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Abstract: A universal feature of retroelement propagation is the formation of distinct nucleopro-
tein complexes mediated by the Gag capsid protein. The Ty1 retrotransposon Gag protein from
Saccharomyces cerevisiae lacks sequence homology with retroviral Gag, but is functionally related. In
addition to capsid assembly functions, Tyl Gag promotes Tyl RNA dimerization and cyclization and
initiation of reverse transcription. Direct interactions between Gag and retrotransposon genomic
RNA (gRNA) are needed for Tyl replication, and mutations in the RNA-binding domain disrupt
nucleation of retrosomes and assembly of functional virus-like particles (VLPs). Unlike retroviral
Gag, the specificity of Tyl Gag-RNA interactions remain poorly understood. Here we use microscale
thermophoresis (MST) and electrophoretic mobility shift assays (EMSA) to analyze interactions
of immature and mature Tyl Gag with RNAs. The salt-dependent experiments showed that Tyl
Gag binds with high and similar affinity to different RN As. However, we observed a preferential
interaction between Tyl Gag and Tyl RNA containing a packaging signal (Psi) in RNA competition
analyses. We also uncover a relationship between Tyl RNA structure and Gag binding involving the
pseudoknot present on Tyl gRNA. In all likelihood, the differences in Gag binding affinity detected
in vitro only partially explain selective Tyl RNA packaging into VLPs in vivo.

Keywords: Tyl retrotransposon; Gag; protein-RNA interactions; binding affinity; RNA packag-
ing; MST

1. Introduction

The Ty1/Copia (Pseudoviridae) family contains well-studied LTR retrotransposons
present in many eukaryotic genomes [1]. Although yeast Tyl elements replicate intra-
cellularly, they package genomic RNA (gRNA) into virus-like particles (VLPs) that are
comparable to retroviral virions. Both types of particles form by the assembly of Gag
precursors to protect retroelement gRNA from nucleases and concentrate factors necessary
for reverse transcription of gRNA into double-stranded DNA that can integrate into the
host genome [2-5]. Retroviral virion assembly has been extensively studied using a variety
of approaches that highlight the critical role of the Gag nucleocapsid (NC) domain, con-
taining one or two zinc finger (ZF) motifs, in the selection, dimerization, and packaging of
gRNA [6-9].

Ty1 Gag appears to be different based on its functional organization and low sequence
homology when compared with retroviral Gag, but carries out similar processes [10]. The
Tyl Gag precursor is a 441-amino acid protein (Gag-p49) which, unlike a retroviral Gag
polyprotein, does not contain recognizable matrix (MA), capsid (CA), and nucleocapsid
(NC) domains. During VLP maturation, Gag-p49 undergoes one C-terminal cleavage by
Ty1 protease to form mature Gag (Gag-p45, 401 aa) and a small peptide (p4, 40 aa) with
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unknown function [11,12]. The N-terminal and central regions of Tyl Gag are essential for
protein-protein interactions to form the VLP shell, and the C-terminal region is required
for RNA binding [13,14]. The RNA-binding region of Tyl Gag is rich in basic amino
acids and does not contain a recognizable ZF motif [14]. Tyl Gag plays an important
role in the nuclear export and stability of the Tyl gRNA and its trafficking to specific
cytoplasmatic foci termed retrosomes where Tyl RNA and proteins accumulate prior to
assembly into VLPs [15-18]. Mutations in the C-terminal RNA binding domain of Gag
disrupt retrosome nucleation and VLP assembly [15,17]. Like retroviral Gag, Tyl Gag also
displays nucleic acid chaperone (NAC) activity. In vitro assays showed that Tyl Gag or its
shorter forms containing C-terminal domain promote annealing of tRNA;M¢!, initiation of
reverse transcription, Tyl gRNA dimerization, and cyclization [14,19-21].

For retroviruses, it is generally accepted that gRNA packaging is mediated by specific
binding between Gag and the packaging signal (Psi) located near the 5'-terminus of viral
gRNA [22,23]. In vitro, at physiological salt conditions, HIV-1 Gag binds HIV-1 Psi RNA
and non-Psi RNAs with similar affinities but the specificity for Psi RNA is evident when
binding affinity is measured in high ionic strength buffers or in the presence of an excess
of competing heterologous RNA (e.g., tRNA) [24,25]. The mechanism by which Tyl Gag
identifies and selects Tyl gRNA for packaging into VLPs remains unclear. Psi sequences
for the Ty1 element have not been precisely defined, but functional analyses suggest that
cis-acting sequences critical for gRNA packaging encompass nucleotides +230-580 [26-28].
Biochemical and genetic results suggest cis-acting sequences within the first 580 nucleotides
are critical for Tyl retrotransposition. This region includes palindromes (PAL1 and PAL2)
involved in Tyl RNA dimerization, PBS, Box0, and Box1 that bind primer tRNA;Met)
and CYC5 sequence required for RNA genome cyclization (Figure 1) [20,21,26,27,29,30].
Additionally, the Tyl gRNA 5'-end is stabilized by a functionally important pseudoknot
structure that may also be a preferred binding site for mature Tyl Gag [20,31].

Figure 1. Schematic representation of the 5'-end of Tyl gRNA containing cis-acting sequences:
palindromes (PAL1 and PAL2; orange) involved in RNA dimerization, primer binding site (PBS) and
short boxes (Box0, Box1; dark blue) that anneal cellular tRNA;Met and 5/ cyclization site (CYC5; pink).
The region containing the proposed packaging signal (+230—580) is shown in green. The strands
forming the stems (S1 and S2) of the pseudoknot motif are shown in blue.

