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The severe acute respiratory syndrome (SARS) coronavirus virus non-
structural protein 15 is a Mn2C-dependent endoribonuclease with speci-
ficity for cleavage at uridylate residues. To better understand structural and
functional characteristics of Nsp15, 22 mutant versions of Nsp15 were
produced in Escherichia coli as His-tagged proteins and purified by metal-
affinity and ion-exchange chromatography. Nineteen of the mutants were
soluble and were analyzed for enzymatic activity. Six mutants, including
four at the putative active site, were significantly reduced in endoribo-
nuclease activity. Two of the inactive mutants had unusual secondary
structures compared to the wild-type protein, as measured by circular
dichroism spectroscopy. Gel-filtration analysis, velocity sedimentation
ultracentrifugation, and native gradient pore electrophoresis all showed
that the wild-type protein exists in an equilibrium between hexamers and
monomers in solution, with hexamers dominating at micromolar protein
concentration, while native gradient pore electrophoresis also revealed the
presence of trimers. A mutant in the N terminus of Nsp15 was impaired in
hexamer formation and had low endoribonuclease activity, suggesting that
oligomerization is required for endoribonuclease activity. This idea was
supported by titration experiments showing that enzyme activity was
strongly concentration-dependent, indicating that oligomeric Nsp15 is the
active form. Three-dimensional reconstruction of negatively stained single
particles of Nsp15 viewed by transmission electron microscopic analysis
suggested that the six subunits were arranged as a dimer of trimers with a
number of cavities or channels that may constitute RNA binding sites.
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Introduction

Severe acute respiratory syndrome (SARS)
emerged in Guangdong Province, China in 2002
and eventually spread to 30 countries. More than
8400 cases and approximately 920 deaths were
confirmed as SARS-related†. SARS is caused by a
coronavirus (SARS-CoV), which has a positive-
strand RNA genome of approximately 30 kb in
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ength with a 5 0 cap and 3 0 poly(A) tail.1,2 Corona-
viruses have been subdivided into three
phylogenetic groups. Groups 1 and 2 infect
mammals, usually resulting in only a mild respir-
atory distress. Group 3 infects birds and includes
the causative agent of a severe disease that is
economically significant for the poultry industry.3,4

Analysis of the complete genomes of over a dozen
SARS-CoV isolates from around the world indicate
that SARS-CoV is not a mutant or a recombinant of
known coronaviruses, but a novel one that acquired
the ability to infect humans.5 Isolation of a nearly
identical coronavirus from civet cats, raccoon dogs,
and badgers, suggests SARS-CoV jumped species
from its natural animal host to humans.6

http://www.cdc.gov/ncidod/sars/faq.htm
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Coronaviruses produce two large polyproteins
that are proteolytically processed to yield replication-
associated proteins named Nsp1-16, and several
structural proteins that are translated from sub-
genomic RNAs. The sub-genomic RNAs have a
common 5 0 leader sequence that is derived from the
5 0 end of genomic RNA. One current model predicts
that fusion of the leader to the sub-genomic RNA
occurs during minus-strand RNA synthesis, when
the replicase ternary complex translocates at
specific positions in the template RNA and then
resumes RNA synthesis near the 5 0 end.7–9 Alter-
natively, a leader-prime mechanism for plus-strand
synthesis has been proposed.3,10 This model states
that a free 5 0 leader anneals to a complementary
sequence at one of the intergenic sites and primes
transcription of a sub-genomic RNA.

Given the large genomes of coronaviruses and a
need for discontinuous transcription to generate
sub-genomic transcripts, they are expected to
encode novel RNA processing functions. Indeed,
three such proteins have been identified by
sequence homology: Nsp14, a putative exonuclease;
Nsp15, an endoribonuclease; and Nsp16, a putative
RNA methyltransferase.11,12 Recently, we con-
firmed the predicted function for SARS-CoV
Nsp15, and showed that its activity was enhanced
by Mn2C and that cleavage was specific for
uridylate residues.13 Similar results were reported
by Ivanov et al.,14 who also demonstrated that the
Nsp15 ortholog of human coronavirus was essential
for virus replication. RNA endoribonuclease
activity is unusual among plus-strand RNA viruses,
suggesting that it could be a target for antiviral
development. In addition, the high specificity for
unpaired uridylate residues suggests that Nsp15
could be used to study RNA structure and function.

