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Stabilizing role of structural elements within the 5´ Untranslated Region (UTR) and
gag sequences in Mason-Pfizer monkey virus (MPMV) genomic RNA packaging
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and Tahir A. Rizvia
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; bCNRS, Architecture et Réactivité de l’ARN, UPR, Université de Strasbourg, Strasbourg, France;

cDepartment of Biochemistry, College
of Medicine and Health Sciences, United Arab Emirates University, Al Ain, United Arab Emirates (UAE)

ABSTRACT
The Mason-Pfizer monkey virus (MPMV) genomic RNA (gRNA) packaging signal is a highly-structured
element with several stem-loops held together by two phylogenetically conserved long-range interac-

10 tions (LRIs) between U5 and gag complementary sequences. These LRIs play a critical role in maintaining
the structure of the 5´ end of the MPMV gRNA. Thus, one could hypothesize that the overall RNA
secondary structure of this region is further architecturally held together by three other stem loops (SL3,
Gag SL1, and Gag SL2) comprising of sequences from the distal parts of the 5´untranslated region (5ʹ
UTR) to ~ 120 nucleotides into gag, excluding gag sequences involved in forming the U5-Gag LRIs. To

15 provide functional evidence for the biological significance of these stem loops gRNA encapsidation,
these structural motifs were mutated and their effects on MPMV RNA packaging and propagation were
tested in a single round trans-complementation assay. The mutant RNA structures were further studied
by high throughput SHAPE (hSHAPE) assay. Our results reveal that sequences involved in forming these
three stem loops do not play crucial roles at an individual level during MPMV gRNA packaging or

20 propagation. Further structure–function analysis indicates that the U5-Gag LRIs have a more important
architectural role in stabilizing the higher order structure of the 5´ UTR than the three stem loops which
have a more secondary and perhaps indirect role in stabilizing the overall RNA secondary structure of
the region. Our work provides a better understanding of the molecular interactions that take place
during MPMV gRNA packaging.
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25 Introduction

Packaging of retroviral genomic RNA (gRNA) is one of the
essential steps in retroviral replication during which two copies
of ‘full length’ unspliced gRNA are selectively encapsidated into
the assembling virus particles from a largemilieu of cellular and

30 viral RNAs in the host cell cytoplasm [1–8]. Specific encapsida-
tion involves recognition of particular sequence(s) of the gRNA
located at its 5´-end, termed psi (ψ), or the ‘packaging signal’ [1–
3,5–7,9]. The specific capture of the ψ-containing gRNAs by the
assembling virions requires the interaction of ψ with the zinc

35 finger motifs of the nucleocapsid (NC) domain of the viral Gag
polyprotein [1–3,5–7,9]. For all retroviruses studied so far, deter-
minants of gRNA packaging map to the first ~100 to 400
nucleotides (nts) at the 5´end of the gRNA [1–3,5–7].

The Mason-Pfizer monkey virus (MPMV) is a betaretrovirus
40 and a prototype of type-D retrovirus that has been implicated

in causing an immunodeficiency syndrome in newly borne
rhesus monkeys [10,11]. Several other retroviruses that are
similar to MPMV such as simian retrovirus types 1 and 2
(SRV-1 and −2) have also been identified which cause

45immunodeficiency syndrome [12–14]. Within the Type-D ret-
roviruses, MPMV has been investigated the most in terms of its
overall biology and replication with special emphasis on gRNA
packaging, dimerization, and RNA propagation [15–24]. This is
partly because MPMV-based vectors are being considered as

50tools for gene therapy since: i) MPMV promoter is transcrip-
tionally active in human cells- a prerequisite for human gene
therapy, and ii) therapeutic genes may require nuclear export
signals like the MPMV constitutive transport element (CTE)
for their efficient expression in the target cells [16,25–27].

55A systematic deletion analysis of the 5´end of the
MPMV genome has suggested that a discontinuous region
in the 5´untranslated region (UTR) in conjunction with the
first 100 nts of gag are critical for MPMV gRNA packaging
[19,21,22]. Later, employing a combination of structural,

60phylogenetic, biochemical, and genetic analyses, it has
been shown that MPMV packaging determinants (5´ UTR
and beginning of gag) fold into a complex RNA structure
comprising of several stable stem loops [15,19].
A distinguishing feature of the predicted and the selective
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65 2ʹhydroxyl acylation primer extension (SHAPE)-validated
structure is the presence of U5-Gag long range interactions
(LRIs), a stretch of single-stranded purine (ssPurine)-rich
region, and a characteristic G-C-rich palindromic (pal)
stem loop (pal SL: Fig. 1A [15,20];. Deletion and

70substitution analysis of sequences comprising these struc-
tural motifs has shown that the principal packaging and
dimerization determinants of MPMV lie within Region A,
the palSL, ssPurines, and Region B – an area that contains
a partial repeat of ssPurine [15,19,22]. Flanking the LRIs, at

Figure 1. Effect of deletion mutations introduced into sequences at the 3´ end of the SHAPE-validated structure forming SL3, Gag SL1, and Gag SL2 on
RNA packaging and propagation. (a) Illustration of the SHAPE-validated structure of MPMV packaging signal RNA with SL3, Gag SL1, and Gag SL2 highlighted in
red boxes. The other important sequence and structural elements present in this region, SL1, SL2, PBS, pal SL, ssPurines, major splice donor (mSD), LRI I, and LRI II are
also highlighted in different color codes. Part of the figure adapted from Aktar et al [15]. (b) Schematic representation of the MPMV wild type sub-genomic transfer
vector, SJ2 [19], in which the region between R and 120 nts of Gag that has been shown to be important for MPMV RNA packaging and dimerization is demarcated.
The same region was used to predict and validate the RNA secondary structure. (c) Table describing the mutants tested in this study.
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75 the 5ʹ end of the packaging signal are two conserved stem
loops, SL1 and SL2. No specific function has been attrib-
uted to SL1 in the viral life cycle despite its conservation
among five different strains of MPMV [15], though it may
serve to anchor the whole 5ʹ UTR structure since it is the

80 first stem loop observed at the 5ʹ end of the viral genome.
On the other hand, SL2 represents a long and stable stem
loop that has characteristically been observed in other ret-
roviruses (HIV [28], SIV [29], FIV [30–33], MMTV [34]. It
contains the primer binding site (PBS) of the virus as well

85 as Region ‘A’ which is part of the principal packaging
determinant of MPMV [15,19,22].

