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(57) ABSTRACT 

The present invention provides a method for concurrent 
achiral nucleotide modi?cation and ampli?cation using 
PCR. Provided by this method are NF-kB speci?c thio 
aptamers of novel sequence. This invention further provides 
methods of post-selection aptamer modi?cation Wherein one 
or more selected nucleotides of aptamers of knoWn sequence 

are substituted With modi?ed achiral nucleotides, particu 
larly achiral thiophosphate nucleotides, Wherein the substi 
tution results in increased nuclease resistance While retain 
ing binding ef?ciency and selectivity. Thiosubstitution of 
post-selection aptamers With speci?city for the nuclear fac 
tor, NF-KB, produced in accordance With this method have 
increased binding af?nity and speci?city in addition to 
nuclease resistance. Also provided are methods for fraction 
ating oligonucleotides depending on their degree of thio 
substitution by anion exchange chromatography. 
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THIO MODIFIED APTAMER SYNTHETIC 
METHODS AND COMPOSITIONS 

[0001] This is a continuation-in-part application claiming 
priority based on US. Provisional Application Ser. No. 
60/105,600 ?led Oct. 26, 1998. 

[0002] Work resulting in the present invention Was sup 
ported in part by United States Government grants DARPA 
9624-107 FP, NIH AI27744, DARPA 3-14552-644101 and 
NIH 3-14546-477999. According, the US. Government has 
certain rights in the invention. 

TECHNICAL FIELD OF INVENTION 

[0003] This invention generally relates the generation of 
aptamers and to the use of aptamers as diagnostic and 
therapeutic agents. More particularly, the present invention 
relates to methods using combinatorial chemistry to prepare 
aptamers having controlled thiophosphate replacement in 
the phosphate backbone for improved binding ef?ciencies to 
a target and to RNA and/or DNA products having novel 
nucleotide sequences and enhanced target binding ef?cacies. 

BACKGROUND OF THE INVENTION 

[0004] Without limiting the scope of the invention, its 
background is described in connection With methods for the 
preparation of oligonucleotide “decoys”. 

[0005] Oligonucleotide agents have been shoWn to have 
functional activity in vitro and thus the promise of thera 
peutic potential. Some of these agents are believed to 
operate via mechanisms such as the sequence-speci?c anti 
sense translation arrest of mRNA expression or through 
direct binding to protein targets Where they function as 
“decoys”. While oligonucleotide agents shoW therapeutic 
promise, various pharmacological problems must ?rst be 
overcome. 

[0006] Oligonucleotide agents have been used as high 
speci?city therapeutic agents in vitro. High sensitivity to 
nuclease digestion, hoWever, makes oligonucleotide agents 
unstable and thus impracticable for in vivo administration by 
either intravenous or oral routes. 

[0007] From the foregoing it is apparent the there is a need 
in the art for methods for generating high binding, nuclease 
resistant oligonucleotide that retain their speci?ty. Also 
needed are compounds and methods that permit the genera 
tion of high binding, high speci?city, nuclease resistant 
oligonucleotide agents that have an improved half-life and 
are target speci?c. 

[0008] One target for oligonucleotide decoy targeting is 
the transcriptional activating factor NF-KB, Which is acti 
vated by many factors that increase the in?ammatory 
response. The activation of NF-KB leads to the coordinated 
expression of many genes that encode proteins such as 
cytokines, chemokines, adhesion molecules, etc., Which 
amplify and perpetuate immune response. Because of its 
pivotal importance in immune function, NF-KB has been a 
desired target for neW types of anti-in?ammatory treatments. 
Current anti-in?ammatory treatments such as glucocorti 
coids function at least in part through inhibition of NF-KB. 
Glucocorticoids, hoWever, have endocrine and metabolic 
side effects When given systematically. Anti-oxidants repre 
sent another class of compounds that inhibit NF-KB activa 
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tion. Currently available anti-oxidants, hoWever, are rela 
tively Weak and have short-term effects. Aspirin and other 
salicylates also inhibit NF-KB, but only at relatively high 
concentrations that may have undesirable side effects. Natu 
rally occurring inhibitors of NF-KB such as gliotoxin are 
potent and relatively speci?c, but also may have toxic 
effects. 

[0009] NF-KB may have a particularly important role in 
the genesis of endotoxic shock, a disease entity of major 
clinical importance. In endotoxic shock, a series of intrac 
ellular signaling events, in Which NF-KB activation ?gures 
importantly, lead to enhanced transcription of a variety of 
proin?ammatory mediator genes, including tumor necrosis 
factor 0t, interleukin-1, inducible nitric oxide synthetase. 
These secreted mediators in turn lead to increased adhesion 
molecule expression on leukocytes and endothelial cells, 
increased tissue factor expression on monocytes and endot 
helial cells, promoting coagulation, vasodilation, capillary 
leakiness, and myocardial suppression. (Murphy, et al., New 
Horizons (1998) 6:181). Strong support for the role of 
NF-KB in septic shock in humans is afforded by the recent 
demonstration that sustained, increased NF-KB binding 
activity in nuclei of peripheral blood monocytes from septic 
patients predicted mortality. 
[0010] From the foregoing it is apparent the there is a need 
in the art for methods for generating high binding, nuclease 
resistant aptamers that retained their speci?city. 

SUMMARY OF THE INVENTION 

[0011] Aptamers may be de?ned as nucleic acid molecules 
that have been selected from random or unmodi?ed oligo 
nucleotides (“ODN”) libraries by their ability to bind to 
speci?c targets or “ligands”. An iterative process of in vitro 
selection may be used to enrich the library for species With 
high af?nity to the target. The process involves repetitive 
cycles of incubation of the library With a desired target, 
separation of free oligonucleotides from those bound to the 
target and ampli?cation of the bound ODN subset using the 
polymerase chain reaction (“PCR”). The penultimate result 
is a sub-population of sequences having high af?nity for the 
target. The sub-population may then be subcloned to sample 
and preserve the selected DNA sequences. These “lead 
compounds” are studied in further detail to elucidate the 
mechanism of interaction With the target. 

[0012] Modulation of the functional attributes of bioactive 
targets are achieved by aptamer binding. Binding may, for 
example, interrupt protein'DNA interactions such as those 
that occur betWeen transcription factors and DNA in the 
process of gene activation. The ability to effectively modu 
late the effects of certain pluripotent transcription factors in 
vivo Would provide a particularly valuable therapeutic tool. 