In this work, we use microscale thermophoresis (MST) and electrophoretic mobility
shift assays (EMSA) to investigate RN A-binding properties of recombinant Tyl Gag-p49
and -p45. We assess Gag binding to relevant segments of Tyl gRNA with, or without, a
packaging signal and to heterologous RNA. Our results suggest that Tyl Gag binds diverse
RNAs with high affinity but low specificity. In contrast to retroviral Gag, the affinity of Tyl
Gag for various RNAs is not significantly different even at high ionic strength. However,
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competition experiments reveal preferential binding of Gag to Tyl RNA containing Psi,
and correct folding of the 5" pseudoknot structure facilitates selective recognition of Tyl
RNA by Gag.

2. Results
2.1. RNA Binding Affinity and Specificity of Immature and Mature Tyl Gag

To characterize RNA binding properties of Gag-p49 and Gag-p45, we used microscale
thermophoresis, which provides a fast and sensitive way to dissect intermolecular in-
teractions through changes in fluorescence [32]. We analyzed the binding properties of
recombinant Gag-p49 and Gag-p45 to three RNA molecules of similar length: mini Ty1
RNA (mTy1l RNA), non-Psi Tyl RNA, and S. cerevisiae 185 rRNA. mTyl RNA encompasses
the first 576 nucleotides of Tyl gRNA and contains cis-acting sequences crucial for the
retrotransposition, including the packaging region (Figure 1) [20,21,26,27,30,31]. The non-
Psi Tyl RNA encompasses a region of the Tyl coding sequence (+1000—1616). This RNA
corresponds to an internally-initiated transcript (Tyli), which encodes the Gag-like p22
restriction factor but is not detected in VLPs [33,34]. A yeast 185 rRNA fragment (+1—-576)
was used as an additional control for Tyl Gag binding specificity. Experiments were
performed in a buffer similar to that used in binding reactions for HIV-1 Gag [25,35,36].
To determine Tyl Gag binding specificity, Gag titration experiments were performed at
different NaCl concentrations (150-500 mM). At high NaCl concentrations, non-specific
(electrostatic) interactions are increasingly masked by the salt. Specific binding to the RNA
should be more salt-resistant due to the higher contribution of hydrogen bonds or aromatic
residue stacking from protein-RNA interactions [37,38]. Our results were fitted to the Hill
equation model to estimate the average Kp values for protein-RNA complexes and to
provide further information on the binding mechanism.

At physiological ionic strength (150 mM NaCl), Gag-p49 binds both mTy1l RNA and
non-Psi Tyl RNA with high affinity, and only a small difference in Kp values (Kp 176.8nM
and 231.9nM, respectively) was detected by MST (Figure 2A,B; Figure S1; Table 1). The
baseline-corrected normalized fluorescence (AFnorm) increased with Gag-p49 concentra-
tion, reaching a plateau at ~560 nM for mTy1 RNA (1:37 RNA: protein ratio) and ~790 nM
for non-Psi Tyl RNA (1:53 RNA: protein ratio). Salt concentrations of 300 mM and 400 mM
caused a ~2.4-fold and ~9-fold rise in the Kp value of Gag-p49 binding to mTy1l RNA,
respectively. For non-Psi Tyl RNA, we detected more substantial increases in Kp value,
with a ~3.8-fold increase at 300 mM NaCl and a 15-fold increase at 400 mM NaCl. At
500 mM NaCl, binding of Gag-p49 to both RNAs was significantly reduced, as shown
by a 50- and 67-fold increase in Kp for mTyl RNA and non-Psi Tyl RNA, respectively.
Also, a plateau was not reached at 500 mM salt, thus, a measurement error is greater than
for other salt concentrations. For heterologous 185 rRNA, higher ionic strength of the
binding buffer (300 mM to 500 mM NaCl) caused an increase in Kp comparable to that
observed for interactions with mTy1 RNA (Figure 2C; Table 1). Therefore, Gag-p49 binding
to RNA containing the Tyl packaging signal is not more salt-resistant when compared with
the heterologous RNA. Nevertheless, at each salt concentration, Tyl Gag-p49 displays a
slightly higher affinity to mTy1 RNA than to non-Psi Tyl RNA or 185 rRNA.
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Figure 2. MST analysis of Tyl Gag-RNA interactions at increasing ionic strength. Dose-response binding curves of Tyl
Gag-p49 to mTyl RNA (A), non-Psi Tyl RNA (B), 185 rRNA (C) and of Tyl Gag-p45 to mTyl RNA (D) and 18S rRNA (E) at
150, 300, 400 and 500 mM NaCl. Lines represent fits of the data points using the Hill equation (EC50). (F) The log-log plot of
the binding affinity as a function of NaCl concentration for Ty1 Gag-p49 (solid lines) and Tyl Gag-p45 (dashed lines).

Table 1. Impact of ionic strength on Ty1 Gag-RNA interactions. Binding parameters were based on binding curves from the
salt-dependent experiments that were fitted to the Hill equation. Mean =+ SD of Kp from at least three independent MST

experiments. n.d.: not determined

KD [IIM] ny KD [I‘IM] ny KD [I‘IM] ny KD [I‘IM] ny KD(IM) [M] Zeff
150 mM NaCl 300 mM NaCl 400 mM NaCl 500 mM NaCl
mTyl -5
RNA-Gag-p49 176.8 £ 114 19 4147 +21.7 1.8 1566.2 £+ 36 2.7 8935+ 35445 28 (34+52)x10 3.0£09
18S -5
rRNA-Gag-pd9 2539+ 119 22 6473+172 24 2337.4 +127.7 2.6 10466 +4083.1 22 (4.2+44)x10 29+0.8
non-Psi Tyl 2319+105 1.7 8864+37.7 19 3520 + 258.4 1.6 15635 4+ 19989 14 (9+39) x1075 334+07
RNA-Gag-p49
mTyl -5
RNA-Gag-pd5 2043 +108 2 451.14+219 21 1064.7 + 32.6 34 3823241488 22 (1.1£34)x10 224+0.6
18S _5
rRNA-Gag-pd5 267.8 + 15 22 55244234 2 1871.3 £ 1394 2.1 14525+63302 17 (4.6+6.1)x10 3.0+1.1
ASla
RNA-Gag-p49 2147 £94 21 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