To better understand structure and function
aspects of Nsp15, we undertook a mutational screen
to identify essential residues. Several mutants were
identified with impaired function. These mutants
and wild-type proteins were screened for the ability
to form higher-order structures and a mutant
deficient in hexamer formation as well as a mutant
locked into a hexamer state were identified.
Results

Structure–function analysis of Nsp15

Previously, we showed that Nsp15 expressed in
Escherichia coli was a uridine-specific endonuclease.13

To define the amino acid residues that are required
for activity, we constructed 20 single and two
double mutant versions of Nsp15 (Figure 1). Three
residues (H234, H249 and K289) selected for
mutagenesis were previously noted due to their
conservation among coronaviruses and members of
the Xenopus endonuclease U (XendoU) family of
uridine-specific endoribonucleases.11 The remain-
ing residues targeted for mutagenesis were all
aspartate or glutamate, and are highly conserved
among coronaviruses and, in some cases, conserved
in XendoU.

Wild-type and alanine-substituted versions of
Nsp15 were produced as His-tagged proteins and
purified by metal affinity and ion-exchange chro-
matography. SDS-PAGE showed that most of
mutant proteins were purified to single-band
homogeneity (Figure 2(a)). Some preparations
contained a band migrating at the position of a
dimer even in denaturing SDS-PAGE (most obvious
for D272A), but other contaminants were not
evident. Three mutant constructs, the single substi-
tution D296A and two double substitutions E210A/
D212A and D300A/D301A, produced insoluble
protein and were not characterized further.

Endonuclease activity was assayed using an RNA
substrate corresponding to the SARS-CoV TRS
sequence for the Spike protein sub-genomic RNA.
The advantage of this RNA over those used in our
previous experiments13 is that it contains a single
uridine residue, and so produces a single radio-
labeled product that can be quantified easily. All
mutants were tested at 62.5 nM, under conditions in
which the wild-type enzyme exhausted approxi-
mately 40% of the substrate (Figure 2(a) and
Supplementary Data Figure 1). Most of the mutants
showed a level of activity that was within twofold of
the wild-type enzyme, indicating that their activities
were not affected significantly by the substitution.

To focus attention on residues most likely to be
significant, only mutants with less than 20% of the
wild-type level of activity were selected for further
analysis. These six mutants were tested at a higher
range of concentrations. Four mutants showed no
activity, even when added at concentrations up to
200-fold higher than wild-type (Figure 2(b)). These
substituted residues, H234A, H249A, D272A, and
K289A, are highly conserved among coronavirus
orthologs, as well as in all members of the XendoU
family, suggesting that they are directly involved in
catalysis. It may also be significant that yields of
three of these inactive proteins (H234A, H249A, and
K289A) were approximately 1000-fold higher than
wild-type protein (data not shown), suggesting that
they were less toxic to bacteria. D272A was syn-
thesized at levels equivalent to the histidine and
lysine mutants, but was mostly insoluble. Thus, the
final yield of D272A was low, but the high level
of synthesis suggested that it was also not toxic to
cells due to its complete lack of activity. Bacteria
harboring these four expression plasmids also grew
faster than those with wild-type plasmid or the
other substitutions, suggesting that even a low-level
expression of active protein was detrimental to the
cells. Mutants E3A and E210A showed measurable
activity, but were significantly reduced compared to
wild-type.

In considering possible mechanisms of action for
Nsp15, the collection of mutants could represent
proteins that are impaired for different activities of
the protein. For example, some mutants may fail to
bind Mn2C, some may be impaired in substrate
binding, while others could map to residues that



Figure 1. Alignments of the Nsp15 orthologs from several coronaviruses and X. laevis EndoU. The amino acid
sequence of the SARS Nsp15 was aligned with orthologs of murine hepatitis virus (MHV; AAF19384), bovine
coronavirus (BCoV; AAL57305), human coronavirus (HCoV; YP173236), porcine endemic diarrhea virus (PeDV;
AAK38661), infectious bronchitis virus (IBV; AAT70770), and Xenopus laevis endoU (XendoU; CAD45344) using PSI-
BLAST32 and shaded using the BoxShade server. Gaps in the sequence alignment are denoted by hyphens. Residues that
are identical in at least four of the seven sequences are shown in bold. Conserved amino acid residues are shaded. The
symbols above the sequence denote residues that were mutated to alanine: *, active (within 50% wild-type level); $,
impaired (less than 10% wild-type activity); #, inactive; I, insoluble.

1108 SARS Virus Nsp15 Endoribonuclease
play direct roles in the catalysis of phosphodiester
bond hydrolysis. We also considered the possibility
that mutation of surface charged groups could
affect protein–protein interactions of Nsp15 with
itself, which is the focus of this work.
Nsp15 oligomerization

Gel-filtration chromatography was used to
examine the native molecular mass of Nsp15.
When the wild-type protein was filtered through a