[0013] NF-KB is a transcription factor Whose activity 
plays a role in many disease processes and is thus an 
potential target for therapeutic control of gene expression. 
Aptamers can demonstrate high speci?city in vitro for target 
proteins and may serve as therapeutics. High sensitivity to 
nuclease digestion makes unmodi?ed aptamers unstable in 
complex biological systems and tehrefore, unable to mediate 
the effects of transcriptional factors such as NF-KB in vivo. 
Nuclease resistance is particularly important for the admin 
istration of nucleic acid-based therapeutics by either intra 
venous or oral routes. The present inventors recogniZed the 
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need for neW concepts in aptamer design that Would permit 
the generation of effective nuclease resist aptamers and that 
such aptamers, if they could be developed, might serve as 
selective mediators of NF-KB activity. 

[0014] Modi?cation of oligonucleotides such as by thiola 
tion of the phosphoryl oxygens of the ODNs can confer 
nuclease resistance. Thus, it has been shoWn by Gorenstein 
(Farschtschi, N. and Gorenstein, D. G., Tetrahedron Lett. 
(1988) 29:6843) and others (See eg Nielsen, et al., Tetra 
hedron Lett. (1988) 29:291) that sulfur-containing phospho 
rothioate and phosphorodithioate substituted oligonucle 
otides shoW reduced nuclease susceptibility. 

[0015] Although phosphoromonothioate analogues ([S] 
ODNs) are relatively nuclease resistant, due to the neW 
chiral phosphorus center, phosphoromonothioate mixtures 
are diasteromeric and thus have variable biochemical, bio 
physical and biological properties. While stereocontrolled 
synthesis of P-chiral [S]-ODNs (Yang, et al., J. Bioorganic 
& Med. Chem. Lett. (1997) 7:2651) represents one possible 
solution to this problem, another lies in the synthesis of 
modi?cations that are achiral at phosphorus. 

[0016] In contrast to the phosphomonothioates, the dithio 
ates ([S2]-ODN) contain an internucleotide phosphodiester 
group With sulfur substituted for both nonlinking phosphoryl 
oxygens, and are therefore both isosteric and isopolar With 
the normal phosphodiester link. Phosphodithioate analogues 
([S2]-ODNs) have been synthesiZed (Gorenstein, et al., US. 
Pat. No. 5,218,088) Which have been shoWn to be highly 
nuclease resistant and effective as antisense agents. (Nielsen, 
et al., Tetrahedron Lett. (1988) 29:2911; Farschtschi and 
Gorenstein, Tetrahedron Lett. (1988) 29:6843). In contrast 
to the phosphoramidite-synthesiZed monothiophosphate [S] 
ODNs, the dithioate [S2]-ODNs are achiral about the dithio 
phosphate center, so problems associated With diastereo 
meric mixtures are completely avoided. The [S2]-ODNs, 
like the [S]-ODNs, are taken up ef?ciently by cells. 

[0017] It has been generally observed that the increased 
thioation of the phosphoryl oxygens of ODNs often leads to 
their enhanced binding to numerous proteins. For example, 
single-stranded [S2]-ODNs are 36-600 times more effective 
in inhibiting HIV reverse transcriptase than normal antisense 
ODN or the [S]-ODN (Caruthers, M. H., Abstract, In 
Oligonucleotides As Antisense Inhibitors of Gene Expres 
sion, Rockville Md., Jun. 18-21, 1989). 

[0018] It has also been noted, hoWever, that oligonucle 
otides possessing high monothio- or dithio-phosphate back 
bone substitutions appear to be “stickier” toWards proteins 
than normal phosphate esters, possibly based on the charge 
characteristics of the sulfonated nucleotides. The increased 
stickiness of thiolated ODNs results in loss of speci?city, 
thus, defeating the promise of speci?c targeting offered by 
aptamer technology. Loss of speci?city is critical in DNA 
binding proteins-DNA interactions, because most of the 
direct contacts betWeen the proteins and their DNA binding 
sites are to the phosphate groups. As a further complication, 
it has been found that certain thiosubstitution can lead to 
structural perturbations in the structure of the duplex (Cho, 
et al., J. Biomol. Struct. Dyn. (1993) 11, 685-702). 

[0019] In one embodiment of the present invention pro 
vides a novel application of DNA polymerase to incorporate 
chiral phosphorothioates and replicate a random sequence 
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library simultaneously in order to prepare achiral NF-KB 
speci?c aptamers. Arandom phosphodiester oligonucleotide 
combinatorial library is synthesiZed Wherein constituent 
oligonucleotides comprise at least a set of 5‘ and 3‘ PCR 
primer nucleotide sequences ?anking a randomiZed nucle 
otide sequence. The library is ampli?ed enZymatically using 
a mix of four nucleotide substrates, Wherein at least a portion 
of the total quantity of at least one but no more than three of 
the nucleotides is modi?ed, to form a modi?ed oligonucle 
otide combinatorial library. 

[0020] Furthermore, only a portion of the total quantity of 
given a nucleotide base may be modi?ed and/or more than 
one modi?ed nucleotide base is included in the ampli?cation 
mix, thereby increasing the number of potential substitution. 
The modi?ed oligonucleotide combinatorial library is next 
contacted or mixed With a target protein, e.g., an NF-kB 
dimer or constituent subunit protein, and the subset of 
oligonucleotides binding to the protein is isolated. The 
subset of NF-kB binding oligonucleotides is again ampli?ed 
enZymatically using the mix of four nucleotide substrates, 
including modi?ed nucleotides to form a modi?ed oligo 
nucleotide sub-library. The ampli?cation and isolation steps 
are repeated iteratively until at least one aptamer having one 
or more modi?ed oligonucleotides of de?ned sequence is 
obtained. 

[0021] The unique chemical diversity of the oligonucle 
otide libraries generated by methodologies provided herein 
stems from both the nucleotide base-sequence and phospho 
rothioate backbone sequence. The present method provides 
achiral oligonucleotide products Whether the ampli?cation 
substrates are monothiophosphates or dithiophosphates. The 
present thioaptamer methodology provides compounds that 
are an improvement over existing antisense or “decoy” 
oligonucleotides because of their stereochemical purity. 
Chemically synthesiZed phosphorothioates may be a dias 
tereomeric mixture with 2D stereoisomers With n being the 
number of nucleotides in the molecule. These preparations 
are unsuitable for use in humans because only a small 
fraction of the stereoisomers Will have useful activity and 
the remaining could have potential adverse effects. In con 
trast, enZymatically synthesiZed oligonucleotides are stere 
ochemically pure due to the chirality of polymerase active 
sites. Inversion of con?guration is believed to proceed from 
Rp to Sp during incorporation of dNMPotS into the DNA 
chain. The present dithiophosphate aptamers are free from 
diastereomeric mixtures. 

