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ABSTRACT

HIV-1 particle assembly, which occurs at the plasma membrane (PM) of cells, is driven by the viral polyprotein Gag. Gag
recognizes phosphatidylinositol-(4,5)-bisphosphate [P1(4,5)P,], a PM-specific phospholipid, via the highly basic region (HBR) in
its N-terminal matrix (MA) domain. The HBR is also known to bind to RNA. We have previously shown, using an in vitro
liposome binding assay, that RNA inhibits Gag binding to membranes that lack P1(4,5)P,. If this RNA block is removed by
RNase treatment, Gag can bind nonspecifically to other negatively charged membranes. In an effort to identify the RNA species
that confer this inhibition of Gag membrane binding, we have tested the impact of purified RNAs on Gag interactions with
negatively charged liposomes lacking P1(4,5)P,. We found that some tRNA species and RNAs containing stem-loop 1 of the psi
region in the 5’ untranslated region of the HIV-1 genome impose inhibition of Gag binding to membranes lacking P1(4,5)P,. In
contrast, a specific subset of tRNAs, as well as an RNA sequence previously selected in vitro for MA binding, failed to suppress
Gag-membrane interactions. Furthermore, switching the identity of charged residues in the HBR did not diminish the
susceptibility of Gag-liposome binding for each of the RNAs tested, while deletion of most of the NC domain abrogates the
inhibition of membrane binding mediated by the RNAs that are inhibitory to WT Gag-liposome binding. These results support a
model in which NC facilitates binding of RNA to MA and thereby promotes RNA-based inhibition of Gag-membrane binding.
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INTRODUCTION

Each of the four major domains of the Gag polyprotein of
HIV-1 plays an important role in viral particle assembly.
The matrix domain (MA) drives binding of Gag to the plas-
ma membrane (PM), the capsid domain (CA) makes critical
interprotein interactions with other Gag molecules to drive
multimerization, the nucleocapsid domain (NC) packages a
dimer of genomic RNA (gRNA), and the p6 domain recruits
cellular factors that pinch off nascent viral particles from the
PM (for review, see Balasubramaniam and Freed 2011;
Sundquist and Krausslich 2012).

Accumulating evidence supports the notion that specific
interactions between the MA domain and the head group
of phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P,], an
acidic phospholipid enriched in the inner leaflet of the PM,
drive HIV-1 assembly to the PM over other intracellular
membranes (Ono et al. 2004; Saad et al. 2006; Shkriabai et
al. 2006; Chan et al. 2008; Chukkapalli et al. 2008; Alfadhli
et al. 2009; Anraku et al. 2010; Monde et al. 2011; Gerber

Corresponding author: akiraono@umich.edu
Article is online at http:/www.rnajournal.org/cgi/doi/10.1261/rna.
058453.116.

et al. 2015; Barros et al. 2016; Mercredi et al. 2016). Studies
using various structural, biophysical, or biochemical ap-
proaches have shown that recognition of the PI(4,5)P, head-
group requires a group of positively charged amino acids in
MA known as the highly basic region (HBR) (Saad et al.
2006; Shkriabai et al. 2006; Chukkapalli et al. 2008, 2010;
Alfadhli et al. 2011; Mercredi et al. 2016). We have previously
demonstrated, using an in vitro liposome flotation assay,
that despite the presence of significant positive charge in
the HBR, Gag does not bind efficiently to negatively charged
membranes unless PI(4,5)P, is present in the liposomes
(Chukkapalli et al. 2008; Inlora et al. 2011). This is in a stark
contrast to the MA domain of HTLV-1 Gag, which has a sim-
ilar total positive charge and efficiently binds negatively
charged membranes in the absence of PI(4,5)P, (Inlora
et al. 2011, 2014).

The HBR region also binds to RNA (Cimarelli and Luban
1999; Purohit et al. 2001; Hearps et al. 2008; Jones et al.
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2011). Notably, treatment of Gag with RNase prior to the li-
posome flotation assay revealed that in the absence of RNA,
HIV-1 Gag can bind significantly to negatively charged lipo-
somes even in the absence of PI1(4,5)P, (Chukkapalli et al.
2010; Inlora et al. 2011, 2014; Dick et al. 2013). This response
to RNase treatment was observed not only with Gag synthe-
sized in rabbit reticulocyte lysates, which has been routinely
used for this assay, but also with Gag recovered from the cy-
tosol of human cells expressing HIV-1 molecular clones
(Chukkapalli et al. 2013). Furthermore, addition of RNase
to cell homogenates has also been shown to increase Gag as-
sociation to cell membranes (Kutluay et al. 2014). MA-
bound, but not NC-bound, RNA is likely to mediate the sup-
pression of Gag interactions with membranes lacking
PI(4,5)P,, since the response to RNase treatment can still
be observed when most of the NC domain has been deleted
(Chukkapalli et al. 2010; Inlora et al. 2014; Olety et al.
2015). These results suggest that MA-bound RNA acts as a
chaperone of Gag—membrane interactions, possibly by
screening the electrostatic charges of the HBR from negative-
ly charged membranes unless there is specific recognition of
the PI(4,5)P, headgroup.

