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We report that the lymphocytic choriomeningitis virus (LCMV) matrix protein, which drives viral
budding, is phosphorylated at serine 41 (S41). A recombinant ()LCMV bearing a
phosphomimetic mutation (S41D) was impaired in infectious and defective interfering (DI)
particle release, while a non-phosphorylatable mutant (S41A) was not. The S41D mutant was
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disproportionately impaired in its ability to release DI particles relative to infectious particles.
Thus, DI particle production by LCMV may be dynamically regulated via phosphorylation of S41.

Arenaviruses are enveloped RNA viruses that establish life-
long, asymptomatic infections in reservoir rodents, but can
cause severe disease in humans (Buchmeier et al., 2007).
The prototypic arenavirus, lymphocytic choriomeningitis
virus (LCMV), produces high levels of defective interfering
(DI) particles during acute and persistent infection (Popescu
& Lehmann-Grube, 1977; Staneck et al., 1972; Welsh &
Pfau, 1972). DI particles, which are replication-deficient
virus particles that can interfere with the propagation of
standard infectious virus (Huang & Baltimore, 1970; Welsh
et al., 1972), are thought to be critical for the establishment
of LCMV persistence (Burns & Buchmeier, 1993; Huang &
Baltimore, 1970; Oldstone, 1998), possibly by reducing
virus-induced cytopathology in reservoir rodents. The are-
navirus matrix protein Z is a multifunctional protein that
drives the assembly and release of standard infectious virus
(Fehling et al., 2012; Perez et al., 2003; Strecker et al., 2003)
and DI particles (Ziegler et al., 2016). For many viruses,
budding is controlled by one or more late domain(s)
encoded in the matrix protein that recruit the cellular endo-
somal sorting complex required for transport (ESCRT)
pathway, which drives the final membrane scission step
(Votteler & Sundquist, 2013). The LCMV matrix protein
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encodes a single late domain, PPXY, which has been shown
to be important for the formation of infectious virus-like
particles (VLPs) (Perez et al., 2003). In the context of fully
infectious virus, we recently demonstrated that the LCMV
matrix protein uses different cellular pathways for the pro-
duction of standard versus DI particles. In particular, DI
particle formation absolutely requires LCMV’s PPXY late
domain and the cellular ESCRT pathway, while the produc-
tion of standard infectious particles does not (Ziegler et al.,
2016). Further, phosphorylation of the terminal tyrosine in
the PPXY late domain may be important for regulating this
late domain-driven pathway of DI particle formation. In the
current study, we discovered an additional phosphorylation
site in LCMV Z at serine 41 (S41). Furthermore, using site-
specific mutant viruses we found that S41 plays an import-
ant regulatory role in the production of LCMV infectious
virions and DI particles.

To screen for phosphorylation sites in LCMV Z, we trans-
fected HEK-293T cells with a plasmid encoding the LCMV
strain Armstrong Z protein fused to a C-terminal strepta-
vidin binding peptide (SBP) and subsequently used magnetic
streptavidin beads [as described by Ziegler et al. (2016)] to
affinity purify SBP-tagged Z from the transfected cells as well
as from VLPs that had been released into the tissue culture
media. Purified Z-SBP was separated by SDS-PAGE
(Fig. 1a), prepared for mass spectrometry analysis by in-gel
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Fig. 1. The LCMV matrix protein Z is phosphorylated at S41. (a) HEK-293T cells were transfected with a plasmid encoding
SBP-tagged LCMV strain Armstrong Z or an empty vector. Two days later cells and virus-like particle (VLP)-containing super-
natant were lysed and Z-SBP was affinity purified using streptavidin-coated magnetic beads. The purified Z-SBP was sub-
jected to SDS-PAGE and detected by Western blotting using an anti-SBP tag antibody or Coomassie stain. The presumptive
monomeric Z bands from cells or VLPs were excised from the Coomassie stained gels (as indicated by the boxes) and sub-
jected to reduction, alkylation and in-gel tryptic digestion prior to mass spectrometry analysis of extracted peptides. (b) A repre-
sentative low energy collision-induced dissociation tandem mass spectrum with its corresponding fragment ion table from low
energy collision-induced dissociation of a Z-derived tryptic peptide (FDS#LVR) containing the phosphorylated S41 where
# denotes phosphorylation. The fragment ion table lists the predicted m/z values of the singly charged b and y ions. Major
measured b and y ions, as well as dominant losses of phosphoric acid are labelled. Phosphoric acid loss is a major signature in
tandem mass spectra of phosphoserine/threonine-containing peptides. (c) Cartoon of the LCMV Z protein depicting the G2
myristoylation site, the central zinc-binding RING domain and the C-terminal PPPY late domain. The S41 phosphorylation site
and its flanking amino acids as well as the previously described Y88 phosphorylation site (Ziegler et al., 2016) are indicated.
(d) Alignment of Old and New World arenavirus Z protein sequences shows that S41 (bold and underlined for LCMV strains
Armstrong and WE) is conserved with the Old World arenaviruses Dandenong and Ippy virus.