[0022] The present inventors recogniZed that it is not 
possible to simply replace thiophosphates in a sequence that 
Was selected for binding With a normal phosphate ester 
backbone oligonucleotide. Simple substitution Was not prac 
ticable because the thiophosphates can signi?cantly 
decrease (or increase) the speci?city and/or af?nity of the 
selected ligand for the target. It Was also recognized that 
thiosubstitution leads to a dramatic change in the structure of 
the aptamer and hence alter its overall binding af?nity. The 
sequences that Were thioselected according to the present 
methodology, using as examples of DNA binding proteins 
both NF-IL6 and NF-KB, Were different from those obtained 
by normal phosphate ester combinatorial selection. 

[0023] The present invention takes advantage of the 
“stickiness” of thio- and dithio-phosphate ODN agents to 
enhance the af?nity and speci?city to a protein target. In a 
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signi?cant improvement over existing technology, the 
method of selection concurrently controls and optimiZes the 
total number of thiolated phosphates to decrease non-spe 
ci?c binding to non-target proteins and to enhance only the 
speci?c favorable interactions With the target. The present 
invention permits control over that phosphates to be thio 
substituted in a speci?c DNA sequence, thereby permitting 
the selective development of aptamers that have the com 
bined attributes of affinity, speci?city and nuclease resis 
tance. 

[0024] In one embodiment of the present invention, a 
method of post-selection aptamer modi?cation is provided 
in Which the therapeutic potential of the aptamer is improved 
by selective substitution of modi?ed nucleotides into the 
aptamer oligonucleotide sequence. Atarget binding aptamer 
is identi?ed and the nucleotide base sequence determined. 
Modi?ed achiral nucleotides are substituted for one or more 

selected nucleotides in the sequence. In one embodiment, 
the substitution is obtained by chemical synthesis using 
dithiophosphate nucleotides. The resulting aptamers have 
the same nucleotide base sequence as the original aptamer 
but by virtue of the inclusion of modi?ed nucleotides into 
selected locations in the sequences improved nuclease resis 
tance is obtained. 

[0025] Using the method disclosed hereinbeloW, a family 
of aptamers With modi?cations at different locations Was 
created and the binding ef?ciency for the target determined. 
Using the disclosed method, speci?c NF-KB binding aptam 
ers Were created that are not only more nuclease resistant but 
have increasing binding affinity over unmodi?ed aptamers 
of the same sequence. In contrast to fully thiolated aptamers 
of the same sequence, the selectively thiolated aptamers of 
the present invention had greater selectivity for the desired 
target NF-KB dimers. 

[0026] In one embodiment of the present invention, a 
process for fractionating oligonucleotides With varying 
degrees of thioation is provided. A crude oligonucleotide 
mixture is dissolved in a starting solvent, e.g., Water. The 
dissolved oligonucleotide is loaded onto an anion-exchange 
column, e.g., an FPLC of HPLC Mono Q column. Oligo 
nucleotides With varying degrees of thioation are sequen 
tially eluted With a buffered salt gradient. In addition to the 
fractionation and collection of speci?c thiolation species, the 
method permits the ready removal of undesired monothio 
phosphate contaminates. 
[0027] The controlled thiolation methodology of the 
present invention is applicable to the design of speci?c, 
nuclease resistant aptamers to virtually any target including 
Without limitation amino acids, peptides, polypeptides (pro 
teins), glycoproteins, carbohydrates, nucleotides and deriva 
tives thereof, cofactors, antibiotics, toxins, and small organic 
molecules including inter alia, dyes, theophylline, and 
dopamine. It is contemplated, and Within the scope of this 
invention, that the instant thioaptamers encompass further 
modi?cations to increase stability and speci?city including 
for example disul?de crosslinking. It is further contemplated 
and Within the scope of this invention that the instant 
thioaptamers encompass further modi?cations including, 
e.g., radiolabeling and/or conjugation With reporter groups, 
such as biotin or ?uorescein, or other functional groups for 
use in in vitro and in vivo diagnostics and therapeutics. 

[0028] The present invention further provides the appli 
cation of this methodology to the generation of novel 
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thiolated aptamers speci?c for nuclear factors such as, e.g., 
NF-IL6 and NF-KB. The NF-KB/Rel transcription factors are 
key mediators of immune and acute phase responses, apo 
ptosis, cell proliferation and differentiation. The NF-KB/Rel 
transcription factors are also key transactivators acting on a 
multitude of human and pathogen genes, including HIV-1. 

[0029] Several family members of NF-KB/Rel have been 
identi?ed based not only on sequence, but also structural and 
functional homology. Members of this protein family are 
divided into tWo groups based on differences in structures, 
functions and modes of synthesis: one group includes of the 
precursor proteins p105 and p100 With ankyrin repeat 
domains in their carboxyl termini. Proteolytic processing 
removes the carboxyl halves to yield the mature forms p50 
and p52, respectively. The subsequent homodimers are Weak 
transcriptional activators at best, since they lack carboxyl 
transactivation domains. A second group, including p65 
(RelA), c-Rel, v-Rel, Rel B, Dorsal, and Dif are not syn 
thesiZed as precursors and are sequestered in the cytoplasm 
by association With inhibitors (IKB) or precursor proteins 
(p100 and p105). Homo- or hetero-dimers including at least 
one member from this group are strong transcriptional 
activators. 

[0030] Both groups of NF-KB/Rel proteins can form 
homo- and hetero-dimers. Hetero-dimers consisting of p50 
and p65 (RelA) are the ubiquitously expressed form of the 
NF-KB transcription factor. Upon nuclear entry, NF-KB/Rel 
proteins bind to speci?c sites resembling the consensus 
sequence, GGGRNNT(Y)CC. These sites are found in pro 
moters and enhancers of a variety of cellular genes including 
genes involved in the immune response (IgKB, IL-2, 
IL-2Rot, cyclooxygenase-2), acute phase response genes 
(TNFot, IL-1, IL-6, TNFB), viruses (HIV, CMV, SV-40), 
groWth control proteins (p53, c-myc, ras, GM-CSF), NF-KB/ 
Rel and IKB proteins and cell adhesion molecules (l-CAM, 
V-CAM and E-selectin) and many other genes. The affinity 
of the NF-KB/Rel proteins for DNA is determined by the 
sequence of the binding site. Different combinations of 
NF-KB/Rel proteins in dimers in?uence binding site prefer 
ences and af?nities. Therefore, it is likely that different 
forms of NF-KB activate different sets of target genes With 
respect to certain NF-KB binding sites. 

