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Lens epithelium-derived growth factor/p75 (LEDGF/p75) is a

prominent cellular interaction partner of human immunodefi-

ciency virus-1 (HIV-1) integrase, tethering the preintegration

complex to the host chromosome. In light of the development of

LEDGF/p75-integrase interaction inhibitors, it is essential to

understand the cell biology of LEDGF/p75. We identified pogZ

as new cellular interaction partner of LEDGF/p75. Analogous to

lentiviral integrase, pogZ, a domesticated transposase, carries a

DDE domain, the major determinant for LEDGF/p75 interac-

tion. Using different in vitro and in vivo approaches, we corrob-
orated the interaction between the C terminus of LEDGF/p75

and the DDE domain of pogZ, revealing an overlap in the bind-

ing of pogZ and HIV-1 integrase. Competition experiments

showed that integrase is efficient in displacing pogZ from

LEDGF/p75. Moreover, pogZ does not seem to play a role as a

restriction factor of HIV. The finding that LEDGF/p75 is capa-

ble of interacting with a DDE domain protein that is not a lenti-

viral integrase points to a profound role of LEDGF/p75 in DDE

domain protein function.

In 2003 we identified LEDGF/p755 as the major cellular

interaction partner of HIV-1 integrase (IN) (1). In vitro studies

demonstrated that the interaction of LEDGF/p75 is restricted

to lentiviral integrases (2–4). In recent years the important role

of LEDGF/p75 in HIV replication has been demonstrated.

Knock-down (5, 6), knock-out (7), and transdominant inhibi-

tion studies (6, 8, 9) all revealed a pivotal role of LEDGF/p75 in

HIV-1 integration and replication. These studies also provided

a proof-of-principle to block the interaction between LEDGF/

p75 and HIV-1 IN as a potential antiviral strategy. By sequenc-

ing lentiviral vector integration sites in mouse LEDGF/p75

knock-out cell lines (7) and human LEDGF/p75 knock-down

cell lines (10, 11), the co-factor was shown to play a role in

integration site selection. Indeed, depletion of LEDGF/p75

induced a shift in lentiviral integration sites from the character-

istic distribution in transcription units outside the promoter

regions to a more random distribution.

The interaction between LEDGF/p75 and HIV-1 IN is medi-

ated by the IN binding domain (IBD) in the C terminus of

LEDGF/p75 (12). A crystal structure of a complex between two

IBDs and a dimer of HIV-1 IN catalytic core domains (CCDs)

identified amino acid residues in LEDGF/p75 that are essential

for the interaction with IN (13). The hydrophobic amino acids

Ile-365, Phe-406, and Val-408 and the chargedAsp-366 residue

all reside in the interhelical loops of the IBD.

As a ubiquitously expressed protein, LEDGF/p75 functions

as a transcriptional co-activator, protecting cells from extracel-

lular stress by regulating transcription of stress-related genes

(for review, see Ref. 14). By preventing cells from undergoing

apoptotic cell death, the protein is also involved in oncogenesis

(15–19). Through a link with the mixed-lineage leukemia

(MLL) histone methyltransferase, LEDGF/p75 was recently

shown to be essential for MLL-dependent transcription and

leukemic transformation (20).

To gain more insight into the cellular and virological role of

LEDGF/p75, we attempt to identify and validate the cellular

interaction partners of LEDGF/p75. Previously, we and others

identified JPO2 as a first cellular interaction partner of the

C-terminal end of LEDGF/p75 (21, 22). Like HIV-1 IN, JPO2

also interacts with the IBD of LEDGF/p75. Amino acid residues

in the IBD that are critical for IN interaction were not crucial

for the interaction with JPO2 (21), pointing to differential

structural constraints for both interactions.

Here we describe the identification of the interaction

between the cellular protein pogZ (pogo transposable element-

derived proteinwith zinc finger) and theC terminus of LEDGF/

p75 using yeast two-hybrid screening. Our in silico analysis of
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the protein sequence indicates that pogZ represents a domes-

ticated transposase related to the Tigger-derived (TIGD) DNA

transposases with a DDE domain (23). A DDE domain, also

present in lentiviral integrases (24), is characterized by a cata-

lytic site composed of two or three aspartic acid and/or glu-

tamic acid residues with a specific spatial arrangement to allow

coordination of Mg2� cations (25). It allows DNA-modifying

reactions such as strand cleaving, nicking, and ligation.

Our characterization of the interaction between pogZ and

LEDGF/p75 gives new insight in the role of LEDGF/p75 and

suggests a more profound role for LEDGF/p75 in DDE domain

protein function. They support speculation on a possible evo-

lutionary relationship betweenDNA transposons and lentiviral

integrases.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screen—A yeast two-hybrid screen was

performed using a cell-to-cell mating protocol (26). The

experimental setup was designed as described previously

(27). The prey consisted of a random-primed cDNA library

prepared from CEMC7 cells (human T-cell line). The bait

construct comprised the C-terminal domain (aa 341–507) of

LEDGF/p75.

Cell Culture—HeLaP4 CCR5 cells, a kind gift from Pierre

Charneau, Institut Pasteur, Paris, France, were grown in Dul-

becco’s modified Eagle’s medium (Invitrogen) supplemented

with 10% fetal calf serum (International Medical), 20 �g/ml

gentamicin (Invitrogen) (further referred to as Dulbecco’s

modified Eagle’s medium-complete), and 0.5 mg/ml Geneticin

at 37 °C and 5% CO2 in a humidified atmosphere. HeLaP4

CCR5 FLAG-LEDGF/p75 cells were treated the same with the

addition of 2 �g/ml hygromycin B (Invitrogen) to the growth

medium.

