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Zinc finger domains are small DNA-binding modules that can be
engineered to bind desired target sequences. Functional transcrip-
tion factors can be made from these DNA-binding modules, by
fusion with an appropriate effector domain. In this study, eight
three-zinc-finger proteins (ZFPs) that bound HIV-1 sequences in
vitro were engineered into transcription repressors by linking them
to the Kriippel-associated box (KRAB) repressor domain (KOX1).
One protein, ZFP HIVB-KOX, which bound to a 9-bp region over-
lapping two Sp1 sites, was found to repress a Tat-activated 5’ LTR
cellular HIV-reporter assay to almost basal levels. A related six-
finger protein, HIVBA’-KOX, was made to target all three Sp1 sites
in the 5 LTR promoter and efficiently inhibited both basal
and Tat-activated transcription in unstimulated and mitogen-
stimulated T cells. In contrast, a combination of two unlinked
three-finger ZFPs, HIVA’-KOX and HIVB-KOX, which bind over
the same region of DNA, resulted in less effective repression.
Finally, HIVBA’-KOX was tested for its capacity to block viral
replication in a cellular infection assay using the HIV-1 HXB2 strain.
This ZFP was found to inhibit HIV-1 replication by 75% compared
with control constructs, thus demonstrating the potential of this
approach for antiviral therapy.

n recent years, the classical Cys,-His, zinc-finger motif has

been widely used as a scaffold for the construction of custom-
ized transcription factors (refs. 1-7; reviewed in refs. 8-10).
Engineered zinc-finger proteins (ZFPs) are particularly suited to
this purpose not only because they are capable of binding to a
wide range of DNA sequences (11-13) but also because finger
subunits may be linked together to bind long asymmetric DNA
sequences (14, 15). For example, three- to six-finger domains
have been constructed by a number of groups and have success-
fully activated or repressed gene targets in a wide variety of
systems (reviewed in refs. 8-10). Although ZFPs have been
targeted before to sequences in the HI'V promoter (12, 16), the
potential of these ZFPs to inhibit a live viral infection has not yet
been investigated. In this article and in the accompanying paper
(17), we demonstrate inhibition of two clinically relevant viruses.

Currently, more than 35 million people worldwide are infected
with HIV, and most will develop AIDS. The most effective
treatment to date is a mixture of reverse transcriptase and
protease inhibitors, which can significantly reduce the amount of
HIV in the blood. However, these drugs can cause severe side
effects and are expensive. In addition, viral escape mutants may
develop. As an alternative to chemotherapy, DNA vaccines
carrying HIV genes have been used in attempts to immunize
against HIV (18, 19). Despite such progress in recent years, the
need to seek out and develop new therapies remains vitally
important.

Designer ZFPs have the potential to exploit several HIV-
specific processes, both at the level of transcription and in other
nucleic acid—protein interactions. HIV-1 encodes two regulatory
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proteins, Tat and Rev, which both function through interactions
with specific RNA elements in the viral genome. These elements
are transactivation response element (TAR) and the Rev re-
sponse element. Both of these protein-RNA interactions are
required for HI'V replication and are potential target points for
antiviral strategies. Although no studies using ZFPs have tar-
geted the Tat-TAR interaction, there are two examples of
engineering zinc fingers that bind the Rev response element (20,
21). However, neither report examined whether these ZFPs were
able to inhibit viral replication.

Despite the fact that engineered ZFP transcription factors
have been shown to regulate several important endogenous
genomic targets from humans (22-24) and mice (25), there has
not been a previous example of regulation of an integrated
proviral sequence. The engineered ZFPs of this study were
designed to bind key DNA sequences within the HIV-1 5" LTR
promoter, including Sp1 sites and the TATA element. To inhibit
transcription and, therefore, replication of the virus, our ZFPs
were fused to the Kriippel-associated box (KRAB) repression
domain from the human protein KOX1, which has been shown
to be effective in a different system (26).

