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HIV Type 1 (HIV-1) and simian immunodeficiency virus
(SIV) display differential replication kinetics in macrophages.
This is because high expression levels of the active host de-
oxynucleotide triphosphohydrolase sterile & motif domain and
histidine-aspartate domain—containing protein 1 (SAMHD1)
deplete intracellular ANTPs, which restrict HIV-1 reverse tran-
scription, and result in a restrictive infection in this myeloid cell
type. Some SIVs overcome SAMHDI restriction using viral pro-
tein X (Vpx), a viral accessory protein that induces proteasomal
degradation of SAMHDY], increasing cellular ANTP concentra-
tions and enabling efficient proviral DNA synthesis. We previ-
ously reported that SAMHDI1-noncounteracting lentiviruses
may have evolved to harbor RT proteins that efficiently poly-
merize DNA, even at low dANTP concentrations, to circumvent
SAMHDI restriction. Here we investigated whether RTs from
SIVmac239 virus lacking a Vpx protein evolve during in vivo
infection to more efficiently synthesize DNA at the low dNTP
concentrations found in macrophages. Sequence analysis of RT's
cloned from Vpx (+) and Vpx (—) SIVmac239-infected animals
revealed that Vpx (—) RTs contained more extensive mutations
than Vpx (+) RTs. Although the amino acid substitutions were
dispersed indiscriminately across the protein, steady-state and
pre-steady-state analysis demonstrated that selected SIV-
mac239 Vpx (—) RTs are characterized by higher catalytic effi-
ciency and incorporation efficiency values than RTs cloned
from SIVmac239 Vpx (+) infections. Overall, this study sup-
ports the possibility that the loss of Vpx may generate in vivo
SIVmac239 RT variants that can counteract the limited avail-
ability of ANTP substrate in macrophages.

During their pathogenesis, lentiviruses such as HIV type 1
(HIV-1), HIV-2, and simian immunodeficiency virus (SIV)
infect both dividing CD4" T cells and terminally differenti-
ated/nondividing myeloid cells such as macrophages and
microglia (1-4). Although sharing a selective cellular tropism,
cell-dependent replication kinetics differ among the viruses
because HIV-1 replication kinetics are delayed in nondividing
cell populations (5). Slowed replication kinetics in macrophage
and microglial populations, particularly in the brain, support
the persistent production of HIV-1 at low levels (6). This is in
stark contrast to the robust replication of HIV-1 in CD4" T
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cells, which leads to rapid cell death. Whereas dividing cells,
like activated CD4" T cells, undergo dNTP biosynthesis in
S phase, terminally differentiated cells like macrophages have
no necessity to support chromosomal DNA replication or mi-
totic division and are thus characterized by lower ANTP pools
(7, 8). Indeed, cellular ANTP concentrations in human primary
monocyte—derived macrophages (20-40 nm) are 100-250X
lower than those found in activated/dividing CD4™" T cells (2-5
M) (8). Recent studies have revealed that host deoxynucleotide
triphosphohydrolase (ANTPase) sterile a motif (SAM) domain
and histidine-aspartate (HD) domain—containing protein 1
(SAMHD1), which is active and highly expressed in macro-
phages, is responsible for the depletion of cellular dNTPs
within this nondividing target cell type (9-12). Although mac-
rophages are not refractory to HIV-1 infection, the SAMHDI1-
mediated limited substrate availability for RT during viral repli-
cation kinetically restricts HIV-1 proviral DNA synthesis in
macrophages (13, 14). Conversely, HIV-2 and some SIV strains
replicate rapidly in this nondividing myeloid cell type through
the implementation of a virally encoded accessory protein
called viral protein X (Vpx) (11, 15, 16). Lentiviral Vpx targets
host SAMHDI1 for proteasomal degradation through the E3
ubiquitination pathway, robustly reducing SAMHDI] protein
levels and increasing intracellular dNTP concentrations in
infected macrophages (17-19). In the absence of SAMHDI,
abundant dANTP substrate accelerates reverse transcription
during the viral replication cycle and enables rapid proviral
DNA synthesis of SAMHD1-counteracting viruses (20). Be-
cause Vpx arose from a gene duplication event of accessory
protein viral protein R (Vpr) (21, 22), Vpr proteins of some SIV
strains lacking Vpx (e.g. SIVagm677, SIVagm9648, SIVdeb, and
SIVmusl) also possess the ability to target SAMHDI for pro-
teasomal degradation through the same pathway hijacked by
Vpx (23-25). However, the Vpr proteins of SAMHDI1-non-
counteracting strains such as HIV-1 and SIVcpz are unable to
induce degradation of their host SAMHD1 proteins (25, 26).
Unlike SAMHDI-counteracting viruses, including SIV-
mac239 and SIVagmé677, which replicate under abundant cellu-
lar ANTP concentrations even in macrophages (20), SAMHD1-
noncounteracting viruses such as HIV-1 and SIVcpz replicate
within limited dANTP pools during the infection of this nondi-
viding target cell type. Interestingly, recent studies have sug-
gested that SAMHD1-noncounteracting lentiviral RTs have
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SIV RT variants with enhanced enzyme kinetics

been evolutionarily honed to complete proviral DNA synthesis
even at the low dNTP concentrations found in macrophages.
We previously observed that RTs from SAMHD1-noncounter-
acting lentiviruses (e.g¢ HIV-1) were characterized by lower
steady-state K, values and displayed faster pre-steady-state
rates of AN'TP incorporation (k,o)) when compared with RTs
from SAMHDI1-counteracting lentiviruses (e.g SIVmac239)
(27, 28). Further pre-steady-state kinetic analysis revealed that
SAMHD1-noncounteracting lentiviruses overcome low dNTP
concentrations in macrophages through the use of RT proteins
that execute a faster conformational change during the incor-
poration of an incoming nucleotide substrate (29). Although
less effective than Vpx/Vpr-induced degradation of SAMHD1,
this RT-mediated mechanism enables the slow, but complete,
reverse transcription of the viral genome during infection of
macrophages by SAMHDI1-noncounteracting lentiviruses like
HIV-1.