When the charged residues of the HBR are swapped (HBR
switch mutant: R to K and vice versa), HIV-1 Gag no longer
specifically recognizes PI(4,5)P,-containing liposomes
(Llewellyn et al. 2013). However, its ability to bind to
PI(4,5)P,-lacking liposomes is still enhanced upon RNase
treatment, suggesting that RNA binding to MA does not
rely on the exact arrangement of basic residues in HBR. Inter-
estingly, while HTLV-1 MA is insensitive to RNA-mediated
suppression, introduction of a basic residue, which is predict-
ed to increase the size of the surface-exposed basic patch, ren-
ders HTLV-1 MA susceptible to the RNA block (Inlora et al.
2014). Thus the presence of clustered charge in the HBR,
rather than a specific amino acid sequence, is likely to be re-
quired for RNA-mediated suppression of HIV-1 Gag—mem-
brane interactions.

Since specific MA residues do not appear to be essential
for RNA binding, it is possible that the MA-RNA interaction
might not depend on a specific RNA sequence or structure. A
recent crosslinking-immunoprecipitation sequencing (CLIP-
seq) study in HEK293T cells demonstrated that over 90% of
MA-bound RNAs are a subset of tRNAs (Kutluay et al. 2014).
However, it remains to be determined whether the predom-
inance of these tRNAs is due to specific molecular interac-
tions between tRNAs and MA, or whether tRNA binding
reflects nonspecific electrostatic interactions with abundant
or accessible RNA molecules. To determine whether the
RNA-mediated inhibition of Gag interactions with non-
PI(4,5)P, acidic lipids requires a specific RNA binding part-
ner for MA, we extended our previous liposome flotation
assay to study the role of specific RNAs in Gag-membrane in-
teractions. Following RNase treatment of Gag and subse-
quent inactivation of the RNase, we found that only some
RNAs inhibit Gag binding to negatively charged liposomes.
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This result indicates the presence of specific determinants
in RNAs for suppression of MA-mediated membrane bind-
ing. Moreover, we observed that this suppression takes place
only when NC is present, suggesting a role for NC in the MA—
RNA interaction.

RESULTS

Yeast total tRNA inhibits Gag interactions with acidic
liposomes in a dose-dependent manner

To monitor the effects of specific RNA species on Gag-mem-
brane interactions, we used an extension of an in vitro lipo-
some flotation assay we previously developed (Chukkapalli
et al. 2013). Briefly, full-length, myristoylated Gag was pro-
duced via an in vitro transcription/translation reaction in
rabbit reticulocyte lysate. Following protein production,
RNA was removed by treatment with RNase A, which was
subsequently fully deactivated by the inhibitor RNasin.
Chemically synthesized or in vitro transcribed, gel-purified
RNA was then added back to the reaction and incubated
with Gag prior to the addition of liposomes. Liposome bind-
ing was monitored by sucrose gradient membrane flotation
as described previously (Chukkapalli et al. 2008). Liposomes
with a 2:1 ratio of neutral phosphatidylcholine (PC) and acid-
ic phosphatidylserine (PS) were prepared by extrusion (Todd
and Ono 2016).

With this add-back assay, we found that addition of 1 pg/
uL of yeast total tRNA is able to completely inhibit Gag bind-
ing down to levels observed prior to treatment with RNase A
(Fig. 1). At 100 ng/pL yeast total tRNA, Gag binding is inhib-
ited ~50% relative to the RNase-treated condition (Fig. 1).
HelLa total tRNA was also able to inhibit Gag binding to a
similar degree as yeast total tRNA (data not shown). Subse-
quent add-back experiments were performed at 100 ng/pL
of each RNA species to compare the inhibitory effect of
RNAs with roughly the same total negative charge as yeast
total tRNA. Using this approach, we examined the effects
of various RNA species on Gag—membrane binding includ-
ing specific tRNA species and RNAs derived from regions
of HIV-1 viral RNA.

tRNA"", but not tRNA"*3, can suppress Gag—
membrane interactions

Because yeast total tRNA was able to inhibit Gag-membrane
interactions, we sought to test whether specific tRNA species
are able to function similarly. In particular, we were interested
in human tRNA"**, which is selectively packaged into virions
and anneals to the primer binding site in the 5 UTR of the
HIV-1 genome where it serves as a primer for reverse tran-
scription (Kleiman et al. 2010). Furthermore, tRNAY*® was
one of the tRNAs found to interact with MA in the cell
(Kutluay et al. 2014). tRNA"** acting as a MA-bound regula-
tor of Gag-membrane binding could represent an additional
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FIGURE 1. Yeast total tRNA inhibits Gag binding to PC + PS lipo-
somes. [*°S]-labeled Gag synthesized using rabbit reticulocyte lysates
was treated (or left untreated) with RNase A at 37°C for 20 min. After
inactivation of RNase A with RNasin, the mixtures were further incubat-
ed with varying concentrations of yeast tRNA at 37°C for 30 min.
Subsequently, PC +PS liposomes were added and incubated further
for 15 min before performing equilibrium flotation centrifugation.
Fractions were analyzed using SDS-PAGE followed by phosphorimager
analysis. (M) Membrane-bound, (NM) non-membrane-bound. The li-
posome binding efficiency was calculated as the amount of membrane-
bound Gag as a fraction of total Gag. Data from three different experi-
ments are shown as mean * standard deviation. P-values were deter-
mined in comparison to the no RNA add-back condition using
Student’s #-test. (**) P<0.01; (***) P<0.001. Reduction of liposome
binding efficiency to 50% was observed when RNase-treated Gag was in-
cubated with 91 ng/uL yeast tRNA prior to mixing with liposomes.

role played by the reverse transcription primer and help to en-
sure its incorporation into virions. However, relative to yeast
total tRNA, unmodified human tRNA™* is unable to sup-
press Gag-membrane interactions efficiently (Figs. 2A, 3).