By studying the behavior of these ZFP constructs in a variety
of cellular assays, we have evaluated the potential of this
distinctive class of antiviral agent. In particular, because these
ZFPs do not occlude the nuclear factor (NF)-kB-binding sites in
the LTR, we have examined the ability of these constructs to
inhibit NF-«B-driven transcription in activated T cells. The
activation of HIV transcription after the exposure of infected T
cells to antigen or mitogen is a key process in disease progression
because it results in the reactivation of a latent provirus, which
may have been transcriptionally silent for many years. This
activation of HI'V transcription is mediated by the translocation
of active NF-kB to the nucleus and binding to two sites that lie
immediately upstream of the Spl sites in the LTR. Significantly,
we show that engineered ZFPs linked to the KOX1 domain are
able to inhibit both basal and Tat-activated transcription from
the LTR in unstimulated and stimulated T cells and are also able
to inhibit viral replication in cellular infection assays.
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Materials and Methods

Construction of Three- and Six-Zinc-Finger Proteins. Seven three-
finger proteins were constructed by using the bipartite comple-
mentary system to bind specific sequences in the HIV-1 LTR
(12). These ZFPs were named ZFP HIVA-HIVG (12). ZFP A’
protein was selected from a limited library, which was generated
by mutation of the Zif268 WT sequence by using the primers
SfiVal3 and NotGCC. SfiVal3 encoded a Val at position 3 in
helix 1 so that a T or C could be bound in the final triplet i.e.,
5’-GCCTGGG(C/T)G, and NotGCC randomized amino acids
at positions —1, 1, and 3 of helix 3, incorporating His or Asp in
position —1, Tyr, His, Ser, or Pro in position 2, and Val, Ala, Glu,
Leu, or Ser in position 3. This library was cloned into the
filamentous phage cloning vector fdtet and screened against
binding sites, as described (7). ELISA verified that the protein
could bind 5-GCCTGGGCG and also 5'-GCCTGGGTG,
which is a natural variation in HIV-1 (27).

The six- and nine-finger ZFPs were constructed by fusing the
constituent three-finger domains by using peptide linkers.
Clones HIVA’' and HIVA were joined by using the linker
TGGSGGSGERP to make HIVA’A. Clones HIVB and
HIVA were coupled to make BA by using the linker
LROKDG(GSG)sGERP. HIVB and HIVA' were linked by
using the peptide sequence TGGSGERP to make HIVBA' (15,
28). Similarly, HIVFE, HIVGF, and HIVGFE were constructed
from the appropriate three-finger domains by using the extended
linker peptide LRQKDGERP (29).

Cloning of Zinc-Finger Constructs with Repressor Domains. The en-
gineered ZFPs were cloned into a modified pcDNA3.1(—)
mammalian expression vector (Invitrogen). This vector, pKOX,
incorporates a 7-aa nuclear localization sequence from simian
virus 40 large T-antigen (30), a KRAB repressor domain from
human KOXI1 (31), and a C-terminal 10-aa sequence of the
c-Myc 9E10 epitope (32), cloned into the EcoRI and BamHI
restriction sites. Zinc-finger-coding regions were amplified by
PCR from fdtet vector to contain a 5’ Xbal restriction site, a
Kozak sequence, and a 3" EcoRI site. The ZFP constructs were
digested with Xbal and EcoR1T and ligated into similarly digested
pKOX. The plasmids were named pHIVA-KOX, pHIVA'-
KOX, pHIVB-KOX, etc.

Construction of Reporter Vectors. The chloramphenicol acetyl-
transferase (CAT) reporter plasmid, D5-3-3, contains the CAT
gene under the direct control of HIV-1 LTR sequences derived
from the NL4 proviral clone (33). The luciferase reporter
plasmid was generated by cloning the EcoRV-HindIII fragment
of D5-3-3, containing the LTR, into pGL3-basic (Promega)
digested with Smal and HindIll, to create LTR-FF (34).