Given the influence of Vpx on viral reverse transcription
and replication kinetics in macrophages, Westmoreland et al.
(30) previously sought to characterize the cellular and tissue
targets of a Vpx-deleted mutant of SIVmac239 (Vpx (—)) in
infected Rhesus macaques. Apart from the 101-base deletion
of the vpx gene, Vpx (—) mutant virus was identical to WT
SIVmac239 (Vpx (+)) virus in this study (31, 32). Although
macaques infected with Vpx (—) virus eventually developed
AIDS with opportunistic infections and AIDS-defining
lesions, Vpx (—)-infected animals (mean survival: 935.4 dpi)
lived roughly 2.5X longer than those infected with Vpx (+)
WT virus (mean survival: 364.3 dpi). Additionally, the group
observed that viral replication in myeloid cells was drastically
impaired in the absence of Vpx (30). Previous studies have
shown that HIV-1 disease progression is associated with the
appearance of viral variants that utilize an array of different
coreceptors that enable the virus to infect a wider range of
host cell types (33). These viral variants are speculated to
arise from selective pressure exerted by the host immune
system that drives HIV-1 evolution during infection. Simi-
larly, steady-state and pre-steady-state studies of SAMHDI1-
noncounteracting RTs (HIV-1 RTs) have demonstrated that
SAMHDI1-noncounteracting primate lentiviruses might have
evolved over time to harbor RTs that can more efficiently
incorporate nucleotides at the low dNTP concentrations
found in macrophages, which allows these lentiviruses to
circumvent the antiviral selective pressure from dNTPase
SAMHDI (27-29).

In this study, we sought to investigate whether SIVmac239
RT, which is kinetically less efficient than RTs from SAMHDI1-
noncounteracting HIV-1 strains (27), undergoes enzymatic
improvement in the absence of Vpx during pathogenesis to cir-
cumvent the SAMHDI1 restriction in myeloid cells. For this, we
biochemically characterized SIVmac239 RT variants cloned
from adult Rhesus macaques infected with either Vpx (+) or
Vpx (—) SIVmac239 virus and observed that Vpx (—) RT var-
iants, encoding frequently identified amino acid mutations, dis-
played elevated steady-state catalytic efficiency (k.../K,,) and
pre-steady-state incorporation efficiency (kpo1/K;) values when
compared with Vpx (+) RTs. Overall, our sequence and kinetic
analyses support the idea that RTs of SAMHDI1-noncounter-
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acting lentiviruses may evolve in vivo to better support proviral
DNA synthesis in the SAMHDI1-mediated low dNTP pools of
target macrophage cell populations.

Results

Isolation and sequencing of SIVmac239 RT variants from
Rhesus macaques infected with Vpx (+) WT and Vpx (—)
mutant SIVmac239 viruses

We previously observed that RT of SAMHDI1-counteracting
SIVmac239 synthesizes DNA with low efficiency at macro-
phage-like INTP concentrations, displaying lower steady-state
catalytic efficiency (k./K,,,) values when compared with RT's of
SAMHD1-noncounteracting HIV-1 strains (27). We predicted
that the lower enzymatic efficiency of RTs originating from
SAMHD1-counteracting lentiviruses (e.g. SIVmac239) is an ev-
olutionary consequence of natural viral replication occurring
within high cellular ANTP concentrations, even in nondividing
myeloid target cells, because of the virus-induced SAMHD1
proteasomal degradation. Therefore, here, we reasoned that if
Vpx (—) mutant STVmac239 replicates in animals, the viral RT's
may be selectively honed during in vivo infections to contain
mutations that can improve viral DNA synthesis efficiency,
even in the low dNTP pools found in macrophages that result
from the presence of dNTPase SAMHDI1 and the absence of
Vpx, much like HIV-1 RT (34).

To test this, we utilized samples previously collected from
Rhesus macaques infected with either Vpx (+) WT or Vpx (—)
mutant STVmac239. We chose samples collected upon the de-
velopment of AIDS characteristics in these infected animals
(e.g AIDS-defining lesions with opportunistic infections). To
begin, we extracted RNAs from two samples originating from
animals infected with Vpx (+) WT virus (27 and 29 weeks post-
infection) and two samples from animals infected with Vpx (—)
mutant virus (both 36 months postinfection (30)). Because
these time points immediately precede the development of
AIDS in the infected animals, the initially inoculated viruses
underwent the entirety of in vivo evolution and host pathoge-
nesis. In this near-terminal stage, viral titers were considerably
elevated (30), even in animals infected with Vpx (—) mutant
SIVmac239, which was convenient for our collection of the
abundant viral RNA samples. Next, we conducted RT-PCR for
the full-length reverse transcriptase gene and cloned the result-
ing amplicons to obtain plasmids containing Vpx (+) and Vpx
(=) RT variants. The cloned RT plasmids were sequenced and
compared with WT RT SIVmac239 nucleotide and amino acid
sequences (GeneBank: AY588946.1). A few minor RT clones
containing premature stop codons or frameshift mutations
were discarded, and a total of 40 complete RT sequences were
compiled for each animal sample: 80 clones for Vpx (—) infec-
tions and 80 clones for Vpx (—) infections. We first observed
that nucleotide and amino acid mutations in both Vpx (+) and
Vpx (—) RTs are indiscriminately distributed throughout the
five RT functional and structural subdomains (i.e. the fingers,
palm, thumb, connection, and RNase H domains) (Table 1).
Interestingly, when analyzing the number of amino acid muta-
tions present per cloned RT, we found that Vpx (—) RTs, on av-
erage, harbored about 2.6X more amino acid mutations than
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Table 1
Redundant amino acid mutations found in Vpx (+) and Vpx (=) RTs

