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Molecular Mapping of the RNA Cap 2�-O-Methyltransferase
Activation Interface between Severe Acute Respiratory
Syndrome Coronavirus nsp10 and nsp16*□S
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Several protein-protein interactions within the SARS-CoV
proteome have been identified, one of them being between non-
structural proteins nsp10 and nsp16. In this work, we have
mapped key residues on the nsp10 surface involved in this inter-
action. Alanine-scanning mutagenesis, bioinformatics, and
molecular modeling were used to identify several “hot spots,”
such as Val42, Met44, Ala71, Lys93, Gly94, and Tyr96, forming a
continuous protein-protein surface of about 830 Å2, bearing
very conserved amino acids among coronaviruses. Because
nsp16 carries RNA cap 2�-O-methyltransferase (2�O-MTase)
activity only in the presence of its interacting partner nsp10
(Bouvet, M., Debarnot, C., Imbert, I., Selisko, B., Snijder, E. J.,
Canard, B., and Decroly, E. (2010) PLoS Pathog. 6, e1000863),
functional consequences ofmutations on this surface were eval-
uated biochemically. Most changes that disrupted the nsp10-
nsp16 interaction without structural perturbations were shown
to abrogate stimulation of nsp16 RNA cap 2�O-MTase activity.
More strikingly, the Y96A mutation abrogates stimulation of
nsp16 2�O-MTase activity, whereas Y96F overstimulates it.
Thus, the nsp10-nsp16 interface may represent an attractive

target for antivirals against human and animal pathogenic
coronaviruses.

Coronaviruses (CoVs),7 classified into the family Coronaviri-
dae in the orderNidovirales, possess a viral RNAgenome that is
among the largest known (2). They include important patho-
gens of livestock, wild and companion animals, and humans,
such as the severe acute respiratory syndrome CoV (SARS-
CoV) (3–5). They are mainly etiological agents of respiratory
and enteric diseases, exemplified by theworldwide pandemic of
SARS-CoV spreading in 2003 fromAsia, with a final number of
cases around 8,000 and a 10% mortality.
The genome of SARS-CoV contains a single-stranded plus-

sense RNA of �29.7 kb (2). At the molecular level, CoVs
employ a variety of unusual strategies to accomplish a com-
plex program of gene expression (5). Coronavirus replication
requires the synthesis of both genomic and multiple sub-
genomic RNA species and the assembly of progeny virions by a
pathway that is unique among enveloped RNA viruses (5–7).
Fourteen open reading frames (ORFs) have been identified, of
which 12 are located in the 3�-end of the genome.The other two
ORFs (1a and 1b), which are located in the 5�-proximal two-
thirds of the genome, encode two large polyproteins translated
directly from genomic RNA. ORF 1b is expressed by a �1 ribo-
somal frameshifting at the end of pp1a, extending its coding
sequence and thus generating the pp1ab polyprotein (6). These
two polyproteins are cleaved into 16 functional viral replicase
proteins called nsp1 to -16 (for non-structural proteins 1–16).
Those nsps form the membrane-bound replication-transcrip-
tion complex, which is localized to a network of endoplasmic
reticulum-derived membranes in the infected cell (8, 9). Bioin-
formatics, structural biology, (reverse) genetics, and biochem-
ical studies have contributed to the characterization of CoV
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nsps (10).Many enzymatic activities have been documented for
products of ORF 1a and ORF 1b. Among these are the proteo-
lytic activities endowed by nsp3 and nsp5, required to mature
pp1a and pp1ab polyproteins into individual non-structural
proteins (11, 12); the RNA-dependent RNA polymerase by
nsp12, and a putative RNA primase, nsp8, involved in replica-
tion and transcription (13–15); several RNA modification
enzymes, such as nsp14, an exoribonuclease, nsp15, an endori-
bonuclease, and nsp13, a helicase/RNA triphosphatase (16, 17);
and two S-adenosyl-L-methionine (AdoMet)-dependent meth-
yltransferases carried by nsp14 (N7-MTase) and nsp16 (2�O-
MTase) (18–20). In addition, some of these nsps have thus far
no known function nor enzymatic activity, and/or their func-
tions remainmore elusive (nsp1, nsp2, nsp4, nsp6, nsp9, nsp10,
and nsp11), even if some of them may regulate host cellular
functions (nsp1, nsp4, and nsp6) or enzymatic activities from
the replication-transcription complex (10).
RNAs from mouse hepatitis virus (MHV), a member of the

coronavirus genus, and from toroviruses carry a 5� cap struc-
ture (21–23), and all coronaviruses encode three enzymes
involved in the capping pathway in their genome: nsp13 heli-
case/RNA triphosphatase, nsp14 N7-MTase, and the nsp16
2�O-MTase. Although no CoV guanylyltransferase (16–23)
activity has been identified, CoVs are likely to follow the canon-
ical capping pathway involving (i) an RNA triphosphatase that
removes the 5� �-phosphate group of the mRNA; (ii) a guany-
lyltransferase that catalyzes the transfer of GMP to the remain-
ing 5�-diphosphate terminus; and (iii) an N7-MTase that
methylates the cap guanine at the N7-position, producing the
7MeGpppN “cap 0 structure.” Cap 1 structure formation
requires an additional 2�O-MTase, that methylates the ribose
2�O-position of the first nucleotide of the mRNA. The involve-
ment of nsp14 N7-MTase and of nsp16 2�O-MTase in the cap-
ping pathway was recently demonstrated biochemically (1, 18,
20). Moreover, both nsp14 and -16 play crucial roles for effi-
cient RNA synthesis within the SARS-CoV replicon and for
transcription/replication of MHV-CoV (13, 24).
Several genome-wide analyses have been reported in which

viral protein interactions by mammalian or yeast two-hybrid
(Y2H) systems were studied (25–27). The identified protein-
protein interaction networks involve non-structural and struc-
tural proteins aswell as accessory proteins, suggesting a key role
for protein interactions in replication-transcription complex
assembly (25–27). Furthermore, these data emphasized the
complex protein-protein interaction network used by the
SARS-CoV for both replication-transcription complex assem-
bly and expression of multiple activities involved in the tran-
scription/replication of its genome.
Amongprotein-protein interactions recently identifiedwith-

in the SARS proteome, interactions between nsp10 and nsp16
were found bidirectionally in both yeast and mammalian two-
hybrid systems (25, 26). The crystal structure of nsp10 shows
that it belongs to the zinc finger protein family (22, 28, 29).
nsp10 has no known enzymatic activity but may have a role in
the regulation of enzymatic activities at different steps of the
viral transcription/replication or by playing an architectural
role. This hypothesis is supported by the micromolar affinity
binding of bothMHV and SARS-CoV nsp10 to single-stranded