Transient Assays Using the CAT Reporter Vector. COS7 cells were
cultured at 37°C, under a 5% CO,/95% air atmosphere in
DMEM containing penicillin (100 units/ml), streptomycin (100
pg/ml), and 2 mM L-glutamine, supplemented with 10% FCS.
Cells were resuspended in PBS at 107 cells per ml, and 0.7 ml was
transfected with transfection mix by electroporation. The trans-
fection mix comprises 10 ug of CAT reporter plasmid, 0.1 pg of
C63-4-1, a plasmid that expresses Tat from a Moloney virus LTR
promoter (35), and 10 ug of ZFP-expressing plasmid. For
control transfections, the C63-4-1 and/or the ZFP plasmid were
replaced by pcDNA3.1(—)/His/LacZ (Invitrogen). The electro-
porated samples were cultured for a further 24 h in 8 ml of
medium followed by harvesting and resuspension in PBS. Sam-
ples were removed for normalization of cell numbers, and the
remaining cells were lysed in Reporter Lysis buffer (Promega).
CAT activity was assayed by using the Quan-T-CAT assay system
(Amersham Pharmacia). Samples were resuspended in liquid
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scintillation mixture (Beckman) and levels of 3H were measured
for 5 min in a scintillation counter.

Transient Assays Using the Luciferase Reporter Vector. The Jurkat
human T cell line was cultured at 37°C under a 7% CO,/93% air
atmosphere in RPMI 1640 medium containing penicillin (100
units/ml) and streptomycin (100 pg/ml), supplemented with
10% FCS. Cells were transfected with transfection mix by using
Effectene (Qiagen) in six-well plates, according to the manu-
facturer’s instructions. Initial experiments were performed to
determine the optimal amount of phorbol 12-myristate 13-
acetate (PMA) required to stimulate the maximal level of basal
HIV transcription from the LTR and the optimal concentration
of Tat required for full activation of the LTR in T cells. These
were determined to be 50 ng/ml for PMA and 25 ng for C63-4-1
(Tat-expressing vector) (data not shown).

In the experiments, each transfection mix contained 600 ng of
LTR-FF, 150 ng of pRL-TK (plasmid containing the Renilla
luciferase gene under the control of the thymidine kinase
promoter, Promega), 25 ng of C63-4-1, and 150-300 ng of either
a ZFP plasmid or pcDNA3.1(—). Concentrations of DNA were
kept constant throughout by the addition of pUC18. DNA was
mixed in a total volume of 150 ul of EC buffer, and 8 ul of
Enhancer was added for every ug of DNA. The transfection
mixes were vortexed and incubated at room temperature for 5
min, and then 10 ul of Effectene was added per ug of DNA.
These were incubated for a further 5 min at room temperature,
then 0.5 ml of normal growth medium was added to each. The
total mix was then added to 2 ml of cells, resuspended at 2.5 X
10° cells per ml in fresh medium. The cells were incubated at
37°C for 2 h, and then 2.5 ml of normal growth medium was
added to each. Cells were activated 24 h after transfection by the
addition of phytohemagglutinin (PHA) (Sigma) and PMA (Sig-
ma) to a final concentration of 10 ug/ml and 50 ng/ml, respec-
tively. Cells were then harvested after a further 24 h, washed
once in PBS, and then lysed in 150 ul of 1X passive lysis buffer
(Promega) for 30 min at room temperature. Samples (10 ul) of
the lysates were assayed by using 50 ul of Luciferase Assay
Reagent II reagent and 50 ul of Stop and Glo reagent from the
dual luciferase assay system kit (Promega). Firefly luciferase and
Renilla luciferase activities were measured sequentially by using
a microplate luminometer with an injection unit (Berthold
Detection Systems, Pforzheim, Germany).

Toxicity assays were performed in parallel with luciferase
assays by transferring 100 wl of transfected cell mix into a well
of a 96-well plate. Normal growth medium (100 ul) was added
2 h after transfection. These cells were treated in parallel with
PMA and PHA on day 2, and cell proliferation was measured on
day 3 by the addition of 40 ul of CellTiter 96 aqueous one
solution cell proliferation assay reagent (Promega). Cells were
then incubated at 37°C for 2—4 h, and the level of colored product
produced was determined by measuring the absorbance at
490 nm.