Number of clones (of 40) with
noted mutation

RT Al A2 A3 A4
Mutation subdomains Vpx (—) Vpx (—) Vpx (+) Vpx (+)
12L Fingers 2 - - -
V321 Fingers 1 21 - 1
V32A Fingers - - 2 1
R82K Fingers 1 - 1 -
L1001 Palm - 2 - -
E122K Fingers - - 2 1
1145M Fingers - 1 2
M164L Palm 1 38 - -
L196P Palm - - 1 1
S211IN Palm 24 9 - -
1212L Palm 2 - - -
E218D Palm 23 2 - -
Q228R Palm - - 1 1
M2301 Palm - - 1 1
R281K Thumb 5 - - -
G285E Thumb - 1 1 -
G322D Connection - 2 - -
P324L Connection - 16 - -
1330V Connection - 15 - -
V3851 Connection 1 - 1 -
K394R Connection 2 37 - 1
E412G Connection 1 - 1 -
S417P Connection - - 1 1
S449T RNaseH - 2 - -
T4861 RNaseH 2 1 - -
V4651 RNaseH - - 1 2
A492V RNaseH 2 - 2 -
C508R RNaseH 1 - 1 1
E522K RNaseH 1 2 1 -
E523K RNaseH 1 1 - -
1525S RNaseH 1 1 - -

Vpx (+) RTs (Fig. 1A). In fact, when observing the distribution
of the number of amino acid mutations present in each clone,
the predominant number of mutations shifts from 1 in Vpx (+)
RTs to 3—4 in Vpx (—) RTs (Fig. 1B). Consistent with this ob-
servation, we determined that more than 20 of 80 RT clones
remained unmutated (WT) in the Vpx (+)-infected samples
whereas only three of 80 RT clones showed WT amino acid
sequences in the Vpx (—)-infected samples (Fig. 1B). The maxi-
mum number of amino acid mutations present in a single clone
was eight for both groups, whereas the maximum number of
nucleic acid mutations was 11 and 16 for Vpx (+) and Vpx (—)
RTs, respectively. The data shown in Fig. 1 suggest that more
mutations per cloned RT were found in Vpx (—) samples com-
pared with Vpx (+) samples, which may simply result from
Vpx (—)-infected animals experiencing infection periods ~6X
longer than Vpx (+)-infected animals (Vpx (—): 36 months;
Vpx (+): 27-29 weeks).

Interestingly, whereas amino acid mutations M164L, S211N,
and E218D are found in multiple clones from both Vpx (—) ani-
mals, a number of mutations, including K394R, A492V, and
E522K, are seen in both Vpx (—) and Vpx (+) RT proteins (Ta-
ble 1). Even though a greater redundancy in amino acid muta-
tions is seen in Vpx (—) RTs, there are surprisingly six muta-
tions exclusive to Vpx (+) RTs (Table 1). Overall, we found
that if RT clones were identical in amino acid mutation profiles,
differing mutations were observed at the gene levels (e.g differ-
ent codons for the same amino acid), thus supporting that re-
dundancy in amino acid mutations is less likely the result of
amplification during RT-PCR. Overall, these data reveal that
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Figure 1. Summary of amino acid mutations found in Vpx (+) and Vpx
(—) RT variants. A, the average number of amino acid mutations per cloned
RT was plotted for Vpx (+) (black) and Vpx (—) (blue) RTs, with error bars rep-
resenting standard deviation. Statistical significance from an unpaired two-
tailed student’s t test is indicated as **** p < 0.0001. B, RT clones were
grouped by the number of mutations present in the amino acid sequence.
The distribution of the number of amino acid mutations present in Vpx (+)
and Vpx (—) RTs are shown using black and blue lines, respectively.

although mutations are not isolated to one region of the
enzyme, Vpx (—) RTs contain more mutations than Vpx (+)
RTs at both the nucleic acid and amino acid levels.

Steady-state kinetic analysis of Vpx (+) and Vpx (—) RTs

Previous studies have shown that there are kinetic variations
between RTSs originating from lentiviruses with and without
the ability to counteract SAMHD]1 (27, 28). To broadly charac-
terize the differential steady-state multinucleotide incorpora-
tion kinetics in Vpx (+)- and Vpx (—)-infected animals, we
conducted a steady-state kinetic assay. Starting with the 40
RT clones that were collected and sequenced per animal (Table
1), we systematically chose 10 RT clones per animal with
commonly identified mutations, proper protein expression in
Esherichia coli, and close-to-WT RT purification yields to con-
duct multiple-nucleotide incorporation kinetic analysis in
steady-state conditions. Ultimately, 20 Vpx (+) and 20 Vpx (—)
RT variant proteins were chosen for enzymatic analysis. To
determine the steady-state substrate efficiency (Vi /K,,) for
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Figure 2. Steady-state kinetic measurement of Vpx (+) and Vpx (=) RT
variants. Substrate efficiency (Vax/Kn) for Vpx (+) (black) and Vpx (—) (blue)
RTs are represented using scatter dot plots with the gray lines signifying
mean and standard deviation values. Statistical significance from an unpaired
two-tailed student’s t test is indicated as * p = 0.0182.

each RT, we examined the RNA-dependent DNA polymeriza-
tion activity of these purified RT proteins using a 39mer RNA
template annealed to a 5'-3*P-labeled 17mer DNA primer and
varying concentrations of dNTPs (25 nM to 50 um). RTs dis-
playing substrate efficiency values lower than 0.1 X 107> s~ !
were considered dead enzymes and were omitted from final
quantifications. As summarized in Fig. 2, Vpx (—) RT's synthe-
sized DNA from an RNA template with substrate efficiencies
approximately 2-fold greater than Vpx (+) RTs, indicating that
SIVmac239 RT might have improved its steady-state kinetic
DNA synthesis efficiency during infection in the absence of
Vpx.

