THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 41, pp. 29943-29953, October 11, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The Measles Virus Nucleocapsid Protein Tail Domain Is
Dispensable for Viral Polymerase Recruitment and Activity”

Received for publication, July 20, 2013, and in revised form, August 28, 2013 Published, JBC Papers in Press, September 3, 2013, DOI 10.1074/jbc.M113.503862

Stefanie A. Krumm?*, Makoto Takeda®, and Richard K. Plemper*'

From the *Center for Inflammation, Immunity & Infection, Georgia State University, Atlanta, Georgia 30303 and the §Department
of Virology Ill, National Institute of Infectious Diseases, Tokyo 208-0011, Musashimurayama, Japan

Background: The carboxyl-terminal tail domain of the paramyxovirus nucleoprotein is considered instrumental for poly-

merase recruitment to the template.

Results: Truncated nucleoproteins reveal that the tail domain is dispensable for viral polymerase loading and activity.
Conclusion: The viral polymerase complex is capable of productively docking directly to the nucleocapsid core.
Significance: This finding alters the current paradigm of paramyxovirus polymerase recruitment.

Paramyxovirus genomes are ribonucleoprotein (RNP) com-
plexes consisting of nucleoprotein (N)-encapsidated viral RNA.
Measles virus (MeV) N features an amino-terminal RNA-bind-
ing core and a 125-residue tail domain, of which only the last 75
residues are considered fully mobile on the nucleocapsid sur-
face. A molecular recognition element (MoRE) domain mediates
binding of the viral phosphoprotein (P). This P N-tail interaction is
considered instrumental for recruiting the polymerase complex to
the template. We have engineered MeV N variants with tail trun-
cations progressively eliminating the MoRE domain and upstream
tail sections. Confirming previous reports, RNPs with N trunca-
tions lacking the carboxyl-terminal 43-residues harboring the
MoRE domain cannot serve as polymerase template. Remarkably,
further removal of all tail residues predicted to be surface-
exposed significantly restores RNP bioactivity. Insertion of
structurally dominant tags into the central N-tail section
reduces bioactivity, but the negative regulatory effect of
exposed N-tail stems is sequence-independent. Bioactive
nucleocapsids lacking exposed N-tail sections are unable to
sustain virus replication, because of weakened interaction of
the advancing polymerase complex with the template. Dele-
tion of the N-MoRE-binding domain in P abrogates polymer-
ase recruitment to standard nucleocapsids, but polymerase
activity is partially restored when N-tail truncated RNPs
serve as template. Revising central elements of the current
replication model, these data reveal that MeV polymerase is
capable of productively docking directly to the nucleocapsid
core. Dispensable for polymerase recruitment, N-MoRE
binding to P-tail stabilizes the advancing polymerase-RNP
complex and may rearrange unstructured central tail sections
to facilitate polymerase access to the template.

The order of nonsegmented negative strand RNA viruses
comprises viral families of major clinical significance such as

Ebola virus of the Filoviridae, rabies virus of the Rhabdoviridae,
and MeV,?> mumps virus, and respiratory syncytial virus of the
Paramyxoviridae. For all nonsegmented negative strand RNA
virus, only assembled RNPs can serve as a template for tran-
scription and replication, which are both mediated by the
viral RNA-dependent RNA-polymerase (RdRp) complex (1).
Despite the health impact of these pathogens, our current
understanding of central aspects of RARp recruitment onto the
template and progression along the nucleocapsid remains limited.

Paramyxovirus RdRps are hetero-oligomers composed of the
polymerase (L) protein and an essential co-factor, the P protein,
which is required for nucleocapsid binding. Important func-
tional insight has come from the MeV and related Sendai virus
(SeV) systems (2—-5). MeV RNPs assume a helical organization
characteristic for the Paramyxoviridae and other nonseg-
mented negative strand RNA virus (1). The amino-terminal 400
residues of the viral N protein form the RNA-binding N-core,
which determines the spatial organization of the nucleocapsid
(6, 7). The carboxyl-terminal 125-residue N-tail domain is
intrinsically disordered but considered essential for RNA tran-
scription and replication (3, 7-10). In addition, the tail domain
modulates RNP structure, because EM studies have shown that
tail removal decreases diameter and pitch of the nucleocapsids,
resulting in a rigid, rodlike organization (1, 7, 11, 12). Docking
of respiratory syncytial virus nucleoprotein-RNA crystal struc-
tures (13) into EM density maps of MeV RNPs posited the
beginning of the MeV N-tail domain at the interior of the RNP
helix (7). In situ structural analysis of viral nucleocapsids then
suggested that N-tails protrude through the interstitial spaces
between adjacent RNP helical turns, freely exposing only the
carboxyl-terminal half of the tail, approximately MeV N resi-
dues 450 —525, on the surface of assembled RNPs (8). Support-
ing the validity of this respiratory syncytial virus-based MeV
nucleocapsid model, removal of the interstitial tail residues
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should result in direct contact between adjacent RNP turns,
rigidifying the helical structure as observed experimentally (7).

