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Significance

 Our findings define a unique role 
for the cellular DEAH-box RNA 
helicase DHX15. We found that a 
viral G-patch motif functions as a 
cofactor, recruiting DHX15 into 
Mason-Pfizer monkey virus 
(M-PMV) particles. DHX15 plays a 
pivotal role in M-PMV replication 
by facilitating the packaging of 
genomic RNA (gRNA) into virions. 
Notably, the interaction of DHX15 
with the constitutive transport 
element region of gRNA 
highlights its importance in 
gRNA packaging. These findings 
advance our understanding of 
the interplay between the 
retroviral G-patch and DHX15, 
providing valuable insights into 
viral replication. Moreover, they 
shed light onto a possible unique 
function for a cellular DEAH-box 
helicase and offer insight into 
potential antiviral strategies.
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We explored how a simple retrovirus, Mason-Pfizer monkey virus (M-PMV) to facilitate 
its replication process, utilizes DHX15, a cellular RNA helicase, typically engaged in 
RNA processing. Through advanced genetic engineering techniques, we showed that 
M-PMV recruits DHX15 by mimicking cellular mechanisms, relocating it from the 
nucleus to the cytoplasm to aid in viral assembly. This interaction is essential for the 
correct packaging of the viral genome and critical for its infectivity. Our findings offer 
unique insights into the mechanisms of viral manipulation of host cellular processes, 
highlighting a sophisticated strategy that viruses employ to leverage cellular machin-
ery for their replication. This study adds valuable knowledge to the understanding of 
viral–host interactions but also suggests a common evolutionary history between cellular 
processes and viral mechanisms. This finding opens a unique perspective on the export 
mechanism of intron-retaining mRNAs in the packaging of viral genetic information 
and potentially develop ways to stop it.

DEAH-box RNA helicase | DHX15 | G-patch | retrovirus | gRNA packaging

 Cellular RNA helicases are fundamental molecular machines that participate in all aspects 
of nucleic acid metabolism ( 1   – 3 ). They use ATP to remodel nucleic acids and nucleic 
acid–protein complexes (ribonucleoprotein particles or RNPs) ( 3   – 5 ). Within the broad 
spectrum of RNA helicases, two from the DExD/H group, DEAD-box and DEAH-box, 
are particularly intriguing due to their distinct mechanisms of RNA remodeling and 
extensive roles in diverse cellular processes ( 1 ,  5   – 7 ). They share a core helicase architecture 
formed by the tandem RecA-like domains RecA1 and RecA2, which are responsible for 
ATP binding and hydrolysis and RNA binding and unwinding ( 3 ). Yet they differ in their 
modes of RNA remodeling. DExD-box helicases bind a double-strand RNA substrate 
and unwind short duplex RNA, while DEAH/RHA-box helicases translocate in a 3′ to 
5′ direction along single-strand RNA (ssRNA) to unwind an RNA duplex ( 8     – 11 ). 
DEAH/RHA-box helicases can disrupt long stretches of base pairing. They also execute 
diverse functions, including RNA strand annealing, to nucleate RNP assembly by RNA 
clamping or to displace RNA-bound proteins from their substrate ( 1 ,  12         – 17 ).

 Given their pivotal roles, dysregulation of the activities of these helicases may result in 
various cellular malfunctions. As many RNA helicases in these subfamilies show low substrate 
specificity and can transition to an enzymatically active conformation upon nonspecific 
RNA interaction, cells have developed several levels of regulation to limit unwanted unwind-
ing activity ( 10 ,  15 ). Accessory proteins, or cofactors, that determine RNA helicase specificity 
play a central role in this process ( 15 ). Recent progress has led to improved characterization 
of one class of such cofactors, the G-patch-containing proteins ( Fig. 1A  ), which regulate 
the function of a subset of DEAH/RHA-box RNA helicases (for review, see ref.  10 ). G-patch 
motifs are characterized by a glycine-rich stretch that spans approximately 45 amino acids, 
with consensus sequence Gx2 hhx3 Gax2 GxGlGx3 pxux3 sx10-16 GhG, where G is glycine, h is 
a hydrophobic residue, a is aromatic, l is aliphatic, s is small, u is tiny, and x is any residue 
( 18 ). While the G-patch was initially viewed as a recruitment platform for DEAH helicases, 
it is now recognized as a helicase cofactor, possessing the ability to activate the ATPase and 
helicase functions and thereby contribute to RNP remodeling. Of the 15 known human 
DEAH-box helicases, only DHX15 and DHX16 (and their yeast counterparts, Prp43 and 
Prp2) are known to be modulated, activated, and sequestered by G-patch proteins ( 19 ). 
This interplay between G-patch proteins and DEAH-box helicases is vital for their multi-
functionality, enabling their involvement in numerous distinct cellular processes, including 
pre-mRNA splicing, ribosome biogenesis, pre-mRNA capping, transcription regulation, 
telomerase regulation, and innate immunity ( 7 ,  10 ,  15 ). Recent structural characterization 
of two G-patch/helicase complexes, NFKB Repressing Factor (NKRF) G-patch with 
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DHX15 and Spp2 G-patch with Prp2 (a DHX16 homolog), has 
expanded our understanding of how G-patch modulates DEAH-box 
RNA helicases ( 20 ,  21 ).        

 RNA helicases play crucial roles during viral infections. They have 
a wide range of activities, from their function as viral RNA sensors 
to their assistance in RNA viruses, which have no endogenous helical 
activity. While most positive-sense RNA viruses possess helicase 
activity, retroviruses, including HIV-1, depend entirely on cellular 

helicases to replicate ( 22 ,  23 ). Several DEAD-box or DEAH-box 
helicases are involved in regulating various phases of the HIV-1 
replication cycle ( 24 ,  25 ). Interestingly, Mason-Pfizer monkey virus 
(M-PMV), a member of the betaretroviral family, is unique among 
viruses by encoding a G-patch motif ( 18 ). The unspliced genomic 
RNA (gRNA) of M-PMV is exported from the nucleus to the cyto-
sol via the CTE/NXF1 pathway. In the cytosol, this gRNA is either 
packaged into new viral particles or used as a template for 

Fig. 1.   Association of DHX15 with M-PMV. (A) Alignment of the conserved amino acids of betaretroviral G-patch proteins (M-PMV, HERV-K), human G-patch 
proteins (sNKRF, HsPINX1, HsRBM5, HsRBM17, HsTFIP11, HsZGPAT) and yeast G-patch proteins (ScCmg1, ScPxr1, ScSqs1, ScSpp382), all of which interact with 
DHX15/Prp43. The secondary structural elements, brace helix and brace loop, are indicated. (B) Domain organization of wt (Top panel) and ΔGP M-PMV (Bottom 
panel). The Gag domains are shown: matrix (MA), phosphoprotein (pp), protein p12, capsid (CA), nucleocapsid (NC) with two zinc finger motifs (ZFs), and protein 
p4). Pro comprises dUTPase, protease (PR), and the G-patch (GP), and Pol includes reverse transcriptase (RT) and integrase (IN). (C) Western blots of individual 
fractions from the iodixanol gradient used as the final step in wt (Top panel) and ΔGP M-PMV (Bottom panel) purification. M-PMV was detected with an antibody 
against CA. (D) Transmission electron microscopy (TEM) analysis of negatively stained wt M-PMV particles obtained by combining fractions 8 to 11 from the 
iodixanol gradient. (E) Volcano plot showing the differences in protein abundance in HEK 293 cells infected with ΔGP and wt M-PMV. The difference represents 
the log2 fold change of protein abundance plotted against −log10 adjusted P-value. Each box represents an individual protein. Proteins above the line change 
with an adjusted P-value < 0.01. Protein boxes significantly decreased in ΔGP M-PMV are marked in red (for protein names, see SI Appendix, Table S1). Proteins 
marked with asterisks were identified in all nine samples of wt M-PMV and none of the ΔGP M-PMV samples. (F) Western blots of purified wt and ΔGP M-PMV. 
Rabbit antibodies against CA, PR, and GP were used to identify viral proteins. A mouse antibody against DHX15 was used to identify DHX15 association with 
purified virions. (G) Western blots of production and release of wt M-PMV viral particles produced in HEK 293 and COS-1 cells.

