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Abstract: Reverse transcriptase (RT) and integrase (IN) are encoded tandemly in the pol genes of
retroviruses. We reported recently that HIV-1 RT and IN need to be supplied as the pol precursor
intermediates, in which RT and IN are in fusion form (RTIN) to exert efficient reverse transcription
in the context of HIV-1 replication. The mechanism underlying RTIN's effect, however, remains to
be elucidated. In this study, we examined the effect of IN fusion on RT during reverse transcription
by an in vitro cell-free assay, using recombinant HIV-1 RTIN (rRTIN). We found that, compared to
recombinant RT (rRT), rRTIN generated significantly higher cDNAs under physiological concentra-
tions of dANTPs (less than 10 uM), suggesting increased affinity of RTIN to dNTPs. Importantly, the
cleavage of RTIN with HIV-1 protease reduced cDNA levels at a low dose of dNTPs. Similarly,
sensitivities against RT inhibitors were significantly altered in RTIN form. Finally, analysis of mo-
lecular dynamics simulations of RT and RTIN suggested that IN can influence the structural dy-
namics of the RT active center and the inhibitor binding pockets in cis. Thus, we demonstrated, for
the first time, the cis-allosteric regulatory roles of IN in RT structure and enzymatic activity.

Keywords: HIV-1; reverse transcriptase; integration; integrase; pol; protease; deoxyribonucleoside
triphosphates; molecular dynamics

1. Introduction

Reverse transcriptase (RT) and integrase (IN) are essential enzymes encoded in the
pol gene for retroviruses to establish proviral DNA, in which viral genomic RNA (gRNA)
is reverse transcribed into DNA followed by its integration into the host cell chromosome
[1]. Reverse transcription and the integration of a virus genome are catalyzed by RT [1]
and IN [2], respectively. Human immunodeficiency virus type 1 (HIV-1) infection de-
pends on the activation status of target cells, CD4+ T cells [3] and monocytes/macrophages
[4]. SAMHD1 has been identified as a host restriction factor against HIV-1 infection by
reducing cellular levels of deoxyribonucleoside triphosphates (ANTPs) [5]. Reverse tran-
scription is therefore a critical step depending on cellular status, especially on the concen-
tration of dNTPs.

Retrovirus RT contains two independent catalytic sites for RNA-dependent DNA
polymerase (RDDP) and RNase H [6] activities to generate DNA copies of vRNA [1]. IN
has one catalytic site for 3'-end processing and a strand-transfer of viral DNA ends to
integrate viral DNA into the host chromosome [2]. Meanwhile, the additional roles of IN
at steps prior to integration, including viral maturation and reverse transcription, have
been reported for HIV-1 [4,7-12], which has become a target for the development of a new
class of IN inhibitors known as allosteric inhibitors (ALLINIs) [13,14]. Interaction of IN
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with virus genomic RNA (VRNA) has been reported to be crucial for HIV-1 virion mor-
phogenesis [15-17], providing a molecular base for pleiotropic effects of IN mutations
and/or ALLINIs [12].

HIV-1 RT and IN are originally expressed as parts of Gag-Pol precursor polyproteins
for assembly into viral particles, followed by protease-mediated cleavage into individual
RT and IN during or after virus release [18,19]. Our previous trans-complementation assay
in the context of virus replication showed that HIV-1 IN might exert a crucial role during
reverse transcription through the Pol precursor intermediate, in which RT and IN were
kept in fusion form (RTIN) [20]. However, the mechanism underlying the critical role(s)
of RTIN during reverse transcription remains to be elucidated.

In this study, to delineate the impact of HIV-1 IN fusion to RT during reverse tran-
scription, we prepared recombinant RTIN protein (rRTIN) and evaluated the impact of
HIV-1 IN fusion to RT during reverse transcription using an in vitro assay [21,22]. We also
conducted MD simulations of RT and RTIN proteins. The results provided direct evi-
dence of a novel cis-regulatory role of IN during HIV-1 reverse transcription through the
RTIN fusion form.

2. Materials and Methods
2.1. Construction of Expression Vectors

For His-tagged recombinant protein expression in the E. coli, the entire RTIN region
of HIV-1 was amplified with primer sets of Y\GGA CCC GGG CCC ATT AGT CCT ATT
GAG ACT GTAC® and YAGC CTC GAG TTA ATC CTC ATC CTG TCT ACT? using a
pNL4-3lucAenv vector [8] as a template. Fragments of RT carrying IN NTD (residues 1-
55) or NTD and CCD (residues 1-212) were similarly generated, using primer sets with a
reverse primer of YAGC CTC GAG TTA GTC TAC TTG TCC ATG CAT or YAGC CTC
GAG TTA TTC TTT AGT TTG TAT GTC, respectively. The amplified fragment was
cloned into a pET-47b (+) vector (Novagen, Madison, WI, USA) at Sma I and Xho I sites.
Entire RTIN regions were verified by DNA sequence analysis.

2.2. Preparation of Recombinant RTs

A His-tagged form of HIV-1 RTIN or RT(p66) was expressed in the E. coli BL21 de-
rivative strain of Rosetta (DE3) (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA)
by incubation with 0.1 mM IPTG for 16 hr at 18 °C. Cells were incubated in lysis buffer
(BugBuster® Protein Extraction Reagent; Merck, Darmstadt, Germany) with lysosome
(FUJIFILM-Wako, Osaka, Japan) and nuclease (Benzonase, Merck/Millipore, Burlington,
MA, USA) for 1 hr. After cell lysis, the soluble fraction was obtained by centrifugation at
10,000 g for 30 min. His-tagged RTIN or RT in the soluble fraction was purified through
a Ni-affinity column (Ni-NTA agarose, Qiagen, Hilden, Germany). The His-tag was then
removed by treatment with HRV3C protease (Turbo3C, Nacalai-Tesque, Kyoto, Japan),
followed by glutathione-Sepharose column purification (Glutathione Sepharose™ 4B,
Cytiva Life Science, Marlborough, MA, USA) to remove the HRV3C. The flow-through
fraction was then subjected to cation-exchange chromatography (SP-HP, GE Healthcare,
Chicago, IL, USA). Fractions eluted by SP buffer [20 mM HEPES-NaOH (pH 7.0), 0.1 mM
EDTA, 0.01% TritonX-100, 10% glycerol, and 1 mM DTT] containing 250-500 mM NaCl
were pooled. The purified recombinant HIV-1 RT IN (rRTIN) was concentrated through
a concentrator column with a filtration cutoff of 50 kDa (VIVAspin 50K, GE Healthcare)
and stored in SP buffer containing 300 mM NaCl at -80 °C. To estimate the purity and/or
oligomer status of rRTIN, an aliquot of purified rRTIN was subjected to size-exclusion
chromatography (SEC) analysis using a Superdex 75 or 200 Increase 100/300 GL column
operated by the AKTA go system (Cytiva Life Science, Marlborough, MA, USA). The elu-
tion profile was analyzed by UNICORN ver. 7.4 software (Cytiva Life Science, Marlbor-
ough, MA, USA). SEC fractions were subjected to SDS-PAGE followed by staining with
Coomassie brilliant blue.
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2.3. Proteolysis of RTIN by HIV-1 Protease

Purified rRTIN was treated with HIV-1 protease (PROSPEC, Rehovot, Israel) in PR-
buffer [20 mM Tris-HCl (pH7.0) and 1 M NaCl] for 30 min at 37 °C. Proteolysis of rRTIN
was verified by SDS-PAGE analysis and Western blot analyses using anti-HIV-1 RT or an
IN antibody (Abcam, Cambridge, UK).

