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Single stranded DNA immune modulators with unmethydted CpG motifs:
structure and molecular recognition by Toll-like Receptor 9
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Abstract: Single stranded microbial DNA fragments with unnytdted deoxycytidylyl-deoxyguanosine: &
dinucleotide (CpG) motifs are interpreted as darsigamals by the innate immune system via recogmibio
Toll-like Receptor 9 (TLR9). Their synthetic anales, Oligodeoxynucleotides (ODN) comprise a pramgi
class of immune modulators with potential applimasi in the treatment of multiple diseases, suataaser, :
autoimmune diseases or allergy. ODN molecules goataore hexamer sequence, which is species &peaifsisting of
GACGTT and AACGT for mouse and GTCGTT in humanssessment of structural features of different tgp©DNs
is highly challenging. NMR spectroscopic insightsrevgained for a short, single CpG motif contain®igN 1668. The
structural basis of ODN recognition by TLR9 recgrdtarted to unravel as crystal structures of TldR®ologues in
complex with ODN 1668 were solved. Systematic itigesions of ODN sequences revealed that ODNs avéingle CpG
motif are capable of activating mouse TLR9, but thasely positioned CpG motifs are necessary ftivaion of human
TLR9. Furthermore, longer ODNs with TCC and TCGussgpes at the 5' end were shown to activate TLRB higher
efficiency. It was revealed that 5’-xCx motif coimiag short ODNs (sODN) are able to augment the imenresponse of
short, single CpG containing ODNs, which are intégaf activating of TLR9 alone. All these obseivas pointed to the
existence of a second binding site on TLR9, whigls wharacterized in crystal structures that dedivéurther insights of
the nucleic acid recognition of the innate immuystam by TLR9.
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1. INTRODUCTION against numerous pathogens being able to link énnat
immunity to adaptive immunity. TLR9 [5] belongs tbe
subgroup of TLRs, which sense nucleic acids atacalized
intracellularly in the endosomal compartment. l&xpressed

in B cells, plasmacytoid dendritic cells (pDC) andnocyte-
macrophage-lineage cells in humans [6] and in npd@ages
and bone marrow-derived dendritic cells in mousg [7
Activation of TLR9 triggers the MyD88-dependentrsadjng
cascade that induces transcription factors ¢RFAP1, IRF7)

The modulation of the immune system activity is a
required pharmacological intervention for many roadi
conditions bearing particular importance in theatneent of
inflammatory diseases, autoimmune diseases, irspfant
procedures, infectious diseases and in developieg n
vaccines against infections and cancer [1]. Medmasi
leading to immunomodulation may involve either theate
or the adaptive immune system, the underlying miéec

L . 7S in the nucleus initiating the production of inflaratary
players are, hovyever, d!stlnctly different. Theatimmune cytokines and chemokines. TLR9 activation leadsThd
system recognizes microbes [2] by means of Patter .

- ; MYominated immune res onses, inducing B-cell-praifen,
Recognition Receptors (PRR), which are conserved in ., ation of pDCs andpthe secretion ofg cytokirﬁfs[
evolution to bind unique molecular signatures otnaiial

metabolism not produced by the host organism. Thigay Since ssDNA fragments in the endosomes are atsesul
conserved structural motifs are known as Pathogendegradation of large double stranded DNA (dsDNA) of
Associated Molecular Patterns (PAMP) and are used abacterial or viral origin, activation of inmune pemses also
templates for the development of novel therapeuatimune requires processing [9] of larger microbial dsDNveell as
modulators. cellular and endosomal uptake [10] [11].

