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ABSTRACT

Phosphorothioate modification is commonly intro-
duced into therapeutic oligonucleotides, typically as
a racemic mixture in which either of the two non-
bridging phosphate oxygens is replaced by sulfur,
which frequently increases affinities with proteins.
Here, we used isothermal titration calorimetry and
X-ray crystallography to investigate the thermody-
namic and structural properties of the interaction
between the primary DNA-binding domain (CUTr1)
of transcription factor SATB1 and dodecamer DNAs
with racemic phosphorothioate modifications at the
six sites known to contact CUTr1 directly. For both
the modified and unmodified DNAs, the binding re-
actions were enthalpy-driven at a moderate salt con-
centration (50 mM NacCl), while being entropy-driven
at higher salt concentrations with reduced affinities.
The phosphorothioate modifications lowered this
susceptibility to salt, resulting in a significantly en-
hanced affinity at a higher salt concentration (200 mM
NaCl), although only some DNA molecular species
remained interacting with CUTr1. This was explained
by unequal populations of the two diastereomers in
the crystal structure of the complex of CUTr1 and
the phosphorothioate-modified DNA. The preferred
diastereomer formed more hydrogen bonds with the
oxygen atoms and/or more hydrophobic contacts
with the sulfur atoms than the other, revealing the
origins of the enhanced affinity.

INTRODUCTION

Phosphorothioate and phosphorodithioate modifications
are commonly introduced into chemically synthesized nu-
cleic acids for therapeutic usages (1-4). In these modifica-
tions, one or both of the two non-bridging oxygens of the
backbone phosphate are replaced by sulfur. The major ben-
efits of introducing these modifications are that they en-
hance stability against endogenous nucleases and that they
improve cellular uptake (4-6). In addition, it was repeatedly
observed that the modifications enhanced binding affinities
with proteins, by two to three orders of magnitude (3,4,7—
12), which itself was highly desirable.

The interactions with proteins are important not only
for decoy and aptamer nucleic acids, which mainly tar-
get specific proteins, but also for antisense oligonucleotide
(ASO) and small interfering RNA (siRNA), which tar-
get RNAs in the cell. Namely, ASO and siRNA in-
teract with ribonuclease H (RNase H) and Argonaute
proteins in the RNA-induced silencing complex, respec-
tively, for functioning (13,14), and also with numer-
ous membrane and cytoplasmic proteins for cellular up-
take and intracellular trafficking (15,16). It was indeed
demonstrated that interactions of ASO with several cel-
lular proteins required 10 or more of the phosphoroth-
ioate modifications within the ASO molecules (17). Nev-
ertheless, these interactions with cellular proteins are
sequence-nonspecific and have the promiscuous properties
(4,18). Consequently, treatments with phosphorothioate-
containing DNAs at high doses cause significant side effects
(19,20).

It is, therefore, necessary to optimize the modification,
so as to enhance the affinity with target molecule and to
improve the efficiency in the cellular uptake, which should
lead to the reduced toxicity by lowering doses. Efforts have
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been made to optimize the numbers and positions of phos-
phorothioate and additional 2’ modifications with regard
to the protein interactions (17,21,22). It is especially noted
that the chirality control of phosphorothioates in ASO en-
hanced interaction with RNase H and facilitated cleavage
of target RNA (23), whereas it was also reported that it did
not improve overall therapeutic profile of ASO (24).

To achieve target-specific affinity enhancement by the
modifications, we need to understand the mechanism of
their effects at the atomic level. There are several struc-
tural studies focused on the specific interactions of nucleic
acids containing phosphorothioate or phosphorodithioate
with proteins. It was observed for the Antennapedia
homeodomain—-DNA complex that replacement of oxygen
by sulfur in the DNA at the contact site increased mobil-
ity of a hydrogen-bonded lysine residue and thereby en-
hanced the affinity in an entropy-driven manner (10,12).
In contrast, for phosphorodithioate-modified siRNAs in-
teracting with the Argonaute protein and for a restric-
tion endonuclease catalyzing naturally occurring phospho-
rothioate DNAs, hydrophobic contacts between the sulfur
atoms of phosphorodithioate and protein side chains were
suggested to be the origin of the enhanced affinity (25,26).
Also for an RNA aptamer, hydrophobic contacts between
phosphorodithioate and protein side chains were observed
in the structure, although the large polarizability of sulfur
was regarded as the origin of the enhanced affinity (11).
Thus, we noticed essential differences between these pro-
posed mechanisms.

The phosphorothioate or phosphorodithioate nucleic
acids used in the above-mentioned studies are stereochemi-
cally unique, although in most cases the phosphorothioate
nucleic acids are racemic mixtures with regard to the mod-
ified positions in the phosphate group, where either of the
two non-bridging oxygen atoms of a phosphate is replaced
by sulfur. Therefore, it is worth investigating how such a
racemic phosphorothioate affects the affinity with proteins.
If an affinity-enhancing interaction arises from one of the
two diastereomers, that diastereomer should be more pref-
erentially bound to the target protein. We can then expect
unequal populations of the diastereomers in the complex.
This is, in turn, especially useful in understanding the cause
of the affinity enhancement.