2.4. In Vitro Reverse Transcription Assay

An in vitro reverse transcription assay was performed as described. Briefly, 100 ng
of synthetic HIV-1 RNA (corresponding to 0.1 pmole) and 10 pmole of pbs-sRNA primers
(Sigma-Aldrich Japan Genosis, Tokyo, Japan) were annealed by heating at 70 °C for 10
min, followed by cooling on ice. Then, vVRNA/pbs-sRNA mixtures were incubated with 20
pmoles of synthetic NCs (Peptide Institute, Osaka, Japan) for 15 min. A serial dilution of
vRNA/pbs-sRNA/NC was then inoculated in the reaction buffer [50 mM Tris-HCI (pH8.3),
75 mM KCl, 3 mM MgClz, 10 mM DTT, 0.1-100 uM dNTPs and 8 pmol of rRT or rRTIN].
The reaction was initiated by incubation at 42 °C to avoid mis-annealing of vRNA to fa-
cilitate efficient cDNA synthesis and correct 1st strand-transfer as described before [22].
At 30-300 min, the reaction was terminated by heating at 75 °C for 10 min. Following di-
lution with TE buffer (10 mM Tris-HCl [pH8.0], 1 mM EDTA), the number of cDNA spices
was determined by qPCR assay using primer sets specific to the R/u5, U3/u5 or U3/pbs
region. For velocity analysis, the copy number of cDNAs generated during 60 min incu-
bation was determined by q-PCR using the R/u5 primer set. The efficiency of f strand
transfer of -sscDNA (1st strand-transfer) was estimated by calculating the amount of the
U3/ub5 relative to that of R/u5 products as described previously [22].

2.5. Reagents

Efavirenz and Nevirapine (Tokyo Chemical Industry, Tokyo, Japan) were resolved
in dimethyl sulfoxide (DMSO). 3’-Azido-2’,3’-dideoxythymidine-5'-triphosphate (AZT-
TP, Jena Bioscience, Jena, Germany) was resolved in nuclease-free distilled water. Ralte-
gravir (Cayman Chemical, Ann Arbor, MI, USA) was resolved in DMSO.

2.6. In Silico Analysis of HIV-1 RT and RTIN

Molecular dynamics (MD) simulations: A three-dimensional model of RTIN of HIV-
1 was constructed by the AlphaFold 2 program [23] using the reported amino acid se-
quence of the HIV-1 NL4-3 infectious molecular clone (GenBank accession no. AAK08484)
[24]. The obtained RTIN model gave a per-residue confidence score (pLDDT) of 83.3,
which is in the “Confident” range [23]. An RT model was constructed from the RTIN
model by deleting the IN region using the Molecular Operating Environment (MOE)
(Chemical Computing Group, Montreal, Quebec, Canada). The accuracy of the RTIN
model was evaluated by the root-mean-square deviation (RMSD) score between the pre-
dicted RTIN model and the reported X-ray crystal structure of the RT or IN (PDB code:
RT; 3HVT [25], IN; 1K6Y [26] and 1EX4 [27]) using the “Structure Superposition” tool in
MOE. Each domain of RTIN model was similar to the reported RT or IN models (RMSD
score: RT; 2.161 A, IN-NTD; 1.931 A, IN-CCD; 1.81 A, IN-CTD; 0.785 A). The RTIN and RT
models were subjected to MD simulations as described for HIV-1 capsid protein [28] and
other viral proteins [29-31]. Briefly, the simulations were performed using the
pmemd.cuda.MPI module in the Amber 16 program [32] with the ff14SB force field for
protein simulation [33]. The RTIN and RT models were solvated in a truncated octahedral
box of TIP3P water molecules with a distance of at least 9 A around the models [34]. A
non-bonded cut-off of 10 A was used. Bond lengths involving hydrogen were constrained
with SHAKE, a constraint algorithm that satisfies Newtonian motion [35]. The time step
for all MD simulations was set to 2 fs. After heating calculations were performed for 20 ps
up to 310 K using the NVT ensemble, simulations were executed using the NPT ensemble
at 1 atm, at 310 K and in 150 mM NacCl for a total of 500 ns.
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Root-mean-square deviation (RMSD): The trajectory files during MD simulations
were used to calculate RMSD. RMSDs between the heavy atoms of the initial complex
structure and the structure at given time points during the MD simulation were calculated
to monitor the overall structural changes as described previously [29-31]. Calculations of
RMSDs were done by the cpptraj module in AmberTools 16, a trajectory analysis tool [32].

Molecular surface area: The trajectory files during MD simulations were used to cal-
culate the molecular surface area of the RT and RTIN using the linear combinations of
pairwise overlaps algorithm [36] in cpptraj operated in AmberTools 16 [32].

Hydrogen bond: A hydrogen bond in a protein was identified by geometric criteria,
in which the bond is defined by the distance and angle between an acceptor heavy atom
and a donor heavy atom in a given amino acid pair. The trajectory files during MD simu-
lations were used to calculate the number of hydrogen bonds between the fingers and
thumb subdomains in the RT region using the cpptraj module in AmberTools 16 [32].

Root-mean-square fluctuation (RMSF): The trajectory files during the last 100 ns of
MD simulations (n = 50,000) were used to calculate RMSF. The RMSF of the Ca atoms of
amino acid residues was calculated to obtain information about the atomic fluctuations of
individual amino acid residues of RTIN protein during MD simulations, using the cpptraj
module in AmberTools 16 [32].

3. Results
3.1. Preparation of Recombinant RTIN

To evaluate the direct contributions of IN through its fusion with RT (RTIN) during
reverse transcription in vitro, recombinant HIV-1 RTIN (rRTIN) was prepared by using
an E. coli expression system based on the protocol for recombinant RT (rRT) [22] (Figure
1a). However, we found that a majority of rRTIN was in insoluble form and precipitated
in the inclusion body during the induction protocol with 1 mM IPTG at 37 °C, the protocol
for the rRT preparation. To reduce the aggregation of rRTIN in the inclusion body, mild
induction to express rRTIN was carried out with 0.1 mM IPTG at 18 °C for 20 hrs. Using
this modified induction protocol, we successfully obtained rRTIN in soluble form. Size-
exclusion column (SEC) analysis and SDS-PAGE analysis revealed that a majority (~80%)
of the rRTIN may have been formed from a hexamer or a higher multimer (Figure S1).
Moreover, the proteolysis profile of rRTIN by HIV-1 protease was examined. As expected,
HIV-1 protease cleaved rRTIN into RT subunits (p66 and p51) and IN (p32), which were
reacted to anti-RT or IN antibodies, respectively (Figure 1b), thus verifying the successful
preparation of the rRTIN. The faint bands for p66 and p51 detected in rRTIN preparation
without HIV-1 protease (Figure 1b, Prot -) may be generated most probably by proteolysis
with E. coli-derived protease(s) during the induction phase of rRTIN.
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Figure 1. Preparation of recombinant HIV-1 RTIN protein. (a) (His)s-tagged form of HIV-1 RTIN
was expressed in E. coli Rosetta (DE3) by incubation with 0.1 mM IPTG for 20 hrs at 18 °C. (His)e-
tagged RTIN in the soluble fraction was purified through a Ni-affinity column. The (His)s-tag was
then removed by treatment with HRV3C protease followed by glutathione-sepharose column chro-
matography to remove the HRV3C. The flow-through fraction was then subjected to cation ex-
change chromatography. Fractions eluted by 1xSP buffer [20 mM HEPES-NaOH (pH 7.0), 0.1 mM
EDTA, 0.01% TritonX-100, 10% glycerol, and 1 mM DTT] containing 250-500 mM NaCl were pooled.
The purified recombinant RTIN (rRTIN) was concentrated through a concentrator spin column with
a filtration cutoff of 50 kDa (MCW30) and stored in 1xSP buffer containing 300 mM NaCl at -80 °C.
(b). Purified rRTIN with (+) or without (—) HIV-1 protease treatment was subjected to Western blot
analysis using an anti-RT (left) or anti-IN (right) antibody.