Expression Plasmids and Lentiviral Vector Cloning—pEGFP-

pogZ was a kind gift fromM. Lechner, Drexel University, Phil-

adelphia, PA. A lentiviral vector construct for the expression of

mRFP-�NpogZ was produced by PCR amplification of the

C-terminal coding region of pogZ from pEGFP-pogZ with the

primers BamHI 5�-aatggatccatgttacccttgtctatgattgt and SalI

5�-aatgtcgactcaaatctccatcagatc. The PCR product was digested

and used to replace JPO2 in the pCHMWS-mRFP-JPO2-IRES-

hygro transfer plasmid (21), 3� to the mRFP-coding region. A

bacterial expression plasmid encodingMBP-taggedC-terminal

pogK, pK-�N, was produced by PCR amplification of the pogK

coding sequence from HeLaP4 genomic DNA and insertion

into pMalc2e (New England Biolabs) 3� to the MBP coding

sequence. PCR primers used were forward EcoRI, 5�-aatgaattc-
tatgaggtagctcagatgg, and reverse BamHI, 5�-taaggatcctcagtt-
gctctcagccatgc. The bacterial expression plasmid pZ-�N was

produced byPCRamplification of theC-terminal coding region

of pogZ from pEGFP-pogZ and cloning into pMalc2e 3� to the

MBP-coding sequence. PCR primers used were forward EcoRI,

5�-aatgaattcatgttacccttgtctatgattgt, and reverse BamHI, 5�-
taaggatcctcaaatctccatcagatc. Bacterial expression plasmids

encoding FLAG-tagged LEDGF/p75 and its IBD mutants as

well as bacterial expression plasmids encoding p52, LEDGF/

p75, HIV-1 IN-His, and MBP-JPO2 were described previously

(21). Eukaryotic expression plasmids and lentiviral vector con-

structs for the expression of mRFP-tagged LEDGF/p75, eGFP-

tagged LEDGF/p75, and the nuclear localization signal (NLS)-

deficient mutant (K150A) as well as eGFP-tagged �325 and the
D366A mutant were described previously (6, 9). A lentiviral

vector construct co-expressing FLAG-tagged LEDGF/p75 and

a hygromycin resistance gene was produced by PCR amplifica-

tion of FLAG-LEDGF/p75 from the FLAG-LEDGF/p75 bacte-

rial expression plasmid pCP-Nat-FLAG (21) and cloning into

pCHMWS-IRES-hygro transfer plasmid 5� to the IRES, yielding
pCHMWS-FLAG-LEDGF/p75 IRES-Hygro. Primers used

were BglII forward, gcgagatctatggactacaaagaccatgacg, and SalI

reverse, gaattcgtcgacctagttatctagtgtagaatcc.

Purification of Recombinant �NpogZ, LEDGF/p75, p52,

HIV-1 Integrase, CCD, and �NpogK—pZ�N and pK�N were

used to transform Rosetta2 Escherichia coli cells (Novagen,

Germany). The transformantswere grown at 37 °C to anA600 of

0.6, and protein production was induced by the addition of 0.5

mM isopropyl-�-D-thiogalactopyranoside. After induction, the
culture was allowed to grow for 4 h before cells were collected

by centrifugation (15 min, 4 °C, 6000 � g). The bacterial pellet

was resuspended in lysis buffer (20 mM Tris/HCl, pH 7.4, 200

mM NaCl) and lysed by sonication (MSE 150-watt Ultrasonic

Desintegrator). The MBP-�NpogZ and MBP-�NpogK fusion

proteins were purified based on their affinity to amylose resin

according to the manufacturer’s protocol (New England Bio-

labs). The protein concentration of the collected fractions was

determined with a BCA test (Pierce), and purity was deter-

mined by SDS-PAGE followed by Coomassie Brilliant Blue

staining (Sigma-Aldrich). 20% glycerol was added to the frac-

tions with the highest concentration and purity. The respective

protein samples were stored at �20 °C. His-tagged HIV-1 IN

was expressed from pRP1012 and purified as described previ-

ously (2). Non-tagged LEDGF/p75 and p52 were expressed and

purified as described previously (29). The FLAG-tagged

LEDGF/p75 expression and purification was essentially the

same as for the non-tagged LEDGF/p75. HIV-1 IN CCD was

purified as described previously (30).

Vector Production—Lentiviral vectors were prepared as

described previously (31).

Stable Cell Lines—To make the HeLaP4 CCR5 FLAG-

LEDGF/p75 stable cell line, HeLaP4 CCR5 cells were seeded in

a 24-well plate and transduced with 104 RNA equivalents of

CHMWS-FLAG-LEDGF/p75 IRES-Hygro lentiviral vector the

following day. After 4 h of incubation, the supernatant was

removed, cells were washed with PBS, and 1 ml of Dulbecco’s

modified Eagle’s medium complete medium was added. After

48 h, selection was initiated by adding 2 �g/ml hygromycin B

(Invitrogen).

Analysis of Direct Protein-Protein Interaction by AlphaScreen—

The AlphaScreen assay was performed according to the manu-

facturer’s protocol (PerkinElmer Life Sciences) and as

described before (21). Cross-titration experiments were per-

formed by titrating increasing amounts of one protein interac-

tion partner against different concentrations of a second pro-

tein interaction partner.

Co-immunoprecipitation—Nuclear extracts were prepared

as described previously (1), and all further manipulations were

performed at 4 °C. ANTI-FLAG� M2-agarose affinity beads
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(Sigma-Aldrich) were washed with PBS and incubated with the

lysate for 1 h. The beads were collected by centrifugation (30 s,

1800 � g, 4 °C) and washed 3 times with 400 �l of 400CSK
buffer (10 mM Pipes, pH 6.8, 10% (w/v) sucrose, 1 mM dithio-

threitol, 1 mM MgCl2, 400 mM NaCl, complete protease inhib-

itor w/o EDTA (Roche Applied Science). Immunoprecipitated

protein was eluted with 40 �l of SDS-PAGE loading buffer.

Samples were analyzed by 10% SDS-PAGE and Western blot-

ting using appropriate antibodies.

Western Blotting—Protein samples were separated on 10%

SDS-PAGE and electroblotted onto polyvinylidene difluoride

membranes (Bio-Rad). Membranes were blocked with milk

powder in PBS, 0.1% Tween 20, and detection was carried out

using mouse anti-LEDGF/p75 antibody (Bethyl, Montgomery,

TX), rabbit anti-pogZ antibody (Aviva Systems Biology, San

Diego, CA), or rabbit anti-mRFP antibody (Chemicon). Visual-

ization was performed using chemiluminescence (ECL�,

Amersham Biosciences) using anti-mouse (�-FLAG) or anti-
rabbit (�-pogZ, �-mRFP) antibodies coupled to horseradish

peroxidase (Dako).

