Structure

Conformational Changes in HIV-1 Reverse
Transcriptase that Facilitate Its Maturation

Graphical Abstract

p66/p66 only p66/p51
€
o)
g
1H (ppm) 1H (ppm)
p66/p66+RPV p66/p66+RPV+tRNA
E|A o7
O
[3p]
B
1H (ppm) 1H (ppm)
Highlights

e tRNAYS® mediates maturation of HIV-1 reverse transcriptase
(RT) in vitro

e Conformational states that enhance the RT maturation were
investigated using NMR

e Lys-tRNA synthetase knockdown expt suggests the tRNA-YS2
role in the RT maturation

e Biochemical, biophysical, and virological data support the RT
maturation model

Slack et al., 2019, Structure 27, 1-13
October 1, 2019 © 2019 Elsevier Ltd.
https://doi.org/10.1016/j.str.2019.08.004

Authors

Ryan L. Slack, Tatiana V. llina,
Zhaoyong Xi, ..., Stefan G. Sarafianos,
Nicolas Sluis Cremer, Rieko Ishima

Correspondence

nps2@pitt.edu (N.S.C.),
ishima@pitt.edu (R.l.)

In Brief

Slack et al. characterize conformational
changes involved in the maturation of
HIV-1 reverse transcriptase using NMR
spectroscopy. Biochemical and
virological experiments are carried out to
explain how these factors affect the
maturation.

Cell


mailto:nps2@pitt.�edu
mailto:ishima@pitt.�edu
https://doi.org/10.1016/j.str.2019.08.004

https://doi.org/10.1016/j.str.2019.08.004

Please cite this article in press as: Slack et al., Conformational Changes in HIV-1 Reverse Transcriptase that Facilitate Its Maturation, Structure (2019),

Structure

Conformational Changes in HIV-1 Reverse
Transcriptase that Facilitate Its Maturation

Ryan L. Slack,! Tatiana V. llina,’ Zhaoyong Xi,' Nicholas S. Giacobbi,? Gota Kawai,® Michael A. Parniak,*
Stefan G. Sarafianos,> Nicolas Sluis Cremer,2* and Rieko Ishima'-5:*
1Department of Structural Biology, University of Pittsburgh School of Medicine, Room 1037, Biomedical Science Tower 3, 3501 Fifth Avenue,

Pittsburgh, PA 15260, USA

2Department of Medicine, Division of Infectious Diseases, University of Pittsburgh School of Medicine, Pittsburgh, PA 15261, USA
3Department of Life and Environmental Sciences, Chiba Institute of Technology, Chiba, Japan

4Department of Microbiology and Molecular Genetics, University of Pittsburgh School of Medicine, Pittsburgh, PA 15219, USA
SLaboratory of Biochemical Pharmacology, Department of Pediatrics, Emory University School of Medicine, Atlanta, GA 30322, USA

6Lead Contact
*Correspondence: nps2@pitt.edu (N.S.C.), ishima@pitt.edu (R..)
https://doi.org/10.1016/j.str.2019.08.004

SUMMARY

HIV-1 reverse transcriptase (RT) is translated as part
of the Gag-Pol polyprotein that is proteolytically pro-
cessed by HIV-1 protease (PR) to finally become a
mature heterodimer, composed of a p66 and a p66-
derived 51-kDa subunit, p51. Our previous work sug-
gested that tRNA™S2 binding to p66/p66 introduces
conformational changes in the ribonuclease (RNH)
domain of RT that facilitate efficient cleavage of
p66 to p51 by PR. In this study, we characterized
the conformational changes in the RNH domain of
p66/p66 imparted by tRNA“*® using NMR. More-
over, the importance of tRNA"*® in RT maturation
was confirmed in cellulo by modulating the levels of
Lys-tRNA synthetase, which affects recruitment of
tRNAYS3 to the virus. We also employed nonnucleo-
side RT inhibitors, to modulate the p66 dimer-mono-
mer equilibrium and monitor the resulting structural
changes. Taken together, our data provide unique in-
sights into the conformational changes in p66/p66
that drive PR cleavage.

INTRODUCTION

Efficient maturation of HIV-1 proteins is critical for virus replica-
tion. HIV-1 reverse transcriptase (RT) is expressed as part of the
viral Gag-Pol polyprotein, which is cleaved by HIV-1 protease
(PR) to finally form a mature RT heterodimer composed of 66-
kDa (p66) and 51-kDa (p51) subunits (p66/p51) (Figure 1A)
(Coffin et al., 1997; Katz and Skalka, 1994). The p51 subunit is
generated upon removal of most of the ribonuclease H (RNH)
domain from p66 (Chattopadhyay et al., 1992; Divita et al,,
1995; Sharma et al., 1994). Two models of RT maturation have
been proposed: a concerted model, in which the p66 and p51
subunits are cleaved independently from Gag-Pol, and a
sequential model, in which PR first cleaves p66 from the polypro-
tein and, following p66 dimerization, the p66/p51 RT heterodimer

is formed (Figueiredo et al., 2006; Lindhofer et al., 1995; Mattei
et al., 2014; Pettit et al., 2004, 2005b; Sluis-Cremer et al.,
2004; Speck et al., 2000; Wapling et al., 2005; Zheng et al.,
2014, 2015). Regarding these models, previous biochemical
data, including ours, demonstrated that p66/p66 homodimer for-
mation is absolutely necessary for efficient in vitro RT matura-
tion, thus supporting the sequential model (Figure 1C) (Abram
and Parniak, 2005; Abram et al., 2010; Sluis-Cremer et al.,
2004). Paradoxically, the p66/p66 homodimer adopts a symmet-
rical conformation in solution in which both RNH domains are
folded and the p51-RNH cleavage sites are inaccessible to PR
(Sharaf et al., 2014). Interestingly, in all structures of the mature
p66/p51 heterodimer, the p51-RNH cleavage site is sequestered
in a B sheet within the RNH domain and is inaccessible to PR
(Figure 1B) (Davies et al., 1991; Jacobo-Molina and Arnold,
1991; Jacobo-Molina et al., 1993; Kohlstaedt et al., 1992).
Consequently, the pathways involved in p66/p51 RT maturation
have not been defined. However, characteristic differences be-
tween the immature p66/p66 homodimer and the mature p66/
p51 heterodimer, such as a ~10-fold decrease in the dimer
dissociation constant (Sharaf et al., 2014; Sluis-Cremer et al.,
2000; Venezia et al., 2006), have led to the hypothesis that signif-
icant structural differences exist between these RT proteins.
Recently, we developed an in vitro RT maturation assay that
evaluates processing of p66 by active HIV-1 PR to yield p66/
p51 heterodimer, and we proposed that interaction of tRNA-S®
with the p66/p66 homodimer enhances specific cleavage by
PR at the p51-RNH cleavage site (llina et al., 2018). Although
this study identified key factors in RT maturation including:
(1) the fundamental importance of homodimer formation; (2)
an interaction between tRNA™® and p66/p66; and (3)
enhancement of p66/p51 production in the presence of
tRNADS3| the conformational changes that the p66/p66 homo-
dimer undergoes during maturation are unknown. Another
detail of the sequential model that remained unclear was
whether tRNAS® enhanced p66/p51 production due to its
ability to increase p66/p66 homodimer formation, or if a spe-
cific p66/p66 conformation induced by tRNAYS® was required
for the RT maturation. Although tRNA, especially tRNAYS2, is
abundantly present in the virus (Jiang et al., 1992, 1993; Klei-
man et al.,, 1991; Mak et al.,, 1994; Pavon-Eternod et al.,
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Figure 1. Structure of p66/p51 HIV-1 RT

(A) Overall structure of the p66/p51 heterodimer.
The fingers-palm, thumb, connection, and RNH
domains in the p66 subunit are purple, green, yel-
low, and orange, respectively. The p51 subunit is
white.

