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The recent emergence and reemergence of viruses in the human
population has highlighted the need to develop broader panels of
therapeutic molecules. High-throughput screening assays opening
access to untargeted steps of the viral replication cycle will provide
powerful leverage to identify innovative antiviral molecules. We
report here the development of an innovative protein comple-
mentation assay, termed aCentauri, to measure viral translocation
between subcellular compartments. As a proof of concept, the
Centauri fragment was either tethered to the nuclear pore com-
plex or sequestered in the nucleus, while the complementary «
fragment (<16 amino acids) was attached to the integrase proteins
of infectious HIV-1. The translocation of viral ribonucleoproteins from
the cytoplasm to the nuclear envelope or to the nucleoplasm effi-
ciently reconstituted superfolder green fluorescent protein or Nano-
Luc aCentauri reporters. These fluorescence- or bioluminescence-
based assays offer a robust readout of specific steps of viral infection
in a multiwell format that is compatible for high-throughput screen-
ing and is validated by a short hairpin RNA-based prototype screen.

technological development | viruses | subcellular compartments

Infections by viruses represent a major burden for public health
and a constant threat to humans. Despite critical needs, our
therapeutic arsenal to fight viral infections is extremely limited
and recent viral epidemics and pandemics have highlighted the
need to develop innovative assays to allow for faster and better
high-throughput primary screening aiming at the discovery of
novel antiviral molecules. Phenotypic screening against whole
viruses, rather than target-based screening, is a popular approach
in the course of new viral emergence and pandemics since it does
not require prior knowledge of the molecular target. Viral ti-
tration, RT-qPCR, or immunostaining and fluorescence imaging
have been used extensively to measure viral replication. How-
ever, testing hundreds or thousands of conditions with these
methods can be challenging. Alternatively, viral replication can
be inferred from the measurement of virus cytopathic effects, but
this readout is limited to lytic viruses (e.g., refs. 1 and 2). In
addition, this method estimates viral replication only at the latest
time point when the lysis of infected cells occurs. In another ap-
proach, recombinant viruses may be engineered to express re-
porter proteins, such as a fluorescent or bioluminescent molecule,
from an additional transcription cassette or in frame with a viral
coding sequence (e.g., refs. 3-5). However, some viral genomes or
gene segments are relatively small and do not accommodate large
insertions. Moreover, the use of reporter viruses relies on cellular
transcription and translation machineries, which again implies
later-time-point screening and the need to discriminate compound
hits that target such cellular machineries.

To circumvent these limitations, we report here the develop-
ment of an innovative protein complementation assay (PCA) to
measure viral translocation between subcellular compartments.
All viruses have evolved the mechanisms to traffic efficiently in
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their target cells to reach subcellular sites that sustain their
replication and assembly (6, 7). For instance, influenza viruses,
HIV, and most DNA viruses replicate their genome in the host
cell nucleus. In our assay, termed oCentauri, a small fragment of
a reporter protein named o (<16 amino acids) is inserted in the
viral genome to tag a relevant viral protein, while the comple-
mentary fragment named Centauri is tethered to a subcellular
compartment (Fig. 14). Viral translocation from the cytoplasm
to that compartment reconstitutes the reporter and creates a
gain of signal that can be measured by multiple readouts. As a
proof of concept, a fluorescent (superfolder green fluorescent
protein, stGFP) (8) and a luminescent (NanoLuc, NLuc) (9)
aCentauri reporter were adapted for PCA to precisely quantify
two key steps of the HIV-1 replication cycle: the docking of viral
ribonucleoproteins on the nuclear envelope and their entry into
the nucleus (Fig. 1B).

The HIV particle comprises an envelope, a capsid, and two
copies of positive-strand RNA genome. Following the fusion of
the HIV envelope with the target cell membrane, the capsid is
released into the cytoplasm and transported toward the nucleus.
Reverse transcription of the genome into double-stranded DNA
produces a preintegration complex (PIC), which enters the nucleus
by active transport through the nuclear pore complex (NPC) and
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Fig. 1. Principle of the aCentauri assay and constructs. (A) Principle of the aCentauri PCA to monitor virus trafficking in infected cells. A fluorescent or lumi-
nescent reporter is split into two fragments of unequal size. The small a fragment is tagged to a relevant viral protein, while the larger Centauri (Cen) fragment is
fused to a subcellular compartment tether. Upon viral trafficking, the « and Centauri fragments are brought into close proximity and assemble to form a
functional aCentauri reporter. (B) aCentauri applied to monitor docking of HIV-1 at the nuclear envelope and entry into the nucleus. The small a fragment is
tagged to HIV-1 IN, while the larger Centauri (Cen) fragment is fused either to Nup214 or to an NLS for targeting to the nuclear pore or to the nucleus, re-
spectively. (C) Genomic organization of the HIV-1 constructs used in the study, indicating the insertion of «®7 or a™"““ in C-ter of viral IN. The genome is rep-
resented to scale using lllustrator for Biological Sequences. The 225T central polypurine tract (cPPT) mutant and D116l IN mutant are indicated. All experiments
use Aenv VSV-G pseudotyped HIV-1 unless otherwise indicated. (D) Impact of the « insertion on virus production. HEK 293T cells were transiently transfected with
full-length proviral expression plasmids (HIV, aHIVE®?, or aHIVN""), Virus production was measured by quantitation of p24 viral antigen in cell supernatants at 48 h
posttransfection. Supernatants were either tested directly or after concentration by ultracentrifugation, therefore the resulting p24 concentrations ranged from
~10? to 10° ng/mL. Graphs show individual values from four independent experiments. Ordinary one-way ANOVA was performed using Prism 6; ns = nonsig-
nificant (P = 0.05). (E) Impact of the « insertion on infectivity. Single-cycle virus titrations were carried out in P4 cells. B-galactosidase activity was measured by
chemiluminescent assay at 48 hpi. Results are expressed as relative light units per second per nanogram of p24 of the inoculum, normalized for the optical density
(OD) obtained by Bradford assay, mean SD of four independent experiments. Two-tailed paired t test was performed using Prism 6; ns = nonsignificant (P = 0.56
for aHIVE™ and P = 0.23 for aHIVN""). (F) Schematic representation of the Cen™* and CenN"P?' constructs. Complementary fragments of the sfGFP (Cen®") or
Nanoluciferase (Cen"") were cloned upstream of a HA-tag followed by a SV40 NLS or the full-length sequence of Nup214. Amino acid positions are indicated
below. (G) Localization of Cen"> and CenM“P?', Centauri constructs were exogenously expressed in Hela cells by lentiviral transduction (NLS constructs) or
plasmid transfection (Nup214). Localization was assessed by indirect HA immunolabeling at 48 h posttransduction or 24 h posttransfection. (Scale bars, 10 pm.)