3.2. Evaluation of rRTIN Enzymatic Activities during Reverse Transcription

The enzymatic activity of rRTIN was addressed by an in vitro reverse transcription
assay as described previously [21,22]. The levels of cDNA intermediates were monitored
by g-PCR using a specific primer set to amplify the R/u5, U3/u5, or U3/pbs region of the
HIV-1 genome. Amplified products of R/u5, U3/u5, or U3/pbs reflect cONA intermediates
of minus-strand strong-stop cDNA (-sscDNA), strand-transfer products of -sscDNA (1st
strand-transfer), or plus-strand strong-stop cDNA (+sscDNA), respectively [22]. Levels of
these cDNA products could be used to monitor the RT enzyme activities of RNA-depend-
ent DNA polymerase (RDDP), RNase H, and DNA-dependent DNA (DDDP) polymerase
activities (Figure 2a). The level of -sscDNA products (R/u5) was efficiently generated and
accumulated linearly from 30 min to 60 min of incubation, followed by sequential accu-
mulation of the 1st strand-transfer products (U3/u5) and +sscDNA products (U3/pbs) (Fig-
ure 2b). These results demonstrated that purified rRTIN possesses all RDDP, RNase H,
and DDDP activities.
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Figure 2. In vitro RT assay using rRTIN. (a) rRTIN was subjected to in vitro reverse transcription
assay as described previously [22]. cDNAs of minus strong stop (-sscDNA), strand-transfer of -
sscDNA (Ist strand-transfer) products, and plus strong stop (+sscDNA), generated by RNA-de-
pendent DNA polymerase (RDDP), RNase H and DNA-dependent DNA polymerase (DDDP) ac-
tivities, are schematically depicted. (b). At 30, 60, or 120 min after reaction, the levels of cDNA in-
termediates were determined by using the primer set for the R/u5, U3/u5, or U3/pbs region to mon-
itor RDDP, RNaseH and DDDP activities. Each value shown is a copy number of a cDNA in 1 pL of
the reaction mixture at each time point.

3.3. Impact of IN Fusion on RT Functions

We directly compared RT activities of rRTIN and rRT in modified assay conditions
in which the amounts of the reaction substrates were varied to address differences be-
tween these proteins in detail. As the critical role of IN during HIV-1 virion morphogen-
esis through interaction with vVRNA has been reported [15-17], we first compared -
sscDNA (R/u5) levels generated by rRTIN or rRT under different concentrations of syn-
thetic vVRNA [22] (Figure 3a). In this experiment, the velocity of -sscDNA synthesis during
60 min of the reaction was measured; data are shown as values relative to the velocity at
100 ng vRNA as 1.0. From the velocity plot results, we estimated the affinity of rRTIN or
rRT for vVRNA (Km for vRNA) by calculating the vRNA concentration to give a relative
velocity of 0.5. The estimated Km value for vRNA was not significantly different between
rRTIN and rRT (Figure 3b). We also found that rRTIN possessed the first strand-transfer
(Figure 3c) and +sscDNA synthesis (Figure 3d) efficiencies equivalent to those of rRT.
These results demonstrated that rRTIN possessed RDDP, RNase H and DDDP activities
that were almost equivalent to those of RTp66 under these experimental conditions.
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Figure 3. Impact of IN fusion on affinity of RT with VRNA. (a) An in vitro reverse transcription
assay was performed in the presence of different doses of vVRNA (0.1, 1, 10, 100 ng). The R/u5 copy
number generated during 60 min incubation was measured and the value at each dose was plotted
as a relative velocity to the reaction of rRTIN with 100 ng of vRNA as 1.0. The value at each vVRNA
dose is shown as means + SD (n = 3). (b) Km for vRNA was estimated by calculating velocity at
vRNA (100 ng/reaction) as the maximum velocity in the assay condition. Student’s t analysis
showed no significant differences between RTIN and RTp66 (ns, p > 0.05). (c) The efficiency of the
1st strand-transfer was determined by calculating the relative (%) amount of the U3/u5 to that of
each R/ub product (% of [U3/u5]/[R/u5]) in the reaction with 100 ng vRNA). d. The efficiency of the
+sscDNA synthesis was determined by calculating the relative (%) amount of the U3/pbs to that of
each U3/u5 product (% of [U3/pbs]/[U3/u5]) in the reaction with 100 ng vRNA. (c,d) Student’s ¢
analysis showed no significant differences (ns) between RTIN and RTp66 (1 =3, p > 0.05).

3.4. Impact of IN Fusion on Affinity of RT to ANTPs

Cellular levels of deoxyribonucleoside triphosphates (ANTPs) are critical determi-
nants for retrovirus reverse transcription and infection [5]. We next examined -sscDNA
generation under different concentration of dNTPs with a fixed amount of vRNA (100 ng
per reaction). The velocity of R/u5 (-sscDNA) synthesis during 60 min of the reaction was
measured, and data are shown as values relative to the velocity at 100 uM dNTPs as 1.0.
Here, we noticed that rRTIN produced R/u5 products with significantly higher efficiency
at low doses of ANTPs (1 or 10 uM) compared with rRTp66 (Figure 4a). We also examined
a heterodimer form of rRT (p66/p51) in parallel. From the velocity plot results, we esti-
mated the Km value of rRTIN or rRTs for dNTPs by calculating a concentration of ANTPs
to give a relative velocity of 0.5. It should be noted that the Km value of rRTIN was more
than ~6-fold lower than that of rRTp66 or rRTp66/p51, suggesting that rRTIN possesses a
significantly higher affinity to dNTPs than rRTs (Figure 4b).

To address the crucial role of IN fusion to RT, the effect of proteolytic cleavage of
RTIN by HIV-1 protease was addressed. Since HIV-1 protease produced a heterodimeric
form of RT composed of p66 and p51lsubunits, rRT in the heterodimeric form (p66/p51)
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was also examined in parallel. When rRTIN was treated with HIV-1 protease, efficient
synthesis of -sscDNA at low doses of dNTPs (1 or 10 uM) was severely abrogated (Figure
4c). The estimated Km values for the dNTPs were increased significantly, to the level of
rRT (p66/p51), by protease treatment of RTIN (Figure 4d). These data demonstrated that
the fusion of IN to RT is critical to the exertion of a stimulatory effect on RDDP activity at
lower doses of dNTPs.

a b
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Figure 4. Impact of IN fusion on affinity of RT to dNTPs. (a) A reaction was performed in the pres-
ence of different doses of ANTPs (0.1, 1, 10, 100 uM) with a fixed vRNA dose (100 ng/reaction) and
RTIN or RTs. The R/u5 copy number generated during 60 min incubation was measured, and the
value at each dose was plotted as a velocity relative to the reaction with 100 uM of dNTPs as 1.0.
The value at each ANTP dose is shown as means + SD (n = 3). (b) The Km for dNTPs was estimated
by calculating velocity at 100 pM dNTPs as the maximum velocity in the assay condition. The Km
value of each protein is indicated on the top of each bar. Student’s t analysis showed significant
differences between RTIN and either RTp66 or RTp66/p51 (** p > 0.01, n = 4). (c) Effect of protease
cleavage of RTIN. rRTIN with or without digestion with HIV-1 protease was subjected to reaction,
and data are plotted as described for a. (d) The Km for dNTPs was estimated by calculating velocity
at 100 uM dNTPs as the maximum of velocity in the assay condition. The Km value of each protein
is indicated on the top of each bar. Student’s t analysis showed significant differences between
rRTIN with and without protease treatment (** p > 0.01, n = 4).