(B) Structure of the RNH domain highlighting that
the p51-RNH cleavage site (F440-Y441, yellow rib-
bon) is sequestered in the protein core. The RNH
active site residues are shown by red sticks.

(C) Schematic highlighting how p66/p51 is gener-
ated from p66/p66 by HIV-1 PR-mediated cleavage.
In (A and B), graphics were generated using the
structure of PDB: 3MEE (Lansdon et al., 2010);
the location of RPV is shown by red spheres in (A);
locations of the lle-31 methyl groups that were
uniquely observed in the NMR data are shown
by pink spheres. These are residues 202 in the fin-
gers-palm domain, 254 and 259 in the thumb
domain, 393 in the connection domain, and 434,

Cleavage site

495, and 559 in the RNH domain. Note, because

subunit 1: »
C
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P66  [p51 domain t p66 | ]
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2010), it is also unclear whether tRNAMYS® affects RT matura-
tion in the virus to impact viral replication.

Herein, we present an analysis of the conformational changes
of p66/p66 homodimer upon tRNAYS® interaction in solution, as
well as changes in PR-mediated production of p66/p51, using
NMR spectroscopy. Since our previous data suggested that
p66 undergoes fast monomer-dimer equilibrium (Sharaf et al.,
2014), and that tRNAY®® interacts with p66 monomer as
well as the p66/p66 homodimer (llina et al., 2018), we designed
experiments to distinguish the homodimer interaction with
tRNAY*2 from that of the monomer. We achieved this by using
non-nucleoside reverse transcriptase inhibitors (NNRTIs) known
to interact with the p66/p66 homodimer at a 1:1 stoichiometry, to
enhance p66/p66 homodimer formation, and to change the envi-
ronment of the NNRTI binding pocket in p66/p66 similar to that of
the p66/p51 (Braz et al., 2010; Sharaf et al., 2017; Tachedjian
et al., 2005). Importantly, using in vitro RT maturation experi-
ments and by employing size exclusion chromatography (SEC)
of the protein in various conditions, we show that the application
of NNRTIs alone does not alter our underlying premise that
tRNAY*2 binding to p66/p66 generates a conformational change
in the homodimer that facilitates RT maturation. Notably, in
HIV-1, the primer tRNA, tRNA-S2, is required for reverse tran-
scription initiation complex formation, and is recruited to the vi-
rus by interacting with lysine-tRNA synthetase (KARS) (Cen
et al., 2001, 2002; Khorchid et al., 2000; Kleiman and Cen,
2004; Kleiman et al., 2010; Mak et al., 1994, 1997). Therefore,
we also assessed the impact of tRNA™Y*® on RT maturation by
KARS knockdown in HIV-1 producing cells.

RESULTS

NMR Spectra of p66/p66 Homodimer

To gain insight into the conformational changes in p66/p66 that
facilitate in vitro RT maturation, we monitored the "H-"3C HMQC
spectral features of [U-2H], lle 51-['*CH3]p66 protein over time in

2 Structure 27, 1-13, October 1, 2019

crystallographic coordinates are not available for
residue 559, the position of residue 559 is approx-
imated.

solution at 35°C (Figures 2A and 2B). As described in the STAR
Methods, we used four columns to purify p66 for NMR, to avoid
contamination by E. coli proteases that can process p66 to p51
(Bavand et al., 1993; Clark et al., 1995; Lowe et al., 1988). These
experiments were performed using a concentration of 35 uM (as
p66/p66), a concentration at which we would expect 80% of the
protein to exist as a homodimer. The overall HMQC spectral fea-
tures of the protein did not change over 50 h (Figure S1), consis-
tent with our previous observation using 'H-'°N NMR of
[U-2H,"®N]p66 (Sharaf et al., 2014). A small reduction in the
NMR signal intensity (~15%) was observed, presumably due
to instability of the magnet or protein solution (Figure 2C); a
gain in signal intensity would be expected if protein unfolding
occurred. The spectrum shows a set of protein resonances
that are indicative of a symmetric homodimeric form of p66/
p66, consistent with previously published p66/p66 spectra,
albeit lacking evidence of previously described slow conforma-
tional changes that had occurred over 40 h (Zheng et al., 2014,
2015, 2017). In addition, as previously observed, several reso-
nances overlapped in the central region of the spectrum (dashed
rectangular in Figure 2A) even though the lle 31-methyl-labeled
residues are distributed across the p66 domains (highlighted
by pink spheres in Figure 1A) (Zheng et al., 2014, 2015, 2017).
The observed spectral features of p66/p66 homodimer were
compared with those of the p66/p51 heterodimer (Figure 2D)
and with a partially matured sample in which p66/p66 was
incubated with HIV-1 PR in the presence of tRNAYS2 (Figure 2E).
Consistent with previously published data (Zheng et al., 2014),
the p66/p66 NMR spectrum was distinct compared with that of
p66/p51. When PR was added to p66/p66 in the presence of
tRNAYS3 we observed an increase in the signal intensity at
the random coil position (Figure 2F) and a spectral pattern similar
to that of p66/p51 (Figure 2E). Because the cleavage of p66/p66
to p66/p51 was incomplete, spectral patterns for both p66/p66
and p66/p51 can be observed in Figure 2E. Overall, the observed
spectral features of p66/p66 are distinct compared with those
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Figure 2. 'H-'3C SOFAST TROSY-HMQC NMR Spectra of [U-2H], lle >'-['*CH;]p66/p66 at 35°C

(A) p66/p66 spectrum immediately following NMR sample preparation; (B) the random coil region of the spectrum shown in (A) is overlaid with NMR spectra
obtained for the same sample at 2.9, 25, and 57 h; (C) a plot of the average intensity decay of 42 resonances collected from p66/p66 over 57 h; (D) comparison
of the p66/p66 spectrum (black) with that of a p66/p51 sample (red) in which only the p66 subunit was labeled with [U-2H], lle 51-['*CHg]; (E) comparison of the
p66/p66 spectrum (black) with that after 3 h digestion of the NMR sample by active PR in the presence of unlabeled tRNA"S® (pink, see the STAR Methods); (F) the
indicated area of the spectrum in (E) is shown at high threshold level. Residue numbers (those in the RNH domain are colored red), except for 1559, were based on
previous literature (Zheng et al., 2014). In (B and F), slices taken at the dashed lines, in which cross-section, 'H 0.83 ppm and *C 12.6 ppm, is nearly at the random
coil position of the lle-31 methyl group (Wishart et al., 1995), are plotted along the outer edge of the spectrum. Note, since approximately 80% of the p66 forms a
homodimer at the p66 concentration used in this study, we use the notation of p66/p66, to compare with the p66/p51. See also Figure S1.

of p66/p51 and are suggestive of a symmetric homodimer
conformation.