The pRL-TK plasmid was included in these experiments as a
control for transfection efficiency. This plasmid expresses the
Renilla luciferase gene under the control of the herpes simplex
virus thymidine kinase promoter. Toxicity assays were per-
formed in parallel to account for toxic effects of PMA and PHA
and to detect any possible toxicity of the ZFP-expressing plas-
mids. All results were corrected for toxicity, and the HIV-1 5’
LTR firefly luciferase results were then adjusted for transfection
efficiency.

Transfection of DNA Constructs and Challenge with HIV-1. An NP2
cell line that stably expressed CD4 (NP2/CD4) was cultured at
37°C under 5% CO, in DMEM containing penicillin (100
units/ml), streptomycin (100 pg/ml), and G418 (500 pg/ml),
supplemented with 5% FCS (36). Cells were seeded at 10° cells
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Fig. 1. DNA target sites and the corresponding ZFPs engineered to bind the

HIV-1 promoter. (a) DNA sequence from the HIV-1 (HXB2 strain) 5’ LTR
(GenBank accession no. K03455). Nucleotides are numbered relative to the
transcription start site (+1). The sites targeted by the ZFPs HIVA-HIVG are
underlined. Binding sites for NF-kB and Sp1 are also highlighted (adapted
from refs. 27 and 38). (b) DNA recognition by the three-finger peptides in this
study. Potential protein-DNA contacts are indicated by dotted arrows. The
products shown are derived from two combinatorial libraries whose random-
ized amino acid positions are shown as circles (numbered relative to their
helical positions). Each library binds a complementary DNA sequence,
“HIJKLM" or “NOPQ,"” so that when these subdomains are recombined they
make a full-length protein that potentially binds all 10 bp of the DNA,
"HIJKLMNOPQ,” as shown (12). (c) Selection of DNA-binding domains to
recognize the HIV-1 promoter. (i) Nucleotide sequences from HIV-1 of the
form 3’-HIJKLMNOPQ-5' (see above), as recognized by clones HIVA to HIVG.
(if) Amino acid sequences of the helical regions from recombinant ZFPs that
recognize HIV-1 sequences. The origin of the amino acids is indicated by
shading Lib12 and Lib23 residues. HIVA and HIVA’ contain some WT Zif268
residues (underlined). (iii) Apparent K4 for the interaction of the ZFPs for their
cognate sequences as measured by phage ELISA (7, 12).

per well of a six-well plate. The following day the cells were
transfected with transfection mix by using Lipofectin (GIBCO).
Transfection mix contained 0.4 pug of pcDNA3.1-CXCR4 with
either 2 ug of the required pcDNA3.1(—) vector (empty or
containing HIVBA’, HIVBA'-KOX, or TFZ-KOX, a control
ZFP). At 24 h after transfection, the samples were reseeded at
2.5 X 10* cells per well into a 48-well plate and grown for a
further 24 h. The transfected cells were then challenged with
10-fold serial dilutions of the HXB2 strain of HIV-1. Virus
supernatant (100 wl) was added to each well and incubated for
3 h, and then 0.5 ml of growth medium was added. The samples
were grown for a further 72 h and then washed in PBS and fixed
in cold (—40°C) methanol/acetone (1:1) for 10 min. The samples
were further washed with PBS and PBS/1% FCS and immuno-
stained by using an anti-p24 mouse primary mAb with anti-
mouse [gG B-galactosidase-conjugated secondary Ab, before
incubation with substrate (37). Foci of infection, which were
stained blue, were estimated by light microscopy and the number
of focus-forming units per milliliter was calculated.
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Fig. 2. CAT assays for HIV-1 5’ LTR activity in the presence of ZFP-KOX
transcription factors. Controls were basal LTR activity (without Tat) and acti-
vated LTR activity (0.1 ug of Tat plasmid added). ZFP repressors were coex-
pressed with the LTR-CAT reporter plasmid (10 ng) and HIV-1 Tat. Results are
shown for three-finger repressor proteins, combinations of two three-finger
ZFPs, and six-finger proteins.

