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Abstract

Background: Ankyrins are cellular mediators of a number of essential protein-protein interactions. Unlike
intrabodies, ankyrins are composed of highly structured repeat modules characterized by disulfide bridge-
independent folding. Artificial ankyrin molecules, designed to target viral components, might act as intracellular
antiviral agents and contribute to the cellular immunity against viral pathogens such as HIV-1.

Results: A phage-displayed library of artificial ankyrins was constructed, and screened on a polyprotein made of
the fused matrix and capsid domains (MA-CA) of the HIV-1 Gag precursor. An ankyrin with three modules named
Ank®*©1D4 (16.5 kDa) was isolated. Ank“"“1D4 and MA-CA formed a protein complex with a stoichiometry of 1:1
and a dissociation constant of Ky ~ 1 uM, and the Ank®"“1D4 binding site was mapped to the N-terminal domain
of the CA, within residues 1-110. HIV-1 production in SupT1 cells stably expressing Ank“*“1D4 in both N-
myristoylated and non-N-myristoylated versions was significantly reduced compared to control cells. Ank®*“1D4

assembly based on ankyrin-repeat modules.

library, intracellular antiviral agent

expression also reduced the production of MLV, a phylogenetically distant retrovirus. The Ank®"“1D4-mediated
antiviral effect on HIV-1 was found to occur at post-integration steps, but did not involve the Gag precursor
processing or cellular trafficking. Our data suggested that the lower HIV-1 progeny vields resulted from the
negative interference of Ank®*“1D4-CA with the Gag assembly and budding pathway.

Conclusions: The resistance of Ank®"“1D4-expressing cells to HIV-1 suggested that the CA-targeted ankyrin
Ank®*“1D4 could serve as a protein platform for the design of a novel class of intracellular inhibitors of HIV-1
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Background

In recent years, significant progress has been made in
the control of HIV-1 infections using highly active anti-
retroviral therapy (HAART). Nevertheless, the occur-
rence of multi-drug resistant mutants and the side
effects of HAART justify the exploration of alternative
therapeutic approaches, such as gene therapy [1-5].
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Several strategies for anti-HIV gene therapy are cur-
rently under development, and certain ones have been
tested in hematopoietic cells [6-8]. They can be classi-
fied into two major categories: (i) RNA-based agents
including antisense, ribozymes, aptamers and RNA
interference [9]; (ii) protein-based agents including
dominant-negative mutant proteins, intrabodies, intra-
kines, fusion inhibitors and zinc-finger nucleases [10,11].
The most commonly transduced genes with antiviral
potential consist of those encoding derivatives of immu-
noglobulins. However, the complex structure of these
molecules limits their antiviral function within cells,
since their stability relies on disulfide bond(s) which
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rarely occur(s) in the reducing conditions of the intra-
cellular milieu [12-16].

Several methods and novel molecules have been devel-
oped to overcome the limitations of antibodies and their
derivatives (e.g. scFv), in terms of stability, facility of
modifications, robustness, and cost-efficient production
[13,17-19]. This is the case for molecules based on pro-
tein frameworks or scaffolds which interact with poten-
tial therapeutic targets by mimicking the binding
process of immunoglobulins to their specific antigens.
The ankyrin-repeat proteins represent an attractive scaf-
fold to generate this type of specific binders [20,21].
Analysis of the protein sequence-structure relationship
in natural ankyrins has defined consensus ankyrin motifs
(or modules), and the results have been used to generate
large libraries of artificial proteins, called ‘Designed
Ankyrin-Repeat Proteins’ or DARPins. Several DARPins
with desired binding specificity to various target mole-
cules have successfully been isolated from such libraries
[12,21-27], including competitors of HIV-1 binding to
the viral receptor CD4 [28].

Ankyrins mediate many important protein-protein
interactions in virtually all species and are found in all
cellular compartments, indicating that these proteins
can be adapted to function in a variety of environments,
intracellular as well as extracellular
[12,20,21,23,25,29,30]. For example, lentiviral vectors
pseudotyped with HER2/neu-specific DARPins have
been found to efficiently transduce their specific targets,
HER2/neu-positive cells [31]. The major advantages of
ankyrin-repeat proteins reside in (i) their binding speci-
ficity and affinity, as observed in DARPins selected from
large libraries; (ii) their solubility and stability, even in
the reducing conditions of the intracellular milieu; (iii)
their sequence features present in DARPins, which are
naturally expressed in human cells: as a consequence,
ankyrin-repeat proteins are expected not to be as immu-
nogenic as foreign proteins. Artificial ankyrins are there-
fore promising candidates as protein interfering reagents
capable of acting both extra- and intra- cellularly [24].