RNA (28, 30). In MHV, nsp10 plays a critical role in RNA syn-
thesis, and a temperature-sensitive nsp10 Q65E mutation
causes a defect in minus-strand RNA synthesis, whereas plus-
strand synthesis is unaffected (31). Furthermore, the role of
nsp10 in MHV replication was confirmed by alanine-scanning
mutagenesis of residues conserved among CoVs (22). Viable
mutants synthesized lower amounts of viral RNA, and lethal
mutants delineated a core structure of nsp10 surrounding the
zinc fingers (22). Also nsp10 acts as an essential co-factor trig-
gering nsp16 2�O-MTase activity, suggesting its involvement in
the regulation of viral RNA capping (1). Altogether, these stud-
ies suggest that the nsp10 and nsp16 protein-protein complex
might define a new target for antiviral molecules against path-
ogenic CoVs, such as the SARS-CoV.
In the absence of a nsp10-nsp16 protein complex crystal

structure, we have merged several approaches to define the
nsp10-nsp16 interaction at the molecular level, coupling re-
verse yeast two-hybrid (RY2H) technology with biolumines-
cence resonance energy transfer (BRET), molecular modeling,
pull-down experiments, and NMR. Using mutagenesis and
functional assays, we havemapped key nsp10 residues involved
in the interaction with nsp16 and in regulating the SARS-CoV
nsp16 RNA cap 2�O-MTase activity. In particular, we have
identified a continuous specific surface of �830 A2 on nsp10
involved in its interaction with nsp16.

EXPERIMENTAL PROCEDURES

Cell Culture and Cell Transfection—HEK 293T cells were
grown in accordance with ATCC recommendations in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 50 units/ml penicillin, and 50 �g/ml
streptomycin. Cells were transfected using Fugene� 6 transfec-
tion reagent (Roche Applied Science) according to the manu-
facturer’s protocol in a 10-cmdishes or 6-well plates. Cells were
plated at 5 � 106 or 300,000 cells/10-cm dish and 6-well plate,
respectively, 8 h prior to transfection. Cells were transfected
with a total amount of 10 and 1.5�g ofDNAper 10-cmdish and
6-well plate, respectively, by adding pUC19 vector. For the
10-cm dish, 4 �g of pNRLuc-nsp16 and 2 �g of pNEYFP-nsp10
were used. Transfections in 6-well plates were made with 300
ng of pNRLuc-nsp16 vectors and various amounts of pNEYFP-
nsp10 vectors (50, 100, 300, 600, and 900 ng). Cells were incu-
bated at 37 °C, 5% CO2 for 48 h, and a BRET assay was then
performed.
Plasmids—All of the cloning experiments were performed

using Gateway� technology (Invitrogen). Name, sequence, and
position of all of the primers used in this study are indicated in
Table 1. For RY2H experiments, the ORFs of nsp16 and nsp10
with a STOP codon were cloned into pDBa and pAD, respec-
tively. For BRET experiments, pNEYFP-GW vector was ob-
tained by ligating Gateway Cassette B into the SmaI site of the
pEYFP-C1 plasmid (Clontech). The pNRLuc-GW vector was
obtained by ligating Gateway Cassette C.1 into the EcoRV site
of the hpRLuc-C2 plasmid (BioSignal Packard). Each plasmid
fuses EYFP or Renilla luciferase (RLuc) proteins to the N ter-
minus of nsp10 or nsp16. Mutated nsp10 ORF isolated from
RY2H were transferred into BRET vectors using the Gateway�
technology (Invitrogen). nsp10mutants were cloned into Esch-
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erichia coli expression plasmids (pDEST14) by PCR using
mutated pNEYFP-nsp10 plasmids as template and reintro-
duced into pDest14 expression vector.
Antibodies—Anti-GFP antibody (mix of clones 7.1 and 13.1)

was purchased fromRoche Applied Science. Anti-Renilla lucif-
erase antibodies (MAB4400 and MAB4410) were purchased
from Chemicon. Secondary antibodies coupled to horseradish
peroxidase were purchased from Dako.
BRETAssay—BRET assays were performed on living cells, as

described by Issad and Jockers (32). In each experiment, trans-
fections of pNRLuc-nsp16 alone or plus pEYFPwere performed
as controls. Coelenterazine H (Tebu-Bio) was added at a 5 �M

final concentration and incubated at room temperature. BRET
measurements were performed at 25 °C by sequentially inte-
grating luminescence signals at 480 and 530 nm for 1 s. The
BRET ratio is defined as follows, (emission at 530 nm � emis-
sion at 485 nm�Cf)/emission at 485 nm,whereCf corresponds
to emission at 530 nm/emission at 485 nm for the Rluc fusion
protein expressed alone in the same experimental conditions.
All experiments were performed more than three times.
Generation of the Full-length Enriched Mutated Allele Li-

brary of nsp10 and nsp16—The full-length enriched mutated
allele libraries of nsp10 and nsp16 were generated using the
SureFrameTM allele library construction kit (Invitrogen). This
technology consists of a modified Gateway� donor vector that
allows cloning and expression of PCR products as N-terminal
fusions to the kanamycin resistance gene. When plating the
library onto Luria broth (LB) containing kanamycin, only
alleles coding for full-length proteins will confer kanamycin
resistance and produce colonies. They will constitute the
enrichedmutated allele library. First,ORFs encoding nsp10 and
nsp16 without STOP codon were created by PCR using the
Platinium Taq HiFi (Invitrogen) and primers Nsp10GWR