Here, we used transcription factor SATBI (special AT-
rich sequence binding protein 1), which was originally iden-
tified as a factor that binds to an AT-rich sequence in the
matrix attachment region (MAR) of DNA (27). SATBI1
regulates transcription of >1000 genes simultaneously and,
therefore, is called ‘genome organizer’ (28). It recruits com-
plexes of histone deacetylase or histone acetyltransferase to
target MAR sites and triggers chromatin remodeling in the
vicinity (29,30). Although the target systems controlled by
SATBI range widely, it is of particular therapeutic inter-
est that expression of SATBI is associated with the malig-
nance of a variety of cancer species (28,31). For example,
among breast cancer cell lines, those expressing SATB1 have
more metastatic phenotypes than those that do not express
SATBI, in which RNA interference against the SATBI1 gene
significantly reduced the phenotypes (28,31). Moreover, a
decoy DNA possessing a sequence that can be specifically

bound by SATBI can also diminish the metastatic pheno-
types (32).

SATBI contains three major DNA-binding motifs, i.e.
two CUT repeats (CUTr1 and CUTr2 from the N-terminus)
and a homeodomain. Among them, CUTrl is responsi-
ble for recognition of the target TAATA sequence ap-
pearing in many of the MAR regions, whereas CUTr2
has little DNA-binding activity and the homeodomain has
sequence-nonspecific DNA-binding activity (33). We have
determined the structures of the CUTrl domain and the
homeodomain by nuclear magnetic resonance and that of
the complex of CUTrl and a dodecamer DNA containing
a TAATA sequence by crystallography (33-35). By exam-
ining the complex structure, we identified all the phosphate
groups directly contacted by CUTr1.

In this study, we introduced racemic phosphorothioate
modifications at the six phosphate groups that directly con-
tact with CUTr1. Analysis by isothermal titration calorime-
try (ITC) revealed that the modifications enhanced the
affinity especially at a higher salt concentration, although
only some DNA molecular species appeared to interact
with CUTrl. We also observed in the crystal structure of
the complex of CUTr1 and the phosphorothioate DNA that
the population ratio of the two diastereomers significantly
deviated from 1:1 at some sites. The preferred diastereomer
formed more hydrogen bonds and/or hydrophobic contacts
with the protein via oxygen and sulfur, respectively, than the
other, which should be the major reason for the enhanced
affinity.

MATERIALS AND METHODS
Sample preparation

DNA dodecamers with modification of phospho-
rothioate  linkages  (5'-GpsCp TAATATATGC-3'/5'-
GCAT s Aps Tps Aps TTAGC-3'; “ps’ stands for the position
of phosphorothioate linkage) and those of the same
sequences without the modification were chemically
synthesized (Hokkaido System Science, Sapporo, Japan).
The CUTrl domain of human SATB1 (Asn368-Leu452)
containing additional four basic residues (Arg-Lys—Arg—
Lys) at the C-terminus was produced by an Escherichia coli
expression system and purified by chromatography as de-
scribed previously (34,35). This fragment was used for our
previous crystallography, because the four basic residues in-
crease the net charge of CUTrl from —1 to +3 at a neutral
pH and enhance the affinity to DNAs (33,35). Hereafter, we
refer to this fragment as ‘CUTr1” unless otherwise stated.

ITC experiments

Interaction between SATB1-CUTrl and DNAs was an-
alyzed using a MicroCal VP-ITC calorimeter (Malvern,
Worcestershire, UK) at 293 K as described previously (33).
The buffer solution consisted of 50 mM sodium phosphate
(pH 5.5) and 50-200 mM NaCl. Ten microliter quantities
were repeatedly injected from a syringe containing ~100
.M protein solution into the reaction cell of 1.427 mL vol-
ume containing 810 wM of dodecamer DNAs after de-
gassing of the solutions. The resultant binding isotherms
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Scheme 1. The Rp (left) and Sp (right) diastereomers of phosphorothioate.

were analyzed using in-house programs as described pre-
viously (33).

Crystallography

Solutions of psDNA and SATBI-CUTrl at a molar ratio
1.5:1.0 were subjected to crystallization by the sitting-drop
vapor diffusion method at 293 K against 50 mM Tris—HCl
(pH 8.5), 20% polyethylene glycol monomethyl ether 550
(Sigma-Aldrich), 20% ethylene glycol and 10 mM MgCl,.
After one week, rod-like crystals with the longest axis of
0.2 mm were obtained. .