According to the current paradigm of paramyxovirus RNP
replication, these exposed N-tail sections are thought to serve
as essential anchor points for recruitment of the polymerase
complex (6, 14, 15). In the case of MeV N, the MoRE domain
(amino acids 488 —499), which is located within a conserved
box 2 region (amino acids 489 —506), and flanking tail residues
486 -502 assume an a-helical configuration when binding to
the carboxyl-terminal X-domain of the P protein (6, 10, 16).
Exposed tail residues 450 — 487 are thought to provide flexibility
for the MoRE domain to recruit soluble polymerase complexes
from the cytosol to the RNP through a casting mechanism (17)
and allow close proximity of the MoRE-P-L complex with
N-core (8). Once RdRp is loaded onto the template, the X
domain interactions of tetrameric P (18) with the N-tails
may allow progress of the polymerase along the nucleocapsid
through iterative cycles of XD to N-tail binding and release
(19-21).

Consistent with this view, previous functional studies with
carboxyl-terminally truncated SeV and MeV N lacking the P
binding domains suggested an inability of N-tail truncated
nucleocapsids to serve as template for RdRp activity (9, 14).
Biochemical binding studies with truncated MeV N and func-
tional assays combining purified, standard SeV RNPs with sol-
uble truncated SeV N demonstrated that the N-tails are not
required for the formation of proper P-L complexes itself or the
interaction of P with free N (3, 14). Somewhat unexpectedly, a
recent study found that individual point mutations located in
the MeV N box 2 region and flanking the N-MoRE domain
measurably reduced P-XD affinity to N-tail but did not abolish
polymerase activity (22). However, this may be due to the high
avidity of tetrameric P interaction with nucleocapsid, because
measurable affinity of the mutated MoRE domains for P-XD
was maintained in these N variants.

Building on the structural reconstructions of MeV nucleo-
capsids, we test in this study central elements of the current
paramyxovirus replication model in the context of transient
replicon systems and virus replication. Specifically, we examine
the importance of the carboxyl-terminal P-binding region in
the MeV N-tail for polymerase recruitment to the nucleocapsid
and explore the mechanistic contribution of the unstructured
central N-tail section to RNP template function. Our results
redefine the role of the exposed N-tail sections in RdRp loading
onto, and movement along, the viral nucleocapsid.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Virus Stocks—Baby hamster
kidney cells (C-13; ATCC) stably expressing T7 polymerase
(BSR-T7/5 (23)) and African green monkey kidney epithelial
cells (CCL-81; ATCC) stably expressing human signaling lym-
phocytic activation molecule (Vero/hSLAM (24)) were main-
tained at 37 °C and 5% CO, in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. Both cell
lines were incubated in the presence of G-418 (100 wg/ml)
every fifth passage. The cells were transfected using either Lipo-
fectamine 2000 (Invitrogen) or, for virus recovery transfections,
calcium phosphate precipitation (Promega). Virus stocks were
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prepared by infecting Vero/hSLAM cells at a multiplicity of
infection of 0.001, followed by incubation at 37 °C. When
microscopically observed virus-induced cytopathicity reached
~90%, cell-associated progeny particles were released through
freeze/thaw, and titers were determined by 50% tissue culture
infectious dose (TCIDy,) as described (25).

Recombinant MeV—RecMeV particles were generated using
amodified recovery protocol as described (26). Emerging infec-
tious particles were transferred onto Vero/hSLAM cells for
generation of passage two virus stocks. To confirm integrity of
recombinant viruses, RNA was extracted from infected cells
using the RNeasy mini kit (Qiagen), and cDNAs were created
using random hexamer primers and Superscript III reverse
transcriptase (Invitrogen). Modified genome regions were
amplified using appropriate primers and sequenced.

Molecular Biology—Plasmids encoding the MeV (—) repli-
con (27); MeV Edm N, P, or L (28); or MeV IC-B N or P or MeV
9301B L (29) were previously described. For N-tail truncation
screening, tandem stop codons (TAGTGA) were introduced
into the N-tail ORF through site-directed mutagenesis follow-
ing the QuikChange protocol (Stratagene). An N-A-86 expres-
sion plasmid truly lacking the last 86 codons of the N ORF was
generated through PCR-based shortening of the plasmid and
Pstl-mediated religation of the amplicon. Both the tandem stop
and true deletion N-A 86 constructs showed equal bioactivities
in our assays. To randomize central N-tail sections, frameshifts
were introduced through addition or deletion of one or two nucle-
otides by directed mutagenesis. Tetracysteine tags (SGGGFLNC-
CPGCCMEPGGGS) (30) were inserted into the N-tail through
PCR amplification and religation of the amplicons using a Smal
restriction site engineered into the tag sequence. The (+) replicon
was generated using a recombination PCR strategy based on the
(—) construct that inverted the entire leader-luciferase-trailer cas-
sette relative to the T7 promoter and the hepatitis delta virus
ribozyme element. An expression plasmid encoding the amino-
terminal section of P (PNT, amino acids 1-230) was generated
through introduction of a FLAG epitope tag followed by a tandem
stop codon at P residue 230. The corresponding carboxyl-terminal
region of P (PCT) expression construct (amino acids 231-507) was
generated through PCR amplification and religation of the short-
ened amplicon using an engineered EcoRI restriction site located
upstream of the newly inserted start codon. The P-AXD expres-
sion construct was generated through insertion of tandem stop
codons after P position 456 into the MeV Edm-P plasmid, abro-
gating expression of the X domain starting at P position 459.

Plasmids containing cDNA copies of the MeV Edm or MeV
IC-B (31) genomes were further modified by replacing the N
ORF with an Edm or IC-B-based N-A-86 ORF, respectively.
RecMeV N-A-86-P-N and recMeV N-P-N were generated
through doubling of the P-M intergenic junction using appro-
priate primers and transfer of an appropriately prepared cas-
sette encoding standard N using the Aatll restriction site in the
P-M junction. All constructs generated in this study were
sequence-confirmed. Sequences of oligonucleotide used in this
study are available upon request.