Figure 2. Purification and activity
of mutant versions of Nsp15.
(a) SDS-PAGE analysis of Nsp15
mutant proteins purified from
E. coli. Protein (1 mg per lane) puri-
fied by Mono Q chromatography
was analyzed on SDS/10% poly-
acrylamide gels. The migration of
pre-stained molecular mass mar-
kers (lane 1) is indicated on the
left. The identity of each mutant is
indicated above each lane (lanes 2–
21). A summary of the activity of
each mutant protein is shown
below the lane numbers. Activities
are expressed as a percentage of
wild-type activity. (b) Titrations
of impaired versions of Nsp15.
SpikeTRS (5 mM) was incubated
with different concentrations of
wild-type (WT) Nsp15 or the indi-
cated mutant protein (1200, 600,
300, 150, 75 nM). After 30 min at
30 8C, reactions were stopped by the
addition of formamide dye and
electrophoresed through a 3 M
urea, 28% polyacrylamide gel. The
amount of cleavage product was
quantified by PhosphorImager
analysis.
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Superdex 200 size-exclusion column at an initial
concentration of 5 mM, two distinct UV-absorbing
peaks were observed (Figure 3). Comparison of the
elution volumes relative to marker proteins filtered
through the same column indicated a molecular
mass of 47,900 Da for the smaller peak eluting at
15.08 ml. This peak presumably represents mono-
meric Nsp15, since the expected molecular mass for
the His-tagged protein was 40,790 Da. The calcu-
lated mass for the larger peak, eluting at 11.41 ml,
was 252,000 Da, which is consistent with formation
of hexamers. Quantification of the peak area indi-
cated that 90% of total protein was hexameric.

The elution patterns for mutants E210A, H249A,
and D272A were similar to wild-type with approxi-
mately 90% of the protein migrating as hexamers
(data not shown). As a control, we also analyzed
two of the active mutants, E56 and D212, by gel-
filtration chromatography. Both of these showed
monomer and hexamer peaks in approximately the
same proportions as wild-type protein (data not
shown). The other three mutants showed patterns
that differed from wild-type. In E3A, the relative
abundance of monomers and hexamers was shifted
toward monomers, with approximately 52% of total
protein in the monomeric peak. In addition, there
was a shoulder between monomers and hexamers,
consistent with an intermediate trimeric form. In
K289A, the equilibrium was shifted toward
hexamers, as the monomer peak was only 2% of
total protein. In addition, a small peak, correspond-
ing to 3% of total protein, eluted at 9.81 ml, which is
the expected position of Nsp15 dodecamers. H234
was more similar to wild-type, except that the
proportion of monomers was 34%, significantly
higher than observed with wild-type. In addition, a
small peak at the position of trimers was seen with
H234 (data not shown).

This result was confirmed using sedimentation
velocity analytical centrifugation (Figure 4). We also
took advantage of the multiple tube rotor to analyze
effects of protein concentration simultaneously and
the addition of Mn2C on hexamerization. When
analyzed at 0.1 mM in the absence of Mn2C, wild-
type Nsp15 sedimented as two distinct species of
6.3 S and 1.8 S, which are labeled H and M,
respectively, in Figure 4(a). The molecular mass
was determined by direct fitting with the Lamm
equation, and the derived values were within 8% of
that expected for monomers (40.8 kDa) and 1% of
the predicted hexamer molecular mass (285 kDa).
We previously showed that wild-type Nsp15 under-
went a large conformational change when titrated
with Mn2C, but not Mg2C, by change in intrinsic
fluorescence of Nsp15.13 Therefore, we tested the
addition of 10 mM Mn2C to see if oligomerization
was responsible for this shift. We found that Mn2C

changed the proportion of hexamers from 63% to



Figure 3. Gel-filtration of Nsp15. Elution profiles for
wild-type (WT) Nsp15 and mutant versions E3A and
K289A. Molecular masses were calculated relative to
native molecular mass markers as shown in the inset. The
expected positions for hexamer (H), trimer (T) and
monomer (M) are shown in each panel where relevant.
The elution profiles for four inactive mutants (E210A,
H249A, and D272A) and two mutants with wild-type
activity (E56A and D212A) were similar to WT, and were
omitted from the Figure for simplicity. Mutant H234A
was also similar to WT, although the monomer pro-
portion was higher. The inset shows the standard curve
for the protein markers (triangles) and the predicted
molecular masses for the different forms of Nsp15
(squares).
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66%, indicating that alterations in oligomerization
was probably not responsible for the decreased
intrinsic fluorescence observed previously. Gel-
filtration chromatography performed in the
presence of 5 mM Mn2C also caused only a slight
shift from monomer to hexamer, confirming that
Mn2C has only a minor effect on the oligomeriza-
tion state (data not shown). When Nsp15 was
examined for the ratio of monomers and hexamers
at higher protein concentration (1 mM), however,
the relative amount of hexamer increased to 85%
(Figure 4(b)). These results indicate that protein
concentration strongly affected the equilibrium
between the monomeric and hexameric states of
the protein, while Mn2C primarily affected the local
conformation within monomer units.