In the present study, we designed artificial ankyrin
molecules targeted to the HIV-1 Gag polyprotein and
evaluated their potential as intracellular therapeutic
agents which would negatively interfere with HIV-1
replication, and more specifically with the virus particle
assembly machinery. To this aim, we constructed a
library of ankyrin-repeat protein library expressed at the
surface of recombinant filamentous bacteriophages. This
phage-displayed library was screened on immobilized
matrix (MA)-capsid (CA) domain (MA-CA) of the HIV-
1 Gag precursor (Pr55Gag, or more simply Gag), and a
panel of Gag-specific artificial ankyrins were isolated.
One particular Gag binder, AnkS*“1D4, was selected
for further characterization. Ank°~“1D4 binding site
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was mapped to the N-terminal domain of the CA, and
SupT1 cells that stably expressed Ank“““1D4 showed a
reduced permissiveness to HIV-1 infection. The
Ank®“91D4-mediated antiviral effect was found to
occur at post-integration steps of the HIV-1 life cycle
involving the Gag protein assembly and budding
machinery. This study demonstrated the potential of
ankyrin-repeat proteins as a novel class of intracellular
antivirals and suggested that AnkS*“1D4 could serve as
a protein platform for the design of efficient intracellular
inhibitors of HIV-1 assembly.

Results

Design of artificial ankyrin-repeat motifs and construction
of an ankyrin library

The construction of an artificial ankyrin library implies
the randomization of amino acid residues localized on
the accessible surface of ankyrin which has a potential
interaction with the desired target, while maintaining
intact the conserved residues of the consensus repeat
modules which form the rigid framework of ankyrin.
The consensus sequence of the ankyrin-repeat modules
generated in this study was based on previous DARPins
libraries [12-14,23,29,30,32], with minor modifications,
as described in the Materials and Methods section. For
example, the lysine residue (K) at position 25 was sub-
stituted for glutamate (E) to prevent a possible repulsion
with the positively charged arginine (R) at position 21
(Tables 1 and 2). Our ankyrin library was generated by
randomization of amino acids at positions 2, 3, 5, 10,
13, and 14 (Figure 1 and 2). The amino acid side chains
at these positions were all oriented outwards and
belonged to the same surface-exposed surface of the
ankyrin-repeat module (Figure 2B).

The artificial ankyrin-repeat proteins obtained were
made of a variable number of ankyrin modules flanked
by N- and C-capping sequences (N-cap and C-cap; Fig-
ure 1B). The library was generated using the directional
polymerization of one ankyrin microgene, each micro-
gene corresponding to one single repeat motif. Polymer-
ization was realized directly into a phagemid vector [33].
This resulted in proteins with variable numbers of
repeats and sequence lengths. The length distribution in
the library was determined by digesting the phagemid
pool with restriction enzymes whose sites were located
on both sides of the ankyrin coding sequence, followed
by analysis of the DNA fragments by gel electrophoresis.
A maximum number of 15 ankyrin repeats was
obtained, and the most frequent numbers ranged from 1
to 6.

Our final phage-displayed ankyrin library represented
as many as 1.9 x 10® independent clones. The quality of
our library was first evaluated by sequencing proteins
from randomly picked clones. Nine out of fifteen clones
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Table 1 Randomization schemes used to introduce variability at specific positions of ankyrin repeats

Repeat position Degenerated codons

Subset of encoded amino acid

2 VDK, DMY, RAA

3 VDK, DMY, VAN

5 VDK, DMY, VAN, TGG

10 CTG, TGG, TAC, RTC

13 KCK, TAC, CGY, VAR

14 KCK, VAR, AAC, SGY, YAY, NTG

ADEGHILKLMNQRSTVY
ADEGHILKLMNQRSTVY
ADEGHILKLMNQRSTVWY
LLV, WY
AEFLKLMQRSY
AEGHKLMNQRSVY

@ For each position indicated on the leftmost column, the degenerated codons used for the microgene synthesis and the corresponding encoded amino-acids
are indicated in the middle and rightmost columns, respectively. Standard letter for mixed bases refer to: N = A/T/G/C, V = A/C/G, D = A/G/T, K= G/T, M = A/C, Y

=C/T,R=A/G.