_ Diffraction data up to 1.79 A (dataset 1) and 2.16
A (dataset 2) resolution were obtained under a nitrogen
gas stream at 95 K on beamlines (NW12A and NE3A,
respectively) at Photon Factory, High Energy Accelera-
tor Research Organization (KEK; Tsukuba, Japan). The
two diffraction datasets were processed with Mosfilm (36).
The structure was determined by a molecular replacement
method using MolRep (37) in the CCP4 program suite (38)
with the structure of the complex of SATB1-CUTr1 and an
unmodified DNA [Protein Data Bank (PDB) ID: 204A]
(35) as the template model. The initial structure was built
on dataset 2, while further refinement and model building
were performed on dataset 1 using Refmac5 (39) and Coot
(40), respectively.

For each phosphorothioate group, two alternative con-
formers corresponding to the diastereomers (Rp and Sp;
Scheme 1) were set for the C3’, O3, P, SP, OP, O5" and
C5' atoms, since the conformation of the sugar-phosphate
backbone may differ between the diastereomers. The rela-
tive occupancies of the conformers were determined as vari-
ables common to the above-mentioned atoms in the refine-
ment process. The derived occupancy values were validated
by the following index with regard to the constancy in B-
factors for a rigid body, where values were derived after re-
finement with pre-fixed occupancies: ((Bs(Rp) — Bs(Sp))> +
(Bo(Rp) — Bo(Sp))*)'/?, where B(Rp) and B(Sp) stand for
the B-factors in the two diastereomers, and the subscripts S
and O indicate the sulfur and oxygen atoms, respectively.

The coordinate and structure factor files were deposited
to the PDB under accession ID 6LFF. All drawings
of 3D structures were rendered using PyMOL ver. 1.8
(Schrodinger, LLC, New York).
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RESULTS AND DISCUSSION

ITC analyses on the interaction between SATB1-CUTr1 and
DNAs

We analyzed the interaction between CUTrl and DNAs
with or without phosphorothioate modification (hereafter,
psDNA and poDNA for the modified and unmodified
DNAs, respectively) by ITC experiments (Figure 1, Table
1). The dodecamer DNAs used in this study contained a
TAATA motif and possessed exactly the same sequence as
that used in the previous crystallography for the CUTrl-
DNA complex (35). For the modified DNA, we introduced
the racemic phosphorothioate to the six sites that were
known to be involved in direct contacts with CUTr1 as re-
vealed in the crystal structure.

Clear exothermic reactions were observed upon binding
of CUTrl to psDNA or poDNA under the moderate salt
condition (50 mM NacCl) (Figure 1A and D). The binding
constant (Ky) is higher for psDNA (1.2 x 10 M!) than
for poDNA (0.78 x 10 M) (Table 1). For psDNA, the
enthalpy change (AH = —41.2 kJ mol ') exceeded the free
energy change (AG = -34.1 kJ mol!) deduced from Ka,
which showed that the binding is enthalpy-driven. Also, for
poDNA, AH (-32.3 kJ mol ") accounts for a large portion
of AG(-33.1 kJ mol "), indicating enthalpy-driven binding.
Comparison of these thermodynamic parameters indicated
that the enhancement of K by the phosphorothioate mod-
ification was ascribed to A H under the moderate salt con-
dition.

When the salt concentration was increased to 100 mM,
heat release was reduced with both psDNA and poDNA
(Figure 1B and E). For poDNA, AH decreased in terms
of the absolute value, while the contribution of entropy (—
TAS = -13.2 kJ mol !) increased to be comparable to AH
(—18.9 kJ mol !, Table 1). At 200 mM NaCl, heat release
for poDNA became too small to analyze. In contrast, it was
still analyzable with psDNA at 200 mM salt. The thermo-
dynamic parameters for psDNA at 200 mM NaCl were very
similar to those for poDNA at 100 mM salt (Table 1), show-
ing that psDNA is less susceptible to salt than poDNA. It
is thus evident that the phosphorothioate modification en-
hances the binding affinity of CUTrl to DNA at 200 mM
NaCl, which is close to the physiological salt concentration.

It should be noteworthy that the apparent stoichiome-
try for binding of CUTr1 to psDNA was less than that to
poDNA and further decreased as the salt concentration was
increased (Figure 1, Table 1). This implies that some portion
of the racemic psDNA consisting of 64 (2°) stereochemi-
cally unique diastereomers was unreactive with CUTr1 but
was excluded from the system. We should mention that ITC
is based on the detection of heat release upon binding and
that the respective diastereomers may differ in it. However,
those with small heat release would also contribute to in-
crease the binding stoichiometry, if they retain the affinity.
Therefore, it is likely that the affinities of some diastere-
omers indeed decreased considerably in comparison with
others.

The mechanism of sequence-specific DNA binding of
CUTr1 has been explained by a combination of electrostatic
interactions and hydrophobic contacts, where the former in-
cludes hydrogen bonds and salt bridges (35). In principle,
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Figure 1. ITC analyses on the interaction between SATB1-CUTrl and DNA. Shown in the upper panels of the respective subfigures are calorimetric
responses to titrations of CUTrl to dodecamer DNAs containing a TAATA motif with phosphorothioate modifications at six protein-contacting sites
(psDNA; A, B, C) or without the modifications (poDNA; D, E, F) (see Table 1). Salt concentrations are 50 mM (A, D), 100 mM (B, E) and 200 mM
(C, F). In the corresponding lower panels, binding isotherms, i.e. relation between protein/DNA molar ratio and integrated heat per molar concentration
of protein for the respective injections, are shown with fitting curves. Vertical broken lines show the apparent binding stoichiometry between protein and
DNA.