The monomer–hexamer distribution of the
K289A and E3A mutants was also analyzed by
analytical ultracentrifugation (Figure 4(c)). The two
mutants and wild-type were centrifuged at 1 mM,
under conditions where wild-type protein was
about 15% monomeric. The two mutants, however,
showed patterns that were significantly different.
K289A was primarily hexameric, with only a small
peak at the position of monomers, indicating that
the equilibrium was shifted toward oligomeriza-
tion. In contrast, E3A was predominantly in the
monomeric state, suggesting that it was defective
for hexamer formation at that concentration. These
results are in good agreement with those from the
gel-filtration analysis (Figure 3)

Gradient pore electrophoresis

Since multiple conditions and single amino acid
substitutions could all affect Nsp15 oligomeriza-
tion, we wanted to compare the state of oligomer-
ization of wild-type and mutant Nsp15 proteins in
one assay. Hence, we used electrophoresis on native
pore gradient gels (Figure 5(a)). This is an equili-
brium system, in which protein migration slows as
they move through increasing acrylamide concen-
tration and, eventually, mobility decreases to a
minimum at a position that is a direct reflection of
its molecular mass. Gels were loaded with 4 mg of
each protein at an initial concentration of 5 mM.
Comparison of wild-type Nsp15 migration with
native molecular mass markers revealed a high
molecular mass complex consistent with that of a
hexamer. Also evident was a broader band
migrating at the expected positions for trimers
and a small monomer band.

Most of the mutant proteins also showed bands at
the hexamer, trimer and monomer positions,
although the relative abundance of the bands
differed somewhat among the mutants. The overall
patterns were similar to the gel-filtration results,
except that, as with wild-type, there was less
hexamer and more trimer. E3A was exclusively in
trimeric and monomeric forms, with no evidence of
hexamers. K289A showed the greatest proportion of
hexamers, and a band consistent with a dodecamer
was present.

As a control to show that the alterations in
hexamer formation were specific for the mutant
forms, we also analyzed six mutants with normal
activity. The patterns seen with these mutant
versions were indistinguishable from wild-type
(Figure 5(b)).

Electron microscopic studies of Nsp15 K289

Due to the large size of the hexamers, it should be
possible to visualize single Nsp15 particles in the
electron microscope. Mutant K289A was chosen for
these studies because it was expressed abundantly
and appeared to have a tighter subunit association.
The electron micrograph in Figure 6(a) shows a
homogeneous and monodisperse population of
K289A single particles that are well separated.
Single-particle analysis revealed a large number of
elongated square-shaped projections and a lesser
amount of circular projections exhibiting a pro-
nounced central pore (Figure 6(b)). Two thousand



Figure 5. Native gel electrophoresis: 4 mg of each
protein was electrophoresed through a 4%–20% poly-
acrylamide gel, and stained with Coomassie brilliant
blue. The predicted migration of hexamers, trimers, and
monomers relative to molecular mass markers is shown
at the right.

Figure 4. Analysis of factors affecting oligomerization of Nsp15. Sedimentation mass C(M) distributions derived from
sedimentation velocity profiles. (a) Sedimentation profiles of wild-type Nsp15 as a function of Mn2C concentration. The
data were plotted to show the masses of the samples. (b) C(S) distributions comparing the distribution of the monomer
and hexamers as a function of the concentration of wild-type Nsp15. The data were plotted to show the sedimentation
coefficients of the samples, with the arrows identifying the profiles from the two concentrations of Nsp15.
(c) A comparison of the analytical sedimentation profiles of wild-type and mutant Nsp15 s. All proteins were analyzed
at 1 mM concentration and the sedimentation mass (C(M)) was derived using SedFit.26 The identities of the proteins used
are indicated at the upper right corner of the panel; monomers (M) and hexamers (H) are identified in each panel.
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particles were selected and grouped into subclasses
as representing various views for 3D reconstruc-
tion. During the fifth iterative refinement, the data
began to converge and after the eighth refinement
cycle, no further improvement was achieved
(Figure 7(c)). Although there was a scarcity of
face-on projections, as shown by the asymmetric
triangle (Figure 6(d)), there was a large number of
different side-on views thus permitting a 3D
reconstruction (Figure 6(e)). The validation of the
reconstruction is, however, critically dependent on
choosing the correct point group symmetry. Analy-
sis of the symmetry of the 2D crystals (Figure 7)
aided this process greatly. The symmetry of the
lattices formed was determined to be consistent
with a p3 plane group. While the projection map
(Figure 7(c)) displays six density maxima per unit
cell, the overall distribution of the protein mass
followed a triangular arrangement. In addition,
there was good agreement between the projection
map and the 3D reconstruction when viewed face-
on (Figure 6(e)). The large number of side-on views
also supported the idea that Nsp15 has a two-
layered structure. Together with the overall dimen-
sions of Nsp15 (9 nm wide and 11 nm tall), this
could explain why the molecules preferentially lie
on their sides on the carbon support film. Since
the face-on projections display 3-fold rotational



