2648-2656 Nucleic Acids Research, 1997, Vol. 25, No. 13 00 1997 Oxford University Press
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ABSTRACT numerous studies, prominent among them the elegant work of
] . R.Narayanan and co-workers, who examined in detail inhibition
We have examined the behavior of the phosphoro- of NF«B activity in many cell linesX4). One of the cell lines
thioate antisense Rel A (NF- kB p65) oligodeoxynucleo- which was perhaps the major focus of their work was the K-Balb
tide (oligo) and related molecules. Because of the (K-rastransformed) murine fibroblast line, to which they
presence of a G-tetrad near its 5 ' terminus, this targeted a 24mer phosphorothioate oligodeoxynucleotide against
molecule is capable of forming tetraplexes and other the initiation codon region of the RelA (p65) subunit of the
higher order structures in a temperature and time murine NFKB nuclear transcriptional regulatory factar4).
dependent manner. The G-tetrad in the phosphodiester This antisense oligodeoxynucleotide, AS RelA (a phosphodiester
congener is protected from methylation by dimethyl- or phosphorothioate oligodeoxynucleotide compementary to the
sulfate when the oligomer is 3 '-phosphorylated. How- mRNA of the p65 subunit of the NEB nuclear transcriptional
ever, this protection is completely lost when itis 5 ' regulatory factor) was shown to cause a profound block in nuclear
phosphorylated, indicating that the formation of at translocation of RelA, as well as inhibition of nuclear expression
least some higher order structures has been blocked. of the Sp-1 transcription factor, a property that was not shared by
In addition, we also prevented tetraplex formation by the sense controb). However, the Bregion of this oligomer
substitution of 7-deazaguanosine (7-DG) for guano- contains four contiguous guanosine residues. Additional experi-
sine at several positions within and outside of the ments employing single base mutated AS RelA oligomers
tetrad. This substitution retains Watson—Crick base suggested that the presence of four contiguous guanosines wa:s
pair hybridization but prevents Hoogsteen base-pair essential for antisense activig).(Furthermore, activity was not
interactions. When murine K-Balb cells were treated dependent only on the presence of this motif, but clearly on its
with 20 pM antisense RelA oligo, complete blockade of position within the molecule as well.
nuclear translocation of RelA was observed. However, Other investigators 7(8) have noted an enhanced non-
this effect was virtually entirely abrogated in most sequence-specific activity in phosphorothioate oligodeoxynucleo-
cases by 7-DG substitution within the tetrad, but tides that contain four contiguous guanosines. Busgeais(7)
retained when the substitution was made 3 ' to the  examined inhibition of smooth muscle cell proliferation by a
tetrad. The AS RelA-induced downregulation of Sp-1 phosphorothioate oligodeoxynucleotide targeted rayis-and
activity behaved similarly after 7-DG substitution. noted that most of the activity was a function of this sequence
Thus, the parent phosphorothioate AS RelA molecule element. Guvakovet al (8) demonstrated increased binding of
cannot be a Watson—Crick antisense agent. However, a phosphorothioate oligomer containing this motif to basic
these conclusions cannot be extrapolated to other fibroblast growth factor (bFGF). A guanosine-rich phosphodi-
G-tetrad containing oligomers and each must be ester oligodeoxynucleotide has recently been demonstrated to be
evaluated individually. highly nuclease resistant and to be a relatively specific inhibitor
of HIV-1 integraseq). Because this and other exampleg1(1)
INTRODUCTION show that G-rich sequences enhance non-sequence specificity of

both phosphodiester and phosphorothioate oligomers, we conjec-
Successful application of antisense oligodeoxynucleotide tectured that the biological activity of AS RelA might not be due to
nology relies on the specificity of the Watson—Crick base paiatson—Crick hybridization, but rather to an effect of the
interaction (). This concept has been the motive force behinduanosine residues themselves.
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Guanine-rich regions in oligonucleotides can form tetrads (aldducleotide base protection assays

known as quartets), in which the four residues cyclize to form .
array held together by hydrogen bonds betwééhaxid & and %;hﬂzsgagdfgleimpzmggrgﬁgﬁﬁ (i[r)lEtZ? ﬁgeﬁ\éa?:gvgﬁzgegormed

N?H and N. The G-rich region on one strand can combine witlf, 555 = ° | oligodeoxynucleotides were dissolved inl 5

that on another to form higher order structures, for example n‘gzb mM Tris—borate, pH 8.3, 1 mM EDTA (TBE), 25 mM KCl and

bimolecular fashion by association of two strands or in )
: . - dn equal volume of 1% (v/iv) DMS (Aldrich) or 10% (v/iv) DEPC
tetramolecular manner by appropriate positioning Offour'nd'V'o?Aldrich) in the same buffer The reaction with DEPC was

ual strandsl(2-17). A wide diversity of structures may result, as ; ; L
in some tetraplexes, for example, the strands may be parallel é}'l'Swed to proceed for 30 min or 1 h, with vortex mixing at 5-10

in others antiparallel. Furthermore, the rates at which the%lg‘ intervals throughout. Reactions were stopped by addition of

strands associate and dissociate may also be very sensitive toCO o%i'\rf Sg?'zg %Cre?t%ir?Hng) ,oﬁ 2" de%?ifgggggsanv?/leraend
sequence context, ionic strength and temperature. 9 ’ 9 Y