In addition, there are 3 distinct stem loops (SL3, Gag SL1
and Gag SL2) at the 3´ end of the packaging signal RNA, out
of which SL3 is exclusively comprised of 5´ UTR sequences,

90 whereas Gag SL1 and Gag SL2 are formed employing
sequences solely from gag (Fig. 1A [15,19,20]). Sequences
within gag have been universally shown to be involved in
gRNA packaging among retroviruses [1–3,5,6,9], but it is not
clear what their actual role may be in this process. The

95 crucial role(s) of ssPurine-rich region, pal SL, and U5-Gag
LRIs during MPMV gRNA packaging and dimerization have
already been established by genetic, biochemical, and struc-
ture-function analyses [15,19,20]. However, the role of
sequences forming SL3, Gag SL1 and Gag SL2 at either the

100 sequence or structural levels has not been tested genetically,
although it may offer a possible mechanistic elucidation for
the multipartite nature of MPMV packaging determinants
[19]. Therefore, to establish the biological significance of
these structural motifs and to provide functional evidence

105 for their existence, a number of deletion and substitutions
mutations were introduced in the sequences involved in
forming SL3, Gag SL1, and Gag SL2 and tested in
a biologically relevant in vivo packaging and transduction
assay to determine their effects on MPMV gRNA packaging

110 and propagation. Furthermore, in order to perform
a complete structure-function analysis, the structures of the
mutated RNAs were analyzed by in vitro hSHAPE chemical
probing. Our results reveal that the three stem loops are not
directly involved in the gRNA packaging process but may be

115 important for stabilizing the overall RNA structure of the 5´
end of the viral genome. This observation sheds further light
on the primarily stabilizing effect of the gag sequences
towards the packaging potential of retroviral gRNA.

Results and discussion

120 Experimental strategy for packaging and propagation
assays

The sequences involved in formation of the SL3, Gag SL1, and
Gag SL2 fall in a region that includes sequences extending into
gag [15,19,22]. Therefore, it is difficult to test the effects of

125 mutations in this region in the full-length genomic context as
these mutations would disrupt Gag/Pol protein synthesis. To
overcome such a caveat, we used our well-established three-
plasmid trans-complementation assay developed to study
MPMV RNA packaging [35] (Fig. 2). The assay provides the

130 necessary biological components to generate virus particles

containing packaged RNAs, the replication of which is limited
to a single round because re-infection of the target cells cannot
take place [35] (Fig. 2). Briefly, the Gag and Gag/Pol proteins
were provided in trans from an MPMV expression plasmid

135(TR301), while heterologous envelope proteins were provided
by the envelope expressing plasmid (MD.G) encoding the
vesicular stomatitis G protein (VSV-G [36]), leading to the
generation of MPMV virions capable of packaging competent
RNA substrates (Fig. 2A). These plasmids were co-transfected

140with either the wild type (SJ2; Fig. 1B [19]) or mutant transfer
vectors (Figs. 1C and 2B) providing the RNA substrates for
packaging. Presence of hygromycin resistance gene on the
transfer vector RNAs allowed the monitoring of packaged
RNA propagation into the target cells. Co-transfection of

145a firefly luciferase expression plasmid (pGL3C) along with
these plasmids into the producer 293T cells allowed estimation
of the transfection efficiency. Following trans complementa-
tion, the newly formed virus particles were used to quantify
the amount of packaged RNA (Fig. 2C) and monitor its pro-

150pagation into the infected HeLa T4 cells following transduction
of the infected HeLa T4 cells via the marker hygromycin
resistance gene (Fig. 2D). The propagation of the packaged
RNA (number of resulting hygromycin resistant colonies)
should be proportional to the amount of the packaged RNA.

155A previously designed custom-made qPCR assay was used for
the quantitation of wild type or mutant MPMV RNAs [20].
This assay employs primers and probes in a region common to
both the wild type and mutant RNAs (nts 702–770; see
Supplemental Table 1 for primers and probe details), ensuring

160perfect complementarity with all target RNAs [20]. Finally,
a commercially-available human β-actin assay was used as an
endogenous control, as described previously [20,34,37,38].

Individually SL3, Gag SL1, and Gag SL2 are not important
at either the sequence or structural level for MPMV RNA

165packaging and propagation

The SHAPE-validated structure of the 5´end of the MPMV
genome (Fig. 1A) reveals that the secondary structure of the 5´
UTR sequences appears to be anchored by complementary U5
and Gag sequences forming the two LRIs, while sequences from

170the distal parts of the 5´ UTR and gag (but excluding the gag
sequences involved in forming U5-Gag LRIs) form three stem
loops (SL3, Gag SL1, and Gag SL2). In order to evaluate if these
sequences (by virtue of forming SL3, Gag SL1, and Gag SL2
structural motifs) provide stability to the overall RNA secondary

175structure of the 5´-end of the MPMV genome, or directly act in
the RNA packaging process, a systematic deletion/substitution
analysis was performed, starting with single deletion of each of
the stem loop structures (Fig. 1C). The RK15 mutant contained
a 33-nucleotide deletion (from the distal part of the 5´ UTR),

180removing most of the sequences forming SL3, except for 10 nts
in the basal part of SL3 stem (boxed region in Fig. 1A). This
deletion carefully avoided the nucleotides associated with region
‘B’ as this region has been shown to be critical for RNA packa-
ging [19,22]. RK16 contained a 30-nucleotide deletion removing

185Gag SL2, while RK 17 had a 39-nucleotide deletion removing
Gag SL1 (boxed regions in Fig. 1A).
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These mutant transfer vector RNAs were tested in the
in vivo packaging and propagation assay (Fig. 2) to assess
the effects of the introduced mutations on MPMV gRNA