Table 1. ITC analysis on DNA binding of SATB1-CUTr1
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Apparent
DNA sequences® NaClIP Ka© AG® AH® AS© stoichiometry
(mM) (106 M1 (kJ mol~1) (kJ mol~1) (1073 kJ mol~! K—1) (protein/DNA)®
1. GpsCps TAATATATGC/GCAT ps Aps Tps Aps TTAGC 50 1.2 +£02 —341+ 04 —412 + 28 —-24 £ 10 0.79 £ 0.02
100 0.51 £ 0.06 —32.0 £+ 0.3 —389 + 19 -23+£7 0.68 £ 0.02
200 0.62 £ 0.12 —325+05 —18.7 £ 1.2 47 £ 6 0.50 £ 0.07
2. GCTAATATATGC/GCATATATTAGC 50 0.78 £ 0.02 —331 4+ 006 —323+0.6 2.7+ 1.7 0.95 £ 0.14
100 0.54 £ 0.07 —321+03 —189 £+ 1.6 45+ 6 1.07 £ 0.10
200 NA4 NAd NA¢ NAd NA¢

4Sequences of the two complementary strands are shown in the 5 — 3 direction. The recognition motif TAATA/TATTA is underlined. The positions for the phosphorothioate

modification are indicated with ‘ps’.

YFor the concentrations of Na*, 50 mM from the sodium phosphate buffer should be added to the values.

¢ Average values and standard deviations from triplicate experiments are shown.
dHeat release was too small to be analyzed.

the hydrogen bonds contribute to the enthalpy-driven reac-
tions, while the hydrophobic contacts and salt bridges con-
tribute to the entropy-driven reactions (41). These are in-
deed affected by the salt concentration, i.e. the electrostatic
interactions are weakened, while the hydrophobic contacts
are strengthened by salt (42). Taking all these observations
together, the salt-induced change of binding mode from
enthalpy-driven to entropy-driven is likely to correspond
to the situation that hydrogen bonds dominated over hy-
drophobic contacts under the low-salt condition and vice
versa under the high-salt condition. We performed crystal-
lography to investigate these interactions in the light of the
3D structure.

Crystal structure of the CUTr1-psDNA complex

Crystals of the CUTr1-psDNA complex were obtained un-
der a condition similar to that for the CUTr1-poDNA com-
plex in the previous study (35). Two diffraction datasets on
the same crystal were collected at synchrotron beamlines
(Table 2, Supplementary Table S1). The structure was deter-
mined by the molecular replacement method using the crys-
tal structure of the CUTr1-poDNA complex as a model.
The crystal structure contains two molecules of the pro-
tein and one molecule of the double-stranded DNA in an
asymmetric unit (Figure 2A). The two protein molecules
bind to the major groove of the psDNA molecule in the
standard B form. One of them, protein molecule 1, binds to
the TAATA motif similarly to that in the CUTr1-poDNA
complex (35) as expected, while the other, molecule 2, is po-
sitioned in a reversed orientation (Figure 2B). Molecule 1
retains most of the contacts to bases and phosphates of the
DNA (Figure 2C). For molecule 2, many of the contacts to
phosphate are retained, although some contacts to bases,
1.e. Leud04 to a T base and Glu407 to a T base, are dis-
rupted due to the lack of the bases at the expected position
(Figure 2D). Because the six phosphorothioate groups con-
tact only with molecule 1, the affinity enhancement by the
modification should be attributed to the interactions with
this molecule. The ITC results showing the enhanced affin-
ity and apparent stoichiometry of ~1.0 rather than 2.0 (Ta-
ble 1), therefore, indicate that only molecule 1 binds to ps-
DNA in solution. On the other hand, molecule 2, which has
fewer sequence-specific contacts, is likely to be coinciden-

Table 2. Data collection and refinement statistics in crystallography

Crystallographic data®
Space group P31
Unit cell
a/b/c (A) 45.32/45.32/97.89
a/Bly () 90.0/90.0/120.0
Wavelength (A) . 1.000
Resolution range (outer shell) (A) 48.94-1.79
(1.89-1.79)
Total reflections 132085
Unique reflections 19 724
Completeness (outer shell) (%) 93.2 (100.0)
Redundancy (outer shell) 6.7 (6.1)
Ruerge (outer shell) (%) 10.5(35.3)
Average I/o(I) (outer shell) 11.6 (4.8)
Refinement
Ryork / Reree (7o) 23.0/27.1
RMSD from ideal values
Bond length (A) 0.004
Bond angle (°) 1.2
Ramachandran plot (%)
Favored 94.1
Allowed 5.9
Average B-factors (Az) (number of atoms)
Protein
Chain A 45.9 (676)
Chain B 43.1 (670)
DNA
Chain C 32.1(242)
Chain D 31.8(271)
Water 44.5 (69)

4Parameters for the dataset used in the final refinement (dataset 1) are
shown (see the ‘Materials and Methods’ section). Those for the dataset
used in the initial molecular replacement (dataset 2) are shown in Supple-
mentary Data, Supplementary Table S1.

tal due to the crystal packing and the semi-palindromic se-
quence of the DNA.