Other retroviruses use alternative tRNAs as primers for re-
verse transcription (e.g., Moloney murine leukemia virus
uses tRNAP™) (Harada et al. 1979). We tested add-back
with unmodified human tRNA™, and, in contrast to human
tRNAS, tRNA"" was able to inhibit Gag binding to PC +
PS liposomes to a similar extent as yeast total tRNA (Figs.
2A, 3). These results indicate that a specific subset of
tRNAs can serve as regulators of MA-membrane interactions.
These data are consistent with our earlier results (Chukka-
palli et al. 2013), as well as with the RNA CLIP study showing
that MA predominantly interacts with tRNAs in HEK293T
cells (Kutluay et al. 2014).

An RNA sequence selected in vitro for its affinity to MA
is unable to suppress Gag interactions with negatively
charged membranes

In addition to the MA-binding tRNA species identified in
cells (Kutluay et al. 2014), alternative RNA sequences that
bind to MA in vitro have been identified using systematic
evolution of ligands by exponential enrichment (SELEX)
(Lochrie et al. 1997; Purohit et al. 2001; Ramalingam et al.
2011). One of these selected RNAs shares a 13-nt sequence

with the pol open reading frame (ORF) in the HIV-1 genome.
This RNA species interacts with the MA domain via amino
acid residues that overlap with those at the PI(4,5)P, binding
site (Alfadhli et al. 2011) and binds purified MA with an af-
finity of ~500 nM in a buffer containing 50 mM NaCl
(Purohit et al. 2001; Alfadhli et al. 2011). Importantly, this ol-
igonucleotide is displaced from MA by a water-soluble
PI(4,5)P, analog but not by a water-soluble analog of PS, a
more prevalent acidic phospholipid in cellular membranes
(Alfadhli et al. 2011). These results suggest that this
SELEX-derived RNA, and possibly the corresponding por-
tion of the pol ORF, might inhibit Gag interactions with non-
specific membranes.

To examine the effect of this RNA sequence on Gag-mem-
brane binding, we compared a 25-mer SELEX-derived RNA
oligonucleotide containing either the 13-nt consensus se-
quence or a random sequence (Purohit et al. 2001; Alfadhli
et al. 2011) in the add-back assay at 100 ng/pL (Fig. 2B). As
anticipated, the random RNA had no impact on Gag—mem-
brane binding. Surprisingly, we found that the SELEX RNA
was also unable to inhibit Gag binding to PC + PS liposomes
(Fig. 3). These results suggest that this MA-specific RNA is
either unable to completely shield the HBR residues from
the charged liposomes or that Gag-membrane interactions
are stronger than MA-SELEX RNA binding.

The 5" UTR of HIV-1 RNA is able to suppress Gag
interactions with negatively charged membranes

In addition to the SELEX RNA sequence overlapping with the
pol region of the HIV-1 genome, we also tested RNAs derived
from the 5" UTR of the gRNA (the first 356 nt, pNL4-3 num-
bering), which is highly structured and known to regulate
many steps of the HIV-1 life cycle (Fig. 2C). HIV-1 gRNA is
recognized by the NC domain of Gag and packaged into viral
particles. The psi region of the 5" UTR initiates dimerization
and is also critical for NC recognition and genome packaging
(Wilkinson et al. 2008; Watts et al. 2009; Lu et al. 2011; Abd
El-Wahab et al. 2014; Keane et al. 2015; Smyth et al. 2015).
The 5" UTR is not known to interact with MA, but, surpris-
ingly, we found that the 5" UTR inhibited Gag-membrane in-
teractions to a similar extent as yeast total tRNA (Fig. 3). This
observation suggests a possibility that the 5 UTR may contain
a sequence or structure with high affinity to MA and/or an
ability to bind in a specific conformation that blocks MA in-
teractions with negatively charged lipid bilayers.

SL1 of the psi region can regulate Gag-membrane
interactions

To further delineate the functional region that suppresses
Gag-membrane interactions, we tested three fragments of
the 5 UTR: (i) the transactivation response and polyA hair-
pins [TAR/polyA; nucleotides 1-104], (ii) the primer binding
site (PBS; nucleotides 125-223), and (iii) the psi sequence
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FIGURE 2. Sequences and secondary structures of all RNA constructs used in this study. (A) Human tRNA™* and human tRNAP™. (B) MA-binding
RNA aptamer (“SELEX”) and a random sequence control (“Random”). (C) HIV-1 5 UTR with TAR/polyA, PBS, and Psi domains indicated. Psi-ADIS is
the same as Psi RNA with the exception of the loop nucleotide replacement indicated to eliminate dimerization. To facilitate in vitro transcription, the PBS
RNA contains three additional Gand C nucleotides atits 5’ and 3’ termini, respectively. Psi and Psi-ADIS RN As contain two additional G residues at their 5’
ends. Note that several 5 UTR secondary structures for NL4-3 in addition to the one shown have recently been reported (Abd El-Wahab et al. 2014; Keane
etal. 2015; Smyth etal. 2015). (D) Psi-SL1 and Psi-SL1,2 RNAs are truncated Psi RNA constructs also containing three extra G residues at their 5" ends.

(nucleotides 234—329), which contains the dimerization ini-
tiation (DIS) stem—loop (SL1), the 5 major splice donor
hairpin (SL2), and the psi hairpin (SL3) (Fig. 2C). Of the
three 5 UTR fragments, only the psi region inhibited Gag in-
teractions with PC + PS liposomes (Fig. 3).