190 packaging and propagation. The transfected 293T cells were
fractionated into nuclear and cytoplasmic fractions and vir-
ions produced in the supernatant were pelleted by ultracen-
trifugation. Next, RNAs were extracted from both the
cytoplasmic fractions and the pelleted viral particles and ana-

195 lyzed by RT PCR for the integrity of fractionation and MPMV
expression (Fig. 2C). The purified cytoplasmic and virion
RNAs were subjected to DNase-treatment to eliminate any
contaminating plasmid DNA that may have been carried over
from the transfected cultures. This was followed by confirm-

200 ing absence of plasmid DNA in the RNA preparations by
transfer vector-specific PCR (oligos OTR 1161 and OTR
1163; Table S1). A lack of any demonstrable amplification
in the DNase-treated RNAs revealed that the plasmid DNA
contamination, if any, in these RNA preparations was below

205 the detection level (Fig. 3A, panels I & II).
Next, PCRs were conducted on the cytoplasmic cDNAs to

confirm that no RNA physically leaked from the nucleus to
the cytoplasm during the fractionation process. This was

accomplished by testing for the presence of unspliced β-
210actin mRNA in the cytoplasmic fractions, an mRNA that

should remain exclusively nuclear, while the spliced β-actin
mRNA should be observed in both the fractions. PCR analysis
of cytoplasmic cDNAs (using oligos OTR 581 and OTR 582;
Table S1) revealed that the unspliced β-actin mRNA could

215not be detected in any of the samples even though it could be
detected in the nuclear fraction, which also served as
a positive control (Fig. 3A, panels III). PCRs for the unspliced
β-actin were conducted in a multiplex reaction along with
primers/competimer for 18S rRNA to ensure that amplifiable

220cDNAs were present in these PCR reactions (Fig. 3A, panel
III). Successful amplification of 18S rRNA, but absence of any
amplifiable signal for unspliced β-actin mRNA suggested that
the nuclear membrane integrity was not compromised during
fractionation and that our RNA preparations were indeed

225cytoplasmic (Fig. 3A, panel III). The spliced β-actin PCRs
(using oligos OTR 580 and OTR 581; Table S1), on the
other hand, showed, specific signal in all the cytoplasmic
fractions (Fig. 3A, panel IV). Once confirmed, PCRs using
MPMV-specific oligos (OTR 1161 and OTR 1163; Table S1)

230were conducted across the mutated regions to check proper

Figure 2. Illustration of the 3-plasmid in vivo packaging and propagation assay. (a) Graphical representation of the three plasmids used to produce virus
particles. Gag/Pol structural proteins were produced by TR301, the packageable RNA substrate was produced by the wild type transfer vector, SJ2, while the vesicular
stomatitis envelope glycoprotein to pseudotype the virus particles was produced by MD.G. (b) Schematic depiction of 293T co-transfected with the three plasmids to
produce infectious virus particles, which can only replicate to a single round. Unspliced RNA generated from the wild type vector, SJ2, can only be packaged into the
virions owing to the presence of intact packaging signal. (c) 293T cells co-transfected with the three plasmids produce infectious virions and are fractionated into
nuclear and cytoplasmic fractions. The cytoplasmic fractions are analyzed for functional RNA transport and expression. (d) Viral particles produced are tested for the
amount of RNA packaged by real time PCR. Viral supernatants are also used to infect target cells to study RNA propagation. After infection, target cells are selected
with media containing hygromycin B, allowing only those cells to survive which have been successful infected since the packaged RNA contains the hygromycin
resistance gene cassette. Part of the figure adapted from Pitchai et al [68].
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Figure 3. Effect of deletion mutations introduced into sequences at the 3´ end of the SHAPE-validated structure of MPMV forming SL3, Gag SL1, and Gag
SL2 on RNA packaging and propagation. (a) Gel images of the controls needed for validating different aspects of the three plasmid trans complementation assay
from one experiment for which the qPCR analysis was also conducted that is shown in panels B and C. This analysis was performed for each of the several
independent experiments conducted to analyze the test constructs. The gels have been spliced together (as indicated by vertical white spaces) in different panels to
create part A. Panel (I) PCR amplification of RNA preparations with MPMV-specific primers following DNase treatment from the cytoplasmic fractions, and Panel (II)
viral particles. Panel (III) Multiplex PCR amplification for unspliced β-actin mRNA and 18S rRNA to check for the nucleocytoplasmic fractionation technique and
amplifiability of the cDNAs. Panel (IV) PCR amplification of spliced β-actin mRNA. Panel (V) Transfer vector cytoplasmic cDNAs amplification using MPMV-specific
primers. The positive control used for 18S rRNA, unspliced and spliced actin was gDNA, while the control in the remaining panels was the wild type (SJ2) plasmid
DNA. (b) qPCR analysis of the cytoplasmic expression of transfer vector RNAs from producer 293T cells relative to the wild type (SJ2 vector) after normalization with
the β-actin endogenous control and luciferase expression. The error bars represent the standard deviation (SD) of triplicates of each clone from a representative
experiment (same as that shown in panel (a)) of several experiments conducted. (c) Relative RNA packaging efficiencies of mutant transfer vector RNAs compared to
the wild type (SJ2) was measured by qPCR following normalization with cytoplasmic RNA expression of the corresponding mutants. The data shown is from
a representative experiment (same as that shown in panel (a)) of several experiments conducted. (d) Relative propagation efficiencies of mutant transfer vector RNAs
as measured by the hygromycin resistant colony-forming units (CFU)/ml relative to the wild type (SJ2) vector. The data represented in histograms correspond to the
mean of samples in triplicates (± SD) from several experiments.
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expression and transport of the transfer vector RNAs to the
cytoplasm. As can be seen, PCR amplified products were
visible across the samples that varied in size depending
upon the extent and location of the deletion relative to the

235 primers used for the amplification, revealing that the transfer
vector RNAs were stably expressed and properly transported
to the cytoplasm (Fig. 3A, panel V and Fig. 3B).

