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APPENDI-X A

LIST OF THE CHEMICALS AND INSTRUMENTS

1. Chemicals

All chemicals used as in this study were analytical grade reagents.

Chemical name

Source

4', 6-diamidio-2-phenylindole (DAPI)
Acrylamide
Agarose (electrophoresis grade)

Amersham Hybond™-ECL

Ampiillin

BCA Protein Assay

BIACORE 2000™ biosensor
Bis-acrylamide
Bovine Serum Albumin (BSA)

B-PER II Bacterial Protein Extraction
Reagent

Bromphenol blue

Molecular Probes, Eugene, OR, USA
Biorad, Hercules, CA, USA
Sigma-Aldrich. St.Louis, MO, USA

GE healthcare Bio-Sciences Co.
Piscataway, NJ, USA

Sigma-Aldrich. St.Louis, MO, USA

Thermo Fisher Scientific Inc., Rockford,
IL, USA

Biacore AB, Uppsala, Sweden
Biorad, Hercules, CA, USA
Sigma-Aldrich. St.Louis, MO, USA

Pierce, Rockford, IL, USA

Sigma-Aldrich. St.Louis, MO, USA
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Chemical name

Source

COBAS® AMPLICOR HIV-1 Monitor
Test, v1.5

DTT

Dulbecco’s Modified Eagle’s medium
(DMEM)

ECL system
EDTA

EMSA kit [E33075]
Ethanol

Ethidium bromide
Fetal bovine serum (FBS)

GENETIC SYSTEM™ HIV-1 Ag EIA kit

Glacial acetic acid

Glycerol

High Pure PCR Template Preparation
Kit

His-bind column chromatography

Roche Molecular Systems, Inc.,
Branchburg, NJ, USA

AMRESCO, Salon, OH, USA

Gibco, Grand Island, NY, USA

GE Healthcare, Buckinghamshire, UK
Sigma-Aldrich. St.Louis, MO, USA

Invitrogen, Paisley, UK
Merck, Darmstadt, Germany

Sigma-Aldrich. St.Louis, MO, USA
HyClone, Cramlington, UK

Bio-Rad Laboratories, Redmond, WA,

USA

BDH Laboratory Supplies, UK
Sigma-Aldrich. St.Louis, MO, USA

Roach, Mannheim, Germaﬁy

Novagen, San Diego, CA, USA
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Chemical name

’ Source

Hybond-P polyvinylidene fluoride
(PVDF) membrane

Imidazole

isopropyl B-D-thiogalactopyranoside
(IPTG) , dioxan-free

Kanamycin

LB Broth Agar

L-glutamine

Lipofectamine

Methanol

Micro-BCA protein assay

Millipore Millex-HA filter unit, 0.45pm
NaCl

NaOH

Nucleofector™ transfection reagent V
Paraformaldehyde

Plus Reagent

polybrene

PureLink Quick Plasmid Miniprep Kit

QIAGEN Miniprep Kit

Amersham Bioscience, Piscataway, NJ,

USA

Sigma-Aldrich. St.Louis, MO, USA

Fermentas, Burlington, ON, Canada

Sigma-Aldrich. St.Louis, MO, USA
Bio Basic inc., Ontario, Canada
Gibco, Grand Island, NY, USA
Invitrogen, Carlsbad, CA, USA

Merck, Darmstadt, Germany

Pierce, Rockford, 1L, USA

Millipore, Cork, Ireland
Sigma-Aldrich. St.Louis, MO, USA

Sigma-Aldrich. St.Louis, MO, USA
Lonza, Basel, Switzerland
Sigma-Aldrich. St.Louis, MO, USA
Invitrogen, Carlsbad, CA, USA
Sigma-Aldrich. St.Louis, MO, USA

Invitrogen, Carlsbad, CA, USA

Qiagen, Hilden, Geramany




149

Chemical name Source
Sensor chip SA Biacore AB, Uppsala, Sweden
TEMED Biorad, Hercules, CA, USA
Tetracyclin Sigma-Aldrich. St.Louis, MO, USA
Triton X-100 Sigma-Aldrich. St.Louis, MO, USA
Trypan Blue 0.2% Sigma-Aldrich. St.Louis, MO, USA
Tryptone water Merck, Darmstadt, Germany
Tween 20 Fluka, Buchs, Switzerland
Yeast extract Bio Basic inc., Ontario, Canada




2. Instruments
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Instruments

Source

37 °C CO; incubator EG 115 IR

37 °C incubator

BioRad Chemidoc XRS Gel
Documentation System

BECKMAN L-60 ultracentrifuge

Carl Zeiss Microlmaging LSM 700
confocal laser scanning microscope
Electrophoretic power supply 3000Xi
Flow cytometer (BD FACSCalibur™)
Fluorescence microscopy, OLYMPUS
AX70

Shaking incubator (JSSI-100C)
Inverted fluorescence microscope
Inverted microscope

Laminar Flow biological safety cabinet
Microcentrifuge

Microplate

MiniVE vertical electrophoresis system

Jouan GmbH, Unterhaching, Germany
JP Selecta, Barcelona, Spain

BioRad, Hercules, CA, USA

Beckman Coulter, Fullerton, CA, USA
Carl Zeiss Microlmaging GmbH,
Germany

BioRad, Hercules, CA, USA

BD Biosciences, San Diego, CA, USA

Olympus, Tokyo, Japan

JS Research Inc., Gongju-city, Koria
Nikon eclipse TE2000-S, Japan
Olympus, Japan

NUAIRE, Plymouth, MN, USA
Eppendorf AG, Hamburg, Germany
NUNC, Roskilde, Denmark
Amersham Pharmacia Biotech,

Buckinghamshire, UK
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Instruments Source

MJ Mini™ Thermal Cycler and BioRad, Hercules, CA, USA
MiniOpticon™ Real-Time PCR System

MRX-150 Refrigerated microcentrifuge | Tomy Tech USA Inc., CA, USA

MTP-120 ELISA plate reader Corona Electric, Japan

NanoDrop 2000 ThermoScientific, Rockford, IL, USA

Nucleofector™ Amaxa, Koeln, Germany

Typhoon Trio phosphorlmager GE Healthcare Biosciences, Piscataway,
NJ

Ultrasonic Processor UP100H Hielscher, Teltow, Germany

UV spectrophotometer Shimadzu Scientific Instruments Inc,

Kyoto, Japan
UV-2450/2550 spectrophotometer Shimadzu, Columbia, MD, USA
Vortex-Genie K-550-GE Scientific Industries Inc, Bohemia, NY,

USA
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APPENDIX B

LIST OF CELL LINES AND MICROORGANISMS

1. Cell lines

Name Type of cell lines
Hela Cervical carcinoma cell
Sup T1 Human T cell lymphocytic cell line
293 Human embryonic kidney cell
2. Microorganisms

2.1 Escherichi coli XL-1 Blue MRF'
Genotype: A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl

gyrA96 relAl lac [F' proAB lacl®ZAM15 Tnl0 (Tet)]

2.2 Escherichi coli BL21 (DE3)

Genotype: F~ ompT gal dem lon hsdSg (rg mg’) MDE3 [lacl lacUV5-T7 gene 1 indl

sam?7 nind))




