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Abstract

Background/Objectives: N-Myristoyltransferase inhibitors (NMTi) represent a novel antiviral
strategy against mammarenaviruses such as Lassa and Junin viruses. The Z matrix protein

inhibits viral ribonucleoprotein (VRNP) activity in a dose-dependent manner. Here, we investigated
whether Z-mediated VRNP inhibition depends on Z myristoylation or oligomerization.

Methods: We used HEK?293T cells transfected with wild-type (WT) or G2A-mutated Z
constructs in LCMV minigenome (MG) assays. Cells were treated with the NMTi IMP-1088
and the proteasome inhibitor MG132. Z protein expression, VRNP activity, and VLP production
were analyzed by immunofluorescence, western blotting, and colocalization analyses.

Results: IMP-1088 treatment led to proteasome-mediated degradation of Z, reducing its
inhibition of vRNP activity, which was restored by MG132. The non-myristoylated Z G2A mutant
retained VRNP inhibitory activity but showed impaired oligomerization and budding capacity.
These findings demonstrate that Z-mediated VRNP inhibition is independent of myristoylation and
oligomerization.

Conclusions: Z myristoylation and oligomerization are not required for its inhibitory vRNP
activity. Targeting Z myristoylation with NMTi impairs virus assembly and budding without
affecting Z-mediated inhibition of vVRNP activity, supporting the development of NMTi as a
promising broad-spectrum antiviral strategy against mammarenaviruses.
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Introduction

Several mammarenaviruses, chiefly Lassa virus (LASV) in Western Africa and Junin

virus (JUNV) in the Argentine Pampas cause hemorrhagic fever (HF) diseases associated
with high morbidity and mortality, posing important public health problems in their
endemic regions. In addition, mounting evidence indicates that the globally distributed
mammarenavirus lymphocytic choriomeningitis virus (LCMV) is a neglected human
pathogen of clinical significance in pediatric and transplantation medicine [1-3]. Current
anti-mammarenavirus therapy is limited to an off-label use of ribavirin, for which efficacy
remains controversial [4]. Hence, the importance of developing novel therapeutics to combat
human pathogenic mammarenaviruses.

Mammarenaviruses are enveloped viruses with a bi-segmented negative-stranded (NS) RNA
genome [5]. Each genome segment, L (ca 7.3 kb) and S (ca 3.5 kb), uses an ambisense
coding strategy to direct the synthesis of two polypeptides in opposite orientations, separated
by a non-coding intergenic region (IGR). The L segment encodes the viral RNA-dependent
RNA polymerase (L) and Z matrix protein, whereas the S segment encodes the viral
glycoprotein precursor (GPC) and the viral nucleoprotein (NP). GPC is co- and post-
translationally processed to produce a stable signal peptide (SSP), and the mature GP1

and GP2 subunits that together with the SSP form the spikes that decorate the virus surface
and mediate cell entry via receptor-mediated endocytosis [6-8]. GP1 mediates binding to
the cellular receptor and GP2 mediates the pH-dependent fusion event in the late endosome
required for the release of VRNP into the cell cytoplasm, where it directs replication and
transcription of the viral genome [9,10].

Early studies have shown that N-myristoylation is required for the role of Z protein in
assembly and budding [11,12] and for the role of the SSP in the GP2-mediate fusion

event [9]. These findings were based on the use of 2-hydroxy-myristic acid (2-HMA)

and 2-HMA analogs as inhibitors of N-myristoyltransferase 1 (NMT1) and 2 (NMT2)
responsible for catalyzing N-myristoylation in mammalian cells [13]. However, recent
studies have demonstrated that 2-HMA acts off-target and does not inhibit N-myristoylation
within a concentration range consistent with activity on NMT [14]. Therefore, we revisited
the contribution of N-myristoylation in mammarenavirus infection using the validated on-
target specific pan-NMTi (DDD85646 and IMP-1088) [15]. We found that DDD85646

and IMP-1088 exhibit very potent antiviral activity against LCMV and LASV in cultured
cells. Cell-based assays probing different steps of the LCMV life cycle revealed that