We next analyzed the packaging efficiencies of the transfer
vector RNAs transcribed from RK15-RK17 into viral particles

240 relative to the wild type (SJ2) transfer vector RNA. Towards
this end, the MPMV custom-designed real time qPCR assay
was used in combination with a commercially available β-actin
Taqman assay as an endogenous control on both the cytoplas-
mic and virion RNA samples in triplicates, as described earlier

245 [20]. The ratio of the packaged mutant RNA was calculated
compared to the wild type RNA to determine the relative
packaging efficiency (RPE) of each mutant transfer vector
RNA (Fig. 3C). This analysis revealed packaging efficiencies
of 0.49, 0.71, and 0.61 for RK15, RK16, and RK17, respectively,

250 compared to the WT construct, SJ2 (Fig. 3C). Among these, the
RPE of only the SL3 deletion mutant (RK15) was significantly
different from the WT (p value < 2.00E-4) compared to the
constructs with Gag SL1, and Gag SL2 deletions. Next, the
RNA propagation phenotype in these mutants was quantified

255 by counting the hygromycin-resistant colonies (colony forming
unit/ml; CFU/ml) that appeared in the transduced HeLa T4
cells following infection with the virus particles containing the
hygromycin resistance gene on packaged transfer vector RNA
(Fig. 2). In agreement with the RNA packaging data, the RNA

260 propagation of these constructs was correspondingly reduced,
though none of them reached statistically significant differences
(Fig. 3D). The fact that only marginal effects on RNA packa-
ging for one mutant and none for the RNA propagation
potential of the transfer vector RNAs were observed despite

265 the large deletions introduced in this region suggests that
sequences involved in forming SL3, Gag SL1, or Gag SL2 do
not play a crucial role at an individual level during MPMV
RNA packaging and propagation.

Redundant role of SL3, Gag SL1, and Gag SL2 in MPMV
270 RNA packaging and propagation

Redundancy is a common characteristic of retroviruses and it
is possible that when deleting only one of the three stem loops
(SL3, Gag SL1, and Gag SL2), the remaining stem loops
compensate for the loss of the deleted stem loop for main-

275 taining and stabilizing the major structural motifs of the 5´
UTR important for MPMV RNA packaging and propagation.
To test this possibility, further mutants were created in which
sequences involved in forming SL3, Gag SL1, and Gag SL2
were deleted or substituted simultaneously in multiple com-

280 binations. In mutant RK18, the same sequences that were
deleted individually in RK15 (33 nts of SL3) and RK17
(39 nts of Gag SL1) were deleted simultaneously, creating
a 72-nt discontinuous deletion mutant, removing most of
SL3 and all of Gag SL1 (Fig. 1C). Employing a similar strategy,

285 another double deletion mutant, RK19, was created in which
sequences involved in forming SL3 and Gag SL2 were simul-
taneously deleted (a 63-nt discontinuous deletion mutant; Fig.

1C). Next, a third double-deletion mutant with a 69-nt dis-
continuous mutation was created, RK20, involving simulta-

290neous deletion of Gag SL1 and Gag SL2 stem loops. To
determine whether these stem loops could compensate for
each other, a substitution mutant RK21 was created in
which the sequences involved in forming Gag SL1 were
exchanged with Gag SL2 sequences (Fig. 1C). Finally, the

295most drastic deletion mutant containing a 102-nt discontin-
uous deletion, RK22, was created in which sequences involved
in forming all three stem loops (SL3, Gag SL1, and Gag SL2)
were deleted simultaneously (Fig. 1C).

These double and triple deletion and substitution transfer
300vectors were also tested in the in vivo packaging and propaga-

tion assay, as described above. Results presented in Fig. 3A,
panel V and 3B demonstrate that these transfer vector RNAs
were stably expressed and exported to the cytoplasm despite
these drastic deletions. Test of the packaging efficiency of the

305double-deletion mutant transfer vector RNAs relative to the
wild type revealed that some of the mutants showed more
pronounced effects than others, but did not completely abro-
gated RNA packaging (Fig. 3C). For example, RK18 (ΔSL3 and
ΔGag SL1) showed the most drastic effect with a ~ 5-fold

310reduction in relative packaging efficiency (RPE = 0.23;
p value = 3.00E-04) in comparison to RK19 (ΔSL3 & ΔGag
SL2) and RK20 (ΔGag SL1 & ΔGag SL2, respectively). These
latter mutants showed much better RPEs of 0.44 and 0.34,
respectively (p values = 9.00E-04 and 2.30E-02; Fig. 3C).

315Interestingly, either double deletion of Gag SL1 and Gag SL2
(as in RK20), or exchange of the sequences forming these two
stem loops in RK21, had a similar loss of RNA packaging (RPE
of ~0.35 compared to the wild type; Fig. 3C). A more drastic
impairment, but not complete abrogation, in RNA packaging

320was observed with the triple deletion mutant, RK22 (ΔSL3, Gag
SL1, and Gag SL2) which showed a 10-fold reduction in RPE
(0.11) when compared to the wild type, SJ2 (p value = 2.00E-05;
Fig. 3C). The RNA packaging data of these mutants (RK19,
RK20, RK21, and RK22) correlated well with the RNA propa-

325gation data (Fig. 3D). Such enhanced reduction but incomplete
abrogation in both RNA packaging and propagation of some of
the double deletion mutants and especially the triple deletion
mutant, RK22, could partially be attributed to the rather large
deletions in these vectors (63, 69, 72, and 102 nts, respectively).

330This is in contrast to our earlier work where only a few nucleo-
tide deletion/substitution mutations in the two LRIs abrogated
RNA packaging compared to the wild type [20]. For example,
minimal substitution mutations that changed 4–5 G:U wobble
pairs to G:C within the LRIs nearly abrogated RNA packaging

335[20], compared to the stem loop mutants in the present study
that still retain RNA packaging despite deleting 30–102 nts,
depending upon whether one, two, or three stem loops were
deleted (Fig. 3C). Considering that these constructs were tested
in a single round of replication assay which is highly sensitive

340for detecting small differences as the assay limits virus replica-
tion to one round with no possibility of reinfection, such
differences are probably biologically insignificant, if other repli-
cative assays could be used.