mediates integration of the HIV DNA into the host cell chromatin
(10, 11). Recent reports of intact HIV-1 capsids in the nucleus
suggest that reverse transcription and uncoating can also occur after
nuclear import near sites of integration (12, 13). In our assay, the
aCen reporter is expressed as two complementary, self-assemblin,

fragments of sfGFP or NLuc (14, 15). The small « fragment («©"*:
16 amino acids or «™""*: 13 amino acids) was fused into full-length
and Aenv HIV-1 molecular clones (hereafter aHIV) in C-ter of
HIV-1 integrase (IN) (Fig. 1C). Each incoming viral particle con-
tains ~120 IN molecules bound to the RNA genome, based on the
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20:1 synthesis ratio of Gag to Gag-Pol (16). After reverse tran-
scription and shedding of the capsid, IN molecules that bind to the
viral DNA ends as a multimer mediate integration (17), while free
IN is inherently unstable and likely undergoes proteasomal degra-
dation (18, 19). Insertion of the o-tag within the Pol coding se-
quence did not disrupt particle production (Fig. 1D) and ensured
wild-type viral infectivity compared with nontagged viruses (Fli% 1E).

In parallel, the large fragment (Cen®"® 52 kDa or Cen™™™, 39
kDa) was fused to the nucleoporin Nup214 for targeting to the
NPC (CenNup214) or to the triple nuclear localization signal
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Fig. 2. Assessment of HIV-1 trafficking by fluorescent aCentauri®™ assay. (A) HIV-1 trafficking to the nuclear pore generates aCentauri signal. Hela cells
transfected with CenNup214SF were infected with aHIVS™ (VSV-G pseudotyped for all panels of Fig. 2) for 30 min. Images were acquired on an Airyscan
LSM880 microscope. CenNup214SF? was detected by HA labeling and HIV-1 capsid (CA) by labeling with AG3.0 monoclonal antibody. Arrows point to
aCentauri®™ spots, and insets show representative zoomed in images from two independent experiments. (Scale bar, 5 um.) The flow cytometry plot shows
CenNup214° expression by HA labeling and is representative of three independent experiments. (B) HIV-1 trafficking to the nucleus generates aCentauri
signal. HeLa cells transduced with CenNLSS™ were infected with aHIVS™. aCentauri signal was imaged at 48 hpi using LSM700 confocal microscope. Images
are representative from four independent experiments. Nuclear and cytoplasmic GFP signal was quantified using ImageJ on a total of 40 cells from seven
independent fields. (Scale bars, 10 pm.) (C) aCentauri®™ complementation in different cell types. Efficient transduction with CenNLSS™ was assessed by
indirect immunofluorescence labeling of the HA tag followed by flow cytometry (left histograms). Cells were then infected with aHIVE® or left uninfected
(ni), and sfGFP signal was assessed by flow cytometry at 48 hpi (dot plots). Plots show representative experiments while graphs show individual values + SEM
from three independent experiments for each cell type. D-H are Hela cells. (D) Effect of APH and NVP on aCentauri™. CenNLSS™ cells were treated with
APH, NVP, or DMSO and infected with aHIVS™. GFP complementation was assessed at 48 hpi by flow cytometry. Cell cycle profiles were assessed by propidium
iodide labeling (PI) (right histograms). Panels are representative of two independent experiments and numbers indicate the percentage of cells in GO-G1/5/G2-
M phases of the cell cycle. (E) Assessment of a HIV-1 nuclear import mutant on aCentauri complementation. CenNLSS™ cells were infected with aHIVE™ or
aHIV-225T¢", aCentauri complementation was measured at 48 hpi by flow cytometry. Plots are representative of three independent experiments, and the
left-hand graph shows individual GFP values from three independent experiments with mean + SEM. Viral nuclear import was assessed by qPCR quantification
of 2-LTR circles normalized for late reverse transcripts (POL). The ratio of 2LTR/POL copy numbers was 0.01 to 0.5 for aHIVS™ across experiments. Results are
normalized for aHIVE™. The right-hand graph shows individual values from three independent experiments + SD. (F) Time course of aCentauri comple-
mentation. CenNLS®FP cells were infected with aHIVE™ and fluorescent signal was measured at 6, 12, 24, 30, and 48 hpi. Results are representative of two
independent experiments. (G) Frequency of aCentauri complementation in productively infected cells. CenNLSSF? cells were infected with untagged HIV-1 or
aHIV or left uninfected (ni). At 48 hpi, productive infection was assessed by indirect immunofluorescence labeling of intracellular Gag using KC67 antibody.
Plots show one representative experiment, and the graph shows mean 95 Cl for four independent experiments. (H) CenNLSS™ cells were infected with aHIV
either alone or in the presence of RTG or NVP. After 48 h, aCentauri complementation was assessed by flow cytometry. The graph shows the percentage of
GFP+ cells from three independent experiments. HIV-1 integration was assessed by qPCR quantification of Alu-HIV segments. Results show individual values
normalized for aHIVE™ from three independent experiments performed in triplicate + SD.
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(NLS) of SV40 for tethering to the nucleus (CenNLS) (Fig. 1F).
A hemagglutinin (HA) tag was introduced in all Cen constructs
to monitor their expression and localization (Fig. 1G).

To assess aCentauri protein complementation following viral
translocation from the cytoplasm to the nuclear envelope or to the
nucleus, HeLa cells expressing CenNup214°"" or CenNLS®*"
were infected with <HIVSF*, Uninfected control cells did not emit
any GFP fluorescence upon Centauri expression alone; however,
infection by aHIV led to gain-of-GFP signal close to nuclear pores
in CenNup214 cells (Fig. 24) and in nuclei in CenNLS cells (with
87% of all GFP signal localizing to the nucleus) (Fig. 2B).