Antibodies, SDS-PAGE, and Immunoblotting—BSR-T7/5
cells (4 X 10°/well in a 12-well plate format) transfected with 2
pg of N-encoding plasmid DNA were washed in PBS and lysed
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in radioimmune precipitation assay buffer as described (32).
Samples were fractionated on 8% SDS-PAGE gels, transferred
to PVDF membranes (Millipore), and subjected to enhanced
chemiluminescence detection (Pierce) using specific antibodies
directed against MeV N (83KKKIIL; Millipore), MeV P (9H4;
Abcam), GAPDH (6C5; Ambion), or FLAG (M2; Sigma) as spec-
ified. Immunoblots were developed using a ChemiDoc digital
imaging system (Bio-Rad). The Image Lab package (Bio-Rad) was
used for densitometry.

Minireplicon Luciferase Reporter Assays—BSR-T7/5 cells
(4 X 10°/well in a 12-well plate format) transfected with all
MeV Edm or IC-B polymerase helper plasmids and the (+) or
(—) reporter constructs, all under the control of the T7-poly-
merase promoter, were lysed after 40 h (unless otherwise spec-
ified) in Glo lysis buffer (Promega). Luciferase activities in
cleared lysates (20,000 X g, 5 min, 4 °C) were determined using
Bright-Glo firefly luciferase substrate (Promega) and an Envi-
sion Multilabel microplate reader (PerkinElmer Life Sciences)
in top-count mode.

Co-immunoprecipitation—BSR-T7/5 cells (8 X 10°/well in a
6-well plate format) transfected with 2 g each of plasmid DNA
encoding an MeV N construct and either MeV PNT or MeV
PCT were harvested and subjected to co-immunoprecipitation as
described (32). Following immunoprecipitation using a-FLAG or
a-P antibodies, samples were fractionated on 10% SDS-PAGE
gels, followed by immunoblotting and chemiluminescence
detection as outlined.

Terminal RACE—Total RNA was isolated from infected
Vero/hSLAM cells as outlined. For first strand synthesis, a pos-
itive polarity RNA-specific oligonucleotide primer (CAGT-
TATTGAGGAGAGTT) annealing in the F ORF was used to
reduce contamination by polycistronic viral mRNA. The RACE
System (Invitrogen) was used for cDNA end amplification with
the following modifications: tailing reactions were performed
in the presence of 10% Me,SO, 400 um dCTP for 1-hour at4 °C,
followed by incubation at 37 °C for 30 min. PCR and nested
PCR were performed with the gene specific primers (GATTC-
CTCTGATGGCTC; for standard N) or (GACGTAGCCT-
TCGGGCATGG; for N-A86). PCR product was subcloned
into the TOPO 2.1 vector (Invitrogen), and individual clones
were amplified and sequence-analyzed.

Nucleocapsid Preparation—Vero/hSLAM cells (2.2 X 10° in
100-mm dishes) infected with recMeV N-P-N or recMeV
N-A-86-P-N (multiplicity of infection of 0.005 TCID./cell)
were harvested in RNP lysis buffer (33) when maximal CPE was
observed. Cleared lysates (5,000 X g, 5 min, 4 °C) were layered
on CsCl density gradients (2.4 ml of 40% CsCl, 2.4 ml of 30%
CsCl, 2.4 ml of 20% CsCl, and 0.8 ml of 30% glycerol) in TNE
buffer (25 mm Tris/Cl, pH 7.4, 50 mm NaCl, 2 mm EDTA) and
subjected to ultracentrifugation in an SW41 rotor (32,000 rpm,
16 h, 12 °C). Eight 1.5-ml gradient fractions were collected, and
samples were concentrated by TCA precipitation and fraction-
ated through SDS-PAGE as described.

Quantitative PCR—Total RNA was isolated from BSR-T7/5
cells (8 X 10°/well in a 6-well format) transfected with plasmids
encoding MeV RdRp components, standard N or N-A~86, and
the (+) replicon or the (+) MeV-Luc N-A-86 genome as out-
lined. Contaminating DNA was removed through an on-col-
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umn DNasel digest and cDNA generated of 3 ug of total RNA
using oligo(dT) primer. Quantitative PCR was performed in a
7500 fast real time PCR system (Applied Biosystems) using iTaq
Fast SYBR Green Supermix with ROX (Bio-Rad) and specific
primers annealing in the firefly luciferase (CGCCAAAAGCA-
CTCTGATTGAC; CTCGGGTGTAATCAGAATAGCTG) or
cellular GAPDH (CATGTTCCAGTATGACTCTACCC; GAC-
CTTGCCCACAGCCTTGG) ORFs. AACt values were calculated
using GAPDH as cellular standard, followed by calculating the ra-
tios of relative mRNA levels obtained with each replicon construct
in the presence of N-A86 and standard N.

Statistical Analysis—To assess the statistical significance of
differences between sample means, unpaired two-tailed ¢ tests
were applied using the Prism 5 (GraphPad) or Excel (Microsoft)
software packages. When differences were compared relative to
standard N in normalized assays, 95% confidence intervals were
calculated based on sample numbers, data means, and standard
deviations (34).