APPENDIX C

LIST OF ANTIBODIES AND CONJUGATED ANTIBODIES

Antibodies name Source
Anti-CD4 mAb Kindly provided by Prof. Dr. Watchara
Kasinrerk
Anti-His tag antibody GenScript, Piscataway, NJ, USA
Horseradish peroxidase (HRP) - Sigma, St Louis, MO,USA

labeled goat anti-mouse
immunoglobulins

Polyclonal Rabbit Anti-mouse DAKO, Denmark
Immunoglobulins/RPE, Rabbit

F(ab’),




APPENDIX D

LIST OF ENZYMES

Enzymes

Sources

Accuprime™ Pfx DNA polymerase
DyNAmoTM probe qPCR

Nhe 1

Not 1

5 PRIME MasterMix (2.5X)

Sma |

T4 DNA ligase enzyme

Xem 1

Invitrogen, San Diego, CA
Finnzymes, Espoo, Finland

NEB, Pickering, Ontario, USA
NEB, Pickering, Ontario, USA

5 Prime, Gaithersburg, MD, USA
Fermentas, Glen. Burnie, MD, USA
NEB, Pickering, Ontario, USA

NEB, Pickering, Ontario, USA




APPENDIX E

REAGENT PREPARATIONS

Reagents for gel electrophoresis

1.1 10x Tris-acetate/EDTA electrophoresis buffer (TAE)

Tris-base 48.40 gm
Glacial acetic acid 1142 ml
0.5 M EDTA, pH 8.0 20 ml

Dissolved all ingredients in deionized distilled water and filled up to 1,000 ml.

Sterilized by autoclave and kept at room temperature.

1.2 1 or 2 % Agarose gel

Agarose lor2 gm

1x TAE 100 ml

Melted by microwave oven until the agarose was completely dissolved.

1.3 Ethidium bromide working solution (10 mg/ml)

Ethidium bromide 1.0 gm
Distilled water 100 ml

Dissolved and kept in dark bottle at 4 °C.
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1.4 6X gel loading buffer

Bromphenol blue 025 %
Glycerol 30 %

Mixed thoroughly and stored at -20 °C.

2. Reagents for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and

Western blotting

2.1 1.5 M Tris-HCI, pH 8.8
Tris-base 18.15 gm
Dissolved in 75 ml deionized distilled water.
Adjusted pH to 8.8 with concentrated HCL.
Adjusted the volume to 100 ml with deionized distilled wate

stored at 4 °C.

2.2 0.5 M Tris-HCI, pH 6.8

Tris-base 6.0 gm
Dissolved in 75 ml deionized distilled water.
Adjusted pH to 6.8 with concentrated HC.
Adjusted the volume to 100 ml with deionized distilled water

and stored at 4 °C.
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2.3 Running buffer
Tris-base
Glycine

Sodium dodesyl sulfate

Dissolved in 500 ml deionized distilled water and kept at 4 °C.

2.4 Blotting buffer

Tris-base
Glycine
SDS

Added deionized distilled water to 700 ml and mixed well.

Added 200 ml of methanol

1.51

7.20

0.5

3.03

14.41

0.5

gm

gm

gm

gm

gm

gm

Adjusted the volume to 1,000 ml with deionized distilled water and kept at 4 °C.

2.5 Copolymerization of 4% stacking gel (5 ml)

Stock acrylamide 30%
0.5 M Tris-HCI pH 6.8

10% SDS
DW

10% Ammonium persulfate

TEMED

0.83

0.63

0.05

3.40

0.05

0.01

ml

ml

ml

ml

ml

ml
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2.6 Copolymerization of 12% stacking gel (10 ml)

Stock acrylamide 30% i
Gel buffer pH 8.8

10% SDS
DW
10% Ammonium persulfate

TEMED

3. Reagents for Electrophoretic mobility shift assay (EMSA)

3.1 Running buffer (10X TB buffer, pH 8.2)
Tris-base
Boric acid
Dissolved in 750 ml deionized distilled water.
Adjusted pH to 8.2 with concentrated HCL.

Adjusted the volume to 1000 ml with deionized distilled water

stored at 4 °C.

3.2 Copolymerization of 5% Native gel (60 ml)
Stock 29:1 acrylamide/Bis (w/w)
10 X TBE buffer
DW
10% Ammonium persulfate

TEMED

4.00

2.50

0.10

3.30

0.10

0.01

108

55

10.0

3.0

47.0

0.25

0.034

ml
ml
ml
ml
ml

ml

gm

gm

ml
ml
ml
ml

ml
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4. Reagents for surface plasmon resonance (SPR)

4.1 Washing solution (50 mM NaOH/ 1M NaCl)
5 M NaOH 1.0 ml
5 M NaCl 20 ml
Adjusted the volume to 100 ml with deionized distilled water

Filtered with 0.2 um Millipore filter and stored at 4 °C.

4.2 Zinc buffer (200 ml)

1.5 M Tris-HCI, pH 7.5 1.33 ml
0.5 M KCl 36.0 ml
1 M MgCl, 02 ml
100 mM ZnSOq4 180 pl
100 mM dithiothreitol (DTT) 10 ml
100 mM phenylmethylsulfonylfluoride (PMSF)] I ml

Adjusted the volume to 200 ml with distilled water

Filtered with 0.2 pm Millipore filter stored at 4 °C.

3. Medium for bacterial culture
3.1 50% glucose
D-glucose 5 gm
Added distilled water to 10 ml and boiled in boiling water.

Filtered through 0.2 um Millipore filter and stored at 4 °C.



160

3.2 LB broth
Yeast extract 50 gm
Tryptone 10.0 gm
NaCl 10.0 gm

Dissolved all ingredients in 1,000 ml distilled water

Sterilized by autoclave, and kept at 4 °C.

3.3 LB agar

LB agar 15 gm
Dissolved all ingredients in 1,000 ml distilled water.

Sterilized by autoclave, poured on Petri dish (plate) and stored at 4 °C.

3.4 Terrific broth
Tryptone 12 gm
Yeast extract 24 gm
Glycerol 4 ml

Adjusted to in 900 ml with distilled water.

Sterilized by autoclave and allowed to cool to room temperature

Adjust volume to 1,000 ml with 100 ml of a filter sterilized solution of

0.17M KH,POy4 and 0.72M K,HPO4
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4. Reagents for fluorescence microscopy and flow cytometry analysis
4.1 4% Paraformaldehyde in PBS -
Paraformaldehyde 4 gm
PBS pH 7.2 100 ml
Heat at 56°C until dissolved

Filtered with 0.2 pm Millipore filter, stored at 4°C.

4.2 1% BSA-PBS-NaN;
BSA 1 gm

NaNj 0.09 gm

Dissolved in PBS 100 ml

4.3 0.2% Triton X-100
Triton X-100 0.2 ml

Dissolved in PBS 100 ml

5. Reagents for cell culture

5.1 RPMI 1640 medium

RPMI powder 1 pack
NaHCO; 2 gm
ddH,0 800 ml
Penicillin (10,000 units/ml)/Streptomycin 1 ml

(10,000 pg/ml)

Stirred until dissolved and adjusted pH with acetic acid.
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Dissolved in ddH,0 and adjust volume to 1,000 ml.
Filtered through 0.2 um Milliﬁore membrane filter.