NMTi exerted its anti-LCMV activity by interfering with Z budding activity and GP2-
mediated fusion [16] (Figure 1). Our findings support the use of NMTi as a novel host-
targeted antiviral strategy to combat LASV and other human pathogenic mammarenaviruses.
Moreover, NMTi can be incorporated into combination therapies with direct-acting
antivirals. By targeting a host cell factor, NMTi can impose a high genetic barrier against
the selection of drug-resistant variants, a common problem with direct-acting antiviral drugs.
While Z dose-dependent suppression of VRNP activity is well documented [17-19], there

is limited knowledge about the underlying mechanism [20-22]. Z protein has been shown

to exhibit different degrees of oligomerization [16,23,24], whose biological implications
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remain poorly understood. Here, we present evidence that Z oligomerization might be
required for its budding activity, but not for its ability to inhibit vVRNP activity.

2. Materials and Methods

2.1. Cell Line and Compounds

Human embryonic kidney cells stably expressing T antigen using the SV40 promoter
(HEK293T) (ATCC CRL-3216) were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum, 1 mM penicillin and
streptomycin, and 1 mM glutamine. Cells were incubated at 37C and supplemented
with 5% CO,. NMTi IMP-1088, (5-[3,4-difluoro-2-[2-(1,3,5-trimethyl-1H-pyrazol-4-
yl)ethoxy]phenyl]-N,N,1-trimethyl-1H-indazole-3-methanamine, Cat No. 25366-1) was
purchased from Cayman Chemical (Ann Arbor, MI, USA), dissolved in methyl acetate
at 11 mM, and kept in aliquots at —20. MG132 (MFG No. M7449) was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Plasmids

The ORF of the LCMV Z gene was cloned into pPCAGGS and labeled with an HA-tag,
referred to here as Z-WT-HA, as described previously [16]. T7 polymerase in the pPCAGGS
system and the S segment of LCMV, flanked by a T7 promoter at the amino terminus, was
used to express GFP. Both LCMV L polymerase and NP are expressed in pPCAGGS systems.

2.3. Minigenome Assay

HEK?293 cells were seeded at 2 x 10° per well in poly-L-lysine-treated M12-well plates.
The next day, cells were transfected with plasmids expressing LCMV L and NP proteins,
the minimal transacting viral factors required for replication and transcription of the

viral genome. Also included was a plasmid directing intracellular synthesis of an LCMV
minigenome directing expression of GFP (MG-GFP), together with a plasmid expressing the
T7 RNA polymerase to launch primary synthesis of the MG-GFP, and incremental amounts
of a plasmid expressing LCMV-Z tagged with HA (Z-WT-HA). At 18 h post-transfection,
cells were treated with the indicated compounds, and at 24 h post-treatment, cells were
fixed with 4% paraformaldehyde (PFA), and stained with anti-HA, followed by a secondary
fluorescence antibody to identify cells expressing the Z protein. The activity of the LCMV
MG-GFP was assessed based on expression levels of GFP. Images were acquired at 4X
magnification (Keyence Corporation, Itasca, IL, USA).

2.4. VLP Assay

Viral-like particle (VLP) production was performed as previously described [11]. Briefly,
HEK?293T cells were transfected with pC_E as the control, Z-WT or the G2A mutant, and
cell culture supernatant (CCS) was collected at 48 or 72 h post-transfection (h pt). CCS
were clarified by centrifugation (5 min, 5000 RPM, 4 °C). VLPs in clarified CCS were
collected by ultracentrifugation (100,000x g, 2 h, 4 °C) through a 20% sucrose cushion in
50 mM Tris-HCI pH 7.5, 62.5 mM EDTA, 1% NP-40, 0.4% Na deoxycholoate. The pellet
containing VLPs was resuspended in 60 pL of PBS and 20 pL of 4X Laemmli buffer was
added.
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2.5. Immunoblotting