RESULTS

A current docking model of the MeV polymerase complex to
the viral RNP template is shown in Fig. 1A. MeV RNP recon-
structions posit N-tail residues 450 —525 to be exposed and fully
mobile on the nucleocapsid surface (8). If this is the case, we
expect previously reported carboxyl-terminal tail truncations
removing half of the MoRE domain (9) to generate highly flex-
ible 40 —50-residue tail stems that protrude from the RNPs. We
hypothesized that a negative regulatory effect of these stems,
rather than the absence of MoRE domain and carboxyl-termi-
nal tail residues, may, in fact, account for the lack of template
activity of RNPs with carboxyl-terminal P-binding domain trun-
cations (9, 14). To test this idea experimentally, we designed a
series of progressive N truncation constructs guided by the cur-
rently available MeV RNP reconstructions and bioactivity data
(Fig. 1B). All N variants were expressed at levels comparable to
unmodified MeV N and showed the anticipated mobility pattern
in SDS-PAGE (Fig. 1C).

The N-tail MoRE Domain Is Dispensable for RARp Activity—
To assess bioactivity of these constructs, we first examined
RdRp transcriptase activity in a conventional MeV minigenome
reporter assay (27), which predominantly monitors primary
RdRp-mediated mRNA synthesis after generation of a negative
polarity RNA template by T7-polymerase (Fig. 1D, (—) repli-
con). RARp activity was only partially affected by deletion of box
3 in the N-tail (MeV N-A-20), which was shown to be involved
in N binding to viral matrix protein (35) and host factors such as
hsp70 (36, 37). This observation was consistent with previous
reports (9), which had even shown a slight enhancement of
polymerase activity upon removal of the box 3 region; RNPs
with N-tail truncations deleting the MoRE domain and car-
boxyl-terminal residues (MeV N-A.43) were biologically
inactive (Fig. 1E).

Strikingly, however, even larger truncations removing part of
the N-tail upstream of the MoRE domain (MeV N-A-86) sub-
stantially restored RdRp bioactivity. Equivalent results were
obtained when we assessed our panel of N truncation con-
structs in a positive polarity minigenome system that requires
both RdRp replicase and transcriptase activity for reporter
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FIGURE 1. Progressive MeV N-tail truncations significantly restore bioactivity. A, current model of MeV polymerase recruitment to the RNP template. The
RdRp complex is thought to initially engage with RNP via the surface-exposed N-tail MORE domain and the P-X domain and uses consecutive cycles of release
and rebinding to cartwheel the polymerase along the template. B, schematic of the N-tail organization. Conserved microdomains (boxes 1-3) and the MoRE
domain are highlighted. Arrows mark individual truncations generated, and numbers refer to amino acids. C,immunoblots (/B) of whole cell lysates (WCL) of cells
transfected with N-encoding plasmids or vector DNA (mock). The blots were probed with specific antibodies for the MeV N protein and reprobed with
antibodies directed against cellular GAPDH. D, schematic of the negative and positive polarity minireplicon reporter constructs used for RdRp activity assays.
E, relative luciferase reporter activity (RLU) in cells expressing the (=) or (+) minireplicon construct, L, P, and the specified N variant. Otherwise identically
transfected control cells received vector DNA in place of the N expression plasmid (mock). The values were normalized for those obtained in the presence of
standard N and represent averages of at least four independent experiments = S.D. ***, p < 0.001. F, kinetics of reporter expression in the presence of N-A86.
Cells were transfected as in D. For each time point, values were normalized for those obtained with standard N. Averages of at least five experiments = S.D. are

shown.

expression (Fig. 1, D, (+) replicon, and E). Kinetic comparison
with standard N revealed an initial delay in reporter expression
in the presence of MeV N-A_86, followed by a plateau phase of
nearly reference-like activity (Fig. 1F).

Protein interactions between the N protein core and a PNT,
and the N protein tail and the PCT harboring the X domain
were mapped biochemically in previous studies (3). However,
none of the N protein tail modifications assessed supported
RdRp activity. Because our bioactivity data for N-A-86 were
rather unexpected, we generated MeV PNT and PCT expres-
sion plasmids and re-examined the interaction profile with bio-
active MeV N-A86 by co-immunoprecipitation. These exper-
iments reiterated the efficient interaction of full-length P and
PNT with N variants containing large tail deletions (MeV
N-A86 and N-A125). In fact, the N tail truncations reproduc-
ibly enhanced co-immunoprecipitation efficiency compared
with that observed with standard N. Our experiments further-
more confirmed that PCT interaction with the N protein
requires the presence of the MoRE domain in the N-tail (Fig. 2,
A and B).

Taken together, these data demonstrate that an interaction
between the N-tail MoRE domain and P-XD is not required for
RdRp recruitment to, and/or movement along, the RNP tem-
plate. In addition, they reveal a regulatory role in polymerase
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activity of the exposed central N-tail section upstream of the
MoRE domain.

Regulatory Effect of the Unstructured, Central N-tail Section—
To address the question of whether this effect depends on the
primary sequence of the N-tail section present in MeV N-A43
but absent in N-A-86 (N residues 440-482) or length of the
exposed tail stem, we sequence randomized this region in the con-
text of otherwise unchanged full-length N (MeV N-(rd440 —481))
and the series of N-tail truncations (Fig. 3A4). All constructs were
efficiently expressed (Fig. 3B) and showed slightly increased bioac-
tivity when compared with N-A-43, but none of the truncated N
variants restored RdRp activity to the level observed for N-A 86
(Fig. 3C). In contrast, randomizing the central N-tail section
between residues 439 and 482 in the background of full-length N
or selectively deleting this N-tail region resulted in equivalent
or slightly higher RdRp activity than that observed with stand-
ard N (Fig. 3, A-C).