Fluorescence and Laser Scanning Microscopy—Cells grown

in LabTek II glass chamber slides (VWR International) were

fixed by incubation with 4% formaldehyde in PBS for 10 min

and washed with PBS. The nuclear DNA was stained with 0.5

�g/ml DAPI (Molecular Probes). Immunohistochemistry

staining of pogZ was performed using anti-pogZ antibody

(Aviva Systems Biology, San Diego, CA). Confocal microscopy

was performed using an LSM 510 meta unit (Zeiss, Zaventem,

Belgium). All images were acquired in the multi-track mode.

eGFP was excited at 488 nm (AI laser), mRFP at 543 nm (HeNe

laser), and DAPI at 790 nm (MAI TAI two photon laser). After

the main dichroic beam splitter (HFT UV/488/543/633 for

eGFP, HFT 700/543 for mRFP, and HFT KP 650 for DAPI), the

fluorescence signal was divided by a secondary dichroic beam

splitter (NFT 490 for eGFP orNFT 545 formRFP) and detected

in the separate channels using the appropriate filters (BP 500-

550 for eGFP, BP 561–615 for mRFP, and BP 435–485 for

DAPI).

HIV Infection and Analysis of Transfected HeLaP4 Cells—

Theday before transient transfection, 200,000 cellswere seeded

per well in a 6-well plate, and attachment to the plate was

allowed overnight. Cells were transfected with 20 nM siRNA

following the guidelines of the siFECTamineTM protocol. Syn-

thetic siRNAswere designed as follows and provided byQiagen

(Belgium); sipZ1, (aagaagagagctgttaggaaa), sipZ2 (aaagaacagc-

gacagtacaaa), siCD-4 targeting the CD4 receptor was described

previously (33). Three days after transfection 1.5 � 104 cells

were re-seeded in a 24-well plate for 4 h at 37 °C. After attach-

ment, cells were infected with 8.5 � 105 pg p24/ml of HIV-1 in

a total volume of 250�l. At 24 h after infection, a single well was
analyzed for �-galactosidase activity (chemiluminescent �-ga-
lactosidase reporter gene assay; Roche Applied Science). The

�-galactosidase activity was measured according to the manu-

facturer’s protocol. Chemiluminescence was measured with a

LumiCount instrument (Packard Instrument Co.). The pro-

tein concentration of each sample was determined (BCA pro-

tein assay kit; Perbio), and read-outs were normalized for

protein content.

RESULTS

Identification of pogZ as a Novel Interaction Partner of

LEDGF/p75—To identify novel cellular interaction partners of

LEDGF/p75, we performed a Y2H screen. In light of our ongo-

ing drug discovery program,wewere primarily interested in the

identification of cellular binding partners of LEDGF/p75 that

interactwith the IBD.Therefore, we used theC-terminal region

(aa 341–507) as bait (Fig. 1A). The prey consisted of a CEM-C7

T-cell line cDNA library. Next to the earlier-described LEDGF/

p75 binding partner JPO2 (21, 22), the transposase-like protein,

pogZ, was identified as putative interaction partner of LEDGF/

p75. Ten clones of different length were identified, and align-

ment of the sequences pinpointed to the C-terminal region of

pogZ as the specific interaction domain (SID) for LEDGF/p75

(Fig. 1B).

In Silico Analysis Reveals pogZ to Contain a DDE Domain, a

Helix-turn-helix Domain, and a Six-zinc-finger Array Repre-

senting a Domesticated DNA Transposase—PogZ (Uniprot

entry Q7Z3K3) was previously identified as a potential interac-

tion partner of the transcription factor sp1 in a Y2H screen (34).

However, nothing was known about the cellular function of the

protein. PogZ (1410 aa) has a calculated molecular mass of 155

kDa. A sequence homology search using the NCBI-BLAST

algorithm for the N-terminal region of pogZ showed 57%

homology with the human protein ZNF280D overlapping the

zinc finger region (Fig. 1A). A conserved domain scan using the

NCBI BLAST algorithm (35) revealed the presence of a DDE

domain and a DNA binding helix-turn-helix (HTH) domain in

the C-terminal end of pogZ (Fig. 1B). The SID of pogZ with

LEDGF/p75 overlappedwith the predictedDDEdomain (Fig. 1,

A and B). This finding is of particular interest as the interaction

of HIV-1 IN with LEDGF/p75 is mediated by the IN CCD,

essentially a DDE domain (24, 36).

Next, the PSI-BLAST algorithm (37) was used to reveal func-

tionally and evolutionarily important protein similarities for

the DDE domain of pogZ (aa 1117–1323). When convergence

was reached, PSI-BLAST uncovered sequence homology with

TIGD transposases, such as TIGD1, human Jerky homologue

(JRK), and human Jerky homologue like (JRKL) (Fig. 1C). Both

Jerky and TIGD transposases are remnants of DNA-trans-

posons related to theTc1/mariner transposons that were active

in the primate genome 60–80 million years ago (38, 39).

An earlier report points to the conservation of the catalytic

Asp, Asp, and Asp/Glu residues in the DDE domain of TIGD1

by sequence homology with Tc/mariner transposases (39).

Alignment of the human JRK, JRKL, and TIGD1 with the DDE

domain of pogZ demonstrates the conservation of the catalytic

Asp, Asp, andAsp/Glu residues in pogZ and both JRKL and JRK

(Fig. 1C). The positioning of the catalytic residues in pogZ fol-

lows theDD35(D/E) consensus. In addition, a search of the PDB

repository for the closest enzymatically active, structural

homologue of the pogZ DDE domain using the PHYRE search

engine (40) yielded the DDE domain of mos-1 DNA trans-

posase (PDB entry 2f7t), which has a consensus DDE domain

fold. Alignment of the predicted secondary structure of the

DDE domains of pogZ andmos-1 revealed a significant conser-

vation in length and position of secondary structure elements

LEDGF/p75 Interacts with the DDE Domain of PogZ
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(Fig. 1D). Although there is limited sequence homology at the

primary structure, the catalytic important DD(E/D) triad of

pogZ could be aligned with that of mos-1.