2.6. Immun

3. Result

Protein concentration in samples was determined by BCA assay (Pierce™ BCA Protein
Assay Kits, Cat# 23227, ThermoFisher, Waltham, MA, USA). Samples (12 pug) were heated
for 5 min at 95 °C and separated by SDS-PAGE using a stain-free gel (Bio-Rad, Hercules,
CA, USA). Total protein (TP) was detected after the activation of the stain-free gel for

one minute. Proteins were transferred to a low-fluorescence PVDF membrane (Bio-Rad,
Hercules, CA, USA), and EveryBlot blocking buffer (Bio-Rad, Hercules, CA, USA) was
used to block nonspecific antibody binding. The membrane was immunoreacted with

an anti-HA antibody (Genscript, Piscataway, NJ, USA) overnight at 4 °C. After three
washes, the membrane was immunoreacted with a horseradish peroxidase (HRP) conjugated
with anti-mouse antibody. Primary and secondary antibodies were diluted in a OneBlock
western-CL blocking buffer (Genesee Scientific, San Diego, CA, USA). Protein bands were
visualized using a chemiluminescent substrate (ThermoFisher Scientific).

ofluorescence Imaging

Images were acquired at 4X magnification using a BZ-X710 Keyence fluorescence
microscope. The quantification and depiction of Z and GFP were carried out using the BIOP
JaCoP plugin, a colocalization quantification software, in F1JI imagej software (1.54f). The
Otsu threshold setting was selected to quantify the degree of colocalization. The BIOP
JaCoP generates, based on a threshold setting, an automated figure that on the left side
displays unmasked (top) and masked (bottom) panels that represent the Pearson correlation
coefficient (X axis) and probability ( Y axis) plots, and on the right side displays a scatter
plot representing the GFP (green, Yaxis) and Z-HA (red, X axis) signals. The rationale

to use the BIOP Jacob plug is to quantify colocalization of GFP (a surrogate of the MG
activity) and the AlexaFLuor 568 red signal (a surrogate of Z matrix protein expression).

S

3.1. Effect of NMTi on Z-Mediated Inhibition of vVRNP Activity

The Z protein has been shown to inhibit, in a dose-dependent manner, the activity of the
mammarenavirus VRNP, which is responsible for directing the replication and transcription
of the viral genome, in cell-based minigenome (MG) assays. We have documented that
treatment with NMTi targets Z for degradation via the proteasome pathway [16]. We
therefore predicted that the Z inhibitory effect on MG activity would be reduced in the
presence of the pan-NMTi IMP-1088, and that treatment with the proteasome inhibitor
MG132 would restore, in the presence of IMP-1088, the Z inhibitory effect on MG activity.
Using a cell-based LCMV minigenome (MG) system we found that treatment with the
NMTi IMP-1088 counteracts the Z-mediated inhibitory effect on MG activity (Figure 2).
Treatment with the proteasome inhibitor MG132 restored expression levels of Z to those
observed in the absence of IMP-1088, which resulted in the corresponding inhibitory effect
on the activity of the LCMV MG (Figure 2).
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3.2. Role of N-Myristoylation on Z-Mediated Inhibition of VRNP Activity

Treatment with NMTi targeted Z protein for degradation, which prevented us from assessing
whether myristoylation was required for Z-mediated inhibition of VRNP activity. To address
this question, we used the Z (G2A) mutant that cannot undergo N-terminal myristoylation.
As predicted, treatment with IMP-1088 did not significantly affect expression levels of Z
(G2A) (Figure 3). Notably, Z (G2A) inhibited MG-directed GFP expression with a similar
efficiency to Z WT (Figure 3), indicating that myristoylation is not required for Z-mediated
inhibition of VRNP activity.