We further tested shorter fragments of psi that contain SL1
(Psi-SL1) or SL1 and SL2 (Psi-SL1,2) (Fig. 2D). We also tested
afull-length psi mutant whose palindromic dimerization loop
sequence has been mutated to GAGA (Psi-ADIS), a mutation
that completely eliminates RNA dimerization (Fig. 2C; Jones
etal. 2014). All of these fragments inhibited Gag interactions
with liposomes to a similar extent as the full-length, wild-type
psi sequence (Fig. 4). Thus, we conclude that suppression of
Gag—membrane interactions only requires SL1 and that dime-
rization is unlikely to play a role in this suppression.

Psi RNA-mediated suppression of interactions between
Gag and negatively charged membranes does not
depend on the exact MA HBR sequence, but does
require the NC domain

To elucidate the molecular determinants within Gag that are
required for RNA-mediated suppression of membrane bind-
ing, we used the add-back assay to compare the impact of psi
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RNA addition on the membrane binding abilities of Gag with
mutations in the MA or NC domains (Fig. 5A). To determine
whether MA HBR recognizes specific RNAs in a manner de-
pendent on its amino acid sequence rather than just electro-
static charge, we examined the “HBR switch mutant” in
which the basic residues Arg and Lys between MA residues
14 and 31 have been swapped with one another in this region
(Llewellyn et al. 2013). We found that the pattern of add-back
inhibition by yeast tRNA, tRNA"" and psi RNA was identical
for both WT Gag and the HBR switch mutant (Fig. 5B,C). We
observed that tRNA™* has a minor but statistically significant
inhibitory effect on the HBR switch mutant, suggesting that
the basic residue arrangement in the HBR may influence
the tRNA specificity. Together with our previous observations
(Llewellyn et al. 2013; Inlora et al. 2014), these results suggest
that while the charge in the HBR is critical, a specific RNA
binding motif or structure in the WT HBR is not required
for RNA-mediated suppression of Gag membrane binding.
Since psi RNA is known to interact specifically with NC, we
next examined the effect of psi RNA on liposome binding of
deINC Gag, a mutant in which most residues of the NC
domain (NC residues 5-52) have been deleted. Interestingly,
although deINC Gag binding to PC + PS liposomes also in-
creased upon RNase treatment, relative to WT Gag this
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FIGURE 3. Specific RNA species inhibit Gag binding to PC + PS lipo-
somes. RNA constructs shown in Figure 2 were examined for their ef-
fects on Gag binding to PC + PS liposomes using the add-back assay
as described in Figure 1. Data from three different experiments are
shown as mean + standard deviation. P values were determined in com-
parison to the no RNA add-back condition using Student’s ¢-test. (*) P
<0.05; (**) P<0.01; (***) P<0.001.

derivative exhibited higher liposome binding prior to RNase
treatment, suggesting that RNA-dependent suppression of
Gag-liposome binding is somewhat attenuated in the absence
of NC. In addition, we found that upon add-back neither yeast
total tRNA nor psi RNA suppressed deINC Gag interactions
with negatively charged liposomes lacking PI(4,5)P, (Fig.
5B). Likewise, tRNA"™, which blocked WT Gag binding to
these liposomes (Fig. 3), is no longer inhibitory to membrane
binding of Gag upon NC deletion (Fig. 5D). These results
strongly support the possibility that the NC domain is re-
quired for recognizing specific RNAs and imparting inhibi-
tion of Gag interactions with nonspecific acidic membranes.

NC likely facilitates psi- and tRNA-mediated suppression
of Gag binding to negatively charged membranes via
different mechanisms

The above results suggest that NC plays an important role in
recruiting specific RNAs that suppress Gag binding to acidic
lipid bilayers lacking P1(4,5)P,. We hypothesized that selec-
tive binding of RNA to NC promotes binding of RNAs to
MA, which in turn shields the HBR from nonspecific interac-
tions with negatively charged membranes.

In order to examine which domains of Gag were involved
in specific binding of each RNA species, we monitored bind-
ing between purified GagAp6, MA, and NC domains and
RNAs by fluorescence anisotropy (FA). We compared bind-
ing of TAR/polyA and psi, as well as two human tRNAs,
tRNAY and tRNAP™. Measurements were performed at
varying salt concentrations, which allowed determination
of the number of electrostatic interactions (Z.g) and the
strength of the nonelectrostatic/specific component of bind-
ing, K4(1m) (Table 1; Rye-McCurdy et al. 2015).

As previously reported (Webb et al. 2013), both GagAp6
and NC display specific binding to psi that is characterized
by a greater nonelectrostatic binding component (K val-
ues ~107°) relative to TAR/polyA (Kacimy values ~107%—
107°) and lower effective charge in the case of GagApé6.
The latter is consistent with GagAp6 binding primarily via
the NC domain to psi and with both the NC and MA do-
mains to TAR/polyA. In contrast, MA interactions with
TAR/polyA and psi RNAs were found to have similar values
of Kq(1m), and the interactions were mediated by a similar
number of electrostatic contacts in each case (~2), suggesting
that MA alone is not able to distinguish between these RNAs
(Table 1). Considering that psi RNA, but not TAR/polyA, is
able to suppress Gag-membrane interactions, these results
suggest that NC recognition of psi RNA is a critical step for
proper Gag—membrane regulation by this RNA.