Altogether, these data suggest that the pogZ protein rep-

resents a domesticated DNA transposase that was C-termi-

nal-fused to a zinc finger-rich domain. This hypothesis is

further supported by the fact that the C terminus of pogZ,

including the transposase homology domain and the HTH

(Fig. 1A) is encoded by a single exon (exon 19). A similar

evolutionary path seems to be taken by a human paralogue of

pogZ, pogK. Like pogZ and TIGDs, the C-terminal end of

pogK also contains a predicted HTH and a DDE domain (Fig.

1A). Similar to pogZ, this region is also encoded by a single

exon for the pogK protein. In pogK, however, this trans-

posase-derived sequence is N-terminal-fused to a predicted

KRAB domain (Fig. 1A). Sequence alignment of the DDE

domain of pogK points to a loss of the DxD35(E/D) catalytic

triad (Fig. 1C).

FIGURE 1. Schematic representation and alignments of LEDGF/p75, pogZ, and pogK and their respective domains. A, schematic representation of
LEDGF/p75. The chromatin-associating domain (PWWP), the DNA binding domain (AT-hooks), and the NLS are indicated. The alternative splice variant, p52, and
the LEDGF/p75 specific C-terminal fragment (�325) are indicated below. The IBD is located in the C-terminal domain of LEDGF/p75. The fragment of LEDGF/p75
used as bait in the Y2H screen spans amino acid residues 341–507. B, for pogZ and pogK, the predicted DDE domains are indicated, as is the CENB-P HTH
domain. The six-zinc-finger array and ZNF280 homology region is indicated for pogZ. The predicted N-terminal KRAB domain is indicated for pogK. The
C-terminal regions of both pogZ and pogK, encoded by a single exon (exon 19 and exon 6, respectively), are indicated. The different clones from the Y2H screen
are aligned with the protein sequence of pogZ. The SID between amino acid residue 1139 and 1248 is found in the DDE domain of pogZ. C, alignment of partial
protein sequences of the DDE domains of human TIGD1, JRK, JRKL, and pogZ. The alignment was created using the ClustalW algorithm and manually refined
(28). The DDE domain consensus sequence for the catalytic aspartate and glutamate residues DxD35(E/D) is indicated. The asterisk marks complete conserva-
tion, whereas the colon and dot stand for partial conservation of amino acid residues. The protein sequence of the DDE domain of pogK is aligned below.
Conserved catalytic residues are indicated by �, whereas non-conserved residues are denoted by �. D, alignment of predicted secondary structure succession
of the DDE domain of pogZ and mos-1. The primary amino acid sequences are denoted. The secondary structure components (H, helix; E, strand) are indicated
above (pogZ) and below (mos-1). The DD(E/D) residues are indicated. Secondary structure prediction was performed by the JPRED algorithm (32).
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Confirmation of theCellular Interaction betweenLEDGF/p75

and pogZ—Confocal fluorescence microscopy analysis of cells

transiently transfected with a plasmid encoding eGFP-tagged

pogZ demonstrated its specific nuclear localization. Whereas

expression of the pogZ fusion was rather low (data not shown),

co-expression of mRFP-tagged LEDGF/p75 resulted in in-

creased eGFP-pogZ expression levels (Fig. 2A). The fluorescent

signals for eGFP-pogZ andmRFP-LEDGF/p75 displayed a sim-

ilar intranuclear localization (Fig. 2A, overlay).

To confirm that LEDGF/p75 and pogZ are in the same com-

plex, HeLaP4 CCR5 cells stably overexpressing N-terminal

FLAG-tagged LEDGF/p75 (HeLaP4-CCR5 FLAG-LEDGF/

p75) were fractionated into a cytoplasmic, a soluble nuclear,

and an insoluble high salt-resistant chromatin fraction. Both

pogZ and LEDGF/p75 were present in the nuclear fraction.

Whereas LEDGF/p75 completely dissociated from the chroma-

tin by applying 400 mM NaCl (Fig. 2B, compare lanes 2 and 3,

lower panel), a significant amount of pogZ remained associated

with the chromatin (Fig. 2B, lanes 2 and 3,upper panel) possibly

because of a strong interaction of the six-zinc-finger array and

theHTHdomain with the chromatin. The soluble nuclear frac-

tion was used for immunoprecipitation of FLAG-tagged

LEDGF/p75. Parental HeLaP4-CCR5 cells were used as control

(Fig. 2B, lanes 6 and 7). Endogenous pogZ was efficiently co-

immunoprecipitated with FLAG-tagged LEDGF/p75 (Fig. 2B).

Dilution of the 400 mM NaCl nuclear fraction to 250 mM NaCl

improved pogZ co-immunopre-

cipitation (Fig. 2B, compare lanes

4 and 5, upper panel). These data

indicate the presence of a salt-sensi-

tive nuclear complex containing

LEDGF/p75 and pogZ. In a separate

set of co-immunoprecipitation ex-

periments we could show that both

pogZ and JPO2, like HIV IN, inter-

act with Hrp2, next to LEDGF/p75,

the only known human IBD-con-

taining protein (12) (supplemental

Fig. 1).

The pogZ-LEDGF/p75 Interac-

tion Is Mediated by the C-terminal

Domain of Each Protein—The Y2H

data show an interaction between

the pogZ DDE domain and the

C-terminal part of LEDGF/p75. To

verify this finding, co-localization of

the fusion of mRFP to the C-termi-

nal part of pogZ (mRFP-�NpogZ)

(aa 1117–1410, Fig. 1A) with eGFP-

LEDGF/p75 was evaluated by con-

focal microscopy. When expressed

in the absence of eGFP-LEDGF/

p75, mRFP-�NpogZ showed an

unspecific cellular distribution, al-

though a slight preference for the

nucleus was observed (Fig. 3A,

upper panel). Upon co-expression

of eGFP-LEDGF/p75 and mRFP-

�NpogZ, the latter partially relocated to the nucleus (Fig. 3A,

middle panel). Co-expression of mRFP-�NpogZ and the

NLS-defective mutant K150A mutant of eGFP-LEDGF/p75

excluded mRFP-�NpogZ from the nucleus (Fig. 3A, lower

panel) as was previously shown for HIV-1 IN (5, 6, 12). In addi-

tion, expression ofmRFP-�NpogZ in LEDGF/p75 knock-down

cells resulted in lower mRFP-�NpogZ expression, suggesting

that LEDGF/p75 stabilizesmRFP-�NpogZ (data not shown). In

contrast, the expression level of full-length pogZ remained

unaltered (data not shown). In an effort to narrow down the

pogZ domain interacting with LEDGF/p75, the SID (see Fig.