*Address correspondence to this author at the Deant of Inorganic and Synthetic analogues of bacterial and viral DNA,GCp
Analytical Chemistry, Debrecen University, 4032 Etgm tér 1. Debrecen, ODNSs are important immune modulators and repregent
Er?snz%iil]g;fgﬁgrgﬁ-_i?szjl2_900; E-mails: feher kiisa@science.unideb.hu,  mqost advanced potential adjuvants [12]. CpG ODNsate
: 09 to activate the innate immunity by binding to TLR@d

Among PAMPs of microbial origin, CpG motif contaigi  trigger Thl-dominated immune responses. Chemic@ipG
bacterial or viral single stranded DNA (ssDNA) fragnts are ~ ODNs are synthetic ssDNA sequences with unmetiylate
recognized as unique microbial danger signals bRa[3], ~ CPG-motifs. When used as vaccine adjuvants, theyawe
which belongs to an important family of PRRs of theate  the function of professional antigen-presentingsaahd boost
immunity. TLRs [4] are critical for effective hostefenses ~ the generation of humoral and cellular vaccine-tjgec
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immune responses [5]. I_Due to their Thl respon_secin_g P-class CpG ODNs were developed from C type CpG
ability, CpG ODNs are in clinical testing as adjpt&in  ODNs [29] and are a variation of thereof. They a@mtwo
cancer immunotherapy [13] [14]. palindromes as depicted in Figure 1 and induceiefft INF-

Conformational properties and determinants of peme @ I€ésponses.
recognition are important in understanding the cttnal

requirements for receptor activation and inhibiticior Atype ODN

cellular and endosomal uptake and for formulatibdedivery 00000, XXX}OOOOOO%OOOOO
systems for CpG ODN adjuvants in vaccines, thuggimeral 5

for improving the therapeutic use of CpG ODNMisthis mini- Bitype OB ¥
review, an overview of studies investigating thgusnces, WWQOOQO

structural features and the molecular determinaintsceptor C type ODN :

recognition of CpG ODNs will be given. 00000000000000000000000

s 5

1.1. CpG ODN sequences and structure activity | P®PeOPN
relationships ©Q000000C00008000000000
3

5

The immune stimulatory properties of CpG ODNSs is
dependent on the length of the sequence, the nuofilignG . .
motifs and the residues flanking the CpG motif, dimtance ~ Figure 1 The sequences of different types of ODNs. Self-

between the motifand the resulting structural propertj@és]. ~ complementary palindromic sequences are depictéeteit
In addition sequence selectivity of TLR9 recogmitis also ~ shades of the same color and underlining, while the
species specific. nucleotides of the CpG motifs are denoted in wieitiers.
The specific sequence motif recognized by TLR9 st&is
of an unmethylated CpG dinucleotide flanked by t@lo Recent systematic analysis of B and C type CpG OldNs

purines and two 3’ pyrimidines with the generalnfiota of human TLR9 have shown that the minimal sequencéf mot
RRCGYY, where R is a purine containing nucleotide & required for the activation of human [15] and moUkR9 are
is pyrimidine basedin mice, the core hexamer is GACGTT different [15]: one CpG motif localized close (4¥6cleotide)
and AACGT, while in humans GTCGTT is the optimal to the 5" end is sufficient for the activation obuose TLRS9,

minimal immune stimulatory sequence [16]. while two, closely positioned (6-10 nucleotide diste) CpG
There are three main classes and one subclass ®f Cpmotifs are necessary for human TLR9. . '
ODNSs described in primates as shown in Figure 1 [17 Furthermore, it has been determined that, in aafdith the

A type CpG ODNs (former D type) contain a single CpG motif, a TCG or TCC sequence at the 5' endhef t
hexameric purine / pyrimidine / CG / purine / pyidine molecule and length of 20-30 nucleotides more ieffitty
motif flanked by self-complementary bases cappetthat3’ activate TLR9 [15, 30]. This indicated that nucldes at the
end by a poly G tail [18] as shown in Figure 1.ypg CpG 5 end are also important and also suggested aiticud
ODNs are poor stimulators of B cells and only mdgles binding site apart from the site for the CpG mégi¢e more
induce pDC maturation inducing secretion of typ&Ns details in 1.3.2). Specifically, mouse TLR9 actigat[30] is
(IFN-a/B), TNF-0, IL-12, and IFNy—IP10 [19-23]. augmented by a 5'TCC sequence one to three nuabdesoti

