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Abstract

Purpose—L.ike all viruses, Human immunodeficiency virus type 1 (HIV-1) requires host cellular
factors for productive replication. Identification of these factors may lead to the development of
novel cell-based inhibitors.

Experimental design—A Strep-tag was inserted into the C-terminus of the Matrix region of the
HIV-1 gag gene. The resultant virus was replication competent and used to infect Jurkat T-cells.
Matrix complexes were affinity purified with Strep-Tactin agarose. Protein quantification was
performed using SWATH mass spectrometry, data was log-2 transformed, and student t-tests with
Bonferroni correction used to determine statistical significance. Several candidate proteins were
validated by immunoblot and investigated for their role in virus infection by siRNA knockdown
assays.

Results—A total of 17 proteins were found to be statistically different between the infected
versus uninfected and untagged control samples. Ku70, Ku80 and YB-1 were confirmed to
interact with Matrix by immunoblot. Knockdown of two candidates, EZRIN and YB-1, enhanced
HIV infection in vitro.

Conclusions and clinical relevance—The Strep-tag allowed for the capture of viral protein
complexes in the context of virus replication. Several previously described factors were identified
and at least two candidate proteins were found to play a role in HIV-1 infection. These data further
increase our understanding of HIV-host cell interactions.
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Introduction

Acquired Immune Deficiency Syndrome (AIDS) is a pandemic disease that has resulted in
the death of more than 30 million people since the discovery of the infectious agent human
immunodeficiency virus type 1 (HIV-1) [1, 2]. HIVV-infected patients can be treated with a
triple combination therapy to control virus replication and indefinitely extend their lives, but
no cure is available [3-5]. Importantly, resistance to existing drugs is on the rise [6],
therefore new inhibitors are still needed to treat infected patients and prevent spread of the
virus. HIV, like all viruses, requires host cellular factors to facilitate its replication, which
include fusion and entry of the virus, reverse transcription of the viral RNA into DNA,
integration of the DNA into the host chromosome, viral protein expression, virion assembly,
and budding and maturation. Identification of the host-cell interactions that mediate these
steps and delineation of how HIV interacts with these factors may lead to discovery of new
targets for HIV inhibitor development.

As a member of the retrovirus family, HIV has 3 major genes: gag, pol and env. The gag
gene contains the structural proteins of the virus. It is synthesized as a single polyprotein and
cleaved by the viral protease during maturation into four proteins: Matrix, Capsid,
Nucleocapsid, and p6 [7, 8]. The Matrix protein is critical for both virus entry and release in
the HIV life cycle. During the early stage of virus replication, Matrix is associated with the
reverse transcription and preintegration complex (RTC and PIC, respectively) [9-11].
Matrix binds both viral RNA and DNA, but also binds ribosomal RNA (rRNA) and
heterologous DNA nonspecifically [12-15]. Importantly, the exact role of Matrix in these
complexes and throughout the early steps of replication remains unclear [16]. During the
late steps of replication Matrix facilitates targeting of the Gag polyprotein to the plasma
membrane and incorporation of viral envelope proteins into virus particles [17, 18].

In an effort to further delineate the role of Matrix in virus replication we employed a
proteomic approach to investigate the interactome of Matrix during virus replication.
Several other genetic and proteomic studies have been performed on Matrix utilizing
individually expressed Matrix or Gag proteins [19-22]. To identify Matrix interactions in
the context of replicating virus we constructed a molecular clone (MA-Strep) with the Strep-
tag sequence interjected into the C-terminus of Matrix at a site previously shown to be
amenable to insertions [23, 24]. The Strep-tag is eight amino acids which should not impact
protein folding or secretion [25]. The resulting virus was replication competent. Matrix
protein complexes were isolated from infected Jurkat T-cells and proteins identified and
quantified using the Sequential Window Acquisition of all Theoretical fragment-ion spectra
(SWATH) method of MS. Statistical analyses identified 17 proteins to be differentially
present in the MA-Strep samples compared to both uninfected and infected-untagged control
cells. These studies present several novel Matrix-interacting proteins that may be important
for HIV replication.
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Materials and methods