To compare RNA binding features of immature and mature forms of Tyl Gag, we
performed salt-dependent experiments using Gag-p45 and mTyl RNA or 185 rRNA
(Figure 2D,E; Table 1). At physiological salt concentration, the difference between Kp
values obtained for the Gag-p45 complexes with mTyl RNA and 185 rRNA was also small
(204.3 nM and 267.8 nM, respectively), and a plateau in binding was reached at the same
protein concentrations as for immature Tyl Gag. At 400 mM NaCl, we observed a ~5.2-fold
increase of Kp value for Gag-p45 complexes formed with mTy1 and a ~7-fold increase for
complexes with 185 rRNA. Furthermore, at 500 mM NaCl, there was a smaller increase
in the Kp value for Gag-p45 interactions with mTy1l RNA than with 185 rRNA (19- and
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54-fold, respectively). The results suggest that Gag-p45 may display greater discrimination
between Tyl and other RNAs.

To estimate the relative contribution of electrostatic and non-electrostatic interactions
in Tyl Gag-RNA binding, we prepared a log-log plot of the Kp as a function of NaCl
concentration (Figure 2F). The slope of this plot can be interpreted as the effective charge
of the protein-nucleic acid interaction (Z¢), and the Y-intercept represents Kppr) which
reports the non-electrostatic component strength of binding [24,25,37,38]. mTyl RNA
was bound by Gag-p49 with a Kpgyy of 3.4 x 107>, which is similar to that obtained
for 18S rRNA binding (Kpmy 4.2 X 107°) (Table 1). The Gag-p49-non-Psi Tyl RNA
complexes were characterized by the weakest non-electrostatic binding component (Kpr
of 9 x 107°). The difference in non-electrostatic binding component for interactions of
Gag-p45 with mTyl RNA and 185 rRNA was greater than that observed for Gag-p49
(Kpamy 1.1 x 107 and 4.6 x 107>, respectively). The number of electrostatic interactions
was similar for all Gag-p49-RNA complexes (Zq¢ ~3) (Table 1).

The Hill coefficient (nyy) ranged between 1.7 and 3.4 at each salt concentration for
both Tyl Gag proteins in interactions with all RNAs (Table 1). A value greater than
1 suggests positive cooperativity in which binding of ligand to one site facilitates binding of
subsequent ligands at other sites. Therefore, RNA binding by Gag-p49 or Gag-p45 in vitro
is a cooperative process that is independent of the RNA substrates analyzed here.

The results suggest that both Tyl Gag proteins bind diverse RNAs with high affin-
ity but low specificity. Given that trafficking of Tyl RNA to retrosomes and packaging
into VLPs occurs before maturation of Gag-p49 to p45, we focused on the RNA binding
properties of Tyl Gag-p49 in further analyses.

2.2. Gag Interactions in the Presence of Competitor RNA

To further investigate Gag-p49 binding specificity, we performed MST assays with
diverse RNAs added in excess. In the competition reactions, fluorescently-labeled RNA
was added to a mixture of Gag-p49 and competitor RNA at physiological salt concentration.
The competition efficiency was determined by the competitor’s relative ability to inhibit
the formation of protein-labeled RNA complexes, as monitored by a change in Kp.

Initially, we performed Gag-p49 titration experiments with labeled RNA and total
tRNA from E. coli in 50-fold molar excess. Adding excess tRNA only modestly decreased
Gag-p49 binding to labeled mTyl RNA or 185 rRNA, as shown by a ~2.5- or ~1.7-fold
increase in Kp, respectively (Figure 3A, Table 2). Increasing the molar excess of tRNA to
133-fold resulted in similar increases in Kp for both mTy1 RNA and 185 rRNA (Figure S2).
Thus, competition with excess tRNA failed to reveal specific Gag-p49 binding to RNA
containing packaging signal, which is in contrast to results obtained with HIV-1 Gag [25,39].

Table 2. Impact of RNA competition on Ty1 Gag-p49 binding to mTy1l RNA and 18S rRNA. Binding
parameters for Tyl Gag-RNA interactions were obtained based on the Hill equation. Mean + SD of
Kp from at least three independent MST experiments. n.d.: not determined.

Labeled RNA

mTyl RNA 18S rRNA
Competitor

Kp [nM] ny Kp [nM] nyg
competitor 176.8 + 114 1.9 2539 £ 119 22
tRNA E.coli 434.6 £15.8 1.8 430.2 £20.5 1.9
mTyl RNA 1491.6 +28.7 23 12249 +423 1.7
18S rRNA 679.2 £ 30.1 1.9 973.9 £ 37 1.8
non-Psi Tyl RNA 4052 +£75 1.8 n.d. n.d.