NoSTOP � nsp10-GWF and Nsp16GWR NoSTOP � nsp16-
GWF (15 cycles). PCR products were then cloned into
pDONR201 using a BP reaction, sequenced, and subsequently
transferred into pAD (LR reaction). Libraries were created by
amplifying nsp10 NoSTOP and nsp16 NoSTOP by PCR using
the Platinium Taq HiFi (Invitrogen) with primers AD and
TERM (35 cycles). The mutagenic PCR was performed in 25
tubes within a volume of 20 �l to maximize the number of
independent mutations (total volume 500 �l). The PCR prod-
ucts were subsequently cloned into the pDONR-Express using
the BP reaction and then transformed into One Shot� TOP10
Electrocomp bacteria (Invitrogen) and plated onto an LB agar
plate containing spectinomycin (100 �g/ml), kanamycin (40
�g/ml), and isopropyl �-D-1-thiogalactopyranoside (1 mM).
The nsp10 and nsp16 full-length enrichedmutated allele librar-
ies contained 34,000 and 43,000 independent clones, respec-
tively. These libraries were transferred into pAD to perform
RY2H screens (LR reaction).
Reverse Yeast Two-hybrid Screens—RY2H screens were per-

formed as described by Walhout and Vidal (33–35). Libraries
were covered more than 10 times by each screen (400,000 and
460,000 clones were screened for nsp10 and nsp16, respec-
tively). Following transformation and plating, yeasts were incu-
bated at 30 °C for 5 days. Positive clones were then isolated, and
their phenotypeswere assessed onmedium lackingURAorHIS
as well as their �-galactosidase activity, using a semiautomatic
procedure as described previously (33). Mutated alleles from
clones growing on 5-fluorootic acid plates but not on uracil
plates were amplified by PCR and sequenced (36). All yeast
mediawere prepared as described (33–35).Mutated nsp10 alle-
les were then transferred into the pNEYFP-GW vector using
GatewayTM technology for BRET assays.

TABLE 1
Sequences of primers used in this study

Primer name Primer sequence Primer location

bp
AD CGCGTTTGGAATCACTACAGGG
DB GGCTTCAGTGGAGACTGATATGCGTCGCG
TERM GGAGACTTGACCAAACCTCTG
GWF (attB1) GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
GWR (attB2) GGGGACCACTTTGTACAAGAAAGCTGGGTC
nsp10-GWF GWFGCTGGAAATGCTACAGAAGTACCT 1–24
nsp10-GWR GWRTTACTGCATCAAGGGTTCGCGGAGTT 394–417
nsp10GWFkozATG GWFGCCACCATGGCTGGAAATGCTACAGAAGTACCT 1–24
nsp10GWRNoSTOP GWRCCTGCATCAAGGGTTCGCGGAGTT 394–417
nsp16-GWF GWFGCAAGTCAAGCGTGGCAACCA 1–21
nsp16-GWR GWRTTAGTTGTTAACAAGAATATCACTTGAAACC 866–897
nsp16GWFkozATG GWFGCCACCATGGCAAGTCAAGCGTGGCAACCA 1–21
nsp16GWRNoSTOP GWRCGTTGTTAACAAGAATATCACTTGAAACC 866–897
nsp10-V42A CCAATCACCAACTGTGCGAAGATGTTGTGTACAC 109–142
nsp10-M44A CCAACTGTGTGAAGGCGTTGTGTACACACACTGG 116–149
nsp10-L45A CCAACTGTGTGAAGATGGCGTGTACACACACTGG 116–149
nsp10-G69A GGACCAAGAGTCCTTTGCTGGTGCTTCATGTTGTCTG 189–225
nsp10-G70A GTCCTTTGGTGCTGCTTCATGTTGTCTGTATTG 193–230
nsp10-S72A GTCCTTTGGTGGTGCTGCATGTTGTCTGTATTGTAG 198–233
nsp10-R78A ATGTTGTCTGTATTGTGCATGCCACATTGACCATCC 216–251
nsp10-K93A GGATTCTGTGACTTGGCAGGTAAGTACGTCCAAATACC 262–299
nsp10-G94A GATTCTGTGACTTGAAAGCTAAGTACGTCCAAATACC 263–299
nsp10-K95A CTGTGACTTGAAAGGTGCGTACGTCCAAATACCTAC 267–302
nsp10-Y96A CTGTGACTTGAAAGGTAAGGCCGTCCAAATACCTACCACTTGTGCTAATGACCC 267–329
nsp10-Y96F CTGTGACTTGAAAGGTAAGTTCGTCCAAATACCTACCACTTGTGCTAATGACCC 267–329
nsp10-Y96V CTGTGACTTGAAAGGTAAGGTCGTCCAAATACCTACCACTTGTGCTAATGACCC 267–329
nsp10-Y96I CTGTGACTTGAAAGGTAAGATCGTCCAAATACCTACCACTTGTGCTAATGACCC 267–329
nsp10-Q65E GCTAACATGGACGAAGAGTCCTTTGGTGGTGC 176–212
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Reagents—AdoMet was purchased from New England Bio-
Labs, and the [3H]AdoMet was purchased from PerkinElmer
Life Sciences.
Cloning of the SARS-CoV nsp10 and nsp16 Genes—The

SARS-CoV nsp10 and nsp16-coding sequences were amplified
by RT-PCR from the genome of SARS-CoV Frankfurt-1 (acces-
sion number AY291315) as described previously (37). The
nsp10 and nsp16 genes (encoding residues 4231–4369 and
6776–7073 of replicase pp1ab) were cloned using Gateway�
technology into expression vector pDest14 (pDest14/6His-
nsp10 and pDest14/6His-nsp16) to produce recombinant pro-
teins carrying an N-terminal His6 tag.
Expression and Purification of SARS-CoV nsp10 and nsp16

Proteins—E. coli C41 (DE3) cells (Avidis SA, France), contain-
ing the pLysS plasmid (Novagen), were transformed with the
various expression vectors and grown in 2YTmedium contain-
ing ampicillin and chloramphenicol. Protein expression was
induced by the addition of isopropyl 1-thio-�-D-galactopyrano-
side to a final concentration of 500 �M (nsp10) or 50 �M

(nsp16), when the A600 value of the culture reached 0.5. nsp16
expression was performed during 16 h at 17 °C, whereas nsp10
expression was incubated at 37 °C during 4 h. Bacterial cell pel-
lets were frozen and resuspended in lysis buffer (50mMHEPES,
pH 7.5, 300 mM NaCl, 5 mM MgSO4, 5 mM �-mercaptoethanol
(only for nsp10) supplemented with 1 mM PMSF, 20 mM

imidazole, 10 �g/ml DNase I, and 0.5% Triton X-100. After
sonication and clarification, proteins were purified by IMAC
(HisPurTM cobalt resin; Thermo Scientific) and eluted with
lysis buffer supplemented with 250 mM imidazole. The nsp10
protein was next loaded on a HiLoad 16/60 Superdex 200 gel
filtration column (GE Healthcare) and eluted with 10 mM