http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
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synthesizing three polyprotein precursors: Gag, Gag-Pro, and 
Gag-Pro-Pol. These polyproteins encode fused structural and enzy-
matic viral proteins. Translation is regulated by two ribosomal 
frameshift events, leading to the production of Gag (87%), Gag-Pro 
(12%), and Gag-Pro-Pol (1%) ( 26 ). This two-frameshift strategy 
ensures that the Gag-Pro and Gag-Pro-Pol polyproteins encode 
G-patch motifs ( Fig. 1 B  , Top  panel). In Gag-Pro, the G-patch (GP) 
is fused to protease (PR), while in Gag-Pro-Pol, the G-patch forms 
a connecting region between protease and RT. Following the pack-
aging of gRNA into immature particles in the pericentriolar region, 
these retroviral polyproteins are transported to the plasma membrane 
and exit the host cell. During maturation, the viral protease cleaves 
the polyprotein precursors. Specifically, Gag is cleaved into major 
structural proteins (matrix MA, phosphoprotein pp, p12, capsid 
CA, nucleocapsid NC, and p4), Pro yields dUTPase (dUTP) and 
protease, and Pol maturation produces RT and IN ( Fig. 1B  ) ( 27   –
 29 ). The fate of the G-patch following virus maturation remains 
unclear; likely, the G-patch from Gag-Pro partially remains a 
C-terminal part of PR and partially cleaves out. The role of the 
G-patch in Gag-Pro-Pol is not understood. Although the signifi-
cance of the G-patch motif for M-PMV infectivity has been previ-
ously reported ( 30 ,  31 ), its specific functions in immature or mature 
virions have yet to be elucidated.

 In this study, we uncover a key interaction between the cellular 
helicase DHX15 and the retroviral G-patch, revealing a different 
mechanism by which M-PMV exploits host cellular mechanisms 
to facilitate its replication. Using a variety of advanced techniques, 
including interactome analysis, mutagenesis, RNA interference, 
CRISPR-Cas editing, and structural analysis, we show that the 
retroviral G-patch functions as a cofactor that specifically recruits 
DHX15 to viral particles. This binding mirrors the interaction 
patterns observed for cellular G-patch proteins and DHX15. Our 
results further demonstrate that retroviral G-patch with bound 
DHX15 is required for efficient gRNA packaging into the virion. 
Once inside the virions, the DHX15–G-patch complex is then 
essential for reverse transcription and influences the progression 
of reverse transcription as well as viral RT activity. We provide 
detailed experimental evidence that DHX15 recruitment and 
relocalization from the nucleus to the viral assembly site in the 
host cell cytosol is critical for the viral life cycle. In conclusion, 
our work significantly advances the understanding of the complex 
interplay between viral components and host cell machinery and 
opens different ways for exploring mechanisms of viral replication 
and potential therapeutic targets. 

Results

Retroviral G-Patch Recruits Cellular DEAH/RHA-Box Helicase 
Into M-PMV Particles. Similar to other retroviruses, M-PMV does 
not encode any intrinsic helicase and this activity relies entirely on 
host-cell enzymes. Because reverse transcription occurs within the 
protected environment of the viral core, it is likely that M-PMV 
must recruit and package cellular helicase into the viral particle, 
similar to HIV-1 (32). Given the anticipated importance of helicase 
activity for completing reverse transcription during the early stages 
of M-PMV infection, we analyzed the viral–host cell interactome. 
M-PMV, propagated in human embryonic kidney 293 (HEK 
293) cells, was isolated and purified by ultracentrifugation using 
a combination of a sucrose cushion and an iodixanol gradient 
(Fig. 1 C, Top panel) as previously described (33). The presence of 
the virus was assessed by TEM (Fig. 1D). Mass spectrometry (MS) 
analysis of virus samples from three biological replicates showed 
the presence of 262 cellular proteins (Dataset S1); 60 of these 
were also identified in noninfected control samples. To exclude 

nonspecifically packaged proteins, we only considered those 
identified in all nine samples of purified M-PMV (three biological 
replicates, each measured in three technical replicates) and not 
identified in any of the three control samples. The resulting list 
of proteins stably packed into M-PMV particles is provided in 
SI Appendix, Table S1.

 Interestingly, we identified DHX15, a member of the DEAH/
RHA RNA helicase family, among these proteins. Since the 
G-patch motifs in several eukaryotic proteins function as cofactors 
of DHX15 ( 34         – 39 ), we hypothesized that the virus-encoded 
G-patch might function in a similar way. To explore whether 
DHX15 incorporation into M-PMV is mediated exclusively by 
the viral G-patch motif, we purified virus particles lacking G-patch 
(ΔGP M-PMV) ( Fig. 1 B  and C  , Bottom  panels), constructed as 
previously described ( 31 ). We analyzed the host-cell protein con-
tent in ΔGP M-PMV particles by MS and compared it with that 
of the wild-type (wt) M-PMV particles (Dataset S1 ). This com-
parison revealed that levels of some host-cell proteins were signif-
icantly reduced in ΔGP M-PMV compared to wt M-PMV. 
Notably, DHX15 level was most affected by the G-patch deletion 
( Fig. 1E  ). Immunoanalysis of purified wt and ΔGP M-PMV fur-
ther confirmed that the G-patch deletion completely blocked 
incorporation of cellular DHX15 into viral particles ( Fig. 1F  ). To 
rule out that this observation only applies to human cells, we also 
propagated M-PMV in African green monkey kidney cells 
(COS-1). Immunoanalysis of virus harvested from COS-1 cells 
confirmed the presence of DHX15 in wt M-PMV ( Fig. 1G  ).  