(60%) presented discontinuous sequences, with sequence
frameshifts and stop codons, which likely resulted from
errors in oligonucleotide synthesis and/or assembly. Dis-
continuous sequences occurred with a higher frequency
in ankyrins with numerous modules, while most ankyrin
molecules with fewer repeats showed correct, open read-
ing frames. The proportion of clones in our library with
readthrough ankyrin sequences was also evaluated from
the proportion of colonies which expressed C-terminally
His-tagged soluble ankyrin protein: 34% (24 out of 72
clones) were found to be positive for the C-terminal
His-tag, as monitored by colony filtration blotting
(COFI blot; data not shown). We therefore estimated
the real diversity of our library to one third of the total
number of independent clones, i.e. 6 x 10" independent
ankyrin coding sequences.

Production and purification of the viral protein target:
HIV-1 Gag precursor HsMA-CA

The viral target used for screening our phage-displayed
ankyrins consisted of the His-tagged recombinant

polyprotein HsMA-CA, corresponding to the MAp17
and CAp24 domains of the HIV-1 Gag precursor. The
rationale for screening our ankyrin library on the MA-
CA target was not only to search for MA- or/and CA-
binders, but also for ankyrin(s) which recognize(s) the
MAp17-CAp24 hinge region, which contains the clea-
vage site of the viral protease (PR). His-tagged recombi-
nant protein H¢CA, which corresponded to the mature
capsid protein CAp24, was used to identify the struc-
tural domains of the Gag precursor which contained the
ankyrin-binding site. Large amounts of recombinant
HgMA-CA and HgCA proteins were produced in Sf9
cells infected with recombinant baculoviruses BV-
HgMA-CA or BV-HgCA, and the recombinant Gag pro-
teins purified by affinity chromatography on nickel-
sepharose column.

Screening of Gag-binding ankyrins using the phage-
display method

The phage-displayed library of ankyrins was amplified
using a conventional protocol [34,35], and Gag-binders

Table 2 Amino acid and nucleotides sequences of the ankyrin-repeat microgenes

Repeat 1510 15 20 25 30

position

A DXXGXTPLHLAAXXGHLEIEVLLLKXGADVNAX

B DXXGXTPLHXAAXXGHLEIVRLLLEHGADVNAR

@ gac xxx xxx ggt xxx acC ccg Ctg cac xxx gct gcg xxx xxx ggt cat ctg gaa atc gtt cgt ctc ctg ctg gaa cac ggc gca gac gta aac gcg cgt
D* vdk vdk vdk ctg kck kck

dmy dmy dmy tgg tac var
raa van van tac cgy aac
tgg rtc var sgy

yay
ntg
E Va Vb Ve
@ «-Va
O D e —— Vb rev Q

a3

(A), Amino-acid sequence of the previously described ankyrin-repeat module [23].

(B), Amino-acid sequence of the ankyrin-repeat used in the present study.
(C), Nucleotide sequence of the ankyrin microgenes.

(D), Set of partially randomized codons used at each variegated position is indicated. (¥), the full sequence of the set of oligonucleotides will be communicated

upon request.

(E), Position of the different types of oligonucleotides used to synthetized the ankyrins microgenes along the nucleotide sequence.
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( | Ank Repeat |) n

Not | Bsm Bl Bsp MI Hind 1l
i i i !
1 1 1 !
1 1 1 !
— | .
| T7p | | pLac/RBS DsbA ss St2 [ N-cap | Rep cloning sites | C-cap | H6| p3__
Ankyrin Repeat
23 25 30 33,1 5 10 15 20 22
1
LLEHGAD VNARIDX XGXTPLHXAAXXGHLETIVRL
tg ctg gaa cac ggc gca gac gta aac geg cgt gac xxx Xxx ggt XXX acc ccg ctg cac xxx get geg Xxx xxx ggt cat ctg gaa atc gtt cgt ctc ¢
lcctt gacga |
N-cap Not | Bsm BI
A A A D LG K KLL EAARAG QDD E V R L
5’| gcg gcc gca gac ctg ggt aag aaa ctg ctg gaa gct gct cgt get ggt cag gac gac gaa gtt cgt ctc c
3’|cgc cgg cgt ctg gac cca ttc ttt gac gac ctt cga cga gca cga cca gtc ctg ctg ctt caa gca gac gacga
Rep Cloning sites
Kpn | Bsp MI
tg ctg gag gag ggt acc gag gag acc tgc taa t
|c ctc ctc cca tgg ctc ctc tgg acg att agc ga

C-cap

LLKHGADVNANUDHTFG KTATFD I

SIDN GNETUDLATEIIL

|c ttc ...

tg ctg aag cac ggt gct gac gtt aac gct aat gat cac ttc ggt aag acc get ttc gac atc tcc atc gac aac ggt aac gag gac ctg gct gaa atc ctg

tag; H6, hexa-histidine tag.