AS1la RNA 1150.2 £ 36.5 2.6 n.d. n.d.
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Figure 3. MST analysis of Tyl Gag-p49 interactions with RNA in the presence of competitor RNA. (A) Dose-response
binding curves of Tyl Gag-p49 to mTy1l RNA (black) and 185 rRNA (orange) in the presence (dashed lines) or absence
(solid lines) of total E. coli tRNA in 50-fold molar excess. (B) Dose-response binding curves of Tyl Gag-p49 to mTy1 RNA in
the presence of competing mTyl RNA (black, dashed line), non-Psi Tyl RNA (purple, dashed line) or 185 rRNA (orange,
dashed line) in constant 10-fold molar excess. mTy1 RNA binding by Ty1 Gag-p49 in 150 mM NaCl lacking competitor RNA
is used as a control (black, solid line) (C) Dose-response binding curves of Tyl Gag-p49 to 185 rRNA in the presence of
competing mTyl RNA (black, dashed line) or 185 rRNA (orange, dashed line) in 10-fold molar excess. 185 rRNA binding by
Tyl Gag-p49 in 150 mM NaCl lacking competitor is used as a control (orange, solid line) (D) Dose-response binding curves
of Tyl Gag-p49 to mTy1 RNA in the presence of an increasing concentration of competing mTy1 RNA (black), non-Psi Tyl
RNA (purple) or 185 rRNA (orange).

Next, we used non-Psi Tyl RNA and 185 rRNA as competitors in 10-fold molar excess
to labeled mTyl RNA. To establish the maximum level of competition, a control MST
experiment was performed with labeled mTyl RNA and unlabeled mTy1 RNA. Adding
unlabeled mTy1l RNA in excess strongly inhibited the formation of Gag-p49 complexes
with labeled mTy1 RNA, as reflected in an 8-fold increase in Kp (Figure 3B, Table 2). When
unlabeled non-Psi Tyl RNA or 185 rRNA competed with mTy1 RNA for the binding to Gag-
P49, we observed a much smaller increase in Kp of 2.3-fold and 3.8-fold, respectively. We
also tested the impact of the competitor on Gag-p49 interactions with 185 rRNA (Figure 3C,
Table 2). Excess of 185 rRNA or mTy1l RNA affected the Gag-p49-185 rRNA complexes
formation similarly with a ~3.8- and ~4.8-fold increase in Kp, respectively.

To obtain more information about the specificity of the complexes formed between
Gag-p49 and mTyl RNA, we performed competitive RNA binding assays with increasing
amounts of RNA competitor at constant concentrations of labeled mTyl RNA and Gag-
p49. We observed that mTy1 RNA effectively self-competed for interactions with Gag-p49
(Figure 3D). At a 20-fold molar excess, competitor mTy1 RNA reduced complexes by 50%,
and at 100-fold molar excess, essentially all labeled RNA was displaced from the complexes.
When 185 rRNA or non-Psi RNA were used as competitors, the inhibitory effects were
much weaker. About 80% and 40% of Gag-p49-mTyl RNA complexes were still observed
in the reactions at 100-fold molar excess of non-Psi Tyl RNA or 185 RNA, respectively.
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Together, our results suggest that a slightly higher Gag-p49 binding affinity to mTy1
RNA is sufficient to make 185 rRNA and non-Psi Tyl RNA less-effective competitors with
mTy1 RNA for binding to Gag-p49. The reduced effect of non-Psi Tyl RNA suggests this
RNA may contain specific properties that may be investigated in future studies.

2.3. Comparing MST and EMSA to Detect Gag-RNA Complexes

To extend the MST analyses, we detected Tyl Gag-RNA interactions using EMSA.
Initially, we analyzed the binding affinity of Gag-p49 and Gag-p45 to mTy1 RNA and 185
rRNA at various salt concentrations. At physiological salt concentration, Gag-p49 and
Gag-p45 bound mTyl RNA with high affinity, as reflected by Kp values of 88.5 nM and
179 nM, respectively (Figure 4A, Table S1). Also, 185 rRNA was bound efficiently by both
forms of Gag, and the difference between Kp values between Tyl Gag complexes with
mTy1l RNA and 185 rRNA was greater than that detected with MST. Increasing the salt
concentration increased the Kp for Gag-p49 and Gag-p45 interactions with both mTy1 and
185 RNAs, but observed Kp changes were much smaller than that detected using MST.
The binding of mTyl RNA and 18S rRNA was relatively strong even at 800 mM NaCl
(Kp <1 uM) (Table S1). Similar to MST, we observed a slightly higher affinity of Tyl Gag
proteins to mTy1 RNA than to 185 rRNA at each salt concentration.

A mTy1 RNA
Gag-p49 Gag-p45
B o)
100 c =
| o e sme wsee e e RNA-protein
= e & o e % |complexes
= - wer S W W ~free RNA
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Figure 4. EMSA analysis of Tyl Gag-RNA interactions. (A) Plots represent the fraction of bound mTyl RNA (black)
or 185 rRNA (orange) with increasing concentration of Gag-p49 (solid line) or Gag-p45 (dashed line) at 150 mM NaCl.

Representative agarose gels are presented alongside the plots. Lanes denoted C lack protein. Effects of addition of competing
mTyl RNA (black, dashed line) or 185 rRNA (orange, dashed line) in 10-fold molar excess on Tyl Gag-p49 interactions with
mTy1 RNA (B) or 18S rRNA (C). The measurement of RNA binding by Ty1 Gag-p49 in 150 mM NaCl lacking competitor
RNA is used as a control (solid lines).

EMSA was also used to monitor competition between mTyl RNA and 185 rRNA for
binding with Gag-p49. Similar to MST, unlabeled mTyl RNA or 185 rRNA was added
in 10-fold molar excess relative to labeled mTyl RNA. Inhibition of the Gag-p49-mTyl
RNA interaction by 185 rRNA was 50% weaker than self-competition with mTyl RNA
(Figure 4B, Table S2), which is comparable to the results obtained using MST. Similar results
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to those obtained by MST were also observed with labeled 185 rRNA. Gag-p49-18S rRNA
interactions were comparable when competed with mTy1 and 185 rRNA, as reflected in a
~3- and ~4-fold increase of Kp, respectively (Figure 4C, Table S2).