Mixed and stored at 4 °C.

5.2 Complete RPMI culture medium
RPMI 1640 medium 90
Fetal bovine serum (FBS) 10

Checked sterility before used.

5.3 Freezing medium (10%DMSO in 90%FCS)
Fetal bovine serum (FBS) 9
DMSO 1

Fresh preparation before use.

5.4 Trypan blue (0.2%)
Trypan blue powder 0.2
PBS pH 7.2 100

Filtered by Whatman filter paper No. 1 and

Stored at room temperature.

ml

ml

ml

ml

gm

ml
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PRESENTATIONS AND PUBLICATIONS

List of presentation

I, Designed Zinc Finger Protein Interacting with the HIV-1 Iniegrase
Recognition Sequence at 2-LTR-Circle Junctions. 3rd Annual meeting of the Faculty
of Associated Medical Sciences Chiang Mai, Thailand. 11 June 2009 (Excellent oral

presentation award).

2 Designed Zinc Finger Protein Interacting with the HIV-1 Integrase
Recognition Sequence at 2-LTR-Circle Junctions. RGJ seminar series LXXIV “From
basic biomedical research to sustainable development”. Chiang Mai, Thailand. 16

September 2010 (Poster presentation).

~

3. Designed Zinc Finger Protein Interacting with the HIV-1 Integrase
Recognition Sequence at 2-LTR-Circle Junctions. The Fogarty International Clinical
Research Scholars and Fellow and Doris Duke International Fellows Alumni
Symposium. Bolger Center, Potomac, MD, USA. September 23 - 26, 2010 (Poster

presentation)

4. The Innovative Strategy for HIV-1 Gene Therapy by Zinc Finger Protein. The
28™ Annual Meeting of Allergy, Asthma, and Immunology Association of Thailand.

Plaza Athenee, Bangkok, April 3-5, 2012 (Winner of MSD Investigator Awards)
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List of publications
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Abstract: Integration of HIV-1 cDNA into the host genome is a crucial step for viral propagation.
Two nucleotides, cytosine and adenine (CA), conserved at the 3’ end of the viral cDNA genome, are
cleaved by the viral integrase (IN) enzyme. As IN plays a crucial role in the early stages of the
HIV-1 life cycle, substrate blockage of IN is an attractive strategy for therapeutic interference.

In this study, we used the 2-LTR-circle junctions of HIV-1 DNA as a model to design zinc finger
protein (ZFP) targeting at the end terminal portion of HIV-1 LTR. A six-contiguous ZFP, namely
2LTRZFP was designed using zinc finger tools. The designed motif was expressed and purified
from E. coli to determine its binding properties. Surface plasmon resonance (SPR) was used to
determine the binding affinity of 2LTRZFP to its target DNA. The level of dissociation constant (Kq)
was 12.0 nM. The competitive SPR confirmed that 2LTRZFP specifically interacted with its target
DNA. The qualitative binding activity was subsequently determined by EMSA and demonstrated the
aforementioned correlation. In addition, molecular modeling and binding energy analyses were
carried out to provide structural insight into the binding of 2LTRZFP to the specific and
nonspecific DNA target. It is suggested that hydrogen-bonding interactions play a key role in the
DNA recognition mechanisms of the designed ZFP. Our study suggested an alternative HIV
therapeutic strategy using ZFP interference of the HIV integration process.

Keywords: HIV-1; AIDS; zinc finger protein; 2-LTR-circle junctions; molecular modeling

Abbreviations: AIDS, acquired immune deficiency syndrome; EMSA, electrophoretic mobility shift assay; GFP, green fluorescent pro-
tein; HIV-1, human immunodeficiency virus type 1; IN, integrase; LTR, long terminal repeat; MM/GBSA, molecular mechanics/gener-
alized Born surface area; SPR, surface plasmon resonance; ZFP, zinc finger protein.

Grant sponsor: Royal Golden Jubilee Ph.D Program; Grant number: PHD/0112/2550; Grant sponsors: The Fogarty AIDS
International for Research and Training Program, Johns Hopkins University, and the National Center for Genetic Engineering and
Biotechnology (BIOTEC) of the National Science and Technology Development Agency, Thailand.

*Correspondence to: Chatchai Tayapiwatana, Division of Clinical Immunology, Department of Medical Technology, Faculty of
Associated Medical Sciences, Chiang Mai University, Chiang Mai 50200, Thailand. E-mail: asimi002@chiangmai.ac.th

Published by Wiley-Blackwell. © 2009 The Protein Society PROTEIN SCIENCE 2009 I VOL 18:2219-2230 2219



Introduction

Human immunodeficiency virus type 1 (HIV-1) is the
etiologic agent of acquired immune deficiency syn-
drome (AIDS). It is one of the greatest health prob-
lems facing the world today.' According to UNAIDS
and WHO, global estimates of the number of people
living with HIV/AIDS as of the end of 2007 were 33
million adults and children.* HIV is a member of the
family Retroviridae and subfamily lentivirinae. Soon
after viral infection, the viral reverse transcriptase syn-
thesizes a double-stranded DNA (ds-DNA). The subse-
quent insertion of viral genome into the host genome
by integrase (IN) is a vital step in the HIV life cycle.3™
Three forms of unintegrated viral DNA have been
identified: a linear form which is flanked by long ter-
minal repeat (LTR) copies at each terminus, and two
circular molecules containing either one or two LTRs.
The linear form is thought to be the substrate for inte-
gration.®™'2 Integrase is involved in removing 2 bp
from the 3’ ends of viral DNA, the so-called 3’ proc-
essing. The second reaction catalyzed by IN, ie.,
strand transfer, inserts both 3’ ends of HIV-1 DNA
into the host genome.'3'4

Current antiretroviral drugs therapy for AIDS
involves the use of a multidrug cocktail referred to as
highly active antiretroviral therapy (HAART).> IN
inhibitors belong to a novel class of drugs that func-
tion by inhibiting integration of proviral DNA into the
host cell genome. IN inhibitors can be divided into
two groups: 3’ processing and selective strand transfer
inhibitors. These drugs are currently undergoing clini-
cal trials.'®'7 However, several questions concerning
the interaction of IN with its inhibitors remain
unclear, and resistant strains have been found.'8-2°
Therefore, a new approach targeting HIV-1 DNA at the
level of the end terminal sequence of LTR by gene
therapy may be a useful approach for inhibiting viral
replication.