Reduction in RNA packaging and propagation but not
345their total abrogation in multiple deletion/substitution

mutants (RK18-RK22) further substantiates the data obtained
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from single deletion mutants (RK15-RK17) and confirms that
sequences involved in forming these stem loops (SL3, Gag
SL1, and Gag SL2) are not directly involved in RNA packa-

350 ging. Additionally, since the principal packaging and dimer-
ization determinants (such as pal SL, ssPurines, Region B, and
part of Region A) lie outside this region, these stem loops may
be important for stabilizing the structure of the 5´ UTR,
perhaps in a redundant manner. Such a redundant role may

355 be responsible for stabilizing the overall RNA structure of the
region to ensure proper function that includes RNA packa-
ging and dimerization. In summary, these observations sug-
gest that sequences involved in forming the three tested stem
loops had an effect on RNA packaging when tested in certain

360 multiple combinations, but were not critical per se for the
packaging potential of MPMV transfer vector RNAs.

Structure-function analyses of the mutant transfer vector
RNAs

Since the structure of the 5´ end of the retroviral genome is critical
365 for its functions, a detailed structure-function analysis of the tested

mutants was conducted using hSHAPE chemical probing.
Reactivity data was used as constraints in RNAStructure software
[39], and for each mutant the more stable RNA secondary struc-
ture obtained (lower ΔG) was compared to the same region of the

370 wild type structure in order to establish a relationship between the
biological effects of the introduced mutation(s) and the RNA
secondary structures.

Figure 4A shows the hSHAPE-validated structure of the
wild type (SJ2) transfer vector RNA compared to that of the

375 three single stem loop (SL3, Gag SL1, and Gag SL2) deletion
mutants, RK15-RK17, which had a marginal effect on RNA
packaging and propagation (Fig. 3C and D). The important
sequence and structural motifs (stem loops) within this
region, including PBS, pal SL, ssPurines, the two LRIs (I &

380 II), and the three stem loops SL3, Gag SL1, and Gag SL2 are
highlighted (Fig. 4A). Structural analyses of the deletion
mutants revealed that the structure of pal SL and LRI-I & II,
major functional motifs previously identified that have been
shown to be important for RNA packaging and dimerization

385 [15,19,20] remained essentially intact and similar to the wild
type (Fig. 4B-D). Interestingly, in RK15, the ssPurine-rich
region became partially base-paired due to the deletion of
SL3, while Region B shown to be important for RNA packa-
ging [19,22] re-folded into a new stem loop (Fig. 4B). This

390 partial loss of ssPurines and/or re-folding of Region B may
explain the slight reduction in packaging and propagation
observed in this mutant (Fig. 3C and D), while six nucleotides
within region ‘B’ [19] that are base paired in the wild type
were partially located in a loop and lost their base pairing

395 (Fig. 4B). Similarly, Gag SL2 in RK15, which is quite far from
the deleted region, displayed an increased reactivity of its
apical loop compared to the WT and absorbed the small
stem loop located at the basal part of Gag SL2 (Fig. 4B).
Interestingly, deletion of Gag SL2 in RK16 or Gag SL1 in

400 RK17 did not have much effect on the overall folding of the
entire region except for the disappearance of the deleted stem
loop (Fig. 4C and D).

The double deletions which involved ΔSL3 with either
ΔGag SL1 or ΔGag SL2 in separate mutants (RK18 and

405RK19, respectively) showed a more pronounced effect on
RNA packaging and propagation when compared to the
single stem loop mutants, RK15-RK17 (Fig. 3C and D).
Structural analysis of these two mutants (RK18 and RK19)
shown in Fig. 5 revealed the same changes as observed in

410RK15 where the ssPurine-rich region became partially base-
paired, whereas the pal SL and the two LRIs remained intact,
while the six nucleotides in region ‘B’ became single-
stranded (Fig. 5B and C). Interestingly, the double deletion
of SL3 and Gag SL1 in RK18 mutant lead to a new fold of

415Gag SL2, whereas double deletion of SL3 and Gag SL2 in
RK19 did not affect Gag SL1 stem loop structure (Fig. 5B
and C). In both these cases, the pal SL and the LRIs
remained intact. Similarly, double deletion of Gag SL1 and
Gag SL2 in RK20 resulted in a structure where the pal SL,

420ssPurinesregion (regions critical for RNA packaging in
MPMV), and LRIs remained folded nearly identical to wild
type (Fig. 5D). The exchange between Gag SL1 and Gag SL2
in RK 21 on the other hand, resulted in partial base-pairing
of ssPurines and refolding of Gag SL1, while the exchanged

425Gag SL2 maintained its native structure (Fig. 6B). Despite
these differences between RK20 and RK21 structures, there
was almost identical effects on RNA packaging and propaga-
tion observed in these mutants, even though RK20 had
a deletion of 69 nucleotides, while RK21 was a substitution

430mutant (Fig. 5D versus 6B). These data confirm our earlier
observation that Gag SL1 and Gag SL2 have minor effects on
RNA packaging and these structures lie outside the principal
packaging determinant of MPMV.

In the case of triple mutant, RK22, which involved simulta-
435neous deletions of SL3, Gag SL1, and Gag SL2, the RNA

packaging and propagation were further reduced (Fig. 3C, D).
Consistent with secondary structures of RK15, RK18, and RK19
(Figs. 4B, 5B and C), the mutants where SL3 was deleted either
alone or in combination with other stem loops, the ssPurine-

440rich region became partially base paired in RK22 as well, while
maintaining the pal SL and the LRIs (Fig. 6C). These results
suggest that deletion of SL3 contributes to the partial base
pairing of the ssPurine-rich region and perhaps to the restruc-
turing of Gag SL2 stem loop (mutants RK15, RK18, RK19, and

445RK22 versus WT SJ2). Based on these analyses, we conclude
that as long as the two LRIs, pal SL, and some parts of
ssPurine-rich region are maintained, deletion of any of the
three tested stem loops was dispensable for both RNA packa-
ging and propagation of MPMV transfer vectors RNAs.

