiratory syndrome

(MERS) have focused attention on CoVs, since patho-

genic CoVs can be fatal to humans.6–9 Although pro-

gress has been made in limiting CoV infection over

the past decade, scientists and physicians still lack a

complete understanding of CoV pathogenicity, partic-

ularly from the molecular and structural points of

view. On the basis of genome organization and phylo-

genetic analysis, CoVs can be divided into four dis-

tinct genera, termed alpha-, beta-, gamma- and delta-

CoVs.10 In the past, human CoV infections have all

resulted from alpha- and beta-CoVs (i.e., SARS and

MERS are beta-CoVs), with no cases involving gam-

ma- or delta-CoVs repreted so far. However, the risk

of cross-species infection from gamma and delta gen-

era should not be ignored, and research concerning

these two genera is critical to enable quick and effi-

cient responses to novel animal-to-human CoV infec-

tions in the future.

Avian IBV is a gamma-CoV that causes a highly

contagious disease in domestic fowl. As such, avian

IBV is one of the primary sources of economic loss in

the poultry industry.11 New viral serotypes continue

to emerge due to viral mutation and recombination,

making this virus very difficult to control.12 The

genome of IBV consists of single-stranded, positive-

sense RNA that is 27.6 kb in length.13 Upon infec-

tion, viral replicase proteins are translated from the

genomic RNA, initially generating two precursor

polyproteins, pp1a and pp1ab. These polyproteins

are then processed into 15 individual nonstructural

proteins (nsp2–16) by two virus-encoded proteinases,

3C-like and papain-like proteinases.14,15 These nsps

assemble into a replicase complex responsible for

viral transcription and replication.16 To understand

the molecular mechanisms of IBV replication, great

effort has been made to characterize nsp structures.

To date, only a few nsp structures from IBV have

been determined, including nsp2a, the ADRP (aden-

osine diphosphate-ribose-100-phosphatase) domain of

nsp3, and nsp5 main protease (PDB:3LD1,3EWO,

3EJF,3EKE,4X2Z).17–19

Nsp9 is essential for viral infection, as its deletion

halts virus propagation.20 Nsp9 is a member of the oli-

gosaccharide/oligonucleotide binding (OB)-fold super-

family and a variety of methods have been used to

show that nsp9 can bind both RNA and DNA.21,22

Interestingly, nsp9 forms a homodimer, and its dimeric

form is believed to be critical for RNA binding and for

viral infection. The dimeric structure of nsp9 for

SARS-CoV was first reported by Egloff et al.21 They

observed that the nsp9 dimer is stabilized by hydro-

phobic interactions between two parallel a-helices (we

call this Form-A). The SARS-CoV nsp9 contains a

protein-protein association motif “GXXXG” (residues

G100–G104) on the parallel a-helices of the nsp9

dimer.23,24 Mutation of a single residue (G104E) with-

in this motif terminates viral assembly in vivo. This

mutation may alter the a-helical interaction and dis-

rupt nsp9 dimerization.25 This indicates that the

dimeric form of nsp9 is essential for viral infection

and also suggests that the disruption of nsp9 dimer-

ization may be an effective strategy for combating

CoV-associated diseases. Although Form A seems to

be the proper dimeric form of nsp9, other researchers

have observed two different nsp9 dimers. Sutton et al.

also solved the SARS-CoV nsp9 structure, confirming

that it forms a dimer in two different space groups.22

However, they also described a different dimer for

SARS-CoV nsp9, which is formed by an interaction

between b-strands (b5)—one from each subunit (we

call this Form-B). Later, Ponnusamy et al. determined

the nsp9 structure for HCoV-229E, revealing a third

homodimeric form (Form-C), which is formed via

interactions between two anti-parallel a-helices, with

a disulfide-linkage between the two Cys69s within the

interacting helices.26 This structure formed a trimer of

dimers in the crystal, which is also different from the

two structures previously determined for SARS-CoV

nsp9. These observations raise an important question;
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whether there is a common and conserved dimeric

form for all CoV nsp9s, or whether there are different

dimeric forms for diferent CoV nsp9s. Moreover, no

structural information is available for nsp9s of other

CoV genera (particularly gamma-CoVs). It is impor-

tant to determine which type of dimer these nsp9s

form, and whether there is structural and functional

conservation among these nsp9s from different CoV

genera.

In this study, we selected IBV nsp9 as a repre-

sentative of gamma-CoVs and investigated its struc-

ture and oligomerization state. We resolved the

crystal structure of IBV nsp9 at 2.5 Å, which

revealed a Form-A dimeric conformation (similar to

SARS-CoV nsp9). The homodimeric interface was

formed by two parallel a-helices, which was further

surrounded by a hydrophobic shell. The residues

involved in this hydrophobic interaction are con-

served across species, suggesting that nsp9 homodi-

merization in Form A is essential for all CoVs. We

further characterized six conserved residues within

the dimeric interface of IBV nsp9 by site-directed

mutagenesis and biochemical approaches, and found

that residues F73, I95, and G98 were critical for

both dimerization and RNA interactions.