3.3. Role of Z Oligomerization on Z-Mediated Inhibition of vVRNP Activity and Z Budding

Activity

We have documented the detection of different oligomer species of Z protein in lysates of
Z transfected cells using Western blotting [16]. We detected these Z oligomeric species in
VLPs produced in cells expressing WT, but not in cells expressing mutant G2A or Z protein
(Figure 4) mutant. In addition, treatment with the proteasome inhibitor MG132 rescued
high expression levels of dimer and oligomers of G2A mutant form of Z in WCL, but

these Z(G2A\) species lacked detectable levels of budding activity as determined by their
absence in the corresponding VLP samples (Figure 4B). These findings are consistent with
published results showing the lack of Z oligomeric species in lysates and Z-containing VLP
in cell culture supernatants of cells transfected with Z-G2A-HA [11,16]. We observed four
Z species in VLP produced in cells transfected with Z-WT-HA, with monomeric Z being
the most abundant Z species. Inhibition of Z myristoylation using NMTi or mutation G2A
results in the degradation of Z oligomeric species [16], which complicates discerning the
relative contributions of myristoylation and oligomerization to Z budding activity.

4. Discussion

The mammarenavirus Z matrix protein plays critical roles in the assembly and budding of
matured infectious particles, processes that require Z myristoylation and oligomerization
[11,24,28]. In addition, as with the matrix protein of other negative strand RNA viruses [29],
Z protein has been shown to exhibit a dose-dependent inhibitory effect on mammarenavirus
VRNP activity [18,19,30]. Biochemical and structural studies have indicated that Z can

lock a polymerase-promoter complex [31] and induce conformational changes in L catalytic
domains [20], which may account for Z-mediated inhibition of VRNP-directed synthesis of
viral RNA. These studies, however, did not address the question of whether myristoylation
and oligomerization are required for Z-mediated inhibition of vVRNP activity in infected
cells.

Here, we have documented that NMTi potent antiviral activity against LCMV and other
mammarenaviruses correlated with proteasome-mediated degradation of non-myristoylated
Z protein, which disrupted virus particle assembly and budding, resulting in reduced
production of infectious progeny and restricted virus propagation [16] without inhibition

of VRNP activity. Treatment with the proteasome inhibitor MG132 in the presence of NMTi
restored Z-mediated inhibition of VRNP activity (Figure 2), and the Z G2A mutant inhibited
the activity of the LCMV MG with similar efficiency to Z WT (Figure 3). These findings
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indicate that Z myristoylation is not required for its inhibitory effect on VRNP activity.
We also observed that Z G2A exhibited significantly reduced levels of oligomerization
compared to Z WT (Figure 4), suggesting that oligomerization is not required for the Z
inhibitory effect on VRNP activity.

We have shown that dimers are the most abundant oligomer forms of Z in lysates

from LCMV-infected or Z-transfected cells, and that these Z homodimers are efficiently
targeted for degradation in the presence of NMTi, questioning the conclusion that Z homo-
oligomerization is required for Z accumulation at the plasma membrane [24]. Our results
also question whether G2 residue is required for oligomerization [24] because treatment
with proteasome inhibitor MG132 resulted in similar expression levels of dimers of Z WT
and Z G2A [16]. We propose that myristoylation at G2 prevents the targeting of Z for
degradation, thus allowing the Z dose-dependent inhibitory effect on viral RNA synthesis
mediated by the vVRNP. Inhibition of Z myristoylation with NMTi results in proteasome-
mediated degradation of Z, thus preventing the Z inhibitory effect on VRNP activity, which
can be restored by treatment with the proteasome inhibitor MG132 (Figure 5). We observed
a prominent Z species of ~33 kDa, likely a trimer of Z, in cells transfected with Z WT

that was absent in cells transfected with the G2A Z mutant and in the presence of MG132.
The biological role of this Z species remains to be determined [16]. We also showed that
oligomers of the Z-G2A mutant lacked budding activity, compared to Z WT, and were

not detected in VLPs, despite being expressed at high levels in WCL in the presence of
MG132. These findings further support the notion that N-myristoylation is required for Z
budding activity. It remains to be determined whether other protein lipidation modifications
such as S-palmitoylation can substitute for N-myristoylation and facilitate Z association to
membranes and budding.