Our strategy herein is based on the specific DNA
recognition by Cys,His, zinc finger protein (ZFP). The
Cys,His, ZFP is the most common DNA-binding do-
main in the human and metazoan genome and plays a
key role as a class of transcription factors. Its structure
consists of a simple BPa fold of 30 amino acids in
length, which is stabilized by hydrophobic interactions
and chelation of a single zinc ion between two histi-
dine residues and two cysteine residues.*"** Within
the residue at the N-terminus of the a-helix, the posi-
tions —1, 3, and 6 typically bind to three contiguous
base pairs in a major groove of the target DNA.*324
Therefore, several artificial ZFPs have been designed
to target DNA sequences with high specificity and
affinity.>5729

The ZF Tools server®® implements an effective
algorithm to generate ZFPs for in silico or in vivo
applications. The program facilitates web-based design
of ZFPs that specifically recognize DNA sequence
motifs. In this study, we used the 2-LTR-circle junc-
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Figure 1. Schematic representation of the circle junction
region of HIV-1.*® Predicted organization of U3, R, and U5
in 2-LTR-circle junctions shown above, whereas sequence
in box was selected for designing the ZFP.

tions of HIV-1 DNA as a model to design a ZFP tar-
geted at the end terminal part of HIV-1 LTR, which is
a region for 3’ processing by IN of HIV-1. We designed
a six-contiguous ZFP. Binding affinity was carried out
by surface plasmon resonance (SPR) and an electro-
phoretic mobility shift assay (EMSA). Molecular mod-
eling was also used to gain structural insight into the
DNA recognition patterns of the designed ZFP, in the
cases of being bound to either a specific or a nonspe-
cific DNA sequence. Relative binding energies of the
specific and nonspecific complexes were also
calculated.

Results

Procurement of the target sequence and
designing the 2LTRZFP

To target the HIV-1 DNA sequence of 2-LTR-circle
junctions, the DNA sequence was submitted to the
zinc finger tools using “Search DNA Sequence for Con-
tiguous Target Sites” mode. Eight candidate DNA
sequences were obtained and the binding prediction
scores of these sequences were selected for designing
the ZFP. The sequence that had the highest score was
5' CTAGCAGTACTGGATGGG 3’ (Fig. 1).

The design tool generated the full-length amino
acid sequence of 2LTRZFP. This protein was com-
posed of 176 amino acids [Fig. 2(A)] for a six zinc fin-
ger motif. Each finger was linked with the canonical
TGEKP linker.

The amino acid sequence of 2LTRZFP was
reverse-translated into a nucleotide sequence, and all
codons in this sequence were optimized [Fig. 2(B)].
The full-length optimized sequence was sent for full-
gene synthesis by Blue Heron Biotechnology. Predicted
properties of the resulting proteins were computed
using ExPaSy proteomics tools. The resulting theoreti-
cal pI/M,, was 9.46/20.1 kDa. Prediction of the pro-
tein subcellular localization using the LOCtree pro-
gram indicated that 2LTRZFP is a nuclear protein and
is found in the nucleus.

Construction of pTriEx-4- 2LTRZFP-GFP

The restriction endonucleases Xcml and Smal in the
plasmid vector pTriEx-4-GFP was used as a cloning
sites for the 2LTRZFP gene fragment to construct the
pTriEx-4-2LTRZFP-GFP  containing His6 at N-

Designed Zinc Finger Protein Targeting HIV-LTR
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Figure 2. (A) Full-length amino acid sequence of 2LTRZFP.
The amino acids shown by underline were located at the
specific positions of —1, 3, and 6 from the N-terminal of the
a-helix, respectively. (B) Full-length optimized nucleotide
sequence of 2LTRZFP. (C) Primary sequence alignments of
Aart (PDB code 2113) and 2LTRZFP with 80% sequence
identity. The underlined letters represent amino acid
residues of the ZFP those are different from the Aart
peptide. Positions —1, 3, and 6 above the recognition helix
column represent amino acid residues often involved in
DNA recognition. Numbers at the end of each line show the
running number of the last amino acid residue.

50 kDa
Fusion protein
His6-2LTRZFP-GFP

Figure 3. (A) SDS-PAGE analysis of His6-2LTRZFP-GFP at
terminal and fused-GFP at C-terminal under the con- different and purification steps. Lane 1: protein marker, lane
trol of the CMV, T7, or p10 promoters. The plasmid  2: total bacterial lysate, lane 3: total bacterial lysate with
vector pTriEx-4-2LTRZFP-GFP was digested by the  pTriEx-4-2LTRZFP-GFP after IPTG induction for overnight,
restriction endonucleases XemI and Smal and the  lane 4: pass through lysate, lanes 5, 6: solution after
product was subjected to 1% agarose gel electrophore- washing the column with binding buffer and washing buffer,
sis and visualized by ethidium bromide staining. respectively, I.ane 7 elutic?n of purified HisSiZLTRZFP-GFP.
Restriction digest analysis showed that the pTriEx-4- The arrow indicates the size of 50 kDa of His6-2LTRZFP-

GFP. Numbers on left show size in kilo Dalton of protein
2LIRZFP-GFP vras construeied sugeessfilly st 8 547 o) Westam biof snaiveis of His6-2L TRIFP-GEP it
bp band (data not shown).

different condition of protein expression. Lane 1: total
bacterial lysate, lanes 2, 3: total bacterial lysate with
pTriEx-4-2LTRZFP-GFP after IPTG induction for 4 h, and
Protein expression and purification overnight, respectively. The arrow indicates the size of 50
2LTRZFP-GFP was expressed in its recombinant forms  kDa of His6-2LTRZFP-GFP. Numbers on left show size in
in E. coli Origami B (DE3) Novagen (Madison, WI).  kilo Dalton of protein ladder.
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Figure 4. Expression of green fluorescent protein in Hela cells 24 h after transfection. (A, B) Transfected with recombinant
plasmid pTriEx-4-GFP. (C, D) Transfected with recombinant plasmid pTriEx-4-2LTRZFP-GFP.

Western blotting was performed by using anti-His
mAb as primary antibody [Fig. 3(B)]; the analysis
demonstrated that His6-2LTRZFP-GFP (~50 KDa)
was successfully expressed. To separate GFP and
2LTRZFP, the purified recombinant 2L TRZFP-GFP
containing the thrombin recognition sequence was
cleaved via thrombin, and 2LTRZFP was purified by
using His-Bind column chromatography. (Data not
shown).

Expression of 2LTRZFP-GFP in Hela cells

To test the expression of the 2LTRZFP-GFP recombi-
nant protein in a mammalian system, pTriEx-4-
2LTRZFP-GFP was transfected into a HeLa cell line.
The emitted green fluorescence was observed under
the microscope 24 and 48 h after transfection. The
green fluorescence was observed in the nucleus in the
pTriEx-4-2LTRZFP-GFP transfection group and in the
cytoplasm for pTriEx-4-GFP control group (Fig. 4).
This result indicated that 2LTRZFP-GFP recombinant
protein is a nuclear protein and confirmed the success-
ful folding of the protein.

Evaluating of dissociation constants and

competitive DNA binding activity by SPR

To determine real-time binding kinetics between
2LTRZFP-GFP and its target DNA sequence, we used
SPR as a tool for qualitative analysis. Different concen-
trations of 2LTRZFP-GFP were injected into the im-
mobilized chip with specific ds-DNA. The 2LTRZFP-
GFP could bind to its target ds-DNA on a nanomolar
scale, with K4 = 12.0 nM [Fig. 5(A)]. We also per-
formed a competitive SPR to determine the specificity
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of binding between 2L.TRZFP-GFP and its target DNA.
The concentration of 2LTRZFP-GFP (1.2 uM) was
used to compete with 26.5 M of nonbiotinylated tar-
get ds-DNA and nonspecific ds-DNA before injection
onto the immobilized chip with specific ds-DNA. The
2LTRZFP-GFP could bind to its target DNA sequence
[result compared with nonspecific ds-DNA, Fig. 5(B)].
In addition, the specificity of binding activity was also
assayed by injection of GFP and bovine serum albu-
min (BSA) as controls. These results demonstrated
that the binding activity was involved with ZFP only
[Fig. 5(A)]. To obtain the binding properties, we also
tested the binding activity of 2LTRZFP-GFP and its
target DNA sequence in zinc buffer containing 1 WM, 1
mM, and 10 mM of EDTA. The binding activity was
decreased when the concentration of EDTA was high.
These findings supported the conclusion that the bind-
ing between 2LTRZFP-GFP and its target DNA
sequence depended on zinc ions, and that this metal
ion is important for stabilizing ZFP [Fig. 5(C)].