3.5. Effects of RTIN on RT and IN Inhibitors

The experiments above demonstrated that RT RDDP activity is stimulated in RTIN
form, most probably by inducing a conformational change of RT that might confer in-
creased affinity to dNTPs. We next examined the drug sensitivity of RTIN against an RT
or IN inhibitor by measuring -sscDNA generation under different concentrations of
efavirenz (EFV) or raltegravir (RAL). The levels of R/u5 products were measured and are
shown as values relative to the level with solvent (DMSO) only as 1.0 (Figure 5a). In
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comparison with RTp66, we found that RTIN showed lower sensitivity to inhibition by
EFV. At 1 nM of EFV, where more than 90% of RDDP was inhibited for RTp66, no appar-
ent inhibitory effect was detected for RTIN. The effective concentration 50 (ECso) of EFV
to RTIN or RTp66 was calculated to be 12.0 + 3.16 nM or 0.507 + 0.01 nM, respectively
(Figure 5b). This result demonstrated that the drug sensitivity of EFV on RTIN was re-
duced significantly, by 23.7-fold, compared to RTp66. In contrast, no apparent inhibition
by RAL was detected for RTIN and RTp66 up to 100 uM, indicating that the catalytic ac-
tivity of IN might not be involved in the RDDP activity of RTIN or insufficient interaction
of RAL with RTIN. We also examined another non-nucleoside RT inhibitor, nevirapine
(NEV), and a nucleoside RT inhibitor, 3’-Azido-2’,3’-dideoxythymidine-5’-triphosphate
(AZT-TP). The inhibitory effects of NEV and AZT-TP on RTIN or RTp66 were similarly
examined (Figure 5b). Although the magnitudes of the effect of RTIN compared to RTp66
were diverse, RTIN was again found to significantly affect the ECso of EFV and AZT-TP.
The differences in the degrees of effect among RTIs reflect that the RT conformational
change introduced by IN fusion might induce local changes near the RT catalytic center.
As noticed regarding the effect of RTIN on affinity to dNTPs (Figure 4), we observed that
protease treatment of rRTIN significantly increased sensitivity to EFV (Figure 5c), demon-
strating, here again, an allosteric regulation of HIV-1 RT conformation through RTIN
form.

HIV-1 IN contains three structural domains: NTD, CCD, and CTD [37]. To address
the contribution of IN domains to the stimulatory effects of RDDP activity, rRT carrying
IN NTD (residues 1-55, rRTINss) or NTD and CCD (residues 1-212, rRTIN212) were pre-
pared (Figure S2a) and their RDDP activity levels were evaluated under different concen-
trations of dNTPs (Figure S2b). Although both rRTINss and rRTIN2:.2 retained a certain
ability to generate -sscDNA at 1 or 10 pM dNTPs, the Km values for dNTPs were signifi-
cantly higher than those for rRTIN. Similarly, RTINss and rRTINz12showed increased sen-
sitivity to EFV with lower ECso values compared to rRTIN (Figure S2c). These results sug-
gest that the full-length form of IN with three domains was necessary to induce sufficient
allosteric effects on RT enzymatic functions.
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Figure 5. Effect of IN fusion on sensitivity to RT inhibitors. (a) An in vitro reverse transcription assay
was performed in the presence of different concentrations of efavirenz (EFV) or raltegravir (RAL).
Levels of R/u5 products were measured and are shown as values relative to the level with solvent
(DMSO) only as 1.0. (b) The effective concentration 50 (ECso) of EFV, nevirapine (NEV), or 3'-Azido-
2',3’-dideoxythymidine-5"-triphosphate (AZT-TP) for RTIN or RTp66 was determined by calculat-
ing the drug concentration to inhibit 50% of RDDP activity relative to control. Student’s t analysis
showed significant differences between rRTIN and RTp66 (** p > 0.01, * p > 0.05, n = 3). (c) The effect
of cleavage by HIV-1 protease on the EFV sensitivity of RTIN was examined as described in a. The
ECso of EFV for rRTIN with or without pretreatment with HIV-1 protease is shown. Student’s t anal-
ysis showed that rRTIN had significant effect on ECso by pretreatment with HIV-1 protease (** p >
0.01, n =3).

3.6. MD Simulations of RT and RTIN Proteins

To gain structural insights into the impacts of IN fusion on the biochemical activities
of RT, we conducted MD simulations of RT and RTIN proteins. Molecular models of RTIN
fusion protein and RT protein of the HIV-1Ints3 clone were constructed as described in
Materials and Methods (Figure 6a) and subjected to MD simulations using Amber 16 [32].
The MD simulation is a computational method to delineate dynamic behaviors of biolog-
ical macromolecules under thermal motions of atoms and molecular collisions in solution.
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This technique thus has been applied to characterize in silico the physical properties of
biomolecules near the physiological conditions [38].

Structural dynamics during the simulations were evaluated with RMSD between the
initial model structure and the structures at given time points. The RMSD of RT reached
a near plateau immediately after the start of simulation, whereas that of RTIN reached a
near plateau after 200 ns of the simulation (Figure 6b). These results indicate that the RTIN
fusion protein requires more time to fold as a thermodynamically stable conformation and
suggest that both RT and RTIN structures reached a state of thermodynamic equilibrium
in solution conditions around 200 ns of MD simulations. These results are consistent with
an analysis of the areas of exposed molecular surfaces of RT and RTIN in solution, where
only the exposed surface of RTIN gradually decreased during MD simulations (Figure 6c).
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Figure 6. MD simulations of RT and RTIN proteins of the HIV-1nv43 clone. The amino acid sequence
of the RTIN portion of the Pol region of the HIV-1nLs3 molecular clone [24] was used to construct an
RTIN model by the AlphaFold2 program [23]. The obtained RTIN model gave a per-residue confi-
dence score (pLDDT) of 83.3, in the “Confident” range [23]. An RT model was constructed with the
RT domain of the RTIN model by deleting the IN domain using MOE (Chemical Computing Group,
Montreal, Quebec, Canada). The RT and RTIN models were subjected to MD simulations using
modules in Amber 16 [32] as described previously [28,29,31]. (a) Initial models of RT and RTIN
fusion protein before MD simulations. (b) Structural dynamics of RT and RTIN fusion protein dur-
ing MD simulations. RMSDs between the structure of the initial model and those at given time
points of MD simulation were used to monitor the overall structural changes during simulations.
(c) Analysis of areas of exposed surfaces of RT and RTIN in solution during MD simulations.

3.7. Structural Impacts of IN Fusion on RT Active Center

The RT and RTIN structures at 500 ns of MD simulations were used to characterize
the structural impacts of IN fusion on the RT active center (Figure 7a). Notably, the fingers
and thumb subdomains of RT were positioned more closely in RTIN than RT via
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configurational changes in the thumb subdomain (Figure 7b). Consequently, noncovalent
attractive interactions, such as hydrogen bonds, formed frequently between the thumb
and fingers subdomains during MD simulations only with the RTIN fusion protein (Fig-
ure 7c). Such a hydrogen bond formation was not detected in the RT monomer lacking IN
(Figure 7c, left panel). The intimate interactions between the thumb and fingers subdo-
mains in RTIN were not permanent, and completely abolished once during 500 ns of MD
simulations (Figure 7c, RTIN arrowhead). These results suggest that IN fusion into the C-
terminal end of RT can allosterically influence the dynamic aspect of intramolecular inter-
actions between the thumb and fingers subdomains of RT in cis.

a RT RTIN
ﬁnge‘rs Corer o5
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Figure 7. Effects of IN fusion on conformation of RT protein. Structures obtained from the MD sim-
ulations in Figure 6 were used to characterize impacts of RTIN fusion on RT. (a) Comparison be-
tween overall structures of RT and RTIN fusion protein at 500 ns of MD simulations. (b) Enlarged
view of active center of RT in RT and RTIN fusion protein at 500 ns of MD simulations. (c) Numbers
of hydrogen bonds formed between the thumb and fingers subdomains of RT during 500 ns of MD
simulations. The trajectory files during 500 ns of MD simulations were used to calculate the number
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of hydrogen bonds between the fingers and thumb subdomains in the RT region using the cpptraj
module in AmberTools 16 [32].