Retroviral and Cellular G-Patch-Containing Proteins Have 
Similar Modes of Binding to DHX15. Cellular proteins containing 
a G-patch invariably possess a single copy of the motif positioned 
within their intrinsically disordered regions. In addition, these 
proteins often have one or more RNA-binding motifs (18). The two 
retroviral G-patch-containing polyprotein precursors, Gag-Pro and 
Gag-Pro-Pol, comprise several structural and enzymatic proteins, 
some of which possess RNA-binding motifs. These include two 
zinc-finger motifs in the NC domain of Gag and another RNA-
binding motif in the RT domain of Pol. To determine whether 
DHX15 is bound preferentially by the G-patch of one of these 
polyprotein precursors, we used M-PMV frameshift mutants (26) 
producing either Gag and Gag-Pro polyproteins (PR-GP M-PMV, 
Fig. 2A) or Gag and Gag-Pro-Pol (PR-GP-RT M-PMV, Fig. 2B). 
These M-PMV mutant viruses, as well as the wt and ΔGP M-
PMV vectors, were ultracentrifuged through a sucrose cushion and 
analyzed by immunoblot along with the producing cells (Fig. 2C). 
Virus-associated DHX15 protein was detected in all viral variants 
containing G-patch verifying that the M-PMV G-patch, whether 
from Gag-Pro or Gag-Pro-Pol polyproteins, can function as the 
DHX15 binding partner. To determine whether increasing the 
relative abundance of the G-patch sequence relative to the viral 
polyproteins would proportionally increase DHX15 incorporation, 
we transferred the G-patch sequence from its original position to 
a sequence between the MA and the phosphoprotein domain of 
the Gag polyprotein (MA-GP M-PMV, Fig. 2D). Surprisingly, no 
DHX15 was detected in released MA-GP viruses (Fig. 2E).

 The crystal structure of the NKRF G-patch/DHX15 complex 
revealed that the G-patch binds through its N terminus to the 
WH (winged helix) domain of DHX15 helicase and via its 
C terminus to the RecA2 domain ( 20 ). Thus, the G-patch acts 
like a brace holding these two mobile helicase segments together. 
In this structure, the N terminus of the G-patch folds into a short 
amphipathic alpha-helix (termed the G-patch brace helix), which 
continues into an extended conformation allowing the C terminus 
(referred to as the G-patch brace loop) to bind to RecA2 domain. 

http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
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Fig. 2.   Mode of DHX15 binding to M-PMV G-patch. (A and B) Schematic representation of M-PMV frameshift variants: PR-GP M-PMV producing Gag and Gag-Pro (A) and 
PR-GP-RT M-PMV producing Gag and Gag-Pro-Pol (B), with amino acid sequences of G-patch regions. (C) Western blot analysis of wt M-PMV, ΔGP M-PMV, and M-PMV 
frameshift mutants, produced and released from HEK 293 cells. Viral particles were harvested from the culture medium and visualized using antibodies against M-PMV 
CA and DHX15. Actin was used as a sample loading control. (D) Schematic representation of M-PMV Gag-containing G-patch: MA-GP M-PMV. (E) Western blot analysis of 
wt M-PMV, ΔGP M-PMV, and MA-GP M-PMV produced in HEK 293 cells. The culture media were ultracentrifuged and visualized using antibodies against M-PMV CA, MA, 
and G-patch, and DHX15. (F) Amino acid sequence of M-PMV G-patch showing the mutations (red) used in this study. (G) Western blot analysis of cell- and virus-associated 
samples from the production of wt M-PMV, ΔGP M-PMV, and M-PMV G-patch mutants in HEK 293 cells. Samples were prepared as described above. Virus detection was 
performed using antibodies against M-PMV CA, G-patch, RT, and DHX15. GAPDH was used as a sample loading control. (H) AlphaFold model of the PR-GP portion of the 
M-PMV Pro polyprotein precursor, with PR in cyan and GP in yellow. (I) AlphaFold model of the PR-GP-RT part of the M-PMV Pol polyprotein precursor, with PR in cyan, 
GP in yellow, and RT in dark green. (J) Alphamodel of MA-GP-phosphoprotein of the M-PMV Gag polyprotein, with MA and pp domains of Gag in gray and GP in yellow.  
(K) Space-filling AlphaFold model of the complex of M-PMV G-patch (yellow) and DHX15 (blue); showing the individual DHX15 domains RecA1, RecA2, Ratchet, WH, and OB.
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The conserved glycine residues of the G-patch do not directly bind 
to DHX15 but rather ensure the flexibility required for proper 
binding ( 20 ). The binding mode of Ssp2 G-patch to the human 
DHX16 ortholog Prp2 is almost identical ( 21 ). To investigate 
whether the betaretroviral G-patch/DHX15 binding mode cor-
responds to that observed between NKRF G-patch and DHX15, 
we analyzed virions with substitutions in key, highly conserved 
G-patch amino acids. Specifically, we analyzed the following sub-
stitutions downstream to the brace helix that align with crucial 
residues in NKRF G-patch: M-PMV Y880 (equivalent to W564 
in NKRF), M-PMV G883 (NKRF G567), and M-PMV G887 
(NKRF G571) ( Fig. 2F  ) ( 20 ). Immunochemical analysis con-
firmed that DHX15 presence in purified G-patch mutant viruses 
is significantly reduced ( Fig. 2G  ).

 To test whether the M-PMV G-patch motif, like other cellular 
motifs, is unstructured and capable of forming an N-terminal brace 
helix, we used a combination of spectroscopic measurements and 
AlphaFold prediction. As the G-patch motif can act independently 
without requirements for any other protein domains ( 20 ), we ana-
lyzed purified M-PMV G-patch peptide, amino acids 867–911 
( Fig. 1A   and SI Appendix, Fig. S1A﻿ ), by CD and NMR. According 
to the far-UV CD spectrum at room temperature, M-PMV 
G-patch peptide had a predominantly unordered structure together 
with a relatively small contribution of β-structure (SI Appendix, 
Fig. S1C﻿ , black line). However, temperature-induced changes in 
the CD spectra (SI Appendix, Fig. S1A﻿ ) showed a “turn-out” 
response to heating, which is characteristic of several intrinsically 
disordered proteins (IDPs) ( 40 ). A similar result was observed in a 
Heteronuclear Single Quantum Coherence (HSQC) NMR exper-
iment using uniformly 15 N-labeled G-patch peptide. The spectrum 
showed a narrow distribution of cross-peaks around 8 ppm of the 
﻿1 H frequency, which is typical for intrinsically disordered proteins 
(IDPs) (SI Appendix, Fig. S1B﻿ ). On the other hand, in the presence 
of 2,2,2-trifluoroethanol (TFE), a compound known to promote 
peptide helicity, the G-patch exhibited a substantial portion of 
α-helical content, as evidenced by negative spectral bands at ~206 
nm and ~222 nm (SI Appendix, Fig. S1C﻿ , red line). Next, we used 
AlphaFold prediction to build a 3D model of the structural arrange-
ment of the M-PMV G-patch between PR and RT. Based on the 
NMR structure of M-PMV PR and structural analogy to other 
retroviral RTs, the AlphaFold-built models showed the G-patch 
positioned at the C terminus of the PR ( Fig. 2H  ) and inside an 
unstructured part between the two well-structured PR and RT 
domains ( Fig. 2I  ). In these models, the N terminus of G-patch 
forms a short alpha-helix in a position corresponding to the 
brace-helix observed in the NKRF G-patch/DHX15 and Ssp2 
G-patch/Prp2 crystal structure ( 20 ,  21 ). The model with the 
G-patch inserted between the MA and PP domains of Gag showed 
no steric hindrance that could prevent DHX15 binding ( Fig. 2J  ). 
However, the presence of C-terminal helix IV of the MA domain, 
which is only unfolded upon myristoyl switch ( 41 ), may reduce 
the flexibility of the N-terminal G-patch portion and compromise 
DHX15 binding. Nevertheless, AlphaFold analysis confirmed that 
the M-PMV G-patch peptide can adopt a conformation and bind-
ing mode with DHX15 similar to that of cellular NKRF G-patch 
( Fig. 2K  ), with a confidence more than 90% (SI Appendix, 
Fig. S1D﻿ ). Taken together, these results suggest that the mode of 
interaction between the retroviral G-patch inside the Gag-Pro or 
Gag-Pro-Pol polyproteins and cellular DHX15 is similar to that 
described for cellular G-patch-containing proteins.  

