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Only a small portion of human immunodeficiency virus type 1
(HIV-1) particles entering the host cell results in productive
infection, emphasizing the importance of identifying the func-
tional virus population. Because integration of viral DNA (vDNA)
is required for productive infection, efficient vDNA detection is
crucial. Here, we use click chemistry to label viruses with integrase
coupled to eGFP (HIVy_.grp) and visualize vDNA. Because click
labeling with 5-ethynyl-2’-deoxyuridine is hampered by intense
background staining of the host nucleus, we opted for developing
HIV-1 reverse transcriptase (RT)-specific 2’-deoxynucleoside ana-
logs that contain a clickable triple bond. We synthesized seven
propargylated 2'-deoxynucleosides and tested them for lack of
cytotoxicity and viral replication inhibition, RT-specific primer
extension and incorporation kinetics iz vitro, and the capacity to
stain HIV-1 DNA. The triphosphate of analog A5 was specifically
incorporated by HIV-1 RT, but no vDNA staining was detected
during infection. Analog A3 was incorporated in vitro by HIV-1 RT
and human DNA polymerase yand did enable specific HIV-1 DNA
labeling. Additionally, A3 supported mitochondria-specific DNA
labeling, in line with the in vitro findings. After obtaining proof-of-
principle of RT-specific DNA labeling reported here, further
chemical refinement is necessary to develop even more efficient
HIV-1 DNA labels without background staining of the nucleus or
mitochondria.

After fusion of human immunodeficiency virus type 1 (HIV-
1)® particles with the host cell, the viral capsid cone is released
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into the cytoplasm and starts its journey toward the nucleus.
During this passage, the viral RNA is reverse transcribed into
double-stranded viral DNA (vDNA), which forms together
with cellular and viral proteins the preintegration complex.
Before entering the nucleus through the nuclear pore complex
(1), the preintegration complex must, at least partially, uncoat
because the cone exceeds the size of the nuclear pore complex
channel (2, 3). The subsequent replication steps are closely
intertwined confounding their study. In addition, reverse tran-
scriptase (RT) inaccuracy results in a diverse pool of viruses
with varying infectivity. Because the large majority of this
HIV-1 pool presumably represents noninfectious particles (4),
ensemble analysis will mask the truly infectious population.
Hence, studies at a single virus level are required to mark and
subsequently characterize the smaller infectious population.
Methods to track HIV-1 particles and label vDNA have been
reported before. Single HIV-1 particles can be imaged through
(i) the incorporation of the gfp gene into the gag gene of the
HIV-1 genome (5, 6), (ii) Vpr transincorporation of GFP (7, 8)
or integrase (IN) coupled to eGFP (HIV y_.qpp) (9, 10), or (iii)
the incorporation of a fluorescently labeled host cell factor like
tetrameric cyclophilin A tagged with DsRed (CypA-DsRed) (11,
12) or APOBEC3F (A3F) tagged with YFP (13). All these meth-
ods are used to study distinct steps in the early replication cycle,
such as uncoating, nuclear import, and the influence of differ-
ent cellular cofactors. Nevertheless, with these techniques, rep-
lication-deficient viruses cannot be discriminated from the rep-
lication competent ones. Hence, because the integrated vDNA,
determines productive infection in the end, additional detec-
tion of HIV-1 DNA, on top of viral protein labeling, is neces-
sary. Various methods of VDNA labeling have been used to
study the nuclear location of the provirus. These techniques
include single-cell imaging of HIV-1 provirus which is based on
the immunolabeling of double-stranded breaks in a reporter
construct induced by an exogenous endonuclease (14) and the
more classical fluorescence in situ hybridization (15). Recently,
using a more sensitive fluorescence in situ hybridization,
namely branched DNA labeling, vDNA was detected in the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; IN, inte-
grase; AX, propargyl-containing 2'-deoxynucleoside; MP, monophos-
phate; FBS, fetal bovine serum; DAPI, 4’,6’-diamino-2-phenylindole; fLuc,
firefly luciferase.

J. Biol. Chem. (2019) 294(31) 11863-11875 11863

© 2019 De Wit et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

6T0¢ ‘€T SNBNy U0 Akeiq1T AISIBAIUN UBATST N T /B.10°00 'Mmm//:dny Wwoly pepeojumod


https://orcid.org/0000-0001-7354-8964
https://orcid.org/0000-0003-3528-8588
https://orcid.org/0000-0002-3982-1565
http://www.jbc.org/cgi/content/full/RA118.007185/DC1
http://www.jbc.org/cgi/content/full/RA118.007185/DC1
mailto:arthur.vanaerschot@kuleuven.be
mailto:zeger.debyser@kuleuven.be
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.007185&domain=pdf&date_stamp=2019-6-14
http://www.jbc.org/

HIV-1 DNA visualization by click chemistry
\ N
HO' s

A1 A2

N N HN/
0 Q«"/ O
/\(_7’ _/ O/\Q’ _/

HO

A5 A6

o N/ \ o N/ \
Ho/;Q/ :§‘H2 Ho/;g :<\‘H2
A3 A4
N v
0 7
ﬁ S
A7 - EdU

Figure 1. Structures of the modified 2'-deoxynucleosides used in this study. Structures of the propargyl-containing purine 2’-deoxynucleosides (A1 to A7)

together with EdU (27) are shown.

cytoplasm and the nucleus (16). This method can also be used
to detect viral RNA from incoming particles in the cytoplasm
and viral mRNA transcripts (17). Although branched DNA
imaging is very sensitive and can be combined with immunola-
beling, the reaction conditions abolish eGFP fluorescence used
to track viral proteins.

Another elegant DNA-labeling approach is based on the
incorporation of 2'-deoxynucleosides containing a triple bond,
such as 5-ethynyl-2'-deoxyuridine (EdU) (18, 19). Subse-
quently, the incorporated nucleosides are visualized through an
azide-alkyne cycloaddition with an azide-labeled fluorescent
dye (20). In the context of virus labeling, this method was first
used to study DNA viruses, like adenovirus, herpesvirus, and
vaccinia virus, that can be labeled during production (21). Click
labeling with EdU has also been used to monitor HIV-1 reverse
transcription during the infection of HeLa cells with HIV .grp
particles (22). In the cytoplasm, EdU-positive IN-eGFP parti-
cles were detected, but detection of these spots in the nucleus
was hampered by EdU incorporation by the nuclear poly-
merases. Although Peng et al (22) used the DNA poly-
merase inhibitor aphidicolin to reduce nuclear incorporation,
vDNA detection in the nucleus remained impossible, and mito-
chondrial DNA labeling increased. Hence, HIV-1 DNA labeling
with EdU is more appropriate for nondividing cells with less
DNA synthesis like monocyte-derived macrophages (23).

To track HIV-1 DNA synthesis in dividing cells, we attempted
to develop virus-specific 2’'-deoxynucleosides with a clickable
triple bond that are selectively incorporated by HIV-1 RT and
not by the cellular DNA polymerases. Although this idea is
innovative for virus labeling purposes, the concept of selective
RT recognition was used before to develop nucleoside RT
inhibitors (NRTIs) (24) and mutagenic nucleosides, which
abolish viral replication over multiple rounds (25, 26). To this
end, we opted for a series of newly synthesized propargylated
2'-deoxynucleosides (Fig. 1) (27) to achieve selective incorpo-
ration into HIV-1 DNA without blocking further DNA synthe-
sis. The ultimate goal of this project is the visualization of single
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replicating HIV-1 particles based on the combined detection of
IN-eGFP and vDNA in the cytoplasm and the nucleus.