The populations of the two diastereomers of racemic
phosphorothioate (Rp and Sp; Scheme 1; two ensembles
of diastereomers, more correctly for the nucleic acid), i.e.
occupancies, were obtained by optimization as variable pa-
rameters during the refinement process (Figure 3). To val-
idate these values, we also examined the constancy in the
B-factors at different population ratios, essentially based on
the rigid-body assumption (see the ‘Materials and Methods’
section; Supplementary Figure S1). This is so because B-
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Figure 2. Crystal structure of the complex of SATB1-CUTrl and psDNA. (A) Overall structure of the 2:1 complex of protein and DNA in a stereo view.
Protein molecules 1 and 2 are shown in cyan and yellow, respectively. Also, DNA strands 1 and 2 (the former and latter sequences in Table 1) are shown
in red and blue, respectively, where the phosphorothioates are shown by orange spheres. (B) Structure comparison of the present 2:1 complex, colored as
in (A), and the 1:1 complex of SATBI-CUTr1 and poDNA (35), where the protein is shown in magenta and DNA strands are shown in orange and green.
(C, D) Summary of contacts between protein molecule 1 (C) or molecule 2 (D) and psDNA drawn from the major groove side of DNA. DNA bases are
numbered for strand 1 and the pairing bases in strand 2 are indicated with corresponding numbers with primes. Yellow and orange circles represent DNA
phosphates and phosphorothioates, respectively (phosphorus and bridging/non-bridging oxygen and/or sulfur), while those in cyan with ‘W’ represent
water molecules. Bases contacted by the protein are highlighted in green. Cyan, red and yellow lines represent hydrogen bonds (distance of hydrogen donor
and acceptor <3.5 A), hydrophobic contacts (C-C or C-S distance <4.5 A, unless an adjacent N or O atom is closer to the counterpart) and salt bridges
(N*-O~ or N*-S~ distance <5.0 A), respectively, between protein and DNA. Contacts mediated by hydrogen bonds with the same water molecule are
also indicated. Yellow broken circles indicate that contacts are formed with 5’ oxygens, although these terminals have no phosphorus.

factors should be erroneously larger than those of atoms in
the vicinity when the population was overestimated and vice
versa. The results were largely consistent with the values of
occupancy calculated in the structure refinement.

In the following descriptions of the interactions at the re-
spective sites, we consider hydrogen bonds primarily with
the oxygen atoms, without excluding the possibility of those
with the sulfur atoms, because they may also act as hydro-
gen acceptors (43). For hydrophobic contacts, we consider
those with sulfur but not with oxygen. Also for salt bridges,
we consider those with sulfur, which has a negative charge
(Scheme 1) (44). We should mention that the alternative

conformations did not necessarily have to be set for the pro-
tein side chains even though they would interact with the
phosphorothioates, since the electron densities fitted well to
those of single conformers.

Among the six modified sites (Figure 3A and B), the
largest difference in the population of diastereomers was
observed at the phosphorothioate between G1 and C2
[G1(PS)C2; similar terms will be used hereafter], where the
Rp diastereomer dominated over the Sp diastereomer at an
approximate ratio of 4:1 (Figure 3C). A hydrogen bond is
formed between the oxygen atom of the more populated
Rp diastereomer and Asn425 N82, which is also seen in the
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Figure 3. Diastereomer-specific intermolecular contacts. In (A) and (B), parts of DNA strands including the six phosphorothioate-modified sites are shown,
where omit maps contoured at 2.50 of the Rp and Sp diastereomers are indicated (green and orange, respectively). A water molecule specifically observed
for the Sp diastereomer at A8'(PS)T7 is also indicated with the omit map. In (C)—(F), the two panels on the left show diastereomer-specific protein-DNA
interactions in four selected sites, where dashed lines indicate hydrogen bonds with the non-bridging oxygen atoms (cyan), hydrophobic contacts with sulfur
atoms (red) and salt bridges with sulfur atoms [yellow; most close pairs of (partially) charged atoms are connected], as defined in Figure 2. In the panels
on the right, contacts to the equivalent phosphates in the CUTr1-poDNA complex (35) are shown. Population ratios of the diastereomers are also shown.

original CUTr1-poDNA complex (35) (Figure 3C, Supple-
mentary Figure S2). In addition, the sulfur atom of the Rp
diastereomer is found at a position to form hydrophobic
contacts with side chain carbons and backbone carbons of
Leu404 and Leu422. In contrast, the less populated Sp di-
astereomer lacks the hydrogen bond as above with oxygen,
while the sulfur atom, in turn, is at the position in place of

oxygen. Hydrophobic contacts by the sulfur atom are less
extensive as well, while a salt bridge is observed between the
sulfur atom and Arg400. Thus, the difference in the popula-
tion is likely to be due to a hydrogen bond with the oxygen
atom and/or hydrophobic contacts with the sulfur atom.
Note that the conformation of Arg400 is altered from that in
the complex with poDNA, causing disruption of hydrogen
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bonds. This is likely to be due to the extensive interactions
with C2(PS)T3, as follows.