tryptic digestion, and analysed by liquid chromatography-
mass spectrometry essentially as described previously
(Ziegler et al., 2016). This analysis revealed a novel serine
phosphorylation site at S41 in Z-transfected cells (Fig. 1b).
S41, a site conserved in the Old World arenaviruses Dande-
nong and Ippy (Fig. 1d), is located in the central really inter-
esting new gene (RING) domain of Z (Fig. 1¢) and is outside

any motif known to be important for arenavirus budding
and release (Fehling et al., 2012).

To determine the importance of the S41 residue for viral
fitness, recombinant (r)LCMV containing a non-phosphor-
ylatable alanine (S41A) or a phosphomimetic aspartic acid
(S41D) substitution at position 41 were recovered using
reverse genetics as previously described (Emonet et al., 2009;
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Flatz et al., 2006; Ziegler et al., 2016). Initially, it appeared
that the S41D phosphomimetic mutant could not be recov-
ered as it did not produce plaques in a standard plaque assay
(Fig. 2a). However, staining for viral nucleoprotein (NP)
(mouse anti-LCMV NP, 1.1.3, kindly provided by M. J.
Buchmeier, University of California, Irvine) via immuno-
focus assay (Battegay et al., 1991) revealed that the S41D
mutant was recoverable despite its inability to form plaques
(Fig. 2a). Growth curve analysis revealed that the phospho-
mimetic S41D virus was attenuated in its growth kinetics,
while the non-phosphorylatable S41A mutant grew to simi-
lar levels as wild-type (Fig. 2b). The attenuation of the S41D
mutant was also apparent in the smaller foci it formed,