DNA binding activity by EMSA

To confirm the binding activity, EMSA was performed
using an EMSA kit as described in the section Materi-
als and Methods. A complete binding complex of 1 uM
of 2LTRZFP-GFP and 250 nM of its specific DNA
duplex could be observed [see Fig. 6(A), lane 8] until
no band of free DNA duplex was seen. At the same
time, a faint band of binding complex was observed in
the reaction of 2LTRZFP-GFP and nonspecific DNA
duplex [Fig. 6(A), lane 9], whereas the intensity of free
DNA duplex was not changed [Fig. 6(A), lanes 3 and
6]. This experiment also demonstrated that GFP in

Designed Zinc Finger Protein Targeting HIV-LTR
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Figure 5. Kinetic analysis between 2LTRZFP-GFP and its
target DNA sequence. (A) Binding kinetic of 2LTRZFP-GFP
(300, 200, and 100 nM), GFP, and BSA to the immobilized
chip with specific ds-DNA. (B) For the competitive SPR,
2LTRZFP-GFP was incubated with nonbiotinylated ds-DNA
of its target ds-DNA, and nonspecific ds-DNA in zinc buffer
for 15 min before injection. (C) 2LTRZFP-GFP was injected
to determine the binding activity with its target DNA
sequence in zinc buffer containing 1 pM, 1 mM, and 10 mM
of EDTA.
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2LTRZFP-GFP recombinant protein was not involved
in the binding [lanes 4, 5, and 6 of Fig. 6(A)]. The
dilution effect of DNA binding complex can be
observed in Figure 6(B,C).

2LTRZFP-DNA models and their binding

energy analyses

Molecular models of the designed 2LTRZFP-DNA
complexes, Zif1 and Zif2, were remodeled based on the
crystal structure of Aart bound to DNA (PDB code
2[13, see more details in the Materials and Methods),
where all backbone atoms were maintained in the
same position as found in the crystal structure. Amino
acid residues within helical helices were modified
solely according to our 2LTRZFP sequence [Fig. 2(C)].
Pair-wise similarity comparison between Aart and
2LTRZFP proteins was also performed using the blastp
algorithm of the BLAST tool.3' The result showed a
relatively high sequence identity (80%).

A

Protein No protein GFP 2LTRZFP-GFP

DNA duplex 0 + - 0 W & (1]

i 2 3 % oy G
BIRQ SN 2 Qs S 9

7 8 9

&= Binding complex

= Frec DNA duplex

8 9 10

4= Binding complex

= Frec DNA duplex

Figure 6. Electrophoretic mobility shift assay (EMSA). (A)
The protein used for each reaction is 1 pM, whereas [0], no
DNA duplex; [+], specific DNA duplex; [-], nonspecific
DNA duplex. The gel was stained with SYBR® Green EMSA
stain (B) or with SYPRO® Ruby EMSA stain (C). In panels B
and C: lanes 1 to 9, the specific DNA duplex used for each
reaction was 250 nM, whereas 2LTRZFP-GFP was varied,
the concentration from 0, 0.125, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0 uM, respectively. Lane 10, 2LTRZFP-GFP was used 3.0
uM, but no DNA duplex.

PROTEIN SCIENCE | VOL 18:2219-2030 2223



Figure 7. Comparisons of conformation of the recognition binding region in Zif1 (in left panel) and Zif2 (in right panel). The
nucleotides are shown in a licorice model and the protein backbone in a cartoon diagram.

After a 2500-cycle minimization for each of Zif1
and Zif2 complex, the root mean square deviation
(RMSD) of the minimized structure of each model was
measured. The RMSDs of 2LTRZFP and DNA back-
bones were 0.51 and 0.94 A°, respectively, suggesting
that Zif1 and Zif2 are relatively similar in conforma-
tion (Fig. 7). As the first crystal structure of Zif268
bound to DNA was obtained, it has been suggested
that amino acid positions —1, 3, and 6, with respect to
the start of the recognition helix, play specific roles for
binding to three contiguous base pairs in each DNA
triplet.*»**  The residue-by-residue analysis of
2LTRZFP-DNA interaction for each residue in the rec-
ognition helix to each DNA triplet compared to its
nonspecific triplet was subsequently explored to
understand a DNA recognition pattern for 2LTRZFP.

Figure 8 demonstrates all possible hydrogen-bond-
ing interaction between each zinc finger motif and DNA
residues in both specific (Zif1) and nonspecific (Zif2)
complexes, and the distances are listed in Table I. In gen-
eral, a major contribution to stabilizing the 2LTRZFP-
DNA complexes is the electrostatic interactions between
amino acid residues in the zinc finger motif and nucleo-
tides in the DNA target, where there is no water-medi-
ated interaction apparent in these complexes.

In finger 1, although the hydrogen bonding net-
work among ARG16, LYS19, and ARG22 to its DNA tar-
get in Zift and Zif2 is similar, the hydrogen bonds in
Zif2 are weaker than those of Zif1 with respect to its lon-
ger bonding distances. The hydrogen-bond distances in
finger 2 are very similar in Zif1 and Zif2, whereas they
are completely different in finger 3. The amino N atom
of ARG72 is bonded to the carbonyl group of DG181 in
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the Zifi complex; however, there is no hydrogen bond-
ing between ARG72 and DC181 in Zif2 because of repul-
sive interaction of the positively charged amino group.
The O atom of ASP74 is hydrogen bonded to the N
atom of DC195 in Zif1, whereas, in Zif2, the steric effect
of the methyl group in DT195 could lead to an improper
formation of hydrogen bonds. A hydrogen bond donor
at the amino N4 atom of DC179 (Zif1) efficiently estab-
lishes a hydrogen bond with GLU78, where the amino
group of DA179 (Zif2) is located away from GLU7S.
Hydrogen-bond patterns in fingers 4, 5, and 6 in Zif1
and Zif2 are similar. The negatively charged amino
acids, aspartic acid and glutamic acid, may play an im-
portant role in DNA recognition as being involved in
selective contacts with cytosine only. Moreover, serine
residues in position —2 of the recognition helices are
likely to selectively bind to the phosphate backbone of
the target DNA as well as arginine residues in position 6
that can bind to all bases of DNA. Finally, from the
minimized structure, 2LTRZFP is more probable to es-
tablish hydrogen bonds within Zif1 than Zif2, resulting
in the more selective binding to the target DNA.

In addition to the structural analysis, the molecu-
lar mechanics/generalized Born surface area (MM/
GBSA) approach was used to further calculate relative
binding energies between the designed peptide and the
target DNA compared to its nonspecific sequence
(Zif2). The AAGpinding reveals that 2LTRZFP is more
favorable for binding to the target DNA in Zif1 than
that of Zif2 by —35.0 + 0.5 kcal/mol (see Table II).
This suggests that the Zif1 complex is mainly stabilized
by the electrostatic interaction (E.) as the better
hydrogen-bonding network is presented.