Figure 1 Schematic construction of the ankyrin repeat library using the pHDIEx acceptor vector. (A), The mono-ankyrin microgenes were
polymerized by insertion/ligation to pH. DiEx double digested by Bsm Bl and Kpn . The construction was subsequently digested by Bsp MI and
recircularised by intramolecular ligation. This resulted in the substitution of the region containing the Rep cloning sites by the ankyrin repeats.
The number of repeats differed from one clone to another, and usually ranged from 2 to 6 repeats. (B), Detailed sequences of the different DNA
regions. Abbreviations: T7p, T7 promoter; pLac/RBS, lactose promoter and Ribosome binding site; DsbA ss, DsbA signal sequence; St2, Strep-Tag2

were isolated by three rounds of selection/elution from
surface-immobilized HsMA-CA protein. Elution of
HeMA-CA-bound phages was performed using acidic
buffer for the first two rounds, followed by specific
ligand elution using excess of soluble HEMA-CA protein
as the competititor in the third round [34,35]. Phage
clones were picked at random in each eluate, and tested
by ELISA for binding to HsMA-CA. Only 20% of Gag-
binders were found in the first eluate, whereas a signifi-
cant enrichment was observed in the second and third
eluates, with 70% of Gag-binders in both. Clones which
gave a signal 5-fold over the background signal were
picked in all eluates and sequenced. All positive clones

showed two or three ankyrin repeats flanked by N-cap
and C-cap. Three different clones, referred to as
Ank®AS1B8, Ank9A91D4 and Ank®““6B4 and contain-
ing three ankyrin modules each, were identified several
times; they were therefore selected for further studies.
To evaluate the specificity of our Gag-binders, an irre-
levant target protein, aRep-A3, was used in lieu of
H¢MA-CA. Protein aRep-A3, previously described
under the acronym aRep-n4-a in our previous study
[33], is an artificial alpha-helicoidal repeat protein
(aRep) based on thermostable HEAT-like repeats, which
folds cooperatively and shows a high stability [33]. Our
phage-displayed ankyrin library was screened on
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A

DARPin : DXXGXTPLHLAAXXGHLEIVEVLLKZGADVNAX

Library: DXXGXTPLHXAAXXGHLEIVRLLLEHGADVNAR

B

Figure 2 Consensus sequence and three-dimensional model of ankyrin module. (A), Sequence comparison between the consensus DARPin
repeat motif and the repeat motif of our ankyrin library. The red letters refer to the positions of random amino acids, and blue letters represent
the residues which differ from the consensus DARPIn sequence. The position of the recognition site for the restriction nuclease Bsm Bl is
underlined. (B), Structural model of one single ankyrin repeat motif (or module). (C), Spatial arrangement of three modules belonging to the
same ankyrin linear sequence (triple-repeat motif ankyrin molecule). The fixed structure of the repeat motif is presented as a yellow ribbon. The
variable amino acids on the solvent-exposed surface are shown as stick pattern; their respective number in the linear sequence is indicated in
panel B.
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immobilized aRep-A3 protein, and aRep-A3-bound
clones were checked for binding specificity and
sequenced. One ankyrin clone with a high affinity and
specificity for the aRep-A3 target, referred to as
Ank®32D3, was used as the irrelevant control of HcMA -
CA binders in the rest of the present study.

Gag-ankyrin interaction

Gag- and aRep-A3-binding ankyrins were purified, che-
mically biotinylated, and assayed for their capacity of
binding to their specific target in vitro. Importantly, no
change was detected in the interaction of the three Gag-
binders Ank®*“1B8, Ank®*“1D4 and Ank®*“6B4, and
of control aRep-A3-binder Ank*?2D3, with their
respective substrates, as determined by ELISA (data not
shown). This indicated that biotinylation did not alter
their Gag- or aRep-A3-specific binding activity.

The degree of Gag-specificity of biotinylated
Ank9“91B8, Ank“*“1D4 and Ank“““6B4 was evaluated
in the presence of specific or nonspecific competitors,
and tested in ELISA using H¢MA-CA-coated wells.
Controls consisted of Ank**2D3 and aRep-A3-coated
wells. Competitors were (i) the same ankyrin protein in
its non-biotinylated form and (ii) non-biotinylated
aRep-A3 protein. Ank“*“1B8, Ank®*“1D4, Ank“*“6B4
and Ank**2D3 were all competed with their respective
non-biotinylated versions, while no significant competi-
tion was observed between ankyrins AnkS*“1BS8,
Ank®491D4, Ank®“6B4 on one hand, and aRep-A3
protein on the other hand (Figure 3A). Interestingly,
Ank®“91D4 showed the highest signal of binding to the
H¢MA-CA target, and the highest competition effect
was observed with non-biotinylated Ank“*“1D4 (Figure
3A).