Replication of the HIV-1 HXB2 strain was assessed by
measuring supernatant reverse transcriptase by using an ELISA
kit (Cavidi Tech, Uppsala), according to the manufacturer’s
instructions.

Results

Repression of Transcription from the HIV-1 LTR in a Model System.
Seven three-finger proteins had previously been constructed for
binding to HIV-1 LTR DNA sequences and had been shown to
bind correctly in ELISA and electrophoretic mobility-shift assay
(12). However, to give more coverage of the HI'V-1 promoter an
eighth protein, HIVA', was produced to bind between the
second and third Sp1 sites (Fig. 1). This protein was selected
against the target site 5'-GCC TGG GCG from a small library
of Zif268 variants containing mutations at positions —1, 1, and
3 of finger 3. Position 3 of finger 1 was also mutated from Glu
to Val to accommodate a C to T variant in the HIV-1 sequence
(27). The binding affinity and specificity of HIVA' were verified
by ELISA, and its apparent K4 was measured to be 4.9 nM.
To generate functional transcription factors, the ZFPs listed in
Fig. 1 were fused to the KRAB repressor domain from the
human KOXI1 protein. This domain was chosen because it had
been shown to be an effective repressor of a chimeric HIV-1
when fused to TetR (26). The six tightest-binding three-finger
ZFPs (HIVA-, HIVA'-, HIVB-, HIVC-, HIVD-, and HIVF-
KOX) were subsequently tested for in vivo activity by using the
HIV-1 LTR in a CAT reporter construct. HIV Tat was coex-
pressed and caused a 14-fold activation of basal CAT expression
from the HIV-15’ LTR promoter (Fig. 2). Of the six three-finger
ZFPs, HIVB-KOX was the most potent, repressing the activated
LTR by 85%. All other proteins repressed the LTR by ~30%.
The six-finger transcription factors were constructed from the
three-finger peptides described above, on the basis that increas-
ing the affinity and stability of the protein-DNA complex may

PNAS | February 18,2003 | vol. 100 | no.4 | 1617

BIOCHEMISTRY



improve their repressive function. Previous data from our lab
and others (9, 10, 15, 24, 28, 29) have demonstrated that
six-finger proteins have increased affinity for DNA relative to
three-finger proteins, and therefore, in this instance, activity
alone was tested. The six-finger protein ZFP HIVA'A-KOX was
created by fusion of the two ZFPs HIVA' and HIVA with a
canonical-type linker containing two Gly-Ser-Gly (-GSG-) in-
sertions. The resultant linker, TG(GSG),ERP, was able to span
a gap of 2 bp between the two 9-bp-binding sites (M.M.,
unpublished data). ZFPs HIVB and HIVA' were fused with the
linker peptide TGGSGERP, which can bridge a 1-bp gap, to
create the six-finger peptide HIVBA'. Another six-finger ZFP,
HIVBA, was constructed by joining HIVB and HIVA with the
26-residue linker LRQKDG(GSG)sGERP. This linker probably
spans the minor groove of the DNA double helix, allowing the
HIVB and HIVA domains to bind their respective binding sites
some 12 bp apart. In the functional assays, all six-finger ZFPs
repressed the activated HIV-1 5'-LTR. HIVBA-KOX and
HIVBA’-KOX repressed the activated LTR to below basal level
(95% and 98% repression, respectively), which was significantly
greater than the best three-finger protein, HIVB-KOX (Fig. 2).
Perhaps surprisingly, HIVA’A-KOX reduced the activity of the
activated LTR by only 50%, which was similar to the values
obtained for the other six-finger ZFPs HIVFE-KOX and
HIVGF-KOX, and the nine-finger protein, HIVGFE-KOX
(data not shown).