[0031] The present invention provides an aptamer capable 
of discriminating betWeen, and binding to, a single NF-KB/ 
Rel protein dimer species. Prior art backbone aptamers or 
target site sequences or fully monothiophosphate sequences 
bind to multiple proteins in cell culture. The present inven 
tion provides for both NF-IL6 and NF-KB, aptamers that are 
long enough to permit interaction With multiple proteins and 
provides methods to speci?cally select multi-protein com 
plexes and to discriminate among the different transcription 
factors. 

[0032] The present structure-based dithiophosphate and 
combinatorial monothiophosphate selection system pro 
vides for the identi?cation of aptamers that have high 
speci?city, and high af?nity for DNA binding proteins, e.g, 
a single NF-KB heterodimer, in a cellular extract. The 
present invention encompasses the development of separate 
aptamers targeting any one of the 15 possible combinations 
of 5 homo- and hetero-dimers of the 5 different forms of 
NF-KB/Rel. 
[0033] The present invention discloses the use of NF-KB 
dithioate aptamers to selectively bind various NF-KB hetero 
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and homo-dimers to doWn-regulate the pathogenic aspects 
of systemic in?ammation and/or up-regulate the protective/ 
anti-in?ammatory aspects of the response and thus to protect 
against endotoxic shock and LPS tolerance. 

[0034] NF-KB is activated by many factors that increase 
the immune response. NF-KB activation leads to the coor 
dinated expression of many genes that encode proteins such 
as cytokines, chemokines, adhesion molecules, etc. all 
amplifying and perpetuating the immune response. In addi 
tion there is evidence that X-rays (used in treatment of 
Kaposi’s sarcoma) are potent inducers of NF-KB, triggering 
HIV proviral transcription. (Faure, et al.,AIDS Research & 
Human Retroviruses (1996) 12, 1519-1527). The NF-KB 
speci?c thioaptamers of the present invention provide for a 
generation of anti-AIDS therapeutics With speci?c applica 
tion during the treatment of patients With Kaposi’s sarcoma. 

[0035] Alternatively, the present invention discloses the 
use of NF-KB speci?c thioaptamers targeted to p50'p50 or 
p52'p52 (inhibitors of NF-KB transactivation) to activate 
KB-speci?c gene expression (Zhang, et al., Blood (1998) 
91:4136) and aid in “smoking out” latent reservoirs of HIV 
by inducing expression of latent virus infected cells that are 
then susceptible to combination anti-viral therapy. 

[0036] The NF-KB aptamers of the present invention have 
utility in the study and treatment of the many diseases in 
Which this transcription factor plays a critical role in gene 
activation, especially acute phase response and in?amma 
tory response. These diseases include (but are not limited 
to): bacterial pathogenesis (toxic shock, sepsis), rheumatoid 
arthritis, Crohn’s disease, generaliZed in?ammatory boWel 
disease, asbestos lung diseases, Hodgkin’s disease, prostrate 
cancer, ventilator induced lung injury, general cancer, AIDS, 
human cutaneous T cell lymphoma, lymphoid malignancies, 
HTLV-1 induced adult T-cell leukemia, atherosclerosis, 
cytomegalovirus, herpes simplex virus, JCV, SV-40, rhi 
novirus, in?uenZa, neurological disorders, and lymphomas. 
[0037] Another aspect of the present invention is to both 
thioselect and design aptamers (monothiophosphate and 
dithiophosphate, as Well as other backbone substitutions) 
that speci?cally target protein'protein complexes such as the 
“enhanceosome”. As part of the present invention, enhanced 
aptamer selectivity and binding has been achieved respec 
tive to protein protein contacts as Well as protein'aptamer 
contacts. Thiolated aptamers alloW the formation of a spe 
ci?c protein'protein'aptamer complex capable of preferen 
tially forming an inactive enhanceosome on a gene that is 
unable to interact With the basal transcriptional factors. 
Using the disclosed method and compositions, aptamers 
may be designed or selected that are speci?c for the multi 
protein enhanceosome complex but not for the complete 
transcriptional activation complex. 
[0038] The aptamers themselves have utility as biochemi 
cal research tools or medical diagnostics agents in cell 
culture, animal systems, in vitro systems and even to facili 
tate hot start PCR through the inhibition of high temperature 
polymerases. Three dimensional structural determination of 
modi?ed aptamers With both high binding ef?ciency and 
speci?city according to the present invention also provides 
a vehicle for drug design structural modeling of the active 
sites of desired drug targets. 

[0039] The invention contemplates the use of PCR to 
incorporate up to three dNTPotSs into DNA. Incorporation 
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of dNTPotSs is important because greater substitution may 
impart greater nuclease resistance to the thiolated aptamers. 
The use of dNTPotSs is also important because the initial 
library Will also have greater diversity. Using the present 
invention thiolated aptamers may be selected having one or 
more thio-modi?ed nucelotide substitutions. 

[0040] Single-stranded nucleic acids are also knoWn to 
exhibit unique structures. The best documented single 
stranded nucleic acids structures are of single-stranded 
RNA. Single-stranded DNA can also adopt unique struc 
tures. The present invention is applicable to the selection of 
single-stranded phosphorothioate aptamers comprised of 
either RNA or DNA. Such single-stranded aptamers are 
applicable to both DNA (i.e., cell surface receptors, cytok 
ines, etc.) and non-DNA binding proteins. 

[0041] It is contemplated that the present methods and 
procedures may be scaled-up as Would be necessary for high 
throughput thioaptamer screening and selection. For 
example, 96 Well microtiter plates may be used to select 
aptamers to a number of different proteins under numerous 
conditions. 