B type CpG ODNs (former K type) contain multiple from the CG presenBased on this result, they proposed a 23-
isolated CpG motifs (depicted in Figure 1) with mer CpG ODN, called minM80, with the sequence 5'-
phosphorothiolate bond in place of the phosphoeliest TCCT3CGT®. For efficient human TLR9 activation [15] the
linkage. The phosphorothiolate bond decreases thdirst CpG motif is preceded by the 5'-thymidine atie
susceptibility to DNase digestion and improves keta €longated poly-thymidine tail at the 3' end. Basedthese
resulting in longerin vivo half-life/bioavailability than  findings they proposed a human specific agonistHiib, a
phosphodiester bond containing ODNs, however, is wa 24-mer with the sequence of sequence of 5’-TGIEIT™
reported recently that the phosphodiester bondréngly Furthermore, short ssDNA sequences with a 5° TC@fmo
favored by TLR9 [24]. B type CpG ODNs are the most (SODN), while unable of activate TLR9 themselvegrav
stimulatory among the classes with being poor iedsiof ~ found to augment the TLR9 activation both in moasel
IFN-o. with the ability to induce robust maturation of@nd ~ human cells lines [31-32]. Also, while single CpGotih
strong B-cell proliferation [3, 25]. containing ODNs are incapable of human TLR9 adtivat

C type ODNs contain a TCGTCG sequence at the 5’ enddlone [15], together with sODNs they are able tpasg the
and include a CG-rich palindrome (shown in FigureCltype requirement for two CpG motifs to potentiate hunfarR9
CpG ODNSs combine the immune stimulatory properiea — [31-32].
and B type ODNs [26-28] by being able to directlgnsilating
B cells to secrete IL-6 and pDCs to produce kN-
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1.2. Structural features of CpG ODNSs in solution

While much of attention has been focused on thgisa
structure of dsDNA, ssDNA is less well charactatiz&€he
physical basis of structure formation of ssDNArise&h by base
pairing between complementary nucleotides, whikckéng
interaction between adjacent bases and electmsttdractions
also play a crucial role [33] [34]. As a resulDBEA structure is
varied involving local secondary structure elemémtsrspaced
with random coil conformations, and it is also etéel by
solution state conditions (salt, pH, temperatur€ ¢dntent,
sequence). Self-complementary palindrome sequencase
intra- or intermolecular interactions via base ipgir The base
pairing could involve canonical Watson-Crick oreaftative
Hoogsteen bonds. Oligomer formation could be altrexfu
intermolecular base pairing interactions.

Atype ODN - OOOC

Figure 2 Schematic depiction of possible structural
arrangements of different type of ODNs based oe paging
between complementary palindrome sequences.

Structural aspects, such as oligomerization of QEINs
has been shown to modulate their activities [28juGural
propensities of CpG ODNSs can be inferred from tresence
of self-complementary palindrome sequences. Passibl
secondary structures could be predicted based \ardhle
canonical base pairing in the sequences as impkechénthe
mfold [35] program, Structures observed experimentally f
different type of CpG ODNSs are summarized in Fig2ire

A type CpG ODNSs contain palindrome capable of fogna
stem-loop structure (shown in Figure 2) cappedatX end

by a poly G tail. The latter is suspected to form G
tetrads/quadruplexes via Hoogsteen base pairs amd f
nanoparticles [36] in endolysosomes or to convershort
linear B type segments upon degradation by DNg&g. IThis
latter hypothesis, however, makes it difficult tapkin
differing activities of A and B type CpG ODNSs, usdeuptake

is enhanced by nanopatrticle formation.

B type CpG ODNs were assumed to occur mostly in
extended, random coil conformation [29], howevatgt a
dimerization interface of ODN 1668 as depicted iguFe 2
was shown by NMR [37] [38] (see below). Formatioh o
dimer structures were observed at low tempera288K), in

Journal Name, 2015 Vol. 0, No.0 3

solutions with 10 mM phosphate buffer at pH 7s]thiowever,
debated if they are also formed under physiologioalitions

(at 3PC) and it is widely accepted that B type ODNs are
extended short linear ssSDNAs.