HEPES, pH 7.5, 150 mM NaCl. The protein fractions were con-
centrated to around 2 mg/ml and stored at �20 °C in the pres-
ence of 50% glycerol. ForNMR experiments, 15N-labeled nsp10
proteins were grown and induced on M9 minimum medium
supplemented with 15NH4Cl and further purified as described
above. For pull-down assays, SARS-CoV nsp10-nsp16 complex
was produced in E. coli in a dual promotor expression plasmid
kindly provided by Bruno Coutard (Architecture et Fonction
des Macromolécules Biologiques, France). In this backbone,
SARS CoV nsp10 can be expressed under a tet promoter and
encodes a protein in fusion with an N-terminal Strep tag,
whereas nsp16 is expressed under a T7 promoter and encodes a
protein in fusion with an N-terminal His6 tag. The single point
mutants in the nsp10 gene were generated by PCR using the
QuikChange site-directed mutagenesis kit (Stratagene),
according to the manufacturer’s instructions. E. coli C3016
cells (Biolabs) were transformed with the various expression
vectors and grown in 2YT medium containing ampicillin and
chloramphenicol. Protein expression was induced by adding 50
�M isopropyl 1-thio-�-D-galactopyranoside and 200 �g/liter
anhydrotetracycline; then cells were incubated for 16 h at 24 °C.
Bacterial cell pellets were frozen and resuspended in lysis buffer
(50 mM HEPES, pH 7.5, 500 mM NaCl, 5 mM MgSO4), supple-
mented with 1 mM PMSF, 10 �g/ml DNase I, and 0.5% Triton
X-100. After sonication and clarification, proteins were puri-
fied by chromatography with Strep-Tactin-Sepharose (IBA
GmbH, Göttingen, Germany). After three washes in high salt

buffer (1 M NaCl) and three washes in low salt buffer (500 mM

NaCl), bound proteins were elutedwith 2.5mMD-desthiobiotin
in binding buffer. After analyzing the purified protein complex
by SDS-PAGE, the intensities of Coomassie-stained bandswere
quantified using ImageJ (National Institutes of Health)
software.
NMR Experiments—1H-15N heteronuclear HSQC NMR

experiments were carried out on a 600-MHz Bruker spectrom-
eter (with cryoprobe) at 288 K. The samples were prepared in a
volume of 550�l, at 20�M concentration, in 50mMHEPES, pH
7.5, 300mMNaCl, 5mMMgSO4, and 5mM �-mercaptoethanol,
supplemented by 50 �l of D2O. The NMR parameters used to
run the experiments were 256 scans, TD1 2048, and TD2 128.
RNA Synthesis and Purification—Short capped RNAs

(7MeGpppAC4) were synthesized in vitro using bacteriophage
T7 DNA primase and were purified by HPLC as described pre-
viously (38).
Radioactive Methyltransferase and Filter Binding Assay—

MTase activity assays were performed in 40 mM Tris-HCl, pH
8.0, 5 mM DTT, 1 mM MgCl2, 1 �M 7MeGpppAC4, 10 �M

AdoMet, and 0.03 �Ci/�l [3H]AdoMet (GE Healthcare). In the
standard assay, nsp10 and nsp16were added at final concentra-
tions of 1.2 �M and 200 nM, respectively. Reaction mixtures
were incubated at 30 °C and stopped after the indicated times
by a 10-fold dilution of the reaction mixture in 100 �M ice-cold
S-adenosyl-L-homocysteine. Samples were kept on ice and then
transferred to glass fiber filtermats (DEAE filtermat;Wallac) by
a filtermat harvester (Packard Instruments). Filtermats were
washed twice with 0.01 M ammonium formate, pH 8.0, twice
with water, and once with ethanol, dried, and transferred into
sample bags. Betaplate Scint (Wallac) scintillation fluid was
added, and the methylation of RNA substrates was measured
in counts/min by using a Wallac 1450 MicroBeta TriLux
liquid scintillation counter.

RESULTS

Delineation of the nsp10 Surface Involved in Its Interaction
with nsp16—We used RY2H with nsp10 and nsp16 to isolate
interaction-defective alleles (IDAs) and thereby delineate their
surface of interaction (25, 26). IDAs are alleles that contain
mutations affecting their ability to interact with their wild type
binding partners, leading to the identification of specific amino
acid residues involved in the interaction between nsp10 and
nsp16 (39). nsp16was used as a bait to screen a library of poten-
tial nsp10 IDAs generated by PCR-mutagenesis and selected to
express full-length proteins (see “Experimental Procedures”).
From this screen, 133 independent full-length nsp10 IDAswere
determined (Fig. 1A) (see below). As expected, all clones with a
mutated allele were resistant to 5FAO and were therefore
unable to grow onmedium lacking uracil (Fig. 1A). The 5FOAR

phenotypes could be due to loss of nsp10-nsp16 interaction or
to reduced expression of nsp10 through instability or misfold-
ing. Thus, we excluded residue changes that were involved in
chelating zinc (Cys74, Cys77, His83, and Cys90 and Cys117,
Cys120, Cys128, and Cys30 in the first and second zinc fingers,
respectively; Fig. 1, B and C) and changes at internal residues
(D106G, W123R) (Fig. 1, C and D). The remaining residue
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changes defined three clusters forming a small region on one
side of nsp10 (Fig. 1, C and D).
At this stage, it is interesting to note that absolutely con-

served residues among CoVs tend to be on the same side of
nsp10 as the potential interacting surface found by RY2H (Fig.
2, A and B). The three clusters of residues identified by RY2H
are present within or close to these very well conserved boxes,
suggesting their involvement in crucial function(s) among
CoVs (Figs. 1D and 2A). Furthermore, when mapped on the
nsp10 crystal structure, these clusters occupy mainly the con-
served side and form a continuous surface consisting of an area
of 830 Å2, extremely well conserved among CoVs (Figs. 1D and
2, A and B).
Thus, using the RY2H system, we have identified specific

residues conserved among CoVs onto a specific and limited
surface area of nsp10. These residues delineate an �830-Å2

surface involved in the interaction with nsp16.
Impact of nsp10 IDAs on the Interaction with nsp16 inMam-