450However, since simultaneous deletion of the three stem loops
(SL3, Gag SL1, Gag SL2) showed more pronounced effect on
RNA packaging (~10 fold less compared to wild type while still
maintaining the two LRIs, pal SL, and some part of ssPurine-
rich region), this suggests that the sequences involved in form-

455ing these stem loops may have an indirect effect by maintaining
the overall stability of this structured region. Further evidence
of the existence of such a stabilizing effect is the link we
identified between the deletion of SL3 and/or the partial pairing
of ssPurine-rich region and the misfold of Gag SL2. This

460scenario is similar to the early reports on HIV TAR that
suggested TAR as having a role in genomic RNA packaging
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[40–45]. Later experiments clarified that destabilization of the
TAR structural element led to a global RNA refolding affecting
motifs that were important in RNA packaging, dimerization, or

465polyadenylation [46]. Thus, TAR had a more indirect role in
RNA packaging by ‘stabilizing’ the region with no direct role
itself in the process of gRNA packaging by the virus.

Figure 4. hSHAPE-validated secondary structures of the mutant transfer vector packaging signal RNAs containing individual deletions of SL3, Gag SL1,
and Gag SL2. (a) MPMV wild type transfer vector SJ2, (b) RK15 containing a deletion of SL3, (c) RK16 mutant transfer vector containing a deletion of Gag SL2, and
(d) RK17 mutant transfer vector containing a deletion of Gag SL1. The SHAPE reactivities are an average of three independent experiments and were applied to
RNAstructure program and the structure with the least minimum free energy was selected. Nucleotides are color annotated as per the SHAPE reactivities key shown.
The SHAPE analyzed structures were redrawn using Structure Editor program with the major structural elements highlighted.
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Figure 5. hSHAPE-validated secondary structures of the mutant transfer vector packaging signal RNAs containing multiple deletions/substitutions of SL3,
Gag SL1, and Gag SL2. (a) MPMV wild type transfer vector SJ2, (b) RK18 containing a double deletion of SL3 and Gag SL1, (c) RK19 mutant transfer vector
containing a double deletion of SL3 and Gag SL2, and (d) RK20 mutant transfer vector containing a double deletion of Gag SL1 and Gag SL2. The SHAPE reactivities
are an average of three independent experiments and were applied to RNAstructure program and the structure with the least minimum free energy was selected.
Nucleotides are color annotated as per the SHAPE reactivities key shown. The SHAPE analyzed structures were redrawn using Structure Editor program with the major
structural elements highlighted.
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Figure 6. hSHAPE-validated secondary structures of the mutant transfer vector packaging signal RNAs containing exchange or triple deletions of SL3,
Gag SL1, and Gag SL2. (a) MPMV wild type transfer vector SJ2, (b) RK21 mutant transfer vector containing an exchange of Gag SL1 with Gag SL2, and (c) RK22
mutant transfer vector containing a triple deletion of SL3, Gag SL1, and Gag SL2. The SHAPE reactivities are an average of three independent experiments and were
applied to RNAstructure program and the structure with the least minimum free energy was selected. Nucleotides are color annotated as per the SHAPE reactivities
key shown. The SHAPE analyzed structures were redrawn using Structure Editor program with the major structural elements highlighted.
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It is interesting to note that the sequences forming SL3,
which are found in close vicinity of the ssPurine-rich region

470 (a motif critical for RNA packaging), were not important since
its deletion in RK15 only marginally affected RNA packaging
or propagation (Fig. 3C and D). This agrees with our previous
systematic deletion analysis of the 5´ UTR sequences of MPMV
that showed that a specific 35-nucleotide deletion that removed

475 most of SL3, had limited effect on RNA packaging [19].
Together, structural analyses of the single and multiple deletion
mutants (RK15-RK20) support an indirect structural role of the
SL3 sequences in MPMV genomic RNA packaging, as has been
proposed previously [19].

480 Unlike most retroviruses with one identified LRI, MPMV
contains two LRIs (LRI-I and LRI-II; Fig. 1) both of which
maintain the interaction between U5 and gag sequences
[30,31,33,34,47,48]. These two LRIs have been shown to play
architectural role in stabilizing the RNA secondary structure

485 of the 5´ UTR sequences that are important for MPMV RNA
packaging [20]. Based on the organization of the SHAPE-
validated structure, it is reasonable to theorize that while
LRIs stabilize 5´ UTR sequences, the overall RNA secondary
structure is further spatially held together by the three stem

490 loops (SL3, Gag SL1, and Gag SL2) comprising of sequences
from the distal parts of the 5´ UTR and gag (Fig. 1A). Since
these stem loops, either individually or in multiples, were
observed to be dispensable for RNA packaging and propaga-
tion (Fig. 3C and D), our results further suggest that the

495 MPMV packaging signal RNA secondary structure can poten-
tially be separated into two parts that are held together by U5-
Gag LRIs: the upper part of the structure comprising of
several structural motifs (the dimerization initiation site
(DIS), pal SL and ssPurine-rich region) that either have been

500 shown or proposed to be important for MPMV RNA packa-
ging and dimerization [15,19,20,22], and the lower part of the
structure containing the three stem loops (SL3, Gag SL1, and
Gag SL2), that perhaps serve to provide further architectural
support to the overall RNA secondary structure during the

505 process of RNA packaging and dimerization.
It is well-known that retroviral gRNA packaging determinants

involve sequences present at the 5´end of gag as well [1–3,5–7,9];
however, their precise contribution to retroviral RNA packaging
has remained largely elusive. Recent deletion analyses as well as