Results

Propargylated 2'-deoxynucleosides are less cytotoxic than
EdU and do not inhibit HIV-1 replication

Seven propargylated 2'-deoxynucleosides were synthesized
as described by Venkatesham et al. (27) to obtain specific imag-
ing of HIV-1 DNA based on click chemistry. The propargylated
analogs were first evaluated for their cytotoxicity and potential
antiviral effect in MT4 cells using the MTT method (28). The
analogs displayed no remarkable cell toxicity, whereas the 50%
cytotoxic concentration (CCy,) value of EQU was lower than the
concentration required for efficient labeling (10 um) (Table 1)
(29-31). In the subsequent experiments, the seven analogs
were used at a concentration less than or equal to their CCg,
(Table 1). None of the analogs showed an antiviral effect at
concentrations below the cytotoxic concentration.

Propargyl 2'-deoxynucleosides do not inhibit HIV-1 infectivity

To further characterize the impact of the different propargy-
lated 2’-deoxynucleosides on HIV-1 replication, infectivity was
examined with a firefly luciferase reporter (HIV-fLuc) and
compared with a DMSO control. Overall, the different propar-
gyl-containing analogs did not affect HIV-1 infectivity, except
for EAU, which showed a 3-fold inhibition (Fig. 24). Of interest,
two of the analogs, A3 and A6, exhibited a 3-fold rise in lucif-
erase activity, reflecting an increased viral infectivity. The addi-
tion of the natural 2’'-deoxyadenosine in a range of concentra-
tions (0.5-1000 wm) did not affect infectivity to the same extent
as analogs A3 and A6 (Fig. 2B). Additionally, these two propar-
gylated analogs were also evaluated in a nuclear import assay
in which the subcellular localization of fluorescently labeled
virus particles (HIV y_.grp) is assessed after nuclear lamina
staining. The ratio of nuclear IN-eGFP complexes over the total
number of complexes was calculated as a measure of nuclear
import. No significant differences were detected compared
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Table 1

Toxicity and antiviral effect of propargylated 2'-deoxynucleosides in
MT4 cells

MT4 cells were incubated with the different 2’-deoxynucleosides in the absence and
presence of HIV-1;,.. The CC,, and the EC,, of the propargylated analogs and EdU
were determined after 5 days with the MTT method. At least two independent
experiments were used to calculate the values. If possible, averages and standard
deviations were determined. The concentrations used in all cellular experiments are
indicated in the right column.

Analog
Analog CCy, EC,, concentration
M UM M
EdU 22+1.3 >22 10
Al >200 >200 220
A2 >600 >600 620
A3 >600 >600 670
A4 >50 >50 50
A5 >600 >600 660
A6 >1000 >1000 1000
A7 >600 >600 610

with the DMSO control, although a trend toward more nuclear
IN-eGFP complexes in the presence of analogs A3 and A6 was
observed (Fig. 2C). In conclusion, none of the propargylated
2'-deoxynucleosides did inhibit HIV-1 replication, and addi-
tion of two analogs, A3 and A6, resulted in an increased
infectivity.

Specific incorporation of propargylated 2'-deoxynucleotides

We next analyzed the analog specificity for different poly-
merases in a primer extension assay, for which we synthesized
the respective triphosphates for each analog (AX-TP) (Fig. S1).
The incorporation of the propargylated 2’'-deoxynucleoside
triphosphates by RT, human DNA polymerase «, and human
mitochondrial DNA polymerase y was compared, each tested
under optimal reaction conditions. A Cy3-fluorescently labeled
15-mer primer was extended using a 47-mer DNA or RNA tem-
plate in reaction mixtures where each time one of the natural
dNTPs was substituted by a propargylated 2'-deoxynucleotide
analog. Because all propargylated analogs are purine-based, no
extended bands were observed in the absence of dCTP and
dTTP for any polymerase. In contrast, EQU-TP was incorpo-
rated by all polymerases instead of dTTP (Fig. 3 and Table S1).
For RT, even in conditions lacking dATP a low intensity full-
length extension band was detected, reflecting the inaccuracy
of the RT. This was observed with both RNA and DNA tem-
plates; nevertheless differences in the incorporation efficiency
were detected (Fig. 3, A and B). Using an RNA template, mim-
icking the first step of reverse transcription (minus-strand
DNA synthesis), HIV-1 RT was able to incorporate all ana-
logs except for A1-TP, A2-TP, and A7-TP, achieving a fully
extended primer in the absence of dATP (Fig. 34). The intensity
of the full-length bands was equal to that in the condition con-
taining the natural dATP for A4-TP and A6-TP and half this
intensity for A3-TP and A5-TP (Table 2). A3-TP could also
replace dGTP during reverse transcription of the RNA tem-
plate, yielding ~50% of the full-length primer. Using a DNA
template, revealing plus-strand DNA synthesis, HIV-1 RT
incorporated A4-TP and A6-TP, reaching ~80% of the full-
length extension product compared with in the control condi-
tion (Table 2 and Fig. 3B). In addition, A3-TP could also be
incorporated in the absence of dATP and dGTP but to a
smaller extent than the natural triphosphate. On the other
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hand, human DNA polymerase a exhibited a full-length exten-
sion band half as intense as that of natural dATP, when using
A4-TP (Table 2), whereas incorporation of A1-TP and A6-TP
resulted in some intermediate extension products (Fig. 3C).
Finally, human mitochondrial DNA polymerase vy incorporated
all analogs, except for A5-TP and A7-TP, to the same extent as
the natural dATP (Table 2 and Fig. 3D). None of the analogs
could replace dGTP with either human DNA polymerases. In
conclusion, to label the HIV-1 DNA specifically, the propargy-
lated 2'-deoxynucleotide analog ought to be incorporated only
by RT and not by the human DNA polymerases. Analog A5-TP
is the only analog that fulfils this requirement. Various other
analogs, e.g. A3-TP, A4-TP, and A6-TP, can also be used by RT
but at the same time are recognized by human DNA polymer-
ase a and/or mitochondrial DNA polymerase 7.