[0042] This technology is directly applicable to protein/ 
DNA chip technology according to methodologies, e.g., 
those described in US. Pat. No. 5,874,219 incorporated 
herein by reference. By attaching the highly selective aptam 
ers to a support, protein/DNA chip permits the identi?cation 
and quantitation of the protein levels of all possible forms of 
not only NF-KB/Rel proteins but many other transcription 
factors and other proteins that function by forming different 
protein'protein complexes (i.e. NF-IL6/Lip/NF-KB, Bad/ 
Bax/BCL-XS/BCL-XL, etc.). A 2D-arrayed chip Would be 
capable of discriminating among 100’s or even 1000’s of 
protein'protein complexes in the cell simultaneously. The 
present invention discloses the attachment of nucleic acids, 
rather than unstable proteins, to the chip substrates, permit 
ting current DNA chip technologies (photolithography, ink 
jet, etc.) may be used. Solid state chip technology provides 
structure-based and combinatorial drug design program as 
Well as general medical diagnostics, making it feasible to 
monitor the varying populations of different protein-protein 
complexes resulting from disease progression or drug treat 
ment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0043] For a more complete understanding of the present 
invention, including features and advantages, reference is 
noW made to the detailed description of the invention along 
With the accompanying ?gures: 

[0044] FIG. 1 depicts a competitive ?uorescence polar 
iZation titration of 5‘-labeled ?uorescein-20-mer duplex/NF 
IL6 TCD dimer complex; 

[0045] FIG. 2 depicts relative sensitivity of Family A 
66-mers to degradation by DNase I. Unmodi?ed, phosphoryl 
duplex (C) and monothiophosphorylated at non-primer dA 
sites only (III); 
[0046] FIG. 3 is a negative control, at a concentration of 
up to 4 pm, thiophosphate clone 98 (Family A) Was shoWn 
not to bind to another transcription factor, NF-KB (p65 
dimer); 
[0047] FIG. 4 depicts these titrations performed directly 
Whereby each aptamer Was ?uorescein labeled and the 
protein Was titrated into the solution; 
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[0048] FIG. 5 shows results of a competition assay for 
binding CK-l 42-mer aptamers; 

[0049] FIG. 6 is a graph showing the inhibition of p65 
homodimer binding by [S2]-ODN (XBYs); 
[0050] FIG. 7a shoWs the sequences of thioselected NF 
kB aptamers according to the present invention While; 

[0051] FIG. 7b shoWs a consensus sequence determined 
therefrom; 
[0052] FIG. 8 shoWs 31P NMR spectrum of thymidine 
3‘-O-phosphorodithioate single stranded sequence 5 (SEQ 
ID NO.: 43) recorded on a Varian Unity plus spectrometer 
operating at 242 MHZ; 

[0053] FIG. 9 shoWs inhibition of p65 homodimer binding 
by thymidine 3‘-O-phosphorodithioate duplex aptamers 6-11 
(SEQ ID NOS.: 34-39); 

[0054] FIG. 10a shoWs a diagrammatic representation of 
the sites of thiophosphate and dithiophosphate modi?cation 
of the nucleotide backbone; 

[0055] FIG. 10b shoWs a diagrammatic representation of 
thymidine 3‘-O-phoshorodithiophosphate; 
[0056] FIG. 11a shoWs the dose response curve of LPS 
administration on serum TNF in a guinea pig model; and 

[0057] FIG. 11b shoWs the in vivo effect of a NF-kB 
speci?c thioaptamer on reducing serum TNF production in 
response to LPS challenge. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0058] While the making and using of various embodi 
ments of the present invention are discussed in detail beloW, 
it should be appreciated that the present invention provides 
many applicable inventive concepts Which can be employed 
in a Wide variety of speci?c contexts. The speci?c embodi 
ment discussed herein are merely illustrative of speci?c 
Ways to make and use the invention and do not delimit the 
scope of the invention. 

[0059] Abbreviations 

[0060] The folloWing abbreviations are used throughout 
this application: 

[0061] bZIP—basic leucine Zipper 

[0062] BSA—bovine serum albumin 

[0063] CD—circular dichroism 

[0064] C/EBP[3—CCAAT-enhancer binding protein 
[3 

[0065] DNase 1—Deoxyribonuclease 1 

[0066] DTT—dithiothreitol 

[0067] EDTA—ethylene diamine tetraacetic acid 

[0068] I16—Interleukin-6 

[0069] kb—kilobase (pairs) 

[0070] kD—kilodalton 

[0071] Kobs—observed binding constant 
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[0072] Dithiophosphates are substituted at both oxygens 
and are thus achiral. Phosphorothioate nucleotides are com 
mercially available or can be synthesiZed by several differ 
ent methods knoWn in the art. 

[0073] “Modi?ed” means oligonucleotides or libraries 
comprising oligonucleotides Wherein one or more of the four 
constituent nucleotide bases are analogues or esters of 
nucleotides normally comprising DNA or RNA backbones 
and Wherein such modi?cation confers increased nuclease 
resistance. Thiophosphosphate nucleotides are an example 
of modi?ed nucleotides. 

[0074] “Phosphodiester oligonucleotide” means a chemi 
cally normal (unmodi?ed) RNA or DNA oligonucleotide. 

[0075] Amplifying “enZymatically” refers to duplication 
of the oligonucleotide using a nucleotide polymerase 
enZyme such as DNA or RNA polymerase. Where ampli? 
cation employs repetitive cycles of duplication such as using 
the “polymerase chain reaction”, the polymerase is a heat 
stable polymerase such as the DNA polymerase of T hermus 
aquaticus. 
[0076] “Contacting” in the context of target selection 
means incubating a oligonucleotide library With target mol 
ecules. 

[0077] “Target molecule” means any molecule to Which 
speci?c aptamer selection is desired. 

[0078] “Essentially homologous” means containing at 
least either the identi?ed sequence or the identi?ed sequence 
With one nucleotide substitution. 

[0079] “Isolating” in the context of target selection means 
separation of oligonucleotide/target complexes, preferably 
DNA/protein complexes, under conditions in Which Weak 
binding oligonucleotides are eliminated. In one preferred 
embodiment DNA/protein complexes are retained on a ?lter 
through Which non-binding oligonucleotides are Washed. 

[0080] By “split synthesis” it is meant that each unique 
member of the combinatorial library is attached to a separate 
support bead on a tWo column DNA synthesiZer, a different 
thiophosphoramidite is ?rst added onto both identical sup 
ports (at the appropriate sequence position) on each column. 
After the normal cycle of oxidation and blocking (Which 
introduces the dithiophosphate linkage at this position), the 
support beads are removed from the columns, mixed 
together and the mixture reintroduced into both columns. 
Synthesis may proceed With further iterations of mixing or 
With distinct nucleotide addition. 