In this work we demonstrate that the non-sequence-speciﬁéedpitawd with 2% lithium perchlorate/acetone. Chemically
activity of at least some G-rich oligomers is dependent o odified oligodeoxynucleotides were cleaved by reaction with

tetraplex formation only for short oligomers. We then address t ul 10% piperidine at 90: for 45 m|?. Traces ﬁf p|p§r|d||ne .
question of higher order structure formation in the antisense Re elre remov%d Iby gyapgratlonh Samdp es were then d'SSIO dved in
oligodeoxynucleotide. We demonstrate that this oligomer for uoformaml € loading buffer, heate f0r5 m(l)n atGcoole :
higher order structures, but that-phosphorylation blocks 6 4°C and analyzgd by electrophoresis in 20% polyacrylamide-
formation of at least some of these structures. We then show tﬁaM urea sequencing gels.

substitution of 7-deazd-Beoxyguanosine (which eliminates

Hoogsteen but preserves Watson—Crick base paitigg)ithin, Cells

but not outside, the G-tetrad in the AS-RelA phosphorothioate-Balb cells were obtained from the American Type Culture
oligodeoxynucleotide drastically alters its biological activity. ~Collection (Rockville, MD). Cells were grown and maintained at
37°C in 95% air/5% C@ in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco BRL, Grand Island, NY) containing
MATERIALS AND METHODS 10% (v/v) fetal calf serum (Gibco BRL), 1 mMglutamine,
100 U/ml penicillin G and 100g/ml streptomycin.
Synthesis of oligodeoxynucleotides
Electrophoretic mobility-shift assays (EMSA)

Phosphodiester oligodeoxynucleotides were synthesized rﬁ%’Balb cells (25x 10%) were seeded into 10020 mm tissue

?It:%ré?;rdcﬁr;osgg) rgggg“i;rﬁﬁ?s'isztg Ogh%nsp?hpoprlcl)?r?i c? ;?es y;tig 0c_ulture dishes and incubated until adherent and spread. Phospho-

deoxynucleotides were also synthesized by standard methéag]ioate oligodeoxynucleotides (p) were then added and

N ; : ells incubated for 48 h at 3Z. Nuclear extracts were isolated
(19) and sulfurization was performed using tetraethylthlurarﬁ ; ! i
disulfide/acetonitrile (TETD; Applied Biosystems). Following and EMSA were performed as descrilb@d Rrotein concentra

. tions were determined using the Bradford protein assay (BioRad,
cleavage from the controlled pore glass support, ollgodeox&.
d . ; . hmond, CA). The NkB HIV-1 consensus probe sequence
nucleotides were base deblocked in ammonium hydroxide a1C
0 o as 3-GTA GGG GAC TTT CCG AGC TCG AGA TCC TAT
tiehylammonium biarbonate. (TEABYackionirle, PRP-1 supe3: The Sp-L and CK-1 consensus binding sequences were
port]. Oligomers were detritylated in 3% acetic acid an p y

precipitated with 2% lithium perchlorate/acetone, dissolved i -TgT(SC)A%IdGE'T'ZGéTTF?(4G)G$th$0§<SSAW%§ ;lgglegcx\ith
sterile water and reprecipitated as the sodium salt from 1 ' P

2 i _

NaCl/ethanol. Concentrations were determined by UV spectrg,, P}dN-II—P as describecb) Nuclear extracts (7 109|) and

SCopy. P-labeled probes were co-incubated and complexes were
5-32p_ abeled oligodeoxynucleotides were synthesized using T450!Ved by electrophoresis in a non-denaturing 4% polyacryla-

polynucleotide kinase ang-$2P]ATP by the method of Sambrook mide gel _and autoradiographed. _U_nla.bek:gq probe atj_lk?o |

et al (20). 3-End-labeling was performed using terminal O|eoxy_concentratlon was used as a competitive inhibitor to establish ge

nucleotidyltransferase and-p2P]dideoxyATP 20). shift specificity.
Western blot analysis

Gel electrophoresis Aliquots of cell extracts containing 10-1& protein were
resolved by 12% SDS—PAGE (polyacrylamide gel electrophore-
Higher order structure formation of deoxynucleotides wasis) and transferred to Hybond ECL filter paper (Amersham,
analyzed in native and 20% polyacrylamide gels (19:1 polyacnirlington Heights, IL). Filters were incubated af@5for 1 h in
lamide/bisacrylamide) after electrophoresis in TBE buffer aBlotto A [5% non-fat milk powder in Tris-buffed saline (TBS);
room temperature. Gels were run at 10-16 V/cm and thé&® mM Tris—HCI, pH 8.0, 150 mM NacCl] plus 0.05% Tween-20
subjected to autoradiography or stained with Stains-All (Sigmadnd then incubated at 25 for 1 h in Blotto A containing 1:1000
32p-Labeled oligodeoxynucleotides, after chemical modificaNF-kB p65 rabbit polyclonal IgG mAb (Santa Cruz Biotechno-
tion with dimethylsulfate (DMS) and cleavage with piperidinejogy, Santa Cruz, CA). After washing in TBS-T (TBS + 0.05%
were analyzed by electrophoresis in 20% polyacrylamide—7 NMween-20), fiilters were incubated for 1 h at@5in TBS-T
urea sequencing gels and autoradiographed. containing a 1:10 000 dilution of peroxidase-conjugated goat
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anti-rabbit secondary mAb (Amersham). After washing, ECICircular dichroism (CD) spectroscopy

was performed according to the manufacturer’s instructiorED spectra were recorded at room temperature using an AVIV