Incorporation kinetics of propargylated 2'-deoxynucelotides

To further study the incorporation of the different propargy-
lated 2'-deoxynucleotides by HIV-1 RT, steady-state kinetic
parameters were determined and compared with those of the
natural dATP. The incorporation of a single nucleotide was
examined in the presence of each propargylated 2'-deoxynucle-
otide analog that showed full-length extension in the primer
extension assay. A negative control (A2-TP) and a positive con-
trol (the natural dATP) were included, and both DNA and RNA
templates were used. With the DNA template, incorporation of
analogs A3-TP, A4-TP, and A6-TP was assessed (Fig. 44). The
gels were quantified, and the reaction velocities were calculated
and plotted in function of the nucleotide concentration (Fig.
S2A). These data were fitted with a Michaelis—Menten equa-
tion using GraphPad Prism, and different parameters were cal-
culated: the K, k_,,, the catalytic efficiency (k_,/K,,), and the
relative efficiency ((k../K,,.)analon! Keat/K,)aarp) (Table 3). A
similar analysis was done with the RNA template, and analogs
A1-TP, A3-TP, A4-TP, A5-TP, and A6-TP (Fig. 4B, Fig. S2B,
and Table 3). Overall, no large differences were observed when
using the DNA template, although a lower K, was found for
dATP incorporation compared with the analogs. A4-TP was
incorporated 2-fold, A6-TP was incorporated 4-fold, and A3-TP
was incorporated 5-fold less efficiently than dATP. When using
the RNA template, again a lower K, was found for dATP incor-
poration compared with the analogs (Table 3). A1-TP was
incorporated 33-fold less efficiently than dATP, resulting in a
low k., a high K, and a low relative efficiency. A4-TP was
incorporated 2-fold, A6-TP was incorporated 3-fold, and
A3-TP was incorporated 8-fold less efficiently than dATP. In
the primer extension experiments, A5-TP was the only analog
that was selectively incorporated by HIV-1 RT, in the presence
of an RNA template. However, in the steady-state experiments,
only a low incorporation efficiency was reached, which could
not be fitted with a Michaelis—Menten equation. Neither with
the DNA nor the RNA template, was incorporation of A2-TP
detected. Overall, analog A4-TP was most efficiently incorpo-
rated by HIV-1 RT using a DNA and RNA template, although
this analog was also incorporated by human DNA polymerase «
and human mitochondrial DNA polymerase vy in the primer
extension reactions. Hence, A4 is not a good candidate for HIV-
1-specific DNA labeling, and analogs A3-TP and A6-TP, which
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Figure 2. Stimulation of HIV infection in the presence of analogs A3 and A6. HeLaP4 cells were infected in the presence of each propargylated 2'-deoxy-
nucleoside, EdU, or 2'-deoxyadenosine with single-round virus expressing firefly luciferase (fLuc; A and B) or containing eGFP labeled integrase (HIV y_cgrpi O)-
Aand B, luciferase activity was measured 72 h post-infection. The data from one representative virus dilution are shown in the graph and represented as relative
infectivity compared with the DMSO control. The data are means of at least two independent experiments, and the error bars represent the standard deviation.
A Kruskal-Wallis test was used to test for statistical significance: *, p < 0.05; and **, p < 0.01. C, 6 h post-infection, the cells were fixed, and the percentage of
nuclear IN-eGFP complexes was calculated with an in-house MatLab routine. The data of two independent experiments are represented in a scatter plot. No

significant differences could be detected with the Mann-Whitney test.

are incorporated 3-fold less efficiently compared with dATP,
are used in the further cellular experiments.

Cellular incorporation of the propargylated
2'-deoxynucleosides

Next, the propargylated 2'-deoxynucleosides were used in a
cellular context to validate the in vitro data of the primer exten-
sion assay. HeLaP4 cells were treated for 7 h with the newly
synthesized analogs or EdU, after which they were fixed and
stained for cytochrome C together with the click reaction.
Afterward, the cells were visualized using confocal microscopy.
As described before, in the absence of aphidicolin, EQU labeling
resulted in a very strong staining of the nuclear DNA (Fig. 5, top
row) (22). Unlike EdU, the newly synthesized analogs showed
no nuclear staining. For some of the analogs, e.g. analogs Al,
A2, A5, and A7, no cellular DNA staining at all was detected,
although analogs Al and A2 were incorporated in vitro by
human mitochondrial DNA polymerase y. Other analogs (e.g.
A3, A4, and A6) showed some DNA staining after performing
the click reaction (Fig. 5). Although all three analogs were
incorporated by human mitochondrial DNA polymerase vy in
the primer extension assay, only A3 induced a clear mitochon-
drial staining, as visualized by co-staining with cytochrome C.
Analogs A4 and A6 showed a speckled pattern, which was not
overlapping with the cytochrome C staining. To validate analog
A3 as a mitochondrial DNA marker, various other cell lines
(MT4, SupT1, and Jurkat) and primary CD4+ T cells were also
subjected to A3 click staining. Co-localization of A3 click stain-
ing and cytochrome C could also be detected in these T cells
(Fig. S3).

11866 U Biol Chem. (2019) 294(31) 11863-11875

Incorporation of the propargylated 2'-deoxynucleosides
during HIV-1 infection

Subsequently, HeLaP4 cells were infected with IN-eGFP
fluorescently labeled virus (HIVy_.gep) in the presence of the
propargylated 2'-deoxynucleosides. The cells were pretreated
with the analogs or EAU for 1 h before infection to allow phos-
phorylation to occur. After 6 h of infection, the cells were fixed,
and the click reaction was performed. Stainings were visualized
by confocal microscopy. In these images, co-localization
between eGFP-labeled IN and click DNA staining was scored.
Infection in the presence of EAU resulted in distinct IN-eGFP—
positive EAU spots, which were only visible in the cytoplasm
because of a high background incorporation in the nucleus by
the cellular polymerases (Fig. 6). On average, 4.5% of the IN-
eGFP complexes contained also EQU- positive vDNA. For most
of the analogs, e.g. analogs A1, A2, A5, and A7, no vDNA stain-
ing could be detected. With analog A4, click DNA staining was
observed in infected and noninfected cells; however, no overlap
with IN-eGFP could be detected (data not shown). As in the
noninfected cells, a clear mitochondrial staining was detected
in the presence of analog A3. In addition, IN-eGFP—positive A3
spots were detected (Fig. 6), although fewer than with EdU.
Approximately 1.7% of the IN-eGFP complexes showed
A3-based vDNA labeling. Overlap between IN-eGFP and the
click DNA staining with analog A6 was observed as well (Fig. 6),
but only 0.6% of the IN-eGFP complexes contained a vDNA
label. In conclusion, IN-eGFP—positive click spots were
detected in the presence of EdQU and the newly synthesized ana-
logs A3 and A6.
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Figure 3. Primer extension by HIV-1 RT and human DNA polymerases a and vy. A Cy3-labeled 15-mer 2’-deoxynucleotide primer was annealed to either a
47-mer RNA template (A) or a 47-mer DNA template (B-D) and extended by RT (A and B), human DNA polymerase a (C), or human mitochondrial DNA
polymerase +y (D). Per condition, the four natural INTPs were substituted by each propargylated nucleoside triphosphate (A1-TP to A7-TP) or EdU-TP. Reactions
were carried out for 5 min (RT), 60 min (human DNA polymerase «), or 120 min (human mitochondrial DNA polymerase ). The reaction products were run on
adenaturing polyacrylamide gel and visualized with a Typhoon FMA9500 at 532 nm. The positions of migration of the unextended 15-mer primer and the fully
extended 47-mer product are indicated. Representative gels are shown for each condition.

Table 2

Quantification of primer extension data

A Cy3-labeled 15-mer 2'-deoxynucleotide primer was annealed to either a 47-mer RNA template or a 47-mer DNA template and extended by HIV-1 RT, human DNA
polymerase «, or human mitochondrial DNA polymerase 7. In each condition, one of the four natural ANTPs was substituted by the propargylated triphosphate analog
(A1-TP to A7-TP). The percentage full-length primer extension in presence of the propargyl 2’-deoxynucleoside triphosphate compared with the extension in the presence
of the natural ANTP was calculated. The results are the averages of three independent experiments.