510 biochemical validation of the packaging determinants and higher
order structures in various retroviruses such as human immuno-
deficiency virus (HIV), feline immunodeficiency virus (FIV),
mouse mammary tumor virus (MMTV), and MPMV suggest
that the role of gag sequences (especially proximal to the gag

515 AUG) is primarily due to their involvement in forming LRIs
with sequences in the R/U5 region [15,20,30,31,33,34,47–50].
For example, in the case of FIV, initially ~100–230 nts of FIV
gagwere shown to be required for optimally packaging gRNA into
viral particles [35,51–53]. Subsequent deletion analysis of FIV gag

520 sequences revealed that deletion of only the proximal 13 nts of gag
could severely impair RNA packaging [54]. It was later observed
that 7 out of these 13 nts were involved in forming an LRI between
U5 and gag sequences [30] and subsequent studies confirmed the
biological existence and significance of such U5-Gag LRI in FIV

525 RNA packaging [31,33]. In the case of HIV-1, a recent study
further emphasizes this showing that efficient encapsidation of

a heterologous RNA into viral particles requires gag sequences
flanking the AUG, presumably for LRI interactions with U5 [55].
Similarly, in MMTV, even though 120 nts within gag have been

530reported to be required for efficient RNA encapsidation, later
studies suggested that the first 30 nts are absolutely required out
of which the first 15 nts are involved in LRI interactions with U5
[34,37]. These observations suggest a crucial role of proximal gag
sequences in RNA packaging via the formation of LRI(s), but in

535turn raise the question of what could be the role of the distal part
of the gag sequences in RNA packaging.

Other than their involvement in LRIs to stabilize the
packaging signal RNA secondary structure, gag sequences
may have some other important roles. For example, in bovine

540leukemia virus (BLV), it is clear that part of the packaging
signal sequence lies within gag as an RNA structural element
[56,57]. In the case of FIV, gag sequences may be important
for gRNA dimerization since the biochemically- and biologi-
cally-validated RNA secondary structure of the packaging

545signal RNA contains a palindrome in the proximal part of
gag that functions as the DIS for FIV gRNA dimerization
[30,31], conferring high specificity packaging, limited exclu-
sively to the unspliced viral RNA, especially if it is assumed
that gRNA packaging is dependent on the recognition of

550a dimeric RNA, as is usually is the case in retroviruses
[4,8,58]. However, the answer is not so clear for other retro-
viruses. In other viruses, in addition to gRNA dimerization, it
is speculated that gag sequences may also be facilitating inter-
action of Gag polyprotein precursor with the Gag-binding

555domains within the packaging signal RNA structure itself
[59]. This could be via the gag AUG/U5 interactions acting
as a structural switch to open the Gag-binding domains on
the packaging signal RNA, as has been suggested for HIV-1
[47,50,60] and MLV [61,62]. It is possible that in the case of

560MPMV, occlusion of the gag AUG by the LRIs themselves
may act as a temporal switch between translation of the full-
length RNA versus RNA packaging [20].

Furthermore, comparative analysis of the predicted
unspliced genomic and spliced envelope (Env) MPMV

565mRNAs has shown that the pal SL and ssPurines loops (cri-
tical for RNA dimerization and packaging, respectively)
become fully base paired (pal SL) or partially base paired
(ssPurines) in the spliced Env mRNA [15]. The refolding of
these important packaging determinants in the spliced Env

570mRNA suggests their potential limiting ability to perform
RNA-RNA or RNA-protein interactions. A similar observa-
tion has been made in the case of MMTV, another betaretro-
virus, where both the DIS and ssPurines found in an open
single-stranded conformation in the gRNA [34] are base

575paired in the Env and Sag spliced mRNAs (unpublished
observations). The fact that the two LRIs in MPMV and the
LRI in MMTV are located downstream of the mSD and
therefore exclusively present in the gRNA (Fig. 1 [15,34];,
suggests that gag sequences may not only be involved in the

580structural stability of the packaging signal RNA, but also
specificity of the gRNA as a substrate for encapsidation into
the progeny virion.

In summary, our results reveal that the 5´end of the
MPMV gRNA is held together by two U5- gag LRIs that

585have a more important architectural role in stabilizing the

RNA BIOLOGY 11

tarizvi
Highlight

tarizvi
Sticky Note
These viruses have now been spelled out, so one can replace this text with the following:  HIV, FIV, and MMTV.

tarizvi
Highlight

tarizvi
Sticky Note
Very long sentence.  Please break it by introducing a "." after [30,31].  Then start the next sentence with "This confers ....

tarizvi
Highlight

tarizvi
Sticky Note
Delete "is".

tarizvi
Highlight

tarizvi
Sticky Note
Please modify the start of this sentence as follows:  "For example, in other retroviruses, in addition to ...".

tarizvi
Highlight

tarizvi
Sticky Note
Modify the start of this sentence as follows: "Thus, it is possible ...".

tarizvi
Highlight

tarizvi
Sticky Note
Replace the semicolon with ")".

tarizvi
Highlight

tarizvi
Sticky Note
Replace highlighted text with "U5-Gag"



structure of the MPMV 5´ UTR than the more distal 5´ UTR
and gag sequences involved in forming SL3, Gag SL1, and Gag
SL2. These distal stem loops perhaps help maintain the proper
folding and stability of the overall RNA secondary structure

590 for function, even though none of these by themselves are
directly involved in the MPMV RNA packaging process. The
data presented here enhance our understanding of the mole-
cular intricacies involved during the MPMV RNA packaging
and dimerization processes and further shed light on the role

595 of gag sequences in the packaging process.

Material and methods

Nucleotide numbering system

Nucleotide numbers in the study correspond to the MPMV
genome with the Genbank accession number M12349 [23].

600 Construction of plasmids

TR301 is the MPMV Gag/Pol packaging construct, MD.G is
the vesicular stomatitis virus glycoprotein G (VSV-G) expres-
sion vector, and SJ2 is the wild type MPMV sub-genomic
transfer vector that have been described previously [19,35,36]

605 (Fig. 2). SJ2 expresses the hygromycin B phosphotransferase
selectable marker from an internal simian virus 40 early pro-
moter (SV-Hygr) to monitor the effect of the mutations on
propagation of the packaged viral RNA (Fig. 1B).