(Amersham). Model 62A DS CD spectropolarimeter (Aviv Associates, Lake-

wood, NJ). Solutions of oligodeoxynucleotides (1 OD U/ml)
Synthesis of alkylating, radioactive phosphodiester were prepared in 0.1 M Tris—HCI, pH 7.6, to which, in some
oligodeoxynucleotide 5N-methyl-N-(2-chloroethyl)amino- experiments, 140 mM KCl was added. The spectra were recorded
benzylamine P2P]OdT 1, (CIRNH[32P]OdT12) at room temperature.

This compound, a dodecathymidylate phosphodiester oliges=g ) T3
deoxynucleotide derivative with an alkylator moiety:
Binding of SdGgTyk to bFGF is a function of oligomer

ey length
NH; C&@N\/ We initially wanted to determine the effect of tetraplex formation
CHy CH O on the non-sequence-specific binding to protein of phosphoro-
thioate oligodeoxynucleotides. To do this, we synthesized the
Scheme 1. model series of tetraplex-formingSdGsTy-3' oligomers listed in

Table 1. Electophoresis of this series under non-denaturing

conditions (with or without 25 mM KCI) demonstrated that the

coupled to the'Sadioactive phosphate through a phosphoramidg, o ier ol i ; ;
. gomers existed predominately as discrete tetraplexes, as
bond, was synthesized by the method of Knetr@ (21). The o iqenced by their appropriately slow rate of migration (Big.

final product was stored at 0. Note that Odfz indicates the 5 vever, for d 8, only smears can be visualized. Moreover, the

12mer phosphodiester of thymidine. presence of 100 mM KCl as against 100 mM LiCl did not
markedly stabilize the discrete tetraplex form versus the smear. The

Competitive inhibition of binding of CIRNH[ 32P]OdT 1, presence of the smear, which may in part represent ‘bleeding out’

to bFGF by tetraplex-forming oligodeoxynucleotides of lower order from higher order structures, may imply that the rate

of dissociation of the tetraplexes to the putative dimers and
This was performed by the method of Yakulaival (22).  monomers under the electrophoretic conditions is relatively rapid.
Individual G-rich and control oligodeoxynucleotides (Table  We next examined the ability of tetraplex-forming G-rich
were used at the stated concentrations as competitors of bindiibsphorothioate oligodeoxynucleotides to compete binding of
of the probe, &2P-labeled oligodeoxynucleotide to bFGF. Thethe probe, radioactive phosphodiester oligodeoxynucleotide
ICs0 of competition was determined by visual inspection an¢|RNH[32P]OdT;» to a model heparin-binding protein, bFGF
values oK were calculated by the Cheng—Prusoff equatiGh ( (Table1 and Fig2). The values oK, as calculated by equation
K¢ = ICs0(1 + [CIRNH[E2P]Od Ty J]/Kg) 1 1 were compared with those obtained with homopolymers of

where thekg value is 0.5iM (8) thymidine, which do not form higher order structures. There was

d ' ' a marked decrease iK; due to formation of tetraplexes,
nevertheless, this decrease, relative to what was seen with

Table 1. Competition for binding of probe oligodeoxynucleotide thymidine homopolymers of identical length, diminishes with
CIRNH[32P]OdT; 2 by GsTx phosphorothioate oligodeoxynucleotides increasing number of dT residues. Indeed, by &Tthe values
of K¢ are essentially identical for the G-rich and non-G-rich
Competitor ICs0 (UM) K (UM) oligomers. However, as observed on the sizing gels, this may be
SAG T, 0.2 0.02 a reflection of decreased tet_ra_plex concentration at greater
oligomer length. Nevertheless, it is also true that althBydor
SdTg 27 3.8 : .
the dT homopolymers falls markedly as a function of length, it
SdGsT4 0.22 0.03 does not fall proportionately for the S¢iG oligomers.
SdTio 8 11 In order to eliminate G-tetrad formation, we then substituted
SdGsTe 0.3 0.05 7-deaza-2deoxyguanosine (7-DG) at several positions within
SdTi, 71 1.0 the G-tetrad (Tabl&). Values ofK; lie between those found for
SdGsTs 03 0.05 non-7-DG-substituted SdG-rich and SAdT homopolymeric oli-
ST 0.8 011 gomers, but are much closer to the latter.
SdGsT10 01 0.02 Formation of higher order structures by the
SdTie 0.4 0.06 phosphodiester and phosphorothioate antisense RelA
SdGsT12 0.19 0.03 oligodeoxynucleotides
SdTig 0.3 0.05 We examined the ability of these oligomers to form higher order
SAGGGGGET, 4.5 0.64 structures by native gel electrophoresis. As shown in Fiyate
SAGGGGGGT, 18 0.25 least three distinct bands can be observed. The slowest migrating
SAAGGGGGT, 4.2 0.60 band (top of the gel) is a tetraplex: we demonstrated this by the
method of Wyatet al (10), by boiling the phosphodiester and
a3 UM CIRNH[32P]OdT; 2; Kq = 0.51M. phosphorothioate AS RelA oligomer with an equal concentration