For C2(PS)T3, the Sp diastereomer dominated over the
Rp diastereomer with an approximate ratio of 7:3 (Figure
3D). The more populated Sp diastereomer forms two hy-
drogen bonds with Thr401 N and Oyl with the oxygen
atom (Figure 3D, Supplementary Figure S2). Also, a salt
bridge between the sulfur and Argd00 is observed for the Sp
diastereomer. In contrast, extensive hydrophobic contacts
are formed with the sulfur atoms of both the diastereomers.
The sulfur atom of the Rp diastereomer is located at a posi-
tion capable of forming the above hydrogen bonds, whereas
it is not likely to contribute to the population increment of
the Rp diastereomer.

The Sp diastereomer was also more populated at
T7(PS)A6' with a ratio of ~2:1 (Figure 3E). Its oxygen
atom forms two hydrogen bonds with Ser406 Oy and
GIn390 N32 as in the complex with poDNA. It is notewor-
thy that the positions of the phosphorus atoms of the two
diastereomers slightly deviate from each other (0.4 A), so as
to move the oxygen atom closer to the hydrogen donors of
the hydrogen bonds as above (Supplementary Figure S2).
Similarly to the case of C2(PS)T3, the sulfur atom of the
Rp diastereomer is located at a position capable of forming
hydrogen bonds, without contributing to the population in-
crement.

The positional deviation of the phosphorus atom was
most prominent at A8 (PS)T7" (0.7 A), where the oxygen
atoms of both the diastereomers became closer to each
other so as to form hydrogen bonds with the backbone
amide of GIn390 (Figure 3B and F, Figure 4, Supple-
mentary Figure S2). These hydrogen bonds appear to be
strengthened by a hydrogen-bonding cascade within an a-
helix (Figure 4A), being classified into resonance-assisted
hydrogen bonds (45). Namely, the negative charge origi-
nally located on the phosphorothioate sulfur is delocalized
to distant carbonyl oxygens through resonance that involves
rearrangements of covalent bonds (Figure 4B). This pre-
sumable electron transfer fully meets the dipole moment of
the helix with the negative charge at the C-terminus (46),
which should be stabilized by an electrostatic interaction
with Argd00. Although this scheme is not specific to ps-
DNA, it causes a large positional deviation of the phos-
phorus, which strongly suggests that hydrogen bonds are
formed in a favorable manner with oxygen, but not with sul-
fur. In addition, the more populated Rp diastereomer (58%)
forms extensive hydrophobic contacts with carbons of the
protein and DNA base via the sulfur atom. These are likely
to contribute to the population increment of this diastere-
omer. The position equivalent to this sulfur is occupied by
a water molecule in the case of the Sp diastereomer or in
the case of the original poDNA, forming hydrogen bonds
with the protein backbone amide and the phosphate oxy-
gen at the same time, i.e. water-mediated intermolecular hy-
drogen bonds. The hydrophobic effects as above would be
enhanced by the neutralization of the charge on sulfur (Fig-
ure 4B), since the negative charge strengthens the hydrogen
bonds with water (see also discussions in the next section)
(45).

At the two other sites, i.e. A6’(PS)T5 and T9'(PS)AS’, the
populations deviated slightly (55% for the Rp diastereomer,
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Figure 4. Resonance-assisted hydrogen bonds at A8 (PS)T7. (A)
Hydrogen-bonding cascade (cyan lines) involving an a-helix of the protein
and a presumed salt bridge (yellow lines). Distances for these interactions
are shown in A. The probable dipole moment for the a-helix is indicated
on the left. (B) Possible resonance in the cascade provoking electron
delocalization, where the negative charge at the C-terminus would be
stabilized by a salt bridge.

at both the sites; Figure 3). The more populated Rp diastere-
omer at A6'(PS)T5 forms hydrophobic contacts and a salt
bridge with Arg410, whereas the less populated Sp diastere-
omer at T9'(PS)A8’ forms a salt bridge to Argd48 (Supple-
mentary Figure S2).

The observations above clearly indicate that (i) hydro-
gen bonds are preferentially formed on the oxygen atoms
of phosphorothioate and contribute primarily to the pop-
ulation increment of the relevant diastereomer and (ii) hy-
drophobic contacts formed on the sulfur atoms of phospho-
rothioate also contribute to the population increment. The
combinations of these factors should account for the affin-
ity enhancement of psDNA, for which further discussions
based on the thermodynamic aspects are presented in the
next section.

