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Highlights

- Anti-HIV screening of d(TGGGAG) sequences with drfnt G-quadruplex concentrations.
- Contrary to what reported, natural sequencegfiC4 nM) showed the highest activity.
- Investigation of the site/target of interventiondiff GGGAG) ODNSs.

Abstract

The biological relevance of tetramolecular G-quatbxes especially as anti-HIV agents has been
extensively reported in the literature over the {asars. In the light of our recent results regagdihe
slow G-quadruplex folding kinetics of ODNs based @iTGGGAG) sequence, here, we report a
systematic anti-HIV screening to investigate th@awt of the G-quadruplex folding on their anti-HIV
activity. In particular, varying the single straddeoncentrations of ODNSs, it has been tested a giool
ODN sample solutions with different G-quadruplexhcentrations. The anti-HIV assays have been
designed favouring the limited kinetics involved time tetramolecular G4-association based on the
d(TGGGAG) sequence. Aiming to determine the staistatry of G-quadruplex structures in the same
experimental conditions of the anti-HIV assays,ative gel electrophoresis was performed. The gel
confirmed the G-quadruplex formation for almostsample solutions while showing the formation of
high order G4 structures for the more concentr@Bds solutions. The most significant result is the
discovery of a potent anti-HIV activity of the Gaglruplex formed by the natural d(TGGGAG)
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sequence (I§3 = 14 nM) that, until now, has been reported tocbenpletely inactive against HIV

infection.

Graphical abstract
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1. Introduction

The discovery, in the ‘90s, of G-rich DNA sequené@sning G-quadruplex structures irreversibly
changed the way of thinking with respect to DNA @ited genetic information. Since then, scientific
research has increasingly focused its attentiaiheatherapeutic potential of oligonucleotides (OIPNs
able to fold in G-quadruplex structures (G4s) [Bkquadruplexes are one of the most attractive
“unusual” DNA classes formed by G-rich DNA sequeniethe presence of different cations (Kia';
NH4™"). This class of DNA is characterized by an extemsionformational polymorphism that amplifies
its biological potentialities [2-4]. The peculiar@angements of G-quadruplexes have been reportee to
crucial for aptamer recognition. In fact, thanks ttee elevated specificity and selectivity of G4
structures, many G-quadruplex aptamers have beerlaped in the last few years. In this regard, a
number of synthetic oligonucleotides forming G-qugdexes have been developed as antiviral
aptamers [5]. G-quadruplex-based aptamers have hemessfully de-signed to target HIV at different
stages of its life cycle [6]. The potential targefsthese G-quadruplexes are the surface glycaprote
gpl120 [7], the HIV-1 reverse transcrip-tase [8f RNase H [9] and integrase (IN) [10]. The first G-
quadruplex IN inhibitor aptamer tested in clinicélials (Zintevir™ developed by Aronex
Pharmaceuticals in 1996) was T30177 (Zintevir).sTaptamer is formed by a dimeric structure in
which two subunits of propeller-type parallel-stlad G-quadruplexes are involved [11]. The inhilyitor
effect of Zintevir was initially attributed to itdN inhibition based on enzymatic assays but waar lat
found to be due to the inhibition of HIV entry, dating the viral glycoprotein gp120 [12]. Analogbus
to Zintevir, other G-quadruplex aptamers as 93del 30923, showed multimodal inhibition of HIV
[13,14]. In particular, the 93del presented a amiG-quadruplex arrangement to that of Zintevir,
consisting of two G4 subunits strongly interlockada dimer parallel structure [15], which is stable
even at temperatures over 90 °C.