Results

Sequence alignment and phylogenetic analysis

of CoV nsp9s

To study the evolutionary relationships between CoV

nsp9 proteins, we analyzed 34 nsp9 sequences from

different species (derived from the NCBI database)

using MUSCLE (MEGA6).27 Pairwise sequence

alignment revealed that sequence similarity ranged

from 24.8% to 98.2% for all nsp9 sequences. This

large range in conservation is notable, as nsp9 is

crucial for viral replication and therefore a higher

level of conservation was expected. Two features

account for this variation. First, there are two main

gaps in the nsp9 alignment (i.e., stretches of little

sequence identity) located at loops connecting b-

strands b1–b2 and b4–b5, based upon solved nsp9

structures. Second, the low similarity of pairwise

sequence alignment was mainly derived from Beluga

Whale CoV (similarity ranged from 24.8% to 56.8%).

Figure 1. Nsp9 crystal structures(monomer), structural superimposition, multiple sequence alignment, and phylogenetic tree.

(A) Ribbon representation of IBV nsp9(green), HCoV-229E nsp9(orange), and SARS-CoV nsp9(purple). (B) Superposition of IBV,

HCoV-229E, and SARS-CoV nsp9. IBV and SARS-CoV(red) are superimposed(RMSD 5 0.875Å), IBV and HCoV-229E(green) are

superimposed(RMSD 5 1.409Å). (C) Secondary structure elements and multiple sequence alignments of IBV, HCoV-229E, and

SARS-CoV. (D) Multiple sequence alignment of the nsp9 protein with representatives from all four CoV genera. The seven resi-

dues(F73, L86, F88, I95, G98, and G102) are marked with red asterisks. (E) Phylogenetic analysis of the CoV nsp9 family is

presented.
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However, the C-terminal halves of nsp9 proteins (resi-

dues 67–111), which include b-strands b6–b7 and

helix a1, displayed much higher sequence similarity

than the rest of the proteins [Fig. 1(C)]. There are 16

conserved residues located in this region, of which

�70% are hydrophobic [Fig. 1(D)], suggesting that this

region is vital for the physiological function of nsp9.

The phylogenetic tree was generated according to

sequence alignment of nsp9 [Fig. 1(E)]. Overall, the

tree segregated each genus of CoVs, as previously

described.28 The Poisson Correction distance indicated

a very limited difference between each genus (Support-

ing Information Table S1). The topology of the CoV

nsp9 tree generally agreed with the currently accepted

view of the organismal phylogeny of CoVs, based upon

the evolutionary relationships of RdRp (RNA-depen-

dent RNA polymerase), S and N proteins.29,30

Crystal structure of IBV nsp9 reveals a form-a

homodimer

IBV nsp9 crystals belong to space group I432, with

unit cell dimensions a 5 b 5 c 5 123.4 Å, a 5 b 5

c 5 908. There is one molecule in the asymmetric

unit. The final R-factor for the structural model is

18.7%, and the Rfree factor is 23.6%. In total, 95.4%

of the amino acids fell in favored regions of the

Ramachandran plot, whereas none fell in disallowed

regions. Data collection and refinement statistics are

detailed in Table I. The two-fold axis of the IBV

nsp9 homodimer is coincident with a crystallograph-

ic two-fold axis of symmetry in the protein crystal.

Each protomer has seven b-strands (b1–b7), which

form a partial barrel-like domain, followed by one a-

helix (a1) at the C-terminus. Similar structures are

seen for nsp9 monomers from HCoV-229E (PDB

code: 2J97)26 and SARS-CoV (PDB code: 1UW7)22

[Fig. 1(A,C)]. The backbone root-mean-square devia-

tion (RMSD) of monomeric nsp9 between IBV and

HCoV-229E (green) is 1.409 Å (for 75 Ca atoms) and

0.875 Å (for 75 Ca atoms) between IBV and SARS-

CoV (red), respectively [Fig. 1(B)].

For IBV nsp9, two protomers form a dimer [Fig.

2(B)], with the two a-helices positioned at a 448 angle

relative to one another. The main chains of the a-

helices are very close to each other, as the distance

between vectors in the center of each helix is only 5.8

Å (calculated by PyMOL31 script “helix_angle.py”, writ-

ten by Dr. Robert L. Campbell, Queen’s University) .