The three-finger ZFPs HIVA-, HIVA'-, and HIVB-KOX
were also tested in pairs without covalent linkers. The combi-
nations HIVA-KOX + HIVA’-KOX, HIVA-KOX + HIVB-
KOX, and HIVA’-KOX + HIVB-KOX were assayed and found
to repress CAT expression from the activated 5'-LTR to almost
basal levels (91%, 92%, and 90%, respectively) (Fig. 2). The use
of multiple proteins may mimic more closely the activity of
natural transcription factors, which form a multicomponent
complex on a promoter. That said, the six-finger ZFPs HIVBA-
KOX and HIVBA’-KOX were the better repressors.

Repression of Transcription from the HIV-1 LTR in a Physiological
System. Experiments were performed to determine whether the
ZFPs described could inhibit HIV-1 LTR-driven transcription of
the luciferase gene under more physiological conditions within
human T cells, the natural targets of HIV. Initial experiments
used the plasmid pHIVBA'-KOX, which expresses the most
effective six-finger ZFP, HIVBA'-KOX. This construct was
tested at various concentrations in the absence and presence of
HIV-1 Tat and the mitogens PMA and PHA. In the control
experiment, the activity of the basal and stimulated LTR was
maximal from 40 ng of the Tat-expressing plasmid (data not
shown). However, upon coexpression of HIVBA'-KOX, both
basal and Tat-activated transcription in the absence and pres-
ence of mitogens was repressed. In fact, the level of transcription
detected in mitogen-stimulated cells in the presence of Tat was
reduced by 90% by using 150 ng of pHIVBA’-KOX. Doubling
the amount of the pHIVBA'-KOX plasmid did not result in
further inhibition (data not shown). Because HIVBA'-KOX was
able to inhibit transcription efficiently in the presence of PMA
and PHA, it is clear that the binding of NF-«B to its upstream
binding sites in activated T cells cannot overcome the inhibitory
action of the ZFP repressor, which binds over downstream Sp1
sites. This result is consistent with the observation that a
cooperative interaction between NF-«B and Spl is required for
HIV enhancer activity (39). Similar results were obtained for
HIVBA-KOX (data not shown).

Further experiments were performed to determine whether
the binding of HIVBA' to the HIV-1 5" LTR was sufficient to
inhibit transcription in the absence of the KOX1 domain. For
this study, HIVBA' was created to contain a nuclear localization
sequence but no KOX1 domain. In agreement with previous
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Fig. 3. Luciferase assays for HIV-1 5’ LTR activity in human T cells in the
presence or absence of Tat, PMA/PHA, and control vector pcDNA3.1(-),
HIVBA'-KOX, or HIVBA'.

data, the expression of HIVBA’-KOX inhibited HIV transcrip-
tion by 89%; however, HIVBA' had a slight stimulatory effect
on transcription, particularly in the presence of PMA and PHA
(Fig. 3).

In an experiment similar to the CAT assay described above,
the six-finger ZFP HIVBA'-KOX and the three-finger ZFPs
HIVB-KOX and HIVA’-KOX were assayed separately, and in
concert, to compare the extent of inhibition that could be
achieved by combinations of ZFPs in T cells. As an additional
control, ZFP TFIITAZIF-KOX (TFZ-KOX) (28), which does
not target the HIV-1 5" LTR but binds a G-rich sequence, was
used (Fig. 4). The results demonstrated that expression of
TFZ-KOX in these cells had no effect on HIV-1 5’ LTR
transcription, as expected, and provided an important control for
any possible trans effects from the KOX1 domain. Again three-
finger proteins were less effective at inhibiting HI'V transcription
than the six-finger protein. ZFPs HIVB-KOX and HIVA'-KOX
alone reduced the level of activated transcription in the presence
of Tat, PMA, and PHA by 55% and 17%), respectively, whereas
in combination a reduction of 66% was observed. In contrast,
HIVBA'-KOX reduced the level of activated transcription in the
presence of Tat by 89%.

It is clear from these experiments that the inhibitory function
of HIVBA'-KOX is mediated by the repression domain and is
not solely a result of occlusion of Spl or RNA polymerase II
from the LTR. However, given the absence of inhibition from
TFZ-KOX, we conclude that binding to the HIV-1 LTR is
required for inhibition. The stimulatory effect of HIVBA' may
result from the opening up of the DNA structure around the
promoter, allowing easier access for transcription factors such as
NF-«B.