1B) of pogZ was fused to mRFP. However, we could not dem-

onstrate a similar relocation upon co-expression with either

eGFP-LEDGF/p75 or its NLS-deficient counterpart. This is

possibly because of misfolding or steric hindrance of the fluo-

rescent protein tags (Fig. 3B: compare B to the upper andmid-

dle panel of A). The interaction between LEDGF/p75 and the

C-terminal end of pogZ was confirmed by co-immunoprecipi-

tation of mRFP-�NpogZ from HeLaP4 CCR5 FLAG-LEDGF/

p75 cells with anti-FLAG agarose (Fig. 3C, lane 2, lower panel).

In this experiment total cell lysates were prepared in 400 mM

NaCl and before co-immunoprecipitation diluted to 250 mM

NaCl. Of note, mRFP-�NpogZ overexpression was able to par-

tially out-compete endogenous pogZ for binding to LEDGF/

p75 (Fig. 3C, compare lanes 2–4, upper panel).

FIGURE 2. Validation and characterization of the LEDGF/p75-pogZ interaction. A, HeLaP4 CCR5 cells were
transfected with two plasmids encoding eGFP- pogZ or mRFP- LEDGF/p75. Confocal fluorescence microscopy
analysis of the cells is shown. The merge between the eGFP and mRFP signals is shown in the overlay panel.
B, co-immunoprecipitation (CoIP) of endogenous pogZ with FLAG-tagged LEDGF/p75. HeLaP4 CCR5 FLAG-
LEDGF/p75 cells (lanes 1–5) and HeLaP4 CCR5 cells (lane 6 and 7) were fractionated into a cytoplasmic (lane 1),
a nuclear (lane 2), and a chromatin-associated fraction (lane 3). Co-immunoprecipitation was performed on the
nuclear fraction in 400 mM NaCl (lanes 4 – 6) or 250 mM NaCl (lanes 5–7) using FLAG-M2-agarose resin to immu-
noprecipitate the FLAG-tagged LEDGF/p75. Samples were separated by SDS-PAGE followed by Western blot-
ting. The presence of pogZ and LEDGF/p75 in the samples was verified using anti-pogZ (upper panel) or
anti-LEDGF/p75 (lower panel) antibodies, respectively. Ab, antibody.
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We and others reported earlier that the C-terminal end of

LEDGF/p75 (aa 325–507, eGFP-�325) has a predominant

nuclear localization and that co-expression of HIV-1 IN or the

cellular LEDGF/p75 binding part-

ner, JPO2, relocates both proteins to

the cytoplasm (6, 21). Likewise,

mRFP-�NpogZ and eGFP-�325
co-expression resulted in nuclear

exclusion of both fusion proteins

(Fig. 3D). In addition, it was previ-

ously shown that both JPO2 and IN

specifically interact with the IBD

domain of LEDGF/p75 (22). Co-ex-

pression of an eGFP-IBD fusion

together with mRFP-�NpogZalso

resulted in cytoplasmic relocaliza-

tion, indicating that the IBD is suffi-

cient for the interaction with pogZ

(data not shown).

LEDGF/p75 is known to tether

JPO2 and HIV-1 IN to the chro-

mosomes during mitosis (22, 29).

To analyze whether LEDGF/p75

functions as a chromosome-teth-

ering factor for pogZ, the subcel-

lular localization of endogenous

pogZ during mitosis was analyzed

by confocal microscopy in HeLaP4

CCR5 cells (Fig. 4A). Surprisingly,

pogZ did not associate with con-

densed chromatin. Overexpression

of LEDGF/p75 as an eGFP fusion

localized to mitotic chromosomes

without tethering mRFP-�NpogZ

(Fig. 4B). These findings are at odds

with the previous suggestion that

LEDGF/p75 is a general chromatin-

tethering factor (22).

Next, the direct interaction bet-

ween the LEDGF/p75 IBD and pogZ

was studied in more detail using an

AlphaScreenTM protein-protein in-

teraction assay. The recombinant

MBP-tagged C terminus of pogZ

(MBP-�NpogZ)was purified from a

bacterial lysate, and direct interac-

tion with recombinant FLAG-tagged

LEDGF/p75 (FLAG-LEDGF/p75)

was demonstrated in a cross-titration

experiment (Fig. 5A). For all sub-

sequent competition experiments

equimolar amounts (100 nM) of

MBP-�NpogZ and FLAG-LEDGF/

p75 were chosen as base-line con-

centrations. Increasing amounts of

recombinant non-tagged LEDGF/

p75 and p52 were added to the

interaction mixture containing 100

nMMBP-�NpogZ and 100 nM FLAG-LEDGF/p75. The recom-

binant LEDGF/p75 out-competed the interaction, whereas

recombinant p52 did not (Fig. 5B). In addition, the C terminus
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of the pogZ paralogue, pogK, was purified as a recombinant

MBP fusion protein. However, this protein did not show inter-

action with FLAG-tagged LEDGF/p75 in an AlphaScreen

cross-titration interaction assay (data not shown). This experi-

ment confirms the specificity of the LEDGF/p75-pogZ interac-

tion, pinpointing the interaction site to theC-terminal domains

of each protein.

The pogZ Binding Site in LEDGF/p75 Overlaps to a Larger

Extent with the HIV-1 IN Binding Site Than Does JPO2—

LEDGF/p75 interacts with the HIV-1 IN CCD through its

C-terminal IBD. A crystal structure of the IN CCD-IBD inter-

action was previously resolved, and several amino acid residues

crucial for the interaction with HIV-1 IN were identified (13,

41). Although JPO2 also interacts with the IBD, our previous

mutational analysis suggested that different contacts in the

interface are required (21). In the light of our ongoing drug

discovery, we are interested in the relative binding affinities of

IBD cellular binding partners versus integrase. This research

could also shed light on the mechanism by which IN out-com-

petes the cellular LEDGF/p75 interaction partners. Because

pogZ also contains a DDE domain, we investigated whether

amino acid residues in the IBD engaged by HIV-1 IN are also

used by pogZ. Side-by-side compar-

ison of the IBD mutants in the

AlphaScreen assay revealed that

neither the D366A nor V408A

mutations affected the interaction

with pogZ or JPO2, whereas they,

respectively, abrogated and severely

inhibited the interaction with

HIV-1 IN (Fig. 6A). The K360A,

I365A, V370A, and F406A muta-

tions on the other hand abrogated

or severely inhibited the interaction

of LEDGF/p75 with both pogZ and

HIV-1 IN (Fig. 6A). As reported

before, these mutations differen-

tially affected interaction between

LEDGF/p75 and JPO2 (21) (Fig. 6A).