MA demonstrated only a modest preference for tRNA"™
over tRNAY®, with an approximately sevenfold lower
Kaam) value. Both tRNAP™ and tRNA™* have similar elec-
trostatic and specific binding interactions with NC, yet only
tRNA™ is able to block Gag binding to PC + PS liposomes.
Interestingly, the Kym) value determined for binding of
tRNA"™ to GagAp6 was ~25-fold lower than that for
tRNA"*, suggesting that full-length Gag interacts more spe-
cifically with tRNA"™ relative to tRNAY*’. Taken together,
these results suggest that while both psi and tRNA"" suppress
MA-acidic lipid interactions in an NC-dependent manner,
NC may facilitate this process via different mechanisms;
the NC domain alone is sufficient for the specificity of psi
RNA, whereas for tRNAP™, NC determines the specificity
in the context of Gag, potentially in combination with MA.

DISCUSSION

In this study, we demonstrated that specific RNA species are
necessary to suppress MA-mediated Gag binding to negative-
ly charged lipid membranes lacking PI1(4,5)P,. We find that

RNA

add-back PC+PS Liposome Binding Efficiency (%)
(100 ng/ul) RNase M NM _ o 10 20 30 40 50

-l =
¢ .

psi + - ‘ H

psisli2 + [ - :
s+ :

psiADIS 4 - ‘ H

FIGURE 4. Psi SL1 is capable of inhibiting Gag binding to PC + PS li-
posomes. Psi and its derivatives shown in Figure 2 were examined for
their effects on Gag binding to PC + PS liposomes using the add-back
assay as described in Figure 1. Data from three different experiments
are shown as mean + standard deviation. P values were determined in
comparison to the no RNA add-back condition using Student’s ¢-test.
(**) P<0.01; (***) P<0.001.
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FIGURE 5. The NC domain is required for inhibition of Gag binding to PC + PS liposomes mediated by psi, yeast tRNA, and tRNA"™. Gag con-
structs containing MA or NC changes were examined for susceptibility of their liposome binding ability to various RNA species. (A) Schematic rep-
resentation of Gag derivatives used in these experiments. (B) [*°S]-labeled WT Gag, HBR switch Gag, or deINC Gag, synthesized using rabbit
reticulocyte lysates, were treated (or left untreated) with RNase A and examined for susceptibility of their liposome binding ability to yeast tRNA
or psi in the add-back experiments performed as described in Figure 1. In these experiments, liposome binding efficiency normalized to the binding
efficiency observed upon RNase treatment is shown as 100% for each Gag construct. The actual mean liposome binding efficiencies under this con-
dition for WT Gag, HBR switch Gag, and deINC Gag are 47%, 42%, and 46%, respectively. Data from five different experiments are shown as mean +
standard deviation. P values were determined in comparison to the no RNA add-back condition using Student’s t-test. (***) P<0.001. (C,D)
Dependence of the inhibition of Gag-liposome binding on the MA HBR sequence (C) and NC (D) was examined for yeast tRNA, tRNA"*, and
tRNAP™ as in panel B. The actual mean liposome binding efficiencies upon RNase treatment are 33% (C) and 31% (D) for WT Gag, 35% for
HBR switch Gag, and 72% for deINC Gag. Data from three different experiments are shown as mean + standard deviation. P-values were determined
in comparison to the no RNA add-back condition using Student’s #-test. (*) P <0.05; (**) P<0.01; (***) P <0.001.
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TABLE 1. Parameters for HIV-1 GagAp6, NC, and MA proteins
binding to tRNAs and HIV-1 genome-derived RNAs

Kaamy(M)? 7 Inhibits®

HIV-1 GagAp6

Psid (52+1)x107° 5.0+0.2 Y
TAR/polyA? 2.2+1)x1072 9.1+0.3 N
Human tRNAY*3 (1.4+3)x1073 5.9+0.7 N
Human tRNAF™ (5.4+1)x107° 3.4+0.2 Y
HIV-1 NC

Psid (2.6+0.8)x 107> 3.3+0.2 Y
TAR/polyA? 23+1)x1073 3.9+0.3 N
Human tRNAMS? (2.7+3)x107* 26+0.9 N
Human tRNAP® (5.6+6)x 107 3.2+0.8 Y
HIV-1 MA

Psi (1.9+1)x107* 26+1 Y
TAR/polyA (9.3+6)x107° 1.4+0.3 N
Human tRNAM? (43+5)x107* 2.2+0.9 N
Human tRNAP™ (5.8+7)x107° 1.9+0.8 Y

“Kaaw is the affinity of the specific, nonelectrostatic component of
binding.

bZ. is the effective charge of the protein-RNA interaction and re-
flects the number of Na* ions displaced during binding.

“Inhibits Gag binding to PC + PS membranes.

dResults from Webb et al. (2013).

yeast total tRNA and HeLa total tRNA (results not shown), as
well as in vitro synthesized human tRNA" and RNAs con-
taining SL1 of the psi region of the 5 UTR, are able to inhibit
Gag binding to PC + PS liposomes. In contrast, in vitro syn-
thesized human tRNA™*?, an RNA aptamer selected for MA
binding and the TAR/polyA domain of the 5 UTR have no
impact on membrane binding (Figs. 2, 3). While MA muta-
genesis in this and previous studies (Fig. 5; Llewellyn et al.
2013; Inlora et al. 2014) suggest that specific MA sequences
are unlikely to be a key determinant for the susceptibility to
RNA-mediated suppression, the sequence and/or structure
of the RNA is likely to play an important role in inhibition
of MA-acidic lipid interactions.