Steady-state single-nucleotide incorporation kinetic activity
of two Vpx (—) RT variants

Interestingly, the initial kinetic analysis enabled the identifi-
cation of two Vpx (—) RT variants with substrate efficiencies
much higher than the mean substrate efficiency of Vpx (+) RTs
(1.831 X 107> s™"): RTs 2G7 (6.781 X 10 ° s~') and 2NO
(8.135 X 10 ° s~ 1). Relative to WT SIVmac239 RT, 2G7 and
2NO variants both contain four amino acid mutations, two of
which they share (M164L and K394R); however, they differ in
the number of nucleic acid mutations present in their sequen-
ces (Table 2). Here, we conducted a more extensive kinetic
characterization of these two SIVmac239 RT variants identified
from Vpx (—) infections. First, considering that these two RT's
contain multiple mutations, we tested whether these mutations
alter their observed protein thermostability, which is indicative
of overall protein stability (35, 36). As shown in Table 3, both
RT variant proteins possess melting temperatures (7, values)
similar to that of WT SIVmac239 RT protein, indicating that
the amino acid mutations present in 2G7 and 2NO RT var-
iants cause no significant abnormalities in protein folding or
structure.

To better understand the kinetic activities of 2G7 and 2NO
RT variants during first- and second-strand synthesis, we con-
ducted steady-state single-nucleotide incorporation kinetic
analysis to observe their RNA- and DNA-dependent DNA po-
lymerization efficiency. Consistent with previous studies, we
found that the K;,, associated with dT'TP incorporation by WT

16978 J. Biol. Chem. (2020) 295(50) 16975-16986

SIVmac239 RT from a DNA template (100 nm) was two times
greater than that observed when using an RNA template (50
nMm) (Table 4) (37, 38). This was not the case for 2G7 and 2NO
RT variants, which displayed slightly reduced K,,, values when
polymerizing from a DNA template (2G7: 36 nMm, 2NO: 34 nm)
compared with those observed when using an RNA template
(2G7: 50 nMm, 2NO: 48 nm). However, RT variants 2G7 and 2NO
were found to turn over substrate faster than WT SIVmac239
RT regardless of template type, as demonstrated by signifi-
cantly larger k., values (Table 4). As expected, we found that
WT SIVmac239 RT incorporated dTTP using an RNA tem-
plate (Fig. 34, 22,000 s~ * um ™~ ') with almost twice the catalytic
efficiency (k../K,,,) than when polymerizing on a DNA tem-
plate (Fig. 3B, 11,900 s~ " um™'). Conversely, 2G7 RT catalyzed
dTTP incorporation from RNA and DNA templates with simi-
lar kinetics, whereas 2NO RT more efficiently incorporated
dTTP when utilizing a DNA template (Fig. 3). Despite sharing
similar K,,, values when polymerizing from an RNA template,
the large template-independent k., values of 2G7 and 2NO ena-
ble the Vpx (=) RTs to be more catalytically efficient than
SIVmac239 RT during DNA synthesis from both RNA and
DNA templates (Table 4 and Fig. 3).

Pre-steady-state kinetic analysis of two Vpx (—) RT variants

Previous studies have detailed the pre-steady-state kinetic
differences between SAMHDI1-counteracting and -noncoun-
teracting lentiviral RTs. Although characterized by similar
dNTP dissociation constants (K;), SAMHD1-noncounteract-
ing RTs (e.g HIV-1 RTs) have demonstrated higher rates of po-
lymerization (k1) and elevated incorporation efficiency values
(kpot/ K) relative to SAMHD1-counteracting lentiviral RTs (27,
29). Because it has been shown that SAMHD1-noncounteract-
ing lentiviral RTs can more efficiently incorporate an incoming
nucleotide, pre-steady-state single-turnover experiments were
conducted using normalized concentrations of active 2G7,
2NO, and WT SIVmac239 RT proteins to assess pre-steady-
state kinetic activity.

First, we determined the active site concentrations of these
purified SIVmac239 RT proteins by conducting pre-steady-
state burst experiments using a 5'->’P-labeled 17mer DNA
primer annealed to a 39mer DNA template that enables incor-
poration of a dATP molecule (A-T/P). We measured the 18mer
product formation resulting from the mixture of a solution
containing RT protein (100 nm RT proteins, see below) pre-
bound to A-T/P (300 nMm, excess T/P) with a solution contain-
ing 300 uM dATP and 10 mm MgCl, for various durations rang-
ing from 0.05-3 s. As shown in Fig. 4, there was an initial burst
of product formation by WT (Fig. 44), 2G7 (Fig. 4B), and 2NO
(Fig. 4C) RTs because of dATP incorporation onto the pre-
bound RT-T/P complex (pre-steady-state kinetics), which is
followed by a slower, linear phase of product formation corre-
sponding to the steady-state kinetics associated with multiple
rounds of DNA polymerization. By fitting these results to the
burst equation (Eq. 1), we observed that 12-30% the SIV-
mac239 RT variant proteins are active.

Next, using concentrations of dTTP ranging from 1.6—100
uM, 250 nM active RT, and a 5'-32p_labeled 22mer T primer
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Table 2

Amino acid mutations present in Vpx (—) clones 2G7, 2NO, and 1M6

Clone NT“ AA? Mut 1 Mut 2 Mut 3 Mut 4 Mut 5 Mut 6 Mut 7 Mut 8
2G7 10 4 V32A M164L G322D K394R - - - -

2NO 8 4 M164L P324L 1340V K394R - - - -

1M6 10 8 A158S S211N E250K K357R A368T S514N E522K E523K

“ Number of nucleic acid substitutions.
® Number of amino acid substitutions.

Table 3

Melting temperatures (T,,) of various Vpx (+) and Vpx (—) RTs com-
pared with that of WT SIVmac239 RT

Clone” T,, (°C)
SIV,,,ac239 54.65
1M6 51.24
2NO0 53.78
2G7 54.26

“Prefix of 1 or 2 indicates that the cloned RT originated from Vpx (—) animals 1 and 2,
respectively.