DHX15 Is Essential for M-PMV Infectivity. To confirm the 
importance of DHX15 in the M-PMV replication cycle, we 
down-regulated DHX15 expression with specific siRNA. qPCR 

analysis revealed that DHX15 mRNA levels were reduced to 10 
to 20% compared to untreated cells or those treated with control 
siRNA (Fig. 3A). The reduction of dhx15 expression was further 
confirmed by western blot using monoclonal antibodies (Fig. 3B). 
Accordingly, immunoanalysis of M-PMV particles released from 
siRNA-treated cells showed a significant decrease in incorporated 
DHX15 compared to untreated cells (Fig. 3C). The infectivity 
of ELISA-normalized M-PMV released from siRNA-treated cells 
dropped significantly to roughly 30% of the infectivity of virus 
released from untreated cells (Fig. 3D). Similarly, the infectivity of 
M-PMV virions either bearing a G-patch deletion, Gag-insertion, 
or containing single-point substitutions of conserved G-patch 
residues were significantly impaired (Fig.  3D). These results 
correspond with previously published data (30, 31) reporting 
that G-patch deletion or substitutions of its conserved glycines 
severely diminish M-PMV infectivity. Since a similar decrease 
in infectivity was observed in DHX15 knockdown cells, these 
data further confirm the importance of the DHX15/G-patch 
interaction for M-PMV replication.

DHX15 Colocalized with MPMV Near the Nucleus. DHX15 
is primarily localized in the cell nucleus, nuclear speckles, and 
nucleolus (42, 43). Interestingly, Prp43, the yeast homolog of 
DHX15, can be sequestered from the nucleus to the cytosol by 
increasing the expression of its G-patch interaction partner (42). 
Based on these observations, we hypothesized that DHX15 is 
incorporated into M-PMV virions through direct cytosolic 
interaction with the G-patch of the M-PMV Gag-Pro and Gag-
Pro-Pol polyproteins. To investigate the colocalization of DHX15 
with M-PMV G-patch-containing polyproteins, we generated 
an mScarlet-DHX15 HEK-293 cell line by using Crisper-Cas 
technology. The production of DHX15 and DHX15 with N-
terminal fusion to fluorescent mScarlet protein (Sc-DHX15) was 
verified through immunochemical analysis (Fig. 4A). Potential effect 
of N-terminal mScarlet addition to DHX15 on its subcellular 
localization was analyzed by confocal fluorescence microscopy 
(Fig. 4B). Both DHX15 (Fig. 4 B, Top panels) and Sc-DHX15 
(Fig.  4 B, Bottom panels) were predominantly localized in 
similar speckles-like structures, suggesting that the mScarlet tag 
does not significantly alter nuclear localization of DHX15. We 
observed that M-PMV protease cleaves the flexible GSGSGS 
linker between mScarlet and DHX15 during virion maturation. 
Utilizing a protease-inactivation mutant (D26A), we however 
verified the incorporation of Sc-DHX15 into M-PMV virions 
(Fig.  4C). Colocalization experiments were performed in the  
Sc-DHX15 HEK-293 cell line transfected with either wt or ΔGP 
M-PMV proviral vectors, in which GFP was inserted between 
MA and phosphoprotein, MA-GFP-M-PMV (Fig.  4D) and 
MA-GFP-ΔGP-M-PMV (Fig. 4E), respectively. For wt M-PMV, 
colocalization was indicated by the spectral overlap of red and 
green fluorescence, which was particularly evident in the gray-scale 
images (Fig. 4D). In wt M-PMV producing Sc-DHX15 cells, a 
single prominent colocalization spot per cell was usually observed 
(highlighted by white arrowheads Fig.  4D). The intracellular 
localization of these individual spots within the cells—close to 
the nucleus—may indicate potential viral assembly sites, which for 
M-PMV is represented by the pericentriolar site. No such cytosolic 
localization of Sc-DHX15 was observed either in noninfected 
cells (Fig. 4B) or in the cells producing ΔGP- M-PMV (Fig. 4E). 
The clear separation of the red and green signals with no apparent 
overlay in the merged image suggests a significant decrease in the 
colocalization between Sc-DHX15 and ΔGP- M-PMV. These 
results provide strong evidence for our hypothesis that the G-patch 
domain of the M-PMV Gag-Pro and Gag-Pro-Pol polyproteins is a 

http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
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necessary component for the interaction with DHX15, facilitating 
its incorporation into the assembling virion.

DHX15 Is Required for Proper gRNA Packaging in a G-Patch-
Dependent Manner. Unexpectedly, analysis of the released M-PMV 
particles revealed a significantly reduced content of viral gRNA 
incorporated into ΔGP M-PMV compared to wt virions (Fig. 5A). 
To validate this finding, we also quantified the gRNA content in 
other mutant M-PMV virions and in virions released from siRNA-
DHX15-treated cells. A significant reduction in gRNA content was 
observed in all particles in which either the presence or functionality 
of the G-patch or DHX15 was compromised (Fig. 5A). Since the 
mutations in the G-patch or reduced expression of DHX15 cannot 
affect the function of nucleocapsid (NC) in the Gag polyprotein, 
which is the primary domain responsible for gRNA recognition 
and binding, our results suggest that successful gRNA packaging 
into viral particles also depends on both the G-patch and DHX15.

 To better understand the interplay between M-PMV G-patch, 
DHX15, and gRNA, we quantified the amount of virus-associated 
G-patch, DHX15, and gRNA ( Fig. 5B  ). The absence of the G-patch 
resulted in undetectable DHX15 and a reduction of gRNA to 40% 
of the wt level. A similar decrease in gRNA was detected when 
DHX15 was down-regulated by si-RNA knockdown, despite the 
wt-level of G-patch. Surprisingly, gRNA levels were significantly 
reduced to 20% of wt in the MA-GP mutant, which produces ten 
times more G-patch than wt, but is unable to bind DHX15 ( Fig. 5B  ). 
Finally, using an NC mutant AEAEA-M-PMV ( 44 ), which has an 
impaired ability to bind gRNA, we found that despite containing wt 
levels of both G-patch and DHX15, gRNA incorporation was not 
rescued. This result clearly demonstrates that although the M-PMV 
G-patch/DHX15 complex is important for gRNA packaging, 

without the primary gRNA recognition and binding signal provided 
by NC, the potential secondary gRNA packaging signal mediated 
by G-patch and DHX15 is ineffective ( Fig. 5B  ). These results demon-
strate that the DHX15–G-patch interaction function as an addi-
tional, however essential signal for efficient gRNA packaging.

 To confirm the potential interaction of DXH15 with M-PMV 
gRNA, we employed photoactivatable-ribonucleoside-enhanced 
cross-linking and immunoprecipitation (PAR-CLIP). M-PMV- 
transfected cells grown in the presence of 4-thiouridine were 
exposed to UV light. The RNP complexes from the cytosolic frac-
tion were immunoprecipitated using an anti-DHX15 monoclonal 
antibody, and isolated RNA was reverse transcribed and sequenced. 
The results showed that DHX15 interacts specifically with the 
7,328 to 7,393 bp of M-PMV gRNA, which includes the CTE 
and its upstream region (SI Appendix, Fig. S2 ).  