To test the effect of restricted tail flexibility on N bioac-
tivity, we inserted structurally dominant tetracysteine tags
(30, 38) at four different tail positions into otherwise
unchanged full-length N. With the exception of an insertion
at N position 446, tagged N proteins were efficiently
expressed (Fig. 3D). However, bioactivity was reduced by
~60-80% in each replicon system compared with that
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observed in the presence of standard N (Fig. 3E), demon-
strating that structurally active elements are poorly tolerated
in the central N-tail domain.

Taken together, these findings support that the central,
unstructured N section does not engage in specific protein
interactions with viral or host factors proteins. They reveal a
regulatory effect of this N-tail domain on polymerase activity
in the context of N truncations lacking the MoRE domain
and box 3.
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The Central N-tail Region and MoRE Domain Are Required
for Virus Replication—Having demonstrated that removal of
the central N-tail section efficiently restores bioactivity of an
MeV N variant lacking the MoRE domain and box 3, we next
asked whether MeV particles can be recovered that express
N-A86 in the place of full-length N. We exchanged the N open
reading frame against that of the N-A-86 in a cDNA copy of the
MeV-Edmonston (MeV-Edm) genome (31), but initial virus
recovery attempts failed. This outcome could have been due to
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FIGURE 4. MeV N-A86 does not sustain efficient virus replication. A, com-
parison of minireplicon reporter expression driven by wild type MeV-derived
(P, N: MeV IC-B; L: MeV 9301B) versus MeV Edm-derived polymerase helper
proteins. All results were normalized for those obtained with the wild type
MeV system and in the presence of standard IC-B N. The values represent
averages of three experiments = S.D. *, standard Edm N outside the 95%
confidence interval. B,immunoblot analysis of cells expressing MeV Edm- or
IC-B-derived P and N variants. C, microphotographs of cell monolayers
infected with newly recovered recMeV IC-B N-A86. Representative fields of
view are shown at a magnification of 200X. D, sequence analysis of recMeV
IC-B N-A86 at the time of recovery (day 0) and after 40 and 56 days of con-
tinued incubation. RLU, relative luciferase reporter activity; WCL, whole cell
lysates.

the ~30% reduction in RdARp activity by N-A.86 that we
observed in replicon assays or, alternatively, could indicate a
fundamental role of the central N-tail region and intact MoRE
domain and box 3 for virus replication. To distinguish between
these possibilities, we rebuilt the N-A86 construct in the back-
ground of the nonattenuated MeV IC-B isolate (31), which we
had found to return ~10-fold higher RdRp activities in tran-
sient replicon assays than the MeV Edm-based system (Fig. 4A).
IC-B N-A86 was generated by insertion of tandem stop
codons at N positions 440 and 441. This construct was effi-
ciently expressed and showed an electrophoretic mobility pro-
file equivalent to that of Edm N-A86 (Fig. 4B). Reproducing
our experience with the Edm-based replicon system, RdRp
activity of an IC-B replicon containing IC-B N-A-86 was
reduced by ~40% compared with standard IC-B N. Impor-
tantly, however, the IC-B replicon containing N-A 86 returned
~6-fold higher reporter expression levels than the unchanged,
standard Edm replicon (Fig. 44).

We therefore transferred IC-B N-A86 into the cloned IC-B
genome (31). Individual infectious centers were identified after
virus recovery transfection that could be passaged laterally (Fig.
4C), but virus spread was severely impaired for ~40 days
postrecovery. This period was followed by a phase of rapidly
improving replication. Sequencing of the N protein tail after
RT-PCR at different times postrecovery transfection revealed
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FIGURE 5. recMeV encoding both N-A 86 and standard N are replication
competent. A, schematic of the genomes of standard recMeV GFP and newly
generated recMeV N-A86-P-N. B, immunoblot (/B) analysis of N protein
expression in cells infected with recMeV N-A86-P-N or standard recMeV. For
comparison, total lysates of cells transfected with N-A.86 or standard N
expression plasmids were analyzed in parallel. Control cells received infection
media only (mock). C, cytopathic effect and lateral spread of cells infected
with recMeV N-A-86-P-N or recMeV GFP, monitored by following eGFP
expression in infected cells. Representative fields of view are shown at a mag-
nification of 200X. D, stock titers of cell-associated particles of a panel of four
recombinants generated for this study in comparison with standard recMeV
or recMeV lacking the M protein (recMeV AM). Error bars represent the titer
range observed.

spontaneous viral adaptation, gradually replacing both stop
codons in the IC-B N-tail with regular codons, as the molecular
basis for regained viral growth (Fig. 4D).

These data indicate that the unsuccessful recovery attempts
of recMeV-Edm N-A_86 did not reflect insufficient RARp activ-
ity per se when N-A 86 is present. Rather, they highlight a fun-
damental mechanistic role of the central and carboxyl-terminal
sections of the N protein tail in the context of virus replication
that is distinct from basic RdRp recruitment to the nucleocap-
sid template.