Inhibition of HIV-1 HXB2 Strain. In the assays described above,
HIVBA'-KOX was shown to inhibit transcription of reporter
genes from the HIV-1 5" LTR. Whereas one assay was purely a
model to determine activity against the LTR, the other assay was
performed in host T cells under stimulation to mimic more
physiological conditions. However, we wished to test HIVBA'-
KOX against a more challenging and relevant target, the HIV
virus. In this study, pHIVBA'-KOX was cotransfected with a
vector that expressed CXCR4 into NP2 cells that had been stably
transfected with human CD4. NP2 is a human glioma cell line
that does not express the common HIV and SIV (simian
immunodeficiency virus) coreceptors (37) and does not become
infected in the absence of expression of both CD4 and CXCR4.
When challenged with HIV, only cells that express CD4 and the
coreceptor, CXCR4, would become susceptible to infection. In
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Luciferase assays for HIV-1 5’ LTR activity in human T cells in the presence or absence of Tat, PMA/PHA, and various ZFP repressor constructs (150 ng

of plasmid). The control contained pcDNA3.1(—) in place of the ZFP expression plasmid.

this experiment, it was assumed that cells that had been trans-
fected and expressed CXCR4 would also coexpress the ZFP.

The results from the HIV-1 infection were analyzed in two
ways: first, cells were stained with an anti-p24 Ab to quantify foci
of infection; second, supernatants were analyzed for virus par-
ticles by using an ELISA for reverse transcriptase. The results of
the first assay demonstrated that the six-finger HIVBA'-KOX
inhibited HIV-1 (HXB?2 strain) replication by 75%, as judged by
the reduction in the number of foci (Fig. 5). Meanwhile, the level
of reverse transcriptase in the supernatant was reduced 3-fold.
The control construct, pTFZ-KOX, did not inhibit HIV-1
replication. This result demonstrates that the inhibitory effect of
HIVBA’-KOX on viral replication cannot be attributed to
nonspecific inhibition from the KOX domain or from nonspe-
cific DNA binding. Replication in this control was slightly
enhanced compared with the CXCR4 control.

Discussion

ZFPs have been designed to specifically target sequences within
the HIV-15' LTR. Eight three-finger repressors were made that
covered a region of the promoter including the three Sp1 sites,
the TATA box, and the 5" untranslated region. All three-finger
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Fig.5. Assays to demonstrate inhibition of HIV-1 replication. The bars show

HIV-1 focus-forming units (FFU)/ml, and the line shows the level of HIV-1
reverse transcriptase (RT) in the culture supernatant. The negative control
contains pcDNA3.1 alone (A), whereas positive controls contain pcDNA3.1 +
CXCR4 (B) or TFZ-KOX + CXCR4 (C). HIVBA’-KOX was tested and showed a
reduction in the number of foci and the levels of viral RT (D).
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ZFPs had K4 values in the nanomolar range, which were com-
parable to those of the natural proteins, Spl and Zif268.
However, HIVB-KOX, which bound across two Sp1 sites, dem-
onstrated the greatest effect on gene transcription. This finding
suggests that in vivo activity may be determined by position of
binding and DNA accessibility, as well as affinity for the target
site.