Substituted
Polymerase dNTP -dNTP Al1-TP A2-TP A3-TP A4-TP A5-TP A6-TP A7-TP
% % % % % % % %
RT (RNA) dATP 0 12 £ 12 0 49 = 12 81 =12 42 * 11 76 = 20 0
dGTP 0 0 0 45 + 20 0 0 0 0
RT (DNA) dATP 0 4+3 0 20 =7 83 =23 3+2 78 =20 0
dGTP 0 0 0 25+ 16 0 0 0 0
Human DNA polymerase o dATP 0 0 0 0 54 =11 0 0 0
Human DNA polymerase y dATP 0 97+ 6 79 =30 63 + 12 106 = 18 0 111 = 39 0

To validate the specificity of the vDNA staining, a virus con- ~ Green product-enhanced RT assay (Fig. S44), and no reverse
taining a catalytically inactive reverse transcriptase mutant, transcripts were detected by quantitative PCR analysis (Fig.
RTP8N/PISEN (see supporting Experimental Procedures), was ~ S4B) (see supporting Experimental Procedures). The cells were
used. For this mutant, no RT activity was observed in a SYBR infected with a similar amount of WT and mutant virus in the
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Figure 4. Single-nucleotide incorporation by HIV-1 RT. A Cy3-labeled 15-mer 2’-deoxynucleotide primer was annealed to either a 25-mer DNA template (A)
or a 25-mer RNA template (B). For each propargylated 2'-deoxynucleoside triphosphate showing incorporation in the primer extension reactions, a range of
concentrations (0.82-200 um for the DNA template and 0.16-100 um for the RNA template) was added to initiate the reaction. A2-TP was included as a negative
control, and dATP was included as a positive control. Reactions with the DNA template were carried out for 40 s, and those with the RNA template were carried
out for 30 s to 15 min, depending on the substrate. The reaction products were run on a denaturing polyacrylamide gel, and the primer (P) and primer that
incorporated a single nucleotide (P + 1) were visualized with a Typhoon FMA9500 at 532 nm. Representative gels are shown for each condition.

Table 3
Single-nucleotide incorporation kinetics

A Cy3-labeled 15-mer 2'-deoxynucleotide primer was annealed to either a 25-mer
RNA template or a 25-mer DNA template, and a single natural nucleotide or analog
incorporation by HIV-1 RT was assessed. The reactions were conducted in the
initial linear range of product formation and with a large excess of substrate. The
reaction velocity was determined in three independent experiments and plotted as a
function of the nucleotide concentration, and the single-nucleotide incorporation
kinetic parameters were derived by fitting the data to the Michaelis—Menten equa-
tion. The catalytic efficiency (k,/K,,) and relative efficiency ((K.../K,,)anatog! (Kear/
K,,)qarp) Were calculated.

Relative
Ko K, koo /K, efficiency
min~! M p,M” min~!
DNA template
dATP 1.79 £0.047 0.82*+0.14 218 1
A3-TP 1.68 = 0.081 3.89*+0.87 043 0.20
A4-TP 1.90 = 0.051 1.60 = 0.23 1.19 0.54
A6-TP 1.77 £ 0.064 3.17 =055 0.56 0.26
RNA template
dATP 4.03 £0.12 1.33 £0.19 3.03 1
Al-TP 1.17 = 0.11 13.65 £3.96 0.09 0.03
A3-TP 327 £0.30 822*+348 040 0.13
A4-TP 2.53 = 0.11 2.02 +0.724 1.25 0.41
A6-TP 2.82 £0.16 3.24 £0.76 0.87 0.29

presence of the analogs and analyzed as previously described.
The number of IN-eGFP—positive click spots was compared
between both conditions. Infection with virus containing
RTPI85N/PISEN regulted in less EAU co-localizing IN-eGFP
spots than with virus containing RTY™" (Fig. 74). There was a
3-fold increase in cells showing no co-localization and a 3-fold
drop in cells containing two or three co-localizing spots. In the
presence of analog A3, the difference with the mutant virus was

11868 J Biol Chem. (2019) 294(31) 11863-11875

less clear. Slightly more cells showed no co-localization, and
fewer cells showed one co-localizing spot in the presence of the
catalytically inactive mutant (Fig. 7B). There was no obvious
difference between RTY™' and RTP8N/PI8N for analog A6

(Fig. 7C).

Discussion

In this study, we aimed to visualize single RT-competent
HIV-1 particles based on the combined detection of IN fused to
eGFP (HIV y_ogrp) and VDNA. The various HIV-1 vDNA label-
ing methods reported so far visualize integrated provirus (14,
15) or cannot be combined with eGFP fluorescence (16, 17).
Hence, we selected a click chemistry method, which is based on
the incorporation of ethynyl-modified 2'-deoxynucleosides
and the subsequent reaction with an azide-labeled fluorescent
dye through the azide-alkyne cycloaddition (20). Click chemis-
try was already used in combination with eGFP fluorescence to
visualize HIV-1 vDNA, by making use of the commercially
available EAU, although the detection was only possible in the
cytoplasm because of the incorporation of EAU by the nuclear
polymerases (22). By using a polymerase inhibitor, aphidicolin,
nuclear incorporation was reduced, but in addition mitochon-
drial staining was increased. For this reason, we aimed to
develop virus-specific nucleoside analogs containing a clickable
triple bond, which are not recognized by the cellular DNA po-
lymerases but selectively incorporated by RT. Because of the
lower fidelity of HIV-1 RT compared with other DNA polymer-
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Figure 5. Cellular incorporation of 2’-deoxynucleoside analogs in nonin-
fected cells. HeLaP4 cells were treated with the different analogs or EdU for
7 h. Afterward they were fixed and click stained (red) together with a nuclear

(DAPI, blue) and cytochrome C (yellow) staining. Confocal microscopy was
used to acquire Z stacks covering the whole-cell volume. Scale bars, 10 um.

ases and the lack of proofreading activity (32—34), developing
such HIV-1-specific propargylated 2'-deoxynucleosides should
be feasible.

In this study, HIV-1-specific nucleoside analogs are for the
first time used to selectively label HIV-1 vDNA, although the
concept was used before to generate HIV-1 NRTIs, which ter-
minate HIV-1 reverse transcription elongation, as well as muta-
genic nucleosides, which abolish viral replication over multiple
replication rounds (25, 26). Most DNA polymerases (e.g. «, 5,
and e) are insensitive to inhibition by HIV-1 NRTIs; however,
human mitochondrial DNA polymerase vy poorly discriminates
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between endogenous dNTPs and nucleoside analogs (35, 36)
and has a lower exonuclease activity (37). Therefore, incorpo-
ration of the HIV-1-specific propargyl modified 2'-deoxy-
nucleosides by the human mitochondrial polymerase vy needs
to be avoided as well.