Identification of the ankyrin binding domain on HIV-1
Gag precursor

The structural domain of Pr55Gag recognized by each
of the three Gag-binders Ank“*“1B8, Ank“*“1D4 and
Ank®“96B4 was determined by Far Western blot analy-
sis and ELISA. Lysates of H¢MA-CA-expressing Sf9
were analyzed by SDS-PAGE, and proteins transferred
to PVDF membranes. Spontaneous cleavage of HMA-
CA by insect cell proteases resulted in the occurrence of
His-tagged N-terminal domain, HsMA, migrating as the
mature matrix protein of the virion, MAp17 (Figure 3B;
control, rightmost lane). All three Gag-binders,
Ank“A91B8, Ank*“1D4 and Ank““6B4, reacted with
HgMA-CA on blot, but not with HiMA (Figure 3B).
This indicated that the ankyrin binding site was not
located in the MA domain, but in the CA domain. As
expected, no reaction was obtained with the control
aRep-A3-binder Ank*?2D3 (Figure 3B). The reactivity
towards the CA domain was confirmed by indirect
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ELISA, using recombinant HgCA protein immobilized
on nickel-coated wells. Positive signals with the CA pro-
tein were detected with all three Gag-binders, but not
with Ank*?2D3 (Figure 3C). This indicated that the
binding sites of Ank®4“1B8, Ank®“91D4 and
Ank®296B4 on HgMA-CA protein were all situated in
the CA domain.

Biochemical characterization of Gag-binding ankyrins

As shown in Figure 3C, AnkS““1B8 reacted with HeCA
with the highest apparent affinity. However, DNA
sequencing showed several nonconservative amino acid
substitutions within the highly structured scaffold
domain of the Ank®*“1B8 modules, as well as in
Ank®AS6B4. Since these mutations could adversely
affect the ankyrin-repeat motifs, AnkS*“1B8 and
AnkS96B4 were excluded from our next analyses, and
only AnkS*“1D4 was selected for further characteriza-
tion. DNA sequencing revealed that Ank“““1D4 protein
comprised of three ankyrin modules, each containing
different types of amino acids at the six assigned posi-
tions for variable residues (Figure 4A). The oligo-histi-
dine tag allowed us to purify AnkS*“1D4 protein to
homogeneity by using a two-step chromatographic pro-
cedure, (i) affinity chromatography (Figure 4B, lane 3),
and (ii) gel filtration (Figure 4B, lane 2). SDS-PAGE ana-
lysis showed that Ank“*“1D4 migrated with an appar-
ent molecular mass of 16.5 kDa (Figure 4B), consistent
with the theoretical mass 17.9 kDa for a protein of 163
amino acid residues.

Mapping of the Ank®A®1D4 binding site on the CA
domain

A more refined mapping of the ankyrin binding site on
the CA domain was performed using carboxyterminal
deletion mutants of Gag expressed as recombinant pro-
teins in baculovirus-infected cells. Gagamb276 and
Gagamb241 mutants carried an amber stop codon in
the Pr55Gag sequence at positions 276 and 241, respec-
tively [36]. Both recombinant Gag proteins had in com-
mon the MA domain, plus 110 residues of the CA
domain for Gagamb241, and 145 residues of the CA
domain for Gagamb276 [36]. Ank®291D4 was found to
bind to both C-truncated Gag proteins (Figure 5). This
restricted the Ank®*“1D4 binding site to the N-term-
inal region of the CA domain spanning residues 1 to
110, corresponding to positions 132-241 in the Pr55Gag
sequence of 500 amino acids.