In the ‘90s, two aptamers forming tetramoleculag@druplex structures, 1SIS-5320 [16] and the
Hotoda’'s sequence d(TGGGAG) [17,18], were repottedarget gpl120. Recently, several short G-
guadruplexes have been evaluated as potentiaHévitidrug candidates due to their binding with
proteins related to HIV-1 infection. The first agimodified d(TGGGAG) sequence was reported by
Hotoda and contained a 4gimethoxytrityl (DMT) group at the 'send of the 6-mer. Through an
extensive screening of modified d(TGGGAG) sequenttess R-95288 sequence was discovered to be
the most potent inhibitor of HIV infection [19,20A SAR study conducted on this family of
oligonucleotides has revealed that the anti-HIVefivitly of 5'-end modified sequences relies on both
the conjugation with an aromatic group at the S-and the folding in a G-quadruplex structure. As
such, the biological activity of 5'-end modifiedT(RGGAG) is related to the interaction of the G-

European Journal Medicinal Chemistry 3



guadruplex structure with the positively charged|®® of the gp120 [17]. Since the structural digbi

of G-quadruplex-forming aptamers is closely relateed their biological activities, a complete
biophysical and structural investigation of Hotala\odified sequences was provided by us in 2007
[21]. The overall biophysical and biological datavk effectively suggested a correlation between the
high thermal stability of 5'-modified G-quadruplexand their biological role within the cell.

Inspired by these findings and aiming to expandépertoire of potential end-modified d(TGGGAG)
aptamers, we recently synthesized and biophysichlfyacterized a variety of d(TGGGAG) ODN 5'-
end conjugated with hydrophobic moieties via a phosliester bond [22-24]. All 5'-end modified
sequences formed parallel tetramolecular G-quadxegl with strongly increased thermal stability as
confirmed by CD analysis. Particularly, it was rgpd that the major stability of the investigated G
complexes is not directly correlated with theirmoanced anti-HIV activity (nM range).

In the light of the acquired knowledge about thareabteristics of these G4 structures, we have
recently investigated the effect of the nature ofiifications at 5end of the d(TGGGAG) sequence on
kinetics of G-quadruplex folding. The kinetic stuoly the G4 folding was carried out on the mostvacti
5'-end modified d(TGGGAG) by ESI-MS technique [28gry slow kinetics were observed for all G-
guadruplexes along with a strong effect of ODN @mtiations on the G4 folding kinetics. ESI-MS data
suggested that the conjugation of d(TGGGAG) atShend does not necessarily increase the folding
rate of the G-quadruplex structure. Unexpectediyhdr order G4 structures were observed by ESI-MS
and unambiguously identified as octameric compleXag formation of supramolecular complexes for
the d(TGGGAG) sequence had been previously hypaiedy Virgilio [26] and V. Filichev and co-
workers [27]. In the latter, the conjugation of tieO-DMT-group in 5-end modified sequences was
reported to increase the thermal stability andlifat® the aggregation (formation of multimeric
complexes) of G4s. Interestingly, they concludeat the anti-HIV activity seems to be correlatedhwit
the formation of higher order G-quadruplex struesur

To question whether G4 structures are implicatetheanti-HIV activity, in the present work, we
have performed an extensive anti-HIV screening @ames5'-end modified d(TGGGAG) sequences in
comparison with the unmodified sequence. For temson, all experiments have been designed at
different G4 concentrations and favouring the ledikinetic factor involved in the tetramolecular-G4

association [28].
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2. Results and discussion

Hence, in an attempt to characterize the siteftanfentervention by ODNsA-F), we tested the
d(TGGGAG) sequencedA{F) against a variety of HIV-1 strains: the HIV-1Blland NL4.3 WT-
viruses and some resistant NL4.3 strains (AR177C®8000 resistant NL4.3 strains). The ODKsK,
Figure 1) stock solutions were prepared startiognfdifferent single stranded concentrations (s3, O.
mM, 0.6 mM, 1.2 mM) and tested 14 days after thaitamh of the G4 cation (100 mM KCl) in order to
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promote the G-quadruplex folding.
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Figure 1. d(TGGGAG) ODNs carrying hydrophobic groups at therd; all 5'-end modified ODNs formed G-
quadruplexes with higher thermal stability (Tm)tttiee unmodified sequendée

In addition to the anti-HIV assays, a native gelcalophoresis (PAGE) experiments under the same
experimental conditions used for the HIV tests we@nducted attempting to determine the

stoichiometry of all structures formed.

2.1 Chemistry

As a part of our continuing research effort on #ynathesis of modified ODNs by exploiting
phosphoramidite chemistry [30], here, we reported efficient synthesis of 5'-end modified
d(TGGGAG) sequences carrying at 5'-end differeotraatic groups linked by phosphodiester bond.