To further characterize aCentauri protein complementation
following virus entry into the nucleus, several cell lines including
T cells, which are the relevant target cells of HIV in vivo, were
transduced with CenNLS and infected with aHIV. Comple-
mentation of sfGFP led to an ~5- to 10-fold increase in fluo-
rescence in all tested cell types, while neither the a nor the Cen
fragments emitted any detectable signal when expressed alone
(Fig. 2C). To exclude that complementation occurred upon
mixing of cytoplasmic and nuclear contents during cell division,
aphidicolin (APH) was used as control to block nuclear envelope
breakdown during mitosis. This treatment did not reduce signal,
confirming that aCentauri signal is generated following viral
transport through NPCs, which is concordant with the HIV PIC
entering the nucleus through nuclear pores (Fig. 2D). Next, we
showed that treatment of cells with nevirapine (NVP), a reverse
transcription inhibitor that delays uncoating (13, 20-22), pre-
vented aCentauri complementation at 48 h postinfection (hpi),
suggesting that only productive infection events generate signal
(Fig. 2D). In addition, nuclear PCA was inhibited following in-
fection with a HIV-1 mutant that is defective for nuclear entry
[225T (23)], confirming that viral nuclear import is both neces-
sary and sufficient for CenNLS complementation (Fig. 2E). Of
note, although signal was detectable as of 24 hpi, complemen-
tation was optimal at 48 hpi (Fig. 2F). This comes substantially
later than entry of HIV-1 into the nucleus, which is believed to
occur within 8 hpi (12, 13). Moreover, indirect immunofluores-
cence detection of Gag indicated that only ~60% productively
infected cells were aCentauri-positive (Fig. 2G). The delay be-
tween nuclear import and fluorescent signal reflects the previ-
ously reported kinetics for the appearance of fluorescence
following bimolecular complementation, which allow for as-
sembly and maturation and can last up to 20 h (24). Since
aCentauri measurements were performed several hours after
viral nuclear import, it was possible that PCA also occurred
following nuclear entry of neosynthesized o-tagged IN. HIV-1
Gag and Gag-Pol polyproteins have been shown to traffic back to
the nucleus and perinuclear area after translation in the cyto-
plasm (25). As a control, we therefore performed infections in
the presence of an integrase inhibitor (raltegravir, RTG) to
prevent de novo synthesis of viral proteins. Although signal was
decreased by approximately twofold in the presence of RTG, the
levels of reconstituted sSfGFP remained 1 to 2 log above the NVP
control, thus confirming that our assay provides a reliable
readout of viral nuclear import (Fig. 2H).

To overcome the low sensitivity and slow assembly kinetics of
the fluorescent reporter, we adapted aCentauri to a lumines-
cence reporter, since this reporter system exhibits a wide dy-
namic range with a high sensitivity and virtually no background
(9). Complementation of NLuc following infection of Cen-
NLSNE cells with «HIVNE™® was measured by plate luminom-
etry. In this system, the aCentauri complementation reporter was
less bright (1 to 3 log) than native NLuc, because of the reduced
stability of the reporter fragments (15). Moreover, luminescent
signal is dependent on the intrinsic affinity and propensity to
self-associate in a defined compartment, and on the probability
of a virus docking at the nuclear pore, or entering the nucleus,
which is less likely than classical protein-fragment complementation.

40f 11 | PNAS
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Still, infection resulted in 5- to 200-fold increase in emitted
luminescence signal in all tested cell types, including T cells
(Fig. 34). The luminescence signal was proportional to CenNLS
expression level as illustrated in HeLa cells (Fig. 3B). Signal was
detected as early as 16 hpi and was optimal at 24 hpi (Fig. 3C) and
was also detectable following infection with wild-type envelope
HIV (Fig. 3D). Moreover, the aCentauri signal intensity was di-
rectly proportional to the detection of the HIV-1 genome in the
nucleus, confirming that the NLuc reporter was reconstituted
upon HIV-1 PIC nuclear import (Fig. 3E).

We therefore introduced a D116I mutation in viruses to block
integration and all downstream steps of viral replication. Infec-
tion with D116I virus still achieved ca. 10-fold increase in NLuc
compared to infection in the presence of NVP (Fig. 3F), con-
firming that aCentauri allows the detection of genuine viral PICs
translocating from the cytoplasm into the nucleus.

In principle, the aCentauriNLS assay reflects the combined
efficiency of all the early steps of viral replication required to
reach the nucleus and is not specific to nuclear import. However,
we reasoned that by performing oCentauriNup214 and
aCentauriNLS side by side in the context of a single high
screening platform the system would allow deconvoluting suc-
cessful trafficking to the NPC from HIV nuclear import and
therefore enable the specific screening of nuclear import. Since
the sfGFP approach was poorly quantitative for Nup214, we
tested the NLuc readout. To assess aCentauri protein comple-
mentation following virus docking at the nuclear envelope, HeLa
cells were transduced or transfected with CenNup214 then in-
fected with oHIV. Infection resulted in a 10-fold increase in
signal, indicating that the aCentauriNup214 assay is quantitative
and could be used in parallel to aCentauriNLS to screen for
specific inhibitors of nuclear import (Fig. 3G).

Currently, the paramount screening strategy for HIV replica-
tion relies on the HIV long-terminal repeat promoter (LTR)
whose transcriptional activity is turned on by the early HIV gene
product Tat. LTR-reporter cell lines, using LacZ, enhanced GFP
(EGFP), or luciferase, have been used in the past to identify
cellular cofactors of HIV infection (26, 27). Alternatively, in-
fected cells can be scored by immunolabeling of viral antigens.
We have therefore compared aCentauri®** and aCentauri™-*°
assays with an LTR-LacZ system and with the labeling of in-
tracellular Gag (iGag) to score HIV-infected cells. Results
revealed that the aCentauri™™" system exhibits a wide dynamic
range with a maximum/minimum ratio of 65, comgared with 19
for the LTR-LacZ system and <3 for aCentauri'" and iGag
(Fig. 44). The assay also exhibited high sensitivity, virtually no
background, and a linear dose-response over 2 log, which was
superior to any other tested assay (Fig. 44).