DHX15 Participates in Reverse Transcription. Apart from the 
unexpected role of DHX15 in gRNA packaging, we tested its more 
anticipated role in RNA remodeling during reverse transcription 
in M-PMV virions. We compared the reverse transcription 
kinetics of virions released from siRNA-DHX15-treated HEK 293 
cells; ΔGP M-PMV; Y880S, G883A, and G887A mutant virions 
released from siRNA-untreated HEK 293 cells; and wt M-PMV. 
At intervals of 4, 8, 12, 24, and 48 h postinfection, total DNA 
was isolated from cells infected with ELISA-normalized amounts 
of M-PMV virions and used for qPCR quantification of reverse 
transcription products of the early (Fig.  6A) and intermediate 
(Fig.  6B) phases. While the early phase is characterized by 
synthesizing strong-stop DNA, complementary minus-strand 
DNA is produced during the intermediate phase. Although the 
intermediate phase was more significantly impacted, there were 

Fig. 3.   Downregulation of dhx15 expres-
sion by siRNA. (A and B) HEK 293 cells were 
transfected with siRNA-DHX15 twice over 
48 h. Samples were split for RNA isolation 
and qPCR quantification (A), and immu-
noanalysis with anti-DHX15 antibody (B). 
(C) HEK 293 cells, treated as in (A and B), 
were transfected with wt M-PMV. Virus 
production was compared to wt and ΔGP 
M-PMV. At 48 h posttransfection, viral par-
ticles were harvested and analyzed immu-
nochemically using antibodies against M-
PMV CA, GP, and DHX15. GAPDH was used 
as a loading control. (D) Relative infectivity 
of wt, ΔGP, and G-patch mutant M-PMV 
in HEK 293 cells and wt M-PMV in siRNA-
DHX15-treated cells was assessed using a 
single-round infectivity assay. Virions har-
vested at 48 h posttransfection were used 
to infect HEK 293 cells. The amount of re-
leased virions was normalized to CA by the 
ELISA. After 48 h, infectivity was measured 
using a flow cytometer (BD FACS AriaIII).

http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
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substantial reductions in production of reverse transcription 
products during both phases in cells infected with ΔGP M-PMV, 
G-patch mutant virions, and virions produced in siRNA-treated 

cells. This decline was especially pronounced 24 h postinfection, 
coinciding with peak levels of reverse transcription products in 
cells infected with wt M-PMV.

Fig. 4.   Colocalization of DHX15 with wt MPMV. (A) Immunochemical validation of Sc-DHX15 production in HEK 293 cells: HEK 293 cells were genetically engineered 
using CRISPR-Cas9 technology to express DHX15 with an N-terminal fusion to the mScarlet. Sc-DHX15 expression was confirmed by mouse antibody against 
DHX15, with GAPDH used as a sample loading control. (B) The subcellular localization of the DHX15 (Top panels) and Sc-DHX15 (Bottom panels) was analyzed 
by confocal fluorescent microscopy, using Rb × DHX15 and Alexa Fluor 488 goat anti-rabbit IgG. The bar represents 20 µm. (C) Western blot analysis of M-PMV 
particles produced from Sc-DHX15 HEK 293 cells: Particles were harvested 48 h posttransfection and identified using antibodies against the M-PMV CA, GP, and 
DHX15. The panel compares wt M-PMV with a protease-inactivated mutant (D26A), showing the cleavage of the GSGSGS linker by the viral protease. (D and E) 
Confocal microscopy analysis of Sc-DHX15 (red) and (D) wt MA-GFP M-PMV (green) and (E) ΔGP MA-GFP M-PMV (green) in Sc-DHX15 HEK 293 cells. Twenty-four 
hours posttransfection, the cells were fixed and imaged with a spinning disc confocal microscope. Spots of colocalization, observed only for wt M-PMV, are shown 
by white arrows in (D). In cells transfected with wt MA-GFP M-PMV, an average of 2.05 colocalization spots (SD 0.88) were counted. In comparison, cells transfected 
with ΔGP MA-GFP M-PMV showed an average of 0.13 spots (SD 0.18). The difference was statistically significant with a P-value < 0.00001 (Mann–Whitney U test).
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 To elucidate the effect of G-patch/DHX15 on reverse transcrip-
tion, we investigated whether DHX15 is associated with the 
reverse-transcribing complex in mature virions. We isolated wt and 
ΔGP M-PMV virions and performed immunoprecipitation (IP) 
using antibodies against RT, G-patch, and DHX15, followed by 
an assessment of RT activity by RT-PCR assay ( Fig. 6C  ). For wt 
M-PMV, RT activity was detected in samples immunoprecipitated 
with all antibodies, whereas significantly reduced RT activity was 
observed in the ΔGP M-PMV IP samples. These results strongly 
suggest that formation of the M-PMV G-patch/DHX15 complex 
is essential for RT activity and that RT, G-patch, and DHX15 are 
associated within mature virions. Finally, we investigated whether 
the interaction between DHX15 and G-patch plays a role in mod-
ulating M-PMV RT activity. Based on our previous findings indi-
cating that G-patch affects the activity of M-PMV RT ( 31 ), we 
investigated how the G-patch mutations connected with lack of 
DHX15 incorporation into the virions affect RT activity. We used 
a colorimetric assay to measure the RT activity of wt, ΔGP, Y880S, 
G883A, and G887A M-PMV virions ( Fig. 6D  ). Our results show 
that all mutants and virions produced in siRNA-DHX15-treated 
cells displayed reduced RT activity compared to wt M-PMV. It is 
important to note that the assays used for RT activity (colorimetric 
and RT-qPCR) utilized artificial RNAs and complementary prim-
ers, which do not recognize M-PMV gRNA. This ensures that the 
results of the measurements depicted in  Fig. 6 C  and D   are not 
affected by the gRNA content. This implies that a complex of 
G-patch bound to DHX15 is essential for M-PMV RT activity. 
Furthermore, the DHX15 binding to G-patch-RT appears to be 
essential for optimal functioning of the RT complex, particularly 
during the early and intermediate phases.   

Discussion

 This study reveals a broad aspect of retroviral replication and highlights 
the critical role of the cellular DEAH box RNA helicase DHX15 in 
the life cycle of Mason-Pfizer monkey virus. Our results show that 
the retroviral G-patch acts as a molecular beacon that specifically 
recruits DHX15 into the virion, by a mechanism that mirrors the 
interaction observed between cellular G-patch proteins and DHX15. 
Through a comprehensive approach, including mutagenesis, RNA 
silencing, CRISPR-Cas engineering, PAR-CLIP analysis, and struc-
tural analysis, we confirm that M-PMV G-patch-driven recruitment 

and relocalization of DHX15 from the nucleus to the cytosol is essen-
tial for efficient viral gRNA packaging. Significantly, we also show 
that the DHX15–G-patch complex in the virions plays a critical role 
in the progression of reverse transcription and the activity of viral RT.