C type CpG ODN also contain a palindrome [26, 83-4
which may form either an intramolecular stem-loopure
in monomeric conformation or a serves as a dimgoiza
interface as show in Figure 2.

P type ODNs contain a double palindrome, which can
resolve into monomeric structures with a doublegiailike
conformation, a dimer containing a single hairpiror
multimeric structures [29] as depicted in Figure 2.

Structural features have only been investigateatiércase
of B type CpG ODN 1668 and its fragments (showRigure
3) using NMR spectroscopy[37] [38]. The high resiol
structure of the core hexaméy,of B type CpG ODN 1668
(Figure 3) was determined by NMR [38] and foundaion a
dimer double helix. A decamer with 2-2 residuesKlag the
core hexamel, the tetradecames, the eicosamer full ODN
1668, 4, and the pentaeicosamey,also showed signs of
partial duplex formation in 20mM phosphate buffergH 7,
150 mM NaCl solution [38]. The concentrations o th
samples were between 2-5 mM and spectra were neshsur
283K. These conditions do not represent physioldgic
conditions, where ODN concentrations are lower and
temperature is higher, however, these conditionddcbe
relevant for in vitro immobilization of ODN immune
modulators in drug delivery formations. The dugdiesxnation
was attributed to intermolecular base pairing warbgen
bonds at the core hexamer, while the terminals Wkedy
folded back onto the core region forming non-cacani
structures.

1. GACGTT

2. ATGACGTTCC

3. CCATGACGTTCCTG

4. TCCATGACGTTCCTGATGTC

5. TCCATGACGTTCCTGATGCTGGGGG

Figure 3 Fragments of CpG ODN 1668 studied by NMR.

ODN-1668

1.3. Receptor bound CpG ODN conformations

The structural determinants of CpG ODN binding by
TLR9 were revealed by crystal structures [41] thegre
obtained for several orthologues of TLR9 in a lidet and
unliganded states together with a short B type QRON
1668. The picture was further refined after a sdduinding
site has been suggested for ssDNA in human TLRP[§15,
structures with occupying the second site of hufaR9 by
sODN or by a longer immune stimulatory CpG ODN viitio
CpG maotifs has been solved [32]. Later structuridrimation
on mouse TLR9 activation was also provided [42].

1.31.TLR9
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Structurally TLR9, like all TLRs, is a single
transmembrane protein, which consists of an N teaini
ligand-binding comprised of Leucine Rich RepeatRRl), a
single membrane spanning domain and a C termigahling
Toll/1L-1R Homology (TIR) domain. The LRR domainath
recognizes PAMPs, which leads to oligomerizatiord an
activation of signaling mediated by the TIR domain.

1.3.2. Structures of TLR9 with agonistic CpG ODN and
inhibitory DNA

The crystal structure of the unliganded C termdwhain
of mouse TLR9 has been solved [43], however, redklittle

Principal Author Last Name et al.

TLR9 were found to be monomeric as well as equaverR D)
and murine (3WPG, 3WPH, 3WPI) TLR9 complexes with
inhibitory ssDNA as opposed to agonistic ssDNA kbun
equine (3WPC) TLR9, which was shown to be dimeFime
arrangements are summarized in Figure 4.

Agonistic ssDNA, B-type ODN 1668 depicted in Figur
4b, acts as a molecular glue between the LLR dosraitwo
TLR9 receptors leading to the formation of a TLR®er that
in turn initiates the signaling cascade leadinth&activation
of proinflammatory agents. The agonistic DNA bodndR9
have an "m"-shaped 2:2 complex, whereby the C terofi
the TLR9 protomers are positioned in the centere Th
agonistic ssDNA binds with its 3' end to the N tarah LLRO-

regarding the molecular determinants of CpG motif 11 of one TLR9 and the 5' part binds to the C taahliLR20-

containing ssDNA binding.