Table 4

Steady-state dTTP incorporation by WT SIVmac239 RT and Vpx (—)
RTs 2G7 and 2NO from RNA and DNA templates

Clone RNA template DNA template
K., (nm)
WT 50 =+ 30 100 * 10
2G7 50 = 20 365
2N0 48+ 6 34+ 7
Keat (s~ 1)
WT 9.0Xx 10 *+0.6x10 * 11.7X10*+16x10°*
2G7 164X 10 *+14x10* 151X 10 *+0.6x10*
2N0 24X 10 *+1.0x10* 322X10°*+19x107*
kcat/1<m (silMil)
WT 22,000 *+ 9000 11,900 * 200
2G7 41,000 *+ 17,000 43,000 + 7000
2N0 50,000 * 5000 98,000 * 18,000

annealed to the same 39mer DNA template used for the active
site determination (T-T/P), we determined the rate of pre-
steady-state single-nucleotide incorporation at each dNTP
concentration (Eq. 2). The resulting rates were then plotted as a
function of substrate concentration and fit to a nonlinear
regression curve equation (Eq. 3) to obtain ko and K; values.
As summarized in Table 5 and Fig. 54, 2G7 displays faster rates
of nucleotide incorporation (35.3 s~ ') compared with 2NO
(21 s7') and WT SIVmac239 RT (20.3 s '). Whereas previous
studies have shown that SAMHD1-counteracting and -non-
counteracting lentiviral RT's are characterized by similar K; val-
ues (27, 29), both Vpx (—) RTs displayed lower K, values (2G7:
16 pm, 2NO: 17 pum) compared with WT SIVmac239 RT (33
M) (Table 5 and Fig. 5B). Overall, incorporation efficiency for
2G7 (2.3 um Yy and 2NO (1.3 s~ um 1) is 2—-3-fold greater
than that of WT RT (0.61 s_' um™ ') (Table 5 and Fig. 5C).
Because the increased pre-steady-state kinetic activity of 2G7
and 2NO could be due to their shared amino acid mutations,
Vpx (=) RT mutant 1M6 was also kinetically assessed. Like
2@G7 and 2NO, T,,, measurements revealed that 1M6 is not sig-
nificantly less stable than WT SIVmac239 RT, suggesting that
it is not structurally impaired (Table 2). 1M6 contains 10
nucleic acid mutations and eight amino acid mutations, none
of which are shared by 2G7 or 2NO (Table 3). Vpx (—) RT 1M6
displayed faster k) (31.5 s ') and lower K, (22 uM) values than
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WT SIVmac239 RT, resulting in a significantly larger incorpo-
ration efficiency (1.4 s ' um ') (Table 5 and Fig. 5). This result
suggests that Vpx (—) RTs can achieve increased enzyme
kinetics through numerous differential amino acid mutations.

Discussion

It was previously demonstrated that the limited intracellular
dNTP pools found in nondividing myeloid cells restrict lentivi-
ral reverse transcription and that this limited ANTP availability
is a biochemical restriction factor against HIV-1 RT in nondi-
viding myeloid target cells (8). Later studies revealed that host
dNTPase SAMHDIL is responsible for the low dNTP pools
found in these nondividing target cells (16, 39, 40) and that, for
SAMHD1-noncounteracting lentiviruses (beyond and includ-
ing HIV-1), the SAMHD1-mediated low dNTP pools in macro-
phages serve as a kinetic hurdle that delays complete reverse
transcription and slows proviral DNA synthesis kinetics during
viral replication. Indeed, SAMHD1 is a strong myeloid-specific
HIV-1 restriction factor that can suppress three distinct intra-
cellular INTP-dependent steps during a single HIV-1 lifecycle:
1) reverse transcription, 2) DNA gap filling, and 3) endogenous
reverse transcription (41). Conversely, SAMHD1-counteract-
ing lentiviruses, like STVmac239, employ viral Vpx proteins to
target host dNTPase SAMHDI1 for proteasomal degradation,
resulting in increased cellular ANTPs and the alleviation of ki-
netic restriction.

Studies have shown that RTs from lentiviruses without the
ability to counteract SAMHD1 have evolved over time to exe-
cute a faster enzyme conformational change during dNTP
incorporation. This enables SAMHD1-noncounteracting lenti-
viruses to circumvent SAMHDI restriction and complete
reverse transcription even in the low dNTP concentrations
found in nondividing myeloid cells. Because kinetic similarities
are seen among RTs originating from various lentiviral phy-
logroups depending on their ability or inability to counteract
SAMHD]I, the evolution of SAMHD1-noncounteracting lenti-
viral RT's is presumed to have occurred over many years and by
viral passage through many hosts (42, 43). In this study, we rea-
soned that SIVmac239 RT, an enzyme known to synthesize
DNA with low efficiency within the limited ANTP pools of the
macrophage (27, 28), can improve its enzyme kinetics to resem-
ble enzymatically efficient HIV-1 RT when SIVmac239 virus
replicates within animals in the absence of Vpx (like HIV-1), an
in vivo environment likely to create a strong antiviral selective
pressure in myeloid cells because of the presence of host
SAMHDI1.

SIVmac239 RT proteins assayed in this study originated
from single infected animal sources with survival durations of
27-29 weeks and 3 years postinfection for Vpx (+) and Vpx
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Figure 3. Steady-state kinetic activity of Vpx (—) 2G7 and 2NO RT variants compared with that of WT SIVmac239 RT. Steady-state kinetic parameters
were determined for WT SIVmac239 RT and Vpx (—) RTs 2G7 and 2NO with dTTP using RNA (A-C) and DNA (D-F) templates (Table 3) as described under “Exper-
imental procedures.” The assays were conducted in triplicate before K, (A and D), k., (B and E), and catalytic efficiency (k../K,,) (C and F) values of Vpx (—) RTs
were compared to those of WT RT. Statistical significance from unpaired two-tailed student’s t tests is indicated as ns, not significant (p < 0.1234); * p <

0.0332; ** p < 0.0021; *** p < 0.002; and **** p < 0.0001.