 Retroviruses lack intrinsic helicase activity and rely entirely on 
cellular helicases. Our study highlights a distinct strategy employed 
by M-PMV that distinguishes it from other retroviruses, such as 
HIV-1, which utilize a variety of cellular helicases. More than 20 
DExD/H box RNA helicases, including DHX9, (also known as 
DDX9 or RNA helicase A) are critical for replication of HIV-1. 
These helicases mediate several processes, including viral RNP 
nuclear export, viral RNA splicing, viral transcription, and trans-
lation (for review, see refs.  24 ,  25 , and  45 ). DHX9, can bind the 
NC domain of Gag and the 5’UTR region of HIV-1 genomic 
RNA and become incorporated into HIV-1 particles ( 19 ,  46 ) in 
a viral gRNA-dependent manner ( 47 ). Subsequently, DHX9 
enhances HIV-1 infectivity by accelerating reverse transcription 
( 20 ,  21 ). M-PMV, a simple retrovirus, adopts a strategy distinct 
from that of HIV-1. The selective recruitment of DHX15 through 
the unique G-patch motif highlights a sophisticated mechanism 
of host–pathogen interaction and reveals the evolutionary com-
plexity of viral replication strategies. The absence of DHX15 in 
M-PMV virions, caused either by mutation(s) or deletion of the 
M-PMV G-patch motif or by downregulation of host cell DHX15 
by siRNA, negatively affects packaging of gRNA into the viral 
particles, the progression of reverse transcription and it blocks 
virus infectivity. The impact of missing helicase activities, either 
DHX9 for HIV-1 ( 46 ) or DHX15 for M-PMV, in mature virions 
confirms that helicase activity associated with the mature retroviral 
core is essential for the proper function/activity of the 
reverse-transcribing complex in subsequently infected cells. The 
need for helicase incorporation into HIV-1 is strongly supported 
by the observation that reverse transcription of viral gRNA in 
newly infected cells occurs within the enclosed environment of 
the viral capsid core, which dissociates when reverse transcription 
is completed in the nucleus (for review, see ref.  48 ). Hence, to 
accomplish reverse transcription, both HIV-1 and M-PMV need 
to package helicase into newly formed virus particles.

 Cellular DHX15 is incorporated into M-PMV particles by the 
retroviral G-patch, which resides within the two large polyprotein 
precursors Gag-Pro and Gag-Pro-Pol, with respective molecular 
weights of 95 and 180 kDa. In Gag-Pro, the G-patch motif is 

Fig. 5.   DHX15 affects M-PMV genomic RNA packaging. (A) The gRNA content in G-patch mutant viruses and wt M-PMV released from HEK 293 cells treated with 
siRNA-DHX15 was determined and calculated relative to wt M-PMV. Virions were isolated from culture media 48 h posttransfection with proviral DNA. Viral RNA 
was isolated from viral particles following normalization by the ELISA and purification by ultracentrifugation through a 20% sucrose gradient, and M-PMV gRNA 
was quantified by RT-qPCR. (B) Quantification of virus-associated G-patch and DHX15 based on Image LabSoftware western blot analysis of M-PMV particles 
released from HEK 293 cells, and gRNA based on quantified by RT-qPCR.
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positioned at the very end of the polyprotein, downstream of the 
aspartic protease. Following a frameshift event that overcomes the 
stop codon at the 3′ end of the pro  region, the G-patch becomes 
situated between PR and RT. Our AlphaFold model shows that the 
G-patch comprises an intrinsically disordered region that flanks the 
C terminus of the well-structured PR region in Gag-Pro ( 49 ), while 
in Gag-Pro-Pol, it connects PR with another well-structured RT 
domain. This configuration is reminiscent of eukaryotic G-patch 
proteins, enabling the G-patch to effectively “fish” for the helicase. 
Our CD, NMR, and AlphaFold data indicate that while the retro-
viral G-patch remains largely unstructured, it can fold into an 
N-terminal alpha helix known as the brace helix, which is crucial 
for DHX15 binding. Mutations targeted downstream of the G-patch 
brace helix, specifically those substituting conserved amino acid 
residues demonstrated to be critical for cellular NKRF G-patch 
binding to DHX15, play an important role in M-PMV. Specifically, 
W564 is essential for preserving the overall structure of the NKFR 
G-patch motif ( 20 ). Our experimental data revealed that the anal-
ogously positioned Y880 residue in M-PMV G-patch is indispen-
sable for DHX15 binding. Our AlphaFold model indicates that 
M-PMV Y880 is a key residue for maintaining the G-patch structure 
due to the potential formation of a hydrogen bond between Y880 
and the backbone amide group of G883 (SI Appendix, Fig. S1E﻿ ). 
This bond is particularly important as it induces a bend in the down-
stream peptide, composed of conserved glycine residues, toward the 

DHX15 hydrophobic cavity. The AlphaFold model agrees with our 
experimental findings that mutations of Y880 and G883 completely 
abolish incorporation of DHX15. The model also shows the posi-
tioning of a conserved glycine (G887) toward a DHX15 cavity 
consisting of V522, H523, F524, F526, and P529 (SI Appendix, 
Fig. S1E﻿ ), which is similar to the position of G570 in the experi-
mentally determined structure of NKFR G-patch. Substitution of 
this residue with alanine strongly affected DHX15 incorporation. 
Taken together, the results of our mutational analysis of M-PMV 
G-patch indicate that the DHX15 binding mechanisms of retroviral 
G-patch-containing polyproteins and cellular G-patch-containing 
proteins are mediated by the same residues.

 An intriguing aspect of our study is the finding that the forma-
tion of M-PMV G-patch and DHX15 complex is critical for effi-
cient incorporation of gRNA into new viral particles. Retroviral 
gRNA is synthesized in the nucleus, and retroviruses encode 
cis-acting nuclear export RNA elements that allow the transport of 
unspliced, intron-containing gRNA that would otherwise remain 
sequestered in the nucleus. HIV-1 uses a Rev response element 
(RRE) in combination with the cellular nuclear export receptor 
CRM1, while simple retroviruses such as M-PMV encode a con-
stitutive transport element (CTE) that recruits components of the 
nuclear export machinery mRNA NXF1(Tap)/NXT1(p15), 
reviewed in ref.  50 . Direct visualization of nucleocytoplasmic trans-
port of retroviral gRNAs suggested that RNA export elements play 

Fig. 6.   DHX15 is part of the reverse transcription complex in mature M-PMV particles. (A and B) Reverse transcription of wt and GP mutant M-PMV produced 
in HEK 293 cells and wt M-PMV produced in siRNA-DHX15-treated HEK 293 cells. To monitor reverse transcription, HEK 293 cells were infected with wt and 
mutant M-PMV and harvested at 4, 8, 12, 24, and 48 h postinfection. Real-time PCR analysis of isolated DNA was used to detect reverse transcription products 
of the early (A) and intermediate (B) phases. The results were normalized using the ELISA and housekeeping genes. To compare all biological replicates, the 
normalized amount of DNA was calculated as the % of products relative to the maximum of wt M-PMV at 24 h postinfection. (C) Determination of RT activity 
in immunoprecipitated complexes. Wt and ΔGP M-PMV were concentrated by ultracentrifugation, and GP and DHX15 complexes were immunoprecipitated. 
RT activity of the immunoprecipitated complexes was assessed by RT-qPCR and calculated as relative % directly proportional to the RT-qPCR products. (D) 
Activity of M-PMV RT. Wt, ΔGP, and GP mutant M-PMV were produced in HEK 293 cells. Wt M-PMV was also produced in siRNA-DHX15-treated HEK 293 cells. 
Virions were normalized by the ELISA, and RT activity was determined by the colorimetric assay. All P values were assessed by ANOVA with a combination of 
the Tukey–Kramer HSD test and the Scheffé, Bonferroni, and Holm multiple comparison tests. P values (**P < 0.01 and *P < 0.05) were calculated by comparing 
samples to wt M-PMV, unless otherwise stated.