This assay initially used the commercially available Nano-Glo
bioluminescence-based reporting system which is made of the
NanoLuc/NanoKAZ luciferase and uses furimazine as its sub-
strate (9, 28). In an attempt to improve its sensitivity, we also
evaluated a series of coelenterazine analogs including furimazine
(Z01) that were previously characterized as NanoLuc substrates
(29, 30). Accordingly, the corresponding O-acetylated proluci-
ferins (hikarazines 01, 03, 97, 103, and 108) were hydrolyzed and
the resulting solutions of these luciferin analogs assessed at a
final concentration of 40 to 50 uM. As compared with the Nano-
Glo kit, which was used according to the manufacturer’s in-
structions, all these luciferin analogs actually led to a greater
signal intensity. Even hikarazine-1 (Z01), which yields fur-
imazine, provided a slightly improved bioluminescence signal.
Particularly noteworthy are the luciferin solutions obtained from
703, 797, and Z108 which gave the highest relative light unit
values following infection with aHIVN™¢, with respective signals
6-, 11-, and 11-fold higher than the ones observed with Nano-Glo
(Fig. 4B). The best discrimination between positive and negative
samples was obtained with Z03 (30-fold), Nano-Glo (20-fold),
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Fig. 3. Assessment of HIV-1 trafficking by luminescent aCentauri™"““ assay. (A) aCentauri""“c complementation in different cell types. Efficient transduction
with CenNLSN'“ was assessed by indirect immunofluorescence labeling of the HA tag followed by flow cytometry (left histograms). Cells were then infected
with aHIVN™ or left uninfected (ni), and NLuc signal was assessed as relative light units per second by plate luminometry at 24 hpi. Graphs show individual
values + SEM from two independent experiments. All subsequent panels are Hela cells unless otherwise stated. (8) aCentauri™'““ signal is related to the
efficiency of Cen™“ expression. CenNLSN"“ cell clones were characterized by HA-labeling. Cytometry plots are representative of four independent labeling
experiments. The measurement of transduction efficiency is provided as the product of the geometric mean fluorescence and percentage HA+ cells. Clones
were then infected with «aHIVN™ or with untagged HIV-1 (control), and NLuc complementation was assessed after 24 h and normalized for protein content by
Bradford assay. The graph shows individual values and mean + SD from two independent experiments. (C) Time course of aCentauri"“ complementation.
CenNLSN™ cells were infected with aHIVN""“ and luminescent signal was measured at 16, 24, and 36 hpi and represented as fold signal (relative light units per
second) above uninfected background control. Results show all values from three independent experiments as box and whisker plots. (D) aCentauri assay
using wild-type envelope HIV-1. CenNLSN™““ P4 cells were infected with aHIVN""“ (WTenv) and luminescent signal was measured at 24 hpi. Results show
relative light units per second values from two independent experiments. (E) aCentauri complementation in the nucleus correlates with HIV-1 genome
nuclear import. CenNLSN" cells were infected with different doses of aHIVN'U. Viral nuclear import was assessed by qPCR quantification by the ratio of 2-LTR
circles over total reverse transcribed HIV (POL). aCentauri was measured at 24 hpi for each condition and normalized for protein content by Bradford assay.
The graph shows individual values relative to untagged HIV-1 control from three independent CenNLSN""“ clones. (F) Integration-defective HIV-1 generates
robust aCentauri complementation. CenNLSN™U¢ cells were infected with two POL copies per cell of aHIV, aHIV with NVP, aHIV-D116IN"", or untagged HIV-1
for 24 h. The left graph shows individual values (as fold increase in relative light units per second relative to untagged HIV-1) from three independent ex-
periments performed on a total of 12 CenN""“ HeLa cell lines and median with interquartile range. Statistical analysis was performed by unpaired t test using
Prism 6. ***P = 0.0002. HIV-1 integration was assessed by qPCR quantification of Alu-HIV segments and reverse transcribed HIV (late reverse transcripts).
Results are normalized for aHIVN""“, The right-hand graph shows individual values from three independent CenNLSN""“ clones + SD. (G) aCentauriN"““ allows
quantification of HIV-1 docking at nuclear pores. HEK 293T cells were transfected with CenNup214 by calcium phosphate coprecipitation then seeded in
96-well plate and infected with aHIVNLuc. NLuc signal was detected at 6 hpi. Results show independent values from two independent experiments.

797 (17-fold), and Z01 (10-fold) (Fig. 4B). The lowest ratio be-
tween aHIVN™ over «HIVN™"® + NVP was obtained with Z103
(fivefold). Therefore, we suggest that the O-acetylated coelenter-
azine analogs hikarazine-03 (Z03) and hikarazine-97 (Z97), which
lead to the corresponding luciferins upon hydrolysis, are particu-
larly suited for performing aCentauri™™° screens.

In order to validate our assay for screening, we also assessed
plate uniformity and minimum-to-maximum discrimination by per-
forming assays in 96-well format. Plates were laid out in interleaved
format by alternating positive and negative controls. This enabled
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us to calculate the Z’ factor, an indicator of the quality of a screening
assay. Both aCentauri®® and aCentauri™™ presented good dis-
crimination between positive and negative controls with Z' of 0.63
for aHIVS™, 0.74 for «HIVN™, and 0.35 for oHIV-D1161""*
compared with the NVP negative control (Fig. 4C). Signal/back-
ground ratios were 2.53 for aHIVS™ and 30.26 and 5.07 for
aHIVN™ and oHIV-D116I""™, respectively, which was considered
acceptable since >2. Signal/noise ratios were 34.32 for «HIVE! and
280.77 and 39.07 for «HIVN™ and aHIV-D116IN™*, respectively,