Importantly, we found that the ability of psi RNA to inhibit
Gag-membrane interactions is dependent on the NC domain
(Fig. 5B). Considering that MA and NC domains are in a close
proximity within a single Gag molecule in solution (Datta
et al. 2007; Munro et al. 2014), these results suggest a model
for NC-dependent “loading” of RNA onto the MA domain in
which recognition of RNA by the NC domain precedes or fa-
cilitates binding of the same RNA to MA. The results of salt-
titration experiments (Table 1) are consistent with the possi-
bility that specific recognition of the psi sequence by NC,
rather than MA, plays the major role in the inhibitory effect
of the psi-containing RNAs on Gag membrane binding.
This effect is not dependent on psi dimerization, which is
consistent with our previous observation that dimerization
of psi RNA does not play a role in NC or Gag binding specif-

icity (Webb et al. 2013). However, MA may also play a role in
this effect, since we have previously shown that an HIV-1
CANC construct that lacks the MA domain binds to psi
RNA with reduced specificity (Webb et al. 2013). Irrespective
of whether the mechanism involves one or both Gag do-
mains, it is tempting to speculate that this psi-mediated sup-
pression of Gag interactions with acidic lipids reduces the
association of Gag—psi complexes to non-PM membranes,
thus ensuring productive assembly and release of viral parti-
cles containing the RNA genome from cells.

In apparent contrast to our study, a recent study by
Carlson et al. (2016) reported that the 5 UTR RNA pro-
motes binding of recombinant Gag protein to giant unila-
mellar vesicle membranes. Among many differences in the
experimental conditions between that study and ours, the
presence or absence of P1(4,5)P, in lipid membranes is like-
ly a key difference. As described in the Introduction, in the
presence of PI(4,5)P, RNA can no longer mediate in-
hibition of Gag membrane binding (Chukkapalli et al.
2010, 2013). Carlson et al. (2016) used lipid vesicles con-
taining PI(4,5)P,, which we speculate attenuated the inhib-
itory effect of 5 UTR RNA that we observe for membranes
lacking PI(4,5)P,. Instead, they observed an enhancement
of membrane binding due to Gag multimerization induced
by the 5 UTR. As the focus of the present study was to
compare the ability of different RNAs to inhibit nonspecific
Gag binding to membranes, we used liposomes lacking
PI(4,5)P,. Under these conditions, the inhibitory effect of
the 5" UTR is readily observed. It is also possible that the
presence of 5 UTR RNA in excess of Gag in our system
may have prevented Gag multimerization and hence en-
hancement of membrane binding.

We also observed that human tRNA"™ efficiently sup-
presses Gag binding to acidic membranes in an NC-depen-
dent manner (Figs. 3, 5C). However, in contrast to psi
RNA, NC alone did not exhibit strong nonelectrostatic/spe-
cific binding to tRNA"™, especially when compared to
tRNA"*, which does not suppress Gag interactions with
acidic lipids. Binding between MA and tRNA"™ is slightly
more specific than the interaction between MA and
tRNA"™* (approximately sevenfold lower Kaam)> Table 1).
Therefore, it is conceivable that tRNAF™, but not tRNAY®,
may interact with a feature in MA shared by WT and HBR
switch mutant, both of which are sensitive to tRNAF™,
However, the specificity for tRNAP™ relative to tRNAD*?
was much more pronounced in the context of GagApé.

Although deletion of the NC domain did not significantly
affect the identity of tRNAs preferentially bound to MA in
cells (Kutluay et al. 2014), deletion of NC abolished suppres-
sion of Gag-liposome binding by all RNAs tested in the add-
back assay, including total yeast tRNA and tRNA'™.
Therefore, it is likely that NC modulates RNA-MA interac-
tions in the context of the in vitro liposome binding assay, ei-
ther directly by binding the same RNA molecule as MA or
indirectly via alteration of the MA/Gag conformation.
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Conversely, in cells, it is conceivable that the presence of
PI(4,5)P, or other cellular components may facilitate dissoci-
ation of tRNAs that are differentially bound to WT and NC-
deleted Gag.

Interestingly, RN As that have been shown to bind MA in vi-
tro or in cells (Purohit et al. 2001; Alfadhli et al. 2011; Kutluay
etal. 2014), i.e., the SELEX-derived RNA and tRNA"*, did
not inhibit Gag binding to PC + PS liposomes in the add-
back experiments. This difference is likely due at least in part
to the difference in assays. The outcomes of the add-back assay
represent a combination of MA-RNA interactions and their
competition with MA-liposome binding. Therefore, it is pos-
sible that even when an RNA species can bind MA under a giv-
en condition, the binding may be insufficient for suppressing
MA-mediated Gag binding to negatively charged liposomes.
The SELEX oligonucleotide has been shown to compete well
against a water-soluble PS analog (Alfadhli et al. 2011).
However, this RNA may no longer be able to compete when
Gagbinding to liposomes occurs in the presence of hydropho-
bic interaction via MA’s myristoyl moiety as is the case in this
study. Itis also possible that the smaller size of the SELEX RNA
relative to the other RNAs investigated in this study precludes
simultaneous interactions with both MA and NC domains of
Gag. The ability of tRNA™* to outcompete interactions be-
tween Gag and PS has not been examined previously. While
we do not find tRNA™** capable of regulating Gag-membrane
interactions, it is possible that the chemical modifications
missing from in vitro synthesized tRNA used in this study
may play an important role in MA binding and/or competition
with negatively charged liposomes (Graham et al. 2011).
Studies aimed at elucidating the factors involved in tRNA
loading to MA in cells are underway.