Designed Zinc Finger Protein Targeting HIV-LTR



Finger 2 (Zif1) Finger 2 (Zi2)

Finger 3 (Zif1)

Finger 3 (Zif2)

Finger & (Zif1)

Finger 6 (Zif1)

Finger 6 (Zii2)

Figure 8. Possible hydrogen bonding between the zinc finger residues and the target DNA triplet within distance < 3.5 A"
between H-bond donor and H-bond acceptor associated with the distance.

Discussion

The Cys,His, ZFPs have been demonstrated to be spe-
cific binding proteins to the recognition sequences.*>~>"
In this study, a six-finger protein was constructed spe-
cifically to 18 bp of 2-LTR-circle junctions. The first,
second, and third fingers can target the terminal
sequence of 5' LTR, whereas the terminal sequence of

3’ LTR can be targeted by the other three fingers. The
2LTRZFP-GFP was expressed and purified from E. coli
to investigate its binding properties. The binding activ-
ity was on the nanomolar scale, which is similar to the
affinity level of HIV-1 IN.3*33 This finding suggested
that the HIV-1 IN might be interfered with by the
2LTRZFP as well. The specificity of this binding was

Table 1. Hydrogen-Bonding Distances between 2LTRZFP Residues and DNA Residues

2L.TRZFP Distance 2L.TRZFP
residue DNA residue A) residue DNA residue Distance (A)
Finger 1 ARG16(NH) Zif1:DG187(06) 2.97 Finger 4 SER99(OH) Zif1:DT177(02P) 2.56
Zif2:DG187(06) 3.29 Zif2:DT177(02P) 2.56
LYS19(NZ) Zif1:DG186(06) 2.73 GLN100(0) Zif1:DA178(N6) 2.86
Zif2:DA186(N6) 3.21 Zif2:DT178 -
ARG22(NH)  Zif1:DG185(02P) 277 ARG106(NH)  Zif1:DG176(06) 3.16
Zif2:DT185(02P) 2.74 Zif2:DC176(N4) 3.13
Finger 2  SER43(OH) Zif1:DA183(01P) 2.66 Finger 5 SER127(OH) Zif1:DC174(02P) 2.57
Zif2:DT183(01P) 2.61 Zif2:DA174(02P) 2.58
ASN47(ND) Zif1:DA183(02P) 2.80 ASP131(OH) Zif1:DC174(N4) 2.95
Zif2:DT183(02P) 2.77 Zif2:DA174 -
ARG50(NH)  Zif1:DG182(06) 2.82 ARG134(NH)  Zif1:DG173(06) 2.99
Zif2:DA182(N6) 2.94 Zif2:DT173(04) 2,99
Finger 3 ARG72(NH)  Zif1:DG181(06) 2.75 Finger 6  SER155(0H) Zif1:DT171(02P) 2.57
Zif2:DC181 - Zif2:DG171(02P) 2,52
ASP74(0OH) Zif1:DC195(Ng) 2.76 GLN156(NH)  Zif1:DT171(02P) 2.82
Zif2:DT195 - Zif2:DG171(02P) 2.83
GLU78(0OH)  Zif1:DC179(N4) 2.87 GLU162(0OH)  Zif1:DC170(Ng) 2.85

Zif2:DA179 -

Zif2:DT170 -

Atom names are indicated in parentheses.
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Table I1. Estimated Relative Binding Energies of Specific (Zif1) and Nonspecific (Zif2)

Complexes from the MM/GBSA Approach

AAEaw AAE AAGpol AAGhonpol AAGyinding
Sequence (kcal mol *) (kecal mol ') (kcal mol %) (kcal mol ") (kcal mol %)
Zif1-Zif2 -3.1 %17 —255.9 + 9.0 226.3 + 8.2 -2.3 + 0.0 —-35.0 + 0.5

obtained by competitive SPR, which indicated that
there was specific binding of 2LTRZFP-GFP and its
target DNA. However, this binding affinity was
decreased when the concentration of EDTA in binding
buffer was increased. This data demonstrated the
influence of zinc ion on correct folding of 2LTRZFP
domains in recognizing a specific DNA sequence.
Moreover, 2LTRZFP can specifically bind to its target
ds-DNA, whereas binding of GFP in the C-terminal
part was not facilitated.

Additionally, theoretical studies were used to
investigate at the atomic level the DNA recognition of
2L TRZFP. Although it is well known that amino acid
positions —1, 3, and 6 within the recognition helix
directly contact the DNA triplet, positions —2, 1, and 5
are also described as playing a role in binding to the
phosphate backbone.?* Our study suggests that serine
at position —2 and arginine at position 6 are very im-
portant in binding to the phosphate DNA backbone
and 5'-nucleotide, respectively. However, the roles of
amino acid positions —1 and 3 remain unclear. The
results herein are particularly interesting because sin-
gle or multiple mutations of amino acid position —1
and 3 would be able to enhance selectivity of the ZFP
motif to the 2-LTR-circle junctions.

Mutation of the IN enzyme encoded by pol gene
can occur,'®~2° while numerous studies have reported
that the important 2—7 base pairs upstream and the
well-conserved CA dinucleotide at the 3’ end of viral
cDNA play key roles in processing and strand trans-
fer.3574° Therefore, the advantage of targeting the 3'-
end terminal part of HIV-1 LTR to interfere with the
IN enzyme is an attractive strategy for a new approach
to gene therapy.

Many investigations have targeted viral replication
by ZFP recognition of the DNA of viruses. The engi-
neered ZFPs targeting the Sp1 binding site in promoter
region of HIV-1 have been reported, and one of them
was found to inhibit HIV-1 replication by 75%.%' In
2004, Segal et al. demonstrated that a transcriptional
repressor protein, namely KRAB-HLTR3, was able to
achieve 100-fold repression of transcription from the
HIV-1 promoter. This transcription factor also
repressed the replication of several HIV-1 strains 10-to
100-fold in T-cell line and primary blood mononuclear
cells with no significant cytotoxicity.** Recently, ZFPs
were designed to bind DNA sequences in the duck hep-
atitis B virus to inhibit viral transcription in tissue cul-
ture. Two candidate ZFPs decreased production of viral
products and progeny viral genomes.*> These studies
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supported the use of ZFPs to inhibit viral replication,
opening new avenues in gene therapy. There are a vari-
ous methods available to deliver a protein for gene
therapy. The in vivo adenoviral gene transfer of ZFPs
has been performed to induce angiogenesis in a mouse
model,*3 whereas retroviral and lentiviral gene transfer
have been delivered the artificial zinc finger transcrip-
tion factors to bind sites in the HIV-1 promoter to
repress the replication of several HIV-1 strains.**
Recently, various nonbiological and biological carrier
systems have been developed for HIV-1 gene therapy,
such as nanoparticles, liposomes, or synthetic poly-
mers, which can be taken up by many cell types.**

Our study has demonstrated that 2LTRZFP can
specifically bind to the HIV-1 integrase recognition
sequence at 2-LTR-circle junctions. The findings may
be applied for limiting viral integration to maximize
the impact of HIV gene therapy in the future.