(—) infections, respectively. We found that RTs originating
from Vpx (—) infections, on average, contained more amino
acid mutations and displayed faster steady-state and pre-
steady-state kinetics than WT SIVmac239 RT and RTs cloned
from Vpx (+) infections. However, because Vpx (—) animals
lived roughly six times longer than the Vpx (+) animals used in
this study, we cannot exclude the possibility that the mutations
we observed in Vpx (—) RTs are the result of randomly accu-
mulated viral mutagenesis rather than mutations that have
been selected for because of the evolutionary pressure exerted
by the absence of Vpx (44—46). It is also possible that some of
the commonly observed mutations are escape products result-
ing from certain types of immune selections. Lastly, because
vpx is the result of a gene duplication event of vpr, both proteins
have been found to have the potential to counteract SAMHD1,
depending on the species origins of the viral Vpx/Vpr and host
SAMHD1 proteins. Although SIVmac239 Vpr does not possess
SAMHDI1 counteraction activity, it is possible that Vpx (—)
viruses evolved a Vpr protein that can induce the degradation
of host dNTPase SAMHDI1. Vpx protein was cloned and
sequenced from Vpx (—)-infected samples in a manner identi-
cal to the RTs in this study, revealing truncated vpx genes that
presumably resulted in no protein product (data not shown).
However, neither the anti-SAMHDI1 activity of Vpr nor the
SAMHDI protein expression in Vpx (—)-infected cells was
verified in this study. Therefore, we cannot negate the possibil-
ity that Vpx (—) viruses evolved SAMHD1-counteraction abil-
ity through the evolution of Vpr.

As shown in our data, the selected STVmac239 RT variants
from Vpx (—) infections improved their steady-state DNA syn-
thesis abilities by having lower K,,, values and higher dANTP
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binding affinity (K,;) compared with WT SIVmac239 RT.
Whereas both 2G7 and 1M6 displayed faster ko values, 2NO
exhibited no significant difference from WT SIVmac239 RT.
These kinetic changes are different from the uniformity we
observed between SAMHDI1-noncounteracting HIV-1 RTs and
SAMHD1-counteracting SIV RTs: HIV-1 RT is characterized
by lower steady-state K,,, values, similar K; values, and faster
pre-steady-state kp, values when compared with SIV RT (27,
28). To improve their enzyme kinetic efficiency, it appears that
the two SIVmac239 RT variants (2G7 and 2NO), originating
from a single Vpx (—) infection, employ differential mechanis-
tic pathways from what has been previously observed for HIV-
1 RTs. Multiple-nucleotide incorporation experiments revealed
that Vpx (—) RTs, on average, display substrate efficiency
values 2-fold greater than those observed for Vpx (+) RTs.
Although a 2-fold difference seems minute, a 2-fold kinetic
increase in vivo translates into a 6-h replication period rather
than 12-h, thus drastically decreasing the time required for viral
replication. Conversely, a 2-fold decrease in kinetics would
result in replication taking 24 h rather than 12 h, exposing the
viral material to cellular defenses for longer durations of time
and potentially negatively affecting viral replication.

With no solved structure for the SIV RT heterodimer, a
structure of heterodimeric HIV-1 RT bound to nucleic acid
(PBD ID: 1RTD) was used to highlight the location of the equiv-
alent residues mutated in Vpx (—) RT clones 2G7 (top panels),
2NO (middle panels), and 1M6 (bottom panels) (Fig. 6). This
structure of HIV-1 RT shows a large portion of the p66 subunit
participating in T/P binding. Interestingly, all three clones con-
tain mutations of residues near the T/P binding cleft, providing
the possibility that these mutations may affect not only the
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Figure 4. Active site determination for WT SIVmac239 RT and Vpx (—)
2G7 and 2NO RT variants. Pre-steady-state burst kinetics of (A) WT, (B) 2G7,
and (C) 2N0 SIVmac239 RTs detailing the incorporation of a single dATP mol-
ecule onto A-T/P in excess T/P conditions (“Experimental procedures,” 3 T/P:
1 active RT) was used to determine the active site concentration of these pro-
teins. The solid line represents the fit of the data to a burst equation (Eq. 1).
Burst experiments were conducted in triplicate for each enzyme. These RT
proteins display 15-30% active enzyme.

formation of the binary complex but also polymerase T/P bind-
ing and processivity during steady-state polymerization.
Whereas many mutations are surface exposed (i.e. 3 of 4 resi-
dues in 2G7, 2 of 4 in 2NO, and 4 of 8 in 1M6), residue Met-164
lies just outside of the active site and is not only substituted in
both 2G7 and 2NO RT's but has also been adopted by 38 of the
40 RT variants cloned from one Vpx (—)-infected animal (Ta-
ble 1). Additionally, 1M6 contains substitutions of three resi-
dues near the heterodimeric interface: Ala-158, Lys-357, and
Ala-368. Nevertheless, because Vpx (—) RT variants contain
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Figure 5. Pre-steady-state kinetic activity of Vpx (—) 2G7, 2NO RT, and
1M6 RT variants compared with that of WT SIVmac239 RT. Pre-steady-
state kinetic values were determined for WT SIVmac239 RT and Vpx (—) RTs
2G7, 2NO, and 1M6 with dTTP using a DNA template (Table 4) as described
under “Experimental procedures.” The assays were conducted in triplicate
before kyq (A), K4 (B), and incorporation efficiency (k,o/Kq) (C) values of Vpx
(—) RTs were compared with those of WT RT. Statistical significance from
unpaired two-tailed student’s t tests is indicated as: ns, not significant (p <
0.1234); * p < 0.0332; ** p < 0.0021; *** p < 0.002; and **** p < 0.0001.

substitutions at residues that are not close to any known resi-
dues involved in ANTP binding or catalysis in HIV-1 RT, it is
difficult to explain the mechanistic and structural impact made
by the various combinations of the observed mutations. Possi-
bly, some, or all, of the mutations found in the three Vpx (—)
RTs indirectly coordinate local structural changes to improve
dNTP binding affinity or enhance the rate of enzyme confor-
mational change in these polymerases. Interestingly, studies
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Table 5

Pre-steady-state dTTP incorporation by WT SIVmac239 RT and Vpx
(=) RT variants 2G7, 2NO, and 1M6 from DNA template

RT Ky (um) Kpor (s Kyt Ky (s v )
WT 33+2 203+ 1.1 0.61 = 0.01

2G7 16 =5 353+ 04 23*0.6

2NO 173 21 =3 1.3 0.4

1M6 22 4 315+ 1.8 14+03

have shown that HIV-1 RT specificity is determined by two fac-
tors: the rate of nucleotide substrate binding (including the
subsequent isomerization of the substrate within the closed
enzyme complex) and the rate of the enzyme conformational
change (47, 48). These studies revealed that whereas kg, is
determined by the rate of chemistry, k.../K,, is a function of
both K, for nucleotide binding to the open state and the rate of
conformational change. With this new understanding of the
interplay between polymerase efficiency and fidelity, future
experiments could also include comparison of mismatch incor-
poration and extension events between WT and Vpx (—) RT
variants.