Generation of a Replication Competent recMeV N-A-86
Variant—To characterize the mechanistic role of N-tail in the
context of virus replication, we generated a recMeV variant
encoding the N-A-86 protein in addition to standard N in a
recMeV-GEFP background, also harboring an eGFP open read-
ing frame as an additional transcription unit (39). Taking
advantage of the transcription gradient of paramyxovirus gene
expression (40), we moved the standard N reading frame into a
post-P position (Fig. 5A4), resulting in substantially higher
N-A86 than full-length N protein levels in infected cells after
virus recovery (Fig. 5B). Despite productive passaging of
recMeV N-A.86-P-N virions, virus growth was severely
impaired as evidenced by limited lateral virus spread through
cell monolayers (Fig. 5C) and reduced viral titers compared
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TABLE 1

RACE analysis of viral genome termini present in cells infected with
the specified MeV recombinants

The values represent the total number of independent genomes subcloned and
analyzed and the subset of these that featured complete leader sequences, termini-
truncated sequences, and first open reading frame viral mRNA.

Clones Complete leader Termini-truncated Viral
Virus analyzed sequences sequences mRNA
recMeV-Edm 36 27 0 9
recMeV-IC-B 29 24 2 3
recMeV N- 40 33 1 6
A.86-P-N

with standard recMeV and a recMeV N-P-N variant harbor-
ing two copies of the unchanged N reading frame (Fig. 5D).
In contrast to recMeV N-A 86, recombinant viruses lacking
only the box 3 region of the N-tail (recMeV N-A20) or har-
boring the randomized N-(rd440 —481) protein could be recov-
ered without additional full-length N complementation.
Although recMeV N-A-20 reached substantially lower titers
than standard recMeV, yields of recMeV N-(rd440-481)
showed an intermediate reduction (Fig. 5D). These phenotypes
confirm a negative regulatory effect of the N-A-86 construct in
the context of virus replication.

Binding of P-XD to the N-tail Is Required to Stabilize RARp-
RNP Interaction during Virus Replication—In comparison to
RdRp activity in minireplicon assays, self-sustained viral genome
replication adds at least two additional functional requirements to
helper plasmid-driven (+) replicon reporter expression: the
correct inaugural positioning of the RdRp replicase complex on
the template for generation of complete antigenomic and
genomic RNA copies, and sufficient stability of the RARp-RNP
complex during polymerization to ensure faithful replication of
RNA sequences substantially longer than the minireplicon
reporter constructs.

To test whether these RdRp functionalities are affected by
the N-A.86 truncation, we first assessed the molecular nature
of the terminal leader sequence of viral genomes in cells
infected with standard MeV (recMeV-Edm or recMeV-IC-B)
or recMeV N-A-86-P-N, using rapid amplification of cDNA
ends (RACE) and sequencing of 29-40 independent sub-
clones/virus examined. Of a combined 53 genomic sequences
obtained for the standard MeV strains, 51 represented com-
plete genome copies, whereas 2 showed partial terminal
truncations (Table 1). These data closely matched those
obtained for recMeV N-A_-86-P-N: 34 genomic sequences
were obtained; of these, 33 represented complete genome
copies, and 1 a truncated sequence. These results indicate
successful replication of the genome termini in the presence
of the N-A86 variant.

Second, we purified intact RNPs from cells infected with
recMeV N-P-N or recMeV N-A.86-P-N through flotation in
cesium chloride gradients. Consistent with previous studies (3,
5), RNPs containing full-length or truncated N proteins accu-
mulated predominantly in higher gradient fractions (Fig. 64). P
protein antigenic material was likewise concentrated in these
fractions. When we adjusted the nucleocapsid-containing frac-
tion seven for equal N signal intensity and thus overall nucleo-
capsid content for subsequent immunoblots, quantification of
the relative P protein content revealed an ~4-fold lower
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amount of P in RNP samples derived from recMeV N-A_-86-
P-N compared with recMeV N-P-N-infected cells (Fig. 6B).

To test the implication of this phenotype on polymerase
function, we generated an MeV-luciferase genomic plasmid
((+) MeV-Luc N-A-86 genome). This construct is equivalent
in organization to the (+) replicon reporter plasmid but is ~10-
times larger in overall size. In addition, it contains an N to
N-A-86 exchange, because we consider it imperative that
polymerase activities measured in the presence of standard or
truncated N are based on the same RNA template and that
transfected cells are void of any full-length N protein material at
all times (Fig. 6C). Upon co-transfection with the MeV RdRp
helper plasmids, we noted through quantitative real time PCR
analysis that in the case of the (+) replicon, the presence of
N-A86 reduced relative luciferase mRNA levels to ~40% of
that observed for full-length N. When the larger (+) MeV-Luc
N-A-86 genome plasmid was examined under otherwise iden-
tical experimental conditions, however, we found relative lucif-
erase mRNA levels of only 5% that generated in the presence of
full-length N (Fig. 6D). Taken together, these data indicate that
P-XD binding to the N-tail is not required for initial RARp posi-
tioning on the RNP template but critically stabilizes the RNP-
RdRp complex as RNA polymerization proceeds.

Truncated P-AXD Partially Regains Bioactivity When Com-
bined with an N-A86-RNP Template—The P-XD assembles
into an antiparallel three-helix bundle that provides the binding
site for the N-MoRE domain (17). For counteranalysis of the
N-A86 bioactivity data, we generated a carboxyl-terminally
truncated MeV P variant lacking the entire X domain. Immu-
nodetection confirmed efficient expression of the resulting
P-AXD construct (Fig. 7A). When subjected to replicon assays,
P-AXD lacked all bioactivity when combined with standard
nucleocapsid templates composed of full-length N subunits
(Fig. 7B). In the presence of N-A86-RNP nucleocapsids, how-
ever, we observed a significant increase in reporter expression,
indicating that polymerase activity of P-AXD-L was partially
restored in the absence of the freely flexible N-tail domains.
This finding reveals that the presence of either the N-MoRE or
the P-X domain alone blocks polymerase activity in the absence
of the binding partner. However, simultaneous deletion of both
domains restores access of the polymerase complex to the tem-
plate and bioactivity.