These data demonstrate that bind-

ing ofHIV-1 IN andpogZ to the IBD

overlaps more than that of JPO2.

The HIV-1 IN Catalytic Core

Domain Out-competes the pogZ-

LEDGF/p75 Interaction More Effi-

ciently Than the JPO2-LEDGF/

p75 Interaction—Because pogZ

and HIV-1 IN use an overlapping

set of amino acid residues in the IBD, we examined whether

HIV-1 IN can out-compete the interaction between LEDGF/

p75 and pogZ. Increasing amounts of non-tagged HIV-1 IN

CCDwere added to an equimolar mixture (100 nM) of FLAG-

LEDGF/p75 and MBP-�NpogZ or MBP-JPO2 (Fig. 6B). At

equimolar concentrations (100 nM), IN CCD efficiently com-

peted with MBP-�NpogZ for the interaction, whereas 100

nMMBP-JPO2 was displaced, only in part reducing the signal

for less than 10%. To explain these results we calculated the

relative affinities of JPO2, pogZ, and HIV-1 IN CCD for

LEDGF/p75. Increasing amounts of either His-tagged HIV-1

IN CCD, MBP-JPO2, or MBP-�NpogZ were titrated against

100 nM FLAG-LEDGF/p75 in an AlphaScreen interaction

assay. The steady-state binding curves were fitted best

according to a sigmoidal model (Fig. 6C). Calculated appar-

ent Kd values showed an up-to-2-fold higher affinity of

HIV-1 IN CCD for LEDGF/p75 (Kd � 28.6 � 0.8 nM) as

compared with JPO2 (Kd � 62.0 � 11.8 nM) or pogZ (Kd �
62.6 � 13.7 nM). The more pronounced inhibition of the

LEDGF/p75-pogZ interaction by HIV-1 IN CCD is consist-

ent with a better overlap between IN and pogZ than between

IN and JPO2 for binding to LEDGF/p75 (Fig. 6, A–C).

FIGURE 3. Truncation mutants of LEDGF/p75 and pogZ colocalize in the cell. A, mRFP-�NpogZ was expressed in HeLaP4 CCR5 cells either alone (upper
panel) or together with eGFP-LEDGF/p75 (middle panel) or the NLS-deficient K150A mutant (lower panel), respectively. Confocal fluorescence microscopy
analysis of the cells is shown. DAPI staining of DNA is shown (blue). The fluorescent molecules analyzed are indicated above. The merge of eGFP-LEDGF/p75 and
mRFP-�NpogZ signals is shown in the overlay panel. B, colocalization of mRFP-SID-pogZ with eGFP-LEDGF/p75NLS-. The same experimental setup as in A was
used. C, co-immunoprecipitation of mRFP-�NpogZ with FLAG-tagged LEDGF/p75. HeLaP4 CCR5 FLAG-LEDGF/p75 cells were transduced with a lentiviral
vector overexpressing mRFP-�NpogZ (lanes 1 and 2) or left untreated (lanes 3 and 4). Total cell lysate was prepared in 400 mM NaCl to remove LEDGF/p75 from
the chromatin and subsequently diluted to 250 mM NaCl to perform the immunoprecipitation using FLAG-M2-agarose resin. Samples were run in a SDS-PAGE
gel followed by Western blotting. The presence of mRFP-�NpogZ, endogenous pogZ, and LEDGF/p75 in the samples was analyzed using anti-mRFP (lower
panel), anti-pogZ (upper panel), or anti-LEDGF/p75 (middle panel) antibodies, respectively. D, mRFP-�NpogZ was expressed in HeLaP4 CCR5 cells together with
eGFP-�325. Confocal fluorescence microscopy analysis of the cells is shown. DAPI staining of DNA is shown (blue). The fluorescent molecules analyzed are
indicated above the panels. The merge of eGFP-�325 and mRFP-�NpogZ signals is shown in the overlay panel.

FIGURE 4. PogZ is not associated with mitotic chromosomes. A, endogenous pogZ in HeLa CCR5 cells was
immunohistochemically analyzed using anti-pogZ antibody. DAPI staining was used to stain the DNA (blue).
Confocal fluorescence microscopy analysis of mitotic cells is shown. B, mRFP-�NpogZ was expressed in HeLaP4
CCR5 cells either alone (upper panel) or together with eGFP-LEDGF/p75 (lower panel). DAPI staining was used to
stain the DNA (blue). Confocal fluorescence microscopy analysis of mitotic cells is shown. The fluorescent
molecules analyzed are indicated above the panels. The merged signals are shown in the overlay panel.
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PogZ Does Not Restrict HIV-1 Replication—Because HIV-1

IN and pogZ compete for an overlapping interaction site on

LEDGF/p75 and because the interaction between LEDGF/p75

andHIV-1 integrase is of crucial importance for HIV-1 replica-

tion in the cell (7–9), we investigated whether the interaction

with pogZ plays a role in HIV infection.

An ELISA-based assay (42) was performed to measure in

vitro integrase activity in the presence ofMBP-�NpogZ. Biotin

and digoxigenin-labeled oligonucleotides were incubated with

recombinant HIV-1 integrase. As shown before (4), LEDGF/

p75 stimulated integrase activity (Fig. 7A). In the absence or

presence of LEDGF/p75, the addition of increasing amounts of

recombinant MBP-�NpogZ did not affect integrase activity.

This finding is in agreement with the finding that HIV-1 IN can

efficiently out-compete pogZ for interaction with LEDGF/p75

(Fig. 6B).

Next, we performed transient knock-down experiments to

assess a possible role of pogZ in HIV-1 replication. HeLaP4

cells, containing an internal

HIV-1 LTR-driven �-galactosid-
ase reporter gene, were transiently

transfected with one of two differ-

ent siRNAs targeting pogZ (sipZ1

and sipZ2) or mock-transfected. As

a positive control HeLaP4 cells were

transiently transfected with siRNA

targeting the CD4 receptor (siCD-

4). Knock-down of pogZ was moni-

tored with Western blotting (Fig.