G, 7-deazaguanine substitution. of a phosphodiester oligomer of half lengthGRAG GGG AAA
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Mé Figure 2. Competition by Sdgly and SdE. oligodeoxynucleotides for
binding of CIRNHB2P]OdT;, to bFGF. Sdgly and SdE. were used as
competitors of CIRNH{2P]OdTy» (3 uM) binding to bFGF (0.3uM) as
described in the text (6% PAGE). Bands represent the 17.5 kDa bFGF modified
by the oligodeoxynucleotide. The concentration of J@@A) was (lanes 1-10
) . . . . respectively) 0, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5 apdl0’he concentration
Figure 1. Native gel electrophoresis of S¢itz phosphorothioate oligo- 4 547, (B) was (lanes 1-8 respectively) 0, 2.5, 5, 7.5, 10, 15, 25 aukl 50
deoxynucleotides. 0.5 OD units of oligomer in 0.1 M Tris—HCI, pH 7.5, and 116 concentration of SdE1o(C) was (lanes 1-6 respectively) 0, 0.1, 0.25, 0.5,

25 mM KCl were removed from a 20 freezer 20 min prior to dissolving in 4 75 and M. The concentration of Sdg (D) was (lanes 1-7 respectively)

the loading buffer containing TBE and electrophoresis at room temperature Oy 0.5 0.75. 1. 2.5. 5 and AD1. Gel bands were quantitatedbyounting, as

a 20% polyacrylamide gel. The gel was then stained with Stains-All. Lane 1, yos ribed in the text '

SdGsT12; lane 2, Sd@T1g; lane 3, Sd@Tg; lane 4, Sd@Tg; lane 5, SAGT 4; '

lane 6, Sd@T,. T1-T6, area of tetraplex migration for oligomers in lanes 1-6

respectively; M1-M6, area of migration of monomers for oligomers in lanes ) )

1-6 respectively. A small amount wf- 1 oligomer migrates faster than the oligomer was kept in water for 3 days in the presence of 140 mM
p Y. g 9

M1-M6 monomers. Areas of oligomer migration between M and T, which NaCl, virtually complete dissociation of the tetraplex and
appear as smears, may contain dimers, although this is not certain. intermediate forms to monomer occurred

. . . . The G-tetrad in the RelA phosphodiester oligodeoxy-
CAG-3). Native gel electrophoresis showed five bands W'ﬂhugleotide is ;)rotected froF;n DIF\)/IS n:ethylatilc?n Xy

approximate tetraplex mobility, as would be expected by the
number of terms in the binomial expansion (not shown). Because 5phosphorylated AS RelA does not appear to form
Monomer is seen at the bottom of the Fiduigel, along with  tetraplexes as easily as ndrphosphorylated AS RelA and
fainter, intermediate species. It is possible, but by no meabscause of our earlier unpublished observations that certain
certain, that these represent dimers, which increase in concen8'afluorescein-labeled'85-rich oligomers are observed largely
tion in 25 mM K. However, the Bphosphorylated phosphodi- as monomers on electrophoresis in native gels, we examined the
ester AS RelA did not form tetraplexes at@Fwith or without  extent of protection at guanosiné Nhis was done by alkylation
25 mM KY), although the intermediate bands still remained (dataith DMS and piperidine cleavage. The radioactive label was
not shown). Far less tetraplex was commonly observed for thecated at the 'Serminus in some experiments and at the
phosphorothioate AS RelA under identical electrophoresis cond-terminus in others (25 mM * 10-15 min reaction time).
tions (Fig.3, lanes 3 and 4), consistent with the observations dthese conditions produce single hit methylation and the products
Wyatt et al (11) that the association rates are slower andf piperidine cleavage of the methylated oligomers were resolved
dissociation rates are faster for the phosphorothioate tetraplexas sizing gels. As is seen in Figdgavhen the’2P label (as ddA)
However, the absolute amount of phosphorothioate AS Reli& at the 5terminus, G—Gs are clearly observed and the bands
tetraplex could vary significantly over the course of multipleare roughly equal in intensity to those gfGg. In contrast, when
experiments, for reasons that have yet to be discerned. the oligomer is 3phosphorylated, the &5Gs bands are highly
Formation of higher order structures for the phosphodiester ABider-represented, indicating that theokithese guanosines are
RelA (3-labeled with ddA) was dependent on temperature arutotected from methylation by Hoogsteen base pair formation.
time. The quantity of intermediate forms (putative dimers?) waa/eak protection of &-G; was also observed. If th&labeled
reduced at room temperature (0.1 M Tris, pH 7.5) compared wigample was boiled before DMS treatment-Gs; were visible
4°C, while formation of tetraplex was unaffected. However, if thand, with the exception offequal in intensity to the other spots.