DNA constructs

The TEV protease and Strep-tag sequences, as well as linker sequences (Figure 1) were
inserted by overlap PCR mutagenesis into pNLX clone of HIV-1 [26] using the overlapping
primers NLX 117 REV (5’-
TGCGGATGGCTCCAGCTCTGAAAATACAGGTTTTCGCCTCCTATCTGGCTGTTGT
TTCC-3") and NLX_1171 FOR (5’-
TTCAGAGCTGGAGCCATCCGCAGTTTGAAAAAGGGGGGAGCATAGTCAGCCAA
AATTAC-3’) and flanking primers that overlap unique BssHII and Spel restriction sites in
pNLX (NLX_708 (5’-GAAGCGCGCACGGCAAGAGGC-3") and NLX_1630 (5’-
TCCAGAATGCTGGTAGGGC-3%)). The HIV firefly luciferase reporter virus plasmid,
pNL-luc-R+E-, was obtained from NIH AIDS Research and Reference Reagent Program
(Germantown, MD) [27, 28]. The VSVg envelope expression vector pMD2.G was obtained
from the Addgene Plasmid Repository.

Cell lines and virus production

293T and Jurkat cells were grown in DMEM and RPMI 1640 medium, respectively,
supplemented with 10% Fetal Clone 111 Hyclone (Logan, UT USA). All cells were grown at
37 °C with a 5% CO, atmosphere. Virus stocks were produced by transfection of 1x107
293T cells with 5 pg of viral molecular clone using Polyjet transfection reagent (SignaGen
Laboratories, Rockville, MD). HIV-Luc reporter viruses were generated by co-transfection
of 5 ug of pNL-luc-R+E- and 1 pg of pMD2.G VSVg vector.

Affinity purifications

SWATH MS,

For each biological replicate 1x108 Jurkat-T4 cells were infected with 1 ml virus overnight,
washed, and incubated for an additional 2—3 days until the appearance of syncitia.
Uninfected samples were prepared in parallel as negative controls. Cells were pelleted,
washed once with PBS, and lysed in 1 ml 25 mM Tris-HCI pH 7.4/150 mM NaCl/1 mM
EDTA/1% Triton X-100 for 15 min. at 4°C with rotation. Samples were clarified by
centrifugation and incubated with Sepharose 6B (Sigma-Aldrich, St. Louis, MO) at 4°C with
rotation to reduce background. Samples were transferred to a new tube and rotated overnight
with 50 pl Strep-Tactin agarose beads (Qiagen, Venlo, Netherlands) at 4°C. Beads were
pelleted and washed thrice for 15 minutes with cell lysate buffer, resuspended in 10 mM
NH4HCO3 and stored in —80°C until processed for MS.

statistics, and bioinformatic analyses

Samples were digested with 0.1 pg/pL modified trypsin (Promega, Madison, W1 USA)
overnight at 37°C. Beads were pelleted by centrifugation and the supernatants transferred to
a new tube. The digested peptides were extracted with three washes of 0.1% Trifluroacetic
acid in 60% acetonitrile with shaking for 60 minutes at room temperature. The washes were
combined and peptides purified using C18 Zip Tips® according to manufacturer's procedure
(Millipore, Billerica, MA USA). Samples were dried by vacuum centrifugation and
resuspended in 0.1% formic acid in HPLC-grade water for LC-MS/MS and SWATH-MS
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analysis. Protein identifications were made by ProteinPilot using a UniProt Swiss-Prot
database containing human and HIV-1 proteins; common laboratory contaminants were
excluded. The FDR cutoff threshold was 1%. PeakView v.2.0 (AB Sciex) was used for
spectral alignment and targeted data extraction of SWATH-MS samples using a previously
established library for human monocytes [29] using the following parameters: extraction
window of 5 min, 8 peptides, 5 transitions, peptide confidence of >99%, exclusion of shared
peptides, and XIC width set at 50 ppm. Each SWATH-MS experiment was log-2
transformed independently of other experiments before statistical analysis. Student t-tests
were performed with Bonferroni correction for three conditions: MA-Strep vs. uninfected,
NLX vs. uninfected, and MA-Strep vs. NLX. The proteins that were significantly different
(p<0.05) between the MA-Strep condition vs. both the uninfected and NLX controls were
identified as candidate MA interactors. PANTHER v. 9.0 (www.pantherdb.org) was used for
functional analysis of the candidate proteins using gene ontology (GO) molecular function
terms. Hierarchical analysis of GO terms was performed using the Gene Ontology
Consortium (http://geneontology.org).