ODN tracts were synthesised using standard sola@B-cyanoethyl phosphoramidite chemistry
protocols on an automated DNA synthesizer, staftioogn a commercially available, DMT-protected,
nucleoside-functionalised CPG supports. A CPG saligport that anchors-0-(4,4-dimethoxytrityl)-
guanosine (Scheme 1) was used to synthesize héMA tract (synthesis by-53' direction), leading
to the d(TGGGAG) sequende
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The insertion in the 5-end of the aromatic growss carried out using their phosphoramidites.
Spectroscopic measurements monitored DMT catiomdtion, indicating chain assembly for each

coupling cycle.

e
_couplingwith | P @
(@]

~"CN

Qoo (DMT off) Q-caccaT @ 1 TGGGAG

- detachment and deprotection;
- RP-HPLC purification.

- DNA chain assembly

- detachment and deprotection;
- RP-HPLC purification.

TGGGAG
O = CPG; p = phosphodiester bridge

Scheme1l. Synthetic scheme of the ODN#&-F) by automated DNA synthesis using the phosphoraenidit
chemistry.

Compound yields of at least 98% were obtained. dtavjgomersA —F were detached from the solid
support, deprotected and the crude materials wee &nalysed and purified using HPLC and gel
filtration chromatography. The ODNs were charaeztsti by MALDI-TOF MS, in all cases giving

masses in accordance with their expected valuds [22

2.2 Anti-HIV-1 screening on the d(TGGGAG) ODNs depending on the G4 folding process

The anti-HIV-1 screening was performed testingdiEGGGAG) sequence®\{F) at three different
G4 concentrations against the HIV-1 1lIB and NL¥\3-viruses and also against AR177 and DS8000
resistant NL4.3 strains. NL4.3 strains resistanARL77 and DS8000 have been chosen because are
both entry inhibitors. In particular, AR177 is adam entry inhibitor (target gp120) with structural
(parallel G4) and biological similarities with owligonucleotides and DS8000 presents the same
polyanionic character. The mechanism of actioniofeZir-resistant NL4.3 strain was reported by Esté
et al. in 1998 and revealed that the resistant@lype was associated to the emergence of mutations
the gpl20 [12]. Overall anti-HIV data are reported Table 1. All ODN stock solutions were
appropriately diluted before the assay. Analyzihg anti-HIV results, some compound3 &nd E)
prove inactive, otherd3( C andF) are very potent against different HIV-1 straifbe ODNB shows a
strong anti-HIV-1 activity at low stock solution meentrations (ss, 0.6 mM and 0.3 mM), in particular
against the 111IB and NL4.3 WT strains. SimilarlizetODNC displays a pronounced anti-HIV activity

at the same concentrationsBag0.6 mM and 0.3 mM) showing also a strong selé@gtior WT viruses.
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Regarding this oligonucleotidg, a loss of activity was observed when tested atjdith4.3/AR177
strain.

Difflerently, the ODNF exhibits a good anti-HIV activity at 1.2 mM andOnM ss concentrations
and mainly against WT viruses. Overall HIV dataomgd that the modified ODNS( C andF) are no
longer able to inhibit entry or replication of th4.3/AR177 resistant strain. Therefore, it seehat t
the cross resistance observed with some 5'-endfied@DNs 8, C andF) points to a similar mode of
action as reported for AR177 (Zintevir) [12].