http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
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a role in distributing gRNAs in the cytoplasm. The HIV-1 RRE 
regulates the translocation of mRNAs from the nucleus to the cyto-
plasm in a “burst-like” nonlocalized manner, whereas the M-PMV 
CTE associates gRNAs with microtubules and controls their dis-
tinct clustering close to a microtubule-organizing center (MTOC) 
( 51 ). Although the packaging of gRNA by retroviruses is essential 
for infectivity, the subcellular site of the initial interaction between 
the viral polyprotein and gRNA remains poorly defined. In the case 
of C-type retroviruses (HIV, Rous sarcoma virus, RSV) that assem-
ble at the plasma membrane, it was thought that viral polyproteins 
initially bind to gRNA in the cytoplasm or at the plasma mem-
brane. However, RSV Gag protein has been shown to be actively 
transported to the nucleus where it binds to and exports unspliced 
viral RNA, possibly for packaging into virions as viral genome 
( 52   – 54 ). M-PMV as a D-type retrovirus assembles intracytoplasmic 
particles deep in the cytosol, close to the nucleus ( 55 ).

 The very interesting point is the specific intracellular place 
where DHX15 interacts with M-PMV G-patch. Since the syn-
thesis of MPMV polyproteins and the subsequent assembly of 
viral particles take place in the cytosol, this interaction was 
expected to occur in the cytoplasm. However, our data showing 
that Sc-DHX15 is primarily localized to the nucleus and revealing 
an interaction between DHX15 and M-PMV gRNA region 
upstream of CTE, a critical RNA element for nuclear export of 
unspliced viral RNA ( 56 ), makes the situation far more intriguing. 
Since the G-patch functions as a DHX15 cofactor, activating and 
regulating helicase function, the G-patch-containing M-PMV 
Gag-Pro or Gag-Pro-Pol probably has to be transported to the 
nucleus for binding and activation of DHX15. This complex must 
then be exported from the nucleus to the site of viral particle 
assembly. Since we did not observe a decrease in gRNA-driven 
viral polyprotein expression, it is likely that DHX15 does not 
directly affect nuclear export of gRNA to the cytosol. The need 
of M-PMV G-patch-activated DHX15 helicase to bind gRNA 
CTE may therefore be in the remodeling of gRNA either required 
for gRNA dimerization or for efficient packaging. The ability to 
remodel RNP complexes has been reported for several RNA hel-
icases, including DHX15 (for review, see ref.  14 ).

 The interplay between G-patch proteins and DEAH-box helicases 
is key to numerous cellular processes, including RNA remodeling, 
RNA splicing, cell differentiation and innate immunity ( 7 ,  10 ,  15 ). 
Our study adds to the understanding of the versatility of DHX15. 
It also raises the intriguing possibility that DHX15’s modulation of 
host mRNAs containing constitutive transport elements (CTEs) is 
mediated by G-patch motif-containing cellular proteins. A particu-
larly compelling example is the identification of a functional CTE 
within the alternatively spliced intron 10 of the NXF1/TAP gene, 
a critical component of the NXF1(Tap)/NXT1(p15) complex that 
facilitates general mRNA nuclear export ( 57 ). The translation of 
this CTE-NXF1 transcript into a truncated form of NXF1 implies 
a self-regulatory mechanism affecting its own expression. This find-
ing positions CTEs as important not only for retroviral gRNA 
export but also in the broader context of mammalian mRNA export 
regulation, particularly of intron-retaining mRNAs (IR-mRNAs). 
As IR-mRNAs have been implicated in several diseases, including 
neurodegenerative disorders and cancer ( 58 ,  59 ), the potential reg-
ulation of these mRNAs by DHX15, possibly through interactions 
with cellular G-patch proteins, opens different ways of research that 
could lead to innovative therapeutic interventions.

 In conclusion, these findings provide a deeper understanding 
of the molecular intricacies of retroviral replication and host–path-
ogen interactions and lay the base for future research into viral 
exploitation of host RNA processing pathways.  

Materials and Methods

Expression Vectors. All DNA manipulations were carried out using stand-
ard subcloning techniques, and plasmids were propagated in Escherichia coli 
DH5α. All newly created constructs were verified by DNA sequencing. The provi-
ral M-PMV pSARM4 vector as well as the pSARM-EGFP and pTMO vectors were 
kindly provided by Eric Hunter (Emory University). As previously described for HIV 
MA-GFP (60), the GFP sequence was inserted between MA and phosphoprotein 
sequences to create two vectors wt MA-GFP MPMV and ΔGP MA-GFP M-PMV. All 
mutations in the M-PMV G-patch were introduced as previously described (31). 
To produce the M-PMV G-patch in bacterial cells, a vector GST-TEV-GP/pET41a 
was constructed by cloning a PCR fragment encoding the M-PMV G-patch into 
pET41a using NheI and XhoI, in frame with the upstream GST-TEV region. The 
His-3C-DHX15 pFAST Bac vector, encoding His-DHX15, was kindly provided by 
Umeharu Ohto (University of Tokyo, Japan).

Cell Cultures. HEK 293 and COS-1 cells were grown in Dulbecco’s modified Eagle 
medium (DMEM, Sigma) supplemented with 10% fetal bovine serum (Sigma) 
and 1% L-glutamine (Sigma) at 37 °C under 5% CO2. Typically, 1 d before trans-
fection, cells were plated at a density of 2 to 5 × 105 cells/mL. The following day, 
cells were transfected with an appropriate plasmid using either polyethylenimine 
(PEI) or X-tremeGENE HP (Roche) with a 1:2 or 5:1 ratio of DNA:transfection agent, 
respectively. The cells were grown for an additional 6 to 48 h and then used in 
subsequent experiments.

Single-Round Infectivity Assay. The infectivity assay was performed as previ-
ously described (61, 62). Briefly, at 48 h posttransfection, medium containing 
M-PMV virions was collected and filtered through a 0.45 µm filter. Freshly seeded 
HEK 293 cells were infected with ELISA-normalized amounts of M-PMV and incu-
bated. After 48 h, the cells were harvested, fixed with 4% paraformaldehyde, and 
transferred to a FACS tube. Quantification of GFP-positive cells was performed 
using a BD FACS AriaIII flow cytometer.

M-PMV Virion Production. HEK 293 cells were transfected with the proviral 
M-PMV vector pSARM4. At 48 h posttransfection, the culture medium containing 
released virions was filtered through a 0.45 µm filter and ultracentrifuged through 
a 20% sucrose cushion at 210,000×g for 1 h in a Beckman SW41Ti rotor. The viral 
pellets were then resuspended in a buffer suitable for subsequent experiments.