2652 Nucleic Acids Research, 1997, Vol. 25, No. 13

=]

ek

=
[
[
E
£
-

s - T

A
G
L
(5
G ¢ .-
A
A
A
c
G
A
G - -
A
T
C
D
¢ . ¢
%
. e '1-,_ G
M34 i: = -
A b ]
¢
M1,2 x
. .-
¢ -
Figure 3. Formation of higher order structures by AS RelA. Shown is a native T

20% polyacrylamide gel. 1 OD unit of oligomer in 0.1 M Tris—HCI, pH 7.5, was

removed from a —2@ freezer 20 min prior to dissolving in the loading buffer

containing TBE and electrophoresis at room temperature on a 20% polyacrylafigure 4. N7 methylation by DMS or DEPC and piperidine cleavage of

mide gel. The gel was then stained with Stains-All. Lane 1, phosphodiester Ayhosphodiester AS RelA. The oligomer was treated as described in the text and

RelA, no added K lane 2, + 25 mM KCl; lane 3, phosphorothioate AS RelA,  the products separated on a 20% polyacrylamide—7 M urea gel. Lanes 1-3,

no added K; lane 4, + 25 mM KCI. T, area of migration of tetraplexes inlanes  gligomer was labeled on thetgrminus with ddA. Lane 1, DMS, 10 min; lane

1-4; M1-M4, area of migration of monomers in lanes 1-4 respectively; D, areap, pMS, 15 min; lane 3, DEPC, 60 min. Lanes 4-6, oligomer was labeled on

of migration of putative dimeric structures. the B-terminus wit2P. The position of the guanosine residues is noted. Lane
4, DMS, 15 min; lane 5, no DMS; lane 6, ATR.i&not observed on this gel.

Thus, on the basis of these data, we conclude that the parent AS

RelA exists in solution predominately as a relatively Iabll’% that the strong positive Cotton effect at 270280 nm for this

olecule (Fig.6b) was shifted to a shorter wavelength in the
presence of K The shift was also observed for the parental AS
iIﬁeIA molecule (Fig6a), but not for molecules with substitutions

tetraplex, whose formation can be substantially prevented
5'-phosphorylation. As a control, we alkylated the adenosi
residues with DEPC. Both thé and 5-32P-labeled phosphodi-
ester oligodeoxynucleotides were treated in 25 mM KCI as .
Materials and Methods at 25, cleaved with piperidine and at G (not_shown) or @or for Sd'b4, none of which can form
electrophoresed. All adenine moieties in both oligomers weFStradS (Figéc and d).

equally reactive to DEPC/piperidine, indicating that these bases

do not play a significant role in formation of higher orderTable 2.Sequence of AS RelA and positions of 7-deazaguanosine
structures. substitutions

Biological effects of the modified AS relA ASReIA  5-G1AG, G3G4Gs AAA CAGe ATC G/TC CAT GeGoT-3

phosphorothioate oligodeoxynucleotides 1 5'-G1AG3 G3G4Gs AAA CAGg ATC G7TC CAT GgGgT-3'
Because of the formation of G-tetrads with the AS RelA oligomer 2 5-G1AG2 G3G4Gs AAA CAGE ATC GrTC CAT GgGoT-3
and the subsequent formation of higher order structures, we 5-G1AG2 G3G4Gs AAA CAGg ATC G7TC CAT GgGgT-3'
substituted 7-DG at several positions both inside and outside thg 5-G1AG, G3G4Gs AAA CAGg ATC G;TC CAT GgGgT-3

G-tetrad (Table?). However, as is shown in Figug only

substitution at certain positions will block formation of higher S-G1AG, G3GaGs AAA CAGE ATC GrTC CAT GeGoT-3

order structures. For example, under the conditions of electro-6 5-G1AG2 G3G4Gs AAA CAGg ATC G7TC CAT GgGgT-3
phoresis, no tetraplexes were observed for the molecule with & 5-G1AG, G3G4Gs AAA CAGg ATC G7TC CAT GgGoT-3

7-DG substitution at G(lane 1) and &(lane 2), although the ) :
Gs-substituted molecule should still be able to form a tetraplex. 5-G1AG2 GGGy AMA CAGe ATC G7TC CAT GoGoT-3
Substitution of 7-DG at &(lane 4), however, did not eliminate 9 5-G1AG2 G3G4Gs AAA CAGg ATC G7TC CAT GgGoT-3
formation of higher order structures. Murchie and Lillég)( 10 5-G1AG G3G4Gs AAA CAGg ATC G;TC CAT GgGgT-3'
demonstrated that the AGGG motif is also capable of forming
tetrads and tetraplexes. Interestingly, it was observed by CD (F@.7-deazaguanosine substitution.