[0081] A recent advance in combinatorial chemistry has 
been the ability to construct and screen large random 
sequence nucleic acid libraries for af?nity to proteins (Gold 
et al.,Proc. NatLAcad. Sci. U.S.A. (1997) 94: 59; Tian et al., 
RNA (1995) 1: 317; Ekland et al., Science (1995) 269: 364). 
The nucleic acid libraries are usually selected by incubating 
the target protein With the library and then employing a 
method of separating the non-binding species from the 
bound. The bound fractions are then ampli?ed using PCR 
and subsequently incubated again With the protein for a 
second round of the screening or selection process. These 
iterations are repeated until the library is enhanced for 
sequences having high af?nity for the target protein. 

[0082] Agents selected from combinatorial libraries of 
RNA and DNA in the past have normal phosphate ester 
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backbones and thus are generally unsuitable as drugs in vivo 
because of their nuclease susceptibility. Although varying 
degrees of nuclease resistance may be obtained using modi 
?ed nucleotides, for example, by thiosubstitution at the 
non-binding oxygen groups of the phosphate backbone, the 
present inventors recogniZed that the functional effect of 
substitution of nuclease resistant thiophosphates could not 
be predicted since the sulfur substitution may lead to either 
decreased or increased binding to a speci?c protein. 

[0083] The present inventors developed a novel combina 
torial approach involving the construction and screening of 
a phosphorothioate DNA library. In one embodiment, the 
target selected Was the nuclear factor for IL6 (NF-IL6), a 
basic leucine Zipper transcription factor involved in the 
induction of acute-phase responsive and cytokine gene pro 
moters in response to in?ammation (Akira & Kishimoto, 
Immun. Rev. (1992) 127:25). 

[0084] The folloWing examples are include for the sake of 
completeness of disclosure and to illustrate the methods of 
making the compositions and composites of the present 
invention as Well as to present certain characteristics of the 
compositions. In no Way are these examples intended to 
limit the scope or teaching of this disclosure. 

EXAMPLE 1 

Thioselection of Phosphorodithioate Aptamers 
Binding to NF-IL6 

[0085] The present invention provides oligonucleotide 
combinatorial methods that may be extended to selection not 
only of base sequence but of phosphate (or monothiophos 
phate) backbones as Well. The best monothiophosphate 
aptamers Were obtained using the folloWing method. As an 
example, binding Was increased at least 5-fold to the NF-IL6 
tryptic core domain (TCD) than the normal backbone 
sequence. The sequences selected, While related to the 
normal backbone CAAC/T half-sites (for Family B beloW), 
shoW distinct differences that are likely attributable to alter 
ations in the nature of the protein-phosphate backbone 
interactions in the complex. 

[0086] Because Taq polymerase can use up to 3 different 
dNTP((XS)S1I1 the polymeriZation reaction, further backbone 
substitutions are possible. The present invention contem 
plates the incorporation of both triphosphate and 
triphosphate(otS) nucleotides in the PCR mix so that a 
library of both phosphate and monothiophosphate back 
bones may be randomiZed at the same base position, greatly 
increasing the diversity of the library. 

[0087] A. Library Generation 

[0088] A random combinatorial library of normal phos 
phoryl backbone oligonucleotides Was synthesiZed by auto 
mated DNA synthesis (Midland Certi?ed Reagents, Mid 
land, Tex.) programmed to include all 4 monomer bases of 
the oligonucleotide during the coupling of residues in a 
randomiZed segment. This synthetic library has PCR primer 
segments at the 5‘ and 3‘ ends ?anking the randomiZed 
region and thus can be replicated and ampli?ed by Taq DNA 
polymerase (AMPLITAQ, Perkin Elmer). A 66-mer has 
been used With a 22 base pair random central segment 
?anked by 21 and 23 base pair PCR primer regions: 
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(SEQ ID NO.:l) 
5 'CAGTGCTCTAGAGGATCCGTGAC N22 
CGAAGCTTATCGATCCGAGCG3 ' 

[0089] The resulting library thus exists as a population 
With potentially 422 (1013) different sequences. The oligo 
nucleotide library With phosphorothioate backbone substi 
tuted at dA positions Was then synthesiZed by PCR ampli 
?cation of the 66-mer template using commercially 
available Taq polymerase and a mix of dATP(otS), dTTP, 
dGTP and dCTP as substrates (Pharmacia, Inc.). The PCR 
ampli?cation of the starting random library included: 40 pM 
each of dATP(otS), dTTP, dGTP and dCTP, 500 pM MgCl2, 
2.9 pM 66mer random template, 5 U Taq polymerase and 
400 nM each primer in a total volume of 100 pL. PCR Was 
run for 25 cycles of 95° C./1 min, 72° C./1 min. This 
polymerase is knoWn to PCR amplify a phosphorothioate 
backbone template (Nakamaye et al. Nucl. Acids Res. (1988) 
16: 9947) so long as the dNTP(otS)’s are limited to no more 
than 3 different bases in the mixture (Ciafre et al. Nucl. Acids 
Res. (1995) 23:4134). It also acts stereospeci?cally to incor 
porate the Sp-diastereomers of dNTP(otS)’s and is believed 
to yield the Rp stereoisomer as is found for other poly 
merases (Eckstein, F. Ann. Rev. Biochem. (1985) 54: 367). 

[0090] B. NF-IL6 Preparation 

[0091] When full length NF-IL6 complexed With DNA is 
exposed to trypsin, a 9.5 kDa fragment is identi?ed as the 
smallest fragment stably resistant to proteolysis. This basic 
leucine Zipper (bZIP) domain peptide spans amino acids 
A266-C345, and is termed the NF-IL6 tryptic core domain 
(TCD). 
[0092] High level expression of recombinant NF-IL6 bZIP 
region in E. coli Was achieved in the T7 promoter/poly 
merase system. The TCD expressed as a nonfusion protein 
constitutes 30% of the total soluble E. coli protein and Was 
puri?ed as previously described (Brasier, et al., J. Biol. 
Chem. (1994) 269: 1034). The TCD bZIP domain binds 
DNA in a manner indistinguishable from full length NF-IL6. 
Electrospray mass spectrometry indicates that the mass of 
TCD is 18,926 Da. These data indicated that TCD is a 
covalently linked dimer through its C-terminal disul?de 
bond. The present selection, hoWever, Was performed under 
conditions in Which the disul?des are reduced and the TCD 
exists as a non-covalent dimer. 