These two a-helices are surrounded by a hydrophobic

interface composed of residues from b-strands b2–b3

and b6–b7, and an N-terminal loop from each nsp9

protomer. This dimeric form resembles the SARS-CoV

nsp9 dimer. However, the total buried surface area in

the IBV nsp9 dimer is 668 Å2 (calculated by PyMOL),

which is smaller than seen for the SARS-CoV nsp9

dimer (903 Å2) (PDB code: 1QZ8)21 (Supporting Infor-

mation Table S2), but is similar to that of HCoV-229E

(693 Å2) and larger than the minimum value (368 Å2)

of homodimeric interface reported by Jones S.32

Site-directed mutagenesis of the nsp9

dimerization interface does not affect nsp9
secondary structure

Since the dimerization interface for IBV nsp9 con-

sists mostly of the highly conserved C-terminal a-

helices and b6–b7, we next evaluated the role of

both the hydrophobic interface and the a-helices in

stabilizing nsp9 dimerization. On the basis of the

sequence alignment and structural analysis, we gen-

erated a set of nsp9 mutants, targeting six con-

served amino acids (F73, L86, F88, I95, G98, and

G102) [Fig. 2(A,B)]. Residues I95, G98, and G102,

which are located in the C-terminal a-helix (a1)

[Fig. 2(B)], were replaced with negatively charged

residues (aspartates) to disrupt the interaction

between the two a-helices. Residues F73, L86, and

F88, which are part of the hydrophobic shell that

surrounds the two a-helices [Fig. 2(B)], were

replaced by glycines to disrupt the hydrophobic

environment.

Circular dichroism (CD) spectroscopy was used

to detect potential conformation changes induced by

Table I. IBV-nsp9 Data-collection and Refinement
Statistics

Values in parentheses are for the highest resolution shell

Data collection
Wavelength (Å) 1.5418
Space group I432
Unit-cell parameters(Å, 8) a 5 b 5 c 5 123.4,

a 5 b 5 c 5 90.0
Resolution (Å) 50.00–2.44(2.50–2.44)
Rmerge

a (%) 8.9(45.6)
Rpim

b (%) 2.6(13.5)
Average I/r(I) 16.4(2.4)
No. of observed reflections 73760
No. of unique reflections 5952
Completeness (%) 98.8(91.2)
Multiplicity 12.4(2.3)
Matthews coefficient (Å3Da21) 3.26
Solvent content (%) 62.34
Molecules per asymmetric unit 1

Refinement
Resolution (Å) 22.53–2.44
Rwork/Rfree 0.187/0.236
Ramachandran favored (%) 95.37
Ramachandran outliers (%) 0

No. of atoms
Protein 862
Water 165

Wilson B value 30.94
R.m.s. Deviations

Bond lengths (Å) 0.009
Bond angles (8) 1.422

a Rmerge5
P

hkl

P
ijIi hklð Þ–hI hklð Þij=

P
hkl

P
iIi hklð Þ, where Ii

hklð Þ is an individual intensity measurement and hI hklð Þi
is the average intensity for all i reflections.
b Rpim is approximated estimated by multiplying the Rmerge

value by the factor 1= N21ð Þ½ �1=2, where N is the overall
redundancy of the data set.
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each of these mutations. The fractional content of sec-

ondary structures in wild-type nsp9 was calculated to

be 12.6% helix, 55.0% sheets/turns, and 32.4% non-

repetitive secondary structure, which is in good

agreement with our crystal structure (Supporting

Information Table S3). The CD spectra and data

analysis associated with the nsp9 mutants are

described in Supporting Information Figure S2. No

changes were detected for the F73G, I95D, G98D,

and G102D mutants compared with wild-type nsp9,

but changes in secondary structure were detected for

the L86G and F88G mutants using the far-UV CD

spectra. However, assessed by near-UV CD spectrum,

the overall tertiary structures of all mutants were

similar, indicating that the L86G and F88G muta-

tions did not significantly disrupt protein structure.

Mutations within the nsp9 dimeric interface

disrupt dimer formation

After confirming that these six mutations within the

dimer interface had little effect on secondary protein

structure, we next asked whether these mutations

Figure 2. Mutational analysis of the IBV nsp9 protein. (A) Sketch map for the IBV nsp9 parallel a-helices and the hydrophobic

pocket. The green dash represents the hydrophobic contact interface. Circles connected by spirals represent parallel a-helices.

Circles outside the green dash represent hydrophobic residues and critical polar residues surrounding the parallel a-helices.

Solid circles indicate conserved residues. Dashed circles indicate non-conserved residues. Mutant residues are colored red in

the parallel a-helices and surrounding pocket. (B) Parallel a-helices and the hydrophobic region in the crystal structure of the

nsp9 dimer. Surface and cartoon representations are colored according to the level of residue hydrophobicity from white (polar)

to green (hydrophobic). The side chains of conserved hydrophobic residues (F73, L86, and F88) are shown. Hydrophobic

interactions in parallel a-helices highlighting residues I95, G98, and G102 are shown.