7B). Cells were infected with a dilu-

tion series of HIV-1 NL4.3 for 24 h.

After 24 h the cells were lysed, and

�-galactosidase reporter gene activ-
ity was determined (Fig. 7C).

Although an incomplete knock-

down (sipZ2) induced a 2-fold stim-

ulation, a near complete knock-

down (sipZ1) of pogZ expression

revealed wild-type levels of HIV-1

replication compared with the

mock-transfected control cells.

These data are at odds with a major

function of pogZ as a restriction fac-

tor of HIV-1 replication in this cell

line.

DISCUSSION

To gain more insight into the

function of LEDGF/p75 in cell biol-

ogy and during HIV replication, we

embarked on the identification of

cellular interaction partners. This

knowledge is of crucial importance

when considering the LEDGF/p75-

HIV-1 IN interaction as an antiviral

target. One aims at identifying small

molecule inhibitors that block the

interaction between IBD and HIV-1

IN without affecting the interaction of IBD with cellular bind-

ing partners. Alternatively, IBD binding partners could serve as

restriction factors competing for the interactionwith integrase.

Here we identified and validated pogZ as a novel cellular

interaction partner of the IBD in LEDGF/p75. Our in silico

analysis revealed that this protein with an unknown cellular

function shows a striking homology to the DNA transposase

proteins of the TIGD family of which the domesticated

CENP-B transposase is also a member (43). pogZ features the

hallmarks of a domesticated transposase that was C-terminal-

fused to a zinc-finger-rich region. This hypothesis is strength-

ened by the fact that the entire C-terminal fragment of pogZ,

containing the DDE domain and HTH, is encoded by a single

exon, whereas the N-terminal part of the gene is encoded by

multiple exons. The coding of the entire protein by an exten-

sively spliced mRNA together with the large size of the entire

gene and the absence of any obvious terminal inverted repeats

indicate that the pogZ gene itself does not possess transposon

FIGURE 5. In vitro analysis of the interaction between recombinant LEDGF/p75 and pogZ proteins.
A, cross-titration for FLAG-LEDGF/p75 and MBP-�NpogZ interaction as measured by AlphaScreen. Interaction
was measured at different concentrations of FLAG-LEDGF/p75 (�, 0 nM; f, 3 nM; Œ, 30 nM; f, 90 nM; f, 270 nM;
F, 900 nM) and different concentrations of MBP-JPO2 as indicated on the x axis. The experiment was done in
triplicate. Data represent the average values � S.D. for the three measurements. B, non-tagged LEDGF/p75
competes for the binding between FLAG-LEDGF/p75 and MBP-�NpogZ, whereas non-tagged p52 does not
(n � 3). FLAG-LEDGF/p75 (100 nM) was incubated with MBP-�NpogZ (100 nM) in the presence of increasing
amounts of recombinant non-tagged p52 (black) or non-tagged LEDGF/p75 (gray). Data represent average
values � S.D. for three independent measurements.
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activity. Domestication or the recruitment of transposase

enzymes derived from mobile genetic elements into cellular

functions has occurred multiple times in mammalian evolu-

tion. Well known examples of such domesticated transposases

function in nuclear organization (centromere protein B),

recombination (RAG-1), or DNA repair (SETmar) (44).

Via colocalization, co-immunoprecipitation, and direct pro-

tein-protein interaction assays, the interaction between

LEDGF/p75 and pogZwas validated.We showed that the inter-

action ismediated by the IBDof LEDGF/p75. The IBD interacts

with the C terminus of pogZ, which includes the transposase-

derivedDDEdomain. This finding is of particular interest given

that HIV-1 integrase also interacts with the LEDGF/p75 IBD

through its DDE domain-containing CCD (13, 45). In contrast

to JPO2,HIV-1 integrase andpogZ showa significant overlap in

critical IBD amino acid residues required for interaction. IBD

mutations I365A, V370A, and F406A equally affected the inter-

actions with HIV-1 IN and pogZ. On the contrary, mutations

D366A and V408A had no effect on the interaction between

LEDGF/p75 and pogZ, whereas these mutants abrogate the

interaction of LEDGF/p75 with HIV-1 IN. Possibly these resi-

dues enable integrase to out-compete JPO2 and pogZ for bind-

ing to LEDGF/p75, a crucial property that assures hijacking of

LEDGF/p75 by the HIV pre-integration complex and consecu-

tive targeting of the virus to the cellular genome (Fig. 6A). As

JPO2 and pogZ have a comparable affinity for LEDGF/p75, the

more efficient and complete out-competition of the pogZ-

LEDGF/p75 interaction by the HIV-1 IN CCD as compared

with the JPO2-LEDGF/p75 interaction further corroborates

the extensive overlap in IBD residues engaged by bothHIV-1 IN

and pogZ (Fig. 6B). Elucidation of the structural basis of the

differential interactions of the LEDGF/p75 binding proteins

with the IBD should confirm this hypothesis. Recently theMLL

methyltransferase was shown to be yet another IBD interacting

protein (20). Interestingly, a third player, menin, is required for

this interaction. This requirement may explain why MLL was

not highlighted by our Y2H screen. Given the essential impor-

tance of the LEDGF/p75-MLL interaction in leukemogenesis

(20), it is mandatory to incorporate MLL in future interaction

studies. Together these findings suggest that the C terminus of

LEDGF acts as a playground for protein-protein interaction.