To achieve selective visualization of HIV-1 vDNA, Venkate-
sham et al. (27) synthesized a series of propargyl-containing
2'-deoxynucleosides (Fig. 1). Initially, the cytotoxicity of the
newly synthesized purine 2'-deoxynucleosides was examined,
in addition to EAU. Because the analogs were less or not toxic
compared with EdU, incorporation by the human DNA poly-
merases was expected to be lower (Table 1). In single- and mul-
tiple-round HIV-1 replication, none of the analogs negatively
affected HIV-1 infectivity (Table 1 and Fig. 24). On the other
hand, two of the newly synthesized analogs, analogs A3 and A6,
could increase luciferase expression, indicating a higher infec-
tion capability. Interestingly, this effect was not detected when
we provided the virus with increased levels of the natural sub-
strate 2'-deoxyadenosine (Fig. 2B). Because analogs A3 and A6
are likely incorporated selectively by RT, our data suggest an
increased supply of RT substrate and increased levels of reverse
transcription, followed by integration and subsequent firefly
luciferase expression. This mechanism, however, still needs to
be elucidated.

The selectivity of the analogs was examined in vitro with a
primer extension assay (Fig. 3), for which we synthesized the
corresponding 2'-deoxynucleoside triphosphates of all analogs.
Human DNA polymerase «, an essential polymerase for
genome replication, was used to study nuclear incorporation,
next to human mitochondrial DNA polymerase y and HIV-1
RT. As the cytotoxicity results already indicated (Table 1), most
analogs were not incorporated by human DNA polymerase a.
Only analog A4-TP could substitute for dATP (Fig. 3C and
Table 1). Several analogs were incorporated by HIV-1 RT in
the primer extension experiments. Notably, more analogs were
incorporated with the RNA template compared with the DNA
template (Figs. 34 and 3B).

The incorporation efficiency of the analogs by HIV-1 RT was
further studied with steady-state kinetics (Fig. 4, Table 3, and
Fig. S2). These experiments showed that A4 was the analog that
was incorporated most efficiently by HIV-1 RT. Like described
above, this analog was also used by human DNA polymerase «,
which hampers the use of analog A4 as a HIV-1-specific DNA
label. Analogs A3 and A6 were also incorporated by HIV-1 RT,
although less efficiently than dATP. The analogs were used
5-fold and 4-fold less efficiently using a DNA template and
8-fold and 3-fold less efficiently using an RNA template, for
A3-TP and A6-TDP, respectively. Because analog A5-TP was the
only analog selectively incorporated by HIV-1 RT in the primer
extension reactions using an RNA template, it was also exam-
ined in the steady-state kinetic reactions. In these reactions,
only a faint extended primer band could be detected at longer
time points (up to 15 min), and subsequently the kinetic param-
eters could not be determined. Altogether, different analogs
could be incorporated by HIV-1 RT, although the efficiency
for the analogs was always lower than for the natural dATP. In
these reaction conditions, interestingly, HIV-1 RT seems to
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EdU

merged IN-eGFP click

Figure 6. HIV-1 vDNA labeling in HeLaP4 cells. HeLaP4 cells were infected with HIV,_.gep in the presence of the respective analogs and EdU for 6 h, followed
by fixation and click labeling. Confocal microscopy was used to acquire Z stacks covering the whole-cell volume. Images were analyzed for IN-eGFP (green)
positive click spots (red), representing RT competent viruses. Scale bars in overview images, 10 um. Scale bars in magnifications, 1 um.

have a higher fidelity when using a DNA template compared
with an RNA template.

As mentioned above, human mitochondrial DNA polymer-
ase 7y does not possess the ability to discriminate between nat-
ural ANTPs and analogs and has a lower exonuclease activity,
which resulted in a high frequency of analog incorporation in
the primer extension assay (Fig. 3D). When comparing these
results with the cellular click staining, analog A3 resulted in a
clear mitochondrial staining, as shown by co-localization with
cytochrome C (Fig. 5 and Fig. S3). Although analogs A1, A2, A4,
and A6 were incorporated by human mitochondrial DNA po-
lymerase vy in vitro, they did not show a mitochondrial pattern
in the cellular experiments. To achieve an active triphosphate
that can be incorporated by the polymerases in the cell, the

11870 J Biol. Chem. (2019) 294(31) 11863-11875

propargyl 2’'-deoxynucleosides must be phosphorylated by
kinases like adenosine phosphotransferase, adenylate, and gua-
nylate kinases (24, 38). The propargyl group on the modified
analogs could interfere with the phosphorylation steps and sub-
sequently prevent the compound to be anabolized to the
required triphosphate state. This can result in lack of cellular
staining and possibly explain the discrepancy between results
from in vitro and cellular assays. Unexpectedly, analog A3 pro-
vided us with a mitochondrial-specific labeling method, which
can be exploited in cell biology.

In the imaging experiments where the click reaction was per-
formed in the presence of HIV y_.grp Doth analogs A3 and A6
resulted in IN-eGFP-positive click spots. In the presence of
analog A3, however, the detection of the IN-eGFP—positive

SASBMB

6T0Z ‘€T 1SNBny uo Arelq 1] AlsieAIUN UBAMBT N e /61070 ['Mma/:dny Wouy pepeojumoq


http://www.jbc.org/cgi/content/full/RA118.007185/DC1
http://www.jbc.org/

e o @9 =
2 o @ =)

Normalised number of cells
o
N

:

<

2 4
Number co-localising spots / cell

o

Normalised number of cells

Number co-localising spots / cell

HIV-1 DNA visualization by click chemistry

RTWT
Y RTD185N/D186N

C

=)
o=l

e o o
) o o
L 1 B

Normalised number of cells
o
N
h

|
|
|
J

o
N
»
o

Number co-localising spots / cell

Figure 7. Effect of catalytically inactive reverse transcriptase on HIV-1 vDNA detection. HeLaP4 cells were infected with HIV,_ocep containing RTV" (gray)
or a catalytically inactive RTP'8*NP186N (plack) in the presence of EAU (A), analog A3 (B), or analog A6 (C) for 6 h, followed by fixation and click labeling. Confocal
microscopy was used to acquire Z stacks covering the whole-cell volume. Images were analyzed for IN-eGFP-positive click spots, representing RT-competent
viruses. The number of cells containing this specific number of click spots, normalized on the total number of cells, was plotted in the graphs. Data from two
independent experiments (circles) and the mean of both (lines) are shown in the graph.

click spots was hampered by the mitochondrial DNA staining
(Fig. 6). When using a catalytically inactive RT mutant, the
number of co-localizing spots was reduced, but not to the same
extent as with the EQU vDNA labeling (Fig. 7, A and B). When
using analog A6, co-localization was only detected with a low
frequency, and no reduction was seen with the catalytically
inactive RT mutant (Fig. 7C). Consequently, we currently can-
notassure that the A6 click staining co-localizing with IN-eGFP
results from reverse transcription.

Analog A5 is the only propargylated 2’-deoxynucleoside
triphosphate that was selectively incorporated by HIV-1 RT
based on the primer extension experiments (Fig. 3 and Table 2).
Whereas this modification is still accepted by the more forgiv-
ing HIV-1 RT, the lack of recognition of A5-TP by other poly-
merases seems quite plausible in view of the unusual N1-alky-
lated base. In vitro, analog A5 seemed the best candidate for
specific HIV-1 vDNA staining, but in the cellular experiments
no vDNA staining could be observed. As suggested above for
other analogs, a block somewhere in the phosphorylation path-
way can hamper incorporation in the cell. The synthesis of a
phosphorylated prodrug of analog A5 could circumvent this
problem and in the end result in a specific HIV-1 vDNA label-
ing. The latter, however, is not straightforward in view of the
remaining 3'-secondary alcohol.