Materials and Methods

Zinc finger protein design

Studying order to identify target sites within the DNA
sequence, the HIV-1 DNA sequence of 2-LTR-circle
junctions** was submitted to the ZF Tools server of
the Barbas Laboratory of the Scripps Research Insti-
tute.3° The minimum target size of 18 base pairs was
set to obtain the output DNA target sequences and
amino acid sequences for the six fingers of the ZFP.
This amino acid sequence was then reverse-translated
into a nucleotide sequence. Codon usage of the amino
acid sequences of the selected ZFP was optimized by
using the JAVA Codon Adaptation Tool (JCat)*® and
by manual optimization. The designed ZFP was further
modified with flanking XemI and Smal restriction
endonuclease sites. The full-length optimized DNA
sequence was sent for full-gene synthesis to Blue
Heron Biotechnology (Bothell, WA). Predicted proper-
ties of the resulting proteins were computed using
ExPaSy proteomics tools.*’ Prediction of protein sub-
cellular localization was done using the LOCtree
program.*®

Plasmid construction

The full-length optimized DNA sequence of 2LTRZFP
was synthesized and cloned into pUCi9 vectors by
Blue Heron Biotechnology. The 2LTRZFP gene frag-
ment was ligated to pTriEx-4-GFP using the flanking
Xeml and Smal sites to construct pTriEx-4—2LTRZFP-

Designed Zinc Finger Protein Targeting HIV-LTR



GFP, creating an N-terminal His6-fusion protein with
GFP in the C-terminal part. This plasmid has a multi-
ple expression system driven by the CMV, T7, or p10
promoters. The ligation product was transformed into
the competent E. coli XL-1 Blue cells and plated on
Luria-Bertani (LB) agar containing 100 pg/mL of
ampicillin. The plasmid miniprep was performed using
a QIAGEN Miniprep Kit (Qiagen, Hilden, Germany).
The constructed plasmid was preliminary identified by
the restriction endonucleases XemI and Smal. PCR
and DNA sequencing were performed for
confirmation.

Expression and purification of
His6-2LTRZFP-GFP

We used E. coli Origami B (DE3) as the expression
strain. A 10 mL Terrific broth preculture, supple-
mented with 100 ug/mL ampicillin, 12.5 ug/mL kana-
mycin, and 12.5 ug/mL tetracycline was incubated at
37°C until reaching an absorbance at 600 nm of about
1.0-1.8. The preculture was diluted 1:100 into 100 mL
Terrific broth medium with 100 pg/mL ampicillin,
12.5 ug/mL kanamycin, 12.5 ug/mL tetracycline and
supplemented with 100 pM Zn,SO,. The culture was
incubated at 37°C. When an absorbance about 1.0 at
600 nm was reached, the bacterial culture was
induced by 0.1 mM IPTG at 30°C for overnight. Bacte-
ria were then harvested by centrifugation (7500g at
4°C for 15 min). The bacterial pellets were resus-
pended in 6.25 mL of B-PER II Bacterial Protein
Extraction Reagent (Pierce, Rockford, IL) and lysed by
ultrasonication in an ice bath. The lysate was centri-
fuged at 15,0009 for 20 min at 4°C. The supernatant
was collected and filtered with microfiltration mem-
branes (0.22-pum pore size). The clear solution contain-
ing His6-2LTRZFP-GFP was applied to His-bind col-
umn chromatography (Novagen, San Diego, CA) for
protein purification. The eluated fraction containing
His6-2LTRZFP-GFP was observed using Coomassie
brilliant blue R250 stain (Bio-Rad, Hercules, CA). The
purified protein was kept in final concentration 25%
(W/V) glycerol for long-term storage at —80°C. The
protein concentration was quantified by using the
Micro-BCA protein assay (Pierce). All the samples
were analyzed by SDS-PAGE. Western blot analysis
was performed on a Hybond-P polyvinylidene fluoride
membrane. (Amersham Bioscience, Piscataway, NJ).
After being blocked with 5% skim milk in PBS, the
proteins were probed with anti-his-tag monoclonal
antibody (Genscript, Piscataway, NJ) as a primary
antibody and horseradish peroxidase-labeled goat anti-
mouse (Sigma, St Louis, MO) as a secondary antibody,
using the ECL system (GE Healthcare, Buckingham-
shire, UK).

Cell culture and transfection of HelLa cells

HeLa cervical carcinoma cells were kindly obtained
from Dr. A. Lieber, University of Washington, Seattle,
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WA. HeLa cells (1 x 10°) were seeded onto 24-well
plate in humidified atmosphere under 5% CO, at 37°C
in Dulbecco’s Modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY) containing penicillin (100
U/mL), streptomycin (100 pg/mL), and 2 mM L-gluta-
mine, supplemented with 10% fetal bovine serum
(FBS) (Gibco) for 24 h before transfection. Transfec-
tion mixture was prepared by adding 1 pg of the
pTriEx-4-2LTRZFP-GFP or control vector pTriEx-4-
GFP and 2 pL of GeneJamer (Stratagene, La Jolla, CA)
into DMEM up to 200 pL. Then, the mixture was
incubated at room temperature for 10 min. The culture
supernatant was discarded and 300 pL of fresh
DMEM containing 10% FBS and antibiotics was
added. The transfection mixture was added to the cells
and incubated at 37°C in 5% CO, for 5 h. A total of
500 pl of DMEM containing 10% FBS and antibiotics
was added and further cultured at 37°C in 5% CO, for
24-48 h. Green fluorescent protein (GFP) was
observed under a fluorescent microscope.

Double-stranded DNA preparation

ds-DNA of specific and nonspecific target DNA was
prepared for testing the binding activity of 2LTRZFP-
GFP. A pair of specific ds-DNA (sense) was designed
as follows: 5'-AAA TCT CTA GCA GTA CTG GAT GGG
CTA ATT-3’ and a pair of nonspecific ds-DNA (sense)
was also designed as follows 5'-TGA CAG TGC TAG
CGT ATC ATC TAG TCG ACG-3'. The specific sequen-
ces to 2LTRZFP-GFP are shown in italic. The reaction
mixture (100 pL) for annealing was composed of each
600 pmol single-stranded DNA (ss-DNA) and comple-
mentary strand in 50 mM NaCl. The mixture was
heated at 95°C for 5 min and then slowly cooled to
room temperature for 90 min. For immobilization of
ds-DNA on a sensor chip SA (Biacore AB, Uppsala,
Sweden) for SPR, the 3’ end of the antisense strand of
specific target DNA was labeled with biotin.