Structural fluctuations of biological molecules in solution play crucial roles in molec-
ular interactions [39-41] and thus in the biological phenotypes of viruses [28]. To gain
insights into the possible impacts of IN fusion on fluctuations in the interaction surfaces
of RT, we compared structural fluctuations of individual amino acid residues in the RT
domain between RT and RTIN models by using RMSF as a quantitative indicator. The
RMSF has been used to clarify cis-allosteric effects of genetic mutations [28,42—44] and
effects of molecular interactions [30,31] on the physical properties of the interaction sur-
faces on the viral biomolecules. Basically, the magnitudes of the fluctuations were aug-
mented in most of the amino acid residues in RTIN as compared with those in RT (Figure
8a, red line). Importantly, sites heavily influenced by IN fusion, with RMSF increases
above 1.4 A, contained 113D and 114A residues for dNTP binding [45] and NRTI binding
[46] on the palm subdomain, and contained the 37/38 loop on the fingers subdomain
(136N, 137N, 138E, 139T, 140P and 141G) (Figure 8a). Fluctuations in NNRTI binding
pockets on the palm subdomain [46,47] were also augmented with an RMSF increase of
0.8-1.0 A (Figure 8a). On the other hand, changes in the RMSF of RNA template binding
regions, composed of the fingers, thumb, and palm subdomains, were mild and increased
between 0.1-0.4 A (Figure 8b). Figure 8b summarizes the three-dimensional locations of
the influenced sites with an RMSF increase above 1.4 A (red circle) along with those of
amino acid residues involved in binding to natural substrate and inhibitors. These results
suggest that IN-fusion into RT can influence the structural dynamics of the polymeriza-
tion active center and inhibitor binding sites of RT in cis.
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Figure 8. Effects of IN fusion on fluctuations of RT protein. RMSF values, which indicate the atomic
fluctuations of the main chains of individual amino acids during MD simulations, were calculated
using 50,000 snapshots in the equilibrium states during the last 100 ns of MD simulations using the
cpptraj module in AmberTools 16, a trajectory analysis tool [32]. (a) Distributions of RMSF in RT.
Numbers on the horizontal axes indicate positions in the mature RT of HIV-1 NL4-3 (GenBank ac-
cession no. AAK08484) [24]. P1 and P2, palm subdomain; F1 and F2, fingers subdomain; T, thumb
subdomain; C, connection subdomain. (b) Overall view of RT active center. The red shaded areas
indicate regions where RMSF increases to above 1.4 A by IN fusion. Light yellow; YMDD motif of
polymerase active center [45,48]. Light blue; region involved in dNTP binding [45]. Light green;
region of RNA template binding [45]. Light purple; region of NNRTI resistance [45].

4. Discussion

Our previous findings suggested that HIV-1 RT and IN need to be supplied in the
RTIN fusion form for efficient reverse transcription to occur within cells [20], which in
turn suggested the critical role of IN for HIV-1 reverse transcription through the RTIN
form. In the present study, we demonstrated the impacts of IN fusion on RT activities and
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sensitivity to RT inhibitors, and provided the first evidence of the cis-regulation of IN,
which occurs most probably by inducing a conformational change near RT catalytic sites.

Using in vitro reverse transcription assay, we demonstrated that IN fusion at the C-
terminal end of RT could markedly alter the biochemical properties of RT, i.e., the dNTP
concentration dependence of reverse transcription (Figure 4) and the sensitivity to RT in-
hibitors targeting the polymerization active center (Figure 5). These results strongly sug-
gest that IN fusion can regulate the biochemical phenotype of HIV-1 RT. Previous studies
have suggested the presence of trans-acting roles of IN in RT enzymatic functions by stim-
ulating RT processivity [49,50]. Although impact of RTIN on RT processivity remains to
be determined, this is the first evidence that HIV-1 IN can regulate RT activity in cis.

Concentrations of dNTPs vary depending on cell type and proliferation status [51].
For human primary T cells, major targets of HIV-1 infection, the concentration of dNTPs
was estimated to be 1-5 uM in activated status [52]. In monocyte-derived macrophages,
another target of HIV-1 infection, a much lower concentration was estimated. HIV-1 in-
fection depends on the activation status of T cells [3] or macrophages [4]. Comparative
analysis of rRTIN, rRTs, and protease-cleaved rRTIN revealed that the fusion of IN to RT
significantly stimulated cDNA generation at low concentrations of dNTPs, i.e., less than
10 uM, which corresponds to the concentrations in activated T cells. Therefore, the supe-
rior RDDP activity of rRTIN at lower concentrations of dNTPs might have physiological
significance for reverse transcription in the context of HIV-1 infection. Analysis of domain
deletion mutants of RTIN showed that all three domains of IN are required for the full
allosteric effect on RT (Figure S2). We noticed, however, that cDNA synthesis at low con-
centrations of dNTPs was partly retained in rRTIN55 or rRTIN212, which, respectively,
contain only IN NTD or NTD-CCD.

Our in vitro experimental data indicate that IN-fusion on RT can remotely influence
the structural properties of the RT active center consisting of binding pockets to dANTP
and RT inhibitors. To address this issue, we constructed RT and RTIN monomer models
using AlphaFold2 [23] and conducted MD simulations. The in silico studies indeed re-
vealed two types of marked structural impacts on the RT active center via IN fusion on
RT: configurational and dynamics effects. First, our MD simulations suggested that IN
fusion into RT can alter the configuration of the RT thumb subdomain, leading to the cre-
ation of weak de novo interactions between the thumb and fingers subdomains (Figure
7). In combination with the palm subdomain, these subdomains constitute a polymerase
active center and participate in binding to the RNA template, ANTP and NRTI. Therefore,
it is possible that the IN-induced conformational changes in these subdomains primarily
alter the selectivity of substrate/NRTI and the efficiency of RT translocation, and thereby
eventually lead to changes in its polymerization activity and/or in the NRTI susceptibility
of RT. Our MD simulations also suggest that IN fusion can alter the fluctuation profiles of
amino acid residues involved in binding to dNTP and NNRTI (Figure 8). It should be
noted that the structural fluctuations of the interaction surfaces of biomolecules in solu-
tion are critical for the molecular interactions and thus for the overall function of the bio-
molecules [28,30,31,39-41,43,53,54]. Therefore, as indicated in this study, it is possible that
the alterations in the magnitudes of fluctuations in the RT active center influence the bind-
ing efficiencies of the substrate and NNRTI to RT and contribute to changes in the bio-
chemical phenotype of RT.

Our MD simulations suggest that IN fusion to RT induced the augmentation of
amino acid fluctuations at both the dNTP and NNRTI binding sites of RT (Figure 8). This
seems puzzling because IN fusion was likely to induce the opposite effects on the
polymerization and NNRTI sensitivities of RT (Figures 4 and 5). These data suggest that
changes in fluctuations at the substrate/inhibitor binding sites alone are insufficient to in-
duce IN fusion effects, and may imply that coordinated changes in other structural prop-
erties are necessary. Further study is necessary to clarify how the above two and/or other
undescribed structural impacts coordinately regulate biochemical phenotypes of RT. Pre-
vious studies have shown that the interaction of HIV-1 RT and IN involves RT residue
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I1e178 [55,56]. However, at least in our MD analyses, we did not detect possible interaction
of RT residue Ile178 with IN. This discrepancy might be explained by different effects of
IN through cis and trans modes on RT structures. In addition, it remains to be clarified
whether IN fusion can influence the RT structure in the context of an RTIN multimer,
which might be the functional entity for the polymerization in vivo. What is clear at pre-
sent is that IN fusion into the C-terminal end of the HIV-1 RT p66 subunit can allosterically
regulate the structural properties of the polymerization active center and inhibitor bind-
ing site at the monomer level.

Within the HIV-1 virus particle, some portions of RT and IN were kept in fused
(RTIN) form, although the bulk of the Pol precursor was cleaved into individual forms by
viral protease [20]. Indeed, rRTIN was proteolyzed by HIV-1 protease quite efficiently
(Figure 1b). Currently, the underlying mechanism that keeps the RTIN form by avoiding
complete proteolysis by HIV-1 protease remains to be elucidated. One intriguing possi-
bility is that some portion of intermediate products of the Pol precursor might associate
with vRNA, which makes the Pol precursor resistant to cleavage by HIV-1 protease. In
some retroviruses (a-retrovirus), RT enzyme is composed of a heterodimer of RT («) and
incompletely processed RTIN () subunits in the avian leukosis viruses [57]. Interestingly,
the (3 subunit of the a-retrovirus RT has many allosteric properties, including specific
binding to tRNA"r primer and controlling IN-mediated DNA endonuclease activity [58].
Our present data might reflect allosteric regulation of HIV-1 RT by IN, which has been
noticed for the  subunit of the a-retrovirus RT.