Figure 4 Shape and arrangement of LLR domain of TLR9 a)

a) b) c)
LRR
Endosomal TIR o
membrane W
- % <
LRR '
TIR
unliganded LLR TLR9 dimer with TLR9 monomer
domain of TLR9 with agonistic with inhibitory

DNA (in blue) DNA (in red)

unliganded, b) with agonistic CpG ODN and c) intaby
DNA.

The structural basis of CpG ODN recognition by BLR
has first been revealed by crystallographic stmestuon
complexes between TLR9 orthologues and a shorypB t
CpG ODN with a single CG motif [41]. The crystaiusttures
solved also show structural determinants for mdéecu
recognition of inhibitory ssDNA. Crystal structuresf
orthologues from equind=guus caballus from bovine Bos
Taurug, and murine Mlus musculys were investigated.

22 of the other TLR9.

It has been shown that only disordered CpG coinigin
ssDNA can act as an agonist, CpG motif containBIgNA
with secondary structure binds with much lower raf§i to
TLR9 LRRs. This highlights the importance of intetrans
formed by the bases of the ssDNA, which are buirethe
interior of DNA forming duplexes. Indeed, in theystal
structure of agonistic ssDNA, interface-1 (Figure) 5
recognizes the bases of the CpG motifs, interastiah
interface-2 primarily involves interactions withetlbhackbone
of the CpG ssDNA.

Figure 5 Schematic representations of crystallographic

a)

interface 1:
LRRNT-1-2

c)

structures of TLR9 complexes with a) two agonisTipG
ODN (1668) with two TLR9 molecules (first TLR9 imegn,
second TLR9 in braun) at interfaces-1 and -2, lortsH0-
mer, CpG ODN and a short (6-mer) ssDNA with 5’ x@atif,
c¢) short CpG ODN with a 5 xCx motif and c¢) longépG
ODN with a 5’ xCx motif.

The bases of the nucleotides are involved in tiss
water mediated hydrogen bonds to amino acids effate-1
consisting of LRRNT-1-2 of the N terminal part bietfirst
TLR9 molecule. Stacking interactions were foundwaen
the nucleotide bases and aromatic amino acidsasi€the or
Trp. Backbone phosphate groups of ssDNA interach wi
positively charged Lys, Arg and His sidechainsetattions
of the N2 atom in guanine in the CpG motif appdarbe
defining specificity of the CpG ODN towards the LRR
domain of TLR9. At interface-2 containing LLR-2@-fom

Unliganded equine (3WPB) and murine (3WPF) forms of e C_terminal fragment of the second TLR9, there a
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hydrogen bonds towards phosphate groups and vaaals
interactions to the sugar moieties of the ssDNA.

Complexes of TLR9 with inhibitory DNA were obtadhe
and found to be monomeric as depicted in FigureThe
inhibitory ssDNA formed stem-loop structures
intramolecular base pairing that fit snugly inte thterior ring
of the LLR domain of TLR9. The stem-loop structlse
formed by intramolecular base pairing

by

between
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CpG ODNSs containing both CpG and 5'-xCx motifs are
strong activators of TLR9. These so called immune
stimulatory CpG ODNSs [44] and showed two alterratiypes
of binding modes. The short sequence (Figure 5e)umable
span both binding sites, thus bound to both indiaity, while
the long sequence (Figure 5d) was able to straitkoccover
both binding sites.

Thus it has been shown that human TLR9 contaims tw

complementary 3-4 bases, which may also contain &inding site, a primary CpG motif site and a secopdite for

mismatched pair and a short (3 bases) or a lobg$8s) loop.
The recognition is driven by interactions involvirthe
backbone of the inhibitory ssSDNA, but also requicettacts
to the base of a non-base paired guanidine at ‘thend
Antagonistic effect of inhibitory ssDNA to disoréelr CpG
ssDNA arises due to the fact that their bindingssiverlap.

1.3.2. Structural determinants of the second ssDNA binding
siteof TLR9

It was shown that human TLR9 requires at least @®
motifs separated by 6-10 nucleotides for activatjaB].