Immunoblot Analyses

Cell lysates were resolved by SDS-PAGE and transferred to a PVDF membrane. The
following primary antibodies were used for immunoblot: Anti-Ku70 (C-19), anti Ku80
(C-20), and anti-NCL (MS-3) were from Santa Cruz Biotechnology (Dallas, TX); and anti
YB-1 (ab76149) from Abcam. Primary antibodies were detected by incubation for 1 h with
species-specific HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Dallas,
Texas). Proteins were visualized using SuperSignal West Pico substrate (Pierce
Biotechnology, Rockford, IL) and exposure to autoradiography film.

Viral assays

For viral infectivity assays, 1x10° 293T were seeded a 6-well plate. The following day each
well was transfected with siRNAs (Santa Cruz Biotechnology, Dallas, Texas). At 24 h post
transfection, the cells were inoculated with HIV-Luc overnight, the media changed and the
cells grown an additional 24 h. Cells were lysed with M-PER solution (Pierce
Biotechnology, Rockford, IL) and clarified by centrifugation. Luciferase activity was
measured using One-glo luciferase reagent (Promega, Madison, WI) and protein
concentrations determined by BCA assay (Pierce Biotechnology, Rockford, IL). Luciferase
values were normalized to protein concentration. Statistics were performed using GraphPad
Prism software (version 5.04).

Results
Production of HIV-1 with a Strep-tag Matrix protein (MA-Strep)

Previous studies established that the C-terminus of Matrix was amenable to the insertion of
heterologous tags [23, 24], including a virus clone we had made with a biotin acceptor
sequence fused in this region. That virus was replication competent, but the biotin-
streptavidin capture system proved ineffective due to a large amount of background capture
of biotin utilizing proteins [30]. To address that issue, we constructed a new virus with a
TEV protease recognition site and the Strep-tag sequence flanked by two linker sequences
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inserted at amino acid 97 of Matrix (Fig. 1A). The TEV site was intended to allow for the
release of bound proteins from the beads, but was not efficiently cleaved by the protease
(data not shown). The linker sequences were necessary for Gag expression and virus release
(data not shown).

To assess the viability of MA-Strep, virus stocks of it and the parental NLX virus were made
by transient transfection of 293T cells. Jurkat cells were inoculated overnight with
normalized amounts of virus, washed, and the cells propagated for 14 days. The
supernatants were sampled at various days post infection and virus replication measured by
an in vitro [32P]TTP incorporation reverse transcriptase (RT) assay. Overall, the MA-Strep
virus replicated with kinetics similar to wild-type virus (Fig 1B), demonstrating that the
introduction of the tag did not affect virus infectivity in vitro.

Next we confirmed the expression and capture of the Strep-tagged MA protein. To do this,
cell lysates were collected from infected cells at 48 hpi and protein complexes captured by
incubation with Strep-tactin beads. Both the cell lysates and affinity purified samples were
analyzed by immunoblot using an anti-Matrix antibody. As shown in Figure 1C, Strep-
tagged Matrix was expressed at similar levels to NLX Matrix in the lysates of infected
Jurkat cells. As expected, a slightly larger sized band was detected in the MA-Strep samples
due to the addition of the insert. Notably, no additional smaller sized bands were observed,
suggesting that the insertion did not destabilize the protein. Anti-actin immunoblots were
performed as controls (bottom panel). Affinity capture of the whole cell lysates using the
Strep-Tactin beads demonstrated efficient capture of Matrix as well as full-length Gag
polyprotein from the samples (Fig. 1C, top blot).