which was considered acceptable since >10.
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Fig. 4. Benchmarking and quality control of aCentauri toward screening. (A) Comparison of aCentauri with alternative assays of HIV-1 replication used for
screening. Four HIV infection reporter systems were tested for readout at different TU per cell. (Top) Hela cells were transduced with CenNLS®" then infected
with aHIVEFP at the indicated TU per cell. The graph plots the percentage of GFP-positive cells at 48 hpi assessed by flow cytometry and shows individual
values from four independent experiments with a hyperbola curve fit (R* = 0.93). (Upper Middle) HeLa-CenNLSN"“< cells were infected with aHIVN""® at the
indicated TU per cell. The graph plots the relative increase in relative light units per second at 24 hpi (as fold relative to untagged HIV-1) and shows individual
values from four independent experiments with a linear regression (R? = 0.91). (Lower Middle) HeLa-LTR-LacZ cells were infected with HIV-1 at the indicated
TU per cell. The B-galactosidase signal was measured at 48 hpi using a chemiluminescent assay kit from Roche according to manufacturer’s instructions and
normalized for protein content measured by Bradford assay. Individual values x 10 from two independent experiments are shown with a second-order
polynomial fit (R? = 0.89). (Bottom) Hela cells were infected with HIV-1 at the indicated TU per mL. At 48 hpi, cells were fixed and labeled with an anti-gag
KC67 antibody to assess the percentage of infected cells by flow cytometry. The graph shows a single representative experiment with a hyperbola curve fit
(R? = 0.99). For each graph, minimum/maximum values show the fold signal between the highest and lowest infectious dose for each assay. (B) Comparison of
different fumirazine substrates with commercial Nano-Glo (nGlo). CenNLSN"““ HeLa cells were infected with aHIV. At 24 hpi, substrate was added directly to
each well with a 1:1 ratio. Luminescence was measured 3 min after substrate addition. Final substrate concentration was 40 to 50 uM, except for Nano-Glo
where the stock concentration was not provided by the manufacturer (Promega). The graph shows individual values from two independent experiments. (C)
Quality control distribution of positive and negative controls. Z’ factors were calculated for aCentauri®™ using aHIVS™ versus aHIVE™ with NVP, and for
aCentauriNtUc using aHIVN'US or aHIV-D116INMU¢ versus oHIVN'U + NVP. Examples are representative of three independent experiments. (D) shRNA-based
screen of cellular cofactors of HIV-1 nuclear import using aCentauri. HeLa CenNLSy, . stable clones were transduced with lentiviral vectors coding for the
indicated shRNAs for 2 d then infected with aHIVN"“ or untagged HIV-1 at 50 Pol copies per 20,000 cells and aCentauri signal was measured at 24 hpi using
NanoGlo substrate. NLuc signal (relative light units per second) was normalized for protein content in each well by Bradford assay, and values for aHIVN"U
were normalized as fold values over background values obtained with untagged HIV-1. The graph shows a box and whisker plot of two independent ex-
periments performed in duplicate. Right-hand graphs show levels of knockdown obtained by qPCR analysis of the indicated transcripts, as individual values
from experimental replicates and mean + SD.

Finally, to achieve a proof of concept, we performed a short  proteins known to promote HIV entry in the nucleus, MAP1A
hairpin RNA (shRNA)-based screen that included proteins and MAPIS contribute to retrograde trafficking (31), RanBP2
known to mediate HIV-1 nuclear import, as well as related anchors capsids at the NPC (32-34), TRN-1/TNPOI1 triggers
proteins previously shown to have little effect on HIV-1. Among  productive uncoating (35), and TNPO3 indirectly regulates
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capsid stability via its cargo CPSF6 (26, 36, 37). Among proteins
that were not expected to have much effect on entry of the viral
genome in the nucleus, CypA has no effect in HeLa cells (38,
39), KPNBI1 mediates Tat nuclear import independently of PIC
entry (35, 40), and p-karyopherins IPOS5 and IPO7 (35) and cy-
toskeletal proteins CKAP1 and WIRE (31) have a low to mod-
erate effect on infection. HeLa-CenNLSN™¢ cells were treated
with previously validated shRNAs against these cellular cofac-
tors, infected with «HIVN'®, and NLuc signal was measured at
24 hpi. The knockdown of RanBP2 and TRN-1/TNPOL1 had the
greatest effect on HIV nuclear import, leading to a ~10-fold
decrease in aCentauri. Other proteins that came out as rele-
vant cofactors were Pinl, MAP1A, and MAP1S, thus confirming
previous findings (31, 41). Conversely, shRNAs against CKAP1,
TNPO3, IPOS, IPO7, and KPNBI led to marginal reduction in
aCentauri signal (Fig. 4D). Although this result confirms our
previous work demonstrating an important role for TNPO1 in
HIV-1 uncoating and nuclear import (35), it is seemingly at odds
with previous findings showing comparatively more effect with
shRNAs against TNPO3 than TNPOL1 (42, 43). However, since
shRNAs against TNPO3 may impact HIV-1 predominantly after
its nuclear import (44-46), this will likely undermine their effect
on the signal generated by reporter complementation in the nu-
cleus. Taken together, results confirm that aCentauri is a quan-
titative and reliable assay, applicable to the screening of sShRNA/
CRISPR-Cas9 libraries or small compound libraries (47).

Discussion

The recent emergence and reemergence of viruses in the human
population has highlighted the need for cell-based assays of viral
replication. The measure of viral cytopathic effects or the de-
tection of viral proteins by antibody labeling or insertion of
fluorescent reporter genes are standard approaches for primary
screening before target identification. However, they are not
applicable to all viruses and suffer from significant drawbacks
such as high cost, poor quantitative readout, and disruption of
virus properties. Here we report the development of a highly
quantitative readout of viral replication based on the quantifi-
cation of viral translocation between subcellular compartments
by proximity-based PCA. As proof of concept, we applied
aCentauri to the detection of HIV translocation to nuclear pores
and to the nucleus. Since all viruses traffic between different
subcellular compartments to replicate, including between the
plasma membrane, endocytic vesicles, the cytoplasm, the nu-
cleus, and endoplasmic reticulum, we believe that this assay is
applicable to any virus.