These double CpG ODNSs are called immune stimulatoryto

ODNs [31-32]. However, sODNs, which specificallygawent

the 5’ xCx motif, which acts synergistically to itk TLR9
activity.

Finally, structural features of mouse TLR9 aciwatvere
clarified [42]. A single CpG motif containing ODNs i
sufficient for efficient activation, however, dinieation of
mouse TLR9 can also be further enhanced by 5’-x3DNA
as with human TLR9. The latter effect was also olesfor
equine TLR9. No crystal structures could be obthifar
mouse TLR9 and CpG ODN alone, only in addition of a
SODN. Crystal structure of mouse TLR9 in complewiliO-
mer CpG DNA (AGGCGTTTTT) and 6-mer 5-xCx DNA
(TCGCCA) was solved (5ZLN), in which both ligandsund
their corresponding binding sites with similar
conformations as observed with equine complex ({538dst

TLR9 response with double CpG ODNSs, can bypass thegesidues contributing to CpG ODN binding were covesd in

requirement of two CpG motifs in human TLR9 [31-3[]
same study it was shown that longer CpG ODN se@qsgenc
with a TCG or a TCC motif at the 5’ end were shoton
activate TLR9 more efficiently than shorter CpG ODN
without such motif at the 5 end [15]. All thesendings
suggested the existence of second ssDNA bindia@sit LR
domain of TLR9.

Model building of human TLR9 based on the crystal
structures of orthologous TLR9 combined with a rgeteesis
study [31] have been used to localize the residuesrtant
for the putative second binding site. Various beuical
biophysical and cell biological investigations [42jve shown
that binding to the second site cooperatively primmeceptor
dimerization and activation. Investigations of tequence
requirements for the second binding site have shinahan
ssDNA containing cytosine at the second positiomfthe 5'-
end is needed and thus was called a 5-xCx mdiifhally,
crystallographic structures of equirtequus caballus5Y3J,
5Y3K, 5Y3L and bovine Bos Tauruy 5Y3M TLR9
orthologues in complex with various CpG ssDNA piimped
the exact place and binding mode of the secondirignsite
as summarized in Figure 5b, ¢ and d.

Using two ssDNA sequence, one with a short (10-rGe®
ODN and an even shorter 6-mer with 5'-xCx motié& tbrmer
assumed the same binding mode as has been foundyslg
[41], while the latter bound to the newly identifibinding site
in the middle of the LLR domain at LRR17-19 on areR9
molecule and LRR11 on the other TLR9. Indeed, timylast
three 3’ residues made contact with the ligand ibipd
domains of the two TLR9, T1 and C2 connecting tihlvchile
G3 bound to only one TLR9 as shown in Figure 5beseh

mouse and equine TLR9 complexes with the excepmifoh
amino acids. Furthermore, some differences in #sidues
contributing to the protein-protein interactions #te
dimerization interaction were found. It was foundhwSize
Exclusion Chromatography analysis that the mous&9rL
dimer complex with CpG ODN alone and with CpG ODida
SODN combination are more similar to each othemtha
analogous equine structures. It was concludedirisgite of
overall similarity, the murine TLR9 is more easilynerizes
than the equine orthologue due to species speliffarences
in their sequences.

CONCLUSION

Selectivity between pathogenic microbial and endoge
DNA sequences of the host is based on multiplefacCpG
motifs are more frequent in prokaryotic than in aybtic
genome, furthermore, in the latter cysteine resicare often
methylated [45]. Compartmentalization of TLR9 ineth
endosome and its acidic environment with nucleasity
also contributes to the selectivity between pathagand
endogenous DNA fragments[46]. Endogenous DNA from
apoptotic cells is also protected by histones flNases. The
requirement for binding to the second binding Bitbuman
TLR9 was proposed to contribute to further selétytii4].