Nucleic Acids Research, 1997, Vol. 25, No. 13653

1 2 3 4 5 6 7 8 9 We then investigated whether 7-DG-substituted AS RelA
Tl L Ry S oligomers blocked nuclear translocation of RB--in K-Balb
cells in experiments identical to those performed by Narayanan
and co-workersX4). Log growth phase cells were treated with

D - phosphorothioate oligomers (20M, 2 days) because the
phosphodiester oligomers are not active in this assay. As shown

M H i in Figure?, top, the parent phosphorothioate AS RelA eliminated
RelA nuclear translocation as demonstrated by EMSA, with
relative sparing of p50 translocation. [The assignment of the

subunits to EMSA bands in this cell line has previously been
extensively evaluated by mAb supershift experimepsl)(
Nevertheless, it should be noted that relatively low levels of c-rel,
p105 and other members of the kKIBfamily may also be present
in the bands]. However, 7-DG substitution atG53, G, G +
G4 and G, all of which have substitutions within the G-tetrad,
Figure 5. Formation of higher order structures in 7-DG-substituted phosphoro-_greaﬂy diminished the 'nh_|b't0ry effECt of the oligomer. Interest-
thioate AS RelA. Shown is a native 20% polyacrylamide gel. 0.85 OD units ofingly, more RelA heterodimers (with NéB1 or c-rel or other
oligomer in 0.1 M Tris-HCI, pH 7.5, were removed from a*@@eezer 20  members of the NkB family) were found in cells treated with
;”ti”rggcn’: ti’e?‘ifsgr';it[‘]?;” ct,?]e ';""‘SLQS b“gfgcconlt:ri]:iigg TBelE aggseilieocrfroé’fhc;“?gthe 7-DG-substituted oligomers as opposed to what was seen in
b , - . ; ; ;
substitution isFr)'noted in the descriptiog 0¥th£ycontentsgof each lane, as referretgi‘le control, in which RelA homo@mers seemed to predomlnate.
to in the text, along with the oligomer number, as in Table 2. Lang(1);Gne Nevertheless, by Western blotting (Fify.bottom), oligomers
2,3 (2); lane 3, G(2; 0.25 OD); lane 4, £5); lane 5, G (5; 0.25 OD); lane  substituted with 7-DG at£3G4 and G, all within the G-tetrad,
6, G (7); lane 7, G (7; 0.25 OD); lane 8, §8); lane 9, @ (8; 0.250D). T, |ost virtually all ability to down-regulate total expression of RelA.
p and r'!sgge’cg‘\;ggs of migration of tetraplex, putative dimeric and monomeriqy, g4 contrast, 7-DG substitution at @hich lies outside the
G-tetrad and which, by the’Nnethylation experiments described

mdeg / OD

T T T~ T 1 T T T T T T
2&) 250 24;0 260 280 300 320 200 220 240 260 280 300 320

Wavelength, nm

Figure 6.CD Spectra of oligodeoxynucleotides. The spectra were obtained as described in the text. Solid linest vdtited knhes, with 140 mM K Position

of 7-DG substitution in AS RelA is noted in the description of the contents of each lane, as referred to in the text, along with the oligomer number, as in Tabl
(a) Phosphorothioate AS RelA)(Gs (5). €) SdT24. (d) G4 (4). The positive Cotton effect band at 270-280 nm in oligomers that form tetrads is shifted to shorter
wavelength after addition of*K
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Figure 8. (A) 5-Thiophosphate blocks down-regulation of nuclearxBE-
K-Balb cells were treated with 7-DG-substituted oligomerst{Pand nuclear
extracts isolated as described in the text. Shown is a composite picture (but same
\gel) EMSA of binding of the extracts to the MB-HIV-1 consensus binding
%quence. The top band represents predominately ReidYhe bottom band
predominately p(50) although other members of the KB-family are also

domi | diate band il d12-13 resent. Intermediate bands represent predominately heterodimers. Position of
predominately p(5) Intermediate bands, as seen in lanes 5-7 and 12-13, may7_ pG sypstitution is noted in the description of the contents of each lane, as

represent heterodimers. Ot_h_er members of th_e(l_%lKa_min, €.9. c-rel and ... referred to in the text, along with the oligomer number, as in Table 2. Lane 1, AS
p105, are also present. Position of 7-DG substitution is noted in the descrlptlorhel A;lane 2, G (8); lane 3, G(2); lane 4, G+ Gg (10); lane 5, Sthiophosphate
of the contents of each lane, as referred to in the text, along with the oligomen g Reja. B‘) 7.DG substitution alters the bindiﬁg of NB-to the CK-1

number, a§|in Tgble 2.bLa_ne 1d ugtree:llteql K-Balb cells; lane 2><+ct|ﬂ1ﬂ) consensus sequence. K-Balb cells were treated with 7-DG-substituted oligomers
gompetltor, gr.]? : ugsu stitute 16"\. IRe A7' ane;'j r(m8 cgmpe:tl(t)%r, zla(r;e (20pM) and nuclear extracts isolated as described in the text. Shown is binding
» Gg + G4 (6); lane 6, G+ Gg (10); lane 7, & (3); lane 8, (3) + 100co of the extracts to the CK-1 consensus binding sequence. X represents a CK-1

competitor; lane 9, (5(1); lane 10, (1) + 100cold competitor; lane 11,4%7); izable el t that h tvet b h terized (4). L 1. untreated
lane 12, G (5); lane 13, @+ G4 (9); lane 14, rabbit reticulocyte lysate [pg0) {2%058%2”5 ;sgq gnAS ieelff‘ Ir;(rJ]eygA@(::')en characterized (4). Lane 1, untreate
only]. The concentration of all oligomers was.®0. (Bottom) Representative ’ ’ ’ ’