The overarching advantage of using proximity-based PCA for
screening is that the readout is independent of the cellular
transcription and translation machineries. This provides a cleaner
readout since compounds that indiscriminately affect these ma-
chineries (DNA intercalators, histone modifiers, cell cycle inhibi-
tors, etc.) will not be scored as hits. Such split-reporter assays or
specialized enzymatic fusion assays have previously been applied
to monitor viral infection in cells, but these all rely on the indis-
criminate expression of the complementary reporter fragment or
enzyme substrate throughout the target cell (48-50). As a result,
these assays only provide a readout of cell entry and would not flag
potent antivirals that act at later stages. Here the originality of our
approach is to tether Centauri to a subcellular compartment to
monitor viral trafficking between compartments. A successful
translocation brings together two reporter fragments that do not
emit any signal alone, creating a binary gain of signal, unlike the
use of fluorescent fusion proteins whose colocalization with sub-
cellular compartments tends to be more qualitative than quanti-
tative. Additionally, the approach allows us to quantify a specific
step of viral replication, whereas assays that rely on a reporter or
Iytic activity measure the entire replicative cycle.
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Both split reporter systems (sfGFP and NLuc) were chosen
because they have the smallest « tag, allowing viral functions to
be preserved. The two methods offer complementary advantages
with limited drawbacks. Split GFP has the advantage that the
PCA interaction is indissociable (14), which means the signal
remains stable for some time and allows the measurement of
cumulated nuclear import events. The signal can be visualized by
fluorescent microscopy or analyzed by flow cytometry without
any other special treatment of the cells. Moreover, aCentauri®t"
is compatible with high-content screening, allowing correlating
GFP signal with HA and Gag signal, precisely pinpointing the
site of complementation, with shRNA transduction efficiency,
and with Hoechst labeling of nuclei to normalize results and
exclude toxic compounds. The NanoLuc readout is more adap-
ted to high-throughput screening since it offers signal linearity
over 2 log (Fig. 44). NLuc expression is transient and is thought
to be dissociable, making it more adapted to dynamic assays.
Moreover, the luminescent NLuc reporter offered earlier read-
out, higher amplitude, greater sensitivity, and lower background
and a better discrimination between positive and negative con-
trols. It also offered a linear assay over a wide range of multi-
plicity of infection (MOI).

In the case of the HIV, there is today no clear understanding
of how the PIC passes through the NPC into the nucleus. Cur-
rently, the only available methods to quantify HIV nuclear im-
port rely either on the imaging of virus components in the
nucleus (for instance refs. 51-53) or on the measurement of
unintegrated viral DNA that forms only in the nucleus (54).
However, viral protein and unintegrated DNA are extremely
sparse in the nucleus, and their detection fluctuates with time,
making these assays incompatible with high-throughput screen-
ing (36, 55, 56). aCentauri applied to HIV trafficking provides an
approach to study nuclear import, to identify key cofactors and
potential inhibitors.

Methods

Cells and Drugs. P4 TAR-B-gal indicator cells are HeLa CD4+ CXCR4+ CCR5+
carrying the LacZ gene under the control of the HIV-1 LTR promoter (AIDS
Reagent Program). HEK 293T (CRL-11268), HeLa (CCL-2), and A549 (CCL-185)
were obtained from the ATCC and were cultured in Dulbecco’s modified
Eagle’s medium-GlutaMAX supplemented with 10% fetal calf serum (FCS)
and penicillin/streptomycin (all Gibco by Life Technologies). The MT4R5 (57)
and CEM CD4+ (AIDS Reagent Program) T cell lines were grown in RPMI
medium with 10% FCS, 100 IU/mL penicillin, and 100 pg/mL streptomycin.
NVP (Sigma) was used at a working concentration of 5 uM for the duration
of the experiment. APH (Sigma) was added to cells at the concentration of
8 uM for 24 h before infection and maintained for the duration of the
experiment.

aCentauri Sequences. Amino acid sequences of sfGFP and NanoLug, indicating
the site of the split as a vertical line, are as follows:
sfGFP (Cen®" in regular font, «GFP in bold) (based on ref. 14):

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATIGKLTLKFICTTGKLPV-
PWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGKYKT-
RAVVKFEGDTLVNRIELKGTDFKEDGNILGHKLEYNFNSHNVYITANKQKNGIKA-
NFTVRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQTVLSKDPNEK|RDH-
MVLHEYVNAAGIT

NLuc

NanoLuc (Cen in regular font, aNLuc in bold) (based on ref. 15):

MVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLLQNLAVSVTPIQRIVRSGENALK-
IDIHVIIPYEGLSADQMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYF-
GRPYEGIAVFDGKKITVTGTLWNGNKIIDERLITPDGSMLFRVTIN|GVTGWRLCER-
ILA

Construction and Production of aCentauri Viruses and Vectors. All viruses were
HIV-1 LAl, either full-length or Aenv and pseudotyped with the vesicular
stomatitis virus glycoprotein (VSV-G). aHIVE?, aHIV-225TS", or aHIVN'“ viral
constructs were generated by PCR using a pBlueScript (pBS) plasmid con-
taining a Pstl-Ncol fragment of the HIV-1 LAl wild-type or mutant 225T
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Table 1. Primers and probes used for the qPCR experiments

PCR Primer name Sequence (5'-3’)
LRT MH531 TGTGTGCCCGTCTGTTGTGT
MH532 GAGTCCTGCGTCGAGAGAGC
LRT-P (FAM) ~-CAGTGGCGCCCGAACAGGGA- (TAMRA)
2-LTR MH535 AACTAGGGAACCCACTGCTTAAG
MH536 TCCACAGATCAAGGATATCTTGTC
MH603 (FAM) —~ACACTACTTGAAGCACTCAAGGCAAGCTTT- (TAMRA)
B actine B actin fwd aacaccccagccatgtacgt
B actin rev cggtgaggatcttcatgaggtagt
B actin probe (FAM) -ccagccaggtccagacgcagga—- (BBQ)
Alu-PCR MH535 AACTAGGGAACCCACTGCTTAAG
SB704 TGCTGGGATTACAGGCGTGAG
MH603 (FAM) —-ACACTACTTGAAGCACTCAAGGCAAGCTTT- (TAMRA)
1-M667 modified atgccacgtaagcgaaactttccgctggggactttccaggg
Alu 1 TCCCAGCTACTGGGGAGGCTGAGG
Alu 2 GCCTCCCAAAGTGCTGGGATTACAG
Lambda T ATGCCACGTAAGCGAAACT
U5-specific primer ctgactaaaagggtctgagg

nested probe

POL pol fwd
pol rev
pol probe
RPL13A RPL13A-Fq
RPL13A-Rq
Pin1 Pin1-Fq
Pin1-Rq
CypA CypA-Fq
CypA-Rq
TRN-1 TRN-1-Fq
TRN-1-Rq
TNPO3 TNPO3-Fq
TNPO3-Rq
IPO5 IPO5-Fq
IPO5-Rq
IPO7 IPO7-Fq
IPO7-Rq
MAP 1A MAP 1A-Fq
MAP 1A-Rq
MAP 1S MAP 1S-Fq
MAP 15-Rq
CKAP1 CKAP1-Fq
CKAP1-Rq
WIRE WIRE-Fq
WIRE-Rq
RanBP2 BP2-Fq
BP2-Rq
KPNB1 KPNB1-Fq
KPNB1-Rq