Hu et al. PROTEIN SCIENCE VOL 26:1037—1048 1041



affected nsp9 dimeric organization. At first, size exclu-

sion chromatography (SEC) was applied to wild-type

and mutant IBV nsp9s to evaluate their oligomeriza-

tion states. Molecular weights were calculated from a

standard calibration curve. SEC analysis revealed that

wild-type nsp9 had a molecular weight of 20 kDa,

close to the theoretical molecular weight of a nsp9

dimer (25 kDa) [Fig. 3(A)]. However, the nsp9 mutants

(F73G, L86G, F88G, I95D, G98D, and G102D) exhib-

ited a larger retention volume, which corresponds to a

smaller molecular weight (Fig. 3, Supporting Informa-

tion Fig. S3). These results indicate that mutations to

the dimeric interface of nsp9 disrupt dimer formation.

We also studied it by a second approach, glutaralde-

hyde crosslinking of nsp9 proteins (both wile-type and

mutants). However, the results from this study were

not very clear, although a decreased dimeric portion

for mutant G98D was observed with wild-type nsp9

(Supporting Information Fig. S4 and Table S7)

The failure of the second method to give a con-

sistent result may be because it is influenced by a

number of factors, such as pH, temperature, concentea-

tions of reactants,etc., and generally hard to control.

Since the above two commonly used methods did not

give us a clear and consistent conclusion, we continued

pursuing more sensitive and quantitative approaches.

Figure 3. Biochemical characterization of IBV nsp9 dimerization. (A) The SEC assay is used to evaluate the molecular weight of

wild-type nsp9. The standard equation “log Mr522:223Kav12:834”, Adj.R2 is used (Adjusted R2 is 0.99). The black line is from

commercial molecular weight standards, and the wild-type nsp9 chromatogram is colored green. (B-F) Comparison of SEC

results for wild-type nsp9 and different mutants. (G-L) Sedimentation velocity ultracentrifugation results for wild-type nsp9 and

nsp9 mutants. Sedimentation coefficients (S) and molecular weight (MW) are indicated. “M” and “D” stand for the monomer

and dimer.

1042 PROTEINSCIENCE.ORG Structural Basis for Dimerization



Electrospray ionization mass spectrometry (ESI-MS)

was used as a third way. It verified the molechular

weight of all recombinant proteins.However, mixtures

of dimers and monomers were detected in all samples

(Supporting Information Table S4 and Fig. S5), indicat-

ing that the dimer and monomer forms may be in an

equilibrium. This also implied that ESI-MS is such a

sensitive technique that even a tiny fraction of any

oligomeric state can be detected.We further adopted

analytical ultracentrifugation,which is a method not

widely available but mor accurate, to precisely charac-

terize the monomer-dimer equilibrium for wild-type

and mutant nsp9 (F73G, L86G, F88G, I95D, G98D,

and G102D) (Supporting Information Fig. S6 and Table

S5). Sedimentation coefficients for the F73G, G98D,

and I95D mutants revealed that these proteins are

less able to form a dimer than the wild-type protein,

and therefore tend to remain in the monomeric state.

The other mutants (L86G, F88G, and G102D) had olig-

omerization states similar to wild-type nsp9. These

data imply that F73 (from the hydrophobic surface), as

well as I95 and G98 (from a1) are more important for

IBV nsp9 dimerization than the other tested positions

(L86, F88, and G102).

Nsp9 mutations that disrupt dimer formation

also affect nucleic acid binding

The electrophoretic mobility shift assay (EMSA) was

used to detect protein-nucleic acid complexes in solu-

tion. Using a typical EMSA protocol, we did not

detect a nucleic acid mobility shift when wild-type

nsp9 was mixed with FAM-labeled RNA (Supporting

Information Fig. S7). This is commonly seen when a

macromolecular complex is in dynamic equilibrium.

We therefore used a modified zone-interference gel

electrophoresis method to assess interactions between

nsp9 and nucleic acids.26,33 This analysis revealed

that both wild-type nsp9 and the F73G mutant were

able to bind nucleic acids [Fig. 4(A)]. These mobility

shifts were more dramatic with RNA than with

single-stranded DNA under the same conditions [Fig.

4(B)]. However, the I95D and G98D mutants did not

seem to bind nucleic acids.

Because mobility shift assays can be influenced

by alterations in residue charge and conformation

changes, which may obscure the formation of a pro-

tein nuclear-acid complex, we further tested the

ability of wild-type and mutant nsp9 to bind RNA

using two additional approaches that are more sen-

sitive and based on completely different principles.

The first approach was biolayer interferometry

(BLI). In this assay, biotinylated RNA was immobi-

lized on streptavidin biosensor tips34,35 and nsp9

was added at various concentrations (6.25–100 lM)

to establish association and dissociation rates [Fig.

4(C,D)]. The BLI data provided an overall affinity

value (Kd) of 28 lM for the interaction between

wild-type nsp9 and RNA. These biosensor binding

data also showed that the F73G, G98D, and I95D

mutants could not bind RNA [Fig. 4(D)]. These data

suggest that the dimeric form of nsp9 is required for

nsp9-RNA interactions. The second method we used

was surface plasmon resonance (SPR),21 which is

also a chip-based immobilized affinity detection tech-

nique similar to BLI, but using a different detector.