Although the absolute binding parameters are different between MST and EMSA,
this can be explained by differences in the accuracy and sensitivity of these two meth-
ods [40]. Importantly, the same trends were observed in the salt-dependent and competition
experiments using EMSA and MST methods.

2.4. Role of the 5' Pseudoknot in Tyl RNA Binding

In vitro and in virio RNA structure mapping experiments suggest that the stems of
the long-range pseudoknot near the 5’-end of Tyl gRNA and adjacent regions constitute
primary binding sites for Gag-p45 [19,20,41]. However, whether the pseudoknot facilitates
Ty1 Gag binding or Tyl RNA interactions with Gag promote the formation of this structural
motif remains unexplored. To explain the relationship between the pseudoknot motif and
Gag, we studied Gag-p49 interactions with mTy1l RNA mutant containing a 5-nt deletion
at the 5'-end (AS1la RNA) that is destabilized for pseudoknot formation. Prior SHAPE
(selective 2'-hydroxyl acylation analyzed by primer extension) analyses show that this
mutation disrupts the pseudoknot, but does not extensively alter the secondary structure
in other regions of mTy1 RNA [20].

We analyzed the binding affinity of Gag-p49 for ASla RNA at 150 mM NaCl. The
results suggest that the 5-nt deletion moderately impairs protein binding, resulting in a
Kp of 214.7 nM (Figure 5A; Figure S1; Table 1). Next, ASla RNA was used to compete
with wild-type mTy1l RNA for the binding to Gag-p49. A constant 10-fold molar excess
of ASla RNA caused a ~6.5-fold rise in Kp for Gag-p49-mTy1 RNA complexes formation
(Figure 5B, Table 2), which was weaker than that obtained for self-competing mTyl RNA.
Moreover, ASla RNA did not completely disrupt Gag-p49 interactions with mTy1 RNA
when present at higher concentration (Figure 5C). At a 1:100 ratio of wild type to mutated
mTyl RNA, 15% of Gag-p49-mTy1l RNA complexes still remained in solution. Together,
our data suggest that disrupting the pseudoknot affects the interactions between Gag-p49
and mTyl RNA.
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Figure 5. Role of the 5’ pseudoknot in Gag-Ty1l RNA interactions. (A) Dose-response binding curves of Tyl Gag-p49 with
mTyl RNA (black) and ASla (blue) at 150 mM NaCl. (B) Dose-response binding curves Gag-p49-mTyl RNA interactions in
the presence of competing mTy1l RNA (black, dashed line) or AS1a RNA (blue, dashed line) in 10-fold molar excess. mTy1
RNA binding by Ty1 Gag-p49 in 150 mM NaCl lacking competitor is used as a control (black, solid line). (C) Dose-response

binding curves of Tyl Gag-p49 to mTy1 RNA in the presence of an increasing concentration of competing mTyl RNA (black)

or ASla RNA (blue).

To further investigate differences in interactions between Gag-p49 and mTyl or ASla
RNA, we used hydroxyl radical (HR) footprinting to map Gag-p49 binding sites in these
two RNAs. The advantage of HR is that cleavage of the RNA backbone occurs indepen-
dently of RNA secondary structure [42]. We compared HR cleavage profiles for mTy1 RNA
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and ASla RNA in the protein-free state. The most significant changes for mutated RNA
were present near the pseudoknot stems, confirming RNA structural changes in the pseudo-
knot region (Figure S3). Protein-RNA complexes were formed under the same conditions
as for the MST analyses. The regions protected by Gag-p49 against #OH were identified by
comparing the cleavage profiles of RNA in the presence and absence of Gag-p49. For mTy1
RNA, the most significant protection occurred near nucleotides forming the pseudoknot
stems (Figure 6A). We also observed a strong Gag-p49 binding effect in PAL dimerization
sequences and adjacent regions (nt 7-13 and 34-40). These data correspond well with
results obtained using mature Tyl Gag-p45 [20]. In contrast, the AS1la RNA cleavage profile
in the presence of Gag-p49 was very similar to that obtained in the protein-free RNA state
(Figure 6B). Strong protection at the pseudoknot region was not detected, but instead,
multiple small cleavage decreases were observed along most of the RNA. We observed
slightly stronger protection against cleavage only for nucleotides +30—42 and +65-68, but
this was much weaker than for wild-type mTyl RNA-Gag-p49 complexes. Thus, despite a
high affinity of Gag-p49 for ASla RNA, preferential protein binding sites were not detected
in the absence of a stable pseudoknot. Taken together, our results provide evidence that the
pseudoknot may facilitate Tyl Gag binding. This novel function of the pseudoknot may
also be important during the process of Tyl retrotransposition.
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cleavage decrease of >0.2 and/or a p-value < 0.05). Asterisks below the plot correspond to statistical significance (Student’s
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3. Discussion

Genomic RNA of retroelements is selectively packaged into virions or VLPs despite
the presence of a large excess of diverse cellular RNAs. This process has been extensively
studied for retroviruses, but much less is known about how gRNA packaging occurs during
the replication of endogenous retroelements. Here, we characterize S. cerevisiae Tyl Gag
interactions with RNAs with, or without, a packaging sequence. We performed a thorough
analysis of RNA binding properties of recombinant immature and mature Tyl Gag using
two different techniques, MST and EMSA. No major differences in overall RNA binding
between Gag-p49 and Gag-p45 were detected with either technique. Moreover, Gag-p49
recognizes mTyl RNA regions that are very similar to that detected for Gag-p45 [20].
These findings are confirmed and extend prior work showing that both precursor and
mature Tyl Gag promote retrosome formation, Tyl RNA packaging, and assembling into
VLPs in vivo [15,17,43]. Our analyses also reveal that both Tyl Gag proteins bind RNA
through a cooperative mechanism independent of the RNA molecule, which is similar
to the general mechanism of action of retroviral Gag proteins [25]. Similar to retroviral
virion assembly [44], any RNA might serve as a scaffold for Tyl VLP formation and drive
interactions of multiple Gag molecules with each other, as well as with RNA. However,
testing this hypothesis requires further experiments.