In conclusion, although the O°-propargyl-dG (A3) (27) pro-
vides clear mitochondrial staining, the sensitivity to detect
vDNA in single HIV-1 particles is low, probably because of poor
incorporation or phosphorylation defects in the cell. Neverthe-
less, our rationale seems successful and our limited structure—
activity relationship provides input for further chemical syn-

SASBMB

thesis to finally develop an HIV-1 vDNA labeling based on click
chemistry without background staining of the nucleus or
mitochondria.

Experimental procedures

General procedure for the synthesis of propargyl-containing
2'-deoxynucleoside triphosphates (AX-TP) and
monophosphates (AX-MP)

To a stirred solution of propargyl-containing 2'-deoxy-
nucleoside (10 mg, 0.03 mmol, AX) in 100 wl of trimethylphos-
phate at —5 °C, phosphorous oxychloride (0.09 mmol) was
added, and the mixture was stirred for 60 min. After completion
of the reaction monitored by TLC (mobile phase: isopropanol:
water:aqueous (aq). ammonia, 7:2:1), a prechilled mixture con-
taining tris-tetrabutyl-ammonium hydrogen pyrophosphate
(0.15 mmol) and 400 ul of anhydrous dimethylformamide
(DMEF) were added to the reaction mixture over a period of 10
min followed by 40 ul of tributyl amine and kept under stirring
for 10 min. The reaction mixture was quenched by slow addi-
tion of 1 ml of TEAB buffer and was stirred further for 10 min.
The total reaction mixture was lyophilized, and the obtained
crude material subjected to HPLC chromatography using a
Mono-Q ionic exchange column (GE Healthcare Life Sciences),
which was eluted using a linear gradient from 0.025 to 1 M
TEAB. The fractions containing the desired product were
pooled, evaporated, and co-evaporated with water (3 X 5 ml)
obtaining the pure propargyl-containing 2’-deoxynucleoside
triphosphates (AX-TP, Fig. S1). The method also allowed iso-
lation of the respective monophosphate intermediates (AX-
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MP). The extinction coefficient (e-values) as determined at 260
nm for the respective nucleosides was used to determine the
isolated amounts and concentrations for the incorporation
assays.

((2R, 3S, 5R)-5-(6-amino-8-(prop-2-yn-1-ylamino)-9H-purin-9-
yl)-3-hydroxytetrahydrofuran-2-yl)methyl tetrahydrogen
triphosphate (A1-TP)

31p NMR (D,O, 300 MHz): 8 —10.75 (d, / = 19.3 Hz, 1P),
—11.82(d,J = 19.3Hz, 1P), —23.21 (t,/ = 19.3Hz, 1P); UV A,
(nm): 276 (€,4, 9,200); HR-ESI MS (m/z): calculated for
C,5H,oN.O,,P, [M-H] : 543.0201; found 543.0208.

((2R, 3S, 5R)-5-(6-amino-8-(prop-2-yn-1-yloxy)-9H-purin-9-yl)-
3-hydroxytetrahydrofuran-2-yl)methyl tetrahydrogen
triphosphate (A2-TP)

3P NMR (D,O, 300 MHz): § —6.54 (d, ] = 20.8 Hz, 1P),
—11.15(d,/ = 19.3 Hz, 1P), —22.60 (t,/ = 20.8 Hz, 1P); UV A,
(nm): 260 (€54, 13,875); HR-ESI MS (m/z): calculated for
C,3H,gN.O, P, [M-H]~, 544.0042; found 544.0041.

((2R, 3S, 5R)-5-(2-amino-6-(prop-2-yn-1-yloxy)-9H-purin-9-yl)-
3-hydroxytetrahydrofuran-2-yl)methyl tetrahydrogen
triphosphate (A3-TP)

3P NMR (D,O, 300 MHz): § —10.87 (d, / = 20.8 Hz, 1P),
—11.39(d,/=19.3Hz, 1P), —23.19 (t,/ = 19.3 Hz, 1P); UV A ..
(nm): 282, 245 (€,40 4,200); HR-ESI MS (m1/2): calculated for
C,3H,eNLO,5P; [M-H] ", 544.0411; found 544.0043.

((2R, 3S, 5R)-5-(2-amino-6-(prop-2-yn-1-ylamino)-9H-purin-9-
yl)-3-hydroxytetrahydrofuran-2-yl)methyl tetrahydrogen
triphosphate (A4-TP)

31p NMR (D,O, 300 MHz): & —7.49 (d, J = 20.8 Hz, 1P),
—12.21(d,J = 19.3 Hz, 1P), —23.38 (t,/ = 20.8 Hz, 1P); UV A,
(nm): 282, 259 (€,¢, 8,830); HR-ESI MS (m/z): calculated for
C,5H,oN.O,,P, [M-H] ", 543.0201; found 543.0202.

((2R, 3S, 5R)-3-hydroxy-5-(6-oxo-1-(prop-2-yn-1-yl)-9H-purin-
9-yl)THF-2-yl)methyl tetra-hydrogen triphosphate (A5-TP)

3P NMR (D,0, 300 MHz): 8 —10.83 (d, / = 20.8 Hz, 1P),
—11.39(d,/ = 20.8 Hz, 1P), —23.28 (t,/ = 19.3 Hz, 1P); UV A ..
(nm): 250 (€,4, 6,525); HR-ESI MS (m/z): calculated for
C,3H,,N,0,,P; [M-H] ", 528.9932; found 528.9944.

((2R, 3S, 5R)-3-hydroxy-5-(6-(prop-2-yn-1-ylamino)-9H-purin-
9-yl)THF-2-yl)methyl tetrahydrogen triphosphate (A6-TP)

3P NMR (D,0, 300 MHz): § —10.72 (d, / = 19.3 Hz, 1P),
—11.29(d,J = 19.3 Hz, 1P), —23.3 (t,] = 21.7 Hz, 1P); UV A .«
(nm): 265 (€55, 16,350); HR-ESI MS (m/z): calculated for
C,5H,5sN;0,,P; [M-H] ", 528.0091; found 528.0084-

((2R, 3S, 5R)-5-(2-amino-6-oxo-8-(prop-2-yn-1-ylamino)-1,6-
dihydro-9H-purin-9-yl)-3-hydroxytetra-hydrofuran-2-
yl)methyl tetrahydrogen triphosphate (A7-TP)

3P NMR (D,O, 300 MHz): 8 —10.72 (d, / = 20.8 Hz, 1P),
—11.29(d,J = 19.3Hz, 1P), —23.59 (t,J = 19.3 Hz, 1P); UV A,___
(nm): 259 (br, €,¢, 16,950); HR-ESI MS (m/z): calculated for
C,5H,,NO, P, [M-H]~, 559.0150; found 559.0157.
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Compounds

EdU (Life Technologies) was dissolved in DMSO at a concen-
tration of 10 mm, and EdU triphosphate (EdU-TP, Jena Biosci-
ence) was dissolved in distilled water at a concentration of 1
mM. The propargyl-containing 2'-deoxynucleosides were syn-
thesized as described by Venkatesham et al. (27). All com-
pounds (A1 to A7) were purified on silica gel, and their struc-
tures were unambiguously proven by high resolution mass
spectrometry (HRMS), UV, '"H NMR, and *C NMR analysis.
The respective triphosphate analogs (AX-TP) were synthesized
via the method of Ludwig (39) (Fig. S1). The triphosphates were
isolated by HPLC (along with the respective monophosphates,
AX-MP), and *'P NMR and HRMS analysis corroborated their
structure. All propargyl-containing 2'-deoxynucleosides were
dissolved in DMSO at a concentration of 100 mum, and the
propargylated 2’-deoxynucleoside triphosphates were dis-
solved in distilled water at a concentration of 1 mm.