Using SPR, we measured wild-type nsp9-RNA bind-

ing affinity at 3.6 lM, very similar to the data from

BLI measurements [Supporting Information Fig.

Figure 4. Oligonucleotide binding analysis of wild-type and mutant IBV nsp9. (A,B) EMSA illustrating wild-type and mutants

(F73G, I95D, and G98D) IBV nsp9 association with ssDNA/RNA(20-mer). The white dotted lines represent the position of the

bands of IBV nsp9 wild-type and mutants (F73G, I95D, and G98D) without reaction with ssDNA/RNA. (C) Biolayer interferometry

analysis of wild-type nsp9 with RNA. Biotinylated 20-mer RNA is immobilized on SA biosensors. Binding curves show associa-

tion and dissociation for different protein concentrations. (D) Sensorgrams obtained using biosensors loaded with nsp9 mutants.

The variation of the response is recorded with mutants at a concentration of 50 uM.

Hu et al. PROTEIN SCIENCE VOL 26:1037—1048 1043



S7(C)]. In addition, the three nsp9 mutants (F73D,

I95D, and G98D) exhibited dramatically reduced

RNA association rates [Supporting Information Fig.

S7(D)], which is consistent with the BLI observa-

tions. In summary, these data indicate that nsp9

mutants (F73D, I95D, and G98D) that cannot dimer-

ize also lose the ability to bind RNA and single-

stranded DNA.

Discussion

Nsp9 proteins are essential for CoV replication,

reproduction, and virulence.25 For several CoVs, the

formation of nsp9 homodimers is critical for viral

replication, as disruption of nsp9 dimer formation

hinders viral assembly. This suggests that disrupt-

ing the dimerization interface of nsp9 is a potential

anti-viral strategy.36 However, the structural mecha-

nisms underlying nsp9 dimerization have not been

clarified. At least three dimeric forms of nsp9 have

been reproted, and it is unclear whether there is a

conserved dimeric form for all CoV nsp9s, or wheth-

er individual nsp9s adopt unique dimer forms. In

addition, all reported nsp9 structures belong to the

alpha and beta genera, whereas there is no structur-

al information for nsp9s of gamma-CoVs. Thirdly, a

detailed characterization of specific residues within

the nps9 dimeric interface has not yet been performed.

This analysis is critical for developing potential anti-

viral strategies that are based on disrupting nsp9

dimerization.

In this study, we characterized nsp9 from the

IBV CoV using structural, biophysical, and biochemi-

cal approaches. IBV is a representative gamma-CoV

that affects the economy of the poultry industry by

infecting domestic fowl. We determined IBV nsp9

structure and found that its monomer resembled

those reported for nsp9s from SARS-CoV (PDB code:

1UW7)22 and HCoV-229E (PDB code: 2J97).26 In

addition, IBV nsp9 formed a Form-A dimer similar

to SARS-CoV nsp9. The region forming the dimer

interface of nsp9 is highly conserved based on

sequence alignment and structural analysis. This

strongly supports the hypothesis that there is a con-

served dimeric form among nsp9s of all CoVs. As

such, designing ways to disrupt nsp9 dimerization (a

potential anti-viral strategy) may be quite straight-

forward, as only the conserved dimeric interface

must be considered. This strategy may also be quite

powerful, for it may work against all of these CoVs.

To facilitate the developent of this potential anti-

viral strategy, we further characterized six con-

served residues (F73, L86, F88, I95, G98, and G102)

associated with the dimeric interface and the con-

served hydrophobic region. We used site-directed

mutagenesis and diverse biophysical and biochemi-

cal approaches. We found that three conserved resi-

dues (F73, I95, and G98) are critical for stabilizing

the dimeric conformation of nsp9 and for nsp9 to

bind RNA.

Diversified nsp9 dimer models exist in CoV

Nsp9 can adopt several different dimeric conforma-

tions.21,22,26 For IBV nsp9 dimers, only Form-A was

observed in the crystal lattice. This dimeric model

has been seen in three different crystal structures of

nsp9, including SARS-CoV nsp9, and 229E-CoV

nsp9 C69A mutant (PDB code: 2J98, 1UW7, 1QZ8)

(Supporting Information Fig. S1).21,22,26 Form-B,

which is seen with interactions between b sheets of

the SARS-CoV nsp9 dimer, was not found in the IBV

nsp9 dimeric structure because the IBV nsp9 b5s

are too far from each other. For Form-B, the lack of

sequence conservation in the critical protein region,

and the small interaction surface, make it unlikely

that Form-B is a conserved dimeric conformation of

CoV. Form-C, which is seen in 229E-CoV nsp9 wild-

type dimers, is characteristic of a novel disulfide-

linked homodimer formed by two antiparallel a-

helixes. Noticeably, Cys69 is conserved in nsp9s of

alpha-, beta- and gamma-CoVs (including IBV and

SARS-CoV). However, this disulfide bond is not

observed in IBV and SARS nsp9 dimeric structures.