which were less than 50 % of WT size (Fig. 2a, ¢). To deter-
mine whether the reduction in infectious titre of the phos-
phomimetic S41D virus was due to decreased virus budding
and release, we employed a Z VLP release assay as previously
described (Ziegler et al, 2016). As a control, we also
included the LCMV Z G2A mutant, which exhibits a pro-
nounced defect in VLP formation due to its inability to be
myristoylated at this glycine residue (Perez et al., 2004;
Strecker et al., 2006). This experiment demonstrated that the
budding efficiency of the phosphomimetic Z-S41D was
reduced ~609%, while the budding activity of the non-
phosphorylatable S41A was not different from WT (Fig. 2d).
Collectively, these findings demonstrate that the S41 residue
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Fig. 2. Phosphomimetic mutation of S41 significantly reduces the efficiency of infectious virus release and the ability of Z to
form VLPs. (a) Reverse genetics were used to generate rLCMV containing a non-phosphorylatable S41A mutation or a phos-
phomimetic S41D mutation. To determine whether infectious virus was recovered, both a standard plaque assay and an
immunofocus assay [using an anti-nucleoprotein antibody (1.1.3)] were performed on Vero E6 cells. (b) The kinetics of infec-
tious virus production was examined by growth curve analysis on Vero E6 cells [a multiplicity of infection (MOI) of 0.01 was
used for each virus]. Data represent the mean+sem from three independent experiments. For statistical analysis, the data were
first log-transformed then a two-way ANOVA with Holm—Sidak’s test for multiple comparisons was performed. (c) The area of
foci obtained from the immunofocus assay wells shown in (a) for each rLCMV strain was measured using Image J. Data repre-
sent the mean+Sem of foci from eight wells for each virus. The Kruskal-Wallis non-parametric test with Dunn’s multiple com-
parisons test was used to compare mean values. (d) The budding activity of WT or S41-mutant LCMV Z proteins was
measured by a VLP release assay. The LCMV Z G2A mutant, which has a budding defect due to its inability to be myristoy-
lated, was included as a control (Perez et al, 2004). The results shown represent the mean+Sem from three independent
experiments. A one-way ANOVA with the Holm—Sidak's test for multiple comparisons was used to compare the mean values.
For the indicated statistical tests in (b—d): *, P<0.05; **; P<0.01; ****: P<0.0001.
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Fig. 3. The S41 phosphomotif regulates DI particle production. (a—h) Comparison of viral structural protein and genome con-
tent in preparations of LCMV WT, S41A or S41D virus. Vero E6 cells were infected with WT or S41-mutant rLCMV at a MOI
of 0.0001 and clarified supernatants were collected 72h later. Equivalent ffu.s of each rLCMV were then concentrated
through a 20 % sucrose cushion by ultracentrifugation. Viral protein content in these concentrated virus preparations was ana-
lysed by quantitative Western blotting. Representative Western blots (a) as well as the quantity (mean+sem) of NP (b), GP (c)
or Z (d) contained in each rLCMV virus preparation are shown. The copies of LCMV genomic L-segment (e—f) or S-segment
(g—h) were determined by quantitative real-time PCR (qRT-PCR) (Haist et al., 2015) and then normalized to the infectious titre
(ff.u.). To enumerate copies of L-segment vRNA, RT was performed using the RT primer 5906 —, followed by gPCR using the
primer probe sets located in either the L gene (primers L5517+ and L5645— and probe L5582—P) (e) or Z gene (primers
L212+ and L276— and probe L251—P) (f). To determine the copies of S-segment VRNA, RT was performed using the RT
primer 2865—, followed by gPCR using the primer probe sets located in either the NP gene (primers $2275+ and S$2338—
and probe S2295+P) (g) or GPC gene (primers S929+ and S988— and probe S952+P) (h). (i—j) Measurement of standard
infectious virus and DI particles produced by rLCMV WT, S41A or S41D. The infectious titre of each of the clarified super-
natants used in (a—h) was determined by focus forming assay (i) and the DI particle titre was assessed by plaque interference
assay (j). PlUso mI™", plaque interfering unitsso mi~". For (b—j), values represent the mean+sem of protein (b—d), viral genome
(e=h), £fu. mlI™" (i) or DI particle titre (j) from four independent experiments and statistical analyses were performed by one-
way ANOVA with Holm-Sidak’s test for multiple comparisons for which * P<0.05; **, P<0.01; **** P<0.0001. (k) Model of
S41’s impact on infectious virus and DI particle formation. WT virus containing the native S41 (Z WT) produces high levels of
infectious and DI particles. Mutation of S41 to alanine (Z S41A) to prevent phosphorylation has little effect on infectious or DI
particle production. Mutation of S41 to aspartic acid (Z S41D) to mimic the negative charge associated with phosphorylation
of S41 results in decreased infectious virus and DI particle release. The S41D mutation disproportionately impacts DI formation
over standard infectious virus.
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possesses a previously unappreciated capacity to drive virus
budding and that this function may be regulated by
phosphorylation.