A very surprising finding is the strong anti-HIVtatty of the natural sequend® that was proved to
be the most active ones. This result is in cont@asthat has been extensively reported over thesyea
regarding the inactivity of the natural d(TGGGAGEggsence. Interestingly, the unmodified
d(TGGGAG) sequencé showed the highest anti-HIV-1 activity against\atus strains without any
discrimination for WT and/or resistant strain viegs This latter feature of the d(TGGGAG) sequence
becomes interest concerning its mechanism of aa®ranti-HIV agent, implying a target fax
different from that of the 5'-end conjugated ODNsexpectedly the natural sequence showed a very
significant anti-HIV-1 activity at lower G4 conceation (0.3 mM stock solution). Moreover the result
about all sequences {F) tested suggest that does not exist a linear latioe between the available G4

amount and the anti-HIV activity of thee-F sequences.
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Table 1 "Tetrazolium-based colorimetric assay" for the deta of HIV replication inhibitors based on thesassment of viability of cells and the
protection against virus-induced cytopathogenieafin MT-4 cells®

Compounc(mM)? Strair ICso(LM)® CCsc(uM)®| Compound (mN? Strair ICso(uM)° CCso(UM)°
A (1.2) lllg >5.00 >5.00 | C(0.6) lllg 0.061 >5.00
A (0.6) g 0.068 >5.00 NL4.3/WT 1.54 >5.00
NL4.3/WT 1.95 >5.00 NL4.3/AR177 >4.19 >5.00
NL4.3/AR177 1.96 >5.00 NL4.3/DS8000 2.15 >5.00
NL4.3/DS8000 1.65 >5.00 C (0.3) g 0.38 >5.00
A (0.3) lllg 0.014 >5.00 NL4.3/WT 2.36 >5.00
NL4.3/WT 0.21 >5.00 NL4.3/AR177 >5.00 >5.00
NL4.3/AR177 0.078 >5.00 NL4.3/DS8000 >5.00 >5.00
NL4.3/DS8000 0.21 >5.00 D (1.2;0.6;0.3) l1E:NL4.3/WT/AR177/DS8000 >5.00 >5.00
B (1.2) g >5.00 >5.00 [E (1.2;0.6;0.3) l1§:.NL4.3/WT/AR177/DS8000 >5.00 >5.00
B (0.6) lllg 0.073 >5.00 | F(L.2) llg 0.088 >5.00
NL4.3/WT 1.83 >5.00 NL4.3/WT 2.21 >5.00
NL4.3/AR177 >2.09 >5.00 NL4.3/AR177 >5.00 >5.00
NL4.3/DS8000 1.76 >5.00 NL4.3/DS8000 2.77 >5.00
B (0.3) lllg 0.086 >5.00 | F(0.6) lllg 0.12 >5.00
NL4.3/WT 1.35 >5.00 NL4.3/WT 0.91 >5.00
NL4.3/AR177 0.89 >5.00 NL4.3/AR177 >1.40 >5.00
NL4.3/DS8000 3.35 >5.00 NL4.3/DS8000 0.79 >5.00
C(1.2) lllg 2.05 >5.00 | F(0.3) lllg 2.29 >5.00
NL4.3/WT 2.59 >5.00 NL4.3/WT 2.43 >5.00
NL4.3/AR177 >5.00 >5.00 NL4.3/AR177 >5.00 >5.00
NL4.3/DS8000 >5.00 >5.00 NL4.3/DS8000 2.37 >5.00
AR177 NL4.3/WT 0.26 >50.00
NL4.3/AR177 >50.00 >50.00
NL4.3/DS8000 4.27 >50.00

2 stock solution concentrations of ss ODRShe 50% cytotoxic concentration (§fwas defined as the concentration of the test comg that
reduced the absorbance (6§ of the mock-infected control sample by 50%. Thaaentration achieving 50% protection against fhepathic effect

of the virus in infected cells was defined as tB&5nhibitory concentration (l4g).
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2.3 Native Gel Electrophoresis

In order to determine the stoichiometry of the cinees that have been tested in the anti-HIV assays
we performed native gel electrophoresis (PAGE) grpants under the same experimental conditions
used for the HIV tests. All ODN stock solutions3 @M, 0.6 mM, 1.2 mM) were analyzed on the gel
14 days after the addition of potassium cation.