NMR Spectra of p66 in the Presence of tRNA™YS3

We hypothesized that tRNA™S interaction with p66/p66 intro-
duces conformational changes in a single RNH domain that
facilitate efficient cleavage of p66 to p51 by HIV-1 PR (llina
et al., 2018). To address the hypothesis, we monitored changes
in the 'H-8C HMQC spectrum of [U-2H], lle 51-['*CH3]p66 pro-
tein in the absence and presence of unlabeled tRNA"S® at a
[tRNAYS:[p66/p66] = 1.4:1 molar ratio. We observed that
upon addition of tRNA™S3, the p66 spectrum, which shows

only p66 signals and not tRNA"S3, exhibited a slight increase
in the signal intensity, nearly at the random coil position of the
lle-31 methyl group at 'H 0.83 ppm and "3C 12.6 ppm (Wishart
et al.,, 1995) (cross-section of the dashed lines in Figure 3A),
suggesting partial unfolding of the protein, although many
of the resonance positions did not change (Figure 3A, discussed
below).

Because methyl signal intensities, as peak height, are mainly
determined by a fast methyl three-site jump (Nicholson et al.,
2002), lle 31-methyl 'H-"3C spectra are less sensitive to reduc-
tions in domain motion compared with backbone "H-"°N amide
NMR spectra, which are more sensitive to changes in molecular
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Figure 3. NMR Spectra of p66 in the Presence of tRNA™YS®
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(A) "H-"3C SOFAST-HMQC NMR spectra of [U-2H], lle 31-['*CH;]p66/p66 recorded at 35°C and (B) 'H-"°N TROSY-HSQC NMR spectra of [U-2H, '*N]p66/p68, in
the absence (black) or presence (red) of unlabeled tRNAYS3, recorded at 20°C. In (A), a selected region (box) is shown at high threshold level with slices taken at
the dashed lines, the cross-section of which is nearly at the random coil position. In (B), resonances that were previously found to overlap with the isolated thumb
and RNH domains are circled by green and orange colors, respectively (Sharaf et al., 2014). Note, a lower temperature was used for the "H-"°N experiments
compared with the temperature used for the "H-"3C experiments, presuming greater protein stability at a lower temperature.

tumbling, domain motion, and internal motion. To further eluci-
date the conformational changes of p66/p66 imparted by
tRNADS® binding, we also recorded 'H-'>N TROSY-HSQC
spectra of [U-2H,"®N]p66 in the absence and presence of
tRNAYS2 at a [tRNAYYS®):[p66/p66] = 1:1 molar ratio (Figure 3B).
At 75 uM, p66/p66 contains ~90% dimer, with fast exchange
occurring between monomer and dimer. The 'H-'5N TROSY-
HSQC spectrum exhibits a single set of clearly identifiable sig-
nals stemming from the RNH and thumb domains (circled orange
and green, respectively, in Figure 3B) based on previous assign-
ments, suggesting symmetrical p66/p66 conformation in solu-
tion (Sharaf et al., 2014). As reported previously (Sharaf et al.,
2014), the resonance positions of the thumb and RNH domains
within p66 spectra were highly similar to those of the isolated do-
mains, and also to those in p51. Reported dissociation constants
indicate that the p66 homodimer has a 10-fold higher affinity than
that of the p51 homodimer at equilibrium (Sharaf et al., 2014;
Venezia et al., 2006). Based on these observations, and the
assumption that resonances observed for the p66 dimer/mono-
mer equilibrium were in the fast exchange regime, we derived a
model in which the thumb and RNH domains undergo domain
motion, allowing for the observed resonance similarity with
respect to spectra of the isolated domains (Sharaf et al., 2014).
Indeed, the observation of one set of resonances in the lle 31-
methyl 'H-'3C spectra is consistent with the 'H-'°N data
(Figure 3).

Upon tRNAYS2 addition, many resonances in the "H-"°N NMR
spectrum of p66/p66 exhibited a significant reduction in inten-
sity. In particular, signals from the thumb domain significantly
decreased, undergoing line broadening or disappearance upon
interaction with tRNA=S®, while resonances from the RNH
domain remained mostly unchanged. This reduction in the signal
intensity of the thumb domain resonances is reasonable in the
sense that nucleic acid binding would reduce the domain motion
of the thumb, resulting in a decrease in signal intensities. It is also
consistent with existing structural data, which clearly show that
the canonical nucleic acid binding site in RT involves extensive
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contacts with the p66 thumb and fingers-palm subdomains (Ba-
khanashvili and Hizi, 1994; Jacobo-Molina et al., 1993). On the
other hand, if the RNH domain were in an equilibrium between
either rigid and mobile domain states or folded and unfolded
states, then the signals would be expected to broaden as a result
of the exchange equilibrium. Thus, our observation of the RNH
resonances may signify that one RNH domain remains mobile
in the tRNAY*3-bound form of p66/p66 (discussed below).

NNRTI Minimizes p66 Monomer Interaction with
tRNAMYs®

As previously mentioned, the p66/p66 sample contains both
monomer and dimer species in equilibrium. Because NMR reso-
nance intensities are inversely proportional to the hydrodynamic
radius of macromolecules in solution, even small amounts of
monomer-bound tRNA*® could potentially complicate our
interpretation of NMR data. NNRTIs have been shown to pro-
mote homodimerization of the polyprotein Pol and p66 in cells
and in vitro (Braz et al., 2010; Sharaf et al., 2017; Tachedjian
et al., 2005). We therefore hypothesized that the inclusion of an
NNRTI could be used to reduce the monomeric p66 species
within our NMR sample. To confirm that NNRTIs are useful to
reduce the monomer component of our p66/p66 samples, we
first performed analytical SEC experiments with p66 in the
absence or presence of NNRTI and/or tRNAS3, As previously
reported, the SEC elution profile of p66 protein alone showed
both monomer and dimer elution peaks with a UV254/UV280 ra-
tio of ~0.5, while the SEC profile of tRNAS3, also monitored by
fluorescence, showed a single elution peak with a UV254/UV280
ratio of ~2 (Figures 4A and 4B). In the presence of a small amount
of tRNAYS® ([p66/p66]:[tRNAZS®] = 1:0.22 molar ratio), the
elution peak of the dimer shifted to a larger molecular mass, pre-
sumably a tRNA-bound form (Figure 4C). However, with excess
tRNAYS® ([p66/p66]:[tRNADS®] = 1:1.25), a new elution peak,
located between the monomer and dimer peaks and presumably
tRNA-bound p66 monomer, appeared (Figure 4D). Indeed, as
described previously, even in the presence of a small amount
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Figure 5. Time-dependent Proteolytic Cleavage of p66 by HIV-1 PR
Monitored by SDS-PAGE