(FAM) —~ttaagcctcaataaagcttgccttgagtge— (TAMRA)

TTTAGATGGAATAGATAAGGCCCAA
CAGCTGGCTAACTATTTCTTTTGCTA

(FAM) ~AATCACTAGCCATTGCTCTCCAATTAC- (TAMRA)

AACAGCTCATGAGGCTACGG
TGGGTCTTGAGGACCTCTGT
GAGAAGATCACCCGGACCAA
AAAGTCCTCCTCTCCCGACT
GCCGAGGAAAACCGTGTACT
GTCTGCAAACAGCTCAAAGGAG
TTCGAATGGATCGCCTGCTT
CCGTCCTCGATCGGTGAAAA
CAGCTGGAACCAGACCATGA
CAGCTGGAACCAGACCATGA
TTGCGTCCTCACTTGGAAGC
AAGTCCGCAAGCCATTCGAT
CAGAGGAGCGGAGTCCATTG
CCCACTTCTTGCATTTCCACC
CTTCCCGGAGGTTTGAGGAC
AGAGAGGCTTCGGTCAGGAT
TCCTGGAGGAGCTCGAAAGA
GGAGAAGGTGGCAGAGTGTC
CCTCACCATCGCTGAGTTCAA
TCCAGCTTGCTGTAGAACTTGT
GCGCCCTCTTACAGGACATT
CTTCTCGAGGATGGGAGCAC
ACAATGGAATTAAAGCCCTTAAATGT
GAAACAATCAGCTACTTCTTTAGTTTTA
GTCACAAACCCCAACAGCAC
AGCCACTCGTACCCTCGTAT

molecular clone. Briefly, oligonucleotides coding for aGFP or aNluc flanked
by EcoRI and Ndel restriction sites were used to amplify and add «aGFP or
aNluc in C-ter of HIV-1 integrase. The forward primer was 5-CCAGTACTA-
CGGTTAAGGC-3'. Reverse primers were aGFP 5'-GAAACATACATATGCTAT-
GTAATCCCAGCAGCATTTACGTACTCATGAAGGACCATGTGGTCACGAGCGGCC-
GCATCCTCATCCTGTCTACTTG-3' and aNluc 5-GAAACATACATATGTTACGCC-
AGAATGCGTTCGCACAGCCGCCAGCCGGTCACTCCGTGGTCACGAGCGGCCGCA-
TCCTCATCCTGTCTACTTG-3'. PCR products were digested with EcoRI/Ndel and
cloned into pBS-LAI (Pstl-Ncol). Finally, the Pstl-Ncol fragment of LAl con-
taining IN fused to aGFP or aNluc was cloned back into a wild-type Env or
AEnv HIV-1 LAl molecular clone. aHIV-D1161N" was obtained by site-directed
mutagenesis using the QuikChange Il site-directed mutagenesis kit (Agilent)
on the pBS-LAI containing IN fused to aNluc and was then cloned back into a
wild-type Env or AEnv HIV-1 LAl molecular clones.

Lentiviral vectors (LV) coding for CenNLS or CenNup214 were obtained by
cloning HA-NLS or HA-Nup214 downstream of Cen®™ or Cen“'" by PCR
amplification. CenSPNLS was generated by strand-overlap PCR first by
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generating Cen®"P-HA from a GFP1-10 plasmid (14) using the following pri-

mers: 5- GATCGGATCCCGCCACCATG and 5- AAGAGCGTAATCTGGAACATC
GTATGGGTAGCCGGCGCCTTTCTCGTTTGGGTCTTTGCTCAGC-3'. Then, GFP-HA-NLS
was generated by a second PCR and cloned into an HIV-1-derived vector with
BamH1/Xhol restriction enzymes. Cen™""*NLS was synthesized by Genscript and
cloned into a pcDNA3.1(+), followed by an HIV-1-derived vector. CenNup214
constructs were generated by amplifying Cen®-HA or CenM'““-HA with Agel
and Notl overhangs and subcloning these at the place of EGFP upstream of
Nup214 using a pEGFP-Nup214 plasmid (Euroscarf).

All viruses and vectors were produced by transient transfection of HEK
293T cells by calcium phosphate precipitation with the proviral or LV plasmid,
cotransfected with VSV-G expression plasmid for Aenv viruses and vectors,
and with an encapsidation plasmid (pCMVAR 8.74) for vectors. Viruses and
vectors were harvested at 48 h after transfection. Viruses were concentrated
using Lenti-X Concentrator (Clontech) and vectors by ultracentrifugation for
1 h at 64,000 x g (Beckman Coulter) at 4 °C.
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Scheme 1.

Centauri Expression. Cells were transduced with CenNLS®F” and CenNLSN™< at
MOI 10. Cells were used at 48 h posttransduction , or stable cell lines were
generated by selection and expansion of clones using neomycin (1 mg/mL).
Cells were transfected with CenNup214S7 and CenNup214Ntc plasmids
using Fugene6 (Roche, Hela) or calcium phosphate precipitation (HEK 293T)
using 2 g per 10° cells. The efficiency of transduction and transfection was
assessed by indirect immunofluorescence labeling of the HA tag that was
inserted in the corresponding Centauri construct followed by flow cytometry
or confocal microscopy. Unless otherwise indicated, a threshold of 80% HA+
cells was set as a minimum value for performing aCentauri experiments.