By PAGE gels (Figure 2), we observed a pool ofcttes, ranging from the single stranded form
(Figure 2,line 1) to the G-quadruplex and higher order G4 strustufiéigure 2,lines 2 and 3
respectively). Notably, G4 forms is promoted byr@asing ss concentrations but almost all ODAIs (
E) presented a more intense band for the G-quadrigdtacture (Figure 2jne 2), confirming that, at
these concentrationss( 0.3 mM, 0.6 mM, 1.2 mM), the G4 structure is there abundant species.
Another striking result is the detection of diffeteetarded migrations with respect to the G-quplesu
(Figure 2,line 3). These bands confirmed the formation of high or@& structures as recently
described by us, in the ESI-MS study [25]. In tpedfic case of sequen€e a unique smearing band
was observed at all tested concentrations, suggesti more complex aggregation phenomenon.
Surprisingly, the multimeric behaviour Bfinvolves also its potent anti-HIV activity espdlyiaagainst
WT viruses. In conclusion, it seems that the agafieg makes all stock solutions & almost

equipotent.

A_0.6 mM
D_1.2 mM
D_0.6 mM
D_0.3 mM
B_0.6 mM
B_0.3 mM
F_1.2 mM

F_0.3 mM

A_0.3mM
E_1.2 mM
E_0.6 mM
E_0.3 mM
c12mm
C_0.6 mM
C_0.3mM
TG,T (G4)
Te (ss)

TG,T (G4)
B_1.2 mM
F_0.6 mM

=
£
N
-
<

Figure2. Non-denaturing polyacrylamide gel electrophoreBAGE) was carried out on 15 % polyacrylamide
gel using running buffer (TBE 0.5 X) containing @M KCI; 100 mM of the ODN samples were
loaded on the gel.

European Journal Medicinal Chemistry 9



3. Conclusion

In conclusion, we have reported a systematic ahii-ldcreening on some 5-end modified
d(TGGGAG) sequences with the aim to clarify theerof the G4 structure in the anti-HIV activity. The
anti-HIV screening was performed at different alitss concentrations of ODNA-) (0.3 mM, 0.6
mM, 1.2 mM), also considering the slow kineticdetfamolecular G-quadruplex folding.

Native PAGE experiments have demonstrated thaONs (A-F) fold into G4 structures as well as
into high order G4 structures and that at increasihthe initial ODNs concentrations turns into an
increase of both complexes (G4 and multimers). Gomg these results with the anti-HIV ones, it
seems that thA, B andC sequences show a higher activity for the moreetilistock solutions (ss, 0.6
mM and 0.3 mM) and therefore for a minor amountGaf. However, from the native gels it is also
observed that for th&-E ODNs, G4 structure remains at all concentrati@séet! the most abundant
species. In addition, the ODNBs C andF showed a cross resistance against the NL4.3/ARdsigtant
strain that suggests a similar mode of action ad AR(Zintevir) [12]. The most significant result
achieved by the current anti-HIV screening regahesstrong anti-HIV activity observed for the natlur
sequencé (0.6 mM and 0.3 mM stock solutions), which hasrbesported to be absolutely inactive
[17].

Instead to the literature and similar to other redlt®DNSs, the natural sequence is the most active
ones and its strong anti-HIV activity is independféom the conjugation at 5'-end with a lipophilic
group. Moreover, this study suggests that the sigaeti-HIV activity displayed at low concentratioh
the G4 structure in combination with the lack obss-resistance against AR177 resistant straindcoul
be not combined to its peculiar G4 arrangementrélated to a different mechanism of action of the
d(TGGGAG) sequence. Future studies will aim to tmederstanding of the structure-activity

relationships of the natural sequence.
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4.  Experimental procedures

4.1 Synthesis of the ODNs (A-F)

Starting with 100 mg of commercially available CBG-support with 0.10 meg/g initial loading, and
after the assembly of the sequence d(TGGGAG), taiolthe sequencd3-F, an additional coupling
step was carried out with the corrisponding phosamadite building block. To obtain the sequerce
the corresponding support was treated directly withc. ag. ammonia at 50 °C for 5 h. Indeed for the
B—F sequences, the supports were first treated wigR/gygridine (1:1, v/v) at 50 °C for 1 h and then
with conc. ag. ammonia at 50 °C for 5 h (SchemeThe combined filtrates and washings were
concentrated under reduced pressure, re-dissotvdd#@, and analysed and purified by RP-HPLC.
Purification of the crude conjugated oligonucleetidvas carried out on Phenomenex RP18 column
(Gemini, 10 um C18, 21.2 x 250 mm) using a lineadgnt of CHCN and an aqueous solution of
0.1M TEAA (triethylammonium acetate) at pH 7.0 frd% to 100% over 30 min at a flow rate of 7
mL/min with detection at 260 nm. In all cases 50-@D units of pureA—F could be on average

recovered starting from 100 mg of functionalizeticsssupport (average yields 16—-25%).