Cleavage experiments were conducted in the absence (A and B) or presence
(C and D) of RPV, and presence (B and D) or absence (A and C) of tRNAYSS, In
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of tRNAMS® (Figure 4C), the maximum position of the p66 mono-
mer at UV254 slightly shifted from that of UV280, suggesting the
existence of a tRNA™S3-p66 monomer-bound form, the retention
of which may depend on the rate of exchange between the
monomer and dimer fractions, or of the complexes.

The NNRTI rilpivirine (RPV) is known to enhance p66 homo-
dimer formation with an apparent RPV-p66/p66 dissociation
constant of 0.86 + 0.064 uM (Braz et al., 2010; Hughes, 2001;
Sharaf et al., 2017; Tachedjian et al., 2001, 2005; Venezia
et al., 2006). Thus, not surprisingly, in the presence of RPV, the
SEC profile of p66/p66 exhibited only a homodimer fraction,
and a monomer elution peak was not detected (Figure 4E).
RPV is known to bind to p66/p66 with a 1:1 ratio (Sharaf et al.,
2016, 2017). Incubation of RPV-bound p66/p66 with a small
amount of tRNA™S2 did not produce the tRNA"*3-p66 monomer
peak that was seen in the absence of RPV, but, instead, pro-
duced a single elution peak, earlier than the p66/p66 homo-
dimer, which is presumably tRNA®*3-bound p66/p66 and may
include its oligomer in an exchange equilibrium (Figure 4F).
Even with 2-fold excess tRNA"%, the tRNA*3-bound p66
monomer form was not observed in the presence of RPV
(Figure 4G).

Effect of NNRTIs on the Maturation of HIV-1 RT In Vitro
Our SEC data clearly indicate that an NNRTI can suppress the
amount of p66 monomers in our p66/p66 samples. To further
characterize how NNRTI-mediated reduction in the p66 mono-
mer component modulates RT maturation, we conducted
in vitro RT maturation assays. In these experiments, purified
p66 is incubated with HIV-1 PR and the cleavage of p66 to p51
is monitored by SDS-PAGE (llina et al., 2018), and generation
of equivalent amounts of p66 and p51 is indicative of p66/p51
heterodimer production. Incubation of p66 alone with PR does
not result in significant p66/p51 heterodimer formation (Fig-
ure 5A), whereas addition of tRNAY*® does (Figure 5B) (llina
et al., 2018). Of note, in the absence of NNRTI, p66 exists in
monomer-dimer equilibrium with a 4-10 pM dissociation con-
stant for the homodimer (Sharaf et al., 2014; Sluis-Cremer
et al., 2000; Venezia et al., 2006), similar to the concentration
of p66 used in these experiments (4 UM as p66/p66). Previously,
we have also shown that heterodimer production is more effi-
cient at higher protein concentration, i.e., homodimer formation
is necessary (llina et al., 2018).

When the monomer component of the p66 sample was sup-
pressed by addition of 4 uM RPV (a similar molar ratio was
used for the SEC experiments), we found that PR-mediated pro-
cessing of p66 was mostly unchanged (Figures 5C and S2).
Neither varying the RPV concentration (Figure S3), nor using efa-
virenz, which belongs to a different NNRTI class (Figure S4),
altered the p66 processing kinetics. In contrast, addition of
tRNAYS2 to p66/p66 in the presence of RPV promoted efficient
RT maturation, which was similar to that observed in the pres-
ence of tRNAMS2 alone (Figures 5D and 5E). Collectively, these

(E), p51 band intensities shown in (A-D) were quantified and plotted. Con-
centrations of p66 and PR were 4 uM, as p66/p66 homodimer, and 1 uM,
respectively. Both tRNAYS® and RPV concentrations were 4 uM. See also
Figures S2-S4.
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Figure 6. 'H-'3C SOFAST-HMQC NMR Spectra of [U-?H], lle 31-["*CH;]p66/p66

HMQC spectra (A) in the absence (black) or presence (green) of RPV, and (B) in the presence of RPV (green) or RPV plus tRNA"*® (blue), recorded at 35°C, and
TH-"SN TROSY-HSQC NMR spectra of [U-?H, '*N]p66/p66 (C) in the absence (black) or presence (green) of RPV, and (D) in the presence of RPV (green) or RPV
plus tRNA™S3 (blue), recorded at 20°C. In (A and B), inset graphs show relative intensity changes of residue 434 resonances (A and B) at different [RPV]:[p66/p66]
or [tRNA]:[p66/p66-RPV] ratios. In (B), a selected region (box) is shown at high threshold level with slices taken at the dashed lines, the cross-section of which is
nearly at arandom coil position. In (C), resonances that overlap with previously assigned resonances of the isolated thumb and RNH domains are circled by green

and orange colors, respectively (Sharaf et al., 2014).

data show that NNRTIs, which induce p66/p66 homodimer for-
mation, have minimal impact on p66 processing, suggesting
that p66/p66 homodimer formation alone is not sufficient to drive
proteolytic processing of p66 to p51, and the presence of
tRNA-S2 introduces a change that allows efficient processing.

Probing RPV-Bound p66/p66 Conformation in the
Absence and Presence of tRNA-YS3

To further probe the RPV-induced conformational changes in
p66/p66, we first titrated [U-2H], lle 51-['*CH;]p66/p66 with
increasing concentrations of RPV and monitored chemical shifts
of the protein by 'H-'3C SOFAST-HMQC experiments. We
found that some signal intensities in the RNH domain decreased
and new signals appeared (Figure 6A). The most salient example
is residue 1434. In the apo form, residue 434 appeared as a sin-