Gag-binding parameters of Ank®A®1D4

The specificity and binding parameters of Ank®*“1D4
to its HeMA-CA substrate were determined by microca-
lorimetry (ITC). Titration of increasing amounts of
Ank““S1D4 protein into sample cell containing purified
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B C

< HgMA-CA

OD 450 nm

O No inhibitor B Non-biotinylated Gag binder
259 [ Biotinylated aRep-A3 binder B Non-biotinylated aRep-A3 binder
T
2.0
E 2 -
S 154 -« .
2 .
D 1 0 — T
O - T
0.5 -
AnkCAG1B8 AnkCGAG1D4 AnkCAGGB4 AnkA32D3
HsMA-CA aRep-A3

Figure 3 Gag-binding activity of artificial ankyrins. (A), Competition ELISA. Samples of biotinylated Gag-binders Ank®"1B8, Ank“"“1D4 and
Ank®"%6B4, and of control biotinylated aiRep-A3-binder Ank”*2D3 were mixed with their corresponding non-biotinylated form (black bars), or
mixed with irrelevant soluble target (grey bars), or mixed with buffer containing no inhibitor (white bars). Mixtures were added to HgMA-CA- or
aRep-A3-coated wells, as indicated at the bottom of the panel. Bound-ankyrins were detected by addition of HRP-conjugated extravidin,
followed by the TMB substrate. (B), Far Western blotting. Lysates of BV-HsMA-CA-infected Sf9 cells were electrophoresed in SDS-gel, proteins
transferred to a PVDF membrane, and membrane cut into strips. Gag-binding activity was determined by incubation of the strips with the
different biotinylated ankyrins Ank®*“1B8, Ank®*“1D4, Ank®*“6B4, and Ank**2D3, as indicated on top of the strips. On the rightmost strip, the
respective positions of the Gag proteins HgMA-CA and HgMA were determined using anti-histidine tag antibody (arrowheads). (C), Indirect
ELISA. HsCA was captured on nickel-coated plate, and used as substrate for binding assay of biotinylated ankyrins Ank®*“1B8, Ank®*“1D4,
Ank®*°6B4, and Ank**2D3. Bound-ankyrins were quantitated as in (A). BG, background signal.

HgMA-CA protein gave the approximate value of 1 uM
for the dissociation constant (Kj) of the specific reaction
of the binder with its target protein (Figure 6; leftmost
top panel). In control experiments, no interaction was
detected between Ank®*“1D4 and aRep-A3 (Figure 6;
middle top panel). By comparison, Ank**2D3 interacted
with its substrate aRep-A3 with a Ky = 18 nM (Figure
6; rightmost top panel).

The stoichiometry (N) of the interacting molecules in
the protein complexes and the number of binding sites
were calculated from the fitting curves of ITC data. The
stoichiometry of protein monomers was found to be N
= 0.91 for the pair AnkS*“1D4/H¢MA-CA, and N =
0.62 for the control pair Ank**2D3/aRep-A3 (Figure 6).
The aRep-A3 protein is known to occur as a homodi-
mer [33], and the experimental value of 0.62 was close
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N-cap 1 Lane:1 2 3
DLGKKLLEAARAGQDDEVRLLLEHGADVNAR

1t repeat: 1

D SIGSTPLHLAAYYGHLEIVRLLLEHGADVNAR

27 repeat
DSTGTTPLHYAARLGHLE IVRLLLE HGADVNAR 20 kDa >
- < AnkGAG1D4
3" repeat 15 kDa >/ *
DAMGWTPLHLAAKKGH LE IVRLLLKHGADVNAN .
I C-cap 1

DHFGKTAFDISIDNGNEDLAEILQSFNHHHHH*

Figure 4 Characterization of Ank®*“1D4. (A), Amino acid sequence of the Ank®*“1D4 protein, represented by using the single letter code.
The variable residues at the six predefined positions on the ankyrin solvent-exposed surface were highlighted in red. (B), SDS-PAGE analysis of
Ank®*©1D4. The Ank®*©1D4 protein was first isolated by affinity chromatography on nickel-column (HisTrap column; lane 3), and further purified
by gel filtration chromatography (Sephadex G-75 column; lane 2). Lane 1, molecular mass markers.

2.0+

1.5
1.0
0.5

e\\6 N ¢‘e\\

OD 450 nm

s f),bf\
\e
\’\Q’N\ c,agam o9

Figure 5 Mapping of the Ank®*®-1D4 binding site on HIV-1 Gag CA domain. The binding activity of biotinylated Ank®*“1D4 protein was
tested in ELISA towards surface-immobilized lysates of mock-infected Sf9 cells, or baculovirus-infected Sf9 cells expressing recombinant HgMA-
CA, HeCA, Gagamb241, or Gagamb276 protein. The quantity of bound Ank®*“1D4 was assayed by reaction with streptavidin-HRP. Data presented
are from triplicate experiments (m =+ SEM).
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Figure 6 Gag-binding activity of Ank®*“1D4 analyzed by microcalorimetry (ITC): affinity and specificity. The affinity of Ank®*®1D4
towards its Gag substrate HEMA-CA (leftmost panel) and the affinity of Ank"*2D3 towards its aRep-A3 substrate (rightmost panel) were
determined by ITC measurements of ankyrin/substrate mixtures at various protein ratios. The Gag-binding specificity was evaluated by ITC
analysis of the mixture of Ank®*“1D4 and irrelevant substrate aiRep-A3 at various protein ratios (middle panel). The parameters of each binding
reaction, Ky and stoichiometry (N), are shown under the corresponding panel. NA, calculation not applicable.