SWATH-MS analysis of Matrix protein complexes

To identify cellular proteins that interact with Matrix during virus replication, we performed
three replicate experiments in which we infected Jurkat cells until syncitia formation was
observed (typically 2-3 days). Two controls were used for these experiments- uninfected (-)
cells and cells infected with the parental, untagged NLX virus. Cells were collected, lysed
and Matrix complexes captured using Strep-Tactin beads. The captured protein complexes
from each group were digested on the beads with trypsin, the peptides eluted, purified, and
analyzed by SWATH-MS using a previously established library for human monocytes [29].
The exported results contain quantitative output for the area under the curve for intensity of
individual ions and peptides, as well as the summed intensity of the peptides for each
identified protein, which was used for our analyses. A total of 27,611 spectral peptide counts
were captured for all three experiments (9477 for MA-Strep, 7333 for the NLX control, and
10,801 for the uninfected control). Supplemental dataset 1 contains the summed intensity of
the proteins identified in all three biological replicates. A total of 3276 proteins were
identified in all replicates. The protein intensities were log, transformed for parametric
statistics. Student t-tests with Bonferroni correction were calculated for three conditions:
MA-Strep vs. uninfected, NLX vs. uninfected, and MA-Strep vs. NLX. Ninety eight
proteins were significantly different (p<0.05) between the MA-Strep condition vs. the
uninfected cells; and 62 were significantly different between MA-Strep and the untagged
NLX control group (supplemental dataset 2). Seventeen proteins overlapped between both
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datasets, these were considered to be candidate MA-interacting factors. The proteins in that
dataset that were validated in this study are presented in Table 1.

Bioinformatic analysis

Next, the molecular functions for the 98 proteins identified in the comparison between the
MA-Strep and uninfected groups were analyzed using PANTHER (Fig. 2). Four major
categories were identified and the largest subset of the proteins were categorized as
“binding.” Secondary refinement of the “binding” family revealed an enrichment for nucleic
acid binding proteins (middle chart). Further refinement showed enrichment of both RNA
and DNA binding proteins, as well as proteins associated with transcription factor activity
(bottom chart). These data suggested that a major area of Matrix interaction during virus
replication is with nucleic acid-binding proteins, including transcription factors and
transcription regulators.

Validation of Matrix interactors

Next we sought to validate the interactions of several candidate proteins with Matrix by
western blot. We focused on several proteins that we identified in previous proteomic
studies of PICs and HIV infected nuclei, including Ku70, Ku80 (XRCC6 and XRCCS5,
respectively), and Nuclease-sensitive element-binding protein (YB-1) [31, 32]. We also
included a previously described MA binding factor nucleolin (NCL) as a control [33, 34].
Each factor was detected in whole cell lysate input controls, and we were able to detect the
presence of Ku70, Ku80, NCL, and YB-1 in the AP samples (Fig. 3), confirming the
interaction of each factor with Matrix. Ku70 and Ku80 are components of the Ku
heterodimer that is a component of the nonhomologous end-joining (NHEJ) pathway [35]. A
previous study showed that Ku80 is present in the core of HIV particles [36] and that
depletion of Ku80 inhibits HIV integration [37]. Ku70 has been shown to interact with
HIV-1 integrase and protects it from the Lys*8-linked polyubiquitination proteasomal
pathway [38]. Knockdown of Ku70 in C8166 cells inhibits 2-LTR circles formation and
reduces the level of integrated DNA [38]. YB-1 has been found in other mass spectrometry
analysis that interacts with HIV gag. YB-1 participates varies of mRNA pathway, including
pre-mRNA transcription and splicing, mMRNA packaging, and regulation of mMRNA stability
and translation [39]. NCL is high abundance protein in nucleus and regulates various aspects
of DNA and RNA metabolism [40], and has been reported co-localized with Matrix [33], as
well as upregulated in the nuclei of HIV-infected cells [32]. Several other factors from the
dataset, including ezrin, MED6 and OLAL, were tested in these assays and were not
validated, possibly due to the lack of sensitivity of the western-blot approach (data not
shown).