Western blotrf = 3) of Rel A (p65) after treatment with 7-DG-substituted
gligoznerso-l gheE é/\L/esla_tem ?lot vtvastpc?rlf?gn?t()j a?I dlescribzed in tget_tte;xz ?Ansfb;and by EMSA, but little decrease in band intensity. In contrast,
ceveloped by L. Lane 1, untreated K-bab Cells; lane 2, unsubstituted A _pG substitution at Gor Gy, which are outside the G-tetrad, led
RelA; lane 3, G (7); lane 4, € (5); lane 5, G (4); lane 6, G (3) to virtual complete elimination of CK-1 binding, similar to what
was seen with the parent AS RelA. Also as previously,
substitution by 7-DG at£3+ G4, which produces a molecule that
above, plays little if any role in higher order structure formatiorgcannot form intermolecular tetrads, also led to CK-1 down-
behaves identically, by EMSA (Fig, top, lane 11) and Western regulation. 7-DG substitution ag@vhich permits formation of
blotting (Fig. 7, bottom, lane 3), to the parent AS RelAthe AGGG tetrad and thus of tetraplexes, did not, however, cause
compound. Interestingly, 7-DG substitution af, @hich in  extensive CK-1 down-regulation.
principle preserves the G-tetrad intact (although we did notwe then examined the effects of 7-DG-substituted phosphoro-
observe tetraplexes on native gels), produces a molecule whickhipate AS RelA oligomers on nuclear Sp-1 levels. It has
only slightly less effective than the parent AS RelA by EMSApreviously been shown that these levels decrease in tandem with
(Fig. 7, top, lane 9). NF-kB nuclear translocation in AS RelA-treated cells As
In addition, we examined the behavior of théhtophosphate shown in Figur®, lane 2, we have verified this. However, 7-DG
AS RelA molecule. The'8hiophosphate, as opposed to thesubsitution at @+ Ga, G; + Gz, G1 + Ga, G and G, all within
5'-phosphate, was synthesized in order to supprelephospho-  the G-tetrad, completely blocked the induced down-regulation of
rylation by cellular alkaline phosphatases. In EMSA thisp-1, just as they blocked oligodeoxynucleotide-induced down-
molecule did not block nuclear translocation of RB-(Fig.8A,  regulation of nuclear NKB translocation. In contrast, 7-DG
compare lane 5 with lane 1 or 2), a fact which is consistent wilubstitution at & outside the G-tetrad, produced an oligomer that
our previous data indicating that-@hosphorylation blocks still caused marked down-regulation of Sp-1 levels (lane 8),
formation of at least some higher order structures in the AS Refimilar to the parent AS RelA. Interestingly, substitution gt G
molecule. also outside the G-tetrad, did not produce Sp-1 down-regulation
In addition, we also examined nuclear translocation okBIF- (lane 7), although it did effectively down-regulate REnuclear
using the CK-1 probe, which is more specific for RelA as againgtanslocation. Thus, this molecule provides an example of
NF-kB1 than the HIV-1kB probe, although it will also detect decoupling of simultaneous AS RelA-induced down-regulation
heterodimers of RelA with c-rel. As shown in Fig8Bs lane 2,  of NF«B translocation (see Fig, lane 9) and Sp-1 activity.
the parent AS RelA oligomer (3(M, 2 days) down-regulated
NF-kB nuclear translocation. However, substitution of 7-DG af|scussion
G4 (lane 3) blocked this down-regulation. In fact, the results
obtained with the CK-1 probe are almost indentical to what wd&hosphorothioate oligodeoxynucleotides form tetrads and tetra-
obtained with the HIV-XB probe. Substitution of 7-DG a4t @  plexes in the same manner as do phosphodiesters. However, as
G4, G1 + Gz and G led to an increase in mobility of the CK-1 demonstrated by Wyadt al (11), isosequential phosphorothioates

Feld -—‘—----

Figure 7.7-DG substitution alters the biological activity of phosphorothioate AS
RelA. (Top) K-Balb cells were treated with 7-DG-substituted oligomefs\@0

and nuclear extracts isolated as described in the text. Shown is a representati
EMSA (n = 3) of binding of the extracts to the MB-HIV-1 consensus binding
sequence. The top band represents predominately ¢Reléthe bottom band
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possible, but not certain, that these forms are linear homodimers.
Tetraplexes form with difficulty, probably due to mutual charge
repulsion of the phosphate groups.

Substitution of 7-DG at & does not block formation of
tetraplexes, as is shown in Figbranost likely because a tetrad
can still be formed by the AGGG motif. This correlates with the
shift, in 140 mM K, of the positive Cotton effect in the CD
spectrum from 280 to 265 nm, a peak which is seen in molecules

1 2 k] 4 5 [ 7 § 9 10
that can form all-G-tetrad$1,24). However, neither phosphoro-

T mEEN B
thioate oligomers with 7-DG substitution ai @ Gz nor SAdT24,
. - which may not be able to form intermolecular G tetrads, shift the
- . . .. “ . positive Cotton effect band to shorter wavelength in 140 mM K