Although our present data demonstrated that RTIN has enzymatic superiority over
RT in RDDP activity in low dNTPs, the cleaved form of RT (p66/p51) might have critical
roles in completing reverse transcription where higher concentrations of dNTPs are avail-
able, such as in nuclear compartments. Since integration catalyzed by IN is also a critical
step to retrovirus infection following reverse transcription of a retrovirus genome, IN en-
zymatic activity in RTIN form is another important issue to address. However, we could
not detect any significant integrase activity of rRTIN. In this regard, it seems likely that
IN that is already cleaved in a virus particle might play a main role in integration. Alter-
natively, RTIN might be cleaved into IN by cellular protease during the early events of
HIV-1 replication. We favor the latter possibility, since our previous study showed that
trans-complementation of RT and IN separately did not rescue HIV-1 lacking RT and IN
[20], suggesting that retroviral reverse transcription and integration might be tightly con-
nected to each other. Recent studies using imaging and biochemical assays to track HIV-
1 capsids and virus gRNA suggested that uncoating and reverse transcription may occur
in nuclear compartments [59-61]. These studies led us to revisit our current understand-
ing of HIV-1 early replication events [62]. Reverse transcription and integration might be
connected to each other in a heretofore unknown manner. The RTIN functions elucidated
in the present study would serve as a platform upon which to understand HIV-1 early
replication events and develop a novel anti-retrovirus strategy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/v15010031/s1, Figure S1: SEC profiles of rRTIN; Figure S2:
Contribution of IN domains on RTIN functions.

Author Contributions: Conceptualization, T.M. and H.S.; methodology, T.M, Y.A, GK. and O.K,;
software, O.K. and M.Y; validation, T.M., OK.,, M.Y,, Y.A,, GK. and H.S,; formal analysis, T.M.,
O.K. and Y.A,; investigation, T.M., O.K. and Y.A.; resources, T.M., O.K. and Y.A.; data curation,
TM., O.K, MY, GK. and H.S.; writing —original draft preparation, T.M., O.K. and H.S.; writing —
review and editing, T.M., O.K,, M.Y,, Y.A,, GK. and H.S,; visualization, T.M., O.K. and H.S.; super-
vision, T.M., G.K. and H.S.; project administration, T.M.; funding acquisition, T.M., O.K. and G.K.
All authors have read and agreed to the published version of the manuscript.

Funding: P1 This work was supported by grants from the Japan Agency for Medical Research and
Development, AMED (Research Program on HIV/AIDS: JP21fk0410041 and JP22fk0410041 to T.M.,
O.K. and G.K.) and from JSPS KAKENHI (Grant Number JP20K07525 to T.M.).



Viruses 2023, 15, 31 17 of 19

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Please contact the corresponding authors (T.M. and O.K.) for data on
the present study.

Acknowledgments: We thank M. Hara and K. Katagiri for their technical assistance. We also thanks
Y. Gu, S. Yamaoka and Y. Fujiyoshi for supporting our use of the experimental facilities of TMDU.
The MD simulations were carried out partly with the TSUBAME3.0 supercomputer at the Tokyo
Institute of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hu, W.S; Hughes, SH. HIV-1 Reverse Transcription. Cold Spring Harb. Perspect. Med. 2012, 2, a006882.
https://doi.org/10.1101/cshperspect.a006882.

Brown, P.O. Integration. In Retroviruses; Coffin, .M., Hughes, S.H., Varmus, H.E., Eds.; Cold Spring Harbor Laboratory Press:
Long Island, NY, USA, 1997; pp. 161-203.

Stevenson, M.; Stanwick, T.; Dempsey, M.; Lamonica, C. HIV-1 replication is controlled at the level of T cell activation and
proviral integration. EMBO ]. 1990, 9, 1551-1560. https://doi.org/10.1002/j.1460-2075.1990.tb08274.x.

Tsurutani, N.; Kubo, M.; Maeda, Y.; Ohashi, T.; Yamamoto, N.; Kannagi, M.; Masuda, T. Identification of Critical Amino Acid
Residues in Human Immunodeficiency Virus Type 1 IN Required for Efficient Proviral DNA Formation at Steps prior to Inte-
gration in Dividing and Nondividing Cells. J. Virol. 2000, 74, 4795-4806. https://doi.org/10.1128/jvi.74.10.4795-4806.2000.
Goldstone, D.C.; Ennis-Adeniran, V.; Hedden, ].J.; Groom, H.C.T.; Rice, G.I.; Christodoulou, E.; Walker, P.A_; Kelly, G.; Haire,
L.F.; Yap, M.W; et al. HIV-1 restriction factor SAMHD] is a deoxynucleoside triphosphate triphosphohydrolase. Nature 2011,
480, 379-382. https://doi.org/10.1038/nature10623.

Schatz, O.; Mous, J.; Le Grice, S. HIV-1 RT-associated ribonuclease H displays both endonuclease and 3'-5' exonuclease activity.
EMBO J. 1990, 9, 1171-1176. https://doi.org/10.1002/j.1460-2075.1990.tb08224 x)

Nakamuraa, T.; Masuda, T.; Gotob, T.; Sanob, K.; Nakaib, M.; Haradaa, S. Lack of Infectivity of HIV-1 Integrase Zinc Finger-
like Domain Mutant with Morphologically Normal Maturation. Biochem. Biophys. Res. Commun. 1997, 239, 715-722.
https://doi.org/10.1006/bbrc.1997.7541.

Masuda, T.; Planelles, V.; Krogstad, P.; Chen, LS. Genetic analysis of human immunodeficiency virus type 1 integrase and the
U3 att site: Unusual phenotype of mutants in the zinc finger-like domain. J. Virol. 1995, 69, 6687-6696.
https://doi.org/10.1128/jvi.69.11.6687-6696.1995.

Engelman, A.; Englund, G.; Orenstein, ].M.; Martin, M.A.; Craigie, R. Multiple effects of mutations in human immunodeficiency
virus type 1 integrase on viral replication. J. Virol. 1995, 69, 2729-2736. https://doi.org/10.1128/jvi.69.5.2729-2736.1995.

Briones, M.S.; Dobard, C.W.; Chow, S.A. Role of Human Immunodeficiency Virus Type 1 Integrase in Uncoating of the Viral
Core. ]. Virol. 2010, 84, 5181-5190. https://doi.org/10.1128/jvi.02382-09.

Masuda, T. Non-Enzymatic Functions of Retroviral Integrase: The Next Target for Novel Anti-HIV Drug Development. Front.
Microbiol. 2011, 2, 210. https://doi.org/10.3389/fmicb.2011.00210.

Elliott, J.L.; Kutluay, S.B. Going beyond Integration: The Emerging Role of HIV-1 Integrase in Virion Morphogenesis. Viruses
2020, 12, 1005. https://doi.org/10.3390/v12091005.

Desimmie, B.A.; Schrijvers, R.; Demeulemeester, J.; Borrenberghs, D.; Weydert, C.; Thys, W.; Vets, S.; Van Remoortel, B.;
Hofkens, J.; De Rijck, J.; et al. LEDGINSs inhibit late stage HIV-1 replication by modulating integrase multimerization in the
virions. Retrovirology 2013, 10, 57-16. https://doi.org/10.1186/1742-4690-10-57.

Engelman, A.; Kessl, ].J.; Kvaratskhelia, M. Allosteric inhibition of HIV-1 integrase activity. Curr. Opin. Chem. Biol. 2013, 17, 339
345. https://doi.org/10.1016/j.cbpa.2013.04.010.

Kessl, ].].; Kutluay, S.B.; Townsend, D.; Rebensburg, S.; Slaughter, A.; Larue, R.; Shkriabai, N.; Bakouche, N.; Fuchs, ].R.; Bieni-
asz, P.D.; et al. HIV-1 Integrase Binds the Viral RNA Genome and Is Essential during Virion Morphogenesis. Cell 2016, 166,
1257-1268.e12. https://doi.org/10.1016/j.cell.2016.07.044.