Surface plasmon resonance

SPR was carried out on a BIACORE 2000™ biosensor
(Biacore AB). The target DNA duplexes were immobi-
lized by injecting the biotinilated specific ds-DNA of
0.5 pg/mL in 0.3M NaCl on a Sensor Chip SA (Biacore
AB) at a flow rate 5 pL/min in running buffer (HBS-
EP), containing 10 mM HEPES (pH 7.4), 150 mM
NaCl, 3 mM EDTA, 0.005% (v/v) surfactant P20 (Bia-
core AB). Typically 800-1000 RUs of the target ds-
DNA were immobilized. After DNA immobilization,
the chip was washed with 50 mM NaOH/1M NaCl and
then primed with zinc buffer [10 mM Tris-HCl, pH
7.5, 90 mM KCl, 1 mM MgCl,, 90 pM ZnSO,, 5 mM
dithiothreitol, and 0.5 mM phenylmethylsulfonylfluor-
ide), which was used as a running buffer for a period
of binding analysis. ZFP was diluted in zinc buffer and
60 pL was injected at a flow rate of 20 pL/min, fol-
lowed by a dissociation phase of 180 s. Before each
injection, the baseline stability was achieved by
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injecting 1M NaCl for 2 min. To calculate the binding
constants (Kj), the kinetic parameters were evaluated
with BIA evaluation software 3.1 (Biacore AB) using a
1:1 binding model with mass transfer. For competitive
SPR, 2LTRZFP-GFP was incubated with different con-
centrations of nonbiotinylated ds-DNA of its target ds-
DNA, and nonspecific ds-DNA in zinc buffer for 15
min before injection.

Electrophoretic mobility shift assay
2LTRZFP-GFP or GFP was incubated with 250 nM of
DNA duplex at room temperature for 1 h in zinc
buffer. Total volumes were 10 pL per reaction. The
reaction mixtures were mixed with 2 pL of 6x EMSA
gel-loading solution (component D) of EMSA kit
[E33075] (Invitrogen, Paisley, UK) before being loaded
on 5% nondenaturing polyacrylamide gels using 100
V, 30 min. Gels were stained by using two fluorescent
dyes for detection—SYBR® green EMSA nucleic acid
gel stain (component A) and SYPRO® ruby EMSA pro-
tein gel stain (component B) by following the protocol
from the same kit. The stained gels were imaged at an
excited state of 488 nm using a Typhoon Trio
phosphorImager (GE Healthcare Biosciences, Piscat-
away, NJ).

Molecular modeling of 2LTRZFP-DNA
complexes
Construction of the 2LTRZFP-DNA complexes was ini-
tiated using an X-ray crystallographic structure of a
designed six zinc finger motif (Aart) bound to an oli-
gonucleotide from PDB entry 2113%% as a template.
The sequence of the Aart peptide was then modified
(using the Discovery Studio version 1.7 program pack-
age) in recognition helices according to our designed
ZFP resulting from ZF Tools.3° The DNA duplex from
the crystal structure of the Aart-DNA complex was fur-
ther remodeled to 21-mers oligonucleotides of 2-LTR-
circle junctions, as follows:
5'-CTCTAGCAGTACTGGATGGGC-3'
3'-GAGATCGTCATGACCTACCCG-5" termed Zif1
as a specific complex

and

5'-AGTGCTAGCGTATCATCTAGT-3’

3'-TCACGATCGCATAGTAGATCA-5' termed Zif2
as a nonspecific complex.

All backbone atoms of the protein and DNA
sequences for both modified models were maintained
as in the crystal structure. The ZFP was thoroughly
prepared before performing the energy calculations.
Protonation states of ZF residues were decided by
reassignments of all histidine residues to §-histidine
(HID) and all cysteine to CYM (cysteine with a nega-
tive charge). Finally, a longer range electrostatic model
(c = 1.70 A, ¢ = 0.67 kcal/mol) of the zinc ion
(Zn**)4° was used instead of the original nonbonded
zinc parameters from the AMBER force field, avoiding
a disorder of the ZFP during minimizations. The Zn**
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was coordinated within the ZFP by two CYM and two
HID residues. A geometry with a tetrahedrally coordi-
nated Zn** in the center of the ZFP was subsequently
maintained throughout the minimizations. The
remaining protein and nucleic acid parameters were
determined using the AMBER ffo3 force field.5°

Both Zif1 and Zif2 models were then solvated with
an explicit TIP3P water model® in a truncated octahe-
dral box with a minimum 10 A distance between any
solute atom and a box edge. Periodic boundary
conditions were applied for avoiding the impacts
from the atoms on the outer surfaces drifting away
from the simulation box. The systems were neutralized
with a minimum number of sodium ions and were
then energy minimized in two stages (only solvent
and ions at first, then all atoms). Each minimization
stage was performed using the first 100 steps of a
steepest descent algorithm followed up with 2400
steps of conjugate gradient minimization to get closer
to an energy minimum. The minimized conformations
of Zifi and Zif2 were visualized and structurally
analyzed.

Analysis of the ZFP-DNA interaction energies

To investigate the relative binding energies between
the designed ZFP and the target oligonucleotides, a
short trajectory of each protein-DNA complex was
produced. The system was treated as a ligand/receptor
complex, in which the designed ZF motif was the
ligand and the target DNA was the receptor. The MM/
GBSA approach was then used to calculate the free
energies of molecules (G,) in solution as described in
previous work®* [see Egs. (1) and (2)]. The molecular
mechanical energies, the van der Waals interaction
(Eyqw), electrostatic interaction (E.), and internal
energy (Ei,), as well as the free energy of the GB sol-
vated system (G,1) and the hydrophobic contribution
to the solvation free energy (Guonpo) Were calculated
with the SANDER program. The GB°®C solvent
model®® with igb = 2 was used in this study. The bind-
ing energies of ZF motifs to their DNA and the relative
free energies between Zif1 and Zif2 are calculated as in
Egs. (3) and (4), averaging over trajectories from the
minimizations.

Gx = Evaw + Ees + Ein + Gpol + Gronpol (1)
Ghonpol = 0.0072 keal mol™'A°™* x SA (2)
AGhinding = Goompiex — Greseptor — Gligand (3)
AAGyinding = AGbinding (Zif 1) — AGpinding (Zif2)  (4)
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Abstract

Integration of the human immunodeficiency virus type | (HIV-1) genome into the
host chromosome is a vital step in the HIV life cycle. The highly conserved cytosine-adenine
(CA) dinucleotide sequence immediately upstream of the cleavage site is crucial for
integrase (IN) activity. As this viral enzyme has an important role early in the HIV-1
replication cycle, interference with the IN substrate has become an attractive strategy for
therapeutic intervention. Recently, we demonstrated that a designed zinc finger protein (ZFP)
fused to green fluorescent protein (GFP) targets the 2-long terminal repeat circle junctions of
HIV-1 DNA with nanomolar affinity. We report now that 2L TRZFP-GFP stably transduced
into 293T cells interfered with the expression of vesicular stomatitis virus glycoprotein
(VSV-G)-pseudotyped lentiviral red fluorescent protein (RFP), as shown by the suppression
of RFP expression. We also used a third-generation lentiviral vector and pCEP4 expression
vector to deliver the 2LTRZFP-GFP transgene into human T-lymphocytic cells, and a stable
cell line for long-term expression studies was selected for HIV-1 challenge. HIV-1
integration and replication were inhibited as measured by A/u-gag real-time PCR and p24
antigen assay, In addition, the molecular activity of 2LTRZFP-GFP was evaluated in
peripheral blood mononuclear cells (PBMC:s). The results were confirmed with Alu-gag real-
time PCR for integration interferences. We address that the expression of 2LTRZFP-GFP
limited viral integration upon intracellular immunisation, and it has potential for use in HIV

gene therapy in the future.