Figure 6. Single-particle analysis.
(a) Electron micrograph of nega-
tively stained Nsp15 K289A single
particles. (b) Gallery of representa-
tive raw particles, class averages,
and reprojections (from left to
right). Boxes measure 40!
40 pixels. (c) FSC plots demonstrat-
ing the progressive convergence
during the refinement process. The
bold line shows the resolution
assessment in the final 3D recon-
struction to be between 1.7 nm and
2 nm as per the 0.5 FSC criterion.
(d) An asymmetric triangle depict-
ing anisotropy with regards to the
sampling of the 3D space. (e) 3D
reconstruction of Nsp15K289A
viewed face-on (top) and side-on
(bottom). The surface rendering
threshold was set to correspond to
a molecular mass of 240 kDa. The
arrow points at the central density.
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symmetry, and that the two-layered side-on projec-
tions display 2-fold symmetry, we conclude the
point group symmetry is D3, making Nsp15 a
hexamer consisting of two trimeric rings on top of
each other. These findings are in excellent agree-
ment with the biochemical data showing that one
form of Nsp15 is a hexamer.
Initial rate of catalysis as a function of protein
concentration

To determine whether the enzyme was active as a
hexamer, a titration experiment was performed. For
accurate quantification of activity as a function of
enzyme concentration, a real-time fluorescence
assay was used. As previously described (K.B.
et al., unpublished results), this assay is based upon
the substrate for ribonuclease A and consists of a
tetranucleotide substrate 50-FAM-ArUAA-30-TAMRA,
which has a 6-carboxyfluorescein linked to the 5 0

end and the quencher tetramethylrhodamine at the
3 0 end. Cleavage at the single riboU releases the
fluorophore from the FRET quencher, allowing
detection of fluorescence in real time. Nsp15, at
concentrations ranging from 1 nM to 250 nM, was
added to a quartz cuvette containing 1.2 mM
substrate and the initial rate of cleavage was
measured for 90 s. At low concentrations (1–
30 nM), cleavage increased in a linear fashion
relative to enzyme concentration (Figure 8).
Addition of enzyme at concentrations between
30 nM and 150 nM, however, resulted in an
exponential increase in rate. Addition of enzyme
above 160 nM did not produce a proportionate
increase in rate of cleavage, probably due to the
high ratio of enzyme to substrate.

A similar analysis of the E3A mutant, which is
impaired for hexamer formation, showed a similar
transition in the curve, but it occurred at a higher
concentration. In addition, the maximal rate of
cleavage was lower for E3 than for the wild-type
enzyme. Together, these results suggest that Nsp15
is enzymatically active as an oligomer, possibly a
hexamer, and that oligomer formation results in
cooperativity between enzyme subunits. We were
unable to perform a similar analysis with E210A
because the activity of this enzyme was not
sufficient to obtain initial rate measurements at
low enzyme concentrations. Addition of H234A at
concentrations up to 300 nM to substrate revealed
no significant change in fluorescence (data not
shown).
Discussion

The SARS coronavirus virus encodes three
proteins that are predicted to be involved in RNA
processing, possibly sub-genomic RNA synthesis,11

and therefore represent a possible target for develop-
ment of antiviral drugs. One of these proteins is
Nsp15, a Mn2C-dependent endoribonuclease that
specifically cleaves RNA at uridylate residues.13,14

Characterizations of wild-type Nsp15 presented
here demonstrate that it forms a hexamer in
solution and that it is maximally active as an
oligomer.

Four different approaches were used to demon-
strate that Nsp15 formed hexamers. Three of these
(gel-filtration, native gel electrophoresis, and ultra-
centrifugation) allowed the possibility to detect
monomers and trimers simultaneously, when pre-
sent. The patterns obtained with gel-filtration and
analytical ultracentrifugation for the wild-type



Figure 7. Two-dimensional crystallography of Nsp15.
(a) Micrograph of a negatively stained 2D crystal of
Nsp15K289A. (b) Fourier transform of a representative
area in the crystal. The circle is drawn at a spatial
frequency corresponding to 2.2 nm resolution. (c) Fourier
projection map with one unit cell highlighted. (aZbZ
9 nm, gZ1208; p3).