Functional validation of the candidate host factors

To further investigate the importance of the candidate factors in HIV biology, we tested the
effect of depletion of factor expression on HIV infection by RNA interference. Cells were
pre-transfected with siRNAs targeting the candidate factors and infected with a HIV
luciferase reporter virus (Fig. 4A). Cell health was monitored by MTT assay to verify the
effects were not due to changes in cell viability (Fig 4B). Knockdown of each protein was
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confirmed by immunoblot using -actin as a control (Fig. 4C). The reduction of Ezrin and
YB-1 box were found to enhance HIV replication. Ezrin is a member of the Ezrin-Radixin-
Moesin family which regulates microtubule formation and has been shown to limit retroviral
infection when over-expressed [41]. Our results were consistent with previous studies
showing that knockdown of Ezrin enhances HIV replication and HIV-1-induced cell-cell
fusion [42, 43]. YB-1 has been reported as a HIV Tat and TAR RNA binding factor that can
modulate viral promoter activity [44, 45]. Reduced expression of Ku70 and OLA also
slightly promoted HIV infection.

Discussion

Combination antiviral treatment (CART) is successful at controlling HIV-1 replication and
the development of disease but does not eliminate infection. The development of drug
resistance is a major concern during life-long treatment of infected individuals. As an
obligatory parasite, HIV-1 utilizes host cell factors and processes for viral propagation and
dissemination. Defining virus-host interactions and altered pathways could lead to
development of novel anti-viral treatments. This is a challenging task due to individual
response of infected individuals and multistep complexity of viral life cycle. In this study we
used a novel affinity purification approach to capture HIV-1 Matrix complexes during virus
replication of T-cells. A SWATH-MS pipeline identified 3276 proteins across three
biological replicates. Statistical analysis of protein abundance with Bonferroni correction
identified 17 proteins in the MA-Strep samples compared to both the uninfected and
infected-untagged control cells.

These data contribute to an evolving picture of HIV-host interactions in the cell. Over half
of the identified proteins (11 of 17) are members of the NCBI HIV interaction database
(supplemental dataset 2). Three (OLAL, Ezrin, YB-1) are present in the dataset of a broad
study of the interacome of all HIV proteins [20]. Two of the proteins (IsoC2, HistH2A) were
also identified previously in our study that captured Matrix complexes with an in vivo
biotinylation system [30]. Previous studies have also shown the interaction of Matrix with
LRPPRC and EEF1A1 [20, 30]. Notably, those factors that have not been reported
previously may represent novel observations and warrant further characterization. In this
study we confirmed the interaction of Ku70, Ku80 and YB-1. Functional validation studies
also demonstrated that the knock-down of several factors modulated HIV infection.
Combined, these data support the efficacy of our proteomic approach to study viral-host
interactions and identify factors crucial for virus replication.