Our study reveals that like retroviral Gag proteins [24,25,35,45,46], Tyl Gag-p49 and
-p45 bind diverse RNAs with high but similar affinities at physiological salt conditions.
Gag-binding to Tyl RNA containing Psi is less sensitive to an increase of NaCl concen-
tration than binding to non-Psi Tyl RNA. Although this result suggests a more specific
Tyl Gag interaction with Psi RNA, Kp changes caused by increasing ionic strength are
similar for mTyl RNA and 185 rRNA. In contrast to retroviral Gag [24,45], recognition
of RNA containing Psi by Tyl Gag-p49 or -p45 does not involve a significantly greater
non-electrostatic binding component than interactions with control RNAs. Notably, the
Kpamy values for all tested Tyl Gag-RNA interactions are comparable to those obtained for
HIV-1 and RSV Gag complexes with Psi RNAs [24,45]. The differences between retroviral
Gag and Tyl Gag may result from the low sequence homology of RNA binding domains.
Specific RNA binding by retroviral Gag proteins is mediated primarily by the NC domain,
containing one or two well-structured zinc finger motifs [6-8]. Additionally, retroviral Gag
polyproteins can interact with RNA by basic amino acid residues of NC and positively
charged MA domain, but MA interactions are not specific and limited mainly to tRNA [47].
In contrast, Tyl Gag contains a disordered region rich in basic amino acids arginine and
lysine (25.53%) that binds RNA, but lacks a ZF motif [14]. We hypothesize that, due to the
interaction of Tyl Gag with RNA through stretches of basic amino acids, specific binding
to mTyl RNA is not detected in the presence of an excess of tRNA or at high ionic strength.
For HIV-1 Gag, the addition of excess tRNA blocks the positively charged amino acids
of MA and NC domains from interacting with non-specific RNA and enhances specific
interaction by ZF motifs [25,48,49]. Interestingly, when non-Psi Tyl RNA or 185 rRNA
competes with mTy1 RNA for binding to Gag-p49, we observe Psi-dependent interactions
with Tyl RNA. Surprisingly, the non-Psi Ty1 RNA is less effective in competition analyses
than 185 rRNA. The non-Psi Tyl RNA used in our work is not only a part of the coding
region but is present in the Tyli transcript — a template for restriction factor p22 that is used
to modulate the level of Ty1 retrotransposition in vivo [33,34]. Our findings suggest that the
slight difference in Tyl Gag affinity to diverse RNAs might help discriminate between Ty1
gRNA and other RNAs during packaging into VLPs. Nevertheless, it seems unlikely that
differences in Tyl Gag binding affinity to diverse RNAs in vitro fully account for selective
Tyl RNA packaging. Our results also raise the possibility that cellular or additional Tyl
factors help identify Tyl gRNA as the preferred RNA for packaging into VLPs.

An analysis of the nucleotide composition of Gag-p49 binding sites in mTy1l RNA
shows a lack of preference for particular nucleotide base(s) (Figure S4), which extends
earlier work using the mature Gag-p45 [20]. These results are consistent with the generally
accepted rule for RNA-binding proteins with intrinsically disordered regions rich in basic
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residues [50,51]. Our data suggest that Gag-p49 can recognize specific structural motifs
in Tyl RNA. For various retroviruses, mutational analyses reveal that destabilization of
particular stem-loops at the 5'-terminus negatively affects RNA packaging [52-55]. Here,
we provide data suggesting that the stems of the 5'-long-range pseudoknot motif and
adjacent nucleotides constitute primary binding sites of Gag-p49 in vitro. Destabilizing
the pseudoknot structure results in the loss of preferential binding of Gag-p49 in this
region of Tyl RNA. In addition, we show that Gag-p49 can distinguish wild-type mTy1
RNA from RNA with an unstable pseudoknot (AS1a) as evidenced by RNA competition
analyses. Therefore, Tyl Gag does not promote pseudoknot formation, rather the pseu-
doknot structure may facilitate Tyl RNA binding by Gag. Since the pseudoknot is also
present in Tyl gRNA in vivo [56], this structural motif may be present in Tyl gRNA before
packaging into VLPs. However, the role of the pseudoknot motif in Tyl RNA packaging
is not completely understood. Point mutations in the pseudoknot stems do not affect the
Tyl RNA packaging [31], but defects resulting from complete disruption of base-pairing
in S1 and S2 stems remain unexplored. Gag interactions with nucleotides forming the
pseudoknot stems may also be important for other stages of the Ty1 life cycle.