Figure 8. Initial rate of catalysis as a function of enzyme
concentration. Wild-type (WT) Nsp15 or the E3A mutant
were added at the indicated concentrations to 1.6 mM
substrate and the increase in fluorescence was measured
for 90 s. The rate of fluorescence output is plotted against
concentration. The sequence of the ribonuclease substrate
is shown in the box.
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protein correlated well, with both indicating a ratio
of approximately 85–90% hexamers at 1–5 mM
Nsp15. The absence of intermediate states observed
in both of these assays suggests that transition
between the two forms is rapid. Gradient pore
electrophoresis, however, was able to capture tri-
mers. This is possibly due to the fact that the
samples were electrophoresed until protein mol-
ecules reached a point where the polyacrylamide
pore size limit their further movement. Therefore,
if hexamers dissociate into trimers, their rate of
migration would increase and they move into a
region of the gel where the pores were too small for
hexamers to reform.

The results for E3 showed the most variation
among the three techniques. Gel-filtration revealed
the presence of hexamers as well as monomers and
trimers. This is consistent with the pore gradient
electrophoresis results, as this technique yielded
consistently less hexamer than the other two
methods. Only hexamers and monomers were
observed by ultracentrifugation, and this probably
reflects the fact that normally short-lived trimers are
more stable in gel-filtration than ultracentrifuga-
tion. In addition, the protein concentration in the
gel-filtration experiments was fivefold higher than
for ultracentrifugation. The sum of the E3 data
showed that hexamer formation was impaired
consistently as compared to wild-type and the
other mutants under the same conditions.

Electron microscopic analysis of Nsp15 provided
direct visualization of hexamers, and supported the
idea of a trimeric intermediate, as the structure
indicated a dimer of trimers. To our knowledge, this
is the first visualization of the structure of Nsp15.
There are several interesting features to note about
the structure of Nsp15. (i) The protein densities that
participate in the ring-like structure appear to be
divided into two distinct domains, making it easy to
be mistaken for a hexameric instead of a trimeric
ring. One of these domains is involved in providing
inter-trimeric contacts. (ii) A third domain that
contributes to the pronounced central density
(arrow in Figure 7(e)), may serve as a contact
point for all six subunits, therefore enhancing the
interactions within each trimeric ring as well as
between the two trimers. (iii) Finally, the overall
structure is highly cavernous, which offers many
possible sites for RNA binding and processing.

The biochemical analysis presented here indi-
cates that the hexamer structure is functionally
relevant. First, the rate of RNA cleavage by Nsp15
increased exponentially with protein concentration.
Second, mutation of the highly conserved
N-terminal residue E3 apparently altered the
subunit association constant so that the equilibrium
was shifted toward monomers, which also caused a
significant decrease in endoribonuclease activity.
Importantly, the fact that E3 enzymatic activity was
restored at higher protein concentrations argues for
the higher-order structure being the enzymatically
relevant one. Lastly, the mutant proteins that
retained enzymatic activity also retained the ability
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to form hexamers in the native gel electrophoresis
assay. These results argue that the hexamer is the
enzymatically active state for the SARS-CoV Nsp15
protein. The only observation inconsistent with the
oligomer being the enzymatically active state is that
the concentration required for enzymatic activity is
lower (w0.1 mM) than the concentration needed to
observe hexamer formation (w1 mM). We speculate
that the difference may be due to the sensitivity of
detection of the fluorescent cleavage products and
the protein.

Two of the mutants with substitutions in the
putative active site were affected in hexamer
formation in comparison to the wild-type protein.
Mutant K289A was predisposed toward hexamer
formation, while the mutant H234A was less
capable of forming hexamers. The high level of
conservation of these residues in all coronavirus
Nsp15 proteins, as well as XendoU, suggests that
the affected residues are likely in the catalytic site.
In fact, mutations of the residues corresponding to
H234A, H249A, and K289A in XendoU decreased
its endoribonuclease activity severely without an
obvious effect on RNA binding.15 Together, these
results raise the possibility that catalytic activity
involves recycling of hexamers from monomers or
trimers, and that mutants that are unable to
associate have low activity and inactive mutants
do not recycle properly. Mutant H249 was appar-
ently unaffected for hexamer formation, suggesting
that not all of the putative active site residues
participate in the dissociation of Nsp15 hexamers.

The finding that Nsp15 forms hexamers was
unexpected. Most eukaryotic ribonucleases are
either monomers or dimers. Bovine RNase A is
also known to form oligomers that apparently have
interesting properties. However, this is likely due to
the harsh treatment of the enzyme with 50% (v/v)
acetic acid.16 One other exception is RNase PH, an
exonuclease that processes the 3 0 end of tRNAs.17

This enzyme also forms a hexameric ring, but it is a
trimer of dimers. Similar to our observations of the
Nsp15 E3A, mutagenesis of residues essential for
hexamer formation decreased the enzymatic
activity of RNase PH. E. coli polynucleotide phos-
phorylase and the yeast exosome are trimeric
nucleases, where each monomer contains two
repeats of an RNase PH-like domain.18,19 Hexa-
meric rings of these molecules preclude entry of
double-stranded RNA into the active site, indicat-
ing that specificity is at least partially structure-
dependent.17–19 Nsp15, which cleaves at uridylate
residues, has a preference for unpaired residues
(K.B. et al., unpublished results), suggesting that
structure may be an important determinant for
substrate recognition by Nsp15.