Elliott, J.L.; E Eschbach, J.; Koneru, P.C.; Li, W.; Puray-Chavez, M.; Townsend, D.; Lawson, D.Q.; Engelman, A.N.; Kvaratskhelia,
M.; Kutluay, S.B. Integrase-RNA interactions underscore the critical role of integrase in HIV-1 virion morphogenesis. Elife 2020,
9, e54311. https://doi.org/10.7554/elife.54311.

Liu, S.; Koneru, P.C; Li, W.; Pathirage, C.; Engelman, A.N.; Kvaratskhelia, M.; Musier-Forsyth, K. HIV-1 integrase binding to
genomic RNA 5-UTR induces local structural changes in vitro and in virio. Retrovirology 2021, 18, 1-16.
https://doi.org/10.1186/s12977-021-00582-0.

Swanstrom, R.; Wills, ].W. Synthesis, Assembly, and Processing of Viral Proteins. In Retroviruses; Coffin, ].M., Hughes, S.H.,
Varmus, H.E., Eds.; Cold Spring Harbor Laboratory Press: Long Island, NY, USA, 1997.

Freed, E.O. HIV-1 assembly, release and maturation. Nat. Rev. Genet. 2015, 13, 484-496. https://doi.org/10.1038/nrmicro3490.



Viruses 2023, 15, 31 18 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Takahata, T.; Takeda, E.; Tobiume, M.; Tokunaga, K.; Yokoyama, M.; Huang, Y.-L.; Hasegawa, A.; Shioda, T.; Sato, H.; Kannagji,
M.; et al. Critical Contribution of Tyr15 in the HIV-1 Integrase (IN) in Facilitating IN Assembly and Nonenzymatic Function
through the IN Precursor Form with Reverse Transcriptase. J. Virol. 2017, 91, €02003-16. https://doi.org/10.1128/jvi.02003-16.
Huang, Y.-L.; Kawai, G.; Hasegawa, A.; Kannagi, M.; Masuda, T. Impact of 5'-end nucleotide modifications of HIV-1 genomic
RNA on reverse transcription. Biochem. Biophys. Res. Commun. 2019, 516, 1145-1151. https://doi.org/10.1016/j.bbrc.2019.06.152.
Masuda, T.; Sato, Y.; Huang, Y.-L.; Koi, S.; Takahata, T.; Hasegawa, A.; Kawai, G.; Kannagi, M. Fate of HIV-1 cDNA intermedi-
ates during reverse transcription is dictated by transcription initiation site of virus genomic RNA. Sci. Rep. 2015, 5, 17680.
https://doi.org/10.1038/srep17680.

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R,; Zidek, A.;
Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589.
https://doi.org/10.1038/s41586-021-03819-2.

Adachi, A.; Gendelman, H.E.; Koenig, S.; Folks, T.; Willey, R.; Rabson, A.; Martin, M.A. Production of acquired immunodefi-
ciency syndrome-associated retrovirus in human and nonhuman cells transfected with an infectious molecular clone. J. Virol.
1986, 59, 284-291. https://doi.org/10.1128/jvi.59.2.284-291.1986.

Smerdon, S.J.; Jager, ].; Wang, J.; Kohlstaedt, L.A.; Chirino, A.].; Friedman, ].M.; Rice, P.A.; Steitz, T.A. Structure of the binding
site for nonnucleoside inhibitors of the reverse transcriptase of human immunodeficiency virus type 1. Proc. Natl. Acad. Sci. USA
1994, 91, 3911-3915. https://doi.org/10.1073/pnas.91.9.3911.

Wang, J.; Ling, H.; Yang, W.; Craigie, R. Structure of a two-domain fragment of HIV-1 integrase: Implications for domain or-
ganization in the intact protein. EMBO J. 2001, 20, 7333-7343. https://doi.org/10.1093/emboj/20.24.7333.

Chen, J.C.-H.; Krucinski, J.; Miercke, L.J.W.; Finer-Moore, ].S.; Tang, A.H.; Leavitt, A.D.; Stroud, R.M. Crystal structure of the
HIV-1 integrase catalytic core and C-terminal domains: A model for viral DNA binding. Proc. Natl. Acad. Sci. USA 2000, 97,
8233-8238. https://doi.org/10.1073/pnas.150220297.

Koma, T.; Kotani, O.; Miyakawa, K.; Ryo, A.; Yokoyama, M.; Doi, N.; Adachi, A.; Sato, H.; Nomaguchi, M. Allosteric Regulation
of HIV-1 Capsid Structure for Gag Assembly, Virion Production, and Viral Infectivity by a Disordered Interdomain Linker. J.
Virol. 2019, 93, e00381-19. https://doi.org/10.1128/jvi.00381-19.

Izumida, M.; Kotani, O.; Hayashi, H.; Smith, C; Fukuda, T.; Suga, K.; Iwao, M.; Ishibashi, F.; Sato, H.; Kubo, Y. Unique Mode
of Antiviral Action of a Marine Alkaloid against Ebola Virus and SARS-CoV-2. Viruses 2022, 14, 816.
https://doi.org/10.3390/v14040816.

Koma, T.; Yokoyama, M.; Kotani, O.; Doi, N.; Nakanishi, N.; Okubo, H.; Adachi, S.; Adachi, A.; Sato, H.; Nomaguchi, M. Species-
Specific Valid Ternary Interactions of HIV-1 Env-gp120, CD4, and CCR5 as Revealed by an Adaptive Single-Amino Acid Sub-
stitution at the V3 Loop Tip. J. Virol. 2021, 95, e02177-20. https://doi.org/10.1128/jvi.02177-20.

Kotani, O.; Suzuki, Y.; Saito, S.; Ainai, A.; Ueno, A.; Hemmi, T.; Sano, K.; Tabata, K.; Yokoyama, M.; Suzuki, T.; et al. Structure-
Guided Creation of an Anti-HA Stalk Antibody F11 Derivative That Neutralizes Both F11-Sensitive and -Resistant Influenza
A(HIN1)pdm09 Viruses. Viruses 2021, 13, 1733. https://doi.org/10.3390/v13091733.

Case, D.A.; Betz, RM,; Cerutti, D.S.; Cheatham, T.E., III; Darden, T.A.; Duke, R.E.; Giese, T.].; Gohlke, H.; Goetz, A.W.; Homeyer,
N.; et al. AMBER 16; University of California: San Francisco, CA, USA, 2016.

Maier, ]J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. {f14SB: Improving the accuracy of protein
side chain and backbone parameters from ff99SB. |. Chem. Theory Comput. 2015, 11, 3696-3713.
https://doi.org/10.1021/acs.jctc.5b00255.

Jorgensen, W.L.; Chandrasekhar, J.; Madura, ].D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for simu-
lating liquid water. ]. Chem. Phys. 1983, 79, 926-935. https://doi.org/10.1063/1.445869.

Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.].C. Numerical integration of the cartesian equations of motion of a system with con-
straints: Molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327-341. https://doi.org/10.1016/0021-9991(77)90098-5.
Weiser, ].; Shenkin, P.S.; Still, W.C. Approximate atomic surfaces from linear combinations of pairwise overlaps (LCPO). J.
Comput. Chem. 1999, 20, 217-230.

Krishnan, L.; Li, X.; Naraharisetty, H.L.; Hare, S.; Cherepanov, P.; Engelman, A. Structure-based modeling of the functional
HIV-1 intasome and its inhibition. Proc. Natl. Acad. Sci. USA 2010, 107, 15910-15915. https://doi.org/10.1073/pnas.1002346107.
Hollingsworth, S.A.; Dror, R.O. Molecular Dynamics Simulation for All. Neuron 2018, 99, 1129-1143.
https://doi.org/10.1016/j.neuron.2018.08.011.

Dodson, G.G,; Lane, D.; Verma, C.S. Molecular simulations of protein dynamics: New windows on mechanisms in biology.
EMBO Rep. 2008, 9, 144-150. https://doi.org/10.1038/sj.embor.7401160.