Finally, these biochemical findings can be further verified
through virological investigations that compare the viral infec-
tivity of infectious SIVmac239AVpx mutant virus harboring
the two Vpx (—) RT variants to that of SIVmac239AVpx encod-
ing for WT RT. These experiments seek to characterize the dif-
ferential impact of these mutated RTs during single-round
infection in activated CD4" T cells and macrophages. Further
studies could also identify the specific RT amino acid mutations
contributing to the altered enzyme kinetics in Vpx (—) RTs
and explore the associated mechanisms. Collectively, these
sequencing and kinetic studies support the idea that the ab-
sence of Vpx in SIVmac239 infections results in RT enzymes
with more numerous amino acid mutations and enhanced
kinetics that enable more efficient polymerization from RNA
and DNA templates.

Experimental procedures
Animal samples

Serum samples originating from two Rhesus macaques
infected with Vpx-deleted STVmac239 (animals 1 and 2) were
obtained from the Westmoreland et al. study (30), and PBMCs
from two Rhesus macaques infected with WT SIVmac239 (ani-
mals 3 and 4) were provided by Dr. Guido Silvestri. Vpx-deleted
SIVmac239 samples were collected 3 years postinfection,
whereas WT SIVmac239 samples for animals 3 and 4 were
collected 27 and 29 weeks postinfection, respectively.

Cloning and sequencing Vpx+ and Vpx— RTs

RNA was extracted from infected samples using the RNeasy
Mini Kit (Qiagen). SIVmac239 RT sequences were amplified
by RT-PCR using SuperScript III One-Step RT-PCR System
with Platinum Taq DNA Polymerase (Invitrogen) with
5NdelF (5'-AAAAAAACATATGCCCATAGCTAAAGTA-
GAGCC-3’; resulting amplicon has 5 Ndel site) and
3XhoIR (5'-AAAAAACTCGAGTTATTGACTAACTAG-
3’; resulting amplicon has 3’ Xhol site) for 40 cycles with
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primer annealing at 45°C for 30 s and primer extension
at 68°C for 3 min. PCR fragments were isolated using the
QIAquick PCR Purification Kit (Qiagen) and subsequently
cloned directly into the pCR4-TOPO vector (TOPO-RT)
using the TOPO TA Cloning Kit (Invitrogen). TOPO-RT
vectors were sequenced using M13 Forward (—20) and M13
Reverse primers. Viral RT nucleotide and amino acid
sequences were analyzed and compared with parental viral
clone SIVmac239 RT (30-32). Ultimately, 40 complete RT
clones were identified from each infected sample, and alter-
ations in nucleotide and amino acid sequences were noted.
The first number within the name of the cloned RT signifies
the originating animal: animals 1 and 2 are Vpx (—)-infected
animals, whereas animals 3 and 4 were infected by WT or
Vpx (+) SIVmac239 virus. The subsequent letter and num-
ber following the animal distinction are in reference to
sequencing records.

RT protein expression and purification

N-terminal His-tagged RT proteins were expressed from
cloned pET28a-RT expression plasmids in E. coli BL21 Rosetta
2 DE3 (Millipore), and the p66/p66 homodimers were purified
as described previously (49) with the following changes. For
large-scale purifications, clear lysate obtained through sonica-
tion of 1-liter cultures was applied to charged HiseBind resin
(Millipore) equilibrated with a binding buffer containing 40
mM Tris-HCI, pH 7.5, 250 mm KCI, 5 mm MgCl,, 20 mM imid-
azole, and 10% glycerol. The column was washed with 15 col-
umn volumes of binding buffer prior to being eluted in 1-ml
fractions by a solution containing 40 mm Tris-HCI, pH 7.5, 250
mwm KCl, 5 mm MgCl,, 240 mm imidazole, and 10% glycerol.
Fractions containing the His-tagged p66/p66 were pooled and
dialyzed for 16 h in a storage buffer containing 50 mm Tris-
HC], pH 7.5, 150 mm KCl, 0.25 mm EDTA, 1 mMm 3-mercapto-
ethanol, and 20% glycerol. To examine the purity of the pro-
teins, the dialyzed RTs were run on a 4-15% SDS-PAGE gel
(Bio-Rad). All RTs were determined to have at least 95% purity
and were flash-frozen in liquid nitrogen prior to being stored at
—80°C for future use. Small-scale protein preparations used in
the steady-state multiple-nucleotide incorporation kinetic
screen were obtained from 250-ml cultures using His SpinTrap
(GE Healthcare) columns and the same buffers utilized in
large-scale purifications.

Steady-state multiple-nucleotide incorporation assay

The previously described primer extension assay (8, 27) was
slightly modified for this study. Briefly, a **P-labeled template/
primer (T/P) was prepared by annealing a 5'-**P 17mer DNA
primer (17D: 5'-CGCGCCGAATTCCCGCT-3’, Integrated
DNA Technologies) to a 3-fold excess of 39mer RNA (39R:
5'-AGCUUGGCUGCAGAAUAUUGCUAGCGGGAAUUCG-
GCGCG-3', Integrated DNA Technologies). Assay mixtures
(20 ul) contained 10 nm T/P, RT, and varying ANTP concentra-
tions (50, 25, 10, 5, 1, 0.5, 0.25, 0.1, 0.05, and 0.025 um). RT activ-
ity was normalized for 50% extension at the highest ANTP con-
centration (50 um), and with all ANTPs supplied, this reaction
allows multiple rounds of primer extension. Reaction mixtures
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1M6