gle isolated resonance near 16 ppm '*C chemical shift (bottom
of the spectrum); the intensity of this resonance (labeled A)
decreased while a new resonance, B, appeared with increasing
RPV concentration (Figure 6A). An analysis of the intensity
change indicates a binding ratio [RPV]:[p66/p66] of 1:1 (Fig-
ure 6A, graph). This observation of two sets of signals in RPV-
bound p66/p66 suggests introduction of conformational asym-
metry in the RNH domain of p66/p66 (or rigorously speaking,
chemical shift), with two folded RNH domains that have different
resonance positions relative to each other. Despite this asym-
metry, introduced by inhibitor binding, in vitro RT maturation
of RPV-p66/p66 was similar to p66/p66 in the absence of
RPV, with low efficiency (Figure 5). This suggests that conforma-
tional asymmetry alone is not sufficient to facilitate efficient RT
maturation.
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Next, we titrated p66/p66-RPV with tRNAYS2, and monitored
the p66 signals by 'H-'*C SOFAST-HMQC experiments, to
gain further insight into the conformational changes that facilitate
RT maturation (Figure 6B). We found that resonance A of residue
434 decreased in signal intensity while resonance B remained
stable, indicating that tRNA"YS? influences the A RNH domain
in p66/p66 homodimer more than the B RNH domain (Figure 6B)
(described below). The observed change in the chemical shift of
resonance A suggests either conformational change of a region
that includes 1434 or changes of the chemical environment sur-
rounding 1434, presumably by domain orientation changes or
by interaction with tRNA"YS3, Consistent with tRNA"YS® titration
into p66/p66 alone (Figure 3A), tRNAZS? titration into p66/p66-
RPV produced a slight increase in the resonances located in
the random coiled region (Figure 6B, side panel).

In contrast to the 'H-"3C SOFAST-HMQC experiments of lle 51
methyl groups, 'H-'>°N TROSY-HSQC did not show clear
changes in signal positions for the amide backbone signals of
p66/p66 upon RPV interaction; instead, only a reduction of
amide backbone signal intensity was observed, including
some of the thumb and RNH domain resonances (Figure 6C).
This is consistent with the fact that the NNRTI-bound p66/p66
conformation is similar to that of the NNRTI-bound heterodimer
(Sharaf et al., 2017), including possibly reduced RNH and
thumb domain mobility, and that NNRTI rigidifies the thumb
conformation (lvetac and McCammon, 2011; Schauer et al.,
2014; Termiz and Bahar, 2002). tRNA"S® interaction with p66/
p66-RPV further reduced molecular tumbling (Figure 6D), pre-
sumably due to dimer-oligomer equilibrium as seen in the SEC
(Figures 4F and 4G).

In Figure 7, we summarize the observed NMR spectral
changes, recorded at 35°C, for three different residues in the
RNH domain of RT: 1434, 1495, and 1559. As described above,
1434 exhibits a single signal in the spectrum of p66/p66 (reso-
nance A; Figure 7A, top), under experimental conditions in which
~80% of the p66 exists as a homodimer (Sharaf et al., 2014;
Sluis-Cremer et al., 2000; Venezia et al., 2006, 2009). Upon
RPV binding, a second 1434 signal is observed (resonance B;
Figure 7B, top). Addition of tRNAYS® eliminates resonance A
and slightly changes the position of resonance B (resonance
B’; Figure 7C, top). This resonance B’ is similar to that observed
in the partially processed RT, i.e., containing both p66/p66 and
p66/p51 (Figure 7D, top). Although we do not know where the
A resonance moved, we note that the resonance at the random
coil position was increased in the presence of tRNAZS3. Thus, it
is possible that the region including 1434 in subunit A (light yellow
RNH domain in the cartoon of Figure 7C) is unfolded. Impor-
tantly, resonance A is absent in the p66/p51 spectrum, while
resonance B’ is clearly present (Figure 7E, top). Similar spectral
changes were also observed at RNH domain residues 1495 and
1559 (Figure 7, the second and third rows). However, the chem-
ical resonance at 1495 in the p66/p51 heterodimer does not line
up with the same chemical shift as the partially digested p66 (Fig-
ures 7D and 7E, the second row), suggesting that this residue
may undergo internal dynamics. Data recorded at 20°C indicate
similar tendencies but exhibit more conformers, presumably due
to slower rates of exchange (Figure S5).

Based on these spectral changes and previous '°F NMR that
monitored residue 181 located at the NNRTI binding pocket of
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p66/p51 and p66/p66 (Sharaf et al., 2016, 2017), the following
scenario for p66/p66 conformational changes is derived (car-
toons at the bottom of Figures 7A-7E). (1) p66/p66 is in equilib-
rium with p66 monomer and exhibits one set of stable signals,
with the two RNH domains in the p66/p66 homodimer folded
and symmetrical. (2) RPV binding induces some asymmetry, or
conformational change, in one RNH domain to create an environ-
ment similar to that of the RNH domain in p66/p51, such that the
p51-RNH site is protected (orange in the cartoon of Figure 7C).
However, this conformational change is not sufficient to drive
proteolytic processing. (3) tRNA interaction affects the A peak
within the RNH domain (yellow in the cartoon of Figure 7C),
which is the subunit that is cleaved by PR (note the reduced in-
tensity of peak A in Figures 7D compared with 7A). Overall,
tRNAMS2 generates partial unfolding of the protein, presumably
of the RNH domain region, in the presence and absence of
RPV (Figure 3).

Knockdown of KARS in 293T Cells Affects Intracellular
RT Processing and Reduces Virus Particle Production
Collectively, our data underscore that tRNA™*® binding to the
p66/p66 RT homodimer triggers the necessary conformational
changes that facilitate PR access to the cleavage site. During
the HIV-1 life cycle, tRNA"YS2 is essential as a primer for reverse
transcription reaction and is recruited into the budding virus
through its interaction with KARS and Gag-Pol (Cen et al.,
2001, 2002; Khorchid et al., 2000; Kleiman and Cen, 2004; Klei-
man et al., 2010; Mak et al., 1994, 1997). However, it is unknown
whether tRNAYYS2 affects RT maturation during viral replication.
Thus, to investigate the role of tRNAYS® in RT maturation, we
knocked down KARS expression in 293T cells by small inter-
fering RNA (siRNA), and then transfected these cells with a
full-length replication competent molecular clone of HIV-1
(HIV-1_4). We anticipated that this knockdown would impact
virus replication, Gag-Pol polyprotein processing in the host
cell and/or virus, and possibly the formation of the reverse tran-
scription initiation complex. It has been previously shown that
KARS knockdown does not alter general protein translation
(Nam et al., 2015). Forty-eight hours after HIV-1"* transfection,
we evaluated RT expression in both the 293T cells and in purified
viral particles.