In summary, the current study demonstrates that specific
RNA motifs or structures, rather than mere electrostatic in-
teractions between MA and RNA, are necessary for blocking
Gag binding to nonspecific membranes. Furthermore, NC-
mediated RNA interactions contribute to inhibition of
Gag-membrane binding. These findings serve as the initial
investigation into the molecular determinants of RNA-medi-
ated suppression of Gag—membrane interactions and will in-
form efforts to develop therapeutic MA-binding aptamers
that robustly inhibit Gag membrane binding even in the pres-
ence of PI1(4,5)P,.

MATERIALS AND METHODS

Plasmids

WT Gag and all mutants thereof used in the RNA add-back exper-
iments were expressed from a pGEM vector containing a fragment
from the pNL4-3 strain of HIV-1 from nucleotides 639-5748
(Gag is 790-2292) oriented downstream from an SP6 promoter
(Chukkapalli et al. 2008). The mutants HBR switch (Llewellyn
et al. 2013) and deINC (a gift from David Ott [AIDS and Cancer
Virus Program, Leidos Biomedical Research, Inc., Frederick
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National Laboratory for Cancer Research] [Ott et al. 2003]) were
all prepared by standard molecular biology techniques.

RNA

Yeast total tRNA was obtained from Ambion. For HeLa tRNA, RNA
of ~80 nt was isolated by gel excision from low molecular weight
RNA (<200 nt) prepared using the QTAGEN miRNeasy kit accord-
ing to the manufacturer’s instructions. The SELEX and Random 25-
mers were synthesized and HPLC purified by IDT. All other RNA
constructs were in vitro transcribed from linearized plasmids using
T7 RNA polymerase and purified by previously established methods
(Milligan et al. 1987). Human tRNA™* and human tRNAP™ were
in vitro transcribed from pLysfl19 (Shiba et al. 1997) and
pPUCI19htRNAPro (Stehlin et al. 1998), respectively. HIV-1
TAR/polyA (104 nt), PBS (105 nt), Psi (109 nt), Psi-ADIS (105
nt), Psi-SL1 (51 nt), and Psi-SL1,2 (68 nt) RNAs were in vitro tran-
scribed from linearized plasmids cloned from the pMSMAEnv con-
taining HIV NL4-3 cDNA as previously described (Webb et al.
2013). RNA concentrations were determined by measuring the ab-
sorbance at 260 nm and the following molar extinction coefficients:
60.4x10* M™' em™ (htRNA"); 665x10° M™' em™
(htRNAP™); 92.6 x 10* M™" cm™ [HIV-1 TAR/polyAl; 93.6 x 10*
M™! em™' (HIV-1 PBS); 97.3x10* M™' cm™ (HIV-1 Psi);
93.6x10* M™' cm™' (HIV-1 Psi-ADIS); 43.1x 10" M™' cm™
(HIV-1 Psi-SL1); 59.0 x 10* M~' em™" (HIV-1 Psi-SL1,2).

Proteins

All recombinant proteins were expressed and purified from
Escherichia coli. Purified HIV NC was a gift from Robert
J. Gorelick (AIDS and Cancer Virus Program, Leidos Biomedical
Research, Inc., Frederick National Laboratory for Cancer
Research) and was prepared as previously described (Wu et al.
1996; Carteau et al. 1999). The plasmid encoding His-tagged
HIV-1 MA (HIV-1 H6.MA) in a pET16B vector was a gift from
Louis M. Mansky (University of Minnesota). HIV-1 H6.MA was pu-
rified using an established protocol (Massiah et al. 1994), with addi-
tional steps of polyethylenimine (5% v/v) precipitation followed by
ammonium sulfate (60% saturation) precipitation to remove nucle-
ic acids. The plasmid encoding HIV-1 GagAp6 was a gift from Dr.
Alan Rein (HIV Drug Resistance Program, Center for Cancer
Research, National Cancer Institute). HIV-1 GagAp6 was expressed
and purified essentially as previously described, with the addition of
a polyethylenimine (0.15% v/v) precipitation step immediately after
cell lysis (Datta and Rein 2009). Protein concentrations were deter-
mined by measuring the absorbance at 280 nm and using the follow-
ing molar extinction coefficients: 1.702x 10* M~" cm™" (HIV-1
MA), 5.690 x 10> M~" em™" (HIV-1 NC), and 6.309 x 10* M™'
cm™' (HIV-1 GagAp6).

Preparation of liposomes

Lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium
salt) (POPS) were purchased from Avanti Polar Lipids, Inc. dis-
solved in chloroform. Using a glass Hamilton syringe, desired
amounts of lipids were transferred to a glass vial and dried down
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with a stream of N,(g). Films were further dried overnight under
vacuum. Lipid films were resuspended in 150 pL of 20 mM
HEPES, pH 7.0, (HB) by vortexing for 1 min and then allowed to
hydrate at room temperature for ~1 h. Sizing of liposomes was
achieved via ten freeze/thaw cycles and subsequent extrusion
through a 100 nm polycarbonate membrane using a mini extruder
(Avanti). Fresh liposomes were prepared for each experiment.