Isolation and Purification of M-PMV Virions, MS Analysis, and Label-Free 
Protein Quantification. Virions were produced and isolated as described pre-
viously (33), for details, see SI Appendix. MS analysis was performed on sam-
ples of wt and ΔGP M-PMV virions, each in three biological replicates (obtained 
from three independent isolations of virions) and three technical replicates. 
Noninfected cells served as control samples and were also analyzed in three 
biological replicates. Refer to SI Appendix for a detailed description of sample 
preparation, MS analysis, and the label-free quantification procedure.

Immunoblotting. Proteins were resolved by reducing SDS-PAGE and blotted 
onto a nitrocellulose membrane. Nonspecific interactions were blocked with 
Blocking Solution (Thermo Scientific). The antigen–antibody complexes were 
detected by Clarity™ Western ECL (Bio-Rad) or West Atto Chemiluminescent 
Substrate (Thermo Scientific) using a Quantum Vilber Lourmat imager (Schoeller). 
The antibodies used in the study were as follows: Rbx M-PMV CA, Rbx M-PMV 
PR, Rbx M-PMV G-patch (prepared in house), MxDHX15, Mx actin, Mx GAPDH 
(obtained from SCBT, TX), GxRb HRP, Rbx M HRP (obtained from Sigma, MO).

TEM. Purified M-PMV particles were negatively stained using 2% sodium phos-
photungstate (pH 7.4) on carbon-coated grids, as previously described (63, 64). 
The samples were visualized by TEM using a JEOL transmission electron micro-
scope JEM-1010 at 80 kV. Images were captured using an AnalySIS MegaView 
III digital camera.

Protein Expression and Purification. GST-TEV-GP and His-3C-DHX15 were 
produced in bacterial cell E. coli BL21(DE3) and insect cells Sf9, respectively. 
Following production, the cells were lysed and the proteins were purified using 
the AKTA protein purification chromatography system, by a combination of affinity 
and size-exclusion chromatography. Further details on protein purification can 
be found in SI Appendix.

http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407990121#supplementary-materials
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Circular Dichroism (CD). CD spectra were measured on a Jasco 1500 spectropo-
larimeter equipped with a Peltier thermostated holder PTC-517. ECD spectra in 
the far-UV spectral region (195 to 280 nm) were obtained over a temperature 
range from 10 °C to 90 °C with 10 °C steps. The sample concentration was 0.11 
mg/mL in a quartz cell with 0.5 mm path length. Details for the experimental 
setup can be found in SI Appendix.

NMR Spectroscopy. 2D 1H-15N HSQC experiments were measured at 298 K 
on a Bruker Avance III 600 MHz NMR spectrometer equipped with a cryoprobe. 
NMR data were processed with TopSpin 3.5 (Bruker BioSpin, GmbH) and further 
analyzed with the CcpNmr Analysis 2.5.2 program (65).

siRNA Knock-Down. The experiments were performed as previously described 
(66). Briefly, siRNAs targeting DHX15 were purchased from ORIGENE, and their 
impact on DHX15 expression was evaluated by RT-qPCR and immunoanalysis. 
For further details, refer to SI Appendix.

Analysis of dhx15 Gene Expression Levels Using RT-qPCR. Expression of 
dhx15 was determined by detecting exons 2, 4, and 13 by qPCR in isolated and 
reversely transcribed cellular mRNA. Phospholipase A (PLA) and glyceraldehyde-
3-phosphate (GAPDH) were used as reference genes. qPCRs were performed 
using a QuantStudio™ 5 Real-Time PCR System. Additional details are provided 
in SI Appendix.

qPCR Analysis of Reverse Transcription Products. The products of the early 
and intermediate phases of reverse transcription were quantified by targeting 
the strong-stop DNA and gag-derived gene encoding M-PMV phosphoprotein, 
respectively, as detailed previously (44, 67, 68). Total DNA from HEK 293 cells 
infected with ELISA-normalized M-PMV was isolated at different time points post-
infection using a DNeasy Blood & Tissue Kit (Qiagen). The target gene was then 
detected by qPCR using 2× SYTO-9 Master Mix (Top-Bio) supplemented with 1 
µM M-PMV strong-stop DNA. PLA and GAPDH were used as reference genes. The 
pSARM-EGFP vector carrying M-PMV genome was used to establish a calibration 
curve in the 1.18 to 4,840 pg/µL concentration range. RT products were quantified 
by a standard curve-based method and normalized to reference gene expression.

Analysis of gRNA Packaging Efficiency. M-PMV gRNA packaging into viri-
ons was determined by RT-qPCR as previously described (44). Briefly, 48 h after 
transfection, a cultivation medium containing M-PMV was harvested, filtered, 
quantified by the ELISA, and ultracentrifuged through a 20% sucrose cushion. 
Viral gRNA was isolated using the QIAamp Viral RNA Mini kit (Qiagen) followed 
by TURBO DNase (Invitrogen™) treatment. M-PMV gRNA was then detected by 
RT-qPCR using gag-specific primers. The relative amount of packaged gRNA was 
calculated using the ΔΔCq method.

Activity of RT. This assay was conducted as previously described (44). Briefly, 
viruses from the culture media were collected 48 h posttransfection, filtered 
through 0.45 µm filters, and concentrated by ultracentrifugation through a 20% 
sucrose cushion as described above. The M-PMV RT activity in individual samples 
was then determined by the RT Colorimetric Assay (Sigma-Aldrich), including 
synthetic RNA template and corresponding primers, using an Infinite® 200 PRO 
series spectrophotometer (Tecan M200) at 490 nm.

Determination of RT Activity After IP through GP and DHX15 Antibodies. 
Virions were pelleted through a 20% sucrose cushion, and the resulting pellet 

was resuspended in RT lysis buffer and incubated with antibody against DHX15 
or M-PMV G-patch, and then with magnetic beads conjugated with Protein A. RT 
activity was determined by RT-qPCR using artificial target SLA RNA with appropri-
ate primers. The full experimental details can be found in SI Appendix.

Generation of mScarlet-DHX15 Producing HEK 293 Cell Line. The mScarlet-
DHX15 HEK-293 cell lines were prepared using CRISPR-Cas9 technology. The 
gRNA was then isolated and sequenced from the selected clones to confirm the 
specific genome editing. The expression of the Sc-DHX15 protein was detected 
immunochemically using the MxDHX15 antibody (SCBT) and by fluorescence 
microscopy. Further details are provided in SI Appendix.

Fluorescence Microscopy. mScarlet-DHX15 HEK 293 cells were grown on 35 
mm dishes with glass bottom (MatTek) and transfected with wt MA-GFP M-PMV 
and ΔGP MA-GFP M-PMV proviral vectors. Twenty-four hours posttransfec-
tion, the cells were fixed in 4% paraformaldehyde in PBS at room temperature 
and imaged with a spinning disc confocal microscope (Andor, Belfast, UK). 
For further details regarding the experimental and statistical analysis, refer 
to SI Appendix.

PAR-CLIP-seq and Bioinformatic Analyses. The PAR-CLIP-seq experiments 
were based on a previously published protocol (69), with some modifications. 
Protein binding sites were identified using the nf-core/clipseq pipeline. The 
genome coverage was calculated using the SAMtools (70). For details regarding 
PAR-CLIP and the associated bioinformatic analysis, see SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information. The mass spectrometry proteomics data 
have been deposited to the ProteomeXchange Consortium via the PRIDE partner 
repository with the dataset identifier PXD046672 (71).
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