Our study suggests that Tyl Gag is less effective in specific gRNA recognition than
retroviral Gag polyproteins. Indeed, cellular mRNAs lacking any obvious sequence homol-
ogy with Tyl gRNA associate with Tyl VLPs [26,57,58]. On the other hand, only several,
but simultaneously abundant at cytoplasm cellular mRNAs have been identified in VLPs,
suggesting that Tyl gRNA packaging is not a completely random process and encapsi-
dation of other mRNAs is based on their abundance. It is likely that the recognition of
Tyl gRNA is facilitated by specific structural motifs present in the transcript. The correct
Tyl gRNA structure might promote the optimal presentation of Psi for interaction with
Gag and efficient RNA packaging. Moreover, there are also specific in vivo mechanisms
supporting selective packaging of Tyl RNA. VLPs assembly occurs in retrosomes where
Tyl RNA and Gag are concentrated, which increases the likelihood of efficient Tyl gRNA
packaging. Besides, retrosomes partially co-localize with eukaryotic mRINA processing
bodies (P-bodies) and two P-body-associated 5 to 3’ mRNA decay pathways enhance
Ty1 retrotransposition [18,59]. It raises the possibility that these 5’ to 3’ decay pathways
degrade cellular mRNAs competing with Tyl gRNA for binding to Gag and non-specific
packaging into VLPs [59]. However, further studies are required to clarify these issues.

4. Materials and Methods
4.1. Expression and Purification of Tyl Gag Proteins

The Tyl Gag-p45-GST and Tyl Gag-p49-GST fusion proteins were expressed in Es-
cherichia coli BL21(DE3)pLysS strain (Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA, USA). The starter cultures were grown overnight at 37 °C in Luria-Bertani (LB)
medium supplemented with ampicillin and chloramphenicol. These cultures (47mL) were
used to inoculate large-scale 6 L cultures of LB medium. Cells were grown at 28 °C at
180 rpm to ODgq of 0.6-0.7. Following the addition of IPTG (0.8 mM), the cultures were
grown in an orbital shaker (180 rpm) at 18 °C for 18 h. Cells were pelleted by centrifugation
at 4000 g for 10 min at 4 °C and resuspended in lysis buffer (50 mM HEPES pH 8.0, 1 M
NaCl, 5 mM p-mercaptoethanol, 5 mM DTT, 1% Tween 20, 0.5 mg/mL lysozyme and
protease inhibitor cocktail (Roche, Basel, Switzerland)). The cell suspension was sonicated
50 x 2 s pulse with 28 s pause after each pulse. Debris was removed by centrifugation
at 22,000 g for 30 min at 4 °C. Nucleic acids were precipitated from supernatant by
dropwise addition of 5% poly(ethyleneimine) solution (pH 7.9) to a final concentration
of 0.45%, followed by incubation at 4 °C for 30 min and pelleting by centrifugation at
25,500 g for 30 min at 4 °C (this step was performed twice). The cleared supernatants
were passed through a 0.45 uM filter and loaded onto a gravity flow column with pre-
equilibrated Glutathione Sepharose 4 Fast Flow (Cytiva, Marlborough, MA, USA). The
sepharose column was washed with 5 volumes of wash buffer (50 mM HEPES pH 8.0,
1 M NaCl, 5 mM B-mercaptoethanol, 5 mM DTT, 1% Tween 20) and 5 column volumes of
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wash buffer without detergent. The GST tag was removed by thrombin cleavage on-resin
overnight at 4 °C, and Tyl Gag was eluted with protein storage buffer (50 mM HEPES pH
6.0, 1 M NaCl, 5mM (-mercaptoethanol, 5 mM DTT), concentrated by centrifugal filtration,
aliquoted and stored at —80 °C.

4.2. DNA and RNA Substrates

DNA templates for in vitro transcription of Tyl RNAs (mTyl RNA, ASla RNA and
non-Psi Tyl RNA) were obtained by PCR amplification from plasmid pBDG433 containing
the Ty1-H3 element (Accession M18706.1). The DNA template for S. cerevisiae 18S rRNA
was amplified from cDNA synthesized from total RNA. All primers are listed in Supple-
mentary Table S3. Transcripts were synthesized using SP6- or T7-MEGAscript transcription
kits (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manu-
facturer’s protocols and purified using a Direct-zol RNA MiniPrep Kit (Zymo Research,
Irvine, CA, USA). Transcript integrity was monitored by agarose gel electrophoresis under
denaturing conditions. 3'-end labeling of RNA was carried out overnight at4 °C inan 18 uL
reaction containing T4 RNA ligase (Thermo Fisher Scientific Inc., Waltham, MA, USA),
1x T4 RNA Ligase Buffer, 20 uM ATP, 20 uM pCp-Cy5 (Jena Bioscience, Jena, Germany),
and 30 pmols of RNA. Labeled RNA was purified using MEGAclear Transcription Clean-
Up Kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) as recommended by
the manufacturer. Purified transcripts were stored at —20 °C.