Results from our panel of mutants correlated
fairly well with previous results from Ivanov et al.,13

who made a number of mutant versions in the
ortholog of human coronavirus E229. They reported
that substitution of alanine at sites corresponding to
SARS-CoV residues H234, H249, K289, D296, and
D323 resulted in inactivated enzyme. Our results in
SARS-CoV confirm their results for the two
histidine and the lysine mutants. We were unable
to test the D296A mutant because it was insoluble.
Our results with the D323A mutant contrast with
the result of Ivanov et al.13 because the SARS-CoV
version was not severely impaired.

Currently, the role of Nsp15 in the coronavirus
infection process is unknown. Several possibilities
can be imagined. First, Nsp15 could be involved in
SARS-CoV sub-genomic RNA synthesis. If SARS-
CoV synthesizes sub-genomic RNAs by discontinu-
ous extension of negative strands as proposed by
Sawicki & Sawicki,9 an endoribonuclease could
help untether the ternary replication complex and
facilitate its translocation to the leader sequence.
There is precedence for such activities in viruses.
An analogous nuclease activity plays a role in
retrovirus replication. The RNase H activity that
degrades the RNA portion of an RNA/DNA duplex
releases the polymerase complex at a strong-stop
sequence, after the initial round of synthesis from
the tRNA primer.20 Alternatively, if SARS uses the
leader-prime mechanism for synthesis of subge-
nomic RNAs,21 the nascent leader RNA could be
processed by Nsp15 for use in sub-genomic
synthesis. Second, Nsp15 could be involved in
degradation of the minus-strand RNA. Coronavirus
minus-strand RNA is highly unstable and Wang &
Sawicki22 have speculated that turnover of minus-
strands regulates plus-strand RNA synthesis and
decreases recognition by cellular surveillance
systems that target the dsRNA intermediate. In
support of this idea, it has been shown that minus-
strand RNA initiates with a polyuridylate stretch,23

a sequence that should readily be cleaved by Nsp15.
Instead of, or in addition to, possible roles for Nsp15
in viral nucleic acid synthesis, Nsp15 could digest
cellular RNAs, either to disrupt cellular functions or
to prevent synthesis of antiviral and proapoptotic
proteins. There is precedence for this in a positive-
strand RNA virus. The pestiviral structural glyco-
protein Erns is also an endoribonuclease that can
negatively affect dsRNAs that are inducers of the
interferon beta response.24 A final possibility is that
Nsp15 has evolved in order to disrupt the function
of the cellular homolog, EndoU, which is required
for the processing of snoRNAs from their precursor
RNAs.25 The Nsp15 mutations analyzed in this
study will be valuable as a guide to understanding
the roles of Nsp15 in vivo studies. In addition,
Nsp15 structural studies should benefit from the
availability of mutant proteins that are defective for
hexamer formation, such as E3A, and the mutants
that can form hexamers, but are inactive for
endoribonuclease activity.
Materials and Methods

Construction and purification of Nsp15 mutant clones

Alanine-substitution mutations in the plasmid
pET15b-Nsp1513 were constructed using the QuikChange
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site-directed mutagenesis kit (Stratagene) following the
protocol recommended by the manufacturer. Most of the
oligonucleotides used for mutagenesis were designed to
introduce silent diagnostic restriction enzyme sites, in
addition to the desired alanine substitution. Potential
mutant constructs were first screened by restriction
enzyme digest and then the entire open reading frame
was sequenced to confirm the presence of the desired
mutations and the absence of additional PCR-generated
errors.

His-tagged mutant and wild-type constructs were
expressed in E. coli and purified by immobilized metal
ion affinity chromatography, followed by Mono Q ion-
exchange chromatography, as described.13 The purified
protein was dialyzed against 50 mM Tris (pH 7.9),
400 mM NaCl, 1 mM DTT, 50% (v/v) glycerol and stored
at K20 8C. Protein concentrations were determined by
SDS-PAGE analysis of serial dilutions of the Nsp15
preparations in parallel with dilutions of a bovine
serum albumin (BSA) standard.