Titration of aHIV Stocks and Infection. Virus yields were measured by p24
enzyme-linked immunosorbent assay according to the manufacturer’s in-
structions (Clontech). MOIs were estimated by assuming that 1 ng of p24
corresponds to 5,000 transducing units (TU) (58). Viruses were treated with
benzonase (Sigma, 15 min, 37 °C). Unless otherwise indicated, cells were
infected at 2.5 TU per cell. Alternatively, viruses were titered by measuring
Pol copy numbers by gPCR at 6 hpi in Hela cells and infections were per-
formed at given Pol copy numbers per cell. Unless otherwise stated, cells
were infected at 2 Pol copies per cell.
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Generation of luciferin solutions from O-acetylated luciferin.

Analysis of aCentauri® Complementation. xCen®" reconstitution was assessed
at 48 hpi by flow cytometry on fixed cells. Alternatively, cells were seeded in
96-well glass-bottomed Sensoplates (Greiner) at 10,000 cells per well at 24 hpi
and acquired on a ThermoCellomics at 48 hpi after addition of live Hoechst
33342 (Molecular Probes).

Analysis of aCentauri"“c Complementation. CenNLSN""“-expressing cells, ei-
ther transiently transduced or stable cell lines, were seeded in white opaque
96-well plates (Greiner) and infected the following day. aCenN“* reconsti-
tution was assessed at 24 hpi by adding Nano-Glo substrate (Promega)
according to the manufacturer’s instructions. Other NLuc substrates were
prepared by diluting the stock solution 1:50 in assay buffer (100 mM MES,
pH 6.0, adjusted with KOH, 1 mM CDTA, 0.5% vol/vol Tergitol, 0.05% vol/vol
antifoam, 150 mM KCl, 1 mM dithiothreitol, and 35 mM thiourea) and added
to the cells 1:1. Luminescence was measured within 10 min using Tecan
Infinite F200 Pro with 1,000 ms-integration and automatic attenuation.

B-Galactosidase and Bradford Assays. f-galactosidase assay was performed 48
hpi in indicator P4 cells according to the manufacturer’s instructions (Roche
Applied Science). Luciferase and p-galactosidase activities were normalized
for protein concentration by the Bradford assay. Luminescence and absor-
bance were acquired on a Tecan Infinite F200 Pro.
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Scheme 2. Chemical formulae of the O-acetylated luciferins and luciferins used in the study.

Fernandez et al.
Measuring the subcellular compartmentalization of viral infections by protein
complementation assay

PNAS | 9 of 11
https://doi.org/10.1073/pnas.2010524118

MICROBIOLOGY


https://doi.org/10.1073/pnas.2010524118

Downloaded at Diane Sullenberger on January 6, 2021

qPCR. Total cellular DNA was isolated at 24 hpi using the QlAamp DNA micro
kit (Qiagen). Two LTR (2-LTR)-containing circles were detected with primers
MH535/536 and probe MH603 (59), using as the standard curve the pUC-2LTR
plasmid, which contains the HIV-1 2-LTR junction. Reactions were normal-
ized by amplification of the late reverse transcript with primers MH531/532
and probe LRT-P (59) or quantification of HIV-1 POL gene using specific
primers as published previously (60). Alu-PCR was performed as published
previously (32). Sequences of the different primers and probes are presented
in Table 1.

Antibodies and Stains. The primary antibodies used were rat anti-HA tag
(Roche 3F10) and mouse monoclonal anti-p24 clone AG3.0 and 183-H12-5C
(NIH AIDS Reagent Program). Secondary antibodies were goat anti-mouse
and anti-rabbit HRP conjugates (Thermo Fisher Scientific) or Alexa Fluor
455 or 647 conjugates. Intracellular Gag was measured using KC57 antibody
conjugated to FITC or PE (Beckman Coulter).

Microscopy Immunolabeling and Imaging. Cultures were rinsed with
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde
(electronic microscopy grade; Alfa Aesar) in PBS for 10 min at room tem-
perature, treated with 50 mM NH4Cl for 10 min, permeabilized with 0.5%
Triton X-100 for 15 min, and blocked with 0.3% bovine serum albumin for 10
min. Cells were incubated with primary and secondary antibodies for 1 h and
30 min, respectively, in a moist chamber. Nuclei were labeled with Hoechst
dye (Molecular Probes). Images were acquired using a LSM700 (Zeiss) con-
focal microscope equipped with a 63x objective or by Airyscan LSM800
(Zeiss), both operated by Zen software. Image analysis was performed using
ImageJ.

Quality Controls. Z' factors were calculated using 10 to 30 replicates per
condition, randomly distributed on the plate. The Z-factor (61) is a measure
that quantifies the separation between the distribution of positive and
negative controls:
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where p, and o, are the mean and SD values of the positive control and p,
and on, are those of the negative control.

If robust, the Z-factor is calculated using robust estimates of location
(median) and spread (mad).

The signal/background (pp — H,) and signal/noise ((pp — pp) op) ratios are
also provided.

All statistical analysis was performed with R programming language (62).

Generation of Luciferin Solutions from the O-Acetylated Luciferins. The con-
sidered O-acetylated luciferin (1 mg) was dissolved in dimethyl sulfoxide
(DMSO) (0.2 mL) and then diluted by adding a solution of acidic ethanol (0.3
mL) made from the addition of 37% hydrochloric acid (100 pL) on 100%
ethanol (12 mL). The 0.5-mL reaction solution was incubated at 50 °C for 2 h
to give a luciferin stock solution which was aliquoted and frozen at —80 °C
for later use (Scheme 1). The O-acetylated luciferins (hikarazines) and the
corresponding luciferins used in this work are depicted in Scheme 2.

RNA Interference. LV coding for shRNA against Pin1, CypA, RanBP2, TNPO1,
TNPO3, CKAP1, WIRE, MAP1A, MAP1S, IPOS5, IPO7, and KPNB1 were generated as
previously published (31, 32, 35, 63, 64). Transduction was performed at MOI 50.

Statistical Analyses. Unpaired and paired t tests, ordinary one-way ANOVA,
and R? coefficients were obtained using Prism 6.

Data Availability. The authors make all data available upon request.
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