The siRNA knockdown of KARS expression in the 293T cells
was stable for the duration of the experiment (Figure 8A). We
found intracellular accumulation of RT that was not observed
in the control cells (Figures 8B and 8C). Interestingly, the
KARS knockdown cells accumulated p66, which did not
appear to be efficiently processed to p51 by HIV-1 PR (Figures
8B and 8C), indicating a possible effect of tRNA™S® on RT
maturation within the cellular environment. Compared with
control cells, KARS knockdown resulted in a significant reduc-
tion in viral particle production, as assessed by quantification
of p24 (Figure 8D). However, in the viral particles that were
produced from KARS knockdown cells, the p66:p51 ratio
was 1:1 (Figures 8E and 8F), with no difference in relative infec-
tivity (as measured in TZM-bL cells) between the viruses
generated from the control and KARS knockdown cell lines
(Figure 8G). These observations may suggest a role for
tRNALYS® in viral assembly, which is beyond the scope of the
current study. We could not measure tRNAYS2 levels in the
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Figure 7. Overview of the Observed Signal Patterns of p66/p66 RNH Domain Residues 1434, 1495, and 1559

(A) p66/p66 only, (B) p66/p66 + RPV, (C) p66/p66 + RPV + tRNA, (D) partially digested p66/p66 sample, and (E) p66/p51 in which only the p66
subunit is [U-2H] and lle 51-['®CHg] labeled. All the spectra were recorded at 35°C. Cartoon at the bottom indicates conformational changes deduced
from the observed spectra in each condition. The designation A in the spectra indicates NMR resonance positions stemming from the
p66/p66 homodimer, while B and B’ indicate newly generated resonance positions upon RPV interaction and partial digestion of p66/p66, respectively.

See also Figure S5.

viral particles produced by KARS knockdown cell lines due to
low virus production of these cells.

DISCUSSION

In all structures of the mature p66/p51 heterodimer, the p51-
RNH cleavage site is sequestered in a p sheet within the RNH
domain and is inaccessible to PR (Figure 1B). Thus, the path-
ways involved in maturation of the asymmetric p66/p51 hetero-
dimer are unknown. Using an in vitro RT maturation assay, we
previously demonstrated that interaction of tRNA™® with the
p66/p66 homodimer enhances specific cleavage by PR at the

p51-RNH cleavage site, resulting in p66/p51 formation (llina
et al., 2018). The mechanisms by which tRNA™® enhances
p66/p51 heterodimer production, however, are unclear and
could involve its ability to increase p66/p66 homodimer forma-
tion and/or introduce conformational changes, particularly in
the RNH domain of RT, which facilitate PR-mediated processing
of p66 to p51. Thus, we assessed the impact of tRNAYS® interac-
tion on p66/p66 conformation in solution using "H-'*C HMQC
NMR of 3C 31-lle signals of p66, to assess specific signals
with high sensitivity, and using 'H-'>N TROSY-HSQC NMR of
[U-2H,"*N]p66, to gain insight into overall conformational
changes in the protein.
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Virus Infectivity

Figure 8. siRNA-Mediated Knockdown of
KARS in 293T Cells
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The results indicate a partial unfolding of p66/p66, reduction of
thumb domain motion, and reduction in the mobility of at least
one RNH domain upon tRNAYS2 interaction (Figure 3). In addi-
tion, a slight increase in the signal intensity proximal to the
random coil position of the lle-31 methyl group was observed
(Figure 3). In large protein NMR, even a small number of frag-
ments can give significant signals, because of the small rota-
tional correlation time of fragments compared with that of the
large protein. Such fragments could be introduced to a sample
upon cleavage by contaminated E. coli enzyme; however, in
this study, the increases in the unfolded signals detected in the
"H-"3C and "H-"°N data are not due to generation of fragmented
protein products, as shown in the SDS gels (Figures S6 and S7).

Toreduce the p66 monomer fraction in our samples, we utilized
NNRTIs that are potent chemical enhancers of p66/p66 homo-
dimer formation (Hughes, 2001; Tachedjian et al., 2001). Using
an in vitro maturation assay (Figure 5), we unequivocally show
that NNRTIs do not facilitate proteolytic processing of p66 to
p51, whereas addition of tRNAYS® to the NNRTI-bound p66/
p66 resulted in efficient cleavage. Our NMR experiments show
that NNRTI binding induced conformational changes in p66/p66
homodimer that extended to the RNH domains (Figure 6A). How-
ever, these conformational changes were not sufficient to induce
efficient PR processing at the p51-RNH site (Figure 5C). Indeed,
the addition of tRNA"*2 induced additional changes particularly
in the RNH domain (Figure 6B), with an increase in the unfolded
resonance similar to that observed in the experiments without
RPV. Collectively, these data show that specific conformational
changes in the p66/p66 homodimer, enhanced by nucleic acid,
are needed for efficient RT maturation.

In the lle-31 methyl "H-"*C HMQC spectrum of p66/p66-RPV
in the presence of tRNA™3, we observed resonance changes
for residues in the finger-palm and thumb domains, 202 and
274, as well as those in the RNH domain. Thus, tRNA"S3 is ex-
pected to bind at the canonical nucleic acid binding site that
spans the entire p51 domain in p66 (Sarafianos et al., 2001).
This notion is consistent with the observed reduction in thumb
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domain signals upon tRNAYS® binding
to p66, monitored by 'H-'SN TROSY-
HSQC NMR (Figure 3B). Previous '°F
NMR studies have suggested that the
NNRTI binding pocket of p66/p66 is similar
to that of p66/p51 (Sharaf et al., 2016,
2017). If a p66/p51-like structure is present
in the p66/p66-RPV form, our observation that the p66/p66-
RPV-bound conformation is asymmetric but not ideal for p66/
p51 production in the absence of tRNA™S® suggests a steric
effect of tRNAS® on one of the RNH domains. Since we were
unable to identify the specific region that undergoes partial un-
folding, the RNH domain signal observed in the tRNA™*3-bound
p66/p66 in the "H-""N TROSY-HSQC NMR spectrum (Figure 3B)
could correspond to domains A or B in the lle-31 methyl 'H-3C
HMQC of Figure 6B or to the tRNAYS3-p66 monomer form. In
either case, our data do not support the model that p66/p66
alone, in the absence of nucleic acid or PR, slowly changes
conformation in solution (Zheng et al., 2014, 2015, 2016), as
we did not observe such a conformational change. Even if there
is a minor conformer, it may be separated by a high energy bar-
rier from the major population in p66/p66 alone.

During the HIV-1 life cycle, tRNAYS? is recruited into the
budding virus through its interaction with KARS and Gag-Pol
(Cen et al., 2001, 2002; Khorchid et al., 2000; Kleiman and
Cen, 2004; Kleiman et al., 2010; Mak et al., 1994, 1997). To inves-
tigate the role of tRNA"S? in RT maturation, we knocked down
KARS expression in 293T cells by siRNA, and then transfected
these cells with a full-length replication competent molecular
clone of HIV-1 (HIV-1_4). Interestingly, we found intracellular
accumulation of inefficiently processed RT in cells with reduced
KARS. Since KARS knockdown significantly reduced the
amount of virus production, we think that the accumulated
Gag-Pol and the products in the cell showed such difference in
RT maturation in the intracellular environment. Thus, the result
is not a direct evidence of the RT maturation in virus, but sug-
gests a possible role of KARS in the intracellular maturation of
RT and supports application of tRNA™S% in our in vitro data.