The deletion and substitution mutations were introduced
610 using splice overlap extension (SOE) PCR using the wild type

vector, SJ2, as a template, as described previously [20]. Briefly, it
required two rounds of amplifications: the first-round amplifi-
cation comprised of two separate reactions, A and B in which
PCR (A) was conducted using common outer (forward or sense;

615 S) oligo OTR787, Table S1) along with the (inner or antisense;
AS) oligo and that was specific for each mutation being intro-
duced (Table S1). PCR B was performed using the AS outer
primer OTR788 (Table S1) in combination with an inner
S primer that was also specific for each mutation that is being

620 introduced (Table S1). The amplified products from these two
independent reactions (PCRA and PCR B) harbors complemen-
tary sequences allowing them to anneal, resulting in a template
with the desired mutation for round 2 PCR amplification which
was performed using outer S and AS primers (OTR787/OTR788;

625 Table S1), generating a final PCR product containing the desired
mutation. The final PCR- products containing the desired muta-
tions were digested with XhoI and BamHI restriction enzymes
and cloned into wild type transfer vector, SJ2 replacing the
region in which mutations have been introduced. The sequence

630 of all mutant clones was verified by DNA sequencing. Sequences
of primers used for the PCR and cloning are listed in Table S1.

Nucleocytoplasmic fractionation, RNA isolation, and
cDNA preparation

Cytoplasmic and nuclear fractions were prepared from the
635 transfected cells as described earlier [19,20,32,33,63]. RNA

preparations were tested for the presence of any residual
contaminating plasmid DNA using MPMV specific primer

pair: OTR 1161 and OTR 1163 (Table S1) as described earlier
[20]. After having confirmed the lack of any plasmid DNA

640contamination, RNA preparations were reverse transcribed
and used for further analyses as described earlier [20].

Estimation of relative packaging efficiency (RPE)

The relative expression of transfer vector RNAs in the cyto-
plasm and their packaging efficiency into the virus particles

645was quantified using custom-made Taqman gene expression
assay (Applied Biosystems Inc., ABI) used earlier to determine
the significance of LRIs to MPMV RNA packaging [20].
Briefly, this assay consisted of unlabeled primers and
a FAM/MGB-labeled probe in MPMV U5/PBS region identi-

650cal in both the wild type and mutant transfer vector RNAs,
but away from the site of the introduced mutations. The
region amplified was upstream of the major splice donor of
MPMV, and does not contain any known splice sites in the
wild type or mutant transfer vectors, including the SV-Hygr

655cassette, making it unlikely that aberrant splicing could result
in the generation of spliced RNAs. We have previously used
this vector design successfully for monitoring gRNA packa-
ging [19,20,22,35]. Furthermore, results obtained from in vivo
RNA packaging assay have correlated well with the RNA

660propagation data obtained in an independent manner by
measuring the counts of hygromycin-resistant colonies
(CFU/ml) observed after transduction of the infected cells
with pseudotyped-virions containing packaged wild type and
mutant RNAs [20].

665To allow relative quantification, a pre-designed VIC/MGB-
labelled human β-actin assay (ABI #4326315E) was used as
described previously [20]. The assay was conducted using
equal amounts of cDNAs from the wild type and mutant
samples that were amplified for 50 cycles in triplicates for

670both MPMV and β-actin targets using the ABI QuantStudio 7
(ABI, CA, USA). To control for differences in transfection
efficiencies, the relative quantification (RQ) values obtained
for MPMV cytoplasmic expression was further normalized to
the luciferase values obtained per μg protein. Packaging effi-

675ciency was thus estimated by dividing the results obtained for
MPMV expression in the virions by those for the cytoplasmic
expression reported relative to the wild type levels.

MPMV RNA structure probing by hSHAPE

In order to correlate the effects of the introduced mutations in
680the MPMV packaging signal RNA with their secondary struc-

ture, the 5´end of the wild type and mutant transfer vector
RNAs (region between R and the first 120 nts of gag) were
subjected to hSHAPE chemical probing [64–66] following the
protocol described previously [15,20,34,38]. Briefly, in vitro

685transcribed RNAs were folded in a buffer favoring gRNA
dimerization (50 mM sodium cacodylate (pH 7.5), 300 mM
KCl and 5 mM MgCl2) and modified with benzoyl cyanide
(BzCN) in the presence of 2 μg total yeast tRNA (Sigma
Aldrich). The modified RNAs were reverse transcribed using

690AS primers 1 and 2: (5ʹ-AGT TAC TGG GAC TTT CTC CG-3ʹ;
MPMV nt 483–502 relative to WT) labelled with VIC or NED,
respectively, and AS primers 3 and 4: (5ʹ- CTT ACT TTC AGG
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TCC AAC CG −3ʹ; MPMV nt 235–234 relative to WT) labelled
with VIC or NED. These primers allowed analysis of the RNA

695 structure from ~ nucleotide 450 to 10. The primer extension
products were loaded onto an Applied Biosystems 3130xl
Genetic Analyzer and the electropherograms were analyzed
with the QuShape software [67]. The hSHAPE reactivities
obtained with QuShape from three independent experiments

700 were averaged (Table S2) before being used as constraints to
fold the RNA secondary structure of the MPMV packaging
signal with the RNAstructure software version 6.0 [39] to
determine the effects of mutations on the overall higher order
structure. Based on the RNAstructure data, the structure of WT

705 and mutants RNAs were drawn using the Structure Editor
graphical tool, a module of the RNAstructure software.

Statistical analysis

AQ5

AQ3

For quantitation and determination of statistically significant
differences in relative packaging efficiencies between the wild

710 type and mutant clones, the standard paired, two-tailed
Students t-test was performed. A p-value of <1.00E-3 was
considered statistically significant in the RNA packaging assays,
while a p-value of 1.00E-2 was considered significant for the
propagation assays.
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