The differences in the population ratios in the crystal
structure indicate that a selection similar to the ITC ex-
periment (Table 1) occurred during the crystal formation.
Namely, accumulation of the difference in the population
ratios at the six sites as above (for each site, a portion of 1/(1
+ |Frp — Fspl) remains active, where Frp, and Fy;, are frac-
tions of the Rp and Sp diastereomers with an assumption
that as many DNA molecules as possible went into the crys-
tal) accounts for 24% of the active population, which is less
than the apparent stoichiometry in ITC (50% at 200 mM
NaCl). Because the crystal condition that includes precipi-
tant is different from those used for the ITC experiments, it
is not appropriate to directly compare the values themselves.
We may say, however, that selection of particular diastere-
omers was indeed observed in the crystal structure, which is
likely to be due to the difference in the affinity and explains
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FigureS. A mechanism for salt-resistant hydrogen bonds for phosphoroth-
ioate.

the decrease in the apparent stoichiometry at least qualita-
tively.

Chemical and thermodynamic implications of the affinity en-
hancement

The Pauling electronegativity of sulfur (2.58) is less than
that of oxygen (3.44) and rather similar to that of carbon
(2.55) (47). Despite this property, the negative charge is lo-
cated on the sulfur atom in the phosphorothioate (Scheme
1), which was ascribed to the larger size and polarizability
of sulfur than oxygen (44). When a hydrogen bond with
the sulfur atom as the acceptor is considered, it must be
strengthened by the negative charge on the acceptor, being
classified into a charge-assisted hydrogen bond (45). Nev-
ertheless, the bond energy for the hydrogen bonds with sul-
fur was estimated to be significantly smaller than that with
oxygen (43). As a consequence, we observed in the crystal
structure that hydrogen bonds were formed preferentially
with the oxygen atoms. This should also be directly related
to the hydrophobic contacts made by sulfur in that the ten-
dency not to form hydrogen bonds with water leads to the
hydrophobicity. Therefore, if the sulfur becomes neutral, hy-
drophobic effects should be enhanced as described earlier.

The ITC experiments showed that interaction of psDNA
with protein was more enthalpy-driven than that of poDNA
when compared under the same condition (50 or 100 mM
NaCl, Table 1). This is somewhat puzzling because the in-
troduced sulfur atoms are involved in hydrophobic contacts
and salt bridges, which contribute to the entropic term (41).
We propose here a mechanism based on the crystal structure
in which the hydrogen bonds are formed with oxygen but
not with sulfur (Figure 5). In poDNAs, the non-bridging
oxygens are negatively charged by —0.5 on average and at-
tract cations. Therefore, the cations stabilize the free state
of DNA, and thereby destabilize hydrogen bonds formed
on these oxygens. In contrast, non-bridging oxygens in ps-
DNAs are neutral, because the negative charge is located
on sulfur. The cations are attracted to the sulfur atom and,
therefore, the hydrogen bonds formed with these oxygens
should be stable even under a high-salt condition. Note that
differences in A H are larger at the higher salt concentration
(~9 and ~20 kJ mol ! under the 50 and 100 mM NaCl con-
ditions, respectively; Table 1).

The above scheme implies the lack of release of cations
upon interaction in psDNA, which explains the disadvan-
tage in the entropic term. Under the 200 mM NaCl condi-
tion, however, interaction of psDNA with the protein be-
came entropy-driven (Table 1). Considering that the hy-
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drophobic contacts are enhanced by salt (42), they should
be the major force of the interaction. Indeed, we observed in
the crystal structure that many of the hydrophobic contacts
are formed with the DNA base in a sequence-specific man-
ner (Figure 2C) and that some are formed with the sulfur
atoms of the phosphorothioates, which appeared to con-
tribute to selection of the particular diastereomer (Figure
3).

Relating to the switch in the driving force depending on
the salt concentration, we should consider a possibility that
the geometry in the protein-DNA binding may also be al-
tered. However, the sequence-specific binding should not be
largely affected under the higher salt condition, because the
base recognition involves hydrophobic contacts as stated
earlier. Therefore, the presumable alterations will be limited,
which are likely to be comparable to the observed positional
shifts for the phosphorus atoms (<1.0 A, Supplementary
Figure S2), occurring to maximize the favorable contacts.

The hydrophobicity of ASOs has been considered impor-
tant in the interactions with proteins during cellular uptake
and trafficking (15,16). It was indeed shown that 10 or more
of phosphorothioate modifications were necessary for in-
teraction of ASOs with Hsp90, and that hydrophobic mid-
domain of Hsp90 was responsible for this interaction (17).
These are consistent with the present observation of the ex-
tensive hydrophobic contacts with sulfur atoms.