Crystal structures of TLR9 in complex with a shGpG
ODN have shown that recognition of DNA by TLR9 netoes
requires unstructured regions of ssDNA for bindimghile
inhibitory ssDNA with structured, duplex regionseyents
oligomerization of TLR9 and thus inhibits dimeripat and

short 5-xCx motif containing ssDNA sequences c&nno supsequent activation of immune stimulatory sigugli

activate TLR9 alone, and bind to the second sitg when
the first one is occupied.
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The structural features of unbound CpG ODNs free in

solution are less clear than that of the ODNs énttbund form.
While an NMR study has found intermolecular dimenfation
for B type CpG ODN 1668 vitro, studies under physiological
conditions indicate disordered monomers. Confoonati
studies of A and C type CpG ODNs, however, haveveho
formation of secondary structure elements eitheiiniya- or
intermolecular interactions.

If such structured states of CpG ODNSs exist intgwi,ithey
have to unfold or shift equilibrium between foldsat unfolded
states towards disordered binding-competent comfttom to
bind the receptor as depicted in Figure 6. Theldinig event is
associated with an entropic penalty, which needsbé¢o
compensated by enthalpic contributions to the higpdioming
from favorable interactions with the receptor. Hé tbinding-
competent disordered conformation is dominant ire th
conformational ensemble, the binding is entropicaored in
accordance with the principle of conformationalestbn.
Similar reasoning is valid for inhibitory ssDNA, igh binds
TLR9 in a duplex containing a stem-loop form.

Although, it is worth noting, that the equilibriucould also
be shifted upon digestion of duplex containingestdity DNases
[9]. It has been shown that immune response top& §pG
ODN:s is impaired without the presence of DNasetlyenes in
endolysosomes, which was observed to digest 20Angpe
CpG ODNs molecules into 11-12-mers containing theng!
including the CG motif. These fragments resembiteal
fragments of B type CpG DNA, which do not show #aene
dependence on DNase digestion. As a possible atarthe
authors reason that duplex regions of A type CpGI®©prevent
recognition of the CG motif.

Monomeric
intramolecular duplex
\ Dimeric intermolecular
duplex
Figure 6 Conformational selection of CoG ODNSs for binding
TLR9

By conformational selection, the thermodynamicrabter
influencing binding strength is dependent on th&@wonational
ensemble of CpG ODNSs. Further insights in the &irat
properties of CpG ODNs affecting the energeticthefbinding
could be exploited for the design of CpG ODN seqasithat are
better activators of TLR9, or more suited for stefadsorption
on carriers of delivery systems or more efficiertiken up.
Conformational studies of ssDNA are, however, lighl
challenging due their intrinsic flexibility. As datbed above,
some attempts were made to investigate the stalictur
propensities of CpG ODNSs in the years followingcdigery of
their immune stimulatory properties, but comprehens
understanding of their conformations is still nmigsi

Ollgomers

\

‘n % = 3

Disodered or shorter digested

Unbound forms bound
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Crystal structures provided crucial insight intde t
interactions between ssDNA and TLR9, however, thpyesent
static snapshots without information on dynamics tioé
complex. Indeed, it has been proposed that théitstalbequine
and murine TLR9 complexes with the same ligandsliatectly
different. Biomolecular simulations applied to tlkemplex
structure could provide detailed insights into ftthgnamic
processes underlying these observations.

From a structural point of view, the case of wwdtred
sSDNA versus dsDNA is similar to the case of Isidally
Disordered Proteins (IDPs) versus structured prstei
description of conformational properties is compénd few
methods are suitable under physiologically relexamditions.
NMR spectroscopy would be a suitable methods tcackerize
conformational ensembles, however, NMR studiehdered
by the size of the ssDNA fragments in samples aantanatural
abundance NMR active isotopes and by the complexity
methods for stable isotope labelling. Again, bioscalar
simulations may provide alternative means to gadéights into
the conformational properties immune modulatoryMs&47].
With improvement of computational capacities ande th
development of enhanced sampling algorithms andistalle
models, biomolecular simulations may provide a more
comprehensive description of structural and dyndezitures of
CpG ODNSs.
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