[0093] C. NF-IL6 Thiophosphate Selection 

[0094] The random library Was screened to determine 
sequences that have af?nity to the bZIP domain of NF-IL6. 
PCR ampli?cation of the single stranded library provided 
chiral duplex phosphorothioate 66-mer at all dA positions 
(except for the primer segments). A ?lter-binding method 
Was used for enrichment of binding sites, although other 
methods knoWn in the art are also suitable. The PCR 
ampli?ed random library of the chiral duplex phospho 
rothioate 66-mer at dA positions (100 pmols) Was incubated 
With 6.6 pmols TCD in 50 pl buffer containing 10 mM Tris, 
pH 7.5, 1 mM DTT and 50 to 400 mM KCl and ?ltered 
through Millipore HAWP25 mm nitrocellulose ?lters (fol 
loWing a modi?cation of the protocol from Thiesen et al., 
Nucl. Acids Res. (1990) 18: 3203). The ?lters had been 
previously presoaked in 1x binding buffer that contains no 
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protein or DNA(10 mM Tris, pH 7.5, 1 mM DTT and 50 to 
400 mM KCl). Under these conditions the DNA/protein 
complexes Were retained on the ?lter. The ?lter Was then 
Washed With 10 ml of 1x binding buffer to remove the 
majority of the DNA that only Weakly bound to the protein. 

[0095] A 1 ml solution of 8 M urea and 4 M NaCl Was then 
added to elute the protein-bound DNA. A negative control 
Without protein Was performed simultaneously to monitor 
any non-speci?c binding of the thiophosphate DNA library 
to the nitrocellulose ?lter. DNA Was ethanol precipitated and 
once again PCR ampli?ed With the dATP(otS) nucleotide 
mix. The PCR thermal pro?le Was different than that used to 
make the starting library: 95° C./1 min, 55° C./1 min, 68° 
C./1 min for 25 cycles. The PCR products Were analyZed by 
15% non-denaturing polyacrylamide gel electrophoresis. 

[0096] At various stages of the selection process the 
resulting libraries Were cloned and plasmids from individual 
colonies sequenced. The normal phosphate ester 66-mer 
duplexes in the libraries Were sub-cloned using the TA 
cloning kit (Invitrogen). As a control, four clones Were also 
sequenced from the original combinatorial library and 
shoWn to have random sequence. 

[0097] The present invention provides a thiophosphate 
backbone combinatorial library created by PCR methods 
With substitution of appropriate dNTP(otS) in the Taq poly 
meriZation step. This combinatorial thiophosphate duplex 
library Was successfully screened for binding to the TCD of 
NF-IL6 by a ?lter binding method that Was modi?ed to 
minimiZe non-speci?c binding of the thiophosphate oligo 
nucleotides to the nitrocellulose ?lter. The thiophosphate 
substituted DNA may be eluted from the ?lter using, e.g., 
high salt, protein denaturing conditions described or other 
conditions knoWn in the art. Subsequent ethanol precipita 
tion and another PCR thiophosphate ampli?cation provide 
product pools for additional rounds of selection may also be 
used to further select for high af?nity binding. In order to 
increase the stringency of binding of the remaining pool of 
DNA in the library (thereby, selecting tighter binding mem 
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bers of the library), the KCl concentration Was increased in 
subsequent rounds from 50 to 400 mM. The stringency of 
selection Was also manipulated by loWering the amount of 
protein as the iteration number increased. 

[0098] The ?rst selection Was carried through 7 iterations. 
Only 3 clones Were selected and sequenced (Table-1) at this 
stage of the selection process. In all 3 early round clones 
(3:3), a general consensus sequence Was found With a stretch 
of 8-11 A/C’s including the sequences: ACAACCC or 
ACACCACC. NF-IL6 is a CCAAT/enhancer-binding pro 
tein (C/EBPB) With speci?city for tWo CCAAC/T boxes. 
Thus in these early rounds of selection, the thiophosphate 
substitution at dA did not dramatically altered the af?nity for 
the “CAAC”-like box. 

[0099] A second independent selection included 10 itera 
tions and yielding the sequences also shoWn in Table 1 (4 of 
4 clones). As shoWn in Table 1, the tWo independent 
selection studies identi?ed a single unique sequence (com 
pare clones #2 and #7). While the ACAACCC sequence 
once again appeared (#7), another unique neW sequence 
(dGGGCCC GCTGT ACATG C ACACG, SEQ ID No.: 5, 
clones #4-6) Was found for the entire 22-bp randomiZed 
segment. The Table has been divided to emphasiZe homol 
ogy among 5-6 bp consensus, putative recognition units: 

"GC-box" Duplex format 
"5 'ACAGC.GCTGT" 5 ' ACAGC 

TGTCG 5 ' 

"5 'ACATG.CATGT" 5 ' ACATG 

TGTAC 5 ' 

"5 'ACACG.CGTGT" 5 ' ACACG 

TGTGC 5 ' 

[0100] Nascent elements of this neW variation Were also 
observed at round 7 of the ?rst selection(GC box, ACA and 
ACACG units). 

TABLE I 

Sequences of Variable 22-mer Region in 66-mer 
Thiophosphate Aptamers, Selected after Indicated Rounds.* 

CONSENSU S GC-box ACAGC.GCTGT ACATG.CATGT ACACG.CGTGT 
1st INDEPENDENT SELECTION STUDY, ROUND 7 

l (SEQ ID NO. :2) 5 'd GCC QTCC ACATA Q G ACACCACC 
2 (SEQ ID NO. :3) 5 'dGGCC QACCGC ACA Q Q ACAACCC 
3 (SEQ ID NO. :4) 5 'dGGC EGGAT ACAAC C Q ACACGC 