malian Cells—Interaction of nsp10 with nsp16 has already
been detected in mammalian cells using the two-hybrid sys-
tem and confirmed using pull-down assays (26). However,

mammalian two-hybrid systems detect interaction within
the cell nucleus, whereas these viral proteins are localized in
the cytoplasm during infection. Therefore, we made use of a
BRET assay to detect interaction of nsp10 with nsp16 in their
native mammalian intracellular environment. ORFs encod-
ing nsp10 proteins were fused to the C terminus of EYFP or
RLuc, and BRET was measured in HEK 293T cells following
transfection of the corresponding plasmids. Under these
experimental conditions, we were able to detect a BRET sig-
nal only when nsp10 was fused to EYFP and nsp16 was fused
to RLuc (data not shown). The specificity of this interaction
was assessed by BRET donor saturation assays (supple-
mental Fig. 1). A specific BRET signal, characterized by a
hyperbolic curve, was detected only when nsp16 was fused to
RLuc, with a BRETmax of 130 milli-arbitrary units (supple-
mental Fig. 1). No BRET signal was obtained with EYFP
alone, even at the highest concentrations.
Then we investigated the ability of nsp10 IDAs to interact

with nsp16 using this assay (Fig. 3A, left). As anticipated, IDAs
were expressed at different levels, and thus the amount of plas-
mid encoding each IDA was adjusted to normalize protein

FIGURE 1. Identification of nsp10 IDAs unable to interact with nsp16 in RY2H. A, phenotypic assays were performed with clones isolated from the RY2H
screen in a 96-well plate format using a semiautomated protocol (-Leu-Trp-His � 25 mM 3-AT, SC-Leu-Trp � 0.2% 5-FOA and SC-Leu-Trp-Ura and �-galacto-
sidase activity) (45). Seven controls of known phenotypes were included (red box). B, mutations within positive clones from RY2H screen were identified by
sequencing and reported on the nsp10 sequence. The stars indicate the number of times the mutated alleles were isolated. Stars in blue represent residues that
are within the delineated potential surface of interaction. Mutants in blue are Ura�, �-Gal�, His�, and 5-fluorootic acid-resistant, and mutants in green are Ura�,
�-Gal�/�, His�/�, and 5FOAR. Cysteine and histidine residues involved in chelating the zinc are in red. The underlined sequences represent groups of mutated
amino acids exposed on the protein surface. C, ribbon representation of the monomeric nsp10 backbone structure (Protein Data Bank code 2FYG). Residues
involved in zinc chelation are circled in red. Residues Asp106 and Trp123 are not exposed on the protein surface, as shown in a red stick representation on the
nsp10 backbone. D, all mutations corresponding to IDAs identified by the RY2H screen are highlighted in yellow on the surface of nsp10 (Protein Data Bank code
2FYG). The zinc finger residues are shown in dark red, and the potential surface of interaction between nsp10 and nsp16 is delineated in black.
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expression levels (data not shown; see “Experimental Proce-
dures”). Most of the nsp10 IDAs identified by RY2H failed to
interact with nsp16, except R78G and C120R, which still
retained limited binding (BRET values of 35 and 50% of wild
type nsp10, respectively) (Fig. 3,A and B). These data show that
the nsp10 surface residue IDAs we identified fail to interact
with nsp16 in mammalian cells when expressed at levels equiv-
alent to wild type nsp10.
Effect of nsp10 Alanine Mutations on the Interaction with

nsp16 in Mammalian Cells—To further define the surface of
interaction, we mutated to alanine amino acids identified by
RY2H as well as other amino acids covering the anticipated

surface of interaction (Fig. 2B) and tested them using the BRET
assay. Because an alanine residue substitution eliminates the
side chain beyond the �-carbon without altering the main-
chain conformation or imposing a straining electrostatic or
steric effect and because all of these residues are surface resi-
dues, the mutated protein structures should not be drastically
different from wild type nsp10 (40) (Fig. 3A, right). In addition,
wemade aG70A change in a surface residuewithin the putative
nsp16 interaction region. Gly70 is of interest because it forms a
hydrogen bound with a structural water molecule, suggesting
also a potential role for this residue in the architecture of the
complex (Protein Data Bank code 2FYG) (Fig. 3A, right). We

FIGURE 2. nsp10 protein conservation among coronavirus groups 1, 2, and 3. A, sequence alignment of nsp10 proteins derived from genome sequences
of the following: SARS-CoV, SARS coronavirus (group 2b, NC_004718), HCoV-OC43, human coronavirus OC43 (group 2a, NC_005147), HCoV-NL63, human
coronavirus NL63 (group 1, NC_005831), HCoV-HKU1, human coronavirus HKU1 (group 2a, NC_006577), HCoV-229E, human coronavirus 229E (group 1,
NC_002645), IBV, infectious bronchitis virus (group 3a, NC_001451), MHV, mouse hepatitis virus (group 2a, NC_006852), TGEV, transmissible gastroenteritis
virus (group 1, NC_002306), BCoV, bovine coronavirus (group 2a, NC_003045), ECoV, equine coronavirus (group 2a, NC_010327), and bat coronavirus, bat-
CoV-HKU5–1 (group 2c, NC_009020). The black triangle points to residue 96, colored in blue. The sequences were aligned using the ESPript program (46). Stars
indicate residues involved in coordinating zinc atoms. Underlined sequences in blue correspond to clusters of mutations obtained by RY2H. B, nsp10 from
SARS-CoV (Protein Data Bank code 2FYG) is depicted in a surface representation. From the alignment above, absolutely conserved residues are shown in red,
whereas conserved residues and non-conserved residues are shown in pink and white, respectively. The different amino acids identified as being part of
nsp10-nsp16 interaction are named, and the potential surface of interaction is delineated in black.
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also included a previously identified Q65E change, which
affects MHV RNA synthesis (Fig. 3A, right) (31). Most of the
alanine substitutions and the Q65E change caused a loss of
nsp16 interaction as defined by our BRET assay. S72A, G94A,
and K95A changes resulted in only modest losses of nsp16
interaction (BRET signal ranging from 60 to 80%; Fig. 3A).
Thus, these data support the direct involvement of Val42,
Met44, Ala61, Gly70, Cys73, Arg78, Lys93, Gly94, and Tyr96 in
forming a binding surface of interaction with nsp16 (Fig. 3A,
right). Because mutations may impact nsp10 structure, we per-
formed 1H-15N HSQC NMR studies with two mutant proteins
that no longer interact with nsp16: V42A, identified in RY2H,
and M44A, an “alanine mutant.” By this analysis, these two
mutant proteins have no significant structural changes, sub-
stantiating our conclusion of the direct involvement of these
two residues in the binding of nsp16. (supplemental Fig. 2, A
and B).
The Hydroxyl Group of Tyr96 Is a Critical Binding Determi-