Relation to the previous structural observations

The present ITC and crystallographic analyses have re-
vealed two distinct mechanisms by which the phospho-
rothioate modification enhances affinity between oligonu-
cleotides and proteins. One is enthalpy-driven, depending
on hydrogen bonds between the remaining oxygen atom and
amino acids containing N-H or O—H moieties. The other
is entropy-driven, depending on hydrophobic contacts be-
tween the sulfur atom and mostly aliphatic amino acids of
proteins. The former is dominant under the lower salt condi-
tion, while the latter is dominant under the higher salt con-
dition. Note that only the latter scheme is applicable to the
phosphorodithioate modification.

Iwahara et al observed an entropy-driven enhance-
ment of the affinity between phosphorodithioate-modified
double-stranded DNA and Antennapedia homeodomain
(10). They ascribed the origin of the effect to an increase
in mobility of the Lys57 side chain amide that formed a hy-
drogen bond with the phosphate in the unmodified DNA.
However, a re-examination of their crystal structures (PDB
entries 4XIC and 4XID) indicates that the sulfur atoms of
the phosphorodithioate are close to Met54 Ce forming hy-
drophobic contacts, while the hydrogen bond/electrostatic
attraction with the Lys57 amide is fully disrupted at least in
one of the two molecules in the asymmetric unit. Therefore,
the entropy-driven affinity enhancement can be ascribed
also to the hydrophobic contacts. Indeed, their analyses on
the two phosphorothioate-modified DNAs showed that the
affinity was more enhanced for the Rp diastereomer with
the hydrophobic contacts via the sulfur atom as above (PDB
entry SJLW) (12).

For an endonuclease that cleaves naturally occurring
phosphorothioate DNA, the sulfur atom of the phospho-
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rothioate of the substrate was recognized via a number of
hydrophobic contacts with non-polar atoms of the protein,
while the oxygen atom was contacted via a hydrogen bond
with an Arg residue (PDB entry 5ZMO) (26). Therefore, this
is fully consistent with our observation that sulfur and oxy-
gen are favored in the hydrophobic contacts and hydrogen
bonds, respectively.

The RNA aptamer against thrombin acquired a 1000-
fold affinity enhancement by phosphorodithioate modifi-
cation, which was ascribed to the higher polarizability of
sulfur compared to oxygen (11,48). In their crystal struc-
ture of the complex, the conformation around the phospho-
rodithioate changed significantly so as to make both the sul-
fur atoms involved in the extensive hydrophobic contacts.
However, considering this extent of the amplification, which
is much larger than that by phosphorothioate, the particular
geometry involving interaction between sulfur and the edge
of the aromatic ring, involving the polarization of sulfur, is
likely to be the key factor in this case. This was confirmed
by a rigorous quantum mechanical calculation (49).

Stereocontrolled synthesis as a strategy to develop effective
therapeutic oligonucleotides

Use of chiral reagents enabled stereocontrolled synthesis
of phosphorothioate in nucleic acids (50,51). By such a
method, a series of stereochemically unique ASOs were syn-
thesized and tested for their activities (23). Surprisingly, a
pattern of 3-SpSpRp-5 in the antisense strand enhanced
the activity of the RNase H-dependent RNA cleavage and
improved drug efficacy in mice. They ascribed the effect
to the affinity enhancement with RNase H, and identified
several contacts in a structural model based on the crystal
structure of the complex of RNase H and RNA/DNA du-
plex (52). Here, we revisited the model in the light of the
present findings (Supplementary Figure S3). In sites 1 and 3
(the first and third positions of 3'-SpSpRp-5’, respectively),
we noticed more hydrogen bonds formed with the oxygen
atoms in this preferred diastereomer compared with the al-
ternative diastereomer. Also in site 2, extensive hydropho-
bic contacts are formed with the sulfur atom in the pre-
ferred diastereomer. Therefore, the enhanced affinity of the
3'-SpSpRp-5-containing ASO with RNase H can be well
explained in the present scheme. In addition, we noticed
that the edge of the indole ring of Trp225 is close to the sul-
fur in site 1 (Supplementary Figure S3A), which may also
contribute to the affinity enhancement through the polar-
ization scheme (11,48,49). Nonetheless, it was reported re-
cently that the effect of the stereocontrolled synthesis on the
RNase H activity is not sufficient for the total therapeutic
profile, which presumably reflects the complex mechanism
of drug activity involving the cellular uptake, etc.

For aptamer and decoy nucleic acids, which target pro-
teins, it is still worth pursuing the affinity enhancement in
the target-specific manner. If we specify the preferable di-
astereomers, we can generate the affinity-enhanced oligonu-
cleotide by stereocontrolled synthesis. The extent of the en-
hancement should be at most twice for the respective con-
tact sites, which increases multiplicatively over the sites. We
can thereby reduce the treatment dose, to minimize the side
effects. Therefore, analysis of the structure of the complex

with racemic oligonucleotide to observe the unequal pop-
ulations of diastereomers, as in this study, should be one
of the effective strategies to improve therapeutic oligonu-
cleotides.
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