DISCUSSION

The current model of MeV RdRp recruitment to the RNP
template for genome replication and mRNA synthesis assumes
an inaugural interaction between a high affinity MoRE domain
in the N-tail and the X domain in the viral P protein (8, 17).
After polymerization is initiated, recurring release and rebind-
ing of X domains in tetrameric P to MoRE elements in nucleo-
capsid is thought to allow progress of the P-L polymerase along
the RNP template.

Based on the insight gained in our study, we propose that
central elements of this model need to be redefined (Fig. 7C).
Specifically, we found that the recruitment of the MeV poly-
merase complex to the RNP template occurs independently of
any interaction between the N-tail MoRE/box 3 region and
P-XD. This initiation mechanism stands in stark contrast to the
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current paradigm that paramyxovirus P proteins must interact
with the carboxyl-terminal tail region of N for RNP binding (10,
14, 41). The previous polymerase binding models were heavily
influenced by experiments showing that progressive carboxyl-
terminal truncations of the MeV N-tail, which partially or com-
pletely remove the MoRE domain and downstream residues,
largely eliminate polymerase function in replicon assays (9).

Of note, because minireplicon activity depends on initial,
random RNA encapsidation by N proteins (42), an inability of
these MoRE domain truncated N variants to encapsidate RNA
could be responsible for this phenotype. However, previous
studies have confirmed that carboxyl-terminal truncations in
paramyxoviurs N do not interfere with RNP formation (5, 33).

Our study reproduced earlier activity data for MoRE
domain-deficient MeV N (9) but revealed that a substantially
larger truncation, removing the unstructured central N-tail
section in addition to the MoRE domain and box 3, significantly
restores polymerase activity. This finding illuminates a novel
regulatory function of the central N-tail region and demon-
strates that P-XD interaction with the carboxyl-terminal N-tail
section is dispensable for productive template binding and
RNA synthesis. Supported by essentially equivalent RdRp activ-
ity results obtained with (—) and (+)-type replicon constructs,
N-tail-independent polymerase loading appears not to be lim-
ited to RdRp in transcriptase configuration but also applies to
the replicase complex.

We note that even larger tail truncations (i.e. N-A-108) again
abolished nucleocapsid bioactivity. Because these deletions
remove N residues posited in the interstitial space between
RNP turns (8), loss of bioactivity may likely reflect transition
from native, loosely coiled MeV nucleocapsids to condensed,
rigid structures (7). Sequence-randomizing the central N-tail
section did not substantially alter RdRp bioactivity in the con-
text of full-length (remained active) or MoRE/box 3-truncated
(remained largely inactive) N. However, introduction of struc-
turally dominant tetracysteine tags into the central tail region
significantly reduced polymerase activity. We conclude that the
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regulatory effect of the central N-tail section is unlikely based
on direct binding of host co-factors to this region, which would
be expected to be sensitive to sequence randomization. Indeed,
sequence comparison between N proteins of different members
of the morbillivirus genus to which MeV belongs revealed a
particularly low degree of sequence conservation of this area
(43). Rather, P-XD docking to the N-tail may rearrange and/or
organize the tails, giving the polymerase complex access to pro-
ductive interaction with the RNP template through a direct,
previously unappreciated interaction of MeV P-L polymerase
complexes with the nucleocapsid core, which may be mediated
by residues located in the PNT half of the P protein (44).

Strong support for this model arises from the bioactivity pro-
file of truncated P protein lacking the X domain (Fig. 7C). The
inability of P-AXD-L complexes to organize the N-tails through
XD-MoRE domain interactions may account for the loss of bio-
activity when combined with standard nucleocapsids. In con-
trast, A-86N-tail truncated nucleocapsids are directly accessi-
ble by the polymerase without a need for tail reorganization,
resulting in partially restored bioactivity of P-AXD-L polymer-
ase complexes. Tetracysteine tags in the N-tail may likewise
impede this P-XD binding-induced preparation of the RNP
core for polymerase docking.

Direct binding of polymerase complexes to the ~40-residue
tail stems present in N-A-86 appears unlikely, because of the
proposed position of these tail residues in the interstitial space
between nucleocapsid turns (8) and our co-immunoprecipita-
tion results. Also, a conserved box 1 located at the beginning of
the tail (amino acids 401-420) was implicated in binding to a
cellular N receptor of unknown molecular nature (45, 46). Ear-
lier truncation studies of SeV and MeV N reached the conclu-
sions that (i) N proteins with carboxyl-terminal deletions are
capable of encapsidating RNA (3, 5, 14), but (ii) the resulting
RNPs do not support P binding (5, 47), and (iii) the resulting
RNPs cannot serve as template for the polymerase (9, 14,47). In
light of our present findings, we interpret these experiments for
MeV, and possibly also SeV, to likely reflect obscured polymer-

VOLUME 288-NUMBER 41-OCTOBER 11,2013



A ——
IB: a-P
WCL

W — | 1B: a-GAPDH
R QO &

& F &
AQ

@?)