Cells

MT4, SupT1, and Jurkat cells were obtained through the
National Institutes of Health AIDS Reagent Program, Division
of AIDS, NIAID, National Institutes of Health contributed by
Dr. D. Richman, Dr. D. Ablashi, and Dr. A. Weiss, respectively.
These cells were grown in RPMI 1640 medium (Life Technol-
ogies) supplemented with 10% (v/v) fetal bovine serum (FBS,
Life Technologies) and 50 ug/ml gentamicin (Life Technolo-
gies). HEK-293T (ATCC) cells were cultured in Dulbecco’s
modified Eagle’s medium with GlutaMAX (Life Technologies)
supplemented with 5% (v/v) FBS and 50 ug/ml gentamicin. For
HeLaP4 cells, a kind gift from Dr. P. Charneau (Institut Pas-
teur), the previous medium was supplemented with 500 wg/ml
Geneticin (Life Technologies). All mammalian cell lines were
cultured at 37 °C in a humidified atmosphere with 5% CO,.

Human peripheral blood mononuclear cells were purified
from buffy coats using Lymphoprep following the manufactu-
rer’s protocol (Axis-Shield PoC AS). Peripheral blood mononu-
clear cells were enriched for CD4+ T cells using an anti-human
CD3:8 bispecific mAb (0.5 ug/ml, obtained through the
National Institutes of Health AIDS Reagent Program, Division
of AIDS, NIAID, National Institutes of Health contributed by
Drs.]. Wong and G. Alter) during 5 days in RPMI supplemented
with human IL2 (100 units/ml, PeproTech), minimal essential
medium nonessential amino acids (1X) (Life Technologies)
and 15% FBS (Life Technologies). The cells were cultured at
37 °C in a humidified atmosphere with 5% CO.,.

Cell viability assay

3 X 10* MT4 cells were seeded per well in a 96-well plate. To
define the CC,, the cells were incubated with a one in three
dilution series of the propargylated 2’'-deoxynucleosides. To
determine the concentration achieving 50% protection against
HIV-1 infection, the 50% effective concentration (ECy,), cells
were preincubated with a one in three dilution series of the
nucleoside analogs for 1 h, before they were infected with HIV-
1y virus (multiplicity of infection 0.1) together with the
respective analogs. Five days after incubation and infection, the
viability was examined with the MTT method (42). Briefly, 20
ul of a freshly prepared MTT solution (7.5 mg/ml in PBS,
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Sigma—Aldrich) was added to each well to a final volume of 220
ul. After 1 h of incubation at 37 °C, the medium was carefully
removed, and the purple formazan crystals were solubilized by
adding 10% (v/v) Triton X-100 in acidified isopropanol (0.4%
(v/v) methanesulfonic acid, Sigma—Aldrich). The A was mea-
sured at 540 nm with an EnVision 2130 multilabel plate reader
(PerkinElmer). The data were calculated using at least two inde-
pendent experiments.

Virus production

Vesicular stomatitis virus glycoprotein (VSV-G) pseu-
dotyped single-round HIV-1 particles containing eGFP labeled
IN (HIV,y.cgrp) Were produced like previously described (9,
10). In short, HEK-293T cells were transfected with 5 ug of
pVSV-G, 15 pg of Vpr-IN-eGFP, and 15 pug of pNL4-
3.Luc.R.E” containing RTY?T or RTPHNPIEN  yging
branched polyethylenimine (10 um, Sigma—Aldrich). Superna-
tant was collected 48 h post-transfection, filtered through a
0.45-um pore-size filter (Sartorius), and concentrated by
ultracentrifugation, 90 min at 141,000 X g in a SW28 rotor
(Beckman Coulter) on a 60% (w/v) iodixanol cushion (Sigma—
Aldrich). Afterward, the iodixanol was removed by ultrafiltra-
tion (Vivaspin, MWCO 50K, Sartorius). VSV-G pseudotyped
HIV-1 particles containing only a firefly luciferase reporter
(HIV-fLuc) were produced by transfecting HEK-293T cells
with 5 ug of pVSV-G and 15 ug of pNL4—3.Luc.R™.E™. Super-
natant was collected 48 h post-transfection, filtered through a
0.45-pum pore-size filter, and concentrated by ultrafiltration.
Virus was quantified by measuring HIV-1 capsid protein (p24)
using a p24 ELISA (INNOTEST p24-ELISA, Innogenetics) fol-
lowing the manufacturer’s instructions.

Single-cycle viral infectivity assay

To determine the viral infectivity, 1.5 X 10* HeLaP4 cells
were seeded per well in a 96-well plate. The next day, the cells
were preincubated with the respective modified 2'-deoxy-
nucleosides (Table 1), the natural 2'-deoxyadenosine in a range
of concentrations (0.5-1000 um) or DMSO for 1 h, before they
were infected with a 3-fold dilution of a single-round HIV-fLuc
(40, 41) together with the analogs. At 72 h post-infection, the
cells were lysed in buffer (50 mm Tris, 200 mm NaCl, 0.2% (v/v)
Nonidet P-40, and 5% (v/v) glycerol) and analyzed for firefly
luciferase activity (ONE-Glo™; Promega GMBH, Mannheim,
Germany). Chemiluminescence was measured with a Glomax
luminometer (Promega). Readouts were normalized for protein
content as determined by a BCA assay (BCA protein assay kit;
Thermo Fisher Scientific). The data are represented as relative
infectivity compared with the DMSO control and are means of
at least two independent experiments. A Kruskal-Wallis test
was used to evaluate statistical significance: *, p < 0.05; and **,
p < 0.01. Error bars represent the standard deviation.

Infection and immunolabeling

3 X 10* HeLaP4 cells were seeded per well in poly-p-
lysine (Sigma—Aldrich)— coated 8-well chambered coverglasses
(Nunc Lab-Tek chambered coverglasses, Thermo Fisher Scien-
tific). The next day, the cells were preincubated for 1 h with the
respective modified 2'-deoxynucleosides (Table 1), before they
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were infected with 1 pg of p24 antigen of HIV _.gpp RT * or
HIV,y ogpp RTPIEON/PISN to0ether with the analogs. 6 h post-
infection, the cells were incubated for 30 s with trypsin (0.25%
(w/v), Life Technologies), washed with PBS, fixed for 30 min
with 3% (v/v) paraformaldehyde (Sigma—Aldrich), and permea-
bilized during 20 min with 0.2% (v/v) Triton-X100. Next, nuclei
of cells were immunostained with lamin A/C antibody (mouse
monoclonal, 1/500 dilution, sc-7292, Santa Cruz Biotechnol-
ogy) and secondary anti-mouse IgG (H+L) Alexa Fluor 555
conjugate (goat polyclonal, 1/1000 dilution, Thermo Fisher Sci-
entific), or DAPI (1/1000 dilution, Invitrogen) diluted in block-
ing buffer (1% (w/v) BSA and 0.1% (v/v) Tween 20 in PBS).