nant—Analysis of amino acid composition of protein-protein
interfaces shows that some residues, such as tyrosine, argi-
nine, and tryptophan, are found more frequently than others
(41). Among the residues found to be involved in the nsp10-
nsp16 interaction, amino acids Arg78 and Tyr96 are located

on the edge of the interacting surface (Fig. 2, A and B). Arg78
is conserved among all CoV nsp10 proteins. However, Tyr96
is unique to SARS-CoV, whereas Phe96 is found in most
other CoV sequences. Of note, residue 96 is a cysteine in
HCoV-NL63 nsp10 and a tryptophan in HCoV-229E nsp10
(Cys96 and Trp96, respectively) (Fig. 2A). The apparent plas-
ticity of Tyr96, compared with Arg78, led us to further char-
acterize the requirements for Tyr96 in the interaction with
nsp16 at a molecular level. This residue stands on the edge
of the very well conserved nsp10 surface area described
above and could thus be specific to the different nsp10
partners.
To assess the role of the Tyr96 hydroxyl group, we first

mutated the tyrosine into phenylalanine because most of the
nsp10 proteins harbor this residue (Fig. 2A). Surprisingly, this
mutant enhances the BRET signal (BRET signal 120% of the
wild type), suggesting an increase in the binding affinity
between these two proteins (Fig. 4A, left). Thus, the hydroxyl
group has a negative effect on the interaction with nsp16.
To assess the role of the aromatic moiety and a potential

effect of a hydrophobic side chain, Tyr96 was thenmutated into
alanine, valine, and isoleucine. The Y96A and Y96V mutants
were able to interact weakly with nsp16 as judged by BRET

FIGURE 3. Characterization of the nsp10 IDAs unable to interact with nsp16 by BRET in mammalian cells. A, left, BRET assays were performed with IDAs
identified by RY2H and with alanine mutants. The Q65E mutant was used because it inhibits MHV replication. The experiments were performed three times,
and the effect of each mutation was compared with the interaction of wild type nsp10 (100% interaction). Right, the different mutations from the left panel are
depicted in gold on the nsp10 surface. B, Western blot analysis indicates protein expression levels. Levels of RLuc-nsp16 and EYFP-nsp10 were determined with
anti-luciferase and anti-GFP antibodies, respectively.
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values close to 30 and 20%, respectively (Fig. 4A, left). In con-
trast, Y96I completely failed to interact with nsp16. Thus, Tyr96
mutations into non-aromatic hydrophobic residues decreased
the interaction. This inhibition seems proportional to the
length of the side chain, reflecting a possible steric hindrance
(Fig. 4A, left). These results point out the importance of the
aromatic property of the phenyl group of Tyr96 at the surface of
nsp10 for interaction with nsp16, which is confirmed by the
conservation of this aromatic residue at position 96 in most
coronaviruses. In these experiments, all mutants were ex-
pressed at a similar level inHEK293T cells as detected byWest-
ern blot (Fig. 4A, right). This result also demonstrates that the
Y96F mutation does not have a structural impact on the nsp10
conformation because nsp10 Y96F is interacting more tightly
with nsp16 than wild type. The integrity of two nsp10 repre-
sentative mutated proteins, Y96F and Y96A, was indeed con-
firmed using heteronuclear 1H-15NHSQCNMR studies, which
ruled out any effect of thesemutations on the structure of nsp10
(Fig. 4B and supplemental Fig. 2).
The 2�O-MTase Activity of nsp16 Correlates with Its Interac-

tion with nsp10 Mutants—SARS-CoV nsp10 was recently
found to be a nsp16 helper protein; nsp10 turns on the other-

wise inactive 2�O-MTase activity of nsp16 (1). We therefore
analyzed the functional consequences of nsp10 mutations on
nsp16 2�O-MTase activity. The nsp16 2�O-MTase activity was
first determined by incubating 200 nM purified nsp16 with an
increasing concentration of wild type nsp10 (1 nM to 3.2�M), in
the presence of a short capped RNA substrate (7MeGpppAC4;
Fig. 5A, square). Fifty percent of themaximal 2�O-MTase activ-
ity was obtained when 200 nM purified nsp16 was incubated
with 1200 nM nsp10 (Fig. 5A). These conditions were chosen to
assess the stimulating or inactivating effect of nsp10 mutant
proteins on nsp16 2�O-MTase activity. Under these conditions,
any slight alteration of nsp10 binding strength to nsp16 should
result in a significant increase or decrease of nsp16 2�O-MTase
activity (Fig. 5A). For this purpose, 14 His6 tag nsp10 mutants
were produced in E. coli and purified. The bottom panel of Fig.
5B shows that the mutant proteins migrated in SDS-PAGE at a
molecular mass similar to that of wild type nsp10 protein (15
kDa) upon SDS-PAGE with a minor contaminant detected
around 50 kDa. Fig. 5B shows that one mutant protein over-
stimulates nsp16 2�O-MTase activity (Y96F), whereas almost
all of the others were not active in potentiating the nsp16 2�O-
MTase activity. Overall, there was excellent correlation