Endonuclease assays

The oligoribonucleotide SpikeTRS (CAACUAAAC-
GAAC) was obtained from Dharmacon, and labeled at
the 5 0 end with T4 polynucleotide kinase and [g-32P]ATP.
A standard RNA cleavage reaction contained 5 mM
radiolabeled RNA substrate (approximately 10,000 cpm)
and 25 ng (62.5 nM) of Nsp15 in a buffer of 50 mM Hepes
(pH 7.2), 50 mM KCl, 1 mM dithiothreitol, 5 mM MnCl2.
The reaction was incubated at 30 8C for 30 min, and then
terminated by the addition of a gel-loading buffer that
contained 90% (v/v) formamide. Products were sepa-
rated by electrophoresis in denaturing gels composed of
6 M urea and 20% (w/v) polyacrylamide on high-
resolution gels or 3 M urea and 28% polyacrylamide in
a mini-gel format. Gels were wrapped in plastic and
exposed to a PhosphorImager screen. Each result shown
was reproduced in at least two independent experiments.
Quantification of radiolabeled bands was performed
using a PhosphorImager (Molecular Dynamics).

Real-time assays were performed as described (K.B.
et al., unpublished results) using 1.2 mM fluorescent
substrate (5 0-FAM-ArUAA-3 0-TAMRA) and protein as
indicated in the same buffer that as used for the gel-
based assay. The excitation wavelength was 492 nm.
Changes in fluorescence at 518 nm were measured
over time using an LS55 spectrometer (Perkin Elmer,
Inc.).

Analytical ultracentrifugation

Sedimentation velocity experiments were performed at
4 8C with a Beckman XL-A analytical ultracentrifuge
equipped with an AnTi60 rotor. Data were obtained at
30,000 rpm using a two-channel centerpiece, containing
either 340 ml protein at 1 mM or buffer for reference.
Absorbance data were acquired at 220 nm. Data were
analyzed using the program SEDFIT and were fitted with
a Lamm equation to obtain molar mass and sedimen-
tation coefficient.26

Size-exclusion chromatography

Gel-filtration analyses were performed on a Pharmacia
FPLC system. Protein samples (100 mg at 5 mM in 50 mM
Tricine (pH 8), 300 mM NaCl, 5% glycerol, 1 mM
b-mercaptoethanol) were filtered through a Superdex
200 10/30 column calibrated with the following molecular
mass standards: blue dextran 2000 (2 MDa); thyroglobulin
(660,000 Da); ferritin (440,000 Da); catalase (232,000 Da);
aldolase (140,000 Da); BSA (67,000 Da); and chymotryp-
sinogen (25,000 Da) in the same buffer.

Gradient pore electrophoresis

Pore limit electrophoresis was conducted, essentially
as described by Slater,27 except that smaller and
thinner gels were used and, therefore, the time
needed for separation was shorter. Protein samples
were loaded onto a native 4%–20% gradient gel (7 mm
in length and 0.75 mm thick). Samples were electro-
phoresed in Tris–borate buffer (pH 8.3) for 6 h at 200 V
at 4 8C, a time at which it was empirically observed that
the protein ceased to migrate through the gel
suggesting the different species had reached their pore
exclusion. Native molecular mass markers were the
same as those used for gel-filtration.

Electron microscopy

Electron microscopy used purified Nsp15 K289A
mutant protein at 0.1 mg/ml in 20 mM Hepes (pH 7.0),
10 mM NaCl, 3 mM NaN3. It was applied to a fresh,
negatively glow-discharged, carbon-coated copper grid
(G400). The molecules were allowed to absorb to the
support film for 1 min at room temperature, then washed
once with distilled water and negatively stained for 1 min
with an aqueous solution of 1% (w/v) uranyl acetate (pH
4.25). Specimens were observed in a JEOL 1200EX trans-
mission electron microscope operated at an acceleration
voltage of 100 kV. Electron micrographs were recorded at
a calibrated magnification of 39,000! on Kodak 4489
electron image sheet film. 2D crystals were obtained using
essentially the same protocol but including 4% (v/v)
2-methyl-2,4-pentanediol in the buffer.

Selected electron micrographs were digitized using a
Leafscan 45 microdensitometer with 5.14 Å/pixel at the
specimen level. 3D reconstructions of Nsp15 K289 single
particles were calculated using the EMAN software
package28 run under Linux and following procedures
similar to those described by Sun et al.29 Briefly, 2000
particles of Nsp15 K289 were selected using the BOXER
routine, filtered, and centered. An initial 3D model was
calculated from two orthogonal projections (face-on and
side-on views) in C3 (one axis of 3-fold rotational
symmetry) and subsequently refined in D3 (one axis of
3-fold rotational symmetry intersected by an additional
orthogonal axis of 2-fold rotational symmetry). The
reconstructions were iteratively refined until the structure
was stable as judged by Fourier shell correlation (FSC).
A molecular mass of 240 kDa was used for the surface
rendering threshold of the 3D structure. 3D reconstruc-
tions were visualized using the USCF Chimera software
package30 and crystallographic images were analyzed
and processed (Fourier transforms, lattice refinement,
calculation of projection maps) using CRISP.31
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