The use of NMTi to target host-cell lipidation processes opens the door to a new class of
broad-spectrum anti-mammarenavirus therapy. Moreover, NMTi could be also incorporated
into combination therapy strategies with direct-acting antivirals, an approach expected

to impose a significant genetic barrier to the emergence of drug-resistant viruses, and

to facilitate drug formulations with reduced toxicity [32]. Notably, the small molecule
NMTi PCLX-001 has been shown to be safe and is well tolerated by humans [33,34],
supporting the interest in exploring the repurposing of NMTi to treat infections by human
pathogenic mammarenaviruses. NMTi inhibitors have been shown to inhibit other viruses
with myristoylated proteins, including picornaviruses [15] and vaccinia virus [32,35]. The
use of specific pan-NMTi as a broad-spectrum antiviral strategy against viruses with
myristoylated proteins warrants further investigation.

This research was supported by NIH/NIAID grants RO1 Al142985 and R21 Al1128556 to J.C.d.I.T.
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Figure 1.

Proposed model of the effect of the NMT inhibitor on mammarenavirus cell entry and
budding. NMT isozymes facilitate the addition of myristic acid to glycine (2) of SSP and

Z protein, which protect them from proteasome-mediated degradation. Myristoylated SSP
interacts with GP2 to facilitate the fusion event in the late endosome required to complete
the virus cell entry process, whereas myristoylated Z directs the virus assembly and budding
process. Inhibition of SSP and Z myristoylation by NMT inh results in proteasome-mediated
degradation of SSP and Z, which results in the inhibition of virus multiplication. Z myr and
SSP myr indicate myristoylated Z and SSP, respectively. NMT pdb, 3IWE [25], and LASV
Z matrix protein pdb, 2M1S [26], were used to generate the 3D figure using ChimeraX [27].
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Figure 2.
Effect of treatments with the NMTi (IMP-1088) and proteasome (MG132) inhibitors on the

activity of the LCMV MG in the presence of LCMV WT Z protein. HEK293T cells were
seeded at 2 x 10° cells per well in poly-L-lysine-treated M12-well plates. The next day,
cells were transfected with pCAGGS plasmids expressing LCMV L and NP proteins, as
well as T7RP, and a plasmid expressing the LCMV T7MG-GFP, together with 200 ng of a
pCAGGS empty (pC-E) plasmid or expressing LCMV-Z -WT-HA.. At 18 h post-transfection,
cells were treated with the indicated compounds, and at 24 h post-treatment, cells were fixed
with 4% PFA. Z-WT-HA expression was detected by IF using a rabitt polyclonal antibody
to a-HA as primary antibody and an anti-mouse goat polyclonal antibody conjugated to
Alexafluor 568 as secondary antibody. GFP was detected directly by epifluorescence. (A).
The activity of LCMV MG-GFP was assessed based on expression levels of GFP. (B). The
left side of each panel displays unmasked (top) and masked (bottom) panels that represent
the Pearson correlation coefficient (X axis) and probability ( Y axis) plots, and on the right
side displays a scatter plot representing the GFP (green, Yaxis) and Z-HA (red, X axis)
signals. The BIOP Jacob plug quantified colocalization of GFP (a surrogate of the MG
activity) and AlexaFLuor 568 red signal (a surrogate of Z matrix protein expression).
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Figure 3.