J

to the theoretical ratio of 0.5. The data therefore sug-
gested that one molecule of Ank**2D3 bound to an
aRep-A3 homodimer to form a ternary Ank*32D3/
(aRep-A3), complex. By contrast, Ank®¢1D4 bound to
the HMA-CA monomer in a 1-to-1 binary complex.

Construction of SupT1 cell lines stably expressing Gag-
binding ankyrin proteins

Two pCEP4-based episomal plasmids encoding the
Ank®“€1D4 protein in its Myr+ and Myr0 versions,
respectively, and fused to His-tagged GFP at the N-ter-
minus (Figure 7A) were transfected into the SupT1
cell line. Clones that stably expressed AnkS““1D4-GFP
protein (SupT1/Myr+Ank®4*“1D4-GFP and SupT1/
Myr0Ank®*“1D4-GFP) were identified by fluorescent
microscopy, isolated and expanded under the hygromy-
cin-B selection. Two control SupT1 cell lines harbor-
ing the pCEP4 plasmids encoding the Myr+ and MyrO
versions of Gag-irrelevant Ank**2D3-GFP (SupT1/Myr
+Ank**2D3-GFP and SupT1/Myr0Ank*3*2D3-GFP)
were generated in parallel. Confocal microscopy
showed that Myr+Ank®*“1D4-GFP and Myr
+Ank**2D3-GFP localized in both the cytoplasm and
the plasma membrane, as expected for N-myristoylated
proteins, whereas MyrOAnkS*“1D4-GFP and

MyrOAnk**2D3-GFP showed a diffuse cytoplasmic
fluorescence. Flow cytometry analysis showed that
almost 80% of ankyrin-expressing cells were GFP-posi-
tive, and that Myr+Ank“*“1D4-GFP or MyrOAnk-
GAG1D4-GFP did not negatively interfere with the
surface expression of CD4 (Figure 7B). The status of
CD4 molecules, the primary receptors of HIV-1, was
important to assess in ankyrin-expressing cells prior to
HIV-1 infection, in order to ensure that SupT1/Myr
+Ank®*“1D4-GFP and SupT1/Myr0AnkS*“1D4-GFP
cells could serve as host cells for testing the function-
ality of AnkS*“1D4 as antiviral agent.

HIV-1 infection of ankyrin-expressing SupT1 cell lines

SupT1/Myr+Ank®*“1D4-GFP, SupT1/MyrOAnk-
GAG1D4-GFP, SupT1/Myr+Ank**2D3-GFP and SupT1/
MyrOAnk*?2D3-GFP cells were infected with HIV-
Inp4-3 virus at MOI 10 for 16 h at 37°C. Cells were
harvested at day 11 post-infection (pi), and examined
in confocal microscopy after permeabilization and
reaction with anti-CAp24 mAb and PE-conjugated
anti-mouse IgG-F(ab’), antibody. In infected cells
expressing Myr+AnkS*“1D4-GFP, the Gag and GFP
signals superimposed in both cytoplasmic compart-
ment and at the plasma membrane, as expected for
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Figure 7 Characterization of SupT1 cells stably expressing artificial ankyrins. (A), Ankyrin constructs. Schematic representation of the
artificial ankyrin constructs designed for stable expression in SupT1 cells, using pCEP4-based vector. Histidine-tag and green fluorescence protein
(GFP; green box) were inserted at the C-terminus and in-phase with the ankyrin sequence (white box). Addition of a N-myristoylation signal (in
purple red letters) to the Myr+AnkGAG1D4—GFP clone resulted in the removal of the N-terminal methionine (M) and covalent linkage of myristic
acid chain (Myr; in blue letters) to glycine-2 (G). (B), Flow cytometry. Expression of CD4 molecules at the surface of control SupT1 cells, SupT1/
Myr+Ank®*“1D4-GFP and SupT1/MyrOANk="“1D4-GFP cells. Flow cytometry analysis was performed on nonpermeabilized cells, using monoclonal
antibody against CD4, followed by PE-conjugated goat anti-mouse IgG.
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(@) HIV-1 : SupT1/Myr+AnkGA¢1D4-GFP

R =0.855

(c) HIV-1 : SupT1/Myr+AnkA32D3-GFP

R=0.757

determined using the Olympus FluoView software.