For click vDNA labeling, the samples were blocked overnight
with PBS containing 3% (w/v) BSA after cell permeabilization
with 0.2% (v/v) Triton-X100. The next day, the click reac-
tion was performed following the manufacturer’s instructions
(Click-iT EdU Alexa Fluor 647 imaging kit, Thermo Fisher
Scientific), and the nuclear lamina was immunolabeled as
described above. This labeling was also combined with a mito-
chonderial staining with cytochrome C antibody (mouse mono-
clonal, 1/400 dilution, 556432, BD Biosciences) and secondary
anti-mouse IgG (H+L) Alexa Fluor 555 conjugate (goat poly-
clonal, 1/1000 dilution, Thermo Fisher Scientific).

6 X 10° MT4, SupT1, Jurkat and CD4+ T cells were seeded
per well in poly-p-lysine (Sigma—Aldrich)—coated 8-well
chambered coverglasses in the presence of analog A3. 7 h post-
infection, the cells were fixed, permeabilized, and stained like
described above.

Imaging of the cells was performed using a laser scanning
microscope (Fluoview FV1000, Olympus, Tokyo, Japan) with a
60X water objective (NA 1.2), using a 405-nm laser for DAPI
excitation, a 488-nm laser for eGFP excitation, a 555-nm laser
for Alexa Fluor 555 excitation, and a 635-nm laser for Alexa
Fluor 647 excitation. Emission light was collected at 430 —470,
505-540, 575—- 675, and 655—755 nm, respectively. 3D confocal
stacks of fixed cells were acquired using a z-step size of 0.3 um
and a sampling speed of 4 us/pixel. The image resolution was
512 X 512 pixels, a 4X optical zoom, and a pixel size of 103 nm.
An in-house MatLab routine (MatWorks) was used to deter-
mine the localization and number of IN-eGFP complexes (10).
The IN-eGFP complexes were divided into cytoplasmic or
nuclear compartments, and the percentage of nuclear IN-eGFP
complexes was calculated. Typically, data were collected from
at least 25 individual cells. The data of two independent exper-
iments were plotted in a scatter plot, and a Mann—Whitney test
was used to determine statistical significance. Co-localization
between IN-eGFP and the click DNA staining was determined
manually, and the numbers were normalized on the amount of
cells measured in each condition. The normalized numbers of
two independent experiments were plotted in the graphs.

Primer extension assay

Primer extension reactions were carried out with recombi-
nant HIV-1 RT, human DNA polymerase «, and human mito-
chondrial DNA polymerase y. RT was kindly provided by Dr. S.
Le Grice and Dr. J. T. Miller (National Cancer Institute, Fred-
erick, MD) and obtained through the National Institutes of
Health AIDS Reagent Program, Division of AIDS, NIAID,
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National Institutes of Health: HIV-1 RT catalog no. 3555 from
Dr. S. Le Grice and Dr. J. T. Miller, human DNA polymerase «
was purchased from CHIMERx and human mitochondrial
DNA polymerase y was kindly provided by Dr. M. Falkenberg
(University of Gothenburg, Sweden). A fluorescently Cy3-la-
beled 15-mer DNA primer (5'-AGCTTACGCGCCGAA-3')
was annealed to a 47-mer DNA template (5'-GCTAGACT-
GAGCTGAACTAGGCTAGACTCCAATTCGGCGCGTAA-
GCT-3') or a 47-mer RNA template (5'-GCUAGACUGAG-
CUGAACUAGGCUAGACUCCAAUUCGGCGCGUAA-
GCU-3"). The primer/template duplex (2 uMm) was prepared
by heating a 1:2 mixture of primer and template for 5 min at
95 °C for the DNA template or 90 min at 55 °C for the RNA
template and cooling it slowly to room temperature. The
reaction mixtures contained 60 mm Tris-HCl buffer (pH 8), 5
mM magnesium acetate, 1l mm DTT, 0.01% (w/v) BSA, 0.1 mm
spermine (Sigma-Aldrich), and 200 nM primer/template.
Additionally, 2 pmol of RT, 2 units of human DNA polymer-
ase a, or 0.4 pmol of human mitochondrial DNA polymerase
vy was supplied. After preincubating the samples for 5 min at
37 °C, the reactions were initiated by the addition of differ-
ent AN'TP mixtures: (i) reactions were all natural ANTPs (250
uM, Thermo Fisher Scientific) were present, (ii) reactions
where one of the natural ANTPs was not present, and (iii)
reactions where one of the natural ANTPs was not present
but with the addition of 40 uMm of the modified 2'-deoxy-
nucleoside triphosphate. The reactions were carried out at
37 °C for 5 min (RT), 60 min (human DNA polymerase «), or
120 min (human mitochondrial DNA polymerase 7). At
appropriate times, the reactions were quenched by adding
stop solution (95% formamide containing 20 mm EDTA, 0.9
mg/ml bromphenol blue, 0.9 mg/ml xylene cyanol, and 0.2%
(w/v) SDS). The DNA products were resolved on a denatur-
ing polyacrylamide gel (15% polyacrylamide and 7 m urea)
and scanned with a Typhoon FLA9500 (GE Healthcare) at
532 nm. The gels were analyzed using the ImageQuant soft-
ware (GE Healthcare), and the percentage of full-length
extension in the presence of the analogs compared with that
with the natural ANTP of three independent experiments
was calculated.

Single-nucleotide incorporation kinetics

Steady-state kinetic experiments were carried out with
HIV-1 RT. Reaction conditions were identical to the primer
extension assay, unless stated otherwise. The same Cy3-labeled
primer was used as in the primer extension assay, which was
annealed to a 25-mer DNA template (5'-GTCGATCGTTTC-
GGCGCGTAAGCT-3’) or a 25-mer RNA template (5'-GUC-
GAUCGUUUCGGCGCGUAAGCU-3'). Reactions were initi-
ated by addition of dATP or modified 2'-deoxynucleoside
triphosphate at varying concentrations. Reaction conditions
were chosen in the initial linear range of product formation and
in the presence of a large excess of substrate. Reactions with the
DNA template were carried out for 40 s and with the RNA
template for 30 s to 15 min, depending on the substrate (A1, 1
min; A2, 15 min; A3, 30 s; A4, 1 min; A5, 15 min; and A6, 40 s).
The DNA products were resolved on a denaturing polyacryl-
amide gel (20% polyacrylamide and 7 M urea) and scanned with
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a Typhoon FLA9500 (GE Healthcare) at 532 nm. Gels were
analyzed using the ImageQuant software (GE Healthcare). The
reaction velocity of three independent experiments was plotted
as a function of the nucleotide concentration, and the single-
nucleotide incorporation kinetic parameters were derived by
fitting the data to the Michaelis—Menten equation. The cata-
Iytic efficiency (k. /K,,) and the relative efficiency ((k.,/
K,) /(kooe/ K, antp) Were also calculated.
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