Based on our results, we propose that the dimeric

Form-A conformation is the universal state for the

nsp9 dimer.

Helix-helix association stabilizes dimeric nsp9

Crystallographic studies have previously found that

the helix-helix association (a1-a01) is key to stabiliz-

ing the nsp9 homodimer. To investigate the possibili-

ty that IBV nsp9 dimerization could be prevented by

a single mutation in the a-helix, three conserved

residues (I95, G98, and G102) involved in the helix-

helix association were mutated. All three nsp9

mutants (I95D, G98D, and G102D) exhibited a

monomer-dimer equilibrium in solution, as shown by

analytical ultracentrifugation and ESI-MS. This

implies that each point mutation lessened the degree

of nsp9 dimerization, but did not completely elimi-

nate it. This is particularly true for the I95 and G98

nsp9 mutants. Therefore, nsp9 homodimerization

may be disrupted by targeting conserved residues

within the helix-helix interface. These data provide

further evidence that the Form-A conformation is

the common state of nsp9 dimers. Zachary et al. also

showed that mutations to the a-helix in SARS-CoV

nsp9 were lethal to the virus.25 Although the same

mutations would presumably affect the interaction

between the C-terminal a-helices in both Forms A

and C, because Form C involves a disulfide bridge

which is uncommon to nsp9s in four CoV genera, we

consider that Form-A state of nsp9 is biologically

relevant.
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A hydrophobic shell stabilizes the inter-helical

interaction at the dimerization interface of nsp9
As discussed earlier, there is a hydrophobic shell

that surrounds the two C-terminal a-helices of IBV

nsp9. We explored the role of this hydrophobic

region in the formation of the nsp9 dimer by mutat-

ing three conserved residues to glycine (F73G,

L86G, and F88G). Each mutant displayed a delayed

elution peak by gel-filtration chromatography, when

compared with wild-type nsp9. Among the mutated

proteins, F73G nsp9 was very rarely in a dimeric

form, as measured by analytical ultracentrifuge.

From these data, we infer that the hydrophobic shell

helps stabilize the nsp9 dimer. These data reveal

that the hydrophobic surface, in addition to the two

parallel a-helices, functions to stabilize nsp9 Form-A

dimerization.

Dimerization is required for nsp9 to interact

with nucleic acids

Wild-type nsp9 preferentially adopts a dimeric form

in solution,25 whereas the nsp9 mutants (F73G, I95D,

and G98D) retained their monomeric form. Thus, we

further analyzed the interaction between nucleic acids

and the different forms of nsp9. EMSAs revealed that

wild-type and F73G nsp9s could associate with both

single-stranded DNA and RNA. The G98D and I95D

mutants could not bind nucleic acids, indicating that

the residues near the GXXXG motif (within the C-

terminal a-helix) are critical for RNA binding. These

data conflict with Zachary et al., who performed Non-

Radioactive EMSAs after cross-linking nucleic acid-

protein mixtures at 254nm by UV-light and showed

that each of the SARS-CoV nsp9 wild-type and

mutants (G100E, G104E, and G104V) SARS-CoV was

able to bind RNA.25 However, disrupting the nsp9

dimer did result in a 5- to 12-fold decrease in affinity

by FA measurements.25 These conflicting data could

be explained by the relatively low-affinity binding con-

stants, and suggests that nsp9 may not have a spe-

cific binding sequence, although interactions with a

stem-loop in the 30 region of the genome were

reported recently.25,37

To obtain kinetic information and to quantitative-

ly compare the ability of wild-type and mutant ver-

sions of nsp9 to bind RNA, we performed BLI and

SPR experiments. Although wild-type nsp9 showed a

strong RNA-binding signal, the single-residue mutants

(F73G, I95D, and G98D) exhibited dramatically

decreased signals. This indicates that the dimeric

nsp9 state is required for RNA binding, a conclusion

supported by both BLI and SPR measurements.

Conclusions

In this study, we solved the IBV nsp9 dimeric struc-

ture at 2.5 Å resolution. The dimeric state was inde-

pendently evaluated and validated by an assortment

of biochemical methods, including mutagenesis, circu-

lar dichroism, SEC-MALs, ESI-MS, and ultracentrifu-

gation. Our results indicate that a hydrophobic

region, along with two parallel a-helices, play funda-

mental roles in stabilizing nsp9 dimers in solution.

The conserved residues F73, I95, and G98, which are

found in the C-terminal region of nsp9, are pivotal

for dimerization. We also showed that nsp9 dimeriza-

tion is critical for nsp9 to bind RNA. In conclusion,

we have revealed structural and biochemical forces

that control nsp9 dimerization, providing a valuable

resource for assessing the role of the dimeric state in

viral genome transcription and replication in vivo.