4.3. Microscale Thermophoresis

Cy5-labeled RNA was denatured in water by heating at 90 °C for 2 min, placed on ice
for 3 min, then adjusted to 30 nM with binding buffer (30 mM HEPES, pH 6.0, 10 mM DTT,
2.5 mM MgCl,, 0.1% PF127), and incubated at 37 °C for 20 min. Tyl Gag was dissolved in
binding buffer and a series of 16 1:1 or 2:1 dilutions were prepared using the same buffer.
Each protein dilution was mixed with one volume of labeled RNA, which led to a final
concentration of RNA of 15 nM and final protein concentrations ranging from 0.000275 to
9 uM. In salt-dependent experiments, the binding buffer was supplemented with the NaCl
For competition experiments, unlabeled RNA competitor (final concentration 750 nM or
2000 nM for tRNA and 150 nM for other competing RNAs) was combined with Gag before
adding labeled RNA. For competitor titration experiments, increasing concentrations of
unlabeled RNA competitor (final concentration from 2.97 to 1300 nM) were used, and
binding was performed with a constant concentration of Gag-p49 (2000 nM) and labeled
mTyl RNA (13 nM). After incubation in the dark at 4 °C for 7.5 h, the samples were
loaded into standard Monolith NT.115 Capillaries (NanoTemper Technologies, Miinchen,
Germany) according to the manufacturer’s instructions. Various temperatures (37 °C,
30°C, 22 °C, 4 °C) and reaction times (from 5 min to 18 h) were tested in pilot experiments.
Finally, a low temperature (4 °C) was used in the reactions to reduce aggregate formation,
and a time of 7.5 h was necessary to reach a plateau in these conditions. MST was measured
using a Monolith NT.115 instrument (NanoTemper Technologies, Miinchen, Germany)
set to 22 °C. Instrument parameters were adjusted to 80-100% LED power and medium
MST power. The data obtained from at least three independent measurements were
analyzed with MO. Affinity Analysis software (version 2.3, NanoTemper Technologies,
Miinchen, Germany) using the signal from an MST-on time of 5 s. The reproducibility of
the experiments was assessed by standard deviation.

4.4. Electrophoretic Mobility Shift Assays

Cyb-labeled RNA (0.1 pmol) was refolded in water by heating at 90 °C for 2 min,
placing on ice for 3 min and incubation at 37 °C for 20 min following the addition of binding
buffer (30 mM HEPES, pH 6.0, 10 mM DTT, 2.5 mM MgCl,, 0.1% PF127). To induce complex
formation, RNA was incubated with increasing concentrations of protein (from 0 to 900 nM)
for 15 min on ice to minimize the formation of aggregates. In salt-dependent experiments,
the binding buffer was supplemented with NaCl. In the competition experiments, the
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unlabeled RNA competitor (100 nM) was incubated for 10 min with Gag before the labeled
RNA was added. Samples (10 pL) were mixed with 2 uL of 25% Ficoll 400, and RNA-
protein complexes were resolved on a 1.1% agarose gel in 0.5 x TB running buffer at
4 °C. Gels were quantified by imaging using Fujifilm FLA-5100 imaging system with
MultiGaugeV 3.0 software (Fujifilm Life Science, Stamford, CT, USA). Data were then
analyzed using a non-linear regression function (option Specific binding with Hill Slope;
GraphPad Prism 8, GraphPad Software, San Diego, CA, USA). In all cases, at least three
independent experiments were performed and the data presented were representative of
the whole. The reproducibility of the experiments was assessed by standard deviation.

4.5. Hydroxyl Radical Footprinting, Primer Extension Reactions, and Data Processing

RNA samples (5 pmol) were denatured by heating at 90 °C for 2 min in water followed
by incubation for 3 min on ice. Next, binding buffer (30 mM HEPES, pH 6.0, 10 mM DTT,
2.5 mM MgCly, 0.1% PF127, 75 mM NaCl) was added and RNA was incubated for 20 min
at 37 °C. Subsequently, 200 pmol of Ty1 Gag-p49 in a total volume of 6 uL. was added to a
70 pL reaction, and samples were incubated on ice for 15 min. As a control for non-specific
cleavage, protein storage buffer was added instead of protein. To initiate the production of
hydroxyl radicals, 1 uL of 2.5 mM (NH4)Fe(SO4)2, 50 mM sodium ascorbate, 1.5% HyOy,
and 2.75 mM EDTA were applied on the wall of the tube followed by centrifugation. Re-
actions were incubated for 15 s at 24 °C and quenched by the addition of 20 pL of stop
solution (100 mM thiourea, 200 mM EDTA). RNA was purified using Direct-zol RNA
MiniPrep Kit (Zymo Research, Irvine, CA, USA). For detection of cleavage sites, samples
containing 4-5 pmols of RNA and 10 pmols of fluorescently labeled [Cy5 (+) and Cy5.5
(—)] primer PR3 [5-TCAGGTGATGGAGTGCTCAG-3'], 0.1 mM EDTA, were incubated
at 95 °C for 3 min, at 37 °C for 10 min and at 55 °C for 2 min, next reverse transcribed at
50 °C for 50 min using Superscript III Reverse Transcriptase (Invitrogen, Thermo Fisher
Scientific Inc., Waltham, MA, USA). Sequencing ladders were carried out using plasmid
pBDG433 as a template, primer PR3 labeled with WellRed D2 (ddA) or IRD-800 (ddT), and
a Thermo Sequenase Cycle Sequencing kit (Applied Biosystems, Thermo Fisher Scientific
Inc., Waltham, MA, USA) as recommended by the manufacturer. The following cycling pa-
rameters were used: 96 °C/10 s; 24 cycles: 96 °C/20s, 55 °C/205s,72°C/20s; 72 °C/1 min.
c¢DNA samples and sequencing ladders were purified using ZR DNA Sequencing Clean-up
Kit (Zymo Research, Irvine, CA, USA) and analyzed on a GenomeLab GeXP Analysis
System (Beckman-Coulter, Brea, CA, USA). Raw data from capillary electrophoresis were
processed using SHAPEfinder software [60], and then normalized and converted into
nucleotide reactivity tables using RNAthor [61]. All reactivity data used in the analysis
were averaged from at least two independent experiments. To assess the reproducibility of
experiments, we performed statistical analysis using RN Athor. To determine statistically
significant changes in HR profiles of RNAs probed in the presence and absence of protein,
we used Student’s t-test, and a p-value was calculated separately for each nucleotide across
the samples (p-values < 0.05 indicate statistically significant difference).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/1jms22169103/s1.
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