(b) HIV-1: SupT1/MyrOAnk®Ac1D4-GFP

(d) HIV-1 : SupT1/MyrOAnkA32D3-GFP

Figure 8 Confocal microscopy of HIV-1-infected, ankyrin-expressing SupT1 cells. HIV-1-infected SupT1/Myr+Ank®*“1D4-GFP (panel a),
SupT1/MyrOANK®"“1D4-GFP (b), SupT1/Myr+Ank**2D3-GFP (c), and SupT1/MyrOAnk"*2D3-GFP cells (d) were collected at day 11 pi,
permeabilized, immunolabeled with anti-CAp24 mAb and PE-conjugated anti-mouse IgG F(ab’), antibody (red signal), and nuclei counter-stained
in blue with DAPI. Ankyrins were detected by their GFP-tag. Merged images are enlarged and shown on the right side of each panel. White
arrows point to cells showing colocalization of ankyrin and Gag proteins. R, the Pearson correlation coefficient for signal colocalization, was

R=0.815

R=0.115

two N-myristoylated, membrane-targeted partner pro-
teins (Figure 8a). Gag and Gag-irrelevant N-myristoy-
lated ankyrin Myr+Ank*?2D3-GFP were also both
addressed to the plasma membrane, but showed a les-
ser degree of colocalization (Figure 8c). No significant
colocalization was detected for Gag and the non-N-
myristoylated, Gag-irrelevant ankyrin MyrOAnk**2D3-
GFP (Figure 8d). Interestingly, a significant degree of
colocalization was observed for Gag and the non-N-
myristoylated Gag-binder MyrOAnk“*“1D4-GFP (Fig-
ure 8b). This implied that Gag and MyrOAnk®*“1D4-
GFP proteins interacted within the cytoplasm and were
addressed as a complex to the plasma membrane, via
the N-myristoylated signal carried by the Gag protein
partner.

Negative effect of Ank®*1D4 on HIV-1 production

The possible antiviral activity of Ank9*“1D4 on HIV-1
assembly and budding was first evaluated by syncytium
formation. SupT1 cells expressing Myr+AnkS*S1D4-
GFP, MyrOAnk®*“1D4-GFP, Myr+Ank**2D3-GFP and
Myr0Ank*?2D3-GFP, respectively, were infected with
HIV-1yp4-3 virus at MOI 10 for 16 h at 37°C, and exam-
ined by phase contrast microscopy at day 11 pi. Numer-
ous syncytia were observed in control samples of HIV-
1-infected SupT1 cells (Figure 9, upper row) as well as
in HIV-1-infected SupT1/Myr+Ank**2D3 and SupT1/
MyrOAnk*?2D3 cells (Figure 9, two bottom rows). How-
ever, very few syncytia were observed in HIV-1-infected
SupT1/MyrOAnkS*“1D4 cells (Figure 9, third row from
the top), and very rare, if any, in HIV-1-infected SupT1/
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Figure 9 HIV-1-induced syncytium formation. SupT1/Myr+Ank®©1D4, SupT1/Myr0Ank®"“1D4, SupT1/Myr+Ank"*2D3 and SupT1/
MyrOAnk**2D3 were mock-infected (MOI 0; left column) or infected with HIV-1 (MOI 10, right column). Cells were observed at 400X

magnification using an inverted microscope. Black arrows point to syncytia.
- J

Myr+AnkGAG1D4 cells (Figure 9, second row from the  HIV-1y4.3 virus, in the same conditions as above. Cul-
top). ture supernatants were collected at different times pi,

Virus yields were quantitated in the extracellular med- and virus progeny titer indirectly determined using
ium of ankyrin-expressing SupT1 cells infected with  ELISA/CAp24. A significant reduction of extracellular
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levels of CAp24 was observed at days 11 and 13 pi in
the supernatants of SupT1/Myr+Ank*“1D4-GFP and
SupT1/Myr0Ank“*“1D4-GFP cells, compared to con-
trol cells, nontransduced HIV-1-infected SupT1 cells
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and SupT1 cells expressing the Gag-irrelevant ankyrin
Myr+Ank**2D3-GFP (Figure 10A). There was a slight
decrease of CAp24 levels in the culture medium of
SupT1/Myr+Ank**2D3-GFP, compa