The reduction of the amount of virus production is consistent
with the notion that KARS is important for viral packaging of
tRNAYS® and Gag-Pol (Cen et al., 2004; Guo et al., 2003). The
virus that was produced from the KARS knockdown cells, how-
ever, contained p66/p51 RT and exhibited similar infectivity to
the control virus. While we observed robust knockdown of
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KARS in the 293T cells, there was residual protein expression,
which may have been sufficient to facilitate some virus produc-
tion. However, how tRNA™S affects viral packaging is beyond
the scope of the current study. Similarly, there are studies that
have investigated the order of PR cleavage sites in Gag-Pol us-
ing different systems (Abram et al., 2010; Pettit et al., 2004,
20052, 2005b). In this regard, our study does not address the
entire RT maturation pathway from Gag-Pol processing to p66/
p51 production, but illuminates the RT conformational charac-
teristics in relation to functional heterodimer maturation.
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RT antigen Abcam RRID: AB_1139531
p24 antigen Abcam RRID: AB_1139527
Bacterial and Virus Strains
Escherichia coli Rosetta 2(DE3) - Novagen Millipore Sigma 71400
Escherichia coli BL21(DE3) - Novagen Millipore Sigma 70235
HEK 293T cells ATCC CRL-3216
TZM-bl cells NIH AIDS Reagent Program 8129
HIV-1LAl virus strain NIH AIDS Reagent Program 2522

N/A
Chemicals, Peptides, and Recombinant Proteins
Rilpivirine selleckchem S7303
Additional Rilpivirine NIH AIDS Reagent Program 12147
Efavirenz NIH AIDS Reagent Program 4624
Darunavir NIH AIDS Reagent Program 11447
Glycerol-d8 Millipore Sigma 447498-1G
2H,0 Millipore Sigma 151882
dimethy! sulfoxide Millipore Sigma D4540-500ML
D-glucose (1,2,3,4,5,6,6-D7, 97-98%) Cambridge Isotope Lab DLM-2062-1
a-ketobutyric acid, sodium salt (methyl 13C; 3,3-D2) Cambridge Isotope Lab CDLM-7318
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Recombinant DNA
HIV-1 RT (1-560) ATUM (former DNA2.0) N/A
pJexpress404 ATUM (former DNA2.0) N/A
pET15b Millipore Sigma 69661
Deposited Data
Time dependence of the NMR spectra This paper https://doi.org/10.17632/zkc75shfc5.1

structure of HIV-1 RT (used)

Lansdon et al., 2010

PDB:3MEE

Software and Algorithms

NMRPipe
NMRview
ccpNMR
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One Moon Scientific
CCPN

http://www.ibbr.umd.edu/nmrpipe/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains
HIV-1 RT was expressed in commercially purchased Escherichia coli BL21(DE3) or Rosetta 2(DE3) cell lines.

Cells

We have used the reliable cell lines from AIDS reagent program (TZM-bL) or the American Type Culture Collection (HEK 293T). The
293T cell line is a highly transfectable derivative of human embryonic kidney 2983 cells, and contains the SV40 T-antigen. TZM-bl is a
Hela cell line. Both cell lines tested negative for bacteria, mycoplasma and fungi.

Viruses
We have used HIV-1LAI which is an X4 tropic strain routinely used in in vitro HIV studies. All virus preparations were carried out in a
Biosafety Level 2+ (BSL-2+) containment laboratory in accordance with proper BSL-2+ safety procedures.

METHOD DETAILS

In Vitro RT Maturation Experiments

RT proteins, p66/p51 and p66 alone were prepared using the p6HRT-PROT plasmid (Le Grice and Gruninger-Leitch, 1990), as
described previously (llina et al., 2018). p66 protein was expressed in BL21 (DE3) E. coli cells and purified using a Strep-Trap HP
column (GE Healthcare Lifesciences, Piscataway, NJ) and gel filtration on a Superdex 200 column (GE Healthcare, Piscataway,
NJ). Purified proteins were stored in 25 mM sodium phosphate, pH 7.0, 250 mM NaCl and 50% v/v glycerol at -80°C. HIV-1 PR, clone
purchased from ATUM (Newark, CA), was expressed and purified as described previously (Khan et al., 2018). Rilpivirine (RPV) and
efavirenz (EFV) (Selleckchem, Houston, TX, and NIH AIDS reagent program) stock solutions, at 50 mM concentration, were prepared
in 100% DMSO (Sharaf et al., 2016).

Proteolytic processing of p66 protein by HIV-1 PR was carried out in 20 mM sodium acetate buffer, pH 5.2, at 37°C. RPV was
added to the reaction with a final DMSO concentration of 2%. All reactions that did not contain RPV included 2% DMSO for control.
4 uM of p66/p66, calculated as a dimer, was incubated for 5 min at room temperature in four conditions: p66 alone; with 4 uM
tRNAMYS3; with 4 uM RPV; with 4 uM tRNA"*® and 4 uM RPV. Processing was initiated by addition of HIV-1 PR to a final concentration
1 uM and incubated at 37°C. Aliquots were collected following different time intervals and quenched by the addition of Tricine sample
loading buffer (Bio-Rad Laboratories, Berkeley, CA) and denatured at 95°C for 5 min. Samples were loaded onto precast 4-15% Tris-
glycine gels (Bio-Rad), stained with Bio-safe Coomassie stain (Bio-Rad) and analyzed with Amersham Imager 600 (GE Healthcare
Life Sciences).

In Vitro tRNA Transcription
tRNADS2 was prepared using a DNA template for tRNA transcription, which was PCR amplified using the following oligonucleotides
as primers (Miller et al., 2004):

Coding strand: 5’-GCCCGGATAGCTCAGTCGGTAGAGCATCAGACTTTTAATCTGAGGGTCCA

GGGTTCAAGTCCCTGTTCGGGCGCCA

Reverse primer: 5-mUmGGCGCCCGAACAGGGACTTG

Forward Primer: 5’- AATTCCTGCAGTAATACGACTCACTATAGCCCGGATAGCTCAGTCG.

PCR products were purified with phenol/chloroform extraction and used in transcription reactions. In vitro transcription of tRNALYS®
was performed using NTPs and T7 RNA polymerase (Thermo Fisher Scientific, USA), as described by Sherlin et al. (Sherlin et al.,
2001), and purified by anion exchange using Hi Trap Q HP column (GE Healthcare, Piscataway, NJ), desalted with PD-10 columns
(GE Healthcare, Piscataway, NJ) and aliquoted for further use. Prior to each experiment tRNA was reannealed by heating at 95°C for
5 min followed by slow cooling to room temperature.

Analytical Size Exclusion Chromatography to Monitor p66/p66-tRNA Interaction

Size Exclusion Chromatography (SEC) experiments were performed using a 24-ml analytical Superdex 200 Increase 10/300 GL col-
umn (GE Healthcare), at room temperature at a flow rate of 0.5 mL/min. Either p66 protein at 20 — 46 uM, with 0 - 25 uM tRNA™® or the
tRNADS2 alone that contains tracer tRNA 3’-end labeled with pCp-Cy3 (Jena Bioscience, Jena, Germany) was prepared in 25 mM
Bis-tris buffer, pH 7.0, containing 100 mM NaCl, 1% DMSO, and 0.02% sodium azide. RPV was added at [p66:p66]:[RPV] = 1:
1.3 or 1.5 ratio. Each injection volume was 50 plL. Elution profiles were monitored by UV absorbance at 254 and 280 nm and, for
the samples with tRNAYS3, additionally by in-line Shimadzu RF-10AXL Fluorescence Detector with fluorescence excitation at
485 nm and the emission at 560 nm.