Effect of treatments with the NMT (IMP-1088) and proteasome (MG132) inhibitors on

the activity of the LCMV MG in the presence of the LCMV Z G2A mutant. HEK293T

cells were seeded at 2 x 10° cells per well in poly-L-lysine-treated M12 well plates. The
next day, cells were transfected with pCAGGS plasmids expressing LCMV L and NP
proteins, as well as T7RP, and a plasmid expressing the LCMV T7 MG-GFP, together with
200 ng of a pPCAGGS empty (pC-E) plasmid or a plasmid expressing LCMV-Z-G2A-HA.
At 18 h post-transfection, cells were treated with the indicated compounds, and at 24 h
post-treatment, cells were fixed with 4% PFA. Z-G2A-HA expression was detected by

IF using a rabitt polyclonal antibody to a-HA as a primary antibody and an anti-mouse

goat polyclonal antibody conjugated to Alexafluor 568 as a secondary antibody. GFP was
detected directly by epifluorescence. (A). The activity of LCMV MG-GFP was assessed
based on the expression levels of GFP. (B). The left side of each panel displays unmasked
(top) and masked (bottom) panels that represent the Pearson correlation coefficient (X axis)
and probability ( Yaxis) plots, and the right side displays a scatter plot representing the

GFP (green, Yaxis) and Z-G2A-HA (red, X axis) signals. The BIOP Jacob plug quantified
colocalization of GFP (a surrogate of the MG activity) and the AlexaFLuor 568 red signal (a
surrogate of Z matrix protein expression).
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Figure 4.
Oligomerization and cell egress of Z protein. (A). HEK293T cells were seeded at 1 x 10°

cells per well in poly-L-lysine-treated M6-well plates. The next day, cells were transfected
with plasmids expressing LCMV Z WT or G2A mutant proteins tagged with an HA

tag or empty pCAGGS (pC-E). At 72 h post-transfection, supernatant and protein cell
lysate were collected to extract VLP or whole-cell lysate (WCL) protein, respectively. (B).
HEK?293T cells were seeded at 1 x 108 cells per well in poly-L-lysine-treated M6-well
plates. The next day, cells were transfected with plasmids expressing LCMV Z WT or
G2A mutant proteins tagged with an HA tag or pC-E. The next day, media were aspirated
and replaced with media containing MG132 (10 pg/mL) or a vehicle control. At 48 h
post-transfection, supernatants were collected and whole cell lysate (WCL) was prepared.
VLPs were collected by ultracentrifugation. Levels of Z in VLP and WCL samples were
determined by Western blotting using an antibody to HA. Membranes were imaged for total
protein (TP) prior to probing with an anti-HA antibody.
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Figure 5.
Proposed model of the effect of the NMT inh (IMP-1088) on the activity of the LCMV

MG, budding, assembly and infectivity. NMT promotes Z myristoylation at G2, which
prevents the targeting of Z for degradation by the proteasome machinery, thus allowing for
the Z dose-dependent inhibitory effect on viral RNA synthesis mediated by VRNP and the
consequent inhibition of MG-directed GFP expression. Inhibition of Z myristoylation by
IMP-1088 results in the proteasome-mediated degradation of Z, which will relieve the Z
inhibitory effect on the activity of the LCMV MG (right side of the graph). Treatment with
the proteasome inhibitor MG132 prevents IMP-1088-induced Z protein degradation, thus
resulting in LCMV MG inhibition. L polymerase (green), NP (red) and RNA (purple) are
indicated. A red X indicates cessation activity, and a black angled arrow indicates RNA
synthesis. Monomers of Z protein are sufficient to inhibit VRNP. A lack of Z myristoylation
results in the degradation of Z oligomers, which complicates the assessment of the role of
Z oligomers in virus assembly, budding and infectivity. NMT pdb, 3IWE [25], and LASV Z
matrix protein pdb, 2M1S [26] were used to generate the 3D figure using ChimeraX [27].

Biochem (Basel). Author manuscript; available in PMC 2025 June 13.



	Abstract
	Introduction
	Materials and Methods
	Cell Line and Compounds
	Plasmids
	Minigenome Assay
	VLP Assay
	Immunoblotting
	Immunofluorescence Imaging

	Results
	Effect of NMTi on Z-Mediated Inhibition of vRNP Activity
	Role of N-Myristoylation on Z-Mediated Inhibition of vRNP Activity
	Role of Z Oligomerization on Z-Mediated Inhibition of vRNP Activity and Z Budding Activity

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