FIGURE 4. Characterization of the nsp10 Tyr96 mutations by BRET. A, BRET assays were performed with Tyr96 mutants (left). The experiments were per-
formed three times, and the effect of each mutation was compared with the interaction of wild type nsp10 (100% interaction). Western blot analysis indicates
homogeneous levels of protein expression. Levels of RLuc-nsp16 and EYFP-nsp10 were determined with anti-luciferase and anti-GFP antibodies, respectively
(right). B, 1H-15N heteronuclear HSQC NMR experiments were carried out on a 600-MHz Bruker spectrometer (with cryoprobe) and compared with the wild type
spectrum. Spectra of 15N-labeled nsp10 wild type protein and main mutants (Y96F and Y96A) are shown in black and red, respectively. Overall spectra are
superimposable, demonstrating that the global architecture of the protein is conserved.
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between the BRET analysis and the
ability of nsp10 mutant proteins to
stimulate nsp16 enzyme activity;
all nsp10 mutant proteins with
reduced nsp16 affinity as judged by
BRET assay (BRET value ranging
from 10 to 50%) also lose their stim-
ulating effect on nsp16 2�O-MTase
activity (V42A, M44A, G70A,
R78A/G, K93A/E, G94D, and Y96I/
V/A) (Figs. 3A and 4A). Further-
more, two mutant proteins, G94A
and K95A, that bind nsp16 with a
slightly reduced affinity in our
BRET assay (60 and 80%, respec-
tively) are still able to stimulate
nsp16 2�O-MTase activity (com-
pare Figs. 3A and 5B). These data
confirm that the binding of nsp10
to nsp16 is absolutely required to
stimulate the nsp16-mediated
2�O-MTase.
We note that the S72A mutant

protein binds nsp16 (BRET value of
60%) but weakly activates nsp16
2�O-MTase activity (compare Figs.
3A and 5B). This result may either
reflect an impact of thismutation on
the protein folding in mammalian
cells or indicate a crucial role of this
residue in the nsp16 stimulation
process. To further clarify this, we
performed pull-down assays to
assess the binding efficiency of each
nsp10 mutant expressed in E. coli
(Fig. 5C). In these conditions, no
binding of S72A mutant protein to
nsp16 was detected, consistent with
its absence of nsp16 2�O-MTase-
stimulating activity (Fig. 5B). In
contrast, the G70A and K93A
mutant proteins bind nsp16 as effi-
ciently as they do when assayed by
BRET (50% here versus 40% when
detected by BRET), although their
nsp16 2�O-MTase activity is re-
duced to a greater extent (Fig. 5B).
This apparent discrepancy could
reflect the requirement of an affinity
threshold to induce an active com-
plex with a full enzymatic activity.
To confirm the extent of the

interaction surface delineated by
RY2H (Fig. 1D), we generated new
single alanine mutants in the nsp10
gene by targeting residues outside
the identified surface of interaction
(supplemental Fig. 3, A and B).
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These new mutant proteins were tested by pull-down experi-
ments for their binding to nsp16. As expected, all of them bind
nsp16 with a relative binding activity above 65% (supple-
mental Fig. 3A). It must be noted that none of these residues
were identified by RY2H (Fig. 1B), confirming the surface of an
area of �830 Å2 (described in Figs. 1D and 2, A and B).

Interestingly, we observed a strong stimulating effect of the
Y96F mutation on nsp16 2�O-MTase activity. This mutation
was also shown to enhance the interaction with nsp16 as
described in the BRET assay (120% of wild type) and validated
by the pull-down experiment (Fig. 5C). To further compare
wild type nsp10 and the Y96F mutant, we incubated increasing
concentrations of nsp10 with nsp16 and measured 2�O-MTase
activity. Fig. 5A indicates that wild type and Y96F nsp10 stim-
ulate the nsp16 2�O-MTase activity in a dose-dependent man-
ner.A shift of 50%activity toward a 10-fold lower concentration
was observed for the mutant (�100 nM) relative to wild type
protein (�1 �M), although both plateau at similar 2�O-MTase
activity values. Altogether, these results demonstrate that the
stimulation of nsp16 2�O-MTase activity by nsp10mutant pro-
teins tends to correlate with their affinity as determined by
BRET and pull-down assay. Moreover, our results indicate that
the interaction between nsp10 and nsp16 is essential to trigger
nsp16 2�O-MTase activity.

DISCUSSION

The SARS-CoVnsp16 proteinwas recently shown to be inac-
tive when expressed alone, but its 2�O-MTase activity, playing a
role in RNA viral synthesis, is turned on by the addition of its
nsp10 partner (1). In this paper, we have identified residues on
the nsp10 surface involved in its interaction with nsp16. The
role of these surface residueswas further studied inmammalian
cells by alanine-scanning mutagenesis coupled to BRET meth-
odology and pull-down assay. Key amino acids, or hot spots,
regulating the formation of the nsp10-nsp16 complex were
confirmed. The effect of nsp10 mutant proteins was further
analyzed in terms of nsp16 2�O-MTase activation. Interest-
ingly, all nsp10 mutant proteins that fail to activate nsp16-me-
diated 2�O-MTase activity have a nsp16-binding activity below
50%. Our results reveal a strong correlation between nsp10
binding to nsp16 and activation of nsp16 cap MTase activity.
Because our initial screen by RY2H could not discriminate

IDAs that were misfolded or underexpressed, we also mutated
surface residues outside the identified interaction surface of
nsp10 (supplemental Fig. 3,A andB) and tested their binding to
nsp10 by pull-down assay. As expected, all of these mutants
were still able to interactwith nsp16 (supplemental Fig. 3,A and
B). This result confirms the extent of the interaction surface
identified by RY2H (Fig. 1B).

We have also performed an RY2H experiment with nsp10 as
a bait to isolate nsp16 IDAs and identified 53 bona fide IDAs
(supplemental Fig. 4A). Because the nsp16 tridimensional
structure has not yet been solved, we could not propose a
potential surface of interaction. Nevertheless, whenmapped on
the nsp16 primary sequence, these IDAs cover most of the pro-
tein sequence but fall into one main cluster (supple-
mental Fig. 4A). This distribution is comparable with the pre-
vious results obtained with nsp10 IDAs, and this cluster might
delineate a surface on nsp16 (supplemental Fig. 4A). Further-
more, as observed with nsp10, this single cluster encompasses
stretches of highly conserved residues among different corona-
viruses (supplemental Fig. 4B). In the absence of tridimensional
data on nsp16, no potential surface of interaction could be
identified.
On nsp10, we found that residues involved in the activation

of the complex activity cluster preferentially on one side, form-
ing a �830 Å2 surface area, which is well conserved among all
CoV groups (Fig. 2, A and B). Because a 2�O-MTase activity is
present in feline coronavirus nsp16 alone, albeit at lower level
than that of the SARS-CoV nsp10-nsp16 complex, it would be
of interest to test if both the interaction and stimulation are also
conserved (18). Furthermore, assessing the effect of nsp10 on
the stimulation of nsp16 2�O-MTase activity in other CoVs
might open a path to the development of small molecule pro-
tein-protein interaction inhibitors that could specifically
inhibit the 2�O-MTase activity of nsp16 and limit the replica-
tion capacity of CoVs, including SARS-CoV.
Most of the residues identified here are localized within a