Sample Preparation for NMR Experiments

We used the same coding sequence of the RT p66 as described previously (Sharaf et al., 2014), except (i) a V559l polymorphism
mutation was included to increase the number of lle NMR resonances in 'H-C NMR spectra and (i) an N-terminal Hisg-fusion
tag containing a TEV-protease cleavage site was added. [U-?H] and lle ®'-["*CH] labelled p66 and [U-?H,®N] labelled p66 was
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expressed using a published protocol (Tugarinov et al., 2006). In brief, isotopes were purchased from Cambridge Isotope Labora-
tories, Inc. (Tewksbury, MA) or MilliporeSigma (St. Louis, MO). Proteins were expressed in Rosetta 2(DE3) cells and were purified
using HisTrap HP columns (GE Healthcare, Piscataway, NJ) and gel filtration on a Superdex 200 column (GE Healthcare, Piscataway,
NJ). The N-terminal fusion tag was digested with Hisg-TEV-protease. The p66 was separated from the remaining digestion products
using a HisTrap HP column (GE Healthcare, Piscataway, NJ), followed by a final purification step on a Superdex 200 column (GE
Healthcare, Piscataway, NJ). Purified proteins were exchanged to a buffer containing 50 mM Tris, 250 mM NaCl, 0.02% NaNj
and 50% v/v Glycerol, pH 8.0 and stored at -80°C.

NMR Experiments

All the NMR experiments were recorded on a Bruker Avance 900 spectrometer. Prior to NMR, the buffers of all proteins were
exchanged to a deuterated and non-deuterated, the latter containing 5% D,0O, 25 mM Bis-Tris buffer pH 7.1 containing 100 mM
KCI, 0.02% NaNs, and 5% v/v Glycerol-d8 (named NMR buffer hereafter) for [U->H] and lle 31-['*CHj] labelled p66/p66, and for
[U-2H,"®N] labelled p66/p66, respectively. NMR experiments in the presence of RPV were performed by adding 0.5-1.0%
d6-DMSO in the NMR buffer.

The time-dependent spectral changes of 35 uM, [U-?H] and lle 51-["*CH3] labelled p66/p66 were monitored by recording 'H-"3C
SOFAST-HMQC spectra using Bruker sequence, sf_metrosygpph, at time points 0, 4.85, 15.29, 20.12, 24.97, 29.80, 37.27, 42.42,
47.27, 52.10 and 56.95 hours at 35°C. The time point indicates the starting time of each HSQC spectrum which took 4.85 hours
to complete. Because over 90% of p66 is expected to form a homodimer (Sharaf et al., 2014; Venezia et al., 2006), we simplify
the expression as p66/p66, to complement the p66/p51 heterodimer description. The NMR spectra of the lle 31-labelled p66/p66
were compared to those of (1) p66/p51; and (2) of partially matured RT in vitro. For (1), p66/p51 protein was prepared by using
[U-2H], lle 31-[*3CHg]-labelled p66 and unlabelled p51. Both p66/p66 and p66/p51 spectra were recorded using the NMR buffer,
but without 100 mM KCI, at 35°C. For (2), partial maturation was achieved by adding 3 uM PR and ~20 uM tRNA"*2 to the 25 uM
[U-2H], lle 31-['3CHg]-labelled p66/p66 solution in the NMR buffer, incubating at 35°C for 3 hours, followed by addition of the PR
inhibitor, darunavir (obtained from NIH AIDS reagent program), to stop the reaction.

Spectral changes of p66/p66 upon interaction with tRNAS2 or RPV and with both tRNA*2 and RPV were monitored by recording
"H-'3C SOFAST-HMQC spectra of a ~25 uM [U-2H], lle 51-['*CHg]-labelled p66/p66 in the deuterated NMR buffer at the anticipated
ratios of tRNAY*3/[p66/p66] = 1.4, RPV/[p66/p66] = 2.0, and tRNA"*%/[p66/p66-RPV] = 1.0, at 35°C. Titrations of p66/p66 with RPV
and with tRNAZS2 in the presence of RPV were monitored by recording 'H-'3C SOFAST-HMQC spectra of the lle 51-labelled p66/
p66, at 35°C, at relative concentrations of [RPV]:[p66/p66] of 0:1, 0.5:1, 1:1, and 2:1 and at [tRNA]:[p66/p66-RPV] of 0:1,1:1, 2:1.
These p66/p66 spectra, in the presence of tRNAZS3, RPV, or both, were also recorded at 20°C.

Spectral changes of p66/p66 upon interaction with these molecules were also monitored by recording 'H-'°N TROSY-HSQC
spectra of 75 pM [U-2H, "°N]-labelled p66/p66 in the protonated NMR buffer at anticipated ratios of tRNA™3/[p66/p66] = 1.0,
RPV/[p66/p66] = 1.3, and tRNA-S3/[p66/p66-RPV] = 1.0, at 20°C. All the NMR spectra were processed using nmrPipe and analyzed
using nmrDraw, nmrView or ccpNMR (Delaglio et al., 1995; Johnson, 2004; Vranken et al., 2005).

KARS Knockdown Experiments

Small interfering RNAs (siRNAs) targeting KARS, as well as a control scrambled sequence control siRNA, were purchased from
Sigma (St Louis, MO, USA). 293T cells were transfected with 80-nmol/L siRNA using the Neon Transfection System (Thermo Fisher
Scientific, USA), according to the manufacturer’s protocol. The efficiency of gene knockdown was assessed by western blot ana-
lyses of protein expression. Anti-KARS antibodies were also purchased from Sigma. HEK 293T cells (ATCC® CRL-3216™) were
transfected with HIV-1"" (Shi and Mellors, 1997) and RT and p24 antigen expression levels were measured by Western Blot (Abram
and Parniak, 2005). Viral infectivity was assessed using TZM-bl cells (Giacobbi and Sluis-Cremer, 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS
Figure 2: Bars show means + S.D of intensity decay of 42 resonances picked by nmrDraw software.

Figure 5: Repeated experiment, repeated experiment using EFV, and experiments by varying RPV concentration are shown in Fig-
ures S1-S3.

Figure 6: Error bars in the graph were calculated from intensity uncertainty by nmrDraw software.

Figure 8: Bars show mean + standard error from 3 independent experiments.

DATA AND CODE AVAILABILITY

All time dependence of the NMR spectra is available in Mendeley (https://doi.org/10.17632/zkc75shfc5.1).
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