Karplus, M.; Kuriyan, J. Molecular dynamics and protein function. Proc. Natl. Acad. Sci. USA 2005, 102, 6679-6685.
https://doi.org/10.1073/pnas.0408930102.

Keul, N.D.; Oruganty, K.; Schaper Bergman, E.T.; Beattie, N.R.; McDonald, W.E.; Kadirvelraj, R.; Gross, M.L.; Phillips, R.S,;
Harvey, S.C.; Wood, Z.A. The entropic force generated by intrinsically disordered segments tunes protein function. Nature 2018,
563, 584-588. https://doi.org/10.1038/s41586-018-0699-5.



Viruses 2023, 15, 31 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kuwata, T.; Takaki, K.; Yoshimura, K.; Enomoto, I.; Wu, F.; Ourmanov, L; Hirsch, V.M.; Yokoyama, M.; Sato, H.; Matsushita, S.
Conformational Epitope Consisting of the V3 and V4 Loops as a Target for Potent and Broad Neutralization of Simian Immu-
nodeficiency Viruses. ]. Virol. 2013, 87, 5424-5436. https://doi.org/10.1128/jvi.00201-13.

Sakuragi, S.; Kotani, O.; Yokoyama, M.; Shioda, T.; Sato, H.; Sakuragi, J.-I. Identification of a Novel Cis-Acting Regulator of
HIV-1 Genome Packaging. Int. |. Mol. Sci. 2021, 22, 3435. https://doi.org/10.3390/ijms22073435.

Eyokoyama, M.; Enomaguchi, M.; Edoi, N.; Ekanda, T.; Eadachi, A.; Esato, H. In silico Analysis of HIV-1 Env-gp120 Reveals
Structural Bases for Viral Adaptation in Growth-Restrictive Cells. Front.  Microbiol. 2016, 7, 110.
https://doi.org/10.3389/fmicb.2016.00110.

Sarafianos, S.G.; Marchand, B.; Das, K.; Himmel, D.M.; Parniak, M.A.; Hughes, S.H.; Arnold, E. Structure and Function of HIV-
1 Reverse Transcriptase: Molecular Mechanisms of Polymerization and Inhibition. . Mol. Biol. 2009, 385, 693-713.
https://doi.org/10.1016/j.jmb.2008.10.071.

Das, K.; Martinez, S.E.; Bauman, ].D.; Arnold, E. HIV-1 reverse transcriptase complex with DNA and nevirapine reveals non-
nucleoside inhibition mechanism. Nat. Struct. Mol. Biol. 2012, 19, 253-259. https://doi.org/10.1038/nsmb.2223.

Nissley, D.V.; Radzio, J.; Ambrose, Z.; Sheen, C.-W.; Hamamouch, N.; Moore, K.L.; Tachedjian, G.; Sluis-Cremer, N. Character-
ization of novel non-nucleoside reverse transcriptase (RT) inhibitor resistance mutations at residues 132 and 135 in the 51 kDa
subunit of HIV-1 RT. Biochem. ]. 2007, 404, 151-157. https://doi.org/10.1042/bj20061814.

Boyer, P.L.; Gao, H.-Q.; Clark, P.K,; Sarafianos, S.G.; Arnold, E.; Hughes, S.H. YADD Mutants of Human Immunodeficiency
Virus Type 1 and Moloney Murine Leukemia Virus Reverse Transcriptase Are Resistant to Lamivudine Triphosphate (3TCTP)
In Vitro. J. Virol. 2001, 75, 6321-6328. https://doi.org/10.1128/jvi.75.14.6321-6328.2001.

Dobard, C.W.; Briones, M.S.; Chow, S.A. Molecular Mechanisms by Which Human Immunodeficiency Virus Type 1 Integrase
Stimulates the Early Steps of Reverse Transcription. J. Virol. 2007, 81, 10037-10046. https://doi.org/10.1128/jvi.00519-07.

Zhu, K.; Dobard, C.; Chow, S.A. Requirement for Integrase during Reverse Transcription of Human Immunodeficiency Virus
Type 1 and the Effect of Cysteine Mutations of Integrase on Its Interactions with Reverse Transcriptase. J. Virol. 2004, 78, 5045
5055. https://doi.org/10.1128/jvi.78.10.5045-5055.2004.

Cohen, A.; Barankiewicz, J.; Lederman, H.M.; Gelfand, E.W. Purine and pyrimidine metabolism in human T lymphocytes. Reg-
ulation of deoxyribonucleotide metabolism. J. Biol. Chem. 1983, 258, 12334-12340. https://doi.org/10.1016/s0021-9258(17)44179-
2.

Traut, T.W. Physiological concentrations of purines and pyrimidines. Mol. Cell. Biochem. 1994, 140, 1-22.
https://doi.org/10.1007/bf00928361.

Bai, H.; Kath, ].E.; Zorgiebel, F.M.; Sun, M.; Ghosh, P.; Hatfull, G.F.; Grindley, N.D.F.; Marko, ].F. Remote control of DNA-acting
enzymes by varying the Brownian dynamics of a distant DNA end. Proc. Natl. Acad. Sci. USA 2012, 109, 16546-16551.
https://doi.org/10.1073/pnas.1203118109.

Sano, K.; Saito, S.; Suzuki, T.; Kotani, O.; Ainai, A.; van Riet, E.; Tabata, K.; Saito, K.; Takahashi, Y.; Yokoyama, M.; et al. An
influenza HA stalk reactive polymeric IgA antibody exhibits anti-viral function regulated by binary interaction between HA
and the antibody. PLoS ONE 2021, 16, €0245244. https://doi.org/10.1371/journal.pone.0245244.

Herschhorn, A.; Oz-Gleenberg, 1; Hizi, A. Quantitative analysis of the interactions between HIV-1 integrase and retroviral
reverse transcriptases. Biochem. J. 2008, 412, 163-170. https://doi.org/10.1042/bj20071279.

Gleenberg, 1.O.; Goldgur, Y.; Hizi, A. Ile178 of HIV-1 reverse transcriptase is critical for inhibiting the viral integrase. Biochem.
Biophys. Res. Commun. 2007, 364, 48-52. https://doi.org/10.1016/j.bbrc.2007.09.086.

Grandgenett, D.P.; Gerard, G.F.; Green, M. A Single Subunit from Avian Myeloblastosis Virus with Both RNA-Directed DNA
Polymerase and Ribonuclease H Activity. Proc. Natl. Acad. Sci. USA 1973, 70, 230-234. https://doi.org/10.1073/pnas.70.1.230.
Engelman, A.N.; Kvaratskhelia, M. Multimodal Functionalities of HIV-1 Integrase. Viruses 2022, 14, 926.
https://doi.org/10.3390/v14050926.

Rankovic, S.; Deshpande, A.; Harel, S.; Aiken, C.; Rousso, I. HIV-1 Uncoating Occurs via a Series of Rapid Biomechanical
Changes in the Core Related to Individual Stages of Reverse Transcription. J. Virol. 2021, 95, e00166-21.
https://doi.org/10.1128/jvi.00166-21.

Dharan, A.; Bachmann, N.; Talley, S.; Zwikelmaier, V.; Campbell, E.M. Nuclear pore blockade reveals that HIV-1 completes
reverse transcription and uncoating in the nucleus. Nat. Microbiol. 2020, 5, 1088-1095. https://doi.org/10.1038/s41564-020-0735-
8.

Burdick, R.C.; Li, C.; Munshi, M.; Rawson, ].M.O.; Nagashima, K.; Hu, W.-S.; Pathak, V.K. HIV-1 uncoats in the nucleus near
sites of integration. Proc. Natl. Acad. Sci. USA 2020, 117, 5486-5493. https://doi.org/10.1073/pnas.1920631117.

Arhel, N.J. Early HIV replication revisited. Nat. Microbiol. 2020, 5, 1065-1066. https://doi.org/10.1038/s41564-020-0784-z.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