2nd INDEPENDENT SELECTION STUDY, ROUND l0 

4 (SEQ ID NO. :5) 5 'dGGGCCC GCTGT ACATG Q ACACG 
5 (SEQ ID NO. :5) 5 'dGGGCCC GCTGT ACATG Q ACACG 

6 (SEQ ID NO. :5) 5 'dGGGCCC GCTGT ACATG Q ACACG 
7 (SEQ ID NO. :6) 5 'dGGCC QACCGC ACA Q Q ACAACCC 

ROUND 16: Family A 

8 (SEQ ID NO. :7) 5 'GGGCCC GCTGT ACATG Q ACACG 

9 (SEQ ID NO. :7) 5 'GGGCCC GCTGT ACATG Q ACACG 

l0 (SEQ ID NO. :7) 5 'GGGCCC GCTGT ACATG Q ACACG 

11 (SEQ ID No.:7) 5'GGGCCC GCTGC gem g ACACG 

l2 (SEQ ID NO. :8) 5 'GGGCCC GCTGT ACACQ Q ACACG 
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TABLE I-continued 
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Sequences of Variable 22-mer Region in 66-mer 
Thiophosphate Aptamers, Selected after Indicated Rounds .* 

CONSENSUS GC-bOX 

ROUND l6 : Family B 

13 (SEQ ID No.:9) 5' ccc 
14 (SEQ ID No.:l0)5' ccc 

ETcgAcT 
TGTCQGCT 

ACAGC . GCTGT ACATG . CATGT ACACG . CGTGT 

CCACG 

CCACG 

*Sequences are aligned to highlight the consensus elements 
(underlined) . All sequences are written such that the first six 
?anking 5 ' and 3 ' primer sequences are all 5 ' GCTTCG and 

5 'CTCACC, respectively. 

[0101] The 10th pool of the second selection Was carried 
through an additional 6 iterations and in the 7 clones 
sequenced, tWo major sequence families Were obtained 
(Table 1): Family A) typi?ed by 5‘dGGGCCC GCTGT 
ACATG CACACG (SEQ ID No.: 7) and Family B) typi?ed 
by 5‘dCCC GTTGT TGTCCCACT CCACG (SEQ ID No.: 
9). Within these 22-base sequences only 1 or 2 base changes 
Were found for each family (3 of the 7 Were identical 
sequences; clones #8-10). Note that even by round 10, three 
members of the 22-base sequence are identical to the A 

family consensus sequence (clones #4-6). Family B retains 
the early round CAAC.GTTG consensus While familyAhas 
lost all “traditional” C/EBPB CAAC/T box sequence homol 
ogy. An additional group of 25 clones Were sequenced (data 
not shoWn) and the 22-mers Were found to also fall Within 
the tWo families (identical to the consensus sequence or 

differing by only 1 nucleotide). 

[0102] These results differ from normal phosphate ester 
backbone in vitro selection studies With NF-IL6, Where a 
traditional CAAC box Was identi?ed using the same TCD of 
NF-IL6 and 66-mer library under identical selection condi 
tions. Osada, et al. (J. Biol. Chem. (1996) 271:3891), used 
full-length C/EBPB and a 16 nucleotide randomiZed library 
to determine a 10-bp consensus sequence shoWing the 
expected tWo half-site GTTGC.GCAAC in a palindromic 
sequence as shoWn in Table 2. 

TABLE 2 

Comparison of Putative Phosphodiester and 
Thiophosphate Consensus Recognition Sequences 

Consensus phosphate GTTGC GCAAC 

ester (Osaka) 
(SEQ ID No.: 11) 

Consensus GCTGT ACATG (SEQ ID No. : l2) 
thiophosphate ester 
(Family A) 

Consensus GTTGT CCCAC (SEQ ID No.: 13) 
thiophosphate ester or 
(Family B) GTTGT TGTCC* (SEQ ID No.: 14) 

* (alignment of a consensus sequence is more diffi 

cult for Family B members) 

[0103] Thiophosphate substitution of dA altered the 
sequence selected, thereby eliminating the sequential AA 
consensus sequence (Family A only) found in all other 
phosphate selection studies. 

[0104] In both normal phosphate and thiophosphate 
duplex 10-mers, 4-5 dA’s may be found, indicating that 
thiophosphate substitution for the dA residues has not had a 
deleterious effect on binding. 

[0105] D. Af?nity Measurements by Fluorescence Polar 
iZation 

[0106] The af?nity of the selected oligo’s or libraries have 
been measured by ?uorescence anisotropy (Heyduk et al. 
Proc. Natl. Acad. Sci, USA. (1990) 87: 1744). Fluores 
cence polariZation titrations using increasing concentrations 
of the recombinant protein to bind a palindromic 5‘-labeled 
?uorescein C/EBPB 20-mer binding site With a normal 
phosphate ester backbone (dTGCAGATTGCGCAATCT 
GCA: SEQ ID NO.: 15) gave an observed binding constant, 
K of 10 nM. obs, 

[0107] Thiophosphate 66-mers Were PCR ampli?ed, phe 
nol extracted and ethanol precipitated. DNA purity Was 
>95% as assessed by PAGE gels. Varying concentrations of 
66-mers, 5‘-Labeled ?uorescein-20-mer palindromic bind 
ing site and NF-IL6 TCD dimer Were incubated in 10 mM 
Tris, pH 7.5, 50 mM KCl, 1.0 mM DTT buffer for 1 hour 
prior to ?uorescence polariZation measurements. Concen 
trations of 66-mer Were calculated at 20 ODZGO/mg. The 
observed binding constant, Kobs, represented the 66-mer 
concentration providing a 50% decrease in the ?uorescence 
polariZation intensity change. Fluorescence polariZation 
titrations Were carried out on a Panvera Beacon polarimeter. 

[0108] The monothiophosphate libraries and individual 
66-mer sequences Were used as competitors to dissociate a 

?uoroscein-labeled, normal backbone duplex C/EBPB 
20-mer bound to the bZIP protein. As shoWn in FIG. 1, an 
individual monothiophosphate 66-mer cloned from the 10th 
selection round (clone #7) gave a KObs of <2 nM. DTT and 
50 to 400 mM KCl). 

[0109] FIG. 2 depicts relative sensitivity of Family A 
66-mers to degradation by DNase I. Unmodi?ed, phosphoryl 
duplex (C) and monothiophosphorylated at non-primer dA 
sites only 

[0110] FolloWing a similar competitive titration, mono 
thiophosphate (at dA) clones #8 and 13 (consensus Family 
A and B, respectively) also gave a Kb of <2 nM (FIG. 3). 
As a negative control (data not shoWn), at a concentration of 
up to 4 pM, thiophosphate clone #8 (Family A) Was shoWn 
not to bind to another transcription factor, NF-KB (p65 
dimer). 














