Materials and Methods

Alignment and phylogenetic analysis

Amino acid sequence data for CoV nsp9s retrieved

from the NCBI database were analyzed using

MEGA 6.06 software.27 In total, 34 nsp9 amino acid

sequences from diverse CoV species of the Corona-

viridae subfamily were aligned using the MUSCLE

(MEGA6) UPGMA clustering method. Nucleocapsid

protein from IBV was used as the out-group. A phy-

logenetic tree was created using the maximum like-

lihood method and bootstrap full heuristic analysis,

with 1000 bootstrap replications. Bootstrap values

for condensed tree cut off< 50%. The phylogenetic

distances between groups were calculated with pas-

sion correction method using MEGA6.

Generation of wild-type and correlated mutant

constructs

The cDNA encoding IBV strain M41 ORF1a polypro-

tein was provided by Professor Ming Liao (South

China Agricultural University, People’s Republic of

China). IBV nsp9 was cloned into a pGEX-6P-1 plas-

mid (GE Healthcare) using BamHI and XhoI restric-

tion sites. The F73G, L86G, F88G, I95D, G98D, and

G102D single-site mutations were generated using

primers encoding the mutated amino acids. Muta-

genesis constructs were confirmed by commercial

DNA sequencing (Sangon Biotech).

Protein purification, crystallization, and

structure determination
Wild-type IBV nsp9 was expressed, purified, and

crystallized as described.38 Crystals of IBV-CoV nsp9

diffracted to 2.5 Å resolution and a complete dataset

was collected in-house using a Rigaku Cu Ka

rotating-anode X-ray generator (MM007) operating

at 40 kV and 20 mA (k 5 1.5418 Å) with a Rigaku R-

AXIS IV11 image plate detector at 100 K maintain-

ing by an Oxford Cryosystem. Using the monomeric

structure of SARS-CoV nsp9 (PDB code: 1QZ8)21 as

an initial search model, one copy of nsp9 was located

by the molecular replacement method with Phaser39

and was refined to 2.5 Å resolution. Structure
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superimposition and calculation of r.m.s. deviations

were carried out using PyMOL.31 Coordinate and

structure factor file of IBV-CoV nsp9 were submitted

to the Protein Data Bank (PDB code: 5C94).

Size-exclusion chromatography
Size-exclusion chromatography (SEC) analysis for

investigating the oligomeric nature of IBV nsp9 and

nsp9 mutants was performed using a Superdex 200

10/300 GL column (GE Healthcare). The column was

pre-equilibrated with 13 PBS buffer (140 mM NaCl,

2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4,

pH 7.3) and protein samples analyzed at a flow rate

of 0.5 mL/min at room temperature. The protein sam-

ples were prepared at a concentration of �1 mg/mL.

Dynamic light scattering
Measurements were taken using a Zetasizer lV (Mal-

vern Instruments, Worcestershire, UK) with a 1 mg/

mL solution of IBV-CoV nsp9 in 13 PBS buffer (500

lL, 258C). The results were analyzed using software

provided by the manufacturer. Experimental errors

were estimated as standard deviations calculated

from ten independent measurements per sample.

Chemical cross-linking assay
Wild-type and mutant nsp9 proteins were purified

using a Superdex 75 10/300 GL column (GE Health-

care). Glutaraldehyde (25%, Sigma) was diluted to a

series of concentrations (0.2%, 0.4%, 0.6%, 0.8%, and

1%) in distilled water. The protein in 13 PBS buffer

was incubated with glutaraldehyde on ice for 30

min. The reaction was then stopped by adding 23

loading buffer and heated at 1008C for 10 min before

SDS-PAGE analysis.The crosslinking SDS-PAGE

analyzed by Gelpro software for calculating the

dimer and monomer proporations.

CD spectroscopy
Before CD measurement, all proteins were purified

using a Superdex 75 10/300 GL column in 13 PBS

running buffer. The CD spectra were recorded on a

Jasco J-715 Spectropolarimeter (JASCO, Maryland,

US) using an average of three scans over the 190–

240 nm wavelength range in a 10-mm path length

quartz cuvette at 258C. Data for raw ellipticity, hobs

(in millidegrees) were converted to mean residue

ellipticity, [h] (in millidegrees) using the formula,

h½ �5 hobs 3MRW3100½ �
c3l½ �

where h is ellipticity in millidegrees, l is the path

length of the cuvette in cm, MRW is the mean resi-

due weight, and c is the concentration in mg/mL.40

Data were analyzed with CONTINLL in CDPro,41

using the reference sets 10(SMP56) including mem-

brane proteins, 4(SP43) including 43 soluble

proteins, and 7(SDP48) including SP43 with five

denatured proteins. Good fits were obtained by aver-

aging results for the fractional content of secondary

structures of nsp9 wild-type calculated from X-ray

structure data by DSSP 2.0.42

Sedimentation velocity analysis

Sedimentation velocity experiments were carried out

using Rayleigh interference optical systems in a

Beckman-Coulter XL-I analytical ultracentrifuge

(Brea, CA). Samples were prepared in 13 PBS buff-

er and loaded into the cells. A Beckman An-50 Ti

rotor was equilibrated under vacuum at 208C for

about 1 h and then accelerated to 55,000 rpm.