4.2 Quadruplex Preparation

Stock ODNSs solutions were prepared at 1.2 mM, OM amd 0.3 mM in 100 mM KCI, The stock
concentrations were determined by UV absorban@5@tnm measured on an Agilent Cary 100 UV
spectrophotometer using the nearest-neighbour ledédéclimolar extinction coefficient of 5TGGGAG3'
€=62500 cm-1 M-1, not taking into consideration twatribution of the 5'-aromatic label. Annealing
experiments were performed at 80 °C heating foiirfutes and then a fast cooling to room temperature
was carried out. The solutions were stored at 20f6}C14 days before the starting of both gel

electrophoresis experiments and anti-HIV assays.

4.3 Native gd electrophoresis

All stock solutions of A-F) were loaded on the gels after dilution to 100 (88l concentration) and
with the addition of 25% of glycerol. The oligoneotide d(E) was used as a single-stranded 6-mer
marker and d(T@) as a tetramolecular G-quadruplex marker, [d{§a. Native gel electrophoresis
was performed on 15% polyacrylamide gel (acrylahidacrylamide 19:1) and the running buffer
(TBE 0.5X) was supported by 10 mM KCI in order tegerve the native conditions. The gel was run at
26 °C at constant voltage (100 V) for 2.5 h. Thedsawere visualized by UV shadowing after ‘all
stains’ coloration.
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4.4 Anti-HIV assays

The anti-HIV activity and cytotoxicity of the oligeoxynucleotides were evaluated against wild-type
(WT) HIV-1 strains 1lIB and NL4.3, T30177 (Zinteyirresistant strain derived from NL4.3
(NL4.3/AR177) and dextran sulfate 8000 (DS8000) istaat strain derived from NL4.3
(NL4.3/DS8000) in MT-4 cell cultures using the 354limethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide (MTT) method [29]. Briefly, stock solutiof®0 x final concentration) of test compounds were
added in 25 pL volumes to two series of triplicatdls so as to allow simultaneous evaluation oirthe
effects on mock-and HIV-infected cells at the bagig of each experiment. Serial 5-fold dilutions of
test compounds were made directly in flat-bottorfd@dvell microtiter trays using a Biomek 3000 robot
(Beckman instruments, Fullerton, CA). UntreatedtemnHIV-and mock-infected cell samples were
included for each sample. Virus stock (50 pL) a@-BO0 CCIRg (50% cell culture infectious dose) or
culture medium was added to either the virus-igf@adbr mock-infected wells of the microtiter tray.
Mock-infected cells were used to evaluate the éfféd¢est compounds on uninfected cells in order to
assess the cytotoxicity of the test compounds. Beptially growing MT-4 cells were centrifuged for 5
min at 220 g and the supernatant was discardedMIké cells were resuspended at 6 x 105 cells/mL
and 50-uL volumes were transferred to the micnotitey wells. Five days after infection, the viatyil
of mock-and HIV-infected cells was examined spgataiometrically by the MTT assay.

The MTT assay is based on the reduction of yellavored 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Acros Organicsy mitochondrial dehydrogenase activity in
metabolically active cells to a blue-purple form@azhat can be measured spectrophotometrically. The
absorbances were read in an eight-channel compaigrelled photometer (Infinite M1000, Tecan), at
two wavelengths (540 and 690 nm).

All data were calculated using the median absomaraiue of three wells. The 50% cytotoxic
concentration (Cgg) was defined as the concentration of the test camg that reduced the absorbance
(ODs4g) of the mock-infected control sample by 50%. Thlaaentration achieving 50% protection
against the cytopathic effect of the virus in inéet cells was defined as the 50% inhibitory

concentration (16).
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