As the reduction in VLP release by Z-S41D (Fig. 2d) did
not appear to fully explain the greater than 10-fold reduc-
tion in virus titre observed in Fig. 2(b), we probed rLCMV
WT or S41 mutant virion preparations (that were gener-
ated in Vero E6 cells infected at a multiplicity of infection
(MOI) of 0.0001 and collected 72h after infection) for
structural protein and/or genome deficits. To determine
the composition of each virus particle preparation, an
equal number of focus forming units (f.fu.) of cell-free
rLCMV WT, S41A or S41D viruses were concentrated
through a 20 % sucrose cushion by ultracentrifugation as
described by Ziegler et al. (2016) and virion protein quan-
tity was analysed by quantitative Western blotting (Fig. 3a—
d). The S41D phosphomimetic virus preparation, despite
containing equivalent infectious units as the WT and S41A
preparations, had markedly reduced levels of NP, glyco-
protein (GP2) and Z (Fig. 3a—d). Interestingly, the quanti-
ties of viral genomic S- and L-segment RNAs, measured by
quantitative PCR as described by Haist et al. (2015) and
Ziegler et al. (2016), did not differ between the prepara-
tions of WT, S41A or S41D viruses (Fig. 3e-h). The loss in
viral structural protein content without a corresponding
loss in infectious titre led us to hypothesize that the S41D
phosphomimetic virus may be defective in its ability to
generate DI particles, which could explain the reduced
levels of viral protein observed relative to infectious units.
To test whether S41 can indeed act as a regulatory motif to
control DI particle production, we next measured the
infectious virus levels and DI particle activity of the same
virus preparations used above in Fig. 3(a—h) using the
immunofocus assay and the plaque interference assay,
respectively, as described by Welsh & Pfau (1972) and
Ziegler et al. (2016). All three viruses had approximately
equivalent titres of infectious virus (Fig. 3i). The DI parti-
cle titre of the S41D phosphomimetic virus, however, was
reduced greater than 10-fold compared to WT virus, while
the DI particle titre of the S41A virus was not different
from WT (Fig. 3j). These results indicate that the loss of
viral structural protein content observed in the phospho-
mimetic S41D virus preparation (Fig. 3a—d) was likely due
to the reduced production of DI particles, not infectious
virus particles.

The S41 phosphomotif represents a novel regulatory site
within the LCMV Z protein (see Fig. 3k for our proposed
model). We recently demonstrated that the PPXY late
domain in LCMV Z is not absolutely required for the pro-
duction of infectious LCMV virions (Ziegler et al., 2016).
Provided that the only other motif in Z with a known role
in budding activity is the myristoylation site at the glycine
at position 2 (Figs 1c and 2d) (Perez et al., 2004; Strecker
et al., 2006), our finding here expands the functional reper-
toire of motifs in LCMV Z that regulate the efficiency of
infectious virus release. Further, we have built upon our
previous findings regarding the PPXY late domain (Ziegler

et al., 2016) by showing that S41 also serves as a key regu-
lator of DI particle formation. To our knowledge, these are
the only two motifs known to specifically regulate DI parti-
cle formation over standard particles for any virus family.
While we have shown that DI particle formation requires a
functional ESCRT pathway (Ziegler et al., 2016), it will be
important to determine whether the PPXY late domain
and/or the S41 phosphomotif directly engage ESCRT
machinery and, if so, the mechanistic basis for this interac-
tion as it relates to DI particle production. Further, our
findings support the hypothesis that phosphorylation of Z
is an important mechanism by which the virus can adjust
its rate of DI particle formation in response to the dynamic
environment of the host cell (e.g. phosphorylation at Y88
appears to increase DI particle production) (Ziegler et al.,
2016), whereas phosphorylation of S41 represses it
(Fig. 3j). In this scenario, the S41 site could function as an
important rheostat for regulating the potency of the PPXY-
driven DI production pathway. Other arenaviruses, if they
produce fewer DI particles than LCMV (e.g. Junin virus
Candid #1) (Ziegler et al, 2016), may not require a sec-
ondary regulatory motif such as S41, which could explain
why the S41 site is only found in LCMV-like viruses and
the closely related Old World arenavirus Ippy (Fig. 1d).
Identifying the key kinases and phosphatases that target
S41 and Y88 and determining how their activity is regu-
lated in response to environmental stimuli will be import-
ant for understanding how DI particle formation is
regulated during infection. It will also be important to
determine whether phosphorylation of matrix proteins can
play a similar role in the regulation of DI particle produc-
tion for other relevant virus families.
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