Side by side comparison of the positioning of the catalytic triad

DD(E/D) amino acid residues in the DDE domain of TIGD1 with

those in the DDE domain of the pogZ protein reveals the conser-

vation of these residues. Identification of a putative catalytic activ-

ity in a nucleic acid-modifying pathway mediated by pogZ would

FIGURE 6. Analysis of differential interaction of HIV-1 IN, JPO2, and pogZ with the IBD of LEDGF/p75. A, interaction of HIV-1 IN, JPO2, and pogZ with
LEDGF/p75 IBD mutants. FLAG-LEDGF/p75 or its mutants were present at 100 nM, IN-His was added at 300 nM, and MBP-�NpogZ and MBP-JPO2 were each
added at 100 nM. Interaction was measured by AlphaScreen. Dark gray bars represent the interaction of wild-type (WT) FLAG-LEDGF/p75 and its mutants
with MBP-JPO2. Light gray bars represent the interaction of wild-type FLAG-LEDGF/p75 and its mutants with IN-His. White bars represent the interaction
of FLAG-LEDGF/p75 wild-type and its mutants with MBP-�NpogZ. The mutant residues are indicated on the x axis. The signals for the interaction
between FLAG-LEDGF/p75 and its mutants with IN-His and MBP-JPO2 were normalized to the signal for the interaction between FLAG-LEDGF/p75 and
MBP-�NpogZ. The average AlphaScreen emission with S.D. is shown (n � 3). B, the HIV-1 IN CCD efficiently interferes with the interaction between
LEDGF/p75 and pogZ as evidenced by an AlphaScreen competition assay. FLAG-LEDGF/p75 (100 nM) was incubated with either MBP-�NpogZ (100 nM,
black line) or MBP-JPO2 (100 nM, gray line) in the presence of increasing amounts of recombinant non-tagged HIV-1 IN CCD (10, 100, 300, 900 nM). The
concentration of the HIV-1 IN CCD is indicated on the x axis. The average AlphaScreen emission with the S.D. is shown (n � 3). C, determination of the
relative affinities of JPO2, pogZ, and HIV-1 IN CCD for LEDGF/p75. In an AlphaScreen interaction assay 100 nM FLAG-LEDGF/p75 was titrated with
increasing amounts of MBP-JPO2 or MBP-�NpogZ (0, 5, 10, 50, 100, 150, and 200 nM) or IN-CCD-His (0, 3, 6, 33, 100 nM). The concentration of the titered
protein is given on the x axis. The average AlphaScreen emission with the S.D. is shown on the y axis (n � 3). A sigmoid curve was used to fit the kinetics
of the interaction, and Kd values were derived as indicated.
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shedmore light on the cellular functions of both LEDGF/p75 and

pogZ. The DDE domain of pogK, the human paralogue of pogZ,

does not appear to contain these conserved catalyticDD(E/D) res-

idues. Interestingly, we could not detect an interaction between

LEDGF/p75 and pogK (data not shown).

Next to a better understanding of the function of LEDGF/p75

in cellular pathways and viral replication, this study also has

important implications for future anti-HIV drug development.

Subsequent to the validation of LEDGF/p75 as an important

HIV-1 cofactor drug discovery, laboratories in academia and

industry now exploit the IN-LEDGF/p75 interaction as a new

antiviral target (46–48). In light of cellular toxicity, the effect of

potential drugs on pogZ and JPO2 binding to LEDGF/p75 should

be assessed. The fact that the binding mode of JPO2 and pogZ to

LEDGF/p75 does not entirely overlap with the binding of IN to

LEDGF/p75 supports the feasibility of specific drug design.

Because LEDGF/p75 links both JPO2 and HIV-1 IN to

chromatin (22, 29), LEDGF/p75 has been described as a mul-

tifunctional tethering factor. Our finding that neither pogZ

nor the C-terminal part of pogZ associate with mitotic chro-

mosomes even when LEDGF/p75 is overexpressed (Fig. 4)

indicates that this function of LEDGF/p75 is not applicable

to pogZ.

Because pogZ and integrase bind to the same domain of

LEDGF/p75, pogZ might potentially act as a restriction fac-

tor to viral replication. The well known stimulation of in

vitro integrase activity by LEDGF/p75, however, was not

inhibited by the addition of MBP-�NpogZ. Accordingly,

transient knockdown of pogZ showed either no or only a

2-fold stimulation of HIV-1 replication in HeLaP4 cells.

These findings indicate no important function for the

LEDGF/p75-pogZ interaction in HIV-1 replication but fur-

ther point to a mechanism whereby HIV-1 IN usurps

LEDGF/p75 in the cell during infection.

Binding of LEDGF/p75 to integrases is lentiviral-specific (2,

4). The finding that LEDGF/p75 can bind a domesticated trans-

posase sheds a new light on this finding. Possibly a common

ancestor was able to interact with LEDGF/p75, whereas this

interaction was lost in most retroviruses and transposons. An

evolutionary link between the DDE domains of Tc/mariner

DNA transposases, retrotransposons, and retroviruses through

a common ancestor has been suggested previously (49, 50).

Alternatively, LEDGF/p75 interaction might have occurred

several times in a convergent evolution. In any case binding of

LEDGF/p75 to a DDE domain-containing protein must have

significant functional advantage. Given that theDDEdomain of

pogZ shows an evolutionary linkwith theDDEdomains of Tc1/

mariner DNA transposases through its homology with TIGD

transposases, we are currently investigating the possible

involvement of LEDGF/p75 in the interaction and functionality

of DDE domains of other genetic mobile elements such as

human DNA transposons.
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FIGURE 7. pogZ does not inhibit LEDGF/p75-based stimulation of the HIV-1 integration reaction in vitro and does not influence HIV-1 replication.
A, recombinant HIV-1 integrase (250 nM) was incubated with 40 nM oligonucleotide substrate in the absence (IN) or presence of 250 nM LEDGF/p75 (IN �
LEDGF/p75) and/or varying concentrations of MBP-�NpogZ (�NpogZ: black, 0 nM; gray, 250 nM; white, 500 nM). NC, no LEDGF/p75 and no integrase added.
LEDGF/p75, no integrase added. Data represent the average values � S.D. for three independent measurements. B and C, HeLaP4 cells were transiently
transfected with one of two different siRNAs targeting pogZ (sipZ1 and sipZ2) or were mock-transfected. As a positive control HeLaP4 cells were transiently
transfected with siRNA targeting the CD-4 receptor (siCD-4). B, knock-down of pogZ was monitored by Western blotting using anti-pogZ antibody (Ab, upper
panel) and normalized for �-tubulin concentration (lower panel). C, HeLaP4 cells were infected with a dilution series of HIV-1 NL4.3 (1/2, 1/5, and 1/10 of a 8.5 �
105-pg p24 stock) for 24 h and lysed. �-Galactosidase reporter gene activity was determined as a measure of HIV-1 replication. Data represent the average
values � S.D. for three independent measurements.
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