central core of nsp10 defined by Donaldson et al. (22) onMHV
nsp10. This central core is resistant to mutations because any
modificationwithin this region induces a lethal phenotype (22).
It is therefore tempting to hypothesize that the phenotype
observed by Donaldson et al. (22) reflects the importance of the
nsp10-nsp16 interaction during CoV replication. Moreover,
most of the residues involved in the interaction between nsp10
and nsp16 are also involved in its stimulating effect on the
nsp16 2�O-MTase activity. This result strongly suggests that a
non-transient physical association between nsp10 and nsp16 is
essential to express full nsp16 2�O-MTase activity (Figs. 3A, 4B,
and 5B) and to regulate an efficient virus replication. This
hypothesis is strengthened by the G70A and K93Amutant pro-
teins that retain 50% of binding to nsp16 in pull-down assay but
are unable to efficiently stimulate nsp16 2�O-MTase activity.
Wenote a residual 2�O-MTase activity ofG70Amutant protein
compared with K93A. Because our pull-down assay was per-
formed in the absence of RNA substrate, we wondered if this
difference could reflect a potential role of the RNA substrate in

FIGURE 5. Effect of nsp10 mutations on the nsp16 2�O-MTase activity. A, the effect of increasing nsp10 concentration (f, wild type; Œ, Y96F) was determined
on nsp16 (200 nM) 2�O-MTase activities measured as in B. B, the upper panel shows the 2�O-MTase activity of each mutant protein. A 1200 nM concentration of
each nsp10 mutant protein was incubated with N7MeGpppAC4 and in the presence of [3H]AdoMet methyl donor for 30 min, as described under “Experimental
Procedures.” The 2�O-MTase activity obtained in the presence of wild type nsp10 control protein was arbitrarily set to 100%. The bar graph presents the results
of three independent experiments. Corresponding purified His6-tagged nsp10 mutant proteins analyzed by SDS-PAGE and visualized by Coomassie Blue
staining are shown in the bottom of the panel. C, pull-down assay was performed with nsp10 protein co-expressed with nsp16 in E. coli. Following cell lysis,
nsp10 was purified with a Strep-Tactin-Sepharose column, and the amount of nsp16 interacting with nsp10 was visualized by Coomassie Blue staining.
Intensities of Coomassie-stained bands were quantified using ImageJ (National Institutes of Health) software. The binding activities were then compared with
wild type nsp10 interaction with nsp16, which was arbitrarily set to 100%. Error bars, S.D.
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the interaction. To address this issue, nsp10 and nsp16 were
incubated alone or in combination with mGpppRNA. In these
experimental conditions, we could not detect any mGpppRNA
binding activity when proteins were incubated alone (data not
shown). In contrast, when both proteins are present, the
complex is able to bind mGpppRNA, and cross-linking
experiments identify nsp16 as the unique RNA-binding pro-
tein, suggesting that nsp10 binding induces a conforma-
tional change in nsp16, resulting in mGpppRNA binding
activity (data not shown). These results also indicate that
nsp10 does not bind mGpppRNA by itself, alone or in
complex.
Our study also highlights the aromatic essence of the Tyr96

residue, which plays a crucial role in the nsp16-nsp10 interac-
tion and induction of nsp16 2�O-MTase activity. This residue is
specific to SARS-CoV nsp16 and is a phenylalanine in most
other Coronaviridae homologues except in HCoV-NL3 and
HCov-229E, where a cysteine and a tryptophan are found,
respectively (Fig. 2A). To assess at themolecular level the role of
the hydroxyl and phenyl groups in the interaction between
nsp10 and nsp16, the Tyr96 was mutated successively into phe-
nylalanine, alanine, valine, and isoleucine (Fig. 4A). Interest-
ingly, removing the hydroxyl group resulted in an enhanced
binding to nsp16 correlated with an increased 2�O-MTase
activity (Figs. 4A and 5B). In contrast, the absence of the phenyl
group completely abrogates nsp16 enzymatic activity and par-
tially decreases the binding to nsp16 (Figs. 4B and 5B). Hetero-
nuclear 1H-15N HSQC NMR studies of different key mutant
proteins ruled out any drastic effect of mutations on the tridi-
mensional structure (Fig. 4B and supplemental Fig. 2). These
results demonstrate that the decreased interactions observed in
the RY2H, BRET, and pull-down experiments are not related to
a loss of protein architecture but rather to a loss of specific
protein-protein interactions.
It is puzzling that residue 96 is a tyrosine only in SARS-CoV

and a phenylalanine inmost of other CoVs. Based on the results
presented here, one could hypothesize that the tyrosine residue
is required to dampen the efficiency of the nsp16 2�O-MTase
activity or to fine tune the efficiency of association of nsp10 to
nsp16. Indeed, a phenylalanine induces both a strong increase
of MTase activity and tighter association, which could be det-
rimental for viral replication for unknown reasons.More exper-
iments using nsp10 and nsp16 from different CoVs may cast
light on a possible conserved role of this interaction as well as
on the protein network involved in the replication of the differ-
ent CoVs.
These results allow us to propose that specific “hot spots” of

the surface of nsp10 can be targeted to disrupt the complex and
lead to inhibition of the 2�O-MTase activity of nsp16. Indeed,
capmethylation genes ofmany (�)-RNAviruses, such as alpha-
viruses and flaviviruses, were shown to play a crucial role for
efficient virus replication (20, 24, 42–44). In the case of CoVs, a
functional and genetic analysis performed on MHV tempera-
ture-sensitive mutants mapped to the N7-MTase domain of
CoVnsp14 and in the 2�O-MTase nsp16 indicated that both are
involved in positive strand RNA synthesis by previously formed
replicase-transcriptase complexes (13). The importance of cap
MTase for viral RNA synthesis is also supported by data

obtained by mutagenesis of MTase catalytic residues in SARS-
CoV RNA replicon systems (20, 24). Therefore, cap MTases
constitute a new attractive antiviral target. Accordingly, the
development of small molecules specifically inhibiting protein-
protein interaction and the 2�O-MTase activity of nsp16 could
be envisaged. Furthermore, because this surface of interaction
is conserved among CoVs, molecules or peptides inhibiting
SARS-CoV nsp10-nsp16 interaction might be developed and
extended to the inhibition of the nsp10-nsp16 interaction in
other viruses when this interface of interaction is conserved
(30).
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