Absorbance scans at 280 nm were acquired at 4.5-

min intervals until the main boundary had reached

the bottom of the cell. The SINV data were analyzed

using SEDFIT or SEDPHAT.43 The solvent density

and viscosity were calculated using SEDNTERP.44

ESI mass spectrometry
Aliquots of each sample (20 lL) were analyzed on a

Waters Synapt G1 high-definition mass spectrometer

(Milford, MA). Mass spectra were acquired within a

mass range of 400–4000 m/z, with capillary voltage

3.0 kV in positive-ion mode, sample cone voltage 45

V, extraction cone voltage 4.0 V, desolvation temper-

ature 3008C, source temperature 1008C, and desolva-

tion gas flow 400 L/h. External calibration with a

solution of sodium iodide achieved mass accuracy

within 10 ppm.

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed to detect nucleic acid affini-

ty of wild-type and mutant nsp9s by mixing proteins

with RNA. In the standard assay, a concentration

gradient of nsp9 wild-type samples (0.01, 0.1, 0.2,

0.5, 1.0, and 2.0 nmol) was mixed with 0.01 nmol 6-

carboxyfluorescein-labeled RNA (50FAM-CGACU-

CAUGGACCUUGGC*A*G, Takara) on ice for 30 min

before loading onto native-PAGE for electrophoresis.

RNA residues with phosphorothioate linkages (the

last two residues on the 30 terminus, labeled *) were

resistant to nuclease. To detect the weak affinity

between nsp9 and RNA, a modified zone interference

gel electrophoresis was used. Oligonucleotide RNA (50-

CGACUCAUGGACCUUGGC*A*G-30, Takara) and

single-strand DNA (50-CGACTCATGGACCTTGGCAG-

30, TsingKe) were dissolved at a concentration of 3

nmol before loading onto a 1% agarose gel. The gel

was run for 60 min with running buffer (20 mM

MOPS, 2 mM NaOAc, 1 mM EDTA, pH 7.0) at 100

mA, 48C. With the poles of the electrodes inter-

changed, 1.5 nmol nsp9 protein was loaded and run

for another 60 min. The nucleic acids in the gels were

stained with gel view (BioTeke) for 5 min. The pro-

teins in the gels were stained with Coomassie brilliant
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blue R-250 and visualized under UV with Quantum

ST5 (Vilber).

Surface plasmon resonance (SPR)

SPR measurements were performed using a Biacore

3000 (GE Healthcare). The short RNA (50biotin-

CGACUCAUGGACCUUGGCAG-30) was diluted to a

final concentration of 10 nM in running buffer

(20 mM HEPES, 100 mM NaCl, 0.005% Tween-80)

and immobilized on the SA sensor chip (GE Health-

care). The sensor chip contained four flow cells. Two

different surface capacities were prepared on each

flow cell with 300 RU of RNA and 410 RU of RNA

respectively, while the other two flow cells served as

reference. For detecting the interactions between

RNAs and nsp9, running buffer was used as the bas-

al buffer with a constant flow rate of 30 lL/min. The

association time with the RNA sensor was set to

60 s, and the dissociation time to 180 s. Nsp9 pro-

teins were injected from low to high concentrations

to observe interactions with the oligonucleotide. To

examine the role of individual residues in RNA bind-

ing, a series of nsp9 mutants were injected at the

same concentration of 25 lM in the sensor chip.

Between trials, the sensor chips were regenerated

with 0.2% SDS to remove any trace of nsp9 proteins.

Biolayer interferometry (BLI) binding analysis

An Octet RED 96 (ForteBio) instrument was used to

perform BLI measurements. Labeled RNA (50biotin-

CGACUCAUGGACCUUGGC*A*G-30, Takara) was

diluted to 30 nM in running buffer (20 mM HEPES,

100 mM NaCl, 0.005% Tween-80). SA sensors were

immersed in running buffer for 10 min. Labeled

RNA was loaded onto the SA sensors for 120 s to

0.6 nm with vibration at 1000 rpm. The nsp9-RNA

associations were performed using a gradient of

wild-type nsp9 concentrations (6.25 lM, 12.5 lM, 25

lM, 50 lM, and 100 lM) for 300 s and the dissocia-

tions were performed for 360 s. Nsp9 mutants were

diluted to 50 lM and loaded onto the sensors under

the same conditions. Results were analyzed with

Octet Data Analysis Software 7.0.
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