C ia) PIN-RNA

P-L g
P-XD

Ioadingl pom‘Lzation

P-L
RNP

ib) P-AXD/N-RNA

o

iia) P/N-(taila 43)-RNA

n

loading and/or
polymerization block

xZx
2 =

2 43N-tail

iib) P-AXD/N-(taila 43)-RNA  iiib) P-AXD/N-(taila 86)-RNA

N-tail Independent MeV Polymerase Recruitment

B P-AXD

X 10

Q.

S

2

=

b

% 4

32

3 v%b b‘éb @oc‘}‘

(/) /) ,
S \@e &@

iiia) P/N-(taila, 86)-RNA

£

Ioadingl
polymerizatio

2,86N-tail

P-AXI!

P-AXD P-AXD K
loading and/or loading and/or loading]
polymerization block polymerization block '
v polymerlzatio
~ . =T
-L
RNP
xEx
~d A 86N-tail
-tail 2 A3N-tail (BGNtE

FIGURE 7. Polymerase activity of P-AXD-L is partially restored when combined with an N-A.86-RNP template. A, immunoblots (/B) of whole lysates of
cells transfected with P-encoding plasmids or vector DNA (mock). The blots were probed with specific antibodies for the MeV P protein and reprobed with
antibodies directed against cellular GAPDH. B, luciferase reporter activity in cells expressing the (—) MeV-Edm replicon, L, truncated P-AXD, and the specified
N variant. Otherwise identically transfected control cells received vector DNA in place of the N expression plasmid (mock). The values represent averages of 13
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binding and/or progress. The absence of these mobile tail sections in N-A-86 nucleocapsids (panels iiia and iiib) allows productive interaction of the polymerase

complex with, and advancement along, the template. WCL, whole cell lysates.

ase complex access to the RNP core by the remaining central
tail sections in partially truncated N variants. Interestingly, a
recent characterization of the related mumps virus P protein
revealed that its interaction with nucleocapsid does not fully
require the N-tail but can be mediated by other contact
domains in P and N (15, 44).

Our molecular analysis of the genome termini of over 30
independent clones each of recombinant MeVs harboring trun-
cated or standard N demonstrated accurate replication of RNPs
in both cases. Simultaneous analysis of gradient-purified
nucleocapsid confirmed that RNPs of recMeV N-A_86-P-N
were predominantly composed of truncated N variants, indi-
cating that the full-length N is not preferentially incorporated
into nascent RNPs during replication of this virus. These results
underscore that correct, initial positioning of the polymerase
on the nucleocapsid template is independent of the P-XD and
N-MoRE interaction. Although we cannot entirely rule out
that, alternatively, two distinct nucleocapsid populations form

OCTOBER 11,2013 +VOLUME 288+-NUMBER 41

in cells infected with this recombinant, several considerations
render this hypothesis highly unlikely: the abundance of trun-
cated versus standard N in infected cells; the efficient co-immu-
noprecipitation of truncated N-A 86 with PNT; and the
reportedly efficient RNA encapsidation by truncated N protein
variants (5, 33).

The severely restricted growth phenotype of the recMeV
N-A86-P-N dual-N recombinant virus, the unsuccessful res-
cue attempts of recMeV-Edm N-A-86, and the spontaneous
adaptation of recMeV-IC-B N-A86 prove, however, that all
tail-truncated N variants are incapable of supporting virus rep-
lication. Through regulatory functions and/or interaction with
the viral matrix protein (35-37), the box 3 section of the MeV
N-tail facilitates efficient genome replication and incorpora-
tion into nascent particles. Conceivably, the elimination of this
region 3, rather than the deletion of the N-MoRE domain, may
prevent the recovery of recombinant MeV N-A86 virions.
However, M-deleted MeV recombinants replicate in cell cul-
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ture (48), and we recovered an MeV N-A-20 recombinant that
lacks box 3 but leaves the MoRE domain intact.

Considering ~70% bioactivity of N-A.86-containing RNPs
in replicon assays, we are confident that the inability of N-A 86
to support virus replication is based on a fundamental differ-
ence between the replicon system and self-sustained replica-
tion rather than an overall reduction in RdRp activity. The suc-
cessful recovery of the MeV recombinant harboring the
N-A20 construct, which showed a similar reduction in bioac-
tivity in replicon assays, corroborates this interpretation. Ful-
filling an auxiliary role, dynamic cycles of N-tail to P-XD dock-
ing and release may be required to stabilize the RARp-RNP
complex as the polymerase moves along the template (20, 49,
50). This view is supported by our observation that increasing
RNP template length in transient replicon assays results in an
overproportional decline in efficiency of successful replication
in the presence of N-A-86. Purified nucleocapsids of recMeV
N-A-86-P-N show a reduced, but appreciable, level of co-float-
ing P compared with standard MeV RNPs. Under these condi-
tions, the full-length N subunits present in the mixed RNPs may
contribute to the biochemically detectable association.

In conclusion, we propose that the tightly orchestrated
N-MOoRE interaction with P-XD is not required to recruit or
position the polymerase complex on the RNP template but may
rather arrange the central N-tail sections to allow access for
direct polymerase docking to the nucleocapsid core. As such,
the interaction of N-MoRE with P-XD may help to overcome a
negative regulatory effect of central N-tail domains that limit
polymerase loading on, or advancing along, the template. After
successful initiation of polymerization, iterative cycles of
release and rebinding between N-MoRE and P-XD are not
essential for polymerase activity per se but reduce the risk of
premature chain termination by dynamically stabilizing the
interaction between P and the template.
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