There is much known about the chromatin organization, and
the occupancy of transcription factors at the HIV-15" LTR, that
may help us to understand the activity of the HIVB-KOX and
HIVBA’-KOX proteins. Under basal conditions the transcrip-
tion factor sites for Sp1 and NF-«B lie between two nucleosomes
positioned at —415 to —255 (nuc-0) and —3 to 141 (nuc-1) in a
region that contains two DNase I-hypersensitive sites, DHS2
(—232 to —130) and DHS3 (—65 to —6) (40, 41). The Sp1 and
NF-«B sites have been shown to be essential for proviral activity
in vivo, and other transcription factors such as LEF1 and ETS-1
require Sp1 for activity in vitro (42, 43). It is thought that only Sp1
and NF-kB occupy sites in vivo within DHS2 and DHS3 and can
generate increased nucleosome remodeling without displace-
ment of underlying histones (44). Owing to their accessibility,
such DHSs have been the preferred targets of engineered ZFP
transcription factors for endogenous gene regulation experi-
ments (22, 23). With this in mind, the greater activity of
HIVB-KOX may be due, at least in part, to its having easier
access to its target DNA site in comparison to other three-finger
proteins. However, it should also be noted that the initial assays
were performed in reporter systems in which the organization of
proteins on the LTR may be different from the integrated
proviral LTR. Nevertheless, it is interesting that both HIVA- and
HIVA’-KOX also bind across Sp1 sites but do not have the same
effect as HIVB-KOX. ZFPs HIVC- and HIVD-KOX bind either
side of the TATA element and it is assumed that this site would
also be accessible to transcription factors. In contrast, HIVF-
KOX binds in the region protected by nucleosome nuc-1. nuc-1
becomes displaced or disrupted under stimulation with cyto-
kines or phorbol esters which, in turn, leads to HIV-1 gene
expression (41, 45).

The six-finger proteins, HIVBA-KOX and HIVBA’-KOX,
were constructed in an attempt to create a more potent inhibitor
than the three-finger HIVB-KOX. These proteins reduced tran-
scription from the Tat-activated LTR to below basal level. They
were also more effective than combinations of HIVB-KOX,
HIVA-KOX, and HIVA’-KOX, demonstrating that increased
affinity through the covalent linkage of two three-finger units
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leads to greater repression of gene activity. This is probably
because the half-life of a six-finger ZFP/DNA complex is
generally far longer than that of a three-finger complex (15), so
the six-finger KOX repressor can be active for longer periods.
Such high-affinity artificial transcription factors may also benefit
from being better able to exclude endogenous transcription
factors (such as Spl and NF-«B) from the target promoter.
Interestingly, the same was not true for HIVA’A-KOX, but the
reasons for this are unclear.

The possibility that the ZFP repressors were effective only by
occluding Sp1 and other factors from their sites in the HIV-1 5’
LTR was investigated. Removal of the KOX1 domain from
HIVBA’-KOX greatly reduced its repression effect, indicating
that this domain was essential for full activity. It was surprising
that only ZFP-KOX fusions targeted to the Spl sites showed
significant repression of the HIV-1 LTR. This is in contrast with
a previous study in which a TetR-KRAB fusion protein caused
an 80% reduction in viral titers when two or seven TetR-binding
sites were introduced 6 kb from the promoter (26).

The repressors described here were also tested in a system that
mimicked stimulated physiological conditions, in which binding
of NF-«B and the recruitment of its coactivator complex to the
LTR occur during T cell activation. Under these conditions, the
six-finger ZFP HIVBA'-KOX was still able to repress expression
from the LTR. It is possible that the protein abrogates any
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stimulatory effects from the binding of NF-«B to the HIV-1 5’
LTR through the recruitment of heterochromatin silencing
proteins that are associated with the KRAB domain-binding
protein, KAP-1 (46).

When HIVBA’-KOX was assayed with a more clinically
relevant target, the HIV-1 HXB2 strain, it behaved essentially as
seen in the earlier reporter assays, reducing viral replication and
viral infectivity 75%. The effect of HIVBA'-KOX was shown to
be specific, as a control protein, TFZ-KOX, that contained
functional DNA-binding zinc fingers had a slightly stimulatory
effect on viral production.

In this work we have demonstrated that customized ZFPs can
inhibit HIV-1 replication by repression of the 5" LTR promoter.
It is too early to suggest that this would represent an alternative
therapy for HIV infection, as there are many issues still to
overcome, such as transgene delivery and possible immunoge-
nicity. However, these problems are associated with other gene
therapies and are the focus of much research; lentiviral vectors,
for example, are constantly under development (47). These
considerations notwithstanding, ZFP transcription factors have
been shown to be able to reduce the infection of cells with
HIV-1, and in the accompanying paper (17) we demonstrate that
this method is applicable to other viral diseases.
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