Global proteomics is an excellent approach to study virus-host interactions as it can direct us
to intertwining cellular processes that are altered by virus infection. However, there is a
dilemma to how focused a proteomic study should be without losing its power of global
analysis. Using too global of an approach may pose difficulties in data interpretation;
whereas too focused of an approach may lose crucial information. Previous AP-MS studies
of Matrix interactions examine protein interactomes using singly transfected expression
vectors. While a widely used strategy, this approach may not be advantageous for a number
of reasons. First, factors such as exposure to transfection reagents or the non-physiological
over-expression of a protein may alter the host cell functions or induce stress responses
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which skew the proteome of the cell [20, 46]. Second, certain virus-host interactions may
involve multiple viral components and will be missed if only a single protein is expressed
[47]. Third, it is very difficult to perform single viral protein AP-MS studies in primary cells
due to low transfection efficiencies. The tagging of Matrix at a location that maintained HIV
replication overcomes these challenges since the protein is expressed at physiological levels
in the context of replicating virus. This study only demonstrated the feasibility of
investigating the Matrix interactome in a T-cell line, but future studies will utilize this
system to study Matrix interactions in infected primary T-cells and macrophages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AP affinity purification
AIDS acquired immune deficiency syndrome
Ku70 X-ray repair cross-complementing protein 6
Ku80 X-ray repair cross-complementing protein 5
CART Combination antiviral treatment
HIV human immunodeficiency virus
MA matrix
RPMI Roswell Park Memorial Institute medium
YB-1 Y-box binding protein 1
rRNA Ribosomal RNA
RTC reverse transcription complex
PIC preintegration complex
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Clinical Relevance

Viruses are obligate intracellular parasites that utilize host cell interactions to replicate.
Proteomics can map these interactions on a global scale and lead to the identification of
critical factors for infection and/or pathogenesis. Here, we constructed a replication
competent clone of HIV-1 with an affinity tag in the Matrix protein of the virus. This
virus was used to investigate the interactome of Matrix in HIV-infected T-cells. A
SWATH-MS protocol identified numerous novel Matrix binding proteins. These data
give insight into the function of Matrix during virus replication and may provide targets
for the future development of novel, cell-based HIV inhibitors.
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Figure 1.

HIV-1 MA-Strep Tag clone (A). Approximate location of insertion into C-terminus of
Matrix is indicated by shaded box. The insert contained the Strep-tag (bold), a TEV
cleavage site (italics), and linker sequences (underlined). (B) Replication of MA-Strep.
Jurkat cells were inoculated overnight with normalized levels of the indicated viruses, the
cells washed, and propagated. Supernatants were collected and clarified by centrifugation on
the days indicated. At the end of the experiment the samples were analyzed for exogenous
RT activity using a [32P]TTP incorporation assay. (C) Expression and affinity purification of
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tagged Matrix. Jurkat cells were infected as indicated above blots. Bottom two panels show
immunoblots of Matrix and -actin (as a control) in cell lysates prior to affinity capture.
Upper panel shows anti-Matrix immunoblot of samples affinity purified with Strep-Tactin
beads. Location of HIV-1 Gag and Matrix are indicated.
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Figure 2.
Bioinformatic analyses reveal alterations in nucleic acid binding proteins. PANTHER

analysis of molecular function GO terms revealed enrichment for binding proteins (top).
Expansion of this family of proteins (center) identified nucleic acid binding proteins as
substantially enriched and was further expanded (bottom).
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Figure 3.
Candidate protein interactions with Matrix. Cell lysates (left lanes) and samples purified

with Strep-Tactin agarose were prepared from uninfected cells and cells infected with the
indicated viruses. Samples were separated by SDS-PAGE and immunoblotted for the factors
indicated at right.
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Figure4.

siRNA screens for candidate factors. (A) Infection assays. Cells were transfected with
siRNAs to indicated proteins 24 h prior to infection with a VSVg-pseudotyped HIV-
Luciferase reporter virus. At 24 hpi cells were harvested and infection quantified by
luciferase assay and normalized for protein concentration (* = p<0.001 by unpaired 2-tailed
t-test). Control represents cells transfected with scrambled siRNAs. (B) Cell viability upon
SiRNA treatment was tested by MTT assay. Results in both graphs are presented relative to
the control group and error bars represent standard error of the mean. (C) Knock-down of
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proteins was checked by immunoblot of transfected cells lysates using -actin as a loading
control (bottom panel for each protein).
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