Figure 6. Location of mutated residues in 2G7, 2NO, and 1M6 Vpx (—) RT variants. The crystal structure of heterodimeric HIV-1 RT bound to nucleic acid
(PBD ID: 1RTD) was used to map the location of the equivalent mutated residues (blue spheres) in 2G7 (first row), 2NO (second row), and 1M6 (third row) SIV-
mac239 Vpx (—) RT variants. Front and back views of the polymerase are displayed in the first and second column, respectively. The p66 fingers (pink), palm
(orange), thumb (green), connection (yellow), and RNaseH (cyan) subdomains and p51 (gray) subunits are colored accordingly.

were incubated at 37 °C for 5 min, quenched with 40 mm EDTA
in 99% formamide, and placed at 95 °C for 2 min to further inac-
tivate RT. Reaction products were separated on a 14% polyacryl-
amide/8-M urea gel, visualized using a PharosFX (Bio-Rad) phos-
phoimager, and quantified with Image Laboratory Software
(Bio-Rad). Data were fit to a nonlinear regression curve to obtain
Michealis-Menten kinetic parameters describing the maximal
reaction velocity (Vi,.x) and the amount of substrate required to
reach half-V, ., (K,,,).

Steady-state single-nucleotide incorporation assay

Single-nucleotide incorporation experiments were con-
ducted using a 5'-*’P-labeled 22mer DNA primer (5'-
CGCGCCGAATTCCCGCTAGCAA-3', Integrated DNA Tech-
nologies) annealed to a 39mer RNA (39R) or DNA (39D:
5'-AGCTTGGCTGCAGAATATTGCTAGCGGGAATTCG-
GCGCG-3’, Integrated DNA Technologies) template using
the same methods described above with the following
changes. Instead of adding all four dNTPs to the reaction
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mixture, the incoming nucleotide (dTTP) was supplied in
various concentrations ranging from 25 nm to 50 uM. Reac-
tions were conducted and quantified as previously described.
Per Michaelis-Menten kinetics, V,,,x values were converted
to catalytic turnover (k.,) values using total enzyme concen-
trations. Steady-state experiments were conducted in tripli-
cate for each RT.

Pre-steady-state single-turnover experiments

The pre-steady-state kinetic parameters k,,; and K; were
determined as previously described (27, 29, 50). Briefly, the
active site concentrations of WT SIVmac239 RT and Vpx (—)
RT clones 2G7, 2NO, and 1M6 were determined using pre-
steady-state burst experiments conducted with an RFQ-3 rapid
quench-flow apparatus (KinTek Corporation) and a 17mer **P-
labeled DNA primer (17D) annealed to a 39mer DNA template
(39D) supplied in 3-fold excess to RT. The reactions were
quenched with EDTA at the following time points: 0, 0.005,
0.01, 0.05, 0.1, 0.5, 1, 2, and 3 s. Active site concentrations were
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determined by fitting product formation to the burst equation
(Eq. 1):

[Product] = A[1—exp(—kops X t)] + (ks X t) (Equation 1)

in which A is the amplitude of the burst and reflects the con-
centration of enzyme that is in an active form, ks represents
the observed first-order burst rate for ANTP incorporation,
and kg is the linear steady-state rate constant (27, 51, 52).
Active site titrations were performed in triplicate for each RT.

RT active site concentrations were used to ensure that subse-
quent single-turnover experiments contained 250 nm active RT
enzyme, a 5-fold excess to the 50 nm T/P (a 5'-**P-labeled
22mer DNA primer annealed to a 39mer DNA template that
enables incorporation of a dTTP molecule, i.e. T-T/P) present
in the reactions. In single-turnover experiments, excess RT pre-
bound to T-T/P was rapidly mixed with a solution containing
10 mm MgCl, and varying concentrations of dTTP (1.6—100
uM). The reactions were quenched with EDTA at various time
points ranging from 0.01 to 2 s and visualized using the same
methods as above. The data were then fit to a single exponential
equation (Eq. 2) to obtain the observed pre-steady-state rate for
dNTP incorporation (kops) at every dTTP substrate concentra-
tion tested.

[Product] = A(1 — e~ *ont) (Equation 2)

In this equation, A is the amplitude of product formation,
kops is the observed pre-steady-state rate for ANTP incorpora-
tion, and £ is time.

Next, ks was plotted as a function of substrate concentra-
tion and fit to a nonlinear regression curve (Eq. 3) to obtain ki-
netic parameters k,,,; and K, for each characterized RT.

Kypot[ANTP]

Kpoll@NTTT Equation 3
K, + [dNTP] (Equation 3)

Kobs =
in which ko is the maximum rate of ANTP incorporation and
K, is the equilibrium dissociation constant for the ANTP sub-
strate (53). Pre-steady-state single-turnover experiments were
conducted in triplicate for each RT.

Thermostability shift assay

Protein mixtures (40 ul) containing 2.5 uMm purified RT pro-
tein and 5 mm MgCl, in RT storage buffer (50 mm Tris-HCI,
pH 7.5,150 mm KCI, 0.25 mm EDTA, 1 mm 3-mercaptoethanol,
and 20% glycerol) were added to a 96-well plate (Lightcycler
480 Multiwell Plate 96 white, Roche) in triplicate for each RT.
Wells containing either no enzyme or no dye were performed
in triplicate as negative controls. Sypro Orange Protein Gel
Stain (Sigma-Aldrich) was diluted 1:20 in RT storage buffer and
1 ul of the dilution was added to the protein mixture in each
well. Reactions mixtures were heated from 32 to 99°C at the
rate of 0.02°C/s by a real-time PCR device (LightCycler 480 II,
Roche) that monitored protein unfolding signified by changes
in fluorescence of the Sypro Orange fluorophore. The resulting
fluorescence intensities were plotted against temperature for
each sample well and fit to the Boltzmann equation using
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Spyder Software (Anaconda). The midpoint of each transition
(T,,), or melting temperature of the enzyme, was calculated for
each well, and the average T, of each RT was calculated by
averaging the results of the triplicate wells.
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