Interestingly, the substitution of 7-DG a Foduces a molecule

that is almost incapable of blocking nuclear translocation of

NF-kB in treated K-Balb cells, in contrast to what is seen with the
Figure 9. Effects of 7-DG substitution on Sp-1 nuclear activity. K-Balb cells parent all-G-tetrad AS RelA at equimolar doses. Thus, it appears

were treated with 7-DG-substituted oligomers ((20) and nuclear extracts ; ; ;
isolated as described in the text. Shown is binding of the extracts to the Sp- at the cells can dlreCtly recognize the difference between
\GGG and GGGG tetraplexes.

consensus binding sequence. Lane 1, untreated K-Balb cells; lane 2, unsub

tuted AS RelA; lane 3, +168Qcold competitor; lane 4,43 G4 (6); lane 5, G The biological activity of the phosphorothioate RelA AS
+ G5 (10); lane 6, @(2); lane 7, @ (1); lane 8, G(7); lane 9, G(5); lane 10,  oligomers is drastically altered based on the position of 7-DG
G1+ G4 (9): substitution. This alteration is observed with both the HRB1

and CK-1 probes and is also seen on examination of Sp-1 activity.
When 7-DG substitution is located in the G-tetrad, intermolecular

have less tendency than phosphodiesters to exist in solutiont@ads (except in the case efsbibstitution, as described above)
tetraplexes, because of slower association and faster dissociafi@fnot form and ‘antisense’ activity is partially or totally lost, as
rates. In addition, as we have shown in a model series @psessed by EMSA and Western blotting. However, if 7-DG
phosphorothioate d, oligomers, the tendency to form tetra- Substitution is made outside the G-tetrad, e.g.1abrG, the
plexes is greatly diminished with increasing oligomer lengtHntermolecular G-tetrad can, in principle, still form and ‘antisense’
This can be seen by the presence of smears rather than dischétvity is preserved. However, we consider it extremely unlikely
tetraplex bands on native gels, where the observed smeli8t 7-DG single base substitution at any position will affect the
represent, at least in part, continuous dissociation in the gel\&ue ofTy, with complementary mRNA by >0°6. (Of interest
higher order to intermediate (putative dimeric?) and monomeri@ this respect is that ‘antisense’ activity is almost completely
species. This increased dissociation rate is probably causedgserved in the £+ G4 disubstituted molecule.) Furthermore,
increased charge repulsion as the strands increase in length &ioequally unlikely that cellular uptake will be affected by single
the phosphate groups increase in number. Interestingly, th@se 7-DG substitution. The cellular uptake of phosphorothioate
phosphorothioate d§Fy tetraplexes are only minimally stabil- oligodeoxynucleotides is dependent on the processes of fluid
ized by K as against [ This is not generally the case for phase endocytosis and adsorbtive endocytdS)s The former
phosphodiester tetraplexes, which are stabilized*by K process will not be influenced by the concentration of higher
On the basis of these data, it would be predicted that tigder structures. The latter process will depend, in part, &y the
phosphorothioate AS RelA oligomer would form relatively fewof binding of the oligomers to cell surface heparin binding
tetraplexes at physiological saline concentration, a temperaturgagteins §). However, as shown above for the phosphorothioate
37°C and an oligomer concentration of 28I. In fact, this is dGgTx model system, the decreaseKiof protein binding to
what indeed is observed, in spite of the fact that intermedia@digomer may occur only for short tetraplexes (<14mers).
forms can still be seen. However, as demonstrated by N Thus, on the basis of all of our data, we must conclude that the
methylation protection experiments with the phosphodiest@arent phosphorothioate AS RelA, despite its ability to reduce
congener, the AS RelA oligomer, despite what is seen on tiNF-KB nuclear translocation in treated K-Balb cells in an
native gels, seems to exist in solution predominately as apparently sequence-specific manner, cannot be acting solely, if
tetraplex. This contradiction is more apparent than real, becaugdeed at all, as a Watson—Crick antisense agent. Instead, it
if the tetraplexes are relatively labile they may dissociate undappears to exert its remarkable antisense-mimicking effects
the electrophoretic conditions, as the more mobile monomeifyrough a combination of mechanisms, including the following.
migrate in the electric current. However, the tetrad will not fornfi) An aptameric effect of the intermolecular GGGG tetraplex,
in the presence of &phosphate group. This is supported by thevhich as described is different from that of an AGGG tetraplex.
lack of protection of G-Gs after N methylation with DMS and The all-G-tetraplex may exert its effect either intracellularly or at
piperidine cleavage in thé-phosphorylated phosphodiester ASthe level of the cell membrane. (ii) An intrinsic non-sequence-
RelA oligomer, as compared with extensive protection when trepecific effect of the phosphorothioate oligomer related to its
oligomer was 3phosphorylated. Furthermore, there is a relativability to bind to heparin-binding proteing Z2). For example,
lack of ‘antisense’ activity (inhibition of NKB nuclear trans- Khaledet al (24) have demonstrated that phosphorothioate AS
location) in K-Balb cells treated with the phosphorothioatdRelA binds to fibronectin and laminin (on th#& chain) and can
5'-thiophosphate AS RelA oligomer. block binding of laminin to bovine brain sulfatide. This blockade
Intermediate forms can still be observed with thgh®sphory-  is highly enhanced for the AS RelA versus the sense RelA (the
lated phosphodiester AS RelA in native gel electrophoresis: itsense sequence with respect to thekBFARNA) oligomer.
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