RNA add-back liposome flotation assay

Gag was prepared by in vitro transcription/translation (TNT) in a
rabbit reticulocyte lysate (Promega, 1L4600) as per manufacturer’s
instructions except that a homemade stock of amino acid (-Met)
was used (Sigma, LAA21-1KT, 1 mM each amino acid in 10 mM
Tris pH 7.0) in some experiments. TNT reactions were carried
out as a master mix at 30°C for 90 min at which point a small aliquot
(25 pL) of the TNT reaction was removed as a negative control. HB
(1.5 uL) was added to the negative control while RNase A (Thermo
Scientific, diluted to 1 ug/uL in HB) was added to the pool, 1.5 uL
per reaction. Following incubation at 37°C for 20 min, RNase A
was inactivated by addition of 8 uL of RNasin (Promega) per reac-
tion and incubated at 37°C for 10 min. RNAs of interest were refold-
ed in reticulocyte lysis buffer (1x RRL: 20 mM HEPES-KOH, pH
7.0, 100 mM KCl, 0.5 mM MgCl,) (Pelham and Jackson 1976).
Briefly, RNA dissolved in water was heated to 95°C for 1 min,
snap cooled on ice, adjusted to 1x RRL buffer by addition of an ap-
propriate amount of 10x RRL, and refolded at 37°C for 15 min.
Refolded RNA was subsequently added to RNase-treated Gag and
incubated at 37°C for 30 min; 1X RRL buffer was added to negative
control and RNase-treated control reactions. Finally 7.5 pL of lipo-
somes were added to each reaction and incubated at 37°C for 15
min. Total reaction volume was 50 pL.

Reactions were diluted to 200 pL with HB and, in an ultracentri-
fuge tube, vortexed with 1 mL of HB containing 85% (w/v) sucrose.
2.8 mL of HB containing 65% (w/v) sucrose and subsequently 1 mL
of HB containing 10% (w/v) sucrose were layered on top of the re-
action. Samples were subjected to ultracentrifugation at 35,000 rpm
at 4°C for 16 h. The gradient was then divided into five 1 mL frac-
tions. One hundred microliters of well-vortexed fractions were add-
ed to 50 pL of 3x SDS loading buffer (188 mM Tris—HCI, pH 6.8,
30% [v/v] glycerol, 15.2% [v/v] P-mercaptoethanol, 9.4% [w/v]
SDS, 0.02% bromophenol blue), boiled for 5 min and then subject-
ed to SDS-PAGE. Gels were fixed with 40% methanol and 10% ace-
tic acid for 30 min then soaked in 1 M salicylic acid with 2% (v/v)
glycerol for 30 min followed by drying at 80°C for 2 h. Dried gels
were exposed overnight to a phosphorimaging screen and then
quantified using a GE Typhoon scanner and ImageQuant software.
The percentage of Gag bound to membranes is taken as the amount
of Gag in the first two fractions (top of the gradient, membrane
bound) over the total amount of Gag in all fractions.

Fluorescence anisotropy binding assays

FA was used to determine the binding affinity of HIV-1 MA and NC
for various RNAs as previously described (Stewart-Maynard et al.
2008). All RNAs were labeled with fluorescein-5-thiosemicarbazide
(FTSC) at the 3’ end using established protocols (Rye-McCurdy
et al. 2015). The concentration and labeling efficiency was deter-
mined by measuring the absorbance at 260 nm and 495 nm and us-

ing the molar extinction coefficient of 8.5 X 10°* M 'em™! (FTSC,
£495) and the molar extinction coefficients at 260 nm for the nucleic
acids as listed above. HIV-1 H6.MA FA assays were performed using
5 nM FTSC-labeled RNA, 50 mM monovalent ions, 1 mM MgCl,
and 20 mM Tris—HCI, pH 8. HIV-1 NC FA assays were performed
using 5 nM FTSC-labeled RNA, 50 mM monovalent ions, 1 mM
MgCl,, 20 mM HEPES, pH 7.4, 20 uM tris(2-carboxyethyl)phos-
phine (TCEP), and 5 mM p-mercaptoethanol. HIV-1 GagAp6 FA
assays were performed using 5 nM FTSC-labeled RNA, 50 mM
monovalent ions, 1 mM MgCl,, and 20 mM HEPES, pH 7.4.
Binding affinities were determined by fitting FA datato a 1:1 binding
model as previously described (Rye-McCurdy et al. 2015).

Fluorescence anisotropy salt-titration binding assays

All RNAs were fluorescently labeled as described in the previous sec-
tion. Salt-titration assays were performed as previously described
(Rye-McCurdy et al. 2015). Salt titrations with HIV-1 H6.MA
were carried out using 5 nM FTSC-labeled RNA in the same buffer
as for the FA binding assays, varying the monovalent ions from 16
mM to 1.3 M and using 680 nM (Psi and tRNA"*?) or 5 uM
[TAR/polyA and tRNAP™] HIV-1 H6.MA to prevent aggregation.
Salt titrations with HIV-1 NC were performed with 5 nM FTSC-la-
beled RNA in the same buffer as for the FA binding assays, varying
the monovalent ions from 16 mM to 1.3 M and using 500 nM
(tRNA"™) or 750 nM (tRNA"*’) HIV-1 NC. Salt titrations with
HIV-1 GagAp6 were performed with 5 nM FTSC-labeled RNA in
the same buffer as for the FA binding assays, varying the monovalent
ions from 30 mM to 1.3 M and using 1.7 pM HIV-1 GagAp6. The
extrapolated dissociation constant at 1 M salt (Kq(;n)) and effective
charge (Z.¢) were determined by fitting data to a 1:1 binding model
as previously described (Rye-McCurdy et al. 2015). All fluorescence
measurements were performed on a SpectraMax M5 plate reader
(Molecular Devices).
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